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Preface

The 3rd International RILEM Workshop on Concrete Durability and Service Life
Planning will be held in Technion, Haifa, Israel, on January 14–16, 2020. It was
preceded by “ConcreteLife’06,” which was co-sponsored by RILEM and Japan
Concrete Institute (JCI) and took place in the Dead Sea, Israel, in March 2006, and
“ConcreteLife’09,” which was organized in Technion, Haifa, in conjunction with
the 63rd Annual RILEM Week (September 2009).

The object of “ConcreteLife’20” is to discuss the future trends in research,
development, and practical engineering applications related to durable concrete
construction. The focus of the workshop will be the design and construction of
concrete structures exposed to different environmental conditions and mechanical
loading. Although reinforced concrete structures can be designed and built to be
durable in harsh conditions, there are numerous occasions where this potential is
not materialized.

The economic implications of the damage when such deterioration occurs are
quite large. For example, the annual cost of repairs of concrete and reinforced
concrete structures deteriorated due to chloride corrosion, only in the Middle East,
Japan, North Europe, and North America, is estimated to be hundreds of billions of
dollars. Therefore, the problem of durable concrete materials and life-cycle eval-
uation of concrete structures for use under severe environmental conditions and
mechanical loading is crucial. The research cooperation in studying the processes of
concrete deterioration in different conditions, and the development of advanced
high-performance materials, with a focus on utilization of industrial by-products,
coal fly ash and granulated slag, is expected to bring scientific and practical benefits
for the society.

The workshop serves as a stage for the presentation of up-to-date research on
concrete durability, which has resurfaced as a key issue in modern concrete
technology.

The themes include concrete curing, cracking in concrete structures, corrosion of
steel in concrete, thermal and hygral effects, concrete in cold climate and under high
temperatures, recycling and other environmental aspects, alkali–silica reaction,

v



chloride and sulfate attack, marine structures, transport phenomena, durability
design, microstructure of concrete, volume changes, and life-cycle assessment.

The workshop is expected to highlight the trend in the research community to
provide a greater focus on issues of technological significance, based on funda-
mental scientific concepts, which are of need to the engineering community to solve
problems related to concrete durability.

RILEM (www.rilem.net), International Union of Laboratories and Experts in
Construction Materials, Systems and Structures, is a scientific sponsor of the
workshop. This guarantees a high quality of presentations, a wide geography, good
visibility in the media, and excellent resonance within the scientific and engineering
community dealing with concrete, in both materials and structures fields.

The 3rd International RILEM Workshop on Concrete Durability and Service
Life Planning is organized in conjunction with the EuroTech PhD Winter School
“Concrete Life Cycle: from Cradle to Grave” (January 12–14, 2020). This Winter
School is organized jointly by the three universities and members of the EuroTech
alliance (http://eurotech-universities.eu/): Technion—Israel Institute of Technology,
Technical University of Denmark (DTU), and Eindhoven University of Technology
(TU/e).

We hope that the exposure of the young doctorate students to the lectures by
leading international experts in the field and the open workshop discussion format
will enrich the participants’ knowledge—both those who are seriously considering
to start academic career following their defense and those planning to become
experts in the industry.

Konstantin Kovler
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Concrete Materials

You can use an eraser on the drafting table or a sledgehammer on the
construction site.– Frank Lloyd Wright



Turning Marginal Aggregates into Useful
Concrete Components

A. Bentur(&) and P. Larianovsky
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Engineering, Technion - Israel Institute of Technology, Haifa, Israel

bentur@technion.ac.il
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1 Introduction

There is increasing pressure to use marginal aggregates for the production of cemen-
titious systems which is motivated by environmental considerations and the depletion
of high-quality resources.

Within this context, special attention is given to replacement of fine natural
aggregate (sand) in view of the depletion and limitations in quarrying natural material.
A major source for replacement is crushed aggregate, known as industrial graded sand,
as well as sand which is obtained from various sites where excavations are taking place.
The full efficient utilization of such sources of sand is often limited by regulations
regarding the presence of large quantities of material smaller than 75 or 63 microns,
which are often considered as deleterious dust, as well as contamination of clays. The
usual practice is to wash away these materials, and they are being piled up as wastes,
leading to an environmental burden on top of the washing process itself which is
wasteful in nature. There is interest in allowing incorporation of higher levels of such
micro-fines in the concrete, with special focus on the standard methylene blue test for
detection of clays, the effects of clays on rheology and on the general properties of
cementitious systems, as well as the use of admixtures to mitigate the negative influ-
ences of clays and micro-fines, e.g. [1–8].

The advancement in concrete technologies, especially high strength and self
compacting concretes, are to a large extent based on efficient use of fillers, having size
smaller than 75 microns, in combination with water reducing admixtures which dis-
perse the fillers and turn them into useful component, both at the fresh and hardened
state, improving workability and strength and reducing permeability. Normal strength
concrete is produced presently with water reducing admixtures and thus there is room
to consider this state of affairs to mobilize micro-fines in aggregates which exceed the
current standard limitations as fillers, by incorporation of adequate admixtures. This
implies a revision in the approach to aggregates, by considering their composition as
well as the admixture technologies to be used in the concrete, to optimize the whole
pipe-line, ranging from the aggregates to the concrete. The feasibility of this holistic
approach was the object of the present study which evaluated crushed fine aggregates
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obtained from local quarries in Israel, in which the micro-fines content was high, as
well as presence of swelling clays, all beyond the standard limits.

2 Overview of Research and Testing Program

The study included two parts, the first one dealing with characterization of micro-fines
obtained from various sources and studying their mineralogy, particle size and the
rheological behavior in mortars prepared with “engineered sand”, which was made up
of high quality siliceous sand in which replacements of up to 30% by the various
micro-fines were implemented.

The second part included study of the rheological properties of concretes made with
these micro-fines and adjustment of their fresh properties to obtain adequate worka-
bility (similar to reference concrete) by adjustment of admixtures: lignosulfonate,
polycarboxylate and clay mitigating admixture (CMA).

The current paper presents part of the results, only those which are relevant to
engineering practices and considerations for modifications in the standards.

3 Microfines Characterization

The micro-fines contained a range of montmorillonite clays, up to about 10% by weight,
which corresponds to methylene blue values (MBV) higher than 7. Based on calibration
curves of methylene blue vs. montmorillonite and kaolinite clays contents, the equiv-
alent montmorillonite content could be calculated from the MBV, and reasonable
agreement between that value and the one obtained by XRD were found. The effect of
the micro-fines content and their MBV on the yield value was determined in rheological
tests (1:3 mortars at a constant w/c ratio of 0.70). The curves can be classified into 3
types, based on the nature of the relation between the yield value and the micro-fines
content of the engineered sand. In type I (Low MBV, less than 3), the curve increases
monotonously, up to the highest micro-fines content studied, 30%. In type II (Medium
MBV, between 4 and 6), the curve increases monotonously, at a rate higher than type I,
and at about 25% micro-fines content it shows a turning point of a sharp increase. In
type III (High MBV, bigger than 7), there is a steeper monotonous increase and the
sharp turning point takes place at a lower micro-fine content of about 15%.

The differences between the three categories can be observed alternatively, in more
“friendly” engineering terms, by determining the increase in the mortars water demand
for 20% micro-fines content engineered sand, as a function of the MBV, Fig. 1.

For type I, the increase in water demand is about 8%, and it remains constant up to
about MBV of 3, in type II it increases gradually to about 13%, and at type III the
increase is very sharp.
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4 Concretes

The three categories identified in Fig. 1 were reflected also in the means which need to
be taken with regards to reducing the water content to the level of the reference
concrete. In the case of Type I and II, water reducing admixtures were sufficient
(lignosulfonate or polycarboxylate), while in type III there was a need to use a com-
bination of polycarboxylate and CMA.

The study of concretes resolved that in the mix design the more relevant inputs
should be the total content of micro-fines in the concrete rather than the micro-fines
content in a specific aggregate, as shown in Fig. 2. This figure presents the type and
content of admixture required to obtain workability (slump or yield value) similar to the
reference concrete, as a function of the content of the micro-fines and their nature (low,
medium and high MBV).

It can be seen that for the low and medium MBV either lignosulfonate or poly-
carboxylate was sufficient. There seems to be a threshold level of micro-fines, in the
range between 100 and 150 kg/m3, where transition from lignosulfonate to polycar-
boxylate is required; contents of lignosulfonate bigger than about 1% by weight of
cement induced retardation, and that is where the transition threshold was placed.
Above the threshold, the content of polycarboxylate required increased with the micro-
fines content, and the range of admixture contents in the figure reflects the differences
between the types I and II micro-fines (low and medium MBV). The type III micro-
fines (high MBV) required combination of polycarboxylate and CMA. The CMA
required was found to be about 1/3 of the content of equivalent montmorillonite, as
calculated from the MBV.

The tests of mature concretes with micro-fines and optimal admixture indicated that
filler effects could be mobilized, as indicated by microstructural observations and
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Fig. 1. The increase in water demand of mortars prepared with engineered sands containing
20% different types of micro-fines, as a function of their MBV
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strength determination. In concretes with micro-fines content bigger than 100 kg/m3

the strength gradually increased above the reference concrete having the same w/c
ration. The strength gain at 28 days is about 30%, while at one day the strength gain
was even higher. The higher strength at early age could be related with the effects of the
carbonate and dolomitic micro-fines on acceleration of hydration reactions.

Shrinkage tests demonstrated that at the optimum admixture contents the shrinkage
was practically independent of the micro-fine content.

5 Conclusions

• In order to mobilize effectively the use of marginal aggregates with high micro-fines
content there is a need for a holistic approach, considering the whole pipeline of the
aggregates and concretes, which should be based on concrete performance rather
than aggregate composition.

• Micro-fines can be categorized into three types, depending on their MBV, low (<3),
medium (4–6) and high (>7), showing differences in increased water demand at
each category.

• The strategy for neutralizing the effect of micro-fines on increased water demand in
concrete can be quantified in terms of combination of their content in concrete and
their MBV.

• The effect of low and medium MBV aggregates on the water requirement can be
neutralized by lignosulfonates when their content in the concrete is below a
threshold value of about 150 kg/m3, and polycarboxylates are required at higher
content; for high MBV aggregate, combination of polycarboxylate and CMA is
required.

Fig. 2. The content and type of admixture required to achieve workability similar to reference
concrete as a function of the content of micro-fines and their nature as determined by the MBV
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• At the optimum admixture content and type, beneficial effect of strength increase is
obtained, due to mobilization of a filler effect of the micro-fines. This strength
increase can be considered in terms of economic effect, to counteract the added cost
of the required admixtures.
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1 Introduction

X-ray diffraction has been used for at least a century in the cement industry to identify
the crystalline phases of Portland cement [1]. More recently, the quantification of
phases by X-ray diffraction (QRXD) together with other microstructural techniques
have been successfully applied to Portland cement [2].

To improve the QXRD analysis, different pretreatments procedures have been
considered, such as grinding to a particle size below 5 µm and chemical selective
dissolution [3]. For example, an aqueous solution of KOH and sucrose is used to
produce a residue rich in alite and belite, whereas salicylic acid and methanol results in
a residue containing aluminate, ferrite, sulfate, and other minor phases. However, those
methods can be time-consuming, and in the cement industry, it is preferred to use fast
but still reliable methods.

In this project, QXRD was used for phase quantification of white Portland cement
(WPC) without any selective chemical dissolution or physical grinding before the
measurements. This paper also describes the challenges presented during the measuring
and refinement to quantify the crystalline phases of the WPC. All samples were ana-
lyzed through the software High Score Plus (HSP) and the external method for
quantification of the amorphous phase.

2 Experimental Details

The samples were measured under the following conditions (Table 1):
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For the XRD pattern deconvolution, the Rietveld refinement method was used with
the HSP software. The refinement was done under the following considerations:

• The background was refined using a flat background, a polynomial function with 4–
5 coefficients, the 1/x term, and the correction for specimen displacement was
applied.

• The zone between 5 and 7° 2h was left out of the analysis.
• The scale factor, unit cell, and profile (w Cagliotti parameter) were refined for each

crystalline phase. The variation for the unit cell was constrained to one percent, and
the w parameter had a limit between 0.0001 to 0.2.

• Preferred orientation correction factors were applied for some phases constraining
the factor between 0.7 and 1 with March-Dollase correction. In the particular case of
gypsum, two different approaches were performed, the spherical harmonics with an
order of 8, and the March-Dollase correction with a factor constrained between 0.4
and 1.

• The external standard used was a-Al2O3 corundum, with a known crystallinity of
99.5%. The same conditions of measurement and refinement were applied. In
addition to this, the refinement included an asymmetry function “split width and
shape”.

Table 1. Conditions of the XRD measurements.

Data collection properties and settings
Model Type PANalytical, X’Pert3 powder

X-ray source X-ray radiation CuKa1.2 (k = 1.5406 Å), line focus
Generator operation 45 kV, 40 mA

Diffractometer
optics

Incident divergence slit 0.5° fixed
Incident anti-scatter slit 1° fixed
Incident beam mask 10 mm
Incident Soller slits 0.04 rad
Receiving anti-scatter slit 1° fixed
Receiving Soller slits 0.04 rad
Scanning mode Continuous
Detector type X’celerator
Detector length 2.122° 2h linear position-sensitive X-ray det.
Spinning speed 4 rpm
Sample Back loaded in powder

Scan parameters Angular range 5–70° 2h
Step size 0.02° 2h
Time per step 30 s
Total measurement 30 min
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3 Results

Figure 1 (left) shows an XRD measurement of WPC under the conditions given in
Table 1. The main crystalline phases found were: Alite M3 (A-M3), Alite M1 (A-M1),
b-Belite (b-B), c-Belite (c-B), tricalcium aluminate cubic (C3A), basanite (BA), gypsum
(G), portlandite and calcite (the last two not indicated in Fig. 1). However, the gypsum
peak in plane 020 (position °2h: 11.68) shows a high degree of preferred orientation
(PO). Therefore, the measurement was performed in a total of four times on the same
WPC: two different samples were measured at two different instruments (with repacking
between measurements). The gypsum peak (020) remained with a similar high intensity.
Figure 1 (right) shows a measurement performed with different conditions, but the
gypsum peak (020) remained the same, and other phases showed less intensity.

Among the different approaches to minimize PO [4, 5], it was chosen to mix the
cement with an amorphous filler material. In this case, silica fume (SF) was used.
Therefore, a mixture of anhydrous WPC with 5% SF was measured (Fig. 2 left and
right). Also, these measurements were done like for the WPC samples above; two
different samples were measured at two different instruments and different instrument
settings. It is seen that the addition of a second powder offset the gypsum peak
(position °2h: 11.68).
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Fig. 1. Crystalline phases found in the WPC. Left: XRD measurement, as described in Table 1.
Right: XRD measurement under an incident anti-scatter slit of 2°, receiving anti-scatter slit of 2°,
and a higher spinning speed of 16 rpm. Both measurements are done on instrument 1.
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Fig. 2. XRD measurements of WPC with 5% SF with two different diffractometers (Left:
Instrument 1 and Right: Instrument 2). Left: XRD measurement conditions, as given in Table 1.
Right: XRD measurement conditions such as incident anti-scatter slit of 2°, receiving anti-scatter
slit of 7.5 mm, and spinning speed of 4 rpm. Instrument 2 was a PANalytical, Empyrean model.
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The Rietveld refinement was applied to all measurements, as described in the
section of experimental details. One of the challenges during refinement was to identify
the PO of phases besides gypsum: calcite (104), alite (606), and portlandite (002).
Another important parameter during the refinement was the background. The phase
content could change as a function of the choice of background [6]. In HSP, a manual
or automatic background can be chosen. All refinements were performed on automatic
with a bending factor of 0 and granularity of 6.

The phase quantification of the cement is shown in Table 2. Results were nor-
malized to 100%, excluding amorphous content (in particular SF). Some significant
differences can be observed. There are three possible reasons for these variations:
instrument type, measurement configuration, or the SF addition. The dry mixture of a
crystalline material with the amorphous filler material gives rise to scattering in the
diffraction pattern, increasing the background (not seen in Fig. 2 due to scaling), plus
contamination [5]. Even if it is not noticeable in Fig. 2, the statistical improvement
(Rwp and GOF) in the WPC-SF and WPC-SF-2 results is partly a consequence of
increasing the background by adding SF (see Table 2).

The Rietveld refinement was performed with and without the PO models (March
Dollase and Spherical Harmonics). The use of PO models resulted in a better refine-
ment considering only Rwp and GOF factors (Table 2). However, the use of these

Table 2. Phases quantification results of samples with and without SF addition. Rwp: weighted
R profile, GOF: goodness of fit. NC: No correction for preferred orientation during refinement,
Total CaSO4: refers to the sum of the percentage contents of gypsum and basanite.

Phases Instrument 1 Instrument 2
XRD
Rietveld
WPCNC

(wt%)

XRD
Rietveld WPC
(wt%)

XRD
Rietveld
WPC-SF
(wt%)

XRD
Rietveld
WPC-2NC

(wt%)

XRD
Rietveld
WPC-2
(wt%)

XRD
Rietveld
WPC-SF-2
(wt%)

Alite M3 39,0 43,6 43,5 41,3 42,1 43,0
Alite M1 26,7 21,9 24,1 25,3 24,1 25,0
B-belite 22,3 22,3 22,2 22,2 23,2 23,4
c-belite 1,9 2,5 2,1 1,9 1,8 1,8
C3A 2,8 3,2 1,7 2,7 3,0 1,8
Portlandite 1,0 1,1 0,4 1,7 1,4 1,0
Calcite 0,8 0,5 0,6 0,6 0,8 1,1
Gypsum 3,6 2,3 1,3 3,1 2,4 0,0
Basanite 1,9 2,6 4,0 1,3 1,2 2,9
Total alite 65,7 65,5 67,6 66,6 66,2 68,0
Total belite 24,2 24,8 24,3 24,1 25 25,2
Total CaSO4 5,5 4,9 5,3 4,4 3,6 2,9
Rwp 11,2 6,8 6,5 7,8 6,5 6,1
GOF 4,6 2,9 2,7 5,5 4,6 4,3
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models might reduce the accuracy of the quantification of other phases without any PO.
The two alite polymorphs M3 and M1 are difficult to quantify individually by XRD due
to their close similarities in XRD spectra. However, their quantified sum seems to be
fairly constant independently of the analysis, method, and instrumentation. Since the
reactivity and other properties of the alite polymorphs are almost identical, the
uncertainty of their individual quantification has no practical relevance.

The followed methodology in this project can lead to 2% or less variation in phases
content. It is shown in Table 2 how the SF addition increases the variation of quan-
tification of minor phases for the same WPC refined with the same software and
method. On the other hand, using a different instrument and configuration leads to a
variation of no more than 1.5%.

The preferred orientation of phases should be analyzed carefully. For this particular
applied method, the total CaSO4 content did not vary more than 1% between the
refinements with and without SF. However, it was mentioned that for a specific phase
determination, other methods might be applied to have more precise results.

4 Conclusions

The following conclusions can be drawn for the specific WPC evaluated in this study:

1. The high intensity of gypsum in the plane 020 due to preferred orientation was
confirmed by using a dry mix of 5% silica fume and 95% white Portland cement.

2. The SF addition method can significantly reduce the intensity and PO of some
phases.

3. Statistically, the use of PO models improves refinement.
4. The refinement method used in this project gives an approximately 2% variation

(max.) in the quantification of samples measured in different instruments and
measurement configurations.
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1 Introduction

Oil shale is one of the largest energy resources today. Oil shales are horizontally
layered rocks that have rich organic content called kerogen and mineral part is usually
composed of clay, quartz, and carbonates such as calcite and dolomite [1]. Oil shale can
be used either to extract liquid hydrocarbons or to burn directly to produce electric
energy. Due to their different origins, oil shales have different calorific values because
of the variation in the content and composition of kerogen. The composition of the
mineral matrix in oil shales also varies. Oil shales can be classified into three categories
based on mineral composition: carbonate-rich shale, siliceous shale and cannel shale
[2]. Silica-rich oil shale ashes are likely to develop pozzolanic properties whereas
carbonate-rich materials can also develop hydraulic properties. Oil shale has been used
for cement production in Estonia, Germany, Russia, China, and the USA.

The inorganic part of oil shale can be an attractive source of raw materials for the
cement industry. Oil shale can replace the typical raw materials in clinker, such as clay,
without significantly changing the mineral composition of clinker, which is especially
valuable for the Israeli cement industry. Israel has proven reserves of oil shale that are
currently not developed in sufficient volume [3]. Earlier, the experimental power plant,
which produced electric energy by burning oil shale, operated by the PAMA Company
that began operation in 1989 and has since been closed, because the grade of the Rotem
oil shale was not uniform (the calorific value ranged from 2.7 to 5 MJ/kg). In addition,
Israeli oil shale has a high ash content, which also negatively affects its use as a fuel in
power plants. Also, the calcium oxide contained in the ashes is active and reacts with
carbon dioxide to form calcite. Calcite, in turn, reacts with sulfur dioxide and forms
anhydrite, which deposits hard plaque on the surface of equipment reducing the effi-
ciency of thermal power plants [4]. In combination with low organic content, the use of
oil shale for the production of electricity becomes ineffective from an economic and
practical point of view.

Previous research demonstrated that oil shales ashes from Israeli power plant Pama
contain clinker minerals, anhydrite, calcite, free lime, quartz, and potentially could be
used as a binder [5]. Based on this preliminary conclusion, oil shale can be used as a
substitute material for clinker production for Portland cement is feasible. Portland
cement is made primarily from finely ground clinker, which itself is composed of
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calcium silicate and aluminate minerals formed when limestone and clay are burnt at
high temperatures. Limestone serves as a source of calcium, and clay serves as a source
of silica, alumina, and iron. These minerals are generally mined in open quarries. Israel
has sufficient resources of limestone, but the clay is already in short supply. Oil shale
can be used as fuel and raw material in clinker kilns, as cement clinker manufacture
requires energy and minerals. The usage of oil shale can significantly reduce fuel
consumption in a rotary kiln, which can be beneficial for the environmental situation
due to the reduction of CO2 emissions to the atmosphere.

The primary aim of this study is to research the potential of Israeli oil shale
utilization as a raw clinker material for production clinker for Portland Cement. In this
research, the oil shales from Northern Negev, Israel were used. The oil shales of 2 types
were studied: upper layer (poor in organic part), the lower layer (rich in organic part)
according to the occurrence in oil shale deposition. Many technological aspects, as well
as properties of the produced cement, depending on the properties of local oil shale. For
this reason, the objective of the current research is the study the physical properties,
chemical and mineral composition of raw Israeli oil shale as a potential material for
cement production. Another part of the study is the calculation of the clinker raw meal
composition for upper and lower oil shale layers, determination of the energy released
during the burning process and the mineral composition of the produced clinker.

2 Results

The oil shales from Ghareb Formation mined from quarry Mishor Rotem, Northern
Negev, Israel were investigated. Mineral and chemical composition of oil shale were
determined using x-ray diffraction (XRD) and inductively-coupled plasma (ICP) spec-
troscopy, respectively. The results are presented in Table 1. It can be concluded from

Table 1. Mineral and chemical composition of upper and lower raw oil shale layers, % wt.

Upper 
layer

Lower 
layer

Upper 
layer

Lower 
layer

Calcite 62.2 59.8 CaO 35.6 37.5
Quartz low 2 2.2 SiO2 10.5 9

Apatite 0.6 1.8 Al2O3 4.4 3.3
Anhydrite 0.4 0.4 Fe2O3 2 1.9
Gypsum 8.4 15.7 MgO 0.5 0.6

Potassium Phosphate 0.6 1.5 TiO2 0.19 0.14
Pyrite 0.9 2.2 K2O 0.32 0.38

Amorphous 24.8 16.3 Na2O 0.19 0.15
P2O5 1.02 2.61

Mn2O3 0.01 0
SO3 3.7 4.6
LOI 38.3 40.4
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Table 1 that Israeli oil shale belongs to the carbonate-rich oil shales. Silica content in
oil shale was low. Therefore its ashes will not be pozzolanically active. However,
chemical composition shows, in addition to calcium oxide, the presence of three other
main oxides required for clinker: silica, alumina and iron oxide.

The presence of phosphorus can have a significant impact on the clinker quality and
production process. Therefore, the use of oil shale as a raw material for clinker can be
limited by the concentration of phosphates in it. Calorific values as determined by DSC
were 1.97 MJ/kg and 3.616 MJ/kg for upper and lower oil shale layers, respectively.

The target chemical composition of the clinker and chemical composition of each
layer of oil shale after burning are presented in Table 2. Based on target mineral
composition and clinker moduli (LSF– lime saturation factor, SR–silica ratio, AR–
alumina ratio), the maximum oil shale content in the raw meal was calculated as 35 and
39% for upper and lower layer, respectively.

The results of the thermal analysis of raw meals are presented in Fig. 1. It can be seen
that dehydration takes place in the range between 30 and 150 °C. In a temperature range
from 200 to 600 °C, the major mass loss is due to the decomposition of organic com-
ponents of oil shale. In a temperature range from 650 to 900 °C, there is the highest mass
loss, which is mainly due to the decomposition of calcium carbonate. Above 1100 °C
the formation of clinker minerals takes place. With regards to the energy contribution of
oil shales to clinker production, it can supply energy from the burning of the organic

Table 2. Target clinker composition and moduli for lower and upper layers

Upper 
layer 

Lower 
Layer 

OPC 
Clinker 

Upper 
layer 

Lower 
layer 

OPC 
Clinker

CaO, % 57.7 62.9 [63 - 67] Content 35% 39%
SiO2, % 17.0 15.1 [21 - 24] LSF 0.93 0.95 [0.92-0.98]

Al2O3, % 7.1 5.5 [4 - 8] SR 2.34 2.37 [2-3]
Fe2O3, % 3.2 3.2 [2 - 4] AR 1.53 1.86 [1-4]

Energy, MJ/kg 1.97 3.62 [1.68-3.74] C3S 56.5 59.8 [50-70]
C2S 18.5 15.2 [15-30]
C3A 8.5 10.1 [5-10]

C4AF 10.9 9.5 [5-15]

Fig. 1. TGA and DTG (left) and DSC (right) of raw meals in a dry air atmosphere.
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fraction at the stages of preheating and calcination. Oil shale can provide 0.7 MJ/kg and
1.4 MJ/kg of clinker for upper and lower layers, respectively.

The clinker raw materials and burned oil shale were weighted and mixed with water
to form nodules that were dried in an oven. Clinker nodules were burned at 1450 °C
and cooled at the rate of 20 °C/min. to produce clinker. XRD diffractogram of the
clinker with oil shale from the upper layer and lower layers are presented in Figs. 2 and 3.
These diffractograms show that the clinker rich in alite was obtained from the upper
layer and clinker rich in belite was obtained from the lower one. This can be explained
by the high concentration of phosphorus oxide in the lower layer of oil shale. For
solving this problem magnesium oxide was added as a dopping for stabilizing alite. As
shown in Fig. 4, alite clinker was obtained with the addition of 1% magnesia.

Fig. 2. XRD and phase composition of
clinker with oil shale 35% (Upper layer)

Fig. 3. XRD and phase composition of clin-
ker with oil shale 39% (Lower layer).

Fig. 4. XRD of clinker oil shale from the lower layer with the addition of 1% MgO.
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3 Conclusions

In this study, Israeli oil shale was investigated as a potential raw material for cement
production. It was demonstrated that oil shale can replace about 30–40% of raw
materials for clinker production. The oil shales can be used unburned partially
replacing fuel consumed for clinker preheating and calcination. The lower layer proved
the higher potential for clinker production because of lower phosphate content.
However, it was demonstrated the problem with phosphates in the upper layer oil shale
can be overcome by the use of magnesium dopping.
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1 Introduction

In many countries, major portions of construction and demolition waste (C&DW)
consists of concrete waste [1]. The uses of recycled aggregate from concrete waste
include both base/sub-base infrastructure and structural applications. Each application
requires a different quality and therefore, a different treatment. When concrete waste is
crushed, a certain amount of paste/mortar from the original cement mortar remains
attached to the aggregate particles, which forms a weak, porous and cracky layer [2].
The use of recycled aggregate in new concrete requires a beneficiation process, which
separates the natural aggregate from the attached cement paste/mortar. The clean
natural aggregate is used as recycled aggregate, while the attached cement paste/mortar
is of no use. As a result, the majority of concrete recycling studies focus on the recycled
aggregate only, clean from the attached cement paste/mortar. This work focuses on the
old cement paste/mortar itself.

In this work, recycled cement paste fines are produced by different grinding pro-
cesses. The processes include different grinding techniques; different grinding times
and the use of grinding aids (GA) at different concentrations. Grinding aids have been
extensively used in the comminution process of cementitious materials due to the
reduction in energy consumption, carbon dioxide emissions and costs [3, 4].

2 Materials

Cement: The cement used in this study is Portland cement CEM I 52.5 N produced by
Nesher Israel Cement Enterprises Ltd. The chemical and physical properties of the
cement are presented in Table 1 (data obtained from Nesher).
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Chemical Admixture: The chemical admixture used in this study is HTC 698 (Glenium
SKY 698), a high range water reducing superplasticizer admixture based on polycar-
boxylic ether (PCE), with specific gravity of 1.079 and active/solid content of 30% (by
mass).

Grinding Aids (GA): The type of grinding aids used in this study is triethanolamine
(TEA), a liquid additive of molecular formula of N(CH2CH2OH)3, based on amino
alcohols, with specific gravity of 1.12 and molecular weight of 149.19 g/mol.

3 Methods

Parent Cement Paste Production
The parent material is produced using cement, water and superplasticizer admixture
(SP), with a water/cement ratio of 0.30. Preliminary tests are performed and the
workability of the cement paste is adjusted by the addition of SP, achieving a 0.4% of
the active/solid content (by mass) in relation to the mass of cement. Cement paste
specimens are produced in 50 mm cubes molds. Curing is started one day after casting,
when the specimens are removed from the molds and placed in water at (20 ± 1) °C
for 7 days. After curing, the specimens are dried in oven at 105 °C until reaching
constant mass and after, they are transferred to a low humidity room.

Cement Paste Fines Production
At 28 days from casting, the specimens are tested for compressive strength according to
ASTM C109/C109M-2016a [5], followed by crushing in a jaw crusher and several
grinding processes, including different grinding techniques (planetary ball mill and
vibratory ball mill); different grinding times (15, 30 and 60 min) and the use of
grinding aids (GA) at different concentrations (0.05, 0.1, 0.2%).

A planetary ball mill (Planetary Mono Mill Pulverisette 6 classic line) was used,
with a zirconia grinding bowl of 80 ml and zirconia grinding balls of 10-mm diameter.

Table 1. Chemical and physical analysis of cement CEM I 52.5 N

Parameter Value Parameter Value

CaO (%)*1 62.16 P2O5 (%)*1 0.4
SiO2 (%)*1 19.02 Mn2O3 (%)*1 0.05
Al2O3 (%)*1 5.42 SO3 (%)*2 2.48
Fe2O3 (%)*1 3.82 IR (%)*2 0.76
MgO (%)*1 1.31 FL (%)*4 2.8
TiO2 (%)*1 0.53 LOI950 (%)*3 2.52
K2O (%)*1 0.37 Specific surface area (cm2/g)*2 4679
Na2O (%)*1 0.22 Specific density (g/cm3)*2 3.125

*1According to inductively coupled plasma (ICP);
*2According to EN 196: Methods of testing cement
*3According to thermogravimetric analysis (TGA);
*4According to ethylene glycol titration method
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TEA at different concentrations (0.05, 0.1, 0.2%) and grinding times (15, 30 and
60 min.) were used. A vibratory ball mill was used, with a material/cylpebs ratio of
1/20 (stainless steel cylpebs used).

The measurements of Particle Size Distribution (PSD) were performed using Mal-
vern Mastersizer 3000 with isopropyl alcohol as dispersion liquid.

4 Results

Compressive strength at 28 days results in an average of 53.6 MPa with a standard
deviation of 6.2 (25 cubes were prepared and tested). It should be noticed that the
compressive strength refers to a 7-days strength due to the sample preparation process,
where samples were are dried in oven at 105 °C and transferred to a low humidity room
at the age of 7 days, stopping the further development of hydration. PSD results are
presented in Fig. 1 and the parameters extracted from the test are summarized in
Table 2.

In order to perform a better analysis and understanding, the curves from Fig. 1 are
separated as follows in Figs. 2 and 3.

Fig. 1. PSD of cement paste fines. Left: volume curves, Right: cumulative volume curves.

Fig. 2. Volume curves of cement paste fines. Left: different grinding times for 0.05% TEA;
Middle: different grinding times for 0.1% TEA; Right: different grinding times for 0.2% TEA.
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5 Conclusions

From the results, there is a clear tendency in the planetary mill samples, in which at the
same concentration of GA, the shorter grinding (15 min) generates coarser particles
and the longest grinding (60 min) generates finer particles, for all GA concentrations
(Fig. 2). These results are confirmed by the parameters shown in Table 2. At the same
grinding time, the tendency is not so clear. For 15 min grinding, samples with 0.1%
and 0.2% TEA presented very similar results, while the 0.05% TEA presented coarser
particles (Fig. 3, left). For 60 min grinding, the same tendency is found in particles
larger than approximately 5 µm. However, below this size, samples with 0.1% and
0.2% TEA presented very similar results, while the 0.05% TEA presented finer par-
ticles (Fig. 3, right). For 30 min grinding, all the TEA concentrations presented similar
results (Fig. 3, middle).

Table 2. Parameters from PSD

Grinding
technique

Grinding time
and GA

D10
(lm)

D50
(lm)

D90
(lm)

Specific surface area
(m2/kg)

Planetary 15 min, 0.05% 1.71 8.90 29.70 1382
30 min, 0.05% 1.29 5.60 19.50 1860
60 min, 0.05% 0.95 4.54 18.90 2344
15 min, 0.1% 1.51 7.31 28.00 1574
30 min, 0.1% 1.34 6.06 19.40 1788
60 min, 0.1% 1.19 5.01 15.70 2010
15 min, 0.2% 1.48 7.33 27.20 1595
30 min, 0.2% 1.37 6.12 20.20 1758
60 min, 0.2% 1.13 4.72 14.20 2116

Vibratory 30 min, 0.05% 1.39 9.01 42.00 1557
30 min, 0.1% 1.41 8.27 33.60 1583
30 min, 0.2% 1.44 7.82 30.00 1586

Fig. 3. Volume curves of cement paste fines. Left: different TEA concentrations for 15 min
grinding; Middle: different TEA concentrations for 30 min grinding; Right: different TEA
concentrations for 60 min grinding.
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In the vibratory mill, the tendency is clear. A higher concentration of TEA gen-
erates finer particles and a lower concentration of TEA generates coarser particles
(Fig. 3, middle). These results are confirmed by the parameters shown in Table 2.

It is interesting to notice that the same grinding time and the same TEA concen-
tration using both methods (vibratory and planetary mills) presented different results,
which proves that not only time and grinding aids affect the grinding efficiency but also
the grinding technique and equipment. When comparing both techniques at the same
TEA concentration, we can see that for all TEA concentrations, the vibratory mill
(30 min) generates results similar to the planetary mill (between 15 and 30 min) for the
finest portion of the sample (below 2-4 µm), and similar to the 15 min grinding (even
coarser) for the portion above this size (Fig. 2).

Regarding solely PSD, the planetary milling seems to be a more suited technique
for grinding cement paste into recycled cement paste fines.
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1 Introduction

In order to study the composition and microstructure of any hardening cementitious
material, the ongoing hydration must be stopped [1]. At early hydration stages, the
hydration stoppage is needed to suppress the further progress of hydration [2], allowing
the analysis of several properties and characterization of the same sample at the same
hydration age and therefore, at the same degree of hydration [3, 4]. After stopping
hydration, the samples can receive additional treatments (crushing, cutting, drying,
putting under vacuum) with no further progress of hydration [3]. At longer hydration
times (longer than 1 month), since the progress of hydration is very slow, the hydration
stoppage is performed to fulfill a requirement of several materials characterization
techniques, such as thermogravimetric analysis, infrared and Raman spectroscopy,
mercury intrusion porosimetry, scanning electron microscopy [1, 2], nitrogen
sorption/desorption and transmission electron microscopy [3]. Even for techniques that
do not specifically require hydration stoppage, such as X-ray diffraction and nuclear
magnetic resonance, the process is usually done since it enables sample storage, helps
to minimize carbonation due to the low relative humidity after stoppage and allows the
characterization at the same degree of hydration [2].

The main goal of the hydration stoppage is the removal of water inside the pores
without altering the hydration products and preserving the microstructure [2]. Com-
monly used hydration stoppage methods include direct drying techniques: oven drying,
vacuum drying and freeze-drying [2, 4] and solvent exchange methods: free water is
replaced by an organic solvent miscible with water (first step) and the solvent is
removed by evaporation (second step). Commonly used solvents are isopropanol,
ethanol, methanol and acetone [4]. In case of a solvent exchange method, the main
critical factor influencing on the hydration stopping efficiency is solvent soaking time,
which is expressed through (Eq. 1):

tE ¼ a2

D
ð1Þ

where tE is equilibrium time, a is the characteristic dimension and D is the diffusivity.
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The process is modeled as diffusion from a sphere into a surrounding bath. If the
volume of a bath is much greater than that of the sample, then the composition of the
bath can be assumed to be constant (e.g., pure isopropyl alcohol) [3]. Using the
diffusion equation for a sphere and a typical value of diffusivity for alcohol in cement
paste (D = 10−11 m2/s), the time to replace the water with 99.9% isopropyl alcohol in a
granule of cement paste with a radius of 1 mm would be roughly 18 h [3]. In [5], using
the same diffusion coefficient and the same thickness the time for ion diffusion starting
to have effects on ion concentration throughout the specimen is calculated as less than
1 h. The value of 15 min suggested in [4] for the same particle size.

Since there is no consensus regarding the required time for the complete stopping
of hydration further research is needed. The current paper aims to investigate the
influence of the soaking time in a solvent on the mineral composition and pore structure
of the hydrated cement paste.

2 Materials and Methods

2.1 Materials

CEM I 52.5N supplied by Nesher Cement, Israel is used for this study. Its mineral and
chemical composition are presented in Table 1.

2.2 Preparation of Samples

Cement was mixed with water in a pan mixer and then cast in molds 2.5 � 2.5 � 2.5 cm.
The water to cement ratio was 0.40. After 24 h hydration in sealed molds, samples were
immersed in water for the additional 6 days. Then the cubes were crushed manually by a

Table 1. Mineral and chemical composition of cement.

Mineral composition wt.-% Chemical composition wt.-%
Alite 61.02 CaO 62.16
Belite 12.95 SiO2 19.02

C3A cubic 5.86 Al2O3 5.42
C4AF 12.42 Fe2O3 3.82

Bassanite 1.87 MgO 1.31
Anhydrite 0.28 TiO2 0.53
Portlandite 1.83 K2O 0.37

Calcite 2.25 Na2O 0.22
Arcanite 0.97 P2O5 0.4

Aphthitalite 0.55 Mn2O3 0.05
SO3 2.48
IR 0.76
FL 2.8

LOI total 2.93
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mortar and pestle and sieved. Particles that passed a sieve 4.75 mm and retained on a
sieve 2.36 mm were immersed with isopropyl alcohol (IPA) for ¼, ½, 1 and 24 h.
Immediately after removing the samples from the solvent they were placed in a vacuum
oven at 40 °C for 3 h.

2.3 X-Ray Diffraction (XRD)

The X-ray diffraction analysis was performed using a Malvern PANAlyti-
cal EMPYREAN X-ray diffractometer with the following configuration: an X-ray
source was CuKa1,2 (k = 1.5408 Å) with X-Ray generator operated at a voltage of
45 kV and a current of 40 mA; a Goniometer radius was 240 mm; the incident beam
optics included 10 mm mask, 0.04 rad Soller slit along with ¼° divergence and 1° anti-
scatter fixed slits; the diffracted beam optics consisted of 8 mm anti-scatter fixed slit
and 0.04 rad Soller slit. The detector was PIXcel 3D detector used in 1D continuous
scan mode. The scan was performed using Brag-Brentano geometry, between 10 and
70 °2h for unhydrated cement and between 5 and 70 °2h for hydrated cement paste.
After stopping hydration, configuration was changed because of different scanning
angles. Also time step, step size and total time were different between cement and
cement paste. Timestep of 80.32 s along with a step size of 0.013 °2h were used
resulting in a total measurement time of 25.22 min. For cement paste, one program for
all samples was applied because the same intensity and range of scanning angles were
used. The quantitative analysis was performed by means of Rietveld refinement using
HighScore Plus software. The analysis of the amorphous phase was performed using
the external standard method. Fully crystalline alumina (a-Al2O3) was used as a
standard.

2.4 Mercury Intrusion Porosimetry (MIP)

Total pore volume and pore size distribution of hardened pastes were determined using
Mercury Intrusion Porosimeter Quantachrome PoreMaster-60 with a pressure up to
60000 psi (400 MPa). The following parameters were taken in calculations: Hg surface
tension – 0.485 N/m, Hg contact angle - (I) 140°. Mercury volume was normalized by
the sample volume. MIP dilatometer was full of the sample as much as possible for a
constant sample mass, increasing the number of pieces of the sample increases its
surface-to-volume ratio, which reduces boundary effects.

3 Results

Results of X-ray diffraction and MIP are presented in Fig. 1(a, b). It can be seen that
the duration of a solvent replacement has a significant influence on the phase devel-
opment (Fig. 1(a)). When the sample is immersed in a solvent for less than 30 min the
reduced amount of ettringite is observed, further soaking leads to the stabilization of
ettringite. After 15 min of soaking the total amount of belite is the highest and further
keeping in a solvent induces its reduction. This process is accompanied by a slight
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increase in portlandite content. However, after 60 min of presence in a solvent belite
remains stable, while portlandite is slightly decreased, which in turn is related to an
increment of calcite amount. The increasing of calcite is related to the carbonation of
portlandite which is consistent with results published earlier [3]. The only phase
remaining stable regardless of the soaking time is alite. It worth noting that phase
development is observed only at short (15 min) or prolonged (24 h) soaking time, i.e.
apart this period most of the phases are stable and stopping of hydration might be
considered sufficient. An unusual increase of ettringite and decrease of belite amounts
might be connected to a specific interaction with isopropyl alcohol and/or time of
soaking. In case of ettringite its reduction after short soaking time seems to be induced
by a partial loss of ettringite water. Concerning the reduction of belite content, there is
no certain explanation except interaction with a solvent which has to be investigated in
detail.

4 Conclusions

In this study hydration of a hardened cement paste was stopped by a solvent
replacement method. Samples were immersed in isopropyl alcohol for ¼, ½, 1 and
24 h. By means of XRD and MIP analyses, the mineral composition of samples and its
pore structure was investigated as a function of soaking time in the solvent. After
15 min of soaking, the reduced amount of ettringite and increased amount of belite
were detected, whereas total pore volume was abnormally high. The increasing of
soaking time to 1 h led to the stabilization of phases. Yet, pore entry radius continu-
ously increased with soaking time after ½ h. Further increase of solvent replacement
time up to 24 h resulted in notable carbonation of cement paste and an increase of a
pore entry radius.

Fig. 1. Influence of duration of a solvent replacement on: (a) mineral composition; (b) pore size
distribution of hardened cement paste.
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The optimum time of a solvent replacement might be considered as a period when
the main mineral phases and total percolated pore volume preserved unchanged. Based
on the obtained result this time interval is between ½ and 1 h.
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1 Introduction

Mineral dissolution is a key process in geochemical reactions and environmentally
relevant processes [1]. In recent years, the dissolution behaviors of cement clinkers
have been obtaining increasing attention [2–6]. Portland cement is a low-cost material
with multi-minerals, including alite, belite, tricalcium aluminate (C3A), gypsum, etc.
The hydration of cement, which is a complex reaction that combines mineral disso-
lution and product precipitation, is the origin of strength and determines other prop-
erties of cement paste. According to Julliand et al. [2], dissolution plays an important
role in alite hydration, and the change of alite dissolution mechanism is responsible for
the onset of the induction period. Similarly, Nicoleau et al. [5] proposed that the
dissolution of C3S is the rate-controlling step in the early hydration based on the
change of saturation index of C3S.

Besides alite, C3A is also a key component of Portland cement. Though its content
is much lower than alite, it has an important effect on the early properties of cement
paste, especially for the workability [7]. Because C3A has much higher reactivity than
alite, it reacts much faster with water than C3S, which makes it an even bigger chal-
lenge to measure its dissolution rate in water. To slow down the dissolution rate of
C3A, Brand and Bullard [8] lowered the water activity by incorporating ethanol in
water and measured the dissolution rate in solutions with a high content of ethanol.
However, the presence of ethanol is likely to change the dissolution mechanism of C3A
due to its adsorption to the C3A surface [9, 10]. Thus how the dissolution rate of C3A in
the mixture solutions is related to that in water still remains unresolved.

For the purpose of measuring the net dissolution rate of C3A in water, this paper
provides a new technique, the Digital Holographic Microscopy (DHM), to monitor the
surface height change of polished C3A samples on nano-scale. Because of the unique
capability of fast image collection of DHM, the real-time observation of fast dissolution
is realized.
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2 Results

2.1 Flow Rate Effects

A flow-through liquid cell, like the cell used in [6], was built to provide water to
flowing across the surface of tricalcium aluminate with specific flow rates. Figure 1
shows the dependence on the flow rate of the overall dissolution rate in the first few
seconds. It can be seen that with the increase of flow rate, the measured dissolution
rates firstly reach a maximum value at a flow rate of 34 ml min−1, and then drops a
little when the flow rate continuously increasing. It indicates that when the flow rate is
lower than 34 ml min−1, ionic diffusion may play a more important role than the
surface reaction in controlling dissolution, and when the flow rate is higher, the flow
becomes turbulent, resulting in the actual flow rate lower than the target value.
Therefore, 34 ml min−1 is adopted as the flow rate for the following study.

2.2 Surface Morphology After Initial Dissolution

The surface morphology of C3A after the contact with water for about 2 s can be seen
in Fig. 2(a), in which the right bottom of Fig. 2(a) is the reference surface, and it
remains smooth during the measurement, though a small amount of hydration products
appear in some local areas. This is due to the incomplete coverage of inert platinum in
the reference surface, especially at the regions with deep scratches. Different from the
reference surface, the surface not covered with a chemically-inert layer becomes very

Fig. 1. Overall dissolution rate as a function of water flow rate. Error bars are one standard
deviation of the average overall dissolution rate for at least three samples at each flow rate.
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rough and a layer of hydration product with crumpled foil shape can be clearly seen, as
shown in Fig. 2(b). The thickness of this hydrates layer is measured from the side view
of the specimen based on the brightness contrast with the bulk material, as shown in
Fig. 2(c). The thickness is about 300 nm.

2.3 Analysis of C3A Dissolution Kinetics

By tracing the average relative surface height change to the reference surface, it is
clearly seen in Fig. 3 that the surface height changing can be roughly divided into three
periods, including the initial fast height reducing, followed by the slow height
increasing and the moderate height reducing. It suggests that after the rapid dissolution
lasting for about half of a second in the first stage, the surface starts to be gradually
covered by the hydration product in the second stage, in agreement with the results
shown in Fig. 2(a)–(c). Though covered by a layer of product, the dissolution continues
because the product has foil shape and not able to stop dissolution completely.
Nevertheless, combined with the decreasing effect of dissolution and increasing effect
of hydration on surface height change, the average relative surface height decreases at a
relatively constant rate which is much slower than the initial dissolution. The overall
dissolution behavior is similar to the heat flow during C3A powder hydration in water
[11]. For C3S and cement, it also can be found in the literature that the heat flow
behaves similarly [12, 13]. Although it is not completely the same with protective layer
hypothesis which assumes that a layer formed on the surface can control the hydration
reaction for a much longer-term, often dozens or hundreds of minutes [14–16],
according to the DHM measurements, this surface layer is able to decrease the dis-
solution rate dramatically within the time frame of a quarter of a second.

(a)                                    (b)                                      (c)

Fig. 2. Surface morphology after initial dissolution (a) The front view of C3A surface after
dissolution. (b) Morphology of hydration product layer. (c) The side view of C3A surface after
dissolution.
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2.4 Probable Initial Dissolution Behavior (A Timescale of a Few Seconds)

As mentioned above, precipitation happens even within the first second of contact with
water. Therefore, any dissolution measurement longer than one second is actually a
result of the combination of both dissolution and precipitation. By analyzing the data in
Fig. 3, it can be seen that the average pure dissolution rate of C3A (in the first quarter of
a second) is about 15 to 20 times larger than the rates obtained after two seconds. So
according to the surface height change, Δh/Δt, is about 73.6–97.6 nm s−1. Given the
uncertainty of the measurement results shown in Fig. 1, Δh/Δt can reach a maximum
value at about 140 nm s−1. If we assume that the pure dissolution rate of C3A and the
pure precipitation rate of hydration product remain constant during the first few sec-
onds, so combined Fig. 3 and the value calculated above, the absolute value of pre-
cipitation rate should be just slightly lower than that of dissolution rate. Within 2 s of
contact with water, the product layer thickness is estimated to be able to reach 200–
300 nm. This is close to the value measured under SEM (Fig. 2(c)), which is actually
slightly higher. This small difference can be attributed to the higher reactivity of the
edge region of the sample measured under SEM than the flat regions measured by
DHM [17].

3 Conclusions

In-situ nanoscale measurement on C3A dissolution was for the first time performed by
DHM in flowing deionized water. At a flow rate of 34 ml min−1, C3A can dissolve at
an average rate of 0.5–1.5 mmol m−2 s−1 within the first a quarter of a second after

Fig. 3. The average surface height change during dissolution.
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contact with water. After that, a crumple foil-like hydration product starts to form,
which dramatically reduces the dissolution rate of C3A.
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1 Introduction

In the European Union, concrete accounts for 25% of the construction and demolition
waste generated each year. At the same time, in many places around Europe the
availability of natural rounded aggregates for the production of concrete is becoming a
crucial question. These two trends suggest that crushed particles, such as crushed stone
aggregates and recycled concrete aggregates (RCA), can be a necessity for concrete
production to accommodate resource scarcity. When recycling concrete as aggregates,
an important part to investigate is to use the fraction of fine recycled concrete aggre-
gates (FRCA) as it constitutes 40–60% of the crushed concrete.

The proportioning of aggregates for the use in concrete is influenced by mor-
phology characteristics of particles, such as shape, angularity and surface texture,
which has a significant effect on the workability, rheology and mechanical properties of
cementitious suspensions, among others [1] reviews the effect of packing character-
istics of aggregates on the rheo-physical properties. This study investigates the mor-
phology of crushed particles, FRCA, with nonspherical shapes.

2 Materials and Methods

Four sands were studied (Fig. 1), the first sand is a naturally rounded sea dredge 0–
4mm sand (S1), whereas the other three sands S2, S3 and S4 are produced by crushed
concrete (0–4mm). The FRCAs were obtained from three different construction sites in
the area around Copenhagen and the concrete was crushed with gyratory crusher (cone
crusher).

The investigation of the FRCA includes:

– Evaluation of particle shape
– Grain size distribution
– Packing
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3 Results

The sands particle shape, shown in Fig. 2, is quantified by the roundness, R (the
average radius of curvature of the surface features) [2], the sphericity, S (reflecting the
similarity between the length and height of a particle) [3], and regularity, q, described

Fig. 1. The four sands studied in this paper, from left S1–S4.

Fig. 2. Definitions of (a) roundness, R, (b) sphericity, S, (adapted from [4]).

Fig. 3. Particle size distribution of the sands.
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as q ¼ Rþ S
2 . The particle shape was determined as the average values of a visual

assessment from microscope images.
The particle size distributions were determined according to DS/EN 933-1 and are

shown in Fig. 3 for the four sands. Two specific packing fractions were measured for
the four sands to characterize their properties further. The packing fractions were
determined according to [5], the random loose packing fraction (RLP fraction), which

Fig. 4. Random loose packing fraction (top) and random dense packing fraction (bottom) for the
sands and various fractions.
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theoretical is defined as the loosest packing fraction by pouring grains, and the random
dense packing fraction, this value is empirically defined and depends on the specific
amount of energy brought to the system. All FRCA tested here have lower packing
fractions than the reference sea dredged sand.

4 Conclusions

In this study, the particle morphology and packing properties were investigated for
various FRCAs, and the FRCAs are more angular than the sea dredge sand where
weathering has beside rounding the particles removed most of the weak minerals. The
packing properties showed the sphericity of the particles as the dominant morpho-
logical parameter regarding packing. The study also showed that the packing properties
similar to the morphology parameters depends on the type of sand and not on the sand
fraction.

Acknowledgements. Norrecco and Dansk Beton are greatly acknowledged for collaboration
and financial support.
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Abstract. Coastal cities like Hong Kong rely heavily on their coastal and
marine infrastructure for social-economic development. A major challenge for
marine infrastructure is steel corrosion, which is the main cause for infrastruc-
ture deterioration. Also, fresh water is a scarce resource for some remote islands,
and to meet the water requirement for concrete preparation in these regions,
seawater is increasingly being considered as an alternative which would inevi-
table aggravate the deterioration problem due to steel corrosion. Up to now, a
number of studies have focused on the effects of seawater on the workability,
mechanical strength and durability (in particular corrosion of steel reinforce-
ment) of cement pastes and reinforced concrete. However, the understanding on
the influence of seawater on the composition and microstructure of cement
hydration products is limited. This paper presents a preliminary study on the
effects of individual salt components of seawater on the hydration process of
C3S. The microstructure changes of the hydration products were also studied.
The mechanism of the acceleration effect is analyzed. Na+ and Mg2+ can affect
the dissolution of C3S and the participation of the hydration products. For the
later age, Mg2+ can substitute part of Ca2+ and change the composition of the
final reaction products.

1 Introduction

Cement and concrete are most-used construction materials in the world, and about 4.1
billion tonnes of cement was produced worldwide in the year 2017. IEA’s report shows
that cement consumption is expected to continually increase in foreseeable future.
Freshwater is still the key constituent for concrete mixing, and it is estimated that about
250–300 L mixing water is needed for the preparation of 1 m3 concrete, which means a
large quantity of freshwater is required. However, in some places of the world, the
shortage of freshwater has always been an important issue, such as in the Middle East,
North Africa and some remote islands. About 71% of the earth’s surface is covered by
water, but about 96.5% is seawater. So, it is of great interest to assess whether seawater
can be used to substitute freshwater as an alternative mixing water for concrete.

In the past, the application of seawater in construction is prohibited due to its
deleterious effect on the properties of steel bars embedded in concrete as the abundant
chloride ions (Cl−) contribute to the corrosion of steel bars. However, with the
development of fiber reinforced polymer (FRP) concrete, the adoption of seawater as a
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mixing water seems to be possible, since the Cl− content at seawater level has limited
effect on FRP composites. Many past studies focused on the effects of seawater on the
workability, mechanical strength and durability (in particular corrosion of steel rein-
forcement) of cement pastes and reinforced concrete. However, the understanding on
the influence of seawater on the composition and microstructure of cement hydration
products is limited.

2 Materials and Methods

The elemental and crystalline phase compositions of C3S used in this study are shown
in Table 1. The prepared simulated seawater was based on the specifications of ASTM
D1141-98. Also, NaCl (NC), MgCl2 (MC), and Na2SO4 (NS) solutions with a con-
centration of 0.48 M, 0.055 M and 0.029 M respectively were prepared.

C3S was mixed evenly with different types of single salt solutions of the simulated
seawater at W/C ratio of 10. Samples are sealed in plastic bottles and cured at 20 °C for
6 h, 12 h, 1 d, 3 d, 7 d, 14 d, and 28 d. At the desired curing age, the solid phase was
separated from the solutions by 0.45 lm filter papers. The solid phase was immersed in
50 mL isopropanol and the solution phase was acidified after pH measurement for ICP
tests. Isothermal calorimetry test was conducted to determine the heat evolution pat-
terns of the different mixees. Powder samples were inter-ground with 20 wt% internal
standards (a-Al2O3) for characterization by X-ray diffraction (XRD).

The calorimetry test results (Fig. 1) show that the hydration process of C3S was
accelerated by the addition of NC, NS and MC solutions when compared with the
reference samples prepared with deionized water (DI). The addition of single salt
shortened the induction period and led to a higher rate of hydration in the acceleration
period. NS induced the most significant acceleration effect followed by NC and MC.

Table 1. Oxide and crystalline phase compositions of raw material

Composition wt. %

MgO 0.0866
Al2O3 0.912
SiO2 26.4
P2O5 0.114
SO3 0.0234
K2O 0.0473
CaO 72.4
Fe2O3 0.0224
SrO 0.0142
ZrO2 0.0238
Alite-M 8.2
Alite-T 81.1
B-C2S 10.7
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The variation of different ions in solution are shown in Figs. 2 and 3. Initially, the
concentration of Ca2+ in NC and NS solutions increased and were higher than that of
the reference group. Then the concentration decreased to a stable level similar to the
reference group. The concentration of Ca2+ increased in the MC sample continually
before 1 d, and the final concentration was higher than that of the reference group. Na+

concentrations in NC and NS solutions showed the reverse trend. These results are
consistent with the calorimetry test results in which Na+ and Mg2+ tended to react with
the silicate ions released by the congruent dissolution of C3S, lowering the concen-
tration of silicate ions and accelerating the dissolution of C3S. That caused the increase
of Ca2+ and the decrease of Na+ and Mg2+ concentrations. When the concentration of
Ca2+ reached a limiting value, C-S-H and CH began to nucleate and grow, and the
concentration of Ca2+ decreased. Since C-S-H is more insoluble than sodium silicate,
Na+ was replaced by Ca2+ and the concentration of Na+ increased. Mg2+ was precip-
itated with the silicate ions initially, and there was no big difference at the later age.

Fig. 1. Calorimetry tests results

Fig. 2. Concentration of Ca2+ in solution
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The evolution of the crystalline phases of C3S hydration in different single salt
solutions was studied over a period of one month. The phases were primarily identified
and analyzed by X-ray diffraction and quantified by the Rietveld method (Fig. 4).
The XRD results of the 28 d samples show besides the conventional portlandite that
there was no new crystalline phase produced except for the MC group, where part of
Mg2+ precipitated with OH− to form brucite. In general, the hydration rate of C3S was
enhanced with the addition of the single salt solutions compared with the reference
group within one day, and this was no big difference at 28 d. At 28 d, over 95 wt% C3S
was consumed. Within 1 d, NC and MC had more significant effects on the hydration
rate than that of NS. After the first 6 h, over 70 wt% of C3S was hydrated for the NC
group, and that for NS and MC and the reference groups were 47 wt%, 49 wt% and
29 wt% respectively. This was consistent with the calorimetry test results.

Fig. 3. Concentrations of Na+ and Mg2+ in solution

Fig. 4. Phase compositions determined by XRD-Rietveld method
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3 Conclusion

C3S was hydrated in four single salts solutions (DI, NC, NS, MC) of the simulated
seawater to reveal the hydration mechanisms. Based on the results of this study, the
following conclusions can be drawn: the incorporation of the single salts of the sim-
ulated seawater accelerates the hydration of C3S. The induction period is shortened and
more C3S is dissolved in solution in a short time period due to the presence of Na+ and
Mg2+, which tend to combine with silicate ions released from the C3S. That can
contribute to the enhancement of the dissolution of C3S, and more Ca2+ would be
produced in a short time period and the oversaturation of Ca(OH)2 and C-S-H is
reached at an early age.

Acknowledgement. The authors wish to thank the financial supports of the Research Grants
Council Theme Based Research Scheme and the Hong Kong Polytechnic University.
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1 Introduction

The recycling of concrete can reduce the environmental impact of Portland cement
production and concrete construction, and decrease the damping and landfilling of
demolition waste. Currently, concrete recycling is widely used for aggregate extraction
[1], though concrete fines which are a mix of aggregate and the hydrated cement paste
are not a part of the recycling process [1]. Research efforts have been directed to the
production of new Portland cement from recycled fines, but most research attempts run
into problems [2, 3].

The common way to use recycled concrete fines for new cement production is to
add them in small proportions, according to chemical and mineralogical limitations, to
the traditional raw meal of clinker rotary kiln. But the clinker of acceptable quality has
not been obtained. Alite was not synthesized in satisfactory content. In many cases, the
only belite was formed and there was an excess of silica [2, 3]. The compressive
strength of cement was low and decreased with the increase of concrete fines content in
the raw meal [2, 4]. The best results were achieved for mixtures correctly adjusted with
the main clinker modulus. The produced Portland clinker had the composition similar
to an ordinary Portland cement clinker [3].

The mineral transformations in a burned raw meal containing 22.8% of recycled
concrete wastes were studied using X-ray diffraction (XRD). The results indicate that
concrete waste fines can be completely recycled to obtain a new Portland cement.

2 Materials and Methods

Normal strength concrete (30 MPa) was prepared with dolomite coarse aggregate and
natural sea quartz sand. The concrete was crushed with a jaw crusher and sieved. The
fraction below 2.36 was used in the current research. Their mineral composition of the
concrete fines as measured by XRD is shown in Table 1. The chemical composition
was measured using Inductively coupled plasma (ICP) mass spectrometry test. Table 2
represents oxide mass percent of concrete fines.
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It can be seen in Tables 1 and 2 that fine material contained some contamination of
magnesium oxide, whose origin is in the coarse dolomite aggregate, which may pose
some problems for clinker burning. For clinker manufacturing, the concrete waste fines
were mixed with limestone, bauxite and iron scale. Target Portland clinker composition
was calculated according to the main four oxides content to satisfy the general
requirements of basic Portland clinker moduli: Lime Saturation Factor (LSF) = 0.92–
0.98, Silica ratio (SR) = 2–3, and Alumina ratio (AR) = 1–4. The clinker composition
was optimized for maximum concrete fines content in the raw meal according to the
limits of the clinker moduli. It was found that concrete waste fines contain sufficient
silica and no addition of silica is needed to the raw meal. The optimal calculated raw
meal composition and final content in clinker after the loss on ignition (LOI) are shown
in Table 3.

The burning of the raw meal for clinker production was applied using round
nodules of approximately 15 mm in size. The burning took place in the high-
temperature bottom-loading laboratory. Phase transformations were tested at steps of
100 °C between 800 and 1100 °C, and at steps of 50 °C between 1100 and 1450 °C.
After burning, samples were removed from the furnace at the maximum temperature
and air quenched. Burned materials were ground and tested using a Malvern
PANAlytical EMPYREAN X-ray diffractometer with a Goniometer radius of 240 mm.
An X-ray source was CuKa1, 2 (k = 1.5408 Å) with X-Ray generator operated at a
voltage of 45 kV and a current of 40 mA. The following optical XRD configuration
was used: the incident beam optics included 10 mm mask, 0.04 rad Soller slit along
with ¼° divergence and 1° anti-scatter fixed slits; the diffracted beam optics consisted
of 8 mm anti-scatter fixed slit and 0.04 rad Soller slit. The detector was PIXcel
3D detector used in 1D continuous scan mode. The scan was performed using

Table 1. The mineral composition of concrete fines, % wt.

Quartz Dolomite Calcite Portlandite Other minerals Amorphous

% wt 35.3 19.6 8.8 3.5 8.5 23.9

Table 2. The oxide components % wt of recycled concrete waste fines by ICP.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 P2O5 Na2O K2O TiO2 MnO2

% wt 17.77 61.32 2.28 1.05 1.93 0.86 0.16 0.29 0.33 0.15 0.02

Table 3. The raw material mix design and their content in final clinker for recycled concrete
fines, % wt

Burned clinker Raw meal

Ingredient Concrete waste
fines

Lime
stone

Bauxite Iron
scale

Concrete waste
fines

Lime
stone

Bauxite Iron
scale

% wt 29.3 63.4 4.9 2.4 22.8 71.8 3.8 1.6
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Brag-Brentano h-h geometry, between 10 and 70 °2h. Timestep of 80.32 s with a step
size of 0.013 °2h was used resulting in a total measurement time of 25.22 s. The
quantitative analysis was performed by means of Rietveld refinement using HighScore
Plus software.

3 Results

The phase transformations of a raw meal containing 22.8% of concrete waste fines at
burning at temperatures between 800 and 1450 °C are shown in Figs. 1 and 2. Figure 1
demonstrates the content of alite and belite, while Fig. 2. Shows the changes in alumina
and iron-containing phases. It can be seen in Fig. 1 that belite gradually forms starting
at 1000 °C and alite forms starting from 1300 °C. It can be seen in Fig. 2 that Ferrite
(brownmillerite) is present at 800 °C in a small amount and its content gradually
increased with temperature. Mayenite has the maximum content of almost 10% at
900 °C gradually decreases with the increase of temperature of burning, while trical-
cium aluminate start to form appears only at 1150 °C.

Figure 3 shows the XRD scan and quantification of the final Portland clinker
manufactured using recycled concrete waste fines obtained at 1450 °C. It can be seen
that clinker with high alite content of 67% and belite content of 19% was obtained that
corresponds to a good quality Portland cement. The XRD results show the low amount
of Periclase in spite of the relatively high content of magnesia in raw meal. This can be
explained by the absorption of MgO by alite.

Fig. 1. Alite belite and lime mass percent with the heating temperature of raw meal.
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4 Conclusions

The phase transformations of a raw meal containing concrete waste fines during heating
between 800 and 1450 °C and formation of main clinker constituents were studied
using XRD. The results of the research demonstrated that a Portland cement clinker can
be produced using recycled concrete fines. The mass percent concrete waste fines with
dolomite and quartz sand aggregates in raw meal were limited to 22.8% by the content
of silica in the concrete waste fines.

Fig. 2. Alumina and iron-containing minerals mass percent with the heating temperature of raw
meal.

Fig. 3. XRD quantification of Portland clinker, manufactured using 22.8% of recycled concrete
waste fines
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1 Introduction

Power plant coal combustion residues (CCR) that consist of bottom ash and off-spec fly
ash may be beneficially converted to value-added construction materials thereby
reducing disposal costs and landfilled waste. Coal ashes have been investigated as
sources of raw material for lightweight aggregates owing to their mineral properties,
using well-known processes for agglomeration of fine particles (e.g., via sintering or
autoclaving processes). Recent literature by Billen et al. [1]. Proposed converting coal
bottom ash to spherical porous reactive aggregates (SPoRA) using a sintering process
and fluxing agents that allow lowering the operating temperature of the rotary furnace
used to produce the lightweight aggregates (LWAs). The authors used constitutive
modeling to optimize the operating temperature needed to produce slag where viscosity
was maximized in order to retain a spherical shape during melt formation. At the same
time the authors tested converting CCR materials experimentally at different NaOH
additions and modeled the thermodynamic conditions for producing slag with optimal
spherical properties.

In addition, Balapour et al. [2] recently tested the same SPoRA materials as pos-
sible candidates for internal curing of concrete owing to the porous structure of the
manufactured aggregate. The authors prepared samples of LWAs made from low- and
high-calcium waste coal bottom ash and evaluated the total porosity using x-ray
computed tomography (XCT), which was measured to fall within the range between
39.6% to 57.8%. This showed that theoretically, the LWAs possessed a great capacity
for storing water in their pore structure. The sphericity of LWAs, which is an influential
factor on the workability if used in concrete, was measured ranging from 1 (meaning
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perfect sphere) to 0.75. Generally, the sphericity reduced when increasing the fluxing
agent for preparation of the LWAs. Low-calcium LWAs passed the perfect spherical
shape beyond 10% incorporation of NaOH, while high-calcium LWAs passed this
point beyond 5.85% incorporation of NaOH [2].

Our objective in this paper is to understand the life cycle environmental impacts
and costs of SPoRA LWAs for select environmental metrics, namely, the 100-year
global warming potential (GWP), ozone depletion potential (ODP), eutrophication
potential (EP) and acidification potential (AP). We use life cycle impact assessment
(LCIA) characterization factors from the CML 2015 database developed at Leiden
University. We examine the use of NaOH as a fluxing agent and discuss the possibility
of using waste glass (soda lime glass or fluorescent lamp glass) as alternative fluxing
agents as investigated by Torelli [3].

We evaluate the conversion of CCR to LWA using a sintering process that uses
NaOH as fluxing agent, which lowers the temperature needed to form slag, and based
on the properties of CCR collected from two power plants located in the U.S.
Experiments together with thermodynamic and viscosity models described in Billen
et al. [1] identified optimal additions of fluxing agent to attain desired characteristics in
the final lightweight aggregate. Thermodynamic calculations were used to approximate
the change in enthalpy and thermal input requirements for the sintering process based
on the heat capacity of ash constituents using Eqs. 1 and 2, where t is temperature in
K/1000 and A through E are constants for each material at a certain temperature and
phase. A cradle-to-gate life cycle inventory (LCI) model (Fig. 1) that treats the ash as a
waste material, and therefore accounts for transportation steps to haul the ash to a LWA
processing facility that is assumed to be close to concrete end-use markets (e.g., within
a 150 km radius of a city) was built using GaBi 6.0 LCA software [4]. Table 1
summarizes the properties of the ash samples modeled and Table 2 summarizes the
reference flows (material and energy inputs) needed to process 1 metric tonne of ash.

Q ¼ mCpDT ð1Þ

Cp
J
mol

� K
� �

¼ A þ Bt þ Ct2 þ Dt3 þ E
t2

ð2Þ
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Fig. 1. Process flow diagram for industrial-scale SPoRA production using coal combustion ash
(CCA) and either NaOH or waste glass as fluxing agents. Water would be added to the case with
NaOH but may not be necessary for waste glass, which may enter “wet” to the manufacturing
facility. The system boundary shows processes expected to use electrical or thermal (natural gas)
energy inputs into the system.

Table 1. Chemical composition by weight percent from Billen et al. [1].

Chemical composition (% wt) WP NV

SiO2 43.1 63.2
Al2O3 17.1 20.1
Fe2O3 7.29 6.66
SO3 0.64 0.39
CaO 22.5 3.51
Na2O 1.19 1.43
MgO 4.10 0.97
K2O 0.41 1.13
P2O5 0.91 0.09
TiO2 1.25 1.03

Table 2. Inputs of energy, utilities, and chemicals needed to transport raw materials and process
them to LWA (SPoRA).

Energy input WP NV

Diesel 119.42 kg 90.51 kg
Electric .18 MJ .18 MJ
NaOH 16 kg 20 kg
Water 384 kg 380 kg
Thermal energy 1934 MJ 1937 MJ
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2 Results

Life cycle assessment results were carried for two ash samples for four life cycle impact
assessment (LCIA) metrics (Table 3). Results in Table 3 assume 4% and 5% NaOH
addition to the WP and NV samples presented, respectively, based on experimental
observations found to achieve spherical properties in the LWA. The NV ash sample,
which is lower in Ca concentration, was found to have slightly better environmental
performance (lower LCIA metrics) compared to WP, and additionally, according to
research by Balapour et al. [2], it also possessed better sphericity, which aids the
workability of concrete, and small uniform pore structure, which is desired for internal
curing of concrete. While NV ash needed slightly more thermal energy input for the
drying and sintering steps owing to its composition, the increment did not have an
impact on the environmental indicators studied. Rather, a lower upstream transportation
distance to move the ash feed from the coal plant to the assumed location of the SPoRA
facility resulted in lower input of diesel. Napolano et al. [5] evaluated select LCIA
metrics for recycled and natural clay-based lightweight aggregates using high tem-
perature processing conditions (1200–1380 °C) and reports a GWP between 39 and
339 kg CO2e/metric ton LWA, which are lower than our results (Table 3) owing to co-
product credits, different operating conditions, including thermal processing only
without use of a fluxing agent. As a reference, cradle-to-gate crushed stone aggregate,
which is minimally processes, has a GWP of approximately 12 kg CO2e/metric ton, but
this does not include the transportation steps that would be required to ship lightweight
natural aggregates to concrete mixing sites.

3 Conclusions

Findings from this research suggest that CCR can be a beneficial raw material for
producing SPoRA. Additional benefits of using waste material beneficially should be
further explored by investigating the possible benefits of avoiding the treatment or
impoundment of CCR generated from the many coal power plants around the U.S.
Furthermore, exploring substitution of waste glass for NaOH can further reduce
environmental burden owing to use of waste material.

Table 3. Cradle-to-gate LCIA metrics for two ash samples converted to LWA using NaOH as
fluxing agent. Basis of analysis is 1 metric ton ash treated.

Indicator WP ash
(4% NaOH)

NV ash
(5% NaOH)

GWP (kg CO2-eq) 896 625.5
AP (kg SO2-eq) 1.2 0.926
EP (kg Phosphate-eq) 0.291 0.228
ODP (kg R11-eq) 5.24E−9 4.57E−9
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1 Introduction

Hardening and strengthening of cementitious materials is the result of simultaneous
growth and interaction (in the thermodynamic sense) of chemical and structural
transformations [1]. The source material, a visco-plastic mixture, gradually transforms
into artificial stone with dominating elastic properties.

A characteristic feature of the hardening of cement systems is the interaction
between their liquid and solid phases. The liquid phase – the pore-filling solution, is a
structural component, which binds together solid-phase elements of different dimen-
sions and configurations. The structured liquid phase is a dispersed matrix-like medium
that has a direct contribution to the strength balance of the material.

In addition, the liquid phase possesses a highly important property: it is always in a
state of thermodynamic equilibrium with the solid phase onto which it is adsorbed (or
by which it is absorbed). For this reason, structured physical water (mixing water minus
chemically-bound water) is the most informative component of hardening cement-
concrete compositions: any change in its condition adequately reflects the dependencies
of structure development, and therefore – of strengthening during all stages of
hardening.

It must be noted that physical water is not of homogeneous structure and properties.
Thus, according to the “gel-space” concept of Powers [2], the overall mass of water in
cement paste, m, is composed of chemically-bound mch, evaporable mevp and non-
evaporable water. In turn, evaporable water is composed of capillary water mL and gel
water mg; in other words:

m ¼ mch þmevp þmnon�evp ¼ mch þmL þmg þmnon�evp ð1Þ

The hardening process of cement compositions is characterized by continuous
quantitative and qualitative changes in the mass balance of structured water (1).
Variations in the components of the balance of the liquid phase, which is in equilibrium
with solid surfaces, occur as the solid skeleton of the hardening material forms. In
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practice, these variations are realized as transformations of one type of water into
another, for example, mL ! mch.

The aforesaid suggests that the process of structural formation and hardening of
cementitious materials can be studied experimentally and described analytically by
studying the dependencies of formation and transformation of the moisture composi-
tion. These changes occur as a result of redistribution of the structured water in the
volume of the forming capillary-porous structure.

2 Results and Discussion

The analysis of mass balance evolution during the hardening process of cement
materials was carries out based on the experimental results of work [3]. Halperin et al.
used an NMR method to study the hardening of white cement paste with water to
cement ratio W/C = 0.43 over 1500 h. Based on the measurement of spin-spin
relaxation of hydrogen atoms, the authors determined the variations in the quantity of
evaporable water, the specific surface of hydration products and the mean radius of
pores in the hardening process.

Based on these results, and using the formulas of Powers [2], we calculated the
variations in moisture mass balance components mch, mL, mg and mnon�evp (1) in the
process of cement paste hardening. The results of the calculations are presented as a
kinetic diagram in Fig. 1.

The diagram shows that the chemical bonding of water (mch ! max), the for-
mation of thin adsorption films of liquid on hard surfaces (mnon�evp ! max) and the
formation of cement gel (mg ! max) occur owing to a decrease in the mass of
capillary water (mL ! min) as a combination of the following transformations:

• mL ! mch – transformation of bulk capillary water into a solid-phase state during
processes of chemical bonding,

• mL ! mnon�evp – transformation of bulk capillary water into a strongly-bound state
of thin adsorbed layers,

• mL ! mg – transformation of bulk capillary water into a strongly-bound state of
gel water.

By differentiating Eq. (1) in time, we can determine the rate of transformation of
each component in the balance. Comparison of the rates allows us to evaluate the
correspondence between the progress and the history of the processes. For example, we
can evaluate the correspondence between the gel formation process and the nature and
intensity of chemical bonding. In light of this, we have the possibility of exerting
directed regulation of the transitions between the balance components using chemical
additions and other methods.

The diagram allows us to isolate and consider various aspects of the hardening and
strengthening of cement compositions. In particular, a joint analysis of the variation of
the capillary and gel components allows us to evaluate the nature and intensity of
formation of the porosity of the hardening material, which, in accordance with the “gel-
space” concept [2], opens a new pathway to the evaluation of the strength.
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Additionally, the diagram offers indirect, but practically full information on the
development of the electricity-conducting properties of the material during hardening.
Since the gel and non-evaporable components of the structured water conduct elec-
tricity to a very limited extent, or not at all, the transfer of electric charges occurs only
in capillary water. Therefore, the variation in mL in Fig. 1 uniquely determines the
decrease in electric conductivity (or the increase in electric resistivity) in the hardening
process.

3 Conclusions

The joint analysis of the mass component development kinetics of structured water and
the interaction of these components opens new possibilities for the analysis of structure
formation and hardening of cement-concrete compositions. In particular, this allows
one to study the formation of porosity and hardening, the development of electric
conductivity properties etc.
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Concrete Composites

Every 10 years, an area the size of Britain disappears under a jungle of
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1 Introduction

Cement is by far the most important and widespread building material in the indus-
trialized world, with 4.2 billion tons of cement being produced in 2017. Cement
production is, nonetheless, ecologically harmful, as a result of the CO2 produced both
by clinker and cement kilns. One possible solution lies in reducing the amount of
clinker in the cement composites. This demand could be met by enhancing the
mechanical properties of cement-based composites, for example, by loading them with
nanofillers (NFs) that improve the resistance to crack propagation in the cement-based
composites.

When using NFs to improve the properties of cement matrixes, the optimal rein-
forcing effect is achieved when the NFs are individually dispersed in the host matrix.
Poor dispersion resulting in agglomeration of the nanofiller leads, in turn, to the for-
mation of stress concentration, from which a crack can start developing. Most carbon-
based nanofillers, such as carbon nanotubes (CNTs) and graphene nanoplatelets
(GNPs), are hydrophobic, which poses a challenge for dispersing them in the hy-
drophilic cement matrix. This problem is usually addressed by sonicating an aqueous
medium containing the carbon-based nanofiller in the presence of a surfactant prior to
its mixing with the cement powder. However, the nanofiller will dramatically increase
the viscosity of the cementitious composite, thereby reducing its workability. This
problem is commonly dealt by the addition of a superplasticizer (SP).

In the present work, we investigated four NF systems namely: CNTs, GNPs, and
their hydrophilic versions graphene oxide (GO) and functionalized CNTs (f-CNT).
This systematically study would isolate the effects of the NF dimensionality [namely,
1D (CNT or f-CNT) vs 2D (GNP or GO)] and compatibility (oxidized, non-oxidized)
on the mechanical properties of the cement nanocomposites. In addition, we optimized
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the NF loading for maximal enhancement in the mechanical strength for each type of
NF. The mechanical properties enhance with the increased NF loading up to a certain
limit called optimal NF concentration (ONC) and beyond this, the properties deteriorate
gradually.

2 Results and Discussion

2.1 Mechanical Properties

The influence of incorporating NFs at various concentrations on the compressive and
flexural strengths of the nanocomposites is shown in Fig. 1. Both compressive and
flexural strengths increased up to the ONC and then deteriorate with further increase in
the NF concentration. This behavior is typical of NFs in cementitious matrixes. The
decrease in the compressive and flexural strengths beyond the ONC is due to agglom-
eration of the nanoparticles, leading to the formation of weak points in the hardened
matrix. Under loading, these weak points can become focal points of failure [1].

The enhancement in compressive strength of the composites relative to the plain
cement paste without NFs (PC) is presented in Fig. 1a. An enhancement of*30% in the
compressive strength was obtained for all the NFs, and for most of them at an ONC
loading of 0.1 wt% (Fig. 1a), which was independent of the NF type. GO showed the
same compressive strength enhancement at a lower loading of 0.05 wt%. While all NFs
showed similar enhancement of the compressive strength measurements, a wide spec-
trum of ONC values characterized the enhancement in flexural strength measurements

Fig. 1. Enhancement of (a) compressive strength and (b) flexural strength of hardened
composites as a function of NF concentration relative to plain cement paste. The lines are drawn
as a guide for the eye. [SP] = 0.2 wt% for all examined systems. The systems were examined at
age for 14 days. The compressive strength (cubes: 15 � 15 � 15 mm2) of the PC was 44 MPa
and flexural strength (prisms: 8 � 8 � 60 mm2) 7 MPa.
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(Fig. 1b). For the flexural strength, GO demonstrated the best reinforcement, with 62%
enhancement at a very low ONC value of 0.025 wt% (Fig. 1b), while the CNT- and
GNP-based composites showed enhancements of 49% (ONC = 0.05 wt%) and 44%
(ONC = 0.1 wt%), respectively. The f-CNT showed an enhancement of as little as 35%
at an ONC value of 0.05 wt%.

The effect of the NF compatibility (hydrophobic-hydrophilic) with the hydrophilic
cement matrix was examined while keeping the dimensionality (1D or 2D) constant.
The compatibility of the oxidized NFs, f-CNT and GO, with the aqueous cement matrix
was superior to that of the non-oxidized nanocarbons, CNT and GNP. For the 1D
nanofillers, it was expected that the functionalization of CNT would substantially
enhance the interaction of the NF with the cement matrix, leading to better mechanical
performance. Nevertheless, f-CNT conferred only a relatively low enhancement of 35%
in the flexural strength as compared to the 49% enhancement conferred by CNT
(Fig. 1b). A possible reason for this finding could be the introduction of defects into f-
CNT during the functionalization procedure. The induced defects also made the f-CNT
more prone to breakage under mechanical agitation (ultrasonication and mixing) [2].
For the 2D NFs, GO gave far better enhancement (62%) and at a lower ONC (0.025 wt
%) than GNP. GO showed better compatibility with the cement matrix due to the
presence of oxygen functional groups in higher amount (40.1 vs. 3.6%).

Evaluating the effect of NFs dimensionality at a given degree of oxidation gave the
following findings. For the hydrophobic nanofillers CNT and GNP, the 1D CNT
exhibited better flexural reinforcement compared to the 2D GNP, due to the cylindrical
shape and the higher aspect ratio of the particles, which contribute to bridging nano-
cracks [3]. For the hydrophilic NFs GO and f-CNT, the 2D GO exhibited higher
flexural enhancement compared to the 1D f-CNT (62% vs 35%). It was expected that
functional groups in the f-CNT would make it more compatible with the cement matrix,
thereby providing greater enhancement in mechanical properties, but f-CNT was found,
in fact, to be less effective. Again, a possible explanation is that the functional groups
of f-CNT weaken the nanotubes, which become prone to shortening upon sonication

Fig. 2. Schematic representation of stages of functionalization and dispersion of GNP (top) and
CNT (bottom).
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and mixing. The suggested effect of functionalization in GO and f-CNT is depicted
schematically in Fig. 2. For GO, the oxygen functional groups contribute to reducing
the number of layers in the material (leading to a high aspect ratio and therefore more
efficient reinforcement). In contrast, for f-CNT, the functionalization becomes coun-
terproductive, as the nanotubes tend to break due to the introduced defects; the shorter
f-CNTs so formed are less effective in enhancing the mechanical properties of the
composites.

3 Summary and Conclusions

• The effect of the nanofillers on the mechanical properties of the hardened com-
posites was evident in both the compressive strength and the flexural strength. All
the nanofillers conferred the same enhancement in compressive strength at the same
ONC, with the exception of GO, which gave the same enhancement at half the
loading.

• In contrast, the flexural strength of the cement-based composites was strongly
influenced by both the dimensionality and compatibility of the nanofillers. GO –

giving 62% enhancement of the flexural strength – was found to be the best rein-
forcing agent among the four nanofiller materials due to its compatibility with the
cementitious paste and its high aspect ratio.

• GO was followed by the 1D CNT, with 49% enhancement, and then by GNP, with
44% enhancement. f-CNT was found to be less effective than CNT, as the func-
tionalization weakened the nanotubes, causing them to break during mechanical
agitation.

In summary, –graphene oxide (2D-GO) provided the highest efficiency combined
with the lowest ONC, making it an ideal filler for cementitious systems. GO is,
however, much more expensive, making Graphene nanoplatelets (2D-GNP) the most
cost-effective alternative, as it provides 75% of the GO enhancement.
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1 Introduction

In recent years, growing environmental concerns have led the cement industry to make
modifications in cement production, manifested by the use of supplementary cemen-
titious materials (SCMs) as raw materials within the cement mixture. In the present
study the use of dolomite-based quarry-dust (QD) to generate a low-energy,
environmentally-friendly structural material was explored. QD was added either as an
additive to conventional Portland Cement (PC) or to geopolymeric binders, formed by
the alkali activation of local class F fly ash (FA). A significant increase in compressive
strength, due to QD addition, was found for both CEM- and FA- based mixtures [1].
The chemical durability of the cementitious systems and FA-based geopolymeric
mixtures for which the binder (cement/FA) was replaced with 40% wt. QD was
evaluated using two different tests: (a) Expansion tests to assess the durability of these
dolomite-based, Mg-rich mixtures - as brucite (Mg(OH)2) may be formed according to
Eq. (1) (known as the ‘alkali-carbonate reaction’) and hence induce volume increase
and expansion.

MgCO3 þ 2 NaOH ! Mg OHð Þ2 þ Na2CO3 ð1Þ

Expansion tests were performed according to ASTM C490 test method. Bar
samples were cast in 25�25�285 mm stainless steel molds. Cement bar samples were
kept in a moist cabin for 24 h from casting. Later, submerged in 80 °C tap water
container for an additional 24 h and finally tap water was replaced by 1 molar NaOH
solution pre-heated to 80 °C. Geopolymeric test samples were kept in an oven at 40 °C
for 48 h from casting. Later, bars were submerged in 1 molar NaOH solution pre-
heated to 80 °C. Both samples remained in the heated alkali solution for more than
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14 days. Length measurement was carried out with a dedicated length comparator
apparatus, every 2–4 days.

This testing procedure is an adaptation of the ASTM C1260 method which permits
detection, within 16 days, of the potential for deleterious alkali-silica reaction of
aggregate in mortar bars. In our study this test is used to assess the alkali-carbonate
reaction; (b) susceptibility of the QD containing products to acidic conditions was
measured as the weight loss of the samples immersed in 5% wt sulfuric acid solution
during a period of 100 days.

2 Results

Expansion-test results for both the cementitious systems and FA-based geopolymeric
mixtures replaced with 40%wt QD, denoted respectively CEM40 and FA40, have been
performed [1] and are presented in Fig. 1. Table 1 presents the mix compositions of all
samples. The test results revealed that all the mixtures expanded below the standard
limit value of 0.1% [2], classifying the dolomite-based QD used here as a non-alkali-
reactive aggregate.
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Fig. 1. Expansion results of CEM mixtures, with and without QD, and FA mixtures with QD.
(the dashed lines are only visual aids). Experimental data obtained from [1].

Table 1. Mix composition of samples

Samples Cement
[%wt]

Quarry dust
[%wt]

Water
[%wt]

Samples Fly ash
[%wt]

Quarry dust
[%wt]

Activator
[%wt]

CEM 100 0 50 FA 100 0 50
CEM40 60 40 30 FA40 60 40 30
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Fig. 2. Weight loss in 5% sulfuric-acid solution of FA and CEM mixtures, as well as the weight
loss of a CEM-based mixture with QD additive (CEM40). (The dotted lines are visual aids).
Experimental data obtained from [1].

Fig. 3. Image of the CEM0 sample after immersion in a 5% sulfuric acid solution. Bottom
image presents the outer sample surface (in direct contact with the acid solution) and top image
taken from the middle of the cube (no direct contact with the acid solution)
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The weight loss in the CEM, CEM40 and FA mixtures during the acidic immersion
process is described in Fig. 2. The highest weight loss was measured for the CEM40
sample (36%). A slightly lower weight loss of 30% was obtained for the CEM0 sample,
which shows a change in the trend after approximately 40 days of immersion, i.e., a
step-like function. This change probably occurred when the delamination of the gyp-
sum layer developed on the sample surface area (Fig. 3). The weight loss in QD-free
FA (FA0) was significantly more moderate, leading to a total weight loss of only 13%.
However, in the FA40 mixture, the sample disintegrated so rapidly that it could not be
accurately measured (not presented).

3 Conclusions

The chemical durability of QD bearing matrices was explored in the present study. One
of the main concerns of using Mg-rich additives such as QD is the formation of
magnesium hydroxide phase, brucite, which relates to volume increase and cracks in
the hardened mix. Expansion measurements proved that QD has no effect on thermal
expansion and all samples measured complied with the standard limit average
expansion percent of 0.1%.

Static immersion tests in sulfuric acid solution emphasized the differences between
FA based geopolymers and hydraulic calcium silicate-based cements such as PC.
The FA based materials were found to be more durable to the acidic solution, with an
overall weight loss of 14% compared to more than 30% weight loss in CEM sample.
However, for the QD bearing samples this trend has reversed, as the formation of
calcium sulfate (gypsum) on CEM sample surface produced a sealing effect which
delayed the dissolution of QD, which is highly susceptible to acid [3]. The high
permeability of the FA matrix facilitated the dissolution of QD in the acidic media and
it dissolved rapidly. Therefore the vulnerability of these QD containing products to
acidic conditions must be further studied and carefully considered.
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1 Introduction

From the historical perspective Delayed Ettringite Gormation (DEF) is known to occur
usually in cementitious systems made at high cement contents with rapid hardening
Portland cements (RHPC) such as Type III cements. Elevated curing temperatures
exceeding 70 °C are necessary for DEF to occur. However, there have been contro-
versies, leading to speculations that DEF could occur outside these generally recog-
nized conditions [1–9]. For example, large pours of concretes under hot weather
concreting could increase concrete temperature levels to DEF critical temperatures.
Johansen and Thaulow [10] found that a concrete beam of 1 m � 1 m cross-section
developed a peak temperature of 84 °C at ambient temperatures of 35 °C, without heat
treatment. Hobbs [11] also suggested that large sections of field concretes made with
high cement contents of about 500 kg/m3, could attain maximum temperatures in the
range of 85 °C. So in hot or tropical climates, concreting conditions similar to those
found under heat curing, could arise as a combined effect of the following factors:- use
of RHPC/Type III cement, mix designs of high cement contents such as 500 kg/m3,
large concrete pours or casting of large sections, and ambient temperatures exceeding
30 °C. In laboratory studies, however, there are no reports of DEF occurrence in the
absence of heat curing.

2 The Controversies of Chloride-Sulphate Interactions
in Concrete

Chlorides commonly migrate or are incorporated into concrete, leading to two cate-
gories comprising:

• Admixed chlorides, that are added or incorporated during mixing of concrete, and
may be considered as ‘internal chlorides’ or

• Ingressed chlorides, which migrate into hardened concrete from external sources
and may be regarded as ‘external chlorides’.
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In the early ages of concrete technology development during the first half of the
20th century, chloride-based chemical admixtures were extensively used as accelera-
tors, to promote hydration of concrete especially for casting under cold weather con-
ditions. Various researches were devoted to understanding of the effects of admixed
chlorides on cement hydration [12–14]. The understanding that emerged showed that
the admixed chlorides compete with internal sulphate ions to react with C3A in a
Cl-C3A interaction, to form Friedel’s salt as the end reaction product. The interactions
involving ingressed chlorides are quite different from those of admixed or internal
chlorides, since most of the C3A will have reacted by the time external chlorides
migrate into concrete. Accordingly, the unstable product that chlorides may find
available in the hardened concrete system is monosulphate (AFm), which sets up the
Cl-AFm interaction. The different interaction processes for admixed or ingressed
chlorides, eventually determine their effects on volume stability of the material system.

The Cl-AFm interactions of ingressed chlorides in concrete, has resulted in con-
troversies regarding their effects on sulphate attack, for which each of the following
observations have been reported in the literatures:

• No effect [15]
• Suppressive [16–18]
• Increase [19–21]

A close look at the experimental set-ups of the various researches lead to two
important deductions that:

(i) The effect of ingressed chlorides is a function of chloride concentration. There is
agreement on the experimental observations showing that high chloride concen-
trations suppress sulphate attack, as reported in the literatures [16–21]. Further
evidence is also available from field investigations done at the Arabian Gulf,
which showed sulphate attack to have been majorly suppressed owing to exposure
of the concrete structures to high chloride concentrations in the environments
[22].

(ii) Only heat-treated systems appear to exhibit the DEF expansion enhancing effect
of ingressed chlorides. To the best knowledge of the author, no chloride – induced
expansions have been reported in moist-cured cementitious systems. The author’s
researches [20, 21, 23] have consistently found chlorides to enhance DEF
expansions in heat-treated cementitious systems. It is also possible that non –

expansive systems of low SO3 can become DEF expansive as a consequence of
exposure to chlorides. The second important consideration is that only low
chloride concentrations produce the chloride-enhanced DEF expansion (CLDEF).
The researches done so far indicate 0.5 M chloride concentration to give the most
severe CLDEF expansion.
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3 Review and Discussion

3.1 Incidental Observations

In this section, the DEF experiments that were conducted in Canada and in South
Africa under completely different investigations, are reviewed. The early evidence of
CLIDEF was first reported in [20, 21]. In the study, concrete cylinders 100 dia
200 mm height were made at 0.45 water/cement ratio (w/c) with 7% entrained air,
then heat-cured at 95 °C in accordance with the 18-h conventional steam curing cycle
[21]. The Type 30 Portland cement used in the study was known to be DEF expansive,
as shown in Fig. 1 [21]. Its high SO3 > 4.0% met the requirement for sulphate
expansive cements [24, 25].

Following heat curing, the cylinder samples were exposed outdoors for 28 days. In
preparation for the bulk diffusion test ASTM C1556 [26], cores of size 100 dia
50 mm thick were cut from the concrete cylinders then ponded in 2.8 M NaCl solution
for 90 days. Prior to profile grinding of the cores for chloride analysis, the cores were

Fig. 1. DEF expansion of Type 30 Portland cement [20]
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removed from the chloride solution then dry - stored in a freezer at −18 °C. It was
during the frozen storage that strangely interesting observations appeared. It was found
that after the dry-storage of the cores in the freezer for 9 months, cracks developed in
some cores. These observed cracks were monitored and found to continue growing
rapidly with age while under storage in the freezer.

Figure 1 shows photographs of crack growth in the Cores A and B. It can be seen
that Core A showed rapid crack growth attaining average sizes 0.1, 0.32, 7.3 mm at 9,
22, and 26 months respectively. Similarly, Core B rapidly developed cracks from about
0.0 mm at 9 months to 0.07 mm and 3.0 mm at 22 and 26 months, respectively. Once
the onset of cracking occurred, crack development progressed rapidly, increasing by
43% and by 17.6% for the Cores A and B respectively, over a duration of 17 months.

3.2 Experimental Investigations

In order to further investigate the incidental observations discussed in the foregoing
section, two experiments were conducted at different times. One study was done in
Canada [21] while the other was carried out in South Africa [22]. The experiment
conducted in Canada was a detailed study done using 25 � 25 � 285 mm bars made
at 1:2.25:0.47 cement to sand to water, and using 75 � 75 � 285 mm concrete prisms
made at 0.45 w/c. Both sets of samples were steam-cured at 95 °C then stored in water
(for the control), 0.5 M or 2.8 M NaCl as reported in [21].

While the earlier study [21] was done in Canada, the later study [23] was conducted
in South Africa using CEM I 42.5R supplied by Afrisam (pty) Ltd. The cement
contained clinker SO3 of 2.0% which is very low and non-expansive. In the experi-
ment, the sulphate content of the cement was increased to a total of 5.0% SO3, by
adding Na2SO3 of technical grade supplied by Merck (pty) Ltd. The CEM I 42.5R
cement was used to prepare mortar prisms of 25 � 25 � 285 mm at 1.0:2.25:0.5
cement to sand to water. The mortars were heat-cured at 95 °C then stored in water
(0 M), 0.5 M, 1.0 M, 1.5 M, 2.0 M NaCl solutions. Both of the studies conducted in
Canada and in South Africa, confirmed that indeed ingressed chlorides of low con-
centrations 0.25 M to 1.5 M enhance DEF, as seen in Fig. 2a,b [21, 23]. The mech-
anism by which chlorides enhance DEF expansion was proposed in [21]. This process
was attributed to instability of monosulphate upon exposure to low chloride concen-
trations leading to CLDEF. At high chloride concentrations, the instability of both
monosulphate and ettringite occurred, leading to suppression of DEF expansion. The
proposed mechanism was also found to be consistent with kinetic theory that was
employed for mathematical modelling of the chloride-DEF interation [27].
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4 Conclusions

This paper has provided additional insights on a less known mechanism by which
externally applied chlorides can enhance delayed ettringite formation, to form a process
that may be referred to as chloride – enhanced delayed ettringite formation (CLDEF),
which was first reported in [21]. The present study has affirmed the following findings:

• Externally applied chlorides indeed exhibit pessimum effect on DEF expansion
• Low concentrations of about 0.25 to 1.5 M NaCl give the most severe enhancement

of DEF
• Only expansive cements with SO3 exceeding 4.0% can develop CLDEF
• Low expansive cementitious systems can develop expansive behaviour exceeding

0.10% threshold due to CLDEF
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Abstract. An investigation on the effect of water immersion on the compres-
sive strength of geopolymer pastes was investigated. Specimen’s exposure to
water showed a detrimental effect on the compressive strength of the geopoly-
mer pastes (up to 25% strength loss). It was shown that the leaching of the
sodium silicate when geopolymers were immersed in water decreases the
compressive strength.
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1 Introduction

Since the invention of geopolymers, there has been advances in the literature exploring
the properties of geopolymer materials on a laboratory scale [1] which has provided
confidence that geopolymers can offer similar if not superior performance to Ordinary
Portland Cement (OPC). Whilst the durability of geopolymers exposed to various
aggressive environments have shown excellent resistance to chemical attack by chlo-
rine (including sea water), various acids, alkali and sulphate, [1–5], others have
reported that the durability of geopolymers is hindered when exposed to magnesium
sulphate and sulfuric acid solutions [6].

Another durability concern is the effect of water on geopolymers, especially in
relation to efflorescence and leaching. Whilst the effects of the reactivity of raw
materials, alkali metal type and reaction conditions on the intensity of efflorescence and
leaching of geopolymers has been reported [7–12], the literature is either scant or silent
in respect to the effect on mechanical strength of geopolymer exposed to water. The
effect of leaching and efflorescence on the compressive strength of geopolymer when
specimens were under dry, in water contact and submerged in water for a period of up
to 28 days has been studied [12]. Results indicated submerged specimens experienced
strength loss postulated to be due to leaching which contributes to the restriction of the
geopolymer to develop strength due to late geopolymerization whilst water contact
specimens experienced strength loss due to efflorescence. This suggests that
geopolymers placed in humid conditions should be given attention due to the phe-
nomenon’s in play which can effect strength loss [12]. This is partially important given
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that geopolymers are being considered as a possible medium for the encapsulation of
radioactive and hazardous waste [13, 14] and other applications that have direct contact
with water, for example, sewer pipes, bridge pillars and water waste treatment facilities.
Zhang et al. [12] sighted previous works Skvara et al. [15] who reported that
geopolymer mortars immersed in water exhibited lower compressive strengths than
those exposed to ambient conditions. It was postulated that the leaching of sodium
through diffusion of the alkali cations was attributed to this strength reduction.

Resistance to water is an important durability parameter for geopolymers that needs
investigation. The results presented in this study aimed to investigate and explain the
effect of water exposure to cured geopolymers and their effect on compressive strength.
It should be noted that the water exposure damage reported here is only applicable to
the particular mixtures used. Further work of the authors is underway to obtain
geopolymer mixtures which are resistant to water exposure.

2 Experimental Program

The aluminosilicate source for the geopolymer used in this study was fly ash sourced
from Pozzolanic Gladstone in Queensland, Australia. Chemical composition for this fly
ash has been studied by Kong and Sanjayan [16]. Alkaline activator used was a
combination of sodium silicate, Na2SiO3 and sodium hydroxide, NaOH (molarity of
8.0M). Sodium silicate used in this experiment has a ratio of SiO2/Na2O of 2. Sodium
hydroxide of 8.0M solution comprises 26.2% of NaOH solids and 73.8% of water [17].

All specimens had dimensions of 38 mm � 73 mm (diameter � height) and were
cast in PVC moulds. The ratios of Na2SiO3/NaOH were 2.5, 1.75 and 1.0. Alkaline
solution to fly ash ratio was kept constant at 0.4. Further specimens with 0.57 alkaline
solution to fly ash ratio and 2.5 Na2SiO3/NaOH ratio were made to investigate the
effect of saturation and dry conditions of high strength geopolymer. Ten specimens
were made for each mix design, five each for the dry and saturated tests.

3 Results and Discussion

The compressive strength results are based on five specimens from each mix apart from
the Na2SiO3/NaOH = 1.0, Alkaline solution/fly ash = 0.4 mix which only had four
specimens for the saturated state condition. In dry condition, specimens with 0.4
alkaline solution to fly ash ratio produced average compressive strength of 92.76 MPa,
89.62 MPa and 74.54 MPa for 2.5, 1.75 and 1.0 Na2SiO3/NaOH ratios respectively
which is dependent upon the amount of Na2O per total geopolymer mix (fly
ash + alkaline solution).

Higher strength losses were recorded in higher Na2SiO3/NaOH ratios. These results
demonstrated the trend that higher strength can be achieved by using a higher Na2SiO3/
NaOH ratio. In saturated condition, the strengths of the specimens were less than the
dry condition. The saturated strengths were 68.96 MPa, 76.46 MPa and 64.40 MPa for
2.5, 1.75 and 1.0 Na2SiO3/NaOH ratios respectively. These are 25.66%, 14.69 and
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13.60% less than the dry strengths. Figure 1 and Table 1 shows the compressive
strength of geopolymers in dry and saturated conditions and their water absorption
characteristics are shown in Table 2.

Fig. 1. Compressive strengths of dry and saturated geopolymer pastes

Table 1. Compressive strengths of geopolymer pastes under dry and saturated conditions

Alkaline
solution/FA

Na2SiO3/
NaOH

Compressive strengths (MPa)
Average
dry

STDEV Average
saturated

STDEV %
Loss

0.4 1 74.54 2.31 64.40 4.22 13.60
0.4 1.75 89.62 3.91 76.46 1.50 14.69
0.4 2.5 92.76 2.67 68.96 4.74 25.66
0.57 2.5 78.53 4.31 60.17 5.98 23.38

Table 2. Average saturated weights and absorption percentages of geopolymer pastes under dry
and saturated conditions

Alkaline
solution/FA

Na2SiO3/
NaOH

Average weights (g)
Average
dry

STDEV Average
saturated

STDEV Absorbed
(%)

STDEV

0.4 1 155.80 0.16 161.58 0.15 3.73 0.05
0.4 1.75 155.40 0.51 162.06 0.48 4.28 0.15
0.4 2.5 155.04 2.80 161.78 2.89 4.34 0.26
0.57 2.5 151.76 0.59 158.98 0.38 4.74 0.18
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Similar strength reductions of geopolymers due to water immersion reported in
literature are shown in Fig. 2. The strength reduction of the results presented in this
investigation are purely from the effect of leaching.

4 Conclusions

1. There is compressive strength reduction ranging from 13.60% to 25.66% for
geopolymer immersed to water. Geopolymer specimens with 2.5 ratio of Na2SiO3/
NaOH and 0.4 alkaline solution to fly ash ratio provides the highest average
compressive strength of 92.76 MPa and the highest average strength reduction of
25.66%.

2. Geopolymer specimens with 1.0 ratio of Na2SiO3/NaOH and 0.4 alkaline solution
to fly ash ratio provides the lowest average compressive strength of 74.54 MPa and
the lowest average strength reduction of 13.60%.

3. Initial geopolymer strength is not the influencing factor in the strength reduction.
This was proven by same strength but different Na2SiO3/NaOH specimens. The
trend of increasing Na2SiO3/NaOH with increasing strength reductions remained for
the same strength specimens.

4. The strength reduction is caused by sodium silicate leaching out from specimens
when immersed in water which caused strength damage. This conclusion was
reached by eliminating strength as the cause of this and by measuring leached
chemicals in the immersing water.

5. Strength reduction due to leaching during curing is an important consideration when
developing geopolymer mixes. Some mixes seem more vulnerable to leaching than
others and better understanding of this phenomenon will lead to better design of
geopolymer mixes.

Fig. 2. Compressive strengths of demolded geopolymer pastes followed by air curing, water
contact and water immersion conditions. Modified from [12]
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1 Introduction

Air void structure plays a key role in the durability of concrete structures in cold
regions. This is because water in the microstructure can escape into the air voids which,
thereby, effectively reduce the stresses during cyclic freezing and thawing. This pro-
tects the concrete structures from developing frost damage [1, 2]. Therefore, to assure
the frost resistance of conventional concrete, it is necessary to quantify its air void
structure.

The most widely used methods for measuring the air void parameters in hardened
concrete are the microscopy-based methods described in ASTM C457/457M-16 [3].
The linear-traverse method determines the air void parameters by analysing the data
that include the number of air voids traversed by a set of regularly spaced lines and the
distances traversed through paste and air voids along these lines. The modified point-
count method counts the number of air voids traversed through the lines as well, but
instead of summing the traverse distances, a grid of points is used to record the
frequency of locations in paste and air voids. Both methods can be conducted manu-
ally, but this is time-consuming, tedious and expensive. In addition, the results can be
influenced by operator judgment. To address these drawbacks, the contrast-enhanced
methodscan be used to identify the air voids by image analysis. Then colour
enhancement needs to be done before the microscopy analysis. This also needs sig-
nificant efforts for sample preparation. Furthermore, the quality of surface treatment can
influence the accuracy of test results [4].

In the 1990s, Nayar [5] developed a shape from focus method to analyse the texture
of different objects that have a rough surface. An optical microscope is used to get a
sequence of images with different focus planes. Then the focused image and 3D texture
of the object surface can be reconstructed and the depth map can be computed. In the
present study, the shape from focus method is used to obtain the focused image and the
depth information of the concrete surface. This enables automatic identification of the
air void structure in hardened concrete, without pre-treatment like colour enhancement.
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2 The Principle of a New Test Method: Shape from Focus
(SFF)

Before introducing the principle of the shape from focus method (SFF), the image
formation process should be kept in mind. As shown in Fig. 1, when the light rays
radiated by a point pass through the lens, they are refracted and converged at a single
point. For a thin lens, the relationship between the focal length of the lens f, the distance
from the point to the lens plane o, and the distance from the image plane to the lens
plane i, follow the Gaussian lens law [5]:

1
o
þ 1

i
¼ 1

f
ð1Þ

Therefore, for an optical microscope system, when the configuration of the lens
plane and the image plane is fixed, the only focal plane is defined, see Fig. 1. It means
that only the surface points that lie on the focal plane (like SA) will be perfectly focused
on the image plane. Other points located outside the focal plane (like SB and SC) will
form defocused or blurred areas on the image plane (SB

″ and SC
″ ).

Fig. 1. Principle of the image formation and the shape from focus method. (Note: The
microscope can be moved from top to bottom as well.)
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Based on this, when an object with a rough surface is placed on a fixed stage,
moving the focal plane away from the stage by moving the microscope allows getting
the focused image of each point located in different positions, as presented in Fig. 1.
For each point on the object surface, it is possible to determine its degree of focus in
different image frames by using a focus measure operator and then record the dis-
placement of the microscope at the position of maximum focus. After that, the height of
the point with respect to the stage d can be calculated by Eq. (2):

d ¼ df þ n� 1ð ÞDd ð2Þ

Where df is the distance between the initial position of the focal plane n ¼ 1ð Þ and
the fixed stage, which can be measured directly, n is the number of steps, and Dd is the
displacement of the microscope at each step. This procedure allows determining of the
height of all points with respect to the stage independently to get the focused image and
the depth map of the entiresurface. And it can also be used to calculate the distance
between all points and other planes such as the lens plane.

3 Materials and Methods

3.1 Sample Preparation

A concrete sample was prepared using Portland cement CEM I 52.5 N, sea sand, and
crushed granite (4–16 mm). Instead of traditional air entraining agents, suspension
polymerized superabsorbent polymers (SAP) was used to create the air void structure in
the hardened concrete. The total w/c was 0.52, and the SAP dosage was 0.4% relative
to the mass of cement. The SAP absorption capacity was 17 g/g. The percentage by
volume of sand and coarse aggregate was approx. 23% and 35%, respectively. The
sample was cast in a cylindrical mould (Ø 150 mm � 300 mm) and demoulded after
24 h. Then the sample was cured in a polythene bag at 20 ± 1 °C 14 days after
mixing, a 20 ± 1 mm thick specimen was cut from the cylinder perpendicular to the
end surfaces. Finally, the surface of the specimen was ground with successively finer
silicon carbide abrasive papers (grit sizes corresponding to 75, 35, 17.5 and 12.5 lm).

3.2 Image Acquisition and Preliminary Analysis

A Nikon SMZ25 stereo microscope equipped with NIS-Elements software was used.
The specimen was placed on the fixed microscope stage and adjusted, so the test
surface was horizontal. The magnification was 70� (obtained by an objective lens with
the magnification of 2� and azoom of 35�). After setting the displacement of the
microscope (Dd = 10 lm) and the number of steps (n = 51), the program digitized and
stored images at each position.

The NIS-Elements software was used to obtain the preliminary results, see Fig. 2.
The software module is based on the so-called extended depth of focus method (EDF),
instead of the shape from focus method. The principle of EDF is different from that of
SFF, but both methodscan be used to obtain the focused image and the depth
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information of the object surface [6]. As shown in Fig. 2 left, it is impossible, without
colour enhancement, to distinguish air voids from aggregates by using traditional
threshold segmentation methods directly. However, due to the difference of depth
between air voids and the rest of the test surface, air voids can be identified from the
depth map presented in Fig. 2 centre via a threshold segmentation method, see Fig. 2
right. Thus, preliminary results illustrate that it is generally possible to distinguish air
voids from aggregates based on the depth information. However, some air voids are not
detected, and this is the topic for further investigations.

3.3 Upcoming Work

In the near future, the SSF method will be used to process and analyse micro-
scopeimages. After image acquisition, a modified Laplacian focus measure operator is
used to determine the degree of focus of each pixel [5]. Based on this, the image frame
with the maximum sharpness measure at each pixel is determined. After that, the
focused image and depth map of the concrete surface can be obtained to enable analysis
of the air void structure of hardened concrete.

To test the accuracy and robustness of the SFF method, a comparison between the
results obtained by the SFF method and that of the modified point-count method will be
performed. A study will also be conducted on influencing factors including the
brightness and resolution of images, the number and magnitude of the displacement
steps, the smoothness of the specimen surface, etc.

Acknowledgement. The authors would like to thank China Scholarship Council and Technical
University of Denmark for funding this research project. Shengying Zhao, guest PhD student at
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1 Introduction

In the 1990s it became generally accepted in the scientific community that autogenous
shrinkage is a major reason for cracking observed during hardening of high-
performance concrete [1, 2]. Within this decade suitable measurement techniques to
identify autogenous deformation were developed, a large amount of scientific studies
on the phenomenon were done all over the World, and various methods to mitigate its
adverse effects were tested [3]. Today, about 25 years later, clearly the general
knowledge on autogenous shrinkage and its mitigation strategies are extensive, but
practice is slow to adopt it. To some extent cracking is in practice considered part of the
nature of concrete. In this presentation an overview is given regarding mitigation of
autogenous shrinkage in the cementitious binder. Certainly cracking, including that
generated by autogenous shrinkage, can be, and should be minimized.

2 Experimental Details

Experiments were done with a high-performance cementitious mixture consisting of:
White Portland cement (Blaine surface: 419 m2/kg, Bogue composition by mass%:
C3S: 66.1, C2S: 21.2, C3A: 4.3, C4AF: 1.1, CaSO4: 3.4, free CaO: 2.0, Na2O eq.:
0.020), dry silica fume (BET surface 20 m2/g, composition by mass%: SiO2: 89.9,
LOI: 2.9, Na2O eq.: 1.7), and a dry sodium naphthalene sulphonate superplasticizer.
Water/cement-ratio is 0.30, the silica fume/cement ratio is 20%, and superplasticizer/
(cement + silica fume) is 0.010. For mortars quartz sand 0–2.5 mm with a water
absorption of 0.1% was used. By volume the mortars contain 60% aggregate.

The methods for measuring development of autogenous properties and cracking
sensitivity are described in [2].
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3 Results

Measurement results of autogenous RH-change, autogenous deformation and stress
build-up during restrained hardening are shown in Figs. 1, 2 and 3.

As seen the autogenous RH drops to approximately 80% RH after two weeks. It is
expected that the RH will not develop much further from this level, even during years
of sealed hardening. The observed, slight variation in curvature from 1 to 3 days is
related to the silica fume [2]. The RH is a direct measure of the thermodynamic free-
energy (G [J/mol)]) state of the water, which at 30 °C becomes:

R: Gas constant [J/mol/K]
T: Temperature [K]
a: activity [-]
: standard state

s: saturated

As such, the reduction in RH has the consequence that the free energy of the water
is lowered and it becomes less reactive. Though this may not be the cause of the
generally observed limiting autogenous RH of about 75–80%, it does significantly

Fig. 1. Autogenous RH-change of cement paste with w/c = 0.30 and 20% silica fume addition.
Temperature 30 °C.
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influence hydration kinetics [2]. Experiments have indicated two phenomena to be
involved in the autogenous RH-lowering: (1) Dissolution of salts in the pore water, and
(2) formation of menisci. Salts dissolved in the pore water may account for a couple of
% RH-lowering, i.e. most of the RH-lowering observed in Fig. 1 will be caused by
menisci formation.

The menisci will also generate tensile stresses in the pore water (rcap [Pa]) which
are related to the RH through the Kelvin and Laplace equation:

rcap ¼ �RT
Vm

ln RHð Þ ¼ �140 MPa � ln RHð Þ at 30 �Cð Þ

Vm: molar volume of water [m3/mol]

An RH-lowering from e.g. 100 to 80%, completely due to menisci formation, will
according to this equation be related to an increase in the pore water tensile stress to
approximately 30 MPa. Such tensile stresses in the pore water will lead to compressive
stresses in the solid skeleton and shrinkage of the cementitious material. Calculative
conversion of the pore water tensile stresses into outer shrinkage is not simple as it is
influenced by many factors, of which several are ill-known: Porosity, degree of

Fig. 2. Autogenous deformation after setting of cement paste with w/c = 0.30 and 20% silica
fume addition. Temperature 30 °C.
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saturation of the pores, elastic properties of the solid components, the structure of the
composite material, creep, and in the early ages where autogenous RH-change and
deformation are particularly active, the microstructure is developing in parallel with the
autogenous RH-change and deformation. Furthermore, there are deformation mecha-
nisms active which are not related to menisci stresses, such as shrinkage due to dis-
solution of restraining components in the solid material or expansion caused by the
growth pressure of precipitating components.

Experimentally, in contrast with autogenous RH-change, autogenous deformation
is not an absolute measurement, and this causes an additional problem: A “zero-point”
for the deformation has to be defined. This is a difficult task as there is no well-defined
state for this. The only meaningful option is to measure deformation from the time
where the cementitious material transforms from a liquid to a solid, i.e. formally at the
point of setting (final set). Obviously significant uncertainty is related to this since this
liquid-solid transformation to some extent is smooth rather than instantaneous. A fur-
ther and very considerable contribution to the complexity of simulation and interpre-
tation of autogenous deformation measurements is that the deformation rate (in the
form of shrinkage) reaches very high values before and up till around setting. No matter
if the “time zero” is chosen from a physical setting measurement or if it is rather done
by interpretation of autogenous deformation measurements the uncertainty related to it
may cause a major shift on the deformation values. Luckily it has less consequence on
calculated stress build-up during restrained deformation since the creep ability of the
material is very high at this early point.

As seen in Fig. 2 the measured autogenous deformation occurs as shrinkage
throughout which develops in a smooth and monotonous way. After two weeks almost
2000 µm/m of shrinkage has been generated. This is much more than the expected
tensile strain capacity [2]. Apart from this, no particular, characteristic features are
observed in Fig. 2.

Figure 3 illustrates the build-up of tensile stresses during sealed, restrained hard-
ening. After an initial, fast stress build-up, it slows down, but before it stabilizes, the
mortar cracks, and the stresses are relieved.

The curves shown in Figs. 1, 2, and 3 can be considerably changed by modification
of the hardening temperature or in the composition of the paste or mortar. As shown in
the literature it is possible by routine and by simple means to almost completely stop
the autogenous RH-change, turn the autogenous shrinkage completely into expansion
(or minimize it), and to avoid the stress build-up and cracking during restrained
hardening [2]. Though it may not be possible to usefully predict autogenous shrinkage
and stress build-up, or even reliably model the internal relations between the autoge-
nous properties, sufficient knowledge does exist to safely control these phenomena.
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4 Summarizing Comments

Since high-performance concrete was introduced into the market more than 30 years
ago a lot of knowledge related to its autogenous material properties have been gained.
Today we are able to reliably measure and control these properties on a scientific basis,
and we do have a basic chemical and physical understanding of the underlying
mechanisms involved. However, we still lack sufficient knowledge to reliably predict
these phenomena by modeling. This remains a task to be accomplished by future
efforts.
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1 Introduction

Radon is one of the most dangerous carcinogens that causes cancer. For this reason, in
many countries of the world, the indoor radon is limited. For example, in Israel, the
reference level of the radon concentration is 200 Bq/m3 for homes and 500 Bq/m3 for
working places.

The main source of indoor radon is soil, so building materials and structures in the
underground part of the building, such as concrete in foundation slab, should prevent
the transport of soil radon into the building. However, due to aging and deterioration of
concrete in time, its permeability to radon increases. An important characteristic of
material permeability is radon diffusion coefficient, which is often used to evaluate
quality of radon barrier materials. In addition, radon diffusion coefficient can be used to
indicate concrete performance in terms of its durability, similarly to diffusion coeffi-
cients of chloride ion, air, oxygen, carbon dioxide and water, which cause detrimental
effects in concrete. The advantage of testing diffusion of radon is that it does not
interact chemically with concrete constituents, because is a noble gas.

Over the past few decades, many different methods and approaches have been
published to determine the diffusion coefficient of radon in building materials. Two
international ISO standards are among them, they differ fundamentally in the test
modes: one of them [1] is based on the non-stationary mode, and another [2] – on the
stationary one. The main advantage of the non-stationary method is the short duration
of the test, not exceeding 24 h, but this method uses a powerful radon source and non-
standard measuring equipment, as well as a complex mathematical apparatus [3]. The
duration of tests in the stationary mode is significantly longer (from 2 to 4 weeks). At
the same time, a radon source of low activity and standard radon devices can be used
[2]. The experimental setup in the stationary measurement methods usually includes
two sealed chambers, one of them contains a radon source. The test sample is located
between these two chambers.
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The main novelty of our approach is the use of only one chamber containing a
radon source. In addition, we propose to use very simple equipment based on radon
adsorption in activated charcoal for measuring its activity, as well as a standard plastic
tube for the manufacture of the chamber and concrete samples.

2 Theory of the Method

The measurement scheme of the proposed method is shown in Fig. 1a, and its principle
is as follows. The test cylindrical sample with a sealed lateral surface and unsealed ends
is hermetically mounted in a cylindrical chamber, the lower end of which is hermeti-
cally sealed. The source of radon is located inside the chamber.

After installing the sample, the concentration of radon in the chamber increases due
to the source. However, in the stationary mode, the concentration of radon in the
chamber, as well as the distribution of the radon concentrations along the height of the
sample, is stabilized over time due to the equality of the rates of radon release from the
source and its runoff, which is due to the natural decay and diffusion of radon through
the sample into ambient air. The stationary radon diffusion in a homogeneous sample is
described by the well-known equation:

D � d
2C xð Þ
dx2

� k � C xð Þ ¼ 0 ð1Þ

The boundary conditions on the lower and upper surfaces of the sample are as follows:

Fig. 1. Measurement scheme (a) and experimental setup (b)
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C x ¼ 0ð Þ ¼ Cs ð2Þ
C x ¼ hð Þ ¼ CA ¼ 0 ð3Þ

where D is the radon diffusion coefficient (m2/s), C xð Þ is the distribution of radon
concentration in the sample (Bq/m3), Cs and CA are the radon concentrations in the
chamber and the ambient air, respectively (Bq/m3), k is radon decay constant
(2.09 � 10−6 1/s), h is the height of the sample (m).

The solution of the boundary task (1)–(3) has the form:

C xð Þ ¼ Cs � sh h� xð Þ �
ffiffiffiffiffiffiffiffiffi
k=D

ph i
=sh h �

ffiffiffiffiffiffiffiffiffi
k=D

p� �
ð4Þ

According to Fick’s first law, the radon exhalation rate from the upper surface of the
sample q (Bq/m2/s) is described by equation:

q ¼ �D � dC xð Þ
dx x¼hj ; ð5Þ

and the balance of radon in the chamber is described by the following equation:

Q� k � Cs � V þ S � D � dC xð Þ
dx x¼0 ¼ 0j ; ð6Þ

where Q is the rate of radon release from the source, Bq/s, S is the sample (chamber)
area, m2, V is the free air volume in the chamber, m3.

Then, considering (4)–(6),

q ¼ Q �
ffiffiffiffiffiffiffiffiffiffi
k � D

p
= k � V � sh h �

ffiffiffiffiffiffiffiffiffi
k=D

p� �
þ S �

ffiffiffiffiffiffiffiffiffiffi
k � D

p
� ch h �

ffiffiffiffiffiffiffiffiffi
k=D

p� �h i
ð7Þ

Thus, according to (7), the value of the radon diffusion coefficient can be obtained by
measurements of the values of two parameters only: q and Q.

3 Equipment and Materials

Dry phosphogypsum [4] with the density about 1,000 kg/m3 is used as a radon source.
For the manufacture of the chamber and the casting of concrete samples, it is advisable
to use a standard plastic tube with an external (internal) diameter of 75.0 (71.2) mm,
then S = 4.0 � 10−3 m2.

If 1.0 kg of phosphogypsum is used, then chamber height (Hph) should be at least
0.25 m, taking into account S and the density of phosphogypsum. It is advisable to
increase the height of the chamber (H) to 0.34 m, so that there is a layer of air
(Hair ¼ 0:09 m) in order to reduce the uncertainty in estimating the value of V, which
also depends on the porosity of the powder (phosphogypsum). If the porosity (p) of
phosphogypsum is assumed to be 0.2, then V � S � Hph � pþHairð Þ � 0:0006 m3.
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The proposed method for measuring the parameters q and Q, according to Fig. 1b is
based on the ability of activated charcoal to adsorb radon. In order to measure q an
activated charcoal layer (working layer) is located on the upper surface of the sample,
which adsorbs radon released from the sample for a certain time (no more than 20 h).
The protective layer of charcoal prevents the adsorption of radon in the working layer
from the surrounding space, which provides CA = 0, according to the boundary con-
dition (3).

Using this method, the value of q is determined by the formula (8) considering the
decay of radon in the charcoal layer during the exposure period:

q ¼ k � A � exp k � tkeep
� �

=S= 1� exp k � tð Þ½ �; or
q ¼ A � exp k � tkeep

� �
= S � tð Þif t\5 h;

ð8Þ

where A is the activity of radon in the working layer of charcoal, Bq, t is the exposure
period, s, tkeep is the time interval between the end of the exposure and the start of
measurements, s.

The activity of radon adsorbed in charcoal is measured on a very simple, but at the
same time, highly sensitive detector [5]. This detector allows to measure the parameter
A at a level of 1.0 Bq (0.5 Bq) with a statistical uncertainty of about 15% (25%).

The value of Q is determined in the same way as q, but without a concrete sample,
according to the Fig. 1b, and Q ¼ q � S.

4 Results and Simulation

Based on multiple measurements with an exposure period of 3 to 6 h, the value of Q
was determined to be 2:2 � 0:2ð Þ � 10�4 Bq/s, which is consistent with the data from
[4] (the difference is not more than 20%).

An important task is the selection of the optimal height (h) of the concrete sample.
The determining criteria are two basic conditions: (i) the ability to more accurately find
the difference between the values of D; for example, in the new (with lower D-value)
and artificially aged (D is higher) concrete samples, and (ii) the value of q must be at
least 15 mBq/(m2s), so that A[ 1:0 Bq for the exposure period no more than 5 h (see
above). To solve this task, modeling was carried out (Fig. 2) based on the obtained
solution (7), taking into account the initial data and criteria presented before.

The expected range of D in new and aged concrete is about from 2 � 10�8 (Dmin) to
2 � 10�7 (Dmax) m

2/s. Then, considering the condition (ii), the height of sample should
not exceed 0.10 m, according to Fig. 2. In other words, considering the condition (i),
the sample height of 0.10 m is more preferable than 0.05 m, since a larger value of
h provides greater sensitivity of the method (k10 > k5) when comparing the diffusion
rate of radon in the new and aged samples.
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5 Conclusions

A simple method for determining the radon diffusion coefficient in concrete based on
the radon adsorption in activated charcoal is proposed. The geometry of the experi-
mental setup is scientifically justified considering the characteristics of the existing
radon source and the proposed method for measuring the activity of radon adsorbed in
activated charcoal.
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Abstract. This study discusses a method for forced packing of dry multi-
component mixtures, and studies the effect of such forced packing on physic-
ochemical properties of the composition, microstructure, homogeneity, and
mechanical properties of UHPC produced using standard blended mixtures, and
dry forced packed mixtures.
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1 Introduction

The close packing of raw materials is generally recognized as the first of the basic
principles for design of Ultra High Performance Concrete (UHPC). There are numerous
mathematical models for optimizing granular packing [1]. In these models particle
packing density is primarily based on “ideal” powders, meaning that individual par-
ticles are loose and not interconnected into agglomerations. According to this concept,
upon mixing silica fume with larger inorganic binders, the ultrafine microsilica particles
are uniformly arranged in the voids between coarser cement particles, together creating
a densely packed matrix. However, in actual practice, silica fume particles have a
tendency to aggregate. The smaller the particle size, the more aggregation. Particle
aggregation prevents uniform distribution of the silica fume particles, and the density,
as well as other properties of the concrete matrix are jeopardized in various ways,
including but not limited to higher porosity and permeability, and lower strength and
durability. Many solutions have been identified to overcome the problem of silica fume
particle aggregation, including introduction of silica fume after chemical pre-treatment
[2], or as a colloidal suspension often in combination with sonication or combinations
thereof [3]. Breaking down silica fume with cement in the process of cement milling
has been proven successful and has become standard practice; however cement milling
is generally performed in a factory utilizing a process of clinker milling which produces
large batches for commercial use. One disadvantage of incorporating silica fume into
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the process of cement manufacturing is a lack of production flexibility. Specifically, it
is impractical to produce relatively small and diverse batches of blended hydraulic
cement according to requirements of dissimilar customers. Another drawback is that a
limited amount of silica fume can be added into cement in the process of its manu-
facturing. Silica fume is normally added at a range between 3 and 10% by weight, and
almost certainly under the maximum 15% defined by many national standards, and
particularly by National Standard of Canada CAN/CSA-A3000-13. This quantity of
silica fume is generally below its optimum amount (up to 25% in many UHPC com-
positions and higher in some) required for making blended cement compositions with
maximum packing density. Besides, the milling cannot be used for optimum packing of
multi-component mixtures, containing materials in addition to silica fume, for example
other supplementary cementitious material like fly ash, slag, etc., or non-cementitious
fillers like quartz powder, sand, etc. Another reason milling cannot be used for opti-
mum packing of multi-component cementitious mixtures is that it is considered
impossible to calculate the optimum ratio of the components based on their original
sizes because of comminution of different components to varying and unpredictable
degrees in the process of milling.

Initially, all of the dry materials (Table 1) were combined in an Eirich R09T 200 L
intensive mixer (abbreviated IM) with a counter-current rotating pan and high speed
rotor tool with a fixed pan scraper blade for a period of 1 min at rotor speed of
380 rpm.

The dry-blended materials were discharged and stored in sealed pails for subse-
quent UHPC production in the IM, plaster/mortar (PM), drum (DR), and ordinary flat
pan (FP) mixers. A portion of the dry-blended materials was further subjected to forced
packing using a mortar and pestle based high intimacy mixer (Fig. 1a). The dry force
packed material exhibited an even distribution of silica fume particles coating the
cement grains (Fig. 1b). To facilitate handling of the activated dry force packed
material, pelletization (Figs. 1c, d) and briquetting (Figs. 1e, f) are additional options,
that can also accomodate the introduction of fibres.

To produce UHPC, liquid admixtures were combined with the mix water, and
added to the dry blended ingredients with the various mixers operated and mixed for a
period of three minutes, followed by a two-minute resting period, followed by another

Table 1. Mix design

Material kg/m3 kg/m3a

Portland cement, Holcim Mississauga GU, spg 3.11 1030 946
Silica fume, Norchem densified SF, spg 2.20 258 236
Fine aggregate, Sand Fairmount Santrol LS-80, spg 2.64 640 588
Superplasticizer, BASF MasterGlenium 3400, spg 1.10 46.5 43.4
Water, City of Toronto, spg 1.00 238 296
aAdjustment for mixture made in drum mixer due to water addition during
mixing.
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two minutes of mixing. The same process was repeated with the dry force packed
material, but only with the ordinary flat pan mixer. The mixture produced in the drum
mixer was initially unworkable, so additional water was added during the final two
minutes of mixing. UHPC was cast in 100 mm dia. � 200 mm cylinders, and moist
cured prior to strength testing and preparation in thin section for microstructural image
analysis of silica fume agglomeration content, size, and frequency.

2 Results

The UHPC produced with the dry force packed material exhibited superior strength,
and no silica fume agglomerations were observed (Table 2). Figure 2 shows example
transmitted plane polarized light micrographs from the thin sections.

Fig. 1. Dry force packing functional principle (a), scanning electron microscope image of silica
fume coated cement grain after dry force packing (b), pelletization by extrusion (c) and produced
pellets (d), roller compaction (e) and produced ribbon with steel fibre addition (f).
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Table 2. Compressive strength and silica fume agglomeration statistics.

Agglomeration statistics Compressive strength

Mixer
ID

Vol.
%

Avg. intercept
(µm)

Specific surface
(mm−1)

Frequency
(aggl./cm)

7 d 28 d

Dry blended
materials

IM 3.2 167 19.6 1.6 79.9 ± 0.8 93.1 ± 2.2

PL 5.3 99 49.8 4.0 66.9 ± 1.4 93.1 ± 1.1

DR 7.8 115 42.7 8.3 59.1 ± 1.1 92.7 ± 1.2

FP 3.2 101 49.8 4.0 65.4 ± 1.2 98.0 ± 0.8

Dry force packed
materials

FP No agglomerations observed 129.5 152.5

Fig. 2. Silica fume agglomerations in dry blended material IM (a), PM (b), DR (c) and FP
(d) mixtures, and absence of agglomerations in dry force packed material FP mixture (e).
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3 Conclusions

SEM analysis of the dry force packed mixture showed coating of the larger cement
particles by smaller silica fume particles, providing thereby the maximum packing
density. The forced packing resulted in physicochemical activation that provided the
possibility for pelletization and briquetting. Petrographic microscope analysis
demonstrated that dry blended material mixtures resulted in silica fume agglomerations,
and only the mixture produced with dry forced packed materials achieved full dispersal
of the silica fume. Compressive strength of the UHPC produced with the dry force
packed material was the highest of all other UHPCs, which may be attributed to highest
uniformity of the cementitious matrix.
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1 Introduction

Dolomite is the widespread sedimentary rock that finds a wide application in building
industry and road engineering. During the treatment of dolomite rocks, a huge amount
of fine fractions (0…8 mm) are produced and classified as by-products due to the
limited range of applications. For example, nowadays more than 400 000–450 000 t
dolomite by-products are deposited in a single quarry and the annual increase of this
material is 50 000 t.

There have been efforts to incorporate dolomite residues as an aggregate and micro
filler component in concrete mixes [1]. There is research that reports how carbonate
micro filler accelerates the rate of hydration [2]. It was proved that the positive effect of
the dolomite quarry by-product takes place for self-compacting concrete (SCC). It
determines the necessary paste content and provides the consistency of SCC mixes [3].
Also, dolomite by-product has been tested as filler in the lightweight concrete made of
expanded clay aggregates and the incorporation of dolomite by-products improved the
workability and casting of concrete [4].

The goal of this research is to elaborate effective, high-strength and durable
high-performance concrete compositions with maximum content of dolomite quarry
by-products.

2 Materials and Methods

Experimental samples of dolomite by-product aggregate were taken from the accu-
mulated stack in deposit quarry Birzi, one of the biggest dolomite aggregate producers
in Latvia. Obtained by-products are a multi-fraction mix (range of sizes up to 8 mm)
which contains a large amount of fine particles (up to 20%). It must be noted, that
dolomite deposit Birzi is characterized by high strength (more than 80 MPa), freeze-
thaw resistance and low water absorption (2%). Dolomite by-products are loose
aggregate mix with bulk density 1500–1800 kg/m3 and particle density 2640 kg/m3.
Grading analysis of dolomite by-product was done in accordance with standard EN
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911-1, using the method of wet sieving due to the high content of dust particles.
Granulometric composition of dolomite by-product is presented in a wide range of
particle sizes up to 8 mm. The content of micro filler (particles smaller than 0.063 mm)
is about 26%. Almost half part of the material (47%) is sand fractions (0.1–4.0 mm)
and 30% is the content of crushed stone (>4 mm) Samples taken from different places
demonstrate quite good stability, grading deviations do not exceed 5%.

Normal type CEM I 42.5 N Portland cement (supplied by Schwenk Latvia) and
also CEM I 52,5 R white Portland cement were used as binding material for sample
preparation. The specific surface of CEM I 42.5 N was 3845 cm2/g, compressive
strength 28.4 MPa at the age of 2 days and 55.5 MPa at the age of 28 days.

Additional aggregates were used to produce concrete mix compositions: natural
washed sand 0/4 mm and gravel fractions 2/8 mm. Additionally, highly reactive
pozzolana - silica fume was used for producing high strength concrete compositions.
Produced mix compositions are summarized in Table 1. Mix design is based on
optimal grading (Fuller’s) curve of an aggregate mix and control the volume of paste
and mortar phases (Fig. 1).

The first elaborated mix corresponds to economical normal strength concrete
(water-cement ratio 0.73) and dolomite by-product replaces 60% of aggregate. The
second mix corresponds to high-performance self-compacting concrete (water-cement
ratio 0.56) and dolomite by-product replacing 40% of aggregate. Silica fume was used
in this case for improving the properties of fresh and hardened concrete. The third
composition corresponds to high-performance cement composite based on pure dolo-
mite by-product and may be used for architectural exposed surfaces (mix 3).

Table 1. Mix composition of concrete with dolomite by-products

Compound Mix 1: Normal
concrete (NC)

Mix 2: High
performance SCC

Mix 3:
Architectural
concrete

kg/m3 Proportion kg/m3 Proportion kg/m3 Proportion

CEM I 42.5 N (Schwenk LV) 330 350
CEM I 52.5 R (Aalborg) 530
Gravel 2/11 mm 367 20% 532 29%
Sand 0/4 mm 367 20% 532 29%
Dolomite by-product 1100 60% 734 40% 1600 100%
Silica fume (SF) 30 2%
Effective amount of water 220 180 220
Superplasticizer 2.3 3.5 5.3
Effective W/C ratio 0.67 0.51 0.42
W/(C + k*SF) (k = 2 for
SF – EN 206,
section 5.2.5.2.)

– 0.44 –

100 G. Sahmenko et al.



Samples 10 � 10 � 10 cm were produced, cured in humid conditions at 20 ± 1 °C
and tested in the ages of 7, 28 and 56 days. Compressive strength was determined in
accordance with standard EN 12390-3; water permeability – EN 12390-8 by measuring
the depth of water penetration under pressure. Frost resistance test was performed by
freezing and thawing of partially immersed samples in 3% NaCl solution (cycling
regime −20 °C/+ 20 °C in accordance with the CDF method). Water permeability
under pressure was determined using EN 12390-8.

3 Results

The properties of fresh and hardened concrete are summarized in Table 2.
The first elaborated concrete (mix 1) is economical normal concrete mix compo-

sition with replacing 60% traditional aggregate, this concrete could have broad com-
mercial use of C20/25 class concrete with high workability and satisfactory water
resistance and frost resistance. It had S3 workability class (cone slump 150 mm) and
cone flow 450 mm.

The second one is high-performance and self-compacting concrete [5] with
replacing 40% traditional aggregate by dolomite by-product. It is characterized by a
cone flow of 590 mm and corresponding class SF1. Compressive strength for SCC
composition has increased up to 72.1 MPa at the age of 28 days and 82,1 MPa in 56
days, which is twice more compared to normal concrete. Sufficient paste content
(40.7% in accordance with Fig. 1) and corresponding flowability are achieved by

Fig. 1. Aggregate mix design and phases volume content for SCC (on the right)
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incorporation of superplasticizer, silica fume, an increased amount of cement and fine
fractions as a component of dolomite by-product [6].

The third mix is high-performance architectural composite with 100% aggregate
replacing with dolomite by-product. A combination of white cement and dolomite filler
makes possible to achieve light yellow color like natural dolomite rock with an
architectural extra-fine surface (Fig. 2).

This mix is characterized by a high flowability class (at the same time, such mix has
high viscosity due to the angular shape of the particles of dolomite aggregate).

The durability such as water penetration and frost resistance indicate that the water
penetration of normal concrete was 23 mm and could be reduced to 13–15 mm for
HP SCC while freeze-thaw resistance was similar for both mixture compositions.
Surface scaling after 28 freeze-thaw cycles was in the range 150 to 350 g/m2, and deals
with the destroying of separate weak dolomite particles (Fig. 3).

Table 2. Properties of hardened concrete samples

Concrete property Normal
concrete
(NC)

High-performance self-
compacting concrete
(HP SCC)

High-performance
architectural composite

Workability
Cone slump, mm 150 – 175
Cone flow, mm 450 590 (SF1) –

Strength
28 day compressive strength,
MPa

33.3 72.1 82.0

56-day compressive strength,
MPa

38.6 82.1

28-day tensile splitting
strength, MPa

3.2 4.6 6.5

Durability
Water penetration, mm 23 15 13
Frost resistance surface
scaling after 28 cycles, g/m2

350 150–250 <150

Fig. 2. High performance architectural composite based on
dolomite – white cement composition

Fig. 3. HP SCC (mix 2) sam-
ple after 28 freeze-thaw cycles
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4 Conclusions

The study proved the possibility to utilize by-products of dolomite quarries both for
conventional concrete and for high-performance self-compacting concrete which is
characterized by a high degree of workability and resistance against freezing and
thawing cycle.

The high content of fine particles makes possible to use it as a micro-filler com-
ponent, which acts as a stabilizing agent and densifying filler. The main reason for
limited flow-ability is the angular shape of dolomite aggregate particles, it may be
compensated by the use of appropriate plasticizers and silica fume admixtures.

Replacing traditional aggregates and micro-fillers with dolomite by-product makes
possible to obtain durable high-performance concrete with decrease environmental
impact [7] and promotes rational use of local natural resources.
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1 Introduction

The amount of coal combustion by-products (CCPs) generated by power utilities is
significant and anticipated to grow [1]. However, more than 30% of all generated CCPs
in the USA are considered “off-spec” because they do not meet the ASTM C618
specification and are not utilized [2]. For example, CCPs with high carbon content and
spray dryer absorber ash (SDA) containing high concentrations of gypsum compounds
represent two primary off-spec CCP materials that need to be addressed. The devel-
opment of innovative binders based on off-spec fly ash represents an opportunity for
efficient and sustainable use of by-products.

To address the challenge with broader use of SDA, a ternary cementitious system
consisting of portland cement combined with two types of off-spec ash is proposed.
This cementitious system is based on SDA with high amounts of calcium sulfate/sulfite
(CS) phases combined with harvested ash used as a pozzolanic component. Earlier
studies confirmed that combining Class F fly ash with by-products containing calcium
sulfates favorably affects durability performance [4]. Such composites demonstrated a
very low degree of deterioration after long term exposure in a seawater environment.
A feasibility study of the use of CCP with CS in road construction using Roller-
Compacted Concrete (RCC) demonstrated improved workability and strength perfor-
mance [5–7].

2 Experimental Study

The reported experimental study included an investigation of the effects of two off-spec
CCPs, which were freshly collected SDA and harvested ash (HA) from landfills pro-
vided by the local power utility. These were used at up to 50% and 18%, respectively.
Silica fume (SF) supplied from Elkem Microsilica was used at 7% as a model pozzolan
material. Portland cement (PC) Type I/II supplied by LafargeHolcim, as well as
chemical admixtures were used for the preparation of cementitious systems.
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The oxide composition revealed that the SO3 amount in SDA is 12.6%, which is
almost double of that accepted by ASTM C618 for coal ash recommended for use in
commercial concrete applications. The percentage of unburned carbon represented as
LOI content was 10.4%, which is considerably higher than the 6% limit recommended
by the ASTM C618. The SDA consists of spherical particles of fly ash of smaller size
and tabular and prismatic particles of calcium sulfates and sulfites represented by
minerals of bassanite (CaSO4 � 0.6H2O), anhydrate (CaSO4) and hannebachite
(CaSO3 � 0.5H2O) (Fig. 1).

Five different mix designs (M1–M5) were prepared with the following proportions
of PC, SDA, HA and SF: M1, 100% PC used as a reference; M2, 60:40 PC:SDA mix;
M2, 50:50 PC:SDA mix; M4, 50:43:7 PC:SDA:SF mix; M5, 50:32:18 PC:SDA:SF
mix (Table 1).

For the compressive strength investigation, 50-mm cube mortar samples were cast,
cured in accordancewith ASTMC109 andASTMC305 and then tested at the age of 3, 7,
and 28 days. TheW/C of 0.35 and S/C of 1were kept constant for all mixes. For the sulfate
resistance study, prismatic mortar samples with a size of 25 � 25 � 285 mmwere used.
The prisms were cast and cured using the same standard procedure. The length change of
investigated mortars due to expansion was measured and calculated according to ASTM
C157 and ASTM C1012. The length change measurements to determine a sulfate
expansion was performed for the test samples at the age of 7, 28, 90, and also 200 days.

Table 1. Mix design proportions

Mix ID Cementitious
components (%)

Amount of SO3, %

PC SDA HA SF

M1 50 – – – 2.7
M2 60 40 – – 7.6
M3 50 50 – – 3.8
M4 50 43 – 7 6.7
M5 50 32 18 – 6.6

Fig. 1. The XRD for SDA material used in the study
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3 Results and Discussion

The effect of partially replacing up to 50% of PC with a combination of SDA and HA
(or SF) on compressive strength of mortar cubes demonstrated a positive trend of
strength development for all tested compositions (Fig. 2). Although the compressive
strength for reference samples M1 developed steadily with time, all SDA containing
samples (M2–M5) with the replacement of up to 50% of PC had about 12% strength
reduction at all ages.

Mortars M4 and M5 with a pozzolanic component demonstrated considerably
lower strength at 7 days, but at 90 days M5 gained strength of 83.5 MPa. Similarly,
M4 mix with SF reached a 90-day strength of 106 MPa overperforming all tested
mortars. Here, the pozzolanic reaction between the amorphous SiO2 in HA and SF and
portlandite can be responsible for the strength enhancement at later ages.

The evaluation of expansion data demonstrated a positive trend for all experimental
mortars (Fig. 3). The samples M4 and M5 with pozzolanic component compensating
for SDA had a minimal total expansion of 0.020% and 0.028%, respectively vs.
expansion of reference composition M1 of 0.043% over the tested period. The M2 with
40% of SDA, demonstrated 0.040% expansion, which is very close to that of the
reference M1. On the contrary, the highest expansion of 0.054% was observed for the
M3 mortar prisms with 50% SDA. By the age of 200 days, all mortars satisfied the
requirements for severe sulfate environment, except for the sample M3, which, after
150 days of the exposure, passed the minimal acceptance limit for moderate sulfate
exposure.
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4 Conclusions

The experimental results demonstrated a potential for application of two off-spec CCP,
such as spray dry absorber fly ash and harvested ash in cement compositions at up to
50% replacement rates. Ternary blends with equivalent strength and long-term dura-
bility performance characteristics as required for conventional applications were
developed. Strength and sulfate resistance results support the concept that combining
SDA material with a pozzolanic component may help to offset the unfavorable effects
of high concentrations of CS. Besides, harvested unprocessed pozzolanic fly ash from
landfills and impoundments can be used in proposed systems. Bench-scale test results
provide strong support for the application of ternary binder systems using conventional
construction techniques that could streamline large scale applications in areas such as
transportation, building materials, and environmental applications.

The critical objectives for these binder systems are to reduce the need for landfilling
of off-spec CCP materials and turning waste into a commercially viable product. The
opportunity for significant replacement of portland cement in concrete applications
offers real benefits for the reductions in carbon emissions and efficient industrial waste
utilization, which makes this approach green and sustainable. The replacement of
portland cement could also have a significant economic benefit because of the high cost
of portland cement that would be supplemented by lower-cost CCP materials.

Further bench and pilot-scale studies are underway to assess the long-term dura-
bility concerning sulfate resistance, freeze-thaw resistance, and field trials in pavement
applications.
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1 Introduction

In the age of industrialization, resources available in nature are declining. There has
been an alarming rate of increase of greenhouse gas emissions in recent years due to
high consumption of materials. In order to close the gap between demand and supply,
and to abate this problem, the purpose of innovation through digitalization promises to
revolutionize the construction industry with the implementation of freeform architec-
ture, reduced material waste, decrease in construction costs, decrease in pollution, and
increased worker safety [2, 3].

In this article, a glimpse of an idea is given for developing an optimum mix design
for printable concrete that can be pumped through a 3D printer using the concepts of
additive manufacturing.

2 Printing Systems

The work involves various trial and error methods, by measuring the fresh and hard-
ened properties of concrete comprising various raw materials such as cement, lime,
sand, fly ash, silica fume and premix mortar, in addition to using admixtures by
understanding their properties. Properties of fresh mortar such as buildability, flowa-
bility [1], extrudability [5] have been explained through standard specifications tests for
material mix like setting test, flow test as well as hardened concrete tests like com-
pressive strength test is included.
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Several materials like plas-
tics, chemicals, stainless steel
may be manufactured through
four types of manufacturing sys-
tems: (1) Subtractive, (2) Cast-
ing, (3) Forming and (4)Additive
manufacturing (AM) (Fig. 1).

In AM, the material is added
layer upon layer, opposite to
conventional manufacturing
method of subtract material.
AM may be a new paradigm in
design and fabrication because
of the amazing feature of creat-
ing complex and customized
products using various kinds of
materials [4].

The AM process uses a
computer-aided-design (CAD)

system model as a blueprint and it will use this as a base to produce complex 3D
designs in a layer-by-layer method.

3 Types of Additive Manufacturing and Mix Design
Approach

Additive manufacturing systems and mix design approach are presented in Figs. 2, 3
and 4.

Fig. 1. Different types of manufacturing systems [2]

Fig. 2. Different types of additive manufacturing systems (Reference: http://3dprintingpress.
blogspot.com/2014/08/additive-manufacturing-material.html)
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4 Mix Design Approach

5 Selection for Optimum Mix Design

After the entire process of material exploration and understanding the different printing
systems, it is required to understand the material behaviour amongst each other as well
as the effect on physical properties of concrete.

For this, the following points are understood and ultimately, an optimum mix
design selection needs to be carried out:

– Effect of fly ash on workability and compressive strength of 3D printable concrete
– Effect of micro-concrete on workability of 3D printable concrete
– Effect of glass fibers reinforcement on mix of 3D printable concrete
– Effect of sand replacement on mix of 3D printable concrete
– Effect of SP on mix of 3D printable concrete
– Effect of accelerator on buildability property of 3D printable concrete

6 Results

Table 1 shows the results of 4 mix designs, which have been considered ideal for 3D
printing.

Fig. 3. Flowchart of laboratory work process Fig. 4. Flowchart of experimen-
tal process
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7 Conclusions

Mix-51 is considered as an optimum mix, which shall be used for 3D printing system,
with minor modifications if required. This mix contains 2000 g micro concrete premix
powder (66.66%), 900 g fine aggregate (30%), 100 g silica fume (3.33%), 510 g water,
8 g accelerator, 10 g super plasticizer, 15 g glass fibre reinforcement. This mix has a
water to premix mortar powder ratio of 0.258 [1]. The mix gives compressive strength

Table 1. Ideal mix design for 3D printable concrete

Trail no. 21 51 57 58
Cube no. 14, 15, 16 11, 21, 13, 114 12, 91, 30, 131 13, 21, 33, 134
Water/binder w/c = 0.4 w/p = 0.257 w/p = 0.163 w/p = 0.15
Observations Decent

Workability
and
homogeneous
mix is
obtained

Mix is workable
after addition of
extra water. Good
flow is obtained
with layers being
able to stay at the
position when
extruded. Total
height achieved is
8.5 cm. Total 30%
replacement by
weight of micro-
concrete premix
mortar with sand
and 3.33% by
weight with silica
fume is done

Mix is ideal as it is
workable.
Buildability of 5
layers is achieved.
Total height
achieved is 13 cm.
Total 5%
replacement by
weight of micro-
concrete premix
mortar with sand is
done. Also, as
material becomes
brittle, dosage of
SP and accelerator
is decreased and qty
of micro-concrete
powder is increased
which helps in
achieving
flowability

Mix is ideal and
desirable flow is
obtained.
Buildability of 5
layers is achieved.
Total 20%
replacement by
weight of micro-
concrete premix
mortar with sand
is done

Layer
buildup

2 layers 4 layers 5 layers 5 layers

Average
flow (mm)

– 143.04 135.78 135.11

Initial setting
time

– 46 min 48 min 40 min

Final setting
time

– 1 h 38 min 1 h 47 min 1 h 11 min

Avg.
compressive
strength
(N/sq.mm)

26.88 @ 3 day 27.2 @ 7 day 25.74 @ 7 day 32.48 @ 7 day

w/c = water/cement, w/p = water/premix mortar
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value of 27 N/mm2, which is close to desired strength (30 N/mm2), along with quicker
final setting time (106 min).

Apart from this, as there is 30% replacement of sand by weight of micro concrete
premix mortar and 3% replacement of silica fume by weight of micro concrete premix
mortar (Total = 33.33%), average cost of material goes down as more amount of %
replacement with sand will make the material quite cheaper.

As the material shows higher value of flow compared to mix-57 and 58 without
losing its buildability property, the mix will not be harsh when extruded through
nozzle. Also, as mix-58 matches with the desired properties as per hypothesis, this mix
can also be used in 3DCP process.

8 Future Scope

The following points can be taken into consideration for further research work on same
topic:

– Similar properties can be established to control the economy of production by using
inexpensive materials such as recycled aggregate, industrial wastes like quarry dust.

– Other mineral admixtures such as rice husk, ground granulated blast furnace slag
(GGBS), metakaolin, etc. can be inculcated in developing mix design.

– Use of different types of reinforcement system.
– Use of rapid hardening cement can be done, to achieve quick setting of the material.
– For developing mix design for high performance concrete.
– Use of large size aggregates (20 mm standard mesh size pass and 10 mm standard

mesh size retain) can be used, if higher compressive strength is desired.
– Starting to do production of pieces from small scale and then gradually increase

scale to residing units.
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Concrete Structures

We shape our buildings, thereafter they shape us.– Winston Churchill
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1 Introduction

Concrete is widely used in the marine environment to create structures near, in, or
under the water. Operating in the environment of the water influence, concrete is the
subject to a variety of chemical and physical effects. Most common processes
responsible for deterioration of a concrete in the marine environment are:

• chemical aggression,
• corrosion of reinforcement as a result of chlorides actions,
• frost destruction,
• salt erosion (so-called salt weathering),
• abrasive erosion as a result of the water flow and the impact of debris transported by

sea water.

The aim of the study was to assess the possibility of using methods designed for
natural stone testing for concrete corrosion and abrasion resistance examination.

2 Experimental

Types of the effects and their impact intensity on the particular structure depends on its
location relative to the water surface. Generally there are three main zones: atmo-
spheric, tidal and submerged [1, 2].

The underwater concrete was designed in such a way that it met the requirements
given in [3] and DIN 1045-2. Portland cement CEM I 42.5N-HSR/NA according to EN
197-1, and the natural aggregate: gravel up to 16 mm and washed river sand up to
2 mm were used. The amounts of anti washout admixture (AWA) containing
polysaccharides and high-range water reducing agent were calculated in the way to
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obtain acceptable wash-out losses and the flowability of self compacting concrete for
60 min after mixture preparation. Water/binder ratio was 0.4.

A special experimental stand has been used for testing underwater repair concrete
under variable hydrostatic pressure [4]. Test elements with a volume of about 20 dm3

were cured for 7 days under the hydrostatic pressure from 0 to 0.5 MPa and later were
kept under the water in laboratory conditions. After 28 days of maturing, specimens
were cut out from the test elements for further testing. The part of the test element from
which specimen was taken was recorded as top or bottom. After preparation of the
specimens the following tests were carried out:

• determination of resistance to ageing by salt mist (EN 14147),
• determination of air void characteristics in hardened concrete (EN 480-11),
• determination of the abrasion resistance - Boehme disc wet method (EN 14157),
• determination of the compressive strength of concrete (EN 12390-3).

Saturated specimens were used during the abrasion test. Water dripping onto the
rotating disc contributed to hydro-abrasive wear of the concrete. The wear system
consists of two solids, fluid and small particles.

3 Results

After 60 cycles in the salt chamber, the specimens showed no visual signs of surface
damage. No scratches or peels were observed on their surfaces. Figure 1 shows the
change in the mass of the specimens. Just after the test the weight gain of the specimens
was observed, which was caused by accumulation of the salt. Even after desalination
not whole salt introduced and absorbed by the specimens during the tests in the salt
chamber was washed out, because all samples showed a slight increase in weight. This
was confirmed by SEM images of concrete samples taken from the cubes.

Fig. 1. Change in mass of the specimens after 60 cycles in salt chamber (left) and after
desalination (right)
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The results of determination of air void characteristics in hardened concrete are
presented in the Fig. 2. The substantial impact of the hydrostatic pressure on the total
air content of the tested specimens was observed. There was the decrease of air content
of concretes exposed to the hydrostatic pressure. What is more, for pressures from 0.2
to 0.5 MPa there was higher percentage share of micropores in total porosity. In each
case the specimens cut from the top parts of the elements had significantly lower total
air content than those from the bottom sections.

In the case of abrasion tests performed using Boehme disc an increase in volume
loss of specimens exposed to the hydrostatic pressure was observed (Fig. 3). For most
pressures, there was no significant change in compressive strength of tested concrete. In
case of the pressure of 0.1 MPa there was a noticeable decrease of compressive
strength of the concrete compared to the base value (0 MPa). On the other hand, the
highest value was achieved for the pressure of 0,5 MPa.

Fig. 2. Total air content (left) and percentage share of micropores in total porosity (right)

Fig. 3. Boehme disc wet method abrasion volume loss (left) and compressive strength of the
concrete (right)
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In most cases the specimens from the top part of test elements had higher com-
pressive strength than those from the bottom, but the differences can be considered
insignificant. However, in the same time they showed higher volume loss during the
abrasion test (Fig. 3).

4 Conclusions

It is possible to use natural stone testing methods in concrete corrosion and abrasion
resistance examination. Positive effect of hydrostatic pressure on the concrete resis-
tance to ageing by salt mist was observed. This phenomenon was the effect of the
change in air void characteristics of hardened concrete. As described in [5], micropores
contribute to extending the life of materials by slowing down the effects of chloride
corrosion taking place in their structure, while the open pores and external structure
damages accelerate chloride corrosion.

Accumulation of salt inside the tested specimens during the action of the salt mist
was observed. Even after desalination process some of the salt was left inside the
concrete. This phenomenon can be associated with a different structure of the cement
matrix than the stone. EN 14147 test method is therefore not very effective when
assessing the concrete.

No clear relationship between abrasion resistance and compressive strength of the
concrete was observed. The effect of the increased volume loss of the concrete exposed
to the hydrostatic pressure can occur due to the decreased concrete porosity which
results in more material being exposed to wear.
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1 Introduction

Last decades have been characterized by growing attention on sustainable develop-
ment. The European Commission interest in this topic is evident considering the global
agreements and the related massive investments that have been, and still are, carried out
to guarantee a sustainable approach to global growth. A contribution to pursue this
challenging goal is provided by the EU-funded ReSHEALience Project (GA n°
760824). ReSHEALience Project aims at developing Ultra High Performance Fibre
Reinforced Concretes with enhanced durability (Ultra High Durability Concrete –

UHDC) that will be characterized by at least 30% longer service life as compared to
traditional concretes. The increase of durability will be analyzed also from a sustain-
ability point of view taking into account all the environmental, economic and social
impacts, associated to the longer life-cycle of the structures.

In this paper, comparative environmental analyses of traditional and innovative
solutions for infrastructures exposed to extremely aggressive environments are
presented.

© RILEM 2020
K. Kovler et al. (Eds.): ConcreteLife 2020, RILEM Bookseries 26, pp. 121–125, 2020.
https://doi.org/10.1007/978-3-030-43332-1_24

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43332-1_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43332-1_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43332-1_24&amp;domain=pdf
https://doi.org/10.1007/978-3-030-43332-1_24


2 Project Overview

In detail, the first analyzed case study deals with off-shore aquaculture rafts exposed to
marine environments (XS); whilst the second case study concerns basins for collection
of cooling tower water in geothermal power plants, exposed to chemical attack (XA).
The analyzed off-shore aquaculture rafts are located in Spain and used for farming
mussels or other mollusks, supporting 70 tons of harvest. Traditionally these rafts are
made of wooden primary and secondary beams, connected with steel nails. Wooden
beams can last up to 15 years and are subjected to continuous maintenance, such as
paint protection or beams replacement. Moreover, bolt (re)screwing and inspections are
often needed. The aquaculture raft solution studied is based on the design launched in
2015 by the company RDC, made with Ultra-High Performance Concrete (UHPC).
Here, the study is done using proposing Ultra High Durability Concrete (UHDC). The
mix design for 1 m3 of this material includes 800 kg of cement, 1062 kg of siliceous
sand, 175 kg of silica fume, 30 kg of superplasticizer, 160 kg of steel fibers as rein-
forcement and 0.8% of cement weight of crystalline self-healing stimulating admixture
(Penetron ADMIX®); w/c ratio is equal to 0,2. UHDC beams do not need maintenance
during all their life, which has been assumed at least equal to 50 years. The analyzed
cooling tower water basin is located in Chiusdino, Italy, close to a geothermal plant,
owned by Enel Green Power (EGP). Traditional solutions are made of conventional
concrete, with Ordinary Portland Cement (OPC). Due to chemical attack, traditional
basins, whose walls can be as thick as 400 mm, can last up to 20 years; moreover, they
need maintenance about every 5 years, mainly due to concrete and waterproof coatings
degradation. Two alternative solutions for innovative water basins are herein consid-
ered, as a preliminary design, having different geometry: INN1, with 300 mm walls;
INN2 with 200 mm walls and buttresses. Innovative water basins are made of Ultra
High Durability Concrete (UHDC): the mix design of 1 m3 of INN1 concrete includes:
600 kg of Portland Cement, 982 kg of sand, 33 l of superplasticizer, 500 kg of slag,
120 kg of steel fibers as the sole reinforcement, and 0.8% of cement weight of crys-
talline self-healing stimulator Penetron ADMIX®, and a w/c ratio equal to 0,33; the mix
design of 1 m3 of INN2 concrete is similar to INN1, but also includes 0.25% of cement
weight of alumina nanofibers for enhanced durability (10% dispersion of NAFEN®).
Innovative water basins can last 50 years; moreover, they require less maintenance
activities.

For both case studies, a reference unit, the so-called “Functional Unit (FU)”, is set,
together with the life-cycle phases of traditional and innovative structures to be com-
pared, in order to assure the functional equivalence between the analyzed solutions.
Environmental impacts of the alternative solutions of the analyzed case studies are
compared according to Life-Cycle Assessment (LCA) standards (ISO 14040:2006 [1]
and 14044:2006 [2]) and performed with the European EPD 2013 (Environmental
Product Declaration) method [3] for Life Cycle Impact Assessment (LCIA). Results are
reported in percentage terms in order to show the comparison between the impacts of
alternative solutions.
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3 Life Cycle Assessment Study and Results

According to LCA standards, the FU and the System Boundary of infrastructures to be
compared are defined. System Boundary is set according to the EN 15804 [4], as
reported in Fig. 1.

Then, the data collection of all inputs and outputs related to each stage of the
infrastructures life cycle is performed in order to realize the Inventory that is necessary
for LCIA. This has been performing using the SimaPro 9.0 [5] software. Comparative
environmental results are then provided in terms of the following environmental cat-
egories: Acidification; Eutrophication; Global warming; Photochemical oxidation;
Ozone layer depletion; Abiotic depletion; Abiotic depletion, fossil fuels.

In the following, the comparative LCA study and related results are provided for
the off-shore aquaculture rafts and the cooling tower water basins.

Off-shore Aquaculture Raft
A comparison between a traditional and an innovative off-shore aquaculture raft is here
performed. The FU is “the whole mussel raft, used for the production of 70t of mussels
in marine environment”. The System Boundary includes the following phases
according to EN 15804:

– production (modules A1-A2-A3), transport from the manufacturing to the building
site (A4) and raft installation (A5);

– maintenance operation considering a lifetime of 50 years (B2). It should be noticed
that the lifetime of a wooden raft is 15 years, while the lifetime of a UHDC raft has
been set to 50 years. In order to compare both solutions, a lifetime of 50 years is
considered; this means that for the wooden raft, maintenance operations until 50
years have been considered;

– deconstruction of the raft (C1), transport of the raft to the landfill site or the
recycling plant (module C2), waste processing of steel components (C3) as well as
reuse of the wooden components of raft (Module D).

Moreover, two maintenance options are considered for the traditional raft: Option
1, in which the substitution of primary and secondary beams and relative connections is
made with manual operations (every year approximately 4 t of wood are substituted);

Fig. 1. Life Cycle stages for construction products – EN 15804 [4]
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Option 2, in which protective paint is applied (paint is applied each year during the first
3 years, later it is not painted until year 6, when it is painted again every year until the
end of its lifetime).

Figure 2a shows that the highest environmental impacts are caused by the tradi-
tional raft when paint protection is choosen as a maintenance option. For 4 out of 7
impact categories (Acidification, Global Warming, Ozone Layer Depletion and Abiotic
Depletion, fossil), the traditional raft, in case logs replacement is choosen as mainte-
nance, provides the lowest impacts; for 3 out of 7 impact categories (Eutrophication,
Photochemical Oxidation and Abiotic Depletion), the innovative raft provides the
lowest impacts. Considering Option 2 maintenance, environmental impact reduction of
innovative solution varies from 28% in case of Ozone Layer Depletion to 87% in case
of Acidification.

Cooling Tower Water Basin
A comparison between a traditional and two innovative concrete cooling tower water
basins is here performed. The FU is “whole water collection basin of the cooling tower,
designed for containing the same amount of water flow”. The System Boundary
includes the following phases according to EN 15804:

– production (modules A1-A2-A3), and construction of the (A4-A5) considering that
the elements may be precast on site (the only kind of transport considered is
transport of raw material to construction site);

– repair of basin components, considering a lifetime of 50 years (B3);
– demolition of the basins (C1), transport of the materials to the landfill site or the

recycling plant (module C2), concrete waste processing (C3), disposal of basin
components (C4) as well as recycling of the basin concrete (D).

Figure 2b shows that the highest environmental impacts are caused by the tradi-
tional water basin. Environmental impacts of INN1 and INN2 are very similar, leading
to an environmental reduction varying from 11% in case of Eutrophication, to 71% in
case of Abiotic Depletion.

a) b)

Fig. 2. (a) Comparative LCA of the Off-shore aquaculture raft; (b) Comparative LCA of the
Cooling tower water basin
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4 Conclusions

The paper focuses on the assessment of environmental impacts related to the life cycle
of infrastructures exposed to extremely aggressive environments. The LCA study
performed between traditional and innovative solutions (the latter realized with Ultra
High Durability Concrete materials conceived and tested in the framework of the
H2020 ReSHEALience project) highlights the better performances of the latter in
environmental terms. In particular, when comparing traditional and innovative concrete
solutions (Cooling tower water basins), the innovative UHDC ones always show a
whole better environmental performance; whilst the comparison of wooden solutions
with UHDC ones (Off-shore aquaculture rafts) highlights the good performance of the
innovative concrete mainly due to its increased durability and thus longer lifetime.
Future developments will include the addition of economic and social performances for
sustainability assessment.
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1 Introduction

Ashdod Port successfully tries a use of Macro-Synthetic Fiber Reinforced Concrete
(MSFRC) pavements since 2007. The pavements in ports are subjected to rather rough
(sometimes brutal) handling, due to unavoidable impacts.

Concrete pavements are very popular at cargo terminals. Some manuals and
standards recommend a use of steel fiber reinforced concrete pavements, especially at
container stacking yards [1, 2].

It is known that fiber reinforcement does not prevent concrete cracking, as fibers get
involved at a post-peak stage. That makes fibers exposed to an environment, which is
chlorides-rich in marine conditions. That is the reason why for the experiments in the
port synthetic macro fibers, mostly polypropylene ones, which correspond to the most
modern recommendations for concrete pavements, were chosen [3]. The following text
presents some results of these experiments with different types of fibers, fiber dosage,
concrete mixes, types of concrete floor’ joints, etc.

2 First Experience

In 2007 the trial area of about 2,500 m2 was cast on Quay #5 (Bulk cargo quay), for
which a pavement thickness of 33 cm was chosen as for non-reinforced concrete.
According to our previous experience [4], the “Enduro 600” fiber has been chosen with
a fiber dosage of 5 kg/m3 (*0.5% of the volume). The concrete specification’s
requirements were as follows:

• The cement content in concrete should not exceed 280 kg/m3 (of CEM II type) to
limit a hydration heat

• The aggregate should be type A by Israeli Standard 3, such as dolomite one
• The concrete should be suitable for pumping
• The flexural strength of concrete should be at least 4 MPa.
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The fibers were added to concrete mixer on site.
The first casts were controlled by the concrete plant’s technologist. A helicopter

troweling was applied.
Two weeks after completion of the work it was found that the crane operators

preferred to execute bulk operations without steel “bath”, which should prevent the
pavement from an impact caused by a free fall of a grab. Such impact resulted in
appearance of local damages up to 15 mm deep. However, no concrete cracks were
observed.

The most considerable problem of this pavement was low friction at the area in rain
periods due to the bulk material spread together with water on the pavement – it made
the driving dangerous there. So, the scrubbing of the surface had to be executed. In the
specifications of all next projects a rough helicopter troweling together with rough
brushing were required.

Another problem was durability of the floor joints, when the pavement’s rough
cleaning from bulk products was executed by a bulldozer to collect the maximum
amount of spilled material. As a result of such cleaning, a lot of elastomeric material of
joints’ fill was damaged and sometimes detached. Hereinafter, a height of the sono-
meric fill was increased and an angle cutting of joint areas was added.

3 Next Projects

As the trial was in general successful, the new projects with the total area of about
36,000 m2 have been executed. The concrete mix was changed to the standard grade B-
40 (equal to European C30 concrete), with the reduced fiber dosage of 4.5 kg/m3 only.

Different examples of fibers were tested to ensure the equality of MSFRC behavior.
The following fibers were studied:

• “Enduro 600” (#1 in Fig. 1)
• “Ferro” by Forta (#2 on Fig. 1)
• “Mayco” by BASF (#3 on Fig. 1)
• “Durus S200” by Adfil (#4 on Fig. 1)
• “Durus 50” by Adfil (#5 on Fig. 1)
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Actually, only fibers 1 and 2 were used in described projects, as no difference in the
pavement’s behavior was found.

During the first projects, the fibers were added to concrete mix on site by manu-
facturer’s recommendation to prevent fibers balling. In the following projects, the mix
was delivered from a concrete plant already with fibers. In these cases, no difference in
the mix behavior was found.

The pavements were tested for different types of bulk and general cargo and found
suitable even for the steel scrap handling – the most harsh (for pavements) cargo type
(Fig. 2). The maximal pavement damage observed for this cargo type is shown in
Fig. 3.

4 Joints

The structural joints span was predetermined by the cast technology – along the quay,
with the strips of 5 m wide width. Two days after casting, the saw cut joints were
executed perpendicularly to the quay line direction. The details of the two types of
joints are presented in Figs. 4 and 5.

It is possible to say that most of the joints fulfilled their function, but sometimes the
pavement cracked, even next to the joint – see Fig. 6.

Fig. 1. Flexural toughness test results by ASTM C 1018 (for comparison purposes)
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Fig. 3. The depth of maximal pavement’s damage after steel scrubs handling

Fig. 2. Steel scrub handling on the concrete pavement in Ashdod port
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Fig. 5. Saw cut joint detail

Fig. 4. The structural joint detail
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5 Conclusions

1. MSFRC pavements are more suitable for operation area of wharves for bulk and
general cargo, than other known types of port pavements.

2. It is possible to add fibers both in concrete plant and on site.
3. The fill in the port MSFRC pavement joints should be deeper than in other types of

floors.
4. According to the port’s experience, though it occurred impossible to prevent a

cracking in MSFRC pavements, it did not interfere with the operation of the
pavement. After 12 years of intense cargo operations, the pavements does not
require any repair.
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1 Introduction

Although concrete is a highly durable material, its design requires careful consideration
of various design parameters, which have to be specified or selected in consideration of
the environmental factors. The specification of environmental factors necessitates
understanding of the geographical location under consideration during concrete design.
This approach is the normal practice for development and use of building and con-
struction codes worldwide such as the ACI 318 (USA) [1], EC 2 (Europe) [2], BS 8110
(Great Britain) [3], AS 3600 (Australia) [4] etc. Concrete construction is of particular
interest to Africa and other developing countries, as it provides an effective solution to
the much needed infrastructure requirements for the continent’s economic development
and improvement in the quality of life.

This paper evaluated the relationship between service life and the durability
requirements specified in BS 8110 (1997) [3]. The British design code is widely used
for design of reinforced concrete structures in several tropical African countries
including Uganda. International structural design codes such as mentioned in the
foregoing, utilize specified durability requirements for structures under different
exposure environments. Generally, these guidelines are prescriptive and not determined
through design calculations using engineering or scientific methods. In this study, a
rational approach was employed by using a natural carbonation prediction model [5] to
evaluate the durability specifications in BS 8110 [3] and to determine their implications
on the service lifespan of concrete structures. Kampala city location of subSaharan
Africa was selected as a case study, being representative of the prevailing tropical
conditions in the region.

2 Environmental Factors

2.1 Climate Regions of Africa

Haque et al. [11] divided the African region into three climatic regions comprising the:
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• Temperate climate at the North-West of Sahara bordering the Atlantic Ocean
• Arid zones located North of the Sahara Desert and at the Kalahari Desert of

Southern Africa
• Tropical climate of East and Central Africa
• Subtropical climate of Southern Africa and parts of Northern Africa

The most important environmental considerations in durability design are the
weather conditions comprising ambient temperature, relative humidity and precipita-
tion [12]. As expected, these weather factors considerably vary geographically even
within the same climate region. For practical durability design, it is necessary to
establish and consider the local macro-climate conditions at the location of the study.

2.2 Case Study for Kampala City

Kampala is also the largest city in the country. It is an inland city located at the shores
of Lake Victoria, the source of the white Nile. The weather conditions in the city are
shown in Fig. 2 (https://www.worldweatheronline.com). Typically, Kampala weather
consists of annual precipitation of 787 mm, 73% RH and 23 °C annual average tem-
perature. Precipitation in Kampala is almost all year round except for the two dry
months of January and February. The heaviest rainfall occurs from October to
December, while the months of March to September are moderately wet. Being a
tropical inland location, carbonation is the main mechanism of steel corrosion in
reinforced concrete structures. No chloride exposure environment exists.

2.3 Durability Specifications

Given the foregoing constraints in concrete technology and cement availability, it fol-
lows that concrete strengths that are most commonly used in structural design of local
concrete structures are 20 to 40 MPa, with 25 MPa and 30 MPa being most predomi-
nant. Accordingly, the specifications selected for service life design in the present study
were: (i) mild exposure with 30 MPa/20 mm cover, 35 MPa/20 mm, 40 MPa/20 mm
cover. (ii) moderate exposure with 35 MPa/35 mm cover, 40 MPa/30 mm. (iii) severe
exposure with 40 MPa/40 mm. In all cases, CEM II and a CO2 concentration of
400 ppm were used in the design calculations.

Table 1. Durability specifications [3]

Exposure conditions Nominal cover (mm)

Mild 25 20 20 20 20
Moderate – 35 30 25 20
Severe – – 40 30 25
Very severe – – 50 40 30
Most severe – – – – 50
Lowest concrete grade (MPa) C30 C35 C40 C45 C50
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3 Stochastic Service Life Design

The environmental factors given in Fig. 1 and the durability specifications presented in
Table 1, were employed in the service life design. The design was conducted using the
natural carbonation prediction model, already described in Ekolu and Ballim [5] but
repeated here for convenience. Equations (1) to (7) provide the various parameters
considered in the model’s calculations.

Service life prediction for each exposure class was conducted based on the stochastic
applicative approach of calculating failure probability. According to the method, car-
bonation progression is taken to be the loading (S) and the concrete cover (R) is the
concrete’s resistance to carbonation ingress. Failure occurs upon fulfilment of the
condition R(t) < S(t). The reliability index given in Eq. (8) was used to calculate failure
probability [14]. Table 1 gives the parameters employed in the design calculations.

bðtÞ ¼ l R; t½ � � l S; t½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 R; t½ � þ r2 S; t½ �p ð8Þ

where l = indicates the mean of, r = standard deviation, b = the value along x-axis of
NORMDIST curve (0,1).

4 Results and Discussion

It can be seen in Table 1 that a cover depth of 20 mm is recommended for mild
exposure conditions. Figures 1 and 2 give the predictions of carbonation ingress and
service lifespans for the concrete structures exposed to the mild and moderate exposure
conditions. The results given in Table 2 show that the time taken for carbonation
progression to penetrate through the full cover depth (tc) of 20 mm was 4 to 7 years,
with the longer ages corresponding to the specified higher strengths. Such a short
lifespan may only suite temporary structures. However, the most significant
improvements arise from increase in cover depth as evident in the comparison of
carbonation progression for the moderate and severe exposure conditions. It can be
seen that for the 35 MPa concrete, a 10 mm increase in cover from 20 mm to 30 mm,
increased the tc from 4.8 to 22.5 years, a 4.7-fold increase. Similarly for 40 MPa
concrete, increases in cover from 20 mm to 30 mm to 40 mm gave corresponding tc
values of 7.3, 25.7 and 60 years, which are increases of �3.5 and �2.3, respectively.
Clearly, 10 mm increase in cover increased tc by two to three-fold.

Similarly, there is a corresponding geometric increase in the service life of concrete
structures as a direct result of increase in cover depth. For 35 MPa concrete, the
increase in cover from 20 mm to 35 mm gave a five-fold increase in service life i.e.,
�3.3 per 10 mm increase in cover. Also, increases in cover from 20 mm to 30 mm to
40 mm for the 40 MPa concrete, gave corresponding service lifespans of 1.3, 5.3 and
12 years, which represent �4.1 and �2.3 increases in service life per 10 mm increase
in cover. Generally, it can be concluded that an increase of 10 mm in cover depth,
gives about a 3-fold increase in service lifespan.
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5 Conclusions

The present study has demonstrated the potential for rational service life design of
concrete structures employing a practical prediction model for natural carbonation.
A case study was conducted for the African topical climate focusing on Kampala city.

Fig. 1. Carbonation progression and failure probabilities for durability specifications under mild
exposure

Fig. 2. Carbonation progression and failure probabilities for durability specifications under
moderate or severe exposure

Table 2. Service lifespans for concrete structures under the various exposure classes

Exposure
class

Specification Carbonation
depth after 50
years (mm)

Time taken for
carbonation to reach
steel, tcbn (years)

Probabilistic
Service life
(years)

Mild 30 MPa/20 mm cover 58.8 3.7 0.7
35 MPa/20 mm cover 46.5 4.8 1.0
40 MPa/20 mm cover 37.9 7.3 1.3

Moderate 35 MPa/35 mm cover 46.5 22.5 5.0
40 MPa/30 mm cover 37.9 25.7 5.3

Severe 40 MPa/40 mm cover 37.9 60 12
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It was found that cover depth gives the most significant influence on service
lifespan. A 10 mm increase in cover depth gives about a three-fold increase in the
service life, being the time taken for carbonation to reach the level of steel rein-
forcement. Results showed that the specifications for mild conditions simply provide a
meaningful service of only 4 to 7 years, which can only be appropriate for temporary
structures. Economically feasible structures required to achieve 30 to 50 years of
service life, have to be designed using the durability specifications for moderate and
severe exposure classes.
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1 Introduction

The heat release of cement affects the quality and speed of concrete works, the
implementation of the construction project management, and the durability of concrete
structures, especially for massive hydraulic structures, in a construction of which
sulfate-resistant cement is often used [1].

The greatest amount of heat is released during hydration of tricalcium aluminate
C3A and tricalcium silicate - alite C3S. At the same time, the Interstate Standard GOST
22266-2013 on sulfate-resistant cement normalizes only the limit value of C3A content
(<3.5%) in mineralogical composition, when there are no special requirements to C3S
content.

Some thermo mechanical and thermo physical concrete properties depending on the
ambient temperature, the amount of heat generated, and the mineralogical composition
of sulfate-resistant cement coming from cement plants for the Rogun HPP construction
are presented.

2 Results

Sulphate-resistant Portland cement of two different batches, with different mineralog-
ical compositions, coming to the construction site of Rogun HPP from Dushanbe plant
“Tajikcement” was investigated. According to GOST 22266-2013, mineralogical
composition both of them (Table 1) corresponds to norms.
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The heat release of the studied cement batches was determined, with a simultaneous
assessment of their activity. The test results are shown in Table 2 and in Fig. 1.

The Building Code SP 41.13330.2010 [2] gives the norms for the allowable amount
of cement heat hydration emitted in hardening time, according to which the studied
cement from batch No. 2 does not meet the heat release criterion. An analysis of the
results from Tables 1 and 2 allows to conclude that the reason for exceeding the
allowable heat release of cement from batch No. 2 is the increased content of the
tricalcium silicate C3S (alite) in its composition.

Table 1. Cements: mineral composition by Bogue

C3S C2S C3 A C4AF

B1 52,7 18,3 2,76 16,10
B2 70,4 4,76 3,49 16,26

Table 2. Cements: heat of hydration and strength

C3S
content, %

Heat of hydration, kJ/kg (requirement
according to SP 41)

Compressive strength,
MPa (% grade strength)

3 days 7 days 28 days 2 days 28 days

B1 52,7 208,6 (< 250) 232,2 (< 295) 311,1 (< 345) 25,1 (63%) 42,1 (105%)
B2 70,4 290,1 (< 250) 358,1 (< 295) 409,6 (< 345) 26,6 (67%) 37,9 (94%)

Fig. 1. Heat release of two cement batches
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Consequently, in order to study a behavior of these batches of cement in massive
reinforced concrete hydraulic structures, production (in-process) tests were carried out
to determine the heat release, when industrial concrete mixes are used. Monitoring was
carried out using thermocouple sensors installed in the epicenter of the concrete block
(T1), on the surface of the reinforcement protective layer (T2) and outside the concrete
space (T3). The test results are shown in Table 3.

Normative document VSN 31–83 [3] establishes that during concrete works the
temperature difference between the core and the side surfaces of the array in hydraulic
structures is allowed no more than 16–18 °C. When cement No. 1 (C3S = 52.7%) used,
the maximum temperature of the concrete structure core reached 63.1 °C, and the
temperature of concrete surface at the same time was 46.2 °C. So, the temperature
difference between the core and the surface was 16.9 °C, which meets the requirements
of Building Codes SP 41.13330.2010 and VSN 31–83 according to the heat dissipation
criterion (Fig. 2).

The maximum temperature of the core of concrete laid with cement
No. 2 (C3S = 70.4%) reached 78.5 °C, with a maximum concrete surface temperature
of 50.6 °C. In this case, the temperature difference between the core and the concrete
surface was 27.9 °C, which exceeds the permissible norm and does not meet the
requirements of the standard (Fig. 3).

Table 3. Temperature difference between core and surface of structure.

C3S
content, %

Temperature, °C
T3

Outside
T1 Core of
structure

T2 Concrete
surface

ΔT = T1 – T2 VSN 31–83
requirements ΔT

B1 52,7 20–30 63,1 46,2 16,9 Not more than
16–18 °CB2 70,4 20–30 78,5 50,6 27,9

Fig. 2. Heat dissipation of concrete produced on cement B1
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Sum Up: There seem to be necessary to determine the limit content of C3S, in which
the heat release of sulfate-resistant cements will develop within the permissible values
of SP 41.13330.2010, and the thermal stress state of massive hydraulic concretes will
meet the requirements of VSN 31–83.

3 Conclusions

It is shown that the alite content in different batches of sulfate-resistant cement can
significantly affect the thermo mechanical properties of hardened concrete, which
ultimately could lead to cracking and reduce the durability of concrete structures. The
experience at construction sites with unstable chemical and mineralogical composition
of the delivered cement was considered. With regard to the concreting of massive
structures, the norms for sulfate-resistant cement need to be clarified and revised (or
updated) in terms of determining the requirements for its mineralogical composition.
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1 Introduction

Design code prescritpions on the service life of ordinary reinforced concrete structures
may be difficult to be fulfilled in highly aggressive environments, in which premature
degradation of the structural performance is most likely to occur. In these situations, in
order to avoid expensive repair activities, advanced systems such as self-healing
concrete could be adopted. In the last decade, researchers started to look at this
functionality as a way to solve degradation problems in chloride-laden environments. If
a significant degree of crack sealing is achieved, the mechanical and physical properties
of a cracked element tend to those of an identical uncracked element, thus resulting into
a slower penetration rate of aggressive substances.

In the broad literature on the stimulation/engineering and experimental assessment
of self-healing functionalities in concrete [1, 2] and cement based materials, a relatively
few number of studies has addressed the effectiveness of healing in reducing the chloride
diffusion. As far as autogenous healing is concerned, several authors agreed that self-
healing is able to induce a full recovery of the chloride diffusion resistance for crack
widths below a certain threshold, in the range of few tens of microns [3–5]. Borg et al.
[6] studied the crack sealing capacity of mortars containing supplementary cementitious
materials (fuel ash and silica fume) or crystalline admixture in chloride-rich environ-
ments. They observed that sea-water may lead to an enhancement of the self-healing
capacity of mortars with respect to distilled water, especially for higher chloride con-
tents. They noticed that both the addition of fuel ash (with a replacement ratio lower than
20%) and silica fume (with a content of 15% by mass of cement) have a beneficial effect
on the sealing capacity of cracks up to intermediate widths (0.15–0.3 mm). The mix
containing the crystalline admixture, thanks to its hydrophilic behavior, guaranteed the
highest crack sealing capacity in almost all the investigated conditions, especially for
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cracks up to 0.3 mm. Li et al. [7] tested high performance fiber reinforced concrete
specimens pre-loaded up to 0.5%, 1.0%, and 1.5% tensile strain level and immersed in a
3% chloride solution for 30, 60 and 90 days. When they re-loaded the specimens after
curing, they found that, due to self-healing, specimens partially recovered some of their
mechanical features. Moreover, the results showed that under severe chloride exposure,
the specimens remained durable with a good crack-controlling capability. Ling et al. [8]
studied the effects of self-healing cracks in bacterial concrete on the penetration of
chlorides. They considered ordinary Portland cement mortar specimens (control) and
one mortar containing a microbial self-healing agent. It was observed that self-healing
led to a reduction of chloride content for both mixes, but the chloride content in the
specimens having the self-healing agent was lower. Van Belleghem et al. [9] used a
concrete mixture containing fly ash and a polyurethane-based healing agent encapsu-
lated into glass capsules. Some of the specimens were pre-cracked up to a crack width of
300 lm. The results showed that chloride ingress depends on the crack opening and
increases almost exponentially along the depth of the crack. After the curing time, it was
observed that the self-healing agent led to a reduction of the chloride ingress rate up to
75%. Maes et al. [10] also studied the improvement in service life of concrete specimens
suffering chloride attack due to self-healing, introducing into their life prediction model
a variable depending on the crack width.

The main problem in exploiting this phenomenon is its reliability. For this reason,
an experimental campaign, was carried out which, besides aiming at assessing the
influence of the environmental conditions on the strength development, focused on the
recovery of chloride diffusion resistance in pre-cracked specimens. The investigation
was also meant to obtain useful indications to design and build the “ordinary reinforced
concrete” cell of a water basin in a geothermal power plant, to be compared on the one
hand with the current construction practice, which requires wall as thick as 400 mm for
mere durability issues, and, on the other with advanced solutions in which Ultra High
Durability Concretes will be employed, in the framework of the H2020 project
ReSHEALience [11].

2 Experimental Programme

Two mixes, differing because of the presence of a crystalline admixture, were con-
sidered, whose mix proportions are summarized in Table 1.

Table 1. Concrete compositions

Component Without CA (kg/m3) With CA (kg/m3)

Portland cement CEM II 42, 5 R 360 360
Water 180 180
Fine aggregate (sand 0–4 mm) 814 811
Coarse aggregate (gravel 4–16 mm) 1077 1077
Superplasticizer admixture 3.5 3.5
Crystalline admixture (Penetron Admix ®) ¼ 2.9
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First, the average compressive strength of concrete after 7, 14, 28, 56 and 84 days
curing in the above-listed environmental conditions was measured. For each curing
time and type of concrete, at least 3 cylindrical specimens 200 mm high and with
100 mm diameter were tested.

For the measurement of the effects of healing on chloride diffusion resistance,
100 mm high cylinders with a 100 mm diameter were used. 7 or 28 days after casting,
half of the specimens were pre-cracked by means of a splitting test. The two halves
were then reunited, the crack width was visually analyzed by means of an image
analysis software [12], and all the samples were cured for 1, 3 or 6 additional months,
both permanently immersed in a 16.5% NaCl solution or subjected to wat/dry cycles in
the same solutions. After curing, a visual inspection of the healed pre-cracked speci-
mens was carriedout by means of an electronic microscope and an image-editing
software, aimed at quantifying the extent of crack closure. Fourteen pictures of each
crack were taken both immediately after pre-cracking and at the end of each curing
time. These pictures were then processed by means of the image-editing software, thus
allowing the identification of the surface crack width before and after the healing time
and so the determination of the percentage of closure. Moreover, for each considered
environmental condition, specimens were subjected to chemical titration (RILEM TC
178-TMC) to determine the chloride content.

3 Experimental Results

A limited influence of curing conditions on the strength development was observed
(Fig. 1).

Fig. 1. Influence of curing conditions and crystalling admixture on strength development
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In order to study the effect of crack self-sealing on the recovery of chloride dif-
fusion resistance, first of all, from the microscope acquired images of the cracks, using
an image-editing software, the average crack width waverage was measured and the
percentage of crack closure %sealing was calculated according to Eq. 1

%healing ¼ winitial � wpost�healing

winitial
� 100 ð1Þ

where: winitial is the crack width of the newly cracked specimen;
wpost-healing is the crack width of the same specimen after curing;

Fig. 2. Percentage of crack closure vs. initial crack opening for specimens immersed in a 16.5%
NaCl aqueous solution.

Fig. 3. Percentage of crack closure vs. initial crack opening for specimens subjected to wet and
dry-cycles in a 16.5% NaCl aqueous solution.
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Plotting the results obtained for immersed specimens (Fig. 2) it is possible to
identify at first glance the abovementioned existing relationship between initial crack
width and percentage of closure. It is also possible to observe the beneficial effects of
the crystalline admixture for wider cracks (0.5–1 mm). Moreover, focusing on smaller
cracks (<0.4 mm), it can be seen that the concrete samples with the healing agent have
the potential to achieve a sealing capacity after 3 months of curing directly comparable
to the one obtained after 6 months by the other mix. Considering then the samples
subjected to wet/dry cycles (Fig. 3) a generally lower healing capacity with respect to
submerged samples is observed. Also in this case a relation between initial crack width
and crack closure exists and the use of crystalline admixture results on some benefits on
the sealing capacity of cracks, even though its positive contribution seems not to be as
important as for immersed specimens. Focusing on the pre-cracking age, it can be noted
that the cracks obtained for specimens pre-cracked after 7 days are generally wider than
those obtained by pre-cracking after 28 days. This outcome is probably due to the fact
that when pre-cracking a younger concrete its tensile strength is not fully developed
yet, thus making difficult to control the crack width generated through a splitting test.

Finally, chemical titration analyses were performed according to RILEM TC 178-
TMC, which allowed the determination of the chloride content as a percentage by mass
of concrete. Tests were performed on both uncracked and pre-cracked cylindrical
concrete specimens and subjected to both exposure conditions up to 6 months. The
experimental data obtained through the chemical tests were then fitted with Fick’s
second law and, in the case of specimens permanently immersed, the apparent diffusion
coefficient Dapp and the surface chloride content was determined. An example of results
obtained for specimens both with and without the crystalline admixtures cured under
water immersion or wet/dry cycles for one month is shown in Fig. 4a–b. Unfortunately,
specimens cured for 3 and 6 months immersed in the aqueous solution have suffered
from problems related to the formation of an undesired bi-directional diffusion phe-
nomenon, due to the non-perfect waterproofness of the lateral surface sealing. The
apparent diffusion coefficients obtained following this procedure are summarized in
Table 2.

Besides highlighting the dramatic effect that a cracked state (which is the service
state of a reinforced concrete structure) has on the chloride permeability, the results also
highlight a general improvement for the specimens containing the crystalline admixture
with respect to the reference mix ones, though this difference appears decreasing with
continued curing and hence continuing healing. Moreover, the longer curing time under
wet/dry cycles, and hence the higher sealing, also results in reduction of the chloride
permeability coefficient, mainly in the case of concrete containing the crystalline
admixture. The higher is the curing time of the pre-cracked sample, the closer the value
of the apparent chloride diffusion coefficient D_app to that of an uncracked specimen,
especially for specimens containing crystalline admixture.
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4 Conclusions

In this paper an experimental study of autogenous and crystalline admixture stimulated
crack self-sealing has been presented, in which the influence of crack sealing on the
reduction of chloride diffusion was assessed. Different exposure conditions were
investigated, including water immersion in a 16.5% NaCl aqueous solution and wet/dry
cycles with the same aqueous solution, together with the influence of pre-cracking ages
and healing time. Dependence on crack width and healing time was as expected, with a
faster and more effective crack sealing generally achieved by the samples containing
the healing agent. Moreover, significant differences could be identified between the
values of apparent chloride diffusion coefficient, as affected by the crack sealing of
concrete, with and without crystalline admixture. This result is a further proof of the
importance of accounting for the presence of cracks when studying chloride diffusion.
Such a result, besides confirming the importance of considering the cracked state
service conditions in assessing the real durability of a structure in its service scenario,
could be usefully accounted for when evaluating the effects of healing on the extension
of service life in reinforced concrete structures exposed to aggressive environments.

Acknowledgements. The activity described in this paper has been performed in the framework
of the project “Rethinking coastal defence and Green-energy Service infrastructures through
enHancEd-durAbiLity high-performance cement-based materials-ReSHEALience”, funded by
the European Union Horizon 2020 research and innovation programme under GA No 760824.

(a) (b) 

Fig. 4. Chloride profiles for specimens immersed continuously (a) and subjected to wet/dry
cycles in the 16.5% NaCl aqueous solution for 1 month (CA:crystalline admixture).

Table 2. Apparent diffusion coefficients for specimens immersed in 16.5% NaCl solution.

Apparent diffusion coefficient Dapp [m2/s]

Without CA With crystalline admixture

Uncracked, cured for 1 month \ 3:80 � 10�10

Pre-cracked at 28 days, cured for 1 month 3:27 � 10�9 9:21 � 10�10
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1 Introduction

Structural health monitoring (SHM) has become an established field of engineering in
the past few decades. SHM aims to give a diagnosis on the condition of materials,
elements, and of the whole structure at every moment of the structure’s lifespan.
Design dictates the structure’s nominal behavior and SHM allows keeping it in that
nominal domain. Thanks to the time-dimension of monitoring, which builds a full
historical database of the structure, it is possible to determine damage progression and
residual life of the observed structure.

When it comes to concrete, i.e. cementitious materials, the lack of two main
properties - electrical conductivity and piezoresistivity, hinders them from simultane-
ously becoming both structures and sensors. The application of nanotechnology can
significantly improve the performance of traditional concrete, giving it novel abilities
and improving overall mechanical properties [1]. Self-sensing materials used in SHM
drastically change the maintenance planning process by minimizing human involve-
ment and human errors and by aiming to replace scheduled and periodic maintenance
inspections or at least to reduce the current maintenance labor, thus improving safety
and reliability.

2 The Concept

Richard P. Feynman’s idea (1959) of controlling matter at the nanoscale remained only
a concept for several decades until the technology was developed enough and obser-
vations at a quantum level were possible. Since Iijima and Ichihashi published their
discovery of “single-shell tubules” in 1993, there have been many discoveries
regarding the properties and possible applications of single-walled carbon nanotubes
(SWCNTs). Comparing to conventional materials, carbon nanomaterials possess some
unusual size-/surface-dependent (e.g., morphological, electrical, optical, and mechan-
ical) properties. They can exist in numerous forms, differing in structure, size,
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chemistry, and mechanical properties. The most represented and investigated materials
are nanocarbons (C60, carbon black, carbon nanotubes (CNTs), graphene) because of
their superior mechanical properties and conductive capabilities. Single-walled CNTs
have been regarded as one of the most promising material, opening the door for multi-
functional, cementitious composite applications. Concrete is an electrically noncon-
ductive material, however, the addition of CNTs (Fig. 1) provides it with piezoresis-
tivity which makes it an excellent choice for a sensor while preserving the role of a
structure at the same time.

The most recent developments in SHM are connected to different types of
nanosensors such as transducers, electrochemical and optical sensors, as well as
techniques of environmental pollutants’ detection via nanomaterials. While the
development of nanoscale devices and nanoelectromechanical systems (NEMS) is an
evolving area of nanotechnology, there is also considerable interest in making
macroscopic engineered materials that can exploit these properties. Self-sensing CNT/
concrete composites possess piezoresistivity, giving the ability to monitor strain by
using the change in the electrical resistance i.e. self-sensing capability of large-scale
structures [2]. CNT networks are highly valuable in SHM for strain mapping, damage
detection, identification of crack initiation and propagation, and more.

The neural network approach is a way of modeling data based on computer learning
in order to perform complex functions. The application of machine learning represents
a new direction in the evolution of monitoring concrete structures. Artificial neural
networks (ANNs) have been developed as an interconnected group of nodes inspired
by a simplified representation of neurons in the brain. Although the original idea of
ANN was to solve problems in the same way as a human brain would, over time it
deviated from biology towards solving some specific tasks (pattern recognition,
identification, classification, vision and control systems, cancer predictions, etc.).
Recently, machine learning became an attractive tool to reduce model complexity and
so ANNs have been successfully used for a variety of applications, some including
structural analysis and material science, ranging from studies of atomic properties to
the mechanical properties of concretes or an individual carbon nanotube [3]. The
choice of ANNs to model so many different systems is, in part, due to their flexibility
and adaptability as well as their easy application in software and hardware devices and
materials [4].

Fig. 1. Structure of self-sensing concrete [2]
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3 The Methodology

Basic units of the neural network are artificial neurons, which represent the processing
elements. Their connections typically have assumed weights that are adjusting as the
learning proceeds based on the back-propagation rule. The architecture of the ANN is
formed by the input and the output layer and a series of hidden layers, each of which is
formed by a determined number of neurons (Fig. 2). Building of the artificial neural
network starts with building its data library. Data library contains the data sets divided
into 3 subsets: training, selecting and testing set. Data collection comprehends
experimental data including laboratory investigations as well as numerical simulations
of the mechanical properties of the composites. Data collected from Konsta-Gdoutos
et al. [5], shown in Table 1, as an example of the information which may be used as
training data and also as testing data, after supplementing it with the results of the
measured sensitivity of the sensing ability (e.g. DR/R [%]).

Fig. 2. Schematics of the optimized ANN and of respective weights [4]

Table 1. Mechanical properties of cement with 0.1% vol. and 0.5% vol. of CNT and 0.1% vol.
of CNF, collected from [5]

Material Fiber
count

Age
(days)

Compressive
strength
[MPa]

Young’s
modulus -
bending test
[GPa]

Young’s
modulus -
compressive
test [GPa]

Resistance
[kX]

Resistivity
[kX*cm]

Plain
cement

\ 3 19.8 9.2 ± 0.96 9.5 ± 0.97 12.6 8.4
7 25.6 10.8 ± 0.87 11.5 ± 0.83

28 31.7 14.1 ± 0.71 13.9 ± 0.7
0.1%
CNT

3.61E+11 3 22.6 16 ± 0.44 15.4 ± 0.49 9.2 6.1
7 26.5 18.1 ± 0.13 18.3 ± 0.15

28 33.8 27.4 ± 0.09 27.9 ± 0.12
0.5%
CNT

1.08E+12 3 22.7 9.9 ± 0.93 10.2 ± 0.94 10.6 7.1
7 27.6 12.2 ± 0.74 12.3 ± 0.62

28 35.3 20.1 ± 0.67 20.9 ± 0.59
0.1%
CNF

1.69E+11 3 22.5 11.7 ± 0.78 12.0 ± 0.73 10.8 7.2
7 25.2 16.9 ± 0.32 16.7 ± 0.46

28 33.7 27.6 ± 0.11 27.4 ± 0.14
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Among various modeling techniques, multiscale modeling (MM) showed to be the
most efficient method that can model the mechanical behavior of the CNT and its
composites accurately. The following scales are distinguished: quantum scale, nanos-
cale, microscale, macroscale, and continuum scale. The MM method entails solving
physical problems that have important features at multiple scales. It is aimed at cal-
culating material properties or system behavior at one scale using information from
different scales, and at each scale, particular approaches describe each system. Garcıa-
Macıas et al. [6] have presented a 3D generalization of the micromechanics models of
the overall conductivity and uniaxial piezoresistivity of CNT-reinforced composite
materials subjected to arbitrary strain states. The authors [6] have proposed an approach
shown to be capable of determining the piezoresistivity coefficients. The presented
technique showed to be able to reliably model the complex electromechanical behavior
of the CNT/concrete composite materials.

This research work assumes testing of the mechanical properties and electrical
conductivity of cementitious composite materials and further use of the results to train
and test the ANN model. The numerical simulations include finite element models
made using ANSYS software and the ANN model developed using MATLAB script.
The training and selecting phase of the neural network will be conducted until the
desired output and the network output don’t relatively match, when the testing phase
may be conducted. The architecture of the ANN model predicting the optimal mixture
for self-sensing concrete is configured as follows. The input layer for the training of the
ANN consists of 5 neurons: (1) water/cement ratio, (2) final weight of cement per 1 m3

of concrete, (3) final weight of fine aggregate per 1 m3 of concrete, (4) weight fraction
of the functional filler, (5) conductivity of the functional filler. Output data include
(i) electrical resistance of the composite material [X*cm], (ii) sensitivity of the sensing
ability (DR/R0 [%]), (iii) compressive strength of the composite [MPa], (iv) flexural
strength of the composite [MPa]. The output neurons can be represented by (v) stress
sensitivity coefficient, (vi) gage factor and (vii) Young’s modulus.

4 Conclusions

A novel approach to manufacturing self-sensing materials for SHM is now possible,
implying concepts of determining mixtures and conductivity of specific self-sensing
composites using artificial neural networks. The idea of a self-sensing structure is to
mimic a biological system through sensing, actuation, adaptability, self-repair, etc. and
the ultimate form of intelligent structures are the ones that have the additional ability to
learn in contrast to the pre-programmed response. This learning feature is realized by
employing ANNs. Real-time effective and cost-efficient monitoring of structures is
possible to obtain by developing a conductive composite with a predetermined mixture
predicted by a trained neural network. The application of machine learning implies a
very low computational cost and can be immediately used by relatively inexperienced
users [3].
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1 Introduction

Corrosion of steel reinforced concrete (RC) is one of the major deterioration mecha-
nisms causing economic and social losses [1]. The rate of corrosion depends strongly
on the location of the structure. The major deterioration problems of RC structures are
chloride-induced corrosion; sulfate-induced corrosion and carbonation. Another trigger
of corrosion in RC is stray current [2].

For the last decades, the service life of RC structures is being considered in two
phases: initiation and propagation of corrosion. The protection from the initiation phase
is mainly achieved by designing of specific quality concrete. Various types of inhibitors
are used for the mitigation of corrosion propagation. The high alkaline of pore solution
passivates the steel embedded into the concrete. As long as the composition of the pore
solution in concrete remains constant, the steel rebars are passivated. Whereas the
passivated layer at the steel is destroyed, the propagation phase begins.

Currently, there are numerous strategies available for increasing the service life of
reinforced structures exposed to severe environmental conditions, including the use of
(a) low-permeability (high-performance) concrete, (b) chemical corrosion inhibitors,
(c) protective coatings on steel reinforcement (e.g. epoxy-coated or galvanized steel),
(d) corrosion-resistant steel (e.g. stainless steel), (e) non-ferrous reinforcement (e.g.
fiber-reinforced plastics), (f) waterproofing membranes or sealants applied to the
exposed surface of the concrete, (g) cathodic protection (applied at the time of con-
struction), and (h) combinations of the above.

Corrosion inhibitors mostly act on the steel surface. The first mentioned of inhi-
bitors in RC was examined in the late 1950s. Since then the most conventional inhibitor
is calcium nitrite [3], but organic compounds are also known.

The standard methods for estimation of the efficiency of the chemical admixture
against the corrosion in concrete are time-consuming (ASTM G109 - 07). However,
industry and academia are always looking for a reliable accelerated test for this pur-
pose. This paper is focused on the development of such an accelerated test providing
the results within less than 10 days. The feasibility and efficiency of the proposed
method are checked by testing two commercially available corrosion inhibitors.
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2 Materials and Methods

2.1 Materials

CEM I 52.5N supplied by Nesher Cement, Israel, is used for this study. Its mineral and
chemical compositions are presented in Table 1.

2.2 Inhibitors

Two commercially available inhibitors were taken. The first one was migrating cor-
rosion inhibitor based on amine carboxylate (MCI-2005, Cortec Corporation); the
second one was based on calcium nitrite (Sika CNI), which helps to anodic protection
by creating a passivation layer (Fe2O3) by electrochemical reaction between NO2

� and
Fe2 þ . Sika CNI contains a minimum of 30% calcium nitrite by mass. Both meet all
ASTM C1582 requirements.

2.3 Preparation of Mortar Samples

Cement was mixed with water, natural quartz sand (Dmax = 2.36 mm) and admixtures
in a pan mixer and then cast in molds 50 � 50 � 50 mm. Water/cement ratio was 0.55;
mixture proportions and properties are shown in Table 2. After 24-h of hydration in
sealed molds samples were immersed in water for 28 days (23 ± 2 °C). Compressive
strength of the samples (with standard deviation) is shown in Table 3. Air contents and
flow of hydraulic cement mortar of the samples was tested according to ASTM
C109/C109 M, ASTM C185 - 15a and ASTM C1437 – 15.

Table 1. Mineral and chemical compositions of cement.

Mineral composition wt.-% Chemical composition wt.-% 
Alite 61.02  CaO 62.16 
Belite 12.95  SiO2 19.02 

C3A cubic 5.86  Al2O3 5.42 
C4AF 12.42  Fe2O3 3.82 

Bassanite 1.87  MgO 1.31 
Anhydrite 0.28  TiO2 0.53 
Portlandite 1.83  K2O 0.37 

Calcite 2.25  Na2O 0.22 
Arcanite 0.97  P2O5 0.4 

Aphthitalite 0.55  Mn2O3 0.05 
SO3 2.48 
IR 0.76 
FL 2.8

LOI total 2.93
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2.4 Accelerated Test

To simulate the natural corrosion that occurs in RC structures, the specimens were
exposed to the corrosive environment in the laboratory. The corrosion acceleration
system is presented in Fig. 1(a) and consists of a plastic container filled with 5% NaCl
solution (pH = 6.2…7.1). The specimens are 6 reinforced concrete cubes placed over
wooden spacers and immersed in a solution, so that the top of the samples is higher
than the surface of the solution by about 1 cm. The rebars protruding from the concrete
samples are used as an anode, connected to a positive terminal, and the stainless-steel
plates (cathode) are connected to the negative terminal of the direct current (DC) power
supply. The process starts by applying a constant voltage to the system, which is set at
3.6 and 7.2 V. The electric current passing through the samples is measured every
1 min and the values are saved in the data logger. The experiment ended after crack
width reached 0.10…0.15 mm; these values correspond to upper limits set by inter-
national standards in RC structures exposed to chloride attack. Figure 1 shows a
schematic diagram of the system and a photo of the experimental system from one of
the trials.

Table 2. Mixture proportions and properties of mortar compositions

Material Specific
gravity

Relative
mass

Unit
weight
[kg/m3]

Air
content
[%]

Flow
diameter
[mm]

Reference Sand 2.6 3.00 2,165 5.2 172
Cement 3.1 1.00
Water 1.0 0.55

MCI-2005
0.6/1000
liquids

Sand 2.6 3.00 2,261 1.9 172
Cement 3.1 1.00
Water 1.0 0.55
Admixture 1.185 0.0015

CNI 10/1000
liquids

Sand 2.6 2.97 2,146 7.1 166
Cement 3.1 1.00
Water 1.0 0.525
Admixture 1.3 0.0283

Table 3. Development of compressive strength of mortars in time

Compressive strength [MPa]
Sample 1 day 3 days 7 days 28 days 90 days

Reference
mortar

15.4 ± 0.72 31.3 ± 1.16 33.5 ± 2.41 44.1 ± 0.11 48.9 ± 1.20

Mortar with
MCI-2005

13.4 ± 0.42 30.7 ± 1.80 33.9 ±1.38 42.1 ± 1.95 42.9 ± 2.60

Mortar with
CNI

9.10 ± 0.07 24.5 ± 0.48 30.5 ± 1.00 38.8 ± 2.95 44.9 ± 1.05
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3 Results

It was found that the introduction of a CNI inhibitor dramatically decreases the early-
age strength (Table 3). However, after 90 days of hydration the strength is close to that
of the reference. MCI-2005 admixture has also a negative influence on the early-age
strength, but to lesser extent than CNI. Moreover, MCI-2005 notably reduces the air
content, which is also directly related to the strength properties. In any case, all the
samples exhibit similar 28-days strength, that allows comparing the influence of the
inhibitors.

The samples are subjected to a constant electrical voltage, while electrical resis-
tance (ER) develops over time (Fig. 1). The measurement proceeds until the drop of
ER, which indicates the appearance of cracks along the rebar. As ER decreases, crack
opening increases, until it reaches a steady state. Table 4 shows the times of crack
formation in the samples tested with the electric voltage of 3.6 and 7.2 V, respectively.
It can be seen, that CNI is not an effective inhibitor. This can be explained by the fact
that the presence of chloride and sulftate ions can damage the passivation layer, so
there is faster cracking development, than in the reference sample. Similar results have
been already described elsewhere [4]. With the increase of electrical voltage, the effect
of the inhibitors decreases. It is worth to note that the strength of the sample has a
significant influence on the time of crack formation. A confirmation of these results is
found in the work of Montes, Bremner and Lister [5]. The natural electrical voltage
measured in our work was 0.17 ± 0 .1 V, which corresponds to regular concrete. For
such a small voltage both types of corrosion inhibitors are expected to serve better.

(a) (b)

Fig. 1. Corrosion acceleration system (all dimensions are in mm)
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4 Conclusions

The rapid laboratory method to test the effectiveness of corrosion inhibitors in rein-
forced concrete has been proposed. The observations from testing two types of cor-
rosion inhibitors yielded the following conclusions:

• The proposed method is user-friendly and allows easy and quick estimation of the
efficiency of corrosion inhibitors.

• The reliable results can be obtained within 10 days.
• At a voltage of 7.2 V, the effect of the inhibitor is negligible, and the strength of the

concrete is act as the determining factor.
• It is shown that increasing the voltage reduces the duration of the experiment, while

the reliability of the results decreased. The optimum voltage for the present seried of
experiments is considered 3.6 V. This voltage might be reduced further to 1.2 V
(the upper threshold in ordinary reinforced concrete) the future experiments, which
in turn is going to increase the precision of the results.
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1 Introduction

Although degradation due to freeze-thaw cycles, carbonation, corrosion, sulfate attack,
etc. and the corresponding mechanisms have been studied for decades, we continue to
be challenged by being able to translate the kinetics of degradation reactions, rates of
damage, symptoms of damage on small-scale laboratory specimens that are unrein-
forced, unrestrained, mechanically unloaded specimens to large-scale, real life, rein-
forced structural elements, subjected to restraint, and mechanically loaded. There is a
need for research to relate the performance of materials tested in the laboratory to the
performance of structures in the field to improve the safety, sustainability, service life
of existing and new concrete structures.

Although there are several aspects that warrant attention, this presentation will
address two aspects, ‘external’ and ‘internal’, pertaining to understanding laboratory
concrete durability testing to structural performance in the field. The scope of this paper
specifically pertains to durability associated with internal swelling of concrete. The
‘external’ aspect deals with concrete behavior subjected to combined exposure con-
ditions leading to degradation. The ‘internal’ aspects deals with the anisotropy behavior
of concrete due to element geometry, effect of confinement due to steel reinforcing
steel, steel fibres, and the role of multi-axial stresses and its implications on concrete’s
internal swelling response.

2 Discussion and Results

External Aspect: Combined Exposure Conditions
Several researchers [1, 2] have examined the influence of freeze-thaw damage in
combination with chloride ingress, sulphate attack or carbonation processes. Although
some coupled deterioration processes provoke and accelerate more serious damage
than single loads, this is not necessarily always the case [3, 4]. One of the most
common combination of concrete degradation mechanisms that has been published in
the literature is: freeze thaw and chloride exposure studies. In contrast, markedly fewer
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studies have been conducted on the combined effect of alkali-silica reaction (ASR) and
freeze-thaw or chloride exposure or carbonation or sulfate attack. In the Canadian
context, this is of particular interest since ASR is infact prevalent in many structures
that are in need of assessment and service life analysis. Canadian Standards Association
(CSA) does allow the use of reactive aggregate in concrete with the requirement that
specified supplementary cementious material (SCMs) are also used, since they are well
reported to reduce ASR expansion (Fig. 1), however, SCMs can also increase vul-
nerability to carbonation reactions. Therefore, two research questions related to the
competition of the chemical reactions are: What is the resistance of concrete (with and
without SCMs) to combined ASR and carbonation? And, do the CSA requirements for
SCMs help or harm concrete that is subjected to combined ASR and carbonation? This
presentation will discuss these aspects.

Internal Aspect: Anisotropic Behavior and Confinement of Concrete Due to
Reinforcement
Although the direction of casting induces anisotropic behavior of concrete, the influ-
ence of this factor on the anisotropy of internal swelling behavior are inconclusive.
This study has examined the multi-axial expansion and the damage rating index
(DRI) of concrete that is: unreinforced; reinforced with one steel bar; steel fibre rein-
forcement; multi-axially loaded in compression. The concrete is designed in accor-
dance with ASTM 1260 with reactive Spratt aggregate. For unreinforced concrete, the
expansion in the transverse directions was markedly greater (3.72 times) than in the
longitudinal direction. In the literature, relatively fewer studies have focused on the
anistropic behavior of internal swelling of ASR-affected fibre-reinforced concrete.
Although some studies indicate that fibers reduce ASR damage of concrete, other

Fig. 1. Effect of cement replacement material (CRM) on ASR expansion
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sources indicate that longitudinal expansion was larger compared to the expansion of
specimens without fibres [5].This behavior was attributed to the greater ductility of
fibre-reinforced concrete, which allowed less cracking and more expansion [5]. Part of
the conflicting observations may be associated with the fact that fibres are oriented in
three-dimensional space, and their effect on the ASR performance of concrete cannot
be understood by measuring axial expansion alone. Figure 2 highlights the differences
in longitudinal, and transverse expansion of ASR-affected unreinforced concrete
(M0.0-p), reinforced concrete with one bar (M0.0-r) as well as plain and reinforced
concrete with 0.65% steel fibre (M0.65-p and M0.65-r) and plain concrete with 1.3%
steel fibres (M1.3-p).

a) Age of curing at 50 °C and >95% R.H. (days)
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Fig. 2. Expansion of ASR affected specimens (a) longitudinal and (b) transverse
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3 Conclusion

There is a need to translate results from laboratory studies of concrete durability to field
durability of concrete structures which could lead to the development of: new protocols
for the inspection, testing, and prognosis of existing structures that account for the
anisotropic behavior; new laboratory test specifications to evaluate concrete exposed to
coupled durability mechanisms; and more accurate service life predictions of concrete
structures based the performance and properties of reinforced, mechanically loaded
concrete specimens. With a strong effort by researchers from a collaborative materials
and structural perspective, there is potential to bridge the disconnect between the
interpretation of laboratory concrete durability tests and the field performance of
structures.
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1 Introduction

The common pathology oftenly observed in the water-supplying steel pipes is cracking
and delaminating the cement based internal lining [1]. Thus, the quick in-situ repair of
these defects is essential for preventing the possible steel corrosion in pipes [2–4]. The
implemented repair mortar must meet the sanitary norms regarding the chemical
composition of the materials allowed to be in contact with drinking water [5]. The
criteria of the physical and mechanical properties of fresh and hardened lining mortar
have been set based on the relevant international and national specifications.

2 Results

The current research was carried out in WGAC in collaboration with Mekorot – Israel
National Water Co., during 2015–2017. The aim of the research was to reveal the most
appropriate compositions of the cement-based mortars for the in-situ repair of internal
lining of steel pipes.

The research program was based on:

– investigation of the physical and mechanical properties of 23 fresh and hardened “in-
situ prepared” (18 mortars) and “ready-mix” (5 mortars) compositions (Figs. 1, 2);

– preparing the special models of the cement-based lining implemented on the steel
plates (Fig. 3);

– study of the adhesion strength of cement-based lining implemented in the models,
as a function of:
• mortar composition (the type of chemical admixture and the granulometric

composition of sands) and physical properties of the fresh mortars;
• specific environmental exposure of lining mortars before their implementation

on the steel plates;
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Fig. 1. Samples used in the tests of physical and mechanical properties of hardened mortars

a) b)

Fig. 2. Effect of sand properties on the properties of in-situ prepared mortars; (a) consistency
range of fresh mortar; (b) tensile strength of hardened mortar. FM – fineness modulus

Fig. 3. Special models of the cement-based
lining implemented on the steel plates

Fig. 4. In-situ exposure of the cement
based lining to the conditions inside the
functioning water-supplying pipe line
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b)

a)

Fig. 5. Effect of commercial chemical admixture onpull out strength of ctmtnt-based lining:
(a) exposure to lab conditions; (b) in-pipe exposure
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• type of the surface preparation of steel plates before the implementation of
cement-based lining;

• characteristics of the environmental exposure (different temperatures and rela-
tive humidity (ca. 55% RH & 100% RH) to which the lined steel plates were
subjected for 3 to 9 months, in laboratory conditions, as well as in-situ, inside
the functioning pipe line (Figs. 4 and 5).

The final criteria which were preliminary set basing on the relevant international
and national specifications, were tested and reset. These criteria have been:

– the fresh mortar consistency measured at temperature 21 ± 3 °C and 55 ± 5% RH
should be 160–180 mm;

– the mortars should keep almost the same consistency when exposed to the hot
environment (34 ± 1 °C) for 60 min, at least. This criterion could be met by
keeping the content of the solids in the commercial chemical admixture used in the
mortar mix, as high as 45% (by mass), at least;

– it was revealed that only the mortars which were characterized in the hardened state
(at age of 28 days) by the oven-dried bulk density of more than 1,970 kg/m3 have
the appropriate strength characteristics and the required performance in-situ;

– the strength characteristics of the hardened cement-based lining mortars at age of 28
days should be:
• compressive strength – at least 30 MPa;
• tensile strength – at least 5 MPa.

– the adhesive ability of lining made of the cement-based mortars to steel background
should met the criteria of pull-out strength of 1.0 MPa, at least, whereas this value is
mandatory after the exposure of cement-based lining to any service conditions
occurred in water-supplying stainless-steel pipes.

3 Conclusions

The research resulted in checking the criteria set by the valid international specifica-
tions for cement-based internal lining used in the water supplying steel pipes, resetting
the most important criteria in order to obtain the highly performing internal lining and
finding out the ctmtnt-based mortar compositions meeting these criteria.
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1 Introduction

The efficiency of rail transport is crucial to compete with other transportationmodes. Thus,
over the years railway operators demand increasing rolling stock axle load and speeds.
Hence, railway infrastructure improvements are crucial to withstand persistent increasing
of bearing capacity expressed in significant dynamic load and cumulative traffic load.

Railway sleepers are key elements in track infrastructure that have been in ongoing
development and enhancement. Since initially been introduced, the application of
prestressed concrete sleepers steadily increases. Nowadays, concrete sleepers are the
major type of sleepers used around the world. However, systematic failures of concrete
sleepers are very common in the railway infrastructure. In this paper, a case of failure of
prestressed monoblock concrete sleepers was investigated. The conducted investigation
included field survey and laboratory analysis. The results of the study revealed prob-
lems in the durability design and curing process as the main cause of the failure.

2 Results

2.1 Field survey

The field survey included visual inspection and Non-Destructive Testing (NDT).

2.1.1 Visual Inspection
The visual inspection of the prestressed concrete sleepers revealed longitudinal cracks
between 200 microns and several millimeters that in most cases passed through the
prestressing cables. Cracks appeared in a variety of locations and diverse variations. An
example of the characteristic longitudinal cracking of the sleepers is shown in Fig. 1.
Nevertheless, the cracks passed around the prestressing cable zones, reflecting corro-
sion of the prestressing cables causing development, growth, and opening of these
cracks. In addition, on the uninstalled concrete sleepers, cracking was observed as well,
illustrating net cracking pattern on its surface as shown in Fig. 1 suggesting the failure
cause could be either alkali-silica reaction of aggregates or ettringite formation caused
by either internal or external sulfate attack.
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2.1.2 Non Destructive Testing
The NDT was done by Schmidt hammer and Ultrasonic Pulse Velocity (UPV) on
several sleepers. These results are graphically summarized in Fig. 3 below. The error
bars in these figures indicate the confidence interval of 95%, which corresponds to
twice Standard Deviation (SD).

The field tests were conducted in different zones of the sleepers as indicated in
Fig. 2 below, as well as, on different sleepers conditions such as new, partially cracked,
and fully cracked sleepers. The results of field testing confirm that mechanical prop-
erties of concrete used for sleepers production are satisfactory and therefore the reason
for failure most probably is not of mechanical origin.

Fig. 1. Characteristic longitudinal cracking on top (left) and side surfaces (center). The net
cracking pattern on the surface of a new concrete sleeper (right).

Fig. 2. NDT testing points layout

Fig. 3. Evaluation of compressive strength based on in situ Schmidt rebound hammer test (left)
and UPV measurement (right)
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2.2 Laboratory study

2.2.1 Compressive Strength
Compressive strength testing results of the drilled cores from failed sleeper demonstrate
wide distribution but satisfying the manufacturing requirements. Furthermore, gener-
ally strength testing results on drilled cores are usually lower than specially casted and
cured samples due to the damage introduced during drilling and during the service life
of the element.

2.2.2 Mineralogical Composition
The mineralogical composition was determined on three different samples taken from
three locations of the cracked concrete sleeper. The summary of the composition is
given in Table 1 below and an example of the X-ray Diffractogram (XRD), including
Rietveld fitting curves, and difference plot are shown in Fig. 4 below.

This test reveals the concentration of Hydrocalumite and Ettringite. Hydrocalumite,
also known as Friedel’s salt, is chloride salt that is formed when chlorides come into
contact with cement paste. According to the international standards [1–3], chlorides are
thoroughly excluded from concrete composition.

Table 1. Mineral composition by XRD, % wt.

Dolomite Calcite Quartz Portlandite Ettringite Brucite Hydrocalumite Gypsum Other

Crack 56.4 16.9 23.6 0.6 1.5 0.0 1.0 0.0 0.0
Surface 30.5 37.7 28.3 0.3 0.0 0.0 0.0 0.0 3.2

Center 76.0 7.7 4.9 0.8 0.3 0.1 3.4 0.6 6.2

Fig. 4. XRD diffractogram of concrete from crack, edge and center zone of sleeper
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The presence of ettringite in the concrete sleeper suggests delayed ettringite for-
mation since it’s likely to exist only either in fresh concrete, or at a very early age then
ettringite quickly transformed to monosulfate. One of the explanations of presence of
ettringite in the sleeper is high curing temperature [4], i.e. exceeding 80 °C. In this case
ettringite crystals could form in the concrete at later ages after hardening while
expanding. Since the concrete can not resist the expansive formation of ettringite the
net cracking pattern is formed (Fig. 1, right above).

2.2.3 Chemical Composition
The chemical composition of the cracked concrete sleeper is summarized in Table 2
below. The XDR and the Inductively-Coupled Plasma (IPC) spectroscopy analysis
were done from the same location in the sleeper. Note that with the ICP method
chloride content cannot be determined. The chemical decomposition did not demon-
strate any abnormality.

3 Conclusions

According to the results of the study, the failure of prestressed concrete sleepers was
due to corrosion and expansion of prestressing cables. The determined reason for that
was by chloride attack, which probably was accelerated by sulfate attack that resulted
in delayed ettringite formation. Moreover, accumulated high dynamic traffic load
accelerated sleepers’ failure. Severe cracking of concrete sleepers was observed on the
inspected sites. Although the strength of concrete material as high, the integrity and
load-bearing capacity of concrete sleepers are significantly degraded by cracking.
Currently, it is not clear how to determine the residual bearing capacity of cracked
concrete sleepers and criteria for the proactive replacement are not well-defined. Fur-
ther research and testing are needed to clarify these aspects that are of primary
importance to the railway authority.
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