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Preface

This volume gathers the proceedings of the 3rd Rilem Spring Convention 2020 on
the topic “Service life extension of existing structures,” held in Guimarães, Portugal
in March 2020. The papers cover the most recent scientific and technological
developments in the understanding of the evolution and degradation of construction
materials and structural systems. Analytical and numerical, as well as experimental,
approaches aimed at characterizing, modeling, and predicting the evolution of the
physical, chemical, and mechanical properties of construction materials and
structural systems are addressed. Multiphysics models are also considered, as well
as other strategies that contribute for an accurate characterization and prediction
of the service life of existing and novel construction materials under normal or
extreme environmental exposure or loading conditions. New strategies to promote
the smart repairing or the recovery of material properties, as well as the service life
extension, are also considered. The following subtopics are included in this volume:
(i) Service life models and multiphysics approaches; (ii) Smart structures: inno-
vative monitoring and intervention strategies; (iii) Management and optimized
maintenance strategies; and (iv) Integrated rehabilitation and strengthening
approaches.

The editors of the topic “Service life extension of existing structures” appreciate
all the efforts made by those who submitted and presented the high-quality papers
included in this volume, under very difficult and challenging conditions. Together
with the other volumes from the RSC2020 conference, the present book will form a
valuable base for discussion and suggestions for future development and research.

Guimarães, Portugal José Sena-Cruz
Luis Correia

Miguel Azenha
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Experimental Analysis of the Bending
Behavior of Structural Metal Joints
Based on the Use of Girder Clamps
to Service Life Extension of Existing
Structures

Manuel Cabaleiro, Cristina González-Gaya, and Fernando Gonzalez

Abstract The objective of this work is mainly focused on the structures that support
the facilities and machinery present in industrial plants. Service life extension of
existing structures is one of the current objectives of the industry. The lay-out of the
production has to constantly adapt to changes in production, variations in demand
and new products. These changes of model or demand, usually imply important
changes in the facilities and machinery and therefore in the structures that support
them.Currently, these support structures are destroyed at each lay-out change,mainly
because an easy reconfiguration of the support structures is not possible. To achieve
service life extension of existing structures it is necessary to use easily reconfig-
urable, reusable and removable structures. Currently there are already solutions of
structures that are removable and reconfigurable but mainly in aluminum beams.
Nowadays, there are no definitive solutions for steel structures manufactured with
standard shapes (standard steel beams). The use of clamp joints for steel profiles
would be a very interesting solution and would allow the manufacture of completely
removable and reconfigurable structures. This paper proposes and uses a method-
ology for the experimental analysis of the bending behavior of this type of joints
depending on the length of the profile flange.
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2 M. Cabaleiro et al.

1 Introduction

Service life extension of existing structures is one of the current objectives of the
industry and it is enclosed within the objectives of industry 4.0. The objective of this
work is mainly focused on the structures that support the facilities and machinery
present in industrial plants. The lay-out of the production has to constantly adapt to
changes in production, variations in demand and new products. These changes are
usually, for example in the automotive industry the change of car model is done on
average every 8 years. These changes of model or demand, usually imply important
changes in the facilities and machinery and therefore in the structures that support
them.Currently, these support structures are destroyed at each lay-out change,mainly
because an easy reconfiguration of the support structures is not possible. To achieve
service life extension of existing structures it is necessary to use easily reconfigurable,
reusable and removable structures [1, 2].

In the market there are structural systems with aluminum profiles that allow struc-
tures that are completely removable and reconfigurable, but these types of structures
are designed for small constructions, not being economically viable for structures
that have to support large loads [2]. In the case of steel structures manufactured with
standard profiles, there is not yet a definitive solution that is widely used. In this
line, a promising solution would be the steel structures made by joints whit girder
clamps [1–3]. This type of union with girder clamps would allow the manufacture
of structures totally removable and reconfigurable, so that they can be reused every
time there is a lay-out change.

The girder clamps joints are mainly formed by girder clamps, which by means of
a bolt and a nut allow the joint of the elements that form the connection. The girder
clamps work by the principle of the lever [3] which mean that when it is applied a
preload (P) on the bolt, this preload produces two reactions, one at point b (Fb) and
another at point a (Fa). It is the Fa force that keeps the elements of the union rigidly
united (Fig. 1). The value of the force Fa responds to the principle of the lever so
that its value is always proportional to the value of the preload and the levers a and
b, therefore Fa = P ∗ b / (a + b).

Fig. 1 Girder clamps joints
and lever operating principle
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Fig. 2 Joints with
I-cross-section profiles using
clamps

There are currently several manufacturers of clamps on the market [4, 5], which
have clamps with different measures of levers a and b as well as different bolts sizes,
according to the strength of union that it is need to do.

By using clamps, different types of joints can be obtained between I-shaped
profiles [2, 3]. Among the different types of joints can be mentioned: the union
between horizontal beams, the union between beams and pillars or the union of the
pillars to the floor (see Fig. 2).

For classic bolted joints there are extensive regulations that include analytical
formulations [6, 7] that allow easy design and calculation, also on classic bolted
joints there are a large number of studies and test [8–12]. However, in the case of
clamps unions, there are very few researches.

Some previous work has already been carried out on the behaviour of the clamps
joints, such as the application of an analytical model for the resistant calculation
based on the T-Stub methodology used by the Eurocode for the study of the classic
bolted joints [3], but adapted for the analysis of structural metal joints made using
clamps. Other work [13] has also studied the behaviour of clamps joints according
the shear stress. The shear stress is made in the clamps joints exclusively by the effect
of friction between the pieces due to the preload of the bolts. Another work directly
related with the aim of this paper is the Cabaleiro et al. [2] where the analysis of the
effective length of the beam flange was carried out by FEM simulation, performing
an analysis of the stress distribution.

But despite the works mentioned above, there is currently a significant lack of
studies and test about this type of clamps joints, as well as the fact that they are not
included in any regulations. These reasons make that it is difficult to use this type of
joint for the construction of removable and reconfigurable structures. Therefore it is
very important that the scientific community carry out more research and tests on the
behavior of this type of joints. Among the parameters to study of the clamp union is
which is the minimum length that the profile must have so that the transmission of
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Fig. 3 Example of
minimum profile length
needed to make a 90º clamp
joint

the bending is the same as if the length of the profile were infinite. This parameter
is an important value because for the manufacturing process of the structures it is
necessary to know which is the minimum length that must be left at the end of the
beam or pillar to not reduce the strength of the union (see Fig. 3).

Although some simulation work has been carried out on the effective length, these
were focused on the analysis of the stress distribution and not towards the analysis
of the deformation of the joint. In addition, the data calculated by simulation at the
work Cabaleiro et al. [2] could not be tested in the laboratory. Measuring in the
laboratory when the length that has been cut to the profile if it affects the strength
and deformation of the joint is a complex task.

The objective of this work is to carry out a first approach and application of a
methodology that allows us to find out in a practical way in the laboratory when
the length that is cut from the profile really affects its deformation and resistance.
This methodology will also allow analyzing the value of the minimum profile length
depending on the length of the clamp.

2 Proposed Methodology

In order to analyze from which profile length the joint begins to lose stiffness
(and therefore the ability to transmit bending moment), the following experimental
methodology is proposed (see Figs. 4 and 5): a clamp joint formed by a pillar and a
beam is done (the pillar is made rigidly anchored at the ends and with a length and
moment of inertia enough to make its deformation by bending negligible).

This deformation (�i) must be measured for each test. Progressively and on both
sides of the upper clamps, the length (L) of the profile flange that contributes to
the strength of the joint will be shortened. At the end of the cantilever beam, the
fixed load (P) will be applied for each different profile flange length (Li) and the
achieved deformation (�i) for each different profile flange length will be measured.
At the moment when there is an increase in the measured deformation (�i > �0),
this will mean that the profile length Li is the minimum necessary for the joint. This
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Fig. 4 Assembly of the profiles and methodology used

Fig. 5 Scheme of the proposed methodology

methodology will be repeated for various sizes of clamps, in order to analyze how
the size of the clamp affects the effective length of the profile in the joint.

3 Materials

Three sizes of clamps with a width of 40 mm and a length of 30 mm (short clamp),
55 mm (medium clamp) and 67 mm (long clamp) were used to perform these tests
(see Fig. 6). The bolts used are size M16 and a grade 12.9 with a yield strength of
10.8 N/mm2. Bold preload is controlled by applying a torque with a torque wrench
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Fig. 6 Clamps sizes used

Fig. 7 Assembly of the
beams to be carried out the
tests in the laboratory press

and also by strain gauges located on the bolts. The strain gauges allow to verify the
bolt preload that it is applied with the torque wrench. The torque applied with the
torque wrench has been 220 N.m, equivalent to a preload of 59 KN. The profile used
was an IPE220 for both pillar and cantilever beam. The joint between the beam and
the pillar was made using an end plate of 20 mm thickness and using a total of 4
clamps (Fig. 4).The steel used was grade S235. The measurement of the deformation
of the end cantilever beam was performed using digital comparators with precision
±0.01 mm. High precision comparators ±0.001 were also used at different points of
the joint to verify that there were no plastic deformations (Figs. 7and 8). A grinder
machine was used to cut the profile flange and gradually reduce the length (Li) of
the profile.

4 Results

The results found for each clamp size were as follows (Fig. 9). In the case of the long
clamp and with a 10 KN load, the initial deformation was 3.68 mm.When the length
of the pillar flange (Li) is shortened, the deformation (�0) remains constant to Li =
100 mm. From this value when the length of the profile flange (Li) is reduced, the
deformation (�i) increases. In the case of the medium clamp and with a load of 10
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Fig. 8 a Beam end plate (of cantilever beam) attached by means of clamps to the pillar. b Cuts
made in the pillar flange to research the profile effective length by means of the tests

Fig. 9 Deformation (�i) in the beam cantilever end of the beam for each clamp size and according
to the length (Li) of the pillar flange

KN, the initial deformation was 2.3 mm. When the length of the pillar flange (Li) is
shortened, the deformation (�0) remains constant to Li = 130 mm. From this value
when the length of the profile flange (Li) is reduced, the deformation (�i) increases.
In the case of the short clamp and with a 5 KN load, the initial deformation was
1.26 mm. The deformation value (�i) began to increase as the length of the profile
(Li) decreases 190 mm. When the deformation begins to increase, it is verified that
when the load was removed, the deformation of the cantilever beam returned to 0.
With this verification it could be ensured that there were no plastic deformations in
the joint. In this way it can be ensured that the deformation produced is in the steel
elastic area. Due to the need to always work in the elastic area, in the case of the
short clamp it was necessary to use a load of 5 KN and not 10 KN to always work in
an elastic area.

The Fig. 10 shows the increase in deformation in the joint for each clamp size.
In this graph it can be seen that when the length (Li) of the profile decreases, at the
moment when the length (Li) of the profile begins to contribute completely to the
joint, then there is a variation in the deformation of the beam end. If we consider that
the length begins to be really all effective just before the deformation begins to vary,
then we would have that for the large clamp the minimum length would be 100 mm,
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Fig. 10 Increased deformation (�i–�0) in the beam cantilever end of the beam for each clamp
size and according to the length (Li) of the pillar flange

for the medium clamp is 130 mm and for the short clamp is 190 mm. As expected, to
greater clamp, the profile length necessary to contribute to the stiffness of the joint
is much smaller.

5 Conclusions

The methodology proposed in this work to determine experimentally from what
minimumprofile length is necessary for the total transmission of the bendingmoment
in the clamp union has been verified as adequate. Through the tests carried out, it
has been found that the use of shorter clamps implies that a longer profile length is
necessary to be able to transmit the whole bending moment in the joint. The data
obtained in this work and the proposed methodology serves as a starting point for
obtaining experimental data that allow us to calibrate 3D model for finite element
analysis. This research means an important advance in the manufacturing processes
of structures by girder clamps joints. The use of clamps as a joining method would
allow the construction of completely removable and reconfigurable structures, the
only requirement being the cut of the profiles. The use of these structures made with
clamps is an adequate solution for service life extension of existing structures.
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Corrosion of Carbonated Structures.
Real Cases of Structures in Spain

Nuria Rebolledo, Julio E. Torres, and Javier Sánchez

Abstract One of themain causes of deterioration of structures is the corrosion of the
reinforcement, and within this one possible source of deterioration is the carbonation
of the concrete cover. There are numerous studies about carbonation of concrete but
the great majority have been carried out with samples taken in the laboratory and
their behaviour in real structures is not known. This work presents the evaluation of
three types of structures during several months in which the conditions to which the
structure is exposed and the corrosion speed have been measured by means of in-situ
measurements.

Keywords Durability · Concrete · Carbonation · Corrosion

1 Introduction

Carbonation is one of the main problems affecting the durability of reinforced
concrete structures, since it reduces the pH and triggers corrosion of the reinforce-
ments [1–4]. There are numerous studies on the corrosion behaviour of hard weapons
embedded inmortars and carbonated concretes in laboratory tests, see for example the
review by Stefaroni, Angs and Elsener where various tests are reported [3]. However,
there are few studies on the behaviour of structures that suffer from this process [5].

There are numerous studies on the mechanism and chemical reactions that take
place during the carbonation of concrete [1, 6–8]. In the case of carbonation, corrosion
of the reinforcements is induced due to a lowering of the pH [9], which causes
the instability of the passive layer of the steel and therefore the corrosion of the
reinforcements [10, 11].

The carbonation process is influenced by numerous variables such as relative
humidity, type of binder, etc. Thus, there are several models that, based on the
variables mentioned above, allow predicting the carbonation rate of a concrete
[1, 3, 5, 9, 12].
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Table 1 Mean values of carbonation and CO2 concentration

No risk of corrosion Exposure class for risk of corrosion
induced by carbonation

X0 XC1 XC2 XC3 XC4

Maximum w/c – 0.65 0.60 0.55 0.50

Minimum strength class C12/15 C20/25 C25/30 C30/37 C30/37

Minimum cement content
(kg/m3)

– 260 280 280 300

As referenced above, mainly three climatic parameters influence carbonation:
relative humidity, temperature, and atmospheric carbon dioxide concentration. It
has been found that one of the environmental parameters that mainly affect the
carbonation rate is the CO2 concentration in the air [13, 14].

European concrete standard EN 206-1 showed requirements for specifying
concrete durability. Table 1 gives the requirement for the four XC expositions.

The present work shows the study carried out on structures that only suffer corro-
sion by carbonation,without the influence of other aggressive agents or environments,
such as chloride ions.

2 Methodology

2.1 Description of the Structures

The location, description and environment of the structures under study are shown
below. The structures are located around the cities of Tarragona and Oviedo in Spain.

The structure A, located in the province of Tarragona, consists of circular rein-
forced or prestressed concrete precast pipes. The sections of the galleries that can
be visited are supported by concrete feet or resting on sand/gravel cradles. These
elements are protected from the rain but in an industrial environment with a high
concentration of CO2 in certain places in the galleries.

The structure B is a railway bridge over the Nalón River located in Oviedo. The
structure is formed by a series of spans of IP beams, with spans between 12.60 and
14 m and a height of 6–8 m.

In Fig. 1, it is possible to see one of the areas selected for in-situ corrosion
measurements during the study. During this phase, reinforcement connections were
made to for to be monitored (see Fig. 2).
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Fig. 1 Location of Oviedo and Tarragona on the map of Spain

Fig. 2 Selected areas during the repair phase
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Fig. 3 Temperature (monthly means, °C) in Oviedo and Tarragona between 2009 and 2019

Fig. 4 Relative humidity in Oviedo and Tarragona between 2009 and 2019

2.2 Climate to Which Structures are Exposed

The following figures show the monthly means of temperature and relative humidity
for the towns of Oviedo and Tarragona.

The temperature in Oviedo varies with monthly means between 5 and 25 °C, with
extreme temperatures that occasionally reach minimums of −3 °C and maximums
of 37 °C. The average relative humidity for this period of time is 79% (see Figs. 3
and 4).

The temperature in Tarragona varies with monthly means between 6 and 27 °C,
with extreme temperatures that occasionally reach minimums of −7 °C and
maximums of 40 °C. The average relative humidity for this period of time is 65%.

2.3 Corrosion Rate Measurements

The electrochemical measurements have been carried out with the Gecor portable
corrosion rate meter which allows to measure the resistivity, corrosion potential and
corrosion rate based on the measurement of the Rp with a guard ring [15–18].
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3 Results and Discussions

3.1 Structure A (Tarragona)

The following table shows the percentage values of the coating that is carbonated
and the average CO2 concentration in the air during 1 month of measurement. In
certain locations, such as A05, A06 or A10, high concentrations of CO2 in the air
are reached. The concentration of chlorides has been measured in all cases to check
that it is below the threshold for depassivation (see Tables 2 and 3).

The following figures show a detail of one of the pipes where it can be seen that
the reinforcements are corroded and the verification of the existence of carbonation
(see Figs. 5 and 6).

The following figure shows the probability histogram of the corrosion rate of the
data measured in structure A. The data have been fitted to a log-normal distribution
obtaining adjustment parameters of [−1.572, 0.639]. Taking into account this fit,
the value corresponding to 50% of probability is that of 0.208 μA/cm2. The values
corresponding to percentiles 0.05, 0.10, 0.90 and 0.95 are respectively 0.073, 0.092,
0.471 and 0.590 μA/cm2 (see Fig. 7).

Table 2 Mean values of
carbonation and CO2
concentration

Location % of concrete
cover carbonated

CO2 (ppm) Exposure class
(EN 206-1)

A01 100%
100%

418 XC4

A02 −100%
−93%
−63

512 XC3

A03 −30% 613 XC3

A04 0% 1100 XC3

A05 35–50%*

100%
3200 XC3

A06 0%* 300 XC3

A07 −60%
−97%

411 XC3

A08 100%
100%
100%
100%

484 XC4

A9 0% 510 XC3

A10 0% 827 XC3

A11 0%* 581 XC3

* Measured of high concentrations of CO2 in the air
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Table 3 In situ corrosion
parameters

Location Ecorr versus
Cu/CuSO4 (mV)

ρ (� m) Icorr (μA/cm2)

A01 −2,255
−76,38

1133,4
1634,25

0,282
0,588

A02 −193,52
−88,76
−123,01

164,06
199,95
138,10

0,244
0,268
0,169

A03 −38,925 628,80 0,116

A04 −223,43 89,33 0,100

A05 23,240
−208,35

1407,2
779,00

0,128
0,370

A06 – 94,17 –

A07 113,35
−80,575
59,505
–

1058,65
691,73
373,17
–

0,102
0,244
0,260
–

A08 −156,340
114,617
−153,450
−120,085
158,603

1189,5
627,00
468,80
593,33
932,83

0,324
0,372
0,562
0,430
0,368

A9 −220,84 729,00 0,081

A10 −53,601 1788,60 0,101

A11 −289,87 386,40 0,107

Fig. 5 Corrosion of the reinforcements in one of the pipes
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Fig. 6 Picture of the corrosion rebars in the structure A in a carbonation zone

Fig. 7 Corrosion rate. Probability density function and its fit to lognormal distribution derived from
a normal distribution with mean 0.208 μA/cm2 and standard deviation 0.639 μA/cm2
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Table 4 In situ corrosion parameters. Oviedo structure

Identificación del
tramo

Orientación Antes de la reparación (Octubre del 2014)

Icorr (μA/cm2) Ecorr versus
Cu/CuSO4 (mV)

ρ 4 puntas (�.m)

Vano 6 Norte 0,592 −267,84 2250,0

Sur 0,182 −236,90 1091,7

Vano 7 Norte 0,163 −199,24 1005,8

Sur 0,333 −207,52 1179,2

Vano 10 Norte 0,215 −246,66 1700,0

Sur 0,261 −160,83 1342,0

Vano 11 Norte 0,371 −247,97 2461,3

Sur 0,182 −182,99 2247,5

Vano 12 Norte 0,188 −170,22 2452,8

Sur 0,250 −128,21 2196,0

Vano 13 Norte 0,169 −116,39 2144,0

Sur 0,197 −219,00 2421,2

3.2 Structure B (Oviedo)

In this case, the structure is subjected to the same conditions of carbonation. The
concrete covers studied show 100% carbonation in all the cases (see Table 4).

The following figure shows the probability histogram of the corrosion rate of the
data measured in structure B. The data have been fitted to a log-normal distribution
obtaining adjustment parameters of [−1.431, 0.371]. Taking into account this fit,
the value corresponding to 50% of probability is that of 0.239 μA/cm2. The values
corresponding to percentiles 0.05, 0.10, 0.90 and 0.95 are respectively 0.13, 0.15,
0.38 and 0.44 μA/cm2 (see Fig. 8).

The following figure shows the cumulative distribution function for the corrosion
rate of both structures. The corrosion rate and the distribution for both structures are
very close. We cannot conclude that there is a significant difference between the two
distributions to consider them different. The average values vary between 0.21 and
0.24 μA/cm2, while for a cumulative probability of 90% all values are below 0.47
μA/cm2 (see Fig. 9).

4 Conclusions

From the results obtained on two structures that only suffer from carbonation corro-
sion, it can be concluded that, regardless of the type of structure, an average corrosion
rate of 0.21–0.24 μA/cm2, while for a cumulative probability of 90% all values are
below 0.47 μA/cm2.
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Fig. 8 Corrosion rate. Probability density function and its fit to lognormal distribution derived from
a normal distribution with mean 0.239 μA/cm2 and standard deviation 0.371 μA/cm2
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Fig. 9 Comparison between both distributions
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Bond Behaviour of NSM FRP
Strengthening Systems on Concrete
Elements Under Sustained Load

J. Gómez, C. Barris, M. Baena, and R. Perera

Abstract During the last decades, Near Surface Mounted (NSM) Fibre Reinforced
Polymer (FRP) strengthening system has been widely accepted as an efficient
methodology in structural rehabilitation. The bond behaviour of the FRP-concrete
joint has resulted to be governing the overall performance of the strengthening
system.Moreover, due to the susceptibility of thematerials used in theNSMstrength-
ening system in front of high temperatures and sustained loads, their performance
under service conditions can be affected. Although the short-term bond behaviour
has been largely studied in the literature, there is still a lack of experimental data
to better understanding the long-term performance. The paper aims to experimen-
tally study the evolution of bond damage of the concrete-FRP bonded joint of an
NSM FRP strengthened concrete element, and how it affects to the slip between the
strengthening system and the concrete For this purpose, a total of eight NSM pull-out
specimens with two different bonded lengths (150 and 225 mm) and two different
groove thicknesses (7.5 and 10 mm) have been loaded with two different levels of
sustained load (15 and 30% of the ultimate load) at room conditions up to 40 days.
Specimens were previously characterized under a short-term test. Slip at the loaded
end was measured to capture the evolution of slip during time. Results showed that
the slip caused by creep increased with the sustained load level, whilst it decreased
with the bonded length.
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1 Introduction

In the last decades, Fibre Reinforced Polymer (FRP)materials have beenwidely used
as strengtheningmaterials for concrete structures. Externally Bonded Reinforcement
(EBR) andNear SurfaceMounted (NSM) are themost used strengthening techniques
using FRP materials. While in the EBR technique the FRP is bonded to the tensile
face of the concrete surface, in the NSM system the FRP is placed into a groove
previously cut in the concrete cover and bonded with an adhesive, typically an epoxy
resin.

The short-term bond behaviour of these strengthening systems has been widely
studied by many authors, and response has been standardized by guidelines and
standards. However, due to the nature of the materials involved in the strengthening
system (FRP, adhesive and concrete) their mechanical properties can be affected by
sustained load and harmful environmental conditions, affecting the bond between
the strengthening system and the concrete element. Nevertheless, only little research
has been focussed on their bond behaviour under service conditions, leading to a lack
of knowledge in their long-term bond behaviour. In that sense, during the last years,
some experimental tests on long-term deformations caused by sustained loading
and environmental conditions have been carried out to study the bond behaviour of
EBR [8, 13] and NSM [2, 5] reinforcement. These works showed that the long-term
behaviour of the FRP-concrete joint may be affected by creep deformations caused
by sustained load and environmental conditions.

Moreover, some analytical models were proposed in [2, 5, 8, 13] to predict the
bond performance of the FRP-strengthening systems under sustained loading. In
most of these works, the authors adjusted different closed-form equations to their
experimental results for taking into account the creep behaviour of the FRP-concrete
joint. In particular, in [5] the authors used an approach presented in [3], but intro-
ducing the creep effects into a bilinear bond-slipmodel, and obtained good agreement
between experimental and analytical results. However, in that work, the failure of the
instantaneous test was attained by rupture of the laminate and the set-up completely
confined the top surface of the concrete element.

This research aims to experimentally study the slip of FRP-strengthened concrete
elements under sustained service load at room temperature conditions. An experi-
mental programme on eight pull-out tests submitted to sustained loading is presented.
The effect of the groove thickness, bonded length and sustained load level on the
global bond behaviour is studied.

2 Experimental Programme

This paper presents the preliminary results of an extensive experimental programme
aiming at studying bond behaviour of NSM FRP-concrete interface under sustained
loading conditions.
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In this work, eight reinforced concrete blocks have been strengthened with
Carbon-FRP (CFRP) strips of 3.0 mm × 10 mm using the NSM technique and
have been tested under sustained loading during 40 days at room temperature condi-
tions. Two bonded lengths (Lb), 150 and 225 mm, two groove thicknesses (tg), 7.5
and 10 mm, and two levels of sustained load (Ps), 15 and 30% of the instantaneous
maximum load (Pu) have been used.

Previously, for each NSM CFRP-concrete element combination, four specimens
were tested under monotonic pull-out testing, in order to obtain their average
instantaneous bond response, giving a total of 16 tested specimens.

2.1 Materials

CFRP Sika CarboDur S strips of 3 mm × 10 mm were used for the NSM reinforce-
ment. The CFRP mechanical properties were characterised according to ISO 527-5
standard [11], obtaining an elastic modulus of 169.3 GPa (CoV 7.7%) and a tensile
strength of 3206 MPa (CoV 2.1%).

Sikadur 30 bi-component epoxy resin was used as adhesive. Its mechanical prop-
erties were characterized according to ISO 527-2 standard [10], resulting in an elastic
modulus of 10.7 GPa (CoV 4.4%) and a tensile strength of 27.5 MPa (CoV 11.2%).

All concrete specimens were cast from the same batch. Concrete mechanical
properties were assessed according theASTMC469/C469M-10 [1] andUNE12390-
3 [15] standards.A compressive strength of 33.8MPa (CoV4.4%), an elasticmodulus
of 33.1GPa (CoV3.3%) and a tensile strength of 5.7MPa (CoV4.7%)were obtained.

2.2 Short-Term Direct Pull-Out Tests

The NSM CFRP-concrete elements were tested to obtain their short-term load-slip
response under a monotonic loading test. The concrete block dimensions were 200
mm× 200 mm× 370 mm for the short-bonded lengths (Lb = 150 mm) and 200 mm
× 200 mm × 420 mm for the long-bonded lengths (Lb = 150 mm). Four different
NSM CFRP-concrete elements combining two groove thicknesses (7.5 and 10 mm)
and two bonded lengths (150 and 225 mm) were tested. Figure 1 shows the set-up
used for the monotonic testing. The set-up used in this work did not confine the
concrete block as in [5, 6]; instead, a 60 mm wide steel reaction element partially
confined the specimen [14], as can be seen in Fig. 1.

The load was applied with a servo-hydraulic testing machine at a 0.2 mm/min
displacement controlled rate.

The instrumentation consisted in one LVDT at the loaded end to measure the
relative slip between the FRP and concrete. Besides, a Digital Image Correlation
(DIC) system was installed in order to capture the displacement and strain field of
the front surface during themonotonic test, as it is shown in Fig. 2. 2D and 3D systems
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Fig. 1 Short-term test set-up

Fig. 2 2D and 3D set-ups of the Digital Image Correlation system and Area Of Interest (AOI)

were installed. The 2D system consists on one camera located perpendicular to the
surface that captures the displacement of the studied surface in one plane.On the other
hand, a 3D configuration with an angle between the camera optics was installed. This
inclination allows the cameras to record out-of-planemovement; thus, displacements
in the three directions can be measured.

Tomeasure the field of displacements of the surface, a speckle pattern was needed
to be tracked, therefore, the surfaces of the concrete blocks were white-painted, and
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Table 1 Parameters of the DIC test and correlation

Parameters of the cameras

Distance between the camera and the surface 840 mm

Distance between cameras (3D system) 125 mm

Diaphragm aperture f/5.6

Closing of the diaphragm 1000 μsec.

Image acquisition frequency 1 image/sec.

Correlation parameters

2D 3D

Subset 21 pixels 29 pixels

Stepsize 5 pixels 7 pixels

Correlation criterion Zero-Normalized Cross-Correlation
(ZNCC)

Zero-Normalized Cross-Correlation
(ZNCC)

afterwards, a pattern of black speckles was applied. The displacement and strain
fields during time were obtained using a correlation software. The correlation details
(subset size, stepsize and the correlation criteria) are shown in Table 1 for the 2D
and 3D systems, together with the DIC configuration parameters.

2.3 Long-Term Direct Pull-Out Tests

To study the long-term performance of the NSM-FRP bonded joint, eight NSM
CFRP-concrete elements were tested under sustained loading, at 20 °C and 55%
RH during 40 days. Sustained load levels of 15 and 30% of the experimental short-
term maximum load were chosen to study loading levels similar to actual service
conditions. Besides, two different groove thicknesses (7.5 and 10 mm) and two
different bonded lengths (150 and 225 mm) were used.

The set-up used for the long-term tests is shown in Fig. 3. The instantaneous
monotonic set-up was adapted to obtain a lever arm with a multiplying factor of 8.3.

Similarly to the instantaneous test, one LVDT was placed at the loaded end to
capture the slip between the strengthening system and the concrete element. Addi-
tionally, one strain gauge was placed at the loaded end to monitor the FRP strain
during the loading process and during the 40 days of testing.
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Fig. 3 Long-term set-up

3 Analysis and Discussion of Results

3.1 Pull-Out Short-Term Tests Results

From the instantaneous tests, the maximum load and the failure mode of each config-
uration of bonded joint was obtained. Table 2 lists the NSMCFRP-concrete elements
tested in the pull-out short-term experimental programme. Each combination of spec-
imens was named as ST-Lb-G, where ST stands for Short-term, Lb stands for the
bonded length (150 and 225 mm), and G stands for the width of the groove (7.5 and
10 mm).

The average load-slip curves obtained from instantaneous direct pull-out tests are
shown in Fig. 4. It can be seen that all the NSM specimens followed the same initial

Table 2 List of monotonic pull-out tests

Nomenclature Bonded length
[mm]

Groove thickness
[mm]

Maximum load [kN] Failure mode

ST-150-10 150 10 42.1 F-A

ST-150-7.5 150 7.5 45.5 C

ST-225-10 225 10 53.3 F-A

ST-225-7.5 225 7.5 58.8 C

Note F-A = FRP-adhesive interface failure, C = cohesive concrete failure
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Fig. 4 Load-slip curve obtained from the monotonic test

trend in terms of stiffness. However, higher failure load was obtained in 7.5 mm
grooved specimens than in the 10 mm grooved ones. Moreover, the failure modes
observedwere different for each groove thickness. For 10mmgrooved specimens, an
adhesive failure in the FRP-epoxy interface was obtained, while for 7.5 mm grooved
specimens, the failure was cohesive and it was attained in the concrete cover along
inclined planes near the groove. This difference could be attributed to the different
distribution of shear stresses along the groove in the FRP-concrete joint. Wider
adhesive layers redistribute better the bond shear stress [5, 9, 12], therefore, as the
groove thickness decreases, higher stresses were transmitted to the concrete.

On the other hand, 10 mm grooved specimens showed a clear friction stage once
the maximum load was attained (Fig. 4). A descending branch could be observed
in which the load smoothly decreased with the increase of slip. This stage could
be caused because of friction between the FRP and the adhesive surfaces. On the
contrary, failure in 7.5 mm grooved specimens was attained on the concrete surface
once the maximum load was achieved, and a sudden drop of the load was observed
and the specimen suddenly failed.

To better understand the stress transfer between FRP, adhesive and concrete, the
strain field of the front surface of specimens was obtained by DIC. Figure 5a shows
the area of interest of the specimen, indicated with dashed blue lines, which includes
the groove and the right part of the concrete surface. Figure 5b, c show the strain
field of the 10 mm and 7.5 mm grooved specimens, respectively, for specimens with
a bonded length of 225 mm at the moment before the maximum load is attained. The
red lines in Fig. 5a indicate the position of the groove in the pull-out surface, while
in Fig. 5b, c the red lines mark the position of the groove in the strain field.

It can be observed that for 7.5 mm grooved specimen, the maximum strain in the
concrete surface at the maximum load was approximately 4.500 με. On the other
hand, in 10 mm grooved specimen the maximum strain was around 2.000 με. This
means that for 10mm grooved specimens, the maximum compressive capacity of the
concrete was still not attained, whilst for 7.5 mm grooved specimen, the value of the
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Fig. 5 a Area of interest, b strain field for 10 mm grooved specimens and c strain field for 7.5 mm
grooved specimens

maximum strainwas already higher than the usually acceptedmaximumcompressive
concrete strain [4]. Additionally, in Fig. 5c the typical compressive struts can be
somehow appreciated, meaning that narrower grooves transmitted higher gradient of
stresses to the concrete than wider grooves.

3.2 Pull-Out Long-Term Tests Results

In the long-term experimental programme, each specimen was named using the
nomenclature defined in the short-term campaign, but this time the first parameter
is LT, standing for long-term, and a forth parameter regarding the percentage of
maximum load (Pu) under sustained load is added. Table 3 lists the specimens under
long-term conditions. For each specimen, the initial slip (s0) was obtained from the
average curve of the instantaneous monotonic test.

Figure 6 shows the total slip of theNSMCFRP-concrete elements obtained during
40 days. Continuous and dashed lines refer to 10 mm and 7.5 mm groove thickness,
respectively. Even though the percentage of sustained load level was the same for
the different groove thicknesses, the applied load was higher for 7.5 mm grooved
specimens, thus, the initial slip for these specimens was higher than for 10 mm
grooved specimens.

The curves of NSM CFRP-concrete slip with time show an initial zone with high
slope, and a second one after approximately 10 days of sustained loading where the
increase of slip is much lower. These two stages were also observed in [5–7].

Moreover, it could be seen that specimens with 7.5 mm groove thickness (dashed
curves in Fig. 6) attained higher slips than specimens with 10 mm, except for the
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Table 3 List of specimens
under sustained load

Nomenclature Bonded length
[mm]

Groove
thickness
[mm]

Applied load
[kN]

LT-150-10-15 150 10 6.39

LT-150-7.5-15 150 7.5 6.54

LT-150-10-30 150 10 12.86

LT-150-7.5-30 150 7.5 14.14

LT-225-10-15 225 10 8.19

LT-225-7.5-15 225 7.5 8.94

LT-225-10-30 225 10 15.24

LT-225-7.5-30 225 7.5 17.49

Fig. 6 Slip in the loaded end during time

LT-225-7.5-30 specimen, which obtained very similar slips in comparison with LT-
225-10-30 specimen. The reason could be that for 10 mm grooved specimens, the
redistribution of bond shear stress along the bonded length was better, due to the
increase of the adhesive layer thickness [9, 12].

For specimens loaded at 30%ofPu, at t= 30 days approximately, the slip obtained
in NSM specimens with 150 mm (red lines in Fig. 6) surpassed the slip obtained in
Lb = 225 mm specimens (green lines), although the initial slip of 150 mm specimens
was lower than that of 225 mm ones. This could be caused by the fact that specimens
with short-bonded lengths may develop a higher average bond shear stress along the
given FRP length and, consequently, higher damage was caused to the bonded joint.

On the other hand, for low sustained load values (15% of Pu), NSM CFRP-
concrete elements with 150 and 225 mmwere equally damaged, meaning that at this
level of sustained load the increase of slip of the short and long bonded lengths were
very similar.
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In [5] it was observed that for sustained load levels up to 40% of Pu the behaviour
of the bonded joint is in a linear viscoelastic stage, thus, the total slip should be
proportional to the load applied. The total slip obtained in specimens with Lb = 225
mm was proportional to the load applied. When the sustained load was 15% of Pu

(black lines) the final slip was 0.061 mm and 0.058 mm, for the 10 mm and 7.5 mm
grooved specimens, respectively, and when the load applied was 30% of Pu (green
lines), the slip was 0.112 mm and 0.115 mm, respectively. On the other hand, the slip
obtained in specimens with Lb = 150 mm under the 15% and 30% of Pu were not
proportional. LT-150-10-15 and LT-150-7.5-15 obtained 0.042 mm and 0.049 mm,
respectively, and LT-150-10-30 and LT-150-7.5-0 obtained 0.113mm and 0.117mm,
respectively.

4 Conclusions

This paper presents the preliminary results of an experimental programme aiming at
studying the effect of sustained loading and room temperature conditions on the bond
behaviour of NSM CFRP-concrete specimens. Eight pull-out tests under sustained
loading during 40 days and 16 pull-out tests under instantaneous loadingwere carried
out in the experimental programme.

From the pull-out monotonic tests, it can be concluded that:

• Higher failure loads were obtained for 7.5 mm grooved specimens than for 10
mm grooved ones.

• For 7.5 mm grooved specimens, a cohesive failure in concrete was attained,
while for 10 mm grooved specimens the failure was located in the FRP-adhesive
interface.

• In specimenswith 10mmgroove, a friction stage after reaching themaximum load
was observed. This phenomenon was not observed in 7.5 mm groove specimens,
where failure was attained at the maximum load.

• From the Digital Image Correlation results, it was observed that 7.5 mm grooved
bonded joints transmitted higher strains to the concrete surface.

From the pull-out long-term tests can be stated that:

• For equal bonded lengths, as the sustained load level increased, the slip in the
loaded end increased as well.

• High sustained load levels (30% Pu) caused higher increment of slip in short
bonded lengths (Lb = 150 mm) than in long-bonded lengths (Lb = 225 mm),
caused by the fact that short-bonded length specimens might be under higher
average bond shear stress.

• For a sustained load level of 15% Pu, similar increment of slip were obtained
in short and long bonded lengths. For low sustained load levels, increasing the
bonded length and the sustained load (in terms of absolute values) did not affect
on the slip in the loaded end.
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• Slightly higher slips were obtained in 7.5mmgrooved specimens. 10mmgrooved
specimens seems to redistribute better the bond shear stresses along the bonded
length.
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Assessment of Different Coastal Defence
Structures to Promote Wave Energy
Dissipation and Sediments Retention

B. F. V. Vieira, J. L. S. Pinho, and J. A. O. Barros

Abstract Coastal areas are an apprized environment by society that will continue
to expand rapidly. Traditional coastal protection structures are commonly deployed
to protect coastal areas endangered by natural extreme weather events. However,
due to their limited efficiency and very high costs, more efficient and sustainable
strategies to deal with coastal erosion are imperative. This research work focuses on
the assessment of engineering solutions to mitigate and delay coastal erosion. Three
different structure geometries (triangular prism shape, single detached breakwater
and group of two detached breakwaters) are analysed on a realistic bathymetry, using
a combination of numerical models (SWAN and XBeach) to study the influence of
those structures on the coastal hydro- and morphodynamics. SWAN was used for
hydrodynamics and XBeach for hydrodynamics and morphodynamics assessments.
In addition, a comparison between SWAN and XBeach hydrodynamics results was
also performed. Structures considered in this study have regular shaped geometries,
and are characterized in terms of their efficiency regarding wave height and wave
energy dissipation considering different wave regimes and performance in terms of
long-term beachmorphodynamic impact (sediments accumulation and erosion). The
analysis is concentrated in two scenarios, one for low and the other for highly ener-
getic hydrodynamics (the most challenging to coastal zones defence). The obtained
results allowed classifying their performance in terms of the impact on wave energy
and wave height dissipation, and sediment erosion/deposition patterns.
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1 Introduction

Coastal areas are a much-appreciated environment by society, and support a large
amount of economic and leisure activities [1].Due to coastal ecosystemsvulnerability
to natural and anthropogenic hazards, a range of challenges, including coastal erosion
and rapid urbanization are contributing to their environmental degradation [2–4].

Projections presented by the Intergovernmental Panel on Climate Change (IPCC)
indicate that global climate change may rise sea level, and, in some areas, increase
the frequency and severity of storms [5]. Coastal protection on zones prone to shore-
line retreat due to high tide/wave energy action and high sediment transport deficit
may involve different solutions to control coastal erosion. However, traditional hard
structures are not necessarily the most adequate solution since they can generate
adverse effects such as: aggravation of erosion downdrift; disturbance of sediment
supply and beach reduction; and adverse visual impacts [6, 7]. Coastal defence struc-
tures should contribute to the dissipation of wave energy before reaching the beach,
minimizing, this way, erosion. It is important to highlight that the implementation
of coastal structures may locally reduce risks of exposure to sea action, but does not
eliminate them, and these should not be used as an excuse to allow building in areas
of risk.

Behind the search for more efficient and sustainable strategies to deal with coastal
retreat, this study focuses on a comparisonbetween the performanceof two traditional
coastal protection solutions (single detached breakwater and group of two detached
breakwaters) and a different structure shape on a particular coastal stretch. In order to
analyse the hydro- (wave height and wave energy dissipation) and morphodynamics
(sediments accumulation and erosion areas) of the structures and beach interactions,
two computer programswere used: SWAN[8] for hydrodynamics andXBeach [9] for
hydrodynamics andmorphodynamics. In addition, a comparison between SWANand
XBeach hydrodynamics results was also performed, using three SWAN models for
each one of the assessed structures and three XBeach models for the same structures.

2 Methodology

2.1 SWAN and XBeach numerical models

SWAN (Simulation WAves Nearshore) can be used as stand-alone application, but
it is also included in the Delft3D 4 Suite [10]. SWAN [8] is a spectral wave model
for obtaining realistic estimates of wave propagation in coastal areas, lakes and
estuaries. The model is based on the wave action balance equation, and simulates the
wave propagation from deep waters to the transition zone considering the physical
processes of refraction, diffraction, shoaling, currents interaction, wave growth by
wind action, wave breaking under the influence of excess slope, power dissipation
due to bottom friction, blocking and reflection by opposing currents and transmission
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through obstacles. The spread of wave propagation in stationary or non-stationary
modes, in the geographical and spectral spaces is performed using implicit numerical
schemes. The data required for the implementation of SWAN are bathymetry of
the model area and wave conditions at the open boundaries. Among the several
results obtained by SWAN, these are the ones that stand out: significant wave heights
(Hs), peak and average time periods (T), peak and average directions, directional
dispersion, and level of water anywhere in the computational domain [11]. The
application of SWAN at ocean scales is not recommended from an efficiency point
of view. SWAN does not calculate wave-induced currents, and is not applicable to
shallow waters (it is only valid to deep and transitional waters).

XBeach [9] numerical model is used for the computation of 2D-horizontal
nearshore hydrodynamics due to wave propagation, including surf-beat (long period
waves), average flow, and wave-induced currents in combination with non-cohesive
sediment transports, overwash (wave uprush over a natural or artificial coastal
barrier), scour around hard structures, and morphological changes of the nearshore
beaches and dunes during storm events. XBeach concurrently solves the time-
dependent short wave action balance, the roller energy equations, the nonlinear
shallow water equations (NSWE) of mass and momentum, the sediment transport
and bed change equations. As boundary conditions, XBeach requires tidal levels,
deeper-water (outside the surf zone) wave conditions and bathymetry [12]. Users are
allowed to choosewhichmodeoptions to implement: stationarywavemode, surf-beat
mode (instationary), and non-hydrostatic mode (wave-resolving: the most computa-
tionally expensive mode, because it requires higher spatial resolution and associated
smaller time steps) [13]. Further information on these modes can be consulted in
[14]. The model accounts for feedback between the evolving bathymetry and the
hydrodynamics at each time step.

2.2 Simulated Scenarios

For this study, three different geometries for coastal protection structures were
analysed. For better understanding the performance of a different shaped structure
(Fig. 1a), the impact of this structure on a coastal zone was compared with a typical
detached breakwater (Fig. 1b) and a group of detached breakwaters (Fig. 1c). The
case study developed by [15] is taken as a reference for the modelling of the different
shaped structure that resembles a triangular prism, where the structure performance
was conducted in terms of ‘surfability’ and coastal protection. Reference [15] anal-
ysed the performance of two triangular prism structure geometries differing in their
opening angles (45° and 66°) for two different incident wave conditions (frequent
wave: Hs = 1.5 m, T = 9 s; and storm wave: Hs = 4 m, T = 15 s) and concluded that
both geometries contribute to sedimentation. For the current study, results analysis
will focus on coastal protection purposes and it will consider the structure geometry
of 45° opening angle due to its wider shadow zone benefits for coastal protection. As
geometrical considerations, all structures share the same length (250 m), except the
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Fig. 1 Geometrical shapes considered in this study (upper panel: plan view; lower panel:
cross-section): a triangular prism structure; b regular detached breakwater; c group of detached
breakwaters

two detached breakwaters in Fig. 1c that presents a third of the length considered in
the other structures (83 m). The detached breakwaters were designed to have a crest
width of 10 m and side-slopes of 1:2, which are representative of regular structures
of this type as presented in [16]. The triangular prism structure followed [15] design
with a crest width of 75 m and side slopes of 1:10. All structures have their crests
submerged at−1.5m relatively tomean sea level and are located at the same distance
from the shoreline (440 m).

In order to study the structure’s influence on significant wave heights attenuation
and sediments accumulation, a realistic bathymetry was used for the model simula-
tions, based on [15]’s study. Regarding model conditions, the computational domain
is 1670 m × 1870 m (crosshore × longshore) with a node spacing of dx = dy =
5.0 m for both hydro- and morphodynamics analysis. The total simulation time was
two hours for the hydrodynamics analysis (using SWAN and XBeach) and one day
for morphodynamics (XBeach) with a morphological acceleration factor to speed up
the morphological time scale relative to the hydrodynamic timescale (morfac) of 50.

The study by [17] on the simulation time for morphodynamics has concluded that
the necessary time (in days) to study the morphological development process of a
significant salient due to a detached breakwater placed 500maway from the shoreline
was seventy-five dayswith amorfac equal to 100 (approximately twenty years). Even
though the simulation time considered in this study is significantly shorter than the
[17]’s (justified by the need to reduce calculation time), it is adequate to study the
sediments transport tendency to erosion or accretion.

For hydrodynamics (using SWAN and XBeach), the frequent wave and the storm
wave conditions considered in [15] were adopted in this study, with waves incoming
from the West direction (270°), while the tide level considered was 0 m (mean
sea level). For morphodynamics analysis (using XBeach), only the frequent wave
scenario was analysed, in order to give insights on the response to a mean wave
climate. Regarding seabed composition, the sediments dimensions considered were
200 μm for D50 and 300 μm for D90, being D50 and D90 common metrics used
to describe particle size distributions. In this case, D50 means that 50% of the
sample has a size of 200 μm or smaller and D90 that 90% has a size of 300 μm
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or smaller. Boundary conditions for SWAN model (hydrodynamics) were defined
for North, West and South boundaries (frequent and storm wave conditions), while
for XBeach model (hydrodynamics and morphodynamics) absorbing-generating
(weakly-reflective) boundary in 2D (abs_2d) for front and back boundaries, and wall
boundary condition (simple no flux boundary condition) for left and right boundaries
were defined. In XBeach model the left and right designations correspond to North
and South, while front and back to West and East, respectively.

For hydrodynamics (SWAN and XBeach), the wave type considered was a
JONSWAP spectrum, whereas for morphodynamics (XBeach) the stationary mode
was selected. The consideration of stationary mode is justified by the need to
reduce model calculation time for morphodynamics. The numerical model results
obtained by the SWANmodel are the significant wave heights, while XBeach model
estimates the sediments accumulation and erosion near shoreline as well as the
bed level. XBeach presents Hrms values (root mean square wave heights), which
require a conversion to Hs (significant wave heights), in order to be compared to
SWAN hydrodynamics results. The wave energy dissipation also requires separate
calculation.

3 Results and Discussion

3.1 Hydrodynamics

Numerical simulations for the analysis of significant wave heights dissipation for
two different scenarios (frequent wave and storm wave conditions) were performed
for each structure: triangular prism structure (Fig. 2a1 and a2), detached breakwater
(Fig. 2b1 andb2) andgroupof detachedbreakwaters (Fig. 2c1 and c2).Comparatively
to a situation without structure, an analysis of the influence of each structure on the
significant wave heights on a storm wave condition was also performed (Fig. 2a3,
b3 and c3). For a more legible analysis, the presented results are centred in a limited
window around the structures. The contour lines are also depicted in all presented
results.

From the results presented in Fig. 2, wave shoaling (increase of the wave height)
in every structure shape is evident due to a decrease of the depth. This phenomenon is
visible at the apex of the triangular prism structure for both wave conditions (repre-
sented with number 1 in Fig. 2a1 and a2); at the North extremity of the detached
breakwater and group of detached breakwaters for the storm wave condition (repre-
sented with number 2 in Fig. 2b2 and c2); a small wave shoaling along the detached
breakwater for both wave conditions (represented with number 3 in Fig. 2b1 and
b2), and also a small wave shoaling along the group of detached breakwaters for
both wave conditions (also represented with number 3 in Fig. 2c1 and 2c2). A more
intense variation of bottom elevation due to the presence of the detached breakwaters
near the North extremities, relatively to the South extremities, may explain the wave
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Fig. 2 Significant wave heights dissipation for frequent wave condition: triangular prism structure
(a1); detached breakwater (b1), and group of detached breakwaters (c1); and storm wave condition:
triangular prism structure (a2), detached breakwater (b2), and group of detached breakwaters (c2).
Significant wave heights difference with and without any structure on a storm wave condition:
triangular prism structure (a3), detached breakwater (b3), and group of detached breakwaters (c3)

shoaling at this particular area (2). The most evident wave shoaling is at the apex of
the triangular prism structure (1), while on the other mentioned cases (2 and 3) the
differences are more subtle. Regarding significant wave heights decrease, it is clear
the effect for every structure shape under both wave conditions. This dissipation is
more significant for the storm wave condition. For the triangular prism structure, a
progressive increase on significant wave heights is visible from the structure inward
(protected) extremity to position 1.45 km for frequent wave condition (represented
with number 4 in Fig. 2a1) and 1.28 km for storm wave condition (also represented
with number 4 in Fig. 2a2). After the position 1.28 km for storm wave condition, the
significant wave heights progressively decrease towards shoreline. These phenomena
are explained by the shoaling and breaking due to depth decrease. For the detached
breakwater this phenomenon is not visible for the storm wave condition, but it is
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present for the frequent wave where an increase of significant wave height is percep-
tible from the structure inward extremity to position 1.42 km (also represented with
number 4 in Fig. 2b1). From this position towards shoreline, the significant wave
heights decrease gradually.

Finally, for the group of detached breakwaters a small increase on the significant
wave height is visible from the structure inward extremity to position 1.21 km for
the storm wave condition (also represented with number 4 in Fig. 2c2), and also an
increase of significant wave height from the structure inward extremity to position
1.42 km for the frequent wave condition (also representedwith number 4 in Fig. 2c1).
After those positions, the significantwaveheights decrease towards shoreline.Results
for the North and South detached breakwater from the group of detached breakwaters
are similar.

Relatively to the influence of a structure on significant wave heights, it is clear that
all structures contribute to a decrease and that the triangular prism structure reduces
significant wave heights at a larger scale (Fig. 2a3) than the detached breakwater and
group of detached breakwaters. On the group of detached breakwaters, even though
there is a gap between the structures, a small significant wave height reduction at
the inward side is observable in Fig. 2c3 (represented with number 5). Near the
shoreline, although the three cases (Fig. 2a3, b3 and c3) do not present any significant
differences, it can be concluded that the triangular prism structure presents a more
significant and larger shadow zone than the other two solutions. This effect can bring
protection benefits if the structure is positioned closer to shoreline.

The XBeach numerical results for root mean square wave heights (Hrms) were
converted to significant wave heights (Hs) using Eq. (1) [18].

Hs = √
2 × Hrms (1)

The plots depicted in Fig. 3 present the similarities and differences between the
significant wave heights results for SWAN and XBeach. The plots show the results
for a cross-section at each structure. Results for the South detached breakwater from
the group of detached breakwaters are not presented in this study due to results
similarity to the North structure. The indicated values in the plots were selected for
four positions: before, immediately before, immediately after and after the structures.
The vertical lines plotted represent relevant seabed slope changes.

Asmentionedbefore, thewave shoalingdue to a suddendepth change immediately
before the structure is visible for all cases with both numerical models. From the
analysis of Fig. 3, it is clear that both SWAN and XBeach simulate this phenomenon
for all structures and that for the all storm wave conditions, SWAN simulates a small
wave shoaling due to the slope change at positions 625 and 1125 m, and a wave
shoaling for all frequent wave condition at position 1125 m. The XBeach model only
represents a significant wave shoaling for the frequent and storm wave condition for
the triangular prism structure at position 1125 m.

Equations (2), (3) and (4) were, respectively, applied in order to proceed to: an
overall comparison between SWAN and XBeach hydrodynamics results (�); an
overall percentage of significant wave height results reduction before and after the
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Fig. 3 Comparison between SWAN and XBeach significant wave height results for frequent (Hs
= 1.5 m, T = 9 s) and storm (Hs = 4 m, T = 15 s) conditions for: triangular prism structure
(Section A-A), detached breakwater (Section B-B) and North detached breakwater from the group
of detached breakwaters (Section C-C)

structures for both wave conditions (α); and their wave energy reduction results (β).
Eq. (5) represents the wave energy equation (E) used for this study.

�SW AN−XBeach = HsSW AN − HsXBeach (2)

α = (
HsBef ore − HsAf ter

)
/HsBef ore × 100 (3)

β = (
EBef ore − EAf ter

)
/EBef ore × 100 (4)

E = 1

8

(
ρgH 2

)
(5)
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where �SWAN-XBeach is the comparison between significant wave height results
between bothmodels for a specific location (m); Hs SWAN andHs XBeach are the signifi-
cant wave height computed by, respectively, SWAN and XBeach model for a specific
location (m); α is the numerical model Hs reduction for a specific location (%);
Hs Before and Hs After are the significant wave height, respectively, before and after, a
structure (m); β is the numerical model E reduction for a specific location (%); EBefore

and EAfter are the wave energy, respectively, before and after, a structure (J/m2); E is
the wave energy per unit area (J/m2); ρ is the water density (kg/m3); g is the gravity
acceleration (m/s2); andH is thewave height (m). Considering ρseawater = 1025 kg/m3

and g = 9.81 m/s2 the wave energy was computed for all scenarios.
From Fig. 3 and using Eq. (2), it is clear that for the frequent wave condition,

the SWAN results before the structures (triangular prism; detached breakwater; and
group of detached breakwaters) calculates smaller significant wave heights than the
XBeach model (−0.05;−0.05;−0.05), and greater significant wave heights after the
structures (0.19, 0.18, 0.28). For the storm wave condition, SWAN model computes
greater significant wave heights than the XBeach model before (0.42; 0.42; 0.44)
and after (0.15; 0.23; 0.25) the structures.

Regarding the difference between significant wave heights before and after the
structures, using Eq. (3), XBeach presents greater reduction values than the SWAN
model. Similar reduction values for significant wave height (SWAN, XBeach) can
be seen for the storm wave conditions [(62.16, 62.85%); (58.75, 60.30%); (56.71,
58.43%)], while for the frequent wave condition significant differences are evident
[(23.30, 38.21%); (16.77, 31.00%); (5.40, 26.84%)] (triangular prism; detached
breakwater; and group of detached breakwaters). For both scenarios, the triangular
prism structure has the best performance, due to higher reduction values, whereas
the group of detached breakwater is the least effective.

Overall, for extreme wave conditions, results for significant wave height reduc-
tions for both SWAN and XBeach models are similar, which indicates that, even
though the significant wave heights calculated are different, the performance for
each structure is comparable. Since wave energy is proportional to wave heights (Eq.
(5)), the same conclusion for wave energy can be taken (Eq. (4)).

3.2 Morphodynamics

One of the suggestions proposed by [15] was to study morphodynamics around
the structure to enable a deeper understanding on sedimentation and erosion areas.
In order to develop that study, XBeach morphodynamic models for each one of
the structures were performed. Also, a study developed by [17] where the XBeach
model was used to analyse salient and tombolo formations for different detached
breakwater conditions was considered for testing the results quality and ensure the
adequate models conditions.

Numerical simulations for the analysis of cumulative sedimentation and erosion
for the frequent wave condition were conducted for each shape: triangular prism
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Fig. 4 Cumulative sedimentation and erosion for frequent wave condition: triangular prism struc-
ture (a1); detached breakwater (b1), group of detached breakwaters (c1). Bed level for frequentwave
condition: triangular prism structure (a2); detached breakwater (b2), group of detached breakwaters
(c2)

structure (Fig. 4a1), detached breakwater (Fig. 4b1) and group of detached break-
waters (Fig. 4c1). Fig. 4a2, b2 and c2 show the bed level evolution at the end of
the XBeach simulation for each structure shape. The study was performed for one
day with a morfac of 50, which insights results for fifty days. The simulations were
taken for a frequent wave condition and the results presented are cropped for a more
legible analysis. From the results depicted in Fig. 4a1, b1, and c1, it is evident the
most significant erosion areas immediately after the triangular prism structure (1)
(over −0.9 m); outwards the detached breakwater and group of detached breakwa-
ters (2) due to waves reflection (−0.1 m); at the North and South extremities of the
detached breakwater and group of detached breakwaters (3) due to waves diffraction
(−0.1 m); and downdrift near the shoreline of all the three structures (4) (−0.3 m).
Along the shoreline, a very small erosion with the same magnitude (−0.1 m) for
the three scenarios is also evident. Outwards the triangular prism structure (5), it
is also noticeable a slight erosion due to waves reflection (−0.1 m). Regarding the
erosion on the detached breakwater and group of detached breakwaters (marked with
numbers 2 and 3), it is noticeable a more intense phenomenon on the detached break-
water scenario. These erosion areas near the structures may put at risk the structures
stability due to scouring. Near the shoreline, the downdrift erosion on the detached
breakwater and group of detached breakwaters scenarios (4) is slightly more intense
than the erosion in the triangular prism structure scenario (4). In the group of detached
breakwaters there is no erosion at the gap between the structures.
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Regarding sedimentation areas, it is visible a significant sediments accretion of
0.2 m inwards the triangular prism structure (6) immediately after the erosion area,
which may suggest that part of the sediments on the eroded area settled further
ahead. Along the shoreline, in the triangular prism structure there is a significant
sedimentation updrift and downdrift the structure (7) (0.2 m), while on the detached
breakwater and groupof detached breakwaters the corresponding sedimentation (7) is
located at the structures protected region. Immediately after the detached breakwater
and group of detached breakwaters (6) there is also a slight sediments accretion
(0.2 m). From the results presented in Fig. 4a2, b2, and c2, it can be concluded
that there were no significant changes in morphology in all scenarios, except for
immediately after the triangular prism structure (Fig. 4a2) where the erosion (1) and
sedimentation (2) phenomena altered the bed level.

4 Conclusions

This study aimed to assess the performance of a triangular prism structure and two
traditional coastal protection solutions in dissipating wave energy and protecting
the beach using numerical models implemented with SWAN and XBeach. In addi-
tion, a comparison between SWAN and XBeach hydrodynamics results was also
performed. The triangular prism structure characteristics were based on a previous
[15] researchwork, and all structures analysed were simulated for storm and frequent
wave conditions. Regarding significant wave heights results, a substantial decrease
between before and after every structure shape is clear for both wave scenarios (espe-
cially during storm wave conditions), which indicates that all structures have great
influence on reducing significant wave heights and wave energy. Amongst all struc-
tures, for both scenarios, the triangular prism was the best for reducing significant
wave heights at a larger scale and a larger shadow zone compared to the detached
breakwater and group of detached breakwaters, which can bring protection benefits
if the structure is positioned closer to shoreline. The least effective structure is the
group of detached breakwaters.

Comparing bothmodels, it can be concluded that, overall, SWANnumericalmodel
tends to present greater significant wave heights results; and that XBeach presents
greater percentages of significant wave heights reduction for frequent wave condi-
tions, and similar values for storm wave conditions. This similarity indicates that,
even though the significant wave heights calculated are different, the performance
for each structure is comparable. The same conclusions can be taken for wave energy
results.

Regardingmorphodynamics, the obtained results present a favourable tendency to
sediments accretion near the shoreline, and at the inward areas for the three structures,
since the greatest values for sediments accumulation are located at these sites. The
most significant sediments accretion at the shoreline is noticeable for the group of
detached breakwaters, while the largest overall sediments accumulation is visible for
the triangular prism structure. The accretion and erosion patterns along the shoreline
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for the three structures scenarios are similar for the fifty days insights. It is important
to note that erosion areas near all structures jeopardise their stability due to local
scouring. In the simulated numerical models, the widely known erosion effects near
the detached breakwaters (simple and group) are evident due to waves reflection and
diffraction phenomena. The obtained results suggest that the longer the detached
breakwater, the more intense the erosion is near the structure. The largest overall
erosion is located inwards the triangular prism structure.

In this study, contrary to [17]’s, patterns of salient formations are not created for
these conditions, since there were no evidences of significant changes in bed level
results. It is important to mention that the author’s study highlighted an emerged
structure, which ensures greater sediments retention, and a seventy-five days simu-
lation time. For further studies, emerged structures and/or structures placed closer to
shoreline should be better analysed. Also, a longer morphodynamics simulation time
and the consideration of a JONSWAP spectrum for the XBeach morphodynamics
analysis may present more realistic morphodynamics results.

Acknowledgements This work is supported by the Portuguese Foundation for Science and Tech-
nology (FCT) [PhD grant number SFRH/BD/141381/2018]. The authors also acknowledge the
support provided by the project EcOffShorBe—Eco Offshore Built Environment, n. 37417, R&D
cores in Copromoção, 14/SI/2017, NORTE-01-0247-FEDER-037417, supported byANI (FEDER).

References

1. Castelle, B., Guillot, B., Marieu, V., Chaumillon, E., Hanquiez, V., Bujan, S., Poppeschi, C.:
Spatial and temporal patterns of shoreline change of a 280-km high-energy disrupted sandy
coast from 1950 to 2014: SW France. Estuar. Coast. Shelf Sci. 200, 212–223 (2018). https://
doi.org/10.1016/j.ecss.2017.11.005

2. Narra, P., Coelho, C., Sancho, F., Palalane, J.: CERA: An open-source tool for coastal erosion
risk assessment. Ocean Coast. Manag. 142, 1–14 (2017). https://doi.org/10.1016/j.ocecoaman.
2017.03.013

3. United Nations, “Transforming Our World: The 2030 Agenda for Sustainable Development
A/RES/70/1,” UN General Assembly (2015)

4. Weinberg, J.: “The Big Squeeze: Coastal megacities face growing pressure from sea and land,”
Stockholm Waterfront, no. 1, Stockholm, Sweden, pp. 5–7 (2015)

5. Gilbert, J., Vellinga, P.: Climate change: the IPCC response strategies—Chapter 5. In: Report
prepared for Intergovernmental Panel on Climate Change by Working Groups III, Digitization
and Microform Unit (2010), p. 330, UNOG Library (1990)

6. Rangel-Buitrago, N.,Williams, A., Anfuso, G.: Hard protection structures as a principal coastal
erosion management strategy along the Caribbean coast of Colombia. A chronicle of pitfalls.
Ocean Coast. Manag. 156, 58–75 (2018). https://doi.org/10.1016/j.ocecoaman.2017.04.006

7. Williams, A., Rangel-Buitrago, N., Pranzini, E., Anfuso, G.: The management of coastal
erosion. Ocean Coast. Manag. 156, 4–20 (2018). https://doi.org/10.1016/j.ocecoaman.2017.
03.022

8. SWAN: SWANmanual (2018). http://swanmodel.sourceforge.net/online_doc/swanuse/node3.
html (Accessed 08 Feb 2019)

9. Deltares: XBeach (2019) https://www.deltares.nl/en/software/xbeach (Accessed 12 Feb 2019)

https://doi.org/10.1016/j.ecss.2017.11.005
https://doi.org/10.1016/j.ocecoaman.2017.03.013
https://doi.org/10.1016/j.ocecoaman.2017.04.006
https://doi.org/10.1016/j.ocecoaman.2017.03.022
http://swanmodel.sourceforge.net/online_doc/swanuse/node3.html
https://www.deltares.nl/en/software/xbeach


Assessment of Different Coastal Defence Structures … 45

10. Deltares: Delft3D 4 Suite (structured) (2019) https://www.deltares.nl/en/software/delft3d-4-
suite (Accessed 07 Feb 2019)

11. Capitão, R., Fortes, C.: Análise comparativa entre estimativas do modelo SWAN emedições de
agitação marítima efectuadas na Praia da Amoreira, Portugal. Rev. da Gestão Costeira Integr.
11(3), 283–296 (2011). https://doi.org/10.5894/rgci269

12. Bolle, A., Mercelis, P., Roelvink, D., Haerens, P., Trouw, K.: Application and validation
of Xbeach for three different field sites. In: Proceedings of 32nd Conference on Coastal
Engineering, 30th to 5th July 2010, pp. 1–14 (2010). https://doi.org/10.9753/icce.v32.sedime
nt.40

13. Roelvink, D., McCall, R., Mehvar, S., Nederhoff, K., Dastgheib, A.: Improving predictions of
swash dynamics in XBeach: The role of groupiness and incident-band runup. Coast. Eng. 134,
103–123 (2018). https://doi.org/10.1016/j.coastaleng.2017.07.004

14. Roelvink, D.J.A., van Dongeren, A., McCall, R., Hoonhout, B., van Rooijen, A., van Geer, P.,
de Vet, L., Nederhoff, K., Quataert, E.: XBeach Technical Reference: Kingsday Release (2015)

15. Mendonça, A., Fortes, C.J., Capitão, R., Neves, M.G., Moura, T., Antunes do Carmo, J.S.:
Wave hydrodynamics around a multi-functional artificial reef at Leirosa. J. Coast. Conserv.
16(4), 543–553 (2012). https://doi.org/10.1007/s11852-012-0196-1

16. Vieira, B.F.V.: Wave hydrodynamics in coastal stretches influenced by detached breakwaters.
MSc Thesis in Civil Engineering, University of Minho (2014)

17. Razak, M.S.A., Nor, N.A.Z.M.: XBeach process-based modelling of coastal morphological
features near breakwater. MATEC Web Conf. 203(1007) (2018). https://doi.org/10.1051/mat
ecconf/201820301007

18. Hanson, H.: Wave transformation (2019). http://www.tvrl.lth.se/fileadmin/tvrl/files/vvr040/
3_Wave_transformation_3pp.pdf (Accessed 28 Oct 2019)

https://www.deltares.nl/en/software/delft3d-4-suite
https://doi.org/10.5894/rgci269
https://doi.org/10.9753/icce.v32.sediment.40
https://doi.org/10.1016/j.coastaleng.2017.07.004
https://doi.org/10.1007/s11852-012-0196-1
https://doi.org/10.1051/matecconf/201820301007
http://www.tvrl.lth.se/fileadmin/tvrl/files/vvr040/3_Wave_transformation_3pp.pdf


Concrete Drying Modelling in a Variable
Temperature Environment

Jean-Luc D. Adia, Herman Koala, Justin Kinda, Julien Sanahuja,
and Laurent Charpin

Abstract EDF studies the behavior of double walls Concrete Containment Build-
ings (CCB) in nuclear power plant, for which the inner wall is prestressed and has
no metallic liner. The inner wall of CCB is subjected to delayed strains of concrete
(which are highly related to concrete drying) causing prestress loss and increased
leakage with time. Moreover, the permeability of concrete itself is vastly dependent
on its water saturation ratio. For these reasons, a good prediction of strains and leak-
tightness of CCBmust start with a good estimate of the moisture profile on concrete.
On the EDF Lab Les Renardières site in France, the VERCORSmock-up, a 1/3 scale
CCB without a liner, has been built to improve the understanding and the modelling
capabilities of ageing and leakage of double walls CCB. The inner wall of the VER-
CORS mock-up is subjected to a variable temperature drying environment, both in
space and in time. In this work, a simplified drying model which take into account
effects of temperature on concrete desorption isotherm and drying kinetics is pro-
posed. In order to define a strategy for fitting model parameters, a sensitivity analysis
based on Sobol’ indices is performed. Next, the model is calibrated against indepen-
dent sets of experimental data available on VERCORS concrete specimens up to
temperatures of 70 ◦C. The calibrated model is validated by predicting the mass loss
kinetics of several specimens which experience variable temperature drying condi-
tions. Then, the fittedmodel is compared to direct RHprofilesmeasurements of 40cm
thick blocks installed at different locations in the VERCORS mock-up. Finally, the
prediction of the calibratedmodel is compared to the saturation profile of VERCORS
mock-up measured by Time Domain Reflectometry (TDR) method.
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1 Introduction

Electricité de France (EDF) operates 58 nuclear power plants (NPP) in France. On
each plants (Pressurized Water Reactors technology, PWR), the final barrier against
accidental release of radioactive fission products to the environment consist in a
prestressed concrete containment building (CCB). This structure is not replaceable,
and the issue of ageing management has to be addressed with specific care for Long
Term Operation (LTO). However, as for any other civil prestressed structure, these
tendons forces decrease slowly with time, due to the effects of shrinkage and creep
in concrete and to the steel tendons relaxation. In addition, for the CCB without
steel liner, containment leak tightness seems to be closely linked to the available
prestressing forces if the internal pressure rises. It is well known that shrinkage and
creep of concrete are depending on concrete moisture or water content [5, 15]. In
France, CCB are about 1m thick, or more, and then the drying is slow. Therefore
effects of shrinkage and creep are still sensitive and can entail significant prestressing
losses even near the end of operation time. A correct assessment of water content
throughout the life of the CCB is then a critical issue for LTO.

At EDF R&D, the VERCORS mock-up, a 1/3 scale CCB, is built to improve
the understanding and the modelling capabilities of ageing and leakage of double
walls CCB. The monitoring system of the VERCORS mock-up includes two inno-
vative technologies which are tested to measure water content: pressure pulse decay
technique “pulse” [2] and Time Domain Reflectometry (TDR) method [30]. A cal-
ibration on concrete tests specimen is necessary for both methods to establish the
relation between the water content in the material and the measured value (apparent
gas permeability or apparent relative permittivity). The characterization of the drying
behavior of VERCORS concrete has been performed with two main different kinds
of tests. First, the desorption isotherms have been measured at different tempera-
tures (20, 25 and 70 ◦C) using a testing protocol described in [4, 22, 23, 29]. Second,
weighing of full samples at different humidity (80, 50, 30%) and temperature (20, 25,
40 and 70 ◦C) conditions with various sample dimensions (around 3, 10 and 11cm)
test campaigns is also performed [8–10].

The aim of this paper is to propose a simplified drying model which take into
account effects of temperature on concrete desorption isotherm and drying kinetics.
In order to analyse this experimental database on VERCORS concrete drying at
various temperatures, amodelling approach based on a single diffusion-type equation
by introducing a “water diffusivity” which combines the transport of liquid water
by capillarity and of water vapor by diffusion with temperature effects is used. For
definemodel parameters fitting strategy, a sensitivity analysis based onSobol’ indices
[27] is carried out. In addition, the validation process of the proposed drying model
consists of calibrating the material properties on the mass loss kinetics tests and
comparing drying model predictions, with others mass loss kinetics which are not
used for model calibration for various hygrothermal conditions in VERCORSmock-
up. Finally, model applications are proposed and discussed. These are, prediction of
direct RH profile measurements by capacity sensors on 40cm thick blocks installed
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in the VERCORS mock-up and of the on-site measurements by TDR technique of
saturation profile on the VERCORS mock-up.

2 Moisture Transport Modelling: A Richards Fick with
Temperature Effects (RFT) Approach

2.1 Gouverning Equations

Under non-steady-state conditions, in concrete assumed as a porousmediumpartially
saturated by the liquid water phase, the moisture transport is usually described at the
macroscopic scale by using single diffusion-type equation (also known in this case as
Richard’s equation [25]). The various formulas proposed in the literature [3, 6, 18]
yield writing a single non-linear diffusion-type Eq. (1), which governs the evolution
of the liquid water saturation ratio Sr [-]:

φ
∂Sr
∂t

− div
[
Dlvgrad (Sr )

] = 0 (1)

with Dlv = Dl + Dv . This drying model is based on the main assumptions [18],
the gas pressure remains close to atmospheric pressure and Darcean transport of the
vapor phase is negligible compared to diffusive transport. In this paper, these assump-
tions are assumed to be valid for moderate temperatures up to 70 ◦C. The apparent
coefficients, Dl and Dv are respectively, liquid water and vapor water diffusivities.
The coefficient, Dl , which governs the liquid water transport by capillarity is given
by an apparent Darcy law:

Dl(Sr , T ) = Kl(T )krl(Sr )

ηl(T )

∂Pc
∂Sr

(Sr , T ) (2)

while, the coefficient Dv which leads the water vapor diffusion is expressed by an
apparent Fick law:

Dv(Sr , T ) = Dv0(Sr , T )

Pv(T )

(
M

ρl(T )R(T + 273.15)

)2
∂Pc
∂Sr

(Sr , T ) (3)

where T[◦C] is the absolute temperature, R the universal gas constant (R = 8.3144
[J·mol−1K−1]), M the molar mass of water (M = 18 · 10−3 [Kg·mol−1]). In Eqs. (2)
and (3), φ [-] is the porosity, Kl(T ) [m2] is the liquid water intrinsic permeability,
Dv0(Sr , T ) [m2/s] is the effective vapor water diffusion coefficient in the porous
medium, Pc(Sr , T ) [Pa] is the water desorption isotherm, ηl(T ) [Pa·s] is the dynamic
viscosity of liquid water, ρl(T ) [Kg/m3] is the liquid water density, Pv(T ) [Pa] is
the vapor pressure, and ρv(T ) [Kg/m3] is the vapor density.
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2.2 Constitutive Laws with Temperature Effects

The temperature effects (up to 70 ◦C) on concrete drying are mainly governed by
two mechanisms. First, there is a dependence of concrete desorption isotherm on
temperature [22]. When temperature increases, the general isotherm curve shape
is modified (more pronounced non-linearity), the saturation at equilibrium with an
arbitrary humidity h is reduced and the saturation decrease is observed over the
whole h range and the higher the temperature, the reduction is greater. Second,
increasing of kinetic mechanisms of concrete drying with temperature [11, 12].
In fact, all the water properties, concrete permeability, vapor diffusivity in air and
local water capacity retention (desorption isotherm derivative relative to saturation
ratio ∂Pc/∂Sr ) depends on temperature. Below, constitutive laws with respect to
temperature effects are described. The liquid and vapor water properties, ηl , ρl , γlv
[N/m](surface tension between liquid and vapor phases) and Pv , depend on the
absolute temperature T . The empirical expressions given in Eqs. (4)–(9) are used.

ηl(T ) = 0.6612 (T + 44.15)−1.562 (4)

ρl(T ) = 314.4 + 685.6
(
1 − (T/374.14)1/0.55

)0.55
(5)

γlv(T ) = 0.1558 (1 − ((T + 273.15) /647.1))1.26 (6)

Pv(T ) = h(Sr , T ) · Pvs(T ) (7)

where h is the relative humidity obtained by desorption isotherm Eqs. (11)–(13) and
the Kelvin law:

h(Sr , T ) = exp

(
Pc(Sr , T )

M

ρl(T )RT

)
(8)

while, Pvs is vapor saturated pressure given by the Rankine equation:

Pvs(T ) = 101325 exp (13.7 − (5120/ (T + 273.15))) (9)

The porosity is assumed to be constant for temperature up to 70 ◦C. In the same condi-
tion, the increasing of temperaturemay have a coarsening effect on the pore structure.
This effect is negligible on porosity but canmodify the intrinsic permeability. To take
into account this effect, an Arhenius law [21] is used:

Kl (T ) = K0

(
T + 273.15

T0 + 273.15

)
exp

(
−

(
Ea
R

+ 273.15

) (
1

T + 273.15
− 1

T0 + 273.15

))

(10)
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where, K0 [m2], T0 [◦C] and Ea/R [◦C] are, the intrinsic permeability relative to
liquid water at the reference temperature, the reference temperature and an energy
activation. The desorption isotherm in temperature [11, 17] is expressed as follows:

Pc(Sr , T ) = −ρl(T0)RT0
αM

(
S−1/β
r − 1

)1−β γlv(T0)

γlv(T )

√
K (T0)

K (T )
(11)

or,

Sr (h, T ) =
⎛

⎝1 +
(

−α
ρl(T )

ρl(T0)

γlv(T0)

γlv(T )

T

T0

√
K (T )

K (T0)
ln(h)

)1/(1−β)
⎞

⎠

−β

(12)

with,
K (T )

K (T0)
= 10Ad(2·10−3(T−T0)−10−6(T−T0)2) (13)

In these equations, α [Pa], β [-] are the van Genuchten material parameters at the
reference temperature T0 and Ad [-] is the material parameter which leads the tem-
perature effects [13]. The water retention capacity which controls the ability of the
material to locally retain or release water is given by,

∂Pc
∂Sr

(Sr , T ) = −β + 1

β

ρl(T0)RT0
αM

γ (T )

γ (T0)

√
K (T )

K (T0)
S

− 1+β

β

r
(
S−1/β − 1

)−β
(14)

Then, the relative permeability is assumed to be temperature independent and its
expression is obtained following the Mualem-Van Guenucthen method [14, 20]:

krl(Sr ) = Sp
r

(
1 − (

1 − S1/βr

)β
)2

(15)

here, the pore interaction factor [24] is introduced to take into account the much
more pronounced tortuosity effects on permeability in concrete compared to sand.
The Fickian (diffusive) transport of water vapor governed by the effective water
vapor diffusion coefficient in the porous medium is,

Dv0(Sr , T ) = D0(T )R(φ, Sr ) (16)

where D0 [m2/s] is the free (out of the porous medium) water vapor diffusion coef-
ficient in the air,

D0(T ) = 0.217 · 10−4

(
T + 273.15

273.15

)1.88

(17)
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and R(Sr , φ) is the so-called resistance factor which accounts for both, the tortuosity
effects and the reduction of space offered to gas diffusion in a partially saturated
porous medium, compared to free diffusion in the air [19],

R(Sr , φ) = φaDrv(Sr ) (18)

Drv(Sr ) = (1 − Sr )
b (19)

with Drv , a, b, the relative vapor diffusivity and the Millington parameters [19].

2.3 Initial State and Boundary Conditions

Like any transient phenomena, for solving concrete drying problem, it ismandatory to
know the initial condition and the boundaries conditions. For concrete in endogenous
or saturated state, the homogeneous initial state can be prescribe. Depending of
the environment conditions, direct equilibrium saturation or flux conditions can be
imposed.

3 Sobol’ Sensitivity Analysis of the RFT Model

A sensitivity analysis is carried-out to define a strategy for fitting the parameters of
the model. Depending on the model and the experiment data used, sometimes fitting
problem of the drying models parameters on the mass loss measurements can be
ill-posed [7]. So, sensitivity analysis can give us some indications about influence of
each model parameters and potential interactions between them. This information
is very important in order to proposed an adapted calibration methodology. The
Sobol’ indices based sensitivity analysis in the following is carried-out according
to the methodology proposed by [28]. In this methodology, the Sobol’ indices are
calculated by the following expressions:

Si = Var (E(Y/Xi ))

Var (Y)
(20)

Si j = Var
(
E(Y/Xi X j )

) − Var (E(Y/Xi )) − Var
(
E(Y/X j )

)

Var (Y)
(21)

STi = Si + Si j + Si jk + ... (22)

where, Xi , Y, Var and E, are the random input parameters, the model outputs, the
statistic variance and mean respectively.
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Table 1 Probability distribution functions (pdf) for RFT drying model parameters

Parameters Pdf Values Units

φ Constant 0.16 –

T0 Constant 25 ◦C
Sr0 Constant 0.98 –

α Constant 9.33427661 Pa

β Constant 0.38923339 –

Ad Constant 10.160105601 –

log(K0) Normal N (μ = −20, σ = 1) log(m2)

p Normal N (μ = 5.5, σ = 2) –

a LogNormal LN (μ = 1.39, σ = 0.26) –

b Uniform U (in f = 1, sup = 4) –

Ea/R Uniform U (in f = 2226.85, sup = 5226.85) ◦C

Fig. 1 First order and interactions Sobol’ indices, of RFT model kinetics parameters on mass loss
for cyclic relative humidity environment (80% → 50% → 30%) at several temperatures (25, 40
and 70 ◦C)

In the following, first order Sobol’ indices, Si , and interactions Sobol indices,
STi − Si , are analysed. The first order Sobol’ indices measures the influence of each
model parameter on the outputs and the interactions one, gives all the influence of the
potential correlations between them. The Table 1 summed-up the probability distri-
bution functions chosen for the analysis. The studied model output concerns a mass
loss of concrete cylinder of 11.8cm of diameter drying in 1D (along its diameter) in
cyclic humidity environment, 85% between 0 and 65 days, 50% between 65 and 130
days and 30% between 130 and 195 days, at three temperatures 25, 40 and 70 ◦C.

The Fig. 1 shows the first order (left) and interactions (right) Sobol’ indices as a
function of the drying time. One can deduce a parameters or mechanisms hierarchy.
For drying at 25 ◦CwithRFTmodel, liquidwater transport phenomena is the predom-
inant mechanism regardless to the drying regime (K0 and p are the most important
parameters). At 40 ◦C around 170 days of drying (in drying regime between 50 and
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30% of RH), the diffusive vapor becomes the mechanisms which controls drying.
Whereas, at 70 ◦C, diffusive vapor becomes leading phenomena from 65 days of
drying only (between 85 to 50% of RH). On the Fig. 1, one can also see a very weak
influence of the interactions between the parameters on the loss of mass.

4 RFT Model Calibration on VERCORS Experiment
Database

A very large experimental program has been designed and performed at EDF, in
partner labs, or in the project MACENA.1 Also, the VERCORS project interacts
with the COST action TU14042 [26] where the VERCORS concrete has been used.
The Fig. 2 shows that, the proposed desorption isotherm and RFT models fit very
well the experimental data. The models fitted parameters are given in Table 2.

Fig. 2 VERCORS desorption isotherm and mass loss fitting at T=20–25, 40 and 70 ◦C

1https://www.agence-nationale-recherche.fr/ProjetIA-11-RSNR-0012.
2https://www.tu1404.eu/.

https://www.agence-nationale-recherche.fr/ProjetIA-11-RSNR-0012
https://www.tu1404.eu/
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Table 2 Fitted parameters RFT model

RFT model

Parameters Values Units

K0 1.175 · 10−20 m2

p 2.91 –

a 2.607 –

b 7.0 –

Ea/R −273.15 ◦C
T0 25 ◦C
hconvMMC1 2.73 · 10−9 m/s

hconvMMC2 4.297 · 10−8 m/s

hconvMMC2 1.133 · 10−8 m/s

hconvMMC2 8.548 · 10−9 m/s

5 Validation and Application of RFT Model

In order to validated the fitted RFT model, predictions of the mass loss kinetics of
several specimens, EEE, EIbas, EImi-fut and EIdome, which experience variable
temperature drying conditions is curried out. These concerns cylindrical specimens,
16×32 cm, placed at 90 days of age at different locations in the VERCORSmock-up
so as to measure the spatio-temporal variation effects of the ambient conditions in
the VERCORS mock-up on the concrete drying. The Fig. 3 shows the predictions of
these mass loss kinetics. One can see the ability of the RFT model to predict drying
in variable conditions.

After the models validations on mass loss data, the aim in Fig. 4 is to compared
models saturation profile predictions to direct RH measurements by capacity sen-
sor and saturation measurements by TDR technique on 40cm thick blocks [1] and
VERCORS wall [16]. For 40cm thick block, the RFT model is not able to predict
the correct amplitude of drying profile, however those predicted without too much
difficulty in the loss of mass of 16×32 cm specimens which are in the same dry-
ing conditions. An explanation could be that the humidity profile measurement by
capacitive probe is not perfectly waterproof or that the endogenous initial saturation
state measured on the 30×30×15 cm samples at EDF DI TEGG is not the same
as that of the 40cm blocks simulated here. This second hypothesis is likely to the
extent that the slopes of the simulated profiles and those of the measurements seem
to be comparable.

For the TDR measurements on PACRA zone in VERCORS mock-up, the RFT
model is not able to reproduce either the slope or the amplitude of the drying profile
given by the TDR sensor. As explained in the introduction to this article, the TDR
technique is based on the measurement of the permittivity which depends on the
water saturation in concrete and this is converted into saturation by means of a
calibration curve connecting the two physical quantities. This same calibration curve
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Fig. 3 EEE, EIbas, EImi-fut and EIdome relative mass loss predictions

Fig. 4 VERCORS 40cm EI2 thick block and PACAR zone drying profile in variable temperature
environment

probably depends on the temperature, but in our case the calibration curve used is
that measured in the works of [16]. The latter was measured at 20 ◦C. So, part of the
difference between the models and the measurements could perhaps be explained by
not taking into account the effects of temperature on this calibration curve.
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6 Conclusion

In this contribution, a simplified drying model RFT was proposed and studied by
comparison to experimental data. A sensitivity analysis, based on Sobol’ indices
give some informations about drying mechanism hierarchy in different regime in
temperature up to 70 ◦C. The calibrated RFT model was validated for mass loss
predictions in variable temperature under 40 ◦C and in variable humidity conditions.
The thick wall drying profile predictions shows that there is still progress to be made
for improvement on drying modelling and on techniques for measuring saturation
profiles.
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Hydric Characterisation at Different
Temperature of Nuclear Waste Package’s
Concrete

François Soleilhet, Patrick Sémété, Laurent Charpin, and Ginger El Tabbal

Abstract In the frame of its electro-nuclear activity, EDF has to deal with nuclear
wastes. Containment of waste packages must be demonstrated. The latter is strongly
influenced by the delayed strains of cement materials that can lead to cracking.
Moreover, the permeability of concrete itself is vastly dependent on its saturation
degree. For these reasons, a good prediction of strains and leak-tightness of concrete
containment must start with a good estimate of the moisture profile on concrete. In
this framework a large panel of experiments and studies are performed in order to
demonstrate the package containment. The temperature experienced by waste pack-
ages is closed to 50 ◦C in the concrete shell and 60 ◦C in the filling slurry. Moreover,
traditionally, the identification of the parameters of concrete drying constitutive laws
is based on mass measurement of samples exposed to a constant humidity and tem-
perature. However, it has been observed for different drying laws that this methods
leads to a multiplicity of solutions, potentially corresponding to different moisture
profiles and also to different extrapolations of the mass-loss beyond the end-time
of the experiment used for the identification [1]. As an attempt to calibrate drying
model, this study is interested in both obtaining drying experimental data in tempera-
ture and also original experimental data set that can discriminate between numerical
parameter sets. Thus, data regarding relative mass variation, desorption isotherm
at various temperature and relative humidity are carried out. Finally an easy way
of achieving cup test is presented in order to assess water vapor permeability for
different RH levels.
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1 Introduction

Nowadays, EDF is involved onmultiple projects concerning the durability of various
concrete structures. This research focuses on the long term behaviour of a high per-
formance concrete used in nuclearwaste packages. These packageswill be conserved
in a surface storage facility and then disposed at CIGEO1[2].

The objective of this research is to characterize in detail the hydric properties of the
concrete mix used for the shell’s package. This concrete is part of a structure which
is subjected to restrained drying shrinkage at high temperature and low humidity
(the most severe condition being 50 ◦C and 30% RH). The study aims to collect
experimental results in order to efficiently calibrate drying, shrinkage and creep
models developed at EDF R&D, to be able to predict the conditions of cracking of
concrete due to restrained shrinkage.

The concrete used is a high performance concrete with a porosity around 9% and
a compressive strength around 100MPa. The maximum aggregate size is 16mm. A
larger experimental campaign is undergoing.

The present paper will focus and highlight some experimental tests related to dry-
ing and drying shrinkage. To characterise drying properties, EDF R&D has under-
taken different tests.

1. Drying tests at different RH and two temperatures (20 ◦C and 50 ◦C) for the deter-
mination of the kinetics of drying and the desorption isotherms (static methods
and dynamic methods);

2. Drying and shrinkage tests at 20 ◦C/50% RH and 50 ◦C/30% RH;
3. Cup tests at 20 ◦C and 50 ◦C for different RH steps.

Some insight regarding test methods will be developed and then results will be
presented and discussed in the following section.

2 Methods

2.1 Drying Test

Themain goal of the drying test is to assess, for the consideredmaterial, the evolution
of relativemass variation over the time. To carry out these tests, a gravimetric method
was used. The 7 × 7 × 28 cm3 specimens stored under endogenous conditions for
28days, were weighed at the beginning of the test (time t0) and then placed under the
two different controlled conditions, respectively in a climate room (20 ◦C and 50%
RH) and in a regulated climate chamber (50 ◦C and 30% RH).

1Forcasted underground facility disposal for radioactive waste in France.



Hydric Characterisation at Different Temperature of Nuclear Waste Package’s Concrete 61

Moreover, in order to obtain drying kinetics and saturation degree within a short
time, slices of material 1 and 3cm thick were machined in the prisms with a circular
saw and placed in the same two conditions. In the drying environments, the sample
are mass measured daily at the beginning and then over longer periods of time until
the relative mass variation reaches the equilibrium. All samples are weighed using a
precision balance (Kern type) with a resolution of 0.01 g. Finally, the relative mass
variation (Δm(t)

m ) is computed according to the expression (1).

Δm(t)

m
= m(t) − m(t0)

m(t0)
(1)

with m(t) the mass measured at time t in (g), m(t0) the initial mass in (g) and Δm(t)
m

in (%). To assess samples equilibrium, a criterion (given by the Eq.2) is constructed.

εδ = dmi

dti

1

m(t0)
(2)

with dmi in (g) the mass variation over two weighings spaced by a time dti andm(t0)
the initial mass in (g). The equilibrium is assumed to be reached when the criterion
is less than 10−3 % d−1.

2.2 Drying Shrinkage Test

In addition to the drying test, the shrinkage of the six prisms were monitored. Before
the prisms were stored in controlled climatic condition (c.f Sect. 2.1), an initial
comparator reading was performed. During each measurement, the same protocol is
performed (Fig. 1). First, a reference bar, madewith Invar, is placed in the comparator
and the comparator dial is set to zero. Then the specimen is measured. The shrinkage
strain is then determined as :

εsh(t) = l(t) − l(t0)

l(t0)
(3)

where εsh(t) is the drying shrinkage strain at the time t , l(t) and l(t0) are the values
given by the comparator respectively at time t and t0 (initial gage length) in (m).

For each measurement, the readings are taken in the same order, one sample at
the time. First the comparator measurement and then the mass measurement. These
precautions are taken in order not to be disturbed by thermal strains.
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Fig. 1 Drying shrinkage setup

2.3 Cup Test

In order to characterize the water vapor permeability δ, a steady state vapor diffusion
test is performed. This test is called the cup test. The cup test method has been used
in different studies such as [4]. The main goal of this test is to determine the vapor
moisture flux a sample in an unidirectional and steady state conditions which is easily
computed under these assumptions as :

qv = −δ
dPv

dx
(4)

with qv the vapor moisture flux (kg m−2 s−1), δ the water vapor permeability
(kgm−1 Pa−1 s−1 or in S.I units) and dPv/dx thewater vapor gradient in 1D (Pa m−1).
The principle of the test is to place a concrete sample between two different drying
environments. This sample, a concrete prism of dimensions 7 × 7 × 3 cm3 (sawed
in a 7 × 7 × 28 cm3 prism) is first equilibrated at the highest RH value of the step
(RH2) in a desiccator placed in a climatic chamber (for temperature control). Then
the concrete is assembled on a glass and sealed with aluminium tape on its sides
to prevent multi-directional drying. The glass contains a satured salt solution which
gives a RH1 (Fig. 2a). Finally, this setup is placed in a desiccator containing the
saturated salt solution RH2 used for equilibrium phase (Fig. 2b).

During the first equilibration step and the second steady state step, the mass of
the sample is monitored. The same weighting device used in the drying test is used.
When the steady state is reached, the water vapor moisture flux through the sample
is equal to the moisture transport.

Finally, thewater vapor permeability depends on the saturation state of thematerial
[5, 6]. In order to assess the evolution of the parameter for different relative humidity
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(a) Schematic illustration of the glass cup
setup

(b) Setup with the desiccator

Fig. 2 Cup test setup for assessing the moisture transport coefficient

Table 1 Theoretical values of the RH steps and corresponding salt solutions

Temperature 20 ◦C 50 ◦C
RH steps RH1 ←− RH2 RH1 ←− RH2

High 81% 96% 85% 98%

(KCl) (K2SO4) (KCl) (K2SO4)

Intermediate 50% 64% 58% 69%

(NaBr) (KI) (NaBr) (KI)

Lower 11% 31% 11% 33%

(LiCl) (MgCl2) (LiCl) (MgCl2)

steps, three relative humidity levels are investigated. The values are summarized in
the Table 1. Two samples for each RH steps are used.

3 Results and Discussions

3.1 Relative Mass Variation

The measurement of relative mass variation was carried out over a period of254days
for the drying samples and 526days for the sample regarding drying shrinkage. The
variation in relativemass loss shows little scattering for the three samples investigated
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Fig. 3 Evolution of drying for different sample geometries. Samples at 20 ◦C are conserved at 50%
RH and those at 50 ◦C at 30% RH

at both temperatures (Fig. 3a). For the batch of specimens kept under the conditions
at 20 ◦C and 50% RH, the value reached for the 1cm specimens is 0.9% and for the
7cm specimens 0.55%. For both types of sample, the water balance is not reached
at the end of the measurements. For specimens stored at 50 ◦C and 30% RH, water
equilibrium is reached for 1cm and 3cm samples after respectively 70 and 254days.
It is reached at a relative mass loss value closed to 2.22%. For the largest specimens
(7cm), equilibrium is almost reached after 524days. On these three samples, the
influence of the sample size on the drying kinetic is highlighted.

To compare the different sample sizes at 50 ◦C, the equivalent drying radius is
introduced (c.f Eq.5).

Req = 4V

S
(5)

As a result, the evolution of relative mass variation for the three sample size are
overlapping (Fig. 3b). They are following the same drying kinetic. These evolutions
ensure that the smaller samples are representative of the behaviour of the larger
ones. It also speeds up the drying process by reducing the sample size. Finally, it is
noticeable that the 7cm samples are close to equilibrium.

3.2 Drying Shrinkage

The measurement on prisms were carried out over a period of 526days. To monitor
the drying shrinkage, it is plotted as a function of the mass loss over a relevant period
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Fig. 4 Evolution of drying shrinkage for 7 × 7 × 28 cm3 samples. Drying environments respec-
tively equal to 20 ◦C & 50% RH for blue color and 50 ◦C & 30% RH for red color

(Fig. 4a). For samples at 20 ◦C, the mass loss after 526days is close to 0.55% and
the drying shrinkage is between 210 and 320µmm−1. The specimens show some
scattering but much less than the samples at 50 ◦C. The latter reach 0.75% loss in
mass for a drying shrinkage between 208 and −326µmm−1.

The averages of these curves are then plotted (Fig. 4b). As it was intuitively pre-
dictable regarding the different evolutions, the two curves do not overlap. The curves
are linear (almost bilinear) as a function of the relative mass variation but do not have
the same slopes. There are different modelling approaches in the literature to account
for drying shrinkage. Among these are the phenomenological methods proportional
to water content [3]. In an isothermal framework this approach seems to be suitable.
According to this result, in a non isothermal test, it no longer seems to be valid.

3.3 Cup Test

For the cup test results, not all drying curves are shown. The behaviour obtained for
the cup tests is illustrated (Fig. 5a). A first phase of sample equilibration which lasts
for these samples 400 days. Then between 400 and 550 days linear phase appears.
In this linear part (Fig. 5b), the derivative value over the time of the mass is equal to
the water vapor moisture flux.

For the specimens at 50 ◦C, the evolution of relative mass variation over the time
is plotted (Fig. 5a). After 400 days they were almost all at equilibrium. The value
obtained for the lower range was −2.3%, for the intermediate −1.48% and for the
highest range +0.14%. The value at 30% RH is closed to the one observed for
samples of similar size and conditions (c.f Fig. 3a). In the linear part, the reference
value for the evolution of mass loss is the mass of the glass setup.
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Fig. 5 Evolution of relative mass variation and mass at 50 ◦C

The moisture flux is thus post-processed for all the samples which exhibit the
increasing linear part and compiled (Fig. 6a). Over the target humidity ranges, it
spreads over a decade for the highest temperature. It varies from 1.19×10−8 to
7.54×10−8 kg m−2 s−1 at 50 ◦C and is equal to 2.96×10−9 kg m−2 s−1 for the one
at 20 ◦C. Even it is not possible to conclude at this stage of the experiment, it seems
that there is a clear separation between the two temperatures (c.f samples at higher
RH step). Since the moisture flux is dependent on both the saturation state and the
temperature. This difference seems to be justified. With the raise of the temperature,
the water content (and the saturation degree) at equilibrium for a given RH is reduced
[7]. Thus, the porous network at 50 ◦C is less saturated than the one at 20 ◦C, which
favors transport by diffusion. Likewise, the raise of the intrinsic permeability with
temperature [8] driven by the expansion of the porous network also benefits to raise
transport by permeation. Both processes increase the amount of moisture flux.

Finally, the evolution δ the water vapor permeability coefficient over the different
RH ranges is plotted (Fig. 6b). Computed values is equal to 2.62×10−12 s at 20 ◦C
and are between 2.12×10−12 to 1.42×10−11 s at 50 ◦C. Remarks are likely the
same as the one for moisture flux. The data at the highest temperature show a higher
coefficient of water vapor permeability for all moisture levels (at 50 ◦C).

To characterize the obtained values, mass conservation can be applied to the
porous sample in a steady state (Eq.6). For this purpose a drying model2 such as the
one proposed by [9] is used.

div

(
ρl

Kint × krl
μl

∇Pl + Dint × drlMv

RT
∇Pv

)
= 0 (6)

2The model assumptions are not adressed in this paper.
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Fig. 6 Evolution of moisture flux and water vapor permeability over the RH range. Color blue
corresponding to sample at 20 ◦C and red at 50 ◦C

That equation is rewritten with a water vapor pressure gradient as a driving potential,
spatially integrated and projected in an unidirectional case. It gives the same equation
as the Eq.4 with the δ parameter. This allows to identify the δ parameter (Eq.7).

qv =
[
ρ2
l

RT

MvPv

Kint (T ) × krl(Sw)

μl
+ Dint (T ) × drl(Sw)Mv

RT

]
︸ ︷︷ ︸

δ

dPv

dx
(7)

In ranges of relative humidity allow to assume that the transport by permeation (first
term) is limited or even null either for values of RH lower than 40% according to
[11]. The δ parameter is identified using the relative diffusivity drl(Sw) carried by
Millington and Quirk [10].

δ = Dint (T ) × φa(1 − Sw)b × Mv

RT
(8a)

Dint (T ) = 2.17 × 10−5

(
T

273.15

)1.88

(8b)

The a and b parameters are then fitted in order to obtain the mean value of δ (2.13 ×
10−12 s) at 50 ◦C for the lowest humidity (Eq.8a). The parameters used for the
identification are a temperature of (T= 323.15K), porosity of (φ = 0.09) and a
saturation of (Sw = 0.21). The fitted values are a = 1.55 and b = 3.43. These two
values are within the order of magnitude of the parameters proposed by [10] a =
1.33 and b = 3.33 for a more permeable granular medium and the one proposed by
[9] for mortars a = 2.74 and b = 4.2. One would expect to obtain values closer to
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those of mortars, even lower for a HPC. One reason could explain this result. It is
possible that the assumption regarding permeation transport at this humidity level is
not totally valid. As a result, a part of the identified diffusion could be permeation.

4 Conclusion

In the context of radioactivewastemanagement, it is necessary tomodel and therefore
characterise the hydric behaviour of waste packages. Drying modelling is complex
and involves a large number of parameters. It results sometimes in a multiplicity of
solutions for a given problem. It becomes necessary to have various tests to discrim-
inate some sets of parameters.

The purpose of the present works was to characterize the hydric properties of a
HP concrete. Drying, drying shrinkage and cup method tests were undertaken under
conditions of 20 ◦C and 50% and 50 ◦C and 30%.

Drying tests for different sample sizes highlight differences in kinetics, providing
various data for the characterization of properties governing drying rates. Tests of
drying shrinkage at two different temperatures allowed to find a linearity between
relative mass loss and shrinkage. However this linearity is not similar for the two
temperatures. This result prevents the use of phenomenological approaches for non
isothermal modelling. Finally, the cup test allowed to define the moisture flow and to
determine for humidity levels the permeability coefficient of the studied concrete. The
value evolves as a function of the humidity (and therefore of the state of saturation).
Using a drying model, the parameters of the Millington and Quirk model [10] are
identified. For the considered concrete they were equal to a=1.55 and b=3.43.
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Modelling the Three-Stage of Creep

Vitor Dacol and Elsa Caetano

Abstract Over the last years, several studies have addressed the time-dependent
mechanical behaviour of polymeric composites. When subjected to a constant
stress, viscoelastic materials experience a time-dependent increase in strain. This
phenomenon is known as viscoelastic creep and manifests as a tendency of a solid
material to deform permanently under the influence of constant stress: tensile,
compressive, shear or flexural. When applied to polymers, creep is the result of the
inherent viscoelastic nature that causes time dependency of behavior. Aswell known,
the initial strain in a material is roughly predicted by its stress-strain modulus. Then,
the material will continue to deform slowly with time indefinitely or until rupture
or yielding causes failure. A typical creep curve reveals a three-stage behavior, (1)
the transient stage, where the deformation rate decreases with time, (2) the steady-
state, characterized by a “relatively” uniform rate gradient and (3) the accelerated
phase, where the strain rate increases until rupture. In polymers at low strains (nearly
to 1%), creep is essentially recoverable after unloading. However, in certain cases,
creep failure is the most important degradation mode of a structure (turbine blades,
aircraft parts). Furthermore, in civil engineering works, this kind of deformations
may be substantial throughout the required service life. The investigation of the creep
response of selected engineering materials should integrate the design of structures
subjected tomechanical loads over a long time of operation (self-weight, static loads).
The aim of “creepmodeling for structural analysis” is the development of methods to
simulate and analyze the time-dependent changes of stress and strain states in engi-
neering structures up to the critical stage of creep rupture, passing through service
state. In particular, the key in identifying these three stages above described lies
in the location of the transition points between stages. This work presents a study
conducted to estimate the 4 instants of time of the creep curve: (1) the first transition
point, that is the transition point between transient and steady creep; (2) the secondary
point, that is the inflexion point of the creep curve where the strain rate reaches its
minimum; (3) the second transition point, that is the transition point between steady
and accelerated creep; and (4) the instability point. This research follows the work
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publish by Crevecoeur [3] and is based on a combination of an exponential and a
power law approach to the creep test data of HDPE pipe sample.

Keywords Viscoelasticity · Creep · Creep behaviour · Stages of creep · Polymer
Ageing

1 Introduction

Creep is a slow, continuous deformation of a material under a constant stress and
temperature. As a result of its inherent viscoelastic nature, polymers present a time-
dependent deformation that occurs under any temperature. Creep of polymeric solids
can be subdivided into several stages, where instantaneous creep takes place upon
loading, followed by transient creep where the strain-rate reaches its minimum. It
then increases and approaches an asymptotic limit and rupture occurs.

Therefore, the study on the process of creep is essential and significant for engi-
neering applications concerning temperature and stress and has been a challenge
in the design of structures subjected to loads for long periods of time. According
to Monfared [14], predicting creep behaviour is of utmost importance on advanced
reinforced or non-reinforced materials design, such as polymeric composite.

In fact, to define parameters to prevent unsafe and undesired events such as
progressive deformations and local reduction of material strength, may be an impor-
tant tool in development of more slender and durable structures. In this context, esti-
mating of transition points between stages of creep may help in linear and non-linear
analysis of the structure behaviour.

On the other hand, Crevecoeur [6] shows a non-linear kinetics in the ageing of
biological systems,which is characterizedby three successive stages such as observed
in a creep curve of polymeric composite. Crevecoeur shows that a model useful for
the follow-up of operating inert systems allows to find back typical curves and laws
related to the ageing of biological systems.

Based on the work of Crevecoeur and through a combination of an exponential
and a power law approach to the creep test data of FRP sample, this paper proposes
a simple approach to modelling the three-stages of polymer creep.

2 Theoretical Background

The combination of mechanical behavior of elastic and viscous materials character-
izes the response of a viscoelastic material.

According to Barra [1], due its molecular nature, the polymeric mass may be
seen formed from a twisted or tangled chains in its undeformed state. Subjected to
constant tension, molecules exert a retractive response to this tension in order to
maintain their stable (folded) conformation. Under continuous tension, the chains
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Fig. 1 Stress-strain
relationship of viscoelastic
materials

slide relatively to each other and the tangled structure is deformed into an extended
conformation. When the applied load is released before the creep rupture occurs, an
immediate elastic recovery equal to the elastic deformation, followed by a period of
slow recovery is observed.

Within certain limits, the graphic tension versus deformation will take the shape
of an ellipse. This format tends to be maintained to the extent that the amplitudes of
tension and deformation grow (Fig. 1).

The viscoelastic behaviour manifests itself in several ways, which comprise:
(a) creep under constant load; (b) relaxation of tension under constant deforma-
tion; (c) recovery of time dependent deformation after complete removal of load;
(d) rupture due to time-dependent creep; (e) fatigue resistance dependent on the
excitation frequency.

Basically, there are three principal ways to describe the viscoelastic behavior [19]
in time domain. The first one is the Boltzmann superposition principle so-called the
integral representation expressed by the convolution integral (1).

ε(t) = t∫
−∞

J(t − τn)dσ(τn) (1)

The second way, represented by a differential equation (2), uses assemblages of
Hookean springs and Newtonian viscous elements (dashpots) as models through
several forms of combinations. For a Maxwell rheological model, total strain yields:

∂ε

∂t
= ηε̇ (2)

The third method is based on assumptions about the molecules themselves which
dynamic tests are more convenient to be used for. This last method will not be
described in this paper.
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2.1 Creep

Depending on the level of excitation applied, the material may not recover to its
original shape, and then a permanent deformation becomes installed. The magnitude
of this permanent deformation will depend on the duration and the amount of tension
applied, as well as the temperature [8].

For a constant temperature, this creep description is illustrated by Fig. 2 and
translated by expression (3).

J(t) =∈ (t)/σ0 (3)

For most applications, composite structures may be designed using linear elastic
analysis. However, due to the effects of environment, there are instances where
time dependent phenomena such as creep may be important long-term design
considerations.

In these cases, creep failure is the most important degradation mode of a structure
(turbine blades, aircraft parts) and its behavior must be known until its failure. An
example showing importance of the creep phenomenon is the creep behavior of
epoxy-based structural adhesives. Compared to other joining methods, welding or
bolting for example, epoxy-based structural adhesives provide advantages, such as
its high strength-to-weight ratio [10].

Fig. 2 Creep and recovery
description
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2.2 The Three-Stages of Creep

As known, viscoelastic material is a rheological material that exhibits time-
temperature rate of loading dependence, with the response being a function of the
current input and also of the current and past input history.

Under a sustained load over a long period of time, viscoelastic materials undergo
three stages of strain evolution (Fig. 3).

The typical creep curve showed in Fig. 3 may be described as follow:

(a) First stage: so-called Primary or Transient creep, in which creep occurs at a
decreasing rate;

(b) Second stage: so-called Second or Steady-state creep, in which strain rate
reaches its minimum and shows a nearly constant value;

(c) Third stage: so-called Tertiary or Accelerated creep, where the strain rate
increases quickly and its end the rupture occurs.

Figure 4 shows the strain rate of creep behavior and the total relationship of an
ideal creep curve, the so-called creep bathtub. The bathtub curve usually gives the
failure rate for an operating system.

According to Naumenko and Altenbach [15], the secondary creep is for many
applications themost important creepmodel. The relative equilibrium, i.e., a uniform
rate of strain gradient, enables the long-term behavior of the structure to be analyzed

Fig. 3 Three-stages of creep

Fig. 4 Strain rate bathtub
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assuming stationary creep processes. The extent of this stage depends on the combi-
nation of applied stress and system temperature. For relatively low stresses, the
secondary stage may have a considerable extent before the onset of tertiary creep
[2].

However, for components with a close fit, the primary creep needs to be taken
into account. Bolts and copper canisters for the storage of spent nuclear fuel are an
example of this [16].

On its turn, the tertiary creep leads to an unstable crack propagation and materials
failure at end. The point where the accelerated creep starts is known as flow time and
is defined as the time at which the shear deformation under constant volume starts,
i.e., wherein the volume does not change. In an idealized curve of creep, tertiary
stage only occurs at high stress or for ductile materials.

Furthermore, stress impacts significantly the strain rate where the increase of the
stress by one order causes an increase of strain rate about four orders approximately
[11].

Thus, to provide a better understanding of the structure behavior over time, these
three-stages of creep should be known in order to avoid undesired behavior and even
irreversible failure.

In particular, the key to determining these three-stages is in the fact that how to
locate the transition points between stages along the creep curve. At last instance, it
translates in the determination of secondary stage boundaries and in the predicting a
creep safe envelope.

2.3 Biological Ageing Analogy

As defined in Luder [13], biological ageing is usually considered the continuous
accumulation of damage or deterioration, at the level of the cells, tissues, organs or
organism, which reduces vitality and ultimately leads to death.

Crevecoeur [6] shows that ageing could be seen as a multifactorial process.
According to that, there is a widely observed non-linear kinetics in the ageing of
biological systems, which is characterised by three successive stages, (1) firstly the
ageing rate is high, but it decreases quickly to a minimum, from which (2) it remains
nearly constant during the major part of the process until (3) it starts increasing again
up to the final collapse of the system.

Concerning to this, taking ageing in the broad sense, as the whole process of
going from birth to death, non-linearities appear. Those can be found in nature as
reflecting successive periods in the life of biological systems, such as in the “survival,
mortality or growth curves” (see Van Voorhies [20], Luder [13] and Fotsis et al. [9],
respectively).

Selye [17] described the three stages of a system reaction, termedGeneral Adapta-
tive Syndrome (GAS) where “there is an integrated syndrome of closely interrelated
adaptive reactions to non-specific stress itself”. The first stage of GAS is the “Alarm
Reaction”, which can be corresponding to an elastic response of polymer under static
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load; the second stage is called “Stage of Resistance”, in which “a certain resistance
is built up against the damaging stimulus” that could be translated in terms of steady
creep rate; at last, the tertiary stage, called “Stage of Exhaustion”, where the system
loses its resistance and fails with several internal changes.

Thus, the parallel between biological ageing and polymeric creep behavior can
be explained by assuming that a polymeric structure is composed of interconnected
microstructures operating together under an input stress.

In this way, Crevecoeur [4] shows the similarity between creep behavior and
mechanical system ageing, where the failure rate of mechanical repairable systems
that deteriorate with time due to ageing can usually be visualized by a bathtub curve,
as shown in the creep rate curve.

3 Modeling Approach

Crevecoeur [5] suggests a differential equation to synthesize the strain rate behavior
of creep expressed by the bathtub curve:

ε̇(t)

εe(t)
= α + β

ti
(4)

where:

ε̇(t) is the strain rate
εe(t) is the measured strain from creep test
α,β are constants to be fitted, where α > 0 and β < 1 and α � β.

Once (4) is integrated, it gives a combination of an exponential and a power law
function (5).

εe(t) = k.eα.t.tβ (5)

where:

k is a constant for a given temperature and load.

The three parameters α, β and k are constant as long as the physical constraints
on the system remain constant, i.e., while the stress and temperature remain constant,
these three parameters stay constant.

Crevecoeur [6] introduces a third system constraint which is called the internal
“organisation” of the system. In the case of a polymer, this can be understood as
the molecular arrange of the polymer and the micromechanical assemblage of the
composite material.
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According to Smith [18], the values of the parameter β will typically range
between 0.15 and 0.65. However, this quantity can have values between 0 and 1
[3].

In (5) the quantity (1/α) gives the order of magnitude of the time scale for the
creep process. Physically, this quantity corresponds to a time called “instability time”,
t i , [6], i.e.:

1

α
= ti (6)

The instability time is one that from it there is a risk that the system starts to fail.
At t i , if the load is not removed or operating conditions are not relaxed, the system
will become impaired. It means that the system will usually continue after t i but the
process leading to the collapse is irreversibly started.

According to Crevecoeur [6], it is noticeable that the instability time occurs in
tertiary creep and it is possible to divide the third stage into two parts, (1) before t i
(the predictable ageing) and (2) after t i (the statistically predictable ageing).

The system failure takes place about 20–40% of life after t i .
Applying (6) into (5), yields (7).

εe(t) = k.e
(

t
ti

)
.tβ (7)

where:

εe(t) is the creep strain measured at t .

From Eq. (7), at some given time tn, it is expectable that:

t = ti . . . that means . . . εe(t) = ε(ti) (8)

From the equality (8), Eq. (7) yields (8).

εi (ti) = k.e1.tβi (9)

where:

εi (t i ) is the strain at t i .

The quotient between (7) and (9) yields (10):

εe(t)

εi(ti)
= exp

(
t

ti
− 1

)
.

(
t

ti

)β

(10)

From data pairs (εe, t), it is expectable that (εi , t i ,β) converge from a successive
iteration of (10).
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Moreover, according to Crevecoeur [7] the use of εe(t)/εi (t i ) and t/t i allows to
normalize the shape of the creep curve, independently of how long the process lasts.
In fact, for a given β and making εe(t) = εi (t i ), the creep curve will look similar
for a small t i (tests at higher stress or temperature) as well as for a larger t i (tests at
lower stress or temperature).

To find the time of steady creep, Crevecoeur [6] suggests the following relation:

t2ary = ti.
(√

β − β
)

(11)

Expression (11) gives the point where the strain rate reaches its minimum and
corresponds to the point of inflexion on the creep curve.

From (11), the secondary strain point, ε2ar y, is estimated using (7).
It must to be warned that the 2ary stage (the steady-state stage) has visually the

aspect of a straight line but in fact it is an approximate linearization for practical
applications and shows a quasi-straight linear zone.

The point (ε2ar y, t2ar y) is somewhere in the 2ary stage where the creep curve
turns from concave (from below) to convex (from below) form.

Furthermore, it is possible to mark several periods of time on the creep curve.
Comparing biological and inert systems, Crevecoeur [6] distinguishes some periods
of time:

(1) the instability time—t i ;
(2) the actual time of collapse—t r (the ‘lifespan’);
(3) the maximum possible lifetime—tm (the ‘longevity’); and
(4) the statistical average of lifetimes—tμ, (the ‘life expectancy’).

These periods of time are shown in Fig. 5

where:

t1ar y is the transition point between transient and steady creep
t2ar y is the inflexion point of the creep curve
t3ar y is the second transition point (flow time)

Fig. 5 Periods of time on a
hypothetical creep curve
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Fig. 6 Creep envelope for a
given temperature

t i is the instability time
t r is the actual time of failure
tm is the maximum possible lifetime.

Applying t2ar y to the derivative of (5) and comparing its straight line to creep data
curve, it is expectable to determine t1ar y and t3ar y taking the difference between the
straight line and creep data less than to 1%.

3.1 Creep Safety Envelope

Once defined the critical points on the creep curve (for a given temperature and load),
it is possible to determine different critical points for a spectral of different values
of stress for a specific temperature or different levels of temperature for a range of
stress values. Fig. 6 shows a creep safety envelope for an aleatory polymeric sample
at a given temperature.

4 Material Testing

In order to simulate the above described fitting, sampled points from the creep curves
identified by Liu et al. [12] are used as the actual experimental values to be matched.

4.1 Liu’s Creep Data

The creep experimental data are obtained for creep testing of a sample extracted
from HDPE (high-density polyethylene) pipes at 5 stress levels. From a Generalized
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Fig. 7 Generalized kelvin model

Table 1 Fitted values from Eq. (12)

Stress (MPa) k0 (MPa) k1 (MPa) k2 (MPa) k3 (MPa)

2.97 650 797.3889 2320.3566 925.0882

5.97 580 913.5936 1212.2605 695.0461

7.71 520 1224.7911 1104.9922 385.8572

10.31 500 1034.2045 694.1084 226.4555

12.19 470 1128.4448 806.0972 140.6875

Adapted from Liu et al. [12]

Kelvin Model (Fig. 7), a Dirichlet Series with three terms were used to represent the
resulting strain (12). The tests were conducted at room temperature of about 22 °C.

Table 1 shows the fitted values of experimental data from Eq. (12).

εD(t) = σ(t)

k0(σ)
+

3∑
i=1

σ(t)

ki(σ)

[
1 − exp

(
− t

τi

)]
(12)

where the respective relaxion times are:

τ 1 = 500 s
τ 2 = 10000 s
τ 3 = 200000 s

The sampled points from the creep curves identified in Table 1 are used to simulate
the actual experimental values to be matched and the resulted strain-time curves are
depicted in Fig. 8.

5 Application of Crevecoeur Fitting Methodology

From the data spectra generated by Eq. (12), Crevecoeur equation coefficients are
fitted for each stress level and presented in Table 2.
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Fig. 8 Creep curves until end of measurements

Table 2 Crevecoeur equation coefficients

Stress (MPa) k β ti (s) error (%) r-Person

2.97 0.00558 0.055 3.403.676 0.60 0.9763

5.97 0.00880 0.085 1.709.402 0.80 0.9901

7.71 0.00900 0.113 1.459.854 0.90 0.9990

10.31 0.01340 0.124 924.214 1.10 0.9982

12.19 0.01320 0.150 740.741 1.90 0.9975

5.1 Fitting Quality

In order evaluate the quality of the fitted values, the relationship diagram between
log σ versus log t i and ε(t i ) versus log t i is shown in Fig. 9.

Fig. 9 Evaluation diagram
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The linear relation plotted is similar to a typical failure mode of HDPE Pipe, the
so-called Mode–1, where the pipe fails mainly in a ductile manner under mechanical
overload at higher stresses (seeXu et al. [21]), that indicates an acceptable correlation
between data test and the approach.

6 Results and Comments

Figure 10 and Table 3. Strain Correlation show the relationship between the strain
at t i and t2ar y, εi (t i ) and ε2ar y

(
t2ar y

)
. This one reveals a constant ratio between the

instability time and the time of steady creep, over the stress increment.

6.1 Transition Points

In order to exemplify the strain rate bathtub the strain rate for 12,19 MPa is depict
in Fig. 11.

From derivative of (5) and applying the t2ar y, it is expectable to find the values
of t1ar y and t3ar y where the difference between the strain rate line from (4) and the
creep data curve is less than or equal to 1%. Tables 4 and 5. Pairs of Transition Points
(2/2) shows the values of each pairs of fitted points.

Fig. 10 Strain correlation
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Table 3 Strain correlation Stress (MPa) ε(ti) (mm/mm) ε(t2ary) (mm/mm) Strain ratio

2.97 0,036 0,014 0,398

5.97 0,081 0,032 0,396

7.71 0,122 0,047 0,388

10.31 0,200 0,077 0,385

12.19 0,272 0,102 0,376
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Fig. 11 Strain bathtub for 12,19 MPa.

Table 4 Pairs of transition points (1/2)

Stress (MPa) ε(t1ary) (mm/mm) t1ary (s) ε(t2ary) (mm/mm) t2ary (s)

2.97 0,011 77.400 0,014 611.031

5.97 0,026 142.200 0,032 353.073

7.71 0,044 260.000 0,047 325.773

10.31 0,059 77.400 0,077 210.847

12.19 0,087 109.800 0,102 175.777

Table 5 Pairs of transition points (2/2)

Stress (MPa) ε(t3ary)
(mm/mm)

t3ary (s) ε(ti)
(mm/mm)

ti (s) ε(tm)
(mm/mm)

tm (1s)

2.97 0,023 2.150.000 0,036 3.403.676 0,055 4.424.779

5.97 0,042 710.000 0,081 1.709.402 0,124 2.393.162

7.71 0,051 404.000 0,122 1.459.854 0,189 2.043.796

10.31 0,120 518.000 0,200 924.214 0,311 1.293.900

12.19 0,139 330.000 0,272 740.741 0,428 1.037.037

From expression (5) and the values from Tables 4 and 5. Pairs of Transition Points
(2/2), the theoretical creep curves for each step of stress are depicted in Fig. 12

Once defined the critical points on the creep curve shown in Table 4, creep safety
envelope is created and the shape of the curve is given in Fig. 13.
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7 Conclusions

This paper presented a study conducted to estimate the 4 instants of time character-
izing the creep curve: (1) the first transition point, that is the transition point between
transient and steady creep; (2) the secondary point, that is the inflexion point of
the creep curve where the strain rate reaches its minimum; (3) the second transition
point, that is the transition point between steady and accelerated creep; and (4) the
instability point.

The creep curve used in this study was constructed using data resulting from a
numerical simulation of an experiment of Liu et al. [12], where a sample cut from a
24” HDPE-Pipe was tested for five different stress levels.
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A brief review of the fitting methodology was first presented concerning the creep
behavior and its three-stages. This methodology was applied then to the numerical
description of the creep behavior of a PE. The time-dependent and stress-dependent
approach was easily applied to a viscoelastic material. The transition points were
calculated and a creep safety envelope was defined and a lifetime prediction could
be made.

Although therewas no comparative analysis of the useful life of thematerial based
on standards, the creep curves obtained by the Crevecoeur adjustment methodology
evidenced a good fitting.
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Effects of the Thermal Conditioning
on the Mechanical Properties
of an FRCM (Fiber Reinforced
Cementitious Matrix) Strengthening
System

L. Ombres, P. Mazzuca, and S. Verre

Abstract Fiber reinforced composite materials are starting to have very widespread
use for rehabilitation and strengthening of existing concrete structures. As demon-
strated by several experimental results, the use of composites made with fibers and
inorganic matrix (such as cement based or lime based matrix) is very useful from a
mechanical point of view. The performances of existing reinforced concrete struc-
tures strengthened in bending and shear with FRCM systems evidenced a significant
improvement both in strength and ductility. The durability of FRCM strengthening
systems are not adequately analysed; due to a limited number of experimental studies
and research carried out. Moreover, the effects on the environmental conditions on
the mechanical properties of strengthening systems are not well investigated. In
this paper, the effects of the thermal conditioning on the mechanical properties of
the FRCM system was experimentally investigated. The examined strengthening
system consists of PBO (short of Polyparaphenylenebenzobisthiazole) fabric meshes
embedded into a cement-based matrix. The system was exposed to thermal cycles
at different temperature values (100 and 200 °C) and, then, tested to evaluate its
mechanical properties (ultimate strength, ultimate strain and elastic modulus). Five
thermal cycles were developed by daily exposure of PBO fabric mesh, matrix and
PBO-FRCM specimens at constant temperature value, over six hours and subse-
quently cooling down freely to ambient temperature (20 °C). After the thermal treat-
ment, specimens were tested until failure, at room temperature. Results of tests
analysed in terms of stress–strain relationships allowed influence evaluation of the
thermal treatment on the structural response of PBO fibers, matrix and PBO-FRCM
specimens.

L. Ombres (B) · P. Mazzuca · S. Verre
Department of Civil Engineering, University of Calabria, Calabria, Italy
e-mail: luciano.ombres@unical.it

P. Mazzuca
e-mail: pietro.mazzuca@unical.it

S. Verre
e-mail: salvatore.verre@unical.it

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J. Sena-Cruz et al. (eds.), Proceedings of the 3rd RILEM Spring Convention
and Conference (RSCC 2020), RILEM Bookseries 34,
https://doi.org/10.1007/978-3-030-76465-4_8

89

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76465-4_8&domain=pdf
mailto:luciano.ombres@unical.it
mailto:pietro.mazzuca@unical.it
mailto:salvatore.verre@unical.it
https://doi.org/10.1007/978-3-030-76465-4_8


90 L. Ombres et al.

Keywords FRCM · Strengthening · Thermal conditioning ·Mechanical properties

1 Introduction

In the last decades, Fiber Reinforced Polymer (FRP) and Fiber Reinforced Cementi-
tious Matrix (FRCM) started to be widely used in the repair and strengthening inter-
vention of degraded structures. The first use of FRP material was observed in 1980;
at that time this new system represented a development of a strengthening system
called “Beton plaque” [1]. At the beginning of the XXI century, an engineering
company called Ruregold developed the FRCM system, proposing this system as an
alternative of the FRP system. The main difference between the two systems consists
of the matrix. FRCM are characterized by an inorganic matrix (i.e. cement-based)
while the FRP are based on organic matrix (i.e. polymeric and epoxy resins).

Moreover, the fibers sheets used in the FRP system are replaced with open fabric
meshes in the FRCM system. This choice allows the cementitious matrix to pene-
trate and impregnate the fibres allowing to obtain a higher area at the interface
matrix-reinforcement [2]. The advantages of using the FRCM system instead of
the FRP system are the higher durability and deformability observed in the former
mentioned.Moreover, the use of the inorganic matrix allows overcoming some draw-
backs related to the use of the FRPs: (i) the mechanical behaviour when subjected
to high temperature and (ii) inapplicability in high humidity environment [3]. With
this in mind, the FRCM system represents an excellent alternative to the traditional
strengthening system made of either hybrid steel–concrete or timber concrete or
reinforced concrete (RC) structures. In fact, in repair and rehabilitation interven-
tions, this solution allows increase of the ductility of the existing structure without
adding substantial weight on it. Several studies are available regarding the tensile
response of FRCM systems [4–7]. In [4] three FRCM systems, comprising carbon,
glass, and steel fabrics embedded in cement, lime, and geopolymer mortar matrices
respectively, were studied. The results obtained show in terms of tensile stress-tensile
strain a tri-linear behaviour of the strengthening system. The first linear stage is char-
acterized by a phase in which the specimen is un-cracked, then with the increase of
the load, perpendicular cracks start to appear on the specimens, which become more
significant in the last linear phase as the fabric mesh deforms. The observed failure
mode is due to tensile failure of the fabrics. The FRCM system comprised of the steel
fabric mesh embedded in a geopolymer matrix shows the highest value in terms of
tensile strength. Similar results were observed in [5–7]. Moreover, [5] evaluated the
influence of the textile coating on the stress–strain response showing an improve-
ment of the mechanical properties of the FRCM system due to coating treatment.
In [7], authors also studied the influence of the loading rate; tests were conducted
at displacement control using a rate of 0.1 and 0.6 mm/min. This parameter seems
not to have effects on the tensile response of the system. Despite the good results
obtained with this strengthening system, the use of it is still hindered due to a lack
of information related to its behaviour when subjected to elevated temperatures. For
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this reason, this study aims to characterize the tensile response of FRCM system that
has been thermally conditioned up to 200 °C.

2 Experimental Investigation

The experimental campaign was focused on the evaluation of the mechanical proper-
ties at different temperature of the single part (fiber and matrix) and on the strength-
ening system. The specimen preparation and the experimental procedure are also
discussed in this section.

2.1 Fiber and Cement Based Mortar

The PBO fabric mesh has the following dimensions 500 mm in length and 50 mm
in width. In particular, the strips of the PBO fabric mesh are characterized by five
yarns. The cement based mortar specimens are characterized by a cross section of
40 × 40 mm, with a length equal to 160 mm. The dimensions used for the cement
based mortar are in accordance to [8]. Four specimens were tested for both cement
based mortar and fiber.

2.2 Strengthening System

Concerning the strengthening system, three steps were carried out to develop the
FRCM specimens. The first step consisted of placing the cement-based mortar in the
mould (see Fig. 1a) in order to develop the internal matrix layer, then the PBO fibers
were applied and pressed into the matrix (see Fig. 1b). The last step was covering the
PBO fiber with the external matrix layer of a cement-based matrix (see Fig. 1c). The
dimensions used for the FRCM system are similar to the dry PBO fiber as reported
in Sect. 2.1. As showed in Fig. 1a cardboard strip was used to ensure a constant
thickness and a flat surface of the matrix. The thickness adopted is equal to 4 mm
for each mortar layer.

2.3 Experimental Procedure

All samples (dry fibers, cement based mortar and FRCM system) were thermally
conditioned at 100 and 200 °C in a thermal chamber with a heating rate of 2 °C/min
as shown in Fig. 2.
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Fig. 1 FRCM system preparation: a internal matrix layer, b PBO fiber mesh and c external matrix
layer

Fig. 2 Specimen involved: a Thermal treatment on the specimens and b Dry PBO fiber after the
thermal treatment

After the set point of the temperature was reached, it was kept constant for six
hours. The specimens were left cooling down in the thermal chamber, and then after
24 h, another cycle started again. The heating process took into account five cycles.
After the thermal treatment was completed, the specimens were taken out from the
oven and left to cool at room temperature. With this procedure it is possible to check
if the specimens report some degradation due to the heat treatment. The PBO fibers
reported a change in the surface colour (see Fig.2b) and became stiffer after being
thermally conditioned. No signs of degradation were found either on the cement-
based mortar and FRCM system. The PBO fabric mesh and the FRCM system were
tested in direct tension up to failure according to [9] while the cement based mortar
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Fig. 3 Test setup adopted for: a FRCM specimen (DT-20-3) and b dry fiber (DF-20-1)

was subjected to three points bending test in order to evaluate the tensile strength
(indirectly) and compressive test to obtain the compressive strength [8, 10]. On the
PBO fibers and FRCM system, tests were carried out using a standard tensile test
configuration, in which the ends of the specimens were clamped. The tests were
conducted at displacement control with a rate of 0.5 and 0.2 mm/min, respectively.
To guarantee a uniform load distribution, 3 mm thick aluminium tabs and 2mm thick
PVC tabs were bonded on the PBO fiber mesh and FRCM specimen, respectively
(using an epoxy resin). In order to evaluate the strain, an extensometer with a gauge
length of 50 mm placed in the midsection of the fabric mesh was adopted, while for
FRCM specimen two linear variable differential transducers (LVDT) with a gauge
length of 300 mm were placed in the vertical direction on the two opposite sides of
the FRCM system. The adopted test set up are shown in Fig. 3.

FRCM and dry fibers specimens were named according to the following designa-
tion: DT (or DF)-T-Z, where DT (or DF) indicates the direct tensile test on FRCM
specimens (or dry fibers), T indicates the temperature investigated, and Z indicates
the specimen number.

3 Results and Discussion

In Table 1 the results obtained trough tensile and compressive tests on the cement
based mortar are summarized.
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Table 1 Results of cement based mortar

Temp. 20 °C Temp. 100 °C Temp. 200 °C

Compressive strength (MPa) (C.o.V.) 43.11 (0.032) 37.80 (0.044) 39.28 (0.027)

Flexural tensile strength (MPa) (C.o.V.) 6.73 (0.053) 5.73 (0.110) 5.23 (0.150)

As reported in Table 1, a minimal reduction in terms of tensile and compressive
strength is observedwith the increase of the temperature. After the thermal treatment,
a single yarn of dry PBO fiber with a length of 300 mm was weighed, showing a
reduction of the weight with the increase in temperature.

The weight (p) at room temperature is equal to 0.271 g., while at 100° and 200 °C
the values observed are 0.222 and 0.153 g. showing a reduction of 22 and 43%,
respectively. In Fig. 4a–c the results in terms of tensile strength versus axial strain
for the dry fibers are reported. For the evaluation of the stress, the area of a single
yarn was evaluated according to Eq. 1.

A f = 1000 · p/ρ f · l (1)

where ρ f is the density of fibers, l is the length of the yarn and p the weight. In Table
2 the average values of elastic modulus and tensile strength with the corresponding
coefficient of variation, are reported.

As shown in Table 2, significant variations are observed in terms of elastic
modulus, in addition, with regard to the tensile strength. At 200 °C the specimens
exhibited (lower) value than the specimens tested at 20 and 100 °C.

In Fig. 5a, b and c the results in terms of tensile strength versus axial strain for
the FRCM specimen, of which four specimens are tested for each temperature are
reported. From each figure it is possible to see an idealised behaviour made of three
main phases: (i) Stage I-un-cracked zone, (ii) Stage II-crack development zone and
(iii) Stage III-cracked stage up to the failure zone. Moreover, it is possible to observe
a drastic reduction in terms of tensile strength and axial strain with the increase in
temperature. In particular, compared to the values observed at room temperature, a
loss of axial strength equal to 38.1 and 32.5% at 100 and at 200 °C, respectively, can
be observed.

Table 2 Results of dry fiber

Temp. 20 °C Temp. 100 °C Temp. 200 °C

Elastic modulus (GPa) (C.o.v.) 218.56 (0.13) 225.92 (0.06) 172.85 (0.06)

Peak tensile strength (MPa) (C.o.v.) 1734.60 (0.05) 1725.23 (0.10) 1673.38 (0.04)
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Fig. 4 Result of dry fiber at: a 20 °C, b 100 °C and c 200 °C
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Fig. 5 Result of FRCM specimens at: a 20 °C, b 100 °C and c 200 °C
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4 Conclusions

This paper presented the results of an experimental investigation on the effects of
the temperature on cement based mortar, dry fiber and FRCM specimen. Based on
the obtained results, the following conclusions can be drawn:

• The temperature has minimal influence on the cement based mortar in terms
of flexural tensile strength and compressive strength. The specimen reports a
compression strength reduction of 12% its ambient temperature at 100 °C and
a tenile strength reduction of 22% when temperature was increased from 20 to
200 °C.

• There are significant variations on the elastic modulus of the PBO fibers with the
increase of the temperature. The effect of the heat treatment can be observed on
the tensile strength with the highest values observed at 200 °C.

• In the FRCM specimens, it is possible to observe severe reductions of themechan-
ical properties when the temperature increases. In particular, in terms of axial
strength compared to the values observed at room temperature, there is a reduction
equal to 38.1 and 32.5% at 100 and at 200 °C, respectively.

This preliminary work needs further studies with different temperature and
number of layers.
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Durability Under Thermal Actions
of Concrete Elements Confined
with an Inorganic Matrix
Fiber-Reinforced Composites

L. Ombres, P. Mazzuca, and S. Verre

Abstract Fiber reinforced composite materials are starting to have very widespread
use for rehabilitation and strengthening of existing concrete structures. As demon-
strated by several experimental results, the use of composites made with fibers and
inorganic matrix (such as cement based or lime based matrix) is very effective from
a mechanical point of view. Nevertheless, there are legitimate concerns with the
durability aspects of strengthened elements, which have hindered the widespread
use of these composite materials in structural applications. The exposure of confined
concrete elements to environmental actions could reduce the beneficial effects of
the strengthening. For a better understanding of this aspect, through an experi-
mental campaign, the paper aims to investigate the effects of thermal actions on
the structural response of concrete elements confined with an inorganic matrix fiber-
reinforced composite system, consisting of high strength fibers in the form of fabric
embedded into a cement-based matrix. Cylindrical concrete specimens confined
with one-layer of PBO (Polyparaphenylenebenzobisthiazole)-FRCM (Fiber Rein-
forced Cementitious Matrix) system were exposed to several (five) thermal cycles at
different temperatures (100 and 200 °C) and, then tested under compression loads
at ambient temperature (20 °C). When the desired temperature was reached, it was
kept constant for 6 h and subsequently, the concrete specimens were cooled down
freely to ambient temperature. The obtained results in terms of failure modes, peak
strength, axial and radial strains were analysed, in order to evidence the effects of
the thermal actions on the mechanical properties of confined concrete elements.
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1 Introduction

During its nominal life, the load-bearing capacity of structures can be affected by
several factors, namely degradation of constituent materials, change of use or catas-
trophic events such as earthquake or fire. Thus, the structures can be deteriorated
or reach a substandard grade requiring urgent intervention. To reconstitute the orig-
inal section, traditional interventions are usually carried out by replacing or rein-
forcing the degraded system using substantial solutions such as reinforced concrete
or steel-concrete systems. These types of intervention, challenging in the application
phase and highly invasive to the static and aesthetics of the buildings, also present
low durability in keeping the efficacy of the strengthened system during the years.
The durability problems aforementioned coupled with the needs of higher speeds
of construction lead to the development of innovative structural solutions using
composite materials such as fiber reinforcement polymers (FRP) and fiber fabric
reinforced cementitious mortar (FRCM). FRCM composite materials comprised of
fibers coupled with an inorganic matrix, unlike the organic matrix usually used in the
more common FRP. Moreover, the FRCM allows overcoming some limits showed
by the FRP such as the inapplicability in high humidity environment and the low fire
resistance [1]. In this context, FRCM system represents a good alternative providing
an increase of the seismic capacity by increasing the structural ductility of the existing
structure without adding substantial weight on it.

Nevertheless, legitimate concerns are related to the behaviour of FRCM systems
when subjected to thermal actions, hindering their development in structural appli-
cations. Several researchers have investigated the compressive behaviour of PBO-
FRCM confined concrete cylinder [2–4], reporting a good efficacy of this strength-
ening system on the mechanical performances of the reinforced element. Although
the potential of this solution is relevant, a lack of knowledge regarding the behaviour
of these elements, when subjected to high temperatures, can be observed in liter-
ature. In literature, several authors studied the behaviour at elevated temperatures
of a concrete element reinforced with FRP [5–8], but only two studies are avail-
able regarding the effect of the temperature on FRCM confined concrete specimens
[9, 10]. In [9] concrete cylinder wrapped with CFRP sheets and FRCM mesh were
placed in a thermal chamber and exposed to elevated temperatures: 40, 60, 80 °C
for 24 h. After the heat treatment finished, the specimens were immediately placed
in the testing machine and tested. From the test results, it can be observed that
the CFRP confined specimens are more sensitive to the temperature than the FRCM
confined specimens. For the FRCMstrengthening system, upon temperature increase
from 40 °C to 80 °C, a reduction of 5–11% was observed in load-bearing capacity
and compressive strength, respectively. Instead, the CFRP strengthening system, in
the same range of temperatures, showed a higher percentage of loss in terms of
load-bearing capacity and compressive strength equal to 20% and 50%, respectively.

In [10], FRCMconfined concrete cylinderswith different fiber reinforcement ratio
have been subjected to thermal cycles from 20 °C to 250 °C, and then tested up to
failure at room temperature. With the increase of the temperature, the compression
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strength of the confined specimens decreases and the axial strain increased.Moreover,
the specimens characterised by a higher percentage of fiber reinforcement are more
sensitive to the temperature in terms of ductility loss compared to the specimens
with a lower fiber reinforcement ratio. Concerning the failure mode, no significant
changes were observed in the specimens tested. This paper aims to study the effects
of the temperature on compressed PBO confined and unconfined concrete cylinders.
The tests carried out on the unwrapped specimens are useful for a more accurate
analysis of the confinement effect at elevated temperature. Test results are analysed
in terms of compressive strength, failure mode, axial and lateral strains.

2 Experimental Investigation

The experimental campaign comprises in 18 concrete cylinders of 150 mm diameter
and 300 mm in height. The specimens were characterised by nine unwrapped cylin-
ders and nine cylinders wrapped with one layer of PBO fabric mesh. Before testing,
all samples were thermally conditioned (up to 200 °C) to simulate the behaviour of
an industrial building when subjected to high service temperature and of a strength-
ened concrete column under fire actions. In Table 1 the tested specimen in terms of
temperature adopted and the reinforcement ratio (ρ f ) are reported. Confined cylin-
ders were named according to the following designation: C (or U)-T-Z, where C (or
U) indicates the confined specimen (or un-confined), T indicates the temperature
investigated, and Z indicates the specimen number. For cylindrical specimens, the
reinforcement ratio was calculated with the following Eq. (1):

ρ f = 4 t f /D (1)

where D is the specimen diameter and tf is the thickness of the PBO-FRCM
reinforcing system; and the ρ f is equal to 0.121%.

Table 1 Specimens involved

Room temperature Temperature 100 °C Temperature 200 °C

Unconfined Confined Unconfined Confined Unconfined Confined

U-20-1 C-20-1 U-100-1 C-100-1 U-200-1 C-200-1

U-20-2 C-20-2 U-100-2 C-100-2 U-200-2 C-200-2

U-20-3 C-20-3 U-100-3 C-100-3 U-200-3 C-200-3
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Fig. 1 PBO fabric mesh

2.1 Specimen Preparation and Test Setup

The FRCM system adopted in this experimental campaign consists of unidirectional
PBO fabricmesh embedded in an inorganicmatrix designed to be chemically bonded
together. The fibers are characterised by an equivalent thickness of 0.0455 mm and
0.0115 mm in the principal and transversal direction, respectively (see Fig. 1).

The manufacturer provides the mechanical properties of both fibers and matrix.
According to thematerial’s datasheet, the PBOmesh presents a density of 1.56 g/cm3.
Tests were carried out, according to [11] by the authors to define the tensile strength
and elastic modulus, obtaining values of 1083 MPa (C.o.V. = 0.05) and 122 GPa,
(C.o.V. = 0.13), respectively. With regards to the cementitious matrix, specimens
exhibited tensile strength and compressive strength equal to 6.73 MPa (C.o.V. =
0.053) and 43.11MPa (C.o.V.= 0.032) (values at 28 days) according to [12]. Before
confining the concrete cylinder with PBO fabric mesh, the surface of the concrete
specimens was sandblasted in order to remove any possible defects on it and to
create a roughness profile in order to assure a perfect adhesion between the concrete
substrate and inorganic matrix (see Fig. 2a). The strengthened system was applied
at the cylinders by performing three steps. The first step was applied to the internal
matrix layer, with a thickness equal to 3mmon the concrete surface (see Fig. 2a). The
second step, the PBO fabric mesh was slightly pushed inside the internal matrix layer
(see Fig. 2b) and then, as the third step, the external matrix layer with a thickness of
3 mm (see Fig. 2c) was applied. Two circular plexiglass plates placed at the top and
bottom of the cylinder with a diameter of 15.6 and 16.2 mm, were used to control
the thickness of the internal and external matrix layers. Moreover, the principal
direction of the PBO fabric mesh was applied with the principal direction parallel at
the transversal cross section. Finally, to avoid a premature rupture in the fibers, an
overlap equal to 100 mm was used.

Before the thermal treatment, the specimens were in ambient condition-after the
preparation theywere kept in the laboratory enviroment. Before testing, all specimens
were exposed to thermal cycles at 100 and 200 °C at a heating rate of 2 °C/min. Once
the desired temperature was reached, isothermal conditions were maintained for
360 min at the end of each cycle, the speciemens were left cooling in the oven.
The heat treatment took five days and took in account five cycles (one cycle per
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Fig. 2 Confined concrete cylinder preparation: a internal matrix layer and concrete surface, b PBO
fiber mesh and c external matrix layer

day). After heating, the specimens were taken out from the oven and left to cool
in the lab temperature before testing. This procedure was chosen to investigate any
permanent deterioration caused by elevated temperatures in the strengthened system.
As shown in Fig. 3, a superficial crack can be observed on the external matrix due to
the heat treatment. The concrete cylinders were tested in uniaxial compression load
up to failure. The compressive loading, measured by a load cell, was applied at a
displacement controlled rate of 0.0005 mm/s. The vertical displacement by means of
two linear variable differential transducers (LVDTs) were placed at the two opposite
sides of the sample (see Fig. 3) in order to evaluate the axial strain. Moreover, in
each cylinder, a lateral displacement was evaluated through nine LVDTs placed in
the horizontal direction, in particular, three at the top part, three at mid-height and
three at the bottom of the wrapped specimen (see Fig. 3).

Fig. 3 Test setup
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3 Results and Discussion

The obtained results are summarized in Tables 2 and 3. In particular, in Table 2 the
results for the un-confined cylinder and the average value in terms of strength, f c0,
and corresponding axial strain, εc0 are reported.

In Table 3, in addition to the peak stress f cc and the peak strain εcc the ulti-
mate strain εccu (evaluated as the strain recorded at 80% of the peak strength in the
descending branch), the confinement ratio in terms both of strength, f cc/f c0 and axial
strain, εcc/εc0 and the strain efficiency factor k defined as the ratio between the hoop
strain at failure and the ultimate strain of the FRCM system, are, also, reported.

The axial strength recorded during the tests is reported in Tables 2 and 3. In both
unconfined and confined cylinders, it should be noted that a slight decrease in terms
of axial strength occurred between the specimens tested at 20 and 100 °C.

With the increase in temperature, the strength’s reduction becomes more relevant.
As shown in Fig. 4, concerning the ratio f cc/f c0 and εcc/εc0, it is possible to observe
that in terms of axial strength, the effect of the confiment are not so much affected

Table 2 Unconfined cylinders: test results

Specimens Temperature (°C) f c0 (MPa) Avg f c0 (MPa) εc0 (×10-3) Avg εc0 (×10-3)

U-20-1 20 28.98 3.86

U-20-2 20 26.54 28.73 3.66 3.67

U-20-3 20 30.69 3.49

U-100-1 100 27.38 3.83

U-100-2 100 29.56 28.1 3.45 3.65

U-100-3 100 27.35 3.66

U-200-2 200 26.58 24.65 5.52 5.21

U-200-3 200 21.3 5.02

Table 3 Confined cylinders: test results

Speci Temp (°C) fcc (MPa) εcc (– ×
10-3)

εccu εcc (– ×
103)

fcc/fc0 (–) εcc/εc0 (–) k (–)

C-20-1 20 33.83 8.47 10 1.18 2.3 0.896

C-20-2 20 38.13 8.33 10.59 1.33 2.27 0.732

C-20-3 20 42.84 7.35 9.56 1.49 2 0.451

C-100-1 100 38.12 7.15 9.84 1.36 1.96 0.544

C-100-2 100 33.75 6.76 9.11 1.2 1.85 0.484

C-100-3 100 33.78 6.72 11.02 1.2 1.84 0.754

C-200-1 200 26.35 6.98 9.05 1.07 1.33 0.553

C-200-2 200 28.04 6.99 8.73 1.14 1.34 0.464

C-200-3 200 22.98 9.77 12.52 0.93 1.87 0.725
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Fig. 4 a f cc/f c0 vs
temperature and b εcc/εc0 vs
temperature

by the temperature, showing a loss lower than 18% of the ambient temperature value
at 200°C. Nevertheless, in the ratio εcc/εc0, temperature plays an important role. In
fact, at 200°C the effect of the confinement is reduced of almost 50% of the room
temperature value.

In Fig. 5 the results in terms of axial stress versus axial and lateral strain for
unconfined (see Fig. 5a) and confined (see Fig. 5b) cylinders, are reported. All curves
showed a loss in stiffness with the increase in temperature. The target temperature
and the exposition time are factors that affect this loss in strength. The curves also
exhibited an increase of both axial and lateral strain with the increase of the tempera-
ture, this may be due to the damage reported by the mortar at high temperature. With
regards to the efficiency factor, all specimens showed values of k lower than 1, this
means that a localized brittle failure causes a premature rupture of the reinforcement.

In Fig. 6 the typical failure mode observed for both unconfined and confined
cylinder, is reported. In the unconfined cylinders, vertical cracks occurred with the
increase of the load (see Fig. 6a). Tests were carried out up to the complete crushing
of the concrete. Concerning the wrapped specimens, several vertical cracks were
observed on the external layer (see Fig. 6b).
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Fig. 5 Stress–strain curves: a unconfined and b confined cylinders

Before the peak load was reached, a wide vertical crack appeared, which became
more substantial with the increase of the load (see Fig. 6c). This failure mode may
be related to the slippage of the PBO sheets from the matrix. As reported in [10],
this type of behaviour is typical for concrete elements reinforced with PBO fibres.
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Fig. 6 Failure mode: a U-200-1, b and c C100-3

4 Conclusion

This paper presented the results of an experimental investigation on the effects of
the temperature on unconfined and confined concrete cylinders with FRCM system.
Based on the results, the following can be concluded:

• Reinforcing the cylinders with PBO fabric meshes has a positive effect in terms
of mechanical properties. An increase in axial strength equal to 22% (33%) and
20% (25%) for the specimens tested at 20°C and 100°C, respectively, is observed.
At 200°C no relevant improvements are noted.

• The effects of the temperature is more relevant for temperatures above 100°C. At
200°C, the unconfined and confined cylinders show a percentage of axial strength
loss equal to 17%and 35%, respectively. Concerning the tests carried out at 100°C,
both unconfined and confined cylinders, suffer little loss in axial strength, with
percentages of loss equal to 4% and 8%, respectively.

• Both unconfined and confined cylinders show a slight decrease in terms of initial
stiffness with the increase of the temperature.

• Theheat treatment seemsnot to have effects on the failuremodeof both unconfined
and confined cylinders; in all tests, failure occurs due to the slippage of the fibres
from the cementitious matrix.

This preliminary work needs further studies with different temperature and
number of layers.
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Accelerating the Hardening of Lime
Mortar on Addition of Organics
for Repair in Heritage Structures

Celesta Issac and Simon Jayasingh

Abstract Repair and restoration of heritage structures have become important as
they are the evidence of cultural and historical significance. Strength and durability
of lime mortar makes it a good repair material for achieving movement with the
old mortar and therefore compatible. Hardening of lime mortar may take centuries
to complete and therefore accelerating the hardening process helps in achieving the
desired strength earlier. This work aims at studying the impact of organic addition on
the physical, mechanical, chemical and durability properties of hydraulic limemortar
to accelerate the hardening. A comparative study of lime mortars with addition of
three different organics namely Vitis vinifera (Raisins), Vita vinifera (Zante currant)
and Phoenix dactylifera (Dates) were performed. The lime mortar was prepared with
binder to aggregate ratio of 1:3, water to binder ratio of 0.75 and with addition of
organics in various concentrations (0, 2, 4 and 6%). Bulk density, porosity and water
absorption were the physical properties analyzed. The compressive strength was
determined for the specimens. The rate of carbonation was determined through the
phenolphthalein test. The mineralogical composition of the mortar was identified by
using analytical techniques like XRD and FTIR. Capillary rise test was conducted to
study the durability of the lime mortar. It was observed that organic addition to lime
mortar has enhanced its properties along with an increase in the rate of carbonation
and thereby accelerating the hardening. The carbohydrate rich organic additives
increased the CO2 content throughout the mortar. Hence increased the strength and
durability of lime mortars used in the repair of heritage structures.
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1 Introduction

Lime mortar was prominently used as a construction material in historic times [1].
Lime was used as a binding material along with aggregates since the fourth century
which replaced the ancient construction materials clay and gypsum [1]. Historic
buildings serve to provide aesthetical and cultural significance in a society. Conser-
vation of historic buildings has gained importance in recent times due to the damages
and deterioration of heritage structures by physical and chemical factors [3]. The
restoration works on these heritage structures are carried out considering the compat-
ibility of ancient and modern construction materials [2]. Hence the demand for lime
based mortars have increased as cement based mortars prove to be incompatible with
the oldmortars. The higher strength of cement basedmaterials makes it inappropriate
for repair as it limits the ability to allow movement with the old mortar [2].

Lime mortar exhibits properties like fresh state properties and hardened state
properties. The fresh state properties include workability and better water retention.
The improved workability depends on the plasticity of the mortar and makes the
construction easier.Goodwater retention property of lime enhances its ability to resist
water penetration while being themore breathable and environment friendlymaterial
[17]. The hardened state properties of lime mortar like strength and durability makes
it a better repair material. Hardening of lime mortar is a gradual process after the
setting of mortar, where the mortar attains its strength progressively [1]. Hardening
of lime mortar occurs on drying by crystallization and also through carbonation
process that precipitates calcium carbonate crystals [18]. This process helps in the
subsequent strength gain and resistance to stresses. However this is a slow process
and the desired outcome is obtained after long time. The increased durability of lime
mortar was evident from the ancient structures all over the world. The durability
was enhanced by using additives which act as water repellent agents that protects
the structures from harmful weathering agents [9]. Calcite, vaterite and aragonite
are the commonly known polymorphs of calcium carbonate of which calcite being
the most stable and vaterite the least [5]. The delay in the transformation of vaterite
to calcite prolongs the drying process and also increases the durability [14]. The
porosity of lime mortar also plays a major role in protection from harmful agents
and also moisture control [17]. It controls the water absorption and gas permeability
characteristics which aids in the carbonation process and hence in the strength and
durability of lime mortar [19]. The performance and the properties of lime mortar
depend on the morphology and microstructure of calcium carbonate crystals [4].
Calcium carbonate crystals are formed as a by product of carbonation process.

Carbonation of lime mortar is a chemical reaction which involves the diffusion
of atmospheric carbon dioxide and reaction with calcium hydroxide resulting in the
formation of calcium carbonate crystals [6]. The diffusion of CO2 gas occurs through
the pores of the lime mortar and adequate water is required for the dissolution of
CO2 [19]. The chemical reaction is represented in “Eq. (1)” as follows:

Ca(OH)2 + CO2 + nH2O = CaCO3(n + 1)H2O (1)
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The precipitated insoluble calcium carbonate crystals occupy the pore spaces
present in the hardened mortar which makes it more compact and increases the
strength [18].An increase in volume is also observed during this process.Carbonation
affects the microstructure properties of lime mortar and its porosity [19]. It plays a
major role in the hardening of lime mortar and hence its durability. This process
primarily depends on the carbon dioxide content in the air and occurs on the surfaces
in contact with atmosphere. Natural carbonation is a slow process due to reduced
CO2 concentration in the air. Thus the complete carbonation of lime mortar may take
centuries to occur [7]. This explains the reason for reduction in use of lime based
materials nowadays.

Many researchers have done study on the increase in strength of limemortar using
various organic additives. Organic additives are used as source of carbohydrates,
proteins, polysaccharides and fats since ancient times as it helps in enhancing the
binding capability and also prevents cracking in lime mortar [8]. Characterisation of
ancient mortars by chemical and mineralogical analysis shows that organic additives
were used to enhance the properties like mechanical strength and durability. Various
organic admixtures like cactus plant extract, latex from rubber, resins, banana plant
leaves, oils, egg whites, jute, rice husk, sugarcane bagasse, areca nut, blood lime
and many other fruits and flowers were used for studying the influence on physical,
mechanical and durability properties [1, 9]. The availability of raw materials and
traditional production technology differs across the world. The water proofing prop-
erty of Euphoria lacter was utilized by the African and south American region [10].
The juice extracts of fruits, keratin, egg whites and blood of bullocks were used as
polymers in Egypt during ancient times [11]. Tung oil was used in earlywooden ships
and special structures in China as it acts as a sealant and provides better moisture
resistance. Shiqiang Fang et al. (2014) highlights the performance of tung oil lime
mortar and shows increased mechanical properties and resistance to moisture and
weather compared to the reference lime mortar [12]. Increase in mechanical strength
was observed with the use of sticky rice as an admixture in lime mortar [4]. Cissus
Glauca Roxb extract greatly influenced the compressive and flexural strength of the
hydraulic lime mortar. The hydrophobic nature of the polymer led to the blockage
of capillary pores which protects the structure from moisture penetration and weath-
ering agents [16]. The various organic additives used in India include pulp of fruits,
flowers, beans and leaves soaked in oils [13]. The studies conducted by Thirumalini
et al. provide information on the influence of organic additives on the mechanical
strength and durability of the structure. The presence of carbohydrates and proteins
greatly influenced the strength and longevity of the structure [14, 15].

Studies have revealed that addition of organics to lime mortar improves its prop-
erties whereas detailed information regarding the influence of organics and its ability
to accelerate the carbonation process and enhance hardening is not available. The
present study aims in accelerating the hardening process with the help of organic
additives. The influence of organics on the physical, mechanical, chemical and dura-
bility properties of lime mortar was studied. The organic additives used in this study
include Vitis vinifera (Raisins), Vita vinifera (Zante currant) and Phoenix dactylifera
(Dates). They commonly belong to the group of dry fruits and are rich in nutrients
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like carbohydrates, proteins, calories and other minerals. Since they are rich in carbo-
hydrate content which helps in increasing the rate of carbonation, it accelerates the
hardening process and improves its strength. Comparative study on the effect of each
organic type is conducted. The limemortar was prepared with lime to aggregate ratio
of 1:3, 0.75 water-binder ratio and with the addition of organic admixtures in various
concentrations (0%, 2%, 4% and 6%). The physical properties like porosity, water
absorption and bulk density were studied. Compressive strength was the mechan-
ical property analyzed. The durability and resistance of lime mortar specimens were
determined through the capillary rise test. The carbonation ratewas identified through
the phenolphthalein test. Analytical study on the mineralogical composition of the
modified limemortarwas conducted through techniques such asXRDandFTIR. This
validation provides detailed information on the chemical reactions and compositions
in organic modified lime mortar which contributes to the improved properties.

2 Materials and Experiments

2.1 Raw Materials

The procurement of hydrated air lime powder was from Valasaravakkam, Chennai.
Lime powder sieved under 90 µ sieve was used for the preparation of mortar speci-
mens. River sand of specific gravity 2.67 was used as fine aggregates for lime mortar.
The sieve analysis was performed as per IS: 2386 (Part 1) 1963 [20]. The fine aggre-
gates sieved under the sieve size 4.75 mm was used for the study. The mineralogical
composition of lime powder and sand was determined using XRD analysis. The
workability test of lime was performed according to IS: 6932 (Part 8) 1973 [21] and
the water to binder ratio of 0.75 was adopted from the test. The initial setting time
and final setting time of lime was determined according to the code provisions IS
6932 (Part 11) 1983 [22].

The utilization of organic additives in ancient construction was determined
through characterisation of historic mortars and materials. This study aims in using
carbohydrate rich organic additives like Vitis vinifera (Raisins), Vita vinifera (Zante
currant) and Phoenix dactylifera (Dates). These organics are categorised as dry fruits,
which contains high amount of carbohydrates and proteins. The presence of polysac-
charides, proteins and amides and the chemical bonding was determined through
FTIR analysis of these organic additives. All the three organics were soaked in water
and then grinded to paste form. These were added to the lime mortar mix in various
concentrations (0, 2, 4 and 6%) of water during the casting process.
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2.2 Mortar Specimen Preparation

The workability of lime was determined through the flow table test and the confir-
mation was done through initial flow test. As per the results the optimum water/lime
ratio of 0.75 was adopted for the preparation of lime mortar. The lime to aggregate
ratio of 1:3 has been proven to be most appropriate for conservation of heritage
structures, hence this ratio was adopted. The organic addition was carried out as a
percentage of the water required for the mortar.

The required amount of binder, fine aggregate and water was mixed in a basin
and filled into cube shaped moulds of size 50× 50× 50 mm. Light compaction was
provided by pressing with thumb and tamping. Three set of lime mortar cubes with
different organics (in various percentages) and a reference mortar was prepared. The
samples were given codes such as Reference (R), Zante Currant (Z- 2%, 4%, 6%),
Dates (D- 2%,4%,6%), Raisins (R- 2%, 4%, 6%). The mortar cubes were casted and
demoulded on the 5th day and kept for curing under room temperature for 28 days
and 90 days.

2.3 Experimental Investigation

The compressive strength of the mortar cubes were determined through the compres-
sive strength test according to IS: 6932 (Part 7) 1973 [23]. The physical properties
like bulk density, water absorption and porosity was identified according to RILEM
(1980). The core sample was taken after the compression test and powdered finely
for the secondary tests. The mineralogical and chemical composition of the hardened
mortar was determined through analytical techniques like XRD and FTIR. X-Ray
Diffraction spectroscopy helps in identifying the mineral composition of limemortar
using Cu Ka radiations. The presence of calcite, vaterite, quartz and other minerals
were obtained through the analysis which was interpreted using X-Pert High score
software. The graphical representation of the results was plotted using Origin soft-
ware. Fourier Transform Infrared spectroscopy was used as a supplementary to XRD
and to identify the organicmaterials and chemical bonding of the sample. The carbon-
ation test using phenolphthaleinwas conducted on limemortar samples to identify the
depth of carbonation. The difference in colour during the phenolphthalein test indi-
cates incomplete carbonation. Durability test such capillary rise test was conducted
on the mortar specimens after the curing period.
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3 Results and Discussion

3.1 Test on Raw Materials

The mineralogical composition of lime was obtained from XRD analysis. The pres-
ence of high calcium content was evident from the graph shown in “Fig. 1 XRD
pattern for air lime”. The predominant compound present in the lime sample was
Ca(OH)2 which confirmed it can be used as air lime (Table 1). The particle size
distribution of fine aggregate (river sand) is shown in “Fig. 2”. The obtained curve
indicates that the aggregates are well graded. The XRD analysis of fine aggregates
shows high silica content in the form of quartz. The initial setting time of lime was
found to be 2 h and 45 min and the final setting time was found to be 13 h.

The results obtained from FTIR analysis of the organic additives are shown in
“Fig. 3a Dates, 3b Zante Currant, 3c Raisins”. The interpretation of results shows that
the absorption bands 2933, 1026 and2931 cm−1 indicates the presence of polysaccha-
rides. These strong bands represent C–H group and C–O–H or C–O–R group which
are alkanes and secondary cyclic alcohol. The peaks 1631 cm−1 and 1629 cm−1 shows
C= C bond which indicates the presence of proteins and amides. Peaks representing
C = O and O–H bands are also present.

Fig. 1 XRD pattern of air lime

Table 1 XRD analysis of
lime

Compounds Proportion

Portlandite (P)—Ca(OH)2 Predominant compound

Calcite (C)—CaCO3 Low proportion

Calcium Oxide—CaO Traces obtained
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Fig. 2 Particle size distribution graph of river sand

3.2 Test on Hardened Mortar

Mechanical Properties. The mechanical property of the reference lime mortar and
the organic modified lime mortar was determined through the compressive strength
test conducted on the INSTRON testing machine. The lime mortar samples after
28 days of curing were subjected to compressive strength test. The results obtained
have been shown below in “Fig. 4”. The strength gain is not prominent in the lime
mortar specimens with organics after 28 days whereas the strength has increased
almost twice after 90 days of curing. A comparative study reveals that out of the three
organics the addition of raisins in 4% concentration has shown themaximum strength
gain. The compressive strength of lime mortar with raisins R-4% is 1.367 N/mm2 at
28 days and 2.76N/mm2 at 90 dayswhichwas higher than the referencemortar. From
the results it is evident that an increase in strength is attained due to the presence of
polysaccharides and proteins in organics. The polysaccharides initially slow down
the process of drying and helps in attaining strength in the later stages. The moisture
content of the lime mortar is retained by the polysaccharides which facilitate the
diffusion of CO2 [4]. The reduction of polysaccharides to CO2 due to fermentation
helps in the carbonation process by providing more CO2 content throughout the
mortar and increase the calcite formation. Thus the organic addition enhances the
properties of lime mortar.

Mineralogical Analysis. The mineralogical composition of the hardened mortar
was identified through XRD analysis. The XRD results obtained for lime mortar
with organic additives are shown in “Fig. 5”. The high intensity peak of calcite was
observed in both the reference mortar as well as the mortar with Raisins −4% addi-
tion. This shows the occurrence of carbonation process and conversion of portlandite
to calcite. Portlandite peaks with medium intensity was also observed in organic
modified samples which indicated the conversion process was to endure. These were
only observed as traces after 90 days of curing. The presence of Quartz, Dioptase,
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Fig. 3 a FTIR analysis of Dates (Phoenix dactylifera). b FTIR analysis of Zante Currant (Vita
vinifera). c FTIR analysis of Raisin (Vitis vinifera)

Titanite, Genthelvite and Gismondine was observed in the organic added mortar.
Gismondine (Calcium Aluminium Silicate Hydrate) was found in both the reference
and organic modified lime mortar samples and Gryolite (Calcium Silicate Hydrate)
was found in the reference sample. The presence of these compounds in lime mortar
indicates the hydraulic reactions of limewith silicates (SiO2) and aluminates (Al2O3)
which helps in hardening of mortar and imparts strength to the mortar. The calcium
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Fig. 4 a Compressive strength of lime mortar after 28 days. bCompressive strength of lime mortar
after 90 days

hydroxide present in the hydraulic lime has been converted into calcium carbonate
crystals in lime mortar confirming to the strength and hardening of the mortar.

The confirmation of XRD results was carried out using the FTIR spectroscopy
and represented in “Fig. 6”. The identification of organic was done through the
FTIR analysis. The strong and medium bands at 1409, 873 and 711 cm−1 indicate
the presence of calcite (calcium carbonate) showing CO3 bending vibration. The
intensities of peaks are higher for lime mortar with organic addition. The absorption
band at 1033 cm−1 shows the presence of aluminium silicates and the sharp medium
bands at 3641 cm−1 shows hydroxyl group and amides with O–H stretching. The
broad peak at 1004 cm−1 indicates the C = C bending.

Physical Properties. The bulk density, water absorption and porosity of the lime
mortar samples were determined and tabulated below in “Table 2”. The bulk density
of the reference mortar was slightly less compared to the lime mortar with organics.
The bulk density of lime mortar with raisins was found to be 2.31% higher than
the reference mortar, lime mortar with zante currant has 2.03% and dates has 1.12%
higher bulk density. The reduction inwater absorption and porosity values for organic
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Fig. 5 XRD results of: a Reference lime mortar, b Lime mortar with Raisins, c Lime mortar
with Dates, d Lime mortar with Zante Currant [C-Calcite, P-Portlandite, Q-Quartz, G-Gismondine,
D-Dioptase, T-Titanite]

Fig. 6 FTIR results of lime
mortar samples

added lime mortar conveys the hydrophobic nature of the organics which consists of
proteins and amides. The hydrophobic property of the organic prevents the absorption
of water and other solvents and thus increases strength and durability. The water
absorption was found to be the least for the lime mortar samples with raisins −4%
addition.
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Table 2 Physical properties
of lime mortar

Sample Water
absorption(%)

Porosity (%) Bulk density
(g/cm3)

Reference 14.4 25.8 1.77

Dates 14.3 25.7 1.79

Zante Currant 13.9 25.2 1.806

Raisins 13.4 24.4 1.811

Carbonation. The phenolphthalein test was performed to determine the depth of
carbonation on the lime mortar samples. The carbonation test results show dark pink
colour towards the inner core and light colourless portion on the exterior surface.
This indicates that carbonation has occurred predominantly on the outer surface of
themortar which is in contact with atmospheric CO2, while the interior portion shows
less carbonation. The presence of carbohydrates in the organic aids in carbonation
process which helps in conversion of Ca(OH)2 to CaCO3. The depth of carbonation
was determined as 0.3, 0.15 and 0.2 cm for mortar with organics while 0.1 cm depth
obtained for lime mortar without organic additives. The carbonation process helps
in the hardening of lime mortar and consequently in the strength gain and durability
(Fig. 7).

Fig. 7 Carbonation indication on lime mortar samples: a Reference, b with Raisins, c with Dates,
d with Zante Currant

Durability Properties. The durability property was determined using the capil-
lary rise test. The results obtained are listed in the “Table 3”. The coefficient of
capillary rise of water for the lime mortar samples with organics have decreased
compared to the reference lime mortar sample. From the results the samples with
organics Zante currant and Raisins have given maximum resistance to capillary rise.

Table 3 Capillary rise test
results for lime mortar
samples

Lime mortar sample Capillary rise
coefficient of water (kgm−2 s−0.5)

Reference 1.7

Zante Currant 0.8

Dates 1.5

Raisins 0.8
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The presence of organics plays a vital role in resisting the capillary rise of water
and other solutions. The hydrophobic property of the organic additives resitricts the
capillary suction through the pores. This proves to increase the durabilty of the lime
mortar and thereby prevention of structural damages from weathering agents and
rain water.

4 Conclusion

The present study on the impact of organic addition on the hardening of lime mortar
has enlightened the influence of organic in lime mortar and heritage structures. The
physical, mechanical, mineralogical and durability properties of lime mortar with
three different organic additives were analyzed and compared. A comparative study
on the effect of the three organic additives on lime mortar has revealed that the
addition of Raisins in 4% concentration have produced the maximum effect on the
properties of lime mortar. Higher compressive strength was obtained at an earlier
stage after 28 days of curing for the lime mortar samples with raisins. As these
dry fruits are rich in carbohydrates, the polysaccharides act as moisturizing agents
as well as reduce to form CO2. Thus increasing the CO2 concentration throughout
the mortar and thereby increasing the rate of carbonation. The presence of calcite
and CAH observed through XRD and FTIR analysis shows evidence for strength
gain due to the hydraulic and carbonation reactions. The carbonation profile attained
through the phenolphthalein test provided the depth of carbonation. The presence of
proteins, amides and hydrophobic groups in the organics improved the physical and
durability properties of the lime mortar. The water repellant property reduced the
water absorption through the pores enhancing the strength and preventing damage.
The capillary rise coefficient also decreased with organic addition indicating higher
durability of the lime mortars. Hence it can be inferred that the addition of carbohy-
drate rich organics in limemortar has improved its properties and aids in the hardening
process. Improved durability and acceleration in mechanical strength proves to be
functional for the repair works in heritage structures and its conservation.
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Abstract In this study, the objective was to verify whether or not the classical
Richard-Fick model was able to take into account the size effect on drying. First,
mass loss experiments are made on ordinary cement paste cylinders of 3.6 × 18 cm
geometry that enable us to calibrate the model parameters. Second, the quality of
identification and drying model was checked by predicting mass loss evolution of
small prism of 1 × 5 × 10 mm size dried at different steps of relative humidity.
The results demonstrate that the present drying model is able to predict the drying
of specimen for different sizes and levels of humidity at ambient temperature. And
finally, drying shrinkage experiments for different rates of drying are performed on
cement paste cylinders of 3.6 × 18 cm; then, the prediction of drying shrinkage
evolution was made using a simple model where the drying shrinkage is supposed to
be linear with respect to the relative humidity. The result appears to be satisfactory.
Since the spatio-temporal evolution of water content is needed as input to shrinkage
prediction, the latter result confirms that the identification of dryingmodel parameters
is trustworthy.
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1 Introduction

On the one hand, drying of cement based materials is a key factor of durability of
concrete structures [1], therefore one needs to know its evolution on the long term
for such structures [2]. On the other hand, drying is a very slow diffusion process,
and may last for many decades for large structures such as large bridges or nuclear
power plants [3]. Thus a modeling is needed to bridge that gap. Usually, models are
calibrated on laboratory specimens [4] and then the parameters are used for prediction
at structural level. Yet it is important to verify whether or not, this model accounts
correctly for size effects. In this study, mass loss and sorption isotherm experiments
have been conducted on ordinary cement paste specimens, for different sizes and at
different rates of drying. Drying shrinkage measurement is also performed for some
specimens. A drying model accounting for water permeation and vapor diffusion, [5]
called Richards-Fick model in this paper is used to simulate the experiments. This
model is calibrated by inverse analysis and then used for prediction. The prediction
is shown to be very satisfactory. Therefore, we were confident to predict drying
shrinkage. By using the well-known drying shrinkage kḣ model proposed by [6, 7],
we were able to reproduce correctly the drying shrinkage at different drying rates
with a single set of parameters. First the method of study in introduced. Second the
experiment and simulation results are presented. Then the discussion on the results
is undertaken on the following section. And last, we end this paper with conclusion
on the whole study.

2 Method

2.1 Experiments

The material we studied is a cement paste, of 0.525 w/c ratio. A cement of type CEM
I 52.5 N is used, corresponding to the VERCORS concrete, [8, 9]. All specimen are
kept under endogenous conditions just after casting up to testing date. Below are
listed the different experiments of the study:

• Test CP1: Sorption isotherm of the material is characterized first by means of
dynamic vapor sorption (DVS).

• Test CP2: Mass loss measurement is made on specimen of 1 × 5 × 10 mm
geometry using the same DVS used to test CP1

• Test CP3: Mass loss and drying shrinkage tests are performed on cylinders of
3.6 × 18 cm size, for three humidity levels obtained with saline salt solutions,
embedded in specific designed chambers.

• Test CP4: A final test is made in testing room on cylinder of 3.6 × 18 cm size,
where humidity and temperature are kept constant (50% and 20 °C).
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2.2 Modelling

Drying model: The drying model used herein was implemented in code aster
(https://www.code-aster.org). A non-linear diffusion equation governs the evolution
of liquid water saturation degree S, modeled by “Eq. (1)”. The equivalent coefficient
of diffusion D in “Eq. (2)” takes into account for permeation of liquid and diffusion
of water vapor in the porous network of the material.

∂S

∂t
= ∇(D(S)∇S) (1)

D = ∂Pc
∂S

⎡
⎣ K0krl(S)

∅μl

(
1 − ρv

ρl

) + Dv0d(S)(
Mv

ρl RT
)
2

Pvsat e
(

PcMv
ρl RT

)
⎤
⎦ (2)

Pc = a
(
S−b − 1

)1− 1
b (3)

krl = Snk
(
1 − (

1 − Sb
) 1

b

)2
(4)

Dv(s) = Dv0∅
amq (1 − S)bmq (5)

where:

• S is the liquid water saturation degree, chosen herein as the internal variable of
the model

• K0 is the intrinsic permeability of the material to be identified
• Pc is the capillary pressure which can be related to saturation degree using Van

Genuchten [10] two parameters relation and reads “Eq. (3)”; where b is the same
as in krl relation, and a, a parameter to be identified on desorption isotherm of the
given material.

• krl is the relative permeability of thematerial, which depends on saturation degree.
A choice is made here to use Mualem empirical relation “Eq. (4)” [10], where nk
is a material parameter to be identified.

• Dv(s) is the vapor diffusion coefficient of the material, it decreases when the
water content increases. It is chosen here to use Mualem [10] equation shown
in “Eq. (5)”; where Dv0 is the diffusion coefficient of the material at dry state;
amq , bmq are the parameters describing the tortuosity of the material and are to be
identified by inverse analysis on mass loss experiment.

• ∅ is the porosity of the material measured experimentally,
• ρl , ρv , Mv are, respectively, the bulk density of liquid water, the bulk density of

vapor, the molar volume of vapor.
• T is temperature, considered to be constant in thismodelling and R is the universal

gas constant.

https://www.code-aster.org
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• The boundary condition adopted here is of Robin type and reads “Eq. 6” where
Se is the equivalent saturation degree of water in air close to drying surface, Si
the saturation degree at drying surface level and Cs the surface exchange factor
to be identified.

fs = Cs(Se − Si ) (6)

Drying shrinkage:
The drying shrinkage is supposed to be proportional on the humidity change rate [7]:

ε̇ = kḣ (7)

2.3 Identification Method

DryingmodelFirst parameters a and b of capillary pressure in “Eq. (3)” are identified
using sorption isotherm measurement (Test CP1, see “Fig. 1”). The calibration of
the isotherm is very satisfactory.

Second parameters K0 and nk describing liquid water permeation in porous media
are determined using Test CP4, and Dirichlet boundary condition, see “Fig. 2”.

And last, the parameters amq accounting for tortuosity of the material and the
surface factor Cs accounting for real boundary condition are fixed by performing
optimization on mass loss measurement of Test CP3-1. Experimental results of CP3-
2, and CP3-3 are only used in aim of prediction, see “Fig. 3”.

Fig. 1 Fitting experimental
isotherm of Test CP1 of
cement paste w/c = 0.525 by
Van Genuchten model
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Fig. 2 Identification of
intrinsic water permeability
K0=1.02 10−21 and the
relative permeability
parameter nk= 2.52 on
experiment Test CP4

Fig. 3 Identification of amq
and Cs on mass loss
measurement performed on
cement paste W/C = 0.525,
cylinders of 3.6 × 18 cm

As a further validation of the drying model identification shown on “Fig. 3”
following the procedure described above, let us now show that the model is able
to reproduce the mass loss evolution of the very thin specimen (1 × 5 × 10 mm)
used in Test CP2, except for the last humidity step of 5% RH. The results are shown
on “Fig. 4” where red curve corresponds to simulations results with Robin type
boundary condition, (the surface factor used herein is the one identified above) and
the black curve is what is obtained using Dirichlet type boundary conditions.

Drying shrinkage: To simulate contraction caused by drying, a full water trans-
port analysis is necessary. A spatio-temporal evolution of water obtained, thanks to
the present calibrated Richards-Fick model is used as input for shrinkage model cali-
bration. Then only one parameter has to be identified for all specimen. It is identified
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Fig. 4 Prediction of mass
loss of small prism (1 × 5 ×
10 mm) of 1 mm drying
thickness performed by DVS
(Test CP2)

Table 1 Identified parameters of the drying and drying shrinkage models

K[m2] nk [-] amq [-] Cs [Kg.m−2.s−1] k[-]

1.0210−21 2.52 5 3.610−9 0.008

Table 2 Fixed parameters of drying model for the studied material

∅[−] ρb[Kg.m−3]a Sinit[−]b bmq [−] Pvsat [Pa] μl [Pa.s] ρv[Kg.m−3] T [K ] R[Kg.m2s−1]
0.465 1870 0.99 4.2 3062 0.001 0.018 293 8.314

aBulk density of cement paste
bInitial saturation for all studied specimen

on test CP3. All the parameters are displayed on “Table 1” for identified parameters,
and “Table 2” for fixed ones. The temperature was kept constant in all experiments,
close to 20 °C and the relative humidity condition for each test is displayed on the
corresponding figures.

Once the shrinkage parameter identified, the agreement with the experimental
results is satisfactory for all drying rates, ref “Fig. 5”.

3 Discussion

The Richards-Fick model parameters have been identified successfully on various
experimental tests performed on specimens of different geometry, size and level
of drying humidity. Usually the model is used for relative humidity above 50%,
where the contribution of vapor to drying process might be neglected [5]. For the
present study, it is shown that the model can be used to predict mass loss up to 20%
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Fig. 5 Identification of
drying shrinkage model
described above, using Test
CP3 1, 2, 3, k = 0.008

relative humidity tests by taking into account the vapor diffusion contribution in the
modeling. A question may raise to know whether the surface factor Cs incorporated
for identification cannot imped the identified parameters. To ensure that it is not
the case, we identified the contribution of liquid water permeation parameters (K0,
nk) on Test CP4, performed on vast room regulated on temperature and humidity,
enough to allow instantaneous exchange between the exposed drying surface of
specimen, with its environment. But in case of Test CP3, the exchange speed at
the specimen surface with atmosphere, was very low, because of use of hermetic
chamber without any ventilation. It was then necessary to introduce surface factor on
boundary conditions, to reproduce the experiments. ThepredictionmadeonTestCP2,
Fig. 4 demonstrate that Cs is specific to Test CP3 and the drying material parameters
identified herein are intrinsic to thematerial. The calibratedmodel was able to predict
correctly the mass loss evolution of specimen of 36× smaller size, for different steps
of relative humidity ranging from 98% up to 20% RH. For the step of 5% RH, the
model underestimates the mass loss. Another good surprise, is that we noticed that
the simplified drying shrinkage model based on the proportionality between drying
contraction and humidity change rate was able to predict the experiment results for
different drying rates, and for humidity below 50% relative humidity. We think that
is was made possible thanks to use of real sorption isotherm of the material. This
point will be investigated further by testing other models.

4 Conclusion

In this study, Richards-Fick model is tested against different sets of experimental
data, and the identification of the model is shown trustworthy, since the identified
parameters are calibrated and allow to predict mass loss measurement of specimen of
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different geometry, size and drying conditions. The dryingmodelwas able to simulate
drying condition down to 20% RH at ambient temperature, and assuming the drying
surface exchange factor Cs to be infinite, is quite realistic, if air ventilation at the
drying surface is speed enough to allow removing instantaneously the water vapor at
the specimen surface. It was also found that if the desorption isotherm of the material
is measured and calibrated properly, and if the Richards-Fick drying model to get
a realistic moisture distribution inside the specimen, the phenomenological drying
shrinkage model ε̇ = kḣ, can predict correctly the strain evolution, for different
drying rates and for relative humidity up to 20% at ambient temperature. More
investigation on drying shrinkage, both for experimental and numerical point of
view is undergoing now, and the results will be available soon.
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Self-healing Capacities of Mortars
with Crystalline Admixtures

Lina Ammar, Kinda Hannawi, and Aveline Darquennes

Abstract The aim of this research study consists of determining the self-healing
capacities of cement-based materials incorporating Crystalline Admixtures (CA)
such as permeability and shrinkage reducers. Mortars with three different types of
CA were studied. At 28 days old, specimens were cracked by means of a three-point
bending test to obtain a single crack characterized by a width varying from between
120 and 200 µm. Thereafter, the specimens were kept under water and the self-
healing process was monitored by means of the crack width and area measurements
at 35 and 120 days after cracking. From these first experimental results, it appears
that specimens without CA and with calcium sulphate are characterized by a higher
healing rate. This difference of behavior between the mortar mixtures is probably
related to their microstructure. To confirm this hypothesis, their hydration products
and their porosity were characterized at 28 days.

Keywords Crystalline admixture · Self-healing · Expansive agent

1 Introduction

Reinforced concrete structures often present cracks due to mechanical loadings or
environmental conditions. These cracks are a weakness for the structure’s lifespan.
Indeed, aggressive agents’ penetration is easier and degradation processes are accel-
erated reducing the service life of concrete structures and increasing their rehabili-
tation costs [1, 2]. A solution for limiting repair costs and improving the concrete
structure’s durability consists in the self-healing materials development [3]. A self-
healing material can be described as a material having a capacity of repairing itself.
This process could take place in concrete structures leading to a partial or complete
closing of cracking.
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One type of self-healing is “autogenous healing”. It takes place in small cracks
under moister conditions thanks to the hydration of unhydrated particles and the
carbonation of hydration products [4–9].When anhydrous particles located along the
crack come into contact with water, the reaction between them create new hydration
products (generally in young concrete). Moreover, the calcium ions released from
the portlandite/C–S–H produced by cement hydration, react with carbonate ions in
water to form calcium carbonate (generally in mature concrete). The formation of
these new products contributes to close partially or totally the cracks [4–6, 10, 11].

Several studies try to enhance the self-healing capacity of concrete using mineral
additions (blast-furnace slag and fly ash) thanks to their delayed hydration [12–18].
However, the performance of autogenous healing depends strongly of the cracks
dimensions [19], the concrete age [14] and the curing conditions [20, 21]. For these
reasons, new concepts of healing have been investigated in the last years like the use
of Crystalline Admixtures (CA) [11, 19–22, 25, 28].

As reported in the ACI Comittee 212 [23], CA consist of proprietary active chem-
icals provided in a carrier of cement and sand. They are generally added to concrete
mixture to reduce its permeability and/or shrinkage. The active chemicals react with
water to produce supplementary products in the concrete porosity. CA using as per-
meability or shrinkage reducing admixtures are treated in several studies on the
self-healing [10, 15, 19–22, 28]. It appears that several parameters can influence
the CA efficiency to seal cracks, i.e. concrete’s composition, CA’s composition and
content. Moreover, it was found that the presence of water is generally critical for
the self-healing process of cementitious material with CA [10, 11, 19–22].

The main results of these previous studies are summarized hereafter:

• Cracks smaller than 300µmcan be 90%healedwhen from 1 to 4%of permeability
reducer (by cement weight replacement) is added to mixture [11, 20, 21]. The
healing rate evaluated by means of permeability tests is improved in the presence
of a permeability reducer [19, 21].

• The shrinkage reducer admixtures especially the expansive agents can reduce
effectively the concrete shrinkage. Several types of admixtures can be used: iron
powder, alumina powder, calcium oxide, calcium sulfoaluminate, and magnesia
[27]. Their chemical reaction with water leads to a macroscopic volume expansion
due to the formation of an important content of expansive products at early age.
The crystallization and swelling pressures of these products allows compensat-
ing/reducing the autogenous shrinkage of cementitious materials [27].
The cementitious materials with 10% of calcium sulfoaluminate based expansive
agent (CSA-type) was able to seal cracks up to 300 µm by the formation of ettrin-
gite inside the cracks [16, 21, 28].
The addition of MgO-based expansive agents leads to the formation of brucite
reducing the autogenous shrinkage [24–26]. But, the effect of MgO-based expan-
sive agents on self-healing is not very well investigated.

The main objective of the present study is to analyze the impact of CA on the self-
healing of mortar, particularly for the MgO-based expansive agent. Its effect on the
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healing process is compared to that of two other CA: another shrinkage reducer with
calcium sulfoaluminate and a permeability reducer. Image analysis is used tomonitor
the CA effect on the evolution of crack surface/width. Moreover, the microstructure
(porosity, hydration products) of the studied mixtures are investigated in order to
understand these experimental results.

2 Experimental Investigations

2.1 Materials and Mixture Proportions

In this study, the healing capacity of fourmortars madewith a Portland cement (CEM
I 52.5 N), standard sand (0/2) and several types of Cristalline Admixtures (CA) is
studied. Theirwater/binder and sand/binder ratios are equal to 0.45 and2 respectively.
Several types of CA are tested: one permeability reducing admixture in the mixture
namedCa1.5 hereafter, as well as two shrinkage reducing admixtures in the mixtures
named Mg5 and CSA10 hereafter. They differ by their main compound: MgO for
Mg5 and calcium sulphate for CSA10. The CA proportions are given in the Table 1.
Their proportion is based on the values recommended by the manufacturer, as well as
on the results from the literature. To determine the effect of CA, a mortar without CA
-named Ref - is also tested. To obtain an acceptable and similar workability (Table 1),
a superplasticizer (Sika ViscoFlow-800 Power) is added (0.3% of cement mass).

2.2 Experimental Program

After mixing, the prismatic specimens (28 × 7 × 7 cm3) are demolded at 1 day old
and kept at 20 ± 2 ◦C and 95 ± 5 of % Relative Humidity (RH) until 28 days old.

Methodology for the Evaluation of Self-healing. The methodology for monitor-
ing the self-healing process consists of two stages: (1) cracking of specimens, (2)
monitoring the evolution of geometrical parameters of cracks (width and total area).

Table 1 CA and cement proportions (%)—Fresh mortars properties

Composition Ref Ca1.5 Mg5 CSA10

Cement 52.5 N 100 98.5 95 90

Crystalline additive – 1.5 5 10

Average slump (cm) 11.5 11.5 11 12

Air content (%) 2.1 1.8 3.5 3.5
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Cracking of Specimens. The mortar specimens are cracked at 28 days old by means
of three points bending test (Fig. 1a). The loading speed is fixed at 0.03 mm/min, and
the crack width is located between 120 and 200µm. It is controlled by a specific ruler
during the cracking test (Fig. 1b). After measuring the geometrical crack parameters
(width and total area), all the specimens are kept under water and laid on the no-
cracked face. All the samples from the same mortar composition are kept in the same
container.

Evaluation ofCrack. Tomonitor the geometrical crack parameters and thus the self-
healing process, two zones (height= 3 cm) along the crack located on the lateral and
bottom faces of the tested specimens are analyzed (one zone on each face). The crack
width is measured on zones representative of the global crack, i.e. without defects,
such as missing pieces of the cementitious matrix, parallel cracks, inclined crack
path, etc. For each zone, ten points are chosen to measure the crack width during the
healing process. The crack evolution is monitored using a reflective microscope. The
pictures are analyzed by means of the “Image J” software. Each picture is binarized
to separate the solid phase (white pixel) and the void (black pixel) related to the crack
(Fig. 2). The pixel size is equal to 14 µm. Crack width and area are measured at the
cracking day (28 days old) and 35 and 120 days after cracking.

Microstructure Characterization. Microstructure (hydration products, porosity)
of the studied mixtures is characterized on 28 days old specimens kept at 20 ± 2 ◦C
and 95 ± 5 of % of RH. The hydration products (portlandite, brucite and calcite)
are determined using ThermoGravimetric Analysis (TGA) by means of the Eqs. 1,
2 and 3. During the test, the temperature varies from 20 to 1000 ◦C with a rate of
10 ◦C/min. Before the test, samples are crushed and ground, therefore, ∼70 − −90
mg of powdered sample are kept in nitrogen environment during the test.

(b)(a)

Fig. 1 3-Point bending test with a beam span of 21 cm (a)—Crack width controlled with a specific
ruler (b)
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Fig. 2 Panoramic picture of the crack located on the bottom face of specimen just after cracking
and its binarized picture

• brucite ∼250–400 ◦C [30];

Mg(OH)2 −→ MgO + H2O (1)

• portlandite ∼400–600 ◦C [31];

Ca(OH)2 −→ CaO + H2O (2)

• and calcite ∼ 600 − −1000◦C [29];

CaCO3 −→ CaO + CO2 (3)

For porosity, sorption analysis in nitrogen environment is performed on powdered
samples (900–1000 mg) dried at 110 ◦C during 24 h. According to IUPAC [32] , the
pore size of cementitious materials can be classified as following: micropores (<2
nm), mesopores (2–50 nm), and macropores (>50 nm). So, the sorption analysis is
adapted to identifymesopores.Moreover, to identify the total porosity, three cylindri-
cal specimens (�4XH6 cm) of eachmixture are tested. At 28 days old, the specimens
are saturated in water and under vaccum for 48 h. After that, their air and hydrostatic
weighings (Mair and Mhyd respectively) are measured, and they are placed at 40 ◦C
until constant weight change is achieved (weight change is not greater than 0.05%
in 24h). Then, the dried mass (Mdry) is measured and the total porosity is calculated
using Eq.4.

Total porosity = Mair − Mdry

Mair − Mhyd
(4)
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3 Results

3.1 Self-healing Results

Figure3 shows the evolution of crack on the bottom and lateral faces for the four
studiedmortarmixtures.On the bottom face, the initial crackwidth (Day0) is superior
to 120 µm, while the initial crack width on the lateral face varies between 90 µm
and 150 µm. The comparison between the pictures shows clearly that the lateral
crack area decreases faster. So, the crack size affects the healing rate. Moreover, the
healing products content is also more important in the lateral crack, particularly for
the mixture without CA (Ref ).

To quantify the Self-Healing Rate (SHR), the Eq.5 is used and the results are
presented on Fig. 4. The crack area is determined using Image J.

SHR = 1 − Crack area at time t
Initial crack area

(5)

Figure4 presents theSelf-HealingRate for both bottomand lateral cracks.After 35
days of water curing, bottom cracks of Ref and CSA10 are more than 90% healed;
while Ca1.5 and Mg5 are 40% and ∼65% healed respectively. However, lateral
cracks are about 92% healed for Ca1.5 specimens, and completely healed for the
other mixtures. These results confirm the previous observations on the crack size
effect on the healing kinetics (Fig. 3).

After 120 days of water curing, the bottom crack of Ref, Mg5 and CSA10 show
a slightly better healing results (healing rate is increased around 10%), while the
healing rate of Ca1.5 bottom cracks is increased of 50%. But lateral cracks of all the
studied mixtures are completely healed at 120 days.

Fig. 3 Cracks on the bottom face (a) and on the lateral face (b) at the cracking day (Day 0), 35
(Day 35) and 120 days (Day 120) after cracking
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Fig. 4 Self-healing rate ofRef,Ca1.5,Mg5 andCSA10 after 35 days (•) and 120 days (◦) of healing
for bottom cracks (a), lateral cracks (b)

Fig. 5 Average self-healing
rate for Ref, Ca1.5, Mg5 and
CSA10

Figure5 shows the average healing rates after 35 and 120 days of water curing.
The mixtures with the highest healing rate are Ref and CSA10, both with an average
SHR equal to 95% and 99% respectively after 35 and 120 days. They are followed by
Mg5 with an average SHR equal to 83% and 87% after 35 and 120 days respectively;
and finally Ca1.5 shows the lowest SHR at 35 days. It increases up to 80% after 120
days.

3.2 Microstructure of Mortar

The microstructure of mortars is studied to understand the influence of crystalline
admixtures on the healing rate.

Hydration Products. From TGA measurements, brucite, portlandite and calcite
contents are measured using the Eqs. 1, 2 and 3. All mixes contain various contents
of classical cement hydration products (portlandite, and calcite) (Table2). Brucite is
only found in Mg5, mortar with 5% of MgO-based expansive agent. This confirms
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Table 2 Brucite, portlandite, and calcite contents (%) for Ref, Ca1.5, Mg5 and CSA10

Mass (%) Mg(OH)2 Ca(OH)2 CaCO3

Ref 0 9.08 2.30

Ca1.5 0 6.62 2.25

Mg5 4.17 9.03 1.90

CSA10 0 7.38 1.14

Fig. 6 Pore distribution measured by sorption analysis

Table 3 Total porosity (%) for Ref, Ca1.5, Mg5 and CSA10

Ref Ca1.5 Mg5 CSA10

Total porosity (%) 14.3 ± 0.32 14.0 ± 0.28 13.9 ± 0.14 13.3 ± 0.02

that the growth of brucite is favored in solutions rich in magnesium ions Mg2+, as
confirmed by other studies [24, 30].

Porosity of Mortar Mixtures. Figure6 presents the pore distributions in terms of
the pore radius. The results show that CSA10 and Mg5 have a lower volume of
mesopores (2–50 nm). According to Table3, it can be seen that all mixtures have a
very close total porosity (around 14± 1 % of the matrix). The crystalline admixtures
(MgO and CSA) added inMg5 and CSA10 mixtures are expansive agents leading to
the formation of brucite and ettringite respectively in the porous network. These two
hydration products are responsible of the swelling of the matrix when their volumes
are greater than that of the pores [24, 27, 30]. It can explain the difference between
their mesopore volume and that of Ref. Notice that the pore volume of Ca1.5 is
very similar to that of Ref (for both mesopores and total porosity). But, Ca1.5 did
not show a remarquable healing rate like Ref. To better understand these results, the
hydration reaction kinetics of each mixture will be followed by means of calorimetry
tests.
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4 Discussion

The studied CA affect differently the self-healing rate of mortars. The CA used in
Ca1.5 and Mg5 seem to reduce the healing capacity of the studied mortar (Fig. 5).
These admixtures are generally added to reduce the permeability and the shrinkage
respectively. So they affect the microstructure. In our case, the mortar with the per-
meability reducer Ca1.5 presents less portlandite free for carbonation and it is more
porous at the cracking age. In other studies [10, 21], the mortar with 1.5% of per-
meability reducer shows a good self-healing results. It is explained by the fact that
the hydration of permeability reducer has favored the formation of C–S–H and cal-
cium carbonate inside the crack. So, for this research work, more studies are needed
in order to evaluate the hydration process of the permeability reducer by means of
different techniques, i.e, calorimetry, XRD and TGA analysis. Another behavior is
observed forMg5: formation of a y product like brucite and smaller mesoporosity. It
can limit the water flow through the crack, slows down the ionic exchanges and thus,
delays self-healing. The addition of a shrinkage reducer containing calcium sulphate
(CSA10) leads to a self-healing capacity similar to that of the mortar without CA
(Ref ). An explanation of this observation could be related by the fact that the shrink-
age reducer content is important, and characterized probably by anhydrous particles
at the cracking age—free for crack healing. However, water permability tests will
be conducted on a cracked specimen for each mixture in order to better quantify the
healing capacity inside the crack. Furthermore, in order to evaluate their mechanical
recovery, a three point bending test will be performed on the healed specimens.

5 Conclusions

This paper has presented the results on the self-healing process in the presence of
crystalline admixtures (CA) such as permeability (Ca) or shrinkage reducers (MgO
and CSA-based expansive agents). Based on the present experimental results, the
following conclusions can be drawn:

• The self-healing rate depends strongly on the crack width: smaller cracks can be
reduced faster.

• Ref shows the highest healing rate-bottom cracks with 200 µm are completely
healed after 120 days of healing, followed by CSA10-bottom cracks with 130 µm
are 99% healed after 120 days of healing.

• The brucite and ettringite formation in Mgb5 and CSA10 explain their smaller
mesoporal volume.

It is important to keep in mind that the healing process depends on several fac-
tors (surrounding ions, saturation in carbonate, pH, temperature, etc.) [1]. So, the
difference of mortar’s composition can lead to different self-healed products and
consequently to different healing performances. However, regarding to the results,
more studies are needed to better understand the growth rate of both hydration and
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healing products of the studied mortars. So, different mortar parameters have to be
studied: hydration reaction kinetics, permeability and recovery ofmechanical param-
eters. Different mortars with different CA percentages have to be evaluated as well
in order to obtain a better self-healing process.
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In-Plane Behavior of Clay Brick Masonry
Wallets Strengthened by TRM System

Ali Dalalbashi , Bahman Ghiassi , and Daniel V. Oliveira

Abstract Due to the poor shear capacity of unreinforced masonry (URM) walls, it
is necessary to strength these elements in the masonry structures. Textile-reinforced
mortar (TRM) composites have received extensive attention as a sustainable solution
for seismic strengthening of masonry and historical structures. This new system is
composed of textile fibers embedded in an inorganicmatrix such as lime-basedmortar
and is applied on the masonry substrate surface as an externally bonded reinforce-
ment (EBR) system. Lime-based mortars are preferred for application to masonry
and historical structures due to compatibility, sustainability issues, breathability and
capability of accommodating structural movements.

Owing to the novelty of these materials in application to masonry structures,
several aspects related to their performance with URM wallets are still not clear. To
that end, a new study has been lunched that looks at the effect of textile-reinforced
mortar system on the improvement the shear capacity of clay brick wallets. For this
purpose, hydraulic lime-based mortar and the glass fiber are used, as TRM system.
The results show TRM composite increases the ultimate load of strengthened wallet,
in comparison to the URM wallet. Another key point to remember is that TRM
system causes the failure mode of wallet to change and improve its performance
under diagonal compression test.

Keywords Textile-Reinforced-Mortar (TRM) system · Diagonal compression
test · Shear · Hydraulic lime mortar · Glass fiber
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1 Introduction

Unreinforced masonry (URM) structures have shown poor seismic performance
during the earthquake [1, 2]. Since there are a large number of URM brick walls,
the necessity for seismic assessment and considering appropriate strengthening
techniques for these structures requires. One possible solution is to use exter-
nally bonded reinforcement system (EBRs) such as fiber-reinforced polymers and
textile-reinforced mortar [3, 4].

In an attempt to alleviate the drawbacks that arise from the use of fiber-reinforced
polymers (FRP), the textile reinforced mortar (TRM) composites have made the
former very interesting for externally bonded reinforcement of masonry and concrete
structures [5, 6]. The large variety of available fibers and mortar types allow devel-
opment of TRM composites with a large range of mechanical properties [7, 8]. In
addition, TRM system shows a pseudo-ductile response with distributed cracking,
which makes them intersting for seismic strengthening apllications [9, 10].

In the literature, some researches can be found in which URM walls have been
strengthened by TRM system and different parameters such as effect of the textile
and the mortar types, the number of textile layers, and symmetrical or asymmetrical
configurations were examined [11, 12]. Although in some studies the debonding
between TRM and substrate have not been reported, mechanical anchors cause the
performance of the strengthened wallets to increase, especially for the asymmetrical
configuration [13–15].

Sandblasting can be performed to increase the TRM-to-substrate bond instead of
mechanical anchor systemsproposed in the literature.Razavizadeh et al. [16] reported
that the sandblasted bricks causes the bond between TRM composite and substrate
to increase under single-lap shear test, in comparison with un-sandblasted bricks.
The aim of this study is to investigate the effect of glass-based TRM jacketing and
the surface treatment of the wallets on the in-plane shear behavior of brick masonry
wallets.

2 Experimental Program

The experimental program consists of a series of in-plane shear tests on the wallet
specimens. Three control specimens and six strengthened specimens are prepared
in which the surface of three strengthened wallets are sandblasted and the others’
surface keep as original. In this study, the wallets are nominated as URM, SS, and
OS, respectively. The detailed procedure followed for preparation of the specimens
and performing the tests are given in this section.
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2.1 Material Characterization Tests

TRM Composite. A commercially available hydraulic lime-based mortar (Plan-
itop HDM Restauro) as matrix and a woven biaxial fabric mesh made of an
alkali-resistance fiberglass (Mapegride G220) are used.

A high-ductility hydraulic lime mortar, named mortar M1, is prepared by mixing
the powder with the liquid provided by the manufacturer in a low-speed mechanical
mixer to form a homogenous paste. For mechanical characterization of the mortar,
compressive and flexural tests are performed (see Fig. 2a and b), according to ASTM
C109 [17] and EN 1015–11 [18]. Five cubic (50× 50× 50 mm3) and five prismatic
(40 × 40 × 160 mm3) specimens are used for each test. Specimens are cured for
seven days in a damp environment and then stored in the laboratory (20 °C, 67%RH)
until the age of 90 days.

The mesh size of reinforcing material is equal to 25 × 25 mm2, as shown in
Fig. 2a. According to the data technical sheet provided by manufacture, the area per
unit of width is 35.27 mm2/m. The direct tensile test is performed on the dry fibers (5
specimens) to obtain their tensile strength and elastic modulus. A universal testing
machine with a maximum load capacity of 10 kN and a rate of 0.3 mm/min is used
for these tests.

Masonry Wallets. The solid clay brick and commercial lime-based mortar (Mape-
Antique MC) are carried out to construct the masonry wallets. The dimensions of
solid clay brick are equal to 200 × 100 × 50 mm3. The compressive strength and
the flexural strength of the brick are characterized according to EN 772–1 [19] and
EN 1015–11 [18], respectively, in the flatwise direction. Figure 1c and b show the
performed test setup for measuring the compressive and flexural strength of bricks.
Six cubic (40 mm) and five prismatic (40× 40× 160 mm3) specimens are used for
each test. In addition, the lime mortar that is used as the bed joint and named mortar
M2 is characterized similar to the mortar M1.

Fig. 1 Materials mechanical characterization tests: a mortar compressive test; b mortar flexural
test; c brick compressive test; d brick flexural test
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Fig. 2 a glass fiber mesh; b fiber direct tensile test

2.2 Diagonal Compression Test

The masonry wallet dimensions are equal to 540 × 540 × 100 mm3, as shown in
Fig. 3a.Nine specimens are constructed inwhich threewallets are left unstrengthened
and used as control specimen; whereas the remaining six wallets are reinforced with
one layer of glass-based TRM externally bonded on both wallet faces. In order
to investigate the effect of sandblasted surface as anchor system, the both surface
of three wallets have been sandblasted before strengthening. The preparation of the
specimens is as follows: (1) immersing brick in water for 2 h, (2) constructing wallets
and curing in the lab environmental condition for 30days.TRMcomposite is applying

Fig. 3 Diagonal compression test: a geometry of specimen; b detail of test setup
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Table 1 Mechanical
properties of the mortars and
the brick

Strength [MPa] Mortar M1 Mortar M2 Brick

Compressive 16.8 (12) 8.7 (6) 23.5 (6)

Flexural 4.5 (2) 1.7 (10) 4.9 (16)

as follow: (3) applying the first layer of mortar (5 mm), (4) placing the glass fiber
mesh on the surface of the wallet, (5) applying the second layer of mortar (5 mm).
Finally, strengthened specimens are cured for seven days in a damp environment and
then stored in the laboratory condition (20 °C, 67% RH) until the age of 90 days. All
wallets (control and strengthened) are tested at a same age (120 days).

A servo-hydraulic system with a maximum capacity of 300 kN is performed to
investigate the in-plane shear behavior of thewallets. The load is applied through steel
shoes (115× 115× 15 mm3) placed at diagonally opposing bottom and top corners
[20]. Figure 3b shows the details of test setup. The compression load is operated
under displacement control at a rate of 0.3 mm/min. Two LVDTs with 20 mm range
and 2-μm sensibility as well as a measurement base range equal to 473 mm placed
in each side of the wallet measure the vertical and horizontal deformation.

3 Experimental Results and Discussion

3.1 Material Properties

The mean compressive and flexural strengths of the mortars and the brick as well as
coefficient of variation in percentage (provided inside parentheses) are presented in
Table 1. The average tensile strength, Young’smodulus, and rapture strain of thewarp
glass roving are 875 MPa (13%), 65.94 GPa (5%), and 1.77% (10%), respectively,
with coefficient of variation provided inside parentheses. These values for the weft
glass roving are 676 MPa (13%), 72.91 GPa (3%), and 1.29% (17%), respectively.

3.2 In-Plane Experimental Characterization

The values of the shear stress, shear strain, and modulus of shear stiffness in the
center of the panel are also calculated according to ASTM-E519-2 [21]. The shear
stress (τ) is obtained by the Eq. (1):

τ = 0.707P

An
(1)

In which, P is the applied load and An is the net area of the specimen calculated
as follows:
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An =
(
w + h

2

)
t.n (2)

where, w, h, and t are the width, the height, and the thickness of specimen, respec-
tively. n is the percentage of the gross area of the unit that is solid, expressed as a
decimal. The shear strain (γ) is calculated as follows:

γ = �v + �h

g
(3)

�v, �h, and g are the vertical shortening, the horizontal extension, and the vertical
gauge length, respectively.

In order to evaluate the efficiency of both the selected strengthening system and the
surface treatment of the wallets, the masonry wallets are tested in diagonal compres-
sion. The load increments and corresponding deformations for all specimens are
recorded and the results are presented as the stress–strain curves. Figure 4 shows the
average curves for each series. The in-plane shear behavior of the control specimens
(URM) is brittle and when the maximum stress reaches, the sudden failure occurs
with no considerable crack development prior to failure. Figure 5a shows the crack
pattern of the control specimens (URM), which is the shear-slidingmechanism along
the bed joints.

The in-plane behaviors of the strengthened specimens are completely different
with the control specimen. The in-plane behavior of both the SS and OS specimens
shows three stages: linear, nonlinear, and post peak stages see Fig. 4. In addition,
the obtained failure mode of the strengthened specimens is vertical cracks starting
to appear in the central area and involving both the joints and the bricks, as shown in
Fig. 5b and c. The un-sandblastedwallets (OS) show the partially debonding between
TRM and the substrate so that the out-of-plain failure occurs. While, the sandblasted

Fig. 4 Shear stress–strain
curves of tested wallets
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Fig. 5 Crack pattern of the tested wallets: a URM; b OS; c SS

specimens (SS) shows a perfect bond between TRM composite and the wallets due
to the high anchor available between TRM and bricks.

Maximum shear stress (τmax), crack shear stress (τf), and their corresponding
strain (γ) as well as pseudo-ductility (μ) and shear modulus (G) are the parameters
characterizing the in-plane shear behavior of masonry wallets [22]. Pseudo-ductility
is defined as ultimate shear strain (γu) (corresponding to the shear stress, which
underwent a 20% reduction) to the crack/yield shear strain (γcr) (determined as the
yield shear stress at 70%) [22]. In addition, G is measured by dividing the crack shear
stress to its corresponding strain. Table 2 shows the summary of the in-plane shear
behavior of masonry wallets.

Comparison between the control and the strengthenedwallets illustrates that TRM
composite causes the in-plane shear behavior to increase. For example, the average
shear strength of the URM wallets is 0.6 MPa, while the strengthened wallet (SS)
resulted in the highest shear strength increase of 367%.At the same time, the strength-
enedwallets with the un-sandblasted surface (OS) show a considerable shear strength
increase of 300%. These ratios are the same for other in-plane shear parameters.

The effect of sandblasted surface on the in-plane shear behavior is dramatic. This
anchor system not only improves the failure performance of the wallets under diag-
onal compression load, but also increases the in-plane behavior, in contrast to the
OS specimens. Therefore, the maximum and cracking shear stress and their corre-
sponding strain of the SS wallets increase of 22% and 15%, respectively, compared
to un-OS specimens. In addition, thanks to a good bond between glass-based TRM
and the sandblasted surface, ultimate shear strain and ductility show a considerable
increase of 50 and 30%.

Table 2 Summary of the in-plane shear behavior of masonry wallets

Specimen τmax [MPa] γmax [%] τcr [MPa] γcr [%] γu [%] μ G [MPa]

URM 0.6 (31) 0.07 (58) 0.4 (31) 0.04 (50) 0.07 (58) 2.0 (15) 1715 (95)

OS 1.8 (7) 0.09 (2) 1.3 (12) 0.06 (5) 0.16 (42) 2.7 (46) 2189 (7)

SS 2.2 (1) 0.11 (4) 1.5 (1) 0.07 (2) 0.24 (1) 3.5 (3) 2179 (1)



150 A. Dalalbashi et al.

4 Conclusion

A comprehensive experimental study is presented in this paper on the effect of
glass-based TRM jacketing as well as the efficiency of the surface treatment of the
substrate on the in-plane shear behavior of clay brickmasonry wallets. The following
conclusions can be drawn from the obtained experimental results:

– The control masonry wallets (URM) fail in the same manner; it means the failure
mode is sudden and brittle and the crack pattern is stepwise along the mortar
joints.

– The TRM jacketing improves dramatically the behavior of the strengthened
wallets under diagonal compression load. The obtained failure mode is TRM
composite cracking; by failing the jacket, the cracks appear along the mortar
joints and the bricks.

– Sandblasted technique causes the bond of TRM-to-substrate to improve and the
in-plane shear behavior to increase, in comparison to the un-sandblasted wallets.
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Meso-Scale Study of Plain Concrete
Beam Under Both Ambient and High
Temperature

Biswajit Pal and Ananth Ramaswamy

Abstract In this study, concrete is modelled at meso-level (10–4 −10 cm), where
concrete is assumed either to be a two-phase or a three-phase composite. First the
aggregates are placed in the structural domain randomly following a uniform distri-
bution with the specific size and shape in order to capture actual aggregate gradation
and placement process. The remaining space in the domain of concrete structure is
then filled with the cement mortar in case of a two-phase assumption. However, in
three phase modelling, part of the mortar of finite thickness surrounding the aggre-
gates is assumed as ITZ which happens to be the weakest zone in the concrete
structures. In this study, beam specimen in two dimensions (2D) has been consid-
ered and its behaviour under 4-point bending before and after it is subjected to a
heating–cooling cycle is simulated. A finite element method (FEM) based approach
is adopted here for the simulated study. A convergence study has been performed at
ambient condition for different number of simulate beam specimens. The simulated
load–deflection responses of the beam specimen subjected to different temperatures
are then validated with the corresponding available experimental data.

Keywords Meso-scale model · Concrete · 4-point bending · High temperature

1 Introduction

Concrete is one of the commonly used composite materials where the hardened
cement paste binds the aggregate and sand particles. Under the event of a fire (i.e.,
when concrete is subjected to high temperature) reduction of its strength can leads to
complete or partial failure of a concrete structures. Simulated studies performed over
the last twodecades [1–3] in thefield of structural fire engineering aremostly confined
to the assumption of homogeneity of concrete. In these studies [1–3], concrete with
certain mechanical and thermal properties was used for thermo-mechanical stress
analysis of concrete structures.However, the behaviour of the constituents of concrete

B. Pal (B) · A. Ramaswamy
Indian Institute of Science, Bangalore, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J. Sena-Cruz et al. (eds.), Proceedings of the 3rd RILEM Spring Convention
and Conference (RSCC 2020), RILEM Bookseries 34,
https://doi.org/10.1007/978-3-030-76465-4_14

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76465-4_14&domain=pdf
https://doi.org/10.1007/978-3-030-76465-4_14


154 B. Pal and A. Ramaswamy

(e.g., cement matrix, aggregates) is substantially different under high temperature. In
general, as the temperature in concrete rises, the volume of the aggregates increases
while the hardened cement paste surrounding the aggregate shrinks. However, such
expansion and contraction of aggregate and cement matrix are strongly dependent
upon the maximum temperature reached during the fire event. Due to these contrary
expansion/contraction processes, the interface region between the cement matrix and
aggregate (known as the interfacial transition zone-ITZ) becomes the weakest region
in the concrete and the concrete then suffers damage by cracking at this interface
zone. Such differential volume changes of aggregate and cementmatrix are the results
of various reversible and irreversible physico-chemical changes in these constituents
during high temperature [4, 5] and lead to reduction of strength of concrete at high
temperature. These processes can also significantly affect the post fire load-carrying
capacity of a concrete structure [5]. In terms of loss of post-cooling residual capacity
of concrete structures, the following processes lead to such strength reduction. For
instance, the Ordinary Portland Cement (OPC) paste specimen disintegrates when it
is cooled from 500 °C. This happens due to the rehydration of the Calcium Oxide
(CaO) which is formed due to the decomposition of Portlandite at 400 °C. This rehy-
dration is an expansive process and leads to the failure of concrete. On the other hand,
at high temperature Calcium-Silicate- Hydrated (C–S–H) gel gets dehydrated and
upon cooling it further rehydrated. This rehydration process leads to crack healing of
the cement matrix and associated strength recovery. Further, calcium enriched aggre-
gates decomposes above 750 °C and upon cooling it rehydrates and formCa(OH)2 by
absorbing moisture. This leads to 44% increase in volume causing severe cracking of
the concrete specimen and subsequent reduction in strength [4]. In contrast, at around
570 °C, a phase change occurs in siliceous aggregate. This causes large volume
expansion and significant post-cooling residual strain. Cracks which formed in the
aggregates at those high temperatures never be healed as contrary to cement matrix.
Therefore, in order to capture realistic cracking and associated spalling, strength
degradation phenomenon in concrete during and after fire, it becomes necessary to
consider such differential thermal behaviour of concrete constituent in the numerical
modelling. A recent study by Bošnjak [6] showed that a numerical study of concrete
without explicit modelling of aggregate can well predict the realistic temperature
and pore pressure distribution. However, spalling initiation and associated localised
failure pattern cannot be captured when concrete was considered as a homogeneous
material. Therefore, in this study aggregates are explicitly modelled and thermo-
mechanical stress analysis of concrete has been done to realistically capture the
initiation and propagation of crack in concrete. It is aimed to incorporate the differ-
ential thermal properties of the concrete constituents in the numerical meso-scale
study. This study is a one step towards the direction through which the behaviour
of concrete during and after exposure to high temperature can be captured more
accurately.
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2 Meso-Scale Model for Concrete

At meso-scale, concrete is assumed to be as either a two phase or a three phase
compositewhich consist of aggregate,mortarmatrix and ITZ. In the numericalmodel
for concrete with two phases, the aggregates (which follow some standard aggregate
gradation) are placed in the structural domain randomly following a uniform distribu-
tionwith the specific size and shape in order to capture actual aggregate gradation and
placement process. The remaining space in the domain of concrete structure is then
filled with the cement mortar in case of a two-phase assumption. However, in three
phase modelling, part of the mortar of finite thickness surrounding the aggregates
is assumed as ITZ which happens to be the weakest zone in the concrete structures.
This approach of modelling concrete numerically is known as Random Aggregate
Model (RAM) [7].

2.1 Generations of Aggregate Particles

In this study, shape of the aggregate is assumed as circular. In order to generate the
aggregates of circular shape in 2D based on an aggregate gradation [8], below are
the steps being followed (which can be extended for other shape particles):

Step-1: Calculate the area of aggregate in each size range[di ,di+1] such that in each
grading segment, area of aggregate is

Aagg
[
di+1 − di

] = P(di+1) − P(di )

P(dmax ) − P(dmin)
× Pagg × A (1)

where, P(di ) is the percentage of aggregate smaller than diameter di ; dmin and dmax

represent the minimum and maximum diameter of the aggregate in the gradation,
Pagg represents the total volume percentage of aggregate in concrete, A denotes the
total concrete area.

Step-2: Starting with the range of aggregates containing largest size particles, an
aggregate of diameter d is generated, such that:

d = di + η(di+1 − di ) (2)

where, η is a uniform random number lies between 0 and 1.

Step-3: The generated aggregate is placed in the given concrete domain, such that

xi = xi,min + η(xi,max − xi,min) (3)
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where, xi is the i th coordinates of the newly generated particle in the ei Cartesian
basis. It has to be ensured that there is no overlapping with the previously generated
particles as well as with the domain boundary.

Step-4: Repeat steps 2–3 till the remaining area/volume of aggregate in that particular
grading segment is not sufficient for the generation of another particle,

Step-5: Repeat steps 2–4 for the next smaller grading segment in the aggregate
gradation.

2.2 Constitutive Models of the Constituents and Material
Parameters Choice

In this study, coupled plasticity and damage based model [7] is used as constitutive
law for the cement mortar and ITZ. In this model, the stress–strain relationship is
expressed as

σ =
(
1 − d

′)
Del

0 : (
ε − ε pl) =

(
1 − d

′)
σ (3)

where, σ and σ represent Cauchy stress and effective stress tensor,
d

′ = d
′
c/t (σ , ε

pl
c/t , T ) is the isotropic scalar damage variable under compressive or

tensile loading, ε pl
c/t is the plastic strain tensor and Del

0 denotes the initial constitutive
tensors. On the other hand, aggregates are considered to be as a liner elastic brittle
material at ambient condition due to its high stiffness and strength as compared to
mortar.

3 Results and Discussion

In this study, behaviour of plain concrete beam at both ambient condition and at
high temperature is simulated through the above discussed meso-scale model of
concrete. The beam of dimensions 350 mm × 100 mm × 100 mm is taken for
which experimental load–deflection data are available in [9]. Details of the mix-
proportion of concrete can be found in [9]. Based on the volume fraction (which
is approximately 0.40) and gradation of coarse aggregate (maximum size of coarse
aggregate is 19 mm), aggregates are generated within the given beam domain. As
a simplification, the shape of the aggregate is considered as circular. The one such
possible configuration of the generated aggregate particles within the given beam
domain is shown in Fig. 1 in case of a two phase assumption (i.e., aggregate and
mortar). However, in case of a three phase composite, a part of the mortar around
the aggregate is considered as ITZ. Such a configuration is shown in Fig. 2a, b. In
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Fig. 1 Simulated random distribution of aggregates in 2D in a beam of size 350 mm × 100 mm ×
100 mm

(a) (b)

Fig. 2 a Simulated random distribution of aggregates and ITZ in 2D in a beam of size 350 mm x
100 mm x 100 mm, b Enlarged view

literature [7, 10], the thickness of ITZ was considered in the range between 0.05 and
1 mm based on either nano-indentation test [10] or numerical study [7]. Here, the
thickness of the ITZ is considered as 0.5 mm.

In order to perform the numerical study, the exact material data of the concrete
constituents are not available. Therefore, thematerial properties of cementmortar are
chosen based on the experimental study performed in [11] for different composition
mortar. These data are chosen so as to get close fit with the experimental load–
deflection results [12]. The ratio of ITZ to mortar material properties were taken in
the range of 0.5–0.8 [7, 10] based on nano-indentation test performed on ITZ [10] or
from numerical simulation study [7]. So, in this study a factor of 0.8 is chosen as the
ratio of material properties of ITZ to mortar. The properties of mortar during high
temperature and in post-cooling period are taken based on the experimental study
performed in [4, 13, 14]. On the other hand, material properties of aggregates at high
temperature are taken from [15]. Some of the properties of mortar and aggregate at
ambient conditions are shown in Table 1.

Table 1 Material properties
of mortar and aggregate at
ambient condition

Material properties Mortar Aggregate

Modulus of Elasticity (GPa) 20 38.37

Poisson’s ratio 0.22 0.3

Compressive strength (MPa) 30 –

Tensile strength (MPa) 3.6 –
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Fig. 3 Load–deflection of
plain concrete beam at
ambient temperature

At ambient condition, the beam is subjected to two equal displacements at 1/3rd
points [9]. The simulated load–deflection response of a specimen is shown in Fig. 3
with andwithout ITZ. Simulated responsesmatch quitewellwith that of experiments.
However, incorporation of ITZ make the responses little softer. The formation and
propagation of micro-cracks as has been simulated at different stages of loading are
shown in Figs. 4a–d. Here, the possible formation of cracks is shown in terms of the
tensile damage variable (dt). Since, the aggregate is assumed to have high strength
than the mortar at ambient condition, formation of cracks follows a path which do
not goes through an aggregate. Moreover, due to heterogeneity of concrete in terms
of the random distribution of aggregates, the final crack does not necessary will be
formed at the centroid of the beam.

In Figs. 3 and 4, simulated load–deflection and consecutive failure pattern of a
concrete sample has been shown. One such specimen is nothing but the one possible
randomdistribution of aggregates in the concrete domain. However, in reality it could
be any distribution of aggregates within the concrete domain. Therefore, the simula-
tion has been done for different number of samples. The load–deflection responses
generated for 100 such samples are shown in Fig. 5. It can be seen from Fig. 5 that the
variation in load–deflection response of the beam due to random size (with specific
size range) and distribution occurs during and after the post-peak region. Figure 6a,
b show the mean and standard deviation of the peak load with different number of
concrete samples. These figures suggest that at least fifty number of such concrete
samples need to simulate in order to get a converged mean peak load. However, one
such sample does not give a response which has a significant variation from the mean
curve.

On the other hand, in case of high temperature simulation, thermo-mechanical
stress analysis is performed. In the simulation, the beam is placed over a steel plate
and is heated up to a specified temperature following [9]. After cooling, the spec-
imen is tested under four-point bending. Details of the test can be found in [9]. The
simulated crack pattern for the specimen which is heated to 400 °C and then cooled
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Fig. 4 a Possible failure pattern under mechanical load of plain concrete beam at ambient temper-
ature at central vertical displacement of 0.08 mm and tensile damage value, b Possible failure
pattern under mechanical load of plain concrete beam at ambient temperature at central vertical
displacement of 0.14 mm, c Possible failure pattern under mechanical load of plain concrete beam
at ambient temperature at central vertical displacement of 0.34 mm, d Possible failure pattern under
mechanical load of plain concrete beam at ambient temperature at central vertical displacement of
0.68 mm

is shown in Fig. 7. Several micro-cracks can exist in a specimen which is cooled
down from a temperature of 400 °C. This post-cooled specimen is then tested under
four-point bending. The failure pattern of this post-cooled specimen after a 0.5 mm
of vertical displacement of centre is shown in Fig. 8. The associated load–deflection
response of this specimen is shown in Fig. 9 along with the experimental response
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Fig. 5 Simulated load–deflection of plain concrete beam at ambient temperature for 100 different
samples

Fig. 6 a Mean and b standard deviation of average peak load with number of samples

Fig. 7 Possible failure pattern of plain concrete beam after heating (400 °C)-cooling cycle
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Fig. 8 Possible failure pattern under mechanical load applied after heating (400 °C)-cooling cycle
at a central vertical displacement of 0.50 mm

Fig. 9 Load–deflection of
plain concrete beam under
mechanical load after
heating to specified
temperature and then cooled

[9]. The simulated load–deflection for this specimen agrees quite well with the avail-
able experimental data. Some discrepancies could occur due to the assumption of
circular shape of aggregates, 2D modelling assumptions etc. In Fig. 9, load–deflec-
tion response of the specimen which is heated to 600 °C is also shown. The failure
pattern of this specimen after the heating–cooling cycle and after themechanical load
is not shown here since it is quite similar with that of the specimen which is heated
to 400 °C. However, the simulation is not tried for the specimen which is heated to
800 °C due to non-availability of several thermo-mechanical properties of mortar.

4 Conclusions

In this study, beam specimens are modeled in 2D and their behavior under both
ambient and high temperature is simulated. Under ambient condition, the beam is
subjected to two applied displacements at 1/3rd points. On the other hand, in case
of high temperature simulation, the beam is heated up to specified temperature and
then it is cooled and tested under four-point bending loading conditions. Based on
the study performed at meso-scale for these concrete beam specimens, the following
conclusions can be drawn:

• Considering ITZ will soften the response and gives a conservative failure load,
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• At least 50monte carlo samples in termsof randomness of aggregate size gradation
and distribution would be sufficient to get a converged mean peak load. However,
the variation of response of one such sample from the mean peak load is less than
5%,

• Themajor crack in case of a normal strength concrete beam under 4-point bending
neednot always be at the center of the beam.This asymmetry of crackdevelopment
could be due to the random distribution of comparatively stronger aggregates at
both ambient and post-cool specimen

• Depending on the exposed surface and rate of heating, there could be several
micro-cracks exist in beam specimen which is cooled down from a specified
maximum temperature.
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Electrochemical Realkalisation
of Carbonated “Dalle de Verre” Windows

Shishir Mundra , Götz Hüsken , and Hans-Carsten Kühne

Abstract Concrete-glass windows or commonly referred to as “Dalle de Verre”
windows are prevalent in historical monuments across Europe. “Dalle de Verre”
windows were made by placing cut stained glasses, of various shapes and sizes, into
a steel reinforced concrete frame. In addition to the steel reinforcement, a few steel
wires run across the concrete elements to hold the glass windows into place. Much
of these structures have been damaged due to carbonation of the thin concrete covers
and consequent corrosion of the steel reinforcement; and exhibit several cracks due
to the expansive nature of corrosion products formed at the steel–concrete interface.
This study focussed on understanding the efficacy of electrochemical realkalisation
in reinstating the passive state of the steel reinforcement embedded in such concrete-
glass windows. Simulant “Dalle de Verre” windows (representative of windows at
Kaiser-Wilhelm Gedächtniskirche) were produced using different cements with a
water/cement ratio of 0.6 and carbonated under accelerated conditions. Post carbona-
tion, the concrete glasswindowswere electrochemically realkalisedusing a sacrificial
anode. The influence of highly alkaline conditions due to electrochemical realkali-
sation on the glass-concrete interface has also been investigated. This study shows
that the passive state of the steel reinforcement in “Dalle de Verre” windows, partic-
ularly at the Kaiser-Wilhelm Gedächtniskirche (memorial church) in Berlin, can be
reinstated using the electrochemical realkalisation method.

Keywords Electrochemical realkalisation · Carbonation · Concrete-glass
windows · Passivation · Dalle-de-verre
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1 Introduction

“Dalle de Verre”, a French artform to make concrete-stained glass windows of the
1920s, are a common occurrence (Fig. 1) in manymonuments across western Europe
and the United States of America, such as the Buckfast Abbey, the New York Hall of
Science, the Church of St. Odile, Church of St. Theodore and the Kaiser-Wilhelm-
Gedächtniskirche [1].

These installations have been around for more than 5 decades now and have
shown significant amounts of degradation. The windows at the Kaiser-Wilhelm-
Gedächtniskirche in Berlin, in particular, have developed cracks and are nearing the
end of their service life. One of the major causes for the degradation mechanism is
the corrosion of the steel-reinforcement frame within these windows, particularly
due to the carbonation of the thin concrete cover (approximately 5 mm). Corrosion
of the steel reinforcement in concrete structures occurs either due to the presence
of chloride above a threshold concentration or due a reduction in the pH caused by
leaching or carbonation of the concrete cover. Carbonation of concrete occurs via
the chemical reaction between atmospheric carbon dioxide and the cement matrix,
adversely impacting the long-term durability of reinforced concrete structures [4,
5]. The carbonation of Portland cement (PC) has been thoroughly studied in the
literature. Gaseous carbon dioxide from the surrounding environment penetrates

Fig. 1 “Dalle de Verre” used in various churches across the world. The Buckfast Abbey (top left)
[2], the New York Hall of Science (top right) [3], the Church of St. Odile (bottom left) [1], Church
of St. Theodore (bottom middle) [1] and the Kaiser-Wilhelm-Gedächtniskirche (bottom right)
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through the porous concrete structure and dissolves in the pore solution forming
weak acidic ionic species of HCO3

− and CO3
2− [4, 5]. The dissolution of gaseous

carbon dioxide and formation of weak acids can be represented by the following
reactions (Eq. 1–3) [6]:

CO2(g) → CO2(aq.) (1)

CO2(aq.) + H2O → H+ + HCO−
3 (aq.) (2)

HCO−
3 (aq.) → H+ + CO2−

3 (aq.) (3)

The release of acidic species such as H+ leads to a reduction in the alkalinity
of the pore solution which causes the dissolution of Ca-rich hydration products
such as portlandite, calcium silicate hydrate gel, AFm and ettringite [7–9]. The
dissolved calcium and carbonate ions react to precipitate various polymorphs of
CaCO3−vaterite, aragonite, amorphous CaCO3, or calcite (Eq. 4) [7].

Ca2+(aq.) + CO2−
3 (aq.) → CaCO3(s) (4)

The reduction of alkalinity due to carbonation in reinforced structures can result in
the breakdownof the passivefilm formed around steel.Onepossible technique used to
increase the alkalinity at the steel–concrete interface is electrochemical realkalisation
[10].

Electrochemical realkalisation works on the principle of applying a current (as
shown in Fig. 2) w.r.t. the surface area of the embedded steel-reinforcement (acting
as the cathode). An electrochemical cell is established by using an auxiliary anode
(steel, TiO2 mesh) immersed in an aqueous alkali-carbonate electrolyte (usually a
Na2CO3 solution). Upon the application of a current between 0.8 and 2 A/m2 w.r.t
the steel-reinforcement, the realkalisation of the steel–concrete interface is achieved
by formation of OH− due to the electrolysis of water [10]. At the cathode (or the
steel reinforcement), the reduction of water to OH− is controlled by the availability
of oxygen, and once the oxygen is consumed, H2 (g) is released (Eq. 5). The anodic
reaction occurring at the external anode is dominated by the oxidation of OH− to
oxygen and water (Eq. 6), which can further be oxidised to release H+ ions [10].

Cathode : 2H2O(aq.) + 2e− → H-2(g) + 2OH−(aq.) (5)

Anode : 2OH−(aq.) → 1/2O2(g) + 2e− + 2H2O(aq.) (6)

In addition to the redox reactions occurring at the anode and cathode, other
processes like electromigration (movement of ions due to the applied current, based
on their polarity), electroosmosis, diffusion, and capillary absorption also influence
the process of realkalisation [10]. However, due to the high electrical current applied
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during the realkalisation process, electromigration of ions is the dominantmechanism
controlling the efficacy of electrochemical realkalisation. Negatively charged ions
(such OH−, Cl−, CO3

2−) from the pore solution at steel–concrete interface migrate
towards the anode or the surface of the concrete, whereas the positively charged
ions such as Na+ from the electrolyte migrate inwards towards the steel–concrete
interface to maintain electrical neutrality [10]. Under equilibrium conditions post
electrochemical realkalisation, the pH at the steel–concrete interface is >13, enabling
the re-establishment of passivity [10].

2 Materials and Methods

2.1 Materials

Three different cements (CEM I, CEM III/A and CEM II/B-S) and stained glasses of
different sizes and colours were obtained from Heidelberg Cement and Glasmalarai
Peters, respectively, to simulate “Dalle de Verre” windows (330 mm × 330 mm ×
25 mm) present at Kaiser-Wilhelm Gedächtniskirche. A mild steel reinforcement
frame (ϕ = 10 mm) was embedded in the simulant samples, ensuring a cover depth
of 5 mm. The mix designs used in this study are listed in Table 1.

2.2 Sample Preparation

“Dalle de Verre” windows were simulated (Fig. 3) in the laboratory by placing the
steel reinforcement frame and the cut stained glasses in predetermined positions
within the mould. The stained glasses were placed firmly within the mould using
a silicone gel, to ensure no movement while casting. As shown in Fig. 3, stainless
steel wires of diameter 2 mm, were welded onto the mild steel reinforcement cage at
the centre of each edge to ensure electrical connection for the application of electro-
chemical methods. Each of the simulated “Dalle de Verre” windowswere demoulded
after 24 h of casting and then cured under water for 14 days and conditioned for an
additional 14 days at a temperature of 20 ± 2 °C and a relative humidity of 65%.

Table 1 Mix designs used in
this study

Cement type Cement content
(kg/m3)

w/c Aggregate content
(kg/m3)

CEM I 450 0.6 1350

CEM III/A 450 0.6 1350

CEM II/B-S 450 0.6 1350
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2.3 Exposure Duration

The conditioned samples were then exposed to an accelerated carbonation envi-
ronment (1% CO2, 65% RH, 20 ± 2 °C) in a carbonation chamber. The duration
of exposure was determined based on whether the steel was in the active state or
passive state, according to the half-cell potential (<−250 mV versus Ag/AgCl) of
the embedded steel-reinforcement. Once the steel reinforcement was in the active
state, the samples were kept in the carbonation chamber for roughly 3 weeks in the
carbonation chamber prior to the application of electrochemical realkalisation.

2.4 Electrochemical Realkalisation

Post accelerated carbonation, the steel samples were exposed to a 1 M Na2CO3

solution with a TiO2 mesh as the sacrificial anode and connected to a DC power
source. A current of 1 and 2 A/m2 was applied for a duration of 14 days and the half-
cell potential of the steel reinforcement was continuously monitored prior to and
post realkalisation [10]. The duration of electrochemical realkalisation was selected
based on earlier works in the literature [11–13]. The half-cell potential was measured
using an Ag/AgCl reference electrode (sat. KCl solution) and a wet sponge at least
on 15 different points on the surface of the sample.

3 Results and Discussion

Figure 4 shows the measured half-cell potentials for simulated Dalle de Verre
windows from different cements, and the efficacy of electrochemical realkalisa-
tion treatment with a constant applied current density of 1 A/m2. The efficacy of
realkalisation in this study is monitored by the rate at which passivity of the steel
reinforcement is re-established, post realkalisation treatment. Figure 4 clearly indi-
cates that the realkalisation treatment works most effectively in carbonated CEM I
mortars, and the half-cell potential almost moves back to vales close −0.20 V versus
Ag/AgCl in a span of approximately 40 days. In the case of carbonated CEM II/B-
S and CEM III/A mortars, the half-cell potential also recovers after approximately
50–60 days and rests at around −0.25 V versus Ag/AgCl.

The half-cell potentialmeasured after electrochemical realkalisation of all carbon-
ated binders are slightly lower than those generally expected for the steel to be in the
passive state. Recordingmore negative potentials after electrochemical realkalisation
is not uncommon and has been reported by several researchers [14–17], because the
resistivity of the concrete cover ismuch lower than untreated carbonated binders. The
lower resistivity of the concrete cover after electrochemical realkalisation primarily
stems from the uptake of Na2CO3 electrolyte from the exterior [10]. Additionally,
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Fig. 2 Schematic describing the electrochemical realkalisation method [10]

Fig. 3 a Schematic of the simulated “Dalle de Verre” windows produced at BAM and b simulated
“Dalle de Verre” window made from CEM I and cut stained glasses. A mild steel reinforcement
frame is embedded in the mortar with a cover depth of 5 mm

the pH of the pore solution at the steel–concrete interface of realkalised structures
has been reported to be >13.5 and the passive steel surface acts as a pH electrode and
in this case the potential decreases upon increasing the pH [10]. As highlighted in
[10], the passive state of the steel-reinforcement can be considered to be reinstated
if the measured potentials were found to be homogenous across the element being
considered. As mentioned earlier, the half-cell potentials measured in this study post
the electrochemical realkalisation treatment were found to be stable after 40 days for
carbonated CEM I Dalle de Verre windows, and 50–60 days for carbonated CEM
II/B-S and CEM III/A Dalle de Verre windows. Therefore, stable half-cell poten-
tials are−0.20 and−0.25 V versus Ag/AgCl after the electrochemical realkalisation
(Fig. 4) are indicative of repassivation of the steel-reinforcement.

Figure 4 also shows the efficacy of electrochemical realkalisation as a function of
the binder type. As mentioned above, the rate of repassivation of the embedded steel
reinforcement was found to be the fastest for carbonated Dalle de Verre windows
made from CEM I, when compared to CEM II/B-S and CEM III/A. Similar obser-
vations were made by Ribeiro et al. [16], where the authors related the longer time
for repassivation to the lower amounts of portlandite in concretes based on Portland
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Fig. 4 Electrochemical realkalisation of simulant “Dalle de Verre” windows made from CEM I,
CEM II/B-S and CEM III/A using 1 M Na2CO3 solution, a current density of 1 A/m2 and a TiO2
anode mesh

pozzolana cement (CEM II), and higher charge required to achieve repassivation,
when compared to CEM I. Aguirre-Guerrero and Mejía de Gutiérrez [17] measured
the Ecorr and icorr for electrochemically realkalised steel-reinforced concretes made
out of Portland cements, and blended cements with 10% silica fume and metakaolin,
and observed the re-establishment of the passive film to be quicker in PC based
concretes when compared those from blended cements. As electrical migration of
ions is the dominant mechanism determining the efficacy of electrochemical real-
kalisation, the slower rate of repassivation of the embedded reinforcement could be
linked to the higher resistivities of mortars made from CEM II/B-S and CEM III/A
when compared to CEM I.

Figure 5 shows the influence of current used w.r.t. surface area of the steel rein-
forcement, during electrochemical realkalisation, on the rate at which the steel-
reinforcement repassivates. Current densities of 1 and 2 A/m2 were applied on
the embedded reinforcement post carbonation in different specimens. The half-cell
potential was found to be stable at around−0.20 V versus Ag/AgCl after very similar
times for both the current densities used for electrochemical realkalisation.Mietz [14]
measured the realkalisation depth from the outside of cylindrical samples as a func-
tion of the current density used and observed similar realkalisation depths of 5–6
mm for current densities of 1 and 5 A/m2 after a 14 day realkalisation treatment. The
realkalisation front from the steel–concrete interface in the study by Mietz [14] was
found to be directly proportional to the current density. For Dalle de Verre windows
with a cover depth of 5 mm studied here, it could be credibly asserted that the current
density used during electrochemical realkalisation does not play a major role in the
rate at which the passivity of the steel reinforcement is reinstated.
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Fig. 5 Influence of current density used on the efficacy of electrochemical realkalisation of “Dalle
de Verre” windows made from CEM I. Electrochemical realkalisation was carried out using 1 M
Na2CO3, TiO2 anode mesh, and current densities of 1 and 2 A/m2

4 Conclusion and Future Work

This study showcases the successful application of electrochemical realkalisation
treatment to reinstate the passive state of the steel reinforcement in carbonated Dalle
deVerrewindows at theKaiser-WilhelmGedächtniskirche, using simulated samples.
As several windows at the Kaiser-Wilhelm Gedächtniskirche are damaged signifi-
cantly, on the verge of spalling and need to be completely replaced with newer
materials, the applicability of electrochemical realkalisation on windows made from
blended cements such as CEM II/B-S and CEM III/A were assessed. The rate of
realkalisation was found to be the quickest for Dalle de Verre windows made from
CEM I followed by CEM II/B-S and CEM III/A, and the rate of repassivation can be
directly related to the resistivity of the binders to ionic diffusion. Additionally, the
current density used during the electrochemical realkalisation treatment was found
to not significantly alter the rate of repassivation of the embedded reinforcement.

To ensure electrochemical realkalisation is a suitable way for restoring the alka-
linity at the steel–concrete interface of degraded cultural heritage structures, the
following work is currently being conducted:

1. The change in microstructure at the steel–concrete interface due to carbonation
and electrochemical realkalisation treatment.

2. The efficacy of using cellulose pulp fiber as a substrate to hold the electrolyte
(1 M Na2CO3) on the surface of vertical specimens to be electrochemically
realkalised, and possible staining/etching of glass due to the release of H+ at the
anode/electrolyte.
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3. The successive applicability of electrochemical realkalisation on already treated
windows.

4. Repair protocol for Dalle de Verre windows at the Kaiser-Wilhelm Gedächt-
niskirche.
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Micro-To-Meso Scale Mechanisms
for Modelling the Fatigue Response
of Cohesive Frictional Materials

Antonio Caggiano, Diego Said Schicchi, Swati Maitra, Sha Yang,
and Eddie A. B. Koenders

Abstract This work deals with a research study on the fatigue behavior of cohesive
frictional materials like concrete or mortars. A two-scale approach will be proposed
for analyzing concrete specimens subjected to either low- or high-cycle fatigue
actions. The multiscale technique is based on a combination of a micro-scale proce-
dure, to describe the microstructural defects affecting the cyclic response, which
is subsequently homogenized to the upper meso- and macroscopic failure. More
specifically, projected microscopic representative volume elements, equipped with
a fracture-based model and combined with a continuous inelastic constitutive law
that accumulates damages induced by cycle behaviors, represents the lower scale.
A plastic-damage based model, for concrete subjected to cyclic loading, is devel-
oped combining the concept of fracture-energy theories (within the family of ficti-
tious crack approaches) with stiffness degradation, the latter representing the key
phenomenon occurring in concrete under cyclic responses. The work will numeri-
cally explore the potential of the various techniques for assessing the fatigue forma-
tion and growth of (micro-, meso- and macro-) cracks, and their influence on the
macroscale behavior.
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1 Introduction

Concrete structures such as bridges, roads, towers, modern building, and runways,
among others, suffer gradual deterioration when subjected to fatigue loading, usually
caused by mesoscopic inhomogeneities and defects present in the material. Fatigue
failure can be defined as a progressive and permanent change in the internal structure
of the material in the form of microcracks which coalesce into a macrocrack [1].

Plenty of experimental studies are available in the scientific literature dealing with
the fatigue behavior of cement-based composites, such as unreinforced, steel bar rein-
forced and fiber-reinforced concretes [2–4]. Many of these studies exhibit a signif-
icant scatter in the fatigue performance which can be attributed to the variability of
the materials nature, inner meso-structures, fibers distributions, hardening/softening
mechanisms and testing conditions [5, 6].

Codes and design guidelines for concrete structures propose empirical-based rules
for concrete-fatigue calculations. These laws are in most cases based on the well-
known Wöhler concepts [7], where material input in the analyses are the so-called
stress-life (S–N) curves. Research activities have mainly been addressed to the deter-
mination of these S–N curves. These approaches have been very valuable from a
practical point of view, but completely avoid deeper explanations of the mechanisms
driving the damage initiation and triggering of concrete-fatigue behavior [8].

In classical Wöhler curves, three different fatigue types can be differentiated:
(i) Oligocyclic (O), (ii) Low (L) and (iii) High (H) Cycle Fatigue (CF). OCF is
mainly due to very high stress levels. The material is hugely fractured and after
very few number of cycles the crack propagation becomes unstable and failure is
quickly reached. On the other hand, LCF and HCF are characterized by stable crack
propagation processes. In LCF, the nucleation and failure processes are driven by the
increase of meso-to-macro cracks evolving with every cycle. The number cycles of
failure is commonly lower than 104. Constitutive models based on fatigue damage-
based description mechanisms are commonly available in literature for this kind of
fatigue description [9]. In HCF, the stress level to reach the failure is much lower
than LCF and the accumulation of damage is driven by the generation of micro-
cracks, at lower scales and under very high number of cycles, and their coalescence
into macro-cracks up to failure. Main differences between these two is that HCF is
characterized by remaining on the elastic range while LCF by the repeated plastic
accumulations and inelastic work-spent cycle by cycle.

Constitutive models classically based on plasticity theory and damagemechanics,
often suitable for capturing the nonlinear response of specimens under LCF, need
to be extended for HCF [10]. The “number of cycles” is usually taken as a variable
capable of modifying the internal plastic evolution, necessary to capture the strength
loss occurring under HCF tests [11].

The present research is focused on a unified coupled damage-elastoplastic consti-
tutive model for the numerical analysis of concrete specimens subjected to both LCF
andHCFactions.A fracture-based damagemodelwill be combinedwithmicroscopic
mechanics for capturing damage accumulations in HCF.
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2 Unified Fatigue Damage-MechanismsModel Formulation

2.1 Main Assumptions

The theoretical model proposed to simulate the cyclic response of cement-based
materials is based upon the following key assumptions:

• A unified coupled damage-elastoplastic constitutive model will account for both
LCF and HCF;

• LCF: unloading/reloading stiffness (damage) degradation depends on the actual
value of the “fracture work”, spent in each interface point;

• HCF: a multiscale approach, and microcracking mechanisms, describes the HCF
phenomena;

• Small displacements are assumed;
• Quasi-static loads (inertial forces can be ignored) are assumed; and lastly,
• Strain-rate effects are omitted.

2.2 Constitutive Response

A discontinuous-based approach, based on the use of zero-thickness interface
elements (0IEs) model, for the numerical analysis of concrete specimens subjected
to (both LCF and HCF) fatigue action (Fig. 1), is presented in a unified way.

A coupled damage-elasto-plastic constitutive equation is proposed as follows

ṫ = Cd · (
u̇ − u̇cr

)
(1a)

u̇ = u̇el + u̇cr (1b)

Fig. 1 Discontinuous-based approach, based on the use of zero-thickness interface elements
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where
.

t = (σ̇N , σ̇T )T is the interface stress rate vector, Cd the interface elastic-
damage stiffness matrix,

.
u = (u̇, v̇)T is the interface relative displacement rate

vector, with u̇el and u̇cr being their elastic and cracking (inelastic) components,
respectively.

The effective interface stress, t̃, is defined by [12]

ṫ = (I − D) · ˙̃t (2)

being I the second order identity matrix and D the damage matrix. This allows to
express Cd = (I − D) · C in terms of the undamaged elastic matrix C.

Particularly, the following global relationship is proposed to integrate the damage
behavior under general cyclic events (i.e., either L- or H-CF)

Ḋ = ḊLCF + ḊHCF (3)

where the timely accumulated damage can be evaluated as

D =
∫ t f

t0

Ḋ dt ∈ [0, 1] (4)

Low cycle fatigue

A fracture-based model combined with a continuous damage theory extension
equipped the 0 IE in order to account for the LCF effects [13].

A cracking surface (Fig. 2) defines the (effective) stress level at which the post-
elastic displacements starts

Fig. 2 Failure hyperbola [13], Mohr–Coulomb surface, plastic potential and modified flow rule
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f = σ̃2
T − (c − σ̃N tan φ)2 + (c − χ tan φ)2 (5)

where χ is the tensile strength, c the cohesion and φ the frictional angle.
The vector of crack displacement rates u̇cr can be defined following a non-

associated flow rule as

u̇cr = λ̇m (6a)

m = A · n (6b)

where λ̇ is the non-negative plastic multiplier, deriving from the classical Kuhn-
Tucker (λ̇ ≥ 0, f ≤ 0, λ̇ f = 0) and consistency ( ḟ = 0) conditions,
f = f

[
σ̃N , σ̃T

]
is the yield function,m is the vector controlling the direction of the

fracture displacements by means of a non-associated flow rule, and finally n = ∂ f
∂ t̃

=
(

∂ f
∂ σ̃N

,
∂ f
∂ σ̃T

)T
.

The softening post-cracking behavior is driven by scaling functions based on the
ratio between the plastic work spent Wcr and the available fracture energies (GI

f or
GI Ia

f )

ξpi =
{

1
2

[
1 − cos

(
πWcr

G#
f

)]
if Wcr ≤ G#

f , # = I or I I a

1 otherwise
(7)

where pi alternatively represents χ, c and tanφ.
Finally, the following scalars describe the damage in LCF

d# = e−βd

(
Wcr

G#
f

)αd
[

1 + (e−βd − 1)

(
Wcr

G#
f

)αd
]−1

, # = I, I I a (8a)

DLCF =
(
d I 0
0 d I Ia

)
(8b)

with αd ≥ 0 and βd representing the parameters controlling the decay shape of the
damage induced by fracture.

High cycle fatigue

Plastic strains and/or cracks are almost negligible in HCF failures when compared
against LCF results. Therefore, classical approaches based on fracture energy,
plasticity theory and damage cannot be used in this case. Instead, microscopic
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Fig. 3 Two scale approach for HCF

plastic strains and cracks are the main responsible of fatigue damage accumula-
tion under HCF. After huge cycle reversals they mainly increase and coalesce into
few macro-cracks [14].

Based on this idea, a two scale approach (Fig. 3) is adopted where no plastic
strains take place at the macro-scale while microplastic strains (cracks) are modelled
at the micro-level.

Hollomon´s hardening power law is assumed at the microscale

σ̃eq = K δMmicro (9a)

σ̃eq =
{ √

(σ̃N )2 + (σ̃T )2 σ̃N ≥ 0

σ̃T − |σ̃N |tan(φ) σ̃N < 0
∧ δmicro =

{ √(
ucrmicro

)2 + (
vcrmicro

)2
σ̃N ≥ 0

vcrmicro σ̃N < 0
(9b)

being K the strength index (or strength coefficient) and M a crack-hardening expo-
nent, which in the most general case will be frequency-dependent:M = M[ f ];
ucrmicro and vcr

micro are the cracking microscale relative displacements, in the normal
and tangential direction, respectively.

Following an isotropic damage approach, it can be stated that

σeq

1 − D
= K δMmicro ⇒ δmicro = σ

1/M
eq

(1 − D)1/MK 1/M
⇒ δ̇ = σ

1/M−1
eq

M(1 − D)1/MK 1/M
σ̇eq

(10)

Then, the microscopic damage description can be done by means of the following
rule

Ḋ =
{
0 if σeq,m−σeq,m

2 ≤ σ f

Lcl−1
Q[ f ]σq[ f ]eq

(1−D)q[ f ]+1 σ̇eq if σeq,m−σeq,m

2 > σ f
(11a)
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Fig. 4 Representation of the
fatigue stress limit

DHCF =
(
Ḋ 0
0 Ḋ

)
(11b)

being q[ f ] = 1/M[ f ] − 1, Q[ f ] = K−1/M[ f ]/M[ f ] and Lcl−1 (keeping in mind
that Ḋ = Lcl−1 δ̇micro) a characteristic length value.

The latter three variables are mainly aiming at representing the link between the
microscale and the macroscale; σeq,M and σeq,m are the “sup” and “inf ” values of σeq
under cyclic protocols, while σ f is a fatigue stress limit to be calibrated and shown
in Fig. 4.

3 Numerical Example

This section is aimed at validating the proposed model by performing and comparing
numerical examples against experimental data available in literature on concrete
specimens submitted to fatigue loads.

The numerical results deal with the simulation of concrete flexural fatigue tests,
with a target strength of approximately 40 MPa. The experimental data are available
inOh [15] who tested un-notched concrete beams (100× 100× 500mm) under four-
point bending. The fatigue protocol was designed considering that the bottom fiber
stress varies from zero to a predetermined maximum stress. The maximum cyclic
stress ratio, namely f M AX

R / fmon , was analyzed in each series to reach the fatigue
failure after a certain number of reversals, namely NFAILURE.

For the calibration purpose of the numerical examples, key geometric andmaterial
properties were chosen according to the experimental evidences [15], while only two
model parameters were fitted:

q[ f ] = 24.30; q[ f ] + 1

2(q[ f ] + 2)Q[ f ]Lcl−1
= 2.1MPa (12)
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Fig. 5 Numerical examples versus the experimental tests by Oh [15]

For the model integration, the following assumptions were considered: D = 0
(when the number of cycles is null) and D = 1 reaching the fatigue failure (i.e.
N = NFAI LU RE ).

Numerical S–N curves can be predicted from this approach and compared with
experimental data as shown in Fig. 5. Results are promising in predicting the exper-
imental data and actually follow the well-known Wöhler expression for describing
the S–N curve:

f M AX
R / fmon = a + b log10 NFAI LU RE (13)

The capability of the proposed formulation to reproduce the strong sensitivity
of concrete mechanical behavior on the stress level affecting the HCF is hereby
demonstrated.

4 Conclusions

A unified numerical approach was proposed for analyzing low- and high-cycle
fatigue actions in concrete. The discontinuous-based model is aimed at describing
the evolving micro- and meso-structural changes caused by cyclic protocols by
employing a damage accumulation rule. Concepts of fracture-energy theory, damage
stiffness degradations and microscopic inelasticity were combined for predicting
failure mechanisms occurring in concrete under cyclic responses.
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Deployment of a High Sensor-Count
SHM of a Prestressed Concrete Bridge
Using Fibre Optic Sensors

F. I. H. Sakiyama, F. Lehmann, and H. Garrecht

Abstract To deploy an accurate safety-relevant structural health monitoring, one
must assure the utmost care and in-depth knowledgeof themonitored structure,which
may present challenges such as the reliability to detect unexpected anomalies due to
the failure of a component, the correct setting of thresholds and triggers to discern
changes due to environmental conditions from critical events, and the high expense
in terms of hardware and personnel availability. The fibre optic (FO) technology
can provide integrated sensing along with extensive measurements lengths with high
sensitivity, durability, and stability, which makes them ideal for SHM of concrete
structures. Therefore, an SHM system using quasi-distributed FO FBG sensors is
proposed to continuously monitor the strain changes of a 57 m long prestressed
concrete bridge due to traffic loads and environmental changes. A total of 89 long-
gauge strain sensors were installed to monitor the strain distribution in two lines
along the complete length and five arrays in the shear direction. Additionally, 2
FO acceleration sensors and 94 FO FBG temperature sensors were installed for
correct and precise temperature compensation of the strain sensors and to correctly
detect the strain changes due to temperature variation on the bridge. In this work,
the installation processes of the FO sensors and the operational hardware is shown.
Furthermore, initial measurement values are presented to demonstrate the potential
of FO to provide a reliable SHM system to monitor large concrete structures.
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1 Introduction

1.1 Overview

The early detection of cracks in concrete structures is a common practice within
building inspection procedures, as it can be a good indicator for necessary mainte-
nance or reinforcement measures of damaged structures. Likewise, documenting any
progress of existing cracks is essential to differentiate between static and dynamic
damage states, and thus to enable the assessment of the cracks relevance concerning
durability and stability; therefore, existing and new cracks and their lengths are
recorded during periodic building inspections.

The interval of such on-site inspections is usually every six years, but it can
vary between different standards and according to the current structure condition.
Although this has worked well in the past, every year the traffic load increases on old
bridges that have been reaching its lifespan or which are known not to meet today’s
demands both on the load capacity and in terms of the construction method and the
materials used [1].

Under these circumstances, significant damage can go unnoticed between inspec-
tions, with an increasing probability every year. Also, the periodic inspection depicts
the state of the building only at the time of inspection and is influenced by the
inspector’s subjectivity [9]; hence, particularly high loads in the period between,
e.g. from heavy traffic events or temperature, are not taken into account unless this
has already caused visible damage. Periodic inspections alone are insufficient for
maintaining the health of structures and assuring the users’ safety [2].

Structural health monitoring (SHM) offers a way to supplement regular building
inspections [10]. For this purpose, sensors are installed at suitable locations on the
building, which continuously record, save and transmit information about the struc-
ture’s behaviour. Ideally, this data is automatically evaluated, and an alarm is triggered
when specified limit values are exceeded. However, this often proves to be difficult in
practice, since the real structural behaviour, particularly in the case of load redistribu-
tion and crack formation, deviates from the underlying idealisedmodel, and therefore
cannot be evaluated solely by software. Thus, limit values are often set based on the
usual fluctuation range of the measured parameters based on the previous continuous
monitoring, and the measurement data is interpreted manually.

The selection of suitable sensors takes place in the balance between spatial reso-
lution, number of sensors and sensitivity. For example, the natural frequencies of
a building can be determined with just a few vibration velocity sensors, and global
changes in load behaviour can be inferred from this; however, damage to the structure
must already be considerable. In contrast, strain gauges, e.g., offer the possibility of
detecting the smallest changes in crack widths or local strains; however, an extraor-
dinarily large number of sensors would be necessary to be able to monitor the entire
structure.

Although the current approaches of SHM systems using traditional single-
point sensors−such as electric strain sensors, accelerometers, and GPS-based
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sensors−have appropriatemeasurement precision forSHMpurposes [8], theypresent
challenges when deployed in real scale applications [6], given the limited number
of possible points to assess the structural behaviour and the harsh environmental
conditions during operation [4]. When it comes to reinforced concrete structures,
the development of health monitoring and damage identification presents further
challenges, since this type of structure is affected by a variety of chemical, phys-
ical and mechanical degradation processes, and has a heterogeneous composition
and nonlinear behaviour [8]. On the other hand, the fibre optic (FO) technology can
provide integrated sensing along with extensive measurements lengths with high
sensitivity, durability, and stability, which makes them ideal for SHM of concrete
structures [7].

The Fibre Bragg Grates (FBG) based FO sensors, for instance, offer new
approaches, in particular for the detection of new cracks, since it enables high-
resolution (~1μm) strain monitoring over discrete segments. Within these segments,
crack openings, e.g., can be detected without the previous knowledge of their
locations.

Many researches have already been done on the topic of crack detection in
concrete, but the application on real structures is still missing. This project aims
to investigate the possibilities and limits of fibre-optic building monitoring, espe-
cially concerning the detection of cracks. Therefore, an SHM system using quasi-
distributed FO FBG sensors is proposed to continuously monitor the strain changes
of a 57 m long prestressed concrete bridge due to traffic loads and environmental
changes. In this work, the installation processes of the FO sensors and the opera-
tional hardware is shown. Furthermore, initial measurement values are presented to
demonstrate the potential of FO to provide a reliable SHM system to monitor large
concrete structures.

1.2 FBG Sensing Technology

An FBG sensor is a microstructure with 5 to 10 mm in length [11] and consists
of a series of evenly spaced etchings at a tuneable distance � from each other,
written using a UV laser in the core of a standard telecom FO [5]. When the light
passes through the FO, a portion of the light is reflected at each etching, where
the spacing of the etchings causes the reflected light to have a different phase for
most wavelengths; thus, destructive interference causes the individual reflections to
cancel each other out. However, the wavelength harmonic to the etching spacing will
be reflected in phase and experience constructive interference. Hence, the reflected
spectrum λB (or Bragg wavelength) will contain essentially one wavelength, which
can be directly related to the etching spacing [3], as illustrated in Fig. 1. If the FO
is subjected to external loads, e.g., strain or temperature variation, the fibre’s length
and consequently the spacing between the gratings will change, causing a shift in the
Bragg wavelength. With the proper calibration, the external load can be quantified
from the Bragg wavelength shift.
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Fig. 1 Measurement principle of the FBG sensor [13]

The long-gauge FBG sensors (LGFBG), also known as quasi-distributed FO
sensors, are characterised by their in-lie multiplexing feature, wherewith a series
of individual sensors can be connected and measured in a single fibre-array using
techniques such as wavelength-division multiplexing (WDM).When combined with
the long-gauge attribute, the integral length of a structure can be monitored with
a distributed, yet discrete, array of sensors; thus the name “quasi-distributed”. The
discretisation resolution, i.e. the smallest distance wherein changes can bemeasured,
is determined by the gauge’s length of the sensors, ranging from millimetres up to
10 m long [12].

More details about FBG sensors and their application can be found in [10].

2 SHM System

2.1 Monitored Structure Characterisation

The monitored structure is a prestressed hollow-core concrete bridge built in 1964.
The design load class is 60/30, according to DIN 1072. With a width of 11.08 m, it
has three continuously spans with a total length of 57.00 m (17.00–23.00–17.00 m)
without coupling joints (Figs. 2 and 3). The two centre columns are designed as
individual supports with pot bearing. On the southern abutment, the superstructure
is supported by two linear rocker bearings, and on the northern abutment, by two
roller bearings.

Likemost of the prestressed concrete structures designeduntil the’70s inGermany,
the bridge was built with prestressing steel types St 145/60 Sigma, KA 141/40
and KA35/10, which are known for their high vulnerability to corrosion-induced
cracking.
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Fig. 2 Longitudinal view of the bridge (dimensions in meter)

Fig. 3 Bridge’s cross-section (dimensions in centimetre)

In addition to the high increase in traffic loads compared to the year of construction
in 1964, and the corrosion-induced cracking risk, other critical problems may arise
due to construction methods and the design standards adopted back then. Construc-
tion failures can already appear during construction caused by misplacement of the
hollow-core bodies, and difficulties in compacting the surrounding concrete. From
the structural point-of-view, the hollow-core bodies prevent two-axis load transfer
and thus in the redistribution of forces in the transversal direction. Likewise, shear
forces and temperature loads were not taken into account to the extent that it is
considered necessary from today’s standards at the time the building was planned.
Finally, the hollow-core cannot be examined as part of the building inspection, which
means that any damage inside them may not be early detected.

2.2 Monitoring System

A fibre-optic monitoring system based on long-gauge FBG (LGFBG) sensors were
installed to continuously monitor strain and temperature changes, and vibration of
the bridge superstructure.

The strain monitoring consists of two parallel measuring lines, each with 27
LGFBG sensors along the complete longitudinal direction, and five measuring lines
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in the shear direction, with seven LGFBG sensors each. For every LGFBG strain
sensor, an embedded temperature sensor is present for temperature compensation on
the FO. Besides, the concrete temperature is monitored at five different points in the
middle bridge field, and the acceleration is measured at 2 locations. The sensors were
divided into eight quasi-distributed arrays equipped with redundancy connection
fibres, which enable measurements to be continued if a primary connection cable
fails. A schema of the sensors is given in Fig. 4 and overview photos are shown in
Fig. 5. The following sensors are installed on the structure:

– Strain in the longitudinal direction - sensors S01-S54 and S80-89: For monitoring
in the longitudinal direction, two distributed strain sensor-measuring lines are
attached to the bottom of the bridge, located in the area of the prestressed cables.
The sensors S80 to S89 were installed on the side of the structurer at about 50 cm
above the lower surface. The sensors S01 to S54 have a gauge length of 2.05 m,
and the sensors S80 to S89 a gauge length of 0.50 m.

– Strain in the transverse direction − sensors S55-S79: Five strain sensor-measuring
lines across the cross-section were installed on the underside of the bridge in the
area of the maximum bending moments and on the two supports. These sensors
have a gauge length of 1.35 m.

– Temperature sensors T01-T05: temperature sensors in the middle of the bridge,
transverse to the direction of travel.

Fig. 4 Schema of the sensors’ configuration (bottom view of the superstructure)
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a. Overview of the bridge. b. View of the configuration of the sensor

c. View of the configuration of the sensor d. An LGFBG sensor with 2.05 m gauge. 

Fig. 5 Overview of the bridge and the monitoring system

– Acceleration - sensorsAC01-AC02:Twoaccelerometerswith a verticalmeasuring
direction in the middle of the main field each centred between the main axis and
the edges of the support plate.

The optical interrogator was installed together with an industrial computer with an
embedded LTEmodem, a power bank supply to sustain power cuts up to 30 min, and
additional components in a temperature-controlled control cabinet on the southern
abutment. The measuring system can be entirely operated via remote access, which
also enables the transfer of all stored files.

The measurement has been running continuously since 8th October 2019, with a
measurement frequency of 200 Hz. All measurement data are available at any time
for live visualisation. The data saving is only carried out if the measured change
in strain is higher than a specified trigger. Also, a report is automatically generated
every 15 min, in which the maximum, minimum and average values of all sensors
are documented.

The monitoring system generates a considerable amount of data, given its high-
frequency rate and the high sensor-count. To improve data management and the anal-
ysis of the results, the measured data is automatically stored in a MySQL database.
The SQL database is accessed using customised MATLAB scripts written specifi-
cally for this application, where all the analysis and results, including graphics, are
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automatically processed. After that, older measured data can be deleted to free up
memory space.

3 First Measurement Data

The strain-variation measured by the longitudinal sensors during the crossing of a
truck over the bridge is shown in Fig. 6. The graphics Fig. 6a–c represent the line
of sensors at one side of the superstructure, while the graphic Fig. 6d–f the line of
sensors on the opposite side (refer to). The vehiclewas travelling in the direction from
S01 to S27. The total duration of the measurement is 4 s, and it was acquired with
a frequency of 200 Hz. Each curve presented in the graphics can be understood as

a) Sensors S01 to S07 – fist span d) Sensors S28 to S34 – first span 

b) Sensors S10 to S18 – middle span e) Sensors S37 to S45 – middle span 

c) Sensors S21 to S27 – last span f) Sensors S48 to S54 – last span 

Fig. 6 Dynamic strain measurement of the LGFBG sensors located under the spans in the
longitudinal direction during the crossing of a truck over the bridge
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the strain influence line of the bridge sections corresponding to each of the installed
sensors.

When the vehicle enters the bridge, the sensors S01 to S07 and S28 to S34, located
under the first span, displayed peaks of positive strain, while the sensors S10 to S18
and S37 to S45, located in the middle span, measured negative strain, and, finally,
all the sensors under the last span displayed values close to zero. When the vehicle
passes over to middle span, it can be noted an inversion of the values’ signal for all
sensors, where now the sensors in the middle span display positive peaks and the
sensors on both side-spans negative peaks.

The sensors also tend to converge to zero at the same timestamp when the vehicle
passes above the two columns, around timestamps 400 and 700ms, which is expected
since the columns absorb the vehicle’s load when it is standing over the column. At
last, it is observed symmetric behaviour between the sensors in Fig. 6a–d on the first
span and the sensors in Fig. 6c–f on the last span, as the vehicle crosses it and leaves
the bridge superstructure.

In Fig. 7 is shown the maximum and minimum strain diagram for the longitudinal
sensors. The two lines of LGFBG longitudinal sensors are represented separately
in Fig. 7a for sensors S01 to SS27, and in Fig. 7b for sensors S28 to S54. The
amplitude, i.e. the difference between the maximum and the minimum strains, is
plotted vertically for each sensor. Three positive strain peaks occur in the central
region on each of the three spans, whereas the two negative peaks arise where the
two centre columns are located. The maximum measured strain is 44.11 μm/m on
sensor S14, the minimum -24.36 μm/m on sensors S34, and the maximum strain
amplitude is 50.5 μm/m on sensor S25.

a) Sensors S01 to S27

b) Sensors S28 to S54

Fig. 7 Maximum and minimum strain diagram for the longitudinal LGFBG sensors during the
crossing of a truck over the bridge
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Fig. 8 Influence of the temperature variation on the measured strain during four days

Figure 8 shows an example of the measured strains and temperatures on sensor
S41 over four days. It can be seen that the strain variation follows the temperature
curve. The phase shift and the damping of individual measurement peaks from solar
radiation are a consequence of the temperature inertia of the reinforced concrete.
So far, it has been found that the changes in elongation at all sensors due to the
temperature fluctuations, with a maximum of 180 μm/m so far, are significantly
bigger than the strains from traffic loads with amaximumof 40μm/m so far. For each
Celsius temperature increase, the bridge stretches approx. 8μm/m in the longitudinal
direction, meaning a coefficient of thermal expansion of 8 × 10–6 ºC−1, which is in
the range of the literature value for concrete according to DIN 1045–1 (between 5
and 14 × 10–6 ºC−1).

Figure 9 shows the single-sided amplitude spectrums for the sensors AC01 on two
different events where a large truck drove over the bridge. The FFT was done using
1024 samples taken from a measurement at 200 Hz and smoothed using a Hanning
window. It can be seen two prominent peaks at 45.3 Hz in the first event and 43.4 Hz
in the second event.

The authors believe that the reliability and precision of themeasure data combined
with the continuously high-frequency measurements will allow an in-depth analysis
of the structure’s actual condition and remaining lifetime. With algorithms such
as the rain flow analysis it is possible to access the more repetitive, with smaller
amplitude load cycles due to the traffic and the more spaced, with greater amplitude
load cycles due to the temperature shift along the year. The comprehensive strain and
temperature distribution in both the longitudinal and the transversal direction enable
the calibration of numerical models to identify local degradation of the structure’s
stiffness, and thermos-energetic models to a better understanding of the temperature
influence within the bridge.
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a) Event on 8th January, 11:53h A.M.  

b) Event on 20th January, 07:11h A.M. 

Fig. 9 Single-Sided Amplitude Spectrum for sensor AC01 during the crossing of a truck over the
bridge in two different instances

4 Conclusion

This work presented the deployment of a large-scale application of fibre optic-based
sensors for structural health monitoring of a prestressed concrete bridge, and its
initial results obtained during operation.

The use of long-gauge FBG sensors has the potential to delivery in-depth knowl-
edge of the strain distribution and the structural behaviour of large civil infrastruc-
tures. The dynamic measurements allow the representation of the strain influence
line in each section of the bridge covered by a sensor and can be used for the detec-
tion of local damages, such as crack openings and the rupture of prestressed cables,
as well as the influence of temperature variation loads and the structure’s remaining
lifetime.
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Due to the continuous monitoring, the system can be set-up to notify extreme
events, such as an abrupt shift of the strain measurement, increasing public safety.

The high resolution of themeasurement data along with numerical analysis would
allow an estimation of the actual traffic loads and damage state on the bridge after
calibration.
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Enhanced Fatigue Life of Old Metallic
Bridges—Application of Preloaded
Injection Bolts

Bruno A. S. Pedrosa, Carlos A. S. Rebelo, José A. F. O. Correia,
Milan Veljkovic, and Luís A. P. S. Silva

Abstract There is a significant number of old metallic bridges with high levels of
structural degradation due to their long service period. Fatigue problems are espe-
cially important in these structures since the majority of them were not designed
taking into account this phenomenon. Several investigations showed that riveted
joints are critical details since several fatigue cracks were found in these joints. In
this sense, strengthening methodologies need to be studied. The strategy that has
been considered a good solution is the implementation of injection bolts to replace
faulty rivets. The structural performance of injection bolts has been demonstrated
essentially under quasi-static conditions presenting good results. This paper intends
to contribute to the scientific knowledge regarding the fatigue behavior of connec-
tions with preloaded injection bolts in the context of a bridge strengthening scenario.
An experimental investigation was conducted to compare the fatigue performance of
connections with preloaded injection bolts and preloaded standard bolts. Single and
double shear connections were tested. New S–N design curves were proposed based
on a statistical analysis of the results and compared with the S–N curves proposed in
EC3-1–9. The obtained results showed that the use of injection bolts lead to lower
scatter and improvement of fatigue life. It was verified that the Eurocode 3 is not able
to represent the fatigue strength of connections whose performance is influenced by
old metallic materials. Additionally, the fatigue behavior of these connections was
assessed by numerical analysis. The relevance of the fatigue crack initiation was
evident.
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Fig. 1 Schematic representation of an injection bolt

1 Introduction

Maintenance and safety assurance of old riveted bridges designed in the period
which steel has become an economically viable material for bridge construction, i.e.,
between the end of the 19th and the beginning of the 20th century, deserve special
attention. These structures are prone to present high levels of structural degradation
due to their long service life [1]. Repairing and strengthening operations of old
riveted steel bridgesmay use alternative fastening techniques, such as rivets, welding,
high strength friction grip bolts, fitted bolts and resin-injected bolts. The mechanical
performance of resin-injected bolts have been demonstrated essentially based on
quasi-static or creep tests [2–4], which strengthen the importance to assess its fatigue
strength [5]. Injection bolts, represented in Fig. 1, can be produced from standard
bolts adapting them for the resin injection process as mentioned in Annex K of EN
1090–2 [6].

The fatigue behavior of details composed with injection bolts is defined in
Eurocode 3 part 1–9 [7] through the proposal of S–N curves. These standard states
the same fatigue design curve for bolted connections with preloaded injection bolts
than for bolted ´connections with standard preloaded bolts.

2 Experimental Campaign

Experimental fatigue tests were performed to assess the fatigue strength of bolted
connections with preloaded injection bolts in comparison to bolted connections with
preloaded high strength bolts in the context of a structural rehabilitation of an old
metallic bridge.

A total of 40 experimental tests were performed, half of them using bolted connec-
tions composed with standard bolts and the other half using bolted connections with
injection bolts. Specimens are bolted connections in which the connecting element
(bolt) is under shear load and both typologies of single shear connections and double
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Fig. 2 Geometry of specimens (dimensions in mm) *thickness varies between 6 and 8 mm

shear connections were studied. Since one of the main goals was to reproduce as
close as possible a structural strengthening scenario of an old metallic bridge, speci-
mens are composed bymetallic plates extracted from structural elements of the Eiffel
bridge located in Viana do Castelo and by metallic plates produced with S355. The
geometry of the specimens is presented in Fig. 2. Each of the specimens is composed
by two M24 bolts with high strength class 10.9. These elements were preloaded
following the recommendations on EN 1090–2 [6]. The assembly and preparation
of specimens with injection bolts was conducted with the recommendations on the
Annex K of EN 1090–2 [6]. Within the experimental campaign, different levels of
applied load were tested aiming to allow the determination of reliable S–N curves
for the studied structural details.

The adhesive used for injection bolts was the epoxy based resin Sikadur®-52.
This material is characterized by its low viscosity (good for the injection process),
good adhesion to steel and adequatemechanical properties. It is used in rehabilitation
of civil engineering structures, such as bridges, to fill voids and cracks and assure
that the two connecting elements are structurally bonded.

Specimens were tested on a WALTERBAI Universal Testing Machine rated to
600 kN. All fatigue tests were carried out under constant amplitude loading with a
stress R-ratio equal to 0.1. The test frequency was set to 5 Hz for all tests except for
one high-cycle fatigue tests where test frequency was defined as 10 Hz. If no rupture
is found before 5 million cycles, the test is stopped and it is considered a run-out.
This value corresponds to the fatigue limit defined in EN 1993–1–9 [7] for constant
amplitude loading scenario.

Fatigue results are normally presented using logarithmic scales in both applied
stress range, �σ, and number of cycles, N, axes. This methodology allows to define
a linear relation between those parameters as described in the following equation:

logNi = loga + m · log�σ (1)
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where m is the slope and loga is the intersection with the axis log�σ . Thereby, a
mean S–N curve can be defined for the obtained results using a linear regression base
on the least squares estimation method.

Moreover, a characteristic S–N curve can be establish using the requirements
prescribed in EN 1993–1–9 [7] which are 75% confidence level and 95% probability
of logNi be exceeded. As stated by Drebenstedt and Euler [8], this curve can be
described as:

logNi = loga + m · log�σ − k1−α,p,n · s (2)

where k1−α,p,n is the statistical factor which depends on the confidence level, 1− α,
probability of failure, p and the sample size, n, and s is the standard deviation.

In the present study, the statistical analysis was performed aiming to define char-
acteristic curves using a slope equal to 5, since this is the value that has been proposed
by different authors [9] for structural details composed by old metallic materials.

2.1 Single Shear

Concerning the experimental tests with single shear specimens, it was verified that
the failure was obtained in the puddle iron plate. In Fig. 3 are presented the obtained
fatigue data from the experimental campaign referred above together with additional

Fig. 3 Experimental data for single shear specimens; mean and characteristic curves
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data from similar tests made by Jesus et al. [10]. The statistical analysis allowed to
define both mean and characteristic curves. It is observed from the graphic that mean
curves are nearly coincided but the scatter for standard bolts is significantly higher
as is proved by the value of the coefficient of determination. For the characteristic
curves the analysis is similar, the use of injection bolts does not lead to significant
changes in the fatigue strength of single shear bolted connections. This fact led to the
definition of a mean and characteristic curves for all the obtained fatigue data. The
characteristic curve obtained for all fatigue data was found with a detail category of
67 MPa.

In order to understand the feasibility of the design curves proposed in theEurocode
3 part 1–9 [7], in Fig. 4 is defined the detail 90 proposed in the standard for single
shear bolted connections. It is clear that this curve does not represent a design safe
criterion for the presented fatigue data. In fact, as previously discussed by several
authors [11, 12], S–N curves proposed in EC3–1–9 are not able to represent the
fatigue behaviour of structural details composed by old metallic materials such as
puddle iron. An additional S–N curve is presented in Fig. 4, which is the design
curve defined by the detail category 71 and slope equal to 5 as proposed by Taras
and Greiner [9]. They conducted and analysed several fatigue tests on components
from old metallic bridges. It can be observed that this design approach is very well
suitable to the presented fatigue experimental data.

Fig. 4 Experimental data for single shear specimens; design curves
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2.2 Double Shear

For double shear specimens, a total of 21 fatigue tests were conducted, 9 using
injection bolts and 12 using standard bolts. These specimens were assembled with
one S355 steel plate in one side and two puddle iron plates in the other side leading
to higher stresses on the plate made with current steel, therefore fatigue failure was
found on this component. In Fig. 5 are presented the obtained data and both mean
and characteristic curves defined by the statistical analysis.

The comparison of the obtained datawith the design curve proposed in Eurocode 3
part 1–9 [7] defined by the detail category 112 shows that it is not completely reliable,
however there are only two data points with lower fatigue strengths. Additionally,
the curve proposed by Taras and Greiner [9] represents a very conservative approach.
In this case, the scenario of scatter reduction by using injection bolts is also present
as is verified by the values of the coefficient of determination. Despite the similarity
of mean curves, the difference in the standard deviation (0.23 for injection bolts and
0.43 for standard bolts) conducted to non-similar characteristic curves. In fact, the
characteristic curve related to injection bolts represents higher fatigue strengths and
its detail category is 22% higher than the opponent.

Fig. 5 Experimental data for double shear specimens; design curves
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3 Numerical Analysis

3.1 Fatigue Model

Fatigue life predictions of bolted connections under shear loading has been studied
by several authors [13, 14]. The most commonly used fatigue models assume that
fatigue life can be divided in two stages: fatigue crack initiation and fatigue crack
propagation. The first stage can be modelled using strain-life relations while the
second stage can be computed using the concept of linear elastic fracture mechanics
(LEFM). The crack length which is considered as the beginning of the second stage
varies within the range of 0.1 and 1 mm [14]. The strain-life relation used in the
present study was developed by Morrow [15]:

�εloc

2
= σ ′

f

E
(2Ni )

b + ε′
f (2Ni )

c (3)

Where �εloc is the local elastoplastic strain, σ ′
f and b are the fatigue strength

coefficient and exponent, respectively, ε′
f , and c are the fatigue ductility coefficient

and exponent, respectively, E is the Young modulus and Ni is the number of cycles
in the initiation phase. The values for σ ′

f , b, ε′
f , c e E were determined by Correia

[16] for puddle iron from the Eiffel bridge and S355. The computation of the local
elastoplastic strain was made with the analytical approach developed by Neuber [17]
together with cyclic curve defined by the Ramberg–Osgood [18] formulation:
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Where �σ loc is the local stresses, �σ nom is the nominal stress, K ′ and n′ are the
cyclic strain hardening coefficient and exponent, respectively (whose values where
obtained from Correia [16]) and Kt is the stress concentration factor (computed by
finite element modelling).

The number of cycles in the fatigue crack propagation phase was calculated
through the integration of the Paris law [19]:

�N = 1

C

1

�Km �a (5)

Where C and m are material constants whose values were extracted from Jesus
et al.[20] and �K is the stress intensity factor (computed by finite element
modelling).
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3.2 Finite Element Modelling

A set of finite element models were developed based on specimens used in the
experimental campaign aiming to compute both stress concentration and intensity
factors. The geometry, boundary conditions and applied load on numerical models
follows the experimental campaign. The symmetry of specimens along the plane XZ
was used to reduce the computational cost, as presented in Fig. 6.

These models were created using solid finite elements with 8 nodes, C3D8 and
the mesh size was calibrated as a function of the stress concentration value, Kt . The
vicinity of hole in the plates is the critical area for the stress concentration factor and,
therefore, the mesh size was reduced in this zone, as presented in Fig. 7.

Fig. 6 Schematic representation of numerical models; boundary conditions

Fig. 7 Finite element mesh in the zone of stress concentration
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Contact surfaces between plates and between plates and bolts were defined for
its normal and tangential behaviour. For the first scenario, “har contact” formulation
[21] was chosen and for the second scenario the “penalty” formulation [21].

Bolt preload forces were applied before the external load and its value was set to
185 kN. The main goal of these numerical analysis was to compute stress concentra-
tion factor and stress intensity factor which are elastic parameter, therefore, material
models used in the analysis correspond to its linear elastic material properties. Thus,
puddle iron material was defined with E = 193.1 GPa [16], for S355 steel the value
E = 211.6 GPa [16] was used and E = 210 GPa for bolts. The Poisson coefficient
was set to 0.3 for all materials.

The applied load was defined as the maximum value used in the experimental
campaign.

From the experimental tests was possible to identify the origin of the fatigue crack
in the vicinity of the hole of the plates. Thus, a set of numerical models were created
to compute the stress intensity factor with different values for the crack length which
starts in the hole and growths perpendicular to the applied load through the net area
of the plate. It was modelled with constant length through the thickness of the plate.

The computation of stress intensity factor was made with the modified Virtual
Crack Closure Technique (VCCT) developed by Krueger [22]. Then, it is possible
to adjust a six-degree polynomial law between the factor Y = K/σ and the crack
length, a, and obtain the number of cycles in the propagation phase by integration of
this polynomial law.

3.3 Results

The fatigue model and the numerical analysis previously discussed allowed to
compute S–N prediction curves for the studied details.

In Fig. 8 are presented S–N prediction curves for the crack initiation and propaga-
tion curves for single shear specimens, as well as total S–N prediction curve compute
as the sum of the S–N prediction curves in initiation and propagation phases. It is
observed that numerical S–N prediction curves are very well adjusted to the exper-
imental results. The influence of the crack initiation phase is most evident for high
cycles fatigue regime and the influence of the crack propagation phase is evident for
low cycles fatigue regime.

In Fig. 9 are presented the numerical S–N prediction curves for double shear
specimens. In this case, the S–N curve for the initiation phase is dominant for all
fatigue regimes since it is nearly coincident with the S–N for the total fatigue life.
The crack propagation phase for double shear specimens is not relevant.
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Fig. 8 Fatigue life prediction using numerical and analytical approaches for single shear specimens

Fig. 9 Fatigue life prediction using numerical and analytical approaches for double shear speci-
mens
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4 Conclusions

The main conclusions from this study are the following:

1. The use of injection bolts contributes to reduce the randomuncertainty of fatigue
resistance in comparison with bolted connections with standard bolts.

2. Fatigue failure on single shear specimen was found on puddle iron plates which
led to low fatigue resistance values especially compared to the fatigue strength
prediction from the Eurocode 3 part 1 – 9.

3. A statistical analysis was implemented and characteristic S–N curves were
defined with the statistical parameters defined in the Eurocode 3 part 1–9.

4. It was verified that the influence of the adhesive around the bolt does not produce
significant changes in the fatigue strength of single shear connections, however,
it contributed to increase the fatigue strength in 22% in the case of double shear
connections.

5. Numerical S–N predictions were computed based on elastic parameters. It
was possible to observe the relevance of the initiation phase on the total S–N
prediction curve, especially for double shear specimens.
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Efficient Labelling of Air Voids in
Hardened Concrete for Neural Network
Applications Using Fused Image Data
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Abstract Every concrete structure incorporates a system of air pores of different
sizes which is characterized by design parameters according to the respective build-
ing codes. The system’s characteristics affect properties of the material, specifically
the durability of concrete exposed to freeze-thaw action. Testing techniques like the
traverse line method, the point count method or the enhanced contrast method have
been established and standardized to determine the relevant parameters according
to construction material standards in order to empower the future life cycle anal-
ysis of the structure. These procedures are typically governed by a major effort in
terms of specimen preparation andmicroscopic examination.We present an approach
for a time-efficient procedure to analyze the air void system in optical microscopic
images of hardened concrete by means of a neural network that is reliable and highly
reproducible at the same time. Height-based segmentation of images using confocal
laser scanning microscopy data allowed the composition of an image dataset with
automatically labelled air voids. The set consists of 32,750 images of air voids with
diameters between 25µm and 1.1 × 103 µm. By translating the gained information
about the size and the location of air voids via a binary mask, we created a corre-
sponding dataset generated by means of an optical microscope. The dense one-stage
object detector RetinaNet with a Resnet backbone, fed with the optical microscopic
image dataset, demonstrates the effectiveness of the method referring to localiza-
tion and characterization of air voids in images of hardened concrete. The presented
approach supports the successive characterization of the standardized parameters of
the air void system and advances themodelling and prediction of structural durability
with regard to freeze-thaw resistance.
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1 Introduction

Functionality of our built environment, at present, is based on reinforced concrete
(RC) structures. The service life of these structures is affected by physical and chem-
ical loading depending on their environmental exposure. Although, the required
material properties are generally adjusted with a safety margin to resist the specific
impacts, unintended deviations from the design state may occur. To quantify these
deviations and to ensure structural safety and durability, efficient and less resource-
intense maintenance and monitoring technologies are necessary.

A major cause of deterioration of RC structures is the combined effect of freeze-
thaw exposure and chloride ingress. On a microstructural level, every concrete struc-
ture incorporates a pore system with its characteristic production mechanisms and
stability [1, 2]. The composition of the pore system in hardened concrete primarily
affects the freeze-thaw resistance, whereas the content of pores impacts the diffu-
sivity and the transport potential of corrosive agents [3]. In general, for a concrete
mix which provides more water than necessary for the hydration process, a sys-
tem of pores develops that accelerates the process of capillary suction [4, 5]. The
damage evolution can be characterized by ultrasonic pulse velocity measurements
or resonance frequency analysis [6]. Both methods describe the damage evolution
and its effect on the service life, e.g. crack development affecting the elastic prop-
erties and the characteristic strength. Procedures and standards exist to quantify the
relevant parameters of the pore system which, in many cases, are expensive and
time-consuming in order to create statistically relevant information. The construc-
tion material standards EN480-11:2005-12 [7] and ASTMC457/C457M [8] govern
the determination of the total air content, the specific surface, the spacing factor, the
pore size distribution and the content of micro air pores. Additionally, the standards
include the characterization procedures like the traverse line method, the point-count
method and the contrast enhanced method. Contrast-based automatic systems, first
discussed in 1977 [9], have been proposed to analyze the parameters of the air
void system and establish a testing procedure with high rates of reproducibility and
repeatability [10–12].

Artificial neural networks were proposed in the context of characterization of the
pore system, e.g. to predict the effect of asphalt components on the air void content
in asphalt mixtures [13] or to quantify the effect of various mixture parameters on
the durability of high performance concrete [14]. The large number of pore examples
empowers the approach to automate the identification of pores within a defined range
of diameters by means of a neural network.
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2 Materials and Methods

2.1 Specimen

The sample mortar specimen consisted of natural sand with a maximum grain size
of 4mm and a total sand content of 57% by vol. It was subjected to the Austrian
Standard ONR23303:2010-09 [15] to evaluate of the freeze-thaw-resistance of fine
aggregates . Therefore, a paste content of 43% by vol. made of 525kg/m3 cement
with aw/b ratio of 0.42was used. To ensure the required air void content of 9–15%by
vol. in the freshmortar, an air entraining agent was added. The air void characteristics
of the hardened mortar are determined with the traverse line method according to
EN480-11:2005-12 [7]. The air content was 8.85% by vol., the content of micro air
pores was 5.44% by vol. and the spacing factor was 0.12mm. The specimen is shown
together with the three examined strip-shaped sections on its surface in Fig. 1a.

2.2 Imaging Methods

The data acquisition device used for this study was a confocal laser scanning micro-
scope (CLSM) which simultaneously produces light images by optical microscopy
(OM). The data obtained by the measurements are light intensity values, which rep-
resents the height for every data point within the measured area. The heights of the
data points with the highest intensity represents the surface distance of the specimen
to the microscope. The resulting geometrical 3D information is shown in Fig. 1b for
a typical section. We used a magnification of 5× in order to generate images with
a pixel width of 2.84µm. Additionally to the height measurement, an optical digital
image of the measured surface was taken.

Fig. 1 Air-entrained concrete specimen with an area of 10 × 15cm2 limited by the blue lines and
the specimen edges. a digital image, b 3d image of the surface measured with a confocal laser
scanning microscope with a magnification of 20×
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For automation of the image acquisition, an object table controlled by the micro-
scope’s software was used. This facilitates the recording of an area up to 100 x
100mm2. Additionally, an automated focus was used to scan the height area for
every single picture, thereby setting the measurement height for the software, mini-
mizing the effort regarding manual specimen evaluation.

2.3 Object Detector

The RetinaNet network architecture works as a dense one-stage object detector. It
uses a Feature Pyramid Network (FPN) backbone on top of a ResNet feedforward
architecture, a classification subnet, and a box regression subnet [16]. We employed
a one-stage detector which runs at faster speed compared to two-stage detectors like
Faster R-CNNs with a FPN [17].As the network backbone, we tested Resnet-50 and
Resnet-101 [18] with variable pixel input and an adaptive learning rate.

3 Data

The collected data is the result from the surface examination of a concrete specimen.
We created two corresponding image datasets by means of confocal laser scanning
microscopy and optical microscopy, by examining the same section of the specimen
surface for both sets. Direct labelling of air voids in optical microscopic images is
dependent on the examiner and is usually not straightforward. Thus, we employed
the information about the surface height profile to perform a segmentation operation
on every confocal microscopic image.

The segmentation operation consists of morphological closing with a (15, 15)
kernel to improve the signal-to-noise ratio in the digital image bymeans of a threshold
condition in the grayscale image, followed by a Canny edge detection operation
using median filtering. These steps form the preprocessing procedure that allows
the localization of the segment contours, i.e. the edges of the air voids (see Fig. 2a).
The height-based information is furthermore transferred to the corresponding optical
microscopic image via a binary mask that represents the computed segments as the
inner part of the contours. For every segment, the consecutive list of air voids expands
by adding a label and the location. Figure2b presents the result of the preprocessing
algorithm for an exemplary image.

By applying the preprocessing segmentation algorithm to a set of images and
marking rectangular sections, we created an image stack of air void examples which
serves as an input for the training of the object detector RetinaNet. Figure3 shows
three examples of labelled air voids with various diameters as a subset of the data
stack along with their binary masks. We labelled air voids with diameters between
5µm and 1.1 × 103 µm. The optical lens with a magnification of 5× limits the
resolution of the optical image and the detectable minimum air void diameter. As
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Fig. 2 Image pairs of the concrete specimen surface with edge lengths of 2.91 and 2.18mm: a
computed contours in a digital image generated by confocal laser scanning microscopy with their
respective minimal rectangle. The segments represent the air voids and are labelled consecutively
according to their location. b Result of the preprocessing algorithm: labelled air voids in the optical
microscopic image by means of the transferred height information

Fig. 3 Three exemplary image pairs of automatically labelled air voids with approximated diam-
eters of d1=429µm, d13=28µm and d37=451µm: (a) to (c) binary masks to transfer the height
information to the OM images (d) to (f). The presented images are part of the input dataset for the
training of an object detector

the data collection process runs automatically for every specimen, we employed
an autofocus for every image section. By slight adjustment of the autofocus, we
integrated out of focus images to the dataset to improve the robustness referring to
blurring in the test data.

The resulting dataset includes 32,750 examples of air voids in OM images, which
were extracted from 1,044 single recordings out of three strip-shaped sections. Each



214 F. Diewald et al.

Table 1 Examples of the examined surface strips, the composed images and the automatically
labelled air voids with their respective quantities. The final dataset consists of 32,750 labelled air
voids with a range of diameters between 25µm and 1.1 × 103 µm

Type Image Quantity

Strip from concrete
specimen surface

3

Composed image
from strip

1,044

Single air void from
composed image

32,750

strip is composed of 39 images n1,1 to n39,1 over its length and 9 images n1,1 to n1,9
over its width. Table1 provides an overview about the specimens and the generated
datasets, and illustrates the data collection process.

4 Results

4.1 Model Performance

The chosen architecture is a pre-trained object detector as a combination of Reti-
naNet with both ResNet-50-FPN and ResNet-101-FPN backbone. We fed the one-
stage object detector with the image dataset, described in Sect. 3, which contains
32,750 labelled air voids. The ratio of the data was 60% training data, 20% vali-
dation data and 20% test data. The results of two performed trainings are stated in
Table2, together with the training parameters. Computation was conducted using
a Nvidia RTX2070Max-Q GPU with a CUDA compute capability of 7.5. For both
trainings, the number of iterations was 5,000, the batch size was 10 and the number

Table 2 Object detector architectures with computing time, classification loss and regression loss
related to the dataset of 32,750 air voids. The dataset is split into 60% training data, 20% validation
data and 20% test data

Architecture Computing time Classification loss Regression loss

RetinaNet ResNet50 360min 0.3169 1.0298

RetinaNet ResNet101 420min 0.3392 1.1574
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of epochs was 10. Using these parameters, the architecture with ResNet50 achieved
a classification loss of 0.3169 and a regression loss of 1.0298. The architecture with
ResNet101 achieved a classification loss of 0.3392 and a regression loss 1.1574.

4.2 Discussion

A method based on 2D-image analysis qualifies the formulation of more precise air
void characterization models compared to a 1D line as reduction of the evaluation
space causes a dimensional loss of information. In general, this implies the enhance-
ment of confidence within the subsequently applied probabilistic models by feeding
them with information from section planes compared to traverse lines. However,
the evaluated dataset is only useful to evaluate feasibility of the method due to its
unidimensional character. Further augmentation is necessary for detailed analysis of
the object detector performance and the computed accuracies are explicitly valid for
a uniform set of images. Regardless of these limitations, the average precision for
a test set is high despite blurry images within the dataset. Using a higher resolution
lens is vital for the method to represent air voids in the microscale range. The effort
to automatically label the air pores is little. Hence, the dataset is expendable with
minimum effort.

The application of object detectors for the image dataset is based on information
about the surface height collected from CLSM data. The suggested preprocessing
procedure implicates the assumption that the air voids are uniquely identifiable by
translating the height information to the optically recorded image. Further physical
imperfections and noise from the measurement technology may affect the labelling
method by producing incorrectly labelled data. Although, the spherical shape of
the air void provides the option of integrating an additional geometrical boundary
condition to improve the algorithm.

5 Conclusions

The developed preprocessing procedure of the digital image data enables the creation
of an arbitrarily large dataset of air void examples in hardened concrete. Based on
this dataset, we demonstrate the potential of evaluating the air void system by a
one-stage object detector and subsequently computing its characteristic parameters.
Feeding a RetinaNet architecture in combination with a ResNet-50-FPN backbone
yielded the most accurate model performance regarding classification and regression
loss for a low quality image dataset. Successively, the suggested procedure needs to
be compared to standardized methods in terms of robustness towards data variation,
accuracy in quantifying the relevant air void system parameters and, finally the cost
and time efficiency. Further improvements are expected fromexplicit segmentation of
the pixels of the air voids compared to the employedminimal rectangles, enlarging the
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dataset by application of modified optical recording conditions or digital correction
of the pore edges, e.g. induced by mechanical specimen preparation. By optimizing
the air void characterization quality, we contribute to a better understanding of the
condition of structures and their properties, thus enhancing service life prediction
and extension methods.
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Evaluation of Electromigration
Desalination of Granite Contaminated
with Salts–A Contribution
to the Conservation of Architectural
Surfaces

José N. Marinho, Eunice Salavessa, Said Jalali, Luís Sousa, Carlos Serôdio,
and Maria J. P. Carvalho

Abstract Different cleaning technologies have been available for cleaning monu-
mental façades, of stone or mortar. This is not only necessary for aesthetic reasons,
but for the removal of salts that promotes conservation, as surface erosion may affect
the long term preservation of buildings. The main advantage of eletromigration treat-
ment is its efficacy in the salts removal or reduction in very porous materials, without
damaging the original material. Many monuments of North of Portugal have granitic
masonry and stonework structures that, sometime, as a result of continuous expo-
sure to the rainwater infiltrations, or in the case of buildings near maritime cost,
due to the marine-aerosols influence, salt efflorescence and disaggregation occurs.
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Hence, it is important to proceed in removal of chloride salts from the contami-
nated granite walls. This research work deals with electromigration desalination of
contaminated “Mondim Yellow Granite” samples, presenting the physical proper-
ties, mineral composition, porosity and internal structure. This type of granite was
selected because is frequently used in traditional buildings and monuments of the
North of Portugal. The aim of the research was to evaluate the desalination effective-
ness of electromigration. By its application chloride salts were completely removed
and sulfate ions reduction was significant. Differences in effectiveness of the desali-
nation were analyzed and are attributed to the shape of granite specimens. Results
obtained demonstrate the viability of application of this electro kinetic procedure for
removal of chloride and sulfate ions of granite ashlars of the monuments.

Keywords Salt efflorescences · Electromigration · Desalination · Granite ·
Efficacy

1 Introdution

In a previous study we developed on a monument situated near the Douro River
delta, the Grilos’ Church in Oporto, we could analyse the deterioration induced
in stone and interior surfaces by soluble salts, which showed the necessity of the
assessment of the appropriate techniques for their elimination in architectural heritage
buildings. In theGrilos’ Church (sixteenth-nineteenth centuries), the polychrome and
decorative plasters of the walls and dome of Holy Sacrament Chapel (a neoclassic
construction of this church), namely the decorative plaster panels, the pilasters, the
cornice and the freeze, present visible signs of cracks and localized detachment of
the coloured plasters. Rainwater penetration through the cracks of the masonries and
dome, the lack of effective drainage system of the roof and rising damp through the
ground (promoted by the absence of the rain-water drainage of the ground around the
Church), are the principal factors of water retention in walls and decaying plasters.
Infiltration waters, rich in salts, and repeated crystallization cycles have gradually
promoted the decay of the plasterwork. The masonry retains a large amount of water
which moves within the stone that evaporates through the plaster coating [1]. The
white plasters of the H.S. Chapel present great concentrations of Cl− (more than
1% m/m) which can result from the marine aerosols contamination. The conditions
of exposure to the environmental humidity and the alkalis impact are responsible
in the appearance of this phenomenon [2]. For that reason, the granite masonries
contaminated with salts need an especial attention for removal of salts.

Several treatments have been tested to eliminate salts from stone and mortar
monumental surfaces such as manual brushing, film poultice, including clay-based
materials, which is held in close contact with the surface [3]. Many researchers have
shown that the use of water to remove salt charge is not recommendable to architec-
tural heritage, as the process may mobilize salts within the stone. Electromigration
appears to be more efficient in extracting and reduce salts from very porous materials
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as soil, concrete and brick [4, 5]. Regarding granites, several published works refer
to the influence of the type of granite in salt decontamination [6]. In our research
work, the desalination by electromigration is applied to lightly deteriorated granite
of NE of Portugal, artificially contaminated with a saline solution produced in labo-
ratory, simulating the seawater. This study represents a preliminary contribution to
the conservation of the monuments of the North of Portugal, which interior surfaces
have valuable plasters, as in Grilos’ Church.

2 Materials and Methodology

2.1 Granite Characteristics

As the origin of the granite of Grilos’ Church was unknown, it was decided to choose
a type of granite with similar physical and mechanical characteristics, especially the
high porosity. We selected two-mica granite quarried in NE of Portugal, with the
commercial designation of “Mondim Yellow”, widely used in traditional buildings
andmonuments in theNorth of Portugal. This granite has a yellow colour andmedian
grain and moderate level of meteorization. Its main physic-mechanic properties are
indicated in the catalogue of ornamental stones, as follows: compressive strength:
1200 kg/cm2; compressive strength after gelidity test: 1080 kg/cm2; flexural strength:
86 kg/cm2; bulk density: 2560 kg/m3; water absorption P. At. N.: 1, 2%; accessible
porosity: 3,4% [7].

2.2 Granite Specimens Preparation

For the electromigration test, two granite specimens, eachmeasuring 80mmx80mm
x 30 mm, were used. Before salt contamination, one of them (identified as “Sample
4” in the text) was drilled at its centre, in thickness, and the resulting powder was used
to constitute a soluble extract, previously prepared, in which, by ion chromatography,
the chloride and sulphate contents of granite were measured to assess the effect of
the artificial contamination, applied later.

The granite specimens were contaminated with synthetic seawater. For the prepa-
ration, based on Feijoo et al. [6], were used several salts in the follow quantities:
NaCl (140,30 g); MgCl2.6H2O (35,60 g); MgSO4.6H2O (28,60 g); CaCl2 (6,66 g);
K2SO4 (10,50 g) in 5 L of distilled water. The salt contamination of the specimens
occurred in a 24 h cycle. At absorption period, the specimens were supported on the
larger surface and partially immersed for one hour in the saline solution until the
solution reached the top surface of the specimens, then they were fully immersed for
two hours. After this period, while the specimens were drying, they were removed
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Table 1 Content of Cl− and SO4
2− in granite powder samples; pH values in granite powder in

solution; (values before and after contamination and after treatment)

Granite powder of specimens Cl−
(mg/l)

SO4
2−

(mg/l)
pH

Before contamination (with synthetic seawater) Not detected 1,5 7,5

Contaminated granite (after 18 contamination cycles) 4,3 1,6 7,5

After desalination treatment Not detected 1,3 7,9

and left in room temperature for twenty one hours. The proceeding was repeated
eighteenth times in order to maximize the saline contamination [6].

After the eighteenth salination cycles the chloride ion and sulphate ion content of
contaminated stoneweremeasured. The contaminated granite specimenswere drilled
and the collected powderwas used to obtain the extract of its soluble components. The
obtained powder was suspended in ultrapure water during two hours. The chloride
ion and sulphate ion contents of the extract were determined by ion chromatography.
The obtained values are presented in Table 1.

2.3 Electromigration Method. Materials and Experimental
Proceeding

Electromigration is the main mechanism for transport of ions trough stone when an
electric current is applied on it. The electric processes transform the current carried
by electrons of metal electrodes in current carried by water ions which is in porous
net. The electrolytic process depends on the material of which are constituted the
electrodes, of the concentration and kind of ions which are in water which is in
porous net and on the difference of the applied electric potential [8]. The principle
of the electro-kinetic extraction of the ionic components of salts of a stone consists
in movements dependent on the charge: positive ions (Na+, K+, Mg2+, Ca2+, Al3+,
Fe3+) of porous solution of stone move towards the Cathode (−), and negative ions
(Cl−, SO4

2−, F−) move towards to Anode (+). In this way, the ions move from the
stone nucleus and concentrate around the electrodes. For the extraction to be possible
solubilisation of salts is needed. Further themigration of the solutions and transport of
the ions in solution are able to begin the selective attraction. In theory, the process of
salts removal will be incremental and so more crystallized salts which are in “porous
space” of granite are dissolved and more ions are mobilized by electromigration.

In this research, the experimental procedures used to desalination the contami-
nated samples partially followed the conditions used by Feijoo et al. [6]. The elec-
trolyte renewal was done every 24 h and the measurement of electric current 4 times
a day with an interval of one hour, and in this way that renewal was done once a day.
However, we must note that the desalination experimental procedures have the total
duration of seven days as in [6] and from the obtained results (see Table 2) we can
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Table 2 pH values of electrolytes poultice/sponges system applied in anode and cathode

pH values of electrolytes of system applied in sample 4

Hours

3 24 48 72 96 120 144 168

Anode 12,2 12,2 11,9 11,8 11,9 12,1 12,0 12,1

Cathode 7,7 9,8 11,1 10,8 9,7 11,2 11,2 11,3

pH values of electrolytes of system applied in sample 5

Hours

3 24 48 72 96 120 144 168

Anode 11,9 12,3 11,9 11,9 11,9 8,7 12,0 12,1

Cathode 8,1 10,5 11,2 9,1 10,1 12,0 9,6 10,4

conclude that the reduction in the number of renewal operation of the electrolytes
was not relevant to the final result.

Two connected granite samples were used (see Fig. 1). The graphite electrodes
(of 80 mm × 80 mm × 3mm) were placed on the granite surfaces (with the same
dimensions). The contact material used was a composed system of sponge (of 3 mm
thickness impregnated with electrolyte) and absorbent poultice (of 2 mm thick). The
impregnated sponge had the objective of establishing the stable ionic contact with
the graphite electrodes, hence, promoting the distribution of a homogeneous electric
field and constitute a reservoir of the electrolyte. The electrolyte used is a solution of
0,2 M sodium citrate and 0, 2 M citric acid buffered to a pH= 6. This solution avoid
that the variations of pH in electrodes to alter significantly the pH of granite during
the electromigration and, in this way, cause the alteration of the components more
susceptible to oxygen-reduction processes such as the iron-magnesian minerals. On
the other hand, reduces the electromigration of OH− radicals formed throughout
the cathodic reaction which promotes the transfer of the chloride ion during the
electrochemical extraction [9].

Fig. 1 Used systems in desalination test, connected to an electric circuit
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To neutralize H+ ions produced at the anode, a poultice obtained with a mixture
of kaolinite, calcium carbonate putty and ultrapure water (in the volumetric ratio
of 1:2:2) was used. To avoid drying, the poultice was in contact with the sponge
impregnated with the above referred citric solution. This system was covered with
an adhesive plastic film before its application. At the cathode it was used a kaolinite
putty (1:2 of water, in volume), to guarantee the physical contact between the sample
and the sponge, collecting there the mobilised ions. The function of those apposite is
essentially to recollect the ions removed from the solution, besides guarantee a good
contact with the granite specimens’ surface.

To manage the fall in pH at the anode and keep the necessary mobilization of ions
from the stone to the electrodes, at the end of 3, 24, 48, 72, 96, 120, 144 e 168 h, the
poultices and the sponges with the electrolyte were replaced, being evaluated the pH
of each sponge/poultice system used at the end of each cycle (see Table 2).

The graphite electrodes were connected to the two combinations which assemble
the different elements in following sequence: graphite (+), sponge, poultice of lime
putty, granite specimen, kaolin poultice, sponge, graphite (-) (see Fig. 1). In this
experimental test of desalination an electric circuit of constant voltage of 8 V was
applied and maintained by a Philips PE 1542 power supply. The test lasted eight
days. Every day, each sponge/poultice system of the electrodes units was replaced
by a new one, assembled to the granite specimen.

During the test, the following parameters were evaluated: the intensity of the
electric current in the circuit and the voltage drop detected in each granite specimen;
the amount of ions extracted and retained in poultices and sponges, in each elec-
trolytes renewal; the pH values of the electrodes results are presented in Table 3. For
analysing the concentration of Cl− and SO4

2− accumulated in the poultice/sponge
systems at the end of each cycle their soluble extracts (by immersion in 100 ml of
ultrapure water for one hour), were obtained. Then the extracted material was filtered
and the reminiscent liquid was used to determine the chloride ion and sulphate ion
by ion chromatography. After desalination test, the granite specimens were dried in
the open air (during 21 h) and were perforated for collection of the powder samples
and determination of relevant ions content. The samemethod was used for extraction
and quantification.

3 Discussion of Results

The electrical resistance of the specimen/poultice/sponge varied during the test,
probably in consequence of the concentration of dissolved ions within the granite
specimens. Figures 2 and 3 and Table 3 indicate that, during the process of ions
extraction andmobilization, the electrical resistance (�) (and resistivity) and electric
current intensity (mA) measured for specimen/poultice/sponge systems increased.
Ions migration from granite specimens in direction to the electrodes contributed to
drop of electric current intensity and the reciprocal increasing of resistance to current
flow.
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Table 3 Desalination test results, at 0, 3, 24, 48, 72, 96, 120, 144, 168 and 192 h after electrolyte
renewal

Granite
sample

Time
(hours)

Difference
in voltage
(V)

Electric
current
intensity
(mA)

Electric
Resistence
(�)

Cl−
Concentr.
(mg/l)

SO4
2−

Concentr.
(mg/l)

pH

5 0(*) 1,94 6 323,33 4,3 1,6 7,5

4 0(*) 6,06 6 1010 4,3 1,6 7,5

5/Eletrolytes 3 3,93 2,56 1523,26

Ânode 3 61,1 0,85 11,9

Cathode 3 44,1 3,3 8,1

4/Eletrólytes 3 4,07 2,56 1589,84

Ânode 3 157,3 2,2 12,2

Cathode 3 21,3 0,6 7,7

5/Eletrolytes 24 4,86 2,95 1647,46

Ânode 24 233,2 1,1 12,3

Cathode 24 10,3 0,66 10,5

4/Eletrólytes 24 3,14 2,95 1064,40

Ânode 24 227,4 1,5 12,2

Cathode 24 9,0 0,90 9,8

5/Eletrolytes 48 2,92 5,22 559,39

Ânode 48 278,2 1,8 11,9

Cathode 48 29,8 1,0 11,2

4/Eletrólytes 48 5,08 5,22 973,18

Ânode 48 281,8 1,6 11,9

Cathode 48 18,9 0,87 11,1

5/Eletrolytes 72 3,81 3,04 1253,29

Ânode 72 115,4 1,2 11,9

Cathode 72 21,5 1,0 9,1

4/Eletrólytes 72 4,19 3,04 1378,29

Ânode 72 302, 2 2,2 11,8

Cathode 72 28,0 3,1 10,8

5/Eletrolytes 96 0,25 4,17 59,95

Ânode 96 43,9 1,8 11,9

Cathode 96 33,7 1,2 10,1

4/Eletrólytes 96 7,75 4,17 1858,51

Ânode 96 149,7 1,1 11,9

Cathode 96 14,5 1,8 9,7

5/Eletrolytes 120 3,89 3,85 1010,39

(continued)
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Table 3 (continued)

Granite
sample

Time
(hours)

Difference
in voltage
(V)

Electric
current
intensity
(mA)

Electric
Resistence
(�)

Cl−
Concentr.
(mg/l)

SO4
2−

Concentr.
(mg/l)

pH

Ânode 120 57,8 4,1 8,7

Cathode 120 22,8 0,84 12,0

4/Eletrólytes 120 4,11 3,85 1067,53

Ânode 120 86,6 3,8 12,1

Cathode 120 3,8 3,0 11,2

5/Eletrolytes 144 3,73 2,29 1628,82

Ânode 144 69,8 0,79 12,0

Cathode 144 13,1 2,8 9,6

4/Eletrólytes 144 4,27 2,29 1864,63

Ânode 144 31,7 2,1 12,0

Cathode 144 11,8 2,2 11,2

5/Eletrolytes 168 4,13 1,78 2320,22

Ânode 168 123,7 1,8 12,1

Cathode 168 15,3 1,6 10,4

4/Eletrólytes 168 3,87 1,78 2174,16

Ânode 168 26,5 0,91 12,1

Cathode 168 14,2 0,59 11,3

5 192 - 1,3 7,9

4 192 - 1,3 7,9

(*) Values in granite powder samples after contamination

Fig. 2 Values of voltage drops (V)
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Fig. 3 Values of electric resistance (K�)

Figures 4 and 5 show the values measured for chloride ion content accumulated
in poultice/sponge system at each cycle. The initial concentration of Cl− was the
greatest at the anode, in the first day, but in the following seven days a significant
reduction was observed, indicating that the accumulation reduced. This indicates the
decreasing of the amount of ions that were extracted from the granite specimens
during the desalination process. On the contrary, results for SO4

2− ion (Figs. 6 and
7) show a deficient extraction.

Having in consideration the initial contents in chloride and sulphate in the granite
specimens, a drastic reduction in chloride ions was observed, that indicates the
complete extraction from contaminated specimens saturated by synthetic sea water
(see Table 3), and a slight reduction, although considered significant, of sulphate
ions. The high concentration of sulphate ions in poultice/sponge systems affected,
in some way, but didn’t prevent extraction process of chloride ions (see Figs. 4, 5, 6

Fig. 4 Cl− content in poultices and sponges measured at each electrolyte renewal (Sample 4)
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Fig. 5 Cl− content in poultices and sponges measured at each electrolyte renewal (Sample 5)

Fig. 6 SO4
2− content in poultices and sponges measured at each electrolyte renewal (Sample 4)

Fig. 7 SO4
2− content in poultices and sponges measured at each electrolyte renewal (Sample 5)
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and 7). In the beginning of the test, the ions are concentrated in a higher percentage
at the anode, but this ionic concentration was reduced, after a certain number of
renewal operations of the electrolytes, indicating that the chloride and sulphate ions
have been extracted from rock in progressively smaller amounts.

The pHmeasurements at electrolytes throughout the test (see Table 2) reveals that,
at the beginning, the anions were accumulated around the anode but ionic levels were
decreasing after a certain number of cycles. The pH variations detected in renewal
cycles were minimal. The oscillation in pH at the electrolytes indicates that they
act as a buffer component, such as: the use of citrate of sodium and citric acid in
the sponges prevented the fall in pH at the cathode, as the result of acidification
at the anode; the calcium carbonate poultice, a mixture of kaolinite and CaCO3,
was efficient in neutralizing the acidity trough the anodic process and remained the
granite pH stable (pHbetween 7 and 8) (see Table 1). After three hours: the electrolyte
(poultice/sponge) inserted between the cathode and the granite specimen 5 had the
pH value of 8,1; and the electrolyte (poultice/sponge) inserted between the cathode
and the granite specimen 4 had the pH value of 7,7. After 24 h, the poultice/sponge
systems became alkaline, the pH was 10,5 and 9,8, for the same granite specimens
(Table 2).

The difference in average values of salts extraction between 4 and 5 specimens is
clearly due to the differences in contact surfaces of the two specimens, the granite
specimen 4 was perforated, presenting a hole of 5 mm diameter which crosses its
thickness, at the centre of the greater surfaces. This hole in specimen 4 allows a
greater movement of the fluid, carrying ions in migration towards an electric field.

4 Conclusions

The results of this research demonstrate the effectiveness of electrochemical methods
in the extraction of soluble salts from granite stones and controlling the pH of
stone surface. The specimens subjected to the salt electromigration test were not
subjected to extreme acidification conditions, in order to ensure that the pH of the
stone remained stable.

In the granite desalination test presented here the complete extraction of Cl- was
achieved while the remove of SO42− is not meaningful. The presence of SO42− ions
causes a decrease in the current carried by Cl− ions, therefore a decrease in chloride
extraction efficiency is observed. Differences in the desalination effectiveness are
attributed to the different shape of the specimens.

The electrical characteristics of the circuit, current intensity (A), potential differ-
ence (V) and electrical resistance (�), have higher values for granite specimen 4 than
for granite specimen 5. These differences may be explained by the aforementioned
fact that the surfaces of the granite specimen 4 in contact with the electrodes were
punctured in the centre.



228 J. N. Marinho et al.

Further research will be needed to determine the effectiveness of applying this
in situ technique on masonry or masonry covered with plaster and stucco for the
conservation of monuments.
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Abstract The so-called works of special arts are constructions of high complexities
that allow the advancement of widening gaps and overcoming obstacles previously
unthinkable. With the increase in the magnitude of these structures, in addition to
greater investments, the maintenance of these structures becomes an increasingly
important factor for engineering. Among the elements of bridge structures, the
support devices are components with important structural functions, being essen-
tial for their proper functioning and especially the durability of the entire structure.
The culture of inspection and maintenance of road bridges, railroads, and viaducts
in Brazil is recent. Only in 2016 was approved a specific standard for the inspec-
tion work on bridges, viaducts and concrete walkways, ABNT NBR 9452. This
paper aims to evaluate the pathological manifestations in neoprene support devices
so, according to inspections performed and the diagnosis of causes, define their best
practices and treatments for themaintenance andmitigation of the pathologies found.
In the practical study, the following steps were performed: survey and selection of
the structures currently under maintenance of MetrôRio; selection of criteria for the
evaluation of pathologies; carrying out inspections; comparative analysis between the
viaducts to determine the priority order for negotiations; and definition of conduct.
The results obtained were the result of the evaluation of the field analysis, diagnosis,
and comparison with tests performed in support devices. Having as input the tests
in the support devices, the best treatments and suggestions to avoid new pathologies
were proposed. With the definition of the pillars that concentrated the largest number
of critical devices, aiming at better use of the operation, the decision was made to
replace 12 units, from the perspective of urgent replacement. The novelty of this
work was the development of better informed and more systematic approaches to
condition assessment, deterioration forecasting, and maintenance decision making
over the life-cycle of the built asset.
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1 Introduction

Throughout history, bridges have been built to exemplify the engineering prowess
of a civilization, many enduring longer than the empires that built them [1]. Bridge
infrastructure works are buildings of high complexities that allow the advancement
of increasingly large spans and overcoming previously unthinkable obstacles.

With the increase in magnitude of these buildings, in addition to greater invest-
ments, the maintenance of these structures becomes an increasingly important factor
for engineering. Designing, building andmaintaining good quality and reliable phys-
ical infrastructure is fundamental to the smooth functioning and economic develop-
ment of any society [2]. Since a high cost of deployment comes with extended life
expectancy, durability and unchanged usage condition.

Bridges and infrastructures systems, due to their inherent vulnerability, are at risk
from ageing, fatigue and deterioration process due to aggressive chemical attacks and
other physical damage mechanisms [3]. Proper and continuous maintenance ensures
longer service life of the structure, with satisfactory functional and structural perfor-
mance. This preventive and correctivemaintenance should be part of a comprehensive
management process, including periodic surveys aimed at identifying any existing
structural anomalies and failures, diagnosing them and then defining recovery and
treatment actions, if necessary [4–6].

The culture of inspection and maintenance of road bridges, railroads and viaducts
in Brazil is recent, being from the 80s the first studies of pathologies in the structures
[7]. There is a specific standard for the inspection work on bridges, viaducts and
concrete walkways, ABNT/NBR 9452/2016 [8].

A bridge bearing is the structural member to be installed in the connecting portion
between superstructure and substructure. The purpose of the bearing is to transfer
load from superstructure to substructure, to allownecessary rotation and expansion of
superstructure by live load and temperature variations and to absorb relative motion
of superstructure and substructure [9].

Support devices are components with structural functions essential for the proper
functioning and durability of the structure, but not just a sample of the entire structure,
the support device alone can already represent amaintenance point of the structure, so
its monitoring Continuous inspections are considered very important in the bridge
maintenance management process [10]. Bridge design is based on whole bridge
analysismodel,which the bearing functions are reflected.When the bearing functions
deteriorate, it is possible for structural system of the bridge to be changed and have
an effect on functions of superstructure and substructure [9].

It can be said that knowledge of the state of the bearing apparatus is a good sign
and well represents the state of the bridges in their entirety in structural terms. There-
fore, the analysis of their pathologies, causes and origins is of great importance in
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defining the treatment andmaintenance of bridges, elevations and viaducts. Thus, the
manifestation of pathologies in such an important element requires a comprehensive
theoretical analysis so that the solutions taken are more effective both financially and
technically [11].

Metal and concrete support devices expose some problems that discourage their
use, either in terms of maintenance difficulty, poor property of materials or even the
built-in cost. Therefore, over time, it was searched for elements that could cover all
the needs of a support device, this way arose the support devices in elastomer, based
on polychloroprene, whose widespread trade name is neoprene which as a product
industrialized, it presents greater uniformity of physical characteristics, as well as
exceptional resistance to light and ozone, thus providing durability significantly
superior to that of other types of elastomers [12].

This paper aims to present approaches towards improving some specific infras-
tructure maintenance principles, strategies, models and practices, based on a recent
study damanifestação patológica presente em aparelhos de apoio de neoprene, local-
izados nas estruturas das pontes do MetrôRio. A specific goal is to develop better
informed and more systematic approaches to condition assessment, deterioration
forecasting, and maintenance decision making over the life-cycle of the built asset.

2 Methodology

In the methodology the following steps were used: survey of the viaducts, elevations
and bridges existing in the subway railway; selection of structures to be inspected;
selection of criteria used in the evaluation of pathological manifestations; conducting
visual inspections based on ABNT/NBR 9452/2016 [8]; and suggestions for future
interventions.

2.1 Inspection of Bridges and Support Equipment

Inspections are paramount to characterize the bridge’s constituent elements and,
therefore, their classification according to criteria established in ABNT/NBR
9452/2016 [8]. Each element is evaluated according to specific visual aspects defined
in the standard.

According to the same standard, the following types of inspections are consid-
ered: cadastral (knowledge of the entire structure of the work, among its essential
elements, are: photographic record and classification, according to parameters estab-
lished in the standard); routine (periodic, visual follow-up, with or without the use
of special equipment and/or resources for analysis or access, performed within a
period not exceeding one year); special (must be detailed and include graphical
and quantitative mapping of anomalies of all apparent and/or accessible elements)
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and extraordinary (description of work and identification of anomalies including
mapping, photographic documentation and recommended therapy) [8].

ABNT/NBR9452/2016 [8] provides in Annex A, a basic roadmap for tokens and
cadastral inspections, the proposed initial documents are described such as project
data, execution record and changes in the construction phase, previous inspections,
among other elements that may provide more inputs for the definition of the causes
and better dealings.

Inspection work on bridges and viaducts are fundamental activities in the verifi-
cation of the conservation conditions in which these works are found and provide
support to the planning of maintenance work. Also, the importance of the conditions
of access to the places to be inspected is important, since in many of these structures
there are no adequate accesses for the inspection works, especially in the regions of
the expansion joints and the support devices, places that present a high incidence of
anomalies [7].

Inspection of assistive devices may not be limited to the space in which they are
positioned and to the element. It is necessary to identify the general functioning of
the studied artwork and to verify the compatibility with the current behavior of the
support devices [13].

Because of their location, support devices are structural elements that are difficult
to inspect, but their behavior must be monitored by inspectors according to the
following general procedures in Table 1 [14].

According toABNT/NBR9452/2016 [8], Table 2 can be considered as a parameter
for evaluating support equipment, given its condition and the scenario to which it is
exposed.

Table 1 Items to be inspected on assistive devices [14]

Checks per DNIT recommendation [14]

Visually inspect the accessible faces of the
appliance; After a few years of service, small
cracks 2 to 3mm deep and 2 to 3mm long are
tolerable

Check that the support device has been
correctly vulcanized and that there are visible
and oxidized charter steel sheets

If there is displacement of the structure,
measure the angles between the surfaces of
the structures in contact with the support
apparatus

Measure the heights of the support apparatus at
the edges and center points

Measure distortions of the support apparatus Check that the support device has been moved
from its original position

Check for the presence of oils, greases or any
other substance harmful to the elastomer

Check for defective expansion joints on the
superstructure, very close to the support device
or directly above the device
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Table 2 Device Classification [8]

Condition Description

Critical Support devices and/or their surroundings present breakdowns at risk of structural
collapse requiring repair intervention and/or immediate device replacement

Bad Support devices and/or their surroundings present damage that compromises
structural safety without risk of collapse, requiring repair intervention and/or
short-term device replacement. All devices with breakage with charter exposure
fall into this classification. Follow-up is recommended and interventions may be
needed in the short term

Regular Support devices and/or their surroundings present malfunctions that may generate
some structural deficiency, but there are no signs of deterioration of the devices,
nor compromise of the stability of the work. Follow-up is recommended and
interventions may be necessary in the medium term

Good Support devices and/or surroundings are not malfunctioning. Interventions may be
necessary in the long run

Excelent Support devices and/or their surroundings are not damaged and the devices were
manufactured from 1987 following the recommendations of ABNT NBR 9783

2.2 Pathological Manifestation in Neoprene Support Devices

Although it has excellent performance compared to other types of support equipment,
especially when not in need of maintenance, the neoprene device also requires some
care. Table 3 shows recurrent pathological manifestations in neoprene supports.

The causes for the deterioration of structures can be as diverse as the natural
“aging” of the structure to the irresponsibility of some professionals who choose to
use materials that are out of specification [15].

The causes of pathologies in structures have their origins in two groups: intrinsic
causes - referring to the processes of deterioration inherent in the structure itself, ie
its origin is in execution, use, human failures, etc. and extrinsic causes - external to
the material body, can be understood as factors that attack the structures from the

Table 3 Pathological
manifestations in neoprene
apparatus [12]

Most common pathological manifestations−neoprene
apparatus

High neoprene distortion

Neoprene cracking or creep

Frame contact zone shutdown

High compression on neoprene

Loss of serviceability and distortion

Variations in rubber layer thickness

Unsticking of vulcanization of inner sheets

Degradation of sliding plates, guides or stops

Oxidation of steel elements
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Table 4 Causes of pathological manifestations in support devices [17].

Most common causes of pathological manifestations

Intrinsic damage not detected during
installation

Irregular seating causing additional localized
overload

Displacements, rotations and loads in service
much higher than estimated

Unintended aggressiveness of the environment

Attack by chemicals Badly nesting in the crib

Table 5 Neoprene support devices treatments–adapted [12].

Damage to support devices Repair dealer

Corrosion, presence of dust and moisture Cleaning and painting with protective paints. Water
sealing and humidity control

Massive corrosion leading to section loss Replacement

Offset or misalignment Component replacement or total

Neoprene deterioration or wear Replacement

Fissures Crack sealing or replacement

Fragmentation of concrete in support Removal and execution of new concrete

outside inwards, throughout the process of conception, execution or the useful life
[16].

The most common causes of decreased service life in assistive devices are listed
in the Table 4 [17].

The treatment of a pathological manifestation should be done according to the
inspection report, condition and definition of the causes of the given manifestation.

As it is a synthetic structure, of specific manufacture, it is more common that
if it presents anomalies, it will be replaced by a new device. Except in the case of
incorrect positioning of support devices or displacement of a Teflon sliding plate, for
example. Therefore, unless the cause of the condition is incorrect positioning in the
project or an improper dislocation, without permanent damage to the support device,
the approaches may be twofold: Element replacement or continuous monitoring until
anomalies warrant intervention for replacement.

Table 5 presents some common types of repair methods according to each
pathology in neoprene support devices [12].

3 Results−Case Study of Pathological Manifestations,
Their Causes and Treatments in Neoprene

Given the importance of MetrôRio to society in Rio de Janeiro, it is essential that
the entire system works continuously as there is no margin to support major service
disruptions. The commercial operation of trains is the priority as the company’s goal
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is to make life easier for its customers, providing quality transportation. However,
it is a fact that maintenance is an essential element for the service to be provided
with quality, punctuality and reliability. Thus, the maintenance of MetrôRio works
today, on a continuous basis, 24 hours a day. For the case study in this paper, the road
bridges are taken out of service condition to perform maintenance on the support
devices.

All MetrôRio’s assets are cataloged according to an asset tree [18], which aims
to give an overview, keep all history of interventions, corrective or preventive, and
maintenance plans in force combined with each group of systems and equipment.
Thus, the support devices studied in this work are under the structures system.

Seeking greater efficiency, lower cost and higher system reliability, MetrôRio
carries out preventive maintenance plans for each group of structures. Most mainte-
nance plans concern visual inspections of assets and, identifying a possible patholog-
ical manifestation, a corrective note is opened to address the structure and mitigate
its degradation.

The object of study of this work were the support devices and their surroundings.
The elevations between São Cristóvão and the MetrôRio Maintenance Center and
between the Triagem and Maria da Graça stations are the oldest in the system, and
their construction dates back to the late 1970s, or about 35 years of operation.

The recommendations of DNIT inspections were followed [14]. Field information
has been posted in a specific form for this service. A specific inspection campaign
was carried out for the support devices of each structure. As an input for maintenance
decision-making, 1228 neoprene support devices were performed along the entire
railway structure. The inspections were performed by specialized technicians using
the visual method, with the naked eye, and the access was made by stairs with a reach
of 9.00 meters in height. The fieldwork was accompanied by a professional special-
ized in occupational safety, all safety procedures were complied with in accordance
with current legislation. No device has been classified in the Excellent Class because
it is over 30 years old and has not been manufactured [19].

The CNV–SCR Elevated is located between the Maintenance Center–MC and
the São Cristóvão station (later, there was also the connection of the elevated with
Cidade Nova station). The old elevation has a total length of 970 m and consists
of 30 spans, 4 spans with 4 beam, 1 span with 3 beam and 25 spans with 2 beam.
The trays are seated on 28 pillars and two staked joints at the longitudinal ends,
constituting isostatic spans. In the beam × pillar and beam × encounter interface
there are chartered neoprene support devices with regular dimensions of 700 × 250
× 40 mm. In this elevation, 30 pillars and 138 support devices were evaluated, two
of which were not inspected for being covered. It was found that most of the assistive
devices (79 units) inspected at this stage were classified as being in a regular state
of conservation (57%). Supporting devices fitted with poor condition total 57 units
(41%), as shown in Fig. 1.

Elevated TRG -MGR is mostly located between the Triagem (TRG) and Maria
da Graça (MGR) stations and starts after leaving the Bernold tunnel next to the
Mangueira Olympic village. The Elevado has a total length of 2,925 meters and is
formed by 84 spans, mostly with 4 precast beams each, with chartered neoprene
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Fig. 1 Support device
conditions−CNV−SCR

appliances with dimensions 750 × 200 × 40 mm. In this elevation, 361 support
devices were evaluated, and 37 pillars were not inspected because they were in a
risk area where access could endanger the inspection team. It was found that most
of the support devices (269 units) inspected at this stage were classified as being in a
regular state of conservation (72%). Poorly classified support devices total 78 units
(21%), 9 units (3%) were considered in good condition and 5 critical support devices
(1%), as shown in Fig. 2.

With the definition of the pillars that concentrated the largest number of critical
devices, aiming at a better use of the operation, the decision was made to replace 12
units, from the perspective of urgent replacement. Tables 6, 7, 8, 9 and 10 present a
summary of the main pathological manifestations, degree of risk, possible cause and
indicated treatment.

Fig. 2 Support device
conditions−TRG−MGR
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4 Conclusions

The concern with the maintenance of structures such as those of special art works
was motivating for the work and allowed to relate the pathological manifestations in
support devices with the pathological manifestations of the structures, the intrinsic
and extrinsic causes as a whole, allowing an analysis, albeit superficial in the field
of subject matter, sufficient for decision

Supporting devices are structural connecting elements which allow forces to be
transmitted between the superstructure of the artwork and its support and are therefore
essential elements for the proper functioning of the structure into which they are
inserted.

The inspection processes took place exactly in accordance with all the literature
found, allowing great inputs for subsequent decision making. Thus, the pathological
manifestations were quite explicit.

As for the causes of the manifestations, it is a complex study and although there
is literature, it is not trivial to understand the reason why two support devices, theo-
retically manufactured under the same process, of the same age, suppose stored in
the same form, are adjacent to each other, exposed to very close loads and exhibit
behaviors so distinct in terms of behavior in service.

Even with breakage and chartering exposed in the corrosion process, the devices
can still perform satisfactorily without causing movement restriction of the part. But
in these cases, annual monitoring is essential to follow up on a case-by-case basis to
make sure that the performance and operation of the chartered neoprene parts is still
adequate.

As for the process of negotiations, in cases where no substitution was considered,
monitoring will take place in accordance with the first inspection. Thus, the big point
of the issue of support devices is to understand their operation not individually but
in conjunction with adjacent structures, as it is evident that despite some anomalies
found, support devices, except those that had signs of degradation around them, they
were still able to remain in service, provided they were well monitored.
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Experimental Investigation on Organic
Water Slaked Lime Mortar

Riya Susan George and Simon Jayasingh

Abstract Lime has been used as the most sustainable binder for the conservation
and restoration of heritage buildings. The repair properties of lime based mortars
are found superior to other mortars due to the compatibility issues of other mortars
with ancient heritage structures. To increase the compatibility, the fresh lime mortar
needs to be hardened by carbonation which is a slow process. Various researches
showed that admixtures added advantage to lime mortar by increasing carbonation
rate which increases the mechanical strength, weather and water resistance of the
lime mortar. In India, plants, fruits and some part of vegetables were used as organic
admixtures that increased the carbonation rate thereby promoting sustainable and
eco-friendly repair mortar. This paper deals with how the slaking of lime putty with
organic additives affect the carbonation and other properties of the repair mortar. To
enhance the carbonation rate, organic was mixed with water and this organic water
was added for slaking the lime putty. Raisins were added as the organic additive at an
amount of 0, 2, 4 and 6 percentages. The process was monitored for a month and cubes
were casted. Compressive strength test was performed to measure the mechanical
resistance property of lime mortar. Analytical tests such as XRD analysis and FT-IR
were performed to determine the chemical compatibility after curing it for 90 days.
It was seen that the carbonation rate and the mechanical strength of lime was greatly
influenced by the organic water slaked lime mortar.

Keywords Conservation · Lime Mortar · Carbonation · Slaking · Organic Additive

1 Introduction

Mortars are one of the oldest building materials we have been using which connect
the different masonry units. Mortars act as a protective cover for the buildings; all the
buildings and monuments in old centuries were discovered to build with lime mortar
as the major ingredient [1]. Lime is a white alkaline material which consists of CaO
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and combines with water with the production of much heat. Natural hydraulic lime
(NHL) is produced from limestone that contains clay and other impurities naturally. In
19th century, lime is mainly used for the restoration of heritage structures throughout
the world [2]. Further Portland cement came in to role and it was used as a substitute
for lime. But restoration works using other mortars didn’t prove much effective
due to compatibility issues such as low porosity, poor compatibility with ancient
heritage structures and also formation of various soluble salts in the mortar [3].
Also production of cement requires huge amount of energy and the carbon dioxide
produced during the cement production is 8%. However lime requires lower energy
requirement and low CO2 emission during its production and thus it is the most
sustainable binder [4].

Carbonation process is an irreversible exothermic reaction where calcium
carbonate is formed by the reaction between calcium hydroxide with carbon dioxide.
This process alters the microstructure of the mortar thereby imparting more strength
to the lime mortar [5]. The process can be explained through various stages- pene-
tration of CO2 through the pores in the mortar, a balance formation between the
atmospheric CO2 and dissolved CO2 in the water present in the pores, reaction of
CO2 with water to form carbonic acid, dissolution of CO2 to calcium and hydroxide
ions which is affected by the microstructure of the mortar as well as the amount of
water present in the pores, calcium carbonate precipitation as the water contains both
calcium and carbonate ions [6].

Carbonation gives strength to the mortar which depends on the porosity in the
structure of the mortar [7]. But more porous mortar has less compressive strength
and also durability issues. So a balance is required between these factors which can
be attained by adding organics as additives. Several studies are going on regarding
the addition of organics to the lime mortar. It was seen that adding organic to lime
increases its rate of carbonation. It also increases the mechanical strength, weather-
resistance and water resistance compared to common lime mortar [8].

Quick lime (CaO) combines with water to form calcium hydroxide Ca(OH)2

which can be used as binder in a mortar. This is the process of slaking. This calcium
hydroxide further combines with carbon dioxide to form calcium carbonate. Slaking
improves the surface area of the mix [9]. During ancient times, slaking was carried out
in excavated soil pits–where the required amount of lime to be slaked was covered
with a layer of sand. Water was sprinkled in all the directions .the lime will get
dissociated inside the pit which was accompanied by smoke through the cracks
inside the sand layer where it turned into fat lime which acts like a viscous and
elastic mortar. Several others methods were done for slaking which includes adding
additives [10].

During slaking the amount of water that was added to lime was kept constant and
organic was added to increase the slaking rate of the lime putty. Various parameters
like free flowing water, physically bound water and consistency of lime putty was
found out. Free flowing water (ws) is the drained water that can be measured after
slaking the lime for 24 h [11]. The water that settled during slaking can be also found
from the drained water during the days of slaking. Physically bound water (wf) is the
undrained or non settled water that can be removed only by heating. Consistency of
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lime putty was measured using a modified Vicat apparatus and the additional water
required for each day of casting was found out [12].

In this research paper, raisins are added as additives to modify the properties of
lime-mortar [13]. X-ray fluorescence test (XRF test) was conducted to categorise
the quick lime for slaking purpose [14]. Slaking is done for a month and cubes are
casted at a binder aggregate of 1:3. Compressive strength test is done after a curing
period of 28 and 90 days. The mineralogical phase of the mortar is determined from
XRD (X-ray diffraction) data. Infrared Spectroscopy test (FT-IR) is conducted on
mortar samples to get the information on organic test. In FT-IR graphs, the peaks of
carbohydrates and proteins gave the organic test results [15].

2 Materials and Sample Preparation

2.1 Raw Materials

Airlime was taken from Pollachi quarry. The composition of lime was determined as
per IS 6932(Part I)-1973 [16]. River sand is used as aggregate for the mortar; sieve
analysis is carried out as per IS: 2386 (Part I)-1963 and the sand passing through 4.75
mm sieve and a fixed percentage of each retaining on 2.36, 1.18 mm, 600, 300, 150,
80 µ sieves are taken to obtain well graded aggregates according to IS: 2116–1980
[17]. Pycnometer test is done to obtain the specific gravity of aggregate and is found
out to be 2.65. Water having a pH value of 7.5 is used for mixing the lime mortar.

2.2 Organic Additive-Raisins

Raisins or dried grapes are soaked inside water for 24 h and blended for about 3 min
to make it a pulp to get 2, 4 and 6% of organic water. It is then added while slaking
to study the effect on slaking process.

2.3 Slaking Process

4 kg of air lime and an equal amount of water is mixed by adding 0, 2, 4 and 6% of
organic water and kept for slaking separately in 4 different closed containers (Fig. 1).
Lime putty is taken out at an interval of 5, 10 and 15 days and mixed with fine
aggregates at a binder-aggregate ratio of 1:3 for casting the cube specimens [18].
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Fig. 1 Slaked lime putty

2.4 Casting the Cubes

Three samples each of size 50 mm × 50 mm × 50 mm are prepared for particular
percentage of organic slaking and casted as per IS: 6932 (Part VII)-1973 [19]. Work-
ability test is done to find out the water required for casting the cube specimen [20].
The mortar mix prepared is then filled in the moulds at three layers. After each layer,
it is pressed gently using hands and finally after filling the third layer excess part is
struck off and finished (Fig. 2).

Fig. 2 Casting the cubes
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The mortar cubes are kept for 3 days to set and finally demoulded. The demoulded
specimens are air cured for 28 and 90 days maintained at a temperature of 27 ± 2
°C and 90% RH [8].

3 Tests for Raw Materials

Sieve analysis and specific gravity test are done for the finding out the grain size
distribution of fine aggregate. Workability and initial flow tests are performed to find
out the appropriate water binder ratio for the lime paste and lime mortar respectively.
Compression strength test is done for finding the mechanical strength of the sample.

3.1 Sieve Analysis

A 200 grams sample of fine aggregates is taken for performing the sieve analysis.
The samples taken for sieve analysis corresponds to the well graded aggregates with
reference to the percentages in IS: 2116–1980 [17]. “Figure 3 shows the particle size
distribution graph for sample A”.

Fig. 3 Particle size distribution of fine aggregates
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Fig. 4 XRD result of lime
sample

3.2 X-Ray Diffraction Test of Lime Sample

X-ray diffraction test is carried out for lime sample to find out the mineralogical
composition of the raw material. “Figure 4 shows the mineralogical analysis of the
lime sample. The presence of calcium oxide (denoted as CaO) can be seen as major
compounds while traces of portlandite (denoted as P) as well as calcite (denoted as
C) are found out”.

3.3 Fourier Transform Infrared Spectroscopy (FT-IR)
of Organic-Raisin

FT-IR is an analytical technique which is used for analyzing the organic matters
depending on their chemical bonding properties. Generally in organic matters,
chemical bonds which are weaker excite easier than stronger bonds.

“Figure 5 shows the graph of the FT-IR analysis of Raisins”. The characteristic
absorption bands of polysaccharides at 2931, 1249, 1099, and 1026 cm−1 and amide
bands at 1631 cm−1 which indicates the presence of proteins are observed in the
FT-IR analysis of Raisins. This shows that the organic is rich in polysaccharides and
proteins.
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Fig. 5 FT-IR results of raisin

3.4 X-Ray Diffraction of Slaked Lime Putty

Figure 6 shows the XRD spectrum of lime sample with 4% organic added with 15
days of slaking. The spectrum shows predominant traces of portlandite (denoted as P)
and small traces of calcium oxide (denoted as CaO) which represents better slaking
of the lime putty.

Fig. 6 XRD spectrum of
slaked lime sample
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4 Preliminary Tests

4.1 Initial Flow Test and Workability

Water content is a main factor which affects the workability, which will also determine
the durability of a mortar. It is the most reliable way to measure the correct amount
of water that should be added to maintain the optimum initial flow of the mortar. The
initial flow test was done according to the thesis done by Lawrence. Each of the lime
binders was mixed with a suitable amount of water to attain the specific initial flow
values of 165, 185 and 195 mm.

Workability test is done according to IS 6932 (Part8):1973.The workability is
estimated by noting the number of bumps required attaining an average spread to
190 mm, the material is adjusted to normal consistency by the spread after one bump
to 110 mm [20].

From the workability and initial flow test a water content of 0.65 is taken as
optimum water content.

5 Secondary Tests

5.1 Compressive Strength

Compressive strength test is done to evaluate the mechanical properties of the cube
specimen. The compressive strength is measured by crushing cube specimens or
cylinder specimens using compression testing machine. The compressive strength is
the ratio of failure load to the cross sectional area resisting the load. The specimens
are tested on low capacity compression testing machine, INSTRON after 28 and 90
days of curing. The failure load of each cube specimens is noted down [19].

Figure 7a shows the 28 day compression results of the cube samples.” There
is a delay in strength gain at 28th day compression test due to the the presence
of polysacchrides that are retarding agents which retains the dampness in the cube
samples. It was seen that compressive strength increased with slaking days in the
addition of 0 and 2% of organics. It shows a sudden decrease in the strength with
slaking during the addition of 6% of organics while for 4%, it showed a decrease
in strength from 5 days slaking to 10 days slaking and increase in strength from 10
days slaking to 15 days slaking.

“Figure 7b shows the 90 day compression results of the cube samples.” There
is a gain in strength during the 90th day compression results. It can be seen that
compressive strength increased rapidly with slaking days in the addition of 4% of
organics. A common trend in increase of compressive strength can be seen with
slaking and addition of organics.
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Fig. 7 a 28th day compressive strength result of organic water slaked lime mortar samples, b 90th
day compressive strength results of organic water slaked lime mortar samples

5.2 X-Ray Diffraction Test

X-ray diffraction test shows the presence of minerals, organic and inorganic
compounds present in the mortar samples. “Figure 8a, b and c show the XRD graphs
of 90 days cured sample with 4% organic addition”. The high intense peak of calcite
(denoted as C) and lower peak value of portlandite (denoted as P) can be seen which
shows better carbonation in the mortar samples.
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Fig. 8 a XRD graph of 5
day slaked mortar specimen,
b XRD graph of 10 day
slaked mortar specimen,
c XRD graph of 15 day
slaked mortar specimen
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5.3 Fourier Transform Infrared Spectroscopy (FT-IR)
of Mortar Samples

“Figure 9a, b and c show the FT-IR graphs of 90 days cured sample with 4% organic
addition”. The deeper intense bands of CO3 can be seen at 871.82 cm−1 for the 5, 10
and 15 day slaked mortar specimens. The bands of 1795 cm−1shows the presence of
polysaccharide group(C–H group). In the samples the bands of 1408 cm−1 and 1404
cm−1 indicates aromatic C–C stretching band.

6 Conclusion

The project emphasized on improving the mechanical properties of aerial lime mortar
which is rarely used in restoration works compared to natural hydraulic mortar due
to less knowledge as well as lower performance of aerial lime based mortars. This
paper explores the effect of organic content on slaking and carbonation properties of
aerial lime mortar from which the following can be concluded:

The mortar having a dosage of 4% organics showed rapid improvement in strength
compared to 2% and 6% of organics. The 5-day slaking using 4% and 6% organics
showed more gain in strength compared to10 and 15 day slaked reference mortar for
the 28 day compressive test. This signifies that slaking rate increased with the addition
of organics. The addition of organics initially reduced the mechanical strength due
to the water retention characteristics of polysaccharides present in the organics.

The 90 day compressive strength showed greater mechanical strength for 4%
organics. The greatest strength is achieved by 15 day slaking with 4% of organic
water. This signifies the role of age on carbonation and mechanical strength. Polysac-
charides also help in improving the carbonation of specimen by allowing using the
carbon dioxide in the water retained inside the specimen. This can be confirmed by
the presence of calcite in the XRD result of the mortar sample. The conversion of
calcium oxide to portlandite has increased by organics. This can be observed in the
XRD result of 15 day slaked lime putty added with 4% organic water. The FT-IR
results of 5days, 10 days and 15 days organic slaked mortar samples showed the
presence of polysaccharides and CO3 bonding.

Thus it is observable that Raisins (organic) help to maintain the moisture in the
mortar which made an early step to carbonation process by the carbon dioxide present
in the retained moisture. This boosted the slaking process as well as the mechanical
properties of lime mortar which is helpful in using the aerial lime mortar for the
restoration of heritage structures.
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Fig. 9 a FT-IR results of 5
day slaked mortar specimen,
b FT-IR results of 10 day
slaked mortar specimen,
c FT-IR results of 15day
slaked mortar specimen
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Effect of HPFRCC on Cyclic Behavior
of Diagonally Reinforced Coupling
Beams

Sang Whan Han, Jongseok Jang, and Taeo Kim

Abstract Coupled shearwall systemhave beenwidely used in building construction
due to their effectiveness in resisting lateral loads. In this system, individual shear
walls are connected by concrete diagonally reinforced coupling beams (DRCBs), by
which the coupled shear walls act as a single unit. However, difficulties are often
arisenwhen placing reinforcement inDRCBs at construction sites because of conges-
tion and interference of diagonal, transverse, and longitudinal reinforcement. To
alleviate such difficulties, high performance fiber-reinforced cementitious composite
(HPFRCC) can be used to construct DRCBs instead of concrete. In this study, two
concrete and four HPFRCC DRCBs were made and tested under cyclic loads. Test
variables were the amount of diagonal and transverse reinforcement as well as the
application of HPFRCC. Test results showed that the HPFRCC DRCB specimen
exhibited superior cyclic behaviour to the code-compliant standard concrete DRCB
specimen, although HPFRCC specimens had only 50% of the transverse reinforce-
ment placed in the standard specimen. However, the application of HPFRCC alone
was not effective to reduce diagonal reinforcement.

Keywords Coupling beams · Cyclic behavior · Shear wall · Diagonal
reinforcement · Transverse reinforcement · HPFRCC · Experiment ·
Reinforcement

1 Introduction

In the 1964 Alaska earthquake, concrete coupling beams reinforced with conven-
tional beam reinforcement experienced a brittle sliding shear failure. To improve
the seismic behavior of coupling beams, Paulay and Binney [1] developed diagonal
reinforced coupling beams (DRCBs). Many experimental tests were conducted to
demonstrate the superior seismic behavior of DRCBs [1–7].
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In recent years, slender DRCBs have been often used in building construc-
tion. However, slender DRCBs have less inner space to place reinforcement than
deep DRCBs, resulting in significant reinforcement congestion and interference.
Therefore, difficulties have been often arisen when constructing slender DRCBs in
construction fields due to heavy reinforcement congestion and interference [10].

To reduce such difficulties, DRCBs constructed with high performance fiber rein-
forced cement composites (HPFRCC) and simple reinforcement configurations have
been developed by previous experimental studies [5, 8–10]. They also reported that
when usingHPFRCC, a simple reinforcement arrangement with a reduced amount of
reinforcement could be used without deteriorating the cyclic behavior of the DRCBs.
In this study, the amount of diagonal and transverse reinforcement to be replaced by
the application of HPFRCC was investigated. In order to explore the cyclic behavior
of HPFRCC slender DRCBs with different amounts of diagonal and transverse rein-
forcement, this study conducted experimental tests with six slender DRCB spec-
imens. The HPFRCC was made with polyvinyl alcohol (PVA) fibers. PVA fibers
improve toughness and strain capacity in post-cracking response whereas steel fibers
having highmodulus and high tensile strength increase the strength of concrete. Thus,
PVA was chosen in our study to improve the toughness and deformation capacities
of coupling beams.

2 Details of Diagonally Reinforced Coupling

According to ACI 318–14 (https://www.concrete.org/store/productdetail.aspx?Ite
mID=318U19&Language=English) [11], coupling beams are classified into three
groups according to their aspect ratio (ln/h), where ln and h are the length and
height of a beam: (1) DRCBs with ln/h ≤ 2 should be reinforced with diagonal
bars; (2) DRCBs with ln/h > 4 should be reinforced with special moment frame
(SMF) beam reinforcement; (3) DRCBs with 2 < ln/h ≤ 4 could be reinforced with
either diagonal reinforcement or SMF beam reinforcement.

ACI 318–14 [11] specifies two alternative confinement options forDRCBs. For the
first option, each group of diagonal bars should be enclosed by rectilinear transverse
reinforcement, whereas for the second option, transverse reinforcement should be
placed around the entire beam perimeter. The second confinement option has less
reinforcement congestion than the first confinement option. However, interference
between diagonal and transvers bars still exists on the second confinement option.

To reduce the reinforcement congestion in DRCBs and to improve their cyclic
behavior, DRCBs could be made of HPFRCC. HPFRCC does not generally contain
coarse aggregates [12] and possesses a relatively high strain-capacity while gener-
ating multiple micro-cracks and a strain-hardening response [13, 14]. Previous
studies reported that HPFRCC members had larger shear strengths, deformation
capacities and damage tolerances than conventional RCmembers [15, 16]. HPFRCC
members also require less transverse reinforcement due to the contribution of
HPFRCC to concrete confinement. Therefore, HPFRCC could be applied to DRCB

https://www.concrete.org/store/productdetail.aspx?ItemID=318U19&amp;Language=English


Effect of HPFRCC on Cyclic Behavior of Diagonally ... 261

to reduce the amount of reinforcement without losing seismic performance compared
to RC DRCBs [5, 8–10].

3 Experimental Test Program

This study focused on slender HPFRCC DRCBs. The contributions of HPFRCC,
diagonal bars, and transverse bars to the cyclic behavior of DRCBs were investigated
by conducting experimental tests. For this purpose, two concrete and four HPFRCC
DRCB specimens were made (Fig. 1) and tested with quasi-static cyclic loading.
The ln/h value of all specimens was 3.5. The test variables were (1) the amount

Fig. 1 Details of specimens
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of transverse reinforcement, (2) the amount of diagonal reinforcement, and (3) the
application of HPFRCC. Figure 1 shows the reinforcement details of the specimens.

The width (b), height (h) an length (ln) of all specimens were 250, 300 and
1050mm, respectively. The specified compressive strength of concrete andHPFRCC
used for specimens was 40MPa, and the specified yield strength of the reinforcement
was 420 MPa. The shear strength (Vn) of a DRCB can be calculated using Eq. (1)
(ACI 318–14 https://www.concrete.org/store/productdetail.aspx?ItemID=318U19&
Language=English [11]).

Vn = VAC I = 2Avd fydsinα ≤ 0.83
√

f ′
c Acw (1)

where Avd is the total area of reinforcement in each group of diagonal bars (mm2)
fyd is the yield strength of the diagonal reinforcement (MPa), and α is the angle
between the diagonal bars and the longitudinal axis of the coupling beam. In this
study, the second confinement option was used to place the reinforcing bars in the
DRCB specimens.

Specimen D1-T1-RC is the standard RC specimen (Fig. 1a) designed and detailed
according to ACI 318–14 [11]. Specimen D1-T1-HP is an HPFRCC DRCB with the
same reinforcement details as specimen D1-T1-RC (Fig. 1c). Specimen D0.5-T1-HP
(Fig. 1e) is a specimen identical to specimen D1-T1-HP except for the amount of the
diagonal reinforcement. The amount of diagonal reinforcement in this specimen was
half that of specimenD1-T1-HP. To evaluate the effect of transverse reinforcement in
DRCBs, specimens D1-T0.5-RC (Fig. 1b) and D1-T0.5-HP were made, which had
only half the amount of transverse reinforcement as that in specimens D1-T1-RC and
D1-T1-HP. In specimen D0.5-T0.5-HP (Fig. 1f), both diagonal and transverse rein-
forcement were reduced to half the amount of those reinforcement used in specimens
D1-T1-RC and D1-T1-HP. Reinforcing details of each specimen are demonstrated
in Fig. 1.

Polyvinyl alcohol (PVA) fibers are adopted into HPFRCC specimens to achieve
high tensile strain capacity, toughness and structural integrity [17]. The same mix
proportion of HPFRCC as that provided in [18] was also used in this study, which
was the best mix proportion for HPFRCC found from coupon tests with various trial
mixes. The volume fraction of PVA fibers was 2.0%, and calcium carbonate was
used as a filler.

The average compressive strengths of the concrete and HPFRCC were 44 and
46 MPa, respectively. The average compressive strength of normal concrete used
for loading concrete blocks was 69 MPa. Compressive strengths of all materials
exceeded each design strength.

The average direct tensile strength of HPFRCC was 3.6 MPa. The HPFRCC
exhibited ductile behavior with multiple events of microcracking on the surface
before failure without crack localization. This could be attributed to fiber bridging
effects that could efficiently transfer loads between cracks in the cement matrix
through fibers, resulting in spreading cracks on the entire surface of the cement
matrix.

https://www.concrete.org/store/productdetail.aspx?ItemID=318U19&amp;Language=English
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4 Cyclic Curves of RC and HPFRCC DRCB Specimens

Figure 2 presents the cyclic and envelop curves of six DRCB specimens. For indi-
vidual specimens, the yield drift ratio (θy), maximum strength (Vu) and drift ratios
(θu) were determined according to the procedure proposed by Pan and Moehle [19]
and denoted in Fig. 2.

Fig. 2 Cyclic and envelope curves of specimens
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The envelope of cyclic curves was idealized by an elastoplastic relation. The
initial slope of idealized relation was a secant through the measured relation at a
load equal to two-thirds of the measured strength (Vu). The plastic portion of the
idealized relation passed through the maximum load (Vu). The intersection between
these two lines defined yield drift ratio (θy). The yield strength (Vy) was determined
as a strength corresponding to the incidence of yielding in diagonal reinforcement.
The maximum drift ratio (θu) was defined as a drift when Vu is reduced by 20%. A
point for shear strength and drift ratio at failure (V f , θ f ) was defined as a point in
the cyclic curve where a sudden drop in strength has occurred. The shear strength of
specimens calculated using Eq. (1) is also denoted in Fig. 2 using a red dashed line.

Themaximum strength (Vu) of all specimens was significantly larger than VAC I . It
is noted that in Eq. (1), the contribution of diagonal reinforcement in DRCBs is only
considered to calculate their shear strength. Although concrete DRCB specimen D1-
T0.5-RC had only 50% of transverse reinforcement required by ACI 318–14 [11],
this specimen produced Vu larger than VAC I . The observed shear strength (Vu) of
D1-T0.5-HP and D0.5-T0.5-HP were significantly larger than VAC I .

Standard specimen D1-T1-RC, detailed according to ACI 318–14 [11], had Vu

of 507 kN and θu of 9.8%. This specimen exhibited stable cyclic behavior without
a sudden strength drop (Fig. 2a), indicating that slender DRCBs designed according
to the second confinement option had excellent cyclic behavior. All specimens had
a maximum drift ratio (θu) larger than 5% except for D0.5-T0.5-HP (θu = 3.0%). A
drift ratio of 5% is the acceptance criteria (θASCE ) for DRCBs for collapse prevention
level specified inASCE41 [20]. Note that θASCE for CP level is analogous to θu which
was estimated when the shear strength of a DRCB was decreased by 20% [10].

5 Stiffness Deterioration and Energy Dissipation

At each drift ratio, stiffness was determined from the cyclic curves, which was the
slope of a line connecting the points in the cyclic curves corresponding to the positive
and negative peak drifts. Figure 3a shows the stiffness at each drift ratio normalized
by the initial stiffness measured at a drift ratio of 0.25%. As shown in this figure,
the stiffness deteriorated with an increase in the drift ratio. Stiffness deterioration
can be used to measure the strength retention capacity for a specimen. As expected,
the HPFRCC specimen D1-T1-HP exhibited the largest strength retention capacity
among the specimens, whereas HPFRCC specimen D0.5-T0.5-HP had the smallest
strength retention capacity. As pointed out in the previous section, the presence of
HPFRCC alone could not completely compensate for 50% reduction in both diagonal
and transverse reinforcement in the slender DRCB specimens.

Figure 3b shows the cumulative dissipated energy at each drift ratio. The energy
dissipated in each loading cycle is the area enclosedby the cyclic curve. SpecimenD1-
T1-HP had the largest energy dissipation capacity among the specimens. However,
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(a) (b)

Fig. 3 a Stiffness degradation b Cumulative dissipated energy

unlike stiffness deterioration, RC specimen D1-T0 5-RC rather than HPFRCC spec-
imen D0.5-T0.5-HP had the smallest energy dissipation capacity. HPFRCC spec-
imen D1-T0.5-HP had an energy dissipation capacity slightly larger than standard
RC specimen D1-T1-RC because of the HPFRCC.

6 Conclusion

Six specimens were made and tested to investigate the cyclic behavior of HPFRCC
slender DRCBs. Test variables were the application of HPFRCC, the amount of
diagonal reinforcement, and the amount of transverse reinforcement. Conclusions
obtained from this study is as follows:

(1) The shear strength and the deformation capacity of slender DRCBs were
improved by using HPFRCC. HPFRCC slender DRCB specimens had energy
dissipation capacity and strength retention capacity significantly larger than
corresponding concrete DRCB specimens.

(2) The cyclic performance of HPFRCC DRCB specimen D1-T0.5-HP with 50%
of transverse reinforcement placed in standard concrete specimen was superior
to the standard specimen. The amount of transverse reinforcement required for
DRCBs in ACI 318–14 could be alleviated by using HPFRCC.

(3) The application of HPFRCC to reduce the amount of diagonal reinforcement
is not effective as that to reduce the amount of transverse reinforcement.

Acknowledgements The research was supported by a grant from the Korea Agency for Infrastruc-
ture Technology (20CTAP-C152179-02).
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Production of Recycled Aggregate
Concrete Using Construction
and Demolition Waste

K. Oikonomopoulou, P. Savva, S. Ioannou, D. Nicolaides, and M. F. Petrou

Abstract The objective of this research was to evaluate the performance of concrete
containing recycled aggregates of different sizes and replacement percentages.
Mixtures were prepared using a combination of natural and recycled aggregates.
The recycled aggregates were treated in a concrete mixer truck to partially remove
the adhered cement paste in order to compare their performance in concrete as
opposed tonatural aggregates andnon-treated recycled aggregates.Onehigh-strength
concrete series of mixtures was prepared to employ the concept of internal curing.
The mixtures were tested for their mechanical properties and durability. The results
showed that the addition of recycled aggregates in concrete up to a specific replace-
ment percentage did not adversely affect the concrete properties. The specific
research suggests that recycled aggregates can be a very good alternative source
to reduce natural aggregates consumption and utilize waste material.

Keywords Adhered mortar · Treatment method · Mineral admixtures · Recycled
concrete aggregate · Recycled aggregate concrete · Internal curing

1 Introduction

According to the World Commission on Environment and Development (WCED),
“sustainable development is a development thatmeets the needs of the presentwithout
compromising the ability of future generations to meet their own needs” [1]. It is
commonly accepted that following the common practice, inevitable exhaustion of
natural aggregate resources will occur, while enormous amounts of construction and
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demolition waste yield [2]. Knowledge associated with the use of the recycled aggre-
gate coupled with a projected overall increase in the durability of further construc-
tion would lead to a reduction of the environmental impact associated with repair or
disposal of constructions when deemed unsafe for habitation. This would alleviate
the issue of construction waste disposal, which is a prevalent issue all over the world,
but especially in Cyprus due to the small areas effectively used for such purposes.
Research on recycled concrete aggregates RCA allows for more recycling, further
reducing waste as well as reducing the costs associated with disposal and storage
of said waste. Successful implementation could also lead to marked improvements
in the practical use of concrete. Effective usage of RCA would facilitate for opti-
mization of processing which would preserve natural resources for a prolonged time.
When considering the total amount of natural resources in a large scale, in Europe for
example, the exploitation of resourcesmight not be as significant as in a smaller scale,
in Cyprus for instance, where the increased exploitation may reduce the resources to
a crucial level, due to country’s small size, compromising the needs of the following
generations. It has to be noted though that great challenges have to be addressed
before efficiently utilizing recycled aggregates in concrete. Specifically, recycled
aggregates face notable disadvantages compared to natural aggregates such as lower
density, higher water absorption, adhered weak mortar, poor mechanical properties
and durability [2]. One of the foremost reasons causing these properties is the adhered
mortar because of low inherent quality and double interfacial transition zone forma-
tion. Many researchers have attempted to reduce the adhered mortar with various
methods such as resembled Los Angeles [3], carbonation and wrapping [2], micro-
bial carnation precipitation [4], impregnation inside organic polymer solution and
polyvinyl alcohol [5], low concentration hydrochloric acid [6, 7], etc. The research
activity on recycled concrete aggregates along with the attention given on the RCA
treatment both highlight the urge of developing methodologies able to adopt and
re-utilize aggregate back in concrete. Kazemian et al. have reported that during the
evaluation of flexural strength, the loose mortar of the recycled aggregate was the
most influential factor in reducing it [7]. The introduction of 25 and 50% of RCA
has resulted in a reduction of 10% and 14% in flexural strength respectively. On the
contrary, identical replacement using treated recycled aggregate has resulted in a 3%
reduction. Ismail and Ramli evaluated the combination of aggregate treatment using
hydrochloric acid to remove the loose adherent and calcium metasilicate to fill the
remaining voids [6]. They concluded that the treated recycled aggregates performed
better than the non-treated recycled aggregates in terms of compressive and flexural
strength and Young’s modulus. The old mortar includes micro-cracks and has high
porosity [8], thus it becomes the weakest link in RAC and its strength is the upper
limit of the strength of concrete. As the mortar-aggregate bond strength increases,
the concrete strength also increases [9, 10].

The objective of this research is to determine whether the incorporation of treated
and non-treatedRCAaggregates and non-treatedRCA sand in high-strength concrete
would have a beneficial effect on mechanical properties and durability. The mixture
design yielded after the calculation of optimal treatment of aggregates.
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2 Experimental Program

2.1 Materials and Testing Methods

Two fractions of recycled coarse aggregates were used in this work, namely 0–4
and 4–10 mm (sieve analysis was applied to divide the material into the different
gradings). The natural aggregates (coarse and fine) were obtained from Latomia
Pharmakas Plc. The sameparticle size ranges for both natural and recycled aggregates
were used in the project. The coarse aggregates were tested on their grading (EN
933–1, 2), shape (EN 933–4), flakiness index (EN 933–3), abrasion resistance (EN
1097–2), density (EN 1097–6) and water absorption (EN 1097–6).

2.2 Aggregates Treatment

The adheredmortar in addition to the unknown age, source, and origin of the recycled
aggregates are the main reasons why RCA cannot be easily characterized and cause
high variation in the results. In an effort to improve the RCAs performance, the
adhered mortar was partially removed. A certain amount of RCAs was exposed to
heat treatment according to an established technique, to remove entirely the adhered
mortar and determine itsmass loss percentage [3, 11, 12]. Such amethodology cannot
be applied for large quantities of RCA. The aggregates mass loss was also compared
to the aggregate circularity extracted from an image analysis investigation.

RCAs intended to be utilized in concrete mixtures were added in a concrete
truck mixer for a specific time interval, which was determined based on the image
analysis results and the mass loss. This method, which resembles a prolonged Los
Angeles test, has evidently decreased significantly the adhered mortar, and discarded
the weaker or fractured aggregates, keeping only the stronger and sounder ones [3].
The treatment method is also expected to affect the shape of the aggregates by
making them rounder. The specific was tested using image analysis to determine the
circularity of the aggregates for each time interval for 1–5 h. The optimum treatment
time was decided based on the results and adopted for the corresponding mixtures.
Concrete mixtures were produced using field recycled aggregates RCA-F and treated
recycled aggregates RCA-T. The performance of the specificmixtures was compared
with each other and with one normal weight aggregate NA mixture.

Mechanical treatment The aggregates were initially water treated using a 150
L inclined concrete mixer for various intervals and correlated to their circularity
based on image analysis. Five random samples of RCA (samples of 4–10 mm) were
dried to constant mass at a temperature of 110 °C. Around 3 kg of each sample was
selected and sieved using the 2.36 mm sieve. The samples were then weighted (m1).
Each sample was placed in the mixer drum at a speed of 0.5 rps for 1, 2, 3, 4 and
5 h respectively with water. The water was added to improve the effectiveness of the
method byweakening the adheredmortar [3].When the treatment was completed the



270 K. Oikonomopoulou et al.

RCAs were sieved and washed using the 2:36 mm. Then, they were dried to constant
mass at a temperature of 110 °C to gain their final mass (m2). The mass reduction
of the RCA was calculated by using the following equation:

Residualmortar(%) = m1 − m2

m1
(1)

m1 dried sample mass before treatment (g).
m2 dried sample mass after treatment (g).

Circularity. The external morphology of aggregates can affect the properties of fresh
and hardened concrete (e.g. workability, compressive strength, tensile strength, and
durability). Therefore, by studying the circularity of the RCA particles, concrete
properties may be correlated and result in mixtures with improved properties. Digital
image processing was applied to characterize the circularity of the aggregates. Using
pictures on a digital form, mathematical procedures calculate the necessary infor-
mation [13]. In this paper, the software GIMP and ImageJ were used. GIMP is an
open-source image editor. ImageJ is an open-source program that can display, edit,
analyze, process, save and print images. Although ImageJ has editing abilities, image
editing was done using GIMP to achieve more accurate results. ImageJ was used to
analyze the aggregates and calculate their circularity. The software first calculates
the area and the perimeter of each aggregate and then uses the following equation to
calculate the circularity of each aggregate:

Circulari t y = 4xπx A

P2
(2)

A Area of the aggregate (mm2).
P Perimeter of the aggregates (mm2).

Circularity values range between 0.0 to 1.0, 1.0 being a perfect circle. As the value
approaches 0.0 it indicates an increasingly elongated shape. The circularity value,
however, is not as accurate for smaller particles as it is for the bigger particles [14].

Large scale treatment. A low-cost treatment method was utilized by Latomia Phar-
makas Plc to remove part of the adhered mortar. The specific methodology was
presented in another publication of the research team with slight modifications [3].
Dimitriou et al. have treated the aggregates for 5 h whereas the treatment time in
this research was decided after the small-scale treatment and image analysis investi-
gation. RCA-F aggregates were placed into an 8 m3 concrete mixer. The mixer was
rotated at a speed of 10 rpm, and during this process, water was added to remove the
smaller particles, dust and the weaker adhering mortar. At the end of the treatment
period, the aggregates were sieved through a modified sieve to discard aggregates
with sizes lower than 4 mm.
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Table 1 Experiments, age of testing and standards

Test Standard Age of testing
(days)

Specimens

Hardened
concrete

Mechanical Compressive
strength

EN 12390-3 1, 3, 7, 28 3 cubes

Tensile splitting
strength

EN 12390-6 7, 28 2 cylinders

Capillary water
absorption

Reference [15] 1, 3, 7, 28 3 cubes

Durability Porosity Reference [15] 1, 3, 7, 28 3 cubes

Chloride
resistance

ASTM C-1202 28 3 cylinders

2.3 Experiments

The current investigation included the evaluation of the mixtures’ mechanical prop-
erties and durability. Test type, age of testing and relevant standards are summarized
in Table 1. For the determination ofmechanical properties, compressive strength (EN
12,390–3) and splitting tensile strength (EN 12,390–6) were conducted. Durability
investigation focused on the transport properties of produced concrete and material’s
performance when subjected to major degradation processes. Specifically, capillary
water absorption (RILEM TC-116), porosity (vacuum saturation method [15]) and
chloride resistance (ASTM C-1202) were performed.

2.4 Concrete Mixtures

A total of 7 mixtures were cast. The mixture design used in the experimental work
are presented in Table 2. The same mixture design was adopted for all mixtures. The
effective w/c ratio was kept constant at 0.25. The objective was to add RCA in high
strength concrete and evaluate whether their inferior quality could be offset due to
the employment of internal curing, the high cement content, and low water/ cement
ratio.

Table 2 Mixture proportions
(kg/m3)

Cement I 52.5 N 864

Coarse aggregates 4/10 mm 680

Fine aggregates 0/4 mm 650

Water 216

Superplasticizer 1.35

w/c ratio 0.25
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Table 3 Mixture design with replacement ratios

Code Replacement (%) RCA (mm) NA (mm)

Mixture 1 NA 0 – 0–4 + 4–10

Mixture 2 RFF25 25 0–4 4–10

Mixture 3 RFF50 50 0–4 4–10

Mixture 4 RFC25 25 4–10 0–4

Mixture 5 RFC50 50 4–10 0–4

Mixture 6 RTC25 25 4–10 0–4

Mixture 7 RTC50 50 4–10 0–4

In the designed mixtures there was a replacement of NA with different types of
RCA for six mixtures. The replacement ratios of the mixtures are presented in Table
3. The code names of each mixture consist of “R” for RCA, “F” for fine aggregates
replacement, “C” for coarse aggregates replacement, “F” for field, “T” for treated,
“50” or “25” represent the replacement percentage of NA. Cubes of 100 mm were
used to determine the compressive strength, the sorptivity, and the porosity. Cylinders
Φ100× 200mmwere used to determine the rapid chloride permeability, the splitting
tensile strength and the modulus of elasticity.

2.5 Casting and Curing

Concrete mixtures were prepared using a 200L planetary mixer. Aggregates were
in air-dried condition and the required water corrections were made, according to
aggregates’moisture and absorption values. Slump testswere performedwith a target
slump class S3, aiming to create a relatively fluid and workable concrete. The desired
slumpwas achieved by adjusting the amount of superplasticizer added in the concrete
mixture. Compaction was achieved using a vibrating table. The vibration time was
kept constant for all mixtures. The samples were removed from the molds after 24 h
and were placed in water tanks at a constant temperature of 22 ± 2 °C.

3 Experimental Results and Discussion

3.1 Properties of Aggregates

The mechanical and physical properties of the three types of aggregates used for this
research are presented in Table 4.

NAs in Cyprus present higher absorption values, reaching up to 4.5% [16]. From
the tests performed on aggregates, it is concluded that:
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Table 4 Mechanical and physical properties of aggregates

Properties NA RCA-F RCA-T

Los angeles coefficient (LA) (%) 29 32 15

Apparent particle density (Mg/m3) 2.69 2.72 2.74

Particle density (Mg/m3) 2.52 2.28 2.49

Particle density in SSD (Mg/m3) 2.58 2.44 2.58

Water absorption (WA) (%) 3.8 6.5 4.5

Flakiness 16 6 4

Shape index 9 7 5

• Treated aggregates had significantly lower LA value than the RCA-F and NA [3]
• The aggregate treatment leaded to a more cubical/ spherical shape (shape index)
• The RCA had significantly higher water absorption
• The RCA-T had lower water absorption than the RCA-F

Table 5 presents the aggregates’ sieve analysis.

Table 5 Aggregates’ sieve analysis

Sieve aperture size (mm) NA 4–10 RCA-F 4–10 NA 0–4 RCA 0–4 RCA-T 4–10

20 100.0 100.0 – – 100.0

14 98.8 87.3 – – 72.5

12.5 98.2 76.7 – – 57.0

10 87.2 48.5 – – 26.8

8 58.2 20.3 100.0 100.0 9.4

6.3 35.3 5.4 100.0 100.0 2.6

5.60 – – 99.9 94.9 –

4.0 5.5 3.6 98.8 89.7 0.9

3.35 – – 96.7 86.0 –

2.0 2.5 3.5 78.8 78.1 0.6

1.0 2.3 3.4 52.1 54.9 0.3

0.50 – – 33.8 41.5 –

0.25 – – 21.0 32.5 –

0.125 – – 12.2 24.6 –

0.063 1.8 3.3 8.2 19.3 0.0
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3.2 Aggregates Treatment and Image Analysis

According to the specific analysis, the rate ofmass loss due to the aggregate treatment
was the highest up to the third hour of treatment. The rate ofmass losswasmuch lower
after the third hour of treatment. The experimental treatment procedurewas compared
to thermal treatment and itwas concluded that the energy consumption of the chamber
furnace was approximately 15 times more than the mechanical treatment method. It
was therefore decided that the large-scale treatment was going to be conducted for a
time interval of 3 h.

3.3 Mechanical Properties

Table 6 presents the results of the mechanical properties of all concrete mixtures
tested.

Compressive Strength. The compressive strength test results indicate that the
use of RCA affected negatively the strength of the concrete (Table 6). Regarding the
early strength, all RCAmixtures showed an average reduction of 28.7% on day 1 and
24.2% on day 3 compared to the NA mixture. Concrete mixtures with field aggre-
gates exhibited slightly higher compressive strength than the mixtures with treated
aggregates at an early age. It is worth noticing that the coefficient of variation of
RCA mixtures was significantly high (8.0%) compared to the NA mixture (2.8%).
Comparing the replacement percentage, no difference was observed in the early age
results. Despite the low initial compressive strength, the NA mixture had the lowest
rate of strength increase up to the age of 28 days. Specifically, the NA mixture had
an increase of 9.2% from day 1 to day 28 where the RCA mixtures observed an
average 27% increase. Interestingly, mixture RFC25 had the lowest initial compres-
sive strength and the highest 28-day compressive strength, slightly lower than the NA
mixture (1.8%). Finally, regarding the compressive strength results, the NA mixture
observed the highest performance (99.2 MPa), with the 25% replacement mixtures

Table 6 Mixtures mechanical properties

Mixture f em. (MPa) f ct (MPa)

1 day 3 days 7 days 28 days 7 days 28 days

NA 90.0 93.9 94.6 99.2 4.75 5.24

RFF25 71.7 75.3 83.0 86.6 4.92 3.70

RFF50 62.9 82.1 76.2 89.8 4.56 4.23

RFC25 53.5 84.8 86.5 97.4 5.23 4.56

RFC50 73.4 65.7 84.2 81.7 4.15 4.97

RTC25 62.8 57.4 91.3 96.7 4.83 3.15

RTC50 60.7 61.7 79.8 82.1 3.83 5.10
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Table 7 Mixtures durability indicators

Mixture Porosity (%) ρ (kg/m3) Sorptivity
(mm/

√
min)

RCP
(Coulombs)

1 day (%) 3 days
(%)

7 days
(%)

28 days
(%)

28 days

NA 8.8 6.1 6.1 3.7 2359 0.0044 1959

RFF25 9.2 3.6 8.9 8.6 2277 0.0110 1872

RFF50 9.0 6.7 8.3 8.7 2271 0.0088 1739

RFC25 9.7 7.6 8.9 8.0 2302 0.0095 2169

RFC50 7.3 7.1 7.2 10.2 2273 0.0096 2041

RTC25 7.4 7.5 5.3 11.2 2267 0.0084 2201

RTC50 8.3 8.5 9.3 6.9 2243 0.0098 3480

exhibiting the second higher performance (97.1 MPa) and the fine RCA with the
50% replacement mixtures the lower performance (83.5 MPa).

Splitting tensile strengthAlthough the NA, RFC50 and RTC50 mixtures did not
exhibit the highest early tensile strength (7 days), it was the mixtures that exhibited
increased strength on the 28th day. Concrete is a brittle material with very low capa-
bilities of carrying tensile loadswithout reinforcement. The key element of increasing
concrete tensile strength is the interlocking between the constituent materials. In the
compressive strength test, the aggregate surface roughness is not such a determining
factor as in the tensile test. Matias et al. concluded that the rough and angular contact
area allows better adherence [17].

3.4 Durability Properties

The durability test results are presented in Table 7. Themixtures with RCA had lower
density due to the lower density of the adhered mortar. Porosity experiments showed
that the early age values of the NA and RCAmixtures were similar, and by the age of
28 days, the NAmixtures exhibited a significantly lower porosity (3.7% compared to
average 8.9% of the RCAmixtures). On the contrary, the RCP resistance of the RCA
mixtures were not significantly different, although in several cases RCA mixtures
were characterized by lower values than the NA mixture. The only exception was
the RTC50 mixture which exhibited a 174% higher than the average of the rest of the
mixtures. The specific was not reflected in the sorptivity experiments. Despite the
benefits obtained from the mechanical treatment, it seems that some negative effects
also occur, however, since treated aggregates evidently improve concrete properties
[3], we will not rush into drawing premature conclusions. Following this, the specific
properties will be evaluated in a long-term period (up to 540 days) since it is known
that various mechanisms such as internal curing may contribute to the improvement
of such properties [3, 18, 19]. The increase of the sorptivity coefficient of RAC
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can also be attributed to the higher absorption capacity of the recycled aggregates
compared to natural aggregates.

4 Conclusions

This work investigated the addition of RCA in concrete, in an effort to reduce the
demand in natural aggregate and utilize an otherwise waste, hard to dispose mate-
rial. No significant difference has been observed with the use of field and treated
aggregates, however, it is anticipated that the treated aggregates effect will be more
prominent in later ages, due to the effect of internal curing. Similar behavior has been
observed in the splitting tensile strength experiments. The chloride resistance of the
RCA mixtures was similar to the NA mixtures, where the sorptivity measurements
exhibited significant differences. The investigation has concluded that the addition
of RCA in concrete is possible without significantly affecting the material’s proper-
ties, however, one has to be fully aware of the effects of the RCA type (treated or
non-treated) and RCA percentage replacement. Finally, the effect of the aggregate
treatment was not that prominent up to the tested age, however, the investigation will
continue up to the age of 560 days.
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Abstract In numerous contexts, concrete can be exposed to chemically aggressive
conditions that can damage their microstructure and reduce their lifespan. The con-
crete facilities from the agricultural and agro-food industries dedicated to the storage
or the treatment of effluents are more particularly exposed to organic acids coming
from the microbial activity naturally occurring in such media. This biodeterioration
leadsmainly tomineralogical transformations, such as hydrated and anhydrous phase
dissolution, and to ion exchanges between acidic effluents and cement-based materi-
als. The poorly crystalline mineralogy of hydrated cement pastes and their reactivity
makes the geochemical behavior of such materials difficult to investigate and thus
to predict over large periods of time and wide variety of chemical conditions. The
degradation of cementitious materials in these aggressive conditions mainly leads to
the leaching of calcium and the precipitation of amorphous secondary phases. The
purpose of this work is (i) to assess the stability of the cement phases involved in
such chemical conditions as well as to identify the alterations products, and (ii) to
understand the evolution of concentration and the behavior of elements in solution
such as aluminum or silicon. A thermodynamic model of cement pastes subjected
to acid attacks has been developed, in order to reproduce, experimental data also
presented here. Our model reproduces a major part of the behaviors shown by the
experiments, i.e. a progressive decalcification of solid matrix (successive dissolu-
tion of portlandite, aluminates hydrates and C-S-H) during acid degradation and the
identification of alteration zones in agreement with the experimental observations.
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1 Introduction

Interaction of organic acids with hydrated cement phases can affect their microstruc-
ture and durability especially in the agro-food and nuclear waste industries. The con-
crete facilities exposed to organic acids are subject to severe chemical and biological
attack [3, 4], leading to ion exchanges between acidic effluents and cement-based
materials, decalcification of cement pastes, and dissolution of hydrates and anhy-
drous phases [3, 4, 6, 19]. Different types of structures can be degraded (storage
silos, collecting systems, biogas silos, etc.) sometimes with high kinetics [2], which
could have an influence on their safety and performances.

Considering these effects, several studies have been carried out to model these
interactions, testing different organic acids and different cement compositions [6, 7,
11]. Although these studies succeeded inmodelingmost of themechanisms observed
experimentally, some missing data did not allow them to go further, particularly
in terms of C-S-H stability (low pH and degrading chemical conditions with the
presence of organic acids), aluminous phases stability (comprising Al3+ uptake by
C-S-H), and kinetic modeling.

The aim of the work presented here is to carry out an experimental study, allowing
to eliminate the kinetic factors as much as possible, in order to establish the missing
data in the actual thermodynamic databases. In addition, a thermodynamic model
applied to the interactions between cement pastes and acetic acid has been developed,
in order to reproduce, experimental data and validate a new version of the database
previously proposed by De Windt et al. [6] in light of new thermodynamic data
published recently [14, 17].

2 Materials and Methods

2.1 Batch Experiments

2.1.1 Specimen Fabrication and Degradation Protocol

Cement pastes of ordinary Portland cement, CEM I 52.5 R (denominated CEM I)
were made with a water/binder mass ratio of 0.3. The composition of CEM I cement
is given in Table1. The mixing of pastes was carried out according to a procedure
adapted from the standard EN 196-1 [9] and cast in cylindrical moulds 70mm high
and 35mm in diameter. Each specimen was sealed and the pastes were removed
from their molds after an endothermic cure in a tempered room at 20 ◦C for 28 days.
Finally, two specimens were crushed to a particle size of less than 80µm to duplicate
the batch experiment detailed below.

The aim of the experiment was to understand the chemical reactions occurring
during the equilibration of CEM I paste in a solution of acetic acid, with a solid
liquid ratio of 20. In this view, the powdered CEM I was added in 50 steps of 2g in
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Table 1 Chemical composition of CEM I 52.5 R (LOI = Loss of ignition)

wt.% CaO SiO2 Al2O3 Fe2O3 MgO TiO2 Na2O SO3 LOI

CEM I 66.2 20.0 4.85 2.64 1.06 0.27 0.14 3.01 1.64

a 2L of acetic acid solution (0.28mol/L) buffered with NaOH (50.12 mmol/L) with
an initial pH of 3.95. The solution was constantly stirred and the pH was monitored
continuously to check the stabilisation of the pH, and thus the achieving of chemical
balance in solution, before the next addition. The reactor was flushed with nitrogen
to prevent carbonation. The liquid/solid ratio after the 50th addition was 20. This
experiment was carried out twice, and the aqueous solution was sampled at different
steps for chemical analyses.

2.1.2 Chemical Characterization

The total concentrations of Ca, Al, Si,Mg, Fe, SO4 ionswere determined by using ion
chromatography (Dionex Ion Chromatography System, ICS-3000). Before analyses,
all solutions were diluted by a factor of 100 using ultrapure water (18 M�.cm).

2.2 Modeling Approach

2.2.1 Thermodynamic Equilibrium Calculations

All calculations were carried out using PhreeqC code version 3.0 [15]. In this code,
mineral-solution equilibria are calculated considering the extended Debye-Hückel
activity coefficient model, and using the Debye-Hückel B-dot relation ([13]). The
thermodynamic properties used in this work came from the database used by De
Windt et al. [6] and relying on MINTEQ 3.00 database [12] for organic acids and
aqueous complexes, and Thermoddem database ([5]) for cement phases. An enrich-
ment with new phases from Thermoddem database was carried out for the present
work. The database obtained was tested by drawing activity diagrams, to assess its
reliability.

2.2.2 Thermodynamic Data and Modeling Procedures

The equilibrium calculations were made using the initial solid composition (Table1)
and the solution composition (described above). As for batch experiments, calcula-
tions were based on the addition of 2g of CEM I in 50 steps (0.04g per step). Each
step was calculated at the chemical equilibrium.
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Table 2 Cement phases selected in the different calculations. [A] are data used inDeWindt et al. [6],
and [B], [C] correspond to data used in the present work and considering or not C-A-S-H phases.
All phases are extracted from Thermoddem database

Name [A] [B] [C]

C-S-H 0.8 X

C-S-H 1.2 X

C-S-H 1.6 X

Ettringite X X X

Gibbsite X X X

Portlandite X X X

SiO2(am) X X X

Hydrotalcite X X

C3AH6 X X

C-S-H 0.7 to 1.6 X X

C-A-S-H 0.7 to 1.5 X

This model was used to compare three databases. These databases were based on
thework of DeWindt et al. [6] and included organic acid and aqueous complexes data
fromMINTEQ database as presented in DeWindt et al. [6]. The differences between
these databases only concern cement phases. They are highlighted in Table2. Finally,
iron phases were neglected in all calculations.

3 Results and Discussion

3.1 Experiments Results

Figure1 shows the evolution of the solution composition function of the step of
powder addition in the acetic acid solution.

These results show that calcium concentration (Fig. 1a) increases linearly with
the amount of crushed CEM I paste added, from the first to the 14th step. This
suggest that almost all the calcium of the powder is dissolved for these steps. From
the 15th step, calcium begins to precipitate in newly formed phases, and the calcium
concentration seems to peak and stabilize around 120–130 mmol/L, showing that the
chemical equilibrium has been reached.

Silicon, aluminium and iron (Fig. 1b) are showing the same behaviour in solution.
The concentrations first increase proportionally with the addition of CEM I crushed
paste, (steps 1–7) reflecting a total dissolution of these elements at each step. The
maximum concentrations are observed around steps 8–9. These maxima are around
10 mmol/L for silicon, 2.5 mmol/L for aluminium and 1 mmol/L for iron. A signif-
icant decrease in concentrations is observed for these three elements from step 10
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a b

c d

Fig. 1 Experimental data of concentration in calcium (a), silicon, aluminium and iron (b) and
sulfate and magnesium (c), and pH values (d) in equilibrium solutions at each step of the batch
experiment

showing the precipitation of one or more phases including these elements. Detection
limit is reached rapidly for aluminium and iron (steps 13–14) while a slope break is
observed for silica between steps 13 and 21 (64 to 1 mmol/L).

Finally, the concentrations of sulfate and magnesium (Fig. 1c) are showing a
slightly different comportment, with for sulfates a linear increase from the first to
steps 16–17 (5 mmol/L) and a significant decrease from step 19 to steps 30–35 (near
detection limits), and for magnesium a linear increase until step 12 (2.3 mmol/L)
and a significant decrease from steps 13 to 17 (less than 0.1 mmol/L).

The pH values (Fig. 1d) are reflecting the previous observations, with an increase
from 4.1 for the first step to 5.5 for step 11. The most significant increase takes place
between steps 12 and 17 with values evolving from 5.8 to 11.3. The neutralisation
of the acid is thus achieved between steps 12 and 13.

In the first linear part of their trend, concentrations of Ca, Si, Al, and Mg (from
first step to steps 8–12) represent more than 80% of the quantities of elements entered
in the system by dissolution, showing that equilibrium is almost reached for these
steps. Iron is showing a somewhat different evolution. The concentration of iron in
the first step represent around 70% of the proportion of iron in the CEM I paste, and
this part of dissolved iron compared to the total of iron added to the system rapidly
drops to 50% at the third step. This can be explained by the C4AF low reactivity [10,
16, 18].
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These observations are in agreement with previous works on the degradation of
monolithic cement pastes by organic acids,where amineralogical and chemical zona-
tion of the altered cement paste was highlighted [3, 4, 6, 19]. In these studies, from
the sound core of the specimen to the surface in contact with the acid, the first altered
zone shows a slight decalcification caused by the dissolution of the portlandite. A
second, more advanced alteration zone, is characterized by the progressive dissolu-
tion of the C-S-H, other hydrates phases and anhydrous phases. Finally, the third and
most altered zone is described as being totally decalcified and mainly composed by
an Si-Al gel. Reported to our study, these three zones could be respectively assim-
ilated (i) to steps 50 to 25 (“Zone 1” in Fig. 1d), then (ii) to steps 20 to 15 (“Zone
2”), and finally (iii) to steps 15 to 9 (“Zone 3”). The steps 9 to 1 of our experiment
corresponding to a complete dissolution of the compounds entered in the system
(“Zone 4”). However, a solid characterization of our samples are necessary in order
to go further.

3.2 Thermodynamic Modeling

3.2.1 Thermodynamic Properties and Stability Diagrams

Figure2 presents simplified stability diagrams of (i) calcium salts and conjugated
bases (Fig. 2a), and (ii) synthetic C-S-H from [17], with respect to pH. These phase
diagrams are used to determine the aqueous species and solid phases that are stable
when the pH or the acid concentration evolves. The activity approximately corre-
sponds to the concentration for activity ≤5.10−2. Above, activity corrections would
be required. In addition, only the predominant species (with maximum activity) are
represented on these diagrams.

The main difference between the database used here and the one developed by
De Windt et al. 2015 [6] being C-S-H composition, it was important to verify that
new C-S-H compositions from [17] have the same comportment regarding to organic
acids salts. C-S-H composition used here, fromRoosz et al. 2018 [17], are discretized
every 0.1 C/S from C/S = 0.7 to 1.5 compared to 3 compositions (C/S = 0.8, 1.2
and 1.6) used in DeWindt et al. [6]. Figure2a shows that the use of these new C-S-H
compositions does not modify the observations made by De Windt et al. [6], with
regard to the stability of the Ca(Acetate)2(aq). Figure2b shows the evolution of the
stability domains of the different C-S-H with regard to their C/S ratio.

3.2.2 Equilibrium Calculations

The modeled composition of solution are presented in Fig. 3, for the different
databases used, and superimposed to the experimental datas. These compositions
are relative to calculated solid proportions shown in Fig. 4. The pH values are fairly
well reproduced by the three database versions (Fig. 3a). In terms of calcium concen-
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Fig. 2 Simplified speciation predominance diagrams of calcium whith respect to pH and activity
of acetate (a) or H4SiO4 (b)

trations (Fig. 3b), the first observed slope between steps 1 and 14 is due to calcium
solubility and is thus not affected by the changes made in our databases. The only
modifications can be seen between steps 15 and 50 and are mainly due to the modi-
fication of C-S-H compositions, as showed by the differences of C/S ratio between
databases on Fig. 4d. The addition of C-A-S-H to the database (Fig. 4c) has no impact
on the calculated calcium concentrations (Fig. 3b), but the absence of C3AH6 in De
Windt et al. [6] database leads to predict larger quantity of portlandite.

The aluminium concentrations (Fig. 3c) are more complicated to reproduce due to
the competition between multiple phases. The maximum of modeled concentrations
is reached some steps (step 5) before the experimental data (step 9). This is mainly
due to the high stability of Al(OH)3 in the database that is too quick to precipitate. For
steps 15 to 50, two types of behaviours are modeled. The database from DeWindt et
al. [6] leads to an increase of the aluminium concentration from steps 20 to 30 until
the Al concentration reaches a plateau between steps 30 and 50 at 2.25 mmol/L, due
to the absence of C3AH6 and hydrotalcite (Fig. 4a). In this case, gibbsite and ettringite
alone cannot fix all the aluminum in the system. The database presented in this work
shows a better reproduction of experimental data, with only one maximum at step
21, corresponding to the passage between the Al(OH)3 stability domain to those of
ettringite and C3AH6 (Fig. 4b). The incorporation of C-A-S-H in this database does
not change the results much (Fig. 4c).

Silicon concentrations (Fig. 3d) are driven bymultiples phases. BelowpH9, amor-
phous silica is the only phase that can precipitate for the three databases (Fig. 4). The
maximum observed experimentally at step 9 is not reproduced due to the saturation
in SiO2(am) in the model. These experimental data can be explained by kinetic factors
induced by the solubility of silicon [1, 8] neglected in our models. After step 10, the
small differences observed between [6] database and ours is due to the difference of
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Fig. 3 Calculated solutions composition with regard to experimental data. a pH values, and con-
centration in calcium b, aluminium c, silicon d, magnesium e and sulfate f at each step of the batch
experiment

stability of low C/S C-S-H (Fig. 4d), and the presence of C-A-S-H in the database
has no impact on the calculated silicon concentrations.

In term of magnesium concentrations (Fig. 3e), experimental data are well repro-
duced with our databases. This can be explained by the fact that magnesium is only
driven by hydrotalcite here, which was not considered in DeWindt et al. [6] database
(Fig. 4a).

Finally, sulfate concentrations, presented in Fig. 3f, show that calculations are
close to experimental data. Ettringite is the only phase in the three databases to catch
sulfate, and thus the only differences between this work and the database from De
Windt et al. [6] is due to the change of other aluminous phases (C-A-S-H, C3AH6,
hydrotalcite), that are in competition for aluminium (Fig. 4).
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a b

c d

Fig. 4 Calculated solid proportions in molar % regarding to DeWindt et al. [6] database (a), “This
work” database (b), “This work + C-A-S-H” database (c), and associated C/S (solid lines) and A/S
(dashed line) of C-(A-)S-H phases (d)

3.2.3 Properties of Aluminous Phases

The database presented here allows a better understanding of the mechanisms con-
trolling aluminum leaching in cement pastes subjected to attack with acetic acid.
Most differences noticed between [6] database and those developed in this paper are
in the incorporation of aluminous phases.

The addition of the new C-S-H compositions allows a better representation of the
evolution of theC/S ratio even if solid analyzes are required to go further in the inter-
pretation. The addition of C-A-S-H hardly changes anything, except at pH between
8 and 10 where the added phases are the most stable, which is in agreement whit
observations made in a previous study [17] reporting a higher stability of aluminium
in C-A-S-H of low C/S ratios. Moreover, the fact that no radical modification of the
C/S ratio have been seen between our database with or without C-A-S-H between
steps 8 and 20 confirm the consistency of the database.

3.2.4 Limits—Next Steps

Although these results reproduce a major part of the behaviors shown by the exper-
iments, there are still some points that can be improved. A lack of thermodynamic
data for C-A-S-H phases, especially for those with higher aluminum concentrations
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is still to be filled. Such phases could allow better reproduction of experimental data
between steps 15 and 25 for aluminium concentrations in solutions.

In addition, themajor issue here is the difficulty to reproduce silicon concentration
between steps 0 and 9. This can be due to kinetics factors linked to the solubility
of silicon at low pH and not taken into account in this model. Previous studies also
reported the presence of Si-Al gel in this pH range [3, 4, 6, 19], and solid character-
izations should be carried out in order to better understand the phases precipitating
here.

4 Conclusion

The work carried out here enabled evaluating the database initially proposed by
De Windt et al. [6] and enriching it. This database currently allows representing
in an acceptable manner the chemical evolution showed by the attack of CEM I
pastes by acetic acid, with the presence of different steps of alterations linked to the
progressive decalcification of the solid during the attack. Moreover, compared to the
database proposed by De Windt et al. [6], the addition of C3AH6 and hydrotalcite
allows a better prediction of the composition of CEM I pastes from the first stages of
deterioration (steps 25–50) which could for example affect the prediction in terms
of mechanical properties.

The next step is to develop a chemical andmineralogical characterization protocol
(i) to evaluate the evolution of the C/S and A/S ratio of C-(A-)S-H at the different
steps of our batch experiment, and also (ii) to characterize the degraded phases, likely
a silico-aluminous gel, absent from the databases so far.
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An Analytical Approach for Pull-Out
Behavior of TRM-Strengthened Rammed
Earth Elements

A. Romanazzi, D. V. Oliveira, and R. A. Silva

Abstract Rammed earth constructions, beyond being largely spread in the built
heritage, are known for their high seismic vulnerability, which results from high
self-weight, lack of box behavior and low mechanical properties of the material.
Hence, to mitigate this seismic vulnerability, a compatible textile reinforced mortar
(TRM) is here proposed as a strengthening solution, because of its reduced mass and
high ductility. The few research about the structural behavior of TRM-strengthened
rammed earth elements addresses the global behavior, overlooking the local behavior
of the system. An analytical approach to infer the bond stress-slip relationship
following the direct boundary problem is proposed. Based on a previous series of
pull-out tests, an adhesion-friction constitutive law is portrayed considering also a
damage model that considers the degradation of the reinforcing fibers due to friction.

Keywords Rammed earth · Textile reinforced mortar · Bond · Analytical approach

1 Introduction

Raw earth is one of the most ancient building materials and its related building
techniques are spread worldwide, counting about 10% of the built UNESCO World
Heritage and between 20 and 30%of the global population living in earthen dwellings
[1, 2]. Among the different building techniques based on the use of soil, rammed
earth consists in compacting a mixture of moistened earth within a formwork, which
is directly supported on the wall and moved horizontally once a block is completed
[1]. This technique is used since ancient times to build both monuments [1, 3] and
affordable dwellings [4]. Nonetheless, rammed earth buildings are also well known
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for their high seismic vulnerability, which is due to low mechanical properties of the
material, high self-weight and poor connection between structural elements. Thus,
moderate to intense earthquakes are expected to produce in-plane cracking of the
walls, formation of out-of-plane mechanisms and collapse of the roof and floors [5].
For this reason, textile reinforced mortar (TRM) has been proposed as a solution to
mitigate the high seismic vulnerability of rammed earth dwellings, due to its low
self-weight, tensile strength and ductility, as demonstrated for masonry buildings
[6–8].

Since the TRM is a composite system [6, 9], understanding the mechanical
response of the matrix-fiber interface is a key point to predict the overall perfor-
mance of a strengthened structure. In this context, different test setups have been
implemented to deduce the interaction between the two components [10–12]. Among
these tests, the pull-out test is the most accepted, and consists in pulling out a single
fiber or a mesh embedded in a specimen representing the matrix, while the corre-
sponding load-displacement relationship P(u) is recorded. However, the P(u) curve
is a response of a system with a specific geometry, not representing a material prop-
erty of the tested composite. For obtaining material parameters to define the shear
force transmission independently from the geometric properties, known as the bond
stress-slip relationship (BSR), numerical or analytical models can be applied to the
experimental P(u) curve [13, 14]. In the case of cement-based matrix composites, an
interface zone is assumed with properties different from the matrix and fiber [15].
As a consequence, if the stiffness of the interface is much smaller than that of the
constituents, the deformation in this zone might be higher than that of the fiber uf
or matrix um. Therefore, the difference between the deformation of the components
represents the interface deformation and it is defined as slip [s = uf−um]. While, the
bond stress-slip law is the transferred shear stress τ (s) as function of the slip (s) at
the interface matrix-fiber at any coordinate of the fiber (x) [15–18].

In order to deduce the analytical law of the mortar-mesh interaction for imperfect
interface models, two approaches have been implemented so far, namely a direct
boundary problem (DBP) and an inverse boundary problem (IBP). In the case of
the former approach, the load versus displacement relation P(u) of a pull-out test is
calculated on the basis of an assumed constitutive law τ (s) [15, 19–23]; therefore, its
parameters must be supposed and the pull-out curve simulated to be compared with
the experimental data. By means of fitting or an optimization process, the bond-slip
law is verified once the best approximation is achieved.

The abovementioned approach is followed here to propose amethod to infer aBSR
of the experimental programconducted inRomanazzi et al. [24].At first, thematerials
and the pull-out results of the experimental program are reported and discussed to
hypothesize a BSR. Subsequently, the problem statement of the analytical model
with the implementation of a novel damage model is derived.
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2 Experimental Program

The material properties and the results of a series of pull-out tests used to derive the
BSR are reported in Romanazzi et al. [24]. The mechanical properties of the selected
earth-based mortar were characterized according to EN 1015-11 [25]. The average
flexural strength f b is 0.5 MPa (CoV= 14%), while the compressive strength f c is
1.2 MPa (CoV = 12%). The Young’s modulus Em was evaluated by means of axial
compression tests on three cylindrical specimens of casted mortar with 90 mm of
diameter and 175 mm high. The Young’s modulus Em was computed by linear fitting
of the stress-strain curves in the range 0–30% of f c, which provided an average value
of about 4915MPa (CoV= 20%). The tensile behaviour of the selected low-cost fiber
glass mesh was evaluated according to the procedure prescribed in ASTM D6637
[26] and RILEM TC-250 CSM [27]. Five specimens were prepared with width of
about 50 mm and with free length of 300 mm, considering the direction along which
they show higher tensile capacity, as found in Oliveira et al. [28]. The resulting
average maximum linear force Pw,p is 18.4 kN/m (CoV 11%), while the average
tensile strength f t of a single yarn and the peak axial strain εpeak are 626 MPa (CoV
11%) and 0.021 (CoV 10%), respectively. In addition, the average Young’s modulus
Ey is of about 32181 MPa (CoV 6%), as computed by linear fitting of the tensile
stress-strain curve in the range 0–30% f t. Table 1 summarizes thematerial properties.

The pull-out specimens consisted of a glass fiber mesh band embedded in earth-
based mortar cylinders with diameter of ±150 mm and height corresponding to the
bonded length Lb. In the present study, only the specimenswith bonded length 90mm
and 150 mm are considered. The specimens were casted ensuring the correct filling
of the mold and perfect alignment of a single mesh band of 50 mm wide, while the
unbonded part of the mesh was kept vertically to avoid any damage due to bending.
The drying period of the specimens was of 28 days under constant hygrothermal
conditions (T = 20 ± 2 °C and RH = 60 ±5 %), after which they were subjected to
displacement controlled pull-out tests. The displacements of the mesh were recorded
bymeans of oneLVDT set at the free end and twoLVDTs set at the loaded end close to
the mortar surface (see Fig. 1). Further details are presented in Romanazzi et al. [24].

Figure 2a–d present the response curves in terms of force per width, displacement
at the loaded end and displacement at the free end for the two different bonded
lengths. Based on the literature [17, 20–23, 29, 30], the experimental pull-out curves
can be divided into two zones corresponding to different shear stress distributions
along the interface. In particular, an initial linear response is observed, in which the
load is transmitted by adhesion. When the shear strength is achieved, micro-cracks

Table 1 Properties of the selected glass fibre mesh and earth-based mortar

Material Pw,p
(kN/m)

εpeak
(–)

f t
(MPa)

Ey
(MPa)

Ay

(mm2)
f c
(MPa)

f b
(MPa)

Em
(MPa)

Am
(mm2)

Glass fiber mesh 18.4 0.021 626 32181 0.294 – – – –

Earth mortar – – – – – 1.2 0.50 4915 2.355
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Fig. 1 Setup of the pull-out tests

Fig. 2 Pull-out experimental curves: a loaded end Lb 150 mm; b free end Lb 150 mm; c loaded
end Lb 90 mm; d free end Lb 90 mm
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are developed and the response becomes non-linear. In this stage, adhesion is still at
the interface of the bonded fibers and friction between the two components is found
in the detached part. As the shear strength is attained at the free end, friction becomes
the only resistant mechanism.

3 Analytical Model

The direct approach was implemented for processing the experimental pull-out data
and derive an analytical bond stress-slip law. Therefore, an adhesion-friction consti-
tutive lawwas assumedwith a linear response up to themaximum shear strength τMax

and elastic slip sEl; subsequently, the strength drops to the shear friction resistance
τ Fri until failure (see Fig. 3).

Given the static equilibrium along the embedded length (Fig. 4), the tensile force
in the yarn F is transferred to the matrix M through the interface. Considering the
infinitesimal interface dx, the equilibrium can be expressed as

dF

dx
= −dM

dx
= pτ(x) (1)

Fig. 3 Assumed adhesion-friction bond stress-slip relationship

Fig. 4 Static scheme of the interface during the pull-out test
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where p is the perimeter of the yarn and τ is the shear stress at the yarn-matrix
interface.

As the axial elongation in the fiber and in thematrix can be defined as εy = F
AyEy

and

εm = F
AmEm

, the slip in the section x is the difference between the elongation of the

components s(x) = du
dx = εy − εm, hence:

du

dx
= F(x)

AyEy
+ F(x)

AmEm
(2)

where Am, Ay, Em and Ey are the cross section areas and Young’s moduli of the
matrix and fiber respectively. Substituting (2) into (1), one obtains:

dF

dx
= d2u

dx2
Q = pτ (3)

where Q = 1
AyEy

+ 1
AmEm

is the relative axial stiffness between the two components (3)
represents the analytical problem statement of the pull-out test to be solved according
to the stage in which the section is, as described in the next section.

3.1 Linear Stage

During the adhesion phase, the assumed interface stress-slip relationship is linear
with τ = ku (Fig. 3), which substituted in (3) leads to:

u′′ − λ2u = 0 (4)

with λ = √
pkQ. The general solution of the second differential Eq. (4) is:

u(x) = C1e
λx + C2e

−λx (5)

which substituted in (2) leads to:

F(x) = du

dx

1

Q
= 1

Q

(
C1λe

λx − C2λe
−λx

)
(6)

Considering as the boundary conditions the force in the fiber at the free-end, which
is null F(0) = 0, and the force in the fiber at the loaded-end, which is equal to the
pull-out force F(Lb)=P, the coefficients C1 and C2 result as C1 = C2 = PQ

λ(eλL−e−λL )
;

which replaced in (6) gives the force distribution along the fiber F(x) as:
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Fig. 5 Shear stress
distribution along the
interface at elastic load

F(x) = P
(eλx − e−λx )

(eλLb − e−λLb)
= P

sinh(λx)

sinh(λLb)
(7)

while the shear τ (x) and slip s(x) distribution along the interface are respectively:

τ(x) = dF

dx

1

p
= P

λ

p

cosh(λx)

sinh(λLb)
(8)

and

u(x) =
x∫

0

F(x)Qdx = PQ
1

sinh(λLb)

x∫

0

sinh(λx)dx (9)

For pull-out loads lower than the elastic limit load F(Lb)=P<PEl, the shear stress
at the interface is less than the shear strength τMax and the yarn and the matrix are
full bonded. Once the pull-out force achieves the elastic load F(Lb) = P = PEl, the
shear strength τMax is attained at the loaded end x = Lb and the debonding onsets.
Hence, in such configuration the shear stress distribution is illustrated in Fig. 5 and
(8) becomes (10).

τ(Lb) = τMax = PEl
λ

p

cosh(λLb)

sinh(λLb)
(10)

While the slip at the loaded-end results:

s(Lb) = uEl =
Lb∫

0

F(x)Qdx = PElQ
1

sinh(λLb)

1

λ
[cosh(λLb) − 1] (11)

Therefore, given the experimental elastic pull-out load and displacement (PEl and
uEl), the shear strength [τMax] and the shear stiffness of the interface [k] are obtained
by solving the system of Eqs. (10) and (11) at the coordinate of the loaded end (x =
Lb).
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3.2 Nonlinear Stage

For loads beyond the elastic limit F(Lb)= P> PEl, the micro-cracks propagate along
the interface toward the free-end. Consequently, the fiber and mortar are detached
in the length Ld, while they are still bonded in the remaining length Lb−Ld. The
resulted shear stress distribution is composed by constant frictional stress τ Fri in the
debonding length Ld < x <Lb and adhesion τ = ku along the bonded length 0 <
x < Lb−Ld, while the maximum shear strength τ Fri is achieved at the coordinate
x=Lb−Ld (Fig. 6).

Therefore, the pull-out force is the sum of the forces resulting from adhesion and
friction as:

F(Lb) = P = FIMax + FI I = τMax

λ
tanh[λ(Lb − Ld)] + τFri pLd (12)

In this case, the boundary conditions are:

• F(0) = 0

• F(Lb − Ld) = τMax p

λ
tanh[λ(Lb − Ld)]

• F(Lb) = P

Which, placed in (3), lead to the force distribution F(x) in the elastic length (0 <
x < Lb−Ld) as:

FI (x) = τMax p

λ
tanh[λ(Lb − Ld)]

sinh(λx)

sinh[λ(Lb − Ld)]
(13)

And in the debonded length (Lb−Ld < x < Lb):

F(x) = FIMax + FI I = τMax p

λ
tanh[λ(Lb − Ld)] + τFri p(x − Lb + Ld) (14)

The slip along the yarn s(x) can be evaluated as the sum of the slips according to
the different stage in which the two parts of the yarns are. Therefore, the total slip at
the loaded end results

s(Lb) = sEl + sFri = FIMaxλQ

sinh[λ(Lb − Ld)]
[cosh[λ(Lb − Ld)] − 1]

Fig. 6 Shear stress
distribution along the
interface during nonlinear
response
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+ LdQ

(
FIMax + τFri pLd

2

)
(15)

In this configuration, the debonded length Ld and the shear friction τ Fri can be
obtained by solving the system of Eqs. (12) and (15), in which the inputs are the
experimental pull-out force P and slip u in the nonlinear branch of the curve.

3.3 Damage Model

Observing the experimental pull-out curve, a damage in the yarn due to the fric-
tion between mortar and fiber is deemed, as discussed in previous investigation
[24]. In view of that, a damage model that considers the reduction of the cross-
section of the yarn is introduced as function of the sliding. The damage is defined
as ξ(u) = Ay−AyRed

Ay
x100, where Ay and AyRed represent the initial cross-section area

(undamaged state) and the reduced cross section area of the yarn due to friction
action, respectively. Considering the experimental ultimate load, the reduced section
is evaluated as AyRed = PUlt

n◦ ft , where f t is the tensile strength of the dry mesh and n is
the number of yarns. Afterwards, a correlation between the average value of damage
and the bonded length (Fig. 7a) and the sliding during the nonlinear stage (Fig. 7b)
was found and expressed in (16).

ξ = 2.3772e1.0497(u−uEl)X
1

100
(16)

Therefore, the value of [1− ξ(u)], with ξ(u)= 2.3772e1.0497(u−uEl)X 1
100 , is intro-

duced as factor to reduce the cross section of the yarn to evaluate the relative stiffness

Fig. 7 Experimental correlations: a damage-bonded length; b damage-sliding in the non-linear
stage



300 A. Romanazzi et al.

Q(u) in (17), which is then considered in the system of equations composed of (12)
and (15) for the nonlinear stage.

Q(u) = 1

Ay(1 − ξ(u))Ey
+ 1

AmEm
(17)

4 Conclusions

Amethod to infer a bond stress-slip relationship (BSR) of a TRM-based solution for
strengthening rammed earth is here proposed following the direct boundary problem.
At first, the properties of the materials used in the composite and the pull-out tests are
presented. Based on the test evidences, an adhesion-friction BSR is hypothesized.
Consequently, the equations to describe the stress transmission along the interface
are inferred for the linear and non-linear stage. Therefore, the BSR parameters will
be obtained considering the experimental results. Observing a correlation between
the level of sliding and the loss of resistance with respect to the dry mesh, a novel
damage model is assumed, which reduces the axial stiffness of the interface.

The proposed method is being implemented in an algorithm for simulating the
pull-out test, inwhich a sensitivity analysis on theBSRparameterswill be conducted.
Though, the presentedmethod is expected to be an approach for different combination
of materials, rather than a thorough model for any composite with the use of earth-
based matrixes.
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Self-Healing Concrete Research
in the European Projects SARCOS
and SMARTINCS

Nele De Belie, Kim Van Tittelboom, Mercedes Sánchez Moreno,
Liberato Ferrara, and Elke Gruyaert

Abstract Self-healing concrete and preventive repair of structures will slow down
the development of cracks and/or arrest the ingress of aggressive agents. When
the cracks are closed or a decrease in crack width is achieved, this will be asso-
ciated with improved durability of the structure. This paper describes the litera-
ture review and inter-laboratory comparison carried out within the COST Action
CA15202 (SARCOS), as well as the research planned within the recently started
International Training Network SMARTINCS.

Keywords Self-healing concrete · Repair · Durability · Healing efficiency

1 COST Action CA 15202 SARCOS

1.1 Introduction

The search for smart self-healing materials and preventive repair methods is justified
by the increasing sustainability and safety requirements of structures. The appearance
of small cracks in concrete is unavoidable, not necessarily causing a risk of collapse
for the structure, but certainly impairing their serviceability, accelerating its degra-
dation and diminishing the service life and sustainability of constructions. That loss
of performance and functionality promotes an increasing investment on maintenance
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and/or intensive repair/strengthening works. Therefore, the COSTAction CA 15,202
(SARCOS) [1] firstly focuses on preventive repair solutions including self-healing
approaches and innovative external repair methods for existing concrete elements.
Despite the promising potential of the developed healing technologies, they will only
find their way to the market when sound characterization techniques for performance
verification are developed, being the SARCOS’s second focus. The third focus deals
with modelling the healing mechanisms taking place for the different designs and
with predicting the service life increase achieved by these methods.

The added value of networking in SARCOSmainly lays in the expertise exchange
between the most recognized international research groups working in the topic.
The discussion at international level between worldwide leading groups covers a
wide range of approaches, methodologies and applications, ensuring the objective
of creating guidelines and recommendations for real applications.

From the sustainability point of view, self-healing concrete and preventive repair
of structures may slow down the development of cracks, even achieving a decrease
in crack width with associated benefits for the structures. Filling of the cracks with
healing agent will furthermore reduce their negative effects regarding penetration
of aggressive substances in the concrete. These approaches are also associated to
the optimal application of different repair technologies, involving environmentally
friendly technologies, and to the minimization of the use of raw materials and of
the worker’s risk associated to traditional repair operations, which will be a benefit
in the long-term. The new functionalities included in these advanced cement based
materials and the higher performance, associated to the developed methodologies,
are expected to delay the ageing of concrete structures built with these materials,
thus leading not only to higher service life but also to better performance in more
aggressive environments and under more demanding conditions.

1.2 Literature and Research Needs

A recent review paper by SARCOS members [2] reveals the key challenge that the
self-healing additions up-to-date are produced at lab scale and self-healing efficiency
is only shown at paste/mortar level. The few existing demonstrators at the concrete
level often show insufficient or not yet proven self-healing efficiency. Further, factors
such as effect of variability in the design parameters and longevity of the embedded
system may be questioned. One of the reasons for reduced efficiency after upscaling
to concrete is the significant dilution of the additives when maintaining the dosage
relative to cement weight; however, keeping the same dosage in proportion to the
total volume, results mostly in an unacceptable strength decrease and high healing
agent cost. Another challenge is that the durability of self-healing concrete elements
has only been scarcely investigated. No long-term durability results of self-healing
concrete are available, and even results for accelerated durability testing in lab condi-
tions are scarce. Mostly, durability is assessed indirectly through parameters such as
gas andwater permeability, surface resistivity and capillary absorption. It is suggested
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that further research should focus on durability of the healed structures e.g. resistance
to chloride diffusion and carbonation, corrosion, freeze/thaw, salt crystallization, etc.
[1].

A second SARCOS review paper [3] relates to the experimental methods and
techniques, which have been employed to characterize and quantify the self-sealing
and/or self-healing capacity of cement-basedmaterials, togetherwith themethods for
the analysis of the chemical composition and intrinsic nature of the self-healing prod-
ucts. This article also addresses the correlation between crack closure and recovery
of mechanical properties. Especially the experimental characterization of the self-
healing capacity under sustained loads has been highlighted as an important research
need to provide a basis for incorporation of self-healing concepts and to allow incor-
poration of self-healing functionalities in predictive models and durability based
design approaches.

The third review paper [4], which is related to SARCOS’ third objective, discusses
research progress on numerical models for self-healing cementitious materials. This
article provides a summary of self-healing techniques and discusses mechanical
models for self-healing, transport processes in materials with embedded healing
systems, fully coupled models and other modelling techniques used to simulate
self-healing behaviour. The models discussed include those based on continuum-
damage-healing mechanics, micro-mechanics, as well as models that use discrete
elements and particlemethods. The article also covers transport models and the simu-
lation of carbonation in concrete since this mechanism governs self-healing based
on calcite precipitation in cracks. The article highlights the lack of fully-coupled
models, although approaches that couple some aspects of transport and mechanical
healing behaviour are discussed. One bottleneck pointed out is that many models
are presented with only very limited experimental validation. It seems that there has
been insufficient interaction between numerical and experimental research teams.
Other limitations include that often only one cycle of healing can be simulated,
healing takes place under zero-strain conditions, damage and healing are not coin-
ciding and healing takes place instantaneously. The statistical variations have only
been considered in a few exploratory investigations.

1.3 Interlaboratory Tests to Define Methods for Self-Healing
Efficiency

Currently, the SARCOS partners are conducting a Round Robin Test campaign to
verify the different characterization techniques and evaluation criteria for the preven-
tive repair approaches. The outcome of this test campaign will be used as input for
recommendations and guidelines. Important in this regard is to standardize a proce-
dure including pre-cracking and multiple healing measurements. The self-healing
evaluation includes microscopic crack closure quantification, regain of water tight-
ness (through water absorption and water flow tests), regain of resistance against
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chloride ingress, and in some cases recovery of mechanical properties. The tested
types of self-healing specimens include (1) concrete with mineral additions, (2)
concrete with MgO, (3) concrete with crystalline admixtures, (4) high performance
fibre reinforced concrete with crystalline admixtures, (5) mortar and concrete with
macrocapsules containing a polymeric healing agent and (6) concrete with encapsu-
lated bacteria. For some test series, first results are already available. For instance,
the inter-laboratory test on self-healing mortar with macrocapsules showed that the
target crack width of 300 µm could be obtained with great accuracy as a result of the
applied active crack width control technique. This resulted in similar results for the
water permeability test, yet additional specimens will be investigated to eliminate
all critical points. It was much more difficult to obtain the target crack width in the
concrete specimens used for capillary water absorption testing, since no active crack
width control was foreseen in this case and due to the presence of large aggregates.
This resulted in a high variability regarding the measured capillary water absorption.

2 Marie Curie ITN SMARTINCS

To fill in the need for further research in the area of self-healing concrete and repair
materials, a team of SARCOS participants has taken the initiative to establish an
International Training Network (ITN) with the name SMARTINCS (Smart, Multi-
functional, AdvancedRepair Technologies InCementitious Systems) [5]. The project
was launched on 1 December 2019.

SMARTINCS will implement new life-cycle thinking and durability-based
approaches to the concept and design of concrete structures, with self-healing
concrete, repair mortars and grouts as key enabling technologies. This will create a
breakthrough in the current practice of the construction industry, which is character-
ized by huge economic costs related to inspection, maintenance, repair and eventu-
ally demolition activities and additional indirect costs caused by traffic congestions
during maintenance and environmental effects.

SMARTINCS will train a new generation of creative and entrepreneurial early-
stage researchers in prevention of deterioration of (i) new concrete infrastructure by
innovative, multifunctional self-healing strategies and (ii) existing concrete infras-
tructure by advanced repair technologies. The project brings together the comple-
mentary expertise of research institutes pioneering in smart cementitious materials,
strengthened by leading companies along the SMARTINCS value chain, as well as
certification and pre-standardization agencies. They will intensively train 15 early
stage researchers to respond to the clear demand to implement new life-cycle thinking
and durability-based approaches to the concept and design of concrete structures,
minimizing both the use of resources and production of waste in line with Europe’s
Circular Economy strategy. The new generation of researchers will be immedi-
ately employable to support the introduction of the novel technologies allowing the
expected spectacular growth of the self-healing materials market to take place. By
combined experimental research and enhanced coupledmultiscale numerical models
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for prediction of the self-healing behaviour, SMARTINCS strives to move beyond
the state-of-the-art.

The scientific objectives are attained by joint Ph.D. research and envisage:

(i) To develop and model innovative self-healing strategies for bulk and local
application, including optimization of mix designs and development of
multi-functional self-healing agents with attention to cost, applicability and
environmental impact.

(ii) To scientifically substantiate and model the durability of self-healed concrete
and repaired systems for an accurate service life prediction and to integrate
self-healing into innovative service-life based structural design approaches to
foster the market penetration through an innovative life-cycle thinking.

(iii) To quantify and prove the eco-efficiency of newly developed smart concrete
/ mortars by life cycle assessment modelling.
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Strengthening of Hollow Core Slabs
to Reduce Excessive Vibrations: A Case
Study

Thanongsak Imjai, Surin Suthiprabha, Fabio P. Figueiredo,
and Reyes Garcia

Abstract The LB Building 6 is the main logistic building of the Total Agility
Logistic Co. Ltd located in Bang Phi district, Samut-Prakan province, Thailand. The
building consists of a 2 storey steel structure having steel beamswith a typical span of
6.0 m supported by reinforced columns. After a few months of service, cracking and
spalls was found on the concrete overlay on the 2nd floor. Preliminary investigations
were first performed by the building engineer and it was reported that deflections
occurred at the 1-ton forklift moving path zone. Therefore, the capacity of structural
elements in the building had to be re-assessed and field measurements of vibration
levels were also taken during the peak operation period. To reduce the vibration level
as well as deformation of the floor under normal operation, a structural strength-
ening intervention was made by adding additional steel beams under the hollow
core slab as a span shortening technique. Field measurements have shown that the
vibrations of the strengthened concrete slab reduced by up to 35% compared to the
pre-strengthening measurements, thus confirming the effectiveness of the strength-
ening intervention. The work reported in this paper also sets the scene for identi-
fying the major decisions for a design engineer starting from on-site inspection to
the post-construction supervision.

Keywords Vibration · Human perception · Hollow core slab · Strengthening ·
Logistic building
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1 Introduction

Precast elements are widely used in the construction of medium and large structures
around the world. Precast elements are convenient as they help reduce construction
time, whilst at the same time guarantee that the concrete and reinforcement detailing
(many times done off site) complywithminimum code provisions. In particular, floor
systems of industrial facilities in South East Asia are often built using precast hollow
slabs so as to maximize the use of floor space and to minimize structural mass
and therefore foundation size/depth [1–3]. These slabs are commonly supported
on concrete or steel beams, which in turn support on columns. In an attempt to
produce very light floor systems, the cross sections and thicknesses of such slabs
are minimized to an extent that the slabs can present structural issues (e.g. excessive
deflections and cracking) even under service loads. Previous research has indicated
that the level of damage in slabs can be assessed by examining the level of vibration
and dynamic characteristics of the slab [4–6]. In all cases, a thorough assessment is
necessary to determine the potential causes of structural distress, as well as possible
remedial solutions to solve the issues and prevent further damage.

This paper discusses the assessment and strengthening of a real existing heavy
logistic industrial building. The 2-storey steel building is an integral part of the
Total Agility Logistic Co. Ltd, which is the main logistics company in Thailand. The
elements of the building developed cracks and spalling of concrete at several locations
just after six months of construction. As a result, design documents of the building
were thoroughly reviewed to determine the potential causes of distress. An on-site
structural inspection also identified the location and nature of the structural defects.
A strengthening intervention using span shortening of the hollow core slabs was
selected as the preferred strengthening solution to reduce both excessive deflection
and vibration level. The work reported in this paper also sets the scene for identifying
the major decisions for a design engineer starting from on-site inspection to the
post-construction supervision.

2 Project Background

The LB Building 6 is the main logistic building of the Total Agility Logistic Co. Ltd
located in Bang Phi district, Samut Prakan province, Thailand. The building consists
of a 2 storey steel structure having steel beams with a typical span of 6.0 m supported
by reinforced concrete columns (Fig. 1). The construction of the LB building was
completed in 2015. The design live load is induced by heavy forklift vehicles moving
on the 2nd floor during the normal operating period (24 h). After a few months of
service, cracking and spalling were found on the concrete overlay on the 2nd floor.
Preliminary investigation was first performed by the building engineer and it was
reported that deflections occurred at the 1-ton forklift moving path zone. Moreover,
during the peak operation time (12:00–15:00 hrs), staff and clients reported that
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(a)  Inspected building (b) Overview of the ground floor 

(c) Framing key plan of the 1st floor

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

HC

Ground Floor

1st Floor

7 bays @ 6 m =42 m

7 
ba

ys
 @

 3
 m

 =
21

 m

CIP slab

WF 300x200

RC Column
(300x300 mm)

Vibration monitoring zone

HC

A B

Forklift operation path

Fig. 1 Overview of LB6 Building framing key plan and vibration monitoring zone



312 T. Imjai et al.

they felt the floor shaking when the forklifts were in operation. The manager of
the building maintenance department request a further investigation and subsequent
engineering solution for this issue.

At the time of inspection, the building had been in operation for five years and
annual inspections have been carried out since then. It was proposed to repair the
cracked and spalls of concrete overlay in the 2nd floor using epoxy injections and
epoxy floor coating prior to carrying out any strengthening work. Several strength-
ening schemes were proposed to increase flexural capacity of the hollow core slabs
and steel beams, including externally bonded steel plate (EBS), externally bonded
fibre reinforced polymers (EBR) and addition of steel beams under the existing
hollow core slab to reduce the span length. These solutions aimed to reduce the
vibration level as well as deformation of the floor under normal operation. Currently,
the building LB6 is still in operation and periodic inspections are carried out every
year.

3 Structural Engineering Assessment

3.1 Structural Damage Assessment of the Building

The condition survey examined and assessed the current level of damage and dete-
rioration of the structure, and determined the preliminary serviceability condition
such as excessive deflection and/or vibration of the structural components of the
building. A rating point system was used to evaluate serviceability, and to compare
the current and newly-built structural condition only, without determining the load
capacity of the structural components. For damage due to current loading, repair or
replacement, terms were added to the criteria for the structure in its current condi-
tion, i.e. a structural element that shows small defects, good maintenance and good
construction practicewas given a condition rating of 2 or “Fair condition”. If the same
element had some deffects/damage from current loading to the level the replacement
of the element will be of more beneficial to the whole structure than its rehabilitation,
then the term “Replacement” was recommended for “Fair condition” (adopted from
RILEM Technical Committee 104 [7]).

3.2 Design Verification

During the construction of the building, documents such as as-built drawings, calcu-
lation report and amaterial testing report were produced and thesewere still available
at the time of inspection. Detailed reviews on the documentationwas carried out prior
taking any further actions. A yield strength of 392 and 245 MPa were used for the
steel reinforcement and hot-rolled steel beam, respectively. The original design floor
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Fig. 2 Computer model of the LB6 building frame

live loads was 10 kN/m2. The design check on ultimate limit state (ULS) considers
the factored load i.e (Mu) and nominal strength of the section (Mn) multiplied by
the strength reduction factor (�) according to ACI 318. Fig. 2 shows a 3D FE model
of the LB6 building. Design verifications on serviceability limit state (SLS) of the
structural elements according to the current ACI 318 [8] was then performed and it
was found that all existing structural elements satisfied the design. However, there is
no available information on the vibration checks and on maximum floor deflections,
which suggests that these calculations may have not been performed. Therefore,
vibration levels and deflections of the 2nd floor under normal operation were needed
to reassess the structure.

4 Strengthening of Hollow Core Slabs for SLS

4.1 General Design Considerations

The cracks and concrete spalling in the 2nd floor are shown in Fig. 1. A conventional
repair using epoxy injection and epoxy floor coating was initially applied after the
problem was reported. After careful consideration and discussions with the stake-
holders, it was decided to add steel beams under the hollow core slab as a span
shortening technique. This aimed to reduce vibrations and deformations of the floor
under normal operation.
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4.2 Strengthening Steel Framing Plan

Hot-rolled steel beams of 200 × 200 mm, steel grade A36 (yield stress = 245
MPa) were used to reduce the floor span of the hollow core slab. The original span
of the hollow core was 6 m long and was reduced to 2 m after adding the steel
beams, as shown in Fig. 3a. The existing steel beams (300 × 200 mm) and newly-
added steel beams (200 × 200 mm) were then rechecked for their ultimate capacity
and serviceability requirements according to the current design guidelines [8–11].
Consequently, field measurement on deflection, concrete strain and vibration levels
before and after rehabilitation work were carried out to assess the performance of
the strengthening work.

Construction details and installation procedure were carried out according to the
local code of practice and law requirement [8]. Figure 3b shows an installation of steel
beams under the hollow core slabs with epoxy coating as a fire protection system.

(a)  Key plan for additional steel beam installed under the 1st floor 

(b) Overview of the 1st floor after installation of the steel beams 

1st Floor after adding additional beams

WF 300x200 (Existing) WF 200x200 (Additional steel beams)

A B

C

Fig. 3 Visual inspection of the hollow core concrete slabs
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5 Field Vibration Measurement and Dynamic Properties

5.1 Vibration Field Measurement

Accelerometers, LVDTs and strain sensors were installed at the mid-span of the
hollow core slab (point A in Fig. 3a), as shown in Fig. 1c. The uniaxial accelerometer
model A2123 (Fig. 4b) can measure dynamic properties in tough field conditions.
The accelerometer can measure the dynamic response ranges between ±2g (g =
acceleration of gravity). A data acquisition system located in the 1st floor (Fig. 4a)
continuously recorded the field data using a sampling rate of 10 Hz.

Vibrations of the structure were recorded for 10 hours for each channel location
from about 18:00 to 16:00 hrs. The determined value of the acceleration level (a)
is compared with values of human perception to vibration in different standards [9,
11], as summarized in Table 1. As seen in the table, there are 5 levels of sensitivity to
vibration. Level one (“low probability of complaints”) is comparable with a vibration
perception threshold,whereas the highest level (“adverse comments probable”) could
be compared with a comfort limit.

(a) Instrumentation and control point  (b) Accelerometer, LVDT and strain sensors
Accelerometer

strain sensor

Potentiometer

Fig. 4 Test setup and instrumentation

Table 1 Human perception
to vibration

Human vibration effects Acceleration range

Imperceptible a < 0.005 g

Perceptible 0.005 < a < 0.015 g

Annoying 0.015 g < a < 0.05 g

Very annoying 0.05 g < a < 0.15 g

Intolerable 0.15 < a
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Fig. 5 Peak acceleration at top of concrete slab measured from accelerometer

5.2 Dynamic Response

Vibration records were divided into small segment (of 10 Hz) during the field
measurement. Figure 5-left shows the root-mean-square of the acceleration in unit of
g (9.81m/s2)measured at themid-span of the hollow core slab before and after adding
the steel strengthening beams. The analysis of the natural frequency of the dynamic
response after the strengthening intervention is also presented in Fig. 5-right. As
seen in Fig. 5-left, high levels of vibration were captured between 14:00–15:00 hrs
as this was the peak operation period. It is also shown that the vibration level of the
concrete floor (measured in the gravity direction) decreased by up to 35% after the
strengthening intervention, and it remained within the imperceptible level described
in Table 1 (a < 0.005 g). The acceleration responses were analyzed by techniques in
the frequency domain to obtain the Fourier spectrum. From the Fourier spectrum, the
natural frequency was determined as 1.2 Hz for the strengthened hollow care slabs.

5.3 Deflections of the Hollow Core Slab

The deflection of the slab was monitored using LDVTs (precision = 0.001 mm)
before and after the strengthening. As seen in Fig. 6, the maximum deflection of the
slab before and after strengthening is approximately 1 mm during the peak operation
period, which is well below the allowable value L/360 according to the current
building code [8]. It is also shown that the strengthening reduced the deflection,
although this reduction was marginal.

5.4 Strains in the Concrete Slabs

Figure 7 compares the strains measured at the mid-span of the hollow core slab. It
is shown that the strains in the slab after strengthening reduced by up to 25% at the
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Fig. 7 Comparison of measured strains at mid-span of the slab

peak operation period when compared to the value measured before strengthening,
thus confirming the effectiveness of the strengthening system. It was also noted that
the excessive high “jumping” of the deflection readings over time was due to the
presence of an unstable electric signal during the field measurement, which in turn
resulted in sudden increases of the readings (particularly for the pre-strengthened
slab).

5.5 Strains in Steel Beams

Figure 8 compares measured strains at the midspan of two adjacent steel beams: an
existing steel beam (i.e. Point B in Fig. 3a for steel beam WF 300 × 200 mm), and
an additional strengthening steel beam (Point B in Fig. 3a for steel beam WF 200
× 200 mm), as referred in Fig. 3a. The results confirm that the strain value of the
additional steel beams is higher than those induced in the existing steel beam by up
to 35% during the peak operation period, measured after strengthening work, thus
confirming the good performance of the strengthening intervention.
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Fig. 8 Comparison of measured strains at mid-span of the existing and newly-added steel beams
measured after post-strengthening works

6 Conclusions

Based on the field application discussed in this paper, the following remarks can be
made:

• Design verifications based on the current ACI codes have shown that the capacity
of the as-built RC beams was sufficient to resist original design live loads the 2nd
floor.

• The span shortening technique (addition of steel beams) under the hollow core
slab successfully reduced floor deflections and vibration levels.

• From the examination of vibration amplitudes, the maximum accelerations are
less than 0.005 g and therefore this is classified to be an imperceptible level for
humans.

• Analysis of the dynamic response showed that the first natural frequency of
strengthened hollow concrete slab is 1.20 Hz

• The difference between pre and post-strengthening strain measurement was
approximately 35%, thus confirming the effectiveness of the strengthening
intervention.
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3D Thermo-Hygro-Mechanical
Simulation of a RC Slab Under
Restrained Shrinkage and Applied
Loads: Influence of the Reinforcement
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Abstract The structural design of reinforced concrete (RC) structures requires the
use of adequate methodologies for control of crack widths, in order to ensure proper
service life behavior. When RC elements are subjected to the combined effect of
restrained deformations and external loads, which is a relatively common situation
in civil engineering structures, current design codes and recommendations generally
fail to provide specific/clear instructions for measures to be taken for reinforcement
design in view of crack width control. This paper intends to show the influence of
different approaches for quantification of the necessary reinforcement on the service
life behavior of these structures, through conduction of a parametric study. Such
study is performed in order to understand how the variation of the longitudinal
reinforcement affects the structural behavior of a solid one-way RC slab subjected
to restrained shrinkage and external applied vertical loads (in quasi-permanent load
combination). The structural behavior of the slab is simulated for 5 distinct quantities
of longitudinal reinforcement, with a 3D thermo-higro-mechanical model, where the
non-uniform distribution of stresses due to heat of hydration and drying shrinkage
are considered. The attained results allowed conclusions to be withdrawn in regard to
the expected behavior when reinforcement is underdesigned (by neglecting restraint)
or overdesigned (by considering the cracking force of concrete when evaluating
axial restraint). Intermediate solutions, matching some simplified approaches in the
literature where found to be the most reasonable.
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1 Introduction

A proper service life behavior and durability of reinforced concrete (RC) structures
are known to be related, among other factors, to the capacity to control the maximum
crackwidth under a certain pre-defined limit. The calculation of crackwidth due to the
independent effects of external loads or imposed deformations have been subject of
study over the last decades [1–3].Nonetheless, the recommended design practices [4–
6], which inherently need to be of simple application, end up being somewhat vague
and limited, in what concerns the estimation of crack width in elements subjected to
the combined effect of restrained deformations and external loads.

The potentially over-simplified and inadequate nature of current design provisions
can be explained with the following reasons: (i) the consideration of non-uniform
distribution of moisture in concrete and consequent non-uniform distribution of
stresses due to drying shrinkage, which plays a key role in the process of crack
development, requires the use of complex numerical models and material character-
ization that are not compatible with common design practice and; (ii) the complex
interaction between the effects of bending moments, viscoelasticity and imposed
deformations is usually avoided with empirical solutions. The former point is mainly
relevant during the crack formation stage, as observed in the work of Gomes et al.
[7], where non-linear FEM simulations of a restrained slab were performed with
uniform and non-uniform drying shrinkage, showing convergence of the structural
behavior at long term for both simulations. The latter point, however, has practical
implications at long term: the deployment of different simplified approaches based
on design code provisions will lead to differences in reinforcement for controlling
crack width as large as 50% [8].

In this paper, a 3D thermo-higro-mechanical simulation (THMS) framework [9–
11], in which the self-induced stresses caused by non-uniform temperature andmois-
ture fields are considered, is deployed to assess the structural behavior of a solid
one-way restrained slab subjected to service loads. Five different scenarios of longi-
tudinal reinforcement are considered, regarding different hypothetically possible
design approaches using the Model Code 2010 formulation for estimation of crack
width, for comparison of the service life behavior. A brief outline of the THMS
framework is presented on Sect. 2, the analyzed case study is described on Sect. 3
and the respective results are addressed on Sect. 4. Finally, in Sect. 4, the main
conclusions from the present work are drawn.
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2 Thermo-Hygro-Mechanical Model

2.1 Thermal Model

The temperature fields are determined by considering the standard formulation for
the energy balance [12]:

k div (grad T ) + Q̇ = ρc ∂T/∂t (1)

where T is the temperature (K), c is the specific heat of the material (Jkg−1K−1),
ρ is the mass density (kgm−3) and k is the thermal conductivity of the material
(Wm−1K−1). Q̇ is thematerial heat generation rate (kgm−3), assessed experimentally
by calorimetric testing, and expressed through an Arrhenius-type function based on
the degree of heat development αT [9, 13]:

αT = f (αT ) AT exp(Ea/RT ) (2)

where f (αT ) is the normalized heat generation function, AT is the rate constant, R is
the ideal gas constant (8.314 Jmol−1K−1) and Ea is the apparent activation energy
(Jmol−1).

Equation (3) expresses the boundary conditions as a function of a lumped
convection-radiation coefficient hcr [9, 14]:

qh = hcr (T − Tenv) (3)

where qh is the heat flux through boundary at temperature T and Tenv is the
environment temperature.

2.2 Hygrometric Model

The humidity fields are modelled with a macroscale approach in which the mois-
ture transfer is simulated through a diffusion-type equation, and the internal relative
humidity is the considered to be the driving potential. The moisture diffusion in
concrete is defined with a similar approach to the one presented in Model Code 2010
[6, 9]:

∂H/∂t = div (DH∗grad H) (4)

where DH* is a lumped diffusion coefficient that is determined with Eq. (5) [6]:
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DH∗ = D1
[
(D0/D1) + (1 − (D0/D1))/

(
1 + [(1 − H)/(1 − Hc)]

n
)]

(5)

where D1 is the value of DH* for H = 1, D0 is the value of DH* for H = 0, Hc is the
relative humidity for which DH* = 0.5D1 and n is a material property (constant).

Equation (6) expresses the boundary conditions as a function of a boundary
transfer coefficient hm:

qm = hm
(
Hsur f − Henv

)
(6)

where qm is the moisture flux between concrete pores and the environment andHsurf

andHenv are the values ofHon the surface and surrounding environment, respectively.

2.3 Mechanical Model and Framework Integration

The mechanical model includes the effect of the imposed strains generated by the
thermal andmoisture fields calculatedwith themodels presented on the previous sub-
sections. Whereas the thermal stains are determined considering a constant value of
the concrete coefficient of thermal dilatation αc, the drying shrinkage strains are
calculated according the formulation proposed by [15]:

εsh = εsh,ult
[
0.97 − 1.895(H − 0.2)3

]
(7)

where εsh is the drying shrinkage strain for a given variation of the humidity H and
εsh,ult is the ultimate shrinkage of concrete for H = 0.

The viscoelastic behavior of the concrete is simulated with a Kelvin chain [16],
in which the spring stiffness of each Kelvin unit is determined with an algorithm
based on the adaptation of the Dirichlet series approximation of the Double Power
Law [17].

Concrete cracking is simulated with a smeared, multi-directional fixed crack
model with strain decomposition [18]. After crack formation, the tension stiffening
is with constitutive models for concrete and steel that simulate the stresses in each
material averaged along a transfer length Ls, according to the modeling approach
proposed by Sousa et al. [19].
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3 Numerical Simulation of One-Way Restrained Slab

3.1 Overall Description of the Case Study

The RC slab (C30/37 concrete and S500C steel) studied in this paper and schemat-
ically presented in Fig. 1, is 0.15 m thick and 5 m wide, it develops over a length
of 50 m and is supported at every 5 m by 0.3 × 0.5 m2 transverse beams. These
beams are supported by columns with a cross section of 0.3 × 0.3 m2. The longi-
tudinal deformation of the slab is restrained by two massive concrete blocks at its
extremities.

The slab is subjected to an ideal environment of constant temperature (20 °C) and
relative humidity (60%), while the thermal effects of daily and seasonal temperature
variations are being disregarded.

The following loads for category A floor, according to Eurocode 1 [20], are
considered: permanent gk = 2 kN/m2 (additionally to the self-weight of all structural
elements) and live qk = 2 kN/m2 (ψ2 = 0.3).

The slab is completelymoisture-sealed during thefirst 7 days of age.Hence, during
such period, it is solely subjected to the effect of restrained thermal deformations. At
7 days, propping and formwork are removed, activating the concrete drying and the
self-weight of the structural elements.At 28 days, live and additional permanent loads
are applied in correspondence to a quasi-permanent load combination, according to
Eurocode 1 [20].

This case study is the same as the one analyzed by Gomes et al. [7] for assessment
of the influence of non-uniform temperature and moisture fields in the structural
behavior of the slab, mentioned in Sect. 1. A more detailed description regarding the
case study and deployed THMS can be found on the aforementioned work.

Fig. 1 Schematic representation of the studied slab
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3.2 Design of Reinforcement

Theupcoming paragraphs pertain to the disclosure of the 5 scenarios of reinforcement
considered in the present work and presented on Table 1. Before definition of the
longitudinal reinforcement for each scenario, a linear-elastic analysis was performed
in order to determine the bending moments acting on the slab in the longitudinal
direction over the columns and center of the slab. Because bending moments are
higher near the free edges of the slab, it was decided to divide the slab into two
reinforcement zones: (i) zone 1 corresponding to the 1m vicinity of the columns and
(ii): zone 2 corresponding to the remaining 3m in the center of the slab.

Scenario 1 (ρs = 0.8%) is the reference scenario and was designed according
to standard recommendations for ultimate limit state (ULS), while the service limit
state (SLS) was checked but did not affect the reinforcement solution. For both SLS
and ULS, the effect of the restraint axial force was completely disregarded (which
is allowed by Eurocode 2 in cases where joints are incorporated at every 30 m). In
the design of the longitudinal reinforcement, the negative bending moments at ULS
were reduced with a coefficient of redistribution of 0.8.

Scenario 2 (ρs = 1.2%)was designed in order tomeet the crackwidth requirement
in SLS (wk < 0.3 mm, for an exposure class of XC3). In this scenario, the Model
Code 2010 [6] formulation for estimation of crack width was deployed for a situation
of composed bending, considering the long-term restraint force determined in the
THMS performed for Scenario 1. The resultant longitudinal restraint force (integral
extended over the slab width) is constant over the entire structure development. At
the slab’s mid-span section, the transverse variation of the longitudinal force value
is negligible. But the variation is not negligible over the transverse axis crossing the
supporting column, varying between 247 kN/m (57% of Ncr) at the column position
and 181 kN/m (42% of Ncr) at the middle point in-between columns. See further
details in [7].

Scenario 3 (ρs = 1.0%) is the reinforcement solution that corresponds to the
average reinforcement area between Scenario 1 and Scenario 2. Scenario 4 (ρs =
0.6%) and Scenario 5 (ρs = 1.9%) are, respectively, the lower and higher boundaries
of the parametric analysis, in which the design criteria is the same as for Scenario 2,

Table 1 Reinforcement solution for each scenario

Scenario Zone 1 top
Mqp = 19.2kNm

Zone 1 bottom
Mqp = 8.4kNm

Zone 2 top
Mqp = 9.1kNm

Zone 2 bottom
Mqp = 6.6kNm

1 ϕ10//0.100 ϕ10//0.100 ϕ10//0.150 ϕ10//0.150

2 ϕ12//0.100 ϕ12//0.150 ϕ12//0.130 ϕ12//0.150

3 ϕ12//0.118 ϕ12//0.147 ϕ12//0.162 ϕ12//0.177

4 ϕ10//0.110 ϕ10//0.200 ϕ10//0.180 ϕ10//0.250

5 ϕ16//0.130 ϕ16//0.150 ϕ16//0.150 ϕ16//0.150
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but considering the extreme situations where the restraint force acting on the slab is
equal to zero (N = 0) and equal to the cracking force of the concrete (N = Ncr).

3.3 Thermo-Hygro-Mechanical Simulation (THMS)

Table 2 shows the material properties considered in the numerical simulations
performed in this work. The average mechanical properties of concrete and steel
are in consistency with the Model Code 2010 provisions for a concrete class C30/37
and steel S500, respectively. The humidity diffusion is calculated considering the
same material properties adopted by Azenha et al. [21]. The thermal conductivity
and specific heat of concrete were determined on the basis of a weighted average of
the corresponding thermal properties of the mix constituents, which is composed by
granite type aggregate, and the heat generation potential was determined based on
previous experiments of the cement in an isothermal calorimeter [9].

The THMS begins at the setting time of concrete and it is performed over a period
of 50 years (in which time-dependent tensile strength and viscoelasticity of concrete
are considered) as to infer the entire service life behavior in the expected lifespan.

The thermo-hygrometric modeling is performed with a in-house developed FE
software [9] for determination of the slab temperature and moisture fields, based on
the governing equations presented on Sect. 2. The temperature and humidity flows
are considered unidirectional along the slab thickness and the following moisture
and thermal boundary conditions are considered: (i) during the first 7 days, before
formwork removal and while the slab is completely sealed, hm = 0 ms−1 for both
top and bottom surfaces, hcr = 10 Wm−2 °C−1 for the top surface in direct contact
with the environment (duly calibrated by Azenha et al. [22]) and hcr = 5Wm−2 °C−1

for the bottom surface in contact with the 18 mm thick plywood formwork ([9]); (ii)
after formwork removal, the boundary conditions are considered the same for both
top and bottom surfaces: hcr = 5 Wm−2 °C−1 and hm = 4.81 × 10−8 ms−1.

The temperature and drying shrinkage fields calculated in the thermo-hygrometric
analysis are induced, respectively, in the nodes and in the different material layers
of the mechanical model mesh, shown in Fig. 2. This mesh is composed by solid
FE type CHX60 [16] with 20 nodes and an integration scheme of 3 × 3 × 3 Gauss

Table 2 Material properties

Mechanical Thermal Hygrometric

ρ (kgm−3) 2500 c (Jkg−1 °C−1) 960 D0 2.98 × 10−11

Poisson ratio ν 0.2 k (Wm−1 °C−1) 2.6 D1 3.08 × 10−10

Ecm (GPa) 33 αc (με °C−1) 10 Hc 0.8

fcm (MPa) 38 αs (με °C−1) 12 n 2

fctm (MPa) 2.9 At 2.645 × 107 εsh,ult (με) 625

Gf (Nm) 76 Ea (kJmol−1) 38.38 εsh,60% (με) 530



328 J. Gomes et al.

Fig. 2 FE mesh of the slab
and symmetry conditions

Points. The slab is divided along its thickness in 8 layers of 100 × 100 × 18.75
mm elements whereas the beam and column are composed by cubic FE with 100
mm edge. The numerical analysis is optimized by taking into account the structural
symmetry: only a quarter of two adjacent panels are modeled, along with half the
beam and respective column.

4 Discussion of Results

4.1 Thermo-Hygrometric Results

Results from the thermo-hygrometric simulation (temperature and humidity fields
and consequent imposed strains) are presented on Fig. 3, with reference to several
key instants, labeled A to D.

During the first hours after setting of concrete, the temperature of the slab evolves
from a uniform environment temperature of 20 °C to a maximum temperature of
29.1 °C, reached near the core of the slab, at 10h age (instant A). Due to the small

Fig. 3 Results from thermo-hygrometric analysis: a Temperature and thermal strains during the
first 7 (linear scale of time); b drying shrinkage over 50 years (log scale of time)
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Fig. 4 Evolution of the longitudinal force for different scenarios: a over 50 years (log scale of
time); b zoomed results for the first 100 days of analysis (linear scale of time)

thickness of the slab, the maximum gradient of temperature observed over the slab
thickness, also reached at instant A, is only 1.4 °C.

At 7 days (instant B) the formwork is removed, and the slab is directly exposed
to an environment with constant relative humidity of 60%, inducing drying of the
concrete. In contrast to the temperature strains field, a significant gradient of drying
shrinkage is observed between the core and the surface of the slab, motivated by a
slower decrease ofmoisture in the interior layers. The equilibriumof drying shrinkage
over the slab thickness is only reached at 1000 days (instant D) when all layers of
the slab are at the same relative humidity of the surrounding environment.

4.2 Structural Behavior of the Slab

Figure 4 shows the evolution of the global longitudinal axial force, averaged along
the slab width, for all considered scenarios of reinforcement.

During the first hours, the restraint of the thermal strains caused by heat of hydra-
tion induces an axial compression force in the slab that reaches its maximum value
at 10 h (instant A). Due to the additional self-induced stresses caused by different
thermal strains acting on concrete and steel reinforcement (coefficient of thermal
dilation is slightly different for both materials, as shown in Table 2), the maximum
axial force reached at instant A is higher for higher reinforcement ratios and varies
between −70 kN/m for Scenario 4 (ρs = 0.6%) and –109 kN/m for Scenario 5 (ρs

= 1.9%).
Before formwork removal at 7 days (instant B), a tensile force is induced by

the cooling that occurs after the temperature peak at instant A. Even though the
development of this tensile force depends on the early age viscoelastic behavior
of the concrete at early ages, the differences regarding the peak compressive force
induced in the slab at instant A do not influence significantly the value of the tensile
restraint force observed immediately before instant B, which varies between 164.6
kN/m for Scenario 5 (ρs = 1.9%) and 165.4 kN/m for Scenario 4 (ρs = 0.6%).
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After formwork removal and consequent activation of the self-weight and drying
of concrete, cracking is induced near the support and at mid-span (where bending
moments are higher), which is responsible for the stiffness decrease and consequent
reduction of the restraint force. This is also observed at 28 days (instant C), when
live and additional permanent loads are applied, resulting in an increase of cracking
and consequent relief of the restraint load. These drops of restraint force and further
evolution over time are conditioned by the degree of cracking and consequent loss of
axial rigidity, therefore, the axial load acting on the slab during the crack formation
stage is higher for higher reinforcement ratios.

As the concrete drying advances, the restraint force continues to increase up to an
instant that varies between 56 days (for Scenario 5) and 240 days (for Scenario 4),
slightly decreasing afterwards until 1000 days (instant D), when the drying shrinkage
becomes uniform and constant. This decrease of restraint force can be justified by the
dominance of creep effects in comparison to the imposed deformations and by the
specific nature of concrete shrinkage (as opposed to a global imposed deformation).

At long term, the restraint force observed for all reinforcement scenarios tend to
converge until instantD, being approximately constant afterwards, in correspondence
to the stabilization of loads and drying, and the fact that creep effects are already
very small at these late ages. The restraint force observed at the end of the analysis
(50 years) varies between 186 kN/m (43% of Ncr = Ac fctm) for Scenario 4 and 203
kN/m (47% of Ncr) for Scenario 5. These values are at the same magnitude as the
maximum restraint force, observed for Scenario 5 (with higher reinforcement ratio),
which reached a value of 221 kN/m (51% of Ncr).

The evolution of the crack width, at reinforcement level, is presented on Fig. 5
for 4 points representative of the location of maximum crack strains observed on

Fig. 5 Evolution of the crack width at the reinforcement level
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top and bottom layers of each reinforcement zone: (i) two points P1 and P2 (near
the support and at mid-span, respectively), located on the reinforcement zone Z2
at 1.25 m from the outer border of the slab and (ii) two points P3 and P4 (near
the support and at mid-span, respectively) located on the reinforcement zone Z1
over the longitudinal axis of the supporting column. The crack width is calculated by
integrating, for each point, the crack strains at reinforcement level (which is an output
from the mechanical model) over a distance equal to twice the transfer length ls,max

(quantified according with Model Code 2010 [6] formulation, taking into account
the local axial and bending forces at long term as well as the local reinforcement
ratio).

It can be observed that cracking is induced at support (P1 and P3) and mid-span
(P2 and P4), in both reinforcement zones, immediately after removal of formwork at
instantBdue to the combined effect of the slab’s restrained shrinkage and self-weight.
At instant C, when live and additional permanent loads are applied, the growth of
bending moments causes a sudden increase of the crack width that is, as expected,
more pronounced for Scenario 4 (ρs = 0.6%) with lower reinforcement ratio.

At the end of the analysis, themaximum crackwidth observed in all representative
points was below the limit crack width value (0.3 mm for exposure class XC3,
according toModel Code 2010) only for Scenarios 2 (ρs = 1.2%) and 5 (ρs = 1.9%),
in which the design was performed taking into account a restraint force caused be
imposed deformation.

Whereas for Scenario 5 a very conservative approach was followed, in which a
restraint force equal to the axial cracking force of the concrete (Ncr = 435kN/m) was
considered, the reinforcement for Scenario 2 was designed taking into account the
exact restraint force determined with the numerical THM simulation (considering
the amount of reinforcement previously quantified for Scenario 1). The maximum
crack width observed for Scenario 2 is close to the expected crack width according to
Model Code formulation (the adopted restraint force is similar to the actual restraint
force for Scenario 2, as observed in Sect. 4.2) and notmuch higher than themaximum
crack width observed for Scenario 5 (differences of 0.05 mm at the support and 0.1
mm at mid-span).

It is worth comparing the results analyzed in this section with the value of restraint
force estimated by simplifiedmethods such as the ones proposed by Camara and Luís
[23] and Fehling [24].

In the former method, the long-term restraint force is estimated as ξNcr , where
ξ is a tabulated reduction coefficient that depends on the reinforcement ratio (in
correspondence to a realistic service load level) and the value and type of the imposed
deformation. Considering an imposed drying shrinkage of 500 με and a service
load in correspondence to a reinforcement ratio of 0.8% (scenario that best fits the
presented case study), a reduction coefficient of ξ = 0.45 is estimated, which is
within the range of values observed for all studied scenarios.

The later method provides diagrams for estimation of the non-dimensional normal
force, νct = N / (Ac•fctm), which in turn gives the restraint force N. The estimated
νct value depends on the bending moments due to loading, the expected imposed
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deformation, the target value for crack width limitation and the diameter of the rein-
forcement bars, as well as the effective area of concrete in tension and the influence
of non-uniform self-equilibrating stresses. For each scenario, the reduction factor νct

was calculated for points P1 and P2 (considering for each point the bendingmoments
andmaximum crackwidth determined in the THMS). The average νct determined for
Scenarios 1 to 5 are, respectively: 0.88, 0.89, 0.89, 0.83 and 0.95. Even though these
results indicate that thismethod is less accurate for very thin slabs (for development of
the diagrams, the stresses on reinforcement were calculated considering fixed values
for the effective depth d and internal lever arm z of h-0.083h and 0.83h, respectively),
they are on the safe side.

5 Conclusions

The sensitivity analysis performed in this paper, where the structural behavior of a
slab with different solutions of steel reinforcement are assessed with a non-linear
thermo-hygro-mechanical simulation, allowed to draw the following conclusions:

Even though the gradient of temperature induced in the slab due to heat of hydra-
tion is negligible, on account of the small thickness of the slab, the restraining of
thermal deformations induces a tensile stress on the slab at the time of formwork
removal that decreases its capacity to resist further stresses over the period of analysis.

Different levels of reinforcement influence the restraint force during the crack
formation stage, however, this influence tends to vanish at long term, as drying
shrinkage develops.

The evolution of crackwidth over time, observed for all reinforcement scenarios in
Sect. 4.2, shows the importance of considering the effect of restrained deformations
for controlling the crack width under a pre-determined limit. However, it is also
shown that conservative approaches where the cracking force of the concrete is
considered as the restraint forcewill lead to an overdesign situationwhere the adopted
reinforcement is significantly higher than the optimal solution.

Finally, it was also concluded that simplified procedures for determination of
the stabilized crack width based on direct quantification of the restraint force will
predictably yield, in general, safe results.
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Morphological and Chemical
Characterization of Self-Healing
Products in MgO Concrete

Maria Amenta, Stamatoula Papaioannou, Vassilis Kilikoglou,
and Ioannis Karatasios

Abstract This work presents the results of the measurements carried out by the
Laboratory of Archaeological and Building Materials of NCSR “Demokritos” in the
framework of the Interlaboratory Test (ILT) organized by SARCOS COST action
CA15202. The overall aim of ILTwas to assess the self-healing properties of concrete
with the addition of a self-healing agent. Following the ILT tentative methodology,
the concrete samples were initially subjected to controlled cracking after curing for
30 days. Their sealing efficiency−as part of the self-healing process−were assessed
by water permeability tests carried out in disk specimens cured for 1, 3 and 6 months
under water, as a healing regime. At the same time, crack width of all samples was
measured each time, by examination at the stereomicroscope. Besides the measure-
ments regarding the sealing efficiency, Scanning Electron Microscopy (SEM) was
also performed, in order to understand the contribution of the healing agent on the
sealing mechanism. In this context, samples were collected from the crack face and
the secondary healing products inside the crackswere studied bySEMcombinedwith
X-ray spectroscopy (EDS) in samples with and without the healing agent. The inter-
pretation of the results suggests that the main methodological parameter affecting
the sealing efficiency is the initial crack width. This indicates that during the quan-
titative evaluation of the sealing results, the initial level of damage attributed to the
specimens should always be considered. In addition, SEM examination revealed the
composition and the morphology of the healing products that were identified in the
fractured surfaces and thus, the relative contribution of both healing agent and cement
hydration.
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1 Introduction

Self-healing concrete is considered one of the most promising solutions for the
enhancement of building materials’ durability and sustainability. The successful
application of self-healing concrete in residential, commercial and industrial
constructions can have a significant impact both in the safety of structures and on
their environmental footprint [1]. The study of self-healing in cementitious materials
has gained a lot of attention in the last two decades, and several promising laboratory
approaches have been proposed [2–5]. At the same time, researchers use a multitude
of techniques for assessing the efficiency of the self-healing mechanism, although
there is not a standardized methodology yet for the expression and quantification of
self-healing efficiency [6].

In this context an Interlaboratory Test (ILT) was organized by SARCOS COST
action CA15202. One of the objectives of the ILT was to assess the self-healing
efficiency of concrete with the addition of a self-healing agent, by developing and
applying a specific methodology for the measurement of the crack width and water
permeability through the crack at preset time periods [7]. Although the goal of the
project is the evaluation of the healing efficiency, the methodology developed and
discussed in this paper concerns the sealing effect of MgO added in the mixtures.

This work presents the results of the measurements carried out in the Laboratory
of Archaeological and Building Materials of NCSR “Demokritos”. The self-healing
agent selected in this case was a combination of three types of expansive minerals:
magnesium oxide (MgO), bentonite clay, and quicklime, replacing equal part of the
cement. These minerals can increase the self-healing efficiency of concrete as they
react with water and produce expansive healing phases inside the crack [8, 9].

The aim of this work is to comment on the feasibility of the proposed method-
ology as well as, to discuss and interpret the experimental results derived. Moreover,
this paper focuses on the morphological, chemical characterization of the healing
products by electron microscopy combined with X-ray spectroscopy (SEM/EDS),
in order to provide insights on the contribution of the healing agent on the sealing
mechanism.

2 Materials and Methods

2.1 Materials

All specimens were produced in Riga TU following the ILT tentative methodology.
Two series of concrete cylindrical specimens (Ø100XH200 mm) were produced;

one with the addition of expansive minerals (number of specimens = 4) as a self-
healing agent (ADDS) and a reference mixture (number of specimens = 4) (REF).
The mix designs of the reference and self-healing mortars are shown in Table 1.
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Table 1 Mix design kg Reference (REF) Self-healing (ADDS)

CEM I 42.5 N 360 315

Water 198 198

Natural sand 0/4 980 980

Crushed dolomite
gravel 2/16

910 910

Steel fibers 40 40

Plasticizer ~3lt/m3 ~3–3.2lt/m3

Hydrated lime (L) – 18

MgO (M) – 18

Bentonite (B) – 9

Specimens were wrapped in plastic cling film and stored in humidity chamber at 20
°C, 95 ± 5% RH for 14 days until shipping.

2.2 Sample Preparation and Controlled Cracking

Three disks (Ø 100 mm × 50 mm height) were cut from each cylindrical specimen,
discarding the ends of the cylinder (Fig. 1a). In all discs, a notch (3 mm depth, 1
mm width) was generated on both sides, by an electric hand saw (Fig. 1b), in order
to ensure the controlled crack propagation, parallel to the loading direction, in the
centre of the specimens.

Pre-cracking was performed on all disks through a splitting tensile test carried
out in an Instron 100 kN machine under closed-loop displacement control, 30 days
after their production. The crack opening was monitored by Crack Mouth Opening
Displacement (CMOD) gauges attached to one side of the specimen during the test

Fig. 1 Three discs were cut from the cylindrical specimens (a), notches were generated by an
electric hand-saw on both sides of the specimens (b), CMOD gauges were used to control the crack
width during cracking (c)
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(Fig. 1c). According to the proposed methodology, the target opening of the crack
was set at 300 µm, in the loaded state.

2.3 Crack Measurement

After controlled cracking, the generated crack width was measured with a Leica
S6D optical microscope in three equidistant points of the length of the crack on each
side of the specimen. Six points were measured in total and the average crack width
was calculated for each specimen. This was repeated after each healing period (1,
3, 6 months) where the same points were measured and compared with the initial
measurement. Crack closing was calculated according to Eq. (1):

CCE(t) = [(C_unheal − C_heal(t))/C_unheal ]x100% (1)

Where: CCE(t) = crack closing efficiency at age t, C_unheal = CMOD at cracking
age after unloading, C_healed (t)= healed crack width at test time (t)

2.4 Water Permeability/Sealing Efficiency

The cracked specimens were immediately stored submerged in deionized water,
for the designated healing period (1, 3 and 6 months), in waterproof containers.
Following the ILT tentative methodology, the specimens were removed from the
water containers and dried for 24 h at 40 °C. PVC tubes of 200 mm height were
glued on the top of the disks using one-component acrylic-based sealant. The sealant
was allowed to dry for 24 hours in laboratory conditions. The tubes were filled with
1.5 liters of tapwater. During the test, thewater flowwas determined byweighting the
water passing through the crack and collected every 5minutes. Thefinalmeasurement
was taken after 30 minutes. The output of the test was a water flow measure (litres /
minute). The sealing efficiency was calculated by Eq. (2):

SE = [(W_unheal−W_heal (t))/W_unheal] x 100% (2)

Where: SE = sealing efficiency calculated efficiency at age t, W_unheal = amount
of water that has passed through the specimen’s unhealed crack at cracking age,
W_heal (t) = amount of water that has passed through the specimen’s healed crack
at test time (t)
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2.5 Characterization of Healing Products/Carbonation Depth

Besides the measurements regarding the sealing efficiency, further tests were also
performed, in order to understand the contribution of the healing agent on the healing
mechanism.

More specifically, following the water permeability measurement after the 6
months healing period, one representative specimen of each group was selected to be
further studied regarding the characterization of the healing products that contributed
to the healing mechanism. In this context, the specimens were severed in two parts
following their initial crack so that the crack faces would be exposed. One part was
used for carbonation test by spraying phenolphthalein solution (1% w/v in ethanol).
Representative samples were collected from the crack face of the second part, and
the secondary healing products inside the cracks were studied by Scanning Electron
Microscopy (SEM) combined with X-ray spectroscopy (EDS).

3 Results and Discussion

3.1 Controlled Cracking

During the splitting tests of the specimens the CMODwasmonitored and the test was
stopped when the CMOD reading was 300 µm. During the test, it was evident that
the mechanical properties of the two groups differ. Representative loading curves of
reference (REF) and self-healing group (ADDS) are presented in Fig. 2. The values
in brackets mentioned in the two graphs, correspond to the maximum crack-width
measured in the stereo-microscope after unloading. Since the CMOD was measured
in the centre of the notch length, in a relatively small area (i.e. 1 cm), the detection of

Fig. 2 Representative loading curves of reference and self-healing concrete specimens during
splitting test. The values in brackets correspond to the maximum crack-width value measured at the
stereomicroscope, after unloading
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Fig. 3 Average crack width measurements of reference and self-healing concrete specimens

crack widths larger than the target CMOD values indicate the irregular development
and propagation of the cracks that is uneven along the notch ligament. The latter
is also affected by the random distribution and orientation of the steel fibres, that
result in different stress bridging capability of the fibres intersecting the active crack
surfaces.

The reduced load values of self-healing specimens (ADDS) can be attributed to
the partial replacement of cement with magnesium oxide (MgO), bentonite clay, and
quicklime, which do not take part in the hydration of the binder matrix.

Additionally, crack width was measured in 6 equidistant points in each specimen
after cracking. Stereomicroscopic examination along the length of the notch revealed
high standard deviation on the crack width. The average crack width measurements
at the stereomicroscope along with their standard deviation are presented in Fig. 3.

The inhomogeneity of the results and the high standard deviation values indicate
that the addition of steel fibers in the concrete mix may have influenced the cracking
behavior of the specimens, introducing an elastic behavior after unloading that leads
to a reduction of the final crack opening. The spatial orientation of the fibers, as well
as their varying distribution between different specimens could also be a factor of
the unevenness of crack width measured.

In Fig. 3 it can be seen that the average crack width of all measurements in the
self-healing group (ADDS) is higher (249 µm) when compared with the reference
specimens (138 µm). This could be also the direct effect of the reduced mechanical
properties of this mixture.
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3.2 Crack Healing

Self-healing of cracks was examined by stereomicroscopic examination of cracked
specimens after curing inwater for 1, 3 and 6months. Crackwidthwas systematically
measured in the same 6 equidistant points in each specimen and it was compared
to the previously measured crack width of the same point. The average crack width
measurements showed a consistent reduction after 1, 3 and 6months of healing under
water (Fig. 4). Nevertheless, the data present very high standard deviation. That was
expected, since the initial crack generated by the splitting test was characterized by
high variation among the crack width measured in each specimen (Fig. 3).

Overall, the crack closing of each individual point after the healing process was
significantly affected by the initial crackwidth (Fig. 5). In the scatter plot of the initial
crack opening versus the crack closing ratio, the points of the highest opening that
exhibit 100% closing could be considered as an indication of the maximum opening
that could be healed.

In the above context, the interpretation of the plots presented in Fig. 5 indicates
that in the reference group, crack openings up to 360 µmmay exhibit 100% closing
ratio (Fig. 6). In contrast, in the self-healing (ADDS) group this threshold decreases
to cracks below 150 µm.

Moreover, it is shown that 67.9% of the points measured in reference specimens
showed 100% closing ratio, while only 12.5% was counted in the self-healing spec-
imens. This is indicated also by the crack closing ratio of the two groups after 1, 3
and 6 months as it is shown in Fig. 7. However, the great variability of closing ratio
values for cracks in the range of 80–150 µm highlights the difficulty of the accurate
quantitative modelling of the sealing phenomena, especially by studying only the
crack surface.

Fig. 4 Average crack width measurements of reference (REF) and self-healing (ADDS) concrete
specimens after 0, 1, 3, 6 months of healing
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Fig. 5 Scatter plot of individual crack points in reference (REF) and self-healing (ADDS) concrete
specimens, indicating their crack closing ratio after 6 months of healing as a function of the initial
crack width

Fig. 6 Indicative example of the evolution of crack healing, in a reference specimen by monitoring
of the same point after 0 (a), 1 (b), 3 (c) and 6 (d) months
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Fig. 7 Crack closing (%) of
reference (REF) and
self-healing (ADDS)
concrete after 1, 3, 6 months
of healing

Crack closing ratio was improved with healing time for both mixtures. Never-
theless, the crack closing efficiency is much higher for the reference specimens,
indicating that the wider average crack opening of the self-healing mixture (249 µm
at ADDS versus 138µmat REF) affected greatly their healing efficiency. This shows
that the quantitative evaluation of the sealing results should be always consider the
initial level of damage attributed to the specimens [10].

3.3 Water Permeability

The water permeability was measured in both groups of specimens, in four distinct
time periods and was expressed as water flow (WF) values in Table 2. The first water
permeability measurement was performed immediately after the specimens cracking
(0 heal) and later, after 1, 3 and 6 months of healing under water. The specimens that
exhibited no water flow after cracking (0 months) were excluded considering that no
sufficient damage was induced.

Thewater flowvalues of the reference specimens (REF) follows a decreasing trend
through the evolution of healing time (Table 2). Similarly, self-healing specimens
(ADDS) present a decrease of water permeability only between the first and the sixth

Table 2 Water flow (WF) of reference (REF) and self-healing (ADDS) concrete after 0, 1, 3 and
6 months of healing

0 months 1 month 3 months 6 months

WF (g/min) std WF (g/min) std WF (g/min) std WF (g/min) std

REF 12.3 10.7 7.8 10.8 3.7 6.2 2.2 4.4

ADDS 21.6 20.2 25.0 20.5 14.9 16.6 15.5 16.0
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month, exhibiting similar values between three and six months. The high standard
deviation values are attributed to the wide variation of crack values between the
different specimens.

It is noteworthy that in the ADDS group the measurement performed after one
month of healing exhibited higher values, meaning that the amount of water passing
through the crack of the specimens after one month of healing, was higher than
the amount initialy passed (0 heal). Considering that no crack width increase was
recorded in any specimen, this behaviour could be attributed to the methodology
followed. In particular, the first measurement carried out in dry specimens while that
after one month of healing took place in water saturated specimens dryed for 24
hours at 40 °C. It is therefore assumed that the lower water flow rate in the initial
measurement (0 heal) could be attributed to the partial water absorption through
the crack, until saturation. In order to overcome this pottential error, the water flow
measurements could take place twice and consider only the second for interpretation
purposes.

3.4 Characterization of Healing Products

The phenolphthalein test performed after six months revealed the areas of the crack
face were pH value is lower than 10 suggesting that carbonation has occurred. The
distribution of the violet color areas showed that carbonation has occurred on the
external parts of the crack faces (no color change) (Fig. 8). This indicates that carbon-
ation is facilitated near the external surfaces of the crack, since these areas are easily
accessed by the atmospheric carbon dioxide [11]. Consequently, calcium carbonate
was one of the main healing products which were produced as part of the autogenic
self-healing mechanism.

Fig. 8 Reference (REF) (left) and self-healing (ADDS) (right) concrete specimens after Phenolph-
thalein test. Carbonated areas are not colored and are specified by the white line
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Fig. 9 Typical healing products observed in the crack face of Reference specimens, Calcite (a),
Ettringite and Portlandite (b) and Hydraulic phases (c)

Besides calcium carbonate, microscopic examination revealed the presence of
several other secondary healing products on the crack faces.More specifically, ettrin-
gite, portlandite and a variety of hydraulic phaseswere observed in both reference and
self-healing specimens. In both groups, calcite crystals were found near the surface
of the crack (Figs. 9a and 10a), which agrees with the carbonation test performed on
the same specimens.

Ettringite and portlandite crystalswere formedmainly insidemacropores (Figs. 9b
and 10b). Finally, hydraulic phases were abundantly observed in both reference
and self-healing specimens. More specifically, in reference specimens the hydraulic
products present a typical low-density bee-hive formation (Fig. 9c). Thismorphology
is often encountered in healed cracks as a product of the autogenic self-healing
mechanism.

In self-healing specimens, a denser formation of gel-like hydraulic phases was
observed (Fig. 10c). Moreover, the presence of dolomite crystals was observed,
together with calcite (Fig. 10d).

The characterizationof the observedhealingproductswas basedon their elemental
analysis. EDS analysis results are presented in Tables 3 and 4.

4 Concluding Remarks

In this study the sealing efficiency of concrete with the addition of three types of
expansive minerals (magnesium oxide (MgO), bentonite clay, and quicklime) as
self-healing agents was examined. It was shown that the addition of the expansive
minerals had a negative effect on the mechanical properties of the concrete. This
consequently resulted in the formation of wider cracks on these specimens at lower
loading, when compared to the reference ones.

Concerning the methodology developed for the controlled damage and the assess-
ment of sealing capacity of cement-basedmaterials, the following conclusions can be
drawn. Although steel fibres were added in order to prevent the splitting of the spec-
imens during loading, the examination in stereomicroscope indicated the irregular
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Fig. 10 Typical healing products observed in the crack face of self-healing specimens, Calcite (a),
Ettringite and Portlandite (b) Hydraulic phases (c), Dolomite (sp. 1) and Calcite (sp 2) (d)

Table 3 EDS analysis of
healing products in Reference
sample

(a) (b) (c)

MgO n.d. n.d. n.d.

Al2O3 n.d. 12.6 2.3

SiO2 1.9 5.3 14.9

SO3 n.d. 27.3 n.d.

CaO 98.1 54.7 82.8

Total 100 100 100

development and propagation of the cracks that is uneven along the notch ligament.
Therefore, in some cases the maximum crack width is larger than the CMOD target.
The latter is also affected by the random distribution and orientation of the steel
fibres, that resulted in different stress bridging capability of the fibres intersecting
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Table 4 EDS analysis of healing products in Self-healing sample

(a) (b) (c) (d)

MgO 1.2 1.3 1.1 38.3

Al2O3 1.3 16.9 1.5 5.3

SiO2 2.7 4.6 13.0 3.9

SO3 n.d. 29.2 n.d. n.d.

CaO 94.8 46.3 84.5 50.4

Total 100 100 100 100

the active crack surfaces. At the same time, the deformation behaviour of the speci-
mens was also affected, resulting in an elastic behaviour of the active crack surfaces
and thus, immediate crack closing during unloading. It is proposed that in case of
steel fibre reinforced concrete, a cyclic loading splitting test might be preferable in
order to achieve more consistent crack width between the examined specimens.

The microscopic observation of the crack faces in SEM revealed the presence of
dolomitic healing products, which might have a positive effect on the self-healing
properties of the concrete.

Regarding the water permeability experiment, in order to overcome the poten-
tial error of water absorption by the dry specimens, it is proposed that the water
flow measurements could take place twice and consider only the second run for the
interpretation purposes. Concerning the healing properties, the contribution of the
expansive agents in the self-healing mechanism was not clear. Sealing efficiency and
crack closing ratio were significantly affected by the inconsistency of the cracks’
width. This highlights that the quantitative evaluation of the healing results should
be always consider the initial level of damage attributed to the specimens.
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Activated CFRP NSMR Ductile
Strengthening System

Jacob Wittrup Schmidt, Christian Overgaard Christensen, Per Goltermann,
and José Sena-Cruz

Abstract This paper presents some of the initial results from an ongoing research
project which concerns a new NSMR strengthening method, expected to provide
high ductility and strengthening effect as well as increased response consistency.
A prestress of 1100 MPa activation was applied to the ductile NSMR system and
compared to a reference beam. Ductility in this system is provided by a response
controlling anchorage system, which interacts with the adhesively bonded NSMR.
The proposed adhesive has a low E-modulus which is expected to reduce stress
concentration issues of adhesively bonded joints when compared to stiffer epoxy
adhesives are used, where IC-debonding seems to be the dominating failure mode. A
beam deflection increase of approximately 105% has been observed when using the
low E-modulus adhesive compared to the the epoxy adhesive. Change in the failure
modes were furthermore observed, where the brittle de-bonding failure modes were
mitigated thus extending the yielding regime with approximately 150% .

Keywords Strengthening · NSMR · CFRP · Activation · Ductility · Flexible
adhesive · Ductility mechanism · Anchorage

1 Introduction

Near surface mounted reinforcement (NSMR) strengthening using pull-truded
Carbon Fiber Reinforced Polymers (CFRP) has been used for upgrading of concrete
structures for several decades [1–5]. It is generally seen, that such strengthening appli-
cations provide a significant strengthening effect to the concrete structure. However,
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brittle failure modes and lack of collapse warning seems to cause reluctance towards
the use of these systems. Intermediate crack debonding (IC-debonding), [6–8], end-
peeling [9], and concrete cover separation [10] are some of the most common failure
modes. However, several additional failure modes can occur when anchoring the
NSMRCFRPmaterial [11, 12]. Concrete delamination failuremodes (IC-debonding,
end peeling and concrete cover separation) leads to a failure state, where the CFRP
material is not fully utilized. This seems undesirable, since significant expenses are
related to the material cost and because more controlled failure mechanisms could
reduce safety requirements (safety factors, durability factors, installation, etc.) related
to such systems.

Anchorage of CFRP systems is recognized as a method, which provide increased
utilization of the CFRP [13, 14]. These studies indicate that failure mechanisms
may be controllable with regard to both ductility and strength. However, mechan-
ical anchoring of the CFRP material often pose a great challenge due to the weak
transverse properties and material brittleness. Crushing of the CFRP, soft slip, power
slip, cutting of the fibers, bending of fibers, frontal overload, and fiber failure [15]
are some of the mechanical anchor failure modes, which can result in a premature
failure. Only fiber failure and power slip occur as high magnitude failure modes,
which may meet the guideline requirements [16, 17].

Anchoring and activation of a NSMR CFRP strengthening system is deemed to
be a method, which provide high utilization of the CFRPmaterial, if activated before
adhesively bonding to the structure. Such a study is presented in [3].A good control of
the failure development observed,where analytical and experimental results had good
correlation. Fiber failurewas reached for beams exposed to 70% activation indicating
that the CFRP material was fully utilized. It is worth noticing that CFRP rupture was
achieved at a strain of approximately 0.02mm/mm and 3300MPa. A high and stabile
strengthening effect was seen from this study, but it still seems to be an open question
if the strain magnitude of the CFRP is sufficient for providing an acceptable failure
warning. Nevertheless, the obtained strengthening effect and ductility magnitude
seems tobehigher than seen fromconventional freely anchored strengthening system.
These results provided some of the first milestones in an ongoing research project at
the Danish Technical University (DTU). The findings enabled the next research step,
which is presented in this paper. The main research objective is to develop a generic
NSMR CFRP system, which provides a high strengthening and ductility magnitude,
similar or higher than seen from steel reinforcement.

This paper shows some of the initial results related to this research, where a
novel ductile anchored NSMR CFRP strengthening system is used to strengthen
beams identical to the beams tested in the prior study [3]. One of the main research
questions in this study is: Can a ductile anchor zone combined with low E-modulus
adhesive provide ductility and strengthening throughout the full yielding regime of
the internal reinforcement or until concrete crushing occurs?
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2 Activated Strengthening

2.1 RC Test Beam Geometry, Applied Loading and Material
Properties

Figure 1 shows the T-section reinforced concrete (RC) beams with a length of
6.4 m on which the strengthening system was mounted. The beams were tested
until failure, in a four-point-bending configuration with a deformation controlled
loading of 2 mm/min. The beam had a support distance of 5 m and the loading was
applied in two loading points, which were 0.7 m from the beam centerline. Figure 2
depicts the reinforcement configuration and cross section geometry.

It is seen that the longitudinal tensile reinforcement consisted of 2Ø25 deformed
steel reinforcement bars, whereas the top reinforcement consists of longitudinal Ø10
bars and two reinforcement grids. The Ø6 stirrups were spaced by 100 mm with a
double spacing after 1.4 m until the beammiddle. From the material characterization
the following values were obtained: steel reinforcement—average yield strength of
565 MPa and an E-modulus of approximately 200 GPa; mean compressive concrete
strength of approximately 62 MPa (at the age of the tested beams). The single Ø8
CFRP rod, mounted in the ductile activated NSMR CFRP system, was positioned in
a pre-cut longitudinal groove of 15 mm width and 27 mm depth, Fig. 2.

Fig. 1 Beam dimensions along with load setup and monitoring plan. Red retangular marked areas
indicates the anchor points. Note units in [mm]
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Fig. 2 Cross section and reinforcement configuration of the ANSMR RC beams. Note units in
[mm]

3 Ductile Strengthening System

Two main mechanisms were hypothesized to have an effect on the ductility and
strengthening magnitude: (i) a ductile anchorage mechanism and (ii) a low stiffness
adhesive used in the CFRP concrete interface. A combination of these is hypothe-
sized to prevent the brittle debonding failure mechanism seen from NSMR CFRP
strengthening using an epoxy adhesive. Consequently, a novel ductile anchor was
developed and tested in conjunction with different flexible adhesives. However, only
one of these flexible adhesives is presented in this paper as example of the study
presented.

3.1 Ductile Anchorage System

The novel ductile CFRP anchor system is depicted in Fig. 3 [18]. It is deemed to
enable a fully tailored response with increased ductility in the anchor zone as well as
high utilization of the CFRP. The assembled system consists of three main elements:
(i) the anchor wedge, which anchor the CFRP rod, (ii) the anchor barrel, in which
the pre-set wedge compresses and anchor the CFRP and, (iii) the ductile mechanism
including a response control pin. Specifically for the tensile tests, a circular base
plate provides anchor support.

Initially the anchor system was tested without the ductile mechanism system in
order to provide a necessary capacity reference value to which the ductile mechanism
could be designed. Verification of the full system response was performed by using
the anchor system in one end of the ductile anchor system (CFRP anchor + ductile
mechanism) applied to the other end. Figure 4 shows the un-deformed and deformed
ductile mechanism (right) together with load-deformation test curve (left).
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Fig. 3 Anchor parts and fully assembled ductile anchor [18]

Fig. 4 Ductile mechanism load-deformation test curves (left) and ductile mechanism before and
after testing (right)

The aim is a ductile mechanism, which can be tailored to different responses
depending on the application. It is seen that the residual anchor capacity of a given
anchor system (if any) is utilized when the ductile mechanism is fully collapsed.
The high consistency between the tests should be noted since it affects the anchor
response directly. The mechanism is designed to fit the CFRP anchor system. It is
in these tests seen that yielding initiates at 60 kN where the ultimate capacity is
reached at approximately 130 kN where a deformation of 30 mm is obtained. A
strength increase throughout the yielding regime is observed, which is beneficial as
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Fig. 5 Load/deformation response of flexible adhesives (left)

it allows redistribution of forces between the two anchors and thus more equalized
deformations in the mechanisms when mounted on the beam.

3.2 Flexible Adhesive

In order to evaluate material properties and curing time sensitivity of the flexible low
E-modulus adhesives, dogbone specimens were cast and tested in uniaxial tension.

Load-deformation curves related to one of the low E-modulus adhesive are
presented in Fig. 5 alongwith the number of curing days. The tested adhesive appears
to have a short initial linear response followed by a parabolic development, where the
stiffness reduces. In addition, there seems to be a distinct relation between number of
curing days and the strength/stiffness properties. A low E-modulus flexible adhesive,
PU3 (Montage Ekstra 292), was chosen for this paper since it seemed to be a good
reference when comparing with the other test results.

3.3 Mounting of the Ductile Anchored CFRP NSMR
Strengthening System

Activation of the anchored CFRP NSMR system was done by the use of a novel
anchor block system which consist of four main elements: (i) the anchor block, (ii)
tensioning tray, (iii) ductile mechanism and (iv) the EW (Enclosed Wedge) CFRP
anchor, Fig. 6.

The lower web surface of the T-section beam was prepared before mounting
of the anchor block system. This preparation included cutting of the longitudinal



Activated CFRP NSMR Ductile Strengthening System 355

Fig. 6 Anchor block system components and installation

groove for the installation of the NSMRCFRP system, a cut-out for the anchor block
system and drilling four holes for adhesively bonded threaded rods. Once prepared,
the ductile strengthening system could be mounted through six steps: (i) the anchor
block mounting on the beam web through the four threaded bars, (ii) installation of
the EW anchor at each end of the CFRP rod with a pre-determined pre-setting force
(approximately 130 kN), (iii) adhesive is injected into the groove bottom, (iv) ductile
mechanism and EW anchor are positioned in the tensioning tray and inserted into
the anchor block, (v) activation of the strengthening system using the threaded rod,
and (vi) finalization of the adhesive groove injection layer.

4 Test Configurations and Results

Table 1 show some of the test configurations in the research program [19]. All
activations of the strengthening system was done by using 50% of the guaranteed
tensile capacity given by the manufacturer (Activation magnitude+ beam dead load
= approximately 1100 MPa). Two reference configurations were tested: REF-00,
which is the non-activated reference beamwithout any strengthening system applied,
whereas PCF-50 is 50% activation of the CFRP NSMR system using an epoxy

Table 1 Test configurations
of T-beams

Beam-ID Adhesive Description

REF-00 – Unstrengthened

PCF-50 Epoxy Strengthened with 50%
ANSMR

PU3-50 Montage Ekstra 292
(PU3)

Strengthened with 50%
ANSMR
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adhesive. PU3-50 is the beam strengthened with 50% activation in combination with
the low E-modulus adhesive PU3 and the ductile anchor system.

4.1 Results

Figure 7 depict the load–deflection curves related to beam configuration REF-00,
PCF-50 and PU3-50. It is seen from PCF-50, that a higher stiffness and crack initi-
ation level is achieved in the linear elastic regime. A short yielding regime and high
strengthening magnitude is furthermore obtained. Debonding of the CFRP NSMR
occur at ultimate capacity. At this stage, the beam capacity is reduced to the level of
REF-00.

However, when evaluating the failure mode from PU3-50, significantly larger
ductility is achieved. This configuration shows increase of stiffness in the linear

Fig. 7 Load–deflection curves for the presented beam (middle) along with failure mode assessment
of ANSMR beams with low E-modulus adhesive (bottom) and epoxy (top)
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elastic regime and a higher yielding initiation level compared to REF-00. Yielding
initiates at a lower level than seen from PCF-50, which is due to the activation of
the ductile mechanisms. It is seen, that the stiffness changes occur around 30–40
and 240 kN·m, due to concrete cracking and steel yielding, respectively. Significant
yielding and a large deflection with termination in a concrete compression failure
was achieved when testing this configuration.

PU3-50 (with the ductile anchor systemandflexible adhesive) showeda significant
increase in ductility compared to the epoxy configuration PCF-50. More than double
deflection and approx. 150% extension of the yielding regime was achieved. The
ductility increase was dedicated to the activation of the ductile mechanisms as well
as a more even distribution of stresses in the flexible adhesive between CFRP and
concrete. The results indicate that the brittle failure modes, usually obtained when
applying CFRP strengthening, can be reduced or even prevented when using the
ductile CFRP NSMR strengthening system. Finally, the failure threshold related to
PU3-50 seems to be concrete crushing.

Figure 8 depicts moment-stress in the CFRP relationship, measured by represen-
tative strain gauges. For both configurations a high CFRP utilization is seen, which
indicate tensile capacities, which meet the recommended values given by the manu-
facturer. The stiffness changes, seen from the moment-deflection curves, can also be
identified on the CFRP stress development curves. Stress changes occur when the
steel reinforcement yielding initiates as well as when transition from the un-cracked
to a cracked regime initiates.

The optimal solution related to the ductile strengthening system seem to be
located between two boundaries, fully bonded and fully un-bonded. This means
that a balance between the ductile anchor response and adhesive stiffness must be
considered in order to provide sufficient stress transfer in the adhesive bond between

Fig. 8 Moment-stress in the CFRP relationship for representative beams



358 J. W. Schmidt et al.

Fig. 9 Stress variation along CFRP bar for the different adhesives

CFRP and concrete. Simultaneously, sufficient activation of the ductile anchor should
be addressed in order to control the strengthening system response sufficiently.

To further evaluate the stress variation along the CFRP rod, stress measurements
at mid-span and at the anchor location are presented in Fig. 9 at different load levels
for the PU3-50 beam. The activation level is subtracted from the measurements, thus
the figure presents measured stress development along the CFRP NSMR reinforce-
ment during testing. Three different load levels are considered: (i) Initiation of steel
yielding (240 kN·m) and (ii) just before failure (280 kN·m) and (iii) in-between these
values (260 kN·m). The mid-span CFRP stresses are clearly increased between the
load levels, 240–280 kN·m compared to the stress levels measure at the anchor loca-
tion. The PU3-50 provide stress transfer in the bond but ensures significant activation
of the ductile anchors. A slight peak stress at the beam midspan is seen at 260–280
kN·m, whereas a more constant stress along the CFRP rod is seen at 240 kN·m.
The measured stress difference between anchor points and midspan for PU3-50 is
approximately 250 MPa at 260–280 kN·m.

Table 2 summarizes the test results from the three configurations. It is seen, that
the strengthening configurations provide a strengtheningmagnitudeof approximately
20%. However, the more brittle IC-debonding failure mode observed for the epoxy

Table 2 Test results and comparison

Configuration Yielding
[kNm]

Ultimate
[kNm]

Capacity
increase [%]a

Deflection
[mm]

Deflection
increase [%]b

REF-00 188.3 247.1 – 231.0 –

PCF-50 233.7 303.3 23 76.2 –

PU3-50 223.1 292.2 18 156.1 105

aCompared to the reference beam (REF-00)
bCompared to the epoxy strengthening configuration (PCF-50)
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configuration (PCF-50) result in a deflection, which is approximately half of the
deflection of the flexible adhesive configuration (PU3-50).

Consequently, the flexible adhesive bond provided significantly increased beam
deflection and thus failure warning compared to the epoxy configuration. In addition,
the activation magnitude did not seem to affect the ductility magnitude due to the
ductile anchor system, which provide the desired failure mode control. Finally, the
failure threshold related to PU3-50 seems to be concrete crushing when mounted on
the given T-section concrete beams.

5 Conclusion

The indication research, presented in this paper concerns strengthening evaluation
related to an Ø8 CFRP rod adhesively bonded in an activated NSMR system setup.
Flexible adhesive and ductile anchor systems are deemed to be the main mechanisms
to provide desired strength and ductility to such a strengthening system. The research
addresses whether a ductile anchor zone combined with low E-modulus adhesive can
provide ductility and strengthening throughout the full yielding regime of the internal
reinforcement or until concrete crushing occurs. The current study consisted of a
beam configuration with three beams: (i) REF-00, a non-activated reference beam
without any strengthening system applied, (ii) a PCF-50, reference beam with 50%
activation of the CFRPNSMR system and using an epoxy adhesive, and (iii) PU3-50,
a beam strengthened with 50% activation in combination with a novel ductile anchor
and low E-modulus adhesive PU3. Following conclusions can be drawn from the
indication results:

– Significant strengthening (approx. 20%) of the linear elastic regime and the
ultimate capacity was obtained when applying the PU3-50 test configuration;

– The low E-modulus adhesive enabled increased anchor activation and thereby
activation of the ductility mechanism;

– PU3-50 showed increased beam ductility and failure warning where a 150%
extension of the yielding regime was achieved compared to PCF-50;

– A beam deflection increase of more than 100% was reached compared to the
PCF-50 thus insuring significant failure warning;

– Concrete compression failure was the governing failuremode of PU3-50, whereas
IC-debonding was experienced for PCF-50;

– The PU3-50 configuration reached approximately 70% of the REF-00 deflection,
where concrete crushing was experienced.

The results showed that ductility can be introduced into an otherwise linear elastic
and brittle system by the use of the presented ductile strengthening system. Based on
the design and geometry of the ductility mechanism, the initiation and progression
of the yielding regime seems to be tailorable. More tests are however needed to fully
verify the system response in connection with different applications. Furthermore,
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durability investigations and implementation into real life applications are some of
the main objectives of the ongoing and future research.
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