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Preface

The RILEM Spring Convention and Conference 2020 (RSCC2020) adopted as
theme ‘Ambitioning a sustainable future for built environment: comprehensive
strategies for unprecedented challenges’. Current challenges posed to the built
environment are extremely demanding and generate great concern. The individuals
of a growing global population consume resources at increasing and unsustainable
paces, with irrecoverable damage to the planet systems. It is clear that the current
development models are not sustainable and require committed and common action.
Extreme events, as a consequence of global changes, are also more frequent and
lead to unprecedented devastation and disruptions. The theme of RSCC2020 was
even premonitory, with an event confronted with an exceptional pandemic that
tested the RILEM community to its essence. The difficulties were many, but
insignificant when compared to what the future holds. Our society is facing an
unprecedented challenge, perhaps the greatest of our century, and it should make us
consider to which extent our action on the planet is the cause, as a driver of change.

It is unquestionable that there is an urgent need to intensify this debate, fostering
a comprehensive roadmap of actions that lead to sustainable development paths. In
this context, the main objective of RSCC2020 was to contribute to preparing the
new generation of materials and structures for future environmental requirements
and societal challenges. Additionally, RSCC2020 also aimed at Identifying and
disseminating innovative technologies for more efficient and less resource‐intensive
construction and maintenance.

The topic ‘Strategies for a Resilient Built Environment’, to which this volume is
dedicated, covered the different aspects related to current and emerging approaches
that lead to an optimised design and maintenance of constructions and systems. It
included also the development of service life models and life cycle design, in order
to maximise longevity and service requirements while minimising the environ-
mental impact of constructions and systems. The analysis and design of larger
systems, such as communities, cities or regions, aiming at reducing risk and
increasing resilience were also part of this topic. The following subtopics were
covered: resilience and robustness of the built environment and communities at
local and global scales; risk-based inspection and maintenance; life cycle analysis

vii



and service models; performance-based design; improved design strategies by
integrating materials and structures. Within this topic, attendees from thirteen
countries presented 27 papers.

The editors would like to acknowledge the authors for their outstanding com-
mitment and persistency, for their participation under unprecedented circumstances,
during the outbreak of a pandemic without memory. Your contribution was critical;
your efforts were very much appreciated!

Guimarães, Portugal Eduardo B. Pereira
Joaquim A. O. Barros
Fabio P. Figueiredo
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Integrated Model for Predicting
the Flexural Capacity of Concrete
Elements Reinforced with Non-corrodible
Discrete Reinforcements

Tiago Valente, Christoph de Sousa, Inês Costa, Felipe Melo,
and Joaquim A. O. Barros

Abstract The present work describes an integrated approach that leads to the devel-
opment of a new model capable of describing the tensile behavior (mode I) of fiber
reinforced concrete (FRC), considering the orientation of the fibers, the fibers segre-
gation along the cross-section of the FRCmembers and the pullout constitutivemodel
of each fiber bridging the two faces of a crack. The possibility of the numerical model
to capture the flexural behavior of non-metallic fiber reinforced concrete members
is explored by simulating the response of polypropylene fiber reinforced concrete
notched beams submitted to 3-point bending tests.

Keywords Polypropylene fibers · Fiber reinforced concrete · Flexural capacity

1 Introduction

The use of short and randomly distributed fibers increases concrete’s post-cracking
tensile capacity, its ductility, energy absorption capacity and impact resistance when
compared to plain concrete [1, 2]. Additionally, the restrain to crack opening,
provided by the different fiber reinforcement mechanisms at fracture, enhances
the durability and integrity of cement based materials. The fundamental reinforce-
ment mechanism of fibers consists in the capacity of ensuring relatively high stress
transfer between the faces of cracks, by restraining the degeneration of micro-cracks
in meso- and macro-cracks, which increases the stiffness and load carrying capacity
of concrete structures in their cracking stage, as well as their durability [3–6].
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The fiber contribution after cracking depends mainly on the content of fibers,
their orientation and distribution towards the potential cracks [7–10], the material
and geometric characteristics of the fibers [11–13], and the quality of the concrete
[14], which are designated as the variables that mainly affect the fiber reinforcement
mechanisms. The present work presents the main aspects of an integrated model to
predict the tensile behavior (mode I) of fiber reinforced concrete (FRC) by consid-
ering these variables in the formof afiber orientationprofilemodel, a fiber segregation
model and a fiber pullout constitutivemodel. It is believed that the followed approach
can simulate more realistically the post-cracking response of FRC in comparison to
the already available models, e.g. cohesive stress-crack width constitutive law.

Considering that the proposed model has already shown good agreement to simu-
late the flexural behavior of steel fiber reinforced concrete elements [15], the present
work explores the potential of the model to capture the behavior of non-metallic fiber
reinforcements, as is the case of polypropylene fibers (PP).

PP fibers have been used mainly in non-structural applications for limiting crack
width due to shrinkage effects of cement-based materials. Being non-susceptible to
corrosion, PP fibers can also be regarded as viable discrete reinforcement elements
for the production of thin concrete elements. The relatively low elasticity modulus,
tensile strength and almost frictional-based reinforcing nature of PP fibers have been
pointed out as the main arguments for preventing their use in structural applications,
as a total or even partial replacement of conventional steel reinforcements. However,
significant improvements have been made, not only on the material properties of PP
fibers, but also on their surface treatment, that provide the means to develop fiber
reinforced concrete (FRC) with toughness levels capable of being used for structural
applications, according to the requirements of fib Model Code 2010.

2 Integrated Model for Predicting Flexural Capacity
of FRC Structural Elements

In order to predict the flexural capacity of FRC members, a numerical tool was
developed that considers the influence of the orientation and segregation of fibers
along the cross-section of the FRC members and the pullout constitutive law of each
fiber bridging the two faces of a crack.

The integrated model was implemented inDOCROS, an already existing software
for the analysis of cross-sections of R-FRC members failing in bending [16]. In
DOCROS a cross-section is discretized in N layers, for which is assigned specific
constitutive laws to describe the material behavior of the layers. In this scope, the
fiber orientation profile, fiber segregation and fiber pullout constitutive law were
coupled to form a new material model to simulate the nonlinear material behavior of
FRC.

For the simulation of the tensile behavior of the FRC, a linear elastic stress–strain
response was considered, up to tensile strength, fct , is reached. For the post-cracking
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tensile response of FRC, the contribution of the fiber pullout resistance, P(w), was
added to the post-cracking residual strength of FRC matrix, σct (w), namely:

σ j = P j
(
w j

)

b j · t j + σ
j
ct

(
w j

)
(1)

where b j and t j are, respectively, the width and thickness of the generic jth layer that
discretizes the cross-section, and w j is the crack width at the level of the geometric
center of the jth layer.

The adopted stress-crack width relationship of the concrete matrix is based on the
model presented in [20].

For the usual fiber dosages used in FRC’s, its compressive behavior is similar to
the one observed in plain concrete. Therefore, the simulation of the behavior of FRC
in compression was done by adopting the model proposed in [17].

2.1 Fiber Orientation Profile Model

The model for predicting the distribution of orientation angles of the fibers, ϕi , is
based on the definition of an orientation factor, η. The orientation factor corresponds
to the average length of the projection of all fibers crossing a crack plane on its
orthogonal direction, divided by the fiber length [18]. The fiber orientation factor
can vary between 0.0 and 1.0, corresponding, respectively, to fibers parallel and
orthogonal to the analyzed cross-section (herein representing the crack plane) [19].
The fiber orientation factor relates the theoretical number of fibers, Nth , contained in
the concrete medium with the number of fibers to be encountered in a cross-section,
N f , according to the expression [20]:

N f = Nth · η = Asec

A f
· V f · η (2)

where Asec is the cross-section area of the FRC element, A f is the cross sectional
area of a fiber, and V f is the fiber volume dosage.

The fiber orientation profile model is based on the work of [18], where the distri-
bution of the orientation of the fibers in a cross-section is arranged in discrete inter-
vals, n�ϕ, and the number of fibers within each orientation angle interval, N f,ϕi is
determined according to the expression:

N f,ϕi = C(ϕi ) · N f (3)

whereC(ϕi ) is the ratio between the number of fibers within each interval range with
a mean orientation angle ϕi and the total number of fibers in the cross-section. The
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parameter C(ϕi ) can be determined by the expression [18]:

C(ϕi ) = f (ϕi ) · FRE (η) (4)

where f (ϕi ) is the frequency of fibers within the interval of orientation angles
ϕi ±�ϕi

/
2, �ϕi = 90

/
n�ϕ, considering a Gaussian law to describe the frequency

distribution, and FRE (η) is a coefficient to account to the error resultant of adopting
discrete ranges of fiber orientation angles rather than considering a continuous
function, which is determined with Eq. (5).

FRE =
{
1.29 − 0.38 · η ; η < 0.75
1.0 ; η ≥ 0.75

(5)

Based on the orientation factor is possible to determine the average orientation
angle of the fibers in the cross-section, ϕm , and the corresponding standard deviation,
σ(ϕm), using the following equations [18]:

ϕm = arccos(η) · 180/π
[◦] (6)

σ(ϕm) = 90 · η · (1 − η)
[◦] (7)

The methodology adopted to determine the fiber orientation factor, η, is based on
the work of Krenchel [20] for stiff fibers. Due to the wall effect on the orientation
of the fibers, the cross-section of the FRC member is divided in three zones with
different orientation factors (Fig. 1). The fiber orientation factor of the cross-section
is determined by the expression:

η = η1 · (
b − l f

) · (
h − l f

) + η2 · l f · [(
b − l f

) + (
h − l f

)] + η3 · l2f
b · h (8)

where l f is the length of the adopted fiber type, and ηz(z = 1, 2, 3) is the fiber
orientation factor for each zone of the cross-section.

The values of the orientation factor for each zone of the cross-section are based
on previous research, namely: η1 = 0.50 [21, 22]; η2 = 2

/
π [22]; η3 = 0.84 [21].

2.2 Fiber Segregation Model

In order to simulate the fiber segregation phenomena that can occur during FRC
casting, a segregation model is proposed, that assumes a linear variation of the
fiber’s distribution along the depth of the cross-section. The model solely defines
the segregation factor, ξ , varying between−1.0 and+1.0. Considering the thickness
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Fig. 1 Zones of
cross-section for the
determination of the fiber
orientation factor due to wall
effect
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t j ( j = 1, . . . , N ) and depth of the geometric center of each layer of the cross-section
d j ( j = 1, . . . , N ), the number of fibers in each layer is determined by the following
expression:

N j
f =

(
N top

f

(
1 − d j

h

)
+ N bot

f · d
j

h

)
· t j ; j = 1, . . . , N (9)

where h is the cross-section height, N top
f and N bot

f are, respectively, the number of
fibers at top and bottom faces of the cross-section that are determined according to:

N top
f = N f

h
· (1 − ξ) (10)

N bot
f = N f

h
· (1 + ξ) (11)

where N f is the total number of fibers in the cross-section.
For a homogenous distribution of the fibers in the cross-section, the segregation

factor assumes a value of ξ = 0, and N top
f = N bot

f . If ξ = 1.0 is assumed, N top
f = 0,

while N bot
f = 0 if ξ = −1.0.
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2.3 Fiber Pullout Constitutive Model

The considered fiber pullout constitutive model is based on the Unified Variable
Engagement Model (UVEM) proposed by [12, 23, 24] for steel fiber reinforced
concrete (SFRC). The UVEM combines Mode I and Mode II fracture process of
SFRC. The present section presents the main aspects of the proposed model, while
further details can be obtained elsewhere [15].

The proposed model adopts an uniform bond strength, τb, along the fiber
embedded length that is a function of the slip displacement of the fiber. The adopted
bond strength versus slip model (τb,0 − δ), illustrated in Fig. 2a, is idealized for the
pullout response of an aligned fiber (ϕ = 0◦). The bond strength versus slip model is
defined by the following four parameters (Fig. 2a; Eq. 12): the peak bond strength,
τb,o,p; the slip corresponding to the peak bond strength, δp; and the exponents α and
β, which define the τb,0 − δ variation in its pre-peak and post-peak stage.

τb,o =
⎧
⎨

⎩

τb,0,p ·
(

δ
δp

)α

δ ≤ δp

τb,0,p ·
(

δ
δp

)−β

δ > δp

(12)

In order to consider the snubbing effect in the pullout resistance of the fiber, the
expression presented in [24] is adopted:

τb(δ) = τb,0(δ) + 0.25 · γ 3 (13)

where γ is the fiber bending angle, being defined as the angle between the fiber
longitudinal axis and pullout force direction (Fig. 2b). For Mode I fracture, fiber
bending angle is equal to the fiber orientation angle (γ = ϕ).

The model admits that all the fiber slippage from the matrix occurs from the
shorter embedded length of the fiber, and the slip between the longer embedded part
of the fiber and its surrounding matrix is negligible. This assumption leads to the

Fig. 2 a Idealized bond stress versus slip (τb,0 − δ) for the pullout response of an aligned fiber.
b Definition of fiber bending angle, γ
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Fig. 3 Pullout force of a
fiber with the orientation ϕi

slip of the shorter embedded length being equal to the crack opening displacement
of the cimentitious matrix. As illustrated in Fig. 3, the pullout force of a fiber with
an orientation angle ϕi , Pϕi , corresponding to a crack opening displacement, w, is
equal to:

Pϕi (w) = ·π · d f · τb(ϕi , δ = w) · Lbf,o(w) (14)

where d f is the diameter of the fibers; τb is the average fiber bond strength determined
according to Eq. (13), function of the crack width and orientation angle of the fiber;
Lbf,o is the fiber embedment length that is equal to its initial value minus the crack
opening displacement. For the initial value of the fiber embedment length, which
corresponds to a crack width equal to zero (w = 0), it is assumed that Lbf,o = l f

/
4

for the shortest embedment side, considering that it has been verified to be the average
length of embedment of the fibers according to the work of [25].

During the pullout process, fibers may be susceptible to rupture, particularly in
the case of the most inclined fibers. The present model considers that a fiber rupture
if the tensile stress, σ f , reaches the effective ultimate tensile strength of the fiber,
σ f u . The effective ultimate tensile strength of the fibers is determined through the
expression considered in the UVEM model, namely [24]:

σ f u = σ f u · π

2 · γmax
(15)

where σ f u is the fiber tensile strength.
The failure criterion of the fibers with circular (or equivalent circular in case o

non perfectly circular, such is the case of the adopted PP fibers in the present work)
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cross-section is verified by the following expression:

σ f u ≥ σ f = 4 · τb · Lbf,o(w)

d f
(16)

Considering that the cross-section of a FRC member is discretized in N layers
( j = 1, ..., N ), and that the fiber orientation domain is divided into n�ϕ intervals,
at the jth cracked layer, the pullout resistance is equal to:

P j (w) =
n�ϕ∑

i=1

P j
ϕi

(w) (17)

P j
ϕi

(w) = N j
f,ϕi

· π · d f · τbu,i · Lbf,o(w) (18)

where P j
ϕi

(w) is the pullout resistance of the N j
f,ϕi

fibers with a mean orientation
angle ϕi at the jth cracked layer, determined according to the fiber orientation and
segregation models.

3 Assessment of the Predictive Performance of the Model

The predictive performance of the proposed model is assessed by comparing the
flexural response of polypropylene fiber reinforced concrete (PPFRC) notched beams
submitted to 3-point bending tests, according to [26], with the numerical response
determined with software DOCROS. Although the proposed numerical model was
originally proposed to simulate the flexural behavior of steel fiber reinforced concrete
elements, this research work verifies if it has potential to be applicable to other
non-metallic discrete fibers reinforcements in concrete.

The PPFRC composition presented in Table 1 was considered, while two mixes
with different fiber reinforcement dosages were studied: 6.0 and 3.0 kg/m3.

A new type of PP fibers for structural reinforcement that is being developed in
the scope of a R&D project carried out by Exporplás and CiviTest, is used, which
has 0.7 mm of equivalent diameter, length equal to 54 mm, modulus of elasticity of
6GPa and ultimate tensile strength of 500 MPa.

Table 1 PPFRC mix composition

Portland
cement
CEM I
52.5R
(kg/m3)

Fly ash
(kg/m3)

Aggregate
6/14 mm
(kg/m3)

Aggregate
0/4 mm
(kg/m3)

Aggregate
0/2 mm
(kg/m3)

Superplasticizer
[l/m3]

Water
(l/m3)

330.0 20.0 750.0 885.0 300.0 7.2 140.0
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In order to characterize the relevant mechanical properties of both PPFRC
mixes that were considered in this study, an experimental program was carried
out to determine the concrete compressive strength (NP EN 12390-3:2009 [27]),
modulus of elasticity (NP EN 12390-13:2013 [28]) and post-cracking residual
flexural strength (EN 14651:2005 [26]) at the age of 28 days. The results of the
mechanical characterization of the PPFRC are summarized in Table 2.

Since at the present stage of the research activities, the local bond-slip relation-
ship (Fig. 2a) of the used PP fibers are not yet available from experimental tests
(by adopting inverse analysis with the results from fiber pullout tests), the parame-
ters that define this local law were obtained by a fitting procedure implemented in
DOCROS, that resorts to the nonlinear least squares fitting routineMPFIT [29]. The
data considered in the fitting procedure corresponded to the average of the moment
versus crack tip opening displacement (CTOD) relationship that was derived from
the experimental results of 3 samples submitted to the bending tests.

Figure 4a, b present the comparison between the experimental and numerical
response of the force versus CTOD relationship of the PPFRC prisms submitted
to 3-point bending, while Fig. 4c presents the bond stress versus slip relationship,
τb,0 − δ, for the pullout response of the aligned PP fibers obtained by the fitting
procedure, for each PPFRC mix. As demonstrated in Fig. 4, the proposed model
captures with very good agreement the flexural behavior of the PPFRC prisms.

To be noticed that the derived peak bond strength of pullout response of fibers
is dependent on the fiber dosage of the PPFRC, with the peak bond strength being
inversely proportional to the employed fiber dosage. This phenomenon points to a
detrimental effect of the increased number of fibers on the pullout response of each
individual fiber.

4 Conclusions

This studypresents a new integratedmodel capable of describing theflexural behavior
of 1D type FRC members considering the orientation of the fibers, the fiber segre-
gation along the cross-section of these members, and the pullout constitutive model
of each fiber bridging the two faces of a crack.

Nonetheless the proposed numericalmodel has been originally developed to simu-
late the behavior of steel fiber reinforced concrete, it is shown that it can also capture
with very satisfactory accuracy the behavior of concrete reinforcedwith non-metallic
discrete fibers, as is the case of the studied PP fibers.

The accuracy of the model would greatly benefit from the characterization of the
pullout response of aligned and inclined fibers, including a more in-depth study
regarding the influence of the number of fibers bridging a crack on the pullout
response of each individual fiber.

For the particular case of members made by concrete reinforced with flexible
fibers such is the case of PP fibers), an upgrade to the fiber orientation and distribution
model is under development, which will also contribute to improve the predictive
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Fig. 4 Experimental and numerical model comparison of force versus CTOD relationship for
PPFRC with: a 6 kg/m3 of PP fibers; b 3 kg/m3 of PP fibers; c Derived bond stress versus slip
(τb,0 − δ) of the pullout response of the aligned PP fibers

performance of the integrated model to simulate the flexural behavior of PPFRC
members.
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An Analytical Approach for Evaluating
the Impact Response of Steel Fiber
Reinforced Concrete Beam

Mohammad Bakhshi, Honeyeh Ramezansefat, Mohammadali Rezazadeh,
Isabel Valente, and Joaquim A. O. Barros

Abstract In this paper, a new approach is proposed for predicting reaction force
in simply supported steel fiber reinforced concrete (SFRC) beams under impact
loading (drop weight test) considering the energy conservation approach. If SFRC
beams completely fail under impact load, it can be found that the total reaction
force is equal to force capacity of SFRC beams. The force-deflection relationship
can show the peak force that the SFRC beam can carry under impact load. Since
concrete is a material sensitive to loading rates, the strain rate of loading and also the
volume fraction of steel fiberwill influence the beam’s response. The force-deflection
relationship of the SFRC beam under impact loading is obtained using the proposed
model. This model considers the effect of volume fraction of steel fiber and also
the strain rate on the concrete properties. The model is then verified with the results
collected from the literature that include 189 SFRC beams tested under drop-weight
impacts and included in a database. The results obtained show that this method can
estimate the maximum impact force with acceptable accuracy.

Keywords Steel fiber reinforced concrete · Concrete beam · Drop weight test ·
Strain rate

1 Introduction

Steel fiber reinforced concrete (SFRC) is a composite material that includes cement,
aggregates, and steel fibers in its composition [1]. Normal concrete is usually a brittle
material, so the addition of fibers causes an increase in its post-cracking tensile
capacity and prevents the early cracking of concrete. According to [2–4], SFRC has
an improved behavior, which includes: resistance to the combination of wear—tear
damage andweathering, high resistance to fatigue stress, excellent impact resistance,
excellent tensile strength, ductility, high load capacity after cracking, and high shear
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strength. The ACI code [1] recognizes the possibility of using a volume content
of 0.75% of deformed steel fibers for minimum shear reinforcement in common
structural applications under quasi-static loading conditions.

On the other hand, concrete is a material that is sensitive to the strain rate [5–
8] imposed during the loading process and, consequently, its mechanical properties
are dependent to this rate. The effect of strain rate on concrete for each type of
loading is also different (i.e., compressive, tensile, and flexural) [9–12]. Existing
experimental results on the dynamic behavior of SFRC have shown that both the
tensile strength and the mode I fracture energy increase with strain rate [2, 3]. More-
over, based on the experimental results, the strain rate influences on the reaction
force and energy dissipation capacity of SFRC beam. The dynamic increase factor
(DIF) of compressive, tensile and flexural strength of SFRC are defined to evaluate
the effect of strain rate on the SFRC characterizations [6–9]. Although there are
some experimental studies for understanding the flexural behavior of SFRC under
impact load [5–12], due to include several aspects, analytical models for predicting
the impact response of SFRC beams are still scarce. To accurately predict the impact
response of SFRC beams under the drop-weight impact, some analytical methods for
concrete beams reinforced with conventional steel bars (RC beams) can be adapted
for SFRC beams. There are generally three approaches for predicting the impact
response of a RC beam, namely, contact law, energy-based approach, and spring-
mass model [13]. These approaches are used in RC beams because complete fracture
of this beams does not occur. In SFRC beams under impact load, the total energy
applied by the impactor is dissipated by the inertial energy caused by existing accel-
eration and deflection of the beam. If SFRC beams completely fail under impact
load, it can be found that the total reaction force is equal to force capacity of SFRC
beams. In this condition, the impactor passes the beam and the remaining energy
of the impactor is released to the test setup frame. Consequently, for each SFRC
beam, critical initial kinetic energy can be defined as the maximum initial kinetic
energy that the beam can dissipate. A simplified method is established in this paper
for predicting the maximum reaction force of simply supported SFRC beams under
impact load (Fig. 1). Appropriate assumptions and theoretical derivation are utilized
to establish this simplified method. Moreover, the results of 189 SFRC beams under
impact load acting at midspan are compiled in a database to validate the proposed
method [14–16].

2 Analytical Method

In the impact loading condition, due to the existing accelerations on the beam, the
inertia force is mobilized along the beam, and its direction is contrary to the direction
of the beam’s movement. The total impact force (Pt ) in a simply supported beam is
equal to the sum of the total inertia forces (Pi ) and reaction forces R1 and R2 in its
supports (Pb = R1 + R2), (Fig. 1). By assuming the linear acceleration distribution,
the inertia force is calculated by the Eq. (2) [4].
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Fig. 1 Loadings and generated shear and bending moment diagrams in an impact situation

Pt = Pb + Pi (1)

Pi = ρAδ̈(t)

[
l

3
+ 8

3

s3

l2

]
(2)

where ρ, A, l, s and δ̈(t) are the beam’s material density, cross section area, span
length, overhanging length (Fig. 2), and the time dependent acceleration of beam at
its midspan, respectively.

Fig. 2 Dynamic tensile behavior of the SFRC
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The acceleration is depended on the materials properties, geometry of the beam,
and the height and mass of impactor. Unfortunately, there are not enough data about
the maximum acceleration in the midspan of the beam. The statistical analysis of the
available experimental studies [6, 8, 11, 22] shows that the effects of the stiffness of
the beam andmass of impactor have amarginal impact on themaximumacceleration,
while by increasing the height of the impactor, the acceleration increases significantly.
Considering the lack of experimental investigations, a simple empirical equation is
proposed by using the available experimental data for calculating the maximum
acceleration at midspan (δ̈max) based on the height of the impactor (H ) as follows:

δ̈max = (−6.404 × 103
)
H 3 + (

1.776 × 104
)
H 2 − (

3.665 × 103
)
H + 4980 (3)

In the current study, first, the force-deflection relation of SFRC simply supported
beam is analytically predicted using the proposed model, whose governing variables
are function of the strain rate of loading, and then a simplified approach is proposed
to determine its loading capacity.

2.1 Force-Deflection Relationship of SFRC

Several studies in the literature focused on the stress-strain relation of SFRC mate-
rials. The model proposed by Barros et al. [18] was selected in the present research
because it considers the effect of steel fiber volume as the main parameter (Table 1).
Since concrete is a sensitivematerial to the strain rate of loading, its static constitutive
quantities must be updated when exposed to loading conditions that generate high
strain rates. In the current study, for considering the effect of the strain rate on the
compressive strength and modulus of elasticity, fib-Model code 2010 formulation is
adopted, by considering Eqs. (4) and (5) [17]. On the other hand, since the effect
of fiber reinforcement mostly influence the tensile behavior of concrete, rather than
the compressive behavior, to consider the strain rate effect on the tensile strength of
SFRC, the model proposed by Malver and Ross is adopted (Eq. (6)) [19], because
their proposed model is supported on results from experimental tests with SFRC
specimens.

f ′
cd

f ′
cs

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(
ε̇c

30 × 10−6

)0.014

, ε̇c ≤ 30 s−1

0.012

(
ε̇c

30 × 10−6

)1/3
, ε̇c > 30 s−1

(4)

Ecd

Ecs
=

(
ε̇c

30 × 10−6

)0.026

(5)
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f ′
td
f ′
ts

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(
ε̇t

1 × 10−6

)δ

, ε̇c ≤ 1 s−1

β

(
ε̇t

1 × 10−6

)1/3
, ε̇c > 1 s−1

, log(β) = 6δ − 2, δ = 1
/(

1 + 0.6 f ′
c
)

(6)

In Eqs. (4) to (6), f ′
cd and f ′

cs are, respectively, the dynamic and static compressive
strength, f ′

td and f ′
ts are, respectively, the dynamic and static tensile strength, Ecd and

Ecs are, respectively, the dynamic and staticmodulus of elasticity, while ε̇c and ε̇t are,
respectively, the compressive and tensile strain rate. Since the concrete compressive
strength is about ten times higher its tensile strength, the overall behavior of the SFRC
beam is often controlled by the tensile behavior. In this regard, the tensile strength,
fracture energy, and modulus of elasticity of the SFRC are essential parameters for
calculating the overall behavior of the beam under impact load. According to the
experimental results [9–12], the post peak tensile behavior of SFRC under impact
load can be considered linear concerning the effect of strain rate on the fracture
energy. Based on the experimental stress-strain curves of the SFRC under various
strain rates, the value of fracture energy under static and dynamic loading can be
calculated by Eq. (7) [12, 23]. The first term of the equation represents the fracture
energy externally supplied to propagate the crack across the specimen. The second
term of Eq. (7) corresponds to the fracture energy supplied by the beam weight,
causing to reduce the prediction error compared to the recommendation of RILEM
TC50-FMC Technical Committee [24] which did not consider the influence of the
cantilever of the beam:

G f = W0

b(h − a)
+ mg

(
1 − l

2s

)
δu

b(h − a)
(7)

where W0, b, h, a, s, l, m, δu , and g are the area under the experimental load-
displacement curve, width, cross section’s height, notch depth, span, length, mass of
the beam between the supports (length l), final deflection of the beam and gravita-
tional acceleration, respectively. For the case of impact loading, due to the existing
inertia force, W0 is the area under the reaction force-displacement curve [23]. To
consider the effect of the strain rate of loading on the fracture energy of SFRC, the
model proposed by Zhang et al. [12] for determining the DIF of fracture energy is
adopted as follows:

DI FG = G f d

G f s
= 1 + (7.6 × 10−6)

(
δ̇d

δ̇s

)1.54

; δ̇s = 1 (mm/s) (8)

where G f d and G f s are fracture energy of the SFRC beam under dynamic and static
loading, respectively, which can be calculated by Eq. (7). δ̇d and δ̇s (=1 mm/s) are the
dynamic and static loading rate in mm/s, respectively. On the other hand, according
to three-point bending test, the strain rate (ε̇) can be obtained based on the beam
bending theory by using the displacement rate (δ̇) as follows [22]:
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ε̇ = 6hδ̇

L2
(9)

where h and l are the cross section’s height and span length of the beam, respectively.
After determining the fracture energy parameter, to define the post cracking tensile
behavior, the softening constitutive relationship must be derived from the fracture
parameters, namely, the tensile strength, thewidth of the fracture process zone (lb), the
mode I fracture energy (G f ), and the shape of the softening diagram. The area under
the post-cracking tensile stress-strain curve (g f ) can be defined from the following
equation, proposed by Barros et al. [18]:

g f = G f

lb
(10)

where lb can be taken as approximately three times the maximum aggregate size, as
proposed by Bazant and Oh [20], for plain concrete [18]. By ignoring the effect of
strain rate on lb, the DIF of the area under the tensile stress-strain curve was assumed
to be the same as DIF of the fracture energy (Fig. 3).

DI FG = DI Fg f = Ad

As

= 0.5 f ′
td × (ξ − 1)εcr,d[

0.5 f ′
ts εcr (α + 1)(p1 − 1)

] + [
0.5 f ′

ts εcr × α(p2 − p1)
] (11)

where Ad and As are the area under the dynamic and static post-cracking tensile
stress-strain curve, respectively (Fig. 3). In Eq. (11) εcr and εcr,d are the strain at
concrete crack initiation in static and dynamic loading conditions, respectively, α,
p1 and p2 are coefficients defining the bilinear configuration of the constitutive law.

Fig. 3 Moment-curvature relationship
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For defining the tensile behavior of SFRC under impact load, it should be considered
that the fracture mechanism of steel fibers in SFRC composite material is different in
the various rate of loading. For example, for hooked end fibers, by increasing the rate
of loading the mechanism of steel fibers changes from pull-out to rupture resulting
in post-cracking the slope of the tensile stress-strain curve SFRC increases. In high
strain rate loading, hooked end steel fibers mostly fail by tensile rupture, while under
static loading the fibers are pulled out, enhancing the maximum deflection of SFRC
under tensile and bending tests. In this regard, the tensile stress-strain curve of SFRC
under impact load can be simplified by two linear branches, as shown Fig. 3. The
linear behavior up to the peak point can be defined by Eqs. (5) and (6), and the post-
peak behavior, can be obtained by Eqs. (8) to (11) considering the effect of strain
rate on fracture energy of SFRC. By adopting the model proposed by Barros et al.
[18] for the tensile behavior of SFRC under static loading and the model suggested
by Malver and Ross [19] for the effect of strain rate on the tensile strength of SFRC
materials, ξ can be calculated by Eqs. (8) to (11).

In general, the nonlinear analysis of beams can be conducted with the moment-
curvature relationship based on the layered-section approach. In the present study, to
determine the moment-curvature relationship of a cross-section, the sectional anal-
ysis software DOCROS has been used [21]. The compressive and tensile stress-strain
relations of SFRC have been modified for dynamic loading, and they are utilized as
a material model in DOCROS. Figure 3 presents a schematic representation of the
moment-curvature relationship of a SFRC beam’s section, including the cracking,
post-peak, and ultimate state. The moment-curvature diagram can be simplified to
a trilinear curve that the area under the moment-curvature curve remains constant.
For achieving the force-deflection diagram of the SFRC beam under impact load, the
moment distribution on the beam must be calculated considering the effect of inertia
force. Because the inertia force along the beam changes the moment distribution.
The moment distribution can be obtained using the ratio of inertia force to total force
(Fig. 2). The ratio of inertia force to total force (β) was defined because analyzing
the beam under impact load is completely different from analyzing the beam under
static load. In the Eq. (12), the inertia force (Pi ) is obtained by Eq. (1) and β is a
function of Pb. Thus, Pb could be achieved through a try and error process. M(x) is
the moment distribution along the beam and is the total force that in

β = Pi
Pt

= Pi
Pi + Pb

; M(x) =
(
2

3
β

)(
F

l2

)
x3 +

(
1 − β

2

)
.F.x (12)

where F is the total force that is increasing smoothly from zero up to peak value and
then decreases up to zero at the ultimate deflection. By considering the peak moment
(Mpeak), the peak force (Fpeak) in the midspan (x = l

/
2) can be obtained (Fig. 4).

The post-peak force (Fs) can be obtained by the same approach considering the Ms

instead of Mpeak . Using the conjugate beammethod, the curvature can be considered
as a load (Fig. 5). In this condition, the moment of every point of the conjugate beam
is equal to the deflection of the main beam. There are three necessary points to draw
the force-deflection diagram; (a) peak point (δpeak , Fpeak); (b) post-peak point (δs ,
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Fig. 4 Conjugate beam method

Fig. 5 Defining the assumed
moments,F ′

s and F ′
u

Fs); and (c) ultimate point (δu , 0). As was mentioned, the force values of these three
points can be calculated by Eq. (12). The peak deflection (δpeak) can be achieved
by Eq. (15). For calculating the post-peak deflection (δs) and ultimate deflection
(δu) firstly two hypothetical moments (M ′

s and M ′
u) are defined. These moments are

equivalent curvatures φs and φu in linear and rigid behavior of the beam (Fig. 6). Two
equivalent forces (F ′

s and F ′
u) can be defined by Eq. (12) based on the moment of M ′

s
and M ′

u . Accordingly, the post-peak deflection (δs) and ultimate deflection (δu) are
calculated by using the Eq. (16).

φ(x) = M(x).

(
φpeak

Mpeak

)
(13)
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Fig. 6 Force-deflection diagram of SFRC

R′ = 1

2

l∫
0

M(x).

(
φpeak

Mpeak

)
dx = (

Fl2
)(3 − β

24

)(
φpeak

Mpeak

)
(14)

δpeak = (10 − β)

240
× l × φpeak

Mpeak
× Fpeak l

2 (15)

δs = (10 − β)

240
× l × φpeak

Mpeak
× F ′

s l
2; and

δu = (10 − β)

240
× l × φpeak

Mpeak
× F ′

u l
2 (16)

In Eq. (13), φ(x) is the distribution curvature along the beam. Finally, based on
the previously calculated moment-curvature diagram, the force-deflection diagram
of the beam under dynamic loading is finalized, as shown in Fig. 7.

The following equation provides the area under the F − δ diagram, which
represents the energy dissipation capacity of the SFRC beam under impact loading.

δu∫
0

F(δ) dδ =
[
Fpeak . δpeak

2

]
+

[(
Fpeak + Fs

)(
δs − δpeak

)
2

]
+

[
Fs .(δu − δs)

2

]

(17)

where Fpeak , δpeak , Fs , δs , and δu are the peak force, deflection at peak force, post-peak
force, deflection at post-peak force, and ultimate deflection, respectively.
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Fig. 7 Schematic shape of the beam under impact load

2.2 Maximum Reaction Force

The energy balance equation can be written for the SFRC beam under the dropping
down of the impactor. It should be noted that the complete fracture may happen in the
SFRC beam under impact loading. In this condition, extra kinetic energy of impactor
after passing the beam releases to the test setup frame. Consequently, for each SFRC
beam, critical initial kinetic energy (Ek,cr ) can be defined as the maximum initial
kinetic energy that the beam can dissipate. In other words, the critical initial kinetic
energy is the minimum energy to fracture the SFRC beam completely. The critical
initial kinetic energy can be calculated using the energy balance equation:

Ek,cr +U = Ecap. (18)

Ek,cr = Ecap. −U =
δu∫
0

F(δ)dδ − (
m + m ′)gδu (19)

where U is the potential energy of the beam caused by deflection (Fig. 8), and Ecap.

is the energy dissipation capacity of the beam. In Eq. (19) g,m ′ andm are the gravity
acceleration, the mass of impactor and the mass of the beam, respectively (Fig. 8).
The energy balance equation, can be written for each value of initial kinetic energy:

Ek,1 +U = Ec → 1

2
m ′V 2

1 + (
m + m ′)gδmax

=
δmax∫
0

F(δ)dδ; Ek,1 ≤ Ek,cr (20)

Ek,1 +U =Ecap. + Ek,2 → 1

2
m ′V 2

1 + (
m + m ′)gδu
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Fig. 8 The maximum response of beam

=
δu∫
0

F(δ)dδ + 1

2
m ′V 2

2 ; Ek,1 > Ek,cr (21)

where Ek,1 is the initial kinetic energy that impactor applies to the beam at V1 initial
velocity, V1 = √

2gH (H is the distance of the impactor to the beam’s surface of
impact). If the beam after impact loading does not fail, the initial energy is completely
dissipated by the beam, being applicable Eq. (20). However, if the beam fails and
separates into two segments, the difference between the initial kinetic energy and
the energy dissipation capacity of the beam releases to test set up frame. In this case,
the extra energy is considered as the second kinetic energy. In this condition, the
velocity of the impactor is V2. Consequently, there are generally two conditions: (a)
the initial kinetic energy is more than the critical kinetic energy (Pb = Fpeak − Pi )
and (b) the initial kinetic energy is less than the critical kinetic energy, Eq. (22). If
the initial kinetic energy is less than the critical kinetic energy, the maximum total
force depends on the maximum deflection that can be obtained by Eqs. (20) and (21).
Clearly, due to the softening behavior of SFRC composite after the peak force, after
the peak deflection, the maximum force that the beam has experienced is equal to
the peak force (Fig. 9). Thus, the maximum force can be calculated by Eq. (22).

Pb =
{
F(δmax ) − Pi , δmax < δpeak

Fpeak − Pi , δmax ≥ δpeak
(22)
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Fig. 9 Comparison of the methods C and B

3 Assessment of the Proposed Method

To validate the proposed method for predicting the peak response of SFRC beams
under impact loading, a database of 189 SFRC beams tested under drop-weight
impact at midspan is collected from other studies in the literature [6–12]. All the
specimens considered in this study are simply supported SFRC beams with rectan-
gular cross-section, and the impactors have two types of nose shape: spherical and
flat impact surface.

Method C (considering the proposedmodel for tensile post-peak behavior (Fig. 3)
and the model proposed by Malver and Ross [19] for calculating the effect of strain
rate on the tensile strength) was selected to determine the force-deflections curve of
SFRC beam under impact loading. For understanding the effect of DIF formulation
on the force-deflection diagram, the Method B (considering the proposed model
for tensile post-peak behavior (Fig. 3) and the model proposed by fib Model Code
[17] for calculating the effect of strain rate on the tensile strength) was selected.
Moreover, for evaluating the effect of the tensile post-peak behavior of SFRC on
the force-deflection curve, Method A (using the equation of Barros et al. [18] for
post-peak behavior (Table 1) and the model proposed by Malver and Ross [19] for
calculating the effect of strain rate on the tensile strength) was also performed. Thus,
three methodologies were selected to evaluate the force-deflection diagrams (Figs. 9
and 10).
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Fig. 10 Comparison of the methods C and A

Generally, the analytical results of all methods underestimated the experimental
results. However, by considering the suggested approach (Method C) for predicting
the maximum impact force of the SFRC beam on the simple supports, the tensile
behavior of SFRC is updated based on different strain rates (Eqs. (6) and (11)). In
this condition, the results have shown much higher accuracy than the Methods A
and B (Figs. 9 and 10). As can be seen in the present paper, based on the proposed
approach, the minimum energy for the failure of the SFRC beam can be estimated
by the properties and the geometry of material, Eqs. (20) and (21). There are several
methods for evaluating the accuracy of the model to predict the reaction force of the
SFRC beam under impact loading. In the present study, the mean absolute deviation
(MAD) and mean absolute percentage error (MAPE) have been used.

MAD =

N∑
1

|prei − expi |
N

, and

MAPE = 1

N

N∑
1

∣∣∣∣ prei − expi
expi

∣∣∣∣ × 100 (23)

where pre is the model predictions, exp is the experimental results, and N is the
total number of specimens. The value of MAD and MAPE for the proposed model
(Method C) are 23. 52 and 41.69 respectively while for the Method A are 40.99 and
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52.82 and for Method B are 38.18 and 50.44 respectively. Obviously, by increasing
the number of data, the precision of the model may be enhanced. It can be seen that
method C can predict the results more precisely.

4 Conclusion

In the current study, the impact response of steel fiber reinforced concrete (SFRC)
beams has been analytically investigated and a new approach for predicting reaction
force of simply supported SFRC beams under impact loading (drop weight test) has
been proposed. Based on the work carried out, the conclusions are:

(1) The proposed method consider the effect of strain rate on the tensile strength
and also the post-peak behavior of SFRC. Moreover, this model can be used
for a wide range of impact weight and velocity, geometry of beam, and volume
fraction of steel fiber.

(2) A comparison with 189 experimental tests has shown that the proposedmethod
is able to estimate the reaction forces of SFRC beams under impact loading.
The reaction force is shown to be slightly underestimated.

(3) Based on the existed experimental tests, the results have shown the proposed
method can predict the experimental results more precisely and realistic than
the other method that consider the static function for the impact loading.
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Microstructural and Chemical Effects
of Accelerated Carbonation
of High-Volume Fly Ash Binders in View
of Carbon Sequestration

Philip Van den Heede and Nele De Belie

Abstract According to the Intergovernmental Panel on Climate Change (IPCC),
global climate change induced temperature rise should remain below 1.5 °C by 2100
to guarantee the livability of our planet. This can only be achieved by immediate
action by all sectors, including the cement and concrete industry. Carbonation of
cementitious materials in presence of atmospheric CO2 can on the one hand hamper
the durability when used in steel-reinforced applications prone to corrosion. On the
other hand, the binding of CO2 through carbonation in non-steel reinforced applica-
tions could actually be of interest. When considering the worldwide application of
cement-boundmaterials in construction alongwith their CO2 sequestration potential,
CO2 emissions inherent to Portland cement production can partly be compensated
for. Obviously, for such CO2 uptake estimations to be reliable, a thorough under-
standing of the carbonation behavior is imperative. In this paper, this was studied for
high-volume fly ash (HVFA) binder systems with a low production related carbon
footprint. HVFAmortar was subjected to accelerated carbonation experiments at 1%
and 10% CO2. Carbonation-induced changes in microstructure were assessed using
mercury intrusion porosimetry (MIP) while the changes in proportioning of CH and
C–S–H carbonation reaction products were measured with thermogravimetric anal-
ysis (TGA). A carbonation-induced coarsening of the pore structure was observed
which is more pronounced at 10% CO2 levels and attributable to more dominant
C–S–H carbonation. Also the calcium carbonate content in the carbonated zone
tends to significantly increase with the applied CO2%.
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1 Introduction

Recent reports by the Intergovernmental Panel on Climate Change (IPCC) indicate
that CO2 emissions should be reduced as much as needed to keep global tempera-
ture increase relative to pre-industrial levels below 1.5 °C by 2100. This is required
for Earth to remain livable. Therefore, global net CO2 emissions need to decline by
about 45% from 2010 levels, reaching net zero around 2050 [1]. The cement industry,
accountable for no less than 8% of the global anthropogenic CO2 emissions [2], is
thus being encouraged strongly to cut down on its carbon footprint. This can be
done by shifting more to binders with considerable portions of carbon-intensive
Portland clinker replaced by supplementary cementitious materials (SCMs). On the
one hand this will often result in concrete that is more susceptible to carbonation-
induced corrosion of embedded reinforcing steel. On the other hand, the reduced
CO2 buffering capacity of these binders may diminish the considerable CO2 seques-
tration potential during the use and end-of-life phase. As calculated by Xi et al. [3],
the global carbon uptake between 1930 and 2013 through cement carbonation during
service life and after demolition and secondary use of concrete waste represents a
large and growing net sink of CO2, growing from 0.10 GtCarbon yr−1 in 1998 to
0.25 GtCarbon yr−1 in 2013. The study shows that besides focusing on the CO2

emissions in the production stage of cement-bound materials, also their CO2 seques-
tration potential should be addressed. However, Van den Heede and De Belie further
investigated this for binder systems with a high SCM content, i.e. High-Volume Fly
Ash (HVFA) binders in which 50% of the carbon intensive ordinary Portland cement
(OPC) content was replaced by pozzolanic fly ash from coal-fired electrical power
plants. They found that for these types of binders the CO2 sequestration potential
as estimated from accelerated carbonation tests may be significantly higher than the
natural one at atmospheric CO2 concentration [4]. This can probably be attributed
to differences in carbonated phase proportioning (%CH carbonation versus %C–S–
H carbonation) and the resulting response of the microstructure. These aspects have
been studied in this paper via comparativeMercury Intrusion Porosimetry (MIP) and
thermogravimetric analysis (TGA) experiments on HVFA mortar that was carbon-
ated in a slightly accelerated way at 1% CO2 and in a highly accelerated way at 10%
CO2.

2 Materials and Methods

2.1 Mix Proportions

All tests were performed on HVFAmortar. The proportioning of the sand and binder
for one batch of mortar was the same as for the standard mortar specified in NBN EN
196–1 and amounted to 1350 g and 450 g, respectively. The binder portion consisted
for 50% of Ordinary Portland Cement CEM I 52.5 N and for 50% of class F fly
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ash. The applied water-to-binder (W/B) ratio equaled 0.55, which is higher than the
0.50 value which is normally prescribed for a standard mortar but in agreement with
the NBN EN 206–1 maximum W/B requirements for exposure class XC3. A high
cement replacement level was used tomake sure therewas less carbonatablematerial,
i.e. portlandite, available. This ensures a lower buffer capacity for the penetrating
CO2 and thus a faster inward movement of the carbonation front [5]. A W/B ratio of
0.55 facilitated a higher porosity, and thus also a faster ingress of CO2.

2.2 Sample Preparation, Preconditioning and Carbonation
Tests

HVFA mortar cubes with a 100 mm side were cast. Next, they were stored in a
curing chamber conditioned at 20 °C and 95% RH. Demolding took place after 24 h
whereupon the cubic samples were stored again in the same curing chamber until
the age of 7 days. Then, they were dried in an oven at 40 °C for 4 days to ensure a
uniform moisture distribution. Subsequently, they were carefully sealed on all sides
except for one exposure side. In this condition, they remained in a climate room at
20 °C and 60%RH for 3 days. At this point, all specimens were ready to be subjected
to the envisaged carbonation experiments: a slightly accelerated carbonation test at
1% CO2 and a highly accelerated carbonation test at 10% CO2. For both carbonation
experiments, temperature and relative humidity amounted to 20° C and 60% RH
during exposure. The total exposure period amounted to 9 weeks.

2.3 Sample Collection and Preparation for MIP and TGA

When reaching the full carbonation exposure period, one cube per test series was
split and the carbonation front was visualized with phenolphthalein (colorless area:
carbonated; purple area: non-carbonated; cf. carbonation-induced pHdrop). From the
central area of each split cube half a 15 mmwide slice was taken containing both the
carbonated anduncarbonated zone of the sample.Where possible the carbonated zone
was subdivided into multiple layers to further explore carbonation induced changes
in microstructure as a function of carbonation depth. This resulted in two carbonated
layers for the sample exposed to 1% CO2 for 9 weeks and 4 carbonated layers for
the sample exposed to 10% CO2 for 9 weeks. For each cube half a sample was also
taken from the non-carbonated area. Each slice was cut in multiple pieces with a
thickness of around 6–7 mm. The obtained prismatic pieces were preconditioned
as follows. In accordance with Durdzinski et al. [6], the slices were immersed in
isopropanol for 7 days to stop hydration by solvent exchange. Afterwards, they were
stored in vacuum desiccators at−1.0 bar for 7 days to remove the isopropanol. Next,
the samples were kept in vacuum sealed plastic bags until the time of MIP and TGA.
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2.4 Mercury Intrusion Porosimetry (MIP)

Overall porosity and average pore diameter were determined using a PASCAL 140+
440 Series MIP apparatus of Thermo Fischer Scientific and the software application
SOL.I.D. The mercury pressure range considered during testing equaled 200 kPa–
200MPa. The pore size range of interest ranged from0.01 to 10µm.This corresponds
with the capillary pore system [7]. Per exposure condition and available depth from
the exposure surface two replicates were tested.

2.5 Thermogravimetric Analysis (TGA)

Per exposure condition and available depth from the exposure surface three samples
were mechanically crushed until all material could pass a sieve with a 63 µm mesh
size. Powder samples were collected from them and subjected to TGA. For each
analysis around 50 mg was heated from 20 °C to 1100 °C at a rate of 10 °C/min
under an inert atmosphere (nitrogen). The mass change as a function of temperature
was recorded with a Netzsch Sta 449 F3 Jupiter TGA apparatus. The results of the
TGA measurements were analyzed in the Proteus software provided by Netzsch. To
enable adequate comparison between the three carbonation conditions under investi-
gation, the recordedmass losses during TGAwere expressed in%m/m relative to the
residual mass of the powdery sample at 1100 °C whereupon everything was recalcu-
lated relative to the binder portion of this residualmass. Also note that themass losses
recorded during TGA were always corrected for the concurrent dehydration of other
hydrated compounds. This was done in accordance with Baert [8]. For the determina-
tion of the calciumcarbonate (CC) content for each studied carbonation condition, the
same calculation approach of determining the total carbonation-induced CC content
and the proportioning of %CH carbonation to %C–S–H carbonation was used as in
Van den Heede et al. [9]. The latter calculation approach is very similar to the one
proposed by Borges et al. [10].

3 Results and Discussion

3.1 Overall Porosity and Average Pore Diameter

With respect to the porosity that corresponds with the capillary pore size range
(0.01 µm < pore diameter < 10 µm) the most obvious differences can be observed
between the carbonated and non-carbonated layers (Fig. 1a).

For each considered CO2 concentration during exposure (1% and 10% CO2) the
non-carbonated layer (1%N: 16.4 ± 0.6%, 10%N: 16.3 ± 0.1%) is always charac-
terized by a lower porosity than the carbonated layers (1%L1: 18.1± 0.4%, 10%L1:
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Fig. 1 Porosity (a) and average pore diameter (Av. pore diam.) (b) as determined with MIP

19.0 ± 0.6%). Literature usually speaks of a densification of the pore structure due
to carbonation, yet mainly with respect to OPC binder systems. CH carbonation
has the upper hand in such systems. The volumetric increase that goes with it tends
to partially fill the pore system. For binder systems that contain high volumes of
SCMs, the limited availability of CH leads to more carbonation of the C–S–H instead
which tends to coarsen the pore structure [10]. The HVFAmortar under investigation
belongs to the latter group. Thus, it seems quite logical that the carbonated layers
are characterized by a higher porosity than the corresponding non-carbonated area.
When looking at the sample series with more than one carbonated layer available,
the porosity also seems to decrease as a function of carbonation depth. Compar-
ison of the results obtained at 1% and 10% CO2 reveals for the outer carbonated
layer an increase in porosity from 18.1 ± 0.4% (1%L1) to 19.0 ± 0.6% (10%L1).
When looking at corresponding layers L2, one notices an increase from 16.4± 0.6%
(1%L2) to 18.5 ± 0.1% (1%L2).

Apart from inspecting overall porosity, one can also look at the average pore
diameters calculated by the SOL.I.D. software for the same capillary pore size range
(Fig. 1b). This analysis could reveal whether a shift in governing pore size range
occurs that is dependent on the applied CO2 concentration. In line with the porosity
results, the average pore diameters (34–36 nm) for the samples taken from the non-
carbonated region of the cubic specimens after carbonation at 1% and 10% CO2, are
substantially lower than thevalues recorded for the samples taken from the carbonated
region. For the layers carbonated at 1% CO2 (1%L1, 1%L2) and 10% CO2 (10%L1,
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10%L2, 10%L3, 10%L4), the average pore diameters clearly decrease as a function
of carbonation depth. For 1% CO2, the average diameters drop from 60 (1%L1) to
48 nm (1%L2). For 10% CO2, the corresponding values drop from 67 (10%L1) to
42 nm (10%L4). The average pore diameters for corresponding carbonated layers
(e.g. L1) tend to increase with the applied CO2 concentration from 60 for 1% CO2,
to 67 nm for 10% CO2. In other words, carbonation at elevated CO2 concentrations
results in a coarsening of the pore structure for the capillary pore range.

3.2 Calcium Carbonate Content and CH to C–S–H
Carbonation Proportioning

The recorded CC contents with TGA show that for corresponding layers (e.g. L1)
and the same sample age there is an obvious increase with the imposed CO2 concen-
tration (Fig. 2a: 1%L1: 32%, 10%L1: 38%). This dependency on the applied CO2

concentration also follows from the comparison between 1%L2 and 10%L2. The
TGA results do not suggest a dependency on the carbonation depth. When going
from L1 to L2 one can observe an increase in total CC content after being carbonated
at 1% and 10% CO2. At higher carbonation depths it then tends to decrease again
for 10% CO2.

31
,9

34
,7

37
,5

39
,9

37
,4

36
,1

0

20

40

60

80

100

1%L1 1%L2 10%L1 10%L2 10%L3 10%L4

C
C

 (g
/1

00
 g

 b
in

de
r)

(a)

19
,4

18
,9

14
,8

14
,0

14
,9

15
,4

80
,6

81
,1

85
,2

86
,0

85
,1

84
,6

0

20

40

60

80

100

1%L1 1%L2 10%L1 10%L2 10%L3 10%L4

C
H

/C
-S

-H
 c

ar
b.

 (%
) 

(b)

Fig. 2 Calcium carbonate (CC) content (a) and CH to C–S–H carbonation proportioning (CH/C–
S–H carb.: light grey/dark grey) (b) after CO2 exposure as determined with TGA
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When comparing the calculated proportioning of%CH carbonation and%C–S–H
carbonation for corresponding layers with the same sample age (Fig. 2b), one notices
a decrease in % of carbonated CH with increasing CO2 concentration. For the first
layer containing the exposure surface, the %CH carbonation goes from 19.4± 0.5%
at 1% CO2 (1%L1) to 14.8 ± 0.3% at 10% CO2 (10%L1). A similar decreasing
trend is also observed for the corresponding layers L2 after carbonation at 1% CO2

(1%L2) and 10% CO2 (10%L2). From comparison of the values obtained for the 4
subsequent layers carbonated at 10% CO2, the proportioning of %CH carbonation
and%C–S–Hcarbonation does not seem to be a clear function of the considered depth
from the exposure surface. This also seems to be the case for carbonation at 1% CO2.
Subsequent layers L1 and L2 are characterized by a very similar proportioning of
%CH carbonation and %C–S–H carbonation.

4 Conclusions

The use of highly accelerated carbonation experiments at elevated CO2 levels to esti-
mate theCO2 sequestration potential ofHVFAbinders systemsmay induce important
changes in the microstructure and carbonated phase. Going from slightly accelerated
carbonation at 1% CO2 to highly accelerated carbonation tests at 10% CO2 causes
clear changes. MIP experiments showed a coarsening of the pore structure involving
a larger overall porosity and a shift towards larger average pore diameters. TGA
experiments seem to indicate that this is to be attributed to an increase in %C–S–H
carbonation at the expense of %CH carbonation.
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Durability of Slag-Blended Cementitious
Materials Interacts with High
Concentration of Sodium Sulphate

Yogarajah Elakneswaran, Chuang Li, Tomohiro Kajio, Eiji Owaki,
Masataka Ogino, and Toyoharu Nawa

Abstract The low-level waste generated from boiling water reactor (BWR) power
plant consists of very high concentration of sodium sulphate, higher than 25 mass%
of Na2SO4. These liquid wastes are solidified with cementitious materials at elevated
temperature. A critical concern of highly concentrated sodium sulphate nuclearwaste
with co-hydrating of cementitious materials is the degradation of the materials by
chemical interaction of sulphate with cement hydrates and crystallisation of sodium
sulphate as well as the deterioration due to external sulphate attack. Sulphate ions
cause a serious chemical deterioration to cement matrix through either forming
expansive products of ettringite and gypsum or sodium sulphate crystallization. In
addition, a very high concentration of sodium sulphate solution could induce to form
U-phase [(CaO)4(Al2O3)0.9(SO3)1.1(Na2O)0.5:16H2O] and this may cause deterio-
ration to cement matrix. A potential variation of the physicochemical properties of
the materials because of internal and external sulphate interaction is the important
factor to maintain the performance over the time scale required. The purpose of this
study is to investigate the degradation of hydrated Portland cement and slag-blended
cementitious materials, where the cement is replaced by 42% hydrated with 13%
of Na2SO4 by weight, in sodium and magnesium sulphate solutions. The hydrated
samples having diameter between 2.38 and 4.75mmwere immersed in 1300mmol/L
Na2SO4 and MgSO4 for 28 days and phase changes as a result of sulphate inter-
action were investigated. In addition, the hydrated samples exposed to water and
1300 mmol/L of Na2SO4 and MgSO4 for 6 months and spatial mineralogical distri-
bution due to sulphate ingress from the external source or from the pore solution was
determined. The results of shows a significant formation of ettringite due to sulphate
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ingress and U-phase instability. The type of exposure solution and the replacement
of slag influence the dissolution of U-phase and consequent formation of ettringite
causes severe degradation.

Keywords Sulphate attack · Leaching · U-phase · Hydration

1 Introduction

Cementitious materials play an important role in solidifying low- or intermediate-
level nuclear waste repositories mainly because it can act as barrier for transport
of radioactive waste from repositories to external environment [1–3]. The liquid
radioactivewaste is evaporated before solidifyingwith cementitiousmaterials, which
induces to formhigh concentration of salts such as sodiumsulphate in thewaste [4]. In
addition, sulfuric acid has been used to remove the precipitates formed in the cooling
pipes, leading to form very high concentration of sodium sulphate higher than 25%
by weight in the low-level radioactive waste [5]. Solidification of high content of
sodium sulphate into the cementitious materials may deteriorate the material and the
nuclear waste repository facilities. Therefore, physicochemical interaction of high
concentration of sodium sulphate with hydrating cementitious materials is necessary
to propose a suitable material for the solidification.

Internal or external sulphate attack is a serious durability problem for the cemen-
titious materials exposed to sulphate environments. Many studies have reported the
physical and chemical sulphate attack in cementitious materials, but the associ-
ated mechanisms and influencing parameters are incomplete [1–3]. Elakneswaran
et al., has recently performed modelling study to evaluate the long-term performance
of cementitious materials under sodium sulphate interaction [6]. The interaction
of sulphate with cement hydrates form expansive products of ettringite, gypsum,
and thaumasite [1]. In addition, the sodium sulphate crystals such as mirabilite
(Na2SO4:10H2O) and thenardite (Na2SO4) or their phase changes (mirabilite to
thenardite or vice versa) can cause the deterioration [2]. The reaction of cement
hydrates with high concentration of sodium sulphate induces in the formation of U-
phase [(CaO)4(Al2O3)0.9(SO3)1.1(Na2O)0.5:16H2O [7–10]. The stability of U-phase
and its conversion to ettringite have not fully understood because of limited studies.
Authors’ recent research has studied the thermodynamic properties of U-phase and
its stability in various environments [10–12]. The objective of this study is to anal-
ysis the hydration of white Portland cement (WPC) and slag-blended cement (42%
of cement replacement) in sodium sulphate solution as well as their deterioration in
sodium and magnesium sulphate solution.
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2 Experimental

White Portland cement and blast furnace slag were used for experiments. WPC
and slag-blended WPC (42% of slag replacement) were mixed with 13% of Na2SO4

solution with water to binder ratio of 0.6 to determine the amount of hydrates formed
as a function of curing period. After the curing, the specimens were grinded to
fine powders and analysed by X-ray diffraction (XRD). In the Rietveld analysis,
clinkers, ettringite, monosulphate, portlandite, calcite, hydrotalcite, and thenardite
were used as targets. The known amount of synthesised U-phase was mixed with
the hydrated WPC and XRD patterns were obtained to draw the calibration curve
for the intensity of U-phase. The amount of U-phase in hydrates was calculated by
the ratio of intensity of XRD pattern. The specimens were crushed and sieved to
provide samples of diameter between 2.38 and 4.75 mm. Around 25 g of the sample
was immersed into known sulphate concentration of 500 mL solution for a period
of 3, 7, and 28 days. The adopted sulphate solutions were 1300 mmol/L of Na2SO4

and MgSO4. Once the specified exposure period was completed, the samples were
ground, and the powders were used for XRD and Rietveld analysis to determine the
phases and its composition.

The summary of sample preparation and exposure conditions for external sulphate
ingress experiment are given in Table 1. The cylindrical specimens after the curing
were sealed with epoxy resin except the bottom of circular surface which will
face to exposure solution. The sealed specimens were exposed to pure water and
1300 mmol/L of Na2SO4 and MgSO4 solution for 6 months (Table 1). The epoxy
resin of the specimen was removed after the exposure period, and the specimen was
ground using file from the exposure surface in 2 mm depth. The collected powder
was used for XRD measurement to determine mineralogical composition.

Table 1 Experimental
outline

Cement WPC

Slag replacement ratio (%) 0, 42

Mixing solution 13% Na2SO4 solution

Water to binder 0.6

Curing condition Sealed curing for 28 days at
50 °C

Exposure solution • Pure water

• 1300 mmol/L Na2SO4

• 1300 mmol/L MgSO4

Exposure period 6 months

Exposure solution to solid
ratio

3:1
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3 Results and Discussion

3.1 Solid Products of Slag-Blended Cement Hydrating
in Na2SO4 Solution

The XRD/Rietveld analysis was used to characterise the hydration products formed,
and the results are shown in Fig. 1 as a function of hydration time. The presence
of Na2SO4 in the solution could influence the hydration of clinker minerals and the
reaction of slag. In addition to the main hydration products of C–S–H, portlandite,
and ettringite, U-phase and thenardite were formed for the hydration of slag-blended
cement hydrated with high concentration of sodium sulphate, but the formation of
monosulphate could not observe. Although the types of hydration products are the
same in both hydrating WPC and slag-blended WPC, the reaction of slag modifies

Fig. 1 Phase distribution of hydrating, a WPC; b slag-blended WPC, in 13% of Na2SO4 solution
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its amount. The formation of U-phase in highly concentrated Na2SO4 environments
consistent with previous studies [7–9], but it co-exists with ettringite which contra-
dicts the previous studies’ results. The hydration of cement and a partial replacement
of cement by slag enhance the U-phase formation at later age.

3.2 Effect of Sulphate Solution on the Stability of Hydration
Products

Figure 2 shows the change of phases in the hydrated WPC, which was hydrated in
13% of Na2SO4 solution for 28 days, exposed to sulphate solution for a period of 3,
7, and 28 days. The stability of U-phase and its conversion to ettringite depend on the
type of solution. Magnesium sulphate solution converts the U-phase at early age, but
the Na2SO4 gradually changing the U-phase to ettringite and consumes longer period
for the transformation; the U-phase is completely changed to ettringite at 28 days of
exposure. As observed in the hydration (Fig. 1), both U-phase and ettringite are exist
together in the sodium sulphate solution before the U-phase converted to ettringite at
28 days. Further, the sulphate solution induces portlandite dissolution and correlates
with gypsum formation. Magnesium sulphate solution significantly influences the
portlandite dissolution and gypsum formation and destabilizes the amorphous as
well. The dissolved portlandite leads to form brucite when the samples exposed to
magnesium sulphate solution.

The results of slag-blended exposed to 1300 mmol/L Na2SO4 and MgSO4 are
shown in Fig. 3. The addition of slag affects amounts of phases present in the hydrated
samples before it exposed to sulphate solution: lower portlandite and higher U-
phase compared to hydrated WPC. Although the phase-changes of slag-blended
cement exposed to sulphate solution is similar toWPC, the initial amount of hydrates
due to the slag reaction affect the behaviour. Again, as observed in WPC, U-phase
dissolution and ettringite formation relate to type of the sulphate solution.Magnesium
sulphate solution causes severe degradation, but it limits brucite formation due to
lower amount of initial portlandite in the hydrated slag-blended cement. Based on
the results, it can be inferred that the U-phase is not stable in sodium or magnesium
sulphate solution up to 1300 mmol/L.

3.3 Degradation Due to External Sulphate Ingress

The hydrated WPC and slag-blendedWPC, which were hydrated in 13% of Na2SO4

solution for 28 days, immersed in water and sulphate solution for 6 months. The
quantified solid phase changes as a function of depth in terms of weight percentage
is shown in Fig. 4, and the visual image of exposed surface is shown in Fig. 5. The
deterioration for WPC exposed to sodium sulphate is very severe and the results
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Fig. 2 Change of hydration products in hydrated WPC exposed to a 1300 mmol/L Na2SO4;
b 1300 mmol/L MgSO4

are plotted until 18 mm while other results are shown up to 9 mm. The distribution
of ettringite, portlandite, clinker, gypsum, and gypsum are plotted in the figure.
The replacement of WPC by slag modifies the mineralogy of hydration products as
well as their amount during the hydration reaction with sodium sulphate solution.
The dissolution of portlandite was observed close to the exposure surface and it is
disappeared at the surface of slag-blended case as the initial content of the phase is
much lower than WPC. The dissolution of portlandite induces to form gypsum for
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Fig. 3 Change of hydration products in slag-blended WPC exposed to a 1300 mmol/L Na2SO4;
b 1300 mmol/L MgSO4

the samples exposed only to magnesium sulphate solution. As expected, the clinker
miners do not affect by the ingress of sulphate.

The U-phase is not stable as the hydrated paste exposed to water or sulphate
solution; it dissolves and transforms to ettringite during the exposure. In WPC, it
is completely dissolved as a result of exposure for 6 months. The type of exposure
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Fig. 4 Spatial distribution of solid phases deduced by XRD/Rietveld analysis in WPC and slag-
blended WPC exposed to water, 1300 mmol/L Na2SO4, and 1300 mmol/L MgSO4 water for
6 months

solution significantly influences the U-phase dissolution and thus ettringite forma-
tion. The samples immersed in water show higher instability of U-phase than that
exposed to sulphate solution. The diffusion of ions from pore solution to external
solution causes the instability of U-phase as it is in equilibrium at very high sodium
and sulphate solution [7–10]. The surface of hydrated WPC exposed to water shows
cracks in Fig. 5, which validates U-phase to ettringite transformation. The ettringite
formation due to external sulphate ingress and destabilisation of U-phase influence
the deterioration of WPC and the quantity of ettringite determines the severity of
the damage (Fig. 5). Although brucite did not show in Fig. 4, it is precipitated at the
surface as shown in Fig. 5 and acts as barrier for further sulphate ingress. Higher
dissolution of portlandite and lower formation of ettringite in Fig. 4 are the proof of
brucite formation and its role on the surface.
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Fig. 5 Surface appearanceofWPCand slag-blendedWPCexposed towater, 1300mmol/LNa2SO4,
and 1300 mmol/L MgSO4 water for 6 months

The slag-blended WPC shows severe deterioration than WPC for the samples
exposed to sulphate solution. The formation of ettringite in sodium sulphate solution
and gypsum formation inmagnesium sulphate solution cause the deterioration. Initial
of U-phase in slag-blended WPC, which is higher than WPC, contributes to form a
large amount of ettringite. In addition, the slag-blended case has significant amount
of stable U-phase in the core of the sample. Although the surface of slag-blended
cement deteriorates severely, the degradation depth in slag-blended cement is smaller
than WPC for the case of water and sodium sulphate.
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4 Conclusions

Thehydration andperformance ofWPCand slag-blendedWPChydratedwith 13%of
Na2SO4 are evaluated in this study. Based on the experimental results, the following
conclusions were made.

• Both hydrated WPC and slag-blended WPC produce similar hydrates with time,
but the U-phase in slag is higher than that of without slag.

• The U-phase is dissolved and transformed to ettringite as the hydrated cement
exposed to water or sulphate solution. The kind of sulphate solution affects the
stability U-phase and thus ettringite formation.

• When the U-phase containing WPC and slag-blended samples exposed to water
and sulphate solution, the U-phase is fully dissolved and converted to ettringite
in WPC, but not in slag-blended case.

• In both types of cement, ettringite formation due to sulphate reaction with cement
hydrates and/or destabilisation of U-phase is the main deterioration mechanism in
the sample exposed to water and sodium sulphate solution, however the gypsum
formation controls the degradation in the magnesium sulphate case.
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Design for Disassembly of Super-Light
Concrete Structures

Philip S. Halding and Kristian D. Hertz

Abstract Concrete structures are sometimes believed to be less sustainable and diffi-
cult to disassemble properly compared to structures of other materials. However,
when a holistic design approach and novel technology is applied in the design of
concrete structures, they can be more sustainable than other solutions and designed
for disassembly. A novel concrete technique, developed at the Technical Univer-
sity of Denmark, the Super-Light Deck, is one example of this new green gener-
ation of concrete. Pre-stressed deck elements of Super-Light concrete consist of a
combination of light aggregate concrete and normal concrete. The flat decks can be
used individually in buildings as horizontal divisions, or several decks can be joined
together by post-tensioning in an arch shape for use in bridges or in vaulted roofs
(the pearl-chain method). The technology makes it possible to create beamless struc-
tures by having blade joints between deck and support in buildings. Furthermore, an
arch shaped structure consisting of several Super-Light Decks can be joined to the
supporting structure by a designed “end-element” with a behaviour comparable to
a concrete hinge. Both of these solutions are presented in the paper. They are novel
designs, where the disassembly process is taken into account, and it will be possible
to dismantle and reuse the Super-Light Deck elements, at the end of the lifetime of
the structure.

Keywords Arch · Connection · Sustainable · Beamless building · Pearl-chain
method

1 Introduction

Professor Kristian D. Hertz invented and patented the concept of Super-Light Struc-
tures at the Technical University of Denmark a decade ago. The basis of the tech-
nology is to optimize resources by utilizing a normal strong concrete where it is
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required to take compression in a structure, and fill out the remaining space with a
less strong stabilizing light-aggregate concrete. The total structure will then be less
heavy compared to a typical concrete structure, and furthermore, production and
transportation of the super-light concrete structures emits only approximately 1/2 to
2/3 of the CO2 compared to regular concrete structures [1].

The first practical use of the technology was in pre-cast and pre-tensioned deck
elements for buildings—so called SL-Decks [2]. The SL-Deck have been through
a development process in the past years, but it still relies on the combination of a
bottom of light-aggregate concrete (LAC) blocks with normal concrete poured over
to form the top of the deck cross-section, see Fig. 1.

InSL-Decks for buildings, the greener combination of normal- and light-aggregate
concrete has several advantages compared to other deck types:

• It has better acoustical properties due the combination of the two types of concrete.
• It can span longer and be lifted further by crane.
• It has outstanding fire resistance because of the light-aggregate concrete in the

bottom.
• It allows building services to be included.
• It can be flexible in the sense that it e.g. can be curved, cantilevered, made with

blade connections etc.

Especially, the latter is important in regards to being able to dismantle SL-Decks.
The flexibility comes into play when one or more of the light-aggregate concrete
blocks are omitted, and it is possible to put in normal concrete and reinforcement
steel instead. This means that it is possible to e.g. integrate beams inside SL-Decks

Fig. 1 View inside SL-Deck with pre-tensioning strands, transverse mild steel reinforcement and
a duct (optional) for post-tensioning
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Fig. 2 Blade connection of a SL-Deck resting on the side of another SL-Deck

or have blade connections (decks resting on decks without increasing the structural
height), see Fig. 2.

As documented in Hertz [3], the SL-Decks have a fire resistance time of 240 min.
Combined with the beam-less design, they are suitable for establishing horizontal
fire barriers.

Furthermore, several SL-Decks can be joined together by post-tensioning to form
spacious shapes when combined. We call this, the pearl-chain method. It can for
instance be used for arch bridges or vaulted roofs [4–6], see Fig. 3.

For such joined pearl-chain arches, it is necessary to design special end-elements
where the arch structure rest on a foundation. Due to the arch shape, the connection
to the foundation is in compression, and it is possible to utilize this when designing
the end-elements for disassembly.

In the paper, a novel method for assembly (and easy disassembly) of the mass
produces SL-Deck by blade connections are shown. This method can be used to
create longer spans and beamless buildings, which is not possible with other mass
produces pre-cast concrete deck solution like hollow core slabs.

The paper also includes a novel semi-hinged connection solution with simple
disassembly, made of lightweight pre-fabricated element arches. Not only will the
connection detail be easy to dismantle, a study shows that the resistance to rotation
in the “hinge” can be adjusted by the thickness of the mortar joint, and the stiffness
of the mortar.
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Fig. 3 Top: SL-Deck elements and end-elements post-tensioned together in an arch shape. Used for
full-scale load testing. Bottom: first ever constructed bridge based on arches using the pearl-chain
method

2 Beamless Buildings with Super-Light Decks

Normally, larger concrete buildings of pre-fabricated elements consist of decks (often
hollow core slabs) that rest on beams that rest on columns. Both the corbels on the
columns, the beams, and the decks add potentially unwanted height to each story
and everything must be cast together with transverse and longitudinal reinforcement
due to robustness demands. Also, to hide the construction and services, and to have
sufficient acoustic damping, hung down ceilings are put in.

If the beamless alternative is used, columns are joined with a quadratic concrete
platform on which strong massive concrete decks can be attached to form a frame
with the columns. This frame can be designed with enough integrity to withstand
horizontal loads in oneor twodirections corresponding to the requirements for robust-
ness. The sides of the massive concrete decks are prepared for blade connections to
SL-Decks. Such setup is illustrated in Fig. 4, and example calculations verify the
method with a SL-Deck span of 12 m. The blade connections correspond to a simple
support of the SL-Decks, and disassembly of the SL-Decks in this solution is simple.
Since the simple supports of the deck elements are placed a distance from the column
centerlines, this represents an increased span-width of a deck element of between 2.4
and 3.6 m. Also, hung-down ceilings can be avoided, since services can be cast into
the SL-Decks, the quadratic platform and potentially also the columns. The bottom of
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Fig. 4 Beamless building consisting of a frame of platforms, columns and massive concrete decks.
The frame supports SL-Decks by blade connections

the SL-Decks with the exposed light-aggregate concrete provides sufficient acoustic
damping.

2.1 Blade Connection Details

In Fig. 5, one reinforcement solution to the connection detail is shown for use in
buildings with a span of the SL-Decks of 12 m. One row of light-aggregate concrete

Fig. 5 Example of solution in blade connection where SL-Deck rests on a massive deck spanning
in the opposite direction
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blocks are omitted in the SL-Deck, and instead mild steel reinforcement is inserted
to be able to transfer the increased local shear force at the support. In the figure,
pre-tensioning strands are shown as well. SL-Decks with blade connections are cast
in the same molds and together with other SL-Deck elements. The only difference
is the separating cross-mold pieces placed before the normal concrete is cast.

A combined cement and lime mortar can be used on the grooves being poured at
the building site to transfer in-plane shear in the combined deck. This weaker mortar
is much easier to remove when the building is dismantled.

3 End-Elements for Pearl-Chain Arch Structures

The pearl-chain method is to post-tension several concrete elements together like
pearls on a string. When the string is tightened at the end of a row of elements, the
“pearls” will join in an angle, made by the mold piece separating the elements at
the factory, and create a shape depending on the equilibrium in the joint between
each pearl. It is possible to join SL-Decks by this method. A post-tensioning duct is
cast into each plane SL-Deck element and is positioned with a shape corresponding
to the desired curvature of the joined structure. The post-tensioning duct is placed
perpendicular to the inclined end surface of each SL-Deck element. See an example
of such Super-Light pearl-chain construction in Fig. 6.

At the end of a pearl-chain arch, the vertical and horizontal reaction must be
resisted by an adjacent structure, and the connection is done via a specially designed
end-element. The end-element is the link from the arch to the support, but is also
where the large concentrated force from the anchorage of the post-tensioning cable
(that runs through the duct) is resisted. A design proposal for such end-element used
in an arch bridge is seen in Fig. 7. This element has two orthogonal sides that should
fit to two similar orthogonal surfaces on the supporting structure, and the connection
should act as a hinge but with some rotational resistance. The orthogonal connection

Fig. 6 Pearl-chain arch consisting of eight straight elements post-tensioned together. Each element
has a curved duct with the shape of the combined arch
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Fig. 7 Example of end-element geometry and reinforcement solution

is ideal for disassembly, since there is no reinforcement in the connection—only the
mortar.

3.1 Brief Assessment of End-Element Connection Behavior

When a pearl-chain arch is lifted and positioned on the supports, some shims, wedges
or flat jacks are placed between the arch and the supports to ensure that the arch
shape can be adjusted correctly. Subsequently, a mortar is poured in the void, and
the stiffness of the mortar has influence on the rotational resistance of the “hinge”.

Figure 8 shows strain results fromDigital Image Correlation (DIC)measurements
of the end-element joint during load-testing of a full-scale pearl-chain arch. The



56 P. S. Halding and K. D. Hertz

Fig. 8 DIC-measurements position in joint area with mortar between end-element and foundation.
Measurements of both deflections and deformations are possible

software ARAMIS was used for DIC measurements in both the elastic and plastic
regime. In this case, the horizontal distance from the end-element to the foundation,
t, was 80 mm, and the Young’s modulus of the mortar was 23 GPa. The Young’s
modulus of the concrete in the foundation and the end-element was 36 GPa and 39
GPa, respectively. Other measurement techniques and instruments were used as well
to verify DIC-results and to find the deflection of the arch in other locations.

A FE-model is created to see what happens in the elastic domain to the level of
resistance to rotation in the un-cracked joint, if the thickness of themortar layer or the
stiffness of the mortar is changed. In Fig. 9, the result of the behavior is seen together
with the actual measured rotation from the full-scale test (red dot). The model has
been applied the same value of normal force, N, and deflection as in the actual test
(load level before cracking). For instance, the level of deflection was measured by a
LVDT in the same location as it is applied to themodel. In themodel, the normal force
is applied as a uniform load over the height of the end-element, and the foundation is
fixed along the horizontal and vertical boundary. Quadrilateral elements are used, and
several element sizes were checked to find the optimal tradeoff between calculation
time and precision.

The rotation is found based on deformations in the mortar alone (the bottom
curves), and based on deformations in the mortar and foundation combined (the top
curves). The deformation in the small part of the end-element seen in the figure, is
not included as part of the rotation of the connection.
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Fig. 9 FE-model example with results from changing the stiffness and thickness of the mortar joint
between foundation and end-element. In this case the arch deflects upwards

4 Conclusion

Super-Light concrete is used in different structural solutions, and the flexibility of
the technology makes is possible to design for disassembly. Two specific structural
situations were presented: The beamless building, and pearl-chain arch connections.

A concept of how to design beamless buildings was shown. The idea is to create
strong frames of concrete columns, platforms and massive concrete decks, where
SL-Decks can rest on the sides of the frame by blade connections. The unique combi-
nation of light-aggregate concrete and normal concrete makes the SL-Decks flexible
to use, and by omitting a row of light-aggregate concrete blocks, extra mild steel
reinforcement can be put in to ensure a proper load carrying capacity near the blade
connection. In the small void in the joint between the SL-Deck and the frame, a weak
mortar can be used for easier demounting. Except for being designed for disassembly,
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the beamless building concept also avoids the use of hung down ceilings, since the
SL-Decks have excellent fire- and acoustic performance.

The pearl-chain method is to connect pre-fabricated elements in any joined shape
by post-tensioning. The joined “pearl-chain” can be lifted in place by crane, and to
design for disassembly, the joint between pearl-chain and foundation is in focus. For
arch structures made of pearl-chains, the last element (the end-element) towards the
foundation is specially created to work as a hinge with some degree of resistance to
rotation. At the same time, the solution enables easy disassembly with orthogonal
sides of the end-elements, and a weaker mortar joint between the end-element and
the foundation. A brief assessment of the behavior of such solution was presented
and it was based on full-scale tests and a FE-model.
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Electromagnetic Properties of Concrete:
Bottom-Up Modeling from the Molecular
Scale
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Abstract The electromagnetic response of concrete can be used to the
non-destructive testing of structures and to follow early-age property development.
Fundamental understanding of the physical origins of the electromagnetic response
of cement-based materials is critical to reduce the empirism in the interpretation of
electromagnetic-based techniques. The pore solution is the main contribution to the
electrical conductivity and dielectric response of porous geomaterials. Specific ion
effects are known to impact the dynamics of ions in aqueous salt solutions. In this
context, molecular dynamics (MD) simulation is a well-suited technique to compute
and understand how the ionic composition of the pore solution affects the electro-
magnetic properties of concrete. Here, we discuss recent results ofMD simulation on
bulk solution mimicking concrete pore solution. Then, we upscale the information
from the molecular scale up to the concrete scale in order to provide a multiscale
model of the electrical conductivity and frequency-dependent dielectric response of
cement-based materials.

Keywords Dielectric properties · Electrical conductivity · Frequency-dependent
response · Molecular dynamics simulation · Micromechanics.
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1 Introduction

Measurements of the electromagnetic response of concrete have been extensively
used for monitoring purposes. The related techniques, including resistivity and high-
frequency electromagnetic (ground-penetrating radar, L-band remote sensing, capac-
itive probe, etc.)measurements, are non-destructive. Electromagnetic probing of con-
crete can also be used to follow the development of the material property at early age.
Fundamental understanding of the electromagnetic properties of the phases present
in cement-based materials, especially the pore solution, is critical to enhance the
performance of these techniques and to improve the confidence in the corresponding
results.

In this paper, we propose amultiscale strategy tomodel both resistivity and dielec-
tric response of concrete informed by the dynamics of water and ion at the molecular
scale [9]. We have previously deployed molecular simulation to get information with
atomic-level detail on the physical origins of various properties ofmicroporousmate-
rials [4, 12, 13]The dynamics and dielectric response based onmolecular simulations
of bulk system mimicking pore solutions are discussed. The frequency-dependent
response of the susceptibility and conductivity of the pore solutions are analyzed.
Micromechanics theory is then deployed to upscale the information obtained from
molecular dynamics simulations.

2 Theory and Calculation

2.1 Electrical Conductivity and Dielectric Response from
Fundamentals

For a systemwithn particles i with chargeqi , the total systempolarizationP is the sum
of thepolarization (or dipolemoment)µi(t)of the eachparticle i at time t [16]:P(t) =∑n

i=1 µi(t) = ∑n
i=1 qiri(t), with ri(t) being the position of the (center of) particle

i . The total system polarization P is related to the electric field E via the complex
frequency-dependent dielectric susceptibility χ( f ) = χ′( f ) − iχ′′( f ) by P( f ) =
χ( f )ε0E( f ), where ε0 is the vacuum permittivity. The dielectric susceptibility χ( f )
can be computed from the auto-correlation of equilibrium polarization fluctuations
using [14]:

χ( f ) = − 1

3VkBT ε0

∫ ∞

0
e−2πi f t

〈
P(0).Ṗ(t)

〉
dt (1)

where V and T are the volume and temperature of the system, respectively; kB is the
Boltzmann constant and Ṗ(t) is the time-derivative of the total polarization.

For a salt aqueous solution, the total polarization is the sum of the contributions
of the water PW and ionic PI polarizations: P = PW + PI . The ionic current JI is
related to the ionic polarization by: JI (t) = ṖI (t). This ionic current JI is linked to
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the electric field E via the frequency-dependent ionic conductivity σ( f ) = σ′( f ) −
iσ′′( f ) by

JI ( f ) = σ( f )ε0E( f ) (2)

The frequency-dependent ionic conductivity can be computed using the cross corre-
lations [2, 17]:

σ( f ) = 1

3VkBT

∫ ∞

0
e−2πi f t 〈JI (0).Ṗ(t)

〉
dt (3)

The contributions of water-water, ion-water and ion-ion correlations can be sep-
arated using the following auto- and cross-correlations functions of the water polar-
ization and ionic current can be defined [17]:

φW (t) = 〈PW (0).PW (t)〉
3VkBT ε0

(4)

φIW (t) = 〈PW (0).JI (t) − JI (0).PW (t)〉
3VkBT ε0

(5)

φI (t) = 〈JI (0).JI (t)〉
3VkBT ε0

(6)

The regularized susceptibility Δχ( f ) can be decomposed into three separate
contributions:

Δχ( f ) = χW ( f ) + χIW ( f ) + ΔχI ( f ) (7)

where

χW ( f ) = φW (0) − i2π f
∫ ∞

0
e−2πi f tφW (t)dt (8)

χIW ( f ) = −2
∫ ∞

0
e−2πi f tφIW (t)dt (9)

ΔχI ( f ) = − i

2π f

∫ ∞

0

(
e−2πi f t − 1

)
φI (t)dt (10)

The frequency-dependent ionic conductivity can be decomposed into the two terms:

σ( f ) = σIW ( f ) + σI ( f ) (11)

with
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σIW ( f ) = −i2π f ε0

∫ ∞

0
e−2πi f tφIW (t)dt (12)

σI ( f ) = ε0

∫ ∞

0
e−2πi f tφI (t)dt (13)

Therefore, the static conductivity can be computed via σ( f = 0) = σI ( f = 0) =
ε0

∫ ∞
0 φI (t)dt .

2.2 Homogenization of the Electrical Conductivity and
Dielectric Permittivity

Micromechanics is the study of the mechanical, thermal, electromagnetic and mass
transport behavior of thematerialswith amicrostructure [15]. The homogenization of
the electrical conductivity is analogous to the homogenization of the thermal conduc-
tivity, dielectric permittivity, and diffusion coefficient [18]. In this section, we recall
three homogenization schemes—namely Mori-Tanaka (MT, or Maxwell-Garnett)
and Self-Consistent (SC, or Bruggeman) schemes—that we have extensively used
(e.g. [5, 6, 8, 20]) to estimate the effective properties of cement-based materials
accounting for the hierarchical microstructure of the material. With these homoge-
nization schemes, it is possible to account for the random nature of cement-based
materials microstructure and interactions among the different phases in a simplified
way. The estimations are not computer-intensive compared to numerical homoge-
nization based on finite element methods.

In a matrix/inclusion morphology, for a (N + 1)-phase heterogeneous material
with N isotropic spherical inclusions randomly distributed in a representative ele-
mentary volume, the Mori-Tanaka estimation of the effective electrical conductivity
σMT (resp. dielectric permittivity) can be computed from [18]:

σMT − σ0

σMT + 2σ0
=

N∑

r=1

fr
σr − σ0

σr + 2σ0
(14)

where fr is the volume fraction of the phase r , and the subscript 0 denotes the
(isotropic) matrix phase.

In a polycrystalline-like morphology, for a N -phase heterogeneous materials with
N isotropic equiaxed inclusions randomly distributed in representative elementary
volume, the Self-Consistent estimation of the effective electrical conductivity σSC

(resp. dielectric permittivity) can be computed from the implicit formula [18]:

N∑

r=1

fr
σr − σSC

σr + 2σSC
= 0 (15)
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Fig. 1 Age-dependent ionic composition of the pore solution based on the experimental results of
Vollpracht et al. [19]. Snapshot of the atomic configuration obtained in theMD simulations reported
in Ref. [9]

The presence of interphases (i.e. the volume in-between two phases—in contrast
with an “interface”, which is a surface between two surfaces) can be modeled with
the Generalized Self-Consistent (GSC) scheme based on the composite-sphere mor-
phology. For the sake of simplicity, ITZ is not taken into account here. See [11] for
a detailed analysis of the influence of ITZ in the electrical conductivity of mortars.

3 Results

3.1 Dielectric Response and Conductivity from Molecular
Dynamics

Figure 1 shows the age-dependent ionic composition of the pore solution based on
the experimental results of Vollpracht et al. [19] for CEM I system with w/c=0.4.
Bulk solution with the selected compositions is modeled using classical molecular
dynamics as detailed in Honorio et al. [9]. PC1 and PC2 correspond to typical pore
solution at the very early age (before setting). PC3 and PC4 correspond to pore
solution at early-age per se (after setting), and PC5–PC7 correspond to late ages
pore solutions.

The frequency-dependent DC-conductivity and dielectric spectra of the age-
dependent pore solutions are shown in Fig. 2. As discussed in Ref. [10], the contri-
bution of water-water interactions, are predominant in the dielectric response. The
dielectric spectra can be fitted using the Cole-Cole model with the parameters gath-
ered in Table 1. For comparison, we also provide the fits for SPC/E water that are in
agreement with experiments [1] and previous simulation with SPC/E water model
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Fig. 2 Frequency-dependent susceptibility Δχ = ε − 1 = Δχ′( f ) − iΔχ′′( f ) (top) and DC-
conductivity σ = σ′( f ) − iσ′′( f ) (bottom) of age-dependent pore solutions from correlation func-
tions computed using MD simulations [10].

Table 1 Cole-Cole fit parameters from MD simulations of pore solution and SPC/E water [10].
The variability/uncertainty associated with the fittings were computed suing Pearson’s correlations

εCC [−] τCC [ps] α [−]

PC1 73.6 ± 2.9 9.97 ± 0.97 0.000 ± 0.060

PC2 67.1 ± 2.6 10.26 ± 0.97 0.009 ± 0.060

PC3 73.9 ± 3.2 12.55 ± 1.33 0.000 ± 0.061

PC4 60.7 ± 2.7 9.33 ±1.14 0.000 ± 0.050

PC5 56.0 ± 2.1 9.80 ± 0.96 0.040 ± 0.056

PC6 55.2 ± 2.4 9.33 ± 1.27 0.098 ± 0.055

PC7 60.4 ± 3.0 10.30 ± 1.52 0.052 ± 0.063

SPC/E 68.2 ± 2.7 8.35 ± 0.94 0.033 ± 0.055

[17] . We observe that the variability of the ion composition of the pore solution
leads to significant variations of the dielectric response: on the order of tens units of
relative dielectric permittivity.
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3.2 Upscaling the Electromagnetic Properties

The self-consistent schemewas used to get the effective properties of the cement paste
since it captures the complex liquid-solid transition observed in cement paste at early-
ages [10, 11]. Mori-Tanaka is deployed to homogenize mortar and concrete scales,
in which a clear matrix/inclusion morphology is observed. The volume fractions of
sand (at the mortar scale) and of coarse aggregates (at the concrete scale) are each
40%. To upscale the effective permittivity ε = Δχ + 1 of the cement paste we use
the Cole-Cole fits with the parameters in Tab. 1 to describe the dielectric permittivity
of each pore solution εPS . Powers cement hydration model is deployed to estimate
the evolution of the capillary porosity (i.e. the volume fraction associated to the pore
solution phase) in the system:

fPS(ξ, w/c) = φ0
cap(w/c) − 1.32(1 − φ0

cap(w/c))ξ (16)

where the degree of hydration ξ = 0.9
[
1 − e−t/7

]
is described by an exponential (in

agreement with boundary nucleation and growth models [7]) for t in days [11], and
φ0
cap(w/c) = (w/c)/ (ρw/ρc + (w/c)) is the initial porosity computed from thew/c

and densities of water and cement (ρc and ρw, respectively).
Figure 3 shows the homogenized values of the static conductivity and dielectric

permittivity at the cement paste, mortar, and concrete scales. The electrical con-
ductivity of the hydrates adopted is of 0.0246S/m as obtained from Monte Carlo
Micromechanics in Ref. [11]. The (non-porous-aggregates are considered perfect
insulators (σ(0) = 0). The three stages associated with the pore solution composi-
tion, namely, the very early-age, early-age and late age, are retrieved in the trends
observed in the static electrical properties. At the very early age, the conductiv-
ity reaches its maximum at all scales, drops drastically in the early-age stage and

Fig. 3 Upscaling the static conductivity and resistivity at cement paste, mortar, and concrete scales.
The properties of the pore solution refers to a cement paste with aw/c of 0.4. We assumed a volume
fraction of sand at the mortar scale of 40% and of coarse aggregate at the concrete scale of 40%.
The electrical conductivity of the hydrates adopted is of 0.0246S/m as obtained from Monte Carlo
micromechanics in Ref. [11]. The aggregates are considered perfect insulators (σ(0) = 0).
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Fig. 4 Upscaling the frequency-dependent dielectric spectra ε = ε′( f ) − iε′′( f ) at cement paste,
mortar and concrete scales: real part (left) and imaginary (right) parts. We assumed a volume
fraction of sand at the mortar scale of 40% and of coarse aggregate at the concrete scale of 40%.
We considered a dielectric permittivity of solids of 8 [3].

remains close to zero at late ages. The inverse tendency is observed with respect to
the resistivity R = 1/σ (which is the reciprocal of the conductivity). At larger scales,
for a given age, the conductivity decreases. Again, the inverse is observed with the
resistivity.

Figure 4 shows the effective frequency-dependent dielectric spectra at cement
paste, mortar, and concrete scales. We considered a dielectric permittivity of solids
of 8 based on experimental evidence from the literature [3]. The real part of the
dielectric permittivity decreaseswith age for frequencies below0.05GHzand slightly
increases with age for higher frequencies. This behavior is observed in all scales
considered, being more pronounced at the cement paste scale. The imaginary part
of the permittivity reaches a maximum at the very early age and for a frequency of
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0.02GHz, which shows the non-monotonous evolution of the imaginary part with
the frequency. In larger scales, the differences between the results at the different
frequencies are reduced, which is expected given the reduction in the relative volume
fraction of cement paste present in the material at larger scales.

4 Conclusions

The electromagnetic response of concrete is closely related to the nanoscale pro-
cesses associated with water and ion interactions. The combination of molecular
simulations and micromechanics provides a robust and powerful framework to link
the composition and (micro-)structure to themacroscopic electromagnetic properties
of cement-based materials. In this work, we showed that such a framework provided
estimations of the electromagnetic properties of cement-basedmaterials across scales
that are consistent with the experimental evidence. In particular, we quantified the
effects of the variability of the ionic composition of the pore solution on effective
electrical conductivity and frequency-dependent dielectric response. Our results sug-
gest that the characterization of the pore solution is a critical step in reducing the
empirism of the interpretations of the resistivity and HF measurement in concrete.
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Interfacial Performance of Coating
Polymer on Calcium–Silicate–Hydrates
During Different Stages of Cement
Hydration

Ashwin Konanur Nagesh and Pijush Ghosh

Abstract Polymers arewidely used for concrete coating applications such as surface
coating materials for buildings, preventing penetration of water or air, aesthetic
purpose like glazing finish, conservation materials for mural paintings and many
more. In the field, the common practice is to coat concrete after it has set completely
(28 days), but it is not well understood if this will maximize the interfacial strength.
Hence there is a need to determine at what time after the addition of water, the coating
should be applied and also how surface characteristics influence interfacial strength.
The reason for better interfacial performance at the interface between coating poly-
mers and cement paste is due to the physical and chemical interactions between the
cement hydration products and the different functional groups in coating polymer. In
the present work, the physical interaction and molecular mechanisms between func-
tional groups of twodifferent coating polymer (Epoxy and poly(methylmethacrylate)
(PMMA)) and cement hydration products during early stages of cement hydration
is studied using molecular dynamics simulation. The mechanical response and the
physical interaction of functional groups of two different coating polymer Epoxy and
PMMAare significantly influenced by (a) pore solution calcium (b) C–S–H substrate
calcium and (c) adsorbed water layer.

Keywords Epoxy · PMMA · Calcium silicate hydrates · Interface ·Molecular
dynamics

1 Introduction

Polymer coatings on concrete surface find many modern-day applications such as
protection and functionalmaterial, preventing the penetration ofwater or air, aesthetic
purpose like glazing finish, surface coating materials for buildings and conservation
materials for mural paintings and many more [1–8]. Other than flooring, polymer
coatings are essentially used in swimming pools, car parking spaces, warehouses,

A. K. Nagesh (B) · P. Ghosh
Nanomechanics and Nanomaterials Laboratory, Indian Institute of Technology Madras, Tamil
Nadu, Chennai 600036, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
E. B. Pereira et al. (eds.), Proceedings of the 3rd RILEM Spring Convention
and Conference (RSCC 2020), RILEM Bookseries 32,
https://doi.org/10.1007/978-3-030-76547-7_7

69

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76547-7_7&domain=pdf
https://doi.org/10.1007/978-3-030-76547-7_7


70 A. K. Nagesh and P. Ghosh

garages etc. The most commonly used coating polymer can be broadly classified
as epoxies, acrylics, urethanes, polyureas and siloxanes [7, 8]. They possess some
inherent properties such as good adhesion with most of the substrates, relatively high
mechanical strength, cure at ambient temperature etc.

In such type of applications, adhesion between the cementitious substrate and
the organic material is usually required to ensure the effectiveness of the coating
and its durability. Therefore, it is essential to investigate the surface interactions of
organic polymer coatingswith the cementitious substrate. The interfacial strength and
adhesion between the coating and the substrate (C–S–H) determines the performance
of the system as a whole.

C–S–H is the most important hydration product of cement-based materials and
it occupies about 60–70% of cement paste volume. This C–S–H is virtually X-
ray amorphous, compositionally and structurally very variable, and generally finely
intermixedwith other phases, all ofwhichmake it difficult to study.NMRstudies have
shown varying proportions of Q0 (anhydrous Silica tetrahedral), Q0(h) (hydroxylated
Silica tetrahedral), Q1 (Silica polymerized in one of the four oxygen atoms) and Q2

(Silica polymerized in two of the four oxygen atoms) silica over the first few hours
of hydration. For instance, during the induction period (1–2 h) Q0(h) silica is the
predominant phase. This indicates an atomic structure where the surface silicates
of C3S are simply hydroxylated. During the acceleration stage (<10 h) Q1 starts
forming indicating a dimer predominant atomic structure. It is during the deceleration
period (10–20 h) of hydration that the Q2 finally starts forming giving rise to atomic
structure with a higher degree of polymerization [9]. This information provides us
different approximate atomic structures of C–S–H during the three different stages
of hydration. Richardson [10] had developed idealized models for C–S–H which
represents different mean chain lengths of silicates (i.e., Dimer (T2), Trimer (T3),
Pentamer (T5),Undecamer (T11), and InfiniteChain (Tinf)). ThisDimer (T2)C–S–H
model has been used in our study.

In this work, a molecular dynamics study is performed to determine the interfa-
cial properties between PMMA (as a coating polymer) and hydrating cement paste.
Different factors contributing to interfacial shear strength between two different
coating polymer (Epoxy and poly(methyl methacrylate) (PMMA)) and hydrating
cement paste include physical interaction, chemical bonds, mechanical interactions
and heat dissipation. At the molecular level, physical interaction and chemical bonds
contributes to interfacial shear strength. Primarily, the role of (a) pore solution
calcium and (b) C–S–H substrate calcium (c) monolayer of wáter (adsorbed water)
which influence the interfacial mechanism between two different coating polymer
(Epoxy and poly(methyl methacrylate) (PMMA)) and C–S–H substrate during the
initial period of cement hydration is studied.
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2 Model Construction and Simulation Details

Amultiscale perspective for cement paste/polymer are as shown in Fig. 1. Figure 1a
shows schematic representation ofCement/Polymer coating atmacrolevel andFig. 1b
shows schematic representation of atomistic interaction between functional group of
polymer with (i) pore solution calcium and (ii) C–S–H substrate calcium.

The atomistic model consists of T2_sc_LS2 (Dimer) idealized C–S–Hmodel [10]
was used. AT2 C–S–H structure have a unit cell dimension of a= 11.35Å, b= 7.3Å,
c = 19 Å, with α = 90°, β = 98.4°, γ = 90°. The entire T2 C–S–H substrate was
constructed from repeating the unit cell as shown in Fig. 2 in x, y, and z-directions
with dimension a= 22.7 Å, b= 102.2 Å, c= 266 Å, with α = 90°, β = 98.4°, γ =
90˚. The [1 0 0] cleavage plane was exposed to the surface interaction. The structure
of PMMA and Epoxy are shown in Fig. 3. A one chain of PMMA with 50 repeating
units and one chain of Epoxy with 4 repeating units was considered in simulation.

In thiswork, the InterfaceForceField (IFF) [11]was applied forC–S–Hstructures.
For Epoxy and PMMApolymer, theConsistent Valence Force Field (CVFF) [12]was
adopted. A simple point charge (SPC) [13] model was used for the water molecule.

A monolayer of water was modeled at the top of T2 C–S–H substrate and this
represents adsorbed water of thickness 3 Å and density 1 g/cm3. To understand the
effect of Ca ion in pore solution, a surplus of calcium ion was added in adsorbed
water/monolayerwater.A total of 1000Ca ionswas added alongmonolayer/adsorbed
water in a model using PACKMOL [14, 15]. To ensure the charge neutrality, the extra
positive charge of Ca ion is distributed evenly throughout the T2 C–S–H substrate.

The simulations were implemented using the massively parallelized modeling
code LAMMPS [16] (http://lammps.sandia.gov/). In all the systems, the T2 CSH
substrate was constrained whereas water molecules, pore solution calcium, PMMA

Polymer coating
Interface

Cement/Concrete Substrate

a)
b)

Fig. 1 Shows a multiscale perspective for cement paste/polymer a Schematic representation
of Cement/ Polymer coating at macrolevel b Schematic showing atomistic interaction between
functional group of polymer with (i) pore solution calcium and (ii) C–S–H substrate calcium

http://lammps.sandia.gov/
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Fig. 2 Shows Unit cell of T2 C–S–H with dimension of a = 11.35 Å, b= 7.3 Å, c= 19 Å, with α

= 90°, β = 98.4°, γ = 90°

and Epoxy were free. The energy minimizations were performed using conjugate
gradientmethodwith energy and force cut-off tolerances set close to zero (10–10). The
systemwas equilibrated for 200 ps in theNVTensemble at 300KusingNose–Hoover
thermostat. Time step of 1 fs was adopted in MD simulations. Initial configurations
were prepared using Packmol.

The equilibrated system was considered as an initial model for Steered molecular
dynamics (SMD). The basic objective behind the application of SMDwas to apply an
external force to one or a group and pull it over mineral substrate. In our simulation,
only the T2 C–S–H substrate was fixed. All atoms in PMMA polymer were allowed
to move freely. The end monomer in the Epoxy/PMMA was connected to a virtual
spring in the entire process of SMD and pulled. A spring constant of 5 kcal/mol/Å
was used with a timestep of 1 fs per iteration step. The magnitude of the velocity
of 0.5 Å/ps was applied. Visualization was carried out using the Visual Molecular
Dynamics (VMD) visualization package [17].
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Fig. 3 Shows the structure of a PMMA and b Epoxy

3 Result and Discussion

3.1 Systems Considered for Interaction Study Applying SMD

The systems considered in the simulation are as shown in Fig. 4. In system 1, the
combination of the T2 C–S–H substrate, amonolayer of water and calcium represents
closely the cement hydration products. Themonolayer layer of water considered here
is the adsorbed water present in cement hydration product and calcium ions represent
the calcium present in pore solution. System 2 is considered to study the effect of
water between the Epoxy/PMMA and T2 C–S–H substrate in the absence of pore
solution calcium.

3.2 Total Energy Comparison of Two Systems

The total energy required to pull PMMA and Epoxy polymer completely out of
substrate for 2 different systems is as shown in Fig. 5. Refer Sect. 3.3 for the calcu-
lation of total energy. By performing multiple repetitions of simulation, the mean of
total energy was calculated and the standard deviation was plotted for the same in
all four systems. So the standard deviation represents an error bar in Fig. 5.
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Fig. 4 Schematic showing
the two systems considered
in the simulation. In system
1, the combination of the T2
C–S–H substrate, a
monolayer of water and
calcium represents closely
the cement hydration
products. System 2 is
considered to study the effect
of water between the PMMA
and T2 C–S–H substrate in
the absence of pore solution
calcium
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Fig. 5 Shows the total
energy required to pull
PMMA and Epoxy polymer
completely out of substrate
for two systems
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Let TE1 and TE2 represent the total energy required to pull PMMA polymer
completely out of substrate from system 1 to 2 respectively. The average value of
TE1 is 10124 kcal/mol. Most of the energy required for pulling PMMA in system
1 is due to the interaction between (a) Ca1 ions present in pore solution with O1
of PMMA (b) Hw1 (hydrogen of wáter) with O1. The average value of TE2 is
5584 kcal/mol. Here TE2 < TE1 which clearly indicates that interaction between Ca1
with O1 PMMA is predominant.

Let TEi and TEii represent the total energy required to pull Epoxy polymer
completely out of substrate from system 1 to 2 respectively. The average value of
TEi and TEii is 4494 kcal/mol and 4503 kcal/mol respectively. Most of the energy
required for pulling Epoxy in system 1 and 2 is due to the formation of hydrogen
bond between (a) Ow1 oxygen of water with Ho (hydroxyl hydrogen) of Epoxy and
(b) Ow1 oxygen of water with Hn (hydrogen of amine) of Epoxy.

From Fig. 5 it is evident that the electrostatic interaction, which results from the
presence of calcium in pore solution aswellHw1 (hydrogen ofwáter)with of PMMA,
is the main cause of the energy spent in pulling PMMA over CSH or cement paste
substrate. From Fig. 5 it is also evident that formation of hydrogen bond between (a)
Ow1 oxygen of water with Ho (hydroxyl hydrogen) of Epoxy (b) Ow1 oxygen of
water with Hn (hydrogen of amine) of Epoxy, is the main cause of the energy spent
in pulling Epoxy over CSH or cement paste substrate.

Thus it can be concluded that the total energy (TE2) required to pull PMMA
polymer completely out of substrate is less in presence ofmonolayer ofwater (system
2). In system 1, though the solvation shell is formed over pore solution calcium, the
total energy (TE1) is high compared to TE2. For epoxy TEi and TEii is almost same
since the energy spent in pulling Epoxy over CSH or cement paste substrate is due
to formation of hydrogen bond between (a) Ow1 oxygen of water with Ho (hydroxyl
hydrogen) of Epoxy (b)Ow1 oxygen ofwater withHn (hydrogen of amine) of Epoxy.

3.3 Total Energy Calculation

The total energy is calculated as shown in Fig. 6 which is area under the curve of
Load-Displacement (L-D) for one system ie system 1. This total energy is the energy
required to pull single chain PMMA with 50 repeating units completely out of the
substrate. Now this value is converted to kcal/mol which means that to pull one mole
of single chain PMMA with 50 repeating units completely out of the substrate. So,
per mol means one mole of single chain of PMMA with 50 repeating units.

4 Conclusions

In this work, a molecular dynamics study is carried out to determine interfacial
properties between PMMA (as a coating polymer) and hydrating cement paste.
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Fig. 6 Shows
load-displacement (L-D) plot
of system 1. Yellow colour
represents area under the
curve

The total energy required for pulling PMMA polymer completely out of substrate
in presence of pore solution calcium and water is due to the interaction between pore
solution calcium (Ca1) and hydrogen (Hw1) with double bond oxygen (O1) present
in –COO functional group of PMMA. The formation of water solvation shell around
pore solution calcium reduces the number of interactions between pore solution
calcium with double bond oxygen (O1) of PMMA and thereby decreases the total
energy.

Similarly, the total energy required for pulling Epoxy polymer completely out of
substrate in presence of pore solution calcium andwater is due formation of hydrogen
bond between (a) Ow1 oxygen of water with Ho (hydroxyl hydrogen) of Epoxy (b)
Ow1 oxygen of water with Hn (hydrogen of amine) of Epoxy.
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CarboDB—Open Access Database
for Concrete Carbonation

Charlotte Thiel , Alexander Haynack, Sebastian Geyer ,
Alexander Braun , and Christoph Gehlen

Abstract Sustainable service life design of reinforced concrete structures relies on
accurate input values. However, in the field of carbonation induced corrosion some
input parameters and statistical distributions still need to be validated for worldwide
climate conditions. Furthermore, many well-published literature data is not consid-
ered due to different storage conditions. At the suggestion of CEN/TC104/SC1/WG1
the database “CarboDB” was created providing open access to extensive information
on concrete carbonation under different storage conditions. The natural carbonation
coefficient as well as the minimum concrete cover can be calculated for chosen situ-
ations. CarboDB provides reliable data on concrete carbonation in order to increase
existingknowledgeon concrete carbonation.Thedatabase is available online at http://
carbodb.bgu.tum.de/#/. By registration further contribution is possible and appreci-
ated. New insights can be gained bymerging several sources. For natural carbonation,
testing only up to 140 days underestimates the carbonation progress of concretes with
limestone fillers and high amount of ground granulated blast furnace slag.

Keywords Carbonation · Service life design · Data management · Compliance
testing · Supplementary cementicious materials

1 Background

Concrete carbonation leads to chemical and physical changes in the concrete. Here,
CO2 from the environment diffuses inside the pore structure of concrete and dissolves
to carbonic acid. Portlandite, C-S-H as well as all phases in the cement matrix react

C. Thiel (B) · A. Haynack · C. Gehlen
Centre for Building Materials, Technical University of Munich, Munich, Germany
e-mail: charlotte.thiel@tum.de

S. Geyer
Engineering Risk Analysis Group, Technical University of Munich, Munich, Germany

A. Braun
Computational Modeling and Simulation, Technical University of Munich, Munich, Germany

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
E. B. Pereira et al. (eds.), Proceedings of the 3rd RILEM Spring Convention
and Conference (RSCC 2020), RILEM Bookseries 32,
https://doi.org/10.1007/978-3-030-76547-7_8

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76547-7_8&domain=pdf
https://orcid.org/0000-0002-0092-468X
https://orcid.org/0000-0002-7005-865X
https://orcid.org/0000-0003-1513-5111
https://orcid.org/0000-0002-1214-3960
http://carbodb.bgu.tum.de/#/
mailto:charlotte.thiel@tum.de
https://doi.org/10.1007/978-3-030-76547-7_8


80 C. Thiel et al.

with carbonic acid leading to significant changes in the pore structure [1–4] and a
reduction of the alkalinity of the pore solution. The latter leads to depassivation of
the reinforcement so that it is no longer protected from corrosion.

Reinforced concrete structures are designed to avoid damage during their antici-
pated service life. Therefore, for concrete carbonation the concrete cover (resistance)
needs to remain higher than the carbonation depth (stress) over the anticipated service
life. In order to ensure high durability four different concepts exist:

– By compliance to rules and minimum requirements for concrete composition,
concrete cover and construction [5, 6],

– by compliance with recognized laboratory test methods (e.g. for approvals in
individual cases) [7],

– by semiprobabilistic design approaches, see [8–10],
– by fully probabilistic design approaches. In this case, the structural resistance R

for the planned service life must be higher than the load S with a certain reliability
[11, 12].
While descriptive rules limit the use of new material, there is still no consensus
about one single European compliance test. Greve-Dierfeld et al. [8–10] suggested
testing under natural conditions up to an age of 140 d. DIN EN 12390-10 [13]
suggests testing for one year and extending the test procedure to two years for
carbonation depth <5 mm which is not feasible for real building projects. The
semiprobabilistic concept is derived from the fully probabilistic one, which is
included in the database and therefore shortly described below.

The carbonation rate can be described by Eq. 1:

xc(t) = kN AC ∗ √
ke ∗ kc ∗ ka ∗ √

t ∗ W (t) (1)

kNAC (mm/year0.5) is the carbonation rate forW(t)= ke= kc= ka= 1 and a relative
humidity of 65%.

W(t) is the weather function accounting for the effect of rain that will reduce the
carbonation rate due to pore clogging with water (CO2 diffusion in liquid is about
10,000 times slower as in gas). W(t) depends on the time of wetness ToW and the
probability of wind-driven rain pDR. It takes into account the exposure orientation of
vertical components to wind-driven rain.

ke is a parameter describing the effect of relative humidity of exposure on the
gaseous CO2 diffusion coefficient,

kc describes the effect of curing duration on the carbonation resistance.
ka considers the effect of the CO2-concentration on the carbonation resistance.
Influencing parameters like the type of curing or the transferability of accelerated

test methods to alternate binders are still subject to current research. Therefore, the
aim of this work was to create an online carbonation database that is freely accessible
to the public. The database collects and organizes experimental results, which can be
compared by providing analysis and visualization tools. Thus, the user can compare
the performance of concretes for different boundary and environmental conditions
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and obtain a recommendation for the required concrete cover. The database facilitates
approvals and standardization activities. In the following the structure of the database
and the webpage are introduced and an application example is given.

2 Database Structure

2.1 Overview

CarboDB consists of five main tables which store the data under a unique code
(ID), thus enabling later allocation. Concrete recipes are documented together with
specific storage conditions under precisely defined boundary conditions over the test
period and can be clearly traced back to its source. This is depicted in the following
scheme.

Each table requires certain input data. The required data

– are necessary to calculate the carbonation resistance of concrete represented by
the carbonation coefficient kNAC (Eq. 1),

– are needed to calculate the minimum concrete cover cnom,
– enable the unique assignment of the data (reference).

In addition, if available, further data is collected, increasing the knowledge on the
carbonationmechanismand allowing alternative service life prediction thanproposed
in the fibmodel code [11]. The individual tables are briefly discussed below.Required
fields are marked in bold.

2.2 Included Data

The Materials table saves information on the concrete composition as well as fresh
and hardened concrete properties. The cement type as well as the w/b-ratio are the
only mandatory data here.

In addition, information on aggregate size (max. grain size, grading curve, natural
or crushed aggregate, density andwater absorption) can be included. As the compres-
sive strength of concrete is determined throughout Europe according to different
storage conditions on different specimen geometries (cubes or cylinders), the strength
class as well as the 28d compressive strength are requested.

Since edges, and whether a samples is laterally sealed or not affect the carbona-
tion progress, see [14, 15], the CO2 transport is also taken into account. Papadakis
[16] showed that it is possible to predict the service life of concrete structures by
combining the O2 diffusion coefficient and the binding capacity, which is also imple-
mented. In addition, physical parameters like porosity and permeability are included.
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At last, the contributor finds two columnswith “Other” andSpecify”where additional
parameters that we did not think of so far can be included.

The database table Conditionings stores information on the storage conditions
(curing, pre-conditioning). The only information required is the curing duration. The
type of curing can also be specified (underwater at 20 °C,membrane curing, covering
with plastic sheets, etc.). Furthermore, information regarding duration, temperature,
relative humidity and CO2 concentration during pre-conditionings can be given.

The table Exposure Conditions stores information on the environmental condi-
tions. the following two cases are distinguished:

Case A: Laboratory

Under laboratory conditions, NAC (natural carbonation) and ACC (accelerated
carbonation are mandatory in the column carbonation type. Furthermore, the CO2-
concentration, the temperature as well as the relative humidity NAC/ACC RH (%)
are needed. The temperature during the carbonation test becomes necessary if no
information on the curing time is available from the Conditionings table. In this
case, the required curing time can be calculated from the temperature and the ratio
of the concrete compressive strengths after 2 and 28 days [17].

Case B: Field

Table 1 summarizes the required data for field data.
The References table is used to store the references of the respective experiments.

Authors resp. Institute and year are mandatory while title (i..e project title in case of
internal and unpublished data) as well as ISBN or DOI are voluntary.

Finally, the Results table stores mean value (carbonation depth average) and
standard deviation of the carbonation depths over time.

Each table also has a column labelled id_table name relating the different tables,
Fig. 1. Other than the excel template provided for data upload (see Sect. 3.2), the code
ID is automatically generated for each table row in the online database. This code
is unique for each concrete recipe, each storage condition and each environmental
condition during CO2 exposure. These codes are reflected in the results table and thus

Table 1 Required data in the Exposure Conditions table for field investigations

Heading Description Example

Carbonation type Experimental conditions Field

CO2 (%) CO2-concentration during
exposure

0.04

Field RH medium (%) Average relative humidity during
exposure time

79

Field Temperature medium (°C)a Average Temperature during field
exposure

6

Field compass direction Orientation East, South-East, …

aNecessary when information on the curing conditions is missing
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Fig. 1 Database relations (mandatory input data are marked bold; hatched columns are not visible
in the frontend)

refer to the corresponding database table. Furthermore, the Code ID of the respective
table acts as a control column to avoid duplicates. Since the Code IDs are unique,
it is not possible, for example, to store two identical concrete compositions in the
Materials table. This serves on the one hand to increase clarity and on the other hand
to reduce the memory requirement of the online database.

3 Webpage

3.1 Structure

The webpage https://carbodb.bgu.tum.de/ provides six different pages that are acces-
sible via an overviewmenu on each site. Furthermore, each site contains links needed
in order to meet the corporate design requirements of the Technical University of
Munich, Fig. 2.

https://carbodb.bgu.tum.de/
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Fig. 2 Webpage structure

The home screen (Fig. 2) provides a general overview and links to the five different
database tools: The tool Analysis visuals selected results, Fig. 3. The Calculator
enables the determination of the natural carbonation rate and the concrete cover. In
addition, the Database tab allows searching through the existing data. The Register
and Login function enables registered users to upload their own data and compare it
directly online with existing data, see Sect. 4.

In order to guarantee the durability and safety of the project, theMySQL database
of the LRZ [18] was chosen for the database system. This provides the project with
a web server with a storage capacity of 10 GB, which is more than enough for
the current amount of data and offers sufficient capacity for the near future. Thus,
the project is limited to the use of the PHP programming language (version 7.1)
[19]. The application user operates the website via the so-called frontend. This was
implemented with the help of the framework React in the programming languages
JavaScript and HTML and is mainly used for the visualization of the database func-
tionalities. The processing of the functionalities, which are triggered by frontend
requests, is done in the PHP-based backend (Framework Laravel). The main func-
tions of the backend are the data query in the relational MySQL database (queries),
user authentication, file upload and download as well as the implementation of the
included functions:
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Fig. 3 Analysis (left) tool within the database CarboDB

– Calculation of the carbonation rate kNAC
– Calculation of the minimum concrete cover cnom including the determination of

the weather function and the transfer parameters ke as well as the calculation of
the curing time tc.

Further details can be found in the orange “Info”-boxes within the database.
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3.2 How to Contribute

In order to contribute to CarboDB please register at https://carbodb.bgu.tum.de. Your
registration will be confirmed within seven days. Hereby, you will receive an excel
template as well as detailed information on the data needed. It is also possible, to
send data in the existing form to admin@carbodb.eu.

4 Application Example

An open question in research and practice is still the transferability of accelerated
carbonation tests to natural conditions. Gehlen [12] proposed a transfer function at
2% by vol. for the transferability of experiments according to fib model code [11],
Fig. 4.

Figure 4 also shows that the performance of OPC concretes is underestimated and
SCM concretes are overestimated. Therefore, the correction factor can be calculated
dynamically for each concrete in the database. In order to test the transferability of
fine-grained concretes, themortars shown in Table 2 were produced, stored five years
in saturated lime solutions. The sides of the cylinders were sealed with epoxy resin in
order to guarantee 1-dimensional CO2 diffusion. The sample were pre-conditioned
in an argon filled chamber at 20 ± 1 °C, 65 ± 2% RH, CO2 ≤ 0.0005% by vol.
Afterwards, the samples were exposed to 20 ± 1 °C, 65 ± 2% RH and different CO2

Fig. 4 Relationship between inverse carbonation resistances that were determined under natural
conditions (NAC) and under accelerated conditions (ACC) [12]

https://carbodb.bgu.tum.de


CarboDB—Open Access Database for Concrete Carbonation 87

Table 2 Investigated mortar compositions (more details can be found in the online database)

Label Cement type w/b ratio (–) Air content (% by vol.) 28d compressive
strength (N/mm2)

M1 CEM I 42.5 R 0.50 2.5 55.8

M2 CEM III/B 42.5 N 0.50 2.9 53.2

Experiments under natural conditions: kNAC increases with increasing exposure time

Experiments under accelerated conditions: kACC dereases with increasing exposure time 
(28d > 14 d > 28d)
Experiments under accelerated conditions: kACC increasing with CO2 concentration (10 > 4 > 2.15) 

Experiments under accelerated conditions: kACC agree well with data from literature (left:
own data, right: data point from [12]

Fig. 5 Carbonation coefficients (uncorrected) for “CEM III/B 42.N and w/b-ratio of 0.50” as
displayed in CarboDB in the calculation menu

concentration of 0.045 (NAC), 2.15, 4.0 and 10.0% by vol. for up to three years in the
case of NAC and 28d in the case of accelerated CO2 concentrations. The carbonation
depth was determine indirectly using a phenolphthalein-based color indicator.

The data were uploaded to CarboDB and the evolution of the carbonation coef-
ficient was visualized in the calculator menu. Figure 5 shows the results for “CEM
III/B 42.N with w/b = 0.50.

Accelerated carbonation lead to surprisingly inconstant values with increasing
exposure time, see Table 3. When relating the carbonation coefficients under accel-
erated conditions kACC by the square root of the ratio of the accelerated concen-
tration to the natural one, the carbonation coefficient is clearly underestimated, as
illustrated in Table 3. This agrees with the observations of Hunkeler et al. [14], who
determined increasing correction parameters for higher CO2 concentrations in their
investigations. The carbonation coefficients are not constant over time—especially
at high CO2 concentrations. However, a single correction factor is not suitable for the
different types of concretes. Future research should therefore focus on developing
a correlation based on physio-chemical relationships. Especially for concrete with
high amount of slag, increasing CO2 concentration led to an increased deviation of
expected results, Table 3.

By visualizing natural and accelerated carbonation coefficients over time, accel-
erated coefficients tended to decrease with time while natural increased with time.
Most concrete recipes agreed well with the recommendation to terminate the natural
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Table 3 Carbonation coefficients under different conditions

Label CO2 concentration
during exposure
(% by vol.)

Exposure
time (d)

K =
xc(t)/sqrt(t)

K = KACC *
sqrt([CO2]NAC/[CO2]ACC)

M1 0.045 140 1.3 3

M1 0.045 1095 1.4

M1 2.15 28 5.8 0.8

M1 4.00 28 11.9 1.2

M1 10.00 28 14.4 0.9

M1 10.00 14 11.7 0.9

M1 10.00 7 13.7 0.7

M2 0.045 140 1.8

M2 0.045 1095 2.9

M2 2.15 28 17.3 2.4

M2 4.00 28 20.9 2.1

M2 10.00 28 24.9 1.6

M2 10.00 14 13.0 0.8

M2 10.00 7 18.4 1.2

test after 140d. However, for concretes with CEM II/A-LL as well as CEM III/B the
natural carbonation coefficient further increased from 2.75 to 3.2 for CEM II/A-LL
and for CEM III/B from 2.0 to 2.9 (2 year value). This clearly shows that further
data evaluation is needed, to come to a general conclusion and recommendation for
further durability assessment in the field of concrete carbonation. Here, the database
can serve as a valuable tool to collect, organize and analyze existing data.

5 Conclusions

An open database was created in order to connect field and research results for
concrete carbonation and draw recommendation for future standardization. The
database enablesfiltering andcalculationof thenatural carbonation coefficient aswell
as displaying different carbonation results. It therefore serves as a decision-aid for
choosing optimal concrete compositions or maintenance strategies. In addition, the
database collects additional data such as diffusion coefficient and binding capacity
increasing the knowledge on the carbonation mechanism and allowing alternative
service life prediction than proposed in the fib model code. Furthermore, existing
model input parameters or statistical distributions could now be adapted to real
experimental results.

In order to ensure the use ofCarboDB in the future, the project resources are hosted
by the LRZ (Leibniz Rechenzentrum). This allows both database and performance
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scaling depending on the demands of increasing data capacity. The database can be
adapted to include new insights whenever available and therefore serves as a dynamic
decision aid for planners, consultants, approval bodies and researchers.
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Abstract The Russian culture has a rich history and strong traditions, especially
when it comes to ancient white-stone architecture. Usually the term “white stone”
stands for light carboniferous limestone. White stone was one of the basic building
materials in Old Russia and was of great historic importance in the 11th–15th cc.
Unfortunately, natural white stone resources are gradually being depleted. Modern
concrete technology is able to imitate and replace to the full the natural stones by
artificial composites that are not inferior to them in their properties. One of the most
promising areas of high-performance concrete (HPC) concept implementation is
manufacture of architectural concrete with improved decorative properties based on
mechanically activated composite binders and effective admixtures. Architectural
concrete frost resistance reaches 300–600 freezing–thawing cycles and more; the
open integral porosity does not exceed 2–4% vol. The values of the prism strength
factor and the initial tangent modulus of elasticity of modified concretes meet or
exceed regulatory requirements. Durability of architectural concrete may be addi-
tionally improved by impregnationwith special organic silicate compounds. Thereby
an optimum combination of construction and technical characteristics of concretes
and decorative properties of products is achieved that should considerably expand the
field of architectural concrete application, solve the problems of historical heritage
preservation, and on the whole facilitate the growth of its social significance and
attractiveness. Some of the most valuable of the white-stone architecture objects
reconstructed in Russia with use of architectural concrete in the last decade are
presented.
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1 Introduction

Fromceremonial stone runes in theEuropean continent, to the polished,white stone in
Greco-Roman classical orders, to mountain-shaped stone temples of Southeast Asia,
to the stone block pyramids in Latin America, stone is one of the most commonly
used building materials.

Russian culture has a rich history and strong traditions, especially when it
comes to ancient white-stone architecture: churches, chapels, ancient country estate
complexes, apartment houses and household constructions. White stone was one of
the basic building materials in Old Russia and was of great historic importance as an
expression of the state’s power and imperial ideology in the 11th–15th cc. It played
a key role not only in the Old Russian Architecture, but in the history of the Old
Russia as well. In the pre-Mongolian years 95% of buildings in Vladimir and Suzdal
lands were built of white stone.

Usually the term “white stone” stands for light carboniferous limestone (from the
Paleozoic Era), occurring in the central regions of European, part of modern Russia.
However, it is also often referred to sandstone, dolomite, and Volga limestone of
Permian formation, as well as numerous sorts of limestone, travertine, and alabaster
lying in Transdniestria. Consequently, a more general definition of white stone is
any treatable white-yellowish matt surfaced stone, which is neither marble nor shell
rock. Unfortunately, natural white stone resources are being gradually depleted now.
The problem of historical heritage preservation becomes especially acute.

Designers and architects are continuously looking for new materials to improve
their projects. Resistance and durability take here a starring role. So called “cast
stone” or “reconstructed stone” is a concrete masonry form of artificial stone which
simulates natural-cut stone. Cast stone frequently was produced with a low water-to-
cement ratio mixture with a “dry” (or “earth moist”) consistency. The mixture was
consolidated into a mold using an air-driven, or electric, tamping device or vibration
under pressure.

The concept of high-performance concretes (HPC) formulated in the 80s–90s of
the past century has determined the requirements to concretes combining the values
of physical and mechanical properties and durability being optimum for specific
operating conditions; their development has become one of the basic achievements
in the building materials science at the turn of the millennium [2, 10]. The HPC
extends the areas of application of artificial mineral composites [9].

One of the most promising areas of HPC implementation is manufacture of archi-
tectural concrete with improved decorative properties and performance. Application
of concrete technology in decorative façade elements, sculptural plaster, and other
elements of buildings requires, as a rule, the use of highly workable and fluid mixes.
Additionally, plain and colored cements are used to improve decorative properties of
thematerial, while fine aggregates are required to create complex textured and highly
detailed surfaces. A combination of these factors leads to increased water require-
ments for cement mixes, which in turn instigate the growth of shrinkage strains,
increase in permeability and reduction in frost resistance of concrete. The features of



Architectural Concrete Versus White Stone … 93

cement chemical, mineralogical, and material composition (for example, increased
content of C3A, increased content of belite, introduction of bleaching mineral agents
during grinding, e.g. diatomite, etc.) contribute to the problem.

Within the framework of the HPC concept, an integrated control system for the
structural characteristics, hardening rate and strength of concrete has been developed
having in mind to obtain a material with set-up physical and mechanical properties
and durability in specific operating conditions. It envisages the use of mechanically
activated composite binders with multifunctional chemical modifiers for various
applications. Thereby a directional impact is possible upon the processes of structure
formation and hydration, hardening and strength gain, as well as on parameters of
concrete structure and durability.

2 Materials and Test Methods

White cement of CEM I 52.5 R grade produced by the Aalborg cement plant,
Denmark, was used (Table 1).

Washed crushed granite aplite of 5–20 mm fraction as coarse aggregate and
standard siliceous sand were used for concrete preparation.

A superplasticizer used was polymethylene polynapthalene sulphonates (PNS)
type. Titanium dioxide produced by DuPont was used as a pigment.

The test procedureswere conformed to the current Russian standards including the
concrete mix properties according to GOST 10181-2014, strength—GOST 10180-
2012, prismstrength and initial tangentmodulus of elasticity—GOST24452-80, frost
resistance—GOST 10060-2012, shrinkage—GOST 24544-81*, water absorption
and void ratio—GOST 12730.3-78…GOST 12740.4-78, water impermeability—
GOST 12730.5-84, characteristics of binders and cements—GOST 310.1-76 …
GOST 310.3-76, GOST 310.4-81 and special technical requirements for LWDB
TU 5744-002-00369171-97.

To investigate the parameters of the specimen porous structure, the optical method
based on the Gallery software was applied.

Composite binders preparation was envisaged by mechanochemical activation
of components (the “intergrinding” technique) ensuring reduction of their water
demand; in compliance with the established practice, the binders produced are spec-
ified as LWDBs (lowwater-demand binder) with indication of the clinker component
per cent content (e.g. LWDB-80, LWDB-90, LWDB-100).

Table 1 Bogue cement composition

Cement C3S C2S C3A C4AF R2O*

CEM I 52.5 R 77.26 15.52 4.5 1.0 0.25

*Alkali content (Na2O + 0.658 K2O)
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3 Results and Discussion

3.1 Low Water Demand Binders

The main principle of low water demand binder production is mechanical and chem-
ical activation of a rationally selected rawmix including clinker components, mineral
additives, gypsum and an organic modifying agent which contains a water-reducing
component [5]. The production of low water demand binder (LWDB) is carried out
under pre-specified conditions in the grinding mills which are traditionally used in
the cement industry i.e. tube mills with special ball charges. In such a case, pref-
erence is given to closed cycle grinding with the use of separator mills, which are
rather widespread. Grinding with modifying agent provides for a variety of advan-
tageswhich secure certain properties to a ready-madeproduct, including considerable
increase in hydraulic activity of the clinker minerals under the simultaneous decrease
in water consumption of the binder.

The LWDB technology [6] makes it possible to produce binders with a wide
range of material composition and properties varying from multicomponent low-
clinker binders with 15…25% of clinker consumed (LWDB-15…LWDB-25) to pure
clinker binders, the mineral part of which is presented only by the clinker component
and gypsum (LWDB-100).

LWDB-100 differs in the increased physical and mechanical properties and dura-
bility. That’s why, the use of concrete on its basis when constructing important and
unique engineering structures is considered to be technically reasonable and econom-
ically viable. The “specific consumption of aggregates” in concrete based on LWDB
is so great in comparison with an ordinary Portland cement (max. 13 vs. max. 27)
that this allows considering LWDB as a next-generation cement [15].

It should be noted that the organic mineral compounds formed on the clinker
grain surface in the activation process determine such technological properties of
composite binder-based mixes as resistance to bleeding, a high degree of thixotropic
shear thinning and increased reproductive performance, i.e. the ability to reproduce
the finest details of the relief or texture without the formation of large air pores and
defects on the front surface, which is especially important for decorative elements
made from architectural concrete [7, 8].

The use of mechanochemical activation provides for the considerable increase in
the hardening rate and strength of white cement, which n turn would be used as a
basis of composite binders with 60–100 MPa activity (strength quality of cement)
depending on the initial cement quality; this corresponds to the strength rise about
41–53%at 28days, about 30–70%at 2–7days andover 2 times at 1 day.Alongside the
above, the essential reduction (by 17–25%) of cement pastewater demand is provided
in spite of the rise in binder dispersivity as compared to initial cements. Introducing at
the stage of binder production, mineral additives, such as natural alumina-containing
pozzolana to reduce shrinkage or granulated blast furnace slag to control heat release
and to increase sulfate resistance, does not result in considerable reduction of binder
activity.
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Below the test results are given based on composite binders from LWDB-90–
LWDB-100 test batches that were produced in a ball mill with 0.5 t/h capacity from
white cements. In compliance with the established practice, for composite binders
LWDB designation is used, i.e. the binder having low water demand, the numeral
in the designation denotes the content of clinker component in % note that the first
paragraph of a section or subsection is not indented. The first paragraphs that follows
a table, figure, equation etc. does not have an indent, either.

3.2 Fresh Concrete and Structure Formation of Concrete

In accordance with the reduced water demand of binders the making of flowable (or
self-compacting) fresh concrete on their basis is achieved at significantly lower—
by 20–30%—mixing water consumption (Table 2). At the same time, the specific
rheological properties of composite binders associated with mechanochemical acti-
vation provide the minimum bleeding, reduction of air entrainment in concrete
mixes and increase in their density, suggesting improvements of concrete structural
characteristics.

Control of structure formation processes as well as performance and decorative
properties of architectural concrete envisages at the stage of concretemix preparation,
first of all, a regulation of their slump loss and introduction of various chemical and
mineral admixtures (mineral pigments, shrinkage reducing admixtures, etc.) when
mixing. The slump loss of concrete mixes with composite binders, i.e. the rate and
time of initial flow reduction, as a rule, corresponds to the slump loss of mixes
with ordinary cements. However, all that may not be sufficient when concreting
complex elements, for example, large-scale sculptural reliefs. Besides, the rapid loss
ofworkability is in linewith accelerated structure formation of concrete and intensive
heat release during the first hours after placement. Introduction of retarding agents
(for example, based on sodium tripolyphosphate) may be good solution. Subsequent
paragraphs, however, are indented.

3.3 Positive Role of Titanium Dioxide

Along with admixtures controlling the rate of structure formation, coloring agents,
in the first turn, titanium dioxide TiO2, are introduced when mixing. Even when
using binders based on white cement, the introduction of TiO2 allows neutralizing
the color distortion due to contamination of the fillers and aggregates, and makes the
mix color more susceptible to the introduction of small doses of mineral pigments
for accurate reproduction of colors. Adding small amounts of TiO2 (up to 3–5% of
cement mass) does not actually affect water demand and rheology of concrete mixes,
while it affects positively the concrete strength. The data presented in Table 2 show
that for all periods of hardening, the strength of concretes increases with the growth
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Table 2 The impact of binders and admixtures used in architectural concrete mixtures preparation
on technological properties and strength of concrete

№ Quality index,
measuring
unit

Indicator values

White
CEM I 52.5R

LWDB-100* LWDB-90**

Composition
№

1 2 3 4 5 7

1 Material consumption, kg/m3

1.1 Cement 490 496 480 485 490 469

1.2 Sand 542 595 710 717 725 1641

1.3 Aggregate 1068 1071 1100 1110 1124 –

1.4 Water 226 198 160 162 146 159

2 Admixture dosage, % cement mass

2.1 PNS – 0.6 – – 0.5 –

2.2 TiO2 – – – 1 1 3

3 W/C 0.46 0.4 0.33 0.33 0.3 0.34

4 Slump, cm 18.5 20 15 5–9 14 14

5 Fresh concrete
density, kg/m3

2326 2360 2450 2475 2490 2288

6 Air content, % 2.5 3.0 2.7 2.3 2.3 4.5

7 Compressive strength, MPa, at age

1 day 20.5 25.7 55.0 69.7 72.8 39.8

2 days 36.4 47.4 64.8 70.5 78.4 55.2

3 days 40.2 51.0 72.1 76.7 83.0 59.5

7 days 47.6 58.4 83.3 90.0 90.6 73.4

28 days 55.6 67.3 93.7 103.8 112.6 81.0

*Based on white CEM I 52.5 R
**Based on white CEM I 52.5 R, mineral additive—granulated blast furnace slag

of TiO2 dosage. In combination with PNS the introduction of TiO2 is accompanied
by even greater increase in strength.

Using titanium dioxide sensibilized through nanotechnology gives additional
benefits [13].

3.4 Hardened Concrete

The analysis of the data in Table 2 shows that the use of mechanically activated
binders is accompanied in all cases by an essential increase of the hardening rate
as compared to concretes based on initial cements. Indeed, the strength of modified
concretes reaches 49–67% of the quality class strength as early as 1 day aging,
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while for concretes based on initial cements this value does not exceed 36–38%.
These high hardening rates of concrete cured at ambient air confirm once more
a possibility to produce architectural concrete articles without steam curing when
used both sand and crushed stone (compositions 1–5) and graded sand mixtures as
aggregates (composition 7).

3.5 Mechanical Properties and Durability

The increased hydraulic activity of mechanically activated binders and efficient mix
design of architectural concretes predetermine their high physical and mechanical
properties and durability. The data presented in Table 2 shows that the values of
physical and mechanical properties of concrete correspond to high values of their
strength.

The values of the prism strength factor and the initial tangent modulus of elasticity
of modified concretes meet regulatory requirements or exceed them according to
National Building Code SP 63.13330 [18].

The value of volumetric water absorption of modified architectural concretes may
also serve as an indicator of improvement of their structural characteristics. The data
in Table 3 indicates that the mentioned value does not exceed 8%, thus allowing
attributing the obtained concretes to materials with a compact structure.

Combination of high density and strength of modified concrete determines, in
turn, their high frost-resistance. A frost-resistance factor, Kfr, of concretes based on
LWDB (i.e. the ratio of strength of key samples after a given number of alternate
freezing and thawing cycles to the strength of control samples) is over 1 even after

Table 3 Main characteristics of architectural concrete depending on binder and admixture types

№ Quality index, measuring unit Indicator values

White
CEM I 52.5R

LWDB-100*

1 Admixtures and dosage, % cement mass PNS (0.6%) TiO2 (1%)
PNS (0.5%)

2 Compressive strength, MPa, in age 28 days

2.1 Cubic Rc 67.3 112.6

2.2 Prism Rpr 48.5 85.6

3 Prism strength factor, Rpr/Rc 0.71 0.76

4 Initial tangent modulus of elasticity E × 10–3, MPa

4.1 Experimental 38.1 57.7

4.2 Normative 39.0 –

5 Volumetric water absorption 12.8 7.1

*Based on white CEM I 52.5 R
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300–400 test cycles, that indicates to the available reserve of durability and to the
predominance of constructive processes in the concrete structure over destructive
ones. In contrast, the frost resistance of concrete based on initial white cements does
not exceed 100–250 cycles depending on the type of cement.

3.6 Impregnation with Special Organic Silicate Compounds

In real building practice, ornamental concrete products are exposed to pollution to
someextent evenprior to thebeginningofmaintenance—during transportation,ware-
housing and especially at installation which is carried out frequently without appro-
priate protection of exterior surfaces. Surface treatment of architectural concrete with
special organic-silicate compounds, which partially or completely seal the pores
with high density air-silica-gel, improves performance and durability of material,
decreases water absorption up to 20–37% and increases freezing–thawing resistance
up to 20–50% [12].

With reference to architectural concrete it means also an increase of durability of
the surface of ornamental elements to fouling and makes easy the process of their
cleaning, and also possibility of protective coating while in service that is confirmed
by experience of practical application.

4 Case Study

High performance architectural concrete was used for the manufacture of external
decoration with a texture and color simulating a natural white stone in restoration
work of many historical monuments and buildings in the City of Moscow and the
Moscow Region, including churches, chapels, ancient country estate complexes,
apartment houses and household constructions: The Center of Orthodox Heritage
in Peredelkino near Moscow (early 19th c.) where more than 24,000 purpose-made
details of outside architectural decoration were installed, Tsaritsino (18th c.) near
Moscow (Fig. 1), the St. George Church in Romanovo (early 18th c.), the Church of
the Iveron Icon of the Mother of God, the church tower of the Ascension of Christ
at Rogozhky Barrier (19th c.), etc.

As usual, elements of external decoration had highly rich ornaments of the front
surface that reached 3/4 of the total surface of the product (Fig. 2). Themain objective
was to obtain a high quality, defect-free surface with a given texture and color, when
the size of individual items was sometimes more than 3.0––1.5 m with a thickness
not exceeding 80 mm.

A unique example of the implementation of the developed architectural concrete
(LWDB-100—480 kg/m3; sand—723 kg/m3; coarse aggregates—1120 kg/m3;
water—149 kg/m3; TiO2—14.6 kg/m3; admixtures—4 kg/m3) was the making of the
high relief of St. Princess Olga, Equal-to-the-Apostles for the Cathedral of Christ the
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Fig. 1 Tsaritsino near Moscow

Fig. 2 The church tower of the Ascension of Christ at Rogozhky Barrier, Moscow

Savior with height more than 5 m. The characteristics of the sculpturesque concrete
are shown in Table 4.

Calculation of durability of such architectural concrete for climatic conditions of
Moscow based on fracture mechanics parameters show that the time within which
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Table 4 The concrete for the
St. Princess Olga,
Equal-to-the-Apostles high
relief

Properties Quality index Units Values

Aesthetic Whiteness % Reference
(dolomite)

Surface quality – A2

Physical and
mechanical

Specific gravity kg/cm3 2.503

Compressive
strength

MPa 149.8

Modulus of
elasticity

MPa 5.6 × 104

Shrinkage mm/m 0.137

Durability Frost resistance grade F1800

Watertightness grade W16

the structural characteristics of the concrete have reached its limit state, is 152 years
[16].

As usual, elements of architectural decoration are manufactured by vibratory
casting method, with the use of vibrators and vibrating table (frequent vibration
in the range 10–60 Hz), in a specially designed rigid composite matrix with an
outer layer of silicone compounds meeting the requirements of dimensional stability
(not more than 0.01%) that allows producing details with very precise geometric
dimensions. At the age of 24 h after curing in a humid chamber under controlled
conditions (T= 40–45 °C; RH= 80–95%) the products were demolded and treated
by water-repellent composition.

5 Standardization Issues

Unfortunately, architectural concrete did not fully comply with the Russian stan-
dards, so it was necessary to develop a set of new standards dedicated to cast
stones or to update already published standards, including technical requirements,
test methods, specifications for architectural concrete, durability and execution of
concrete structures and units, especially in severe conditions and under fire hazard.

Today, the would-known industry standard for physical properties and raw mate-
rials constituents of architectural cast stone is ASTM C 1364 [4]. In the UK and
Europe, it is more normal to use the British Standard BS 1217:2008 “Cast stone—
Specification”. The European Commission’s “Construction Products Regulations”
legislation states that by mid-2013 CE marking becomes mandatory for certain
construction products sold in Europe, including some cast stone items.

Deutscher Beton- und Bautechnik-Verein (DBV) and Bundesverband der
Deutschen Zementindustrie (BDZ) published in 2015 the last edition of Code of
Practice for Architectural Concrete [11]. It defines four concrete classes (SB1-SB4)
which have different demands for texture (demand classes T1-T3), porosity (demand
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classes P1-P4); steadiness of shade (demand classes FT1-FT3); surface evenness
(demand classes E1-E3); quality of formwork skin (demand classes SHK1-SHK3),
and quality of formwork joints (demand classes AF1-AF4). The DBV Code of Prac-
tice presents the current state of technology and gives specific instructions for prac-
tical implementation. Some requirements are available also in ACI 303R-12 [1] and
ICOMOS/ISCARSAH Recommendations [14].

In 2010, Russia started the process of creating new building regulations, revising
building codes and standards, and reestablishing the corresponding enforcement
mechanism to ensure regulatory compliance. This presents a unique opportunity
to rebuild its regulatory framework from the ground up on the premise of integration
and interoperability. Implementation of international norms is the main objectives.
Currently, within the framework of programs of standardization, a group of stan-
dards has to be developed referring to specification and test methods of architectural
concrete.Russian specialists hope to start long-running professional cooperationwith
representatives of international professionals and business to solve very important
problems in the development of the next generation of standards and determination
of what standards need to be implemented foremost.

These kinds of joint actions will help us to work with new documents without
any problems for international or Russian business. With research progresses and
the technical regulations development, the field of architectural concrete application
will undoubtedly expand.

6 Conclusions

Thus, modern concrete technology is able to imitate and replace to the full the natural
stones by authenticable and compatible artificial composites that are not inferior to
them in their properties. For this reason, the Association for preservation technology
was describing cast stone materials as being “fully accepted” [3]. Only recently,
architectural concrete has developed into one of the most important means of design
in modern architecture. No other building material can be used and processed in
such a versatile manner. Therefore, architectural concrete is used now for almost all
construction tasks. Through the design capabilities of the fresh concrete, virtually
any shape and quality can be economically realized with the help of appropriate
formwork systems and form lining.

SCC shows additional great potential to obtain good surfaces, in a way which is
hard to get with vibrated concrete. However, SCC seems to be more sensitive than
vibrated concrete with regard to surface finishing, due to the way it is cast, the nature
of the formwork, the type and thickness of applied release agent, temperature of the
formwork and weather conditions.

The above mentioned methods of modifying the architectural concrete provide an
opportunity to control its structure and properties as well as concrete mix workability
and hardening rate at all stages of its manufacture—from selection of initial materials
to surface treatment at the final stage of manufacture or even at the operational stage.
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Thereby an optimum combination of construction and technical characteristics of
concretes and decorative properties of products is achieved that should considerably
expand the field of architectural concrete application, solve the problems of historical
heritage preservation, and on the whole facilitate the growth of its social significance
and attractiveness.

According to Scott [17], “…through technological advances and rigorous testing
regimes, the quality of cast stone is undoubtedly higher and more consistent than
has been created at any time in the history of artificial stone. One can only wonder
how historians will review the works of present day manufacturers in the centuries
to come, for it would appear that it is only with hindsight that we are prepared to
properly judge this material”.

Growth in the codes, standards, guidelines, and training and certification programs
will play a significant role in the development and acceptance of architectural
concrete versus stone. An emphasis-shift to long-term cost–benefit analyses and
performance-based criteria for designing will result in the selection of this type
concrete for a particular application. Ultimately, the realization of the full potential
of architectural concrete will depend upon on strategic planning and vision from
industry leaders, government and academia alike.
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Earth, Gypsum and Cement-Based
Plasters Contribution to Indoor Comfort
and Health

T. Santos , P. Faria , and M. I. Gomes

Abstract Indoor air quality is important for comfort and health of buildings
inhabitants. The use of environmentally friendly building materials is also very
important for sustainable and green buildings. In the present study, mechanical char-
acteristics of fivemortars were comparably analyzed: two unstabilized earth mortars,
one earth-air lime mortar, one cement mortar and other gypsum mortar. The earthen
plasters are nowadays commonly applied unpainted. The gypsum plaster system is
composed by the base mortar and a finishing layer; it can be applied unpainted or
painted. The cement plaster is generally finished with a paint system. Therefore,
the adsorption and desorption capacities were assessed for all the plasters and the
influence of the paint system was evaluated for the cement and gypsum plasters.
Results show that the earth mortar stabilized with air lime presents lower mechanical
strength, in comparison to all other mortars, and lower adsorption capacity, similar to
the gypsum system. The unstabilized earth plasters present high adsorption capacity,
in comparison to the cement and gypsum plasters. The paint system does not have
significant influence on the adsorption capacity of the gypsum plaster but reduced
that capacity on the cement plaster. These results demonstrate the important contri-
bution that unstabilized earth plasters may provide as passive indoor hygrothermal
buffers, in comparison to other plasters, thus to comfort and occupants health.

Keywords Air lime · Clay · Desorption · Mechanical strength · Mortar · Sorption

1 Introduction

Plasters are applied to coat, protect and decorate indoor walls and ceilings, having a
significant surface area. Currently, with existing energy and environmental problems
and people’s ecological awareness, it is increasingly necessary to use renewable
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and/or environmentally friendly building materials, with low CO2 emissions and
embodied energy, which may also contribute to improve the comfort and health of
inhabitants.

Around the world, cement-based construction is very common. About 900 kg of
CO2 are emitted into the atmosphere during the production of 1 ton of cement [1].
Cement, after water, is the second most consumed substance in the world by weight
[1].

Earth plastering mortars present several technical and environmental advantages:
the rawmaterial is a natural and abundant local resource; without need of transporta-
tion because it should be a local material; it is inexpensive, easy to work, non-toxic,
not renewable but reusable (when not chemically stabilized); with lowCO2 emissions
to manufacture and apply as a building material and, consequently, low embodied
energy. Relatively small amount of energy is necessary to produce earth plasters,
compared to conventional plasters, namely based on cement because the production
of this binder requires very high temperature [2]. Thus, earth plasters can significantly
contribute to the sustainability of buildings.

Furthermore, earth plasters are becoming recognized by their high hygroscopic
capacities, conferred by clays, which provide an important contribution to act as
passive humidity buffers, adsorbing and releasing a significant content ofwater vapor,
contributing to balance indoor relative humidity (RH) and temperature [3–11].Minke
[10] and Morton [11] refer that the earth can absorb and bind pollutants dissolved
in water, due to the hygroscopic capacity of the clay. Thus, it is deduced that the
pollutants in the water vapor can be captured by the earth plasters.

The RH inside the buildings should vary from 40% to 70%, promoting the comfort
and health of its occupants. In this range of RH there is a reduction of the fine dust
content in the air, the protection mechanisms of the skin against microbes are active,
and the life span of many bacteria and viruses is reduced. The mucous membranes
of buildings’ occupants can dry, which causes a decrease of resistance to colds and
related diseaseswhen inhabitants are exposed to RH< 40%, particularly if this occurs
for long periods of time [10, 12]. On the other hand, RH > 70% promotes discomfort,
increase of rheumatic pains and fungus formation in poorly ventilated spaces. When
inhabitants are exposed to these environments for long periods, it can cause several
kinds of disease and allergies [10, 12].

Thermal comfort can be improved by regulation of RH, since the temperature
increase as the RH decreases. Maskell et al. [4] analyzed the mass change of clayish
earth, lime and gypsum plasters when exposed to different RH and constant temper-
ature, and Minke [10] presents the adsorption curves of clayish earth, lime-cement
and gypsum plasters. Nevertheless, earth plasters characteristics are not often tested
and analyzed in comparison to common plasters, especially as regards adsorption
and desorption capacity.

In this study five plastering mortars are formulated, specimens are produced and
tested for shrinkage, dry bulk density, dynamic modulus of elasticity, flexural and
compressive strength: two are unstabilized earth mortars; one is an air lime stabilized
earth mortar; another is a cement-based mortar; and the last one is a gypsum-based
mortar.
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Nowadays earthen plasters use to be applied unpainted to profit from their colors
and aesthetic appearance and cement plasters are generally finished with a paint
system. The tested gypsum plaster system is composed by a base mortar and a
finishing layer; it can be applied unpainted or painted. Therefore, the adsorption and
desorption capacities were assessed for all the plasters unpainted (the gypsum plaster
included the finishing layer) and the influence of the paint system was evaluated
for the cement and gypsum plasters. Therefore, these two plasters were tested for
hygroscopicity also painted.

2 Materials and Methods

2.1 Materials

In the present study, five mortars were analyzed with a different formulation. One
mortar was produced in the laboratory. Four other mortars were pre-mixed mortars
that were produced only by water addition to an incompletely known formulation.
Table 1 presents the description of tested mortars and plastering systems (when
applicable).

Loose bulk density and particle size distribution of raw materials used in the
formulation of mortars and of the pre-mixed mortar products were determined
and presented by Santos et al. [13]. In short, the constituent materials and
pre-mixed products have the following loose bulk densities: 1.36 ± 0.01 kg/dm3 for
RCE, 1.38 ± 0.00 kg/dm3 for FS, 1.61 ± 0.00 kg/dm3 for CS, 1.40 ± 0.01 kg/dm3

for Ep, 1.50 ± 0.00 kg/dm3 for Cp and 0.81 ± 0.01 kg/dm3 for Gp.
A standard plastic paint was used to paint some of the cement and gypsum-based

specimens.

2.2 Mortars Preparation and Specimens Production

Em, E + CL and Cm mortars (pre-mixed mortars) were produced only by addition
of the water content indicated by each producer (Table 1). The producer of the Gm
mortar did not define the water content and, therefore, the water content of Gm
and E_L mortars (Table 1) was defined by an experienced craftsman to assure good
workability.

All mortars were prepared using a mixed blade to reproduce, as much as possible,
the method carried out on a construction site: the dry materials were placed in a
bucket; water was slowly added; initial mixing of 8 min, approximately, was carried
out; removal of mortar adhered to the bucket walls; final mixing of 3 min [13].

E+CLmortarwas prepared (as describedbefore) onedaybefore the productionof
specimens and was supplied ready-mixed. All the remaining mortars were produced
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Table 1 Description of mortars analyzed

Mortars Type of mortar Production Description Water
content (%)

E_L Earth-based Formulated in
laboratory

Composed by a reddish
illitic-kaolinitc clayish
earth (RCE), fine (FS)
and coarse (CS) sands
with volumetric ratio of
1:3:1.5 and mass ratio
of 1:3.04:1.78
(RCE:FS:CS)

10

Em Earth-based Pre-mixed (Embarro
Company—Universal)

Composed by a reddish
ilitic-kaolinitc clayish
earth from Algarve
region, 0–2 mm fine
sand and cut straw
fibers (Ep—proportions
of each constituent are
not exactly known)

15

E + CL Earth-air lime
based

Pre-mixed (Aldeias de
Pedra company)

Composed by a yellow
kaolinitic clayish earth
(YCE) provided by
Sorgila company,
coarse sand (CS),
limestone powder (LP)
and air lime putty
(ALP) (proportions of
each constituent are not
exactly
known—supplied
ready-mixed)

20

Cm Cement-based Pre-mixed (Secil
Argamassas
company—RHP
Manual Interior)

Cementitious Cp
product for manually
applied indoor plasters
(formulation not
known)

14

Gm Gypsum-based Pre-mixed (Sival
company—Project
2010)

Gypsum-based Gp
product for indoor
plasters; the system
includes a finishing
gypsum layer with
1 mm thickness that
was applied only on the
hygroscopicity
specimens
(formulations not
known)

43
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on the same day that specimens were prepared. Santos et al. [13] characterized each
mortar in the fresh state.

Different types of specimens were produced for each mortar:

– Prismatic specimens, 40 mm × 40 mm × 160 mm, prepared in metallic molds,
filled in two layers mechanically compacted with 20 stokes each and manually
levelled. These specimens were demolded after 7 days.

– Planar specimens, 200 mm × 500 mm × 15 mm, prepared in metallic molds,
and manually compacted and levelled. These specimens were not demolded. The
finishing gypsum layer was applied on the Gmmortar planar specimens 24 h after
the base mortar. The planar specimens of the Cm and Gm mortars were tested
unpainted, painted with two layers of paint after 9months in laboratory conditions
and tested painted.

All specimens were maintained in laboratory conditions of 20 ± 2 °C and 65 ±
5% RH.

2.3 Methods

Shrinkage

Linear shrinkage was determined by the difference of the linear geometrical length
of the prismatic specimens before and after drying for 7 days, according to DIN
18947 [14]. During drying and before the hygroscopic test, specimens were visually
observed to assess shrinkage.

Dry bulk density, dynamic modulus of elasticity and flexural and compressive
strengths

Mortars were characterized for dry bulk density, based on EN 1015-10/A1 [15],
dynamic modulus of elasticity (Ed), according to EN 14146 [16] with a ZEUS XRM
equipment, and flexural (FStr) and compressive (CStr) strength, according to EN
1015-11 [17] with a Zwick Rowell Z050 equipment. Load cells of 2 kN and 50 kN
and velocity of 0.2 mm/min and 0.7 mn/min were used for flexural and compressive
tests, respectively. Tests were performed with 6 prismatic specimens and the results
of each mortar are its average. Mortars were characterized after 1 month, by dry
bulk density, and 2 months, by Ed, FStr and CStr—except E + CL mortar that was
characterized after 4 months to assure air lime carbonation.

Adsorption and desorption

The dynamic vapor adsorption and desorption of plasters were determined with
three planar specimens, according to DIN 18947 [14]. The specimens were kept in
the metallic molds to ensure that adsorption and desorption occurs only on the top
exposed surface of the specimens. Mortars were characterized after 4 months, except
E + CL mortar that was characterized after 6.5 months.
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The specimens were stabilized in a climatic chamber at 50% RH and 23 °C, for
about 24 h. After stabilization, the climatic chamber conditions were changed from
50% to 80% RH, initiating the adsorption phase. The specimens were weighed at the
following intervals: 0, 1, 3, 6, 12 and 24 h.

After 24 h the chamber conditions changed from 80% to 50% RH, initiating
desorption phase, that was assessed with the same time interval protocol used in the
adsorption phase.

3 Results and Discussion

3.1 Shrinkage

Linear shrinkage of mortars (average and standard deviation) is presented in Table 2.
By visual analysis of the hygroscopicity test specimens the presence of cracks

was not observed (Fig. 1a), except in case of E + CL mortar which specimens had
some cracks in the center (Fig. 1b). E + CL mortar has the higher linear shrinkage,
which justifies the presence of cracks in these planar specimens.

Table 2 Linear shrinkage, dry bulk density, dynamic modulus of elasticity (Ed) and flexural (FStr)
and compressive (CStr) strengths

Mortars Linear shrinkage
(%)

Dry bulk density
(kg/dm3)

Ed (N/mm2) FStr (N/mm2) CStr (N/mm2)

E_L 0.1 ± 0.0 1.77 ± 0.04 3781 ± 316 0.20 ± 0.06 1.01 ± 0.20

Em 0.2 ± 0.1 1.82 ± 0.02 4267 ± 139 0.25 ± 0.06 0.96 ± 0.10

E + CL 1.4 ± 0.8 1.78 ± 0.07 2977 ± 101 0.17 ± 0.04 0.51 ± 0.03

Cm 0.1 ± 0.1 1.79 ± 0.01 5571 ± 243 0.84 ± 0.11 2.84 ± 0.17

Gm 0.2 ± 0.1 1.22 ± 0.03 4006 ± 161 1.51 ± 0.11 4.15 ± 0.58

Fig. 1 Distinguish color and shrinkage in three planar specimens of Em (a) and E+CL (b) mortars
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3.2 Dry Bulk Density, Dynamic Modulus of Elasticity,
Flexural and Compressive Strength

Table 2 presents the dry bulk density, dynamicmodulus of elasticity (Ed) and flexural
(FStr) and compressive (CStr) strengths of mortars (average and standard deviation).

Some studies refer that the addition of natural fibers reduces shrinkage, dry bulk
density and thermal conductivity [18, 19] and eventually increases compressive
strength [20]. But that should depend largely on the type and content of fibers [21].
Despite the presence of fibers, the earth mortar with fibers (Em) presents higher dry
bulk density and lower compressive strength, compared to the other unstabilized
earth mortar (E_L); however, the CStr values are very close. The Em mortar seems
to have a good compactness and, therefore, lower porosity compared to the other
analyzed earth mortar. However, this can only be further detailed through an analysis
of the porous structure.

According DIN 18947 [14], the E_L mortar can be classified as class 1.8 and the
Em mortar as class 2.0 of dry bulk density. Not considering that DIN 18947 [14]
refers to unstabilized earth mortars only, the E+CLmortar can be classified as class
2.0. These mortars and the cement-based mortar present similar dry bulk density,
while the gypsum-based mortar presents lower dry bulk density.

Dry bulk density of the mortars may be related to the loose bulk density of the
raw materials and pre-mixed products (between 1.20 and 1.61 kg/dm3) [13], which
present similar values. The Gp is the exception and present lower loose bulk density
(0.81 kg/dm3) [13]. This can be justified by the lower dry bulk density of Gmmortar.

E + CL mortar presents the lowest strengths (Table 1). This reveals that the addi-
tion of air lime does not obligatory improve the mechanical strength of earth mortars.
Similar results were obtained in previous studies: Santos et al. [22] concluded that
the addition of 5% of air lime in an illitic earth mortar (after 60 days) also decreased
its mechanical strength; Gomes et al. [23] obtained similar results with air lime addi-
tions up to 15% (after 90 days) in a kaolinitic earth mortar. Low contents of air lime
seem to interrupt the clay matrix connection, without creating an air lime network
strong enough to replace those clay connections [22, 23]. In the present study, the
same phenomena may have happened, although the content of air lime in the E +
CL mortar is not known.

EN 998-1 [24] defines different classes for compressive strength, at 28 days, for
plastering mortars: CS I for 0.4–2.5 N/mm2; CS II for 1.5–5.0 N/mm2; CS III for
3.5–7.5 N/mm2 and CS IV for ≥ 6 N/mm2. Although all the mortars were not tested
at 28 days but at a higher age, earth mortars analyzed in the present study can be
classified as CS I class and cementmortar as CS II, meeting the specifications defined
by the pre-mixed product technical file. Although the standard [24] is not applied for
calcium sulphate bindermortars, theGmmortar could be also classified as CSII class.
These results meet the requirements of mortars for interior and exterior plasters. Gm
mortar meets the FStr and CStr defined by pre-mixed product technical file (FStr >
1 N/mm2 and CStr > 2 N/mm2) and by EN 13279 [25] (FStr of 1–2 N/mm2 and CStr
of 2–6 N/mm2).



112 T. Santos et al.

As expected, the earthenmortars (E_L, Em andE+CL) present lowermechanical
strengths (Ed, FStr and CStr) when compared to hydraulic binder mortars (Cm and
Gm), except forEmmortarEd result. This is not necessarily negative if the application
of these plasters on substrates with low mechanical properties is considered. In such
cases, mortars should not exceed the characteristics of the substrates where they
are applied in order to ensure long-term compatibility between the mortar and the
substrate. If this compatibility is not verified, premature anomalies and detachment
may occur. Other researchers concluded that earth plasters can be applied in different
supports, for renovation or in new construction [26, 27].

3.3 Adsorption and Desorption

Figure 2 presents the adsorption and desorption (average and standard deviation) of
the plasters, unpainted and, for cement and gypsum-based plasters, also painted, and
the limits of sorption classes defined by DIN 18947 [14]: WSI ≥ 35 g/m2; WSII ≥
47.5 g/m2; WSI ≥ 60 g/m2, after 12 h.

The unstabilized earth plasters (Em and E_L) present significantly higher adsorp-
tion and desorption capacity compared to plasters with common binders (cement,
gypsum and even earth with added air lime). After 12 h, the Em and E_L mortars
present adsorption ≥ 60 g/m2 and, therefore, are classified as WSIII class, by DIN
18947 [14]. Em and E_L plasters adsorb about 104 g/m2 and 76 g/m2 water vapor,
respectively, after 24 h, and the adsorption curves showan increasing trend at this time
(Fig. 2). The presence of illitic clay can justify the higher sorption capacity of these
plasters. Illitic clay is characterized by a significant water vapor absorption capacity
[7], being only surpassed by montmorillonitic clay, which has a higher adsorption
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capacity than the illitic clay [28]. However, montmorillonitic earth mortars use to
present very high shrinkage that enables its application [28].

The higher adsorption capacity demonstrated by Em plaster can also be due the
presence of fibers, since fibers may increase the hygroscopicity, the water vapor
permeability and themoisture buffering capacity of earth plasters [20, 29].Moreover,
it is necessary to consider that the presence of fibers may also leads to mold growth
[30]. For this reason, an adequate drying of plasters must be assured, promoting
ventilation to avoid extended conditions of high RH, and prevent the proliferation of
mold. Röhlen [31] showed that all earth mortars, with or without fibers, may have
presence of fungi, since they can occur when the environment present high levels of
humidity.

The adsorption of the Em and E_L plaster is not stabilized after 12 h and is still
increasing up to 24 h (when the test stopped), contrarily to what happens with the
earth stabilized with air lime, the gypsum and the cement-based plasters. That also
confirms the important contribution that unstabilized earth plasters may provide as
passive indoor buffers, in comparison to other plasters.

The analysis of the porous structure of the studied mortars may help to understand
the differentiated adsorption of the mortars.

Em and E_L plasters also present a good desorption capacity, in comparison to
the remaining mortars. However, these plasters present some desorption hysteresis
of 3–5%.

Comparing the results obtainedwith the cement plaster Cm, unpainted and painted
(Fig. 2), it is possible to conclude that the painting partially blocked the adsorption
and desorption capacity of the cement-based plaster. After 12 h, Cm adsorbed about
39 g/m2, while Cm painted just adsorbed about 33 g/m2, 16% less. Nevertheless,
after 48 h, Cm and Cm painted desorbed the similar water vapor, about 38–40 g/m2.
The painted and unpainted cement plaster have a desorption hysteresis of about 1%.

Both the gypsum plasters systems do not achieve the lowest sorption class of the
DIN 18947 (after 24 h only absorbed about 20 g/m2 of water vapor). The adsorption
capacity of unpainted and painted Gm plasters is similar, although slight differences
can be observed: at the beginning and end of adsorption, from 0–9 h to 30–48 h,
respectively, the unpainted Gm plaster has adsorption capacity slightly higher than
the Gm painted plaster; in the intermediate period (9–30 h) the Gm painted plaster
presents higher adsorption capacity (inverse behavior). Thus, it is verified that the
painting causes a blockage of adsorption up to 9 h and desorption from 30 h. It is
further observed that after 48 h the Gm unpainted plaster presents a slight desorption
hysteresis, about 2%, while the Gm painted plaster does not.

Ramos et al. [32] evaluated the experimental mass variation for RH step of 33–
75% at 23 °C of a gypsum plaster unpainted and painted (with acrylic and vinyl
paints). After 8 h the unpainted gypsum plaster adsorbed about 30 g/m2, while the
painted gypsum plasters adsorbed about 17.5–27.5 g/m2. In the present study, for
different RH variation (step of 50–80%), Gm and Gm painted absorbed slightly less
than 20 g/m2. This can be due to possible admixtures of the pre-mixed gypsumplaster
system. The different RH variation or different type of paint may also contribute to
the different results obtained. As obtained in the present study (Fig. 2), Ramos et al.
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[32] also obtained higher adsorption capacity of the unpainted gypsum plaster in
comparison to the painted gypsum plaster, after 8 h.

Minke [10, 12] analyzed the adsorption capacity at 21 °C and RH variation from
50% to 80%, for 24 h, in different materials with 15 mm of thickness and conclude
that: undefined clayish earth absorbed about 200 g/m2; lime-cement and gypsum
plaster adsorbed only about 40 g/m2 and 30 g/m2 after 24 h, respectively. In the
present study, all plasters present lower adsorption capacity after 24 h, except the
pre-mixed Cm plaster that present similar adsorption capacity to lime-cement plaster
analyzed by Minke [10, 12]. Maskell et al. [4] analyzed the adsorption capacity of a
clayish earth plaster, an air lime plaster and a gypsum plaster, at 23 °C, RH variation
from 50% to 75% and, after 12 h, obtained adsorption of 30 g/m2, 15 g/m2 and
10 g/m2, respectively. In the present study, the earthen plasters and the gypsum
plaster adsorbed higher amount of water vapor (about 22–78.33 g/m2), after 12 h.
The different results obtained in the present study and by these researchers [4, 10, 12]
can be justified by eventual different types of clay minerals, formulation of plasters
and environmental conditions (temperature and RH).

It is possible to make a comparison between the analyzed plasters when applied
in common room during a daily cycle, considering a room with floor dimensions
of 3 m × 3 m, with a ceiling height of 3 m, with a door of 2 m2 and a window of
1 m2, having walls and ceiling plastered with the seven different systems analyzed
for hygroscopicity in the present study, with 15 mm of thickness (Fig. 2).

Considering the room occupied for 8 h during the night at a high RH, the unsta-
bilized earth plasters (E_L and Em) could adsorb about 2–3 l of moisture, whereas
the mortars with binders, painted or unpainted (E + CL, Cm and Gm) could only
adsorb about 1 l.

The present study demonstrates the ability of clayish earth plasters to adsorb and
desorb moisture faster and to a greater extent than common pre-mixed plasters, such
as cement and gypsum-based plasters. Nevertheless, the composition of the pre-
mixed plasters is not known and eventual admixtures in the formulation may have a
significant influence.

4 Conclusions

Plasters have a significant influence on buildings indoor environment. For this reason,
plasters must meet some requirements, including aspects that contribute to a healthy
and comfortable indoor environment. Thus, the main objective of this study is to
quantify somemechanical aspects, butmainly the adsorption and desorption capacity
of different plaster systems in order to evaluate the benefits some may have for
hygrothermal comfort and indoor air quality.

Analyzing the mechanical characteristics, it is possible to conclude that, as
expected, earth mortars present lower mechanical strength comparing to cement and
gypsum-based plasters. The addition of air lime, although not directly comparable,
does not seem to be mechanically advantageous for an earth mortar.
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Unstabilized earth plasters validate their ability to regulate indoor RH since, in
comparison to the other plasters, present: a high adsorption and desorption capacity;
increasing adsorption after 12 h and at least up to 24 h (when the test stopped),
contrarily to what happens with the lime stabilized earth, the gypsum and the cement-
based plasters. Thus, the contribution of earth plasters, when applied on indoor
walls and ceilings, to the indoor comfort of buildings can be significantly important
compared to commonly used plasters, acting as passive hygrothermal buffer systems.
This can have positive consequences on indoor air quality but also on energy saving
to assure comfort. It was also proved that the tested painting has a negative influence
on the adsorption and desorption capacity of the cement-based plaster; however, it
does not cause significant influence on the gypsum-based plaster. Further study in
needed to justify this different behavior, namely an in depth analysis of the mortars
porous structure.

Tests are now being held to observe the capacity of the five plasters to capture
pollutants, such as CO2. Plaster specimens of each type were applied covering five
surfaces of air-tight cells, simulating the four walls and the ceiling of a room. The
pollutantwas injected and it is expected that, soon, results can be presented, hopefully
showing a good capacity to capture CO2 by some of the plasters.
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Abstract Cement and concrete construction inevitably impact on societies. By
exploiting resources, modifying the landscape and facilitating the mobility of people
and movement of goods and services, concrete construction activities are directly
linked to climatic effects, local economies, and the socio-economic well-being of
urban dwellers. Today’s rapidly accelerated urbanisation inevitably coins global soci-
eties all over the world, particularly in Africa, where the expected movement from
rural to urban environments along with a significant population increase will reach
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unprecedented megacity dimensions. Megacities are already under massive socio-
economic, cultural and infrastructural pressure today, and the future predictions indi-
cate that complex challenges will need to be tackled. However, the future develop-
ments present both challenges and opportunities at the same time, since due to lacking
existing solutions unprecedented environmentally and socio-culturally responsive
solutions have to be developed using readily available local resources. The paper
discusses challenges related to rapid urbanisation and highlights African distinct
differences. Opportunities and potential material and structural solutions are also
discussed, along with the associated architectural and socio-economic implications.

Keywords Sustainability · Urban growth ·Megacities · Africa · Architecture

1 Introduction

In this century, along with climate challenges, urbanisation is one of the most critical
challenges humanity faces. For Africa this challenge is even more pressing than for
most other regions in the world. According to the Global Cities Institute [1], by the
end of the 21th century 13 of the largest 20 cities in the world are expected to be in
Africa (Fig. 1). In 2050 the number of 5-Million-inhabitant cities will rise up from
the current number of 10 to ca. 60 [2]. The expected growth should be sustainable.

However, sustainability in the context of urbanisation goes far beyond this. The
rapid migration to urban regions, often linked to lack of livelihoods and inaccessi-
bility of health services, poses new challenges such as inequalities, discrimination,
social unrest and crime. Furthermore, it puts additional pressure on educational,
health, sanitation and supply systems, and is increases environmental pollution.

Fig. 1 Countries with the biggest megacities in 2010 and 2100 [1]
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Hence, although urbanisation is largely covered by the UN Sustainable Develop-
ment Goal No. 11 (SDG 11—Sustainable Cities and Communities), urbanisation
processes are inevitably linked to all the 17 SDGs [3]. This indicates that environ-
mental challenges of urban growth in Africa are intimately linked to fundamental
socio-economic aspects.

2 Challenges, Boundary Conditions and Degrees
of Freedom

As much as African megacities share the challenge of rapid growth, historically
and geographically they have a vast variety of different boundary conditions. Cities
like Cairo, Lagos, or Kumasi for example have unique histories that can be traced
back tomany centuries. Their past and future growth has been determined bymultiple
interconnected historical periods. The important maintenance of the cultural heritage
limits an unrestricted urban structural development, but in returnmigration andmulti-
culturalism are not unknown phenomena. Then, the rapid urban growth of many
huge cities today was triggered in the end of the 19th century, often in the context
of colonial resource exploitation, such as Nairobi, Kampala, or Accra. These cities
were conceptualised for a small typically colonial elite and not for the vast majority
of the populace, which the city plans often still shows today [4]. Even the separation
of the privileged can mostly still be found today, with the difference that separation
today depends upon income. Yet there has been permanent amorphous population
growth.

Eventually, there are some regions and cities, which were not populated signif-
icantly for a long time, but present enormous growth potentials in the future,
such as Mtwara and Songea or Blantyre City. These regions provide enormous
degrees of freedom for non-traditional urban growth, as new sections can be devel-
oped right from the scratch, but new developments must also meet current and
future socio-economic demands and intricately blend in with the existing traditional
infrastructure.

While historical developments often limit possible and conventional traffic infras-
tructural developments, the growth can furthermore be limited by topographical and
geopolitical factors. Lagos e.g. has reached the state’s borders, thus, has limited
potentials for lateral urban growth. This forces city planners to extend the land into
the lagoon,whileDouala orAccra have no severe limitations for lateral growth.Addi-
tionally, different boundary conditions are whether the cities are landlocked such as
Niamey or Kampala, or located with access to the ocean, such as Lagos or Dar es
Salaam. However, a major distinction between African urban growth potentials is
the variability in the population density. This parameter needs further discussion.
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3 Characteristics and Requirements Depending on Density

3.1 Low Density Situation

Much of Africa’s urban expansion occurs through the unplanned and low-density
consumption of rural land [1]. Urban sprawl inherently affects areas of low-density
population as by definition this is the migration of people from relatively low to high
densely populated areas. When developing such areas, it is important to consider
different stakeholder groups, such as conservationists and farmers. Regions with
more rural characteristics cannot be conceptualised in the same way as larger, more
densely populated cities can. The current challenges encountered in existing large
cities can be minimised by considering known challenges right from the concep-
tual planning stages. Such challenges include perpetual traffic jams and the related
greenhouse gas emissions and productivity losses, as well as insufficient and inad-
equate housing. More mixed-use spaces can be built for a more integrated society.
This means for example dispersed shopping centres that integrate existing stall-like
businesses by expanding their workspace, and railway or rapid transit routes to make
relevant areas accessible to people in the growing cities. It is therefore possible to
mimic the impact of megacities on smaller more rural areas without over-urbanising
it.

In summary, low density urban expansion offers great opportunities to develop
more contemporary cities. This also can benchmark the continent as a pioneer in
greener, people focused and future oriented city development.

Various principles to build better cities exist [2]. For African urban sprawl the
three major principles should be considered and implemented predominantly:

1. Preservation: the African continent is rich in natural ecologies and cultural
heritage, which should be embraced and integrated in the urban environment.

2. Diversity: space should be dynamic and conducive for people of different groups
and interests to ensure that all inhabitants benefit from their environment.

3. Mobility: a majority of people living in African cities use combinations of non-
motorised traffic (NMT), shared vehicles and public transportation. They can
build the foundation for more sustainable, integrated systems. African cities can
leapfrog past mobility concepts and pioneer future concepts.

3.2 High Density Situation

Urban development in high density cites is a constant challenge because of the expo-
nential population growth. This creates imbalance between demand and supply of
services, places and interconnectivity. Furthermore, the disparity between high costs
of construction and lowhousehold incomes leads to inequitable access to land, shelter
and basic services [3]. The high demand of construction usually neglects consider-
ations for ecologically and energy efficient buildings. All of the above-mentioned
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challenges are compounded by inefficient transport systems, poor maintenance prac-
tices, lack of sufficient clean water and sanitation which is also linked to health
aspects.

Reducing the number of vehicles by developing integrated transport systems even-
tually is the only solution, but the space on grade for traffic axes is typically missing
due to the narrow building developments. In most cases, the most reasonable option
could be hybrid solutions with trains, buses, multi-passenger shuttles, and possibly
unconventional systems such as urban cable cars,which do not requiremuchmaterial,
can be built over existing structures and even become tourist attraction.

In general, densely populated urban development, requires much more the careful
consideration of both health and environmental aspects. Green areas are mandatory,
as urban development seals exposed surfaces and thus reduces their ability to absorb
rainwater and surface runoff. This causes problemswith urban heat islands,which not
only cause environmental problems and higher energy demand, but also increase the
fatality and minimises productivity [5]. If this is accompanied by poor drainage and
sanitation systems, it creates an increased risk of flooding and outbreak ofwaterborne
diseases. By focusing capital investments on maintaining and upscaling existing
sanitation and drainage systems, the effect of flooding can be significantlyminimised.

In summary, dense urban development demands for more complex innovative
system-based considerations due to limitations of degrees of freedom from existing
structures, road maps, commercial areas, and public transportation system capacity.

4 Future Technical Requirements for African Urban
Regions

Certain challenges are shared by andwill increase formost risingAfricanmegacities.
These are scarcity of renewable energy and clean water supply as well as today’s
permanent traffic congestion. In addition, the job creation in most cities cannot catch
upmatch the steady population growth, the food security and resource supply have to
be ensured, and the urban heat island phenomenon aggravates the general influence
of high temperatures. Therefore, urban planners should focus on innovative and
sustainable solutions such as:

• Instead of sealing exposed surfaces as much as possible, cities need to absorb and
store as much water as possible, not only in order to secure the water supply but
also to counteract the urban heat island phenomenon.

• Energy generation and energy saving, using integral natural ventilation concepts.
• Vertical urban growth requires more material for structural design than horizontal

urban growth [6], 50 storeys for example require 24.5 times more material for
vertical elements than 50 dispersed units. From an environmental aspect, it is,
thus, reasonable to limit the vertical growth as much as is practically possible.
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• More sustainable but less intrusive public transportation systems need to be
installed. Whether subway, rapid bus or cable car, or hybrid systems are the best
solution depends on the urban populations’ current and future demands.

• With growing movement of rural population to cities, the question to be answered
is “how sufficient food supply can be generated”. Urban farming, thus, becomes
a most important aspect. While there is a synergy between urban agriculture
and healthier climate, ecological urban animal farming can become a challenge.
However, concepts for the conversion of animalmanure into value-added products
exist that can either minimise the laterals distance between the animal farm and
an urban region or even allow for urban animal farming [7].

A comparison of potentials, challenges and degrees of freedom is provided in
Fig. 2. Regardless of the individual best practice solution for each city and city type,
the mentioned challenges heavily demand for increased construction activities and
the use of enormous amounts ofmaterials. Therefore, urban planners should consider
materials saving technologies that help minimising the carbon footprint of the cities
as well as their negative environmental impact as much as possible.

Fig. 2 Challenges and potentials for the growth of differently densely populated cities
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5 Materials and Technologies for Local Low Volume
Materials Use

Despite its typically negative perception, cementitious materials, particularly
concrete, will remain the most feasible option for African urban construction.
Compared to any other mass construction material concrete has significantly lower
embodied carbon and lower energy demand [8]. Any other materials, hence, would
havemore negative effects on the global climate than concrete. Particularly in Africa,
alternatives are lacking anyway, since timber is scarce, partly due to deforestation, and
steel has to be imported. Rammed earth (if no cement is used) and adobe are viable,
environmentally friendly, local alternatives, that should absolutely be considered
for urban use as well, but they cannot replace cementitious materials for structural
application.

Despite their structural and environmental advantages overmostmaterials, cement
based materials are responsible for about 10% of the global carbon emissions [9],
and the rapid urbanisation in Africa will significantly contribute to the increasing
use of cement and concrete in the world.

Due to the inevitability of concrete for urban and infrastructure development,
the only option to build more sustainably is using the constituents as efficiently
as possible, avoiding overdesign, using low-volume innovative structural systems,
using materials according to their strengths and opt for alternatives, where concrete
is weak. Recycling of old concrete and other waste building materials, urban mining
and circular economic material systems are needed where applicable. These aspects
need to be considered right from the beginning and materials aspects have to affect
the decision making of project developers, the architects, as well as the structural
designers.

Many viable solutions for more sustainable construction have been proposed,
e.g. [10]. Locally sourced constituents are most relevant. In Africa, agricultural
residues can become an environmentally friendly resource, such as ashes of rice
husks, cassava peels, or sugar cane bagasse. Expensive imported chemical admix-
tures can be replaced by local polysaccharides [11, 12]. Some important materials
aspects to build cities more environmentally friendly are listed in Table 1.

6 Education for Sustainable Construction

The implementation of the solutions listed in Table 1 demands for higher levels of
materials knowledge at all levels of the construction process [13].

At engineering level, it is important to understand, that today’s civil engineer
re-quires skills different from those in the past, which should be reflected in
more contemporary and responsive curricula. Considering the enormous societal,
economic and environmental impact that results from construction activities, today’s
civil engineers and architects need a deeper understanding of fundamental materials
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Table 1 Options to use cementitious materials more efficiently in urban construction

Step Solutions Aspects to avoid

Raw materials • Local materials to avoid
transport, e.g. vegetable ashes,
local polysaccharides and fibres,
mining tailings, recycling
aggregates

• Unnecessary import of
resources, including staff

Material development • Replacement of Portland cement
by alternatives, e.g. calcined
clays, agricultural and industrial
ashes

• Use of water reducing
admixtures to increase concrete
properties

• Inefficient use of cement
• Consistency control by water
addition

Structural design • Use materials according to its
strength

• Cross sections acc. to material
specifications

• Use innovative structural systems

• Excessive construction height
• Overdesign

Handling • Sound curing
• Ready-mixed or pre-mixed
compounds

• Avoid on-site mixing

knowledge along with acute awareness of their own roles for the global climate
[13, 14].

At the level of professional engineers, urban planners, public institutions and
policy making bodies, a trait for lifelong learning to sustain permanent knowledge-
update is required.With increasing understanding of the implications ofmaterials use
in construction, knowledge acquired from the past and standards or codes can quickly
be-come obstacle for urgently required innovative solutions. Systems therefore need
to be established to transfer and implement new knowledge into the practice.

A most important and influential group are the end-users. Without a broad public
awareness of sustainability, andmore environmentally friendly technologies, compa-
nies and policy makers will not proactively drive innovation. Education on the rele-
vance of construction, thus, needs to address as many people as possible, which also
means that scientific communication becomes more relevant for today’s engineers.

7 Livelihoods

Since public awareness about and involvement in urban sustainability-relatedmatters
are key to global changes, it is important to motivate people to embrace environ-
mentally friendly construction practices. Even more important than governmental
incentives for capital investment is the creation of local value chains and market
potentials. Particularly, the agricultural sector is strong in Africa and exhibits and
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enormous growth potential. With this in mind, and the fact that nearly 60% of the
global unused arable land is in Africa, bio-based construction alternatives derived
from agricultural wastes are synergistically environmentally friendly and capable of
creating new values from formerly unexploited resources. For example, the unused
wastes of the cassava production can be converted on the one hand into chemical
admixtures to reduce the water content in concrete and on the other hand additionally
into reactive cementitious materials to replace ordinary Portland cement [15]. This
way, a formerly unused waste material can be converted into value chains without
competing with the already existing high demand for food for human consumption.
Similar potentials can be found for various plants, and urban farming areas can create
synergies between the urban climate and livelihood generation, and partly minimise
supply distances.

8 Social Challenges and Potentials

Social aspects, such as the social prerequisites for innovation and social influencing
factors, have proven to be a driver of economic dynamics [16] beyond technical inno-
vation that has been considered as the major driver in past social studies [17]. African
urban areas have enormous potential for social innovation due to their multicultural,
multilingual societies [18]. However, social innovation must find acceptance in the
society. The standpoint of religion and cultural customs toward natural resources,
the relationship between politics, economy and society, and the integration of tech-
nology into daily life are affected by social acceptance and accommodation of toler-
ance. Peaceful coexistence despite growing social inequalities requires effective and
efficient communication, particularly on active participation and conflict mediation
in socially heterogeneous and multilingually complex metropoles [19, 20].

All cities have high demands on progressive communication and planning. Never-
theless, depending upon their urban form, each requires a unique but relevant social
innovation [21]. Understanding specific urban forms therefore is essential for their
implementation. Urban planning, thus, is a powerful control instrument in large
cities, which must be adopted with consciousness to balance the economic goals
and social progress as harmoniously as possible. The urban planning must be all-
inclusive, representing individual groups and communities within a city, considering
the interests and objectives of both private and public sector. For the implementation
of successful and sustainable urban strategies, joint consultative decisions must be
made as far as possible. The focus has to be put on how inevitable conflicting inter-
ests can be handled based on differences in income level, gender appreciation, and
ethnical, cultural or religious backgrounds [22].
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9 Inclusive Growth

Rapid economic growth is often exclusive. The precipitators of this exclusiveness
include inequality, large-scale poverty, massive unemployment, and concentration of
large proportion of national resources and wealth in the hands of a few [23]. Inclusive
growth strategies seek to confront headlong the undesirable distributional effects of
the various economic growth strategies, which impair dignity in various forms. Thus,
poverty reduction is essential for urban structures to grow without conflicts. Equal
opportunity to means of sustenance is inevitable for a stable society, and thus should
be central element in urban strategies. Yet, the route to inclusive development in
most African countries remains an illusion, since mostly the supporting resources
are not equitably distributed and allocated [24]. Cultural diversity, tribal and ethnic
inclination, gender and generation perceptions, as well as religious factors are some
of the major that have, to date, led to creation of exclusive rather than inclusive
frameworks.

Africans are highly diverse in cultures, languages and beliefs. For instance, coun-
tries like Nigeria or Cameroon, each have more than 200 ethnic groups with several
hundred different languages and cultural inclinations. Nepotism and lack of trust
between the ethnic groupings have been major challenge to the implementation of
inclusive urban structures, aggravated by tensions arising purely from the growth
velocity. Furthermore, the prospects for inclusive urban growth have been constrained
by inadequacies in the areas of infrastructure, governance, security, and skill levels
of young graduate workers among others.

However, positive examples exist. Dar es Salaam for example combines a popu-
lation of various cultures, tribes, religion, and languages in relative harmony. Also,
various Northern African cities where different quarters have very special character-
istics but remain accessible for everyone, show that cultural inclusiveness is possible
(yet income-based exclusion still exist). Inclusive urban growth, thus, has to focus
on creating bridges rather than barriers between different groups by:

• Creating equal gender opportunities in public, educational and business locations
• Having a sufficient number of cultural meeting and communication points
• Use historic buildings and arts as tools to generate common urban identity
• Creating spaces that attract and fulfil demands of older and younger generations
• Religious interconnectivity hubs, for example by creating spaces where worship-

pers can meet after service to network.

Urban planners should see cultural diversity as a gift rather than a challenge.
It attracts tourists, creates positive attention, and hence livelihoods and business
opportunities. These are solid foundations to overcome ethnic, cultural, age and
gender bias.
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10 Sustainable Architecture

Big cities today often remain hierarchical, and urban planning additionally supports
socially disruptive development. Vertical versus lateral building and ‘modern’ finan-
cial quarters versus urban housing are typical challenges of megacities. The rising
African megacities offer enormous potentials to overcome hierarchical, oppressive
or exclusive habitation and livelihood. Multiplicity, multiculturalism and multi-
lingualism needs to be supported by equitable, sustainable and healthy technical
innovation.

The African continent is rich in materials for construction that have been used
historically over the years depending mostly on location, need, and the climatic
condition [25]. Unfortunately, the buildings found today in many African cities are
mostly homogenous in nature, utilising materials, which are deemed to be ‘modern’
materials. In this context a lot of architecture can be found that is energetically
not ideal and lacks architectural local identity. Recent urban African architecture
too often uses ‘Western’ architecture as a role model, in materials and structure.
However, architecture that does not serve to the citizens will quickly be replaced and
buildings that are wrecked before their expected end of lifetime negatively impact
on the global climate.

Thus, neglecting the needs of the urban dwellers as well as their creativity to
change the city’s landscape according to their preferences from within is definitively
not sustainable [4]. Often people create liveable neighbourhoods (e.g. arts, commu-
nity or innovation centres, or urban gardening spaces) on unused urban areas, which
are often projected as interim areas until investors build more profitable structures.
This causes alienation of the population from their urban environment. However,
if governments allow urban change from within the urban populace, people would
much more tend to inherit the spaces they created, and identity with. In the long
run this creates more robust urban environments than from direct external capital
investment.

For policy makers this means, a trigger point needs to be defined as of which the
government decides to put citizens’ interest over investors’ interest, once the interim
space has become systemically too important. While these policies can generate
sustainable quarters, the consequences for policy making bodies would be to find
laws on how to compensate investors (e.g. offer alternative spaces) aswell as financial
support for the further development of the quarters.
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The construction and construction chemical business, therefore, is an important
player in creating synergies between modern construction and local business oppor-
tunities. The use of locally available materials (for example from agriculture) is an
essential step towards sustainability, even if only utilised in non-load bearing compo-
nents, e.g. partitioning and finishes. Knowledge in and services on bioclimatic design
of buildings is also essential, also considering vernacular and historic solutions, in
reducing the overall carbon footprint related to energy use and comfort in buildings.
Although the current sustainability rating of African cities is relatively low, there
is high potential for a drastic change in future. Until ca. 2050, the current urban
structures will only make out ca. 20% of all urban structures, but the architecture has
to:

• Meet the needs of today’s dwellers while being flexible and dynamic at the same
time to adapt to moving targets in urban planning

• Reconsider vernacular architecture and materials, but based on state-of-the art
research and best-practice experiences

• Consider infrastructure as an inevitable element to ensure inclusiveness, flexibility
and urban livelihood potentials.

11 Summary

Fast urbanisation leads to complex social structures in metropolitan and peri-urban
regions. Citizens of today’s and future megacities do not only have to deal with
insufficient infrastructure, ineffective solutions and inadequate capacity for trans-
portation and energy supply, but with social infrastructure as well. All concepts need
to consider that sustainable construction comes at a price which can be compensated
for by looking at the financial and social benefits that can be generated in return
in the long run. If sustainable urban strategies are systematically developed along
with livelihoods and business opportunities, and local potentials are fostered, the
inevitably growing African megacities can become global role models.

Important in this is to recognise that sustainable development is multi-faceted,
and that no one-fit-all solution is possible. The best practice solutions can be found
by creating knowledge and awareness among the key players and influencers in
different areas of urban development. Important objectives are climate friendliness,
inclusiveness, adaptability, innovation, and local value chain generation (Fig. 3).
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Fig. 3 Key disciplines and relevant parameters for sustainable urban growth
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A Simplified Two-Step Approach
for the Seismic Retrofitting Design
of Existing Structures Towards
a Resiliency Enhancement

Rafael Shehu

Abstract The resilience of a community to come across the natural hazard events
is gaining popularity in planning and decision-making strategies. To utmost impor-
tance in seismic zones, is the safety and operability of structurally vulnerable existing
structures, representing a high portion of the built stock. Manifested low resilience
has shown many flaws in planning, managing, retrofitting the damaged structures,
which in many cases takes years being completed. The scope of the research is to
exploit numerical simulation strategies towards a resiliency enhancement by means
of optimized retrofitting solutions. At present, the seismic design is based on elastic
analysis. A simplified two-step procedure for the seismic retrofitting design is here
proposed, by utilizing the capabilities of FE codes to perform advanced nonlinear
analyses. In the first step, it is estimated the structural performance of the struc-
ture, whilst the vulnerable elements to be strengthened are indicated. A Retrofitting
strategy is selected and implemented into the model, and in the second step, the
structure is reanalyzed with the same strategy. Based on the obtained responses,
each strengthening element is designed adequately to the required limit state. This
strategy is computationally burdening; however, the progress in the numerical anal-
yses makes possible its implementation, and the achieved accuracy is nonpareil. The
proposed method is illustrated with a masonry church, severely damaged by the
Emilia Romagna (Italy) Earthquake in 2012. The retrofitting strategies adopted for
strengthening options, are the surface mounted: (a) FRP sheets; (b) GFRP bars and
TRCM. Throughout the investigated case study, it is demonstrated that the vulnerable
structures exhibit very low resilient features and the best strategy to enhance their
resilience is by means of anterior measures.
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1 Introduction

The resiliency and the seismic performance of the built stock is a paramount issue
in the present societies because it significally influences the economy in earthquake-
prone areas. The economic and social development during the last decades has
progressively increased the request for buildings causing a significant increment of
the built stock. These buildings are exposed to: (i) deterioration processes, (ii) natural
hazards threats and (iii) updates of the technical codes’ requirements for adequate
seismic performance. Their safety is gaining more interest, due to the correlation
between the huge impact of their maintenance in a circular economy, [1]. However,
there are many constraints that restrict the capabilities to overcome threats. Three
are the most paramount causes, (i) the registered amount of heavy damages to be
repaired, (ii) lack of resilient-based strategies and (iii) economic restraints. The last
one is out of the scope of this study per se, while all can be correlated with the
structural design process.

Addressing structural safety is not an easy task and for what concerns seismic
safety the performance-based seismic design is the prevailing approach in design
and retrofitting strategies. The structural behavior ante or post-earthquakes, from
a probabilistic point of view, exhibit the same level of risk and consequently the
same level of required intervention. From a resilient model standpoint, is difficult
to distinguish the two cases; however, the social aspects influencing the resilience
predominates. The societies tend to pay less attention to measures against possible
hazardous events and behave chaotically after disasters. Both these aspects cause a
lack of efficient use of resources and decrease the resiliency.

In this research, throughout a case study, it is proposed a simple strategy to achieve
a resilience enhancement of the societies against seismic structural damages and
losses. A two-step procedure here adopted consists of an inelastic analysis approach
for the design of the retrofitting elements. In the first step, the seismic vulnerability is
investigated by means of reliable scenarios. At the end of the first step, engineering
parameters are collected and used to optimize the retrofitting strategy. In the second
step, the strengthening is designed by means of a sophisticated numerical model
investigated for the worst scenario in order to obtain the maximum demands on
retrofitting elements. The proposed approach might reduce the retrofitting elements
and estimate them more accurately by employing a nonlinear design approach. By
imposing lower seismic demands in the first step the vulnerability is captured and
then the corresponding required strengthening perform efficiently in the second step.

2 A Two-Step Retrofitting Design Approach

The design procedures for the whole structure are principally based on an elastic
numerical model and the design forces are derived from a strength-demand equilib-
rium approach. The most advanced approaches, involving the nonlinear features, are
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based on the performance-based design. However, the last procedures estimate the
nonlinear properties after a preliminary design based on an elastic approach. This
was constrained also by the limitations that numerical procedures had to be imple-
mented practically. Nowadays, the tools have evolved drastically, and many aspects
of the computational burdening can be faced, and more advanced simulations can be
performed.

Focusing on masonry structures, modeling them with linear elastic procedures
brings out unrealistic results. On the other hand, plastic analysis based on the upper
bound limit analysis approach limits the number of possible failure mechanisms
on those mostly encountered in similar structures, and the dynamic interactions of
different elements are lost. Both these aspects are present and crucial issues that
should be addressed during the analysis process of masonry structures. Herein, a
simple two-step procedure is proposed for the SeismicRetrofittingDesign of Existing
Structures.

• The first step includes a vulnerability assessment procedure based on the imple-
mentation of nonlinear analyses performing multiple scenarios. On the engineer’s
choice, both nonlinear static procedures and nonlinear dynamic procedures are
valid for estimating the performance of the masonry structures corresponding to
structural damage formation. The aim of this step is to identify the vulnerability
of the structure and to find an optimal retrofitting strategy based on the exhibited
vulnerability.

• In the second step, the retrofitted structures are modeled adequately to the
retrofitting strategy and the strengthening elements are modeled as elastic mate-
rials in order to avoid the loss of strength due to underestimated dimensions. This
approach allows the verification of the masonry elements if remain in the safe
side and design the strengthening elements in respects to the forces’ demands.

The seismic scenarios are chosen based on the seismic hazard and the required
safety. For masonry structures, it is very usual to achieve invasiveness strengthening
solutions in order to obtain a safety level, thenceforth, it could be an option to address
a resilient approach instead.

3 Towards Resiliency

The resiliency dealswith the fact that a system, impacted by hazard effects, should not
only resist by standing to the hazards and suffer damages, but it should also recover or
be strengthened to return within a given period time into acceptable levels of use and
serviceability, [2]. A recovery process related to existing masonry structures, mostly
for those artifacts part of the cultural heritage, requires a very long time, [3, 4].

The past severe natural disasters have shown that lack of risk aversion measures
or interventions that worsen the structural behavior result in a cumbersome situation
that becomes difficult to be dealt with, [5]. According to multi-level performance-
based seismic design, a structure should be conceived to perform during earthquakes
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according to an acceptable level of damage depending on the frequency of the consid-
ered earthquake. Table 1 illustrates the distribution of the typical construction perfor-
mance against the expected earthquakes. In terms of peak ground accelerations,
masonry buildings, like fortresses, churches, towers, palaces, old houses in aggre-
gate or not have a very high probability to be severely damaged for a range between
0.1 and 0.2 g, i.e. rare earthquakes. This means that it is very challenging to ensure
those buildings performing conform to seismic code design. As a matter of fact, the
Italian Code permits that an intervention could be classified as a seismic upgrading
even when meets its capacity meets 60% of the seismic demand, [6]. This approach
is seen as a reasonable compromise between the seismic demands and the practical
capabilities of the masonry structure.

Towards a more resilient society and measures, the risk aversion approach is
the predominant one by means of seismic upgrading interventions which are being
more preferred compared to the post interventions. The basic principle behind this
is to avoid damages, losses or trolls as much as possible, despite difficulties from
economical constraints. Figure 1, illustrates different scenarios based on different
strategies followed to counter the expected hazard. The worst scenario is when no
measure is carried out (i.e. Scenario A) and when a seismic event occurs, the possible
damages are the highest possible. This case also corresponds to the lowest measured
resilience according to the analytical definition of resilience given in equation (1).

Table 1 Structures performance levels according to seismic design codes
Fully operational Operational Life safety Near collapse

Frequent 
earthquakes 
(50%, 50 years)

Rare 
earthquakes 
(10%, 50 years)

Very rare 
earthquakes 
(10%, 50 years)

Ordinary buildings Seismic code confirm design

Essential buildings Seismic code confirm retrofitting

Hazardous facilities Existing masonry structures
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Fig. 1 Resilient scenarios approaches

R(r) =
t+T∫

t

QT OT (t)

TLC
dt (1)

where QTOT is the global functionality in region-based; TLC is the control time
of the period of interest; t is the initial time of the resilience observation, r is a
vector defining the position within the selected region, [7]. The global functionality
is the combination of all functionalities related to different facilities, lifelines, etc.
However, the measurement of the resilience is not objective of this study per se,
thenceforth, will be focused only on the structural functionality in terms of safety
and operationality. Two different scenarios are deliberately presented (i.e. scenario
B and C) to highlight the uncertainties that exist in the risk and damage assessment.
After an intervention it is expected that the structure will not compromise its func-
tionality however, a more severe earthquake or cause of inadequate intervention,
a certain damage level is still possible. Two other scenarios are presented, (i.e. D
and E) emphasizing the high probability that severe damages will occur despite the
interventions, which is particularly probable for masonry structures, as previously
mentioned. The approach is based upon a preintervention–postintervention process,
however, the level of intervention is not as intense and expensive as for case C. In
this way, the amount of investments required is less than case C. In addition, the
investment is spread in two periods of time, before the event and after the event,
which decreases the immediate impact in the economy. Post-disastrous economies
have resulted to be very fragile and the intervention of the public sector has been a
necessity. The last scenario, Scenario F, refers to a seismic or hazardous event which
occurs before the completion of the interventions.

In terms of resiliency of structures, the most resilient options among the above
scenarios referring to masonry structures are D and E. Due to the low resistance in
tension and elements interconnections, masonry structures result to be very vulner-
able structures, [8], and the predominant behavior is ruled by the macro-elements,
[9–12]. In this regard, aminimum intervention in enhancing the interlocking between
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elements significantly improves the seismic behavior by prohibiting the mechanism
activization, [13–16]. While this approach may not be always true for other typolo-
gies of structures, as normally they have better redundancy, ductility, and overall
performance.

4 Case Study

The church consists of a single nave, which is over 13 m high. The overall length
and width of the church are about 35.6 m and 17.2 m, respectively; the main nave is
28.8 m long and 14.3 m wide, see Fig. 2. On the right side of the nave, there are four
rectangular chapels that are separated from each other: the height of the chapel’s
walls is about 8 m. On the other hand, the left side of the church, without side
chapels, is characterized by four rectangular windows and a secondary entrance. The
presbytery, which is raised a few steps, is separated from the nave by the triumphal
arch and presents sidewalls that are about 7 m high; the back wall behind the altar,
which is about 11 m high, exhibits two elongated windows.

The bell tower, which is 17 m high, is incorporated into the presbytery, on the left
side of the church. After the 2012 earthquake, in 2016 the ecclesiastic compound
was subjected to post-earthquake strengthening interventions, which consisted of
steel tie-rods, rigid diaphragms, and consolidation of damaged masonry walls. The
masonry is made of clay bricks with lime mortar and the thickness of walls is varies
from30 to 60 cm. Intermediate floors of the structural complex aremade of reinforced
concrete joists, while the roof is composed of timber beams. The material properties
selected for the numerical simulations are conceived to provide a certain reliability
of the results and to better fit the results the reality and expected performances. The
Italian code recommends some reference values to be utilized during the analysis,
i.e., Table C8A.2.1 and Table C8A.2.2 of [6, 17]. The characteristic value of the
elastic modulus for the masonry is recommended to be taken E = 1500 MPa in
a similar case. The identification of the compressive and tensile strength is even
more challenging and uncertain in the absence of experimental tests. According to

Fig. 2 Plan the layout of the church and the 3D numerical model
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the values reported in the aforementioned tables, it is recommended to adopt the
minimum value for the compressive strength which is equal to 2.6 MPa. In order to
mimic the nonlinear behavior of the masonry material under seismic cyclic loads and
characterizing the damage of the material, the Abaqus CAE software is used. The
constitutive modeling of masonry in the non-linear phase is approached according to
a Concrete Damage Plasticity material model (CDP) [18]. The numerical models are
discretized by means of tetrahedron elements that suit best for meshing any irregular
shape. The characteristic length of the element is maintained lower than 30 cm to
achieve acceptable accuracy.

5 Damage State

The current state of the church exhibits different damages, where some of them
were present before the seismic sequence and then expanded further. Damage is
mostly diffused under the roof supports, near the interlocking between the elements,
arches, and openings, see Fig. 3. These vertical cracks demonstrate low mechanical
properties of the masonry wall and the high vulnerability to horizontal loads. The
cracks located near the interlockings reveal various mechanisms prone to fail under
moderate seismic actions. For instance, a vertical crack in the south nave wall of the
church indicates an out-of-plane overturning of the façade. Similar circumstances
can be observed also for the apse, the sacristy, and the chapels, where the cracks

Fig. 3 Damage state of the church: a, b longitudinal section along the nave; c transversal section
in the nave; d transversal section passing through the sacristy; e rear view of the church
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EQ1                                         EQ2                                         EQ3

Fig. 4 Induced seismic damage state of Church from three different earthquakes

patterns show possible vulnerabilities. The severe and diffused cracks, deteriorated
material and low mechanical properties is a typical picture among the built heritage.
From the seismic vulnerability standpoint, those structures are prone to be damaged
during horizontal induced loads. Two strategies could be followed: (i) to restore the
structure and enhance the quality of material through the repointing or the undo-redo
(“scuci-cuci”1); (ii) conceive a strengthening that could efficiently ensure structural
stability by adequately placing reinforcing systems. The efficiency of the intervention
is many times controversial and exhibits many drawbacks. From a numerical point
of view, the first strategy does not bring out to a significant improvement of seismic
safety, while the second approach is more efficient, [19].

6 Retrofitting Design

6.1 Step 1

As explained in paragraph 2, a two-step procedure is employed. Three earthquakes
are deliberately chosen to correspond to a return period of 475y. It corresponds
to a seismic severity lower to the required level of safety, i.e. Tr = 715y. This
approach conforms to the expected high vulnerability, and the severity of the earth-
quakes diffuses the structural damages extensively out of the scope of estimating the
vulnerability.

Based on the observed vulnerabilities, Fig. 4, detachment of the façade, out
of plane bending of the longitudinal walls and the detachment of the chapels the

1The Italian term for the restoring the masonry with new material respecting the architectural
requirements.
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Fig. 5 Retrofitting concept of the Church with surface mounted composites (in black)

following intervention is conceived. Figure 5, depicts in black color the physical
position of the retrofitting elements. Horizontal strips are placed close to the top of
the church which makes the elements to withstand lower induced forces from the
earthquakes and could be easily hidden in the ceilings and the roof. The evasiveness
of this intervention is quite acceptable. The next step would be to finalize the design
concluding in optimized dimensions in proportion to the required safety.

6.2 Step 2

The same approach, as investigating the vulnerability, is followed for checking the
compatibility of the retrofitting. The severity of the earthquake is higher in this step
(Tr= 715y), but as can be easily observed in Fig. 6, the level of damage in themasonry
material is diminished substantially. The retrofitting design of the seismic upgrading
of a masonry element bears many uncertainties due to the quality and the mechanical
properties of the masonry. Near-surface mounted high-performance strengthening

Fig. 6 Damage state of the retrofitted Church from the worst scenario
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elements are conceived to carry all the tensile stresses caused by vertical or hori-
zontal bending moments, shear forces or tensile forces. In the present case study, the
predominant failure modes are a result of tension and horizontal bending moments.

Figure 7, summarizes the estimated tensile forces due to the nonlinear dynamic
analysis. Nine control points are here considered for investigating the maximum
design forces of the strengthening elements. In compliancewith the damages reported
in Fig. 6, the retrofitting elements remain in a permanent state of tension which is due
to their contribution of inhibiting the collapse of the macroelements. A simplified
mechanical approach is adopted for estimating the capacity of the elements in their
ultimate state either of out-of-plane bending or pure tension, according to [20].

Despite the choice of the technology, FRP sheets, GFRP bars or TRCM, it is a
mandatory condition to ensure good adhesion between the masonry and the fibers to
avoid the delamination and loss of resistance for guaranteeing the long time structural
stability, [21]. For the GFRP bars and the TRCM, a perfect bond is assumed between
thefibers and themortar and between themortar and the existingmasonry considering
an adequate implementation.

The Italian guideline provides a reliable framework on how to design the
retrofitting of existing structures using high-performance materials. Table 2 present
the summary of the obtained results of the design procedure from the two-step
approach. For the sake of brevity, only 9 points are here considered, as presented in
Fig. 7. The details on the adopted strength of the materials and the notations of the
symbols, could be referred in the following literature, on the application of the FRP
composites CNR-DT200 [22], the application and design with GFRP composites
CNR-DT203 [23], and the application of TRCM composites CNR-DT215 [24].

7 Concluding Remarks

This research treats the seismic risk reduction in a resilient approach by proposing a
simplified retrofitting design procedure. The emphasis is here focused on the cultural
heritage stock, built with masonry which results to be among the most vulnerable
assets.

The retrofitting design is very challenging particularly when it is dealt with
masonry structures due to a vast amount of uncertainties. Due to a common opinion
that the elastic analyses are not suitable for estimating the behavior of a brittle
material, a nonlinear design procedure is here implemented with two steps. The
first step is to investigate the structural vulnerabilities aiming to have a picture of
the strengthening pattern. Then an adequate numerical model, with implemented
strengthening elements is reanalyzed to obtain the design forces. Then finally the
retrofitting elements are dimensioned in respects to technical norms.

The proposed design strategy encompasses the possibility to properly estimate
the vulnerability and optimizes the material for better performance. It is believed
that the proposed strategy will help for boosting the resilience towards a seismic risk
aversion approach.
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Fig. 7 Homogenized design stresses from the nonlinear dynamic analyses
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Critical Overview and Application
of Integrated Approaches for Seismic
Loss Estimation and Environmental
Impact Assessment

M. Caruso, F. Bianchi, F. Cavalieri, and R. Pinho

Abstract Buildings are among the major contributors to environmental impacts, in
terms of non-renewable resource depletion, energy and material consumption, and
greenhouse gas (GHG) emissions. For this reason, modern societies are pushing
towards the refurbishment of existing buildings aiming at the reduction of their
operational energy consumption and at a major use of renewable energy and low-
carbon materials. At the same time, buildings are expected to provide population
with safe living and working conditions, even when hit by different kinds of hazards
during their service life, such as earthquakes. Until recently, life cycle assessment
(LCA) procedures tended not to include the effects of natural hazards. However,
if considered in a building LCA, earthquake-induced environmental impacts would
constitute a very informative performance metric to decision-makers, in addition
to the more customarily used monetary losses or downtime indicators. Within this
context, therefore, a comprehensive review of the existing literature is presented,
with comparisons between available methodologies being carried out in terms of
their employed seismic loss estimation method, environmental impact assessment
procedure, damage-to-impact conversion, impact-to-cost conversion, and selected
decision variable. Further, an illustrative case-study application is also included.
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1 Introduction

Life cycle assessment (LCA) procedures are intended to estimate the environmental
impacts of a process or a product, and they are often employed as a decision-making
support instrument. For instance, buildings can be treated as large products with
long and uncertain lives. Such procedures are characterised by four main steps, as
described in [1] and [2]: (i) definition of goal and scope, (ii) life cycle inventory (LCI)
analysis, including the assessment of energy andmaterials inflows and outflows asso-
ciated to the building life cycle, (iii) life cycle impact assessment (LCIA), consisting
in the quantification of impacts, and (iv) interpretation of the results, with these
showing themajor contributors, eithermaterials or processes, to global environmental
impacts in terms of specific performance metrics. Examples of metrics typically
used in LCA procedures include global warming potential (GWP), non-renewable
resource use, waste generation, and a wide range of human health impacts.

In the European Union (EU), the construction sector produces significant impacts
on the environment, consuming up to 40% of the total EU energy and producing up
to 36% of the total greenhouse gas (GHG) emissions [3]. For these reasons, there
is a strong need of renovation mainly due to a progressive transition towards low-
carbon and eco-efficient societies, as demonstrated by several national and European
policies for building stock refurbishment. For instance, the European Green Deal,
which is the new growth strategy for Europe, aims at a huge buildings’ Renovation
Wave, in order to achieve the ambitious energy and GHG reduction targets by 2030
and climate-neutrality by 2050 [4].

The ISO 21931:2010 [5] identifies three main stages in the building life cycle:

• construction stage, including raw materials extraction, transportation, compo-
nent manufacturing and processing, as well as the construction process itself;

• use stage, including operational energy usage, building component maintenance,
and resource inflow and waste outflow during the building operational phase;

• end-of-life stage, including building demolition, together with the transportation
of waste or salvaged materials, processing and disposal of waste materials.

Notably, a recent European standard [6] introduced a beyond-life stage, including
possible reuse, recycle and recovery of post-demolition materials.

Given that LCA involves the entire building life cycle, particular attention should
be addressed to regions that are characterised by high risk of natural hazards, e.g.
earthquakes, hurricanes, tornadoes, or floods, where hazardous conditionsmay result
in additional environmental impacts. Until recently, LCA procedures have tended
not to include such effects, however, earthquake-induced environmental impacts
may constitute a meaningful metric to decision-makers, allowing easier comparisons
between alternative design or retrofit strategies and providing tools to evaluate the
potential benefits of retrofitting rather than demolishing and reconstructing. There
is though still no unique opinion on how to include the additional environmental
impacts due to natural hazards into an LCA.
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The European building stock, being both earthquake-prone and heavily energy-
consuming, needs a comprehensive strategy of renovation, due to its structural defi-
ciencies and to its significant environmental impacts. The region is characterised by
wide ranges of seismic areas and of climatic zones with high variability in seismic
demands and energy needs for space heating and cooling. Nevertheless, the reno-
vation rate is still very low due to high costs of intervention, downtime, poten-
tial need of inhabitants relocation and insufficient hazard-awareness. Furthermore,
most of the retrofit interventions on existing building are solely intended to reduce
either energy consumption or seismic vulnerability, neglecting potential correlations.
However, in seismic prone sites, the vulnerability of buildings can compromise the
efficiency and the monetary savings of a sole energy refurbishment. In addition,
most of the buildings requiring refurbishment have almost exhausted their service
life, being representative of a construction era with building codes lacking of seismic
requirements.

Some studies ([7–9], among others) proved that the probability of damaging
earthquakes during the building life cycle significantly influences the environmental
impact assessment, and that post-earthquake repairs produce additional environ-
mental impacts within a building LCA to be considered as additional construction
stages. Earthquake damage can affect the remaining service life of a building and
it can result in collapse or abandonment (i.e., end of service life), or in extensive
repairs (i.e., extension of service life). Depending on when in the service life of the
building the earthquake occurs, damage and repair may be meaningful in the overall
LCA.

Furthermore, a minimal seismic retrofit in seismic prone regions may save mate-
rials and environmental initial costs, but may be ineffective against future earth-
quakes. On the contrary, a conservatively designed retrofit with higher initial costs
may lead to a much better performance during earthquakes, thus reducing losses
during the remaining service life of the building. Moreover, an integrated interven-
tion in which the retrofit system may serve multiple purposes can represent an effec-
tive strategy for a better seismic and environmental performance. As an example,
reinforced concrete shear walls may contribute not only to the structural upgrade but
also to the thermal mass of the building and reduce the HVAC (Heating, Ventilation
and Air Conditioning) demands and operational impacts. Also, an efficient choice of
materials, for reduced energy demands, for durability, for future potential demolition
and recycle, can significantly improve the environmental performance of a building.
Thus, the most desirable scenario would be a coupled seismic and energy renovation.
Unfortunately, integrated approaches have never been included into design codes due
to the lack of a solid methodological framework.

2 Literature Review

Recent interest in sustainability of buildings has motivated a growing number of
research endeavours focused on environmental impact assessment methods, and
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especially on the integration of those methods into seismic loss estimation frame-
works. The differences between the results of the existing approaches is mainly
related to the seismic loss estimation framework, the environmental impacts estima-
tion method, the treatment of uncertainty and other aspects, as further discussed in
this section.

A comprehensive review of the existing literature is presented herein, also by
taking advantage of the similar efforts by Hasik et al. [10] and extending the compar-
ison with a few other works. The aim of this review is to highlight potential strengths
and limitations of the existing methodologies for a further understanding on how to
properly combine the two aspects of seismic safety and environmental impact. The
list of references is reported in Table 1 with information on (i) authors and year of
publication, highlighting how the available literature on this topic is relatively scarce
and recent, (ii) seismic loss estimation method, referring to the way the authors
estimated the expected annual monetary losses due to potential earthquakes, (iii)
environmental impact assessment method, indicating how building life cycle envi-
ronmental impacts are quantified (iv) damage-to-impact conversion method, which
is needed to assess the contribution to environmental impacts of each damage state
defined within the seismic loss assessment, (v) impact-to-cost conversion method,
which is used to translate the building’s environmental impacts into monetary losses,
and (vi) decision variable, i.e., the performance metric used.

2.1 Seismic Loss Estimation Method

Recent advances in the so-called performance-based earthquake engineering (PBEE)
led to the development of the fully probabilistic PEER PBEE methodology [20],
proposed by the Pacific Earthquake Engineering Research (PEER) Center, which is
a probabilistic approach to estimate damage and the corresponding losses depending
on the site-specific seismic hazard and on the structural response of a given building.
Most studies included in this review referred to the well-known PEER PBEE frame-
work for seismic loss estimation [21, 22], and used tools developed by the PEER
Center to estimate earthquake-induced losses on buildings (e.g., the PACTTool). The
PEER PBEE procedure for seismic loss assessment has a four-step main structure:
seismic hazard quantification at the site of interest, evaluation of structural perfor-
mance under seismic hazard, estimation of damage in different building components
conditioned on the estimated structural response, and calculation of losses due to
repair the damaged components. The results of the procedure are in terms of mean
annual frequency of exceedance of a certain value of a decision variable, such as
monetary losses, downtime, casualties, or environmental impacts (carbon emissions
or embodied energy).

While the PEERPBEEmethodology is component-based, the software toolHazus
[23], developed by the Federal Emergency Management Agency (FEMA), is typi-
cally used to estimate post-earthquake losses at a local, state and regional scale. Some
authors performed the seismic loss assessment using the Advanced Engineering
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Table 1 Summary overview of past work on integrated approaches for seismic loss estimation and
environmental impact assessment

Authors Seismic loss
estimation
method

Env. impact
assessment
method

Damage-to-impact
conversion

Impact-to-cost
conversion

Decision
variable

Menna
et al.
(2019)
[11]

Other – – Energy
consumption

Monetary
losses

Chhabra
et al.
(2018)
[9]

Other BOM LCA – Energy
consumption
and carbon
footprint

Monetary
losses

Lamperti
Tornaghi
et al.
(2018)
[12]

PEER PBEE – Damage/repair
description
+ BOM LCA

– Environmental
impacts

Alirezaei
et al.
(2016)
[13]

PEER PBEE BOM LCA
(Tally)

Repair-cost ratio – Environmental
impacts

Belleri
and
Marini
(2016)
[8]

PEER PBEE eCO2 factors
(references)

Damage/repair
description +
eCO2 factors (ICE)

– Environmental
impacts

Calvi
et al.
(2016)
[14]

Other – – Energy
consumption

Monetary
losses

Padgett
et al.
(2016)
[15]

Other CO2 factors
(references)

– Carbon
footprint

Monetary
losses

Wei et al.
(2016)
[16]

PEER PBEE – EIO LCA
(EIO-LCA US
2002)

– Environmental
impacts

Arroyo
et al.
(2015)
[17]

Hazus
AEBM

eCO2 factors
(references)

Damage/repair
description +
eCO2 factors
(references)

– Environmental
impacts

Simonen
et al.
(2015)
[18]

Other BOM LCA
(Athena IE)

Repair-cost ratio – Environmental
impacts

Menna
et al.
(2013)
[7]

Other BOM LCA
(IMPACT
2002+)

Damage/repair
description +
BOM LCA
(IMPACT 2002+)

– Environmental
impacts

Comber
et al.
(2012)
[19]

Hazus
AEBM

EIO LCA
(consultant)

EIO LCA
(consultant)

– Environmental
impacts
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Building Module (Hazus AEBM), added in the Hazus-MH Software to allow easier
implementation of building-specific damage and loss functions by users.

Lastly, a few authors preferred custom approaches, referred to as other, mostly
being similar either to PEER PBEE or Hazus. For instance, Menna et al. [11] and
Lamperti Tornaghi et al. [12] used simplified versions of the PEER PBEE procedure,
described in Vitiello et al. [24] and in Negro andMola [25], respectively, while Calvi
et al. [14] used the Displacement-Based Assessment [26].

2.2 Environmental Impact Assessment Method

Bill-of-materials (BOM), economic input-output (EIO), or hybrid procedures are
alternative ways to assess environmental impacts, as described in [27]. In the works
included in this review, environmental impacts were assessed with different LCA
tools, performing either BOM or EIO LCA, or by applying eCO2 factors.

BOM-based LCA (referred to as BOMLCA) requires individual materials quan-
tities and processing needs and rely on available databases, such as U.S. LCI [28] or
Ecoinvent [29]. Several proprietary LCA tools, like Athena Impact Estimator [30],
Tally [31], SimaPro [32] or GaBi [33], among others, have been developed, based
on ISO guidelines, and are available to perform BOM LCA of buildings.

On the contrary, EIO-based LCA (referred to as EIO LCA) requires only product
or activity cost information to be used within available tools that translate industry
sector-specific costs into the corresponding environmental impacts, such as the U.S.
EIO-LCA [34]. This method can be used for a building LCA by either selecting a
single sector best representing the building typology (e.g., construction of residential
structures) or identifying multiple sectors (e.g., concrete manufacturing, or painting
and coating), referred to as Building-EIO and Component-EIO, respectively.

As an alternative, environmental impacts can also be calculated via eCO2 factors
or estimates, available in literature or in databases, in which environmental impacts
per kilograms of materials o per specific activities are collected. As an example, the
Inventory of Carbon and Energy (ICE), developed at the University of Bath [35],
collects carbon emissions per kilograms of material applicable to the European area.
It is worth mentioning that the LCA boundaries of ICE data are from cradle to gate.

2.3 Damage-to-Impact Conversion Method

Environmental impacts can be treated in the same way as any other consequence
function (e.g., economic losses) to be integrated within a seismic loss assessment.
To do so, for each damage state (and consequent repair activity) defined in the
seismic loss estimation framework for single components (or for an entire building),
a damage-to-impact conversion is needed to get an estimate of their environmental
impacts.
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In the literature, as confirmed by Hasik et al. [10], damage and associated repair
were converted into environmental impacts by one of the following three approaches:

• EIO: each repair activity is disaggregated into a list of processes to be assigned to
specific industry sectors, whose costs are translated into environmental impacts
via specific EIO tools, e.g., the U.S. EIO-LCA [34];

• damage/repair description + BOM or eCO2 factors: impact data, resulting
from a BOM LCA or via eCO2 factors, are developed based on custom damage
and repair descriptions and then introduced within the seismic loss assessment;

• repair-cost ratio: the economic losses due to repair are usually expressed as a
percentage of the replacement cost of the building, and the same ratio can be
applied to the building pre-use environmental impact to get the impacts of the
repair activities.

2.4 Impact-to-Cost Conversion Method and Decision Variable

Some authors preferred to translate environmental impacts into costs so as to deal
with a single decision variable, i.e., monetary losses due to both seismic risk and to
building energy consumption or carbon footprint. This choice is specific of methods
where earthquake-induced environmental impacts are neglected, and only the energy
consumption of the building is considered from the environmental viewpoint. For
instance, Calvi et al. [14] proposed the quantification of the energy annual cost as
the ratio between cost of consumed energy and the total building replacement cost to
allow a unique classification of seismic resilience and energy efficiency. A few other
works translated the building carbon footprint into monetary losses by applying
existing carbon tax rates.

However, Simonen et al. [36] demonstrated that embodied carbon and embodied
energy are acceptable proxies for other environmental metrics, due to the perceived
value to practitioners and potential users. For these reasons, in the works collected
in this review, the selected decision variable was either in terms of environmental
impacts, if a damage-to-impact conversion was adopted, or monetary losses, if the
impact-to-cost conversion was used, neglecting energy-seismic correlations.

3 Application to a Case-Study (Using the FEMA P-58
Approach)

FEMA funded a series of projects, namedATC-86 andATC-86-1 [37], to incorporate
environmental impacts into the well-known FEMA P-58 seismic loss assessment
methodology, currently implemented in the PACT Tool [21, 22, 27, 38], and thus
to quantify earthquake-induced environmental impacts. This section discusses the
application to a case-study of the FEMA P-58 approach.
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Fig. 1 Floor layout of the case-study

The case-study under scrutiny is one of the buildings of a school complex in
Central Italy (i.e., Building 2 in Fig. 1). Although the original design documents are
not available, comprehensive reports of in-site inspections and material tests suggest
that the complex was built between the 60 s and the 70 s. It is a three-storey structure
composed of sixteen reinforced concrete (RC) frames along the shortest direction X,
with a U-shaped stair system, whose plan location produces an eccentricity in the
building.

3.1 Numerical Modelling

Using the available information on the structural layout and the material properties
[39], a refined 3Dnonlinear numericalmodel of the case-study (Fig. 2)was developed
with the fibre-based analysis software SeismoStruct [40].
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Fig. 2 Overview of the 3D nonlinear model on SeismoStruct [40]

Two materials were defined: existing concrete, with an average cylindrical
compressive strength equal to 16.6 MPa and an elastic modulus approximately equal
to 25,000 MPa, and existing steel for smooth reinforcement, with mean yielding
strength equal to 391 MPa and an elastic modulus equal to 210,000 MPa. The mate-
rial inelasticity was taken into account throughMander et al. [41] andMenegotto and
Pinto [42] constitutive laws for concrete and steel, respectively. Force-based elements
were used to model beams and columns, and elastic properties were assigned to the
stairs system. Masonry external infills were not modelled explicitly, but only consid-
ered as applied loads on perimeter beams. Rigid diaphragms were deemed suitable
to represent the rigid behaviour typical of concrete and hollow clay blocks mixed
floors.

3.2 Application of Damage-to-Impact Conversion Methods

In thefirst versionof thePACT tool, the results of loss assessmentswere only available
in termsof dollars, deaths anddowntime (i.e., the so-called 3Ds).However, in its latest
version, environmental impacts, in terms of carbon emissions (CO2) and embodied
energy (EE), are included as consequence functions of damageable components, as
suggested by Simonen et al. [36]. This section describes the application of the three
damage-to-impact conversionmethods introduced above, to estimate the earthquake-
induced environmental impacts of the case-study via time-based assessments, based
on simplified analysis (i.e., nonlinear static analysis).

Firstly, PACT requires the definition of a building performance model, i.e., a
collection of data related to all the structural and non-structural components within
the building that may experience damage during an earthquake. Thus, an inventory of
drift-sensitive componentswas collected for the case-study. ForRCstructural compo-
nents and masonry non-structural elements, the fragility and repair cost functions
developed by Cardone [43] and Cardone and Perrone [44] were deemed appropriate
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for the case-study, since they are mostly suitable for pre-70 s RC frame buildings
typical of the Italian existing building stock. In terms of environmental impacts,
damage-to-impact conversion methods were needed to translate the damage states
(DSs) defined for each component into the corresponding environmental impacts
due to repair. As explained in Sect. 3.3, dedicated to damage-to-impact conversions,
damage and associated repair activities were converted into environmental impacts
by the following three approaches:

• EIO LCA: the environmental impacts per dollar spent within each specific sector
were extrapolated from the web-tool EIO-LCA [31] for the industry sectors of
interest and then summed upwith their ownweight (i.e., the percentage indicating
the contribution of a single process to the global costs of the repair activity).
The examples found in Simonen et al. [14] and FEMA [36] were taken as a
reference to perform the calculations and to define the percentage distribution of
cost allocations for the different components. For instance, for exterior masonry
infills with windows, the following percentage distribution of costs was assumed
for the DS at collapse: 4% adhesive, 10% clay product, 2% cleaning, 2% coating,
2% electrical, 3% glass, 10% piping, 5% plywood, 5% stucco, and 3% windows.
The remaining cost percentage was allocated in labour, whose contribution to
environmental impact is assumed equal to zero;

• Repair description+ eCO2 factors: as suggested by Belleri and Marini [6], the
ICE database [32] was used to get the eCO2 emissions per kg of material (e.g.,
concrete, glass, clay).Average embodied carbon estimates equal to 0.11, 1.44, 0.24
kg eCO2 per kg of concrete, glass and clay bricks, respectively, were selected.
The main issue related to this approach is the need to estimate the kilograms of
material that needs to be replaced during the repair activity associated to specific
DSs. A unit volume of material was assumed for the DS at collapse (i.e., in case of
full replacement of the component), while partial volumes of material associated
to intermediate DSs were scaled down proportionally to DS-specific repair costs
to finally assign the eCO2 at each DS;

• Repair cost-ratio: given that the expected annual loss (EAL) ratio is the ratio
between the expected value of the loss exceedance curve and the building’s
replacement value, the environmental impacts due to repair activities were calcu-
lated by multiplying the EAL ratio in terms of monetary losses and the replace-
ment value in terms of environmental impacts (estimated through a Building-EIO
and equal to approximately 650,000 kg eCO2). A significant assumption of this
approach is related to the fact that also labour costs are included, so the cost
percentage allocated to labour should be excluded from the comparison. However,
since the estimation of earthquake-induced monetary losses is needed, this proce-
dure was performed after running the loss analysis on PACT and the impacts
deriving from this approach are presented in Sect. 3.3.

In conclusion, the environmental impact consequence functions, whose medians
in terms of eCO2 were calculated following the first two approaches above, were
assumed lognormally distributed, with dispersion equal to 0.4.
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Table 2 eCO2 resulting from
different damage-to-impact
(DTI) conversion methods

DTI eCO2 (kg eCO2/yr) eCO2 (% ReI)

EIO LCA 1,600 0.24

Description + ICE 1,800 0.28

Repair-cost ratio 2,000 0.30

3.3 Discussion of the Results

The results of time-based performance assessments are mainly expressed in terms of
loss curves, which plot the total expected loss as a function of the annual probability
of exceedance of that loss. From PACT loss analysis results, an EAL ratio equal to
0.4%was estimated as the ratio between the area underneath the monetary loss curve
(approximately equal toe 5,000) and the total replacement cost (approximately equal
to e 1.25 million). Concerning environmental impacts, the expected annual carbon
emissions obtained by applying the three different damage-to-impact conversion
methods described above are shown in Table 2, also expressed as a percentage of
the building’s replacement impact (ReI). As stated above, labour does not contribute
to environmental impacts and its contribution was assumed equal to the 20% of
global repair costs. Thus, the impacts due to post-earthquake repairs arising from
the repair-cost ratio approach were recalculated as the 80% of the eCO2 resulting
from the approach (i.e., equal to 2.5 t eCO2). It is worth remembering that the cost
percentage assigned to labour may vary significantly depending on the activity of
interest.

4 Conclusions

A review of the available literature on integrated approaches for seismic loss estima-
tion and environmental impact assessment was presented, together with the applica-
tion to a case-study of the FEMA P-58 approach. The critical review of the existing
approaches showed that earthquake-related losses and impactmay be significant in an
overall LCA, thus research is needed to further develop and validate amethodological
framework to assess such impact. The application of the FEMA P-58 demonstrated
that it can be used to quantify earthquake-induced environmental impact (as done
already for monetary losses).

Notably, the three damage-to-impact conversion methods described above lead
to very similar estimates of carbon emissions, demonstrating an already relatively
satisfactory robustness of the three different approaches despite their very diverse
assumptions and required information. It is worth emphasising the lack of compre-
hensive inventories from where to collect information on environmental impacts of
specific components or activities. Furthermore, often the available databases are not
updated to the current market prices, thus adjustment factors are needed to adapt the
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estimates to the present material or activity prices specific for the site of interest,
increasing the uncertainty of the results.
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Abstract Through this research it is intended to catalogue different environmental
scenarios taking into account extreme climatic actions and what is their mechanical,
chemical and physical impact on the main materials used in construction (reinforced
concrete, bricks, lime repair mortars, etc.). For this, a qualification of these mate-
rial deterioration processes will be carried out after having done the data collec-
tion, the analysis of the different scenarios and a structural study. To move towards
sustainability, where building is better described as a process than a product, a new
integrated-design approach that accounts for durability is deemed to be essential.
This approach will allow building assessment in a multi-performance perspective.
TheSustainableStructuralDesign (SSD)methodology is presented basedon environ-
mental and structural performance parameters in a life-cycle approach. The concept
of reuse is a sustainable perspective for extremely durable structures (ESD), new
structures and existing structures. In this work we will focused in different building
materials characteristics and their potential degradation under extreme events condi-
tions. This work is framed in a research project of the National Plan of Spain, whose
purpose is the development of a decision support systembased on intelligentmanage-
ment tools for the maintenance of existing buildings and the design of new buildings,
in order to extend its working life to cope with climate change and extreme events.
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1 Introduction

Weather disasters due to climate change are a reality that happens in all seasons.
Many of the meteorological phenomena that we considered unusual may become
frequent or even vary in intensity. Temperatures will continue to rise in the coming
years, which will cause an increase in heat waves and high-temperature days by the
end of the century.

The Mediterranean basin is one of the world areas where it is estimated that
changes in climatic conditions over the next decades may be more evident according
to the study conducted by Jorge Olcina of the University of Alicante [1]. In this area,
if climate change forecasts are met, extreme temperature and precipitation events
will increase. It could rain less, but at times when it rains, there will be more intense
or torrential rainfall.

In Europe, the main effects will probably be manifested in a change in the
frequency of extreme events and precipitation, which will cause more droughts in
some areas and more river floods in others, especially in the north of the continent.

It is very likely that in the Mediterranean there will be increasingly warm nights,
that are called tropical, and whose minimum temperature is above 21 °C, something
that has already happened in recent years.

On the other hand, researchers are divided on the amount of hurricanes that will
occur in the future. However, in what the scientific community seems to coincide,
it is in the fact that those that are formed could be of higher and therefore more
destructive categories [2].

Acknowledged near-term climate change events were demonstrated to seriously
affect pathologies of historical buildings and, particularly, degradation of mate-
rials of external façades [3]. The effect of climate change is acknowledged to be
particularly exacerbated in the case of heritage buildings because these are typi-
cally low-performance buildings characterized by a weak and ancient structure, old
construction techniques, and ineffective if not lacking HVAC systems [4].

Climate change can negatively act on heritage built environment in several ways
[5–7]. Among the various material degradation mechanisms associated to climate
change, excessive rainfalls play a major role in causing surface recessions of stone
[8], as well as surface erosion and surface strength reduction [9]. Moisture content
is a critical parameter affecting ageing and durability of fabric materials of historic
buildings, with obvious consequences in terms of climate change related effects on
heritage preservation [10].

Humidity is another significant driver of degradation phenomena, which can
interact with air pollution in causing degradation of limestone in historical buildings
[11, 12]. Climate change also affects the frequency of occurrence of freezing-thaw
cycles [13] that produce mechanical stress on masonry surfaces, causing surface
degradation.

The surface temperature profiles represent one of the key forces for material
degradation, together with phenomena related to moisture. In fact, a degraded mate-
rial results in a lower load capacity of the entire structure which, in general, becomes



Behaviour and Characteristics of Construction Materials … 163

more prone to failures under permanent loads such as dead loads or earthquakes.
The general evaluation of the health conditions of historical masonry structures is
the result of a complex evaluation process that requires multidisciplinary approaches
[14]. The seismic vulnerability of historic masonry structures, and their reduction
caused by material degradation, is a major concern in Mediterranean countries,
where several earthquakes have caused significant damage to these types of build-
ings [15–20]. Several studies investigated harmful processes that affect historical
structures, including advanced diagnostic and monitoring methods [21–23]. On the
contrary, structural damage that affects masonry, typically in the form of cracks that
pass through layers of mortar and stone or brick elements, results in locally less
protected material that is more exposed to uncomfortable environmental conditions
and, therefore, to degradation phenomena.

In this work, the effect of extreme events produced by climate change has been
related to the most used construction materials, without taking into account the total
structure, to be able to feed basic mathematical models and predict the behaviour of
these materials individually.

2 Materials

This section defines the main materials used in construction, analysing both its
characteristics and its durability over time.

2.1 Steel

Steel is a metal that is derived from the alloy between iron and carbon. It is character-
ized by its resistance and because it can be hot worked, that is only in a liquid state.
Once it hardens, its handling is almost impossible. Depending on the temperature
with which one works, the steel can contract, expand or melt. It is a very resistant
material and at the same time it is easy to weld. They are high electrical conductors.
Steel is recyclable and absolutely biodegradable.

Among its negative aspects is corrosion, since iron tends to oxidize easily when it
is outdoors. It has endothermic properties, which causes those structures with steel
parts, easily transmit heat and in the event of a fire, it will spread rapidly.

The main types of steel are divided into galvanized, stainless and calm [24].
Different types of steel can also be classified according to the alloy elements that

produce different effects on the Steel.
On the one hand, there are carbon steels, which are more than 90% of steels and

make up most of the construction structures. On the other hand are alloy steels that
are subdivided into structural steels and tool steels. Structural steels contain higher
amounts of manganese and other minerals than carbon steels, which improve their
strength. They also contain sulphur, phosphorus, silica and vanadium to improve their
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weldability and weather resistance. Among its advantages is the great resistance to
tension and compression.

Despite the susceptibility to fire andweather, it is themost used structural material
for its abundance, ease of assembly and cost.

The high strength of steel per unit weight allows relatively light structures, which
is of great importance in the construction of bridges and tall buildings. Its properties
do not change over time or vary with the location in the structural elements.

It is the material that is closest to a linearly elastic behaviour, until considerable
loads are applied. It allows withstanding large deformations without failure, reaching
high stresses. It has the ability to absorb large amounts of energy in deformation
(elastic and inelastic) and to easily join with other members (in profiles it can be
easily connected through rivets, screws or welding) 21–34.

The strength of the steel can decrease when it is subjected to a large number of
load inversions or to frequent changes in the magnitude of tensile stresses (pulsating
and alternative loads) [25].

The life of steel is very high. Some studies have estimated that a steel beam with
minimal corrosion protection can exceed 60 years. This, if analysed as a material
only by component, that is, not as isolated material but as part of a construction
system [26].

Steel is the toughest of the commonly used structural materials. The design
strength of most steel profiles is 340 MPa in both compression and traction, while in
some special qualities they reach 480 MPa.

The fact that the compression and traction strength of structural steel is identical
is a decisive factor in the ability of steel to respond to extreme events. In these cases
there are unforeseen loads that are applied to the structure, but they are not only
an increase in the loads considered in the calculation, but the structures undergo
unexpected transitions that lead to their elements as they move from compression
to traction. The steel’s even ability to handle both traction and compression helps
mitigate any failure. Additionally, the real strengths of structural steel exceed the
design strengths, thus providing additional resistance to unforeseen extreme loads.

For a given stress (stretching force per unit area), strain is much smaller in steel
than other construction materials, resulting in a higher Modulus of Elasticity and
an enhanced capability for handling extreme loads without cracking or permanently
deforming. Similarly, the ductility of a material such as structural steel allows for
the redistribution of forces to provide an alternate load path or to accommodate
displacements caused by extreme events. The Elasticity Module of steel is about
200,000 MPa [27].

2.2 Concrete

Depending on the variation of the proportions of the different components, the
concrete has different properties. It is possible to differentiate, in this framework,
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between light concrete (with a density of 1800 kg/m3), normal concrete (density of
about 2200 kg/m3) and heavy concrete (density of more than 3200 kg/m3).

Although it has a very good resistance to compressive stresses, concrete does not
react in the same way to other kinds of stress (bending, traction, etc.). Therefore, it is
often associated with steel structures, giving rise to the so-called reinforced concrete
[28].

The useful or nominal life of a concrete structure according to Article 5 of Chapter
I of the Structural Concrete Instruction are the following:

For temporary structures the nominal useful life is estimated between 3 and
10 years; for replaceable elements that are not part of the main structure (railings,
pipe supports…) between 10 and 25 years; for agricultural or industrial buildings and
maritime works, between 15 and 50 years; for residential or office buildings, bridges
or passageways with a total length of less than 10 meters and a civil engineering
structure (except maritime works) of low or medium economic impact, 50 years; for
buildings of monumental character or of special importance, 100 years; for stands of
total length equal to or greater than 10 meters and other civil engineering structures
of high economic impact, 100 years.

Concrete being exposed to aggressive environments may have deterioration
processes. These can be classified as: physical, caused by exposure to extreme envi-
ronmental changes such as ice/thaw cycles or artificial changes such as exposure
to fire; chemicals, caused by attacks by acids and/or sulphates, water, or alkali-arid
reaction; Biological and structural (presence of bacteria, overloads, load cycles, etc.)
[29, 30].

The agents that affect the durability of concrete are of various kinds, can be clas-
sified into two categories: external agents are those that are in the environment or
are due to service conditions, among them are chloride ions, the carbon dioxide,
sulphates, bacteria, abrasion and freezing and thawing cycles. Internal agents are
found within the same concrete, such as chloride ions incorporated into certain
additives and cement alkalis that react with potentially reactive aggregates.

They can be classified by their origin: physical, chemical, biological and mechan-
ical agents. Physicists are due to changes in the environment (freeze-thaw, loads,
etc.). Among the chemical agents include attacks by sulphates, acids, seawater and
chlorides, the latter inducing the electrochemical corrosion of reinforcing steel.

The biological ones can be microorganisms, algae and mollusks. The mechanics
are due to the conditions to which the concrete is exposed (for example, abrasion
and erosion). Sometimes, these agents are presented simultaneously, so you can have
interesting combinations. Obviously the effect of the damage is due to intrinsic and
extrinsic issues of concrete, such as the quality of the concrete and the degree of the
active agent to which it is exposed.

The importance of aggressive agents is a function of their environment, penetra-
tion speed and means of transport. Such aggressive agents may be gases, liquids or
particles that are part of the soils adjacent to the concrete [31].

According with the Structural Concrete Instruction, depending on the type of
exposure (non-aggressive, normal, marine or chlorides of non-marine origin, aggres-
sive chemical, with frost and erosion), the minimum compressive strength of the
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concrete, depending onwhether it ismass concrete, reinforced concrete or prestressed
concrete, ranges from20 to 35MPa. For the purposes of this instruction, the compres-
sive strength of concrete refers to the results obtained at 28 days. The tensile strength
of concrete is about 10% of the compressive strength, and the Modulus of elasticity,
which depends on the compressive strength, varies approximately from 23,000 to
28,000 MPa [32].

2.3 Bricks

Brick is an artificial ceramic building component, made of baked clay. It is used for
construction in various construction elements, such as walls, partitions, ovens, etc.

Scientists at the University of Illinois (in the United States) create a type of brick
called “Smart skin” that monitors the response of the walls once the building is built.
The method of use is quite simple: several intelligent bricks are placed, with the
sensors, batteries and transmitters housed inside the brick, at strategic points of the
building, between normal bricks, connected to a network where possible oscillations
are monitored, temperature and movement in responses to external agents such as
earthquakes or tornadoes [33].

It is expected that a brick house to last 100 years (ormore), there are even buildings
built entirely in brick blocks of more than 500 years [34].

Morton [35] proposes that for clay bricks the compressive strength ranges between
10 and 100 MPa, and for calcium silicate bricks between 10 and 45 MPa.

The tensile strength of the pieces of the factory work is related to the flexural
strength and the dimensions of the test specimen. In any case, the tensile strength
of the brick is very low, and this provides a low tensile strength of the brick-joint
assembly. Van der Pluijm [36] found values that ranged from 1.5 to 3.5 MPa for clay
bricks and calcium silicate respectively and the elasticity module is about 3000MPa.

2.4 Lime Mortar

In the past, the only binder of mortars and concrete used in the building was lime,
as it not only gave good mechanical strength, but also a certain deformability (lime
mortars are less rigid than cement mortars). Most of the architectural heritage of
Humanity that has come to this day was executed with lime mortars.

Lime mortar is a very favourable material in buildings due to its compatibility
betweenmaterials, not chemical aggression against stone and structural ceramics, and
in order to avoid excessive rigidity between and within the construction elements. In
addition, these types of mortars have a good aging in the face of climatic aggressions,
being only the chemical aggression and the mechanical actions of the ice or the
crystallization of salts which can degrade their structure [37].
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Other important characteristics of lime mortar are the following: Good plasticity
andworkability. Absence of retraction due to the constant speed in humid conditions.
Great elasticity and adaptation to deformations.Avoid condensation. It does not cause
efflorescence due to the absence of soluble salts. Good thermal and acoustic insu-
lation. Good resistance to rainwater on exterior vertical walls. Disinfectant product
Flame retardant product.

Moreover, not only limemortars are durable, but also contribute to other materials
being durable. This is the case of the protection of stone, ceramics and othermaterials
with thin layers of lime mortar. If we focus on the case of stone, in the face of
destructive actions it deteriorates. By applying a thin layer of lime micromortar
it protects against atmospheric CO2, against SO2 and SO3, against water and its
effects, against destructive mechanical, solar and biological actions, reinforces and
consolidates, embellishes and is a material tested by the time having guaranteed his
good behaviour. The compressive strength of the lime mortar is about 7.5 MPa, and
the tensile strength is about 1 MPa and its modulus of elasticity is approximately
3000 MPa [38].

3 Extreme Weather Events

3.1 Hurricane

Hurricanes originate in the ocean, in warm waters (minimum 26 ° C) and in the
presence of high atmospheric humidity. The difference in weight between the masses
of hot and cold air that the wind then sets in motion is pushed cyclically to each other
forming a spiral (hot air inwards, cold air outwards) until generating a low-pressure
centre that makes the circuit grow.

Hurricanes are classified according to their intensity as follows:

Lower intensity: Tropical depression
Medium Intensity: Tropical Storm
Higher intensity: Hurricane.

They are divided into several categories from 1 to 5 ranging from 119 km/h to
252 km/h [39, 42].

3.2 Flood

It is the effect generated by the flow of a current when it exceeds the conditions that
are normal for it and reaches extraordinary levels that cannot be controlled in the
natural or artificial vessels that contain it, which ordinarily derives the damages that
it causes in urban areas, lands productive and in general in valleys and low sites [40].
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The origin of the terrestrial floods is usually dual: or the overflow of river currents
(rivers, streams, torrents, etc.); or the flooding of flat or endorheic areas due to
accumulation of precipitation without circulating on the earth’s surface, which is
why they are also called “by precipitation in situ”.

3.3 Fire

A fire constitutes a threat to life due to suffocation, poisoning and high temperatures,
but if a building occurs the danger increases due to the structure of the building itself.
In an outdoor enclosure, with fresh air, it is almost impossible to exceed 700 °C. In a
closed enclosure, the temperature rises 30% more due to the reflection and radiation
of the walls.

The critical ignition point (flashover point) is 273 °C, until now only the aluminum
structure would be affected. From here the so-called equivalent or normalized fire
is developed, which is what all regulations and fire resistance of materials refer to,
measured in minutes. Above 40 min of equivalent fire we are already talking about
a very important fire with a true risk to human life.

To have a reference of how high temperatures affect materials, we will say that at
400 °C, the steel becomes ductile and at 600 °C, there is a sharp drop in its resistance
[41].

3.4 Earthquake

It is defined as sudden and temporary shocks of the earth’s crust due to the release
of energy in the subsoil in the form of seismic waves, as a result of geological
movements and displacements of the tectonic plates that make up the upper layers
of the planet. An intense and prolonged earthquake can tear down buildings, shake
the streets and tear them apart, and cause objects to collapse on us.

Types of earthquakes: tectonic, volcanic and collapse.
Earthquakes are measured based on a double scale, which records intensity on

the one hand and magnitude on the other. These scales are:
Intensity: They measure the strength of the tremor based on the ravages caused.

There are theMercalli scale (12 points); theMedvédev-Sponheuer-Kárnik (12 points)
and the Shindo scale (7 points).

Ofmagnitude: Theymeasure the amount of tremor energy based on their reverber-
ations. There are theRichter scale (7 points) and the seismological scale ofmagnitude
of the moment [39, 42].
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4 Evolutionary Relationship Over Time

There are different factors and parameters of both the extreme actions and the
construction materials that must be taken into account in order to estimate the useful
life of a building or even foresee its behaviour in the event of an extreme weather
event. Knowing these parameters can also help design more resistant and durable
structures.

As for the extremeactionof a strong wind or hurricane, the locationof a building,
as well as the presence of other smaller buildings, should be taken into account, since
they can contribute to accelerate the wind speed and cause turbulence that affects
both the front section (windward walls) as the rear section of the building (leeward
walls), with the consequent considerable increase in the basic wind pressure. Other
factors, such as openings in the lower part of buildings, lead to an unusual increase
in wind speed and turbulence in the rear of the building. The same goes for the gable
roof buildings where the wind causes turbulence on the leeward roofs and on the
side and rear walls. The pressure exerted by the wind on the structural system is a
function of the dynamic part of Bernoulli’s equation, known as basic pressure, which
is modified by several factors:

• The roughness of the terrain affects wind speed and turbulence. Themore irregular
the surface, the lower the speed, but the greater the turbulence.

• The size and density of objects found on the surface, such as buildings and trees,
affect the roughness of the terrain.

• The length of the roughness of the terrain indicates the magnitude of its influence
on wind speed and longitudinal turbulence: the steeper the terrain, the greater
the roughness and, consequently, the greater the friction effect that decreases the
speed of the wind.

As the height increases, the wind speed also increases until it reaches a constant
speed, called gradual velocity that is independent of the irregularity of the terrain.
This variation in wind speed as a function of height can be predicted mathematically
with a logarithmic equation. However, in practice a simpler model, the method of
exponential law, is used to extrapolate the wind speed from one height to another.

The basic pressure accuses the effect of uncertainty due to the likelihood of wind
hitting the structure from any direction. When determining the design pressure, this
parameter, known as wind directionality, must be taken into account. Wind speed is
the most important factor in determining the basic pressure.

The movement of the wind is turbulent and it is difficult to give a concise mathe-
matical definition of turbulence. However, it is known that there is wind turbulence
due to the low viscosity of the air compared to that of water. Any movement of air
greater than 4 km/h is turbulent, that is to say that the air particles move erratically
in all directions.

For structural engineering purposes, the wind speed can be considered to have two
components: the average speed (whose value increases with height) and turbulence
fluctuations.
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The basic pressure, modified by the parameters indicated above, is known as the
modified basic pressure, in accordance with ASCE-7 [43], which will vary according
to the conditions of each region [44].

In this case study in which an isolated material is analyzed, it should be taken into
account that a strong wind or hurricane will generate in this material a significant
erosion due to the particles dragged at high speeds and within a turbulent flow. In
turn, air and particles will exert a differential force at different points on the surface
and in bursts of varying intensity and direction. In this case, the material with the
greatest resistance to compressive stress is steel, followed by concrete, bricks and
lime mortar, which have a very poor tensile and compressive strength.

As for earthquakes, the horizontal component of seismic action (in some ways
similar to that of wind) is much more important than vertical, be it the masonry,
brick, concrete or steel structure. Although horizontal accelerations near gravity
have been recorded in some large earthquakes, smaller movements can cause very
serious damage to the vertical elements of the buildings (pillars, columns, walls,
…), which are what more influence their stability, so a failure in them can cause the
building to collapse.

If the elastic regime of some material is exceeded, it may deform without tending
to recover its shape (plastic regime) or if it responds fragilely, break. From this point
of view, the safest construction materials are elastic and coherent.

If the frequency of the seismicwave and the frequency of oscillation of the building
coincide, the phenomenon of resonance occurs. This will probably cause the building
to collapse.

The width of the streets can be a critical factor in favouring damage. In narrow
streets, the fall of houses can affect the adjacent ones as if it were a house of cards.
From a civil protection point of view, these types of streets can be collapsed, making
access to aid and supplies very difficult.

The type of soil on which the buildings settle, their relief, the slope of the land, the
surface and deep geology and in general the characteristics of the last tens of meters
have a significant influence on the perception of the seismic movement and can be
decisive in the damage caused. Soft soils amplify the movement; so many times the
damage caused by an earthquake is not due to the poor quality of the construction,
but to the low solidity of the soil.

Modern standards take into account in the structural design the concept of ductility
or ability to deform a resistant element without breaking. In order to avoid human
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losses, a building is designed so that before a major earthquake a certain element
of the structure can be deformed (beam, support, knot, …) that, even if it makes it
unusable for its use and had to be demolished later, however, do not collapse.

Regarding the distribution of masses in the building, care must be taken that they
are arranged as uniformly as possible along the height. The rigidity must also be
distributed gradually in height, and for the same plant, uniformity and symmetry are
necessary. No structural element should change abruptly of rigidity, so, if diaphanous
plants are placed togetherwith other very compartmentalized plants, the difference of
this characteristic should be taken into account. In general, elements of great rigidity
should be placed on the outer perimeter of the plant and that general evacuation
routes, such as stairs, will be provided with additional resistance and ductility to
facilitate their use in case of an earthquake [45].

The most important parameters in an earthquake come from the seismic waves.
These waves are classified as internal waves when they propagate through the interior
of the earth, and superficial when the seismic energy polarizes and travels near the
earth’s surface. In turn, and depending on the type of elasticmovement suffered by the
particles in the environment, the internal waves are classified into two types: Primary
(P) or compression and Secondary (S) or shear. With regard to surface waves, they
are also classified into two other subtypes: Raleygh Waves (LR) and Love Waves
(LQ) (Fig. 1).

Each type of wave travels at a different speed, called phase velocity, and depends
fundamentally on the density of the material and its elastic modules (relationship
between stress and strain suffered by the material). In general, and for internal waves
the elasticmodules that control the propagation speed are the compressibility (K) and
the stiffness (µ). The compressibilitymodule (K)measures the change in volume that
a material undergoes when subjected to a hydrostatic stress (compressive and equal
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Surface waves
Raleygh waves (LR) Love waves (LQ)

Ellip cal and 
retrograde par cle 

The amplitude of surface 
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Internal 
waves
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Fig. 1 Type of waves during an earthquake [46]
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in all directions, P) and the stiffness (µ) measures the deformation that a material
experiences when undergoes a tangential or shear effort [46].

The material that will best behave in this weather event will be the one with the
greatest modulus of elasticity. In addition, the structures will be subjected to tensile
and compressive stresses, so that the ideal material is steel, followed by concrete,
lime mortar and bricks (these last two materials will be very similar).

The first and most consubstantial flood damage is the waterlogging itself and its
depth in normally dry areas, which entails soil wetting, with the consequent loss of
bearing capacity of the land, and of the structures and buildings built on them, may
affect its foundation and structural stability.

It is also important to consider the residence time of the water sheet, since
prolonged exposures or waterlogging can aggravate these effects, breaking up the
foundations, generating corrosion in the steel after a long period in contact with the
water or generating chemical reactions in the concrete or when entering the pores of
the bricks;while rapid drying can reduce damage significantly, since it alsominimizes
the deposit ofmaterials in the bed. An effect of the flood that is likely to cause damage
is the speed of the current, which can sometimes, by direct or indirect impact (under-
mining), tear down and drag material. Especially dangerous are the sudden changes
in speed, such as those that occur in hydraulic ridges (regime changes in waterfalls
and narrowings), in which the release of energy is enormous. During the floods,
especially in torrential avenues, speeds can exceed even 4–6 m/s, values with which
bulky and heavy objects are dragged, and even swirling and dangerous phenomena
of air suction due to Venturi effect are created and Cavitation overpressures.

The force of the current can erode the bottom and the margins of the river,
producing infrastructure undermining and instability of slopes, which triggers mate-
rial movements (landslides, flows…). The solid charge carried by the water, whether
suspended in the fluid, or as a bottom load (by jumping, rolling or dragging), can
cause impact damage and abrasion to the buildings. These detritic materials (blocks,
edges, gravels, sand, silt and clays) produce different hydraulic effects in the stream,
such as increasing their density and viscosity (increasing their erosion capacity and
transport of more materials, in a feedback effect) and decrease its speed, with the
consequent increase in the height of the water sheet. In extreme cases, the high solid
load can convert the current into an authentic mud river (mud flow) or debris (debris
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flow), with high danger. In the same way, the transport of floating elements (such as
plant fragments, hail or ice) makes it difficult to flow and pass through narrowings
(bridges or sewer systems), prompting their collapse and breakage [47].

According to these parameters, the structureswill be affected by strong differential
hydraulic pressures and the dragging of sediments and materials will create erosion
and tearing. In addition, exposure to water of certain building materials for long
periods will generate chemical attack causing, for example, corrosion in the steel or
arid-alkali reaction in the concrete. The material that best resists chemical attack in
general, in addition to correctly supporting the effects of the weather, is lime mortar,
which also has a very good plasticity and workability.

As for the extreme action of a fire, concrete loses less capacity at high temperatures
than steel. In the case of prestressed steel, much more is accused: when the concrete
suffers losses of 35%, we would be talking about the fact that prestressed steel
loses 60–70% of its capacity. Normal concrete loose about 56% of their compressive
strength after being exposed to 600 °C temperature in 150 min duration.

Concrete is very effective against fire due to its mineralogical composition, porous
structure and low conductivity. Practically it will not be affected at temperatures
below 300°, from them a strong loss of resistance begins that no longer recovers
after the fire. Between 600 and 950 °C, the aggregates expand and the disintegration
of the material arises and there is a loss of resistance between 60 and 90%.

When concrete is exposed to fire, the evaluations are more complex. In addition to
the variables specific to each fire (fuel load, aeration, etc.), the variation in concrete
results may be due to a series of intrinsic factors such as density, porosity, type of
aggregate and vibration method during the execution.

At 400 °C steel becomes ductile and with levels close to 600 °C, so that the steel
loses more than half of its resistance and reduces its elastic period producing perma-
nent deformations. On the other hand, the high conductivity of steel, 42 W/m °C,
causes it to transmit heat quickly to the rest of the structure.

As the bricks are manufactured in a fire oven, they are highly resistant to it.
However, it is true that individual bricks are much more fire resistant than a brick
wall. Depending on the construction and thickness of the wall, a brick wall can
achieve a fire resistance rating of 1 to 4 h. The firing temperature of the clay bricks
ranges between 800 and 1300 °C, depending on whether they are refractory, so that
this material withstands the high temperatures quite well [48].
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Lime mortar is classified as A1 of the European fire reaction classification system
according to UNE-EN 13501-1 [49]. Products with this classification are expected
to offer good fire behaviour.

Basically, the main effects of fire on reinforced concrete could be summarized as:
Adhesion damage: the existence of coke or weakening in the concrete section,

allows high temperatures to pass through it and reach reinforcements very quickly.
Steel is a good conductor, so the entire steel bar is heated but not the concrete. Steel
tends to expand and concrete does not. This produces compressions and cracks. Then
cooling and breakage occurs. The adhesion is damaged precisely by that thermal
jump.

Effect of detachment:This process takes placequickly, at 100–150 °C, as a result of
the thermal impact and the change of state of the interstitial water. As water becomes
steam and due to the dense structure of concrete, steam cannot escape efficiently
through its matrix and the pressure increases. When the pressure in the concrete is
greater than its resistance, the detachment process begins. Inside a building, the part
of the structure most exposed to fire and the most sensitive is the underside of the
slabs. Here the tensions are of traction and fundamentally supported by the steel rein-
forcements. So if these are affected by high temperatures, the decrease in resistance
results in the transmission of stress to concrete, already internally overstressed. It
results in the fragile and sharp breakage of the concrete and the collapse of the slab
due to the breakage at negative moments of the assembly [50].

Lime mortar, as an insulated material, has an excellent behaviour against fire,
followed by brick, which withstands very high temperatures. The concrete has a
medium behaviour and the steel has a bad behaviour in the face of high temper-
atures, although these last two joined materials (reinforced concrete) behave very
well structurally against fire. As in this case each material is studied separately, in
the following scheme the order of best to worst behaviour of each material can be
observed.
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5 Conclusions

Climate change will produce extreme events more frequently in the future, so in this
article each weather event has been related to the behaviour of different building
materials, analysed individually.

Steel is the material that best reacts to earthquakes and strong winds due to its
linearly elastic behaviour, with high tensile and compressive strength, which in both
cases is the same. Faced with a long-term flood, it can generate corrosion in the
material due to chemical reactions and its behaviour in the event of a fire is very bad
due to its very high conductivity. Instead, it is suitable against hurricane winds and
earthquakes.

The concrete has a good compressive strength and low tensile strength; it has an
intermediate elastic modulus, which means that it is not a very rigid or very elastic
material. This material behaves correctly in all adverse scenarios, although there are
other much better materials against flooding and fire.

The bricks have a normal compressive strength, very similar to that of concrete,
but with a much smaller elastic modulus. For this reason, bricks react well to the
chemical attack and will correctly resist a flood or avenue. Due to its high cooking
temperature, it is also a good fire resistant material.

Finally, the lime mortar, although usually used as a coating or joint bonding
material, analysed exclusively as an independent material, has very low tensile and
compressive strength and a modulus of elasticity similar to bricks. It behaves very
well outdoors so it will resist the effects of floods and fires very well, giving worse
results in earthquakes and hurricane winds.
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with PCM-Recycled Brick Aggregates:
Thermal Energy Storage
Characterization and Modelling
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Abstract This work reports the results of an extensive experimental campaign
aimed at investigating the Thermal Energy Storage (TES) behavior of PCM Recy-
cled Brick Aggregate (RBA) mortars. Test specimens for TES measurements were
produced following a new spherical-shaped technique, patented as “DKK test” by
the Institute of Construction and Building Materials of TU-Darmstadt. DKK was
used for characterizing the various test samples made of plain cement paste plus
porous RBAs, these latter filled with paraffinic PCMwaxes. Dynamic DSC tests and
conductivity measurements were also done for thermally investigating both compo-
nents and composites. Moreover, the study proposes a novel numerical approach
for determining the energy storage capacity of the investigated systems, setting the
experimental benchmarks for validation. Particularly, the experimental results have
been finally employed for calibrating an enthalpy-based model, at both macro- and
meso-scale level, to evaluate the temperature-based thermal parameters like specific
heat, conductivity, or more in a general sense, the energy storage capacity of these
systems under transient heat conduction conditions. The results show very promising
possibilities for using RBAs as carriers in green concrete applications.
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1 Introduction

The energy demand for heating and cooling the global building represents a huge
share of the total energy consumption around the world (ca. 40%) [1]. It accounts
for almost half its energy consumption in Europe [2]. To attenuate this number,
improving the thermal efficiency of construction and building elements became one
of the most important issues for energy savings of new and existing buildings [3].

Innovative solutions in this regard could include the potential of materials to store
and release large amounts of thermal energy, which would be used to stabilize the
inner thermal comfort of either residential or non-residential buildings. This can be
achieved through an optimal use of Phase Change Materials (PCMs), which can
help to minimize the additional need of primary energy for heating/cooling [4, 5].
Numerous studies on PCMs and in several fields of applications have been reported
in literature. The experimental-based research on these deals with addressing the
thermo-hydro-chemo-mechanical properties of cementitious materials with PCMs
[6–8], where the investigated PCMs are characterized by melting temperatures that
vary between 19 and 26 °C. This range corresponds to a standard temperaturewindow
for comfortable living [9].

On the other hand, numerical and/or theoretical approaches, available in scien-
tific literature for modelling Thermal Energy Storage (TES) and heat accumula-
tion/liberation of PCM-based applications, arose from the solution of the so-called
Stefan problem [10]. Several authors, under simplified assumptions (i.e., 1D heat
conduction), proposed analytical solutions [11]. Nonetheless, more complex models
are needed for further evaluation of the classical Stefan problem: e.g., by introducing
“mushy” zones for non-isothermal phase change conditions, 2D and 3D evaluations,
etc. [12].

The solution methods of the Stefan problem and/or its extended formulations, can
generally be subdivided into three different categories [13]: (i) Fixed grid method;
(ii) Deformed grid method; and (iii) Hybrid methods. Most classical examples are
those based on a further development of the fixed grid method, where the grid of
spatial nodes, used for discretizing the problem, remains fixed during time, and
the phase change is traced through auxiliary formulations and/or state functions.
Particularly, the Enthalpy-based Approach (EA) [14], which mainly boils down into
two alternative solutions (the Apparent Calorific CapacityMethod (ACCM) [15] and
(ii) the Heat Source Method (HSM) [16]), is the common way to solve the set of
equations of the fixed grid method.

In this context, the present study investigates the TES of mortars made of RBAs
containing PCMs. The results of an extensive experimental research are firstly
presented for showing the TES performance of the various composites. Test data
of a wide series of thermal tests [17] (in terms of Differential Scanning Calorimetry
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(DSC)measurements, thermal conductivity andDKK tests [18]), carried out onPCM,
aggregates, plain mortars and PCM-RBA mortars are shortly summarized. Then, a
numerical procedure for simulating the effects of paraffin waxes on the thermal
energy responses of these mortars produced with different amounts of PCM-RBAs
is outlined.

2 Experimental Campaign

An experimental program was performed to characterize the TES response of PCM-
RBA mortar mixtures and their components.

2.1 Components and Composites

Paraffin waxes [19], characterized by a high crystallinity and possess an excellent
heat store capacity during the phase changes, were used as PCM (Fig. 1a). They have
a melting temperature of 25 °C, a storage capacity of 230 kJ/kg approx., a latent heat
capacity of almost 200 kJ/kg, a thermal conductivity of 0.20 W/(m K) and densities
of 880 kg/m3 and 770 kg/m3 in liquid and solid states, respectively.

Six mixtures were prepared following an advanced technique, proposed and
patented by the Institut für Werkstoffe im Bauwesen of TU-Darmstadt [20], having
a w/c ratio of 0.5 and various amounts of PCM-RBA volume fractions (Table 1).

Fig. 1 a PCMs, b SB- and c PB-RBAs with grain groups 0.5–1 mm, 1–2 mm and 2–4 mm

Table 1 The investigated PCM-RBA mortars

Labels REF-SB SB-65 SB-80 REF-PB PB-65 PB-80

Cement (kg/m3) 701.5 694.2 692.9 700.2 691.7 691.7

Water (kg/m3) 350.8 347.1 346.5 350.1 345.9 345.9

PCM-RBA (kg/m3) 655.2 719.3 734.0 664.0 728.9 743.9

Air cont. (Vol%) 2.3 2.9 3.0 2.4 3.1 3.1

w/c ratio (–) 0.50
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All mixtures were prepared according to EN 196-1 [21]. Recycled bricks (labelled
“SB”, Fig. 1b) and High porosity Poroton® fired-clay blocks (labelled “PB”, Fig. 1c)
have been considered [22] as medium/coarse aggregates, and used as containers for
storing predefined volume of PCM.

The complete description (materials, methods, results and discussion) of the
experimental campaign is available in Mankel et al. [22].

2.2 DSC, Conductivity and DKK Tests

DSC tests, as shown in Fig. 2a, were done for each component of the investigated
PCM-RBA mortar mixtures: i.e., surrounding cement paste, SB-, PB-RBAs and
PCMs. Three samples per each component were analyzed under either heating or
cooling, within the temperature range of 10–40 °C. A heating/cooling rate of 10 K
× min−1 was employed for pastes and RBAs while the test procedure, conducted in
accordance with the IEA DSC 4229 PCM Standard [23], was followed to determine
the final heating/cooling rate for the considered PCMs which it was 0.25 K × min−1

on the final results.
The thermal conductivity of PCM-RBA mortar mixtures was then determined

using the Hot-Disk transient plane source method (Fig. 2b). For this purpose, three
samples of 150 mm × 150 mm × 80 mm cuboids were casted and investigated.
Steady-state conditions with a temperature of 20 °C were considered.

(a) (b) (c) 

DSC equipment 

sample holders

Hot-Disk device

samples

Fig. 2 a DSC tests (heat storage capacities of components), b hot-disk (conductivity of the
composites) and c DKK tests (TES of the composites)
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Finally, novel spherical-shaped specimens (Fig. 2c)were used tomonitor the time-
dependent TES of the PCM-RBA mortars. This non-conventional testing technique
(adopted and patented under the nameofDynamischeKugelKalorimetrie, DKK [18])
was followed by the authors for the thermal-energy identification of the composites.
Three spherical samples were produced per each mortar. Heating tests were done by
using an isothermal conditioned oven with a fixed temperature of ca. 49°, as well as
cooling one were done with a climatic chamber fixing the temperature at ca. 9 °C.

3 Experimental Results

3.1 DSC Measurements: Aggregates, Paste and PCMs

DSC tests were done for each component used in the PCM-RBA mixtures. The heat
storage capacity has been shown in terms of bulk density times the specific heat
capacity. Three samples per each component were analyzed and the mean value
presented. Particularly, both heating and cooling responses for cement pastes and for
both SB- and PB-RBAs, have been shown in Fig. 3a. These tests were done within
the temperature range of 10–40 °C and using a heating/cooling rate of 10 K×min−1.

The DSC results of the used paraffin wax (namely, RT25HC) are shown in Fig. 3b.
The adopted heating/cooling rate was 0.25 K × min−1, fulfilling the IEA DSC 4229
procedure [23] for PCMs. DSC curves of the considered PCM, in Fig. 3b, deal with a
pronounced latent peak in the region close to the temperature where the phase change
occurs (i.e., Tm = 24.5 °C for heating and Tm = 22.95 °C for cooling).

Fig. 3 DSC measurements of a cement paste, SB and PB RBAs and b Paraffin RT25HC
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Table 2 Thermal conductivity of SB-RBA and PB-RBA mixtures

Parameter REF-SB SB-65 SB-80

λ (W/m K) (mean value) 0.846 0.768 0.768

Parameter REF-PB PB-65 PB-80

λ (W/m K) (mean value) 0.712 0.696 0.725

3.2 Thermal Conductivity of PCM-RBA Mortars

Thermal conductivities of the PCM-RBA mixtures were determined using the Hot-
Disk transient plane source method. In Table 2, it can be observed that all mixtures
have comparable λ, ranging between 0.696 W/mK (min.) and 0.846 W/mK (max.
value).

3.3 “DKK” Test Data

DKK tests were used to evaluate the time-dependent temperature evolution of the
spherical-shaped PCM-RBA mortar specimens. For each considered mixture, three
spherical samples were tested.

The results plotted in Fig. 4 show the average results (from three spherical spec-
imens) of the temperature evolution versus time. Both heating and cooling results
are plotted. It can be seen that, for the mortar mixtures casted with either SB or
PB bricks, a delay of the temperature development takes place when PCM-RBAs,
with PCM filling degrees of 65 vol% and 80 vol%, are taken into consideration. The
presence of PCM actually shifts the temperature curve into the right/down direction
under heating response (Fig. 4a, c) and up/left for cooling (Fig. 4b, d).

4 Numerical Model and Results

4.1 Theoretical Assumption and Enthalpy-Based Model

The most classical equation for describing a heat conduction problem with phase
change phenomena can be stated by following the so-called enthalpy-based approach

∂H

∂t
= ∇.(λ∇T ) + q̇v ∀ x ∈ Ω (1)

where H is the enthalpy of the system, t the time, λ(T, x) the thermal conductivity
of the material, which depends on the temperature T and position vector x (of the
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Fig. 4 Temperature
evolutions of the DKK tests:
a heating and b cooling of
PCM-RBA mortars with SB
bricks, c heating and
d cooling of PCM-RBA
mortars with PB bricks
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Fig. 4 (continued)
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considered body Ω), q̇v is the heat source term, while ∇. and ∇ are the divergence
and gradient tensorial operators.

By applying the chain rule to ∂H
∂t = ∂H

∂T
∂T
∂t and introducing the concept of the

Apparent Calorific CapacityMethod (ACCM), the following temperature-dependent
(apparent or effective) heat capacity expression can be written

∂H

∂T
= ρCef f (T ). (2)

Thus, Eq. (1) modifies into the following heat transfer equation

ρCef f (T )
dT

dt
= ∇.(λ∇T ) + q̇v ∀ x ∈ Ω. (3)

Finally, the description of the phase change problem is completed by introducing
the Initial (IC) and Boundary Conditions (BCs) as for classical thermal problems.

A meso-scale based homogenization technique was employed for evaluating the
effective heat storage capacity (ρC)eff of the PCM-RBA mortars. It is based on
adopting the volume percentages of each individual component as weighting param-
eter. More precisely, the model smears out the specific heat storage capacity of the
RBA, cement paste and the apparent specific heat storage capacity of the PCM,
through adopting the volume fraction of each component as the weighting factor.

The specific heat capacities of each component were experimentally determined
with DSC measurements as summarized in Sect. 3.

The evaluation of the effective specific heat capacities was determined in two
consecutive steps. At aggregate level, the following expression is employed

(ρC)e f f,PCM−RBA(T ) = χRBA × ρRBACRBA(T ) + χPCM × ρPCMCapp,PCM (T )

(4)
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1 cm

Fig. 5 μ3D-XCT-scans setup and images of the spherical specimens

where the PCM-RBAs were considered as lumped components of RBAs
(ρRBACRBA(T)) plus PCM (ρPCMCapp,PCM(T)) and weighting their volume fractions
χRBA and χPCM , the volume fraction of the recycled bricks and the filled PCMs,
respectively.

At composite level (i.e., PCM-RBA mortar), the homogenized overall system of
the effective heat storage capacity, (ρC)eff , can be determined as

(ρC)e f f (T ) = ψpaste × ρpasteCpaste(T ) + ψPCM−RBA × ρPCM−RBACef f,PCM−RBA(T )

(5)

by weighting the heat storage capacities ρPCM-RBACeff,PCM-RBA(T) and ρpasteCpaste(T)
of the individual material components by their volume fractions ψ.

The exact volume fraction ratio between PCM-RBAs and cement paste, of
the investigated mixtures, were investigated by performing μ3D-XCT-scans of the
spherical specimens as shown in Fig. 5.

4.2 Simulations and Comparisons

By implementing the ACCM procedure and customizing it under spherical assump-
tions, the temperature evolutions of the DKK specimens were simulated and
compared with the corresponding experimental data.

The spherical samplesmade of RBAmortars (with andwithout PCMs)were simu-
lated with the proposed heat flow ACCM model. The input values were obtained
from the conducted experimental measurements, as well as from the ρCeff (T)
described in the previous Sect. 4.1. The thermal conductivities were assumed as
temperature-independent andmeasured throughHot-Disk tests, as outlined in Sect. 3.

For the numerical simulations, the number of Finite Difference space discretiza-
tion was chosen as 100, while the number of time steps selected were 1000, in all
simulations.

In Fig. 6, the 4 graphs show the temperature evolutions for the control mixtures
(Fig. 6a, b), and for that one having themaximumPCMcontents: i.e., SB-80 (Fig. 6c),
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Fig. 6 Experimental
“DKK” tests versus
numerical results: a–c SB
and b–d PB mixtures
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Fig. 6 (continued)

(d)
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and PB-80 (Fig. 6d). It can be observed that the modeling approach was able to
simulate the experimental temperature evolutions very accurately.

5 Conclusions

In this work, Thermal Energy Storage (TES) capacity of cementitious mortars made
of Recycled Brick Aggregates (RBAs) are experimentally investigated and used as
carriers for phase change materials (PCMs). Six mixtures were examined, all having
a w/c ratio of 0.5 and various amounts of PCM-RBA fractions. Two different types of
RBAs were employed, namely standard recycled bricks and high porosity Poroton®

fired-clay blocks. Numerical simulations, which included a macroscopic enthalpy-
based model, formulated for spherical coordinates and symmetry for predicting
the TES in the tested specimens, were also done. The experimental results were
employed as benchmark for calibrating and validating the numerical procedure. Input
parameters were based on mesoscale observations taking into account the composite
composition of the materials under study.

Acknowledgements The second author acknowledge the Alexander von Humboldt-Foundation
(www.humboldt-foundation.de/) for funding his position at the WiB – TU Darmstadt under the
research grant ITA-1185040-HFST-P (2CENERGY project). The support to networking activities
provided by the PoroPCM Project (part of the EIG CONCERT-Japan funding, http://concert-jap
an.eu/) is also gratefully acknowledged.

References

1. Pérez-Lombard, L., Ortiz, J., Pout, C.: A review on buildings energy consumption information.
Energy Build. 40(3), 394–398 (2008)

http://www.humboldt-foundation.de/
http://concert-japan.eu/


190 C. Mankel et al.

2. https://ec.europa.eu/energy/en/topics/energy-efficiency/energy-performance-of-buildings
3. Voss, K., Musall, E., Lichtmeß, M.: From low-energy to net zero-energy buildings: status and

perspectives. J. Green Build. 6(1), 46–57 (2011)
4. Cabeza, L.F. (ed.): Advances in Thermal Energy Storage Systems: Methods and Applications.

Woodhead Publishing Series I Energy: Number 66. Elsevier (2014)
5. Sukontasukkul, P.,Uthaichotirat, P., Sangpet, T., Sisomphon,K.,Newlands,M., Siripanichgorn,

A., Chindaprasirt, P.: Thermal properties of lightweight concrete incorporating high contents
of phase change materials. Constr. Build. Mater. 207, 431–439 (2019)

6. Kenisarin, M., Mahkamov, K.: Passive thermal control in residential buildings using phase
change materials. Renew. Sustain. Energy Rev. 55, 371–398 (2016)

7. D’Alessandro, A., Pisello, A.L., Fabiani, C., Ubertini, F., Cabeza, L.F., Cotana, F.: Multi-
functional smart concretes with novel phase change materials: mechanical and thermo-energy
investigation. Appl. Energy 212, 1448–1461 (2018)

8. Bahrar, M., Djamai, Z.I., Mankibi, M.E., Larbi, A.S., Salvia, M.: Numerical and experimental
study on the use of microencapsulated phase change materials (PCMs) in textile reinforced
concrete panels for energy storage. Sustain. Cities Soc. 41, 455–468 (2018)

9. Silva, A.S., Ghisi, E., Lamberts, R.: Performance evaluation of long-term thermal comfort
indices in building simulation according to Ashrae Std 55. Build. Environ. 102, 95–115 (2016)

10. Rubinšteı̆n, L.I.: The Stefan Problem, vol. 8. American Mathematical Soc. (2000)
11. Ceretani, A.N., Salva, N.N., Tarzia, D.A.: An exact solution to a Stefan problem with variable

thermal conductivity and a Robin boundary condition. Nonlinear Anal.: Real World App. 40,
243–259 (2018)

12. Mirzaei, P.A., Haghighat, F.: Modeling of phase change materials for applications in whole
building simulation. Renew. Sustain Energy Rev. 16(7), 5355–5362 (2012)

13. AL-Saadi, S.N., Zhai, Z.J.: Modeling phase change materials embedded in building enclosure:
a review. Renew. Sustain. Energy Rev. 21, 659–673 (2013)

14. Nedjar, B.: An enthalpy-based finite element method for nonlinear heat problems involving
phase change. Comput. Struct. 80(1), 9–21 (2002)

15. Šavija, B., Schlangen, E.: Use of phase change materials (PCMs) to mitigate early age thermal
cracking in concrete: Theoret consider. Constr. Build. Mater. 126, 332–344 (2016)

16. Fachinotti, V., Cardona, A., Huespe, A.: A fast convergent and accurate temperature model for
phase-change heat conduction. Int. J. Numer. Methods Eng. 44, 1863–1884 (1999)

17. Mankel, C., Caggiano, A., Ukrainczyk, N., Koenders, E.: Thermal energy storage character-
ization of cement-based systems containing microencapsulated-PCMs. Constr. Build. Mater.
199, 307–320 (2019)

18. Koenders, E.A.B.,Mankel, C., Caggiano, A.: DynamischeKugelKalorimetrie (DKK),German
Patent N. 123-0069 AZ 2018/21 (am 18. Okt 2018 - DE Patentamt angemeldet)

19. RUBITHERM® RT, ‘Datenblatt RT25HC, (09/2018)
20. Koenders, E.A.B., Mankel, C.: Patent DE 102016123739, “Wärmespeichergranulat aus

rezyklierten Gesteinskörnungen” (2018)
21. EN 196-1: Methods of Testing Cement—Part 1: Determination of Strength (2005)
22. Mankel, C., Caggiano, A., Koenders, E.: Thermal energy storage characterization of cemen-

titious composites made with recycled brick aggregates containing PCM. Energy Build. 202,
(2019)

23. Gschwander, S., Haussmann, T., Hagelstein, G., Sole, A., Diarce, G., Hohenauer, W., Lager,
D., Rathgeber, C., Hennemann, P., Lazaro; A., Mehling, H.: Standard to determine the heat
storage capacity of PCM using hf-DSC with constant heating/cooling rate (dynamic mode). A
technical report of subtask A2.1 of IEA-SHC 42/ECES Annex 29 (2015)

https://ec.europa.eu/energy/en/topics/energy-efficiency/energy-performance-of-buildings


Thermal Energy Storage
Characterization
of Environmental-Friendly Bio-Based
PCMs as an Alternative
to Petroleum-Based Paraffin Waxes
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Abstract Thermal-Energy Storage (TES) properties of organic phase change mate-
rials have been experimentally investigated and reported in this paper. Three paraffin-
based PCMs and one bio-based one are considered with melting temperatures of
24 °C, 25 °C and 26 °C. Sensible heat storage capacities, melting characteristics and
latent heat enthalpies are investigated through DSC measurements. Two alternative
methods, namely the classical dynamic and the step-wise approach, are performed
and compared with the aim to eliminate and/or overcome possible measurement
DSC errors. The latters are due to the size of the samples and their representativity,
heating/cooling rate effects and the low conductivity of the PCMs, which may affect
the results and possibly cause a loss of objectivity of the measurements. Based on
results achieved from this study, clear informations can be figured out on how to
conduct and characterize paraffin and bio-based PCMs, and possible how to apply
them in TES calculations for building applications and/or simulations.
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1 Introduction

The global challenge to strongly cut back the use of fossil fuels with the aim to
implement renewable resources and to neutralize greenhouse gas emissions make
the energy efficiency a key issue. According to the EU commission, heating and
cooling in residential and non-residential sector account for half of the EU’s energy
consumption, while about the 84% it is still generated from fossil resources [1]. The
development of new and smart energy storage solutions and technologies, with the
aim to use environmental thermal energy more efficiently, and to balance out the
daily heating/cooling demands, are worth investigation for building applications [2].

One promising technique available for Thermal Energy Storage (TES) appli-
cations is by implementing Phase Change Materials (PCMs) in construction and
building composites [3]. PCMs are capable of storing large amounts of latent heat, at
almost constant temperature, and are contributing to efficiently balance the thermal
comfort of residential and non-residential buildings [4]. Then, designing large-scale
practical applications, for passive latent thermal energy storage systems, requires
in-depth knowledge on the thermal characteristics of a PCM before, during and after
the phase change. Therefore, an accurate determination of the thermal properties of
PCM systems is crucial to efficiently design composite systems that use latent TES
[5].

Differential ScanningCalorimeter (DSC) is an effectivemethod to characterize the
thermal behavior of PCMs, and to determine their TES capacities, in terms of tran-
sition temperature, enthalpy, specific heat, and their stabilities throughout various
melting and solidification cycles [6]. DSC method, despite its numerous positive
features [7], has however some well-known limitations, which can complicate the
analysis of the results and reduce the measurement accuracy and precision. Heating
and cooling rates of DSC measurements are typically much faster than those in real
applications, while the sample mass is also very small (less than 90mg), whichmight
lack representativity for real size applications [8, 9]. It follows that DSC measure-
ments can be affected by changing the heating/cooling rate and sample mass. Both of
them mainly influence the thermal equilibrium status, in the sample, thus producing
a shifting of the phase change temperature and lead to non-realistic shapes of the
heat capacity and/or enthalpy temperature responses [10]. Therefore, developing an
appropriate and objective methodology, in this field, is essential to improve the accu-
racy of the PCM characterization test procedure and to make measurement errors
negligible [11].

The main objective of this work is to investigate the thermo-physical properties
andheat storage capacity of a representative organic (paraffinic andbio-based) PCMs,
in terms of phase-change enthalpy, specific heat capacity and melting temperature,
using different experimental setups. The influence of various parameters, involved
in DSC measurements, are compared with results done on three comparable paraffin
waxes. The measurements are carried out in accordance with the currently available
standard of the International Energy Agency (IEA), i.e. under the Task 42 Annex
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29, to characterize the thermal-energy properties of PCMs under discussion. Heat-
flux DSC dynamic measurements and DSC step-wise procedures are considered and
compared to scrutinize the aforementioned aims.

2 Materials and Methods

In this section, the employed materials, methods and experimental program, consid-
ered for analyzing the TES properties of the selected PCMs, are presented. Two types
of organic phase change materials are analyzed, namely three paraffin waxes and one
bio-based PCM, which have physical, kinetic, chemical and economic relevance for
constructions and building application in civil engineering [12, 13].

2.1 Paraffin Waxes

Three commercial paraffin-based waxes (RT-series® by Rubitherm GmbH) are used
as reference PCMs. These commercial products, having a melting temperature Tm

that ranges between 22 °C and 26 °C (suitable for enhancing the thermal comfort in
building applications) are selected for this study. More specifically, RT24, RT25 and
RT26 are taken into consideration, which are characterized by a Tm of 24 °C, 25 °C
and 26 °C, respectively.

2.2 Bio-Based PCM

One bio-based PCMhas also been investigated in thiswork as an eco-friendly alterna-
tive to the aforementioned petroleum-based paraffin waxes. The bio-based material,
viz. PureTemp25® by PureTemp LLC, made of natural oils with a Tm of 25 °C, is
used, while its results can be directly compared to RT25. The thermal properties of
the RTs and the bio-based PCM are listed in Table 1.

Table 1 Properties of RT24, 25, 26 [14] and PureTemp25 [15] as given by manufacturers

Properties RT24 RT25 RT26 PureTemp25

Melting temperature [°C] 24 25 26 25

Specific heat [kJ/kg × K] 2 2 2 1.99–2.29*

Heat storage capacity [kJ/kg] 160
(16–31 °C)

170
(16–31 °C)

180
(19–34 °C)

187**

*Liquid–Solid **Measurement interval is not available in the datasheet
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2.3 Methods

This section reports the methods used to investigate the TES properties of the PCMs
presented in Sects. 2.1 and 2.2. Two alterative heat-flux DSC methods (Fig. 1),
namely the dynamic and step-wise methods, have been considered for this purpose.
The German Standards DIN 51,005 [16] and DIN 51,007 [17] have been considered
as a reference to perform these DSC tests (generally applied for this test method to
any kind ofmaterial), while, the IEA standard procedure [18] is followed to determine
the heat storage capacity of PCMs.

Characterizing the PCMs was done by measuring three cycles over three different
temperature ranges: (i) solid phase (−20–10 °C), (ii) phase transition (melting and/or
crystallization, 10 to 30 °C) and (iii) liquid phase (30–60 °C). It may be worth
noticing that only for the dynamic DSC tests (according to IEA [18]), each sample
measurement consisted of 3 (DSC) cycles over the pre-defined temperature range
(−20–60 °C). Particularly, the first cyclewas performed to eliminate previous thermal
histories of the specimen; the second cycle was carried out to identify the TES
characteristics; and finally, the third onewas donemainly to check the reproducibility
of the results and the possible appearance of (cyclic) chemical instability of the
material.

3 Dynamic and Step-Wise DSC Method and Evaluation
of TES Parameters

The most common way to operate DSC tests is by performing the experimental
procedure with a constant heating/cooling rate. This is known as “dynamic DSC”,
since the heat transfer (energy) is evolving without a necessary thermodynamic
equilibrium inside the analyzed sample. This will result in significant errors in the
temperature-dependent measurements, such that the heat supply/release, referred to

Fig. 1 a DSC equipment, b aluminum sample holders (maximum volume capacity of 40 µL) and
c position into the DSC device
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each temperature record, cannot be objectively attributed to the real TES values. For
this reason, carrying out measurements with different heating rates and mass vari-
ations can provide good information about the influence of the measured variables
and verifies the soundness of the measured data.

3.1 T(t) History Procedures

The results in the experimental tests showed that the selectionof the “heating rate” and
“sample mass” arises mainly from a compromise between accuracy of the measure-
ments (e.g. enthalpy, specific heat capacities, melting point values and the mitigation
of the data objectiveless due to heating rate effects). From the practical point of
view, very low heating rates go along with huge signal noise. Contrarily, in low mass
samples, thermal equilibrium can be reached more easily with higher heating rates.
Experimentally, the most representative mass should be firstly found, followed by a
proper “noiseless” heating rate. The procedure described in the IEA standard [18]
gives some direction in this sense and it was used to control/solve the heating/cooling
rates and sample mass issues in the melting range. For the measurements in the
sensible range, following the DIN 51,007 [17], a heating rate of 10 K/min was
adopted. In these measurements, issues related to temperature gradients are almost
negligible and samples with large quantity can be tested without compromising a
good device signal.

The enthalpy change (at both sensible and latent stage), dH(T), of the sample, can
be evaluated by integrating the heat flow registered during the DSCmeasurements. In
general, changes in enthalpy (latent heat) or the specific heat capacity (sensible heat)
of an examined sample are determined by recording the absorbed heat between two
equilibrium states, assigned as baselines of the acquired measurement curves. It is
worth noting that the baseline-construction due to the specific heat capacity measure-
ments, outside its melting range, is determined by performing three measurements:
1. “empty”, 2. “calibration”, and 3. “real sample” measurement for each temperature
range (more details are available in [17]). This is due to the correction of measure-
ment results possible affected by asymmetries and to compensate device specific
errors.

A step-wise method is used as an alternative for reducing the heating rate effect
in the melting range that is affecting the measurements of dynamic DSC tests. In the
step-wise procedure, the net heat applied in a certain temperature interval, is the same
as the amount considered in the dynamic DSC tests. However, the whole interval is
sub-divided into small sub-steps (see Fig. 2a). This will favor the accumulation time
to reach the thermodynamic equilibrium, between each temperature step, and will
improve the temperature resolution (indicated in Fig. 2b), which was assumed to
be 1 K in this study. In this procedure, isothermal (equilibrium) states are always
awaited between two subsequent temperature steps (i.e. 1 K). The waiting needed
to reach this state of equilibrium mainly depends on the selected (temperature) step
and can only be determined experimentally. The total specific heat, supplied over
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Fig. 2 T(t) history for a dynamic DSC method and b step-wise DSC method

the individual intervals, is obtained by summarizing the heat increments supplied at
each sub-step (by integrating the heat flow over time).

3.2 Experimental Program

For the measurement of each parameter pair (cp, h), three samples per material
(paraffin-based RT24, RT25, RT26 and bio-based PureTemp25, shown in Fig. 3)
were taken into account.

Table 2 reports an overview of the full experimental program considered for the
dynamic and step-wise method, respectively.

Fig. 3 DSC specimens for
the measurement of specific
heat capacity and enthalpy of
PCMs following the dynamic
and step-wise procedures
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Table 2 Samples, heating rates, investigated parameters and DSC test-type applied in this study

4 DSC Results

This section reports the results and the discussion of the TES data achieved from the
experimental program on both the dynamic and step-wise DSC tests.

4.1 Specific Heat Capacities, Enthalpy and Melting Points
Following the Dynamic DSC Procedure

For each PCM type, six samples were investigated through dynamic DSC tests.
Three of them were used for the cp(T) characterization, and the remaining three for
the h(T). Before and after the non-isothermal phase change (melting), a heating rate
of 10 K/min was adopted for all the tests to reduce the noise ratios [17]. While,
in the latent zone, the considered heating rates were of 0.250 K/min for RT24 and
RT26 and 0.125 K/min for RT25 and PureTemp 25, respectively. These assumptions
were done following the IEA standard procedure [18] to mitigate the influence of
the rate of heating in each compound. Figure 4 shows the results of dynamic DSC
measurements done for paraffinwaxRT24, RT25, RT26 and the bio-based PureTemp
25, for determining the cp [J/g×K] versusT [°C] response, in both latent and sensible
ranges. All DSC curves are characterized by an almost sensible behavior in the
temperature range far from the melting points (i.e., in the solid range−20 °C–10 °C
and the liquid one 30 °C–60 °C), while a non-isothermal latent behavior appears in
the phase change region.

In the liquid sensible ranges (between 30 and 60 °C), the determined specific
heat capacities varied between 2.1 and 2.3 J/g× K for RTs and PureTemp 25. Then,
in the lower temperature ranges (solid sensible responses, between -20 and 10 °C),
the cp values varied between 1.7 and 2.0 J/g × K for RTs and PureTemp 25. In the
latent response ranging between 10 °C and 30 °C, a pronounced peak took place,
that represents the solid–liquid melting phase change of the various PCMs. The
peak values of cp, at which the melting happened (mean value of three specimens),
were 48.5, 94.9, 70.6 and 60.0 J/g × K for RT24, RT25, RT26 and PureTemp 25,
respectively. Furthermore, it can be also observed that the mentioned results showed
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Fig. 4 Specific heat capacities following the dynamic DSC tests (between 0 °C and 50 °C): a RT24,
b RT26, c RT25 and d PureTemp 25. Note the total specific heat capacities have been constructed
by additively linking the sensible parts with the latent ones

a very little (almost negligible) scatter for all tests (indicated by the gray area in
Fig. 4).

In Fig. 5, the resulting enthalpy curves (latent part only), during a phase change
andmeasuredwith the dynamicDSCmethod, are shown for all materials. The plotted
curves represent themean values of themeasurements done for three samples of each
material.

It can be observed that the absorbed heat from 0 J/g to the total specific latent heat
of each PCM (see Fig. 7a) is represented by a clear non-isothermal behavior. This
becomes more clear by comparing the different mean curves of the h(T) responses,
as shown in Fig. 6. This Figure shows the h(T) responses of RT24, RT25 and RT26
(Fig. 6a), and RT25 and PureTemp 25 (Fig. 6b), in comparison. It can be observed
that PureTemp 25, compared to the RT25, is characterized by a faster acceleration
of the h(T) response. It means that the phase change occurs in a narrower melting
range, which is often more appreciated in practical passive building applications. As
mentioned before, also these tests were characterized by a very low experimental
scatter.

Finally, the melting temperature of all PCMs, defined as that point at which the
maximum cp was registered, have been showed in Fig. 7b. The presented values are
the mean values of the melting temperatures of three specimens.



Thermal Energy Storage Characterization … 199

0

50

100

150

200

250

0 5 10 15 20 25 30

h 
[J

 / 
 g

] 

Temperature [°C]

Scatter among three tests
Mean curve

PCM - RT26  heating rate = 0.25K/min

0

50

100

150

200

250

0 5 10 15 20 25 30

h 
[J

  /
 g

] 

Temperature [°C]

Scatter among three tests
Mean curve

PCM - RT24 heating rate = 0.25K/min

(a) (b)

0

50

100

150

200

250

0 5 10 15 20 25 30

h 
[J

  /
 g

] 

Temperature [°C]

Scatter among three tests
Mean curve

PCM - RT25  heating rate = 0.125K/min

0

50

100

150

200

250

10 15 20 25 30

h 
[J

  /
  g

] 

Temperature [°C]

Scatter among three tests
Mean curve

PCM - PureTemp25 heating rate = 0.125K/min

(c) (d)

Fig. 5 Enthalpy (latent-only) measurements following the dynamic DSC tests: a RT24, b RT26,
c RT25 and d PureTemp 25
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Fig. 7 a Latent h [J/g] following the dynamic DSC method of RTs and PureTemp. b Melting
temperatures of all samples following the dynamic DSCmethod of RTs and PureTemp. The vertical
scatter indicators represent the range between the minimum and the maximum values

4.2 Enthalpy and Phase Change Temperature: Step-Wise
DSC Measurements

Tests with different heating rates (ranging from 2 to 0.125 K/min) have been
performed for the step-wise DSC method. These activities were scheduled for RT25
and PureTemp 25 under temperatures ranging between 10 and 30 °C (range which
is relevant for the phase transition). Results showed that by using the step-wise
method the influence of the heating rate, which classically affects dynamic DSC
measurements, is almost fully cleaned.

The enthalpy results and phase change temperatures (by adopting isothermal step-
times of 10 min, at the beginning of the melting, and 25 min by reaching the melting
peaks) are evaluated for both sensible and latent absorbed heat, in the range of 10 °C–
30 °C. Figure 8a and b show the histograms of the stored heats, Δq(T), between the
temperature intervals, representing the temperature resolution of the acquired data,
of 1 K, for the aforementioned tests.

From the results, it can be seen that the melting of RT25mainly starts at 15 °C and
ceases at 26 °C.Abaseline constructionwas used to evaluate and separate the sensible
part form the latent one. The sensible absorbed heat was evaluated at 2.10 J/g, which
was in agreement with the value declared in the datasheet, (i.e. 2 J/g, see Table 1).
Themelting peaks as indicated in Fig. 8a can be appreciated in the range of 25–26 °C.
Then the (latent) melting of the PureTemp 25 takes place in a smaller temperature
interval (from 21 °C to 28 °C, see Fig. 8b). The absorbed sensible heat of PureTemp
25 was evaluated to 2.89 J/g while its melting point falls in the range of 25–26 °C.

The phase transition enthalpy (considering the latent part only), in the defined
melting range of 15 °C–26 °C and constructing the baseline at 15 °C, was 207.21 J/g
for RT25 (see Fig. 8a). This value is slightly different to that one measured through
the dynamic DSC measurements (211.9 J/g reported in Fig. 7a). The total latent heat
of PureTemp 25, evaluated in the temperature range between 21 °C and 28 °C, is
207.5 J/g (see Fig. 8b), which somehow deviates from the value measured using the



Thermal Energy Storage Characterization … 201

Fig. 8 a Histogram view of stored heat Δq(T) for RT25; b histogram view of stored heat Δq(T)
for PureTemp 25, adopting a iso-thermal time step of 25 min by the melting peaks

dynamic DSCmethod (186.1 J/g, showed in the Fig. 7a). However, it may beworth to
mention that the results obtained from dynamic DSC tests or the step-wise methods
are highly depending on the baseline construction, which separates the sensible heat
from the latent part. As the baseline-construction can be done more precisely for the
dynamic DSCmethod, rather than for the step-wise one, the final results of the latent
heat by using both the aforementioned methods might be significantly affected.

5 Conclusions

In this work, a detailed experimental program is reported for analyzing the Thermal
Energy Storage (TES) capacity of paraffin-based and bio-based PCM, employable
for construction and buildings applications. For this aim, three paraffin-based waxes
(RT24, RT25 and RT26) and an eco-friendly bio-based PCM (PureTemp 25) were
examined using DSC testing procedures. All selected PCMs have a melting temper-
ature within the well-known comfort zone temperature for buildings, e.g. ranging
between 19 and 26 °C. Heat storage capacities, melting responses and enthalpies,
under both sensible (solid and liquid) and latent TES responses, were investigated
through DSC tests. Two alternative methods were performed and compared, i.e. a
dynamic DSC and a step-wise DSC method. Based on the results reported in this
work, the following conclusions can be figured out:

• It can be stated that reliable and reproducible results can be achieved for char-
acterizing the aforementioned (paraffin- and bio-based) PCMs by following the
IEA standard procedure and adopting the dynamic DSC method.
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• Main drawbacks of the step-wise method is related to its enormous time
consuming character, imposed by the test procedure. The required length of the
iso-thermal step is during melting relative high to achieve proper results.

• The temperature resolution of the stored heat is considerably higher, using the
step-wise method, in comparison to the dynamic one. However, 1 K (maximum
resolution employable in the step-wise method, at which the signal can be still
detected) is not high enough to obtain the cp(T) curve of the material.

• The results obtained followingboth dynamic and step-wisemethods are dependent
on the baseline construction, which allows to separate the sensible from the latent
heat part. In this regard, the baseline-construction can bemore precisely built in the
dynamicmethod than the step-wise one, becausemore valuablemeasurement data
can be evaluatedwithin very small temperature steps. For this reason, the step-wise
method is more appropriate to measure the total enthalpy (both sensible and latent
heat) in defined temperature steps and also validating the melting peak reached
from the dynamic procedure, while the dynamic measurements can ascertain
the stored latent heat much more quickly and precisely. Then using the IEA
Standard, dynamic measurements are less time-consuming and also more precise
to characterize the melting behavior of the material.

Further experimental characterizations of the TES capacity of several other types
of bio-basedPCM, to be employed as environmental-friendly substitute of petroleum-
based PCM in cement-based systems, are currently under development. Main objec-
tive is to improve the current set-up and/or experimental procedure capable to
completely remove (or significantly reduce) the side effects present in DSC methods
(e.g., due to heating rate effects, non-thermal equilibriums or device inaccuracies).
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Impact of the Accelerated Aging
Protocols on the Hemp Concrete
Durability

Kamilia Abahri, Alexandra Bourdot, Sylvain Langlois, and Ghaith Alhaik

Abstract Hemp concrete has been widely recommended as bio-based material to
limit carbon emissions and energy consumption of buildings. This material presents
interesting hygrothermal and acoustic performances. It is produced of hemp parti-
cles embedded in a natural cement that forms a very heterogeneous and porous
component. Few works have studied the evolution of the properties of hemp and flax
concrete, over time. This research aims to study the evolution of the compressive
strength, the microstructure and porosity of hemp concrete over the time. Thus, three
accelerated aging protocols were conducted on the formulated hemp concrete before
undertaken properties tracking experimentations. Results shows that compressive
strength increases up to 58 days for hemp concrete. The hemp shiv deformation
depending on the accelerated aging in hemp concrete is calculated by 2D image
analysis. Optical investigationwas used for this experimentation.Microscopic results
confirm the high degradation of such heterogeneous materials which is confirmed
by the porosity results.

Keywords Immersion/drying ·Microstructure · Porosity · Compressive strength

1 Introduction

Nowadays, the use of materials with a low environmental impact such as bio-based
mortars, already recognized for their thermal and acoustic insulating qualities and
their low environmental impact, is gaining more and more place in the construction
sector. In addition, they present a renewable resource, derived from plant biomass,
in comparison with other building materials. They also have a weak shot and are
responsible for low CO2 emissions, which respects the life cycle.

In fact, the hygrothermal properties of bio-based mortars and especially hemp
concrete has been widely studied and demonstrated. From a hygric point of view,
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hemp concrete has many advantages. It has an excellent moisture buffering capacity
(MBV) to maintain the quality of indoor air [1, 2]. It’s very porous structure, and
its total porosity close to the open porosity, make it capable of absorbing significant
quantities of water [3]. In addition, hemp concrete has a high permeability to water
vapor, and the property of substantially moderating the relative humidity changes of
the surrounding air [4]. In general, this material can reduce daily variations in indoor
relative humidity by absorbing and returningmoisture, reducing energy consumption,
and maintaining hygrothermal comfort in the building [5].

Thermally, hemp shives present low thermal conductivity which makes them
good insulating materials that are well adapted to be associate with binder [6, 7]. The
porosity of hemp concrete ranges from 60 to 85% and for linseed concrete from 70
to 90% [7, 8].

Moreover, the use of these materials is hampered, in particular, by the unavail-
ability of databases relating to their intrinsic properties and by lack of knowledge of
their behavior over time (durability). This use requires taking into account several
criteria that make them vulnerable; the problem of swelling-shrinkage at the cement-
fiber plant interface and fungal growth are the most important criteria for assessing
the degradation of these materials. Being hygroscopic materials, they are very sensi-
tive to changes in relative humidity, which can cause dimensional variations, which in
some cases lead to their deterioration. It is therefore essential to evaluate the behavior
of these materials with regard to water demands.

Regarding literature, some researchers have studied the evolution of the
hygrothermal properties [9, 10]. They use different aging protocol. The most reliable
protocol for measuring the evolution of compressive strength over time is to age
samples in situ. This kind of protocol can take several months, even several years.
To answer this problem, different accelerated aging protocol, inspired by concrete,
have been put in place.

That is why this study investigates the influence of accelerated aging on the prop-
erties of this material through a succession of immersion/drying cycles. Microscopic
observations highlightedmorphology changes of this bio-basedmaterial and porosity
variations caused by the degradation has been performed. Indeed, a companion of
compressive strength has been carried out for referenced samples and after aging.
From these tests, crucial conclusions on the durability of this material are drawn.

2 Materials and Methods

This paper proposes different accelerated aging protocol for the studyof the durability
of hemp concrete. First, we will have to manufacture hemp concrete samples using
literature formulations. Then evaluate the porosity, the microstructure and compres-
sive strength at a young age. Next, we will quantify these properties after accelerated
aging. Compressive strength has been done after 28 days of manufacturing and at
the end of each accelerated aging protocol.
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2.1 Hemp Concrete Formulation

The chosen formulation is based on the formulation of the hemp concrete samples
already used by researcher in order to make relevant comparison [11]. The
water/binder ration is W/B= 1.45, and the aggregate/binder ration is A/B= 0.42 In
addition to concrete manufactured, samples of hemp concrete with the same formu-
lation dating from April and May were given to us in order to characterize a more
aged concrete. The concrete is placed in specimens of 10 × 10 × 40 cm. After
28 days we cut cubic samples of 5 × 5 × 5 cm. The binders used in the formulation
of linseed concrete must ensure a desired cohesion between the different components
and thus provide a certain rigidity andmechanical strength. The choice of binder used
in the composition of the assembly must consider: ease of mixing while ensuring
good coating of the constituents, facilitate implementation in the fresh state and
finally guarantee the mechanical properties after hardening. The benchmark binder
for applications involving linseed concrete is Tradical PF70 lime, a mixture of air
lime, hydraulic lime and pozzolan [12]. This hydraulic lime is characterized by a
hydraulic price declaring between 3 and 5 h depending on the mixing rate. It has
many physical, chemical and plastic qualities. Also, it easily adheres to different
supports; It promotes water exchange, air permeability and impermeability to liquid
water [9]. It is a mixture This binder consists of 75% aerated lime, 15% hydraulic
binders and 10% pozzolanic binders. Its density is of 500 kg/m3.

First of all, we prepared the necessary quantities of each component (linen, binder,
water);Mixed thewater and the binder until the lime swells, which corresponds to the
appearance of air bubbles (estimated time between 2 and 3 min); Gradually add the
flax shiveswhilemixing. Themixture is judged close as soon as a homogeneous paste
is obtained; Stop the mixer and empty the concrete into the wheelbarrow (mixing
speed is 90 rpm); Start directly to fill the test pieces with a light compaction so as to
have a homogeneous sample.

Rectangular samples of 40 × 10 × 10 cm were obtained after manufacturing the
different sizes (medium, large, bulk) whichwill then be stored in amacroscopic room
(50% of relative humidity and 23 °C) until the age of 28 days.

In this study, the retained application is a wall application. It is developed from the
professional rules of implementation of hemp concrete structures and corresponds
to a composition of materials used on construction sites. The mass dosages of shiv,
lime and water are recapitulated in Table 1.

Table 1 Composition of the
studied materials

Shiv (kg) 10

Lime (kg) 25

Water (kg) 35

Water/Lime (–) 1.4

Lime/Shiv (–) 2.5
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2.2 Methods

This paper proposes several accelerated aging protocols for the study of the dura-
bility hemp concrete. This step required the analysis of hemp samples porosity and
microstructure and young age to perform comparison with the same samples which
have been aging.

First, the NF P 18-459 standard was adopted for the water porosity measure-
ment on a minimum of three cubic hemp concrete samples. Measuring this porosity
involves determining by weighing the: apparent mass in water after immersion in
water (hydrostatic weighing) of a concrete test body previously impregnated with
water under vacuum; dry samples masses. The standard required to put samples in
desiccators under vacuum at a constant pressure of 25mbar (±5mbar) during 4 h and
then gradually inject water inside the desiccator ensuring that samples are covered
by a minimum of 20 mm of water level during 48 h. Hydrostatic whetting at 0.01%
were carried out (Mw) accompanied with air weighing (Ma). Finally, the mass after
drying (Md) (at 100 °C) was determined for all samples and when the mass becomes
stable (no variation up then 0.05% between two successive weighing in an interval
of 24 h) we calculate the porosity according Eq. (1):

ε = Ma − Md

Ma − Mw

· 100 (1)

Further, a microscopic characterization was done using scanning electron
microscopy (SEM) to identify the hemp shiv structure and the interface between
the fibers and the binders inside hemp concrete. The Keyence VHX-2000 micro-
scope at LMTLaboratorywas used to quantify the hemp concrete swelling/shrinkage
and their variation through time for all samples before and after aging: at 58 days
for samples stocked in normal conditions of temperature and relative humidity
(50% RH and 23 °C) and also for the same samples after 30 days of accelerated
aging. This comparison needs to conserve the same samples position before and
after observations under the microscope.

2.3 Mechanical Tests

At the end of each protocol of aging, mechanical tests have been done on 3 samples
of each formulation. The compressive strength was determined by crushing three
cubes of 5× 5× 5 cm.

For this, the INSTRON (Fig. 1) is used with a loading speed of 5 mm/min. Before
mechanical tests, microscopic observations are performed on each formulation and
for each protocol. These observations focus on the evolution of space between the
aggregate and the binder, also the proliferation of molds.
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Fig. 1 INSTRON dispositive for mechanical tests: compressive strength

2.4 Accelerated Aging Protocols

The accelerated aging protocols were inspired from conventional protocols applied
on concrete. To quantify the evolution of compressive strength over time three accel-
erated aging protocols were conducted in parallel on 3 specimens of each formulation
as presented on the Fig. 2.

Fig. 2 Hemp concrete sample conditioned in the oven for drying (left) and immersed in water
(right)
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Table 2 Description of used aging protocols

Protocol Description

Immersion/drying This test consists of a series of immersion cycles of the sample in
water for 48 h, followed by drying in an oven at 50 °C for 72 h [9, 11]

Immersion/freeze/drying The first protocol is retained by adding a gel step between immersion
and drying at −10 °C for 24 h. This protocol permits the flaking of
the sample

Climatic chamber The relative humidity is varied between 33 and 85% at a constant
temperature T = 30 °C. The duration of a complete cycle is 10 days.
5 days for wetting (RH = 85%) and 5 days for drying (RH = 33%).
This protocol favors the apparition of mold [11]

The immersion/drying test [9, 11], the immersion/freeze test, and the climatic
chamber protocol [11]. These protocols make it possible both to make aggressive
accelerated aging tests, and less-aggressive with aging in the climatic chamber. The
description of used aging protocols in this study was presented in Table 2.

3 Results and Discussion

As expected in literature, hemp concrete offers a high porosity [1, 7, 8]. Concerning
the studied formulation, the results are indicated in Table 3. These results obtained
from 5 hemp concrete samples. This step made it possible to verify the repeatability
of the tests for the different samples from the same formulation.

Microscopic observations were investigated function of the hemp concrete age.
By the same as porosity, various samples were observed to guaranty the repeatability
of the results. The aims of this part are to study the dimensional variation caused by
the aging at microscopic scale.

During the 119days of accelerated aging, the eventual presence ofmicroorganisms
has been detected on hemp and flax concrete. The development of mold has been
observed on all formulation and for the immersion/drying and immersion/freeze
protocols. Several types of mold are visible with the optic microscope. They can
take the form of white “mushroom” and black/gray spots. They are visible on Fig. 3.

By the same the microscopic degradation was analyzed for different ages. Images
from Fig. 4 show the morphology evolution from samples conditioned at 58 days
in normal conditions of temperature and relative humidity and for the same sample
after aging: 30 days of immersion. The corresponding dimensional variation were
quantified the graphs of Fig. 5.

Table 3 Hemp concrete
porosity

Porosity (%) Deviation (%) Variation coefficient (%)

77.41 0.7 0.91
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Fungi appears at 119 days only for immer-
sion protocols

Fungi appears at 60 days and visible for all 
protocols

Fig. 3 Fungi degradation of hemp concrete

58 days of storage room 
50%RH and 23°C

58 days of storage 
+ 30 days of immersion

Fig. 4 Microstructural deformations before and after degradation
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Fig. 5 Dimensional
variation of hemp shiv after
58 days of hydrothermal
aging

Figure 5 shows the microstructural variability of granulates profiles after 58 days
of normal conditioning of temperature and relative humidity. The same position of
the samples was again observed by the microscopic after 30 days of aging (without
immersion) to performed correctly comparison.

From these curves we can clearly notice a difference of the hemp shiv dimension
before and after aging. After aging the specimen swell and shrink representing more
distance between the wooden fibers and the cementitious interface.

By the same Fig. 6 indicates the hemp shiv evolution, this time, after 30 days of
immersion and drying from the 58 days of aging. The comparison has been done her
for hemp shiv conserved at 58 days of normal conditioning and the same hemp shiv
after 30 days of accolated ageing by immersion and drying.

The difference between the two cases can easily observed. For the 58 days of
normal conditioning, the hemp aggregates present shrink and swelling zoon. When
following this test by immersion and drying cycle the distance between the shives
widens and becomesmore regular because it is in the limit of the cementitious binder.

Compressive strength results

Before every test all samples are weight and the density is measured. During the
experiments, the samples usually break in the direction parallel to the loading. The
mean compression stresses are shown on Fig. 7 for each formulation and for each

Fig. 6 Dimensional
variation of hemp shives
after 58 days of immersion
and drying
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Fig. 7 Compressive strength of tested specimens over time according to accelerated protocols

aging protocol.
Literature indicate that the compressive strength of hemp concrete ranges from

0.1 to 0.7 MPa [10].
Based on results presented this figure, hemp concrete has the higher compressive

strength at 28 days. Up to 58 days, compressive strength increases for all mix except
for hemp concrete for the immersion/drying and immersion/freeze protocol. Up to
119 days, the strength continues to increase for flax concrete.

4 Conclusion

In this report, we have attempted to provide new information on mechanical and
microstructural properties of hemp concrete under aging. The monitoring of the
evolution of these properties following accelerated ageing type stresses has been
attentively presented in this paper.

Themicrostructure of the concretes has been observed by opticmicroscopy. These
observations show the porosity of both hemp and flax concrete, as well as the quality
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of the granulate-binder interface. A good cohesion is observed for hemp and flax
concrete no matter their formulation.

The less aggressive accelerated aging protocol was the climatic chamber, which
lead to compressive strength just under the reference one (aging in storage room).
Immersion/drying and immersion-freeze lead to close value in term of compressive
strength for both hemp and flax concrete.

In this article, we observed that bio-based concretes reach their maximum resis-
tance after 28 days. Hemp concrete has a significant gain of 44% in in situ aging
in compressive strength between 28 days and 58 days. Among all types of concrete
seems to be the one that resists best after accelerated aging, regardless of the type of
stress. Finally, it would have been interesting to consider the compaction direction.
We observe that compaction of hemp concrete induces an orthotropy in the material
which can cause the material to crash and not crack under a load.

This study provides the literature and the future works with promising results,
especially concerning the evolution of the hemp concretemechanical andmorpholog-
ical properties where the material age should be carefully considered. These param-
eters are used as input parameters in the simulation models of coupled heat and mass
transfer.
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Behaviour of Poorly Indurated
Clay/Concrete Interface Due to Lateral
Stress: Application for the Disposal
of Radioactive Waste

T. Lamouchi, F. Agostini, N. Gay, F. Skoczylas, S. Ben Hadj Hassine,
and S. Levasseur

Abstract In the framework of studies for the disposal of radioactive waste,
ONDRAF/NIRAS, the BelgianNational Agency for RadioactiveWaste and enriched
Fissile Materials investigates the option of a geological repository. In a geological
repository, the waste is sidelined within a deep and stable geological layer, named
host rock, behind a whole series of artificial barriers. Together, natural and artificial
barriers ensure the isolation of waste, their confinement and the delay and spread of
release of radioactive substances. The interaction of the host rock and the concrete
support of disposal galleries is investigated to analyse the long-term sustainability of
the structure. The host rock considered in this study is a poorly indurated clay present
in the northern part of the Belgium, the Boom Clay. The behaviour of the interface
between the Boom Clay and the concrete of the galleries is studied experimentally
from both mechanical and gas transfer perspectives. Samples have been prepared
consisting of two half cylinders, one made of concrete and the other one of Boom
Clay to obtain an interface. A dedicated device has been designed using an HOEK
type cell, which allow applying confining pressure to simulate lithostatic loading,
injecting gas to measure transfer properties and generating relative displacement of
both sides of the interface. Mechanical behaviour of the interface under short loading
has first been studied. One originality of this study consists in using gas injection
and Poiseuille’s law to monitor and quantify the opening and closure of the interface
during mechanical loading. A partial irreversible closure of the interface and effects
of long term loading have been observed. By increasing the confinement, the opening
of the interface (clay-concrete) gradually decreases (initially 38 µm for 1.2 MPa of
confining pressure) until it reaches 5 µm for 4.5 MPa. There is moderate expected
irreversibility during unloading (19 µm at 1.7 MPa). The objective is to identify the
main parameters allowing predicting the properties of the interface, such as initial
roughness of the interface, water content, applied stress and time. The second part
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of the work consists in studying transfer properties at the interface. The aim is to
identify paths available for gas produced during waste storage.

Keywords Interfaces · Poorly indurated clay · Concrete · Transfer properties ·
Shearing

1 Introduction

The management of radioactive waste requires specific solutions to prevent radioac-
tivity from harming people and environment. The objective of a repository is the
long-term containment of radioactivity in order to keep radionuclides isolated from
humans and the environment for as long as necessary and then avoid any impact
on health or environment. With that perspective, repository has to isolate the waste
from the biosphere before its radioactivity level has returned to a level lower than the
natural one. One solution proposed by the ONDRAF/NIRAS, the Belgian organism
in charge of the management of radioactive waste, is to set radioactive waste in a
deep geological formation [1]. Several potential host formation are under study in
Belgium, one of these is the Boom Clay.

The excavation of disposal galleries induces a significant redistribution of the
stresses around the structure, potentially accompanied with fractures, generating
what is called an excavation damaged zone (EDZ). In the EDZ, despite efficient self-
sealing in the Boom Clay, the redistribution of stress around galleries may still alter
on the long-term the transport and flow properties and therefore the performance
of the host formation as the last containment barrier. Water venues in the storage
lead to the corrosion of metallic components of the waste and of the disposal system
leading to hydrogen production. In this context, it is necessary to identify potential
pathways for the flow of hydrogen from the waste to the self-sealed clay barrier
as well as to the interface between the disposal galleries and the surrounding host
rock. The objectives of this study are then to identify the main parameters allowing
predicting the hydromechanical behavior of the interface, such as initial roughness of
the clay, water content, applied stress and time. The second part of the work consists
in studying transfer properties at the interface.

2 Experimental Campaign and Methodology

In in situ conditions, the interface is mechanically loaded due to lithostatic pressure
and water saturation can vary from low values during digging to reach 100% at
the long term. An experimental campaign has been designed to reproduce in situ
conditions and to evaluate the effect of mechanical loading on the interface behavior.
In order to analyse the experimental results on the interface, it is first necessary to
identify the properties of the twomaterials constituting the interface, i.e. concrete and
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Fig. 1 Boom Clay and concrete samples

Boom Clay. Realistic interfaces have been prepared consisting of two half cylinders,
one made of concrete and the other one of Boom Clay (see Fig. 1).

2.1 Boom Clay

Cored samples of Boom Clay have been provided by EURIDICE for the
ONDRAF/NIRAS. Samples come from HADES URF (R72-73 W). This clay is
characterized by a high porosity (~35%) and a bulk density of about 2000 kg m−3

and a grain density of 2650 kg m−3. It is composed of 22–66% of quartz, 0–4.6 of
calcite, 6.8–37% of smectite and illite-smectite, 0.5–4% of chlorite and finally the
typical water content of Boom water is thus about 20%. This is consistent with the
water content weight range from 19 to 24% reported by the literature [1].

2.2 Concrete

Concrete samples have been provided by EURIDICE for ONDRAF/NIRAS. This
concrete is the one used for the lining of the Connecting Gallery of the HADESURF.
Its formulation is described in Table 1.

Table 1 Concrete’s formulation

Water (kg/m3) Cement CEM
II/B-V (kg/m3)

Fly ash (kg/m3) Coarse agg.
(kg/m3)

Fine agg. (kg/m3)

135 335 115 1252 540
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The average porosity (after oven drying at 65 °C) reaches 11.9%. Expected
uniaxial compressive strength after 28 days is equal to 49.5 MPa.

2.3 Interface Concrete-Boom Clay

The design of interfaces has been done in order to meet the different objectives
of this study (which is wider than what is presented in this article). Indeed, it was
necessary to be able to control the mechanical stress applied on the interface with
a simple geometry, to perform gas and water permeability tests and to generate a
relative displacement of both sides of the interface.

Samples of Boom Clay and concrete have been cored and mechanically sawed in
half (see Fig. 1). Interfaces are obtained by putting together half cylinders of both
materials. The diameter of the reconstituted interface is 65 mm with a height of
70 mm.

2.4 Interface Qualification Throw Poiseuille’s Law
and the Hoek’s Cell

Adedicated device has been designed based on anHOEK type cell. A schematic view
of the device is presented in Fig. 2. It allows applying confining pressure to simulate
lithostatic loading, injecting gas tomeasure transfer properties and generating relative
displacement of both sides of the interface (this last point will not been presented
here).

Tomeasure the transfer properties of the interface, it was first necessary tomeasure
transfer properties of the twomaterials constituting the interface. In in situ conditions,
the main concern is to identify flow path of H2 generated by the corrosion of wastes.
For practical and safety reasonswehave chosen to useArgon instead ofDi-Hydrogen.

Control of confining pressure is ensured by an automatic pump (Gilson®), it allows
to simulate mechanical loading due to lithostatic pressure. The cell is connected to
a gas permeability measurement apparatus designed in the laboratory. It allows to
apply a pressure gradient and to measure gas flow rates. The injection pressure is
noted Pi and the drainage pressure Po.When steady state flow is reached, downstream
gas flow rate allows to calculate gas permeability (Kg) according to Darcy’s law [2]
for compressible fluid given by (Eq. 1):

Kg = μ ∗ Q0 ∗ 2 ∗ L ∗ P

A ∗ (
Pi2 − P02

) (1)
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Confining pressure Sample

Gas injection

Gas outlet

Fig. 2 HOEK’s cell

where µ is the dynamic viscosity of the gas (2.2 × 10−5 Pa s for Argon), A is the
section (m2) and L the length of the sample (m). Kg is in m2 and Q0 is the flow
(m3/s).

For concrete, gas permeability was measured after drying. After oven drying at
65 °C, average dry permeability for concrete reaches 1.3× 10−16 m2 with a standard
deviation of 2.8 × 10−17 m2 and a median value of 1.27 × 10−16 m2,we tasted eight
samples for concrete permeability.

Drying of Boom Clay is likely to produce significant macro cracking. Gas perme-
ability of dried Boom Clay would then not be representative of the sound material.
Water permeability was then measured. For a full understanding of transfer mecha-
nism, it is still necessary to study effective gas permeability of the Boom Clay (i.e.
determining the relationship between gas permeability and water saturation). This is
part of the experimental plan of this study and will be performed in a close future.
The test procedure is close to the one for gas permeability. The injection device
is replaced by an Isco® pump allowing a very precise monitoring of the injected
water volumes with a resolution of a few micro liters. The water injected is water
reconstituted according to [3]. The water flow rate Q is measured at the sample inlet
and it makes it possible to obtain the water permeability Kw using Darcy’s law for
uncompressible fluids (Eq. 2):

Kw = μ ∗ Q ∗ L ∗ P

A ∗ (Pi − P0)
(2)
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where µ is the dynamic viscosity of water (10−3 Pa s at 20 °C).
Water permeability has been measured under two effective Terzaghi average

stresses of 2.25 and 4.5 MPa. We have chosen a water injection pressure of 1.5 MPa
giving an average pressure (linear profile) of 0.75 MPa. Confining pressures have
then been fixed to 3 and 5.25 MPa. Boom Clay is not isotropic but stratified, the
effect of strata orientation has then been considered by measuring the permeability
of samples carrotated in the direction of the strata and in the perpendicular direction.

Measured water permeability ranges between 1 and 8 × 10−19 m2. The effect of
effective Terzaghi stress was small, and flow along the plan of strata is about two
times higher than the one measured perpendicularly to the plan of strata.

Those results will then allow determining if gas flow on reconstituted interfaces
can be considered as mainly controlled by interface aperture or if we have to consider
Darcy’s flow across the two half samples of concrete and Boom Clay.

3 Influence of the Confining Pressure on the Interface

The objective is to study the behavior of the interface (opening/closing) following
mechanical loading and unloading (confining pressure). A preliminary test has been
conducted to measure gas flow rate on reconstituted interface. When compared to
the flow rate due to Darcy’s flow [4, 5], it appeared that it was 3 orders of magnitude
higher. We can then consider that gas is mainly flowing in the interface and we will
then neglect the part of gas flow across the two half samples. Darcy’s law is no
longer applicable and we will then use Poiseuille’s law (Eq. 3) in the case of a flow
of a compressible fluid between two planes to analyse experiments. Injection and
drainage pressure being known measuring the gas flow rate allows estimating the
average hydraulic opening of the interface. This is how the behavior of the interface
under mechanical loading will be monitored in this study.

qx =
a/2∫

−a/2

vx(z)dz = −ωa3�P

12μ�x
(3)

q: is the Poiseuille’s flow, a: is the value of the opening/closing.
Four experiments have been conducted, on four different samples, aiming four

different maximum confining pressures (17, 22.5, 30 and 45 bars). To observe the
behavior of the interface, the confining pressure was gradually increased by stages
to reach the targeted pressure, before decreasing confining pressure. It can be seen
on a similar behavior of the interface.

The interface is gradually closed following the increase of confining pressure.
Unloading led to a partial re-opening of the interface. For example, for the third test
(Fig. 3c), interface opening gradually decreases from 28.03 µm at the start under 9
bars of confining pressure until 5.54 µm under 30 bars. Unloading at 19 bars leads
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Fig. 3 Opening and closing of the interface in function of Pc a Pc = 17 bars, b Pc = 22.5 bars,
c Pc = 30 bars, d Pc = 45 bars
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Fig. 3 (continued)

to a moderate reopening, showing the irreversibility of the mechanism (under 19
bars crack opening was measured was estimated at 23 µm and reached 8.5 µm after
unloading).

Despite similar manufacturing processes of the four reconstituted interfaces, the
four samples are all different, and this lead to different initial opening values. This
can be attributed to geometrical imperfections or roughness difference. In order to
compare the different tests that will be conducted in this study it is crucial to identify
pertinent indicators of the interface in the initial state.

Using initial opening did not appear to be a good indicator. Indeed, analysis of the
fours tests shows, for example, that there is no correlation between initial opening
and stress sensitivity. This is illustrated in Fig. 4. A normalized opening has been

Fig. 4 The interface opening at Pc = 12
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Fig. 5 Picture of concrete interface (left), recomposed profile obtained using Keyence optical
microscope (right)

plotted dividing the opening for different confining pressures by the opening under
12 bars of confining pressure for an easier comparison of the results.

In order to characterize the initial state of the interface,we have decided to evaluate
its roughness. Furthermore, using initial roughness and interface closure, it would be
possible to estimate the contact surface between the two sides of the interface which
will be an important parameter to analyse long term behavior of the interface.

A Keyence® optical microscope has been used to estimate the average arithmetic
roughness. Figure 5 shows the results of this test on a sanded concrete sample.

Roughness has been evaluated by calculating Ra, which is the arithmetic mean
height. It corresponds to the mean of the absolute values over the base length and is
calculated according to the formula below:

Ra = 1/L

L∫

0

|z(x)|dx (4)

Different profiles and roughness calculation have been performed in order to
estimate the suitability of this interface characterization procedure. Due to the size
of the observation window, several profiles have to be considered in order to obtain
an average roughness value. On this sanded concrete sample, average roughness
has been evaluated to 425 µm. Rz (which is calculated as Rz = max(|z(x|)) reaches
765 µm. During the next steps of the experimental plan, the link between roughness
and interface behaviour will be investigated.

It has to be underlined that a good agreement between average opening of interface
and roughness measurement is not expected. Indeed, hypothesis on the evaluation of
interface opening using Poiseuille’s law assume a flow between two parallel plans
which is obviously far from the real shape of the interface. Nevertheless, using
Poiseuille’s law remain an efficient tool to monitor the closure of the interface which
cannot be performed directly.
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4 Conclusion and Perspectives

This paper presents the first results on mechanical behavior of Boom Clay-concrete
interfaces. Poiseuille’s law has been used to monitor the opening and closure of the
interface according to confining pressure. This methodology has allowed to measure
the variation of interface opening and the irreversibility of the mechanism during
unloading. Due to hypothesis on the shape of the interface to use Poiseuille’s law,
measured openings are not absolute values.Nevertheless, the variation of this opening
remains usable. It appeared that a good characterization of the initial state of the inter-
face was necessary to analyze the results. We have chosen to measure the roughness
of the sides of the interface as an indicator.

This work is part of a larger experimental study in the framework of the geological
radioactive waste disposal, in collaboration with the ONDRAF/NIRAS. It aims at
investigating the mechanical behavior of the interface between the Boom Clay and
the concrete lining of galleries under instantaneous or long termmechanical loading.
The effect of this mechanical loading upon transfer properties (i.e. gas permeability,
gas diffusion or breakthrough pressure) will also be studied.
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Experimental Study for Making Easily
to Recovery of RC Piers Damaged
by Earthquakes

Hisako Kobayashi, Kaoru Kobayashi, and Takeshi Yamamoto

Abstract Many reinforced concrete (RC) piers have cut-offs where the number of
rebars in the longitudinal direction are reduced according to the cross-sectional force.
When such piers, the cover concrete in the intermediate section of RC piers can fall
off in large earthquakes. Usually RC piers receive damage at their bases when large
earthquakes lateral force act. Thus, for RC piers set in a river or those with deep-set
bases, it can be that recovery work after earthquakes would require huge temporary
construction facilities and result in large expenses and work time (Fig. 1). If damage
can bemade occur above the water surface and the ground level where recovery work
can be easily done, more reasonable aseismic design of RC pier structure including
recoverability can be achieved. In this research, we carried out cyclic loading tests
using 3 specimens having cut-offs. We studied which position of piers will yield
and failure occurred based on the cyclic loading tests. We set a flexural performance
ratio (ratio of bending moment to flexural yield strength) at the rebar cut-off point.
This ratio is the quantitative value that controls damage in the intermediate section
of the frame. As a result, the difference in yield position and bending fracture due
to difference in a flexural performance ratio, and difference in position of between
yield and flexural fracture due to reinforce the inner spiral rebar of the cut-off point
were clarified.

Keywords Cut-off point · Cyclic loading test · Flexural damage
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1 Introduction

On October 23, 2004, the Niigataken-chuetsu earthquake, with a magnitude of
Mj = 6.8, occurred in Japan (Fig. 1). Figure 2 shows the cover concrete can
spall in the Niigataken-chuetsu earthquake. This damage were showed in the
Higashi-nihon-taiheiyo-oki earthquake on March 11, 2011.

Fig. 1 Images of RC piers repairing

Fig. 2 Damage of RC piers
after the earthquake
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With a design that prevents damage at cut-offs, however, damage can occur at
the pier bases, making it difficult to find damage of RC piers that are set in rivers or
underground.

We have been studying a structure that can make flexural damage occur at the
cut-off point of RC piers excellent in elastoplastic energy absorptivity. The aim
of intentionally allowing damage in the intermediate section of a pier frame is to
facilitate easier checking and detection of damage and thus earlier recovery.

In this study, we examined the difference in the damage form of the specimens
due to the difference in the flexural performance ratio at the cut-off point, and the
difference in the damage form when the inner spiral rebar was set into the specimen.

2 Experimental Programs

2.1 Outline

Table 1 shows the specimen specifications used in the experiment (a: sheer span, co:
height of cut-off point from the base).

Table 2 is a material specifications, and Fig. 3 shows a shape and reinforcement
arrangement of specimens (Myb: Yield bending capacity at the base, Myc: Yield
bending capacity at the cut-off point, Mxyc: bending moment at the cut-off point,
Myc/Mxyc: racio of bending moment at the cut-off point to yield bending capacity
at the cut-off point).

Assuming RC piers of common railway structures, we used model specimens of
one-third scale. The axial rebar had cut-offs, the rebar diameter was D10, and the
thickness of the cover concrete was 35 mm. In this experiment, with the expectation
of sufficient deformation performance of the intermediate hinge, an inner spiral was
placed in No. 3 at a height of 550 mm with 1D (350 mm) + upper and lower ends
10ϕ (100 mm) around the cut-off point. And the other 2 specimens have no inner
spiral reinforcement, but have hoop ties at the over the entire height (Fig. 3).

As shown in Fig. 3, the length of the area provided with inner spiral reinforcement
was 1D (350mm)+ 100mm above and below that (550mm total), with the cut-off at
the middle. In order to more clearly identify the effect of inner spiral reinforcement,
we used easily removable D6 tie hoops of right-angled hooks at Upper and lower
ends of that area.

Figure 4 shows the loading status of the specimen.The loadingmethod is described
in Chap. 2.2.

Table 3 shows calculated result of specimens. The ratio of calculated shear
capacity to flexural capacity of the specimens is between 3.06 and 3.43 under the
rebar cut-off point and between 2.48 and 3.68 above the rebar cut-off point. We
avoided remarkable shear damage, based on the past studies [1, 2]. The flexural
performance ratio at the rebar cut-off point at the bending yield is between 1.05 and
1.09.
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Fig. 3 A shape and reinforcement arrangement of specimens

Fig. 4 Loating status of the
specimen



Experimental Study for Making Easily to Recovery … 233

Ta
bl
e
3

C
al
cu
la
te
d
re
su
lt
of

sp
ec
im

en
s

Sp
ec
im

en
N
o

V
m
yb

a
(k
N
)

V
m
yc

b
(k
N
)

V
yc

c
(k
N
)

V
yb

d
/V
m
yb

V
yc
/V
m
yc

M
yb

(k
N
*m

)
M
yc

(k
N
*m

)
M
yc
/M

xy
c5

1
12
6

95
35
0

3.
25

3.
68

27
8.
12

12
1.
72

1.
05

2
15
0

13
7

39
6

3.
06

2.
89

33
0.
75

16
4.
44

1.
09

3
12
8

96
23
8

3.
43

2.
48

28
0.
57

12
2.
70

1.
05

a V
m
yb

=
M
yb
a

b
V
m
yc

=
M
yc
/(
a-
co
),
M
yc
:Y

ie
ld

be
ar
in
g
ca
pa
ci
ty

at
cu
t-
of
f
po

in
t

c V
yc
:Y
ie
ld

sh
ee
r
st
re
ng
th

at
cu
t-
of
f
po
in
t

d
V
yb
:Y

ie
ld

sh
ee
r
st
re
ng
th

at
ba
se

e M
xy
c
=

M
yb
*(
a-
co
)/
a



234 H. Kobayashi et al.

Fig. 5 Specimen overview

2.2 Loading Method

As shown in Fig. 5, the cyclic loading point was set at 2,200 mm from base. We
carried out positive and negative loading once each while applying axial force to
each specimen.

In the cyclic loading test, we defined as “yield displacement δy” the horizontal
displacement of the load point at the point when the strain of the main reinforcement
of the specimen base on the outermost edge in the loading direction reached the yield
strain. We applied loads, sequentially increasing the displacement amplitude by the
integral multiple of horizontal displacement n*δy (n = 1,2,3…,10 δy).

3 Experimental Results

3.1 Failure Properties at Yield Load and Maximum Load

Figure 6 shows the strain distribution when the axial rebar yields.
The pink line shows non cut rebar and the blue line shows cut-off rebar.
Specimen 1 axial rebar yielded at the cut-off point slightly earlier yield than

at base. Specimen 2 with flexural performance ratio 1.09(larger than Specimen 1)
yielded at base. In addition, Specimen 3 with the same flexural performance ratio as
Specimen 1 has an inner spiral rebar near cut-off point, yielded at base.
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Fig. 6 Strain distribution when the axial rebar yields

Focus on the strain distribution of the axial rebar and the cut-off rebar overlaps.
It can be seen that Specimen 3 with an inner spiral rebar near the cut-off point

have longer overlapping areas between the non-cut rebar and the cut-off rebar than
another specimens. From the strain distribution, it can be seen that the cut-off rebar
of specimen 3 has less the bond deterioration at yield point.

Figure 7 shows the strain distribution of the axial rebar at the maximum load.
Only specimen 3 with the inner spiral rebar placed near the cut-off point shows that
the strain is very small at the cut-off position.

Fig. 7 Strain distribution at maximum load
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Fig. 8 Crack diagrams at yield and maximum load

Specimen 1 with a flexural performance ratio of 1.05 had the largest strain at the
cut-off point. Specimen 2 with a flexural performance ratio of 1.09 had almost the
same strain at the cut-off point and the base.

Figure 8 shows crack diagrams at yield and maximum load.
Focus on the crack diagram at the maximum load.
Specimen 1 crack hadmany oblique cracks near the cutoff point, forming a plastic

hinge. The cracks of specimen 2 developed at both the base and the cut-off point, but
the damage near the cut-off point is smaller than that of specimen 1.

Specimen 3 had many cracks at the base and flexural cracks were dispersed
throughout.

The strain distribution of specimen 3 developed only near the base, and it can be
seen from the crack diagram that there was little damage near the cutoff point.

3.2 Failure Properties at the Load Drop After the Maximum
Load

Figure 8 shows load-displacement relationship when the yield load (Py) of each
specimen is set to 1.0 (Fig. 9). And Fig. 10 shows damage of specimen after the load
dropped to the under yield load.

Specimen 1 and 2 broke near the cut-off point, and specimen 3 broke at the base.
Displacement at the loading point that started to decrease, specimen 1 was 6δy,

specimen 2 was 6δy, and specimen 3 was 7δy. The displacement at the horizontal
load lower than the yield load was set as δu. Then calculated δu/δy, specimen 1 was
7.14, specimen 2 was 7.04, and specimen 3 was 7.83.
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Fig. 9 Load-displacement relationships

Fig. 10 Damage of specimen after the maximum load

4 Conclusions

The following results were obtained from the cyclic loading test of three specimens
having cut-off points.

• Specimen 1 with a flexural performance ratio of 1.05 yielded at the cut-off point
and then flexural failure occurred around the cut-off point. And a flexural perfor-
mance ratio of 1.05 is bigger to failure occurred at the cut-off point, it need to
smaller at the cut-off point.

• Specimen 3 with a flexural performance ratio of 1.05 which have the inner spiral
rebar around the cutoff point, yielded at the base and the flexural failure occurred
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at the base. Even at the same flexural performance ratio, it was found that the
yield and failure positions could be controlled by inserting a spiral reinforcing
bar inner the cut-off point position.

• Specimen 2, whose flexural performance ratio was increased to 1.09, yielded at
base and flexural failure occured at cut-off point. The reason why yield of the
rebars first occurred at the base and damage then shifted to the rebar cut-off point
was that expansion of the area of rebar yield at the base shifted the generated
bending moment. As the generated bending moment near the rebar cut-off point
increased, damage consequently shifted from the base to the rebar cut-off point.

• The yield strain of the longitudinal rebar and the cut-off rebar of specimen 3 was
smallest of the bond deterioration at the cut-off point than other specimens. We
believe that the inner spiral rebar restrains the core concrete of pier at cut-off point
position, and suppressed the deformation at cut-off point, thereby reducing the
bond deterioration of the cut-off rebar.

• δu/δy (dividing the displacement:δu when the load had get smaller than the yield
load by the yield displacement:δy) was the highest value in specimen 3 with 7.83.
Specimen 1 was 7.14 and specimen 2 was 7.04, almost the same value.
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Resilience Strategy After 2016 Central
Italy Earthquake in Historical Centres:
Seismic Vulnerability Assessment
Method of Traditional Masonry
Buildings

L. Bernabei, R. Gulli, G. Mochi, and G. Predari

Abstract The experience of the 2016 earthquake in central Italy shows that the
approach to the post-seismic phase is still based on an emergency approach, while
the prevention and the reduction of seismic risk are proving difficult. In the particular
context of rural and mountainous area, the seismic shock produced the depopulation
of several minor historical centres and the scattering of urban communities. This
kind of damage had dramatic impacts on the possibility of both preservation and
restoration of traditional architectures, due to the specificity of the peculiar material
used and construction techniques. In order to reverse the trend, the goal of future
interventions must be to provide a reconstruction strategy, with the aim of defining
the problems to be solved as a priority in the post-seismic phase and, at the same
time, to provide risk prevention measures also within ordinary planning. The starting
point of the current research is the impact of the earthquake on the historical centre
of Caldarola to evaluate the damage state through three types of analyses: at the
urban scale to identify the performance deficits that caused the loss of functionality
of the whole urban system; at the building scale, through an expeditious assessment
method to identify the vulnerability of the building façade in relation to the usability
of the emergency routes; in addition, the vulnerability of the building aggregates have
been examined to verify the correspondence between the real damage occurred post-
earthquake. The analysis results highlight a strong link between the development of
an empirical vulnerability assessment and the more effective strategies of damage
mitigation.
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1 Introduction

The recent disaster events occurred in Italy have resulted in a renewed interest on
safety issues in many at-risk areas.

The 2016 Central Italy earthquake hit 138municipalities that are divided into four
regions, spanning 8,000 km2 [1]. There were three main seismic events:

• On the 24th of August 2016, Mw 6.0 epicenter in Accumoli (RI), Amatrice (RI),
Arquata del Tronto (AP);

• On the 26th odOctober 2016,Mw5.9, ore 21:18, Castelsantangelo sul Nera (MC),
Visso (MC), Ussita (MC) and Preci (PG);

• On the 30th of October 2016, Mw 6.5, ore 07:40, Norcia (PG), Castelsantangelo
sul Nera (MC) and Preci (PG).

The first one caused the destruction of the entire villages and serious human
losses. The last two caused damage only on the building stock because the majority
of villages had been evacuated. The most affected region was the Marche region:
widespread damage in 85 municipalities forced the 22.6% of regional residents to
abandon their homes and carry on living in a different place. In the immediate after-
math of the earthquake, the first step was to count the damage on the building stock
in the urban settlement. Moreover, from a social point of view, human settlement
faced a progressive loss of identification, which considerably undermined economic
and social life leading to an impoverishment [2]. The disproportion between the
potential destructiveness of earthquakes, expressed through their magnitude, and the
devastating impacts can be ascribed to several factors, including the high exposure of
the population, the obsolescence of many buildings, the high seismic vulnerability
of the historical centres and of the huge Italian cultural heritage and monuments.
At the same time, seismic risk mitigation policies require a different and parallel
approach to be pursued, including the knowledge improvement, the reduction of the
vulnerability and exposure, the mitigation of the effects [3].

Starting from the 2009, the Italian Government launched a National Plan for
Seismic Risk Prevention dedicated to the establishment of safe public buildings and
to the allocation of funds for evaluating local seismic hazard, aiming at defining
an exhaustive seismic classification of the entire territory. In order to integrate the
seismic risk mitigation at the municipal scale, the Italian Government introduced
the so-called Limit Condition for the Emergency (LCE) [4]. The aim of this tool
is to examine the efficiency of the emergency management systems by considering
some buildings and routes as strategic elements and infrastructures, which must be
preserved after a seismic event, as well as their internal connection and their access
routes from the external territorial context.

However, seismic prevention remains a difficult goal to be fully achieved; the
relevance of this type of indirect action, such as LCE, is a new vision of urban
settlement as a system that can respond to disasters by its fundamental elements.
Moreover, it is necessary to support investigation about the buildings vulnerability
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to identify both the strategic elements and the significant critical condition in order
to avoid envisaged damage scenario.

Buildings evaluation requires historical surveys and inspection that would take
time. Due to this reason, the purpose of this research is the definition of vulnerability
assessment measures to identify the buildings that need to be restored first and avoid
envisaged risk condition. Defining the vulnerability conditions of buildings before a
seismic event is the key factor to enhance seismic risk reduction strategies in order
to improve the resilience of building heritage in historical centres and to create safer
urban settlement.

The challenge of this kind of tools for the disaster risk reduction is to change
government’s approach, starting from the emergency planning to the application of
prevention strategies by designing ordinaries urban transformations. Consequently,
short and long-term strategies could effectively permit communities to live in safely
and protect their cultural heritage and socio-economic assets.

In this particular framework of the reconstruction phase in Central Italy, an
increased public awareness of seismic hazards highlights the requirement of preven-
tive measures to preserve the architectural heritage and to boost the resilience of at
risk or already affected territories and communities.

Moving from these suggestions, the aim of current research is to show strategies
and planning tools to be applied in post-disaster reconstruction program as an oppor-
tunity to introduce prevention measures in the ordinary urban management and to
implement a strategic plan for the regeneration of the affected areas. The following
evaluating tool allows to reduce the seismic risk in advance intervening directly in
vulnerability and exposure, instead of restricting the intervention to the aftermath of
earthquake.

With the purpose to reaching the real effectiveness of the following research during
the reconstruction phase, this paper is part of the PRIN 2017 research project, funded
by MIUR (Ministry of Education, University and Scientific Research of the Italian
Government), entitled “BE S2ECURe - (make) Built Environment Safer in Slow and
Emergency Conditions through behavioUral assessed/designed Resilient solutions”.

2 Methodological Approach and Phases

The academic discussion concerning seismic risk during last decade has shown a
growing awareness of the need to reduce disaster risk in urban areas by adopting a
wider perspective, not only focused on the single building but also on the urban and
territorial system as a whole. In fact, urban centres are complex systems that cannot
be reduced to individual elements, but they include the interaction between buildings
and the functional organization.

When dealing with earthquakes, it is currently impossible to predict when they
will occur and how intense the shock will be; however, the risk and the impact on
the built environment can be mitigated by reducing vulnerability and exposure in the
site.
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Fig. 1 Areas affected by the 2016 central Italy earthquake and the case study

The urban settlement risk evaluation requires an integrated approach for vulnera-
bility assessment that takes into account urban aspects and specific structural building
conditions [5]. From an urban point of view, vulnerability is affected by the morpho-
logical asset of historical centres, because narrow and winding streets and the lack
of open spaces do not guarantee safety. On the other hand, the building vulnera-
bility is increased by a large presence of un-reinforced masonry buildings and by
their specific structural evolution resulting from an old aggregation process, such as
unmanaged stratifications and lack of maintenance.

These types of situations are widespread in the whole area of central Italy affected
by the earthquake in 2016. In this context, the current survey proposes a case study
in the Marche region, the historical centre of Caldarola (Fig. 1), with the aim of
assessing the response to the earthquake of the urban system and the vulnerability
and damage scenarios of the built environment.

The study methodology is developed in the following three sections, carried out
first on urban scale and then on buildings.

2.1 Urban Vulnerability: The Emergency Response
of the Urban System in the Post-earthquake Framework

The starting point was the need to solve the problems of a real case, since the dramatic
impact of an earthquake provides certain and immediate answers to the question
“which parts of city cause the disruption of activities and put human life at risk?”.
In order to investigate the emergency response of an urban system to an earthquake,
the recognition of damages assists in finding prompt and consistent solutions which
otherwise would be difficult to determine in ordinary conditions. Therefore, it is
important to start the analysis from the current urban asset to identify the performance
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deficits of the system and then find all the necessary actions to achieve a future urban
safety condition.

Emergency management is partially included in the current National Seismic
Prevention Program, promoted by the Italian Department of Civil Protection (DCP).
In fact, the DCP adopted the Limit Condition for Emergency (LCE) by introducing
a planning concept that depends on the performance-based seismic design. The LCE
is based on the Urban Limit States and identifies the necessary emergency routes to
access areas and buildings having strategic functions in the post-earthquake frame-
work. Assuming that urban vulnerability could involve different sub-systems by
affecting their functionality, the LCE guarantees strategic functions for the emer-
gency management, even if urban functions are gradually interrupted. The main
limit of this tool is that it does not have a forward-looking approach because it only
controls the state of emergency and does not help the urban system recovery.

In order to preserve the urban system after the shocks, the Umbria region intro-
duced the concept of minimum urban structure in the urban-planning regulation,
with the so-called SUM tool (struttura urbana minima in Italian, minimal urban
structure in English) [6]. The SUM identifies parts of an earthquakes-resistant urban
system, so that they remain functional even during the emergency and reconstruc-
tion phase, aiming at guaranteeing the preservation of urban life and becoming the
driving force behind the recovery. The SUM determines several urban sub-systems
where the strategic functions, their internal connection and the access routes from the
territorial context are preserved anyway. Moreover, it represents a suitable planning
tool for historical centres for the vulnerability assessment of the urban fabrics, both
on an architectural scale and on an urban scale. Unfortunately, nowadays we have
very few application examples [7] of SUM because it is required only in Umbria
region and its methodology has been the major reference in Italy overtime.

In the current case study, our steps follow this approach to identify which urban
sub-system caused the collapse of the historical centre of Caldarola on the 30th
October of 2016. The main problem occurred in the mobility system because the
main road was occupied by debris that blocked the access to emergency services
and the connection with the other municipalities in the territorial context. Moreover,
after the security checks, 90% of the buildings were declared unsuitable for use and
the whole centre was closed for over two years.

2.2 Expeditious Vulnerability Assessment for Façades Facing
the Public Areas and Rescue Routes

Depending on the observations of the damage scenarios after an earthquake, we
can identify all the parts of the settlement that have been collapsed, that have inter-
fered with the evacuation and that have affected the safety of the fleeing people
and rescuers. This shows that urban vulnerability is strictly related to the possible
overturning mechanisms of the walls facing the street. Therefore, the emergency
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response of an urban system is more effective if a number of routes are safe and
free from debris or fallen obstacles. So, these rescue routes should be preventively
identified by considering the accessibility and damage scenarios. This type of action
planning could improve performance against catastrophic events by strengthening
urban elements and enhancing the interaction between them.

Moving from these suggestions, we identified a critical urban context and two
masonry building aggregates in order to determine the causes of the debris and to
assess the seismic vulnerability of the façade facing the main road (that was scattered
fromdebris after the shock) through an expeditious assessmentmethod that calculates
the tendency of the façade to overturn. This type of analysis, if carried out throughout
the whole historical centre, provides a risk map of serious vulnerabilities which
represent the essential background knowledge for the reconstruction plan aimed at
improving the overall resilience of the settlement and providing seismic preventive
actions. Therefore, the assessment method allows identifying the strategic buildings
included in the LCE that must withstand the earthquake without collapsing to ensure
the functionality of the paths connecting the emergency routes and nodes.

2.3 The Comparison Between Buildings Vulnerability
and the Damage Suffered After Earthquake

An index-based method for masonry building aggregates [8] has been also applied in
order to identify buildings that have a natural propensity to collapse than others; it is
necessary to establish priorities interventions for them, to reduce their vulnerability.
In addition, a damage index was calculated by an assessment method, in according to
the EMS98 scale for masonry structures, numerically expressing the severity of the
damage level. At the end of the analysis, we compiled a comparative ranking for the
buildings, which showed a strong link between the empirical vulnerability assess-
ment and the damage state, demonstrating the reliability of the applied methodology.
Defining the vulnerability conditions of the buildings before a seismic event is a key
factor in assessing the type of buildings that must be restored first.

3 The Application of Seismic Vulnerability Assessment
Method on the Historical Centre of Caldarola

The historical centre of Caldarola, an Italian village located in the province of
Macerata was chosen as particular case study. Caldarola is well-known for the histor-
ical significance of its architecture and for the natural scenery. The urban system
demonstrated an inefficient reaction against the shock on the 30th October 2016,
which led it to isolation because the access road was blocked from debris. The
historical centre was closed for two years due to security investigation on buildings.
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The earthquake had dramatic impacts on both protection and restoration of tradi-
tional architectures, due to the specificity of the peculiar material used and construc-
tion techniques. Moreover, from a social point of view, human settlement faced a
progressive loss of identification, which considerably undermined economic and
social life leading to an impoverishment.

Investigating the emergency response of the urban system to the earthquake high-
lights all the performance deficit in the settlement and which urban sub-system has
failed (Fig. 2). In our specific case study, mobility was the major critical issue to
be solved. In fact, there is only one main road (Via Roma) to access into the histor-
ical centre and the internal paths are insufficient to guarantee a safety evacuation.
Moving from this analysis, we could identify a critical urban context coinciding
with the built-up area at the entrance of the historical centre, aiming at assessing
the vulnerability of the two building aggregates facing the main road (Via Roma). It
could be possible to identify the overturning of three façade that interfered with the
evacuation by analysing the pre and post shock photographs (Fig. 3).

The vulnerability assessment method, used for the following building aggregate
evaluating, was carried out by Prof. Mochi and Prof. Predari within the Department
of Architecture of the University of Bologna and had been adopted in different case
studies affected by the Aquila earthquake in 2009 and Emilia Romagna earthquake
in 2012 [9]. It is based on the determination of synthetic indicators providing a prior
estimate of possible earthquake damages and identifying the fragilities of masonry
buildings by considering their possible collapse mechanisms (I mode in-plane and
II mode out-of-plane), such as the overturning of the façades.

The starting point of this approach was represented by the studies of Antonino
Giuffrè, who already pointed out: “the earthquake does not disintegrate houses, but it

Fig. 2 Urban response of the historic centre of Caldarola
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Fig. 3 Critical urban context: the damage state of three structural units of building aggregates

selects the structural parts and the weakest technological solutions, causing damage
and collapse through mechanisms that can be defined in advance” [10].

First of all, the identification of the transformation phases constitutes the initial
point of the calculation protocol, which leads to the current situation through the
comprehension of the layout extensions, super-elevations, demolitions and recon-
structions. So that, the synthetic vulnerability indicators require An exhaustive
knowledge phase to be acquired, including a preliminary bibliographical research
and an on-site survey in order to outline the evolutionary processes suffered by
each aggregate in its planimetric and elevation development and to detect all the
construction factors (based on techniques and design concepts used in the local area)
which directly influence the seismic behaviour of the masonry buildings. On the
other hand, the elements that positively influence the seismic response (such as the
presence of anti-seismic devices and the good quality of the construction technique)
are considered. Sometimes, the survey from outside of the building façades and from
accessible courtyards is quite enough to collect all information for the application of
the vulnerability assessment. The purpose of this methodology is to provide useful
information to achieve a greater awareness in building interventions. Therefore, we
used two different procedure to assess the vulnerability: the expeditious method
was applied on the façade of the two building aggregates facing the main road and
the analytic method was calculated on the 10 SUs (structural units) composing the
building aggregate n.1. The first method requires only the ground floor plan and a
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photogrammetric survey of the façades to identify the vulnerability indicators. The
second is more detailed and requires an in-depth investigation.

The following Eqs. (1, 2) show how calculate building vulnerability through
numeric index on a scale of values from 0 to 100: VGS index (global expeditious
vulnerability) for the first methodology, and the VGA index (global analytic vulner-
ability) for the second one. They are calculated as the sum of partial indices, each
multiplied by its own weight (whose total is 100), which is a sort of quantification
of the relevance of each indicator within the overall building seismic performance.

These partial indicators are obtained froma critical evaluation of buildings techno-
logical solutions that can be identified the propensity to damage due to the construc-
tion lacks. They are based on the assumption that the out of plane mechanism is
triggered from the loss of stability of individual components, which are seen as rigid
blocks moving due to the ground acceleration [10].

They summarize the following collapse mechanism (Fig. 4):

• RF index: out-of-plane collapse of the façades;
• RT index: out-of-plane collapse of the tympanums;
• FP index: cracks due to the rafters;
• DM index (disconnection of wall): it derives essentially from the historic transfor-

mation processes of buildings and allows to define the portions of façades that can
be subjected to out-of-plane collapse, and the width of the fronts to be considered
effective for the shear mechanism;

• MSS/MCA index: hammering due to constructive irregularities (as the presence
of buildings having a reinforced concrete structure inside the aggregate);

• VT index (weak shear strength): due to insufficient width of the masonry walls.

RF RT FP 

MSS DM VT 

Fig. 4 Indicators for seismic vulnerability assessment
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VGS = TA · PTA + TP · PTP + FP · PFP + MSS · PMSS

+MCA · PMCA + VT · PVT (1)

VGA = RF · PRF + RT · PRT + FP · PFP + DM · PDM
+MSS · PMSS +MCA · PMCA + VT · PVT (2)

The final result, represented by the global index, demonstrate the causal
relationship with the damage describing the global aggregate seismic behaviour.

The focus point of themethodology is to identify, before the earthquake occurs, the
situations of greatest fragility and the potential damage to parts of the buildings with
the aim of providing the best intervention solutions and removing specific situation
that put human safety at risk.

4 Results and Further Development of the Research

The widespread application to the façades of the building aggregates in the whole
historical centre of Caldarola could represent a clear improvement in the prepa-
ration of emergency plans and in the development of preventive seismic actions
at the urban scale. Moving from these suggestions, we estimate the total cost of
the procedure by considering the required time for site inspections through the use
of a portable photogrammetry tool. This survey procedure provides an exhaustive
geometric description of the buildings that are investigated by the seismic vulnera-
bility assessment and guarantees an economic evaluation of the whole urban settle-
ment, as a result of the assumption of a small financial amount (lower than the direct
economic losses due to the cost of the building restoration after earthquake) and
3–4 months required to complete the work.

Moreover, the expeditious assessment method highlights the major vulnerability
of the building aggregate n.1; this result has caused by the RT index of the SU
n.7 outlined in orange (see Fig. 5) representing the out-of-plane collapse of the
tympanums that actually occurred after the 30th October seismic shock (Fig. 6).

On the other hand, the application of analytic assessment method to the 10 SUs
(structural units) of the building aggregate n.1 allowed to verify how the vulnerability
assessmentmethod can identify in advance the damage occurred after seismic shocks.

BA n. 2
BA n. 1 

Fig. 5 Facades of building aggregate (BA) 1 and 2
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SU n.7 

Fig. 6 Vulnerability and damage state of SU n.7

In order to obtain the best result according to the SoA (State of Art) of the building
aggregate, it was necessary introduce a new indicator, the so-called CRQM (coeffi-
ciente riduttivo della qualità muraria in Italian, reducing coefficient of masonry
quality in English), shown in the Eq. 3, which describes the good quality of the
masonry construction technique, that certainly influence the seismic response of the
building. This parameter was calculated as a percentage of the initial VGA index
(see Eq. 4) following a quality classification which includes: Italian normative refer-
ence about masonry classification (NTC 2018), the common construction models of
masonry walls in the specific local area [11], theoretical descriptions of the potential
behaviour of masonry walls responding seismic shock.

CRQM = % · VGAij (3)

VGAQM = VGAij − CRQM (4)

In conclusion, the final VGA index was calculated on 10 SUs, obtaining a ranking
to be compared with the post-earthquake damage scenario. The histograms in Fig. 7
highlight that a high percentage (90%) of the vulnerability ranking (VGA12) matches
with the damage ranking (see ID); in fact, only the SU n. 10 doesn’t take the correct
place in the vulnerability ranking corresponding with its damage state, probably due
to the structural configuration that could influence the seismic response.

The results show the reliability of the proposed protocol and the strong link
between the development of an empirical vulnerability assessment and the most
effective damage mitigation strategies.

5 Conclusions

The overall analysis that have been carried out allow us to understand that the post-
earthquake reconstruction requires a deep and complex reflection. This action is
difficult to be carried out in ordinary conditions of urban management and planning.
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Fig. 7 Distribution of damage in BA n.1 and comparison between damage (ID) and vulnerability
ranking (four hypotheses of calculation: VGA12, VGA22, VGA32, VGA42) of the 10 SUs

Therefore, the urban analysis was indispensable to understand the importance and
effectiveness of the prevention policies and the usefulness of cooperation between
seismic skills and technical knowledge, to adopt innovative tools in order to reduce
and mitigate the seismic risk.

The reconstruction phase must not be limited to the improvement of the seismic
behavior of buildings but must be finalized to the reduction of the urban vulnera-
bility of the entire built-up area, through in-depth analyses. Indeed, our methodology
approach has many beneficial and effective applications on both urban and buildings
scale. Thewidespread application of the seismic vulnerability assessment to the urban
scale is essential to provide a framework of the risk conditions in an urban settle-
ment. On the one hand, it helps to increase the public safety through the safe areas
and escape routes; on the other hand, it provides a specific rehabilitation program in
the post-seismic phase in order to speed up the recovery of the compromised urban
areas.
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In conclusion, this research is a methodological and real contribution, which
allows us to rethink the concept of the reconstruction phase as an opportunity to
introduce seismic prevention actions within ordinary urban planning and to ensure
a new strategic development of the affected territories. The urban planning tool that
can summarize these two purposes is the SUM, which plays a significant role in the
seismic vulnerability assessment to improve urban resilience to shocks, life safety
and the protection of architectural heritage. This issue especially involves the Italian
territory, especially in historical contexts characterized by settlement complexity,
historical fabrics made up of building aggregates, which represent a significant part
of the national architectural heritage. Moreover, the implementation of these latter
strategies in Italian historical centres will hopefully lead public administrations to
enhance preventive planning and reduce the seismic risk of the urban fabric.

The introduction of this type of strategies in the current reconstruction phase is
a difficult but virtuous challenge in order to ensure a future of these territories, to
achieve a public awareness of the seismic risk and to develop a resilient attitude
against catastrophic disaster.
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Crack Analysis of Tensile and Bending
RC Members

Gintaris Kaklauskas and Aleksandr Sokolov

Abstract The authors have recently proposed a new concept of crack analysis based
on the assumed reinforcement strain profile between the adjacent cracks. Mean crack
spacing is obtained from the equality of mean strains of the tensile reinforcement
assessed from the strain profile and the mean value calculated by EC2. The current
study considers mean crack spacing for both tensile and bending RC members. For
bending members, mean spacing is established separately for primary and secondary
cracks. The current paper quantifies constitutive parameters of the model for the
cases mentioned above. The model is validated against independent test data. A
comparative analysis has demonstrated that the predictions of mean crack distance
by the proposed model agree well with the tests of RC elements.

Keywords Crack spacing · Tensile and flexural elements · Reinforcement strain
profile · Mean strain · Primary and secondary cracks · Reinforced concrete ·
Stress-transfer approach

1 Introduction

Cracking is arguably the most complicated phenomenon of the behaviour of rein-
forced concrete. A large number of models have been proposed to predict cracking
characteristics, but most rely on empiricism. Much has been learned already about
crack width and spacing, but a completely rational and general method is still
unavailable.

Cracking models can be generally divided into two main groups. The first group
covers the models based on the bond stress-slip approach proposed by Saliger [1].
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This approach represents the classical bond theory stating that crack spacing and
crack width are governed by the ratio of reinforcement bar diameter and effective
reinforcement ratio ds/ρef . The second group covers the models unified by an alter-
native theory suggested by Broms [2] who claimed that a single most important
parameter controlling crack spacing is concrete cover. Until now there is a heated
discussion which of the approaches is valid [3].

Recently the authors have suggested a new concept of crack analysis of RC
members [4]. The philosophy behind the proposed methodology is to define the
mean crack spacing at the stage of stabilized cracking through compatibility of the
stress-transfer and mean deformation approaches, which, respectively, represent the
discrete and smeared cracking concepts. The proposed approach was applied for two
cases of analysis: (1)Mean spacing between primary cracks of bendingRCmembers;
(2) Mean crack spacing of tensile RC members. The first of the above techniques is
an analytical one, whereas the second is performed iteratively.

The current study suggests new analytical mean crack spacing models for both
tensile and bending RC members that are developed on the basis of the above
approach. For bending members, mean spacing is established separately for primary
and secondary cracks. The current paper quantifies constitutive parameters of the
model for the cases mentioned above. The model is validated against independent
test data. A comparative analysis has demonstrated that the predictions ofmean crack
spacing by the proposed model agree well with the tests of RC elements.

2 Assumptions and Fundamental Concepts

2.1 Assumptions

1. The stage of stabilized cracking is considered.
2. Tension softening stresses in the cracked sections are neglected.
3. Deformations of a single RC block having the length of mean crack spacing

represent the averaged behaviour of the cracked member.

2.2 Crack Patterns

The crack patterns for tensile and bending members RC members are shown in
Fig. 1. Only the cracks penetrating to the surface of the member are considered,
thus the internal cracks (also called the Goto cracks [5]) are not taken into account.
The crack pattern for tensile members is shown in Fig. 1a assuming that all cracks
penetrate through the whole section. These cracks can be categorized as primary
cracks. Cracking of bendingmembers can be of different naturewith the crack pattern
being dependent on the section height of the member [6]. For the RC members with
a relatively small section (generally h < 300 mm) only primary cracks appear within
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a)

b)

c)

Fig. 1 The crack patterns of: a a tensile member, b a bending member having a small section and
c a bending member having a high section

the tensile zone (Fig. 1b). However, as can be seen in Fig. 1c, both primary and
secondary cracks might form in the members having a higher section (h > 300 mm).
The process of cracking of suchmembers is well described by [7–9].With increasing
load, the first cracks to appear are called primary: they spontaneously extend up to
the height just below the neutral axis. When the primary crack pattern stabilizes,
secondary cracks (also called as cover-controled cracks) form between the primary
cracks. The internal cracks, typically occurring at the reinforcement ribs [5], tend to
penetrate less deeply in the concrete and exist in the vicinity of the reinforcement
bars.

2.3 Reinforcement Strain Profile: The Concept of Strain
Compliance

Mean crack spacing is established through the compatibility of the stress-transfer
and mean strain techniques by equating mean strains in the reinforcement assessed
by the two approaches. The stress-transfer approach governs the strain distribution of
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the reinforcement between adjacent cracks, whereas the mean strain approach quan-
tifies the mean crack spacing, thus full advantage of both approaches is exploited.
The compatibility (or strain compliance) principle is illustrated in Fig. 2. Figure 2a
shows the assumed reinforcement strain profile between adjacent cracks as originally
introduced in [4]. It consists of three different zones having different bond charac-
teristics: (1) the debonding zone with the length ld . It is assumed that bond between
the concrete and reinforcement bar is fully damaged due to the local effects in the
concrete surrounding the reinforcement bar; thus bond stress is taken zero; (2) the
central zone with length lc is another zone with zero bond stress; (3) the effective
zone with the length lef represents the only interval within the crack spacing where
bond stresses are equal to zero.

The extremities of the reinforcement strain profile indicate the location of the
adjacent cracks. Strain εsm represents mean reinforcement strain that can be easily
calculated by known techniques, i.e. the one presented in [10]. As noted, mean crack
spacing is obtained from the equality of εsm and mean strain obtained from the
reinforcement strain profile (Fig. 2b).

The reinforcement strain variation within the effective zone is assumed by this
linear relation:

εs(x) = εsi − Ax (1)

where εsi is the reinforcement strain at the crack; A is the slope of the linear strain
function:

A = 4τ

Esds
(2)

where Es and ds are the modulus of elasticity and diameter of reinforcement,
respectively.

Fig. 2 Strain profiles of tensile reinforcement: a the originally proposed [4], b the one assumed in
the current study with the excluded debonding zones
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The current study assumes τ = 2 f ct where f ct is the tensile strength of concrete.
The effective zone length can be expressed as:

le f = (εsi − εs0)

A
(3)

where εs0 is the minimum strain in the reinforcement (see Fig. 2).
In order to reduce the number of constitutive parameters included into the analysis

and, thus, to simplify the approach, the current study removes the debonding zone
parameter ld as shown in Fig. 2b. By this, the zones with zero bond stress, that is the
debonding zone and the central zone are merged and represented by the central zone
alone. The expression of the length of the central zone will be presented further.

3 Prediction of Mean Crack Spacing

Mean crack spacing is expressed as the sum of zone lengths of the reinforcement
strain profile shown in Fig. 2b:

srm = lc + 2le f (4)

The condition of equality of mean strains (displacements) defined by the mean
strain approach and the adopted shape function can bewritten as follows (see Fig. 2b):

εs0lc + 2
(
εsi − 0.5Alef

)
le f = εsm

(
lc + 2le f

)
(5)

Equation (5) can be expressed as a second order equation:

Al2e f + (2εsm + lc A − 2εsi )le f + (lcεsm − lcεsi ) = 0 (6)

or:

Al2e f + Blef + C = 0 (7)

where

B = lc A − 2(εsi − εsm) (8)

C = −(εsi − εsm)lc (9)

Then the effective zone length is calculated as:
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le f = −B + √
B2 − 4AC

2A
(10)

Reinforcement strain in the cracked section εsi is obtained from these well-known
equations:

εsi = Pref
Ec Atr

(for tensile members) (11)

εsi = κ(d − y0) = Mref (d − y0)

Ec Itr
(for bendingmembers) (12)

where Ec is the modulus of elasticity of concrete; Atr is the of area of the transformed
section; I tr is the second moment of area of the transformed section; d is the effective
depth of the section; y0 is the depth of the compressive zone in the cracked section
assessed by the standard elastic theory.

Mean crack spacing is assessed at the reference load level related to the cracking
load:

Pref = 3Pcr = 3Ac fct (for tensile members) (13)

Mref = 3Mcr = 3 fct
bh2

6
(for bendingmembers) (14)

where Pcr and Mcr are the cracking force and bending moment, respectively.
The mean strain of the tensile reinforcement, εsm, is calculated by the [10] tech-

nique. Minimal strain, εs0, can be expressed through strain εsi using Eq. (3). The
constitutive parameter lc will be described in the next section.

Mean crack width can be assessed by this classical formula:

wm = εsmsrm (15)

where εsm is the mean strain in reinforcement.
The current approach has some advantages in regard to other cracking models.

Unlike the Eurocode 2 [10] and Model Code [11] techniques, it does not require the
knowledge of the effective area of the tensile zone. In addition, the current concept
aims at harmonizing the serviceability analysis. In the theory and design of RC
structures, cracking and deformations are considered as the two most important and
highly related aspects of the serviceability limit states. However, the codes [10, 11]
do not make the emphasis on the coherence of the deformation and crack analysis.
In the above codes, the mean reinforcement strain calculation that could relate these
two issues is performed using different formulas. On the contrary, in the proposed
approach the same formula for the mean deformations of reinforcement taken from
[10, 11] is used both for deformation and crack analysis.
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4 Establishing Constitutive Parameter lc

Central length lc is calculated taking mean spacing from the test (srm = srm,exp):

lc = srm,exp − 2le f (16)

The equation of mean strains Eq. (5) is expressed in a slightly different shape:

εs0lc + 2
(
εsi le f − 0.5Al2e f

) = εsmsrm,exp (17)

After simplification, the latter equation gets this form:

0.25Al2c + εsi srm,exp − 0.25As2rm,exp = εsmsrm,exp (18)

Then lc can be expressed as:

lc =
2
√
A
(
εsmsrm,exp − εsi srm,exp + 0.25As2rm,exp

)

A
(19)

The above technique was further applied to obtain lc for tensile and bending
members. For bending members, different expressions of lc were derived for the
cases of primary cracks and secondary cracks. The central zone lengths lc defined
on the basis of limited experimental data are given below:

lc = 2.73ds − 0.0049[m](for tensile members) (20)

lc = 0.44(d − y0)(for bendingmembers: primary cracks) (21)

lc = 1.06c + 0.046[m](for bendingmembers: secondary cracks) (22)

where c is the concrete cover.

5 Comparison of Predicted Mean Crack Spacings
to the Test Data

In order to examine the predictive capability of the proposed model, experimental
data of mean crack spacing srm was collected by the authors. Main characteristics
of the RC ties and RC beams/slabs) are presented in Tables 1 and 2, respectively.
The test data covers a wide range of reinforcement ratio, bar diameter and concrete
compressive strength. The bending members, in addition, also had a high range in
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Table 1 Main characteristics of RC ties

Authors Number h × b (mm) ds (mm) ρ (%) f cyl (MPa)

B. Farra and J. P. Jaccoud [12] 1–32 100 × 100 10–20 0.79–3.14 29.9–87.1

M. Lorrain et al. [13] 33–57 42.0–101.0

M. H. Q. Wu [14] 58–61 12–16 1.13–2.01 21.6–24.7

G. Danielius [15] 62–69 10–14 0.79–1.54 53.1

A. Rimkus [16] 70–88 150 × 150 5–14 1.40–2.68 39.5–59.6

Table 2 Main characteristics of RC beams and slabs

Authors Number h (mm) b (mm) ds (mm) ρ (%) f cyl (MPa)

H. Rüsch and G.
Rehm [17]

1–30 0.625–1.200 0.300–0.450 10–32 0.46–1.22 13.1–43.0

B. E. Calderón [18] 31–44 0.500 0.250 10–25 0.34–2.34 21.9–28.2

V. Gribniak et al.
[19]

45–50 0.299–0.303 0.271–0.284 8–22 0.61–1.03 43.0–49.7

R. I. Gilbert and S.
Nejadi [8]

51–62 0.161–0.348 0.250–0.400 12–16 0.54–0.65 36.5–38.8

M. H. Q. Wu [14] 63–68 0.140–0.400 0.200–0.800 12–16 0.50–0.88 26.0–40.0

J. Frosch [20] 69–78 0.203 0.914 16 0.28–0.84 44.0–47.0

E. Hognestad [21] 79–83 0.406 0.203 13–25 1.34–1.44 17.9–39.0

G. D. Base et al. [22] 84–111 0.391 0.178 19 0.93 21.5–27.0

A. Clark [23] 112–165 0.152–0.584 0.152–0.381 10–35 0.35–2.56 22.1–31.0

A. Caldentey [3] 166–177 0.450 0.350 12–25 0.30–1.53 26.9

section height and depth. In Tables 1 and 2, h and b are the height and width of
the section, respectively; ρ is the reinforcement ratio, f cyl is the mean compressive
strength of 150 × 300 mm concrete cylinder at the age of testing.

The prediction results are described in terms of normalized mean crack spacing
(srm = srm,th/srm,exp). Mean values of srm and coefficients of variation CV were
obtained for four cases of test data regarding the type of loading (tension or bending)
and crack pattern (primary or primary + secondary):

(1) Primary cracks in tensile RC members (Fig. 3a); srm = 1.02 and CV = 18%
(88 data points).

(2) Primary cracks of bending RCmembers (Fig. 3b); srm = 0.99 and CV= 19%
(122 data points).

(3) All cracks (primary and secondary) of bending RC members (Fig. 3c); srm =
1.04 and CV = 18% (180 data points).

(4) Combined data of (1) and (3) (Fig. 3d); srm = 1.02 and CV = 19% (268 data
points).

It can be seen that the mean values of srm for the above cases were close to unity
and ranged within the small interval of 0.99–1.04. The scattering results were also
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Fig. 3 The predicted versus test results of mean crack spacing: a primary cracks in tensile RC
members, b primary cracks in bending RC members, c all cracks (primary and secondary) of
bending RC members and d combined data of (a) and (c) cases

very close with the coefficient of variation not exceeding 19%. The predicted versus
test results of mean crack spacing for the four cases are also depicted graphically in
Fig. 3.

Further studies will be dedicated to width analysis of primary and secondary
cracks in both tensile and bending RC members. It will include both theoretical and
experimental investigations.
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6 Concluding Remarks

It was shown that a novel approach for predicting crack spacing recently proposed
by the authors can be applied both for tensile and bending members as well as for
the cases of primary and secondary cracks. Mean crack spacing is obtained based on
the principle of equality of mean strains of the tensile reinforcement assessed from
the strain profile and the mean value calculated by Eurocode 2. In order to minimise
the number of constitutive parameters, the debonding zone was removed from the
reinforcement strain profile. As a result, the mean crack spacing model is limited to
two empirical constitutive parameters, namely, the mean bond stress (in the effective
zone) and the length of the central zone lc of the reinforcement strain profile.Different
expressionswere suggested for lc in order to cover the cases of tension versus bending
and primary/versus primary and secondary cracking. A significant advantage of the
proposed approach is that it does not require the knowledge of the effective area of
the tensile zone.

A predictive capability of the proposed model has been investigated for the above
cases of test data sets. The statistical analysis has resulted in adequate predictions
regarding the mean value and variation. Further studies will be dedicated to width
analysis of primary and secondary cracks in both tensile and bending RC members.
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Using Data Analysis to Extract Structural
Deterioration Information from the US
National Bridge Inventory Database

Filippos Alogdianakis, Dimos C. Charmpis, and Ioannis Balafas

Abstract Various infrastructure information is gathered nowadays in databases,
which have become rather large after years of development and data collection. For
thorough search and broad exploitation of the available information, even beyond
its original scope, advanced data analysis approaches need to be employed. The
present work is concerned with the exploitation of the data in the USNational Bridge
Inventory (NBI)maintained by the Federal HighwayAdministration (FHWA), which
includes information for over 500,000 bridges. The information provided in NBI was
analyzed in combination with additional data from other sources (for climatic condi-
tions, earthquake hazard, etc.). Where needed, data were converted to correspond
to bridge locations using spatial interpolation techniques. Then, Exploratory Data
Analysis (EDA), Analysis of Variance (ANOVA) and regression analysis methods
were utilized to study the causes of bridge deterioration. These statistical methods
yield quantitative results and allow the identification, ranking and measurement of
intensity of factors contributing to the decrease of the structural condition of bridges
with time.
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1 Introduction

Today’s society relies on data collected from multiple sources, which are combined
and processed to produce information that assists decision making at various levels,
ranging from everyday life to very specialized cases. All these processes can be
included in the broad term of ‘Data Analysis’, which refers to various tools, such as
data visualization, hypothesis testing and other statistical methods, that are employed
to handle samples and select the most appropriate variables for modelling reality.

Infrastructures, and more specifically bridges, are exposed to various factors that
could worsen their structural condition. When reliable data are available, a data
analysis process can confirm or challenge building practices and design processes
already applied, but also assist in modelling deterioration by identifying factors
affecting it.

In many countries, inspections are performed on bridges to monitor the infras-
tructure’s stock condition. The US Federal Highway Administration maintains an
up-to-date National Bridge Inventory (NBI), which includes over 500,000 bridges in
US territory. The NBI contains a considerable amount of information; this includes
116 coded items to describe each bridge, its characteristics, its condition, etc. [1]. An
updated NBI is published annually, as each bridge must be inspected visually bienni-
ally. Bridge condition ratings are recorded on a scale 0–9, with 9 representing ‘excel-
lent’ and 0 ‘failed’ conditions. Inspections are carried out by qualified personnel
complying with standard procedures set out in National Bridge Inspection Standards
(NBIS) [1].

The NBI has been used by several researchers to investigate structural deteriora-
tion and material performance for bridges. In the various statistical methods utilized
for this task, the explanatory variables have been usually selected by expert judge-
ment [2, 3]. Such approachesmay derive erroneousmodels due to the neglect of other
variables, which may be affecting structural deterioration more. Another common
practice usually employed is the utilization of bridge data for only one individual
State of the US and inclusion in the assessment of additional explanatory variables,
such as weather data and other data available from GIS [4]. In these cases, although
maintenance policies and acquired data can be considered uniform, the limited vari-
ation of exposure factors can lead to modelling errors. On the other hand, when
utilizing the whole US bridge sample, many exposures have to be taken to account
and not including them in the analysis may also lead to misleading results due to
unjustified averaging. Furthermore, questions arise regarding the effect of typical
factors suggested by experts, which have already been taken to account during the
design process. Thus, a process is needed to formally select the variables, which
should be incorporated in modelling structural deterioration. Recently, some data
analysis procedures have started to be utilized, in order to select among factors
affecting deterioration. Relevant efforts either include limiting assumptions for the
factors considered [5] or study an individual State and consider only NBI factors [3].

In this paper, NBI data for the conterminous US States are utilized to study the
factors affecting the superstructure condition of bridges. To enable this, it is assumed
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that hazard-driven maintenance and rehabilitation policies are predominant and that
the effect of potential State policies can be neglected. Additional reliable sources
were used, such as National Oceanic and Atmospheric Administration (NOAA) for
climatic data [6] and United States Geological Survey (USGS) for earthquake hazard
data [7]. These were combined with NBI data using spatial interpolation methods.
Data analysis procedures were utilized to explore the data and attain an appropriate
model for the combined dataset, whosemain purpose is to reveal predominant factors
affecting structural condition.

2 The Data Analysis Process

Data analysis is a broad term used to describe a set of procedures utilized to process
data, comprehend and quantify their important relationships and finally generate
models that aim to describe reality. The data analysis process followed herein is
graphically summarized in Fig. 1. Initially, various relevant data collections (from
NBI, NOAA, USGS) are utilized to attain the necessary information. From each
dataset, a number of variables are selected and filtered to exclude unwanted informa-
tion (i.e. bad records, outliers, etc.), a process performed with the aid of Exploratory
Data Analysis (EDA), whose tools are mainly graphical and assist the analyst in
identifying problematic/unexpected features [8]. The filtering process is repetitive

Fig. 1 The data analysis process
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and ends when the datasets are clear from outliers or errors, which could affect the
actual data analysis that follows.

The cleaned datasets are then combined and EDA is once again performed to
show variable distributions and intercorrelations, as well as to assist the analyst
in selecting the appropriate data analysis methods to utilize [8]. The data analysis
performed herein employs statistical modelling tools, such as Analysis of Variance
(ANOVA) and regression analysis, which unveil and quantify relationships between
the variables considered. Only parts of the conducted data analysis are presented.
Specifically, initial variable selection, its filtering and the process of combining the
different datasets are briefly discussed. Then, main EDA results are given, followed
by the most important findings of ANOVA and indicative results of the regression
analysis.

3 Formation of the Analyzed Dataset

Structural deterioration of bridges is linked to corrosion, which depends on various
factors, such as temperature, aggressive chemicals (i.e. deicing salts, sea chlo-
rides), freeze–thaw cycles, wet-dry cycles, among others [9]. Furthermore, acci-
dental factors, such as earthquake hazard/action, are also important, as they
dictate the implemented design standards and may add sudden induced damage to
gradual/continuous deterioration. In this paper, to investigate deterioration, bridge
characteristics, properties and current structural condition were extracted from the
NBI, while climatic and earthquake attributes at bridge locations were obtained from
NOAA and USGS, respectively.

The set of variables considered are presented in Fig. 2. The variables are grouped
based on the database they were extracted from and the variable type. Hence, the
dependent variable is actually the product of evaluation (i.e. structural condition
rating), while the independent variables offer information regarding bridges and
potential deterioration factors. Further categorization was performed in numerical
or categorical variables according to the form of information contained. Moreover,
categorical variables were grouped in ordinal and nominal ones.

3.1 NBI Variable Selection and Filtering

A total of 25 variables (Fig. 2) were selected from the NBI database regarding bridge
superstructure condition, age, clearances, geometry, traffic (numerical variables),
as well as ownership, water presence under the bridge, traffic type over and under
the bridge (categorical variables). Of the total 614,387 structures included in the
NBI database, not all were of interest in this study, therefore certain criteria were
used to exclude e.g. culverts or bridges made of timber or stone. The exclusions
performed regarded 166,750 structures, leaving a remaining population of interest
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Fig. 2 Variables considered in the data analysis

of 447,637 bridgeswith year of construction after 1900 and specific utilizedmaterials
(reinforced/prestressed concrete, structural steel).

3.2 Climatic Data

Structures are affected in the long termby localweather conditions, therefore themost
appropriate respective data to take into account are the’climatic normals’. NOAA
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manages and maintains a relatively dense network of weather stations all over the
US and sustains a large collection of climatic and weather data. The US climatic
normals are average values of climatological variables over a 30-year period (1981–
2010) characterizing the conditions at each location [6]. The climatic normals utilized
herein were: annual precipitation/rainfall, days of snow depth above 1 inch in a year,
monthly average minimum temperature, monthly diurnal temperature range, hourly
dew point temperature. The data were filtered for errors and processed to transform
monthly and hourly data to annual ones. Furthermore, calculations were performed
to attain values for annual average temperature and humidity.

3.3 Deicing Region Limits

Climatic data affect also the users of a bridge, inducing interventions to prevent
accidents that may accelerate corrosion. Such is the case of deicing salts spread on
the road surface to prevent frost. Deicing salts can be effective if snow depth is
less than few centimeters. Thus, the FHWA map of US regions, where deicing is
allowed, was copied as an image [10] and, using Google Earth, the coordinates of
deicing region limits were identified, to be included in the analysis as complimentary
data to the climatic variable of snow depth above 1 inch.

3.4 Earthquake Hazard Data

Earthquake resistance is a crucial attribute for a structure’s service life in a seismic
region. Seismic damage to bridges results usually from complex effects by various
contributing variables that interact together. Peak ground acceleration (PGA), usually
measured in terms of the acceleration of gravity (g), is the main variable typically
used to represent the intensity of ground motion [11], although the seismic effect
can be magnified by other factors. Seismic hazard maps are a product of analysis
that considers past faults and earthquakes, behavior of seismic waves travelling the
crust and near-surface site conditions [7]. Such maps are available from USGS,
as derived from analyzing data from the whole US network. The seismic hazard
expressed as the PGA with 2% probability of exceedance in 50 years was chosen to
be incorporated in the analysis process. Relevant data were downloaded from USGS
[7] for the conterminous US in the form of PGA values at gridded data-points (every
6 km) that formed a dense network of calculated hazard locations.
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Earthquake hazard – PGA (g) Snow depth above 1 inch (measured in days)

Fig. 3 Maps of interpolated values regarding snow depth (kriging interpolation) and earthquake
hazard (linear interpolation) at bridge locations

3.5 Combining the Datasets

The aforementioned non-NBI databases offered information at locations, where data
had been collected (weather stations) or calculated (grid of PGA values). To assign
the corresponding climatic and earthquake hazard values to bridge locations, two
different interpolation methods were utilized. Specifically, ordinary kriging interpo-
lation was used for climatic data, as it is preferred for climatic and weather infor-
mation [12]; linear interpolation for the densely gridded data of USGS was selected
among the suggested methods by USGS. Results for two characteristic cases are
presented in Fig. 3.

4 Exploratory Data Analysis (EDA)

The EDA conducted for the whole sample included histograms and charts to visu-
alize and explore distributions and frequencies of all selected variables. Additionally,
correlograms were utilized to investigate the existence of statistical dependences
among the variables.

Correlation is a statistical measure that shows whether and how strongly pairs of
variables are statistically related. In particular, the Pearson correlation coefficient,
which takes absolute values between0 (no correlation) and1 (full correlation), reveals
how close two variables are to having a linear relationship with each other. Weak
correlations are usually associatedwith absolute values in the range 0–0.65,moderate
in the range 0.65–0.75, while strong correlations correspond to coefficients taking
values higher than 0.75. A negative correlation value indicates that the two variables
are negatively correlated. InFig. 4, correlation results are represented circles of appro-
priate size and color intensity. Specifically, larger circles with intense colors reveal
stronger correlations, while small circles with faded colors weaker correlations. The
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Fig. 4 a Correlogram of independent NBI variables (min vertical clearance over bridge, min lateral
clearance, average daily truck traffic, year built, year rehabilitated, min vertical under clearance,
length, max span, number of spans, lanes under bridge, detour length, average daily traffic, deck
width, lanes on bridge). b Correlogram of independent climatic (non-NBI) variables (snow depth
above 1 inch, PGA—earthquake hazard, diurnal range temperature, dew point temperature, min
temperature, max temperature, precipitation rainfall, relative humidity)

color map given allows negative or positive correlations to be distinguished. The
reported correlation results were calculated only for numerical variables.

The correlation analysis was conducted separately for NBI-based independent
variables (regarding bridge characteristics and properties) and for independent
climatic and earthquake hazard variables. The results for NBI independent variables
(Fig. 4a) showed that there are mostly weak correlations among them. Exceptions
were geometric variables measuring similar properties (deck width and lanes on a
structure; length and maximum spans). On the other hand, independent climatic and
earthquake hazard variables (Fig. 4b) showed strong correlations among the different
temperatures and days of snow depth above 1 inch.

5 ANOVA

ANOVA is a technique that, in its simplest form, provides a statistical test of whether
or not the population means of a number of samples are equal. It is usually employed
to analyze categorical independent variables (herein, deterioration factors) for their
effect on the dependent variable (superstructure condition). In the present study,
all numerical variables were transformed to categorical variables by utilizing their
distributions to form meaningful groups of values. To assess the importance of the
differences found for each variable’s groups, ANOVA results were visualized using
multiple comparisons Tukey–Kramer method [13]. Certain cases were selected to be
presented herein that show important patterns found among groups of the variables
studied.
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Fig. 5 ANOVA results for selected bridge deterioration factors displayed using multiple compar-
isons

The multiple comparisons presented in Fig. 5 show the effect of each variable’s
groups to superstructure condition. For each group of values, an average value of
the superstructure condition is represented by a circle. The magnitude of the error
of the average estimate is indicated with a line in the center of each circle; actually,
dots indicate small errors, while lines larger ones. Furthermore, increased difference
between a variable’s group means indicate the higher importance of the variable to
superstructure deterioration.

Figure 5a demonstrates the high importance of year of construction or rehabili-
tation in the structural condition of bridge superstructures. It is also clear from the
same figure that differences in superstructure condition between rehabilitated bridges
(upper part of Fig. 5a) and non-rehabilitated bridges (lower part of Fig. 5a) exist. On
the other hand, as regards Average Daily Traffic, only minor differences are observed
between group means (Fig. 5d).

The structural materials utilized in superstructures also appear to have increased
differences between their group means (Fig. 5b). Simple-span superstructures made
of structural steel seem to be in the worst condition, while prestressed concrete
superstructures with continuous span are on average in the best condition.

Regarding the earthquake hazard variable, Fig. 5e shows that up to a certain group
(PGA 0.14–0.2 g), bridges tend to have decreasing mean condition for increasing
PGA level. This effect is reversed for the means of the higher PGA groups, which
could be attributed to the more demanding design standards for bridges built to
withstand higher seismic actions in locations with increased earthquake hazard.

Figure 5f shows that, as expected, the use of deicing salt negatively affects the
mean condition of superstructures. According to Fig. 5c, the days of snow depth
above 1 inch do not have an effect on the mean superstructure condition, with the
exception of the first group (0–0.5 days). However, as can be seen in Fig. 3, the first
group roughly coincides with the non-deicing region, where the use of deicing salts is
not allowed, which explains the better mean superstructure condition for this group.
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As regards the other groups exhibiting practically the same mean condition, it seems
that superstructures are affected by the presence of deicing salts, irrespective of the
snow volume on the deck surface.

6 Regression Analysis

Regression analysis is a statistical process for modelling and analyzing the relation-
ship of a dependent variable with one or more independent variables. It is commonly
used for prediction and forecasting, but it has also been utilized for achieving a better
understanding of the relative importance of each independent variable in modelling
the dependent variable.

In the negative binomial regression analysis performed herein, the initial number
of variables studiedwere reduced based on the obtained results from correlation anal-
ysis and ANOVA. The independent variables included in the analysis are shown in
Table 1. For these variables, an additive, generalized linear model fit was calculated
usingMASS library inR [14].An initial regressionwas performed to fit amodel using
all independent variables. Then, a stepwise regression processwas utilized, according
to which independent variables were added (forward regression) or removed (back-
ward regression) and the so-called Akaike Information Criterion was employed to
indicate whether a better model was achieved. By comparing the results of successive
regression models, conclusions on omitting unnecessary variables were reached.

In the regression function obtained, the logarithm of the superstructure condition
rating is equated to an intercept term and the added independent variables multiplied
by each variable’s coefficient:

ln (Superstructure Condition) = Intercept + C1 ∗ Length + C2 ∗ Deck width

+ C3 ∗ Year of construction + C4 ∗ Detour Length

+ C5 ∗ ADT + C6 ∗ PGA + C7 ∗ Precipitation

+ C8 ∗ Snow depth + C9 ∗ Deicing + C10 ∗ Material

+ C11 ∗ Water underneath (1)

The intercept term is a grand average of the dependent variable, while the effect of
the various independent variables is indicated by the estimated coefficients provided
in Table 1. The categorical independent variables included in this table are handled
through binary dummy variables (one dummy variable is introduced for each group
of a categorical variable). These dummy variables can take only the values of 1 (to
activate the coefficient for the specific group) or 0 (to deactivate it). For example, as
regards superstructure material, there is no coefficient for ‘concrete continuous’, thus
C10 is deactivated (the dummy variables for all other groups take the value 0), i.e.
Equation (1) is by default calibrated for the particular material. If another material is
used, then Eq. (1) needs a ‘correction’ to shift its result, which is achieved by acti-
vating the C10-value (with a dummy variable value equal to 1) of the corresponding
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Table 1 Regression analysis
results for superstructure
condition rating

Variable Coefficient estimate

– Intercept = −5.3E
+ 00

Length (m) C1 = −4.8E-05

Maximum span (m) Omitted

Deck width (m) C2 = 7.1E-04

Year constructed (date/year) C3 = 3.6E-03

Detour length (km) C4 = 1.4E-04

Average Daily Traffic - ADT (vehicles) C5 = 2.7E-08

Truck traffic (% ADT) Omitted

Earthquake hazard - PGA (g) C6 = 4.9E-02

Precipitation (inches) C7 = −5.6E-04

Snow depth above 1 inch (days) C8 = 1.6E-04

Deicing Not allowed –

Allowed C9 = −2.5E-02

Material Concrete continuous –

Concrete simple C10 = −9.6E-03

Prestressed concrete
continuous

C10 = 2.1E-02

Prestressed concrete
simple

C10 = 1.8E-02

Steel continuous C10 = 9.8E-04

Steel simple C10 = −4.6E-02

Water
underneath

No –

Yes C11 = −7.3E-03

group of Table 1. Clearly, only one group of a categorical variable and its coefficient
value can be active and have a dummy variable value equal to 1 at any time (all other
dummy variable values for the remaining groups of the categorical variable are equal
to 0 to deactivate the corresponding regression coefficients).

The increase of the value of each independent variable causes either increase or
decrease of the value of superstructure condition, depending on the sign of the respec-
tive regression coefficient. The regression analysis results reveal themost influencing
factor, which is the year of bridge construction, as well as the least influencing ones,
which are the bridges’ geometric characteristics. The traffic characteristics appear to
have a small effect on the superstructure condition. Indeed, the results for ADT are
in agreement with the corresponding results obtained with ANOVA in the previous
section. The same applies for earthquake hazard, with increase of the PGA value
having a positive effect on superstructure condition. Increased annual precipitation
and days of snowfall above 1 inch cause a decrease in superstructure condition. The
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same applies for bridges, which are located in deicing regions or have water under-
neath. Furthermore, the structural materials used in superstructures appear to have
effects similar to the ones observed with ANOVA.

7 Conclusions

In this paper, factors affecting the superstructure condition of bridges were studied
using data from existing bridges located in the US. To perform this task, recorded
inspection data for more than 600,000 bridges included in the NBI database were
utilized. Since the US territory contains a large variety of environmental exposures,
the databases of NOAA and USGS were used to introduce additional (non-NBI)
variables regarding climate and earthquake hazard. To estimate data values for each
bridge location, spatial interpolation methods were implemented. The combined
dataset including NBI and non-NBI data was then analyzed using data analysis
procedures, to determine which variables affect the structural condition of bridges.

The exploratory data analysis performed showed that there are low correlations
among the selectedNBI variables in contrast to climate variables, whichweremoder-
ately to highly intercorrelated. ANOVA and multiple comparisons revealed useful
patterns, which indicated the effect of each variable to structural condition rating.
Moreover, the analysis showed the existence of certain thresholds, after which vari-
ables have a different effect to the condition ratings, such as the deicing policy
implemented and the days of snow depth above 1 inch: although the deicing region
coincides with the region of more than 0.5 days of snowfall above 1 inch, further
increase in days of snowfall do not affect superstructure condition rating.

The regression analysis confirmed that superstructure condition is mostly affected
by:

1. year of construction,
2. materials of superstructure,
3. earthquake hazard,
4. deicing practices region,
5. precipitation and
6. water underneath.

Less important factors for the superstructure condition were:

1. average daily traffic,
2. truck traffic,
3. detour length and
4. geometric characteristics.
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Towards the Understanding the Role
of the Mix Design Method
in the Mechanical Behaviour of Recycled
Aggregate Concrete at Early Ages

Jeonghyun Kim , Miguel Azenha , and Łukasz Sadowski

Abstract The aim of this paper is to provide an original, systematic and critical
review of existing mix design methods for recycled aggregate concrete (RAC), with
identification of research gaps. These design methods were compared to the design
methods used for natural aggregate concrete (NAC). Also a short literature survey
showing the effect of the design methods on the properties of RAC and NAC was
conducted. Special emphasis was placed on the critical analysis of literature results
to show the existing relations between the individual mechanical properties of RAC.
Also, a critical comparison was made with existing relations for NAC that can be
found in the literature. Based on the analysed research results, hypotheses related
to the possible behaviour of RAC at early ages were formulated towards the under-
standing the role of the mix design method in the mechanical behaviour of RAC at
early ages.

Keywords Recycled aggregate concrete · Concrete mix design · Equivalent mortar
volume method · Early age properties of concrete

1 Introduction

Many studies on the mechanical properties of recycled aggregate concrete (RAC)
have shown that its mechanical properties are different from those of natural aggre-
gate concrete (NAC) [1, 2]. In particular, when only the type of aggregate is different
and the remaining mixing conditions, such as the amount of materials and mixing
methods, are the same, the RAC has been found to have worse mechanical properties
compared to NAC from very early ages, and this tendency extends towards later ages
[3, 4]. These shortcomings can be overcome to attain similar properties to those of
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NAC in terms of elastic modulus and compressive strength by the use of appropriate
mix designmethods, such as the equivalent mortar volume (EMV)method [5] and its
modifications [6, 7], which treat residual mortar attached to recycled aggregate (RA)
as new mortar. Most of these studies, however, focused on mechanical properties
at later ages (e.g. mechanical strength and elastic modulus at 7, 14, 28 days), and
hence lacked information on the early ages, before 7 days. Rapid paces of evolution
of properties are known to occur in such initial time frame (regardless of being NAC
or RAC). Therefore, measurements on early age properties should be performed at
early ages to better understand the early behaviour of RAC designed with proper
mix designs such as EMV method, which can be of great importance in many appli-
cations (e.g. to decide formwork/propping removal dates in slabs). The aim of this
paper is to initially give an overview of existing mix design methods for RAC, and
compare them with those used for NAC. Also a short literature survey showing the
effect of the design methods on the properties of RAC and NAC will be conducted.
Special emphasis will be placed on the critical analysis of literature results to show
the existing relations between the individualmechanical properties of EMV-designed
RAC. Also, a critical comparison will be made with existing relations for NAC that
can be found in the literature. Based on the analysed research results, hypotheses
related to the possible behaviour of EMV-designed RAC at early ages will be formu-
lated towards the understanding the role of the mix design method in the mechanical
behaviour of RAC at early ages.

2 Overview of Concrete Mix Design Methods for NAC
and RAC

2.1 Conventional Mix Design (CMD)

Each country or organization has their own concrete specifications, such asAmerican
Concrete Institute (ACI 211.1-91) [8], European Standard (EN 206-1) [9]. These
conventional mix design (CMD) methods are based on the use of natural aggregates
(NA) (Fig. 1a). However, when RA is used together with these CMD standards, due
to the attached mortar, the volume of total mortar constituting concrete is larger than
that of NAC as shown in Fig. 1b. In particular, the increase of the total mortar fraction
in concrete has been pointed out as one of the factors that explain RAC properties
being lower than those of NAC in general [5, 10].

2.2 Equivalent Mortar Volume (EMV) Mix Design Method

Fathifazl et al. [5] state that the lower physical properties of RAC designed with
existing mix design methods (CMD) can be improved by adopting proper mix design
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Fig. 1 Comparison of concrete mix design methods

methods. Therefore, the EMV method has been proposed, which treats the attached
mortar as new mortar to be added, unlike CMD which considers the attached mortar
as aggregate (Fig. 1c). TheEMVmethod is characterized in thatmoreRAare required
compared to the CMD method in order to equalize the total volume of NA in NAC
and original virgin aggregate in RAC with EMV. Therefore, the amount of newly
added materials such as cement, sand, and water is decreased by the volume amount
of the attached mortar.

2.3 Modified Equivalent Mortar Volume (M-EMV) Mix
Design Method

In case of RA with high attached mortar content or high replacement rates of RA,
several problems have been observed in the resulting RAC designed with EMV
method: poor performance in fresh state; and not being able to fully cover aggregates.
These problems have been traced back to the insufficiency of cement [10, 11], hence,
the modified equivalent mortar volume (M-EMV) method has been proposed, which
regulates the effective attached mortar content (Fig. 1d) [6, 7].
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3 Overview of Properties of RAC Designed with CMD

3.1 Early Age Properties of RAC Designed with CMD

In general, if RAC is manufactured in the samemanner as NAC, its mechanical prop-
erties, such as compressive strength and elastic modulus at 28 days curing are well-
known to decrease as a function ofRA replacement ratio. In practice, lower properties
of RAC are observed from the beginning of concrete casting [12]. When the amount
of admixture is kept the same, slump and density tend to decrease with increasing
RA ratio, and water absorption capacity increases [13]. Figure 2 shows the compres-
sive strength development of RAC and NAC under the same mix design conditions.
The lower physical properties of RAC compared to NAC appear in the measurement
of compressive strength on the 1st day after casting, and this trend continues until
the later age [14]. Velay-Lizancos et al. [4] performed continuous measurement of
elastic property of RAC at early ages through the Elastic Modulus Measurement
through Ambient Response Method (EMM-ARM) proposed by Azenha et al. [15].
The results showed an inverse relation between replacement rate of RA and elastic
modulus, and the gaps of elastic modulus of RAC with different percentages of
replacement occured within 24 h after casting. This tendency is also observed in
drying shrinkage [16] and ultrasonic pulse velocity (UPV) testing [12].

Fig. 2 Comparison of typical compressive strength development of NAC and RAC (data from [14])
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Fig. 3 Correlation betweenmechanical properties ofRACdesignedwithCMDandRAreplacement
ratio (data from [2, 13, 17, 18])

3.2 Mechanical Strength of RAC Designed with CMD

Asmentioned in the previous section, the gaps of property development that occurred
from the early ages continue to later ages. Figure 3 shows the difference in compres-
sive strength and elastic modulus as a function of the RA replacement rate 0, 25–30,
50, 100%, in case of the amount of cement and water used for mixing is the same. It
can be observed that: as the replacement rate is increased, the mechanical properties
are significantly lowered.

4 Overview of Properties of Recycled Aggregate Concrete
Designed with EMV and M-EMV Method

The original EMVmix design method has been studied since it was first proposed in
2009 by Fathifazl et al. [5], and it has been modified by other researchers to improve
its performance [10, 11]. Figure 4 shows the compressive strength and modulus of
elasticity as a function of the replacement rate of RAC designed with EMV/M-EMV.
In some mixtures, as in the case of the compressive strength of study [19], a decrease
in properties is observed, but no particular trend that occurs as RA increases. Figure 5
shows the effects of CMD and EMV/M-EMV mix design on RAC made from the
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Fig. 4 Correlation between mechanical properties of RAC designed EMV/M-EMV mix design
methods and RA replacement ratio (data from [6, 10, 19])

same RA. In the case of using the same replacement ratio and mixing with EMV/M-
EMV, the compressive strength and elastic modulus values ranged from −8.9 to
9.5% and −1.69 to 10.8%, respectively, compared to CMD concrete. The results
indicate that strength can be improved while reducing the use of cement and sand,
and increasing the use of RA. However, as mentioned in the author’s previous paper
[20], the effectiveness of EMVandM-EMVhas been demonstrated, but accumulated
research data are insufficient, and most of the research conducted are focused on the
mechanical properties at later ages (Table 1).

5 Research Gaps and Perspectives

The use of EMV/M-EMV mix design can be comparable to the conventional mix
design with NAC with respect to the mechanical strength. As shown in the Table 1,
most of studies related to EMV/M-EMVmethods, however, focused on the mechan-
ical properties at later ages (e.g. mechanical strength and elastic modulus at 7,
14, 28 days). In study [22], compressive strength and elastic modulus of EMV-
designed concrete were measured the day after casting. However, it was a one-time
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Fig. 5 Comparison of experiment results of RAC designed with CMD and M-EMV (data from
[10, 19, 21])

test, not a continuous measurement, and strength development at early ages was
not investigated. Considering the fact that the rapid change of the strength devel-
opment of concrete including RAC ends before the seventh day of age, measure-
ments on early age properties need to be performed earlier as to better grasp impacts
(Fig. 6). Figure 6a shows typical strength development trends of CMD-designed
RAC based on the experimental results in [4], whereas the continuous measurements
of mechanical properties of EMV-designed RAC at early ages were not performed
(Fig. 6b).

Taking into account the fact that EMV-designed concrete is a mixture of a small
amount of fresh mortar and a greater amount of hardened mortar compared to CMD-
designed concrete, the early age properties are expected to be different from those
of NAC. Therefore, a study of EMV-designed concrete at early ages is considered of
high importance in terms of that it can accelerate construction works.
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Table 1 Investigated tests from the selected studies on EMV/M-EMV

[5, 6, 10, 25] [7] [19] [21] [22] [23] [24] [26] [27]

fc (~7d) − − − − + − − − −
fc (7d~ ) + + + + + + − − +
ff (~7d) − − − − − − − − −
ff (7d~ ) − − − − + + − − −
ft (~7d) − − + − + − − − −
ft (7d~ ) − + − − − + − − −
Ec (~7d) − − − − − − − − −
Ec (7d~ ) + + + + − + − − −
Freeze–Thaw − − − − − − + + −
D-shrinkage − − + + − + + − −
Cl-penetration − − − − − − − + +
carbonation − − − − − − − + −
*~7d before 7 days of casting; 7d~ after 7 days of casting; fc compressive strength; ff flexural
strength; ft tensile strength; Ec elastic modulus; D-shrinkage drying shrinkage; Cl-penetration
chloride ion penetration

Fig. 6 Strength development of concrete with CMD (L) [4], EMV (R)

6 Conclusions

The conclusions and suggestions for future research are as follows:

– Physical properties of CMD-designed RAC show lower values as a function of
replacement rate of RA, whereas RAC designed with proper mix design methods
such as EMV/M-EMV can be comparable to NAC with respect to the mechanical
strength properties.

– In a study on EMV-designed RAC, compressive strength and elastic modulus at
early age (at 1 day after casting) were measured. However, since the test was
a non-continuous and one-time measurement, the strength development at early
ages was not studied.
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– Since the total volume amount of mortar in RAC is adjusted, EMV-designed
RAC are expected to have different early age properties. Therefore, direct and
continuous measurements of the mechanical behaviour of EMV-designed RAC
at early ages need to be investigated using appropriate techniques, such as EMM-
ARMmethod,which canmeasure the early ageproperties of cementitiousmaterial
since casting.

Acknowledgements Funding provided by the Portuguese Foundation for Science and Tech-
nology (FCT) and FEDER (COMPETE2020) to the Research Project IntegraCrete (PTDC/ECM-
EST/1056/2014 - POCI-01-0145-FEDER-016841) is acknowledged. This work was was also finan-
cially supported by UID/ECI/04029/2019—ISISE—Institute for Sustainability and Innovation in
Structural Engineering, funded by national funds through the FCT/MCTES (PIDDAC).

References

1. de Juan, M.S., Gutiérrez, P.A.: Study on the influence of attached mortar content on the
properties of recycled concrete aggregate. Constr. Build. Mater. 23(2), 872–877 (2009)

2. Thomas, J., Thaickavil, N.N., Wilson, P.M.: Strength and durability of concrete containing
recycled concrete aggregates. J. Build. Eng. 19, 349–365 (2018)

3. Hanif, A., Kim, Y., Lu, Z., Park, C.: Early-age behavior of recycled aggregate concrete under
steam curing regime. J. Clean. Prod. 152, 103–114 (2017)

4. Velay-Lizancos, M., Martinez-Lage, I., Azenha, M., Granja, J., Vazquez-Burgo, P.: Concrete
with fine and coarse recycled aggregates: E-modulus evolution, compressive strength and non-
destructive testing at early ages. Constr. Build. Mater. 193, 323–331 (2018)

5. Fathifazl, G., Abbas, A., Razaqpur, A.G., Isgor, O.B., Fournier, B., Foo, S.: New mixture
proportioning method for concrete made with coarse recycled concrete aggregate. J. Mater.
Civ. Eng. 21(10), 601–611 (2009)

6. Yang, S., Lee, H.: Mechanical properties of recycled aggregate concrete proportioned with
modified equivalent mortar volume method for paving applications. Constr. Build. Mater. 136,
9–17 (2017)

7. Hayles, M., Sanchez, L.F.M., Noël, M.: Eco-efficient low cement recycled concrete aggregate
mixtures for structural applications. Constr. Build. Mater. 169, 724–732 (2018)

8. Commite, A.C.I.: 211, Standard Practice for Selecting Proportions for Normal, Heavy weight
and Mass Concrete (ACI 211.1–91). ACI Manual of Concrete Practice, Detroit (2002)

9. EN,BS. 206-1: 2000.Concrete, Specification, Performance, Production andConformity (2001)
10. Kim,N., Kim, J., Yang, S.:Mechanical strength properties of RCAconcretemade by amodified

EMV method. Sustainability 8(9), 1–15 (2016)
11. Surya, M., Rao, V.V.L.K., Lakshmy, P.: Mechanical, durability, and time-dependent properties

of recycled aggregate concrete with fly ash. ACI Mater. J. 112(5), 653–661 (2015)
12. Latif Al-Mufti, R., Fried, A.N.: The early age non-destructive testing of concrete made with

recycled concrete aggregate. Constr. Build. Mater. 37, 379–386 (2012)
13. Chakradhara Rao, M., Bhattacharyya, S.K., Barai, S.V.: Influence of field recycled coarse

aggregate on properties of concrete. Mater. Struct. 44(1), 205–220 (2011)
14. Rahal, K.: Mechanical properties of concrete with recycled coarse aggregate. Build. Environ.

42(1), 407–415 (2007)
15. Azenha,M.,Magalhães, F., Faria,R.,Cunha,Á.:Measurement of concreteE-modulus evolution

since casting: a novel method based on ambient vibration. Cement Concr. Res. 40(7), 1096–
1105 (2010)



288 J. Kim et al.

16. Kou, S.C., Poon, C.S.: Enhancing the durability properties of concrete prepared with coarse
recycled aggregate. Constr. Build. Mater. 35, 69–76 (2012)

17. Choi, H.B., Yi, C.K., Cho, H.H., Kang, K.I.: Experimental study on the shear strength of
recycled aggregate concrete beams. Mag. Concr. Res. 62(2), 103–114 (2010)

18. Çakir, O.: Experimental analysis of properties of recycled coarse aggregate (RCA) concrete
with mineral additives. Constr. Build. Mater. 68, 17–25 (2014)

19. Yang, S., Lee, H.: Structural performance of reinforced RCA concrete beams made by a
modified EMV method. Sustainability 9(1), 1–13 (2017)

20. Kim, J., Sadowski, L.: The equivalent mortar volume method in the manufacturing of recycled
aggregate concrete. Czasopismo Techniczne 11, 123–140 (2019)

21. Yang, S., Lim, Y.: Mechanical strength and drying shrinkage properties of RCA concretes
produced from old railway concrete sleepers using by a modified EMVmethod. Constr. Build.
Mater. 185, 499–507 (2018)

22. Rajhans, P., Chand, G., Kisku, N., Panda, S.K., Nayak, S.: Proposed mix design meth od
for producing sustainable self compacting heat cured recycled aggregate concrete and its
microstructural investigation. Constr. Build. Mater. 218, 568–581 (2019)

23. Yang, S.: Effect of different types of recycled concrete aggregates on equivalent concrete
strength and drying shrinkage properties. Appl. Sci. 10(11) (2018)

24. Yang, S., Lee, H.: Freeze–Thaw resistance and drying shrinkage of recycled aggregate concrete
proportioned by the modified equivalent mortar volume method. Int. J. Concr. Struct. Mater.
11(4), 617–626 (2017)

25. Knaack, A.M., Kurama, Y.C.: Design of concrete mixtures with recycled concrete aggregates.
ACI Mater. J. 110(5), 483–493 (2013)

26. Abbas, A., Fathifazl, G., Isgor, O.B., Razaqpur, A.G., Fournier, B., Foo, S.: Durability of
recycled aggregate concrete designed with equivalent mortar volume method. Cem. Concr.
Compos. 31(8), 555–563 (2009)

27. Rajhans, P., Gupta, P.K., Ranjan, R.K., Panda, S.K., Nayak, S.: EMV mix design method
for preparing sustainable self compacting recycled aggregate concrete subjected to chloride
environment. Constr. Build. Mater. 199, 705–716 (2019)



Finite Element Modelling
of Concentrated Anchorage Load
in Early Age Concrete

Massoud Sofi , Lino Maia , Elisa Lumantarna , Aocheng Zhong,
and Priyan Mendis

Abstract Analyses of end-block and beam-end specimens have been undertaken
based on the finite element models. The purpose of the analyses is to investigate the
effects of concrete early age properties on the response behaviour of the anchorage
zone. Time dependent strains and stresses in the anchorage zone are evaluated. The
mechanical concentrated load represents the anchorage in post-tensioning of slab
or beam during construction where the load is transferred typically at 1 and 4-days
ages. The analyses incorporate thermal, creep and shrinkage effects. The double
power law (DPL) is adopted to represent the creep effects. The ACI 209 and the
CEB-FIP shrinkage models in FE TNO DIANA were also adopted to account for
shrinkage. The models are validated based on experiments. Results indicate that
early ages concrete effects need to be considered for design of sensitive elements in
particular such as anchorage zones of post-tensioned elements.

Keywords Early age concrete · Post-tensioning · Anchorage · Load transfer

1 Introduction

During the early ages, concrete experiences a significant amount of volume change,
primarily due to the cementitiousmaterials’ hydration reaction (chemical shrinkage),
availablemoisture (autogenous shrinkage) and temperature evolution (thermal defor-
mations). These volume changes generate compressive and tensile stresses when the
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concrete member is restrained. These stresses are intensified with the higher rate of
creep at early ages. Heavy reinforcements and adjoining structural members can act
as internal and external restraints, respectively. Stresses associated with effects of
early age concrete simultaneously occur at the time when the concrete is developing
strength.

Early age dilatations and the associated stresses become significant during
construction when post-tensioning loads are transferred to the element. To account
for the early age stresses, a conservative design approach is normally adopted for the
anchorage zone concrete.

In post-tensioning applications, the tendon forces are transferred to the concrete
using an anchorage device that are often proprietary. They are supplied with special
bearing plates that have a complex geometry and rely on local confinement rein-
forcements to resist higher bearing pressures than normally imposed on concrete.
Post-tensioning load transfer is completed within a space of 7 days after the concrete
pour. Therefore an accurate characterisation of the state of concrete during this time
is essential. Current design standards intrinsic thermal stresses.

This paper reports on the finite element modelling of anchorage zone concrete
behaviour taking into consideration the early age concrete effects. Finite element
models of two different types of specimens are described, where in addition to simu-
lation of early age properties as first part of the analysis, an externalmechanical load is
applied in the second part. The first type of specimen “end-block” model is validated
on published literature. Themore complex type “beam-end”model includes the dead-
end anchor and considered detailing of the geometry of an anchor. The beam-end
specimen model is validated by comparisons with the experimental results.

2 Review of Literature

In 1953, Guyon presented a solution based on the theory of elasticity to the problem
of determining the bursting force in a concentrically loaded rectangular member [1].
Guyon’s approach to the determination of stresses in the anchorage zone has been
widely used to date and can be found in most textbooks covering design of concrete
structures [2, 3].

The transverse stresses in the anchorage zone are well elaborated in Warner et al.
[2]. In considering the transverse stresses set up in an end-block, it is important
to keep in mind that the stress field is essentially three-dimensional. The anchorage
applies a compressive force to the concrete in the longitudinal direction (x-direction).
This fans out in the lead length and, in doing so, it sets up transverse stresses in both
the vertical direction and the lateral direction. These stresses are radial, but for design
purposes they are resolved into 2 dimensions (Fig. 1).

According to Breen et al. [4], the objectives of the anchorage zone design are to
assure the safe introduction of the tendon force into the structure and to control crack
width under service load. Transverse tensile stresses and some concrete cracking in
the anchorage zone, particularly along the tendon path is expected.
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Fig. 1 Local and general
anchorage zones [4]

The problem associatedwith introducing a concentrated load into a pseudo-elastic
structural member (such as concrete) has existed as long as the concept of post-
tensioning has been around over a century ago. Different approaches have been
adopted towards a solution to the problem. Initially, the problemwas treated based on
linear elastic theory and the equilibriummethod of analysis. Although, this approach
forms the basis of analysis recommended by the standard code of practice to date
and is deemed to be safe [4], it ignores the fact that cracking of the structure intro-
duces significant stress redistributions. In practice, one added problem for concrete
properties during the construction is that the concrete is not fully cured and it is at
the same time subjected to early age effects.

3 FE Model Description of Anchorage Specimens

Non-linear finite element code DIANA has been used to simulate the structural
response of anchorage in concrete. Program TNODIANA has been used to simulate
the anchorage zone behaviour. The FE model of a push-in specimen (end-block)
according to the Zielinski and Rowe [5] experiments are presented first. The second
model (beam-end) is a more elaborate version of a dead-end anchor. The FEmodel of
beam-end specimen is validated by experimental results. As for early age properties,
it is assumed that concrete is fully restrained in both cases.

For this study adopted the modified Newton-Raphson iteration. In the modified
Newton-Raphson iteration, the stiffness matrix is calculated at each time-step.

3.1 End-Block Model

The current model presented by the Australian Standards to estimate the bursting
stresses is a modified version of the equation proposed by Zielinski and Rowe [5].
In order to consider the concrete early age effects, it was deemed important to study
a model that is a replica of the end-block specimen experimentally tested [5]. The
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Fig. 2 a End-block; b FE model end-block; c beam-end geometry

FE model consists of an end-block with a circular loading anchorage surface (type
CIII, no embedded anchorages, no Ductubes), as shown in Fig. 2a.

3.2 Beam-End Model

In order to consider the early age properties of concrete and to study the effect of
these on the anchorage zone, a robust beam-end analytical model is presented in
this section. The model can simulate both the early age effects and the mechanical
action due to the application of the anchorage pullout load. The model is conve-
niently presented such that it can simulate: (a) the early age properties, including
the concrete hydration associated thermal and time-dependent effects in view of the
thermal boundary conditions and external conditions (heat flow analysis); and (b)
the mechanical action due to the application of pullout load on the anchor (structural
analysis). The purpose of this model was to simulate the interaction of an actual
dead-end anchor within the concrete. The model can simulate (a) and (b) as these
two are exclusively independent analyses, or alternatively, combine the two effects
and simulate the thermal analysis of concrete while the mechanical load is imposed
simultaneously.

The embedded anchorage “onion” has a 90× 90× 90mm dimensions. One of the
most complicated features of the beam-end model is the onion. The location of the
onion is set next to the ‘exposed’ concrete surface. The connection between the steel
elements (strand and wire) and the surrounding concrete is done via the interface
elements. The truss lines representing the wires are made of very small lines, all
interconnected. This is to provide flexibility of displacement when the specimen is
subjected to the pullout load. The lines representing the wires are joined together
on the left and the right sides. On the right side, the lines are joined again with the
line representing the strand. The wire and the strand is made up of truss elements
connected to the concrete blocks surrounding it, via the interface elements. The
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lines representing the 7 mm wires and the 12.7 mm strands are each given a cross-
sectional dimension representative of their actual diameters. A detailed description
of the experimental work and FEM approach is reported in Ref. [6].

3.3 Temperature Development in Hydrating Concrete:
Theoretical Background

The temperature development in hardening concrete due to hydration may be
described by the Fourier differential equation for heat conduction in a homogeneous
and isotropic body.

div(q) + ρcṪ = Q (1)

q = −K∇T (2)

where q is the heat flux, T is the temperature, Ṫ is the rate of temperature rise, ∇T
is the temperature gradient, ρ is the mass density, c is the specific heat, Q is the rate
of internal heat generation per unit volume, and K is the conduction coefficient.

Convection refers to the heat transfer that occurs between the concrete surface
and a moving fluid (usually air) when a temperature gradient is installed between
both materials. According to Newton’s cooling law, the convective heat transfer can
be expressed as shown in Eq. (3) [7]:

q · n = h(T f − T ) (3)

where q is the convective heat flux per unit area, n is the vector pointing outwards
normal to the boundary, h is the heat transfer coefficient, T is the boundary
temperature, and Tf is the temperature of the surroundings.

3.4 Material Properties

A 32 MPa commercial concrete specially designed for post-tensioning of slabs in
multi-story building is considered for this work. In the experimental work, 16 mm
plywood was used as the formwork for curing the concrete (Fig. 3a) (Table 1).

The adiabatic temperature rise of the mix is presented in Fig. 4.
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Fig. 3 a Beam-end mould, reinforcements and the anchor; b beam-end support reactions and the
location of thermal sensors (Channel 1–3); c beam-end FE model

Table 1 Thermal properties
of concrete and the boundary
conditions

Parameter Value

Concrete thermal conductivity (W/m °C) 2

Concrete volumetric heat specific capacity (J/m3

°C)
4.6 × 106

Convection-radiation coefficient between concrete
and air (W/m2 °C)

7.5

Plywood thermal conductivity W/(m °C) 0.1154

Heat transfer coefficient concrete-air W/(m2 K) 10

Equivalent convection-radiation coefficient between
concrete and formwork (W/m2 °C)

6

Arrhenius constant Ea/R 4000

Fig. 4 Adiabatic temperature of the concrete mix
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4 Model Validation and Results

Figure 5 presents a comparison between the recorded temperature profile and that
simulated from FE model. Only one temperature location in the concrete block is
pretend. Themodelwas shown to be in good agreementwith the experimental results.
Temperature profiles recorded from the experiment and the analyses were found to
be very similar, with a maximum temperature difference of about 2 °C. It is noted
that the values of the input parameters were found to vary quite significantly in the
literature.

The thermal stresses and the cracking tendency of cast in situ concrete at early ages
under restrained condition is a concern. The interim findings of a research program
that is aimed to investigate the in situ thermal stresses at early ages. The intrinsic
thermal stresses including the effects of creep and shrinkage associated with early
age concrete have been investigated. A degree of reaction approach is adopted to
account the evolution of material properties of concrete [8].

4.1 Material Properties Anchorage Zone Strains in Early
Age Concrete

The beam end model presented in (Fig. 3) has been shown to be able to simulate
the anchor-concrete interaction with a reasonable accuracy. This highly complex
model involves the anchorage assembly, which consists of the wires and the strands,
the concrete volumes which surrounds the anchorage, and the interface elements
representing the connection between the steel elements and the surrounding concrete.
Investigation of early age concrete include extensive number of parameters associated
with early age properties on strains and stresses that occur on the concrete surface as
a result of mechanical actions. To bring the computation time to a manageable level,
the simpler end block model is chosen for the parametric studies presented.

Fig. 5 Comparison of
temperatures between the
FEM and experimental
results
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Fig. 6 Comparison of stress
distributions between end
block and beam end models

The end block model has been used by numerous researchers to investigate the
development of bursting stresses under post tension load [1, 5]. The model was
validated against experimental data in order to ascertain that the end-blockmodel can
simulate the response behaviour of themore sophisticated beam-endmodel, the stress
distributions in the transverse direction were compared. As the helical and transverse
reinforcements in the local and general anchorage zone, respectively, are designed
to prevent the occurrence of cracks, finite element analyses were conducted on both
models assuming linear elastic behaviour. Figure 6 presents the stress distributions
along the central line on the face of end block (z direction) and beam (y direction)
models.

The stress values normalised with respect to the imposed stress were plotted
against the distance (x) from the location of the plate normalised with respect to
the width of the specimen (h). The stress values on the end block and beam end
models are shown to be similar (Fig. 6). Given the complexity of the analysis, the
smaller end-block model is considered adequate for the analysis of the anchorage
zone behaviour.

Further, in order to adjust the size effects between the beam-end and the end-
block models, the thermal properties of the FE models can be adjusted such that
the temperature development and degree of hydration obtained from the model are
similar to that from the beam-end model. Comparison of the temperature develop-
ment and degree of hydration values between the end-block and beam-end models
is presented in Fig. 7. The results of Fig. 7 are based on the ambient temperatures
presented in Fig. 5.

The compressive forces imposed on the end-blocks were determined based on
common tendon unit types supplied by VSL, with a breaking load of 184 kN for a
12.7 mm wire strand. The post-tensioning load is applied up to 80% of the breaking
load of the strands in accordance with AS3600 (2009).
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Fig. 7 Comparison of: a temperature development; and, b degree of hydration between end block
and beam end model

4.2 Strain Increment Due to a 2 Stage Post-tensioning Load

The push-in stress imposed on the end-block was determined based on common
tendon unit types supplied by VSL Australia Pty Ltd, with a breaking load of 184
kN for a 12.7 mm wire strand. The post-tensioning load is applied up to 80% of the
breaking load of the strands in accordance with AS3600 (2009). Depending on the
strength gain of concrete, it is also a requirement that the post-tensioning load be
introduced in two stages: 25% of the post-tensioning load imposed 1–2 days after
casting the concrete member; and the remaining 75% applied 4 to 7 days after.

It is postulated that strain levels in the highly stressed zone of concrete increase
significantly during the time when the load is first introduced to the second stage
of loading. Therefore, it is important to investigate whether the strain levels in
the anchorage zone increase between the two stages of the loading process. For
simplicity, it is assumed that the post-tensioning load is applied at 1 and 4-days age.
The stress values corresponding to an anchorage plate areas 11,500mm2 is calculated
to be 10 and 38.5 MPa for 1 and 4-days age concrete. The strain and stress values
were calculated for a duration of 7 days.

To investigate the effects of creep, shrinkage and temperature development in
concrete on its response behavior in the anchorage zone, the variation in ambient
temperature is initially excluded. The concrete end-block is subject to a constant
temperature of 20 °C.Thepreliminary analysiswas undertakenusingACI209models
to describe the effects of creep and shrinkage.

Figure 8presents the strain development in the concretewhen shrinkage is ignored.
Instantaneous increase in tensile strain observed at 1 and 4-days age represents the
instantaneous increase in loads applied when concrete is at 1 and 4-days age. The
total strain value decreases between 1 day and 4-days, but increases from 4-days
onwards Fig. 8a. The total strain consists of thermal and creep strains, as presented
in Fig. 8b. The reduction in the strain values between 1 to 4-days is as a result of
rapid reduction in the thermal strain in the concrete block from 1 to 4 days. The high
rate of reduction in the thermal strain is expected as the in situ temperature of the
concrete block decreases rapidly from 1 to 4-days.
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Fig. 8 Strain results based onACI 209 creepmodel (ignoring shrinkage): a total strain; and, b creep
strain and thermal strain

The analyses show that the rate of reduction in compressive strain due to temper-
ature is higher than the increase in tensile strain due to creep between 1 and 4 days.
Therefore, the concrete experiences a reduction in total tensile strain. On the other
hand, the effects of temperature on the concrete block of 4-days age onwards are not
significant due to a much less pronounced decrease in the temperature after 4 days.
The increase in the tensile strain due to creep is higher than the decrease in the thermal
strain. As a result, an increase in the total tensile strain was observed in the concrete
block at 4 days onwards. It was also observed from the analyses that initial strain
exists at 1 day, prior to the application of the load. The initial strain was contributed
to by the thermal strain developed as the temperature increases to a peak value at
around 1 day.

5 Concluding Remarks

Finite element approach for two different specimens representing anchorage zone
of concrete at early ages is presented. It is shown that the simpler model “end-
block” model yields similar results to that of beam-end specimen which takes into
consideration all detailing of a typical anchorage zone concrete. Therefore, to conduct
parametric studies looking into the effects of early age concrete, it is end-blockmodel
is preferred as it will take less run time.

The end-block model is then used to simulate the two stage post-tensioning load
application at 1 and 4-days age. The tensile strain at the anchorage zone is then
plotted against time (representing duration of the time since the load is applied).
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Analysis of the Interfacial Debonding
Behaviour of NSM CFRP Laminates
with Cement-Based Adhesive Using
Digital Image Correlation Technique

R. Mohammadi Firouz, L. M. P. Matos, Eduardo B. Pereira,
and Joaquim A. O. Barros

Abstract The superb performance of carbon fiber reinforced polymer (CFRP)
composites as near surface mounted (NSM) reinforcement in strengthening solu-
tions for structures is already well recognized. Due to their deficiencies in fire condi-
tions, cement-based adhesives as an alternative to polymeric matrices are recently
suggested as a solution in these systems. However, the interface between the CFRP
laminate and cement-based adhesives should have good stress transferring capacity.
Thus, it is of great importance the research on improving this interface to increase the
bonding capacity of CFRP/cement-based adhesive system. For that purpose, pull-out
tests were conducted to examine the interfacial debonding process of two types of
CFRP laminates: conventional smooth surface laminates and sand surface treated
laminates. Digital image correlation (DIC) technique was used to verify the poten-
tiality of the proposed sand treating approach. Therefore, the interlockingmechanism
of sand treated laminates with the developed cement-based adhesive is assessed
and the results are compared to those with non-treated smooth surface laminates.
Furthermore, the bond-slip behaviour from pull-out tests is compared to obtained
data through the DIC technique. The results verified the effectiveness of sand treat-
ment approach applied to NSM CFRP reinforcements. Moreover, the DIC technique
has revealed capable of providing qualitative and quantitative information in this
regard.

Keywords FRP · NSM · Cement adhesive · Sand treatment · DIC

1 Introduction

During the past decades, strengthening of concrete structures by means of Carbon
Fibre Reinforced Polymers (CFRP) has been vastly investigated and is now a widely
accepted method to rehabilitate deficient or deteriorating structures. These materials
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are very appealing due to their high tensile capacity, lightweight, corrosion resis-
tance and relatively ease of installation. Near Surface Mounted (NSM) technique is
one of the most adopted approaches in the application of FRP-based strengthening
to enhance structural performance. This approach consists in cutting grooves in the
cover of reinforced concrete (RC) element and embedding the CFRP strip or bars
within an adhesive medium pre-introduced into the grooves. Some of the advan-
tages of this methodology include the elimination of surface preparation, increased
protection from environmental effects and vandalism acts, and preventing prema-
ture debonding, compared to externally bonded reinforcement (EBR) technique [1].
In recent years, many researchers have proven the efficiency of such NSM tech-
nique in increasing flexural [2], shear [3], torsional [4], and punching [5] capacity of
reinforced concrete (RC) elements.

In the NSM technique, the bonding capacity of the adhesive material plays an
essential role in the performance of the rehabilitated element, and often consti-
tutes a cut off factor in the expected structural performance [6]. Typically, epoxy-
based materials are used to ensure the stress transferring mechanism between the
CFRP and the concrete substrate. However, fire resistance of such materials is one
major drawback due to their low glass transition temperature (Tg). When subjected
to high temperatures, their bonding capacity is severely affected, which compro-
mises the structural performance of the strengthening intervention. In an attempt of
surpassing this limitation, some researchers suggested the use of cementitious-based
materials as bonding agent between the CFRP and the concrete substrate [7–9].
In this research, a cement-based material is used as an adhesive for NSM CFRP
strengthening technique.

Digital Image Correlation (DIC) is a computer image-based measurement tech-
nique that consists in monitoring the undergoing deformations of materials by
tracking a regular grid of points on the surface of the specimen over subsequent
digital images [10]. The captured images are divided in sets of pixels called “facets”,
which are tracked throughout the process by means of the greyscale values of the
pixels that compose the facet. Thus, the uniqueness of each facet is of utmost impor-
tance since this will aid the algorithm to monitor the facet throughout the process
[11]. Moreover, smaller facet sizes will lead to higher resolution in the obtained
results. However, the computation time significantly increases and can result in the
inability of the algorithm to correlate the facet position since there is a smaller number
of “features”, or in other words, the uniqueness of each facet decreases [12]. Some
materials have enough features on the surface to allow the application of DIC tech-
nique, i.e. concrete or stone. In order to decrease the measurement error and ensure
results over the entire imaged area, a stochastic speckle pattern is applied onto the
surface of the specimen for granting the uniqueness of the facets. This methodology
presents several advantages since it is a non-destructive/non-contact technique and
allows the monitoring of the entire surface of interest, whereas more conventional
approaches are restricted to a discrete number of points. Furthermore, in case of
concrete structures, DIC is capable of detecting crack formation and propagation
at a much earlier stage, eliminating the necessity of pausing the test to photograph
and mark the specimen throughout the experimental study [13]. Several researchers
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have been exploring the potential of DIC technique to measure deflection and crack
widths in concrete beams [14], the fatigue behaviour of strengthened RC beams [13],
analysing the bond-slip behaviour of FRP to concrete elements [15, 16] and monitor
crack patterns [17].

The current research is focused on the bond-slip response of CFRP laminates
attached to the concrete substrate by cementitious-based adhesive. The interaction
between theCFRP laminates and the adhesivewas evaluated using theDIC technique.

2 Experimental Work

The experimental program consists of pull-out tests of NSM CFRP strips, in order
to investigate the bond stress-slip behaviour between the cement-based adhesive and
laminates with smooth and sand treated surfaces.

The experimental study consists of two series of pull-out tests, considering two
types of CFRP laminates, namely, untreated (UT) smooth surface laminates and fine
sand treated (FS) laminates. Fine sand with the particle size in the range of 0.6–
0.85 mmwas used to cover these surfaces with S&P® 55 epoxy resin, as the bonding
agent. Figure 1 shows a typical FS and UT laminate.

2.1 Specimen and Mixture Description

The specimens consist of 3 normal strength concrete blocks (class of C20/25
according to the Eurocode 2) with 200× 200× 100 mm dimensions. On each prism,
two grooves were cut to introduce CFRP laminates. A bonding length of 125 mm
was selected for all samples. In Fig. 2 a schematic representation of the specimens is
presented. In order to perform NSM strengthening, S&P® CFRP laminates supplied
by Clever Reinforcement with a cross section of 1.4 × 10 mm2 and average tensile
strength and modulus of elasticity of 1909 MPa and 171 GPa, respectively, were
used in this work. The laminates were inserted and centred into the grooves that
were pre-filled with cement adhesive.

Fig. 1 Sand treated (top) and smooth (bottom) surface CFRP laminates
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Fig. 2 Schematic representation of the specimen in a perspective and b plan view; c placement of
CFRP laminate inside the groove, and d Strengthened prism (all dimensions are in mm)

In order to capture the evolution of the sliding between laminate and surrounding
adhesive, the top surface of the laminate was cleared from adhesive so that a better
view of the laminate’s bonding zone could be obtained. Hence, only the lateral
and bottom faces of the CFRP laminates were embedded in the adhesive material.
Nonetheless, bonding performance was not significantly affected since the top face
only corresponds to 6.5% of the total bonding area and has no attachments to the
concrete substrate.

A schematic representation as well as photographs of the specimens are presented
in Figs. 3 and 4.

The description of the mixture composition used for cement-based adhesive,
herein designated as CBA, is presented in Table 1.

2.2 Test Setup

A pull-out test configuration is presented in Fig. 3. Linear variable differential trans-
formers (LVDT) were used to record both loaded-end and free-end slip of CFRP
laminates. In addition, a DIC system was applied to monitor the displacement and
strain fields on the surface of the specimens. The DIC and LVDT results were
compared as well as the performance of the two types of CFRP laminates, when
embedded in cement-based adhesives. The pull-out tests were conducted using a
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Fig. 3 Schematic representation of the pull-out test setup schematic of the LVDT placement and
DIC system cameras

Fig. 4 Setup configuration
of the DIC Q-400 system

Table 1 Mixture and properties of cement-based adhesive

Cement
type

Silica
fume

Water/binder Super
plasticizer

Shrinkage
reducing
agent

Fine
sand/Binder

Compressive
strength

Modulus
of
elasticity

CEM I
52.5R
(grey)

15%
of
binder
(vol)

20% (mass) 2% of
binder
(mass)

2% of
binder
(mass)

50% (mass) 78.6 MPa 29.6 GPa
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a) 

b) 

Fig. 5 Speckle pattern applied onto the region of interest; a sand treated NSM CFRP, b un-treated
NSM CFRP

displacement control protocol by imposing a displacement rate of 2 µm/s and the
force was monitored by means of a 50 kN load cell.

The Q-400 3D DIC system from Dantec Dynamics was used in this study. This
system is composed by 2 cameras with 2.5 MP resolution, two light lamps, a support
frame and a tripod. The system was connected to a laptop computer and the image
capturing procedure was controlled in the ISTRA 4D software. The image acquisi-
tion rate was set to 1 Hz continuously throughout the loading procedure. The setup
configuration of the DIC system is depicted in Fig. 4.

In order to apply the DIC technique, a speckle pattern was applied onto the surface
of the specimens and inside the NSMgrooves. The pattern was applied in two phases,
firstly the surface of the specimen was sprayed with a thin layer of white, and subse-
quently the region of interest was sprayed with black ink in a dynamic manner in
order to create a random speckle pattern. The obtained speckle pattern within the
NSM groove is presented in Fig. 5.

3 Results and Discussion

In total, 6 samples were tested. Three of them were strengthened using untreated
laminates, while in other three sand treated CFRP reinforcements were used. The
summary of the obtained results from direct pull-out tests is presented in Table 2. The
contribution of the sand treatment of CFRP’s surfaces to increase the maximum pull-
out force was observed, in agreement with the results obtained in previous researches
[9, 18]. The FS-CA samples reached up to 5.38MPa of average bonding stress during
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Table 2 Pull-out test results

Label Maximum pull-out
force (KN)

Load-end slip at
max force (mm)

Free-end slip at
max force (mm)

Avg. bond strength
(MPa)

P-NT-CA 1.87 0.054 0.003 0.66

1.75* 0.107 0.006 0.61

1.67 0.046 0.009 0.59

P-FS-CA 15.32 0.488 0.043 5.38

13.52* 0.451 0.053 4.74

10.49 0.599 0.037 3.68

P Pull-out test, NT no treatment, FS fine sand treatment, CA cement adhesive, * DIC

pull-out, while this value was 0.66 MPa for NT-CA samples. The average maximum
pull-out force for the samples strengthened with sand treated laminates (FS-CA)
was 12.91 KN, which was about 7 times higher than for the NT-CA samples, with
an average maximum pull-out force of 1.77 KN. The coefficient of variation (COV)
for these results were 18.7% and 5.7%, respectively.

Results showed the effectiveness of the sand treating approach in terms of
improving the bond between CFRP reinforcements and cement-based adhesive. The
adopted technique increased the roughness of theCFRP laminate surfaces, and conse-
quently the interlock resistingmechanisms between this type of laminate and the used
adhesive. In order to study this mechanism, DIC technique was used to observe the
interaction between laminate and adhesive with the evolution of pull-out force during
the test.

Figure 6 shows the strain fields (in the direction of load, X) obtained with the
DIC procedure after processing the images taken from the exposed surface of the
specimens, as illustrated in Fig. 5 (marked with red line). The results reveal the inter-
action between the un-treated or the sand treated CFRP laminates and cement-based

Load direc�on   X

Fig. 6 Strain field in X direction at the top surface of the specimen for a un-treated and b sand
treated CFRP laminates and cement-based adhesive, at different stages of the pull-out test before
the peak load was reached, for increasing ratios of the maximum pull-out force varying between 50
and 100%
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adhesive, at different stages of the loading procedure with respect to the maximum
pull-out force. The negative value is due to the X direction (load direction) and the
positive values are considered as error in DIC evaluation. The hollow spaces, visible
as white colour are zones in which the software could not follow the facets due to the
debilities in stochastic pattern or due to large displacements undermining the face
tracking algorithm. The aforementioned interlocking mechanism between the lami-
nate’s sand treatment layer and adhesive is revealed by the strain contours in Fig. 6,
as the pull-out force increases. The thickness of adhesive which is involved in the
process of pull-out force resistingmechanism seems to be considerably larger, aswell
as the magnitude of the strain increments observed. In contrast, the sample strength-
ened with untreated CFRP laminate showed a significantly milder interaction, up to
the maximum bonding capacity of the strengthened system.

In Fig. 7, the pull-out force versus loaded-end and free-end slip responses obtained
from the tests are shown for (a) untreated, and (b) sand treated NSMCFRP reinforce-
ments. The slip in both cases was also obtained using the DIC technique, up to the
peak load, by tracing the displacement of the laminate in one point at the loaded end,
and in one point at the free end. After the peak load it was not possible to trace the
displacements using DIC. This was due to the brittle behaviour of the cement-based
adhesive, which caused a sudden pull-out force drop and an abrupt displacement
in the laminate and the inability of the DIC algorithm to subsequently follow the
facets. The load vs slip experimental responses obtained when considering both the
LVDT and the DIC displacements are shown in Fig. 7. The curves obtained from
DIC are in relatively good agreement with the ones obtained using the displacements
measured with the LVDTs for the ascending branch of pull-out force/slip relation-
ship. However, in case of the sand treated NSMCFRP laminates, there is a difference
between the experimental data and DIC results for pull-out force/free-end slip curve,
perhaps due to the slight movement of the reaction supports.

4 Conclusion

In the present work a preliminary analysis of the bonding performance of NSM
CFRP with cement-based adhesive by using digital image correlation technique was
performed. Two different types of CFRP reinforcements were used in the strength-
ening process: (1) plain untreated, and (2) sand treated CFRP reinforcements. The
laminates were installed on the surface, and the bonding regionwasmonitored during
the test and later analysed using the DIC technique.

While using a cement-based adhesive, the average pull-out force for untreated
and sand treated NSMCFRP strengthened samples was 1.77 (CoV= 6%) and 12.91
(CoV = 19%), respectively. Hence, the adopted treatment strategy contributed to
significantly increase the average maximum pull-out force about 7 times, compared
to those strengthened with untreated NSM CFRP reinforcements.

It was also possible to document the resisting mechanisms established between
CFRP reinforcement and cement-based adhesive along the bonding length during the
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Fig. 7 Pull-out force versus slip curve for a un-treated NSM CFRP, b sand treated NSM CFRP
reinforcements

pull-out test. While comparing the samples with the two different CFRP reinforce-
ment types, the adhesive region involved in the pull-out force resisting mechanisms
seems thicker and subjected to higher strain gradients at the interface of sand treated
CFRP/adhesive, when compared to the one with untreated laminate. The DIC anal-
ysis showed the effectiveness of the interlocking mechanism at the interface of the
CFRP laminate/adhesive, produced by the sand layer.

Based on the results obtained from the conducted monotonic pull-out tests, the
extracted data from DIC analysis for samples with untreated and sand treated CFRP
laminates were used also to derive the load/slip responses. DIC analysis showed
a good agreement with experimental results for the ascending branch of pull-out
force/slip when LVDTs were used. However, only the experimental response before
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the peak load was reached was captured, due to brittle failure of the samples and
consequent abrupt slip gradient that made it impossible to follow the facets during
the image analysis. Nonetheless, theDIC approach provides the possibility to observe
the crack formation throughout the bond zone and follow its propagation, prior to
the sudden pull-out load drop of the FS treated laminate.
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Inverse Analysis of Three-Point Bending
Tests for 3D Printed Fibre Reinforced
Mortars

Behzad Zahabizadeh , João Pereira, Claúdia Gonçalves,
and Vítor M. C. F. Cunha

Abstract The 3D concrete printing has been developed as one of the digitized
technologies for the construction industry aiming to cope with some drawbacks of
conventional construction methods. One of the main particularities of 3D printed
cement based materials is its anisotropic/orthotropic behaviour, which is related to
the layer wised approach of these addictive manufacturing processes. In this work,
a cement based composition reinforced with polyvinyl alcohol fibre was used to
evaluate the post-cracking behaviour of printed specimens in two different loading
directions related to the layers’ orientation. Three-point bending tests were used to
indirectly obtain the tensile behaviour (i.e. stress–crack width relationship) through
an inverse analysis procedure. The results of inverse analysis showed that tri-linear
relationship was able to accurately model the post-cracking behaviour of PVA-FRC
specimens. No significant differences were observed on the tensile behaviour of 3D
printed and mould cast specimens.

Keywords Inverse analysis · FEM · 3D concrete printing · PVA fibres ·
Stress–crack width law

1 Introduction

The 3D concrete printing (3DCP) is an additivemanufacturing (AM) based technique
specially developed/adapted to be used in construction industry [1–3].Wet-extrusion
[4–8] and powder-based [9, 10] are two of the 3DCP main techniques. Nonetheless,
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wet-extrusion 3DCP processes are the most commonly used in AM techniques for
cement basedmaterials [11], which consists of extruding a freshmixturewith specific
rheological properties. One of the main challenges while using wet-extrusion 3DCP
technology is achieving a balance between the rheological andmechanical properties
of the material [11–13], together with the printer’s technology, in order that the
material may be simultaneously printable and buildable [11].

Regarding the mechanical properties of the cement based 3D printed elements,
assessing its potential anisotropic/orthotropic behaviour is of paramount impor-
tance. This type of behaviour in 3D printed elements arises intrinsically due to the
printing process, i.e. layer wised approach [11, 14]. The bond behaviour between
filaments/layers is one of the factors that can have a significant impact on themechan-
ical properties of printed elements [14, 15]. Moreover, fresh properties of mixture
composition [11], printing parameters such as printing speed, time gap between
printed layers [14], and the geometrical shape/dimension of layers [12] have also a
significant influence on the mechanical properties of 3D printed elements. Distinct
test methods such as compressive, flexural and tensile tests were used in the litera-
ture, e.g. [7, 14, 16, 17], in order to evaluate the mechanical properties of 3D printed
specimens based on different loading directions regarding to the layers’ orientation.

The three-point bending test (3PBT) is commonly used to evaluate the flexural
behaviour of cement basedmaterials.Moreover, 3PBTmay also be used as an indirect
tensile test methodology in order to determine the stress–crack width relationship
(σ–w). In this case, the σ–w relationship can be determined through performing an
inverse analysis (IA) of the experimental 3PBT results by using an optimization
procedure [18, 19]. The determination of the σ–w relationship makes it possible to
assess the fracture energy of a certain cement based material [18]. This method can
be used for both plain and fibre reinforced cement based materials. Even though
the shape of σ–w curves in unreinforced matrices is somehow independent of the
strength class [18, 20], in FRC this shape can be completely different based on the
type, content, distribution and orientation profile of fibres within the matrix [18].
Therefore, the post-cracking tensile behaviour of an unreinforced matrix can be
accurately estimated through a bilinear σ–w relationship [18]. On the other hand, a
tri-linear or multi-linear relationship is more appropriate for FRCs [20–22].

In this study, 3PBTs were performed to indirectly assess the σ–w relationship
of cement based printed specimens reinforced with polyvinyl alcohol fibres (PVA-
FRC). The printed specimens were tested along two different loading directions, i.e.
loaded perpendicular and parallel to the layers’ printing orientation. Additionally,
mould cast specimens were also tested as reference. An IA procedure under the finite
element method framework was carried out in order to determine the parameters that
define the uniaxial tensile σ–w law of the 3D printed material.
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2 Materials and Methods

2.1 3D Concrete Printing Technology

In this study, the printing process was executed using a small 3D concrete printer
with a maximum printable volume near to 0.4× 0.4× 0.4m3. This printer comprises
a main aluminium frame, which supports the printing head, a stainless steel funnel
and an auger inside it. Moreover, stepper motors are used in order to control the
movements of the printing system along X, Y, and Z directions, as well the rotation
of the auger inside the funnel. Figure 1 shows a general view of the developed 3D
concrete printer.

In each printing process, three steps were followed in order to print the final
specimens. First, the fresh mortar mixture was placed into the funnel. Second, the
G-code file was sent to the equipment. Finally, the extrusion process was started to
create the required specimens in a layer-wised approach. The geometrical dimensions
of the specimens/layers and the printing parameters such as speed of printing and
flow rate of material were defined in the G-code file.

The rotation of the auger inside the funnel and self-weight of the fresh material
both cause the movement of material inside the funnel when the printing process is

Fig. 1 General view of 3D
concrete printer
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Table 1 FRC Mortar mixture compositions

Material Sand Cement Fly ash Silica fume water Superplasticizer Retarder Fibre

(kg/m3) 1054 271 468 74 252 8 3 19.5

Table 2 Physical properties of PVA fibre

Length (mm) Diameter
(μm)

Aspect ratio (–) Tensile
strength
(MPa)

Elasticity
modulus
(GPa)

Density
(g/cm3)

8 40 200 1600 41 1.30

in progress. Finally, during the printing process, the fresh material passes through a
customized nozzle to create the final specimen based on the desired geometry, layer
upon the layer.

2.2 Mortar Composition

The mortar mixture, used in this study, was selected after performing rheological
tests on several distinct PVA-FRC mixtures. The workability of the mixtures was
evaluated through the flow table test. Moreover, the printability and buildability of
each mixture were previously assessed using the 3D concrete printer. The selected
PVA-FRCmixture showed aworkability of 121 and 198mmbefore and after strike of
the flow table, respectively. These values of workability were in agreement with the
requirements established to print unreinforced matrices with this 3D printer [23, 24].
The PVA-FRCmixture also complied the requirements regarding the printability and
buildability ofmaterial based on the used 3Dprinting technology. These requirements
and the flow table test methodology for checking the desired rheological behaviour
are described elsewhere [23]. Tables 1 and 2 include the FRCmixture and the physical
properties of PVA fibres, respectively.

2.3 Specimen’s Geometry and Preparation

Mould cast and printed specimens with the dimensions of 40 × 40 × 160 mm were
prepared for 3PBT. The printed specimens were cut from larger printed prismatic
elements (Fig. 2). The larger prismatic elements all printed using a customized rect-
angular nozzle with a width of 50mm and a thickness of 12mm. In order to eliminate
printing of several filaments in each layer, a 50 mmwidth for nozzle was adopted. In
this case, the effect of interfaces between the filaments of a same layer was removed
and just the influence of one interface between printed layers is considered.
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Fig. 2 Printed prismatic elements

A 10mmdepth notchwith thewidth of 2mmwas created on all themould cast and
printed specimens at their middle length on the opposite surface to loading surface.
This notch was created to localize the cracking process during the 3PBT. Regarding
the printed specimens, two loading directions relative to the layers’ printing orienta-
tion were considered, namely loading perpendicular (series LZ) and loading parallel
(series LY) to the layers’ orientation, respectively (see Fig. 3a, b). For each series,
i.e. mould cast (MC) and printed (LZ and LY), four specimens were prepared and
tested. A plastic sheet was wrapped around specimens and all of them kept at the
room temperature up to the required age of testing.

Fig. 3 Schematic view of the cut and preparation of printed specimens from reference 3D printed
prismatic elements for three-point bending test, a loading perpendicular and b loading parallel to
the layers’ orientation. Units: mm
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Fig. 4 Three-point bending test setup for measuring a flexural strength and b CMOD

3 Determination of the Stress–Crack Width Relationship
by Inverse Analysis

3.1 Three-Point Bending Tests

The 3PBT was used to assess the tensile behaviour of specimens under flexure.
In general, regardless of the specimens’ size, the recommendations of [25] were
followed to perform the test. For measuring the deflection and crack mouth opening
displacement (CMOD), two LVDTs with a displacement range of ±2.5 mm were
used in the vertical and horizontal positions, respectively (Fig. 4a, b). The 3PBT was
done under closed-loop control at displacement rate of 0.002 mm/s.

3.2 Finite Element Model

The finite element analysis were performed assuming a plane stress state due to
the specimen’s geometry, support and loading conditions [18]. Due to symmetry
conditions, just one-half of the prismatic specimens was modelled to reduce the
number of elements and hence the computational time. Two types of elements were
used in the modelling process. At the symmetry axis of specimen, 2D line interface
elementswere placed along the specimen’s height tomodel nonlinear behaviour of the
crack initiation and propagation process. On the other hand, eight-node Serendipity
elements with linear elastic behaviour were used to model the specimen’s geometry.
Figure 5 shows themesh configuration and the boundary conditions used in the simu-
lations. One support restraining the vertical displacement was placed near the bottom
left corner of the mesh, while the others restraining the horizontal displacement were
placed at the nodes along the symmetry axis. A Gauss–Lobatto integration scheme
with three integration points (IP) was used for the 2D line interface elements. On the
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Fig. 5 Finite element mesh used in the inverse analysis of the three-point bending tests

Table 3 Material properties
for simulation of three-point
bending test

Property Series

LZ and LY MC

Density ρ = 2.4 × 10–6 N/mm3

Poisson’s ratio νc = 0.20

Elasticity modulus 45,000 N/mm2 48,000 N/mm2

Tensile strength Inverse analysis

Tri-linear softening
parameters

Inverse analysis

other hand, a Gauss–Legendre integration scheme with 2 × 2 IP was used for the
eight-node elements. Table 3 includes the material properties used in the analyses.

A comprehensive search method was used to carry out the inverse analysis (IA),
further details can be found in [20]. The IA was performed for the three series, i.e.
printed ones (series LZ and LY) and mould cast (series MC). For each series, the
average and envelope (minimum and maximum) experimental curves were simu-
lated and the parameters of the σ–w relationship that lead to the optimal fit between
numerical and experimental curves were obtained.

3.3 Determination of the α–W Relationship by Inverse
Analysis

Figure 6a, b, and c depict both the average experimental and numerical load–deflec-
tion curves for the series LZ, LY, and MC, respectively. A very good fitting between
the average experimental and numerical curves can be observed for all of the three
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Fig. 6 Numerical simulation of the three-point bending test for series a LZ, b LY, and c MC

series. The grade of adjustment corroborates also the suitability of the tri-linear σ–
w relationship in modelling the tensile post-cracking behaviour of 3D printed fibre
reinforced composites.

Regarding the pre-peak branch of the curves, the comparison between the simula-
tions of all the series revealed a very good adjustment. Nonetheless, a slightly better
agreement of numerical curve was found for the series LZ (Fig. 6a) than series LY
and MC in the pre-peak stage (Fig. 6b, c).

Table 4 includes the parameters of the σ–w relationship obtained from the IA for
the maximum, average, and minimum experimental curves of each series, and the
correspondent fitting errors (e) obtained in each simulation process. The results of
the σ–w relationships, for the average experimental curves, showed 20% higher f ct
for series LZ than series LY and MC. Regarding the results obtained for the upper
boundary of the experimental envelope curve, herein defined as Max experimental
curve, the f ct of LZ is 3% higher than series LY and MC. On the other hand, for
the lower boundary of the experimental envelope curve, herein designated by Min
experimental curve, the f ct was 15% and 18% lower for series LY and MC than
LZ series, respectively. In the case of the post-cracking parameters, there were not
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Table 4 Parameters of σ–w relationship obtained through IA for series LZ, LY and MC

Series f ct (MPa) σ1 (MPa) σ2 (MPa) w1 (mm) w2 (mm) wu (mm) Gf (N/mm2) e
(%)

LZ Max 3.7 4.59 0.52 0.14 0.55 4.0 2.52 1.2

Avg 3.6 4.39 0.36 0.14 0.46 1.96 0.8

Min 3.4 4.18 0.31 0.14 0.42 1.71 1.3

LY Max 3.6 5.00 0.36 0.09 0.45 4.0 1.99 2.4

Avg 3.0 4.38 0.36 0.10 0.46 1.86 1.1

Min 2.9 4.09 0.26 0.13 0.40 1.51 1.3

MC Max 3.6 4.43 0.50 0.12 0.47 4.0 2.23 1.0

Avg 3.0 4.23 0.39 0.10 0.45 1.86 0.9

Min 2.8 3.84 0.25 0.11 0.39 1.39 1.2

Note The σ-w relationship is defined based on the following points: (f ct , 0), (σ1, w1), (σ2, w2) and (0,
wu)

very significant difference on the parameters that define the first and second post-
peak points. Regarding the fracture energy (Gf) of the average experimental curves,
obtained from IA, the result for series LZ was 5% higher than series LY and MC.
The parameters of the σ–w law obtained from IA of the average experimental curves
for all the series up to the crack opening width of 4 mm and 0.6 mm are depicted
in Fig. 7a and b, respectively. In general, the shape of the σ–w law obtained from
average experimental curves through IA were similar for all the series.

As it can be observed in Fig. 6, the experimental curves stop at a deformation
level in which the residual load is still considerable. In order to accurately determine
the Gf, the value of the ultimate crack width (wu) will be important, however the
deformational level, and consequently the residual load should be sufficiently low
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Fig. 7 The σ–w relationships obtained through IA from average experimental curves for series LZ,
LY and MC up to crack opening width of a 4 mm and b 0.6 mm
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in order to accurately determine wu through IA [20]. Therefore, in this work, the
ultimate crack width for all the series was estimated based on the theoretical average
embedded length of the fibres (4 mm) [20].

Figure 8 shows the envelope of σ–w law’s parameters obtained by IA of the Max
and Min experimental curves, as well as the σ–w obtained from the average curve.
Since the main differences were observed in the initial stage of the response, Fig. 8
represents the σ–w relationships up to a 0.6 mm crack opening width. Generally, the
shape of the laws is also similar for the envelopes. Moreover, even though that all
the series showed deflection-hardening, a sharper increase was observed in the first
post-cracking branch of series LY and MC. On the other hand, for series LZ there is
higher scatter on the softening of the second post-cracking branch. For the series LY
and MC, the higher scatter can be observed during the deflection–hardening branch
up to a nearby crack width of 0.1 mm.

Envelope of σ−ω 
Average of σ−ω 

Envelope of σ−ω 
Average of σ−ω 

Envelope of σ−ω 
Average of σ−ω 

Fig. 8 The σ–w relationships obtained through IA for maximum, average, and minimum
experimental curves of series a LZ, b LY and c MC up to crack opening width of 0.6 mm
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4 Conclusions

In this work the tensile post-cracking behaviour of 3D printed and mould cast speci-
mens was investigated through performing an inverse analysis (IA) of experimental
curves obtained from three-point bending tests. Regarding the printed specimens,
two loading directions were considered, i.e. perpendicular and parallel relative to the
layers’ printing orientation. All the specimens were made of fibre reinforced mortars
(PVA-FRC) with specific rheological properties compatible with the developed 3D
concrete printing technology. The results of the IA analyses corroborated the ability
of tri-linear σ–w relationship to model accurately the flexural response of the PVA-
FRC specimens even in the case of 3D printed elements, regardless of the loading
directions. No significant differences were observed on the stress–crack width rela-
tionships obtained for printed and mould cast specimens, which may indicate that
the extrusion process did not influence the fibre orientation profile when compared to
the cast ones. The σ–w law’s parameters obtained by IA showed that f ct was slightly
higher for series LZ than series LY and MC. Series LY showed a higher scatter on
the first post-cracking branch of the σ–w law, while for LZ the scatter was higher for
the second post-cracking branch.
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Mechanical Properties of Fibre
Reinforced Concrete Incorporating
Recycled Tyre Steel Fibres and Industrial
by-Products as Aggregates

Ana Neves, Eduardo B. Pereira, Vítor Cunha, Tiago Miranda,
Mafalda Rodrigues, and José Costa

Abstract The main objective of this work is to investigate the properties of a Fibre
Reinforced Concrete (FRC) at fresh and hardened states, obtained by a partial substi-
tution of coarse and fine natural aggregates with Electric Arc Furnace Slag (EAFS)
and Fly Ash (FA). Recycled Tyre Steel Fibres (RTSF) were incorporated in the devel-
oped concrete in order to maximize and reuse wastes that were not biodegradable.
The design of the FRC mixture with EAFS was based on a reference concrete by
using the modified Andreasen and Andersen particle-packing model. The composi-
tion was optimized to achieve maximum packing density. Workability, compressive
and tensile splitting strength, modulus of elasticity and post-cracking behaviour were
evaluated for the different concrete mixtures developed and compared to the ones
of the reference mixture. The selected concrete composition, with an EAFS and
FA maximum content of 70% and 10%, respectively, has shown good workability
and suitable elasticity modulus according to the specified requirements. The latter
mixture revealed a lower compressive and tensile splitting strength, comparatively
with the reference mixture (w/o fibres), which was compensated by the improved
ductility and energy absorption capacity under compressive loading.

Keywords Recycled materials · Industrial by-products · Electric arc furnace slag ·
Fly ash · Recycled tyre steel fibres · Particle-packing model

1 Introduction

Construction is one of the largest and most active sectors of the European industry.
However, it is also responsible for a significant parcel of the industrial negative
environmental impact. This is due to the constant exploitation of raw materials and
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the high energy consumption involved [1–3]. Climate change and greenhouse gas
emissions, aswell as the depletionof resources, raise concerns about the sustainability
of societies and call for new development paradigms.

The use of natural aggregates for the concrete production results in an excessive
consumption of natural resources and is increasingly one of the reasons for envi-
ronmental concern worldwide. Thus, alternative methods of production are being
revised, in order to establish as one of the fundamental objectives not only the func-
tional and economic aspects, but also the reduction of the environmental impact in
the production of structural concrete [1, 3]. In order to pursue the sustainability of
structural concrete, it is inevitable to change its traditional composition. As such,
in recent years, the production of concrete based on wastes or recycled materials
either as aggregates, binder or as fibers has been studied. Industrial wastes or by-
products, such as fly ash, vegetable ash, municipal solid waste ash, pulverized fuel
ash, blast furnace or electric furnace slag, silica fume, glass, glycerol, cooking oil,
plastics, textiles, ceramics, quarrying, construction and demolition residues, recycled
tyre fibres, tyre rubber, among others, are currently considered in the development
of alternative compositions for structural concrete incorporating significant percent-
ages of recycled materials [4–9]. Many of these studies have found quite satisfactory
results; nevertheless, these compositions are still not being used by the construction
industry because of the uncertainty and insecurity about their functionality, as well
as the stability and durability of their properties in the long-term.

This work intends to design concrete mixtures that will primarily employ electric
arc furnace slag (EAFS), fly ash (FA) and recycled tyre steel fibres (RTSF) rewarding
recycling environmental benefits. Electric arc furnace slag (EAFS) is a dense by-
product material obtained from the electric arc furnace steelmaking process, where
different types of recycled steel scrap are melted. The latter may also be used as
binder or as aggregates [4, 7]. Even so, detailed studies are still needed to properly
characterize this material as a replacement of certain components in concrete. Fly
ash is a fine mineral powder and is generated from the coal used in thermoelectric
power plants and is, therefore, characterized as an industrial by-product that can be
used in the concrete to correct fine particles granulometry and/or partially replace the
Portland cement [10, 11]. Recycled tyre steel fibres (RTSF) are obtained from tyre
recycling that are no longer suitable for use on vehicles due to wear or irreversible
damage. The tyre wastes can be applied in different markets include tire-derived fuel
(TDF), ground rubber applications/rubberized asphalt and civil engineering applica-
tions [12]. In this case the tyre waste will be applied as a reinforcement in concrete
mixtures to perform a fibre reinforced concrete (FRC) in order to achieve better
mechanical characteristics. Generally, the use of RTSF as a concrete reinforcement
leads to good mechanical performances such as the increase in concrete’s residual
strength, ductility and toughness, having high energy-absorption capacity, which
makes it ideal for high-impact and explosive loading, or for extended durability.
Studies demonstrated that the behaviour of concrete reinforced with these fibres can
be comparable to that of concrete reinforced with industrial steel fibres [13–15].
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2 Experimental Program

2.1 Materials and Mix Composition

For this study, a conventional structural concrete, designated as MR_N, was selected
as a reference mixture to develop novel mixtures comprising industrial by-products
and recycled fibres. The reference structural concrete MR_N was considered to have
a strength class of C25/C30 and a slump class of S4 (≈200 mm). This reference
concrete, MR_N, consisted of Portland cement CEM II/A-L 42.5 R, fly ash (FA),
fine sand (0–2 mm) and medium sand (0–4 mm), natural aggregate with different
grain size fractions (6–14 and 14–20mm), superplasticizer (SP) and plasticizer (PL).
The water/cement (w/c) ratio and the water/powder (w/p) ratio were equal to 0.75
and 0.35 (in weight), respectively.

Table 1 lists the main physical properties of natural materials and Table 2 lists the
quantities of the mixture constituents of MR_N. Figure 1a shows the curves of the
particle size distribution of the natural aggregates.

The used electric arc furnace slag came from the steel industry in Porto (Portugal)
and was divided in two different grain sizes of 0–4 and 0–20 mm. The concrete
compositions developedwith EAFS as an aggregate considered also the use of natural
sand with a grain size of 0–2 mm. Recycled tyre steel fibres (RTSF) came from
pneumatic industry in Sines (Portugal) and were incorporated in the EAFS concrete
without any preliminary treatment or preparation. Usually, this kind of residues
are subjected to treatments in order to confer them better mechanical properties.
Figure 2a shows the aspect of RTSF that were characterized by different diameters,
lengths and shapes of steel fibres, synthetic fibres and tyre rubber, because they were
not previously treated.

Table 1 Specific density of the materials used in the concrete compositions

Component Apparent particle
density, ρa
(Mg/m3)

Particle density
on an oven-dried
basis, ρrd
(Mg/m3)

Particle density
on a
saturated-dried
basis, ρssd
(Mg/m3)

Water absorption,
WA24 (%)

FA 2.35

Sand 0–2 2.62

Sand 0–4 2.61

Natural aggregate
6–14

2.65

Natural aggregate
14–20

2.65

EAFS 0–4 3.58 3.49 3.51 0.7

EAFS 0–20 3.42 3.25 3.29 1.55
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Table 2 Materials quantities
of the reference mixture
MR_N and the designed
EAFS and FRC_EAFS
mixtures [kg/m3 or L/m3]

MR_N EAFS 8D1 0.5FRC_EAFS 8D1

CEM II/AL 42.5R 205 209.22 205.84

FA 115 243.97 249.53

Sand 0–2 350 279.52 288.51

Sand 0–4 530

Natural aggregate
6–14

388

Natural aggregate
14–20

580

EAFS 0–4 979.87 995.39

EAFS 0–20 764.08 776.44

SP 1.6 1.63 1.61

PL 1.6 1.63 1.61

Water 154.1 165.53 181.33

RTSF 39.25

w/p 0.35 0.35 0.38

w/c 0.75 0.79 0.88

% EAFS 70.4 70.4

% FA 9.5 9.9 9.9

Fig. 1 Particle size distribution of the used materials: a natural materials; b EAFS materials

The main physical properties of the industrial by-products, electric arc furnace
slag (EAFS) and fly ash (FA), are listed in Table 1. Figure 1b shows the curves of
EAFS aggregates particle size distribution with a grain size between 0–4 mm (EAFS
0–4) and 0–20 mm (EAFS 0-20).

The fibre reinforced concrete with electric arc furnace slag (FRC_EAFS) compo-
sition was defined using the modified Andreasen and Andersen particle-packing
method [16, 17]. The latter considers a minimum particle size to maximize the
packing of the granular solid materials and a distribution module, q, that is used to
determine the proportion between the fine and coarse particles in the mix, which
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Fig. 2 a Representative samples of recycled tyre steel fibres; b particle size distribution of the
target curve and the resulting grading curve of the EAFS mixture for q = 0.15

according to Husken [18] may vary between the values of 0.1 (fluid concretes) and
0.9 (dense concretes). Studies suggest that a q value of 0.23 should be adopted
for UHPC (Ultra-High Performance Concrete), UHPFRC (Ultra-High Performance
Fibre Reinforced Concrete) and UHPHFRC (Ultra-High Performance Hybrid Fibre
Reinforced Concrete) [5, 19–21]. Hence, in this study, considering the high density
of EAFS aggregates, the value of q was decreased to 0.15. With the aim of opti-
mizing concrete compositions, this research used an optimized algorithm developed
by Husken [18] based on the modified equation of Andreasen and Andersen.

Initially, an EAFS mixture without fibres was developed based on reference
mixture MR_N by applying the optimized particle-packing model, designated as
EAFS 8D1. In a second stage, 0.5% (in vol.) of RTSF were added to this mixture,
which was designated as 0.5FRC_EAFS 8D1. Table 2 includes the composition of
both mixtures, whereas the resulting grading curve of the EAFS mixture are shown
in Fig. 2b.

2.2 Casting, Curing and Testing Procedures

Specimen preparation. The workability of the mixtures was assessed with the
Abrams cone, indirectly evaluating the shear stress and the viscosity of the mixtures
in the fresh state. These tests were carried out according to the European Standard
EN 12350-2 [22]. Subsequently to the fresh properties determination, the respective
specimens were cast and then vibrated in the shaking table, in order to reduce the
air entrapped in the mixture. The entire vibration and casting process was performed
according to EN 12390 [23]. After 24 h of curing, the specimens were demolded
and placed in a climatic room that guarantees constant curing conditions with a
temperature of 20 ± 2 °C and 60% of relative humidity until testing.

The characterization of the compressive behaviour of the developed mixtures was
carried out at 7, 28 and 90 days. The elasticity modulus and compressive strength
were assessed according to the standard EN 12390 [23]. For each mixture twelve
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cylindrical specimens (four specimens per testing age) with a diameter of 150 mm
and a height of 300 mm were cast [23], to evaluate the mechanical properties of the
concrete. On the other hand, the tensile splitting tests were carried out at 28 days and
only three cylindrical specimens with a diameter of 150 mm and a height of 300 mm
for MR_N and 0.5FRC_EAFS 8D1 mixtures were cast. Each cylinder was divided
into 6 parts of 50 mm thickness and just the two cores cut from the middle were
tested. This test was performed aconding to the EN 12390 [23].

Testing set-ups. In terms of the compressive behaviour, the adopted procedure
consisted on determining initially the compressive strength in one specimen, at
each age, in order to obtain an estimation of the compressive strength to define the
loading procedure for the determination of the elasticity modulus. After determining
the modulus of elasticity for each of the three remaining specimens, the uniaxial
compression test was performed until failure to obtain the stress–strain relationship.
The uniaxial compression tests were carried out under closed-loop displacement
control, with a displacement rate of 0.005 mm/s. An actuator with a 1600 kN load
cell was used. The tests were performed using four LVDTs (Linear Variable Differ-
ential Transducers), three internal LVDTs, located between plates in the sample, and
one external LVDT (Fig. 3a). The compressive stress–strain curves were determined
from the mean value of the displacements of the three internal LVDTs. The external
LVDT was just used for validation purposes.

Tensile splitting tests were carried out using a displacement rate of 0.002 mm/s.
An actuator with a 100 kN load cell was used. In these tests, an external LVDT
was positioned on the actuator to control the vertical deformation of the specimen.
Additionally, four LVDTs were installed at opposite surfaces of each core to measure
the crack width along the fracture surface (Fig. 3b). One LVDT was mounted on the
front face and the other three on the rear face of the specimen, which corresponded
to the top and bottom faces of the cast cylinders, respectively.

(a) (b) 

1 external LVDT 

3 internal LVDTs 
     (in-between plates) 

1 external LVDT 

4 internal LVDT 

Fig. 3 Experimental set-up: a uniaxial compression test; b tensile splitting test
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Table 3 Results of the
rheological properties
obtained for the reference
mixtures MR_N and for the
concrete designer mixtures
developed with EAFS and
RTSF

Mixtures Curing age
(days)

Slump (mm) Slump class

MR_N 7, 28 and 90 160 S4

EAFS 8D1 7, 28 and 90 160 S4

0.5FRC_EAFS
8D1

7, 28 and 90 0 S1

3 Results and Discussion

3.1 Fresh Properties

The fresh state behaviour of the mixtures was characterized through slump tests with
the Abrams cone. Table 3 shows the results obtained for the EAFS mixtures, with
and without RTSF, as well for the reference mixture MR_N.

The use of a distribution module, q = 0.15, in the Andreasen and Andersen
model, proved to be adequate, since the mixture EAFS 8D1 has shown a good fresh
behaviour in similitude to the reference mixture MR_N. Moreover, as expected the
addition of fibres to fresh concrete resulted in a loss of workability being this type
of FRC characterized as a dense concrete, since its slump was equal to zero.

3.2 Hardened Properties

Compressive behaviour. Table 4 shows the results of the uniaxial compression tests,
including the average and characteristic compressive strengths, f cm and f ck , respec-
tively, as well the elasticity modulus, Ecm at 7, 28 and 90 days. The characteristic
compressive strengths were obtained according to NP EN 206-1 [24]. The coef-
ficients of variation obtained for the parameters analysed were quite low, varying
between the range of 0.02–0.05 and 0.02–0.07 for the average compressive strengths
and elasticity modulus, respectively.

Table 4 Results of the mechanical properties obtained for the reference mixture MR_N and for
the concrete designed mixtures developed with EAFS and RTSF

Mixtures f cm (MPa) f ck (MPa) Strength
class

Ecm (GPa)

7 days 28 days 90 days 7 days 28 days 90 days

MR_N 18.40 27.37 35.85 24.10 C20/25 24.58 27.01 30.14

EAFS 8D1 15.40 29.22 36.82 25.22 C25/30 29.70 36.04 36.82

0.5FRC_EAFS
8D1

13.60 25.09 31.64 21.09 C20/25 30.07 37.37 36.74
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Table 5 Results of the residual mechanical properties obtained for the reference mixture MR_N
and for the concrete designed mixtures developed with EAFS and RTSF

Mixtures f cm,res (MPa) εcm,res (‰)

7 days 28 days 90 days 7 days 28 days 90 days

MR_N 6.07 9.00 11.67 6.40 5.74 5.25

EAFS 8D1 5.06 9.58 12.18 6.54 6.11 5.06

0.5FRC_EAFS 8D1 4.18 8.26 10.44 14.83 11.74 9.58

Table 5 shows the results for average residual compressive strengths and strains,
f cm,res and εc,res, respectively. The average residual compressive strengths were
defined for 1/3 of the peak strength in the post peak phase and the average residual
strains were obtained for the correspondent residual strengths.

The reference mixture, MR_N, strength class was C25/30 and a S4 slump class.
Although MR_N strength class proved to be below expectations, this could be
explained by the distinct conditions in which the concrete batches were produced at
the Laboratory of Structures at University of Minho (LEST). Nonetheless, it should
be highlighted that the designed compositions were compared using a common set
of mixing and testing conditions.

As shown in Table 4, mixture EAFS 8D1 complied with the reference mixture in
terms of strength capacity, being the strength class C25/30. Analysing the elasticity
modulus at 28 days of EAFS 8D1 (Table 4), it was verified that it was higher than
the average elasticity modulus defined by Eurocode 2 [25], i.e. 31 GPa for a C25/30
strength class. Thus, according to the characteristics so far analysed, the EAFS 8D1
mixture accomplished the requirements predefined for the reference mixture MR_N.

As shown in Table 4, the reinforcedmixture (0.5FRC_EAFS 8D1) reached a lower
compressive strength than the non-reinforced concrete mixtures, i.e. EAFS 8D1 and
MR_N. In fact, when compared to EAFS 8D1 mixture the compressive strength
class dropped from C25/30 to C20/25, as a result of the reduction in its characteristic
compressive strength at 28 days of 4 MPa. The elasticity modulus remained practi-
cally similar for all ages analysed when both mixtures are compared (Table 4). The
decrease on the compressive strength can be justified by the significant amount of tyre
rubber present in the recycled fibres used, which have a significant lower stiffness and
higher Poisson coefficient than the cement paste and aggregates and consequently
contributes to the decrease of the compressive strength. In contrast, Fig. 4 demon-
strates the increased ductility in compression of the mixture 0.5FRC_EAFS 8D1.
In fact, the reinforced EAFS mixture exhibited a mean residual strain value 2 times
greater than the non-reinforced mixtures EAFS 8D1 andMR_N at 7, 28 and 90 days.
At 7 days the increase of the average residual strains of 0.5FRC_EAFS 8D1 mixture
compared to EAFS 8D1 mixture was 127%, at 28 days was 92% and at 90 days was
89%. Comparing the 0.5FRC_EAFS 8D1 mixture to the reference mixture MR_N
the increase of the average residual strains at 7, 28 and 90 days was, correspond-
ingly, of 132, 105 and 82% greater (Table 5). Although the fibre-reinforced mixture



Mechanical Properties of Fibre Reinforced … 335

Fig. 4 Comparison of the average compressive strength curves for each curing age: a compar-
ison of mixtures EAFS 8D1 with 0.5FRC_EAFS 8D1; b comparison of mixtures MR_N with
0.5FRC_EAFS 8D1

showed lower compressive strength, the incorporation of RTSF increased the ductile
behaviour.

Tensile splitting strength and post-cracking behaviour. The tensile splitting
test was performed for the reinforced concrete and for the reference mixture MR_N.
Table 6 shows the tensile splitting tests’ results for each specimen, namely, the
average tensile splitting strength, f ctm, the average displacement formaximum tensile
splitting stress, δfctm,max and the average crack width for maximum tensile splitting
stress, wfctm,max . For each specimen, two cores extracted from the central region of
the cylinder (see Sect. 2.2) were tested. The coefficients of variation obtained for the
analysed parameters were low.

Aspresented inTable 6 it appears that the use ofRTSF translated into a reduction of
the tensile splitting strength of approximately 16%, when compared to the reference
mixture, MR_N. However, when comparing the ductility, the 0.5FRC_EAFS 8D1
mixture proved to be quite advantageous, overcoming the fact of showing lower
tensile splitting strength. As revealed in Fig. 5, the reference mixture MR_N showed
a brittle behaviour, whereas the rupture mode of 0.5FRC_EAFS 8D1 mixture was
characterized by a strain-softening behaviour.

The tensile splitting stress-crack width representative relationships can be seen in
Fig. 6, where completely different performances between these two mixtures were
observed.Referencemixture presented a brittle behaviourwhen rupture occurs,while

Table 6 Results of the tensile splitting tests obtained for the reference mixture MR_N and for the
concrete designer mixture developed with RTSF at 28 days

Mixtures f ctm (MPa) δfctm,max (mm) wfctm,max (µm)

C1 C2 C3 C1 C2 C3 C1 C2 C3

MR_N 1.78 1.8 1.81 1.40 1.44 1.25 10.56 20.62 21.95

0.5FRC_EAFS 8D1 1.66 1.50 1.39 1.02 1.32 1.37 10.31 14.10 14.60
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Fig. 5 Representative tensile splitting stress vs axial displacement curves for MR_N and
FRC_EAFS mixtures at 28 days

Fig. 6 Tensile splitting stress-crack width representative relationships for MR_N and FRC_EAFS
mixtures at 28 days; a general crack width responses obtained; b crack width responses for smaller
crack widths

0.5FRC_EAFSmixture 8D1 showed the ability to retain a significant residual tensile
stress.

4 Conclusions

Changing the constituents of concrete may have environmental benefits, because it
reduces the environmental impact and may have economic benefits; nevertheless, it
can result in lower strengths and less durability compared to traditional concrete.
Thus, it is necessary to balance all these factors in order to achieve an optimal
equilibrium between the direct environmental benefit and the functionality of the
structural concretes.
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In the present research, a structural concretemixturewas developedwith the incor-
poration of electric arc furnace slag (EAFS) aggregates and fly ash (FA) having in
consideration a conventional concrete mixture, MR_N. Additionally, the incorpora-
tion of RTSF in the EAFSmixture was carried out. By using the modified Andreasen
and Andersen particle-packing model it was possible to optimize the quantities of
materials for an EAFS concrete mixture with the highest compactness and strength
capacity, according to the predefined requirements of reference mixture MR_N. The
main conclusions of EAFS structural concrete are:

(1) The EAFS 8D1 concrete mixture can be described as a potentially sustain-
able structural concrete due to the replacement of a large parcel of its natural
constituents with large quantities of industrial by-product aggregates, whose
replacement percentages are around 70% of EAFS aggregates and 10% of FA
fine powder.

(2) C20/25 and C25/30 strength classes were obtained for the 0.5FRC_EAFS 8D1,
EAFS 8D1 and MR_N mixtures, which represented a difference in its charac-
teristic compressive strength at 28 days ranging from 3 to 4MPa. However, this
difference was not very significant because the 0.5FRC_EAFS 8D1 mixture
reached mean residual strain values 2 times greater than the non-reinforced
mixtures EAFS 8D1 and MR_N, resulting in an increase in its ductility that
somewhat compensates the reduction in both tensile and compressive strengths.

(3) The significant relative amount of tyre rubber present in this type of recy-
cled fibres has likely resulted in the decrease of 0.5FRC_EAFS 8D1 mixture
compressive and tensile strengths. However, the reductions observed were not
significant, considering the added value associated to the possibility of applying
the tire waste directly and without further treatment, which would imply the
reduction of the energetic and resources efficiency of the mixture.
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