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RILEM, The International Union of Laboratories and Experts in Construction Materials, Sys-
tems and Structures, is a non-profit, non-governmental technical association whose vocation 
is to contribute to progress in the construction sciences, techniques and industries, essentially 
by means of the communication it fosters between research and practice. RILEM’s activity 
therefore aims at furthering the knowledge of properties of materials and performance of 
structures, at defining the means for their assessment in laboratory and service conditions and 
at unifying measurement and testing methods used with this objective. 

RILEM was founded in 1947, and has a membership of over 900 in some 70 countries. It 
forms an institutional framework for co-operation by experts to: 
• optimise and harmonise test methods for measuring properties and performance of building 
and civil engineering materials and structures under laboratory and service environments, 
• prepare technical recommendations for testing methods, 
• prepare state-of-the-art reports to identify further research needs, 
• collaborate with national or international associations in realising these objectives. 

RILEM members include the leading building research and testing laboratories around the 
world, industrial research, manufacturing and contracting interests, as well as a significant 
number of individual members from industry and universities. RILEM’s focus is on construc-
tion materials and their use in building and civil engineering structures, covering all phases of 
the building process from manufacture to use and recycling of materials. 

RILEM meets these objectives through the work of its technical committees. Symposia, 
workshops and seminars are organised to facilitate the exchange of information and dissemi-
nation of knowledge. RILEM’s primary output consists of technical recommendations. 
RILEM also publishes the journal Materials and Structures which provides a further avenue 
for reporting the work of its committees. Many other publications, in the form of reports, 
monographs, symposia and workshop proceedings are produced. 
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Preface 
 

The RILEM International Conference on Sustainable Materials, Systems and Structures 
(SMSS 2019) was organised by the Faculty of Civil Engineering University of Zagreb as a 
supporting event of the RILEM Spring Convention in Rovinj, Croatia. These events are held 
in the year the Faculty of Civil Engineering in Zagreb celebrated its 100 year anniversary of 
its founding, making 2019 the ideal year to host such an important international event. The 
purpose of the conference was to bring together scientists, practitioners, members of technical 
committees and users of technical recommendations, to jointly discuss and envision the future 
of sustainable development of materials, systems and structures in a holistic, global way.  

The SMSS 2019 conference had participants from 50 countries, from Argentina to United 
States of America, who presented a total of 290 papers. The conference was sponsored by 10 
international industrial partners, supported by 6 international organisations of scientists and 
practitioners and organised with the support of 4 governmental bodies. A total of 450 contri-
butions were reviewed by more than 150 prominent reviewers from different fields. The 
events organizing committee consisted of 16 local members and 6 invited international mem-
bers.  

As part of the RILEM SMSS 2019 conference, the goal of the segment Novel Methods for 
Characterization of Materials and Structures was to compile papers which were oriented to-
wards promoting approaches that provide new insight into material properties or structural 
behaviour. Topics of the segment deal with methods for characterisation of materials at a mi-
crostructural level, methods for monitoring age-dependant processes in cement based materi-
als, experimental techniques supported by numerical analysis, new applications of existing 
methods, non-destructive testing methods, methods for on-site inspection and monitoring and 
novel approaches in the design of concrete structures. 

The Editors wish to thank the authors for their efforts to produce and deliver papers of the 
highest standard. We are certain that these Proceedings will be a valued reference for research 
topics in this important field and that it will, together with the other volumes from the SMSS 
conference, form a suitable base for discussion and suggestions for future development and 
research. 
 

Ivan Gabrijel (University of Zagreb, Croatia) 

Christian Grosse (Technische Universität München, Germany) 

Marijan Skazlić (University of Zagreb, Croatia) 
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ULTRASONIC MONITORING OF STRUCTURAL CONCRETE 
ELEMENTS  

Ernst Niederleithinger (1) 

(1) Bundesanstalt für Materialforschung und -prüfung (BAM), Unter den Eichen 87, 12205 
Berlin, Germany 

 

 

 

Abstract 
Ultrasonic transmission measurements are used to monitor concrete elements since 

decades, mostly on a laboratory scale. Recently, coda wave interferometry, a technique 
adapted from seismology, has been introduced to civil engineering experiments. It can be used 
to reveal subtle changes in concrete samples and even large construction elements without 
having a transducer directly at the location where the change is taking place. The 
methodology works best with embedded transducers to avoid coupling issues or excessive 
environmental influence. These transducers can be used for newly built and existing 
structures. Meanwhile, several experiments in the lab and at realistic structures have been 
performed. Recently, large concrete beams have been equipped with a network of transducers 
and loaded until failure. Using code wave interferometry, it was possible to visualize stress 
fields and damaged areas. This paper gives an overview of the state of the art, recent results 
achieved at BAM and a task list for further results and development. 

 

Keywords: Ultrasound, Monitoring, Embedded Transducers, Coda Wave Interferometry, 
Cracks, Stress, Concrete 

 

1. INTRODUCTION AND STATE OF THE ART 

Due to the aging infrastructure, monitoring of concrete structures is of utmost importance 
in many countries. A large variety of sensors and data processing methods is used to assess 
loads, structural health, load capacity, and remaining lifetime [1].  

Ultrasonic methods are well established in structural concrete investigations (echo 
methods, imaging) or material testing (mostly transmission methods) [2]. This paper focuses 
on the latter. It has been shown that changes in the insonificated material due to temperature, 
any kind of degradation, damage or stress lead to small changes in the ultrasonic signals. 
Time of flight (TOF) measurements are standardized for examination of concrete quality and 
strength estimation [3]. They are used on a regular basis in so-called CIF tests to examine the 
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freeze-thaw resistance of concrete. In addition, as an example of recent research, it was 
shown, that the change of the velocity ultrasonic p-waves, picked by TOF, is an excellent 
indicator for fatigue damage [4]. Unfortunately, TOF measurements have a limited sensitivity 
to changes. If the damage is not located in the direct line of sight between transmitter and 
receiver, it cannot be detected at all. However, an indication for a change in the material or 
structure might show up in the amplitude, frequency or other features of the recorded signals. 

The propagation of elastic waves in concrete structures can be divided into four regimes, 
depending on their frequency f and wavelength λ and their relation to the size of the structure 
L, size of microstructure features (inhomogeneities as aggregates, cracks) d and intrinsic 
absorption characteristic length la [5]:  
 

­ Low frequency regime (λ > L) 
­ “Standard” frequency, single scattering regime (d < λ < L < la) 
­ Mesoscopic frequency, multiple scattering regime (λ < d < L < la)  
­ High frequency, attenuation regime (λ > la) 

 
As d is normally spread over a certain range, there is an overlap between the different 

ranges. The low frequency range is used in modal analysis or guided wave investigations. For 
ultrasonic echo measurements, the standard range is used. In this paper, we are focusing on 
the mesoscopic range. According to Fröjd & Ulriksen [6] 50 kHz to 150 kHz is a useful 
frequency range for this regime in practical applications on concrete.  

In the 1970s geophysicists considered the use of diffuse tail of earthquake waves (the 
“coda”), resulting from multiple scattering, to examine changes in the earth’s crust [7]. The 
development of very sensitive evaluation techniques has resulted in lots of applications 
mainly in earthquake and volcano research. The most used technique, coda wave 
interferometry (CWI, [8]), was as well applied in the investigation of rock samples or in 
mining environments. This technique aims to retrieve information on alterations in the 
investigated material by comparing measurements to a reference. As travel paths are much 
longer in the late part of the signal, any change in wave speed will have a greater influence 
(phase lag) in the coda (Figure 1). Unavoidable, the area of influence increases significantly, 
leading potentially to a reduced number of transducers required to monitor a specific volume 
and a reduced spatial resolution at the same time. 
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Abstract 
The ongoing research community interest in the assessment of lime mortars renders the 

need for further study on their physico-mechanical characteristics timely. Relevant 
standardized experimental methods are predominantly destructive and demand extensive 
sampling and controlled laboratory conditions. In contrast, novel micro-destructive techniques 
may be used in either the laboratory or in-situ, with minimal intervention to the original 
structure.  

In this study, two micro-destructive techniques, based on the measurement of either the 
scratching or drilling resistance force, were used to assess the mechanical properties of a 
range of laboratory designed and produced lime mortars. Data was collected on various 
hydrated and hydraulic lime mortar samples optimized with the addition of nanosilica and 
nanotitania. A statistical approach was used to correlate the results of the micro-destructive 
testing methods with the results of standardized tests implemented to assess the uniaxial 
compressive strength, flexural strength and dynamic Young’s modulus of elasticity of the 
mortars under study. 

The results confirm the potential of the two aforementioned micro-destructive techniques 
in assessing the mechanical properties of lime mortars. Therefore, the use of either the 
scratching or drilling resistance measurement is recommended in cases where sampling is 
limited due to the importance of a historic structure.  
 

Keywords: lime mortars, micro-destructive techniques, scratch tool, DRMS, mechanical 
properties 

 

1. INTRODUCTION 

The restoration of heritage masonry buildings requires knowledge of the mechanical 
properties of the materials used; this is considered mandatory for all experts in the field of 
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engineering. For the assessment of the aforementioned properties, a standardized procedure is 
recommended. This usually demands sampling and is primarily destructive. The introduction 
of micro-destructive techniques that have a minimally invasive character for the assessment of 
the mechanical properties of monumental building materials is considered unavoidable in the 
field of cultural heritage conservation, in order to preserve the history and cultural value of 
the structure under examination. The aim of providing such knowledge is to establish a 
database for making decisions in planning correct interventions of restoration and 
preservation of existing vernacular buildings and structures of cultural importance. 

Two micro-destructive techniques have recently been developed and used in order to 
evaluate the mechanical properties of building materials: these are the scratching and drilling 
tests. The main concept of these techniques lies with determining the resistance of materials to 
cutting or drilling; the latter is related to their mechanical properties. The fundamental 
principles and the theoretical approach of both techniques are described by Dagrain et al. [1].  

A number of researchers have used the aforementioned techniques in order to investigate 
various stone properties [2, 3, 4]. However, only limited work has been published on 
historical mortars, mainly for conservation purposes [5, 6, 7, 8].   

In this study, a wide collection of laboratory designed and produced lime mortars with 
various binders, aggregates and additives, have been subjected to a series of laboratory 
standardized tests in order to determine their mechanical properties at different curing ages. 
The same samples have also been tested using the innovative micro-destructive techniques of 
scratching and drilling to further investigate their mechanical behaviour. The sound 
correlations between the results obtained from the standardized tests and the micro-destructive 
methods applied suggest that the latter may be applied for the determination of the properties 
of historic and laboratory lime mortars.      
 

2. MATERIALS AND METHODS 

2.1 Materials and sample preparation 
Twelve lime-based mixtures were designed and produced in the laboratory with a constant 

workability (165±5 mm) and binder/aggregate ratio (1/3). The latter was chosen based on its 
prevalence in previously analyzed ancient and traditional lime composites from Cyprus [9]. 
Four of the mixtures were produced with either hydrated or hydraulic lime and served as 
reference mixtures, whilst the rest were optimized with either nanosilica (nSi) or nanotitania 
(nTi). In the hydrated lime mixtures, the binder consisted of 100% CL80 hydrated lime (A) 
supplied by Hellenic Mining Public Co., while in the hydraulic lime mixtures the binder 
consisted of 100% natural hydraulic lime 3.5 (Chaux Blanche Naturelle) (H), supplied by 
Lafarge. The aggregate fraction in all mixtures consisted either of a local reef limestone sand 
(M) with approximately 80% dolomite and 20% calcite, or a local calcarenite sand (L) with 
calcite (up to 60%), albite (25%), quartz (15%) and chlorite (traces) [10], both with 0-2 mm 
particle size. 

The nanosilica used in the mixtures was a lightweight white powder with high 
concentration of SiO2 (up to 99.5%), supplied by Elkem. Its particle size was <1 μm, while its 
specific surface area was approximately 30 m2/g. The nanotitania (Aeroxide® TiO2 P25) was 
a lightweight hydrophilic white powder with high concentration of TiO2 (> 99.5%) provided 
by Evonic Industries; its average particle size was 21 nm, while its specific surface area was 
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Table 1: Mechanical properties of laboratory composites measured at 28, 90 and 180 days 
after casting. M: local reef limestone sand, L: local calcarenite sand, A: hydrated lime, H: 
hydraulic lime, nSi: nanosilica, nTi: nanotitania 

Mixture Flexural Strength Compressive 
Strength 

Dynamic Modulus 
of Elasticity 

Scratch Resistance Drilling 
Resistance 

 (MPa) (MPa) (GPa) (MPa) (N) 

 28d 90d 180d 28d 90d 180d 28d 90d 180d 28d 90d 180d 28d 90d 180d

MA 0.81 0.90 0.91 2.64 3.43 3.53 4.44 4.24 4.34 n/d 4.24 4.34 0.50 0.69 0.88 

MAnSi 0.70 1.08 1.21 3.52 4.39 5.33 4.28 4.93 5.24 7.76 9.09 9.22 2.02 2.98 1.98 

MAnTi 0.45 0.74 0.75 2.62 3.19 3.37 3.31 4.17 4.39 6.17 6.29 3.44 0.70 0.77 1.80 

LA 0.79 0.80 0.95 2.66 3.22 3.53 4.62 4.17 4.49 n/d 2.84 2.89 0.87 0.50 0.64 

LAnSi 0.97 1.12 1.37 4.39 5.00 6.09 5.43 5.69 5.93 6.73 7.73 8.67 1.29 2.09 1.85 

LAnTi 0.74 0.95 1.00 2.90 3.50 3.53 4.50 4.38 5.45 3.05 3.02 4.29 0.74 1.13 0.71 

MH 0.97 1.42 1.66 4.22 6.28 7.34 10.05 11.99 12.54 5.85 8.68 9.62 1.60 2.57 3.76 

MHnSi 1.48 1.89 2.31 6.41 8.00 8.64 13.08 14.93 14.12 9.89 11.02 14.60 1.92 2.40 4.83 

MHnTi 0.79 1.50 1.70 3.79 5.51 6.49 8.49 9.60 11.26 5.63 9.42 10.35 1.97 2.90 3.25 

LH 0.78 1.55 1.88 4.47 6.49 7.65 10.04 12.85 12.74 8.23 10.80 12.31 1.20 2.45 3.89 

LHnSi 1.44 2.09 2.50 6.70 8.60 9.89 14.22 16.12 16.51 10.87 13.18 19.47 1.86 1.98 3.67 

LHnTi 0.99 1.83 1.96 4.66 5.68 7.95 10.23 11.84 12.69 8.85 10.17 12.39 1.02 2.57 3.60 

 

 

Figure 3: Correlation of the scratching test results, expressed by the intrinsic specific energy 
(ε), with the DRMS test results. 

y = 2,6988x + 2,831
R² = 0,6571

0

5

10

15

20

25

0 1 2 3 4 5 6

ε 
(M

P
a)

F (N)



International Conference on Sustainable Materials, Systems and Structures (SMSS 2019) 
Novel Methods for Characterization of Materials and Structures 

20-22 March 2019 – Rovinj, Croatia 
 

17 
 

A strong correlation coefficient (R2=0.86) is noted in Figure 4a for the linear relation 
between the intrinsic specific energy and the uniaxial compressive strength (UCS). This 
strong linear relation is in line with other published data [7, 13]. According to Van Parys et al. 
[5, 13] and Dagrain et al. [14] a strong correlation (R2~0.99) between the intrinsic specific 
energy and the conventional values of the standardized UCS test exists for mortars. However, 
these results were based on a limited number of samples. Our extended collection of samples 
confirms that the scratch tool can be efficient for the indirect, micro-destructive estimate of 
the compressive strength of homogeneous and cohesive mortars. This technique, though, may 
not be applicable on mortars presenting severe inhomogeneity [13].  
 

   

Figure 4: Correlation of the uniaxial compressive strength (UCS) with (a) the scratching test 
results, expressed by the intrinsic specific energy (ε) and (b) the DRMS results.   

A significant correlation coefficient (R2=0.70) is also noted in Figure 4b for the relation 
between the drilling resistance and the UCS. Again, it needs to be noted that this correlation 
coefficient was derived from the analysis of a variety of lime mortars with different mix 
designs, binders, aggregates, admixtures and curing times. 

In Figure 5, the results suggest a linear relation between the intrinsic specific energy and 
the drilling resistance with the flexural strength (FS), with statistically significant correlation 
coefficients (R2 values equal to 0.79 and 0.70 respectively). It should be noted that a similar 
comparison or correlation has never been established before in the literature. The results are in 
line with those provided by Theodoridou and Ioannou [15], who suggested that the scratch 
tool and the DRMS may be used to assess the mechanical performance of relatively weak 
traditional composite materials, such as lime mortars.  

 

 

Figure 5: Correlation of the flexural strength (FS) with (a) the scratching test results, 
expressed by the intrinsic specific energy (ε) and (b) the DRMS results.   
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In Figure 6a, a statistically significant correlation coefficient (R2=0.71) is noted for the 
linear relation between the intrinsic specific energy and the dynamic Young’s modulus of 
elasticity (Edyn); again no such correlation has previously been established with drilling 
resistance. A safe determination of the Edyn can be of a great importance, since there is a 
relation between the propagation velocity of ultrasonic wave pulses and the mechanical 
properties of mortars [16]. The relationship between the drilling resistance and Edyn is also 
linear (Figure 6b), albeit not very strong; this is likely attributed to the inhomogeneity of the 
samples under investigation.      

 

 

Figure 6: Correlation of the dynamic Young’s modulus of elasticity (Edyn) with (a) the 
scratching test results, expressed by the intrinsic specific energy (ε) and (b) the DRMS results.  

4. CONCLUSIONS 

An investigation for the correlation of the results of the innovative micro-destructive 
techniques of scratching and drilling with the mechanical properties of lime-based 
composites, determined through laboratory standardized tests, has been presented in this 
paper. The results validate the potential of both aforementioned micro-destructive techniques 
to assess the mechanical performance of lime mortars, based on their intrinsic specific energy 
and drilling resistance. This is confirmed by the strong/relatively strong correlation 
coefficients observed despite the variety in mix designs (i.e. type of binder, aggregates and 
additives) of the specimens used.  

It is worth noting that the portability of both micro-destructive techniques allows their 
application on-site; hence the relationships hereby observed could be used for a quick in-situ 
evaluation of the mechanical properties of lime mortars. Furthermore, their micro-destructive 
nature would have only a minor effect on the specimens or the structure itself; therefore, both 
techniques could easily be used for the characterization of historic mortar fragments, 
overcoming any limitations in sampling that may derive from the study of monuments.  
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Abstract 
Cement and water reaction induces Le Chatelier contraction. This phenomenon creates a 
decreasing of pore water pressure creating suction which increases granular stress on a contact 
surface, as a formwork. 

A specific device has been developed in order to control pore water pressure and therefore 
to reproduce water suction in the material. Therefore, the use of an inert material allows to 
avoid hydrates physical bonding to a contact surface and to mimic water consumption. The 
aim is to quantify the effect of pore water pressure on friction increase and on rheological 
properties. 
 

Keywords: adhesion, interface, friction, pore water pressure, cement material 

 

1. INTRODUCTION 

Interfaces between concrete and formwork are present in many applications. The concrete 
behaviour at the interface is crucial especially during the first hours of hydration. During this 
period, water consumption from the cement hydration induces a negative pore water pressure. 
This increases the apparent cohesion of the mix and the friction on the formwork [1]. When 
the latter is moving, for example during slipforming process where the formwork is 
continuously lifted, this adhesion to the formwork can create damages to the surface affecting 
the durability of the structures. It is assumed that the risk for surface damage increases with 
friction [2].  

The aim of the present paper is to understand the phenomena which affect the adhesion and 
the friction at the interface between the concrete building up and steel formwork. More 
precisely, the objective is to quantify the relative influence of the pore water pressure and the 
hydrates physical bonds to the surface under controlled negative water pressure conditions. In 
order to isolate the effect of the pore water pressure, the experiments were conducted on an 
inert material and on mortar before hydrates formation. 
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induce the disappearance of suction force and as a result, the friction will be reduced. Pore 
water pressure will be back positive due to non-continuity of the pore water system [2] [8] 
(Figure 1). 

4. EXPERIMENTAL PROCEDURES 

4.1 Materials and mixing procedure 
Two materials are formulated for the experiments. A mortar for the first device described 

in paragraph 4.2 Vertical shear stress device, and an inert material for the second device 
described in 4.3 Capillary water controlled device. 

The mortar is made with a Portland cement (CEM I 52.5N PM-ES CP2 NF) and 37v% of a 
fine sand (PE2LS 0/0.315µm) to help the mixing (also to reduce heating during mixing). A 
low Water/Cement ratio (W/C=0.3) is used to reduce strongly the pore water pressure. In 
order to obtain a low W/C ratio and a good rheology, a common polycarboxylate plasticiser 
admixture was used: Glenium 27 from BASF (0.063wt%/cement). In the fresh state, the 
mortar is fluid (slump ASTM is 260 mm), and its air volume fraction is 2.7%. 

The designed mortar was prepared with a Perrier mixer with the same mixing protocol in 
order to ensure tests reproducibility. The sand was first mixed with part of the water at low 
speed (140 rpm) during 1 minute. Then, after a waiting period of 4 minutes, cement is 
introduced and mixed at low speed during 1 minute. The rest of water is introduced during 30 
seconds at low speed. Finally, the material is mixed at high speed (180 rpm) during 2 minutes.  

The inert mix was formulated to be similar than the mortar: cement volume fraction was 
replaced by a limestone and the admixture quantity was adjusted in order to obtain the same 
fluidity (0.046wt%/binder). Sand fraction remained constant. The mix was prepared with the 
same protocol than the mortar.  

Two devices used for the experiments will be described. The first one gathers multiple 
physical phenomena in order to be representative of the real process [9]. The second one aims 
to pilot and observe specific phenomena in order to isolate physical phenomena and 
understand the origin of the friction.  

4.2  Vertical shear stress device 
The first device consists of a parallelepiped box, filled with mortar. One face of the box, 

attached to a traction machine, can be moved and is made of a material that represents the 
formwork interface. A load cell allows to measure the global interfacial shear load (Figure 2). 
It is also equipped with pore pressure sensors [5] and force transducers to estimate those 
critical physical parameters. It allows to improve the understanding of the impact of suction 
on granular/interfacial friction and to assess its relative influence on the total stress. The 
advantage of this apparatus is to benefit from total lifting amplitude of 380 mm. For each 
lifting step, the lifting speed is 1 mm.s-1 for a move of 5 mm. The time at rest is 565 seconds 
between each step. The average lifting speed is then 0.5 mm.min-1.  The total test lasts around 
12 hours, which is representative of industrial applications. 

This device permits to observe the friction globally. Cement hydration induces 
simultaneous hydrates creation and water consumption as presented in the Figure 3. 
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allows water transfer and a non-deformable one. First experiments show an increase of shear 
stress with a decrease of pore water pressure. 

Further experiments on the non-deformable container will be explored to confirm the 
increasing of yield stress by negative water controlled pressure. The tribology properties will 
be also considered in the following study. 
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Abstract 
The demand for nondestructive testing (NDT) methods of wood-based materials (WBM) 

that are able to automatically scan large areas is increasing. Air-coupled ultrasound (ACU) is 
used to detect flaws without having to provide contact to the surface or otherwise affect the 
object. Using through transmission, it is possible to detect even small voids and missing 
adhesive. If only one side of an object is accessible, the reflection mode is applicable at the 
expense of a reduced resolution and penetration depth. Novel ferroelectret transducers with a 
high signal-to-noise ratio (SNR) enable an accurate flaw detection while at the same time 
being cost effective. The transducers made of cellular polypropylene (PP) are suitable for 
ACU testing due to their extremely low Young’s modulus and low density which result in a 
favorable acoustic impedance for the transmission of ultrasonic waves between the transducer 
and air. Thus, defects such as delamination, rot, and cracks can be detected. Successful tests 
were performed under laboratory conditions with frequencies from 90 kHz to 200 kHz. 
Ultrasonic quality assurance for wood is an important attempt to increase the acceptance of 
wooden structures and towards sustainability in civil engineering in general. 
 

Keywords: Air-coupled ultrasound, Cellular polypropylene, Defect detection, Nondestructive 
Testing, Wood 

 

1. INTRODUCTION 

The challenge for nondestructive testing (NDT) is to identify hidden damage in timber 
without altering the functional properties of the elements under investigation so that 
appropriate measures can be taken address any deficiencies. Often, damage of timber is 
caused by manufacturing errors or incorrect applications during its service life. Common 
defects in practice which lead to complaints and repairs are delamination, cracks, and 
branchiness [1]. 
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Like conventional ultrasound, air-coupled ultrasound (ACU) is non- hazardous, fast, and 
less expensive than most other techniques. This noncontact technique can scan large areas 
within a short time. ACU is quite suitable for characterizing wood and wood products because 
their lower mass density means a more favorable acoustic impedance for the transmission of 
ultrasonic waves [2]. Ultrasonic transducers have been made traditionally made from 
piezoceramic materials [3]. 

This paper presents nondestructive imaging based on a new type of ACU transducers that 
are focused on the internal inspection of wood by through transmission and reflection mode. 

2. MATERIALS AND METHODS 

2.1 Cellular Polypropylene transducers  
The inspection presented in this article was performed with air-coupled transducers that 

utilize charged cellular polypropylene (PP) [4]. Charged cellular polymers are called 
ferroelectrets or sometimes piezoelectrets, as they have ferroelectric, and thus, piezoelectric 
properties respectively. Charged PP films (e.g. from EMFIT Ltd.) have a nominal thickness of 
70 μm (actual thickness 80-90 μm), a density of about 330 kg/m3, and an extremely low 
Young’s modulus of about 1 MPa at their resonance frequency, which is between 200 and 300 
kHz when glued to hard backing [5, 6]. Therefore, cellular PP has an exceptionally low 
acoustic impedance of about 0.03 MRayl against the 30 MRayl of piezoelectric materials 
commonly used as transducers. These features provide good matching to air, so that it 
requires no matching layers like conventional air-coupled transducers.  

2.2 Experimental setup 
For transmission measurements, the sample was placed between the transmitter and the 

receiver which were moved by an automated scanning system (USPC 4000 AirTech by 
company Ingenieurbüro Dr. Hilger) over the surface in a meandric pattern. At the same time, 
the data acquisition device displayed the signal amplitude and the time of flight (TOF) as a 
composite image (so called C-Scan) (Fig.1a). The separate transmitter and receiver were 
located on one side of the specimen so that the reflected pulse could be received (Fig.1b). We 
call this configuration reflection mode. The transducers were separated by an aluminum-
foam-aluminum partition to avoid direct sound transmission. The aperture was pressed by 
rubber bands continuously on the surface. The incidence angle of the transducers was 3° and 
the distance to the sample 65 mm. The grid of the scan was 1.05 mm and the propagation 
direction radial/ tangential to the surface.  
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Abstract 
Fibers are effective for supplementing or replacing conventional reinforcement in non-

structural and structural elements, i.e. industrial floor, road pavements, beams (shear 
reinforcement), slabs and tunnel linings. Although there are several benefits to using fibers as 
spread reinforcement, it is well-known that any type of fiber will reduce the workability, i.e. 
compactability, mobility and stability. In addition, there can be challenges in dispersion, 
where fibers entangle and result in non-uniform distribution in the concrete. The aim of this 
paper concerns the study of the influence of steel (rigid) and macro-synthetic (non-rigid) 
fibers on the fresh properties of concrete, i.e. workability and air content, as well as resultant 
mechanical performance. Four fiber types at two volume fractions (0.5% and 1.0%) were 
studied in a base concrete with a water-to-cement ratios equal to 0.45 by using the slump test, 
DIN flow table test and air content meter. Experimental results show that rigid and non-rigid 
fibers lead to different effects on the fresh properties. In addition, the combination of the 
slump test and DIN flow table test can give quantitative and qualitative information about the 
influence of fibers on concrete workability. Finally, an additional parameter for the DIN flow 
table test is proposed for quantifying any potential preferential flow direction. 
 

Keywords: Workability, Slump, Steel fibers, Polypropylene fibers, Fiber Reinforced 
Concrete 

 

1. INTRODUCTION 

In comparison to the numerous studies present in the literature about the hardened 
properties of Fiber Reinforced Concrete (FRC), only a relatively small number of studies are 
focused on its workability [1, 2, 3, 4]. In addition, the majority of these studies are focused on 
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steel fibers [1, 2, 3], while macro-synthetic fibers were studied only in [4]. In these studies, 
different test methods were adopted to measure the fresh properties related to workability, 
including slump, Vebe test, inverted cone test, compacting factor test, DIN flow table test and 
rheometers. The slump test (also called the Abram’s cone) was developed in the U.S. around 
1910 for plain concrete (PC) [5]. Due to its simplicity, it is the most commonly used method 
for both PC and FRC, even if it only provides a measure of concrete consistency. Slump test 
can not provide a good index of workability in terms of placeability and compactability of 
FRC under vibration [6]. In the case of vibrated FRC, the Vebe test (developed around 1940 
for PC [7]) is more suitable. However, the slump test is still the most used method on the 
building site, while Vebe test is more popular in the laboratory. In addition, the Vebe test is 
applicable only to low workability and stiff concretes, which are in general to be avoided for 
typical casting since concrete mobility and pumpability are required. Concerning the other 
tests, the compacting factor test measures the degree of compaction for a standard amount of 
work, while the inverted cone and DIN flow table tests allow for measuring concrete 
flowability. It is worth mentioning that the DIN flow table test, which was developed for PC 
by Graf in 1933 [8], is commonly used in several countries for evaluating the workability of 
concrete on-site. Finally, rheometers (which are generally used for normal and high strength 
mortars) are rarely used to characterize the rheological parameters of concretes.   

rarely used to characterize the rheological parameters for concretes but instead more for 
normal and high strength mortars with fiber addition. 

The present manuscript evaluates the fresh properties of FRC mixes. Two steel (rigid) and 
two macro-synthetic (non-rigid) fibers with similar aspect ratios were studied in a base 
concrete varying fiber volume fraction (0, 0.5, 1.0%) in order to evaluate the influence of 
rigid versus non-rigid fibers on the fresh properties. The fresh properties were evaluated by 
the slump test and DIN flow table test in order to analyze the possible integration of these two 
methods to control FRC workability on-site.   

2. MATERIAL PROPERTIES 

The effect of fibers on the fresh properties was studied on a base concrete C50 with a mean 
cylindrical compressive strength of about 50 MPa and water-to-cement ratio (w/c) of 0.45. 
The mix proportion of the base concrete was developed by following the Absolute Volume 
Method of Concrete Mix Design provided by American Concrete Institute (ACI) [9]. Table 1 
shows the mix design of the concrete C50 

 
Table 1: Mix design of base concrete C50. 

Concrete C50 

Sand 0-4.75 [kg/m3] 730 

Coarse aggregate 4.75-25 [kg/m3] 992 

Maximum Aggregate Size [mm] 25 

Cement Type Type I  

Cement Content [kg/m3] 429 

Water-Cement Ratio 0.45 
Superplasticizer (% of cement content) 0.11
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Regarding concrete consistency, Figure 4 shows slump reduction as a function of fiber type 
and content. As expected, a noticeable slump reduction due to fiber addition was observed, 
indicating stiffer, less workable mixes. A similar trend was observed by other researchers 
studying different concretes and fiber types [3, 11]. In addition, considering the CV values, it 
can be observed that the addition of fibers not only reduced slump, it also increased 
variability. In fact, increase in Vf resulted in an increase in the slump scatter – the CV reached 
a max of 0.28 for Vf =1%. This indicates that at a given w/c ratio, the reliability of the slump 
test is less for FRC systems as compared to PC systems, likely due to greater heterogeneity of 
the material.  

Comparing rigid versus non-rigid fibers, it is apparent in Figure 4 that non-rigid fibers led 
to a smaller reduction in consistency of about 15% as compared to rigid fibers.  
 

  

Figure 4: Influence of fibers on slump (left) and flow reduction (right). 
 
Figure 4 shows also the DIN flow table test results in terms of average flow vs. fiber 

content. It can be observed that both steel and macro-synthetic fibers significantly reduced 
concrete flowability (by up to 35%) and increased average flow variability as compared to the 
base concretes. It should also be noted that the CV values for the DIN flow table test were 
generally smaller than those observed in the slump test. Although the steel fibers had a more 
adverse effect on flowability than the macro-synthetic fibers up to Vf=0.5%, there was no 
measurable difference between the mixes at Vf=1%. In fact, an unexpected trend of the mean 
flow value, which is the average between the minimum and the maximum flow diameter, was 
observed for C50 mixes with s1, s2 and p2. For these mixes, average flow increased from 
Vf=0.5% to Vf=1%, indicating an apparent increase in flowability with increase in fiber 
content. This unexpected trend was generally more evident in the case of the steel fibers. 
Upon visual inspection of the flow, it is evident that the flow shape changes from circular to 
elliptical with increased fiber content. The presence of an elongated flow shape in FRC can be 
attributed to preferential flow due to fiber alignment in one direction and limited flow in the 
orthogonal direction due to fiber interlocking. Thus, for FRC systems the average flow 
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diameter alone is not sufficient to quantify flowability and must be supplemented with an 
additional parameter to take into consideration the eccentricity of the final flow shape. In 
order to quantify this phenomenon, a new experimental parameter was introduced for FRC: 

ρ = Lmin/Lmax (1) 

 
 
 
 
 
 
 
 
 
 
 
 
 

6. CONCLUSIONS 

− The influence of fibers on the air content is negligible up to 1% of volume fraction both 
in case of steel and macro-synthetic fibers; 

− Concrete workability was overall more affected by steel fibers than macro-synthetic 
ones, as indicated by the results of both the slump and DIN flow table tests;  

− Concrete flow behavior differed between SFRC and PFRC mixes. This may be 
attributed to the steel fibers re-orienting and interlocking, resulting in flow in a 
preferential direction and the final spread forming an elongated shape; 

where Lmin and Lmax are the minimum and the maximum flow diameter, respectively. The 
closer the ratio is to 1 the more circular the shape of the flow. 

In order to better understand the importance of this parameter, the experimental results of 
the DIN flow table test are summarized in Table 2, reporting also the ρ ratios and 
corresponding CV in brackets. It is worth mentioning that the CV of the ρ values are low, 
indicating good repeatability of the measurements. As expected, PC exhibited ρ values equal 
to or slightly lower than 1, thus uniform, circular flow. It is also shown that both fiber types 
led to ρ ratios lower than that of PC, with steel fibers resulting in lower values than macro-
synthetic fibers. This indicates that macro-synthetic fibers resulted in more circular final flow 
shapes than steel fibers. The flexibility of the macro-synthetic fibers likely helped to maintain 
a more uniform concrete flow, while the rigid steel fibers interlocked and resulted in 
preferential flow in one direction. Therefore the proposed parameter can provide valuable 
information when implementing the DIN flow table test, where ρ ratio can give information 
about preferential direction of flow caused by the presence of fibers. 
 
Table 2: Slump flow and ρ ratio for PC and FRC with different fiber types. 

0.5% 1% 

PC 
500 

ρ=0.99 (0.01) 

s1 
343 

ρ=0.80 (0.02) 
388 

ρ=0.72 (0.05)

s2 
345 

ρ=0.84 (0.03) 
395 

ρ=0.72 (0.10)

p1 
415 

ρ=0.98 (0.01) 
375 

ρ=0.97 (0.00)

p2 
400 

ρ=0.93 (0.03) 
405 

ρ=0.90 (0.04)
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− DIN flow table test should be supplemented in case of FRC with an additional 
parameter – the ratio between the diameters along the two axes of symmetry (ρ) – to 
describe any potential preferential flow direction. 
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Abstract 
The hydration of cement is a complex process which has been assessed by numerous 

researchers using different analytical tools and techniques. However, despite the progress 
achieved and the knowledge obtained over several decades, there are still areas not fully 
understood about this process. The aim of this study is therefore to assess alternating current 
impedance spectroscopy (ACIS) as a cement characterisation technique by the comparison of 
different electrochemical cell designs, including calibration. The results show the importance 
of the correct cell design selection, as this strongly affects the impedance measurements, 
parasitic effects, and data interpretation. 

 
Keywords: Cement hydration, ACIS, Parasitic effects, Cell design. 

 

1. INTRODUCTION 

The early stage of hydration of Portland cement is not fully understood, as cement is a 
multiphase material that in contact with water triggers different simultaneous reactions, 
release of heat, the formation of hydrated products, and complex microstructure development 
[1]–[4]. The understanding of cement hydration and its kinetics, dielectric response, and 
microstructural development is of great importance to improve its early and final properties 
and applications.  

Over the last decades, ACIS has been used in numerous investigations to assess the cement 
hydration process and correlate the dielectric response of cement to the microstructure 
development and features. However, ACIS is not fully accepted by the research community as 
information obtained at high frequencies at early hydration ages is restricted due to different 
limitations such as parasitic and electrode effects, the high conductivity of the cement paste, 
and the risk of misinterpretation of data due to these difficulties [5]–[8]. 

ACIS is a non-destructive, sensitive and powerful technique which is capable of measuring 
the electrical response of a system as a function of frequency and time, by applying a 
perturbation amplitude. The information obtained is often represented as complex impedance 
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plots or Nyquist plots. This represents both the material bulk response and the material-
electrode response, from which it is possible to obtain the resistivity of the material. The 
impedance values that appear below the Z’ axis intercept are identified as parasitic effects. 

The electrochemical cell design and experimental procedure for in situ analysis of cements 
require significant caution, which is often overlooked, as the parasitic effects (e.g. inductance 
effects) and experimental procedure can affect the impedance measurements, leading to the 
misinterpretation of data and erroneous measurements [5], [9]–[12]. The purpose of this study 
is to investigate these effects and to provide guidance for appropriate experimental protocols.  

2. MATERIALS AND METHODS 

2.1 Cell design 
A two-electrode cell design was made by attaching two threaded electrodes with hard 

plastic adhesive to the bottom of a plastic container. Figure 1 illustrates the experimental cell-
design specifications, and the connections to a Metrohm AutoLab (PGSTAT204) impedance 
spectrometer connections. 

  
Figure 1: ACIS experimental cell-design (scale in cm). 

2.2 Sample preparation  
Samples were hand mixed for 3 min at ∼ 25 ◦C by mixing white Portland cement (wPc, 

Blue Circle Snowcrete, CEM I 52.5R) with distilled water at a water/cement ratio of 0.45. 
Cement pastes were transferred into the cell and vibrated for 2 min to reduce the level of air 
bubbles. 

2.3 Instrumental analysis 
The Nyquist plot, which relate the imaginary and real impedance of the sample, was 

obtained by measuring 50 data points per cycle, applying a frequency range of 100 Hz to 1 
MHz, a perturbation amplitude of 10 mV, and current range of 1 mA. Each sample 
measurements were obtained every 5 min using the potentiostat during the first 24 hrs after 
mixing. 

2.4 Experimental procedure 
The experimental procedure was divided into four stages. The first stage assessed the 

system linearity, potentiostat leads effects, and the electrode attachment. The second stage 
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assessed electrode effects such as surface area, material, and positioning. A custom cell 
design was selected by the evaluation of the previous stages. Table 1 shows the specification 
for stages one and two. 

 
Table 1: Specifications of the parameters assessed  

Stage Parameter Specification 
1 Electrode attachment Hard plastic adhesive and stainless-steel nuts 

System linearity Perturbation amplitude (mV): 1 and 10 
Leads effects (cm) - Position: vertical, horizontal, and height  

- Length: 150, 200 and 250 
2 Surface area (cm) - Diameter: 1, 0.5 and 0.3 

- Length: 1,2, 4, 6 and 7 
- Texture: threaded and flat 

Material Stainless steel and mild steel 
Positioning (cm) - Electrode separation 1.5, 3 and 6 

- Electrode position: bottom, top, vertical and 
horizontal 

 
The third stage consisted of the calibration of the custom cell design and ACIS 

measurement correction, considering the impedance response of the sample and the cell short 
circuit parasitic response (without cement) as additive quantities in the final ACIS 
measurement. Finally, the fourth stage assesses the hydration process of cement at early ages 
by using the selected custom cell design, and applying calibration-correction measurements.  

3. RESULTS AND DISCUSSION 

The information obtained in all experimentation at high frequency ranges, without 
applying the cell calibration and measurement corrections, was affected by parasitic effects at 
early hydration ages. These parasitic effects were due to the high conductivity of the cement 
paste at an early age, the state of the aqueous phase, limited solid phase microstructure 
development, and the parasitic effects produced by the experimental components (i.e. leads, 
electrodes and device).  

3.1 Electrode attachment  
The results show the impedance response of both electrode attachment methods, 5 min 

(representing early age) and 24 hrs (longer ages) after mixing. It was possible to observe 
lower parasitic effects at high frequencies at both ages for electrodes that were attached by 
hard plastic adhesive, while the electrodes that were attached by stainless steel nuts showed 
higher parasitic effects due to an increase of current flux lines, surface area, and the decrease 
of uneven electrode separation [13]–[15]. The emergence of a semicircular arc is more 
noticeable at longer ages, an effect that is related to the water consumption, the pore network 
and the microstructure evolution during cement hydration [16], [17]. 
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Abstract 
The so-called “chloride threshold value” may be defined as the minimum concentration of 

chloride that is able to initiate corrosion of the steel embedded in a reinforced concrete 
structure. This value is a crucial input parameter for service life modelling of concrete 
structures exposed to chlorides, e.g. structures located in marine environments or near roads 
regularly exposed to de-icing salts during winter seasons. Unfortunately, a commonly 
accepted test method for determination of chloride threshold values is still lacking, and most 
recently, the effort of RILEM TC 235-CTC failed to provide such a method. This paper 
presents the preliminary results from a test of a new experimental approach for measuring 
chloride threshold values in concrete. The principle of the method is to utilize an externally 
applied electrical field to accelerate the ingress of chloride ions from an exposure solution 
into the specimens. The moment of corrosion initiation is detected by a significant drop in the 
electrochemical potential of the steel bars, which is continually measured during the testing. 
After observation of corrosion initiation, the chloride threshold value is determined by 
measuring the chloride concentration at the depth of the steel bar in the given specimen. 

 
Keywords: Chloride threshold value, corrosion initiation, service life modelling, concrete 
durability, accelerated test method. 

1. INTRODUCTION 

The chloride threshold value is a crucial parameter for service life modelling of reinforced 
concrete structures subjected to chlorides, e.g. structures in marine environments or near roads 
regularly exposed to de-icing salts during winter seasons [1]. This parameter is defined as the 
minimum chloride concentration at the depth of the reinforcement that can initiate corrosion 
of the steel. Even small variations of the chloride threshold values used for service life 
modelling may result in significantly shorter or longer estimated service life for a given 
concrete structure.  

Unfortunately, a generally accepted test method for determination of chloride threshold 
values in concrete does currently not exist. 
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Chloride threshold values reported in the literature generally display a large scatter, partly 
because numerous different experimental approaches have been used to obtain the chloride 
threshold values [2]. This underlines the need for a reliable and commonly accepted method 
for determination of chloride threshold values. A RILEM committee (TC 235-CTC) was 
established back in 2009 with the purpose of developing such a method. After thorough 
discussions, the committee agreed on an accelerated test method based on open circuit 
measurements on rebars in concrete specimens exposed to a chloride solution. A Round 
Robin test involving 12 participating laboratories was subsequently carried out to test the 
proposed method, but eventually the effort of the RILEM committee failed to provide a 
reliable test method. 

Based on work by Castellote et al. [3], Andrade and Rebolledo [4], Yang [5] and Yang et 
al. [6], Polder et al. [7] has recently proposed a new method for determination of chloride 
threshold values for corrosion initiation of steel embedded in mortar. The principle of the 
method is to utilize an externally applied electrical field to accelerate the ingress of chloride 
ions from an exposure solution into mortar specimens. The moment of corrosion initiation is 
then detected by a significant drop in the electrochemical potential of the steel bars, which is 
continually measured during the testing. After observation of corrosion initiation, the chloride 
threshold value is determined by measuring the chloride concentration at the depth of the steel 
bar in the given specimen.  

In this paper, we present the preliminary result from an on-going investigation, where a 
slightly modified version of the method suggested by Polder et al. [7] is applied to determine 
the chloride threshold values in specimens of real concrete rather than mortar. 

2. EXPERIMENTAL 

2.1  Principle of test setup 
The principle of the applied test method is to expose a specimen of concrete with a single 

embedded bar of reinforcing steel to one-sided chloride ingress until corrosion initiation is 
registered. The chloride ingress is accelerated by applying a low DC voltage (6 V) across the 
specimen. This is obtained using a copper cathode placed in a pond of 10% NaCl solution on 
the top of the specimen and a stainless steel anode placed in demineralised water on the 
opposite site of the specimen (Fig. 1). 

A reference electrode (ERE20 electrode based on manganese dioxide) is placed in the 
demineralised water to continually monitor the potential of the steel bar in the concrete 
specimen. 

At regular intervals (four times a day) the DC voltage is switched off for 1 hour to observe 
the “off” potential of the steel. A drop of >200 mV between two consecutive periods of “off” 
potential measurements is interpreted as an indication of corrosion initiation. The steel 
potential is monitored continuously, i.e. both when the DC voltage is turned on and off. After 
registration of corrosion initiation, the voltage is switched off and the specimen is removed 
from the test setup as soon as possible. Subsequently, the chloride threshold value is 
determined by measuring the chloride concentration at the depth of the reinforcing steel. 
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2.3  Measurement of chloride threshold value 
After registration of corrosion onset the chloride concentration was measured at the depth 

of the reinforcing steel to determine the chloride threshold value. This was achieved by means 
of profile grinding around the depth of the steel bar. The position of the sampling area is 
shown in Fig. 1. Material was grinded off in 0.5 mm thick layers parallel to the chloride 
exposed surface at depths going from 1.5 mm above the steel bar to 1.5 mm below the steel 
bar. The chloride content of each layer was subsequently determined according to the 
procedure given in DS 423.28, which is similar to NT BUILD 208 [8]. The chloride contents 
were measured using potentiometric titration rather than Volhard titration. Finally, the 
chloride threshold value was determined by linear interpolation between the two points in the 
resulting chloride profile being closest the depth of the steel bar. 

3. RESULTS 

At the time of writing, we have only obtained test results for two of the prepared 
specimens (6_15mm and 7_15mm). In Fig. 2 the measured “off” potentials for these two 
specimens are presented. The average measured “off” potential is approximately -235 mV and 
-205 mV for specimen 6_15mm and 7_15mm, respectively. For both specimens, the test 
period included some periods, where the DC voltage was turned off for more than 1 hour, e.g. 
weekends with no available personnel to remove the specimen from the test setup in case of 
corrosion initiation. This was done to avoid a situation, where corrosion initiation was 
followed by an extended period with continued accelerated chloride ingress, which would 
result in a chloride content at the depth of the steel bar not representing the true value at the 
time of corrosion initiation.  

Corrosion initiation was observed after about 14 days for both specimen 6_15mm and 
7_15mm. This was indicated by a drop of the “off” potential of about 350 mV for specimen 
6_15mm and 410 mV for specimen 7_15mm. 

After registration of corrosion onset, the specimens were removed from the test setup and 
the chloride concentration around the depth of the steel bars were measured (Fig. 3), which 
resulted in chloride threshold values of 0.22 and 0.26 wt% of concrete for specimens 6_15mm 
and 7_15mm, respectively. This corresponds to 1.34 and 1.59 wt% of binder for specimens 
6_15mm and 7_15mm, respectively. 

Besides the measurement of chloride contents, the steel bars were also removed from the 
concrete specimens for visual inspection to make sure that the observed drops in measured 
steel potentials were indeed associated with visual signs of corrosion onset. This was the case 
for both specimens. An example of visual observation of corrosion onset in terms of pitting 
corrosion is given in Fig. 4. 
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Fig. 2. Measured steel potentials for specimens 6_15mm and 7_15mm. Only the “off” 

potentials are shown in the figures. The blue dots represent data from periods, where the DC 
voltage has automatically been turned off four times a day for 1 hour. Each dot is the potential 
measured at the end of each 1 hour period, where the DC voltage has been turned off. The red 
curves are continuous measurements from periods, where the DC voltage has been switched 

off for a longer period of time. 
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Fig. 3. Chloride contents around the depth of the steel bar in specimens 6_15mm and 
7_15mm measured after registration of corrosion initiation. 

 

4. DISCUSSION 

The chloride threshold value measured for specimen 7_15mm (1.59 wt% of binder) is 0.25 
wt% higher than the one measured for specimen 6_15mm (1.34 wt% of binder). Maybe part 
of this difference can be explained by the fact that specimen 6_15mm was removed somewhat 
quicker from the test setup than specimen 7_15mm after occurrence of a significant drop in 
the measured steel potential, i.e. chloride was allowed to penetrate the concrete cover layer for 
a longer period after corrosion initiation for specimen 7_15mm than for specimen 6_15mm. 
Ideally, the specimens should be removed from the test setup immediately after the decisive 
potential drop, but this was not practically possible with the applied method. Further 
investigations will be initiated to examine the importance of this short period after the 
potential drop for the determined chloride threshold value. For instance, we plan to carry out 
experiments, where the DC voltage is switched off at some point closely before corrosion 
initiation is expected to occur. In this way, the chloride ingress will be due to a slower 
diffusion process rather fast migration in the last period before corrosion initiation, thus 
reducing the risk of obtaining a chloride threshold value that is too high due to unwanted 
chloride ingress after corrosion initiation. 

The chloride threshold values presented in this paper are in good agreement with data from 
Sørensen et al. [9], where chloride threshold values were obtained from concrete blocks 
naturally exposed to seawater at a field exposure site located in Rødbyhavn, Denmark. These 
chloride threshold values were estimated by comparison of the corrosion state of imbedded 
steel anodes and corresponding measurements of chloride content at the anode depth. They 
found that the chloride threshold value was at least 1.4 wt% of binder and not more than 1.7 
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5. CONCLUSIONS 

 An investigation has been initiated to test the validity and applicability of a new 
experimental method for measuring chloride threshold values for initiation of 
reinforcement corrosion in concrete.  

 Preliminary results suggest that the proposed method can be applied for accelerated 
determination of chloride threshold values. 

 So far, the investigation has resulted in measured chloride threshold values of 1.34 and 
1.59 wt% of binder for concrete specimens with a binder of 100% Portland cement and 
a water/cement ratio of 0.5. 
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Abstract 
The risk of occurrence of deleterious alkali-silica reaction (ASR) in concrete should be 

properly minimized in major highway pavements and bridges. Real-life experiences show that 
even in concrete made with aggregates potentially not susceptible to ASR, it may occur under 
unfavourable conditions of external alkali supply at wet conditions and heavy traffic load.  An 
experimental investigation was performed to study the susceptibility of selected Polish 
mineral aggregates to ASR at external alkali supply. The test method „60°C concrete test with 
external alkali supply” covered by draft procedure RILEM AAR-12 was implemented at IPPT 
PAN laboratory. Air entrained concrete specimens were exposed to cyclic temperature 
changes and wet-dry exposure as well as NaCl solution exposure. Several combinations of 
coarse crushed aggregate and fine natural aggregate were tested in concrete designed as for 
heavy duty highway pavement. SEM evaluation of microstructure of concrete with glacial 
deposit aggregate revealed visible alkali-silica gel. The effects of fine aggregate on the 
expansion of concrete were also revealed.   
 

Keywords: air entrained concrete, alkali-silica reaction, cyclic exposure, external alkali, 
highway pavement 
 

1. INTRODUCTION 

The issue of susceptibility of some mineral aggregates to the reaction with alkali 
hydroxides in concrete is still valid, despite numerous worldwide studies and publications [1]. 
The alkali-aggregate reaction occurs between the pore solution of concrete and the reactive 
minerals in aggregate grains, eventually leading to excessive expansion and cracking of 
concrete elements. ASR research on Polish mineral aggregates revealed reactivity of certain 
sands and gravels containing opal and chalcedony, sandstone, silica limestone and dolomite 
[2-4]. The expansion of cement mortar or concrete specimens with the tested aggregate 
depends on the content of potassium and sodium in cement. The impact of external alkalis 
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was demonstrated using the climate simulation concrete prism test [5] and such a test was 
used successfully to evaluate job mixtures for pavements. 

For the ASR performance testing of concrete the "60°C concrete test with external alkali 
supply" method was developed at the German VDZ Institute [6]. The method involves cyclic 
exposure of concrete specimens to wetting-drying, soaking in solution of sodium chloride, 
while the temperature change takes place within the range from 20°C to 60°C. It has been 
recently included in RILEM AAR-12 draft procedure. The test method allows to evaluate the 
resistance to alkali-silica reaction of concrete mixtures for the moisture classes WA (concrete 
element exposed to extraneous moisture and to external supply of alkalis by de-icing agents) 
and WS (concrete element exposed to extraneous moisture, to external supply of alkalis by 
de-icing agents and to fluctuating loads – concrete pavements of motorway constructions) [7]. 

The "60°C concrete test with external alkali supply" method was implemented at the 
Institute of Fundamental Technological Research, Polish Academy of Sciences to assess the 
risk of ASR reactions in domestic aggregates in concrete [5]. The paper describes preliminary 
results of ASR performance tests on air entrained concrete containing crushed granite and 
aggregates crushed from glacial deposits in the northern part of Poland. The expansion tests 
with external alkali supply are compared with the standard expansion testing of mortar 
specimens in 1 N NaOH solution at 80°C.   

2. EXPERIMENTAL SECTION 

2.1 Materials and specimens 
Air-entrained concrete containing crushed coarse aggregates and siliceous sand was tested 

(Table 1). Portland cement CEM I 42.5R was used, with an alkali content of Na2Oeq=0.58%. 
The water-to-cement ratio was selected following an assumed limiting value adequate for 
slip-formed concrete highway pavement to be exposed to XF4 aggressive environment.   

Concrete mixes contained domestic aggregates with maximum grain size of 16 or 22 mm. 
The grain size distribution of aggregates was set according to Polish standards for concrete 
highway pavements. The content of fine aggregates was 30%. Air entraining admixture was 
used to obtain the target fresh air content of 5% to 7%. 

The mixes were manufactured using a laboratory mixes of 50 litres capacity. Concrete 
prisms 75x75x285 mm with steel studs were made of each mix for ASR performance testing. 
Companion cube specimens were also manufactured for standard compression testing. 

 
Table 1: Composition and properties of fresh and hardened concrete mixture 

Mixture Designation GD1_QS GD2_QS G1_QS G2_QS G3_QS 

Type of Cement CEM I 42.5R 

Cement [kg/m3] 360 

w/c 0.45 

Coarse aggregate 
Glacial deposit 

1, 2-16 mm 
Glacial deposit 

2, 2-16 mm 
Granite 1, 2-

16 mm 
Granite 2, 
2-16 mm 

Granite 3, 2-
22 mm 

Fine aggregate Natural quartz sand, 0-2 mm 

Fresh air content, A [%] 6.2 4.6 7.2 5.5 6.7 

Slump [mm] 180 180 130 140 150 
Compressive strength, fc28 

[MPa] 
42.6 48.1 41.6 44.5 42.4 
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over a water bath in a sealed container. The container was placed in the reactor for 6 days at 
60±2°C and RH ≥ 98%. Containers removed from the reactor were stored in an unopened 
condition at 20±2°C for 1 day. Then the mass and the length of prisms were determined at the 
laboratory environment at 20±2°C and RH=65±5%. The alternating storage was continued 
until the specimens reached the age of 168 days following their preparation. The concrete has 
sufficient resistance to the alkali-aggregate reaction when the final expansion is less or equal 
to 0.30 mm/m. 

Accelerated mortar bar test (ASTM C1260/RILEM AAR-2) was used to evaluate the ASR 
expansion potential on specimens exposed to 1 N NaOH solution at 80°C during 14 days. In 
accordance with these standards, if after 14 days of testing the expansion of the mortar bars is 
lower than 0.10%, the aggregate may be considered non-reactive, and above 0.20% is highly 
reactive. Three mortar bar specimens 25×25×285 mm were prepared using Portland cement 
CEM I 42.5R (Na2Oeq=0.88%) for each aggregates, which were processed by crushing and 
sieving to the appropriate specified by standard gradation. 

Identification of alkali-silica gel was performed on polished sections with an area of 45x30 
mm, cut from concrete prisms after 10 cycles of the alternating temperature exposure and out 
of mortar specimens after 14 days of the exposure to 1N NaOH solution at 80°C. The 
microstructure of mortar and concrete was observed using Scanning Electron Microscope 
(SEM) with Energy Dispersive X-Ray Analysis (EDX) [8]. Specimens were tested using 
Zeiss sigma VP microscope, in the backscatter mode using an acceleration voltage of 20 kV. 

3. TEST RESULTS 

The total air content (A) in hardened concrete specimens was measured and it was higher 
than 4.6% and smaller than 7.2%. The dispersion of the air content between concrete mixtures 
with different aggregate type was probably caused by a dust fraction of rocks. A large 
proportion of dust fraction causes the absorption of air entraining admixture and thus reduces 
its effectiveness. The compressive strength after 28 days of curing was from 42 MPa to 48 
MPa (the average values for three specimens).  

A variety of rock types was identified in crushed aggregate grains from glacial deposits: 
limestone, granite, diorite, sandstone, mudstone, spongiolite, quartzite and siliceous rock 
(chalcedony-rich rocks). Each of aggregates from glacial deposits contained quartz in its pure 
form, strained quartz and quartz crystals smaller than 60 μm and thus classifying as 
microcrystalline material. According to the RILEM classification this corresponds to the 
Class II of reactivity potential. All granites mainly consisted of plagioclase, albite and K-
feldspar, quartz and biotite. The strained quartz and microcrystalline quartz were also present 
in granite aggregates as well as myrmekitic quartz which can increase the potential for ASR 
[8]. 
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concrete mixes made with the combination of siliceous sand and crushed coarse aggregates 
the final expansion was above 0.30 mm/m (Figure 2). Only concrete specimens with granite 3 
aggregate after 10 cycles showed the final expansion of 0.29 mm/m, slightly below the 
limiting value. The highest length increase was observed for concrete specimens made with 
crushed aggregate from glacial deposit 2 (1.12 mm/m).  

To confirm that such a large expansion was caused by the formation of an expansive 
alkali-silica gel in concrete and mortar specimens, the microstructure was examined using 
SEM_EDX after termination of the VDZ and ASTM tests. ASR gel of typical composition 
was found. The weakest aggregate grains were completely or almost entirely replaced by 
alkali-silica gel. Many of the aggregate particles were found to contain cracks filled with 
alkali-silica gel from which is penetrated to the cement matrix (Figure 5). The chemical 
analysis in microsurface revealed that it was Si-Ca-K-Na gel. The chemical composition 
didn’t differ from the range of composition known from the literature [9-13]. The ratios of 
Na/Si, K/Si, Ca/Si, (Na+K)/Si were 0.27, 0.03, 0.52, 0.31, respectively, i.e. within the range 
characteristic for ASR gel. The alkali-silica gel partially or completely filled the air-voids. 
After the exposure of concrete specimens to NaCl solution, ettringite appeared in the air-voids 
and Friedel’s salt in the matrix (Figure 5).  

The crushed coarse aggregate classified as innocuous using the data in Figure 3 when 
combined with QS sand exhibited quite substantial expansion during the concrete 
performance testing. The significant reactivity of fine aggregate clearly contributed to the 
length increase of concrete. That is a demonstration of the significance of sand reactivity in 
evaluation of such aggregate combinations. 

5. CONCLUSIONS 

The following conclusions can be drawn: 
− The cyclic „60°C concrete test with external alkali supply” test method covered by draft 

procedure RILEM AAR-12 was effective to reveal the influence of domestic aggregate 
combinations on expansion of concrete specimens. The expansion of air entrained 
concrete specimens containing siliceous sand and crushed aggregate from glacial 
deposits or granite aggregate reached 0.287 to 1.119 mm/m when exposed to external 
3% NaCl solution. 

− Extensive amounts of ASR gel, identified using SEM-EDS, was found in specimens 
showing the largest length increase. The gel was filling the air-voids and replaced some 
aggregate grains.   

− The exposure of concrete specimens to alternating temperature, moisture and 3% NaCl 
solution resulted in an increased occurrence of Friedel’s salt and ettringite in the matrix. 

− For the investigated range of slowly reacting mineral aggregates the results of concrete 
performance tests are broadly consistent with the prediction based on accelerated mortar 
bar tests. 
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Abstract 
Experimental studies on cementitious materials transport properties are commonly 

performed on concrete specimens of a thickness equivalent to at least three times the 
maximum size of the aggregate in the sample. These specimens require long periods of time 
to obtain a uniform moisture distribution prior testing, while conditioning and testing thin 
cement paste samples can be carried out in limited time. Therefore, this paper presents an 
experimental comparison between oxygen effective diffusion coefficient of three concrete 
mixes and their equivalent hardened cement pastes. Concrete and hardened cement paste 
(HCP) specimens are tested after conditioning at three relative humidity levels (33%, 55% 
and 93%). Mixes with additions of fly ash, limestone and slag are tested. Some key 
parameters including the total porosity, the water saturation degree and the aggregate volume 
fraction of the tested materials are assessed. It is noticed that oxygen diffusion coefficient 
decreased with the sample’s water saturation degree for both concrete and HCP, although 
concrete specimen water content is found to be lower than HCP samples at the same relative 
humidity of preconditioning. A correlation between the diffusion coefficient 
measured on concrete and cement paste specimens is discussed. 
 

Keywords: gas diffusivity, concrete, hardened cement paste, water saturation, oxygen 

 

1. INTRODUCTION 

In the context of the durability of reinforced concrete structures, assessing the transport 
behavior of aggressive species is of high importance [1]. Concrete degradation mechanisms 
involve very often the ingress of gaseous species such as oxygen and carbon dioxide by a 
diffusive transport [2]. In the case of carbonation, which is widely recognized as a significant 
cause of corrosion of the reinforcement in concrete [3], atmospheric carbon dioxide (CO2) 
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penetrates the concrete through its porous network where it dissolves in the pore water and 
reacts with different phases of the cement paste [4]. Therefore, carbonation in concrete is 
directly dependent on the transport of CO2 through the material.  

Previous works in the literature [5][6][7] showed that transport properties of cementitious 
materials are highly dependent on their degree of water saturation. Hence, the experimental 
determination of concrete transport properties at all hydric states is necessary so that a 
meaningful representation of real environment can be made. 

When investigating the transport properties of concrete specimen, French standards [8] 
require testing concrete specimen of two times the cover thickness (50mm) or a thickness 
equivalent or bigger than three times the maximum size of the aggregate in the specimen. 
These specimens are assumed to be representative of the structure’s property of interest. 
Nevertheless previous works in the literature showed that a thickness of at least 10 times of 
the maximum size of the aggregate present in the concrete is required to ensure reliable results 
[9].  

From a practical point of view, testing 50 mm concrete samples is very time-consuming. 
For example an ordinary Portland cement mortar specimen of 50 mm thickness reaches 
moisture equilibrium at 55% relative humidity (20°C) after 6 months [7], while a 3mm 
hardened cement paste sample requires only four weeks to reach water under the same 
environment [6]. Furthermore, in the case of gas diffusivity measurement, it is known that the 
diffusion time is proportional to the square value of the sample thickness [10]. Hence a 
diffusion test of a 5mm thick specimen is a 100 times faster than a specimen of 50mm. 

A rapid and convenient way to test cementitious materials at different hydric states is to 
employ thin specimen. However, our previous works [11] show that oxygen diffusion 
coefficient varies slightly with the concrete specimen thickness at both the dry state and after 
conditioning at 93% RH, which could be due to the fact that the tested specimens are not 
representative. On the other hand, employing hardened cement pastes (hcp) is of high 
convenience: the tests can be performed in limited time since thin specimen are used without 
experiencing huge size effects [5]. Indeed, cement grain sizes range from less than a micron 
up to 100 microns, while aggregates are several orders of magnitude larger. Plus, the cement 
paste fraction of mortar or concrete usually contributes for the greatest part of the porosity and 
thus determines their transport properties to a great extent [5]. 

Nevertheless, the comparison between concrete specimens and HCP transport properties is 
not widely addressed nor entirely understood. For this reason, the aim of this paper is to 
investigate this issue in a greater depth. Therefore, an experimental campaign is carried out on 
three concrete mixes and their corresponding HCP. After conditioning at three relative 
humidity levels (RH), specimens of these materials are tested to oxygen diffusivity. Basic 
material properties such as water porosity, air content and water saturation degree of the 
tested materials are measured. A comparison between oxygen diffusion coefficients measured 
on concrete and HCP specimens is discussed. 

2. MATERIALS AND METHOD 

2.1 Concrete specimen 
In this study, three concrete mixes are prepared using Portland cement (CEMI type), fly ash, 
limestone and slag. The mixes are made with an effective water-per-binder ratio of 0.6 for 
mixes 2 and 3 and 0.4 for mix 1; the total water-per-binder ratio that includes the water fixed 
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by the aggregates is significantly large (Table 1) because the water absorption by aggregates 
is close to 3%. These concrete’s cement and additions dosage, the aggregate volume fraction 
and an average of the total water porosity determined by water soaking under vacuum 
following the French standard NF P18-459 are shown in Table 1. The dry mass of the samples 
is given by oven-drying at 105°C, and the total porosity is computed following equation (1), 
where m0 is the dry mass of the sample, msat is themass in the open air of the water-saturated 
sample and mhydro is the hydrostatic weight, mass of the water-saturated sample by immersion 
in water under a vacuum for 48h.  ߶ = ݉௦௔௧ − ݉଴݉௦௔௧ − ݉௛௬ௗ௥௢              (1) 

The maximum aggregate size present in these tested concrete specimens is 22mm. 
Concrete mixes are cast into 110*220 mm moulds, demoulded after 24h and stored at 100% 
relative humidity for 90 days. The tested specimens are discs of 8 mm thickness with a 
diameter of 110mm. These samples are sawn from 220 mm height cylinder. For each concrete 
mix and conditioning relative humidity, four replicates are prepared. These specimens are 
stored in relative humidity controlled climate chambers at 33%, 55% and 93% RH by means 
of saline solutions with soda lime in order to avoid carbonation of the samples during the 
conditioning. Moisture equilibrium of these specimens is reached after 5 months (moisture 
equilibrium criteria: mass variation less than 0.05% in a week). Mixes 1 and 3 replacements 
of cement by limestone and slag, respectively exceed by 10% the values required by NF EN 
206-1, while mix n°2 replacement of cement by fly ash corresponds to the maximum value 
accorded by the French concrete standards NF EN 206-1 for all exposure classes (except 
XF4). These mixes are tested in order to investigate the influence of the replacement of 
cement by a high percentage of mineral additions on gas diffusivity. 

 
Table 1: Mix-design parameters of the three tested concrete 

Concrete index 1 2 3 
Total W/B 0.5 0.67 0.74 
Total W/C 0.8 0.9 1.9 
Effective W/B 0.4 0.6 0.6 
Air content (%) 0.9 1.9 1.5 
Mineral addition type Limestone Fly ash Slag 
Aggregate volume fraction (%) 62.8 69.7 70.8 
Mineral additions (% binder) 40 30 60 
Cement dosage  (kg/m3) 270 223 119 
Addition dosage (kg/m3) 190 95 179 
Total porosity (%) 16.8 16.9 18.6 

2.2 Hardened cement paste samples 
Paste mixtures are prepared using the effective water-per-binder ratios corresponding to 

the tested concrete (0.6 for mixes 2 and 3 and 0.4 for mix 1). Cement pastes are cast in plastic 
cylindrical molds of diameter 40 mm and height 100 mm and rotated for 24h. The pastes are 
demolded afterwards and stored at 100% relative humidity for 90days. Thin discs of 3mm 
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thickness are sawn using a precision saw. The slices are then equilibrated at 93%, 55% and 
33% RH in climate chamber with salt solutions and soda lime to avoid carbonation of the 
HCP during the conditioning. Moisture equilibrium time varies from 4 to 6 weeks depending 
on the relative humidity of the exposure.  

 
Table 2: Mix-design parameters of the tested HCP 

HCP index 1 2 3 
Total W/B 0.4 0.6 0.6 
Air content (%) 1.06 0.14 0.74 
Addition type Limestone Fly ash Slag 
Mineral additions (% binder) 40 30 60 
Total porosity (%) 53 54 53 

2.3 Oxygen diffusivity measurement 
The oxygen diffusion coefficient is measured using an experimental setup developed 

during our previous works [6][12]. The test device is designed to determine oxygen effective 
diffusion coefficient of hardened cement pastes and concrete specimen conditioned under 
different RH. The main element of the experimental setup is the diffusion cell also called 
“downstream chamber”. The diffusion cell is placed inside a relative humidity controlled 
chamber also referred to as “upstream chamber. The cell is flushed with nitrogen at the 
beginning of each test.  One face of the sample is exposed to the internal volume of the cell 
and the other face to the RH controlled air of the upstream chamber.  

Oxygen diffuses successively through the sample into the cell where O2 concentration is 
measured by a gas sensor. The effective diffusion coefficient of oxygen is determined by the 
numerical fitting of the accumulation curve to Fick’s second law taking into account the 
transient regime. 

3. RESULTS 

3.1 Water saturation degree 
The water saturation degree of the tested concretes and HCP is determined in the 

desorption state at three RH: 33%, 55% and 93% using the following equation: ܵ௥ = ݉ −݉଴݉௦௔௧ − ݉଴ (2) 

where m is the mass at equilibrium, m0 the dried mass, and msat the saturated mass. The HCP 
and concrete specimens saturated mass is determined by water soaking under vacuum for 24h 
and 48h respectively. The dry mass is obtained after drying the samples in the oven at 105°C 
as required by the French standard NF P18-459. 

Figure 1 shows that the water saturation degree at different relative humidity of 
conditioning depends on the specimen composition. For mix 3, HCP samples are 10% more 
water saturated than concrete specimens at 33% and 55% RH while they are 20% more water 
saturated at 93% relative humidity. Limestone concrete specimens (mix 1) are more water 
saturated than their corresponding HCP at all RH. 
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However results for the mix number 2 which contain fly ash are less consistent. At 33% 
and 55% RH the degree of water saturation of HCP is 10% and 6% respectively lower than 
for concrete specimens, while it is 20% higher at 93% RH. 

 
Figure 1: HCP and concrete water saturation degree at different RH in desorption

The total porosity of the cement paste present in these concrete specimens can be 
calculated from equation (3), where	௖ , ௣and ݂ are the total porosity of concrete, the 

porosity of HCP in concrete and the aggregates fraction, respectively. This equation could 
also include aggregate and air contributions to concrete porosity which are not observed in 
pure paste. 

௖ = ௣(1 − ݂) (3) 

Using equation (3) the calculated total porosity in HCP present in the concrete 1, 2 and 3 
are 45.2%, 55.7% and 63.7% respectively while the corresponding HCP of these concrete 
total porosities are 53.8%, 54% and 53%.  

For mixes 2 and 3 the higher porosity of the HCP present in the tested concrete explains 
the lower water content in the concrete samples. Moreover, the presence of porous aggregate-
paste interfacial transition zones (ITZ), in which the porosity is higher than that of the cement 
paste causes the moisture storage of concrete specimen to be less important [14]. Finally, 
porous aggregates with pore sizes larger than the one of the paste could be still desaturated at 
93% RH. 

However for limestone mix 1 the HCP present in the concrete specimen is 8.6% less 
porous than its corresponding HCP which explains the lower water saturation degree for 
HCP1. 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

30 50 70 90

D
eg

re
e 

of
 w

at
er

 s
at

ur
at

io
n 

RH(%)

Paste_1
Concrete_1
Paste_2
Concrete_2
Paste_3
Concrete_3



International Conference on Sustainable Materials, Systems and Structures (SMSS 2019) 
Novel Methods for Characterization of Materials and Structures 

20-22 March 2019 – Rovinj, Croatia 
 

72 
 

3.2 Concrete vs. cement paste diffusivity 
Table 3 shows the oxygen effective diffusion coefficients De,O2 of the concrete specimens 

and their corresponding HCP. As expected, the oxygen diffusion coefficient of pastes and 
concretes decreases from one (mix1) to three (mix2) orders of magnitude with the relative 
humidity of conditioning [6]. This is explained by the fact that the relative humidity of 
preconditioning determines the water saturation degree of the tested specimen (Fig.1), which 
is directly related to the percentage of pores available to gas transport and their pore sizes. 

 
Table 3: Concrete and HCP diffusion coefficient at different RH 

Mix RH(%) 
HCP 
De,O2(m²/s) 

Concrete 
De,O2(m²/s) 

௘,ைଶு஼௉ܦ௘,ைଶ஼௢௡௖௥௘௧௘ܦ  

1 
33 3.17 ·10-7 2.20 · 10-7 0,7 
55 2.67 ·10-7 8.30 ·10-8 0,3 
93 1.94 ·10-8 1.30 ·10-8 0,7 

2 
33 9.50 · 10-8 2.40 · 10-7 2,5 
55 5.22 ·10-8 7.50 ·10-8 1,4 
93 6.24 ·10-11 3.10 · 10-8 496,8 

3 
33 1.49 · 10-8 2.06 ·10-7 13,8 
55 6.92 · 10-9 8.80 · 10-8 12,7 
93 2.58 · 10-10 3.50 · 10-8 135,7 

 
Results from Table 3 show that for the mix 1, oxygen diffusion coefficients of concrete 

specimens are lower than De,O2 of their corresponding HCP. This could be explained by the 
fact that concrete specimen (mix 1) are more water saturated than HCP 1 and contain less 
entrained air. 

Figure 2 shows that concrete specimen diffusivities are higher than the diffusivities of their 
equivalent HCP at the three RH of conditioning for mixes 2 and 3. 

This could be explained by the influence of entrained air, aggregate-paste interfacial 
transition zone, aggregate porosity and liquid saturation in the concrete specimen. Indeed 
previous works of Wong et al [15] proved that air entrainment increases gaseous diffusivity 
by up to a factor of 3 regardless of the w/c ratio, curing age and conditioning regime. 

In addition to that, the previous work of Larbi et al [16] on the influence of aggregates 
content on tritiated water diffusivity in mortars show that when the sand content exceeds 50% 
more air voids are created in the material leading to high diffusivity, which is in agreement 
with the results shown on Figure 2 since the aggregate volume fraction of the tested concrete 
specimen exceeds 60% for all mixes. De,O2 of concrete do not follow a simple linear mixing 
rule using paste diffusivity such as equation (3), which is valid for low (<0.5) aggregate 
volume fraction [15]. The higher diffusivity of concrete 3 samples is a consequence of their 
lower degree of water saturation comparing to their corresponding HCP. This lower degree of 
water saturation would be consistent with a contribution of aggregate to porosity. Indeed the 
water absorption by aggregate is larger than the one of mix 1 and 2 as seen whereas a similar 
aggregate volume fraction and air content is observed for all mixes. 
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Figure 2: Concrete vs HCP oxygen diffusion coefficient 

4. CONCLUSIONS 

This study focused on an experimental investigation of the oxygen diffusivity in concrete 
specimens and their corresponding HCP conditioned at different relative humidity levels. 
Mixes blended with limestone, fly ash and slag are tested. From the results, it can be 
concluded that: 

• HCP can have  100 times lower diffusion coefficients than the one of their equivalent 
concrete for the highest RH (93%); nevertheless in dry conditions (33% RH), 
diffusion coefficients of both HCP and concrete are in the same range. 

• The desorption isotherms of the cement paste and concrete highlights the effect of 
aggregates on the moisture storage capacity and thus on the oxygen diffusivity. 

• A correlation is observed between De,O2 of tested concrete specimen and there 
equivalent HCP. 

To extend the correlation between HCP and concrete for water desorption isotherm and gas 
diffusivity, further work would be needed on other concrete mixes to highlight the role of air, 
ITZ, aggregate volume fraction and sorptivity. 
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Abstract 
This paper presents application of a novel method for parameter estimation in a stochastic 

model of fiber reinforced concrete. Fiber reinforced concrete (FRC) is a new material with 
increasing application. Numerical model of FRC is not so well established as that of ordinary 
concrete. It is even more truth for procedures for material parameter estimation. Deterministic 
model of FRC has to deal with a large number of fibres and identification from that  type of 
model is generally difficult. 

In this work we present a stochastic model of FRC based on the fiber bundle model. Fiber 
bundle model allows introduction of a probability distribution function into the model and 
simple performance of Monte Carlo experiments. Introduction of order statistics and the 
Levenberg – Marquardt procedure leads to formulation of the inverse model that permits 
identification of material parameters. Numerical examples illustrate the properties and 
stability of the proposed method. 
 

Keywords: fiber reinforced concrete, stochastic model, fiber bundle model, parameter 
estimation, Monte Carlo experiments  

 

1. INTRODUCTION 

Deterministic models of materials where we assume that every material parameter could be 
described exactly have dominated the last century. When industry started to deal with very 
small and very large structures it became evident that properties could vary significantly 
within the material. One of the first evidence of the importance of the stochastic approach to 
material modelling is the emergence of the scaling low in materials [1]. 

Parameters in a deterministic model usually represent some physical quantity and are 
easily identified as a material property. Formulation of a stochastic material model requires 
careful choice of parameters since parameters do not have to represent a physical quantity. In 
most cases one can not simply assign stochastic property to a parameter in a forward model 
since those parameters are not well exposed (they are hidden inside the mathematical 
formulation of a model). E.g., nonlinear finite element models apply linearization and 
iterative solution procedure and it is tedious to assign stochastic properties to material 
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Numerical examples have demonstrated that the number of measuring points and the 
number of bins in order statistics have to be in correlation. 
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Abstract 
SCC mixes may sometimes not fulfil fresh concrete requirements due to variances in 

constitutive materials. Instead of an adjustment by experienced lab staff, the use of a real-time 
expert system has been investigated. For this reason, a ball rheometer measures the fresh 
concrete directly after the mixing process, during a short break. The viscosity and the 
dynamic yield point are determined. 

These rheological parameters describe the consistency and thus the casting ability and 
consequently the quality of the SCC. In future an automated expert system shall use this data 
for a necessary adjustment of the mix. 

During the test series the mix designs of the well working SCC’s were modified by using 
deviating water content. Subsequently, using the rheological data, water, superplasticizer or 
stabilizing agents were added to the mix, trying to reach proper workability again. The graphs 
for the changing rheological properties as a function of the respective amount of initial water 
content and additional water dosage or admixture dosage were generated and analysed for the 
mixes of two precast plants. This data is the input for the knowledge base, which is used by 
the expert system. Up to now the data is used for a manually dosage, the automated first 
version is under progress. The presented results show that a successful readjustment is 
possible in most cases. 

 

Keywords: SCC, fresh concrete properties, workability, readjustment, expert system 

 

1. INTRODUCTION 

Rheology is an important property of self-consolidating concrete (SCC). However, 
concrete rheology is a complex phenomenon, which is difficult to define with a few 
parameters or by a single testing procedure [1]. Workability testing is one of the important 
early quality tests for all concrete structures. For SCC, maintaining the workability within 
given numbers for a defined time is essential for a fast and effective casting process. 
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2. TESTS FOR CREATING A KNOWLEDGE BASE 1 

During the test series the mix designs of SCC’s [7,8] were modified by using deviating 
water content from before defined target values.. Subsequently, water, superplasticizer or 
stabilizing agents were added to the mix. The graphs for the changing rheological properties 
as a function of the respective amount of initial water content and additional water dosage or 
admixture dosage were generated and analysed for the mixes of two precast plants. In this 
chapter data produced for the knowledge base 1, are presented for one specific mix only. 
Knowledge-base 2 is not addressed in this paper. Firstly, the changes in consistency with a 
rising water amount in one single test are demonstrated in figure 4. The mixture was produced 
with insufficient water content. Then, two times the amount of 10.4 l/m³ water was added, this 
equals each time a change in the w/c ratio of 0.02. 

 

Figure 4: Adjustment with additional water - initial water amount 182.0 l/m³ 

By pure chance numbers of viscosity and dynamic yield stress are for this test quite 
similar. Similar investigations were done with superplasticizer and different stabilizers. These 
results are also part of the data for the knowledge base 1. Examples are shown in figure 5 and 
6 respectively.  

Figure 5 shows again a mixture that was produced intentionally with too little water. In 
three subsequent steps additional superplasticiser was added to the mix. At an additional 
dosage between 0.2 % and 0.4 % by mass of cement the rheological properties would 
correspond with a well working SCC. 

In figure 6 the influence of a stabilizer addition to a mixture with an intentional excess of 
water is presented. The graphs may be different, when using other stabilizer types. But an 
adjustment of the rheological properties is mostly possible. However, many stabilizer types 
are sensitive to mixing energy and mixing time. 

Finally, all the experiences in the lab and precast plants show an optimum of workability 
for the here presented mix of precast plant 1 and test set-up by the value 20 for the dynamic 
yield stress and the viscosity. 
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Figure 5: Stepwise adjustment with additional superplasticizer-dosage 

 

Figure 6: Stepwise adjustment with stabilizer 

3. MANUAL ADJUSTMENT 

For the following tests the SCC’s mixtures were produced intentionally too stiff. Using the 
data from the knowledge-base first steps of a successful direct correction are shown in figure 
7 by the means of water and figure 8 by the means of superplasticiser. 

The dosages used in figure 7 and 8 were predetermined by using the knowledge-base in a 
simplified way. The dynamic yield stress values from the online display of the rheometer 
were used, which are a good indicator for comparison with the knowledge-base. The amount 
of water in figure 7 and the respective amount of superplasticizer in figure 8 is calculated 
manually using the data base from many tests, described by examples in chapter 2. 
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Abstract 
In this contribution a method for remaining useful life (RUL) analysis based on fatigue of 

wind turbine (WT) structures is presented. The method combines real measurement data and 
high-fidelity models. Here we focus on the input parameters from measurements: modal 
parameters and external loads, which are determined by operational modal analysis of 
vibration data and by applying Euler-Bernoulli beam theory to tower wall strains. Results 
from monitoring a large onshore wind turbine (3 MW, 142 m hub height) with a hybrid tower 
structure constructed of concrete (lower section) and steel (upper section) are presented. The 
modal parameters from measurement and FE-model match and the calculated external loads 
are plausible. 
 
Keywords: Remaining useful life, remaining service life, wind turbine monitoring, 
operational modal analysis, model validation, load calculation, rotor thrust 

 

1. INTRODUCTION 

Wind turbines generally have a design life of 20 years. An extended design life seems 
feasible for various components and is desirable from an economic and ecological point of 
view [1]. However it can only be realized after an evaluation which involves reanalysis or 
inspections [2]. During the MISTRALWIND-project (Monitoring and Inspection of 
Structures at Large Wind Turbines) a method for estimating the remaining useful life (RUL) 
for WT support structures was developed and tested in cooperation with project partners (see 
Acknowledgements). A general overview of the procedure is depicted in Figure 1. The 
procedure is based on the continuous measurement of loads acting on the structure, that are 
applied to a validated finite-element-model (FE-model). The model delivers material stresses 
over time at critical (highly stressed) areas, based on the measured loads. From these stress 
signals, load cycles are counted using rainflow counting for different load levels. The number 
of stress cycles for different load levels are compared to material properties and by using a 
damage accumulation approach, local damage and RUL can be estimated. 
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external loads seem reasonable. Next steps for load calculation are further plausibility checks 
using simulations and quantification of measurement uncertainties. Evaluation of long-term 
data is scheduled. 
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Abstract 
The knowledge about the development of compressive strength of concrete is important for 

various construction tasks. Therefore, the demand for non-invasive testing methods rises, 
which allow a reliable, in-situ strength determination. The contribution introduces a new 
microwave method for continuous monitoring of hydration process in concrete, which can be 
used to evaluate the development of compressive strength non-destructively. Based on the 
measured data a calibration model can be created for different water/cement-ratios, additives 
in concrete and different cement types of the concrete. This calibration model allows to 
predict the strength development by using microwave data measured continuously and non-
destructively. 

 

Keywords: microwave, concrete, monitoring, strength development 

 

1. INTRODUCTION 

The knowledge about the development of compressive strength of concrete is important for 
various construction tasks. A proven destructive method consists of producing separate 
specimen during the construction of the building, which are examined as needed by using 
standardized pressure tests (EN 12390 parts 1-4). This procedure is very time-consuming. 
Furthermore, the compressive strength results of the laboratory tests have only limited 
applicability compared to the development of strength in external weather conditions. 

Compared to moisture measurement in chemical inert building materials, the process of 
water retention is very complicated in materials like concrete. Physical and chemical 
properties and crystallization processes play a major role in the structural development. 
Different chemical and physical bondings of water molecules are present in parallel and their 
ratio is changing time dependent. Therefore, a microwave monitoring method is used to 
determine the hydration process of concrete. 
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4. INVESTIGATION OF THE HYDRATION PROCESS OF CONCRETE WITH 
DIFFERENT WATER RATIOS (W/C-RATIOS) 

The investigation of the hydration process of concrete was done with the help of the 
monitoring system described above. In 9 series of experiments water/cement-ratios (w/c) of 
0.45, 0.50 & 0.55 and a Portland cement (CEM I 42.5 R) were used. The measurements took 
place in a test climate with a temperature of 20±2°C and 65±5% of relative humidity. 

Simultaneous with the microwave measurement a compressive strength test (according to 
EN 12390 parts 1-4) was carried out. Aberrantly to the storage agreed in the norm, the test 
specimens were sealed and stored in the same climatic conditions as the microwave 
measurement setup. With these proceedings a comparability of the microwave investigation 
and the compressive strength test is given. 

The detected microwave signals were evaluated by using the change of a special 
microwave parameter, which is the minimum of a resonance curve (ΔMinFI). The progress of 
the parameter MinFI shows, that for different w/c-ratios the change of this parameter is quite 
systematical (figure 2 a)). For a w/c-ratio of 0.45 the change in moisture index is about 6000. 
For a w/c-ratio of 0.50 the change is 5000 and for 0.55 it is 4800. 

A comparison of the measured values of the parameter (ΔMinFI) and the compressive 
strength shows, that there is a direct correlation between both values (figure 2 b)). This means 
that the change in the parameter (ΔMinFI) is independent from the use of the water to cement 
ratio. This makes it possible to create one calibration model for all used w/c-ratios. The 
calibration model allows to predict the compressive strength from the change of the detected 
microwave signals continuously and non-destructively. 
 

a) b)  

Figure 2: Change in moisture index during the hydration process a) and a comparison of the 
measured compressive strength and the change of the parameter ΔMinFI b) 
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5. CALCULATION MODEL 

The direct correlation of the parameter (ΔMinFI) and the compressive strength of the 
concrete can described with equation 1. This equation is similar to known mathematical 
functions witch describe the development of the compressive strength by other authors ([7], 
[8], [9]). Only a linear term is included, which allows to calculate the compressive strength 
from the change of the parameter (ΔMinFI). 
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The factors A , B  und C  can be found with a regression analysis. For the test series with 

different w/c-ratios the calculation model is: 
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In figure 3 the calculation model with the middle- and the maximum deviation is shown. 

The middle deviation is about 2.0 MPa and the maximum deviation is 5.6 MPa. Over all, a 
good conformity of the calculated and the measured values are shown. 
 

 

Figure 3: Development and deviation of the calculation model 
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cement types and additives in concrete are used and a comparison between measured data and 
the calculation model is used. 

6.1 Different cement types 
To investigate the influences of different cement types in concrete on the microwave 

monitoring method, three different cement types (CEM I, CEM II and CEM III) were used. 
For all variations of the concrete compositions two test series were carried out. 

Figure 4 shows the results of the investigation of the different cement types in concrete. 
The results of the test series with the CEM II (figure 4 a)) and with the CEM III (figure 4 b)) 
in relation to the calculation model, which based on the investigation of a CEM I, shows a 
similar progress. It seems that the cement type has no influence on the calculation model and 
the direct correlation is almost identically. 

 

a) b)  

Figure 4: Results of the test series with the CEM II a) and the CEM III b) 

6.2 Additives in concrete 
To investigate the influences of additives in concrete on the calculation model of the 

microwave monitoring method, a concrete plasticizer and an air entraining agent are used. For 
all variations of the concrete compositions two test series were carried out.  

The name of the test series are:  

 concrete plasticizer - CP 
 air entraining agent - AEA 

In the test series with the air entraining agent two various air pore contents were produced. 
The air pore contents were circa 5.0 vol.-% (AP_1 & AP_2) and 8.0 vol.-% (AP_3 & AP_4). 

Figure 5 shows the results of the investigation. The results of the test series with the 
concrete plasticizers shows (figure 5 a)), that the development of the measured microwave 
data is similar to the calculation model. Only a constant shift, to smaller changes in the 
moisture index can be identified. These smaller changes can be explained by the used 
concrete plasticizer. A polycarboxylate-ether (PCE) is used, which consists, similar to water, 
of polarisable molecules and the change in moisture index becomes lower in relation to the 
calculation model. 

The results of the test series with the air entraining agent shows (figure 5 b)), that the 
progress of the measured microwave data for air pore contents of 5.0 vol.-% is similar to the 
calculation model. For an air pore content of 8.0 vol.-% the change in moisture index is 
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greater. These greater changes in moisture index can be explained by the higher content of air 
in the material. Air have a very low permittivity and the change in moisture index becomes 
greater. 

In summary it can be said, that the use of the concrete plasticizer or an air entraining agent 
makes adapting the model necessary. Table 1 shows the adapted factors. 

 

a) b)  

Figure 5: Results of the test series with the concrete plasticizer a) and 
the air entraining agent b) 

Table 1: Adapted factors for the calculation model 

variations 
factors 

A  B  C  

calculation model 38.20 
-2.71 

0.0038 

concrete plasticizers 15.30 0.0071 

air entraining agent 
(>5.0 vol.-% air content) 

19.18 -2.58 0.0036 

 

7. CONCLUSIONS 

The results of the test series show a very good conformity of the calculated and the 
reference values for different water cement ratios and cement types. For concrete plasticizer 
and air pore contents of more than 5 vol.-%, the factors of the calculation model have to be 
adapted. With the matching of the factors it is possible to determine the compressive strength 
of concrete continuously and non-destructively by using the microwave monitoring method. 

Further tests of the microwave monitoring method directly on the building site or in 
concrete factories are planned. With these the real-world suitability of the developed method 
shall be proven. 
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Abstract 
Since concrete bridge decks are deteriorating faster than other bridge components, 

implementation of realistic deterioration, predictive and life cycle cost models for them is of 
special importance for good bridge management. Bridge deck deterioration is a complex 
process that is frequently a result of numerous physical, chemical and other actions. Those 
actions are often connected and deterioration by one process often accelerates deterioration by 
another. Therefore, to better understand the connectivity of these diverse deterioration 
processes, it is imperative to use a suite of complementary nondestructive evaluation (NDE) 
technologies that can capture them at all phases of the life of a deck.  

While the development of deterioration and predictive models for bridge decks was 
previously presented, it was primarily relying on visual inspection results. On the other hand, 
the same models from NDE surveys were based on limited period data sets. The BEAST 
(Bridge Evaluation and Accelerated Structural Testing) facility at Rutgers University opens 
opportunities for accelerated evaluation of full size bridge components, including bridge 
decks. Accelerated traffic and environmental loading, complemented by periodical NDE 
surveys, has high potential to enhance our understanding of the deterioration mechanisms in 
bridge decks and to lead to more realistic deterioration and predictive models. 

 

Keywords: concrete, bridge decks, accelerated testing, NDE, deterioration modelling  

 

1. INTRODUCTION 

Reinforced concrete bridge decks are deteriorating faster than other bridge components, in 
the greatest part due to their direct exposure to traffic, environmental loading, and application 
of de-icing chemicals. Since the maintenance, rehabilitation and replacement of concrete 
decks represent the single highest expenditure for any bridge component, good understanding 
of deterioration processes and accurate assessment of their condition is of special importance 
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3. SCOPE OF ACTIVITIES 

The installation of first specimen will be completed in November of 2018. Therefore, the 
following paragraphs will describe the specimen being constructed, planned activities, and 
some of the main goals stemming from the NDE data collection.  

The specimen will be 8.1 m wide and 15 m long. These dimensions allow for four girders 
spaced 2.1 m on center, with about 0.9 m overhangs along each edge. A span-to-depth ratio of 
L/25 for the girders is used. Two internal diaphragms, in addition to those over the supports 
will be installed. The girders are sized as per the AASHTO LRFD Bridge Design 
Specifications based on the simplified single-line girder modeling approach, and are designed 
to be composite (using standard shear stud connectors and spacing) with the RC deck. This 
approach is the most commonly used in practice and will result in the most realistic girder and 
superstructure stiffness and strength characteristics. The reinforced concrete deck will be 
constructed using high performance concrete (HPC) and will be 20 cm thick, with a specified 
top cover of 6.3 cm. To allow for the influence of reinforcement coating to be assessed, the 
specimen will be constructed using two different types of deck reinforcement: epoxy-coated 
and galvanized reinforcement. 

To achieve objectives of the study, live loading, environmental loading, and winter 
maintenance loading protocols were designed. The loading protocol will allow the effects of 
truck weights on the localized deterioration of the deck to be investigated.  To accomplish 
this, four tracks on the bridge are proposed for the live loading, as shown in Figure 5. These 
tracks correspond to the least and most significant demands on the deck. In addition to 
varying the spatial location of the live load to simulate realistic force effects, the live load 
protocol will also vary the magnitude to allow the influence of truck weight to be assessed.  

 

Figure 5: Elevation view illustrating the proposed live load location and magnitude  

The proposed environmental loading protocol provides seven freeze-thaw cycles and three 
hot-dry cycles during every week of testing (with 8.5 hours of dwell time following each 
temperature change). Over the anticipated nine month testing period, this translates into 
approximately 280 freeze-thaw cycles. In order to introduce chlorides into the bridge 
specimen to simulate the effects of winter maintenance practices, during the Freeze Exposure 
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Cycles, a 10% brine solution will be constantly sprayed onto the deck of the specimen by the 
live load carriage. Since the location of the live load track defines the application region for 
the brine solution, the solution will be applied so that each track receives equal brine solution 
during each exposure cycle. 

To evaluate effects of live, environmental and maintenance loading on the deterioration 
processes in the deck, the NDE surveys will be conducted on a bi-weekly basis using five 
technologies: ER, HCP, GPR, IE and USW. Other NDE technologies, like ultrasonic 
tomography, will be deployed once the first defects, or other anomalies, are detected for their 
more detailed evaluation. The data collection will be conducted on a permanently marked 0.3 
m by 0.3 m grid. The following specific long-term goals will be pursued as a part of the NDE 
data collection and analysis, to develop or enhance: 

• Fundamental understanding of deterioration progression in concrete decks, 
• Master deterioration curves and, thus, predictive relationships as a function of traffic 

and environmental loading, maintenance activities and superstructure characteristics,  
• Correlations between NDE technologies, and between NDE technologies, physical 

sampling and other results, for NDE technology optimization, 
• Optimized NDE data collection with respect to the frequency of data collection and 

spatial data distribution, 
• Understanding of the effects of local deterioration on the global structural response, 

and vice versa, and 
• Understanding of the effectiveness of protective systems and maintenance procedures. 

4. CONCLUSIONS 

The newly constructed BEAST facility opens opportunities for accelerated evaluation of 
full size bridge components, including bridge decks. Accelerated live, environmental and 
maintenance loading, accompanied by periodical comprehensive assessment using an array of 
NDE technologies, will provide valuable data regarding the full life-cycle performance of 
bridge decks. Most importantly, it will enhance our understanding of the deterioration 
mechanisms in concrete bridge decks and development of more realistic deterioration and 
predictive models.  
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Abstract 
In earthquake-prone regions such as the Pacific Northwest, damage assessment tools are 

needed to enable safety evaluations to support recovery. Currently, damage assessment is 
performed primarily by visual inspection and is often impossible for structural members that 
are inaccessible, such as deep foundations or interior members hidden by cladding. This study 
explores the possibility of using embedded ultrasonic transducers to monitor reinforced 
concrete members for damage progression under earthquake loading. A novel methodology is 
proposed where changes in the member condition due to an increase in the earthquake-type 
loading of a full-scale column-foundation specimen are correlated with changes in the 
recorded ultrasonic waveforms. The discussed preliminary analysis of the ultrasonic signals is 
based on wave propagation velocity, changes in the coda wave portion, and maximum 
amplitude of the signals. Three embedded transducers were used to continuously monitor the 
laboratory specimen during destructive testing. This paper provides an overview of the 
proposed methodology, outlines the laboratory experiment, and discusses some preliminary 
observations.  
 

Keywords: Damage evaluation, Structural health monitoring, Ultrasound, Coda wave, 
Embedded transducers, Earthquake, Reinforced concrete, Column. 

1. INTRODUCTION 

Structures such as buildings and bridges begin to deteriorate as soon as they are built and 
taken into service [1]. This paper focuses on structural concrete, which represents the most 
widely used construction material. In addition to deterioration due to aging and environmental 
effects, structures have to withstand natural hazards such as earthquakes, which can introduce 
both small and large-scale damage in the structures. Generally, the term “damage” can be 
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defined as a change in the structure that affects its performance in the present or future [2]. 
Therefore, evaluating a structure’s integrity, or health, is of greatest importance and structural 
health monitoring (SHM) can be used as a tool for this purpose. 

SHM can be defined as a process of determining and tracking structural integrity [2] at 
frequent intervals during the life (or partial life) of a structure [1]. It is also used to assess the 
nature of damage in a structure by determining the location and severity of the damage [1]. 
Generally, a comparison between two different condition states is used in structural health 
monitoring by comparing the current state with a reference (typically undamaged) state [2]. 
SHM is a passive process whereby the response of the structure is monitored over time. 

Many types on sensors are used for SHM of concrete structures such as accelerometers, 
strain gauges, displacement sensors…etc. [3]. Ultrasonic waves have an advantage over 
traditional sensors, since the waves travel through the body of a member, as opposed to the 
former sensors, which represent surface measurements. Additionally, ultrasonic signals from 
concrete are complex since the wave experiences multiple scattering during propagation due 
to the heterogeneous nature of concrete [4]. Generally, an ultrasonic signal can be divided into 
two portions: coherent and diffuse (or coda). The coherent portion includes the initial, i.e. p-
wave arrival, whereas the coda wave includes the later portion of a recorded ultrasonic signal 
[5]. The coherent portion is only affected if significant discontinuities such as cracks and 
voids lying in the direct wave propagation path are present. The coda wave, however, has 
been found significantly more sensitive to small changes in the material, even when it is not 
in the direct wave propagation path. For example, changes in the internal stress of a member 
have been characterized using a number of analysis techniques [5][6][7][8]. Additionally, 
approaches using the coda wave have also been developed to detect cracks in concrete 
members [9][10]. 

In this study, ultrasonic signals were used for earthquake damage assessment. For this 
purpose, ultrasonic transducers were embedded in a full-scale laboratory column-foundation 
specimen that was subjected to subduction-earthquake-type loading [11]. This paper discusses 
the test setup and some preliminary observations focusing on the early loading phase to 
demonstrate the feasibility of the proposed approach. 

2. EXPERIMENT SETUP 

2.1 Specimen Details and Loading Protocol 
A full-scale reinforced concrete column-foundation subassembly was used for this study. 

The column has a square cross-section (0.61 x 0.61 m) and a height of 2.6 m. The column was 
cast on a square slab footing with a side length of 1.82 m and a depth of 0.61 m, as shown in 
Fig. 1. The concrete compressive strength at test day was 44.1 MPa and 40.5 MPa for the 
foundation and the column, respectively. The specimen and reinforcement details are 
representative of reinforced concrete bridges in Oregon, USA prior to the 1970s. 

Commonly, a cyclic loading protocol is used in order to evaluate the seismic performance 
of reinforced concrete bridge columns [12]. The loading protocol used in this study was 
developed by Bazaez and Dusicka [13] to represent a Cascadia subduction-zone earthquake, 
and is shown in Fig. 2. An axial and a lateral force were applied to the column top by means 
of two hydraulic actuators (see Fig. 1.b). The axial and lateral forces were applied in force- 
and displacement-controlled mode, respectively.  
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Figure 8: Maximum signal amplitude vs. applied lateral displacement.  

4. SUMMARY AND CONCLUSIONS 

A novel methodology for damage evaluation of concrete members under earthquake 
loading using embedded ultrasonic sensors is proposed. Based on the presented preliminary 
results, the observed changes in the recorded ultrasonic signals were divided into three 
phases, corresponding to the level of observed deterioration in terms of visible cracking on 
the column. The three phases were distinguished according to the following observed changes 
they had on the recorded ultrasonic signals: 

Phase I:  Only the coda portion of the signals is affected, which can be associated with 
low stress changes in the linear-elastic range. While there might be some opening and closing 
of micro-cracks, no macro-level cracking has occurred. 

Phase II:  The coherent portion of the signals is affected, i.e. there is a visible delay of 
the p-wave arrival, which results in an increased time-of-flight. First visible cracks appeared 
on the column surface. 

Phase III: The delay of the p-wave arrival is on the order of several time periods, which 
indicates that the direct travel path for the signal has increased. In this phase, a relationship 
between lateral drift and maximum signal amplitude was found.  

To conclude, the findings demonstrate the proposed methodology’s potential for damage 
condition assessment in the context of earthquake loading. Future work includes analyzing all 
available data, and correlating it with other available physical measurements. 
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Abstract 
Concrete has a huge environmental impact producing about 7% of the global carbon 

dioxide (CO2). Portland cement (PC), which is the primary component of concrete is 
responsible for more than 90% of its total carbon footprint. Given the rapid growth of CO2 
emissions and concerns related to global warming, a number of studies have been focusing on 
distinct approaches aiming to reduce the environmental impact of PC’s use; among others the 
improvement of concrete mix-design techniques aiming to reduce concrete porosity. Although 
the latter was proven to be effective, there is currently a lack of literature results on the effect 
of reducing PC content on the concrete fresh state properties. While there is a current 
misconception in the concrete industry that single point tests such as slump are capable of 
evaluating the concrete fresh behaviour, this project emphasizes that a full rheological 
characterization is needed to assess concrete fresh state performance. The current project aims 
to investigate the influence of two physical parameters (maximum paste thickness and 
interparticle space) on the fresh and hardened state properties of concrete mixtures designed 
with reduced PC content (54, 159, and 260 kg/m3). 

 

Keywords: low cement content, eco-efficient concrete, maximum paste thickness, 
interparticle distance, rheological behaviour 

 

1 INTRODUCTION 

Nowadays, the construction industry is not only focusing on the performance and 
economic benefits of the materials used but rather on their environmental impact. Although 
concrete is one of the most energy-efficient construction materials currently used worldwide, 
it produces approximately 7% of the global carbon dioxide (CO2) emission annually. Portland 
cement (PC), which is the primary component of concrete is responsible for more than 90% of 
its total carbon footprint.[1]. It is worth noting that a ton of PC produces approximately one 
ton of CO2, which justify the global pressure to reduce PC content in concrete [2–4]. In order 
to assess concrete environmental impact, Damineli et al. (2010) proposed the use of an index, 
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the so-called binder intensity index (BI), which correlates the amount of binder required to 
develop one unit of concrete property, for instance, the compressive strength. 

Although supplementary cementing materials (SCMs) and or inert fillers (IF) may be used 
to mitigate concrete environmental impact, SCMs global availability is not enough to 
overcome the increasing PC’s demand. Therefore, recent studies demonstrated that IF might 
be used to reduce PC content, hence enhancing concrete eco-efficiency [6–8]. Another novel 
technique used to reduce the amount of PC in concrete is through the use of advanced mix-
design techniques that aim to increase the material’s packing density, lowering its porosity 
and amount of cement paste required [9,10]. Yet, although the above strategies are widely 
known, low-CO2 concrete mixtures with reduced porosity (and low PC content) is currently 
not used for important structural applications since concerns regarding their fresh state 
performance were raised by the technical society. 

2 BACKGROUND 

2.1 Mobility Parameters 
The amount of PC is, on the one hand, the most important cause of concrete carbon 

footprint. On the other hand, there is a need of a minimum amount of cement paste to ensure 
flow in concrete mixtures. Hence, highly packed and low porosity systems may present some 
issues in the fresh state. It has been found that two parameters must be studied to assess the 
mobility of granular systems: the interparticle separation distance (IPS – Equation 1) and the 
maximum paste thickness (MPT - Equation 2) [11,12].  IPS is considered as the average 
distance between adjacent fine particles (≤ 125 µm) [12]. Since these particles are normally 
separated by water, IPS is directly proportional to the water content in the mix [12,13]. 
Literature suggests that the lower the IPS, the lower the flowability of granular systems (i.e. 
the higher the viscosity and particles collisions). Conversely, high IPS yields less viscous, 
more flowable mixes [9,14].   ܵܲܫ = 	 ܣ2ܸܵ ቈ 1ܸ௦ − 1(1 − ௢ܲ௙)቉ (1) 

Where IPS is the interparticle spacing, VSA is the calculated volume surface area per cubic 
centimetre of powder, Vs is the volume fraction fine solids (particles smaller than 125 µm), 
and Pof is the pore fraction assuming the densest packing of the fine particles. 

Likewise, MPT is the maximum paste thickness among adjacent aggregate particles greater 
than 125 μm [11,15,16]. ܶܲܯ =	 ௖ܣ2ܸܵ ቈ 1ܸ௦௖ − 1(1 − ௢ܲ௙௖)቉	 (2) 

Where MPT is the distance between aggregates, VSAc is the calculated volume surface 
area of aggregate (particles greater than 125 µm) fraction, Vsc is the volumetric aggregate 
solid fraction, and Pofc is the pore of aggregate fraction assuming the densest packing. 

Previous studies highlight that the greater the IPS and MPT, the higher the flowability of 
the mixes due to the decrease in friction amongst the particles for the same water content 
[7,12]. 
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3 EXPERIMENTAL PROGRAM 

3.1 Materials 
Three concrete mixtures containing the same slump flow (i.e. 615 mm) and with distinct 

cement contents (i.e., 54, 159 and 260 kg/m³) were designed and evaluated in the fresh and 
hardened states. The PC used in all mixes was a type HE “high early strength” from the 
Brazilian market (i.e. CPV-ARI), which is similar to ASTM C150 type III cement [17]. 
Moreover, the distinct concrete mixtures also contain two types of limestone fillers: 
performance fillers (composed of particles smaller than PC) and replacement fillers 
(composed of particles similar to PC). Natural sand, manufactured sand, and two types of 
limestone coarse aggregates were used with specific gravity of 2.64, 2.68, 2.67 g/cm3, 
respectively. In order to achieve the required slump flow, chemical admixtures were used (1% 
of the fines mass; i.e. particles < 125 μm), wherein ½ was a lignosulfonate-based mid-range 
plasticizer and ½ was a polycarboxylate-based superplasticizer. 

3.2 Concrete Mixtures 
Based on preliminary experimental works, ratios of 1/3 for coarse (i.e. coarse 1 to coarse 2) 

and 3/2 for fine (i.e. fine 1 to fine 2) were selected aiming to lower the friction among the 
particles. The mix-design of all tested mixes are shown in Table 1. The mixes were designated 
according to their cement content; i.e. mix C260 contains 260 kg/m3 of PC.  

 
Table 1: Mix-design of three low-CO2 concrete mixtures 

Mixture 
Name 

Cement 
(kg/m³) 

F.A. 
(kg/m³) 

C.A. 

(kg/m³) 

Filler 
(kg/m³)

Water 
(kg/m³)

W/C 

C54 54 833 1059 356 115 2.13 

C159 159 820 1041 244 133 0.84 

C260 260 810 1029 138 146 0.56 

 

3.3 Fabrication of samples and testing procedures 
Fifteen litres of the three distinct concrete mixtures were mixed and evaluated using a 

planetary rheometer. The fresh state analyzes were divided into two measurements: mixing 
energy and rheological behaviour. For the first test, the raw material was mixed and the 
maximum and final torques required to enable flow and the mixing energy of each mixture 
were determined. The second fresh state test was performed to appraise each concrete 
rheological behaviour and profile. The test protocol consisted of shear-controlled time-step 
cycles with acceleration and deceleration process. The shear rate increased until 1380 rpm and 
decreased at the same stepwise down to 35 rpm. It is important to note that the rotation speed 
was maintained constant for eight seconds in each step. Thus, several rheological parameters 
(i.e. viscosity, yield stress, and shear rate) were determined for each concrete mixture. 

Then, cylinders of 100 mm diameter x 200 mm long were fabricated from each mix to test 
concrete compressive strength at 14, 28, and 56 days, according to ASTM C 39 [18].  
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equal to 14.7 MPa at 28-days. While C159 – w/c = 0.83 and C260 – w/c = 0.56 reached 
compressive strength results of 44.9 and 72.4 MPa, respectively, at 28-days. 
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COMPRESSIVE STRENGTH ASSESSMENT 
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Abstract 
Paper presents a case study made during construction of  two high-rise buildings in Zagreb, 

the capital of Croatia. Concrete compressive strength assessment was determined by two 
different non-destructive test (NDT) methods (pull-out testing and schmidt hammer). Parallel 
with NDT concrete strength tests cube testing was also done.  

An analysis of the results obtained show a correlation between pull-out and schmidt 
hammer strength and concrete cubes strength at various ages. According to the results 
obtained, a comparison of different NDT methods for early age strength assessment was 
made. It is recommended that a pull-out testing method can  be successful used for early age 
determination of concrete compressive strength in structure. 
 

Keywords: concrete strength, non-destructive test methods, pull-out testing, schmidt hammer 
 

1. INTRODUCTION 

Compressive strength is a basic concrete property. Early age concrete compressive strength 
is determined mainly to achieve greater process efficiency and overall speed of construction. 
It is required that the concrete should have certain compressive strength necessary for striking 
of props and for pre-stressing; additionally, compressive strength is used to define the quality 
of the protective layer and assess durability properties. When concrete is placed in extreme 
winter temperatures, knowledge of an actual increase in compressive strength is of crucial 
importance. There are also different examples when it is important for accurate determination 
of  concrete compressive strength due to lack of technical documentation or in the case of 
doubt in actual concrete compressive strength. 

Early age concrete strength in a structure can be determined by testing control concrete 
specimens, i.e. cubes 150x150x150 mm or cylinders 150x300 mm, or by using non-
destructive (NDT) test methods. Testing of compressive strength on control specimens is 
performed using the same technique as is applied for the proof determination of the class of 
the compressive strength at 28 days according to standard HRN EN 12390-3. The main 
disadvantage of this test method is the fact that compressive strength is tested on the ideal 
shape of a specimen and consequently does not indicate actual compressive strength of the 
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Schmidt hammer testing is carried out on clean, plane and dry concrete surfaces. Estimated 
in-situ compressive strength is an average value of 12 test results. Concrete compressive 
strength obtained by schmidt hammer was computed from a schmidt hammer rebound index 
based on an expression obtained from previous tests.  

The results illustrated in Fig. 6 show the comparison between different methods for testing 
concrete compressive strength.  

 

Figure 6: Testing results of parallel determination of compressive strength using concrete 
cubes, pull-out Lok-test  and schmidt hammer on the floor slabs in the high-rise buildings 

 
It is well known that compressive strength in concrete structure is mostly because of curing 

condition approximately 15 % lower than concrete cube compressive strength. Results present 
in Fig. 6 show that pull-out Lok-test strength results are 21 %, 19 % and 18 % lower than 
concrete cubes compressive strength results at concrete age of 1-2 days, 3-7 days and 8-28 
days. Testing results from Fig. 6 show that schmidt hammer strengths are 69 %, 9 % and 5 % 
higher than concrete cubes compressive strength at the concrete age of 1-2 days, 3-7 days and 
8-28 days.  

Getting results show that pull-out Lok-test  method is much more accurate for determining 
concrete compressive strength than schmidt hammer method. Beside that, Lok-test pull-out 
method is a good indicator of actual compressive strength of the concrete in structure.  

Experience from these tests show that general producer correlation for the Lok-test  
defined by the manufacturer could be used for testing of concrete strength in structure. The 
pull-out Lok-test proved to be a very time saving testing method for estimating the concrete 
compressive strength gain in the structure. Knowledge of in-situ concrete compressive 
strength at an early age may in high-rise buildings affect the construction procedures by early 
striking of formwork and props. In this manner the contractor can directly contribute to 
construction process efficiency and potential savings in the work schedule. In the pull-out 
Lok-test, it is recommended that the number of inserts and location of tests should be well-
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planned whereby the type and importance of the structure should be taken into account since 
this affects the reliability of testing. 

4. CONCLUSIONS 

In this paper the results are presented of testing early age compressive strength carried out 
on the floor slabs in two high-rise buildings. Parallel testing with the pull-out Lok-test, 
schmidt hammer and 150 mm cubes in the laboratory was performed. On the basis of the test 
results obtained, the conclusions can be made as follows: 

-      Prior to starting in-situ testing with a pull-out Lok-test or schmidt hammer, correlation  
curves obtained from the manufacturer should be verified.  

− The reliability of testing can be influenced by planning the number and location of the 
tests carried out using the pull-out Lok-test and schmidt hammer method depending on 
the type and importance of the structure. 

− The results of concrete compressive strength estimation with the pull-out Lok-test are 
much more reliable than those obtained with the schmidt hammer.  

− Pull-out Lok-test method is a good indicator of actual compressive strength of the 
concrete in structure. 

− In building construction, early compressive strength can be estimated by using the non-
destructive test methods. In this way, early striking of props and formwork can 
contribute to faster and more economical construction.  
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Abstract 
Water ingress into porous materials has a considerable impact on their usage properties. 

Unfortunately, kinetics of water imbibition into complex porous networks, e.g. Portland 
cement or geopolymers, are extremely slow, thus precluding characterization of the pore 
network through usual equilibrium methods. This situation is particularly delicate in the case 
of geopolymer (GP) cements. They are reputed both mesoporous and macroporous, with a 
porosity on the order of 15%. It is currently unclear which part of the GP pore network drives 
fluid imbibition and transport, and hence, their durability. 

Useful understanding can be obtained by following the kinetics of spontaneous imbibition 
of a liquid drop on the surface of a porous material. From simple physical considerations, we 
show that when the motor for imbibition is capillary suction, imbibition speed is governed 
more by pore network geometry than by its whole pore size distribution. This allows a certain 
level of prediction as will be illustrated on a GP paste. Another originality of this contribution 
is to image the GP pore network at the nanoscale, by using 2D Scanning TEM (STEM) on 
thinned bulk paste. The two characteristic pore sizes of GP paste are identified and provide 
insights into pores driving fluid transport. 
 

Keywords: geopolymer, imbibition, pore structure, Scanning Transmission Electron 
Microscopy (STEM) 

 

1. INTRODUCTION 

Water ingress into porous materials has a considerable impact on their usage properties. It 
can lead to chemical degradation or fluid transfer detrimental to their durability, or to their 
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efficiency as barriers for contaminants. Unfortunately, the kinetics of water imbibition into 
complex porous networks, as can be found in Portland cement, geopolymers or natural 
claystones, are extremely slow [1–4], thus precluding the characterization of the pore network 
through usual equilibrium methods such as gas adsorption or differential vapor sorption. This 
is a major obstacle to the fundamental understanding of the mechanism of water ingress. This 
situation is particularly delicate in the case of geopolymer (GP) cements [5–7]. They are 
reputed mesoporous and macroporous materials, with two main pore sizes of between 5 and 
15 nm and around 2 microns, respectively [3,8–10]. Their porosity is significant, with values 
up to between 39-46%. It is currently unclear which part of the GP pore network drives fluid 
imbibition and transport, and hence their durability. 

A surprisingly high level of understanding can be obtained by simply following the 
kinetics of spontaneous imbibition of a liquid drop on the surface of a porous material. From 
simple physical considerations, we show in this contribution that when the motor for 
imbibition is capillary suction, the speed of imbibition is governed more by the geometry of 
the network (e.g. by its tortuosity) than by its whole pore size distribution. This allows a 
certain level of prediction as will be illustrated on a geopolymer made of pure metakaolin 
(MK). Aside from the water drop imbibition experiment, one originality of this contribution is 
to provide novel insights into the pore network of geopolymers at the nanoscale, by using 2D 
Scanning TEM (STEM) on thinned bulk paste samples. To our knowledge, the only existing 
imaging data on geopolymer pastes at the nanoscale use 2D full frame bright field TEM 
[9,10], which tends to damage samples more easily than STEM, due to strong beam 
interactions. 

2. MATERIALS AND METHODS 

2.1 Materials 
Table 1: X-ray fluorescence results for MK commercial metakaolin 

Oxide name MK1 (%mass) MK1 (%mol) 

SiO2 58.4 71.2 

Al2O3 33.6 24.1 

Fe2O3 2.2 1.0 

K2O 1.3 1.0 

TiO2 2.89 2.7 
 

A GP paste is made at a stoichiometry of (1 Al2O3 . 3.6 SiO2 . 1 Na2O . 12 H2O), with a 
metakaolin (MK) powder Argical M-1000 (AGS Minerals, France, of nominal chemical 
formula 2SiO2·Al2O3). The MK powder is alkali-activated with a Betol 52T sodium silicate 
solution provided by Wöllner (Germany). Table 1 provides X-Ray fluorescence results for the 
MK powder. The chemical composition of Betol 52T is 2.12 SiO2·Na2O·12.9 H2O. 

Specific preparation protocols are followed to generate the GP samples. The paste 
preparation consists of two steps. Firstly, stoichiometric amounts of raw materials - Milli-Q 
water, NaOH pellets and sodium silicate solution- are mixed for 1 h. After obtaining a 
homogenous solution, the required amount of MK to reach the targeted geopolymer 
composition is added gradually while mixing manually. The homogenous geopolymer slurry 
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reference, the evaporation rate is quantified by dropping liquid on impermeable silicon 
wafers. Hence, the imbibition volume can be expressed as: 

 
( ) ( ) imb droplet initial droplet evapoV t V V t V= − −  (1) 

 
As a complementary experiment, dynamic water sorption (DVS) is carried out in VTI-SA+ 

Vapor Sorption Analyzer (TA Instruments) at room temperature. Only one step in RH change 
is probed, from RH = 43% to RH = 53%. This aims at estimating the necessary time to reach 
equilibrium, and thus determining the Fickian diffusivity of water vapor within the pore 
structure. A geopolymer sample cured for 10 days and dried at room temperature is prepared 
in the form of a cube of side length of 2 mm. The DVS software is programmed to stay at 
43% RH for 1 h and then to switch to 53% RH. The measurement criterion dm/dt is selected 
as 0.0001 % min-1. 

2.3 2D Scanning Transmission Electron Microscopy (STEM) 
STEM (Scanning Transmission Electron Microscopy) is performed on a Tecnai G2 20 

apparatus (FEI, now Thermo Fisher Scientific, NH, USA), at 200kV acceleration voltage. 
Imaging is performed on the MK powder, simply deposited on the sample holder surface after 
cryo-slicing. The lyophilized GP paste is and thinned down manually down to about 300 
microns, and finished by ion thinning on a Duomill Gatan (CA, USA) apparatus operated 
under liquid nitrogen with a cold stage sample holder. The final GP sample thickness is below 
100nm to achieve electron transparency. Image analysis (cropping, binarization) is performed 
with the Image J software (by W. Rasband, NIH and LOCI, University of Wisconsin, USA). 

3. RESULTS AND DISCUSSION 

3.1 Water imbibition 
According to Lucas-Washburn model of capillary suction, water imbibition can be 

modelled according to [12]: 
 

22

( )

2
imb

W i
g

V t
R t G v t

S

σ
τ η
φ 

= =  
 

 (2) 

 
where Sg is the surface of the water drop, RW is an effective pore radius, Φ is the pore 

volume fraction, τ tortuosity or retardation factor, σ surface tension and η viscosity. This 
allows to define a dimensionless geometrical factor G for the porous solid, and a characteristic 
imbibition speed vi for the fluid. The surface tension and viscosity being known, geometrical 
factor G are obtained from the imbibed volume at each time step (Figure 2). This analysis is 
validated by the expected fact that geometrical factor G does not vary with time. Furthermore, 
replacing water by dodecane, which is an imbibition liquid of different surface tension and 
viscosity than water, did not significantly affect the results. 
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MEASURING RATE EFFECTS ON INTERNAL DAMAGE AND 
FRACTURE OF ULTRA HIGH-PERFORMANCE CONCRETE 

Yi Peng (1), Dmitry Loshkov (1) and Eric N. Landis (1) 

(1) Advanced Structures and Composites Center, University of Maine, USA 

 

 

 

Abstract 
Ultra-high-performance concrete (UHPC), with appropriate fiber reinforcement, is proving 

to be a versatile material for applications in which the added cost can provide much needed 
benefits. Adding sufficient quantities of ductile fibers into a brittle matrix such as concrete has 
long been known to transform a brittle material to a relatively ductile one. That transformation 
is made possible by a number of well-known toughening mechanisms including, fiber-matrix 
debonding and pull-out, additional matrix cracking, as well as fiber bending and fracture. In 
this project, UHPC specimens were loaded in a split-cylinder configuration. Prior to loading, 
all specimens were scanned using x-ray computed tomography (CT) so that fiber alignment, 
as well as other internal features could be mapped. Specimens were then subjected to either 
quasi-static loading or drop-weight impact loading. Post-test CT scans were conducted so that 
internal cracking and damage could be measured along with any other changes in internal 
structure. The experimental results show the effect on loading rate and the corresponding 
shifts in energy dissipation mechanisms. 
 

Keywords: Ultra high-performance concrete, fracture, impact 

 

1. INTRODUCTION 

Fiber reinforced cementitious composites have long been known to have added ductility 
and toughness compared to traditional portland cement concrete. The fibers effectively 
provide energy dissipation, or toughening mechanisms that are not available to the 
unreinforced counterparts. These mechanisms include not only the pullout and stretching of 
the fibers, but the additional matrix cracking that result from the fibers bridging cracks. 

While these toughening mechanisms have been qualitatively well know for many years, 
quantitative analysis has been limited. Previous work has focused on measuring the relative 
contributions of the different toughening mechanisms to the overall energy absorption 
capacity of the material in both bending [1] and split cylinder [2]. In the prior work, all 
loading was done under quasi-static conditions. In the work presented here, we extend our 
analysis to specimens tested under impact conditions as well. The specific objective is to 
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examine differences in how the material dissipates energy under impact versus quasi-static 
loading. The hypothesis to be tested is that there is a shift in internal toughening from a fiber 
pullout dominated mechanism under the quasi-static loading, to a matrix cracking dominated 
mechanism under impact loading. 

2. MATERIALS 

Materials used for this study were developed by the US Army Corps of Engineer Research 
and Development Center (ERDC). Table 1 shows the mixing proportion by weight [3]. Two 
types of reinforcing steel fibers were used: one is hooked end Dramix (ZP 305) steel fiber 
with 30 mm length and 0.55 mm diameter; the other is straight brass-coated steel fiber with 
12 mm length and 0.20 mm diameter. Specimens with hooked end fibers, with brass coated 
fibered, and without reinforcing fibers are called Z specimens, B specimens, and U 
specimens, respectively. Twelve cylinders were cast, including five hooked end fiber 
reinforced, five brass coated fiber reinforced, and two unreinforced. The cylinders were 
nominally 50 mm diameter and 100 mm length. 
 
Table 1: Mix proportions for UHPC cylinders 

Materials Proportion by Weight 
Cement 1.00 
Sand 0.97 
Silica Flour 0.28 
Silica Fume 0.39 
Superplasticizer 0.018 
Water 0.21 

 
Prior to any mechanical testing, cylinders were scanned using x-ray Computed 

Tomography (CT) to measure internal structure. Specifically, the CT images were analyzed to 
measure fiber alignment, which has been shown to be critical to specimen performance [4] 
[5]. 3D renderings of CT data is shown in Fig. 1. Each cylinder was then cut into two 
specimens, each 43 mm in length. Both the top and bottom of the cylinder were trimmed off 
to eliminate boundary effects due to casting. The CT images were also cropped so that they 
consisted of only the volumes in the 43-mm long specimens. 

For each shortened reinforced specimen, fiber orientation analysis was used to evaluate the 
optimum and pessimum orientation for the particular loading condition. The optimum and 
pessimum orientations represent the position in which the fibers will have the maximum and 
minimum resistance to tensile stresses [2]. If the fibers orientations were perfectly random, 
there would be no difference between optimum and pessimum orientation, but since real 
specimens tend to have a slight preferential alignment, the optimum and pessimum can be 
used to bound the effects of fiber alignment.  
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Prior to testing a random speckle pattern was applied to one side of the specimen to 
facilitate DIC full field strain measurements. 

The test was conducted on an Instron frame with maximum capacity of 55 kip (245 kN). 
The testing was program through WaveMatrix platform. The test used position control at 
loading rate of 0.01 mm/s, load until 10% reduction from peak load, then unload with rate of 
0.03 mm/s. The test was terminated once the specimen was no longer in contact with loading 
plate. All specimens were under loading for approximately 3 minutes with designed loading 
and unloading rates, which minimized the creep effects.  

3.2 Drop-weight impact test 
All impact testing was performed with an Instron CEAST 9350 drop-weight impact 

system, and CEAST DAS 64 K data acquisition system. Total of seven cylinders (14 
specimens) were tested. Among these cylinders, three were reinforced with Z fibers, three 
with brass coated fibers. One cylinder without reinforcement was also tested.  

Test parameters and configuration of impact system includes: a two-inch diameter flat face 
tup insert, where tup mass of 1.4 kg with additional mass of 2.0 kg, and along with tup 
nominal mass of 1.29 kg, for a total of 4.49 kg impact mass was used. Pretrigger was set to 
500, with data collection frequency of 4000 kHz, and total data point limit of 12000 which is 
3 micro seconds. Automatic offset points of 100, with a trigger type of rise global. Input 
energy varied among specimens, and the test matrix is summarized in Table 2.  

The testing setup includes a custom-made steel plate with angles covered by rubber as 
shown in Fig. 3. The rubber padded angle provides guidance for each specimen to be place at 
the right location for loading and also to prevent specimen form moving before loading. Clear 
tape was used to prevent specimen from bouncing off the loading plate after impact.  

 

   

Figure 3: Overall and details of impact test setup.  
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It should be noted that the results shown in Table 3 reflect to a certain degree, the degree of 
fiber randomness. In both the B and Z specimen series, one specimen optimum/pessimum pair 
had very similar energy dissipation, and one specimen pair had very different energy 
dissipation. For the specimens in which the optimum and pessimum are very similar, the 
fibers are more randomly oriented, while for the specimens in which the optimum and 
pessimum are very different, the fibers are more aligned. 

The net energy results from the quasi-static loading were used in part to inform the choice 
of impact energy for the drop weight testing. As displayed in Table 2, specimens were loaded 
with three different impact forces sufficient to bound the net energy dissipation of the quasi-
static tests. However, it should be noted that not all of the impact energy is dissipated by the 
specimen. The estimated absorbed energy values were determined from recorded impact force 
data. In this analysis, energy values were calculated as the area under force curve in force vs 
deformation graph, and the dissipated energy also considered the deformation velocity and 
force at a given time. As the striker tip bounces off the specimen, the velocity is in the 
upwards (negative) direction, which can be understood as the recovery of elastic deformation. 
The permanent deformation or the damage of the specimen represents the results of absorbed 
energy during the impact event. Table 4 illustrates the difference between the energy of the 
impact and the energy absorbed by the specimen. 

 
Table 4: Estimated absorbed energy 

Specimen Type 
Input 

Energy 
(J) 

Absorbed 
Energy (J) 

Input 
Energy 

(J) 

Absorbed 
Energy (J) 

Input 
Energy 

(J) 

Absorbed 
Energy (J) 

Z 
fiber 

Optimum 
35 

31 
50 

45 
60 

53 
Pessimum 31 44 54 

B 
fiber 

Optimum 
35 

31 
50 

43 
60 

51 
Pessimum 31 44 51 

Unreinforced 15 15 15 14   
 
All tested specimens, whether quasi-static or impact, were re-scanned with the x-ray CT 

system to evaluate internal damage. Example results for two B series specimens are shown in 
Figs. 5 and 6. The images in these figures are cross sectional slices taken through both a 
specimen loaded quasi-statically (Fig. 5) and impact (Fig. 6). The images are oriented such 
that the split cylinder loading is along a vertical axis at the center of the specimens.  Of 
particular interest here is that both specimens dissipated nominally the same energy, around 
30 J.  However, the internal damage is quite different. 

In the quasi-static specimen, (Fig. 5), a major crack is clearly visible in the cross section, 
with several branches at both the top and the bottom. Whereas in the impact specimen, (Fig. 
6), there is only a faint hairline crack visible in the image. This indicates differences in 
internal energy dissipation since both specimens absorbed the same energy. An initial 
qualitative conclusion is that there must be a shift in internal energy dissipation between the 
quasi-static and the impact loading. If this is indeed the case, we could accept the hypothesis 
presented in section 1.  
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The shift in internal energy dissipation is most likely as follows.  In the quasi-static tests, 
the deformation process is slow enough so that beyond matrix cracking, the specimen can 
mobilize the additional energy dissipation of fiber pullout, which requires larger crack 
openings to be significant. In the impact tests, the specimen is not able to deform as quickly, 
and as a result, crack openings are smaller and fiber pullout less significant. However, in 
order for the specimen to actually dissipate the energy, we must assume that there are many 
more smaller cracks that unfortunately are below the resolution of the CT instrument. 

5. CONCLUSIONS 

The work presented here demonstrates a qualitative shift in the internal energy dissipation 
mechanisms for specimens subjected to different loading rates. From x-ray CT scans of 
undamaged and damaged specimens, it is clear that quasi-static load rates produce larger, 
more highly visible cracks, while a higher loading rate produces smaller crack sizes. Such a 
shift suggests that fiber pullout contributes more to internal energy dissipation in the former 
than it does in the latter. While this conclusion is based only on qualitative assessment, 
current work is underway to emply 3D digital volume correlation (DVC) to measure residual 
deformations in the CT images as a way to potentially identify cracks that are below the 
resolution of the instrument. 
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Abstract 
The aggregates roughness increases the fracture energy in the interfacial cement paste-

aggregate region of concrete. However, it reduces workability of concrete, due to high 
internal friction of particles on the cement paste. Although a relevant parameter, most 
techniques evaluate roughness qualitatively, or it is not performed in a multi-scale analysis. 
Therefore, in this paper, we aimed to evaluate the roughness of natural coarse aggregates 
(granite and quartzite) quantitatively. Internal microstructure images of the aggregates were 
also used to support roughness results analyzes. Surface indexes of the natural aggregates 
presented significant variation, even when measured in just one particle. The indexes of the 
two aggregate types were not statistically different; however, granite particles presented 
slightly variable results, due to heterogeneous microstructure. Aggregate particles with high 
surface indexes presented a wider range of crystals sizes and types on the microstructure 
whereas aggregate particles with low surface indexes were more homogeneous in both 
microstructural aspects. The natural aggregates roughness seems to be related with its 
microstructure. 

Keywords: roughness, interferometry, coarse aggregates, microstructure. 

 

1. INTRODUCTION 

The roughness of aggregates enhances the bonding forces in the interfacial transition zone 
(ITZ) between the cement paste and the aggregate, resulting in a higher fracture energy 
composite [1–4]. On the other hand, rough aggregates create more friction between particles, 
increasing concrete viscosity and reducing workability [1,5,6]. The increase on water demand 
(or additive consumption) is necessary to ensure similar workability of concrete. There is no 
consensus on which factor (positive or negative) prevails in the performance of the 
cementitious materials. 

The geometric property that describes the aggregate surface texture is the roughness [1]. 
Many factors influence of the surface roughness of aggregates, such as the crushing process 
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(compression, impact, shear, etc.) [1,7], the hardness of the parent rock and its internal 
microstructure.  

Surface roughness evaluation can be carried out by qualitative or quantitative methods 
[8,9]. Qualitative methods define roughness by visual and tactile observation of the surface 
[5,10,11]; those results are not numerical and strongly affected by the practitioner. 
Quantitative methods measure surface features such as height, spacing, and position of peaks, 
valleys, craters, grooves, and steps, at millimeter-micrometric and even nanometric scales 
[8,12]. Data obtained by 3D techniques seems to be more representative than those obtained 
by a 1D (profilometry) or 2D (image) techniques [13]. 

Most quantitative techniques employed in aggregates have several limitations. Stylus 
profilometry, the classic one-dimensional method, is strongly affected by tip size, pace and 
surface irregularities [12]. Various published results on aggregate roughness used this 
technique [3,14,15]. The University of Illinois Aggregate Image Analyzer (UIAIA) [16] and 
Aggregate Imaging System (AIMS) [17] methods can be considered the most comprehensive 
ones, even though they have limitations on the scale (due to the camera resolution). Those 
methods quantify roughness and this information is simultaneously considered in shape and 
angularity analyses of the particles. This makes hard to separate the specific contribution of 
each one of these parameters [3,18]. 

In this context, the laser interferometry is a suitable alternative technique since it provides 
3D data and determines roughness by a multi-scale analysis (from nm to µm). So, the 
roughness parameter can be separated according to the scale, in macro (mm), micro (µm) and 
even nano-roughness (nm). In the interferometry technique, a light beam is pointed to a 
surface that reflects in a specular way, when this surface is smooth, or, in a diffused way 
appearing as fringes through the camera lens, when the surface is rough. The camera captures 
these fringes and generates surface characterization data [19]. However, this technique can be 
only applied to reflective surfaces. 

This paper aims to evaluate quantitatively the roughness of two types of coarse natural 
aggregates (granite and quartzite), using the interferometry technique. The technique 
generates 3D surfaces of the particles. These results were compared to the particle parent rock 
internal microstructure; thus, allowing us a better understanding of how both parameters are 
associated. 

2. MATERIALS AND METHODS 

2.1 Coarse aggregates types  
Two types of natural aggregates were studied, a granite and quartzite-type, collected at the 

metropolitan region of São Paulo. Granite is the most used aggregate type in Brazil (85%) 
[20]. Granite is an igneous rock, composed mainly of quartz, feldspar, and mica. Quartzite, 
although less used gives useful information about how quartz microstructure can influence 
roughness. Quartzite is a metamorphic rock that contains interlocked quartz crystals, obtained 
from the recrystallization of sandstone. Both aggregates were crushed by jaw or rotary 
crushers, both through a compression mechanism. So, the crushing process is not a relevant 
factor for analysis in this work. Samples were collected and their mass reduced 
representatively using proper quartering technique [21]. 
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2.3 Microscopic image analysis  
A proof-of-concept test was performed to verify if roughness results had any correlation 

with the internal microstructure of the aggregates; those observed by microscope. Two 
particles of each aggregate type were selected: the highest and lowest SI results. The particles 
had a thin surface layer (1-2 mm) cut off by a diamond blade. The internal surface was 
embedded in resin and finally polished. The polished surface was then visualized in a Carl-
Zeiss Axioplan 2 electronic microscope, with 5x objective, 1x zoom, 0.5x camera adapter, 
resulting in a 2.5x total magnification and 0.88 µm/px resolution. A filter that enhances the 
contrast of the images was used in the microscope to improve the visualization of the 
microstructure. Several superimposed images were captured, then automatically combined to 
form images of 5x5 mm. These images were visually compared to the surface roughness 
results to check if exists any correlation between the surface parameters and the internal 
microstructure of the aggregates. 

3. PRELIMINARY RESULTS AND DISCUSSION 

3.1 Roughness variability of aggregates types 
The roughness of each aggregate particle (average – middle bar, and its standard variation - 

top and bottom bars) was measured in four randomly selected areas located at the surface. 
Results of eight arbitrarily selected particles of each aggregate type are also shown in Figure 2 
and Figure 3. The average surface indexes for granite and quartzite particles were 1.57 ± 0.19 
and 1.61 ± 0.20, respectively.  

   

Figure 2: Variability of the surface index – mm²/mm² of 8 random quartzite particles. 
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Figure 3: Variability of the surface index – mm²/mm² of 8 random granite particles. 

All distributions fitted to Gaussian distributions (with a significance level of 5%). Neither the 
aggregate type nor the specific particle presented statistical differences between them 
according to the two-way ANOVA test (with a significance level of 5%). Roughness results 
for granite or quartzite coarse aggregates can be considered roughly the same. 

3.2 Mineral influence on the roughness  
Figure 4 shows the overall comparison of the surface index for both aggregates. Typical 

surface indexes from other products (glass, ceramic, concrete, roughcast concrete) were added 
in the chart. A Grubb’s test was performed to identify the outliers (cross-line icon). These 
outliers were deep valleys or peaks that significantly increase the surface index (SI). The 
average surface indexes of granite and quartzite were rather similar, 1.54 ± 0.15 and 1.57 ± 
0.13, respectively. Granite presented a high standard deviation. Both surface index results are 
in the range of ceramic materials and smooth concrete (as reference).  

 

Figure 4: Roughness of four points at the surface in each of the 8 particles of aggregate types. 

A visual inspection could somehow explain the variability of the results. Quartzite is 
mainly formed by small-size quartz grains; thus, it is expected to have less variable surface 
roughness. Granite is composed of different crystalline phases, with large grains visible at 
naked eye. Surfaces characteristics are more variable, with large plots of crusted quartz 
(Figure 5). 
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particles had greater homogeneity in both microstructural parameters. The metamorphism 
level seems to be a determining factor to enhance the SI of quartzite aggregates.  

Thus, the roughness of natural aggregates seems to be related to the multi-crystallinity of 
the phases inside the particle, needing a more comprehensive investigation to better explain 
the high variability of this parameter. 
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Abstract 
The control of the aggregates strength is a relevant factor to ensure the structural 

performance of middle-high strength concretes (> 50 MPa). The scarcity of aggregates near 
metropolitan regions has been leading to a decrease of aggregates quality, supporting the need 
for this kind of control. The strength of single irregular particles of aggregates can be obtained 
by the Point Load Test (PLT) method; despite its relevance, there is no similar standardized 
method for civil construction aggregates. This paper uses an adaption of the PLT method, 
described in the ASTM D 5731 standard, to investigate the strength of granite aggregates 
collected in the Metropolitan Region of Sao Paulo from two different places: a construction 
material store (G-CMS) and a concrete plant (G-CP). The variability of the strength among 
aggregates from both places was discussed based on the Weibull probabilistic analysis. The 
preliminary results showed differences between both types of granite. G-CMS aggregates, 
which present less control in terms of quality, showed higher tensile strength variability and 
presented 10% of the population of particles with tensile strength lower than 5 MPa. This 
might be a limiting factor to concrete with strength higher than 50 MPa. 
 

Keywords: tensile strength, coarse aggregates, point load test, Weibull distribution. 

 

1. INTRODUCTION 

Coarse aggregates represent approximately 45 percent of the concrete volume and 
influence several of its mechanical properties [1,2]. Regarding concrete structural 
performance, aggregates may be a limiting factor for their mechanical strength, especially in 
concrete with compressive strength higher than 50 MPa [3,4]. When the strength of the 
aggregate is attained, the increase in the cement consumption of the paste (and reduction of 
the water/cement ratio) does not imply gains in the compressive strength of concrete [5], 
which leads to side effects in its technical and environmental performance. There is some 
evidence that the lack of control of the mechanical properties of the aggregates may also 
result in an increase in the variability of the concrete strength [6]. 
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Natural aggregates originate from rock crushing. In the last decades, the intensive use of 
aggregates close to the metropolitan regions has resulted in shortage and reduction of supply 
[7], promoting the use of more porous or weathered rocks [8], compromising the quality of 
the aggregates. In several regions of the world, it is possible to observe the depletion of coarse 
aggregates deposits, as in the Netherlands[9], France (Paris) [7], Belgium, Switzerland and 
Denmark [10]. 

Currently, the methods that are commonly used to characterize natural coarse aggregates 
have limited applications. Existing tests applied directly in particles of aggregates, such as 
crushing value test (BS 812-111:1990 [11]) and ten percent fines value test (EN 1097-2:2010 
[12]), only provide indirect information on how strong the material can be. The ASTM 2938-
95:2002 [13] is another existing standard, where the mechanical characterization of the 
aggregates is performed by the mean results of the axial compression tests of its parent rock. 
This test is expensive, time-consuming, and can be applied only in a few samples. 
Furthermore, it cannot fulfill the quality control role and does not allow the variability of the 
properties between particles of aggregates to be well-known. 

The distribution of size, volume, shape, and orientation of flaws vary within brittle 
material, such as particles of aggregates [1], and even if they are of identical sizes, their 
strength results are quite variable [14,15]. Therefore, to determine these mechanical properties 
with reliability it is not enough to present only the average value obtained experimentally, but 
it is essential to consider the dispersion of the results through a probabilistic function. The 
best way to directly obtain mechanical properties of aggregates may be by testing individual 
particles [16] and displaying the variability of the results using probabilistic statistical 
distributions. 

Although there is no standard or direct method to determine the mechanical properties of 
aggregates, there is a standard procedure currently used to estimate the point load strength 
index of irregular rocks fragment(ASTM D 5731: 2016 [17]), such as aggregates. This 
standard has been used in the areas of mining, oil and specific civil engineering fields, such as 
quality control of rail ballast aggregates [18,19]. Moreover, it is based on the point load test 
method (PLT), which uses two semi-spherical ends of tungsten carbide (radius=5 mm) to 
apply a compressive load on a rock sample with an external diameter between 30-85 mm. In 
this method, only specific rupture types are considered valid [17,20]. 

In the present work, the strength of natural coarse aggregates particles of Brazilian granites 
collected from two different places (construction material store and a concrete plant) are 
investigated using an own mechanical testing apparatus (developed based on the PLT method 
described in the ASTM D 5731). The variability of the strength between the aggregates of the 
two places is discussed based on the Weibull model. 

2. MATERIALS AND METHODS 

3kg of natural coarse granite aggregates were collected from two different places in the 
Metropolitan Region of Sao Paulo. The selected places were a concrete plant (G-CP) and a 
construction material store (G-CMS). The aggregates were collected from different points of 
the stockpiles trying to maintain, somehow, its representativeness. It is worth mentioning that 
during concrete production, aggregates are collected from the stockpiles without any concerns 
about strength variability. The correct size fraction interval of the material is the only 
condition considered.  



Intern

 

Each
mesh ap
53 [21])
Howeve
CP (0.4

The 
in Figur
both ag
presente
and bio
related t
of a hig
more po

Figur
alb

The 
sample 
ASTM D
double-
mm / m

For t
(d=14m
provide
Figure 
compres

Thes
referenc
particles

national Co
Nov

h aggregate 
perture siev
) of G-CP a
er, the aver
4% and 0.2
G-CP and G
re 1 (carrie
gregates ha
ed peaks of
tite). Howe
to the phase

gher quantit
orous than t

re 1: X-ray d
ite - A, orth

mechanica
(G-CP and 
D 5731: 20
column ele

min deformat
the load ap

mm) was cou
 a better pl
2-c. As th
ssed provid

se adaptatio
ce material 
s was obtain

onference on
vel Methods

sample was
ve and abov
and G-CMS
age water a

29%, respect
G-CMS agg
ed out in th
ave the sam
f quartz, fel
ever, G-CM
e of mica w
ty of mica m
the G-CP.  

diffraction p
hoclase - O, 

l test was 
G-CMS). T

016 standar
ctronic univ
tion rate, Fi
pplication, a
upled to the
lacement of
he compres
ding a contac
ons in the 

[22]. As a
ned. 

n Sustainabl
 for Charac
20-22 Marc

s sieved to o
ve 9.5 mm (
S were quit
absorption o
tively).  
gregates are
he Philips X
me mineralog

ldspar (albi
MS aggregate
which derive
may allow c

patterns of G
biotite - B,

applied to 
The test app
rd [17]. Th
versal test m
igure 2-a.  
a device w
e load cell,
f the sample
sive load w
ct between 
experimen

a result of 

le Materials
cterization o
ch 2019 – R

161 

obtain the g
(-25.0+9.5 m
te similar (2
of G-CMS 

e originated 
XPERT-MP
gical compo
ite and orth
es presente

es from wea
considering

G-CP and G
, muscovite 

50 particl
paratus was
he mechani
machine (m

with two sem
Figure 2-b

e and both 
was applied
the sample 

ntal conditi
this test, t

s, Systems a
of Materials
Rovinj, Croa

granulometr
mm). The a
2.70 g/cm³ 
was higher 

from an ig
D Goniome
osition. Bas

hoclase) and
d higher pe

athered felds
g that G-CM

G-CMS agg
- M and ph

es randoml
 developed 
cal test wa

model 5569)

mi-spherica
. Rings of s
had a great
d during th
and the bot
ons were 

the breakag

and Structur
s and Struct
atia 

ric fraction 
average valu
and 2.72 g
(NM 53 [2

neous rock.
eter=PW305
sically, the 
d mica (phl
eaks intensi
spar. Theref

MS particles

gregates. Pea
hlogopite – P

ly selected 
based on th

as carried 
 with 50 KN

al endings o
sponge and 
ter diameter
he test, the
ttom semi-sp
tested and 

ge force (Fb

res (SMSS 
tures 

below the 2
ues of dens

g/cm³, respe
21]) than th

. The XRD 
50/60) show
diffraction 

logopite, m
ities that are
fore, this es
s are weathe

aks of quart
P are observ

from each
he PLT met
out in the

KN load cell

of tungsten
d brass were
r than the p
e sponge r
phere.  
validated 

b) of the a

2019) 

 

25.0 mm 
sity (NM 
ectively). 
hat of G-

patterns 
wed that 
patterns 

muscovite 
e mostly 
stimation 
ered and 

 

tz - Q, 
ved. 

h granite 
thod and 
 Instron 
l and 0.2 

n carbide 
e used to 
particles, 
ring was 

using a 
ggregate 



Intern

 

Figur
mach

2.1. D
The 

develop
tensions
the part
which a
strength
concent
accordin

σt=
0.9 F

D2

Broo
the equi
circle th
between
to deter
referenc

σt=
Fb

De
2 

De=ඨ4A

π

2.2. W
It is 

distribu
orientat

national Co
Nov

re 2: (a) Te
hine (model

Determinat
determinat

ped by Hira
s formed in 
ticle shape.
an element 
h of the pa
trated comp
ng to equati

Fb
2  

ok [20] and 
ivalent diam
hat has the 
n the point l
rmine the te
ce material t

Ac

π
 

Weibull sta
reasonable

utions since 
tion of crac

onference on
vel Methods

st apparatus
l 5569) with

(d=14m

tion of the 
tion of the
amatsu and
the particle

. Based on 
is submitte

articles (σ୲)
pressive br
ion (1). 

ASTM 573
meter (De - E

same mini
loads, in mm
ensile stren
this approac

atistical ana
e to repres
the strength

cks inside t

n Sustainabl
 for Charac
20-22 Marc

s set-up in t
h 50 KN loa

mm) and (c)

Strength 
e tensile str
d Oka [23].
es around of

this, they 
ed (through 
) does not 
reakage for

31:2008 [17
Equation (3
imal transv
m2) of the ir

ngth in MPa
ch provided

alyses 
sent the str
h values are
the particle

le Materials
cterization o
ch 2019 – R

162 

the Instron d
ad cell, (b) s
the placeme

trength by 
. They prov
f the axis of
carried out
polar coor
depend on

rce (Fb) an

7] proposed
)) of the pa

versal sectio
rregular par
a of the agg
d more accu

rength vari
e influenced

e [24]. It ha

s, Systems a
of Materials
Rovinj, Croa

double-colu
semi-spheric
ent particles

the princip
ved by pho
f the point lo
t a mathem
rdinates). Th
n the shape
nd the dist

d another eq
article. This 
on area (Ac

rticle. In thi
gregates pa

urate results 

iability of 
d by the var
as been the

and Structur
s and Struct
atia 

umn electron
cal tungsten
s details. 

ple of the 
oto-elasticit
oad are sim

matical anal
hey conclud
e of the pa
tance betw

quation (2) 
diameter is
- minimum

s work, this
articles, sinc

[22]. 

brittle part
riance, distr
eoretically a

res (SMSS 
tures 

nic universa
n carbide en

PLT meth
ty analysis 

milar, indepe
lysis of the

uded that th
articles, but

ween the lo

taking into 
s represente
m width × 
s equation w
ce the test 

ticles by s
ribution, sh
and experim

2019) 

 

al test 
ndings 

hod was 
that the 

endent of 
e tension 
e tensile 
t on the 
oad (D), 

(1)

account 
ed by the 
distance 

was used 
with the 

(2)

(3)

tatistical 
hape, and 
mentally 



Intern

 

verified
distribu

Weib
function
volume 
survival
expresse
variable
using lo
(5). 

PsሺV0ሻ	
ln ൤ln ൬

P

To ca
tensile s
and the 

Ps=1 - (

Ps su
N tot

The W
a functi
the scal
results 
(F=1- P
probabi

3. P

Figur
endings
accordin

The 
be seen
3.0, resp

national Co
Nov

d that the W
utions of brit
bull distribu
n describes 

specimen 
l probabilit
es the vari
e the streng
og functions

=	exp ቈ-ቆ σ
σt

1

Ps
൰൨= m ൣln

alculate the
strength of 
survival pro

(
n

N+1
) 

urvival proba
tal number 

Weibull par
ion of ln σt.
le factor (σ
and the ma

Ps) were an
lity versus t

PRELIMIN

re 3 present
s (diameter 
ng to ASTM

F

Weibull lin
n in Table 1
pectively. T

onference on
vel Methods

Weibull distr
ttle material
ution funct
the probab

(Vo), at one
ty of 0.37 (
iability (dis
gth of the m
s. The surv

σt

t,0
ቇm቉ 

nሺσtሻ - ln൫σt,

e parameters
50 particle

obability of

ability 
of samples 

rameters we
. The Weibu
σt,0) as the v
ain Weibul
nalyzed. Th
tensile stren

NARY RES

ts the partic
14 mm). 

M D 5731: 2

Figure 3: Pa

nearized equ
1, the Weibu
These values

n Sustainabl
 for Charac
20-22 Marc

ibution can
ls [25–27]. 
tion can be
bility of the
e given stre
(37%) is us
spersion) of
material is. 
ival probab

,0൯൧ 
s of Weibul
es, from eac
f the particle

ere directly 
ull modulus
value of σt

ll parameter
he discrete 
ngth curve w

SULTS 

cles of aggr
Most of th

2016 [17] an

articles of ag

uations for 
ull modulus
s show high

le Materials
cterization o
ch 2019 – R

163 

n be used to
 
e represent
e survival (
ength (σt) a
sed. The va
f the mater
This functi

bilities of th

ll probabilis
ch selected 
es was calcu

n th
or

obtained b
s (m) was e
when ln{ln
rs for the 
histograms

were also pl

regates after
he samples
nd Brook [2

ggregates a

the strength
s of the agg

her strength 

s, Systems a
of Materials
Rovinj, Croa

describe th

ted by Equ
(Ps), or of t
and σt,0 is th
ariable m i
rial strength
ion can be 

he particles 

stic distribu
place, wer

ulated by E

he position o
rder of the s

y fitting a s
established 
n[1/(Ps)]}=0
strength at 
s of the te
lotted. 

r the mecha
s (80%) we
20], which i

fter the mec

h results are
gregates G-
variability 

and Structur
s and Struct
atia 

he tensile str

uation (4) [
the failure (
he characte
s the Weib
h. The low
transforme
can be exp

tion functio
re arranged 
quation (6) 

of the samp
strength) 

straight line 
from the sl

0. The linea
different f

nsile streng

anical test w
ere broken 
s a valid typ

chanical tes

e shown in 
-CMS and G
of the G-CM

res (SMSS 
tures 

trength prob

[19,25,28–3
(F=1-Ps) of

eristic streng
bull modulu
wer m is, th
ed into a lin
pressed by E

ons, the resu
in ascendin
[25]. 

ple (in ascen

 to ln{ln[1/
lope of the 
ar regressio
failure prob
gth and the

with the sem
in two pl

pe of ruptur

st. 

Figure 4-a
G-CP were
MS aggrega

2019) 

 

babilistic 

30]. The 
f a fixed 
gth. The 

us and it 
he more 
near one 
Equation 

(4) 

(5) 

ult of the 
ng order 

(6) 

nding 

(Ps)]} as 
plot and 

on fitting 
babilities 
e failure 

mi-sphere 
lans and 
re. 

. As can 
 4.3 and 
ates than 



Intern

 

the G-C
16.6 MP
(16.7 M
G-CMS

The 
aggrega
small-sc
likely to

From
and sam
differen
the volu
particles
that the
concrete

Figure
G-PC

 
 
 
 

national Co
Nov

CP. As show
Pa while the

MPa). 10% o
S aggregates

major disp
ates were alr
cale civil c
o present mo
m these resu
me type of
nt strength. 
ume of con
s with comp
e aggregate
es higher th

e 4: (a) Line
C, tensile str

onference on
vel Methods

wn in Figur
e G- CMS v
of the aggre
s and lower 
persion of 
ready expec
onstruction
ore porous 
ults, it is su
f aggregate
Besides, co

ncrete, a co
pressive str

e nature w
han 50 MPa,

ear Weibull 
rength histo

curve (r

n Sustainabl
 for Charac
20-22 Marc

e 4-b, c, the
varied from 
egate popula

than 6.7 M
the streng

cted becaus
ns sites (mo
and less con

uitable to co
es but from
onsidering t
ncrete prod
rength lowe
ill start to 
, as seen in 

equations o
ogram (left a
ight axis) o

le Materials
cterization o
ch 2019 – R

164 

e results of 
m 2.9 to 19.6

ation showe
MPa for G-CP
gth results 
se aggregate
ostly for inf
ntrolled par
onsider that

m different 
that coarse 
duced with 
er than 50 M

influence 
data from l

 

of the streng
axis) and fa
f the (b) G-

s, Systems a
of Materials
Rovinj, Croa

f the strengt
6 MPa, the l
ed tensile st
P aggregate
and the lo

es sold in pa
formal con
rticles in ter
t concretes
locations m

aggregates
G-CMS m

MPa. Thus, 
negatively 
iterature [3,

gth results (
ailure probab
-CP and (c) 

and Structur
s and Struct
atia 

th for G-CP
atter having

trength lowe
es.  
ower streng
ackages are
struction m
ms of qualit
produced w
may result 
can represe
ay be comp
it is quite r
the compr

,31,32].  

σt) of aggre
bility versu
G-CMS. 

res (SMSS 
tures 

P varied from
g a larger am
er than 4.5 

gth of the 
e commonly

market), bein
ity. 
with the sam

in concre
ent close to
posed with 
reasonable 
ressive stre

egates G-CM
us tensile str

2019) 

 

m 5.7 to 
mplitude 
MPa for 

G-CMS 
y used in 
ng more 

me paste 
tes with 

o 40% of 
~4% of 

to admit 
ength of 

 
MS and 
rength 



International Conference on Sustainable Materials, Systems and Structures (SMSS 2019) 
Novel Methods for Characterization of Materials and Structures 

20-22 March 2019 – Rovinj, Croatia 
 

165 
 

Table 1: Weibull modulus (m) values, confidence interval of the strength (σt -MPa) at 
different levels of failure probability (F) for G-CP and G-CMS and total amplitude. 

Aggregates m 
F=10% 
(MPa) 

F=50% 
(MPa) 

F=63% 
(MPa) 

F=90% 
(MPa) 

ܔ܉ܜܗ܂ ܍܌ܝܜܑܔܘܕ܉ 
G-CP 4.5 6.7 10.2 11.0 13.3 10.9 
G-CMS  3.0 4.5 8.5 9.6 12.7 16.7 

4. CONCLUSIONS 

A PLT method was used to determine the strength of single particles of granite from two 
different places and a statistical analysis of the results was performed using Weibull 
distribution. 

From the results, a significant variability in the strength values presented in each sample of 
aggregate was observed. Notably, granite aggregates from construction material store (G-
CMS) presented higher variability and a probability of 10% of its population to have strength 
lower than 4.5 MPa; this might be a limiting factor for concrete with strength higher than 
50 MPa. This emphasizes the need for further investigation and control of granite aggregates 
used in the concrete production in Brazil.  
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Abstract 

The paper presents the results of the resistance to sulfate attack of two types of concrete: 
the one that contains CEM III, water/cement ratio 0.55 and natural river aggregate - NA as 
well as the one composed of CEM III, water to cement ratio 0.55 and recycled concrete 
aggregate - RCA as coarse aggregate (4/8,8/16). RCA was tested conforming to the standards 
for aggregate quality specified in EN 12620 and it was in accordance with the 
recommendations given in EN 206-1. The amount of adhered mortar was 40%. The concrete 
specimens were submerged up to 365 days in saturated lime water (referent specimens), or in 
5% Na2SO4/5% MgSO4 solutions. For the evaluation of sulfate resistance of concretes, the 
testing methods were used: compressive strength, length changes and mineralogical analyses 
(XRD, FTIR, TGA-DTA).  

Compressive strengths of referent specimens made with NA оr RCA were similar. In terms 
of length change, the greatest value was obtained for both concrete specimens immersed in 
5% MgSO4 solution. All specimens exposed to either 5% Na2SO4 or 5% MgSO4 solutions 
satisfied the criteria defined by Mehta (25% strength loss limit for sulfate resistance concrete) 
and Miller and Manson (0.2‰ of expansion-limit for sulfate resistance of concrete).  
 
Key words: recycled concrete aggregate, sulfate attack, CEM III, mineralogical analyses 

 

1. INTRODUCTION 

One of the most important issues of sustainable development is the use of aggregates 
obtained from crushed concretes (RCA), for replacing natural aggregates as well as the 
limitation of demolished concrete disposal. RCA contain not only the original aggregates but 
also adhered hydrated cement paste making RCA concrete more susceptible to absorption, 
diffusion and permeation of fluids. RCA are generally regarded to be weaker than 
corresponding virgin aggregate in terms of mechanical, physical and chemical action [1]. 
However, a major problem with the use of RCA in concrete is increase in creep and water 
sorptivity, drying shrinkage, chloride penetration, the carbonation depth and decrease in the 
compressive strength, modulus of elasticity, freeze-thaw resistance [2].  
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There are several studies suggesting that the shortcoming of using recycled aggregate can 
be moderated by using the double mixing approach in concrete mixing [3], or equivalent 
mortar volume RCA mixing approach [4], as well as by adding mineral admixtures to 
concrete mixture [5]. Several publications have reported that the concrete with RCA resistant 
to external sulfate attack could be obtained adding minerla admixtures [6][7].  

External sulfate attack is caused by the interaction between sulfate rich water or soil and 
cement paste in concretes. The microstructure of the concrete is changed under this attack. 
These changes may vary in the type of severity, but they commonly include chemical sulfate 
attack and physical attack caused by salt crystallization in pores [8][9]. Cracking, expansion 
and loss of bond between the cement paste and aggregate are common damages. The attack of 
Na2SO4 solution triggers typical changes of paste composition, i.e. monosulfate phase 
conversion to ettringite and, in later stages, gypsum formation. The additional calcium 
necessary for ettringite and gypsum formation is provided by portlandite and calcium silicate 
hydrate (C-S-H) in the cement paste [9]. MgSO4 solution  could be more aggressive due to the 
formation of brucite and magnesium silicate hydrates (M-S-H). M-S-H is formed by replacing 
calcium in C-S-H with magnesium. The displaced calcium takes part in gypsum formation. 

The composition of cement plays an important role in sulfate resistance of concrete. 
Namely, the expansion of mortars/concrete containing conventional cement blended with 
supplementary cementitious materials (SCMs) such as blast furnace slag is lower than the 
expansion of plain Portland cements. The pozzolanic reaction of SCMs lowers the availability 
of CaO, which leads to the formation of a smaller quantity of ettringite and gypsum, as well 
as to lower crystallization pressures [8]. In addition, more aluminum is bound in the low 
Ca/Si C-S-H phases present in these binders and thereby reduces the availability of aluminum 
for additional ettringite formation [9]. 

The paper presents the results of the resistance to sulfate attack of concrete that combined 
sulfate-resistant cement type CEM III, and two types of coarse aggregate (natural river (NA) 
and recycled concrete (RCA)). For the evaluation of sulfate resistance of these concretes, the 
following testing methods were used on laboratory specimens immersed in sulfate solutions 
(5% Na2SO4 or 5% MgSO4) for 365 days: compressive strength, length change, phase 
compositions (XRD, Fourier Transform Infrared Spectroscopy-FTIR) and thermogravimetric 
analysis (TGA-DTA). 

2. EXPERIMENTAL INVESTIGATION 

2.1 Materials and mixture proportion 
The following component materials were used for the preparation of concrete: cement 

(Low heat/sulfate-resistant cement CEM III/B 32.5N LH/SR), aggregate (fine aggregate 
0/4mm - river aggregate and coarse aggregate 4/8 and 8/16mm - NA and RCA); admixture 
(HRWRA - "SikaViscoCrete 3070" , "Sika"- Switzerland) and tap water. 

The basic physical properties of cement were tested according to standards EN 196-1[10], 
EN 196-3 [11] and EN 196-6 [12].  Recommendations and benchmark values for aggregate 
quality are given in standards EN 206-1[13] and EN 12620 [14]. The origin of concrete  used 
to obtain RCA was unknown. The content of mortar attached to the original natural aggregate 
in our recycled aggregate was 40% of the total mass of RCA.  

Designed compositions of concrete mixtures are shown in Table 1. 
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Table 1: Labels and mixture proportions of concrete in kg/m3 

Concretes  
(mixture) 

mc 

CEM III 
mv mv,ad ma,f ma,c mspk w/c 

NMC 338 186 - 936 864 0.7 0.55 

RMC 338 186 20.5 881 813 - 0.55 
mc-quantity of cement; mv-quantity of water; mv,ad-additional quantity of water that was calculated on the basis 
of RCA water absorption (2.5%); ma,f-quantity of fine aggregate; ma,c-quantity of coarse aggregate; mspk-quantity 
of super-plasticizer (0.2%); w/c-water-cement ratio 

2.2  Experimental programs 
Two concretes were prepared and their resistance to sulfate attack was determined by 

immersing specimens in 5% Na2SO4 and 5% MgSO4 solutions. The concrete specimens were 
completely immersed in sulfate solutions and lime-saturated water (referent solution) and 
tested according to a previously determined testing program. 

2.3 Curing, specimen preparation and labels 
Initially all specimens were cured in lime-saturated water for 28 days. After that period, 

compressive strength was determined by testing three specimens from each mixture. One third 
of the remained specimens were transferred to containers with 5% Na2SO4 and another third 
in 5% MgSO4 solutions where they were stored until testing was done (90, 180, 365 days). 
The last third of specimens were submerged in lime-saturated water for 90, 180 and 365 days 
(reference specimens). For testing compressive strength, the following types of concrete 
specimens were prepared from each mixture: 150mm cubes for compressive strength at the 
age of 28 days (designated as 0) and cylinders (D=100mm, H=100mm) for compressive 
strength at 90, 180 and 365 days for reference and specimens immersed in sulfate solutions 
(designated as 90, 180 and 365 days).  For each compressive strength, 3 specimens were used. 
Length change (prisms 100x100x500mm3) was determined according to the procedure given 
in UNI 11307. For each mixture and each solution, three prisms were measured once a week 
until the above-mentioned observed periods. 

Labelling was done in three series in the following way: those with the first letter "E" were 
cured in lime-saturated water solution, those with "N" were immersed in 5% Na2SO4 solution 
and those with "M" were stored in 5% MgSO4 solution. The second letter in the label 
indicates the type of aggregate: "N" is NA and "R" is RCA. The third letter refers to the type 
of cement: "MC" stands for CEM III. The value of compressive strength at the age of 28 days 
was taken as the initial value labelled as 0, meaning that the time of exposure to different 
conditions (sulfate and lime-saturated solutions) started from this point. 

2.4 Methods  
Compressive strength was tested according to EN 12390-3 before the specimens were 

immersed in sulfate solutions and after storing them in these solutions for 90, 180 and 365 
days. For eachcompressive strength test was used 3 specimens. The length change was 
measured continuously. Phase composition (XRD and FTIR) and TGA-DTA were determined 
on CEM III paste and on the pieces of mortars cut from the surface of specimens ENMC, 
ERMC, MNMC and MRMC at 365 days. Mortar specimens were granulated and sieved in 
order to separate fine aggregate from hydrated cement paste. For further testing of 
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Figure 3: XRD data of CEM III and 
specimens exposed to sulfate solutions for 365 

days 

Figure 4: FTIR data of CEM III and 
specimens exposed to sulfate solutions for 

365 days (400-1800cm-1) 

Also, all specimens showed the presence of sulfate phases (mainly gypsum, then 
ettringite), apart from the hydration products such as C-S-H phase. The intensities of gypsum 
peaks were noticeable for specimens exposed to MgSO4 solution. Quartz and feldspate as 
aggregate remnants were found in all analyzed specimens. Additionally, brucite was identified 
in the specimens treated with MgSO4. Traces of alite were also found, indicating the presence 
of a certain amount of clinker remnants in hydrated products. 

FTIR – Diagrams are given in Figure 4 and  Figure 5.The peak at 3641cm-1 was assigned 
to OH- group stretching of Ca(OH)2 [16] and it was present only in CEM III. The broad bands 
at ~3400cm-1 were assigned to the stretching of OH- in water molecules and the band at 1620-
1650cm-1 presented HOH bending vibrations of the absorbed molecular water. All specimens, 
except CEM III, were subjected to carbonation, as suggested by the presence of peaks at 
~2980cm-1,~2930cm-1, 1790cm-1 and 714cm-1.The peak at ~2500cm-1 was attributed to the 
carbonation from air. The peaks at 1480cm-1, 880cm-1 and at ~ 860cm-1 could be assigned to 
carbonate in the form of vaterite. Therefore, the existence of carbonation peaks in all 
specimens, except CEM III, implies a synergetic deterioration under sulfate and carbonate 
ions. The observed bands at ~ 1080-1090cm-1 and at ~ 1040-1050cm-1 may be related to the 
presence of Si-O(Al) vibration of C-A-S-H tetrahedra, respectively. This is typical of all 
specimens, except CEM III, since its peak at 970cm-1 was related to Si-O vibrations of C-S-H 
tetrahedra. Other specimens did not have a clearly defined peak position associated with Si-O 
vibrations of C-S-H tetrahedra. Their position requires further analysis through 
deconvolution. The observed shoulder at ~ 1100cm-1 - 1145 cm-1 was assigned to vibration of 
SO4

2- of ettringite [16] or some other sulfate salts (in case of MNMC and MRMC), since  
inorganic  sulfate  ions  were strongly absorbed at  1145–1090 cm-1 due to  asymmetric SO4 
stretching. The bands at ~780-800cm-1 were attributed to Si-O-Si vibrations [17]. The bands 
at ~ 650-670cm-1 and 600cm-1, assigned to sulfate forms (gypsum or ettringite), were present 
in specimens exposed to sulfate attack (MNMC and MRMC). The bands at ~1140cm-1, and 
~1118cm-1 (related to the existence of sulfate products) and band at ~1028cm-1 were present 
in the specimens exposed to MgSO4 solution. For those specimens, XRD analyses identified 
gypsum as the main sulfate phase. 

The bands at 460-465 cm-1 and at 520-560 cm-1 were attributed to in plane Si-O in plane 
bending and Al-O linkages, respectively. Additionally, the bands observed in the range 400-
450cm-1 were related to the deformation of SiO4 tetrahedra.  
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5. CONCLUSION 

The paper studies the sulfate resistance of concretes containing sulfate-resistant cement 
(CEM III) and natural or recycled coarse aggregates. The results show that all studied 
concretes have good quality. They satisfied the criterion given by Mehta for compressive 
strength and expansion limit given by Miller and Manson for periods up to 365 days of 
exposure to sulfate solutions. XRD, FTIR and TGA-DTA analyses confirmed substantial 
microstructure changes (formation of gypsum) for the most deteriorated concretes (exposed to 
MgSO4 solution).   
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Abstract 
Among others, size distribution and arrangement of aggregate particles and binder matrix 

affect the performance of concrete. A dense microstructure with a high packing density is a 
basic prerequisite for the production of high-performance concretes. The arrangement and the 
geometry of the aggregate particles strongly affect the crack formation and fracture behaviour 
of high strength concrete. Therefore, the crack formation is investigated with so-called 
mesostructural models that distinguish aggregate particles, cementitious matrix, and air voids. 
For this purpose, it is necessary to map the three mentioned phases in the concrete structure 
geometrically and to characterize their mechanical properties. 

The following paper shows the methods for the geometric characterization of aggregate 
particles and the three-dimensional geometrical mapping of the concrete phases by computed 
tomography. Furthermore the development of a mortar representative for the high 
performance concrete matrix material is adressed. 

 
Keywords: high performance concrete, computed tomography, aggregate segmentation 

 

1. INTRODUCTION 

High-performance concrete (HPC) allow slender cross sections and lighter structures for 
buildings such as wide-span bridges, wind turbines or industrial machine foundations exposed 
to high load cycles. Due to the reduced weight, these structures are more susceptible to 
vibrations. Thus, the fatigue behaviour of HPC is critical for the design and implementation of 
such concrete applications [1]. 

The fatigue damage occurs in form of cracks, whereby the arrangement and the geometry 
of the aggregate particles strongly affect the crack pattern and the fracture energy [2]. 
Computed tomographic scans allow the mapping of the internal aggregate structure of 
concrete, the observation of crack formation and the verification of simulations on so-called 
mesomodels. 
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2.1 Packing density 
A concrete mixture is considered as a dry packing of aggregate particles, filled up with 

cement paste and its performance is significantly affected by the type and degree of packing 
of its constituents. In the current study, De Larrard’s compaction packing model has been 
incorporated [5]. The compaction packing density is nothing but the maximum packing 
density attainable with a specified grain mixture that results from the maximum compaction 
of the aggregate mixture. During the De Larrard test, the maximum packing density is 
achieved at a certain compaction level, by applying external energy such as vibration and top-
weight. The maximum packing density φmax is calculated as the ratio of the aggregate particle 
volume VA to the volume of aggregates including voids in compacted state VC. 

The maximum packing density of the aggregates is determined according to the following 
procedure: The aggregates are oven dried for 48 hours at 80°C to discard the moisture content 
prior to the commencement of testing. The dry aggregates with a predetermined composition 
are uniformly mixed for 30 seconds in a 5-liter Hobart mixer. The aggregate mix is then 
poured into a cylindrical metal container with an internal diameter of 160 mm, mounted onto 
the vibrating table. The surface of aggregates are evenly distributed using a trowel and a 
cylindrical metal piston weighing 19.57 kg is implanted on the surface of aggregates. 

The distance between the upper edge of the cylindrical container and the surface of the 
rammer is measured prior to compaction with a digital vernier calliper at four pre-marked 
points and the mean value of depth is taken into account. 

The aggregates in the cylindrical container are subsequently compacted for 60 seconds by 
vibration at a constant frequency of 100 Hz. After each compaction, the penetration depth of 
the metal rammer hd is measured every 60 seconds and the process is carried out until the 
change in penetration depth amounts to less than 0.2 mm. By determining the penetration 
depth, the volume of aggregates in compacted state is evaluated using the equation (3). 

 

( )
2

4
c

C c l d

d
V h h h

π ⋅= ⋅ − −  
(3) 

The volume of the compacted aggregate particle is determined using the diameter of 
cylindrical container dc, the height of cylindrical container hc, the height of cylindrical metal 
rammer hl and the mean value of penetration depth after compaction hd. 

Additionally, the absolute volume of the aggregate particles VA is calculated as the ratio of 
the mass of aggregates to their particle density ρA using the equation (4). 

 

A
A

A

m
V

ρ
=  

(4) 

Thus, the maximum packing density of aggregates is evaluated using the equation and the 
results are summarized in the following table. 

Table 1: Packing density of aggregate for HPC and CM 

Aggregate Composition HPC CM 

Maximum Packing Density, φmax [-]   0.755 0.685 
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2.3 Mix design 
The concrete equivalent mortar CM is developed from the HPC listed in table 3. The 

water/binder ratio w/b is 0.352 for the HPC and the mortar CM. The excess paste thickness 
tpaste,ex of the reference HPC is calculated to 22 µm using equation 5: 

 

max max
,

(1000 )
1000

0.01 (1 ) 0.0057 (1 )
(1 )

AV Paste
AV

Paste ex
A

c c cc
Paste c

c s sp st

V V
V

t
A

s s sm m mm c c cw sV mb c

ϕ ϕ

ρ ρ ρ ρ

−− − +
=

⋅ ⋅ + ⋅ ⋅ + ⋅
= + ⋅ + ⋅ + + +

 (5) 

Therefore, the air void volume VAV of 5 dm³/m³ is considered and the packing density ϕmax 
from Table 1 is used. The superplasticizer and the stabilizer depend on the binder mass 
including silica fume. A proportion of 1% of the binder mass is used for the superplasticizer 
and 0.57% for the stabilizer. The reference HPC is produced without silica fume. The 
densities ρi can be found in Table 3. The aggregate surface area AA is calculated from the 
ratio Ri listed in Table 2 and the aggregate fraction volume Vi for the HPC with equation (6): 

 

i
A i i i

i i i

m
A R V R

ρ
= ⋅ = ⋅   

(6) 

The parameters necessary to solve equation (6) are listed in Table 3, which illustrates the 
mass of the fractions mi and the corresponding particle density ρi. The cement content mc is 
calculated conversely using equation (5). It is varied until the paste thickness of 22 µm is 
attained. From the HPC without silica fume, a HPC with silica fume with the same paste 
volume is developed. Therefore, the silica fume to cement ratio s/c is set to 0.1. Accordingly, 
all cement paste constituents: water, silica fume, superplasticizer and stabilizer can be 
determined from the cement mass mc.  

 
Table 3: Concrete composition of HPC and corresponding equivalent Mortar (CM) 

Material Density ρ 
(kg/m3) 

No Silica Fume Silica Fume 
HPC 

(kg/m3) 
CM 

(kg/m³) 
HPC 

(kg/m3) 
CM 

(kg/m³) 
Cement c 3.09 500 646 446.8 578 
Silica Fume s 2.2 - - 44.7 57.8 
Water w 1.0 176 227 176 223.8 
Superplasticizer sp 1.05 5.00 6.46 5.00 5.78 
Stabilizer st 1.1 2.85 3.68 2.85 3.29 
Quartz sand 0-0.5 mm 2.7 75 118 75 118 
Sand 0-2 mm 2.64 850 1336 850 1336 
Basalt 2-5 mm 3.06 350 - 350 - 
Basalt 5-8 mm 3.06 570 - 570 - 
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2.4 Mechanical Properties 
For concretes and mortars, the compressive strength is determined according to DIN EN 

12390-2 and Young’s modulus in accordance with DIN EN 12390-5 for cylinders with a 
diameter of 150 mm and a height of 300 mm. The tensile strength is determined in a direct 
tensile test on plain cylinders with a diameter of 80 mm and a height of 240 mm. Table 4 
summarizes the test results. 

 
Table 4: Mechanical Properties of HPC and CM 

Material No Silica Fume Silica Fume Standard Deviation 
HPC CM HPC CM HPC CM 

Density [kg/dm³] 2.52 2.33 2.52 2.26 0 0.05 
Compressive strength [N/mm²] 112 95.2 116.8 96.4 3.39 0.85 
Tensile strength [N/mm²] 5.7 4.9 - - - - 
Young’s modulus [N/mm²] 44200 39500 44800 33400 424.26 4313.35 

3. SEGMENTATION OF CT SCANS 

The segmentation of the computed tomography scans allow to generate a real geometry 
representation. The four concrete phases could be directly used for the mesomodel 
description: air, basalt aggregate, cement mortar and the interfacial transition zone. 

Therefore, the greyscale image stack produced with the CT-Scanner has to be segmented 
into three phases: air voids, aggregate particles and cement matrix. For the segmentation and 
classification of the different phases, many methods and procedures are possible [6]. In the 
case of high performance concrete with crushed basalt aggregate, the following procedure 
leads to sufficient results: 

1. Image acquisition with CT-Scanner 
2. Image enhancement with median filter 
3. Image segmentation by using a greyscale threshold 
4. Separation of connected particles and voids with the Watershed algorithm 
5. Mesh generation 

The section below describes as an example the procedure for the identification of the basalt 
aggregate from a cylindrical high performance concrete sample with a diameter of 28 mm and 
a height of 50 mm. The computed tomography system performs the CT-Scan. For the 
reconstruction, 1000 X-ray images with a resolution of 1000 × 1000 pixels are generated with 
the direct-beam tube using a 0.1 mm copper filter with a voltage of 120 kV and a current of 
240 A. The reconstruction software “phoenix datosx” reproduces the volume as an image 
stack with a voxel edge length of 36 µm using automatic scan optimization for correction of 
drift effects and beam hardening correction. 

In the CT image stack, materials with a higher density and materials containing elements 
with a higher atomic number appear lighter. Basalt has a higher density than sand as well as 
cement paste and is therefore easy to identify. Furthermore, it contains pyroxene and olivine 
minerals, which consists of elements with a higher atomic number and are visible as lighter 
dots within the basalt grains, see Figure 2. 
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removed from the data set and the aggregates with an equivalent diameter above 2 mm are 
transferred to the meso-model. The mesh for the mesomodel can be built directly from the 
voxels. Alternatively, a surface mesh can be created for each aggregate grain, which is then 
transferred to the mesomodel, see Figure 3 (right). 

The air voids are segmented and classified analogously to the rock grains. When 
binarizing, however, the mask has to be inverted in such a way that all voxels with a grayscale 
value below the threshold for the air voids receive the value 1. In this way, air-filled edge 
areas are also detected in the CT scan. Due to their large volume, these margins are readily 
identified and eliminated from the regional analysis data set. 

4.  CONCLUSIONS 

− The theory of excess paste can be used for the preparation of a mortar representative of 
the bulk material in high performance concrete. 

− The Young's modulus of the mortar is reduced in comparison with concrete, as the 
basalt material is effectively eliminated with a high Young's modulus of 96 kN/mm². 

− The compressive strength of the concrete equivalent mortar is also lower than that of 
concrete. In this case, a reduction of the aggregate interlocking and a lower quality of 
the ITZ in the mortar are identified as possible reasons. 

− The influence of the aggregate interlocking and the ITZ quality on the strength and 
damage process under fatigue loading of high performance concrete will be studied in 
further tests. 

− The greyscale threshold method delivers sufficient results for the segmentation of basalt 
grains and air voids within CT images of concrete. Quartz-rich aggregate particles 
require advanced segmentation techniques like a segmentation based on the variation of 
grey values [9] or the use of contrast enhancers [10] 
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Abstract 
Ensuring the quality of fresh concrete and appropriate curing conditions substantially 

reduces the likelihood not to perform as expected. In order to obtain control on the curing and 
hardening process from an age earlier than the age of the standard mechanical tests, this study 
presents an approach based on different monitoring techniques. Acoustic emission is used to 
record the numerous events occurring during the first hours when concrete is in liquid form as 
well as later when hardening starts to take place. Although AE signals carry a great amount of 
information about the processes occurring in the mix, explaining of their origin is not 
straightforward due to the different processes that are known to take place in fresh 
cementitious media like settlement, water and air migration, formation of hydrates as well as 
shrinkage cracking. To explain the sources of the activity an arsenal of additional monitoring 
techniques is used. Digital Image Correlation is applied, and a pair of cameras are used to 
measure both the shrinkage and settlement of fresh concrete in a non-contact way for the first 
time in literature. Capillary pressure sensors indicate the moment of air entry into the porous 
system and the measurements are complemented with temperature sensors and mechanical 
measures of displacement. The information gathered from the multi-attribute setup sheds light 
in the complex processes and helps to explain the origin of the different sources. Apart from 
the better control of curing, efforts to correlate early age activity with final mechanical 
properties are also unfolding with promising results. 

 

Keywords: Cementitious media, Acoustic Emission, Digital Image Correlation, Capillary 
pressure, Shrinkage, Setting, Monitoring 

 

1. INTRODUCTION 

Monitoring of the early stage of concrete is important as it defines the final properties of 
the hardened material. Acoustic emission (AE) has been increasingly used for this purpose as 
it shows sensitivity to wave signals during the setting of the material and as early as from the 
moment of mixing [1-5]. Many processes occur like settlement, formation of bubbles and 
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effectiveness of DIC methods to monitor displacement and strain evolution during the early 
drying process in a non-contact manner. Three-dimensional DIC technique allows an 
improved assessment of the non-uniform deformation distribution on the specimen surface 
when concrete shrinks and settles, which is not possible with classical point LVDT 
measurements. Further work is necessary mainly in the direction of interpretation of the data 
in order to firmly connect AE signals to the exact process occurring in fresh concrete. 
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Abstract 
Cracking of concrete at early ages, that may affect the structure durability and even its 

safety, can be simulated by means of models based on the concepts of degree of hydration and 
equivalent age, which require the characterization of the concrete during the hydration process 
of cement. This paper presents the results of the characterization tests of self-compacting 
concrete and its modeling at early ages according to different models available in the 
literature. The tests included measurements of developments of the degree of hydration, 
compressive strength, indirect tensile strength, elastic moduli, creep at loads corresponding to 
30% of the strength at 2, 3 and 7 days and autogenous shrinkage. It is concluded that both the 
maturity method and the degree of hydration concept are valid to predict the evolution of 
material properties during the hardening process of the tested self-compacting concrete. In 
addition, best fitting models for most properties are highlighted. 
 

Keywords: concrete at early ages, self-compacting concrete, modeling concrete properties, 
degree of hydration, maturity 

 

1. INTRODUCTION 

Cement hydration not only increases the strength and stiffness of concrete, but also 
generates heat and causes volume changes (thermal deformations and autogenous shrinkage). 
When these volume changes are constrained, stresses arise, which in turn are reduced by the 
effect of relaxation. If the stresses achieved at some point of the structure exceed tensile 
strength, concrete will crack, which can drastically reduce its durability. 

Although the mechanical properties of self-compacting concrete (SCC) are comparable to 
those of conventional concrete at mature ages [1], significant autogenous shrinkage may arise 
in SCCs. Furthermore, in a way equivalent to what occurs in conventional compacting 
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concrete, high cement content will lead to higher hydration heat, consequent dilatation and 
subsequent thermal deformation, which could lead to significant cracking. 

Since SCCs are so widely used today, the possibility of predicting –and if possible 
avoiding or controlling by means of reinforcement- early age cracking in SCC members, is a 
topic of major interest. 

Early-age cracking of concrete can be simulated using models based on the concept of 
degree of hydration [2] and on the maturity method or equivalent age [3]. Even though these 
two approaches are different, both methods take into account the heat-activated nature of 
cement hydration and lead to the same results when using appropriate functions [4]. 

The use of either method requires the characterization and modeling of concrete properties 
at early ages, i.e., the heat of hydration development, the mechanical properties evolution, 
creep, and autogenous shrinkage strains. The correct evaluation of temperatures and stresses 
fields and the cracking risk requires accurate input data, so every intervening property needs 
to be correctly modeled [5]. 

In order to collect reliable and representative data of the materials used in Spain to 
simulate the behavior of concrete members with restrained strains, an experimental campaign 
on a SCC of 60 MPa of strength at 28 days was conducted [5], and the different properties 
were modeled as a function of both degree of hydration and equivalent age. 

This article firstly summarizes the experimental results of the tests performed on a SCC. 
Then, models specifically developed for concrete at early ages available in the literature are 
used to adjust the measured properties. Finally, the accuracy of the different models applied is 
assessed, particularly in terms of the required parameters. 

2. EXPERIMENTAL CAMPAIGN 

Tests were performed on fresh SCC (slump flow, initial temperature and specific weight) 
and during the hardening process of four batches.  

The SCC was designed to obtain mean 28-day strength of 60 MPa. Table 1 shows the mix 
proportion and Table 2 shows the fresh concrete properties of three batches. 

 
2.1 Thermal Characterization 

Semi-adiabatic tests were performed on two batches and measured temperatures were 
turned into adiabatic ones according to the RILEM TC 119-TCE [6] recommendations.  

After obtaining adiabatic temperatures, degree of hydration is calculated from [7], [8]: 

ad

ad

pot Tmáx

)t(T

Q

)tQ(
)t(

Δ
Δ

==α   (1) 

where Q(t) is the heat released until time t; Qpot heat potential of hydration, calculated as the 
sum of the heat released by each reactive component in the hypothetical case of complete 
hydration. The reactive phases of the Portland cement are calculated based on the percentages 
of the different oxides in its composition by using the method proposed by Bogue [9].  

The liberated heat of hydration in an adiabatic test is computed based on the measured 
temperatures as:  

c .  . )t(T)t(Q ad ρΔ=  (2) 
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where ΔTad(t) is the adiabatic temperature rise and ρ and c are the specific weight and the heat 
capacity of concrete, respectively.

 

 
The development curve of degree of hydration is expressed in terms of equivalent age, 

calculated according to Freiesleben Hansen and Pedersen [7]:  

 















+

−= t
0

a
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)t(T273

1

293

1

R

E
exp  t  (3) 

where R is the universal gas constant (=8.315 J/mol°C) and Ea is the activation energy (=33.5 
kJ/mol for Portland cement). Table 3 lists the thermal properties of concrete. 

 
Table 1: Mix proportion 

Material Proportion Characteristics 
Cement  425 kg/m3 CEM I 52.5 R  
Water 180 l/m3  
Limestone filler 22.3 kg/m3  
Fine aggregate 0/5 950 kg/m3 Limestone 
Coarse aggregate 5/12 600 kg/m3 Limestone 
Coarse aggregate 12/20 200 kg/m3 Limestone 
Additive 8.5 kg/m3 Superplasticizer Glenium Sky 511-R 

 
Table 2: Fresh concrete properties 

Batch 1 2 3 
Slump flow [mm] 625 570 500 
Time T50 [sec] 3:50 2:07 2:95 
Initial temperature [ºC] 20.4 21.4 - 
Specific weight [kg/m3] 2 310 2 350 2 330

 
Table 3: Thermal properties of the concrete (batch 2) 

ρ [kg/m3] c [J/(kg.K)] Ea [kJ/mol] Qpot [kJ/kg] max adTΔ  [ºC] 
max
adTΔ  [ºC] αmax [-] 

2 386 1 086 33.5 460.9 75.6 59.6 0.788 
 

2.2 Mechanical Characterization 
A number of indirect tensile and compressive strengths and elastic moduli tests at the ages 

of 12 hours, 1, 2, 3, 7, 14 and 28 days were performed. Experiments to measure both 
autogenous shrinkage and creep were performed on pairs of cylindrical specimens (150 x 300 
mm). The autogenous shrinkage deformation was obtained by subtracting the thermal 
deformation from the strains measured on unloaded specimens, considering a thermal 
expansion coefficient α = 10 x 10-6 1/ºC. 

The creep tests were performed at ages 2, 3 and 7 days, with loads corresponding to 30% 
of the strength measured on twin specimens. The two test specimens were serially placed in 
racks, according to the standard ASTM C 512 [10].  
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3. MODELING CONCRETE PROPERTIES 

3.1 Degree of hydration development 
The degree of hydration evolution curve was adjusted with the following models (Table 4): 

the three-parameter model developed by Freiesleben Hansen and Pedersen [11] and the two-
parameter models (modified Jonasson and Danish [7]).  

It can be seen in Fig. 1 that both modified Jonasson and Danish models overestimate the 
degree of hydration at early hours and at the end of the trial, while the Freiesleben model 
achieves a very good correlation, due to the fact that it is a 3-parameter model that considers 
the ultimate degree of hydration in the formulation.

 

 
 

Table 4: Models for the development of degree of hydration 

Freiesleben Hansen 
and Pedersen [11] 
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τ , β: hydration time and hydration shape parameters; 
αu : ultimate degree of hydration 
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a and b : fitting parameters 

 

 

Figure 1: Comparison of the adjustments of the hydration degrees for batch 2 

3.2 Mechanical properties 
Mechanical properties evolution is adjusted based on equivalent age (Table 5) with the 

models of the Japan Concrete Institute (JCI) [12] and the Norwegian University of Science 
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and Technology (NTNU) [13], which are modifications of the formulas of the Model Code 90 
(MC90) [14]. 

Table 5: Models for the evolution of the mechanical properties as a function of equivalent age 

JCI [12]
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fc28 , Ec28 : compressive strength and elastic modulus at 28 days ; sf , sE : fitting shape 
parameters ; af , aE : fitting setting time parameters 

NTNU [13]
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fc28, ft28 , Ec28 : compressive, tensile strengths and elastic modulus at 28 days ; s and t0 : 
common parameters; nt and nE : fitting parameters of tensile strength and elastic modulus 

 
The JCI incorporates the effect of the setting time in the expressions of compressive 

strength and elastic modulus to make them applicable to concrete with ages under one day. In 
turn, the NTNU expressions introduce an age parameter t0 below which stiffness and strength 
are null. To determine the evolution of tensile strength and elastic modulus, it is only 
necessary to determine the exponents nt and nE since t0 and s are parameters common to all 
three equations and are determined from compression tests. 

Fig. 2 shows the experimental results of the different properties evolution overlapped with 
the models adjustments. It can be seen that both models fit very well the compressive strength 
evolution. The same applies to the tensile strengths obtained with the NTNU model. 

Regarding the moduli of elasticity, the values at 28 days are also very similar for both 
models, but the fitting setting time parameter of the JCI model aE is very low compared af, 
which may be due to the fact that there were no data of the elastic modulus during the early 
hours. If the modulus of elasticity is fitted with the JCI model considering aE = af = 11.41 
hours (obtained for the compression test), the curve fitting practically coincides with the 
model of the NTNU. 

According to Gutsch [8] and De Schutter and Taerwe [15], the different properties 
evolution can be expressed depending on the degree of hydration as:
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For the Gutsch model Xi1 is a hypothetical value of each property at α = 1, whereas for the 
model of De Schutter Xi1 is the maximum value of the property. In this paper, the Gustch 
model is used. 

Compressive strength evolution was used to adjust the initial degree of hydration α0. In 
Fig. 3, mechanical properties evolutions as a function of hydration degree are shown. 

It is noteworthy that there are no measures of strengths for hydration degrees between 0.25 
and 0.56, which can be explained by the fact that since the cement is rapid-hardening, the 
degree of hydration was 0.55 at 24 hours. This should be taken into account when 
programming the experiments and tests should be conducted between 0.5 and 1 day. 

 

 

Figure 2: Evolution of compressive strength (a), indirect tensile strength (b) and elastic 
modules (c) as a function of age 

Figure 3: (a) Evolution of compressive and (b) tensile strength and (c) modules of elasticity as 
a function of degree of hydration 

3.3 Autogenous Shrinkage 
The autogenous shrinkage deformations modeled are those that occur after "time zero", as 

these strains are the ones that generate stresses. These strains were adjusted by nonlinear 
regression with the expressions of JCI [12] and Rostásy et al. [16] (Table 6), considering 
initial setting time t0 =11.41 hours, which is the value found in the characterization of 
compressive strength. The values obtained by means of non linear regression were:              
εas∞ = -223.10-6, a = 0.193 and b = 0.547. 
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Table 6: Models for the evolution of autogenous shrinkage  

JCI [12] and iBMB [16] 

)t( . .  )t( βεε asas ∞γ= ;     
b

0)-tt-a . (e1)t(β −=  
γ : parameter takes into account cement type (= 1 for Portland cement) ;  a and b : constants 
obtained from a table as function of w/b ; t0 : initial setting time [days] ; t : age of the 
concrete [days] ; w/b : water/binder ratio ; ∞saε  : final value of the autogenous shrinkage: 

JCI [12]: 6 a/b2.7-
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∞asε : final value of the autogenous shrinkage; t : age of the concrete or equivalent age te 

[days]; fcm : mean compressive strength at 28 days [MPa]; αas : coefficient  dependent on 
cement type (= 600 for rapid hardening high strength cements) 

 
In addition, the final value of autogenous shrinkage was calculated as a function of the w/b 

ratio (equal to 0.42) with the expressions proposed by the JCI [12] and Rostásy et al. [16], 
resulting εas∞ = -170.10-6 and εas∞ = -121.10-6, respectively. Autogenous shrinkage was also 
calculated according to Fib model [17] as a function of the mean compressive strength at the 
age of 28 days, obtaining εas∞ = -109.10-6. 

The experimental and predicted evolution of the autogenous shrinkage strain is shown in 
Fig. 4. It can be seen that all models underestimate autogenous shrinkage strain.  

 

Figure 4: Autogenous shrinkage evolution 

3.4 Creep 
Two models were used to adjust creep [5], (Table 7): creep compliance was approached as 
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function )t,t-t( 11ϕ

 
(ratio between the creep strain ( )1cr tt −ε  to the elastic strain at loading

( )1el tε ) was approached with the Gutsch model [20] as a function of degree of hydration at 

loading. 

-300

-200

-100

0
0 90 180 270 360

M
ic

ro
de

fo
rm

at
io

ns

Age [days]

Test
Adjustment
JCI
Fib



International Conference on Sustainable Materials, Systems and Structures (SMSS 2019) 
Novel Methods for Characterization of Materials and Structures 

20-22 March 2019 – Rovinj, Croatia 
 

198 
 

Table 7: Models for the evolution of creep strains 

As a function of the equivalent age: Larson and Jonasson [20,21] 
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(1) for Δt0 ≤ Δtload < Δt1 and (2) for Δtload > Δt1. The slopes a1 and a2 are adjusted with:  
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Figure 5: (a) Creep compliances approximated with Larson-Jonasson model. (b) Creep 
functions approximated with the Laube-Gutsch model 
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The Linear Logarithmic Creep Model of Larsson and Jonasson defines the creep 
compliance by piecewise linear curves in the logarithmic time scale. When two lines are used, 
the first line of slope a1 from t0 until Δtload = Δt1 defines the "short-term creep", and the second 
line of slope a2 from t1 forward defines the "long term creep”, considering Δt0 = 0.001d, Δt1 = 
0.1d. The parameter ts is the apparent setting time expressed in days (ts = 11.41 h = 0.475d). 

Fig. 5a shows the experimental and calculated creep compliances and Fig. 5b compares the 
creep functions measured and estimated according to Gutsch. Very good correlation between 
the measured and calculated values are obtained with both models. 

4. CONCLUSIONS 

The following conclusions can be stated regarding the models used in this paper: 
• Freiesleben-Hansen model is the one that best fits the development of the degree of 

hydration, due to the fact that it is a 3-parameter model that considers the ultimate degree 
of hydration in the formulation. 

• The adjustment of the compressive strength as a function of equivalent age is very good 
with both JCI and NTNU models. For the elastic modulus, the approximation of the JCI 
model is not good since no data are available for low degrees of hydration. Considering 
the setting time parameter for the elastic modulus equal to the one obtained for 
compression (aE = af) seems to be a good option when data of modules at early hours are 
not available. 

• The Gutsch model depending on the degree of hydration provides a close approximation 
of the mechanical properties evolution. 

• The magnitude of the autogenous shrinkage measured in the SCC is much higher than the 
one predicted by the different models. According to the results, these large differences in 
the estimates of the autogenous shrinkage in SCC deserve further research. 

• The JCI expression as a function of the w/b ratio is the one that best approximates the 
measured autogenous shrinkage, and the Fib expression as a function of the mean 
compressive strength at 28 days, is the one that produces the smallest final value of 
autogenous shrinkage. 

• The adjustments of creep strain are very precise, both with Larson-Jonasson model as a 
function of equivalent age, and with Gutsch-Laube model, depending on the degree of 
hydration. The Larsson-Jonasson model has the advantage of having a clear physical 
meaning. However, its use requires the adjustment of many parameters, which entails 
large amount of experimental data. In turn, the Gustch model requires prior adjustment of 
degree of hydration. 

Given the findings above, both the maturity method and degree of hydration concept are 
valids to predict the evolution of material properties during hardening of the tested SCC 
concrete. However, modeling as a function of the degree of hydration is somewhat more 
complicated since prior adjustment is required. 
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Abstract 
In order to increase the service life of structures, Nondestructive Testing (NDT) methods 

are being used as an important characterization tool. Usually, two issues are relevant when 
inspecting concrete structures using NDT. The first one being the detection of defects, while 
the second issue is to reliably estimate the defect parameters like size and depth.  

The aim of this paper is to enhance the defect detection capability of Infrared 
Thermography (IRT) in concrete, where cooling down IRT will be used to identify subsurface 
defects. Defect/non-defect contrast for smaller and/or deeper defects will be increased using 
Principle component thermography (PCT) on data acquired using active thermography 
technique. As a statistical analysis tool Principal Component Analysis (PCA) is being used for 
identifying patterns in data and expressing the data in a manner which allows to accentuate 
the similarities and differences in patterns. PCA applied to the data in the form of thermogram 
sequence is called principal component thermography (PCT) where the results of the PCT are 
given as empirical orthogonal functions (EOF). The presented research proved that by using 
PCT proposed approach, one can significantly enhance the contrast of the defective area in 
concrete also for small and thin defects. 
 

Keywords: Nondestructive testing, Infrared thermography, Principle component analysis, 
Reinforced concrete, defect detection 

 

1. INTRODUCTION 

In recent years, advances in signal processing, combined with the development of efficient 
numerical algorithms for post processing of raw data have made it practical to implement 
imaging technology into non-destructive testing (NDT) of concrete structures. Temperature 
distribution at the surface of any concrete element can be recorded as an image (thermogram) 
using infrared thermography (IRT). The use of IRT for structural health monitoring has 
increased, due in large part to the advancement of IR cameras and the considerable reduction 
in their cost [1]. The development of IRT for NDT of concrete structures is slow due to its 
highly inhomogeneous nature on a macroscopic level as well as low thermal conductivity and 
high thermal inertia compared to for example metals for which IRT is widely used. Low 
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thermal conductivity and high thermal inertia of concrete require an input of a large amount of 
energy to initiate heat flow which would enable the use of active IRT to detect defects in 
concrete. Additionally, the dimensions of concrete structures and defects occurring in 
concrete have to considered when using IRT [2], [3]. 

IRT techniques are based on the principle that subsurface defects in concrete affect heat 
flow through the material, which then cause localized variations of surface temperature. It can 
thus be concluded that subsurface anomalies in concrete can be located by measuring surface 
temperatures under transient heat flow through the material, [4]. 

The preconditions for defect detection is that one uses adequate thermography equipment 
and that defects cause sufficient temperature difference compared to bulk material [5]. IRT 
has limitations when low thermal conductivity materials containing deep defects are tested, 
but it has to be said that IRT was proven useful when combining it with other NDT methods 
which can detect deeper objects [6]. 

The so-called passive IRT, has been used in civil engineering for identification of voids, 
delaminations, and cracks in concrete bridge decks, highway pavements, parking garages, etc. 
[6]–[9]. Passive IRT is cheap and an environment-friendly technique which provides a 
perfectly even thermal stimulation of an object. On the other hand, dependence to surface 
orientation, weather conditions and the surface colour variations are the main disadvantages 
of passive IRT. Passive IRT is possible on the surfaces with direct sunlight during the period 
of transient heat flow. If transient conditions are not achieved, it was proved difficult to detect 
subsurface defects in concrete using passive IRT [10]. 

The challenge of using IRT presents the inspection of shaded concrete elements which 
typically exist under a bridge, and in these cases application of passive IRT is very difficult 
[11]. These situations require the use of active IRT techniques, where energy is imported into 
the object using an artificial external heat source such that significant heat transfer occurs 
within the material. This artificial heat source needs to be with significant power if the 
targeted object is distant, if the defects are small and/or if they are deep in the structure. 

The restricted depth of penetration of IRT in most cases limits its application to relatively 
thin components, and depth of concrete cover. This restriction is caused by an exponential 
rate of attenuation of defect signature with depth [12], which results with subtle defect 
signatures, i.e. temperature variations are within tenths of a degree or less. From the 
standpoint of remote IR detection, this amounts to a difficult technical challenge. 

Post-processing techniques for IRT are developed and used in order to enhance the contrast 
between defect and sound area. In civil engineering, impulse-thermography (IT) and pulse 
phase thermography (PPT), proved to be useful for the investigation of shallow defects [13], 
while a few research groups used lock-in technique [14]. This paper presents the use of 
principle component thermography (PCT), as post-processing technique for defect detection 
in concrete.  

2. PRINCIPLE COMPONENT THERMOGRAPHY 

Statistical analysis tool called Principal Component Analysis (PCA) is used for identifying 
patterns in data and expressing the data in a way to highlight the similarities and differences 
in patterns. The pattern matching of the data becomes very difficult when data dimension is 
very high [12]. In such situations PCA comes in handy for analysing and graphically 
representing of data, where the method of empirical orthogonal functions (EOF) constructs a 
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Within the presented research, concrete specimens with known defects were prepared, 
Figure 1b. The detectability of defects in concrete using active IRT is determined by their size 
and depth. As shown in Figure 1c defect size, embedment depth and thickness were varied in 
order to determine defect detectability in respect to these defect properties by using IRT. 
Three concrete mixtures (Table 1) with the properties shown in Table 2 were used.  
 
Table 1: Concrete mixture compositions (dolomite aggregates Dmax=16 mm) 

Concrete ID Cement type Cement [kg/m3] w/c ratio Admixture type and amount 

BM 1-2 CEM III 32.5 271 0.70 Air-entraining agent (0.1%) 

BM 2-2 CEM I 42.5R 345 0.55 Air entraining plasticizer (0.5%) 

BM 3-2 CEM I 52.5N 425 0.40 
Superplasticizer (1%) 
Silica fume (7%) 

 
These concrete mixtures were created with intention to simulate three concrete classes 

which can be found in real structures, differing in their thermal conductivities and thermal 
diffusivities as well as in compressive strength and air content, Table 2. The testing 
procedures and methods used to determine concrete properties (Table 2) are published 
elsewhere [10]. 

 
Table 2: Properties of concrete used for creating specimens 

Property tested 
Concrete mixture 

BM 1-2 BM 2-2 BM 3-2 

Concrete density [kg/m3] 2194.0 2382.7 2545.6 

Air content [%] 10.5 4.6 1.4 

Compressive strength [MPa] 18.93 40.99 89.05 

Thermal conductivity [W/mK] 1.73 2.21 2.80 

Thermal diffusivity [m2/s] 7.996×10-7 9.074×10-7 1.114×10-7 

Emissivity 0.928 0.957 0.958 

 
Here, the biggest influence was expected to have the thermal conductivity and thermal 

diffusivity of the concrete and the variations were caused primarily by the concrete’s air 
content. The focus of the paper is not to study concretes with variable air entrainment, but 
concretes with variable thermal properties, where the most effective way to do this was to 
vary air content. Other parameters could also influence thermal properties but were not 
studied here. 

Polystyrene foam was used to simulate compaction defects and voids in concrete, where 
foam discs have been fixed and carefully implanted into fresh concrete in order to obtain the 
designed depth in finished specimens. Specimens were tested from both sides, with the aim of 
gathering data for maximum number of embedment depths. 

To perform the presented experiment, IR camera FLIR ThermaCAM P640 was used, with 
spectral range from 7.5 - 13 µm, thermal sensitivity (NETD) 60 mK and the Focal Plane 
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PCT is still relatively new in terms of detecting the existence of defects by using IRT, 
especially in concrete structures, since there are only few research papers published on this 
topic. To be able to characterize defects using PCT, additional research needs to be 
performed. 
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Abstract 
Dealing with structural robustness concept requires to investigate whether or not a 

structure can prevent a disproportionate collapse after the occurrence of a local failure due to 
an exceptional event. Numerical models can be used to simulate progressive collapse and help 
quantify the robustness level at a design stage. Non-linear static or dynamic finite element 
analyses are commonly used tools for structural performance assessment. However, 
computational time might be in most cases too large for complex structures where several 
local failure scenarios need to be investigated, and one may encounter convergence issues if 
the loads applied are close to the limit ones.  

In this context, this study proposes a framework for studying the progressive collapse of 
framed structures, which combines both the yield design approach and the non-linear analysis 
method. This proposed framework is applied to a steel-framed multi-storey building 
submitted to column(s) loss. 
 

Keywords: Structural robustness, local failure, progressive collapse, non-linear analysis, 
yield design approach. 

 

1 INTRODUCTION 

Many catastrophic events of structural progressive collapse highlight the importance of the 
structural design not to be limited to safety under normal conditions, but also to structural 
integrity under an exceptional event, not necessarily identified during design [1,2,3]. One of 
the first historical failures that led to a growing interest in structural robustness is the 
progressive and partial collapse of the Ronan Point tower in London (UK) in 1968. A gas 
explosion in a corner apartment on the 18th floor of this 22-storey precast concrete building 
dislodged one of the exterior walls, which led to the collapse of one entire corner of the 
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building [4]. Very recently, the Genoa Bridge collapse in Italy in August 2018, shed light on 
complex issues linked with structural robustness. 

Therefore, several design codes [5,6,7] mention that structures must be sufficiently robust 
to prevent localized damage leading to disproportionate and unacceptable collapse. In this 
respect, the Eurocodes define the structural robustness as “the ability of a structure to 
withstand events like fire, explosions, impact or the consequences of human error, without 
being damaged to an extent disproportionate to the original cause” [5]. 

To assess the level of robustness, a structural modeling can be used to simulate the 
propagation of failure. In a context of high uncertainty about the initial local failure, it is 
envisaged to study a large number of local failure scenarios, in order to identify the maximum 
capacity of the structure to withstand a local failure. The structural analysis of a large number 
of scenarios requires a simplified structural modeling method.  

Non-linear finite element analyses are popular tools to investigate the structural capacity, 
but some difficulties may arise on the non-convergence of the calculation (when one reaches 
ultimate limit states), and on the high computation cost especially for studying a large number 
of scenarios. 

This paper presents an original structural modeling method, which combines both the yield 
design approach and the non-linear analyses method, to analyze the progressive collapse of 
framed structures. The proposed approach is illustrated on a steel-framed multi-storey 
building. 

2 STRUCTURAL MODELING OF PROGRESSIVE COLLAPSE 

The progressive collapse analysis of structures exposed to an exceptional action involves 
complex phenomena, such as geometrical and material non-linearities due to large 
displacements and large strains, dynamic effects, and the propagation of failure. 

The finite element method is a widely used method in the numerical simulation of 
structures. The discretization in finite element can be considered at three different levels: 
local, global, and semi-global [8]. Choosing the level of discretization basically depends on 
the dimensions of the structure and the level of precision required. In a local approach, the 
elements are discretized with solid elements, and each material has a specific constitutive law. 
This approach gives a detailed representation of the structure, with local information on the 
state of plastification and damage of materials. Significant computation time is requested, 
especially when dealing with geometrical non-linearities. In a global approach, the structure is 
modelled with beam/shell elements, and each element has its own constitutive law depending 
on its geometry and materials. This method can significantly save some computation time, but 
there might be some difficulties to simulate the material non-linearities and to identify the 
state of damage in the element sections, especially in case of heterogeneous sections. The 
semi-global approach is an intermediate scale of discretization between local and global 
approaches, where the element section is discretized on multi-layer or multi-fiber elements. 
The constitutive law used for each layer or fiber insures local information of materials state, 
and the fields of displacements calculated by formulations of classic beam element. This 
approach integrates the benefits of local and global approaches: saving on computation time 
and ability to describe geometrical and material non-linearities. 

In addition to the issues linked with the choice of discretization, one needs to tackle non-
linearities phenomena and dynamic effects [9]. Non-linear analyses are often very time-
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consuming and vulnerable to non-convergence issues [10]. To prevent using full dynamic 
analyses, the structural response can be estimated from a non-linear static response under 
amplified gravity loading using a dynamic amplification factor [11] or a pseudo-static method 
[12], which estimates the non-linear dynamic response by a non-linear static analysis through 
the balance of energy against work done. 

With the aim of evaluating the capacity of structure to withstand actions, it is useful to 
identify the resistance capacity of the structure. In this context, the yield design approach is a 
good compromise, as it is a direct method, which avoids the non-linear analysis and thus the 
step-by-step computation of the structure along the full loading path [13]. In fact, only the 
compatibility between the equilibrium equations and the yield criterion is checked in every 
point of the structure. This method identifies the ultimate loads, as well as the failure 
mechanism and the most critical areas of the structure. Moreover, one can dramatically save 
on computing time compared to a non-linear analysis, and avoid problems of non-
convergence [14]. The essential assumptions of the process of yield design approach are that 
the materials are elastic perfectly plastic, and the assumption of small strains. Therefore, the 
main challenges to use this method is to take into account the geometrical non-linearities and 
to simulate the progressive collapse. 

3 PROPOSED STRUCTURAL MODELING STRATEGY 

An iterative yield design based approach is proposed to follow the propagation of failure. 
Furthermore, a non-linear static analysis is applied to calculate large displacements if a 
second line of defence can become effective when frames devolve from a flexure dominant 
system to a tensile membrane or catenary dominant system. This procedure is illustrated in 
Figure 1, with the following steps : 

1) yield design calculation is applied to identify the ultimate load and the failure 
mechanism,  

2) ultimate and applied loads are compared, 
3) in case the ultimate load is larger than the applied load, the current structural 

configuration can support the applied load, and the failure stops at this stage, 
4) in the opposite case, the current configuration of structure cannot support the applied 

load, and the failure propagates,  
5) the failure mechanism identified by the yield design calculation allows to identify the 

affected part, and to estimate if there is either a loss of stability or the possibility of a 
second line of defence, 

6) in case the failure mechanism indicates the mechanical instability of some elements, 
these elements are removed for the next iteration,  

7) in the opposite case, the failure mechanism indicates that the affected part may develop 
an alternative functioning stage after large displacement. A non-linear analysis is then 
applied to the affected part, in order to calculate the geometric displacements under the 
applied load. Then, a new iteration of yield design calculation is performed with the 
new geometric configuration, 

8) this iterative procedure continues until the end of collapse, for which the ultimate load 
on remaining elements is larger than the applied load, or until total collapse of the 
structure. 
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Based on the applied local failure scenarios, ܴܲܫܨ is equal to 2.5, so the most critical 
scenarios, with the largest extent of failure propagation, are [21 26 31], [22 27 32], [23 28 33] 
and [24 29 34], i.e. three central columns located on a given floor, where the collapse 
propagates to an area 2.5 times larger than the directly affected part. 

5 CONCLUSIONS 

The structural modeling method proposed in this paper enables to simulate the progressive 
collapse with saving in computation time and mitigation convergence issues due to the 
adoption a direct approach by means of the yield design method. The illustrative case study 
shows the capability of this method to study a large number of local failure scenarios, which 
allows a general assessment of structural robustness, and to identify the maximum capacity of 
the structure to withstand exceptional events. Besides, a structural robustness index is 
proposed (ܴܲܫܨ) and allows to evaluate the capacity of structures to prevent the propagation 
of failure, which accurately responds to the definition of structural robustness. 

To enhance the description of progressive collapse, further developments are still needed, 
to deal with aspects such as the 3D structural response, including the effects of slabs, and to 
adapt for a large range of materials and structures under different types of exceptional loads. 

Furthermore, a strong assumption in this paper has been made, where the materials are 
considered as elastic perfectly plastic (yield design approach). Therefore, to provide a more 
realistic behavior of materials, it is important to take into account the ultimate strain of 
materials, as it can dramatically change the results of the analysis. 
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Abstract 
Nanoindentation is a well established experimental method used for characterization of 

small scale material properties. Here, nanoindentation is employed as a precise loading tool 
on samples prepared with Focused Ion Beam (FIB) milling technique. Micrometer sized beam 
specimens were prepared. Subsequently, they were bent with the aid nanoindenter and 
fracture characteristics acquired. Evaluation is performed for elastic properties, tensile 
strength and fracture energy of individual small scale microstructural constituents of cement 
paste like C-S-H rich phases and CH and N-A-S-H gels in alkali-activated fly ash (AAFA). 
Very high tensile strengths at the micrometer scale were observed for cement paste hydration 
products (200-700 MPa) as well as for N-A-S-H gel (340 MPa). The results are consistent 
with atomistic simulations and multi-scale modeling from available literature. The scaling 
factor of the tensile properties is caused by the multi-level character of the studied composites 
that consist of multiple defects in the form of pores, cracks and crystalline inclusions at higher 
(meso- and macro-) levels and that are not present at the micrometer scale. 
 

Keywords: nanoindentation, FIB, cement, fly ash, microbending 

 

1. INTRODUCTION 

Tensile strength and fracture toughness are crucial characteristics of concrete and cement 
based materials that are widely used in the building industry. Under unconfined conditions, 
the strength of ordinary lab samples (cm dimensions) is typically very low, in the order of a 
few MPa. Cementitious composites are based on cement matrix which is characterized by a 
brittle failure and the ductility of the whole composite specimen depends very much on the its 
size, volume content and shape of defects that are present in the form of cracks and voids. 
From the macroscopic point of view the size dependence and strength scaling has been 
studied by fracture mechanics for a long time. Energetic size effect on strength was derived 
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by Bažant [1]. However, the mechanisms of the fracture and related micromechanical 
characteristics in the fracture process zone remained unknown until recently. It is now clear 
that the initiation of the fracture happens on scales much smaller than the lab specimens, i.e. 
on the microscale. Thus, advanced material  models (usually multi-scale) must take into 
account intrinsic strength and fracture properties of individual small scale constituents of the 
cementitious matrix. 

With the development of novel experimental techniques like electron microscopy, 
nanoindentation [2] and focused ion beam milling (FIB) [3] it is now possible to extract 
properties on scales as low as 1 μm.  While microscopy enables visualizing morphology and 
chemical composition of microstructural features of cement matrix nanoindentation allows 
micromechanical characterization of the small material volumes. Works on elastic and some 
inelastic properties of small scale constituents including C-S-H gels and Portlandite (CH) and 
N-A-S-H gels in AAFA utilizing nanoindentation have been proved in many cases [4], [5]. 
But until recently, it was not possible to access fracture properties of the constituents. 
Němeček et al. developed a methodology based on bending of FIB prepared micrometer sized 
specimens [6] where FIB allows preparation of geometrically precise microscopic samples 
and nanoindenter allows precise measurement of the bending response of the micro-beams. 

The work presented in this paper focuses of the strength and fracture properties of 
individual constituents of cement paste at micrometer scale (1-100 μm). Intrinsic fracture 
properties are shown for C-S-H phases and CH. Since many structural composites are based 
also on supplementary materials, the paper concentrates also on alternative binders. Basic 
building blocks of alkali-activated fly ash samples, the N-A-S-H gel, are characterized with 
the common methodology as used for cement samples. 

2. EXPERIMENTAL PROGRAM 

2.1 Samples and microstructure 
Two kinds of samples were prepared. First, cement paste  from CEM-I 42.5R with water to 

binder ratio 0.4 were produced and stored in water for 8 years. Thus, they were fully hydrated. 
Based on SEM imaging and microstructure modeling with Cemhyd 3D model [6], an 
approximate volumetric content of individual microstructural phases included inner and outer 
products (~50%), Portlandite (CH) (~20%), other hydrates (~15%), unhydrated clinker (3%) 
and capillary porosity (12%), see [6] for details. The second part of samples was prepared 
from alkali-activated fly ash. Raw fly ash originated from brown coal power plant Opatovice 
(Czech Republic). The fly ash was mixed with an alkali-activator which was prepared by 
dissolving NaOH pellets in tap water and by adding sodium silicate (water glass). Resulting 
mixture was characterized by mass oxide ratio of an activator and activator-to-solid mass ratio 
as: Na2O/SiO=0.881, H2O/Na2O=3.068, activator/solid=0.456. After mixing, samples were 
cured at 80°C for 12 h and then stored in laboratory conditions (~22°C) until testing.  

Prior to further analyses samples were cut into 5 mm thick slices and prepared with a 
metallographic procedure [4]-[6] to get a flat and smooth surface with small roughness of 
several tens of nm. 

2.2 Methods 
First, samples were scanned in SEM and locations of individual microstructural phases 

detected. An example of sample microstructure as seen in SEM-BSE is shown in Fig. 1 
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MECHANICAL AND MICROSTRUCTURAL EVALUATION OF BIO-
BASED BUILDING BOARDS – PRELIMINARY STUDY 

L. Korat (1), V. Ducman (1) and S. Medved (2) 

(1) Slovenian National Building and Civil Engineering Institute, Dimičeva 12, 1000 
Ljubljana, Slovenia 
(2) Department of Wood Science and Technology, Biotechnical Faculty, University of 
Ljubljana, Jamnikarjeva ulica 101, SI-1000 Ljubljana, Slovenia 

 

Abstract 
The development of building materials which include bio-based materials is an area of 

rapid development. In particular, the combined use of bio-based and other materials allows 
the formation of different composites, such as fibre boards, sandwich panels etc. [1]. In the 
present study different bio-based composite internal building boards, based either on cement 
or an alkali activated precursor, were prepared in the laboratory and characterised. Standard 
X-ray fluorescence (XRF) and X-ray diffraction (XRD) were used to examine the chemistry 
and mineralogy of input materials (cement, fly ash). The density and standard mechanical 
properties of the laboratory-prepared boards were later analysed. Preliminary results showed 
the flexural strength to be 5-10 MPa for cement-based materials and around 3 MPa for alkali 
activated materials. The density was 1-2 g/cm3 for both types of material.  
 

Keywords: bio-composite, building boards, fibres, cement, alkali activated materials 

 

1. INTRODUCTION 

The use of bio-based or cellulose-based materials in construction is an area of rapid 
development. In particular, the use of bio-based substances combined with other materials 
allows the formation of different composites, such as fireboards, sandwich panels etc. In 
addition to being extremely environmentally-friendly (one of the lowest amounts of embodied 
CO2 per kilogram), such materials, especially cellulose-based materials, possess excellent 
thermal and acoustic properties. Cellulose materials, however, only account for a minor share 
of materials on the European insulation market, primarily because they are highly 
hygroscopic, flammable and prone to mould. Improving these shortcomings would facilitate 
the usage of cellulose for insulation purposes in the building sector, and help reduce the 
effects of built environments and restoration procedures on the environment. This is the scope 
of the project “Potential of biomass for development of advanced materials and bio-based 
products” [2]. Within this project the focus of the present research is the development of 
products with a higher proportion of bio-based components and improved functionalities for 
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Building boards based on an alkali activated precursor were prepared from fibres, fly ash 
(originated from coal combustion), an activating sodium silicate solution, and NaOH. As seen 
from Table 1, the proportion of SiO2 is high. According to standard EN 197-1 [3], fly ash can 
be classified as a siliceous fly ash (< 10 % CaO). The concentrations of Fe2O3 and Al2O3 are 
also high, likely due to the presence of hematite and gehlenite (Table 1). The LOI value was 
5.01 % and the BET surface area 16.7 m2/g. According to the standard EN 450-1 [4], the 
content of sulphate (< 3 %), alkalis (Na2O < 5 %) and phosphate (< 5 %), were all below the 
limits.       

2.2 Preparation of samples 
Building boards based on cement were prepared from dry fibres and cement CEM I. The 

preparation of building boards based on cement was divided into two parts, firstly the 
preparation of smaller boards (dimensions 12x16x10 cm, designated as sCBB), and secondly 
the preparation of larger building boards (dimensions 50x50x10 cm, designated as lCBB). A 
cement mixture for sCBB was prepared regarding the appropriate water-solid ratio 
(preliminary testing of several mixtures with w/s ratio ranging from 0.4 to 0.6) and a fibre-
cement ratio of 1:50 (Table 2). The sCBB were first compressed (5 KPa) and exposed to 
laboratory conditions (temperature 21 °C and relative humidity ≤ 53 %) for 24 hours. For the 
following 24 hours they were cured in a humidity chamber (temperature 20 °C and relative 
humidity ≤ 90 %). The sCBB were then returned to laboratory conditions in order to 
investigate their compressive strength after 7, 14 and 28 days of hydration (from sCBB_A to 
sCBB_E). The cement mixture for the large boards (lCBB) was prepared similarly to that for 
the small boards (Table 2), where the amount of material was higher. Two different 
temperatures (20 °C and 70 °C) were applied during the compression process (8 KPa). After 
compression the lCBB boards were exposed to laboratory conditions in order to investigate 
their compressive strengths after 7 and 35 days of hydration (lCBB_A and lCBB_B). 
 
Table 2: Composition of the investigated CBB mixtures by weight 

Designation  
Solid compounds Compression 

CEM I [g] Dry fibers [g] w/s Time Temperature [°C] 
sCBB_A 300 15 0.4 24 h 21 
sCBB_B 300 15 0.5 24 h 21 
sCBB_C 300 15 0.6 24 h 21 
sCBB_D 300 20 0.7 24 h 21 
sCBB_E 300 20 0.8 24 h 21 
lCBB_A 6000 300 0.4 30 min 20 
lCBB_B 6000 300 0.4 30 min 70 
w - the amount of mixing demineralized water 
s - solid material 

 
Building boards based on an alkali activated precursor (ABB) were prepared from fibres, 

fly ash, an activating sodium silicate solution (sodium silicate Crystal 0112; produced by 
Tennants Distribution, Ltd., SiO2:Na2O = 1.97, 54.2 mass % aqueous solution) and NaOH 
(produced by Donau Chemie, 41.7 mass % aqueous solution). These boards were designated 
as smaller boards (dimensions 12x16x1 cm, designated as sABB). Foaming and stabilizing 
agents were later added to create alkali activated foams. The influence of both agents was 
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initially tested on prisms (4x4x16 cm) and the best mixture was later used in the preparation 
of larger building boards (dimensions 60x40x1 cm, designated as lABB). The moulds were 
then placed in an oven for 24 hours at a temperature of 70 oC. The resulting hardened test 
specimens were removed from the moulds and stored for a further 3 days at a controlled 
temperature of 20 ± 2 °C.   
 
Table 3: Composition of the investigated ABB mixtures by weight 

Designation  
Solid compounds [g] Liquid compounds [g] 
Fly ash Dry fibers FA SA Water glass NaOH

sABB_A 300 10 0 0 180 90 
sABB_B 300 25 0 0 180 90 
lABB 3000 50 150 150 1800 900 
*FA is foaming agent and SA is stabilizing agent 

2.3 Techniques 
The chemical composition of materials was determined using a Thermo Scientific ARL 

PERFORM'X Wavelength Dispersive X-Ray Fluorescence Spectrometer with Rh-target x-ray 
tube. Prior to the measurements, samples were dried at 105 °C and heated at 950 °C. A fused 
bead was then prepared with lithium tetraborate 50 %/lithium metaborate 50 %, with a 1:10 
mixture of the sample and flux heated at 1025 °C. Loss on ignition (LOI) was determined in 
accordance with EN 196-2. The total specific area or Brunauer-Emmet-Teller (BET) surface 
area of the samples was determined via nitrogen adsorption at 77 K, using a Micromeritics 
ASAP 2020 instrument.  

The phase composition of the samples was determined via PANalytical Empyrean with 
CuKα radiation. Data was collected at 45 kV and a current of 40 mA, over the 2θ range from 
4 to 70°. Mineral phases were determined using X´PertHighScore Plus diffraction software 
from Panalytical with PAN-ICSD powder diffraction files.  

Densities of boards were determined using “geometrical density”, obtained by dividing the 
measured weights by their dimensions. Reported values of density were obtained using the 
average of 10 test specimens per mixture, and the average of 3 separate measures per sample 
size.   

Determination of the consistency of fresh mortar (by flow table) of the studied materials 
was determined according to EN 1015-3 [5].  

The flexural and compressive strength of the test specimens were determined at different 
time points (7, 14 and 28 days) by means of a Toninorm testing machine (Toni Technik, 
Germany). The reported values of mechanical strength were obtained from the average of 3 
sample measures per mixture.  

The thermal conductivity of samples was measured at 7 days and 35 days using a heat flow 
meter LM305 and a sample thickness of 10 mm.  

The back-scattered electrons (BSE) image mode of a low vacuum scanning electron 
microscope (JEOL 5500 LV equipment) was chosen as a complementary method to examine 
the microstructure (to determine ITZ between the matrix and the fibres).  

X-ray computed microtomography (‘Xradia µCT-400’ tomograph, Concord, California, 
USA) was selected for detailed analysis of the inner structure (pores and fibres). The beam 
energy was set to 80 kV. Two thousand projection images were acquired on the CCD camera, 
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(1) Laboratory of Innovative Building Structures, Vilnius Gediminas Technical University, 
Vilnius, Lithuania 

 

 

Abstract 
Residual stiffness of reinforced concrete elements is closely related with structural 

integrity of cracked sections. A plenty of various evaluation procedures, however, does not 
enable the comparative analysis of different reinforcement schemes, since they are tested in 
different manner. To solve this problem, a new quantification procedure of the tension 
stiffening effect is introduced. It employs a new testing layout designed with the purpose to 
form multiple cracks in a small laboratory specimen. This enables to reduce scatter of the 
results due to the crack formation peculiarities. The corresponding analytical model, 
representing the average equivalent stress-strain behaviour of the tensile concrete, is 
proposed. The model is based on the following simplifications: smeared crack approach; 
linear strain distribution within the section depth; elastic behaviour of reinforcement and 
compressive concrete; and rectangular distribution of stresses in the tensile concrete. The 
latter assumption enables obtaining a closed-form analytical solution of the constitutive 
modelling problem. That makes the analysis results independent on the loading history: the 
analysis is performed in a uniform manner for the cases of short-term, sustained, or cyclic 
load applications. Furthermore, the proposed methodology could be acceptable for estimating 
residual stiffness of elements with various reinforcement combinations. The application of the 
proposed technique is illustrated experimentally. Several specimens with composite 
reinforcement are subjected to monotonic and cyclic load patterns. 
 

Keywords: concrete, composite reinforcement, tests, analytical model, tension stiffening 

 

1. INTRODUCTION 

Residual stiffness of reinforced concrete elements is closely related with structural 
integrity of cracked sections. Tension stiffening models can estimate the stiffness decay in an 
averaged manner. Numerous studies have investigated the tension stiffening issue. However, 
only several works investigated the flexural effects. Fundamental studies by Kaklauskas & 
Ghaboussi [1] and Torres et al. [2] can be mentioned in this context. Several approaches to 
the constitutive modelling problem have been developed [1-7]. Elaborate numerical 
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procedures are intrinsic attribute of the “exact” approaches [1, 3, 7]. Iterative nature of the 
corresponding procedures often complicates the analysis [3, 7]: the calculation errors are 
accumulated following the load history. The development of more reliable algorithms 
employed the reinforcement-related tension stiffening concept was a consequence of the 
further improvements [4-6]. Such models, however, are not useful for the analysis of the 
elements reinforced with a combination of different types of internal bars and/or external 
sheets. 

This study introduces a simplified approach to the flexural stiffness analysis. It employs a 
new testing layout designed with the purpose to form multiple cracks in a small laboratory 
specimen that reduces scatter of the results due to the cracking peculiarities. Representing a 
closed-form solution of the tension stiffening problem, the proposed analytical model requires 
neither iterative calculations nor description of the loading history. The application of the 
proposed technique is illustrated experimentally. Several flexural elements with composite 
reinforcement are considered. The specimens are subjected to monotonic and cyclic loadings. 

2. THE PROPOSED TEST PROCEDURE 

The previous studies [8, 9] have indicated that different number of cracks formed in small-
size elements has a primary effect on the constitutive modelling results. Since laboratory 
conditions limit size of the specimens, design of the testing layout was focused to ensure the 
cracking process, i.e. induce multiple cracks, of a small-size sample. Williams [10], Purainer 
[11] and Gilbert [12] revealed that a slab-shaped geometry of concrete specimens enables 
formation of multiple cracks with narrow crack spacing. Such geometry of the specimens is 
used in this study. The analysis is based on monitoring results of the pure bending zone. The 
specimens were designed ensuring maximum length of the monitoring zone. Such design fits 
the Eurocode 2 condition for elements not requiring design of shear reinforcement, i.e. a ≤ 2d, 
where a is the shear span, d is the effective depth of the cross-section. 

The proposed slab-shaped 1000 mm long specimen has a rectangular 100×200 mm cross-
section. Three series of concrete specimens with different reinforcement are used for the 
tension stiffening analysis. The first three specimens (designated to as B1-GFRP, B2-GFRP 
and B3E-GFRP) were reinforced with 8 mm ComBar GFRP bars. Two beams (B4 and B5) 
were reinforced with 8 mm steel bars. The remaining five specimens had only external 
reinforcement (CFRP sheets). Three externally reinforced beams (B6-CFRP, B7-CFRP and 
B8E-CFRP) were subjected to monotonic load (in the same manner as previously described 
elements), while the specimens B9C-CFRP and B10C-CFRP were subjected to cyclic load. 
Letter E in the beam notation indicates beams with external shear reinforcement, while C 
marks elements subjected to cyclic loading. The loading scheme is shown in Figure 1. To 
prevent shear failure of the beams with composite reinforcement, two specimens subjected to 
monotonic load (B3E-GFRP, B8E-CFRP) and both elements subjected to cyclic load are 
strengthened with CFRP wrap as shown in Figure 2. Single layer of the unidirectional 
MapeWrap C UNI-AX sheet was used as the external reinforcement. The equivalent thickness 
of the dry layer is equal to 0.166 mm. 

All specimens were produced in one batch. The composition of the concrete (for one cubic 
meter) are following: 356 kg of cement CEM I 42.5 R, 163 l of water, 177 kg of limestone 
powder, 890 kg of 0/4 mm sand and 801 kg of 4/16 mm crushed aggregates; 1.97% (by the 
cement weight) of the superplasticizer Mapei Dynamon XTend and 3.5 kg of the admixture 
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Main parameters of the test specimens are presented in Table 1. In this table, h, b and d are 
the height, width and effective depth of the cross-section; Ar and Er are the area and elasticity 
modulus of reinforcement, respectively. 

 
Table 1: Main parameters of the beams 

Beam h [mm] b [mm] d [mm] Ar [mm2] Er [GPa] 
B1-GFRP 101 199 75 150.8 64.4 
B2-GFRP 101 200 76 150.8 64.4 
B3E-GFRP 100 200 76 150.8 64.4 
B4 104 199 79 150.8 196 
B5 105 200 79 150.8 196 
B6-CFRP 110 204 110 23.2 230 
B7-CFRP 104 196 104 23.2 230 
B8E-CFRP 99 202 99 23.2 230 
B9C-CFRP 106 195 106 23.2 230 
B10C-CFRP 106 194 106 23.2 230 

 
The tests are carried out using a 5 MN capacity servo-hydraulic machine. The monotonic 

load is applied with a rate of 0.4 mm/min. The cyclically loaded specimens are subjected to 
the monotonically increased load with rate of 1.68 kN/min until it reaches 40 kN. After that, 
the sinusoidal load cycles start with amplitude approximately equal 15 kN and the frequency 
of 0.167 Hz. The number of cycles (100) was the same in both tests. A load cell is used for 
the load measurements. Linear variable displacement transducers (LVDT, L10-L15) attached in 
two continuous lines to side surface No. 1 (see in Figures 1-3) of the specimen monitor the 
surface deformations. Nine LVDT (L1-L9, Figures 1, 2) measure the vertical displacements in 
pure bending zone. The data logger Almemo 5690-2 collects the output results of all LVDT 
and the load cell. Deformations and crack pattern of the opposite side No. 2 (see in Figures 1-
3) are fixed with the help of digital image correlation system (DIC). Two cameras Imager E-
lite 5M are used for this purpose. The cameras are placed on a tripod at the 3.0 m distance 
from the specimens; the distance between the cameras is equal to 0.4 m. The cameras, 
incorporating a charge-coupled device (CCD) detector, have a resolution of 2456×2085 pixel 
at the 12.2 fps rate. The DIC application example is presented in Figure 4. The cracking 
schemes are related to the average equivalent deformations of tensile concrete ߝ௧∗. 

3. ANALYTICAL MODEL 

The stiffness analysis is based on the moment-curvature response of the pure bending zone. 
The analytical model proposed for the analysis of residual stiffness considers an average 
stress-strain behaviour of the tensile concrete. The model employs the following assumptions: 
smeared crack model; linear strain distribution within the section depth; elastic behaviour of 
reinforcement and compressive concrete; and rectangular distribution of stresses in the tensile 
concrete. The latter assumption enables obtaining a closed-form analytical solution of the 
tension stiffening modelling problem. The Figure 5 shows the modelling scheme. Based on 
the equilibrium equations of internal forces and bending moments in respect to the centroid of 
the equivalent tensile stress diagram (Figure 5), the equivalent average stress in the tensile 
concrete and the corresponding strain can be expressed as 
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∗௧ߪ = ߢ ௖ܧ௖ଶܾݕ − 2ሺ݀ − ௥2ሺℎܣ௥ܧ௖ሻݕ − ௖ሻܾݕ , (1) 

 

Figure 5: Analytical model of the element subjected to external bending moment Mext: RC 
section (a); strain profile (b); stresses and internal forces acting in section (c) ߝ௧∗ = ሺℎߢ − ௖ሻݕ 2⁄ , (2) 

where Ec and Er are the elasticity moduli of concrete and reinforcement, respectively, Ar is the 
reinforcement area; other notations are evident from Figure 5a. Position of the neutral axis is 
estimated as ݕ௖ = ଷܥ13 ൜2Λ cos ൬13 cosିଵሼΨሽ൰ −  ଶൠ, (3)ܥ

where Ψ = − ሺ27ܥଷଶܥ଴ − ଵܥଶܥଷܥ9 + ଶଷሻܥ2 2Λଷ⁄ , Λ = ටܥଶଶ −  ଵ. (4)ܥଷܥ3

The corresponding coefficients are following: ܥ଴ = ௥ܣ௥ܧଶ݀ߢ ൬1 − ℎ2݀൰ −  ;௘௫௧ۻ
ଵܥ = ௥4ܣ௥ܧߢ ሺℎ − 3݀ሻ; ଶܥ = 4ߢ ሺ2ܧ௥ܣ௥ + ;௖ܾℎሻܧ ଷܥ = ௖ܾ12ܧߢ . (5) 

The application of the proposed simplified approach to the tension stiffening problem 
causes a very similar result (tension stiffening diagram) as the exact solution of the inverse 
analysis problem [3, 7]. An example of such analysis is presented in Figure 6. The moment-
curvature diagram shown in Figure 6a is used to determine the tension stiffening models in 
Figure 6b. It can be observed that the exact and the simplified models are agreed well. Since 
the exact inverse procedure [3, 7] considers deformation behaviour of the most tensioned 
layer of the section, it enables determining the stress-strain response of the tensile concrete at 
more advanced deformation levels than the analytical procedure. However, more stable results 
(in the terms of the diagram oscillations) characterize the application of the analytical 
approach; furthermore, it represents a closed-form solution of the inverse problem, which 
does not require any iterative calculations as well as description of the loading history. 
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4. TENSION STIFFENING ANALYSIS 

The monitoring scheme (Figures 1, 2) enables the curvature estimation in different ways: 
from vertical displacements of LVDT L1-L9 and from surface deformations identified using 
the LVDT L10-L15 or DIC system. References [3-4, 6] describe the data processing algorithms. 
Analysis of the alternative curvature diagrams enables avoiding errors due to measurement 
interruptions or other inaccuracies. 

 

Figure 6: Comparison of the analytical and exact modelling results: moment-curvature 
diagram (a) and the corresponding tension stiffening models (b) 

  

Figure 7: Moment-curvature diagrams (a) and the corresponding tension stiffening models (b) 

Figure 7a shows the moment-curvature diagrams of the beams subjected to the monotonic 
load. These diagrams are constructed using the surface deformations captured by the DIC 
system. The differences between the diagrams of nominally identical beams (B6-CFRP and 
B7-CFRP) can be related with variation in the cross-section height. The corresponding tension 
stiffening models are shown in Figure 7b. These diagrams are derived using the concept of the 
equivalent average stress of tensile concrete (Section 3). Red points in the diagrams shown in 
Figure 7 correspond to the cracking patterns presented in Figure 4. As can be observed in 
Figure 7b, the diagrams of the nominally identical specimens are practically coincident. 
Analysis of the tension stiffening models reveals significant efficiency of the external CFRP 
reinforcement system concerning the internal reinforcing schemes. This effect is the object of 
further research. 

Failure character of the beam specimens is another topic that is requiring analysis. As can 
be observed in Figure 8, formation of a critical shear crack has caused failure of specimens 
with composite reinforcement. That is a consequence of a low resistance of fibre reinforced 
bars or external sheets to transverse load. 
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5. CONCLUSIONS 

The proposed analytical model represents a closed-form solution of the tension stiffening 
problem requiring neither iterative calculations nor description of the load history. 

The proposed methodology, employing a new test layout, is acceptable for comparative 
analysis of the tension stiffening effect of different reinforcement layouts. The residual 
stiffness of elements reinforced with any combinations of internal bars, dispersed fibres and 
external sheets can be estimated in the unified manner. 

Test results demonstrate that external reinforcement (CFRP sheets) is the most efficient 
structural system among the analysed reinforcement layouts for ensuring flexural stiffness. 
However, shear resistance of elements with FRP reinforcement is not sufficient requiring 
additional means for improvement. 

Decay of tension stiffening due to cyclic load has been estimated for elements with 
composite reinforcement. After cracking, the elements reinforced with external CFRP have 
demonstrated almost constant flexural stiffness after 100 loading cycles. 
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EXPERIMENTAL LOCATION OF MATERIAL INCLUSIONS IN 
BUILDING PARTITION MODELS THROUGH ACTIVE 
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Abstract 
Active thermography is widely used in many branches of industry, also in construction, to 

examine the material structure of elements. This paper describes experiments carried out on 
building partition (gypsum board) models containing material (steel, styrofoam and granite) 
inclusions with considerably different thermal parameters. A long continuous heat pulse was 
used for thermal excitation and subsequently thermograms were periodically recorded 
simultaneously in the reflection mode and the transmission mode. A phenomenon, referred to 
as inverse contrast, was discovered during the experiment. An area first visible as cooler in 
the thermogram, after some time begins to be seen as a warmer area (and vice versa). The 
inverse contrast phenomenon was discovered owing to the long (30 minutes) heating of the 
investigated element and to the extended time (amounting to at least a few hours) of recording 
thermograms. 
 

Key words: materials testing, thermography, active thermography, detection of inclusions, 
inverse contrast 

 

1. INTRODUCTION 

In recent years great advances have been made in thermographic methods of materials 
testing. This is owing to, among other things, the increased accuracy (higher infrared detector 
resolution and higher thermal sensitivity) of thermal imaging cameras and their greater 
availability (lower prices and a wider choice). Thermography is used in practically every 
branch of science and economy. Also in materials testing it has found numerous applications. 
A special kind of thermography is active thermography. It consists in the thermal excitation of 
the tested element and the periodic recording of the thermograms as the thermal response to 
the applied controlled excitation. Thanks to this method one can investigate all kinds of 
discontinuities in the material structure, which are visible in the thermograms as disturbances 
in temperature field distribution. There are several types of active thermography (differing in 
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the excitation and in the method of analysing the thermograms) [1-4]. In the literature on the 
subject one can find many applications of this method. In materials testing it is used to, e.g., 
determine the depth at which material inclusions occur in the tested elements [5], examine the 
material structure of historic buildings [6, 7, 8], locate the reinforcement in reinforced 
concrete members [9, 10] and test the strengthening of structural members with reinforcing 
strips [11]. Active thermography is used to test materials in practically every field of science, 
the food industry, the aerospace industry, the materials industry and in medical diagnostics. 

A survey of current thermographic investigations of reinforced concrete members 
conducted by researchers all over the world can be found in paper [12] by Milovanović and 
Pečur. The Russian scientist V. P. Vavilov summed up and described the limitations of the 
thermographic  method in nondestructive testing, due to (noise) interference [13]. In another 
paper [14] Vavilov and Burleigh carried out a review of the world achievements in active 
thermography testing, described the created commercial measuring systems and presented the 
advantages and disadvantages of the particular testing methods. Other review papers summing 
up active thermography research and indicating the latest trends in this testing method are, 
e.g., [15] by Vavilov, [16] (dealing with vibrothermography) by Umar et al. and [17, 18] by 
Ibarra-Castanedo et al. 

The first attempts at standardizing materials active thermography testing have already been 
made. The BAM (Federal Institute for Materials Research and Testing – Bundesanstalt für 
Materialforschung und - Prüfung) research group proposed to use a reference steel sample for 
tests with flash lamp excitation, Maierhofer at al. [19] and developed a methodology for such 
testing, Maierhofer et al. [20]. 

In the research on thermography a tendency to conduct experiments in which thermograms 
are recorded only in the initial phase of element cooling was noticed. In the literature on the 
subject one can find no experiments in which the time over which thermograms are recorded 
is extended until a thermal equilibrium between the tested element and the environment is 
reached. This paper presents a description of such an experiment. When analysing the 
obtained thermograms an interesting phenomenon, which probably had not been noticed and 
described in scientific publications before, was discovered. This phenomenon was called 
“inverse contrast” and it is described further in this paper. 

2. DESCRIPTION OF EXPERIMENT 

2.1 Test stand 
The main component of the test stand was a building partition model. The partition was 

made of a homogenous material (4 gypsum boards in turn 22, 10, 10 and 22 mm thick, 
together forming a 64 mm thick partition) with 3 holes cut out in it. Material (styrofoam, 
granite and steel) inclusions, differing considerably in their thermal properties, were put into 
the holes. The 2 cm thick 20×10 cm inclusions were inside the partition model, under the 
surface (on both sides) of the 22 mm thick homogenous material. Figure 1 shows the partition 
model structure and the arrangement of the material inclusions inside it. 
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The thermal parameters of the tested materials were found to have the strongest influence 
on the test results. The homogenous material and the material inclusions were matched to 
make it possible to compare the effect of the differences in the thermal parameters on the 
recorded temperature field distribution. The thermal parameters of the materials are presented 
in Table 1. 
 
Table 1: Thermal parameters of tested materials 

1 2 3 4 5 6 
Kind of 
material 

Bulk density 
Specific heat 

Heat capacity 
Thermal 

conductivity 
Thermal 

diffusivity 
[-] ρbulk [kg/m3] cw [J/(kg·K) Cbulk [J/(m3·K)] λ [W/(m·K)] a [m2/h] 

Material inclusions 
Styrofoam 30 1460 0.04 · 106 0.033 0.75 · 10-6 
Granite 2600 920 2.39 · 106 2.80 1.17  · 10-6 
Steel 7900 500 3.95 · 106 17.0 4.30 · 10-6 

Homogenous material 
Gypsum 
board 

1000 1000 1.0 · 106 0.23 0.23 · 10-6 

2.2 Research methodology 
The experiment can be divided into two main parts. In the first part the temperature field 

distribution was measured simultaneously on both sides of the tested element, i.e. on the 
heated side, where the heat source was located (the reflection mode), and on the opposite 
(unheated) side (the transmission mode). The tested element was heated using the infrared 
radiator from  
a distance of 1.5 m for about 30 minutes. After the 30 minute long uninterrupted heat pulse 
the lamp was switched off and thermograms were recorded at every 20 s for up to 8 h. 

In the second part of the experiment the obtained periodic thermograms were analysed. 
Temperature values were measured in four points in the characteristic places on the partition 
surface, i.e. in the centre of each of the three material inclusions and in the cross section 
containing only the homogenous material. The measuring point size was 3×3px. Using the 
obtained temperature values the absolute contrast was calculated from formula 1. 

 

Ca(t) = Tp(t) – Tpj(t)     [
oC] (1) 

where: Tp(t)  – the temperature in the surface point in the cross section containing a material  
   inclusion [oC], 

Tpj(t) – the temperature in the surface point over the defect-free homogenous area [oC]. 

3. SELECTED TEST RESULTS 

3.1 Thermograms 
Selected test results are presented as thermograms in Figure 3. The temperature field 

distributions in the reflection mode are in the first row, while the ones in the transmission 
mode are in the second row. The time which elapsed since the beginning of the element 
cooling down phase is given over the thermograms. 
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Figure 4: Graphs of absolute contrast in characteristic cross sections with three different 
inclusions for respectively a) reflection mode and b) transmission mode. 

4. DISCUSSION 

As part of the experiment the distribution of the temperature field over time during the 
cooling down of the previously excited surface was analysed. Through the measurement it 
was possible to locate material inclusions “hidden” under a 22 mm thick layer of gypsum 
board. All the inclusions began to appear after about 10 minutes since the switching off the 
heat source. The highest temperature contrast occurred in the interval of 10-60 minutes. On 
the heated side the maximum differences in surface temperature between the homogenous 
cross section and the cross section with an inclusion would reach +1.5 oC for styrofoam, -2.0 

oC for granite and over -4.0 oC for steel. On the unheated side the respective values amounted 
to -1.0 oC, -0.6 oC and -1.2 oC. On the unheated side the inclusions would begin to become 
visible after about 20 minutes. The “+” sign at a temperature value means that the inclusion 
was visible in the thermogram as an area warmer than the homogenous cross section, whereas 
the “-” sign means that the inclusion was visible as a cooler area. In both the reflection mode 
and the transmission mode the inclusions were best visible in the thermograms after 10-60 
minutes, but in the transmission mode a time shift (due to the flow of heat through the cross 
sections characterized by different thermal diffusivity (Tab. 1)) was visible. The best visible 
inclusion was the steel one  – its location and shape could be easily seen from both sides of 
the partition. In Figures 3-4 one can see that the absolute contrast intersects the time axis and 
its sign changes. This point was called “inverse contrast instant”. After this instant, the 
inclusion which previously was visible as a cooler area in the thermogram begins to be seen 
as a warmer area (and vice versa). The absolute contrast after the “inverse contrast instant” 
passes was called “inverse contrast”. In order to see inverse contrast one should heat the 
tested surface appropriately long (supply a large amount of thermal energy) and then record 
thermograms for at least a few hours. The absolute contrast and the corresponding inverse 
contrast (for granite defect) are marked in Figure 5. One can notice that on both the heated 
side and the unheated side the inverse contrast does not exceed 0.5 oC. 
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Abstract 
This study investigated mechanical properties and local Ca structure of various alkali-

activated slag (AAS) activated by MgO, Mg(OH)2, CaO, Ca(OH)2, Ba(OH)2, and 
Ba(OH)2·8H2O. The heavier main element in activators produced higher compressive strength 
and low chemically bound water in the same element type of activators contributed to better 
strength development. An average pore diameter measured by mercury intrusion porosimetry 
would be a better indicator to predict AAS pastes rather than total pore volume. While Mg-
based activator did not change local Ca structure of raw slag, Ca- and Ba-based activator 
increased radial distance of Ca-O path. In addition, as atomic number of main elements in 
activators increased, Ca-O distance of AAS pastes increased, while coordination number of 
core Ca atoms decreased.  
 

Keywords: alkali-activation, slag cement, local Ca structure, X-ray absorption spectroscopy, 
EXAFS 

 

1. INTRODUCTION 

Alkali-activated slag (AAS) has been considered as a potential alternative to ordinary 
Portland cement (OPC) because the use of AAS can significantly reduce carbon dioxide 
emissions, comparing production of OPC, and AAS possesses good mechanical properties if 
proper types and amounts of activators are used. The AAS produces not only amorphous 
calcium aluminosilicate hydrate (C-A-S-H) gels as a main reaction product but small amount 
of crystalline phases such as hydrotalcite-like phases, zeolite and AFm phases depending on 
compositions of raw slag [1, 2]. 

The atomic structure of C-A-S-H gels in AAS has been studied, mainly using 29Si and 27Al 
nuclear magnetic resonance (NMR) spectroscopy [3, 4]. Thus, its silicon and aluminium 
structures are relatively well investigated as a model of poorly crystallized tobermorite with 
substitution of bridging tetrahedral silicon by tetrahedral aluminium [5]. However, local 
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calcium structure of the C-A-S-H gels is not well informed due to some limitations of 
experimental facilities. 

This study explored mechanical properties and local calcium structure of AAS with various 

activators such as MgO, Mg(OH)2, CaO, Ca(OH)2, Ba(OH)2, and Ba(OH)2·8H2O. 
Compressive strength tests, porosimetry and synchrotron-based X-ray absorption 
spectroscopy (XAS) were applied. 

2. MATERIALS AND EXPERIMENTAL DETAILS 

Commercial ground granulated blast-furnace slag and reagent grade chemicals for 

activators (i.e. MgO, Mg(OH)2, CaO, Ca(OH)2, Ba(OH)2, and Ba(OH)2·8H2O) were obtained. 
Chemical oxide composition of raw slag is shown in Table 1 and the raw slag did not contain 
any crystalline phase. 

 
Table 1: Oxide composition of raw slag. 

Formula CaO SiO2 Al2O3 MgO SO3 TiO2 Fe2O3 K2O MnO SrO 

Weight(%) 43.4 35.2 14.1 3.2 2.1 0.7 0.5 0.5 0.2 0.1 

 
AAS cement was prepared by mixing raw slag and powder forms of activators, including 

MgO, Mg(OH)2, CaO, Ca(OH)2, Ba(OH)2, and Ba(OH)2·8H2O. The amounts of water and 
activators were set as 40 wt.% and 10 wt. % of raw slag, respectively, and were adjusted for 
preparing a comparison sample which has identical molar ratio. The detailed mix proportion 
is shown in Table 2.  

 
Table 2: Mixture proportions of AAS cement in mass 

Sample Prepared AAS  water 
Slag MgO Mg(OH)2 CaO Ca(OH)2 Ba(OH)2 Ba(OH)2·

8H2O 
MgO 10% 100 10 0 0 0 0 0 40 
MgO 6.9% 100 6.9 0 0 0 0 0 43.1 
Mg(OH)2 10% 100 0 10 0 0 0 0 40 
CaO 10% 100 0 0 10 0 0 0 40 
CaO 7.6% 100 0 0 7.6 0 0 0 42.4 
Ca(OH)2 10% 100 0 0 0 10 0 0 40 
Ba(OH)2 10% 100 0 0 0 0 10 0 40 
Ba(OH)2 5.4% 100 0 0 0 0 5.4 0 44.6 

Ba(OH)2·8H2O 
10% 

100 0 0 0 0 0 10 40 

 
The pastes were cured in fog room with 23 ± 2°C for 28 days. Compressive strength of 

prepared AAS pastes was evaluated at 28 days and fractured pieces were collected to prepared 
powder forms of XAS samples and MIP experiments. The hydration of all samples was 
stopped, using isopropyl alcohol and diethyl ether at 28 days of curing. 
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3. EXPERIMENTAL RESULTS 

3.1 Compressive strength 
Figure 1 presents the results of compressive strength tests, which implies that the heavier 

elements in activators used, the better compressive strength was achieved i.e., Ba > Ca > Mg. 
In addition, as the activators with low chemically bound water used, mechanical properties of 
AAS was improved, but those effects became weak as atomic number of the main elements in 
activators increased. 

 

  
Figure 1: Compressive strength of AAS pastes at 28 days 

 

3.2 Mercury intrusion porosimetry 
Although total pore volume of cementitious materials has an inverse relationship with 

those mechanical properties [6], Figure 2 clearly presents that average pore diameter can be a 
better indicator to predict mechanical properties of AAS pastes. In the case where the degree 
of slag dissolution in AAS system had a significant difference between the samples, average 
pore diameter would have the inverse relationship with compressive strength than total pore 
volume because residual slag particles were denser than binding products [7]. 
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(a)                                                                         (b) 

Figure 2: Relationship between pore structure and compressive strength of AAS cements: (a) 
pore volume versus strength, and (b) average pore diameter versus strength. 

 

3.3 X-ray absorption spectroscopy 
The XAS experiments were conducted using an X-ray absorption fine structure for 

catalysis (XAFCA) beamline [8] at Singapore Synchrotron Light Source (SSLS), Singapore. 
Background of measured data was removed and Fourier transformation (FT) was carried out, 
by using Athena software [9] to obtain radial distance function (RDF) of each sample. Quick 
first shell (QFS) fitting of FT-extended X-ray absorption fine structure (EXAFS) spectra was 
conducted, using Artemis software [9] to calculate actual bond length of Ca-O path and 
coordination number of the core Ca atom. Figure 3 presents FT-EXAFS spectra of each pastes, 
implying that Ca-O bond length of Mg system is not changed from that of raw slag, but that 
of Ca and Ba system is lengthened. This result suggests that as activators with heavy main 
elements used, Ca-O bond length increased. 
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(c) 

Figure 3: Radial distance function (RDF) of (a) Mg-based AAS, (b) Ca-based AAS, and (c) 
Ba-based AAS. 

 

 
Figure 4: Normalized radial distance and coordination number of each pastes; R indicates 

normalized radial distances, and CN indicates normalized coordination numbers. 
 
Calculated radial distances of Ca-O path and coordination number of core Ca atom were 

normalized to those of raw slag. As presented in Figure 4, radial distances increase, but 
coordination numbers decreased as atomic number of main elements in activators increase. 
This results can be due to differences in degree of slag dissolution. 
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4. CONCLUSIONS 

− Compressive strength of AAS cements increased as main element of activators became 
heavier and low chemically bound water content in the same element type of activators 
contributed to strength development. 

− Average pore diameter of AAS pastes would be a better indicator to predict mechanical 
properties of the pastes rather than total pore volumes measured by MIP, likely due to 
significant difference of residual slag particle amount. 

− Mg-based activators did not change local Ca structure, but Ca- and Ba-based activators 
increased radial distance of Ca-O bond length. 

− As main elements in activator increased, radial distance of Ca-O path increased and 
coordination numbers of core Ca atoms decreased. 
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Abstract 
Ultrasonic methods have been developed in the past to study properties of cement-based 

materials in the fresh and hardening state. Especially by combined shear and compressional 
wave measurements, several possibilities exist for better describing the changing properties of 
cementitious materials at very early age, e.g. by calculating dynamic elastic properties from 
ultrasound wave velocities. Within the paper, test results from ultrasound investigations on 
different cementitious paste, mortar and concrete are presented and discussed. A special focus 
is on the quantification of the effects of material composition on the wave propagation. This is 
for example the air content and the matrix composition, the viscous fluid/solid ratio and the 
heat of hydration. Some analytical models are presented that will correlate the results from 
ultrasound measurements with the composition of the cementitious matrixes, which either 
helps to better understand the early age hydration or helps to better interpret the test results 
from ultrasound investigations. 

 

Keywords: US testing, maturity, elastic properties, early age hydration 

 

1. INTRODUCTION 

The properties of cement-based materials in the fresh and hardening state are currently 
measured with rather conventional methods. Ultrasonic methods have been developed in the 
past using through-transmission techniques and analysing the whole waveform. Today 
ultrasound is accepted as a very useful tool to continuously investigate the setting and 
hardening process of cementitious materials [1-4]. With respect to new concrete mixture 
concepts that especially focus on the optimization of the matrix composition by using a well-
defined amount of fillers and supplementary cementitious materials, many traditional concrete 
mix design methods to predict workability, setting and hardening as well as strength 
development fail. This is especially true for mixes, at which ordinary Portland cement (OPC) 
or clinker is partly substituted by combined mineral fillers, which enhance packing density 
and reduce the water demand of the mix for certain workability [5].  
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In the current study, properly selected limestone powders of different size are used, which 
we call eco-filler (EF) when they have a similar particle size compared to the used OPC and 
micro-filler (MF) when their mean particle diameter d50 is significantly lower than that of 
OPC (d50 < 3 µm). The combined fillers ensure that the water demand is reduced while 
keeping the workability and strength development almost constant compared to matrices with 
pure OPC. This is mainly achieved by packing optimization, which corresponds to a physical 
filler effect of MFs placed into voids instead of interstitial water. Additionally a significant 
amount of EF, which have a high sensitivity to water addition, can lower the water demand 
for certain flowability of a mix (see Tab. 1). Such optimized matrices provide lower 
environmental impact at equivalent functional properties (workability, strength) compared to 
pure OPC matrices [5]. 

However, it is also the setting and hardening behaviour as well as the strength 
development, which is strongly influenced. In the following study, two types of cementitious 
mixes are investigated, one with pure OPC and the other with a combination of OPC and EF 
and MF in an optimized ratio. The latter mixes, if properly optimized, typically have the same 
or an even higher w/c-ratio as pure OPC-mixes, but have a decreased w/p-ratio 
(water/powder-ratio, “powder” = OPC/EF/MF) at equal flowability. 

2. MATERIALS AND MIX DESIGN 

2.1 Materials 
Powder materials referred to in this study are classified into a group of micro-filler (MF) 

and eco-filler (EF) according to their mean particle diameter d50. The used micro-filler has a 
d50 < 3 µm that is significantly smaller than that of OPC. The eco-filler shows slightly smaller 
mean particle size but similar Blaine value like the cement. Details on the particle size 
distribution of the materials and the corresponding mixes determined by laser diffraction 
(HELOS) are presented in [3]. 

Table 1: Characteristic properties of the used materials. 

type 
true 

density 
ρ0 

grain size
d50 

Blaine- 
value 

water demand 
(void content)  

Vw,s/Vp 

ϕexp water demand for 
spread flow 190mm 

Vw,190/Vp 

[g/cm3] [µm] [cm²/g] [-] [-] [-] 

CEM I 52.5 R (OPC)  3.14 6.3  4656  0.83  0.57 1.57 

LimestoneECO (EF) 2.72 6.9 4032 0.62 0.61 0.68 

LimestoneMICRO (MF) 2.73 2.2 9314 0.61 0.62 0.65 

Sand 0.1/1 2.65 460 (n.m.) 0.65 (n.m.) 

Gravel 1/4 2.73 2700 

No measurement (n.m.) Gravel 4/8 2.65 not 
relevant Gravel 8/16 2.67 

SP (PCE) 1.06 not relevant 

 
As the amount of water to achieve a certain workability of a water/powder-mix plays a 

major role, table 1 show also the values for water demand Vw,s/Vp, where Vw,s is the volume 
of water at saturation point and Vw,fi/Vp, where Vw,fi is the volume of water for a certain 
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flowability (here spread flow fi = 190 mm) and Vp,which is the volume of powder of the 
water-powder mixes. These values were determined by a method (MEM-ST) presented by 
Juhart et al. [5]. 

2.2 Concrete and mortar mix design  
Table 2 contains the mix proportions, the recipe parameters and some selected properties 

of tested pastes, mortars und concretes in terms of workability, strength, Vicat initial setting, 
elastic dynamic modulus and dynamic shear modulus (according to ultrasound measurements 
performed with FreshCon device). While the REF mixes are based on Portland cement OPC 
(95% cement clinker), for the development of ECO mixes 50% of the OPC was replaced by 
limestone filler EF and micro-filler MF considering the paste optimization.  

The granular ECO paste mix was optimized to achieve a higher packing density and thus a 
lower w/p-ratio than the paste of the reference mortars and concretes. The OPC pastes and 
ECO pastes from Table 2 were used to produce mortars and concretes of similar workability 
with similar volume of paste, air content and sieve line of the aggregates. The consistency of 
mortar and concrete was adjusted to an equivalent value (160 mm for mortar and 500 mm for 
concrete) by adding superplasticizer (see Table 2). Despite a significantly higher w/c-ratio of 
ECO than REF, flowability and strength were nearly the same.  

3. TESTING AND EVALUATION METHODS 

3.1  Ultrasound experimental setup for simultaneous p- and s-wave measurements 
The FreshCon-system was used for the ultrasound measurements. The test setup is similar 

to that proposed by a RILEM recommendation worked out by RILEM TC 218-SFC Error! 
Reference source not found.. However, besides the usage of a container equipped with p-
wave transducers with a center frequency of 500 kHz an additional container with two 
broadband s-wave transducers with a center frequency of 250 kHz was used. A sensor 
distance of 50 mm was found to be sufficient for both containers. A more detailed system 
description is given in Krueger et al. [3], [6]. 

To study the setting and hardening time at very early age in the following a test time of 24 
hours was considered. In a post processing procedure the measurements were analysed and 
dynamic elastic parameters were calculated with equations (1) and (2) according to Krueger et 
al. [6].  

3.2 Calorimetry and heat of hydration 
The heat of hydration was determined with an ASTM C1679 compliant isothermal 

calorimeter (Calmetrix I-Cal 4000 HPC)  at isothermal conditions (20°C), in which an amount 
of appr. 50-100 g was filled in right after mixing (≈10 – 40 min). The measuring interval was 
1/min. The results are presented as specific heat per g of cement and do not consider the 
limestone filler as binder.  

In addition to that, the temperature evolvement during hydration was determined within the 
US test containers as well. 

3.3 Standardized functional parameters 
For the pastes the spread flow (fi) was determined on a dry glass plate with a Hägermann 

cone (according to EN 1015-3 but without any shocks), for mortars the spread was tested 
accordingly with shocks. Additionally the corresponding water demand (Vw,fi/Vp) was 
recorded. From paste and mortar mixes prisms 40/40/160 mm were cast to test the 
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compressive strength (n=3 specimen) after 24 hours (fcm,1d) and 7 days (fcm,7d) acc. to EN 196-
1. Vicat needle test according to EN 196-3 was conducted to determine initial setting time of 
pastes and mortars. 

For concrete the flow-table spread (acc. to EN 12350-5: 2009) of the mix was determined 
10 min after water addition. The compressive strength was tested on concrete cubes (150 mm, 
n = 3) acc. to EN 12390-3:2009 cured first 24 hours (fcm,1d) in moulds covered with plastic 
sheet at a temperature 20 - 23°C and then stored under water until testing at an age of 7 days 
(fcm,7d).  
 
Table 2: Composition and selected properties of the investigated mixtures. 

P ref P eco P eco SP M ref M eco C ref C eco 

CEM I 52.5 R (OPC) 

[kg/m³] 

1186 774 774 468 303 356 233 

LimestoneECO (EF)  391 391 - 153 - 118 

LimestoneMICRO (MF)  391 391 - 153 - 118 

sand 0/1 - - - 739 739 552 552 

gravel 1/4 - - 835 835 624 624 

aggregate 4/8 - - - - - 320 320 

aggregate 8/16 - - - - - 322 322 

w/c 

[-] 

0.52 0.59 0.59 0.52 0.59 0.52 0.59 

Vw/Vp 1.63 0.928 0.928 1.348* 0.747* 1.334* 0.740* 

Vw/Vc 1.63 1.86 1.86 1.63 1.86 1.63 1.86 

superplasticizer content [kg/m³] - - 4.75 1.85 4.75 1.69 5.2 

Workability** mm 192.5 205 285 162.5 160 495 465 

Vicat initial set [h] 5.5 2.7 5.3 - - - - 

Gdyn (te=Vicat initial set) [GPa] 0.12 0.08 0.06 - - - - 

t (Gdyn = 0.1 GPa) [h] 4.73 3.00 4.93 3.1 3.5 3.25 2.75 

t (Gdyn = 0.2 GPa) [h] 5.28 3.5 5.5 3.5 4.0 3.71 3.17 

Edyn.24 hours [GPa] 11.6 15.6 16.2 25.5 30.3 31.6 33.6 

fcm,1d 

[MPa] 

31.8 36.7 33.2 36.2 35.7 31.0 35.8 

fcm,7d 50.2 56.2 49.0 56.6 63.8 47.0 65.0 

Edyn (sand+gravel) - - - 48000 48000 52000 52000 

air content [%] 1.1 0.8 0.8 6.0 4.2 5.6 4.0 

fresh density mix [kg/m3] 1846 2019 2016 2273 2356 2270 2382 

* powder = PC+EF+MF (fines of the sand/aggregates are considered) 
** paste: spread flow without shocks, mortar: spread with shocks, concrete: flow-table spread 
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4. TEST RESULTS AND EVALUATION OF THE MIXES 

4.1 Dynamic elastic properties obtained from US testing during early age hydration  
If it is assumed that the material to be tested is homogeneous and isotropic the dyn. elastic 

modulus can be calculated from the shear wave velocity vs, the compressional wave velocity 
vp and the materials density ρc by using the following equations: 
ௗ௬௡ߪ  = 12 ⋅ ௣ଶݒ − ௣ଶݒ௦ଶݒ − ௦ଶݒ  (1)

ௗ௬௡ܧ  = ൫1 + ௗ௬௡൯ߪ ⋅ ൫1 − ௗ௬௡൯൫1ߪ2 − ௗ௬௡൯ߪ ⋅ ௣ଶݒ ⋅ ௖ߩ = ൫2 + ௗ௬௡൯ߪ2 ⋅ ௦ଶݒ ⋅ ௖ߩ (2)

4.2 Effect of aggregate content and SP on dynamic elastic modulus and heat release 
It is expected that the evolution of dyn. elastic modulus during early hydration is 

dominated by the changing mechanical properties of the matrix and that the influence of the 
elastic properties of the aggregates remain constant. For the prediction of the elastic modulus 
of concrete many different models exists [7]. Most of the models are two-phase models 
separating the influence of matrix and particles. Hansen presented a model for estimating 
dynamic moduli of concrete, mortar and cement paste phases by consideration of the stiffness 
constant of the particular phases [9]. His work is based on Maxwell´s approach on electrical 
resistivity of multiphase systems. Nwokoye evaluated the approach for pulse velocity tests on 
cement pastes and mortars later on and has shown its principle applicability on cementitious 
materials [8]. The practical equation for predicting the elastic modulus of concrete resp. 
mortar Ecal,dyn from the stiffness parameters of binder paste and aggregates according to 
Hansen can be given as 

௖௔௟,ௗ௬௡ܧ  = ௣,ௗ௬௡ܧ2 + ௔ܧ − 2 ௔ܸ(ܧ௣,ௗ௬௡ − ௣,ௗ௬௡ܧ௔)2ܧ + ௔ܧ + ௔ܸ(ܧ௣,ௗ௬௡ − (௔ܧ ∙ ௣,ௗ௬௡ (3)ܧ

 

where Va is the volume fraction and Ea the weighted elastic modulus of the aggregates within 
the mix. Ep,dyn represents the time dependant dyn. elastic modulus of the binder (paste) mix 
calculated from the US testing. It is to be noted that the air content is not explicitly considered 
in the volume fractions of binder or aggregate. However, wave velocities and thus calculated 
dyn. elastic moduli are directly affected by air content, which results in some uncertainty in 
the results from the mathematical equations (1) and (2). Another aspect is that US pulse 
velocity is mainly determined by the material´s elasticity, which does not comply to the 
assumption of concrete being a (homogeneous) visco-elastic material. 

Hence, it has also to be considered that hydration heat strongly influences the setting and 
hardening process, which makes it difficult to compare tests on concrete with tests on paste, 
as paste show higher temperature during hydration. In addition to that, the use of 
superplasticizer can influence the setting behaviour as well. For that reason the temperature of 
the mix in the US testing device and calorimetric measurements have been conducted. Fig. 1 
shows the calorimetric heat of hydration of REF and ECO mixes. The earlier and higher peak 
of heat release and also higher total heat release after 24 hours indicates that the addition of 
limestone powder enhances the silicates hydration. In addition, the retarding effect of the 
superplastizer can be observed especially at the ECO paste mixes with and without SP. 
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Compared to the calorimetric measurements, the temperature measurements conducted within 
the US container (see Fig. 2) show a slightly different temperature evolution as expected. 
However, the peak temperatures of the ECO pastes (with and without SP) are significantly 
lower compared to the REF paste and the retarding effect of the SP is observable.  
 

Figure 1: Heat of hydration of REF (left) and ECO mixes (right). 
 

 
Figure 2: Temperature evolution in US-FreshCon device. 

For better comparing the evolution of dyn. elastic properties from the different mixes the 
temperature from the US test container have been used to calculate the maturity of each mix. 
In principle the maturity can be estimated by the following equation [10] 

௘ݐ  = ∑ ௜ݐ∆ ∙ (ݐ)݇   with   (ݐ)݇ = ሾ(ܶ + 15)/35ሿ௠ (4)
 

where te is the temperature adjusted concrete age, which replaces t in the corresponding real 
time, ∆ݐ௜ is the time where a temperature T prevails and k(t) is a function that depends on the 
activation energy for cement hydration. The activation energy does not only depend on the 
type of the cement, but also on the w/p ratio, admixtures and additional supplementary 
materials like the used limestone. For that reason there are many different formulations of k(t) 
used in practice [10], [11]. A relatively simple empirical formula is used for the actual 
investigation, at which m is a binder dependant constant (Röhling suggests m=2 for CEM I 
and m=2.5 for CEM III/B) [10]. As there is so far no information on the impact of the 
limestone available, a value of m=2 was chosen for the REF mixes and the ECO mixes. 
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Fig. 3 shows the evolution of the dyn. elastic modulus calculated from the ultrasound 
measurements for the first 24 h of hydration of the reference mixes (REF) and the packing 
density optimized mix ECO for the temperature adjusted age te. As there is some missing data 
from concrete temperature between time of water addition and start of the US measurements a 
constant mix temperature of 21 to 23°C was assumed for the first minutes for te calculation of 
all mixes. In addition, the results from the predicted elastic modulus for mortar and concrete 
based on the paste mix using the mathematical equation (3) are visualised in Fig. 3. It can be 
seen that the evolution of Edyn of mortars and concrete at early age can predicted from paste 
measurement quite well, although there is some deviation at very early age (e.g. C eco). That 
is mainly the result of the retarding effect of the used superplastizer, which can be seen by the 
two curves prognosed for concrete with SP in the paste or without. 

 

Figure 3: Comparison of dynamic elastic modulus from US testing and calculated ones acc. 
to Hansen [9] based one Edyn of paste at temperature adjusted age te. 

 

4.3 Effect of w/p ratio and matrix composition on early age hydration 
Tab. 2 lists the results from the Vicat tests and also a certain time for which a specific dyn. 

elastic modulus (at 0.1 GPa) resp. a specific shear modulus (at 0.1 GPa and 0.2 GPa) was 
determined by the ultrasound testing. It is obvious that for pastes Gdyn of approximately 0.1 
GPa determined at the temperature adjusted age te corresponds roughly to the initial setting 
according to Vicat. But for mortar and concrete higher values for Gdyn must be considered. In 
this context, it is worth to note that the ECO mixes with optimized packing density show 
earlier setting times. Main reason for this is the smaller mean distance of the particles, which 
allows hydration products to earlier build bridges between particles. Nevertheless, it is also 
the larger specific surface area that increases the speed of hydration as it can be seen from the 
calorimetric measurements. The calorimetric measurements show, that the evolution of heat 
of hydration of the optimized ECO mixes starts earlier and also total heat release is higher per 
unit weight of cement. However, overall heat release of the ECO mix is less compared to the 
reference mixes if the limestone powder is considered as binder. Berodier and Scrivener have 
already published similar results [12]. It was shown that independent from the nature of the 
particles a smaller particle distance lead to an accelerated hydration rate. Several 
interpretations of the relation of smaller particle distance and early age hydration have been 
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proposed by different researchers, among which are chemical effects, mechanical effects (esp. 
increased shearing during mixing [12], [13]) or just the above mentioned geometrical effects, 
i.e. smaller particle distance allows the hydration products to earlier bridge the opposite 
particles. Consequently, the traditional approach using the w/c-ratio or an equivalent w/c-ratio 
in combination with an activity index (k-value) for SCM is not considering the effects of 
enhanced packing density and reduced w/p-ratio on early age matrix properties. Thus, further 
research is needed. 

4. CONCLUSIONS 

From the test series and the results presented in this paper some conclusions can be drawn: 
• The dynamic elastic properties (Edyn and Gdyn) derived from the ultrasound 

compressional and shear wave velocities show good correlation with the strength 
development at early age independently from the mixture composition. However, early 
age strength cannot be directly deduced from the absolute values of elastic modulus, as 
aggregates strongly influence the elastic modulus but have minor effect on early 
strength. 

• The initial setting time of a cementitious paste can be estimated from the temperature 
compensated Gdyn calculated from ultrasound testing. However, for mortars and 
concrete sand and aggregate content has to be considered, i.e. higher amount of sand 
and aggregate results in higher Gdyn at initial setting. 

• Ultrasound tests on pastes can be used to calculate the evolvement of elastic modulus of 
mortar and concrete at early age, if constant mixture proportion of the matrix (powder 
composition and w/c ratio). For this calculation, the degree of hydration resp. the 
maturity of the mixes according to the released heat during hydration has to be 
considered.  
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Abstract 
Temperature of the mixture has a very large influence on the rate of hydration in cement-

based materials. Therefore, temperature is often measured during experiments if there is the 
need to compare properties of material which undergoes different temperature history. 
Broadly accepted approach for considering influence of temperature on the rate of hydration 
is maturity principle. Different maturity functions are used which require at least one 
parameter which characterizes temperature sensitivity of the mixture. 

In this paper a numerical modelling approach in used for evaluation of hydration rate 
which is based on the heat flow within the sample being tested. Temperature measured within 
the sample serves as an input parameter for modelling and the temperature field throughout 
the specimen is reconstructed. Calculation procedure also evaluates amount of heat generated 
at each time step. An example calculation is presented which deals with the heat generation in 
cement paste sample during ultrasonic pulse velocity test.  
 

Keywords: hydration, cement, heat generation, ultrasonic 

 

1. INTRODUCTION 

Ultrasonic testing methods are often used to monitor setting and hardening processes in 
cement-based materials. Microstructural build-up during early ages gradually enables better 
transfer of ultrasonic wave energy which on the macro-level reflects as an increase of the 
wave velocity and increase in the quantity of wave energy transferred. Linking of 
macrostructural changes to microstructure requires quantification of hydration process.  

Progress of hydration is often quantified through a degree of hydration. The extent of the 
hydration process is usually indicated with the term degree of hydration [1]. Degree of 
hydration (α) is defined as the ratio between the amount od cement that has reacted until time 
t to the initial amount of cement (Eq. 1). (ݐ)ߙ = ݏℎܽ	ݐℎܽݐ	ݐ݊݁݉݁ܿ	݂݋	ݐ݊ݑ݋݉ܽ ݀݁ݐܿܽ݁ݎ ݈݈݅ݐ݊ݑ ݁݉݅ݐ ݐ݊݁݉݁ܿ	݂݋	ݐ݊ݑ݋݉ܽ	݈ܽݐ݋ݐݐ ݐܽ ݁݉݅ݐ ݐ = 0  (1)
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All hydration reactions are accompanied by release of heat and monitoring the rate of heat 
evolution is a widely accepted method for monitoring hydration. Degree of hydration from 
calorimetric measurement is than estimated as the ratio of heat liberated until time t (Q(t)) to 
the total amount of heat that would be liberated if all cement would hydrate (Qmax) (Eq. 2): (ݐ)ߙ = ௠௔௫ (2)ܳ(ݐ)ܳ

Linking the changes in ultrasonic signal to the degree of hydration requires performing 
calorimetric measurement in parallel to the ultrasonic measurement but these two 
measurements expose the sample under test to the different temperature conditions. Since 
temperature of the sample has a very large influence on the rate of hydration in cement-based 
materials, temperature is often measured during experiments. 

Broadly accepted approach for considering influence of temperature on the rate of 
hydration is maturity principle [2]. Different maturity functions are used which require at least 
one parameter which characterizes temperature sensitivity of the mixture. Maybe the most 
common method used for this purpose is the Arrhenius equation, which requires the selection 
of activation energy Ea. For cementitious materials, Ea is typically computed using the 
isothermal calorimetry but there is a disagreement in literature as to the proper method to 
compute Ea from measured data [3]. 

In this paper a numerical modelling approach in used for evaluation of hydration rate 
which is based on the heat flow within the sample being tested. Temperature measured within 
the sample serves as an input parameter for modelling and the temperature field throughout 
the specimen is reconstructed. Calculation procedure also evaluates amount of heat generated 
at each time step. An example calculation is presented which deals with the heat generation in 
cement paste sample during ultrasonic pulse velocity test. 

2. DESCRIPTION OF THE NUMERICAL MODEL 

2.1 Numerical algorithm 
Temperature distribution throughout the mould for ultrasonic testing is modelled using 

equation 3: ߣ∇ଶܶ + Φீ = ܿߩ ݐ߲߲ܶ  (3) 

Where λ, ρ and c are thermal conductivity, density and specific heat capacity, T is 
temperature, t is time and ΦG is heat generation. The above equation is converted into a 
system of linear equations using the finite difference method. After discretization of the space 
domain with uniform space steps in all three directions (Δx = Δy = Δz) implicit formulation of 
equation 1 for interior nodes becomes: 

௜ܶ,௝,௞௟ାଵ(1 + ଴൫ܨ−(଴ܨ6 ௜ܶାଵ,௝,௞௟ାଵ + ௜ܶିଵ,௝,௞௟ାଵ + ௜ܶ,ାଵ௝,௞௟ାଵ + ௜ܶ,௝ିଵ,௞௟ାଵ + ௜ܶ,௝,௞ାଵ௟ାଵ + ௜ܶ,௝,௞ିଵ௟ାଵ ൯ = ௜ܶ,௝,௞௟ + Δܶீ  

Δܶீ = Δܳ݉௖ܿߩ ଴ܨ														 = ܿߩߣ ΔݐΔݔଶ (4)
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casing which is made from stainless steel and is very thermally conductive compared to 
interior. Interior of a typical piezoelectric transducer contains piezoelectric element, backing 
material, electrodes and wiring but it also contains air which reduces the heat conduction rate 
through the interior. In the model presented transducer interior is treated as homogenous. Its 
density and specific heat capacity were calculated as the average density and specific heat 
capacity of piezoelectric material, backing material (steel) and air. Thermal conductivity of 
the transducers interior is determined during calibration of the model described in the 
following section. Properties of the materials used in the model are listed in Table 1. 

Table 1: Properties of materials used in numerical model 

Material 
Density, ρ 

(kg/m3) 

Specific heat 
capacity, c 
(J/(kg·K)) 

Thermal 
conductivity, λ 

(W/(m·K)) 
XPS 40 1450 0,04 
Transducer exterior 8000 450 15 
Transducer interior 5500 580 0,2 
Cement paste*  
w/c= 0,3 2091 1615 1,0 
w/c= 0,4 1939 1800 1,0 
w/c= 0,5 1824 1960 1,0 
*density of cement ρC = 3140 kg/m3, density of water ρW = 1000 kg/m3 
  specific heat capacity of cement ccem = 840 J/(kg·K), 
  specific heat capacity of water cwat = 4200 J/(kg·K)
 

Properties of the cement paste are dependent on the mix composition. In Table 1 an 
example calculation of density and specific heat capacity of cement pastes in the range on w/c 
ratio from 0.3 - 0.5 is given. Literature values for specific heat capacity of cement range from 
750 J/(kg·K) [4, 5] to 1140 J/(kg·K) [6]. In Table 1 specific heat capacity is calculated using 
the simple law of mixtures taking into account mass of cement and water in the mixture. 

Bentz reported thermal conductivity values for cement paste with w/c ratio of 0.3 and 0.4 
between 0.9 and 1.05 W/(m·K) during the entire hydration period [4]. Qomi et al. reported 
values of thermal conductivity of cement paste with w/c ratio of 0.3 and 0.5 in the range from 
0.8-1.2 [5]. Increasing the w/c ratio decreases the value of thermal conductivity of cement 
paste [4, 5]. 

In the model presented thermal conductivity was set equal to 1 W/(m·K) for all w/c ratios. 
All properties were considered constant during hydration. 

2.3 Boundary conditions 
Two boundary conditions are used in the model. On the bottom surface temperature is kept 

constant and equal to the temperature of the environment (Ta). On all other surfaces heat flux 
(q) is calculated according to equation 7: ݍ = ℎ௖( ௦ܶ − ௔ܶ) (7) 
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3.2 Comparison with isothermal calorimetry results 
In this section heat generation estimated numerically from temperature measurement is 

compared with results of isothermal calorimetry on different temperatures (20°C, 30°C, 40°C, 
50°C and 60°C). Mix composition of cement paste and properties used in numerical model 
are given in Table 2. 

Total amount of heat Qmax is calculated according to equation 8 form data on mineral 
composition and oxide content given in Table 3: ܳ௠௔௫ = ஼యௌ݌500 + ஼మௌ݌260 + ஼య஺݌866 + ஼ర஺ி݌420 + ௌைయ݌624 + ேି஼௔ை݌1186 +  ெ௚ை (8)݌850

where pi is the mass ratio of the i-th component [7]. Total amount of heat Qmax = 471,5 J/g. 
 

Table 2: Properties of cement paste used in numerical model 

Material 
Density, ρ 

(kg/m3) 
Specific heat capacity, c 

(J/(kg·K)) 
Thermal conductivity, λ 

(W/(m·K)) 
Cement paste*  
w/c= 0,4 1946 1800 1,0 
*cement: CEM I 52.5 N-SR3 CE PM-CP2 NF HRC 
  admixtures - Plasticizer SIKAPLAST Techno 80 (0,45%)
 
Table 3: Composition of cement CEM I 52.5 N-SR3 CE PM-CP2 NF HRC 

Compound C3S C2S C3A C4AF MgO SO3 
Quantity (%) 67 12 2 13 1,9 2,7 

 
In Figure 6-a temperature measured in UPV mould is presented. Initial temperature of cement 
paste is around 20°C during the first 20 hours of hydration. After that a steep increase in 
temperature follows with a peak temperature of 62°C. Temperature measured in UPV mould 
is used as an input parameter for numerical estimation of heat generation (Q(t)) during UPV 
test. Estimated heat generation from UPV test is presented in Figure 6-b and compared with 
isothermal calorimetry measurements.  

a) b) 

Figure 6: Measurement on MCP mixture a) temperature in the UPV mould during test; b) 
liberated heat during UPV test compared with results of isothermal calorimetry 
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Since Q(t) and Qmax are known degree of hydration can now be calculated from equation 2. 
Measured UPV on cement paste during first 48 hours of hydration is presented in Figure 7 as 
a function of age (7-a) and as a function of degree of hydration (7-b).  
 

a) b) 

Figure 7: Measurement on MCP mixture: a) UPV and measured temperature vs. age; b) UPV 
as a function of degree of hydration 

4. CONCLUSION 

Based on a comparison with measurements made with isothermal calorimetry it seems that 
presented approach can provide a reasonable estimate of generated heat from a sample under 
test. Benefit of the methodology is that it does not require additional calorimetry 
measurements or information about activation energy to link the changes in ultrasonic signal 
to the degree of hydration. 
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Abstract 
 
This study presents examinations on the thixotropic structural build-up of cement pastes 

owing to various low shear rates as preliminary investigation for the form filling ability of 
fresh concrete, which is highly affected by its rheological properties. In particular, highly 
viscous systems exhibit a strong thixotropic structural build-up, which aggravates a precise 
prediction of the flow behaviour of concrete according to standardized test methods. 

At low shear rates, structural build-up, dependent on the thixotropic behaviour of the used 
material takes place. The thixotropy rate at low shear rates is almost not predictable due to the 
huge amount of interfering factors like solid and superplasticizer content which affects 
interparticle forces as well as external factors like shear history and current shear rate. Hence, 
for the determination of the rate of thixotropy, cement pastes with different w/c ratios and 
superplasticizer contents were analysed at different low shear rates. For every paste, the 
dynamic yield stress and viscosity as well as the time dependent evolution of the static yield 
stress at different low shear rates were investigated. The evolution of the static yield stress of 
each sample was analysed on a dependence of thixotropy on viscosity and shear rate.   
 

Keywords: Thixotropy, low shear rates, static yield stress, structural build-up  

 

1. INTRODUCTION 

For the development of robust concretes with required workability properties, knowledge 
on the rheological properties of their basic cementitious suspension is necessary. The 
workability of concrete is normally expressed by the rheological values dynamic yield stress 
τ0,D and plastic viscosity µ. The rheological properties are dependent on different chemical 
and physical factors, e.g. particle size distribution, solid content and chemical composition of 
the suspension [1–4]. In cementitious systems, the rheological properties are shear-rate 
dependent: Due to colloidal interactions, the viscosity can either decrease or increase, which 
is called shear thinning or shear thickening behaviour [3]. A stress response of a matter, that is 
proportional to the applied shear rate is called as Newtonian behaviour. At high shear rates, 
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the rheological properties are evaluated very precisely because Newtonian as well as shear 
thinning and shear thickening behaviour can be described according to mathematical 
functions. According to that, dynamic rheological measurements are a good tool for the 
prediction of rheological properties during flow. At low shear rates, interfering forces and 
hydration nucleation effects between the particles produce structural build-up which 
complicates the prediction of the flow behaviour, wherefore measurements at low shear rates 
or static measurements during the rest of a paste produce inaccurate results [5]. The structural 
build-up takes places as soon as the applied stress or strain is too low to break interparticle 
forces. This behaviour is called thixotropy: Thixotropy therefore produces an increasing 
viscosity over the time and moreover is dependent from the yield stress and viscosity of the 
colloidal suspension.   

For a precise prediction of the flowability of a cementitious suspension, the thixotropy has 
to be known. In the present study, rheological measurements were therefore performed on 
cement pastes with different yield stresses and viscosities to measure the effect of these 
parameters on thixotropy. For the required adjustment of these rheological parameters the 
superplasticizer amount and the solid/water content were varied.  

The use of superplasticizer produces good flowability and workability of pastes due to a 
lower yield stress as a result to electrostatic repulsion or steric effects and thus less 
flocculation of the particles. A change of yield stress for a given cement paste therefore was 
achieved by an adjustment of the superplasticizer content. A variation of the paste viscosity 
was reached by a variation of the water/cement-ratio and thus the solid content of the paste: 
With a decreasing solid content in a suspension, the distance between particles increases and 
the magnitude of interparticle forces decreases which results in a lower viscosity.  

2. RHEOLOGICAL BACKGROUND 

Yield stress and viscosity 
Generally, fluids are divided into Newtonian and Non-Newtonian fluids. Newtonian Fluids 

exhibit a flow resistance which is proportional to the flow velocity [6–8]. The dynamic 
viscosity is the proportionality factor between the resulting shear rate and shear stress: ߬ = ߟ ∗  (1) ߛ

Some materials exhibit as well a linear relationship between the resulting shear rate and 
shear stress but need to overcome shear stress to start flowing. This shear stress is called yield 
stress. The so-called Bingham-materials behave like elastic solids until the yield stress is 
obtained. Beyond the yield stress Bingham-materials behave like Newtonian Fluids with a 
constant viscosity. Non-Newtonian fluids however do not have a linear dynamic viscosity. 
The viscosity is a function of the shear rate: Fluids can be either shear thinning or shear 
thickening [9, 10]. There exist many regression functions for the yield behaviour. The so-
called Hershel-Bulkley model implements this behaviour in the following regression 
equation:  ߬ = ߬଴ + ݇ ∗ ሶߛ ௡ (2) 

With the exponent n=1, the fluid behaves like a Bingham-Material. With changing exponent, 
the shear thinning or shear thickening of a material is taken into account.  
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interparticle forces increase as well as colloidal particle interactions, which cause higher 
viscosities.  

The further intention was a systematic variation of the dynamic yield stress This was 
realized by a proper adjustment of the content of the superplasticizer and thus a variation of 
the slump flow diameter. The paste mix design is shown in Table 1. It has to be noted that the 
PCE has a water content of 70%, which has to be subtracted from the water addition.  

Table 1 : Paste mix design  

w/c-ratio 
[-] 

Cement 
[kg/m³] 

PCE 
[M-% o.C.] 

PCE 
[kg/m³]] 

Water amount 
[kg/m³] 

0.4 1393.81 0.000-0.480 0.0-6.69 558.00 
0.3 1619.54 0.350-0.526 5.67-8.52 486.00 

The cement pastes were prepared using a mortar mixer “ToniMix 6210” with a mix 
program according to EN 196-1. The rheological measurements were performed using an 
Anton Paar Rheometer MCR 502. For the dynamic measurements, a parallel plate geometry 
with a plate diameter of 50 mm and a gap width of 1 mm was used. This configuration 
enables the calculation of absolute values for the dynamic yield stress and viscosity 
respectively. Sandpaper, fixed on the top of both plates, was used to prevent wall slip. The 
static measurements were performed with a six-bladed vane device. Due to the very low 
rotational velocities in the static experiments, shear was assumed to only occur at the 
circumference of the vane in order to simplify the calculation of the related shear rates.    

3.2 Experimental procedure 
The time of water addition was set as start time. The mixing acc. to the program EN 196-1 

with a total time of 04:00 min then started without delay. After mixing, the temperature of the 
paste was measured. At a total time of 06:30 min after water addition, the paste for the 
rheological measurements was remixed for 10 sec. Following, a sufficient amount of paste 
was placed between the parallel plates. The rheological measurements thus started at a time of 
07:45 min after water addition. At a total time of 07:50 min, the slump flow was measured; 
thus the dynamic rotational rheometer measurements were executed simultaneously to mini 
slump flow tests in order to investigate both the dynamic yield stress and viscosity of the 
pastes as well as its relationship between dynamic yield stress and mini slump flow diameter 
acc. to [17]. The dynamic shear profile is shown in figure 2. After a constant pre-shear with a 
shear rate of 40s-1, the shear rate was stepwise decreased from 80 s-1 to 0.02 s-1.  

For the static measurements, a sufficient amount of paste was placed in the Vane cup and 
remixed for 10 sec at a total time of 11:00 min after water addition. After passing the parallel 
plate measurement, the vane cup was installed in the Rheometer and a static rheometric 
measurement was passed to investigate the time and shear rate dependent development of the 
static yield stress and thus the thixotropy rate. 
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have to be performed for a better understanding of the physical and chemical background of 
this behaviour to better predict the thixotropic structural build-up during very low shear rates.  
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Abstract 
This paper provides a brief overview of the updated version of the CIRIA C660 guide on 

control of thermal cracking, which has been used extensively in the UK and is also popular 
across Europe. The updated guide is entitled CIRIA C766 – Control of cracking caused by 
restrained deformation in concrete. It aims towards designing reinforced concrete structures 
subjected to restrained thermal and shrinkage deformations in a more efficient and sustainable 
manner, as well as less conservatively while maintaining an adequate degree of safety. 

The primary updates present a design approach more closely aligned with BS EN 1992-1-
1+A1:2014 and BS EN 1992-3:2006. Revisions include limiting cracking widths, calculation 
of restraint considering early age and long-term effect and viscoelasticity, models to predict 
temperature histories of concretes containing mineral additions, as well as a more sustainable 
selection of parameters relevant to the estimation of crack inducing strains and minimum steel 
required to control crack widths. Nonetheless, there are still aspects of design that may have 
not been adequately addressed, potentially requiring further improvements.  
 

Keywords: Early age/Long term cracking, crack control, restraint, thermal and shrinkage 
cracking 

 

1. INTRODUCTION 

Cracking due to restrained volumetric changes in reinforced concrete (RC) structures has 
long been a recognised problem. This cracking occurrence is predominately associated with 
imposed deformations due to thermal and shrinkage (autogenous and drying) related effects, 
at both early ages and long-term, and it is often desired to control them in terms of the 
resulting crack width [1]. The primary reasons that crack control in RC structures is of great 
importance for the serviceability limit state design quoted in C766 are: a) ensuring adequate 
durability of concrete depending on exposure conditions throughout a specified design service 
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life, b) achieving and maintaining different degrees of “leak-tightness” depending on 
performance requirements and c) aesthetics. 

Several guidance documents with respect to crack control in RC structures are consulted 
by engineers [2]-[11]. Amongst the most popular, certainly in the UK, and in parts of Europe, 
is the CIRIA C660 guide [6] on controlling early age thermal cracking in concrete. This guide 
was released in 2007 and it has been one of the most frequently used design guides in the UK; 
however, there were several aspects of the design process and assumptions that required 
updating. The design solutions were considered unsustainable and over-conservative in terms 
of cracking width calculation and the amount of steel required to control cracking. Thus, a 
collective of subject-matter experts from different institutions has been working for several 
years, together with the leading author of the CIRIA C660 guide, towards updating it. The 
finally updated guide, now entitled C766 - “Control of cracking caused by restrained 
deformation in concrete”, is released by CIRIA in late 2018 [12]. Arup had an instrumental 
role in evaluating, updating, assessing and developing further the guide and this paper aims to 
provide an overview of some, mainly primary, changes issued in the updated C660 guide, 
which is of interest and benefit of structural engineers in both academia and practice. 

2. OVERVIEW OF MAJOR UPDATES 

The primary updates were concerned with presenting a design approach more closely 
aligned with BS EN 1992-1-1+A1:2014 [2] and BS EN 1992-3:2006 [3]. Updates were also 
mindful of the Annex D of the new Eurocode 2 which is currently being drafted (expected 
2023), where cracking risk will be evaluated in terms of stress histories [13]. Updates in C766 
regarding limiting cracking widths, calculation of restraint and temperature histories, as well 
as selection of parameters relevant to the estimation of minimum steel required to control 
crack widths, will be briefly discussed in this section. 

2.1 Limiting cracking width criteria for self-healing to occur 
Self-healing (or autogenous healing) of cracks in concrete in the presence of water is a 

recognised phenomenon, with great relevance to water-retaining structures. BS EN 1992-
3:2006 provides suggestions of limiting cracking widths for self-healing to occur as a function 
of the pressure gradient. However, on the basis that crack movement (live and dormant 
cracks) is a decisive factor with respect to self-healing (following [14]), CIRIA C766, 
suggests a relaxation in crack width limit, provided that crack movement (Δw) remains equal 
or less than 10%, as shown in Figure 1.   
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Figure 1: Recommendations on limiting crack width for self-healing to occur 

2.2 Calculation of the restrained strain  
Modifications were also applied in the analytical formulation of the restrained strain. These 

aimed to account for the contribution of individual components of strain on the restrained 
strain, εr. This also considers stress relaxation due to creep under sustained loading at both 
early ages and long-term. The restrained strain is now formulated as follows: 

 

εr = Kc1[αcT1 + εca(3)]R1 + Kc1[εca(28) - εca(3) + αcT2]R2 + Kc2εcdR3 (1) 

Where εr is the restrained strain, εca(t) is autogenous shrinkage at time t, εcd is the drying 
shrinkage strain, R1 is the restraint factor that applies during early thermal cycle, R2 and R3 are 
restraint factors applying to medium- and long-term deformations, T1 is the maximum 
temperature differential, T2 is temperature drop after early age, αc is the coefficient of thermal 
dilation of concrete and Kc1 and Kc2 are coefficients that account for viscoelasticity and stress 
relaxation at early ages (taken as 0.65) and long-term (taken as 0.5) respectively. For the 
calculation of the early age thermal restrained contraction, i.e. 3 days, the last two 
components of Equation (1) may be disregarded. This formulation for restrained strain 
includes a number of simplified assumptions which, in combination, it has been estimated 
provide a safety margin of 10-15%.  

2.3 Characteristic tensile strength of concrete 
The value of tensile strength used in design in the calculation of crack inducing strain is of 

paramount importance as it dictates the magnitude of crack inducing strain, particularly in end 
restraint condition (εsm – εcm), as described in Annex M of BS EN 1992-3: 

 

(εsm – εcm) = (0.5kcαefct,effk) / Es × [1 + 1/(αeρ)] (2) 
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Where k is a coefficient for non-uniform and self-equilibrating stresses, kc is a coefficient 
accounting for stress distribution within the section immediately before cracking, fct,eff is the 
effective tensile strength at the time of cracking, Es is the elastic modulus of steel 
reinforcement, αe is the modular ratio (steel to concrete) and ρ is the ratio of the total 
reinforcement area to the area of concrete in tension. 

BS EN 1992-1-1 and C660 recommend the value for fct,eff  to be equal to the mean tensile 
strength of concrete, fctm. However, C766 recognises reductions in tensile strength arising 
from the combinations of weakest link and scale effects, tension stiffening and early age and 
long-term sustained load effects, and recommends that fct,eff is replaced by a characteristic 
tensile strength (fct,r) equal to 0.7*fct,eff, as also recommended in [8] and [10].  

2.4 Calculation of minimum area of steel required 
Controlling the crack spacing and hence the cracking width, requires sufficient steel such 

that when cracking occurs the reinforcement will not yield. Similarly to the calculation of the 
crack inducing strain, the tensile strength selected in the design affects significantly the 
amount of reinforcement required to control cracking. While the originally recommended 
value of tensile strength was fctm, C766 recommends a value of 0.7*fctm (as previously 
described in section 2.3). In addition, a coefficient, kRedge, is introduced to account for the 
transfer of part of the load in the concrete before cracking to the (edge) restraining element 
when the crack occurs. Thus, factor kRedge varies from 0.5 to 1 depending on the degree of 
restraint. Consequently, the calculation of the minimum area of reinforcement required, As,min, 
is performed as follows: 

 

As,min = (kRedgekckAct) × (fct,r/(fy) (3) 

 With Act being the area of concrete in the tensile zone and fy the yield strength of steel. 

2.4 Crack spacing and consideration of bond characteristics 
C766 and C660 recognise the importance of bond characteristics in crack spacing and 

consider the risk of poor bond occurrence at early ages. This is accommodated through a 
modification in the k1 coefficient for bond in expression 7.2 in BS EN 1992-1-1 for crack 
spacing calculation. It is, however, suggested in C766 that the definition of poor bond should 
only be applied at early ages for elements thicker than 300 mm, and which also have a cover ≤ 
50 mm. 

2.5 Cover to reinforcement used in calculations 
The value of reinforcement cover is influential in the calculation of crack spacing and 

cracking width. What was initially suggested, was that for the purpose of this calculation, cnom 
should be considered. For cracking from restrained strain, where limits are not governed by 
aesthetic considerations, C766 recommends that the full crack width calculation is conducted 
based on cmin. This is an alternative to the simplified adjustment in UK national documents.  
By using the full formula from the code this will account for the non-linear nature of the crack 
width opening whilst cmin includes sufficient cover to account for non-linear bond effects as 
well as additional crack opening in the durability cover zone and fire resistance, as also 
discussed in [15]. Such adaptation can result in steel reinforcement savings even as high as 
77% [12].   
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2.6 Hydration model for concrete containing GGBS (slag) 
The hydration model in C660 for concretes containing particularly high cement 

replacement with GGBS, i.e. above 50%, had reportedly been overestimating the actual 
adiabatic temperature rise [16]0 and consequently, the temperature generated in structural 
elements containing such concrete. The model has been recalibrated in C766 with additional 
data; temperature estimates for high GGBS contents are now lower than those of C660. The 
differences between the adiabatic temperature estimates of the models are shown in Figure 2, 
for a typical 70% GGBS (by mass of total binder content) concrete with a binder content of 
380 kg/m3. 

  

 
 

Figure 2: Estimated adiatbatic tempreature rise of a typical 70% GGBS concrete based on 
C660 and C766. 

 

4. FURTHER IMPROVEMENTS AND CONSIDERATIONS 

Although significant improvements were made in the original C660 with respect to more 
accurately calculating restrained strains and defining minimum amounts of reinforcement 
more sustainably, there is certainly more to explore in the topic of cracking due to restrained 
deformations. Further updates on this topic will be introduced by the new Eurocode 2 
(currently being drafted and expended to be published in 2023) which will include a stress 
history-based design approach for crack control/mitigation.  
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5. SUMMARY 

In this paper, a brief overview of the updated version of the CIRIA C660 guide on control 
of thermal cracking, which has been used extensively in the UK and is also popular across 
Europe, has been presented. The updated guide (now entitled CIRIA C766 – Control of 
cracking caused by restrained deformation in concrete) intends to provide more sustainable 
and pragmatic solutions for designing reinforced concrete structures subjected to restrained 
thermal and shrinkage deformations while also still being in agreement with the current 
versions of BS EN 1992-1-1 and BS EN 1993-3, as well as in view of the new Eurocode 2. 
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Abstract 
Crushed Concrete Aggregates (CCA) as fine and coarse aggregates in new concrete helps 

achieve closed-loop recycling. Assessment of workability, mechanical properties and 
durability of concrete demands knowledge of the water absorbed by the CCA. The EN 1097-6 
standard method is difficult to execute due to the presence of entrapped air and CCA 
sedimentation while performing water absorption experiment for fine CCA. Additionally, the 
assessment of Saturated Surface Dry (SSD) state seems operator specific and non-
reproducible; moreover, giving water absorption measurement only at 24 hours. However, 
findings from this paper show measurements at 15 minutes is influential for concrete 
workability.  

The modified pycnometer method analyses the water absorption of a combined fraction 
consisting of coarse and fine CCA as proportioned in a given concrete recipe. Furthermore, 
sedimentation and entrapped air are prevented by pre-soaking the CCA in a solution of 
distilled water and poly-carboxylate based superplasticizer before commencing the 
experiment. Ultimately, the combined fraction is drained to SSD condition by vacuum 
filtration, which is easy to handle by professional operators. In this way, the water absorption 
development is measured from starting point to 24 hours for the combined fraction to 
determine the appropriate water amount to saturate CCA during concrete mixing.  

 
Keywords: crushed concrete aggregate, water absorption, pycnometer, SSD, sustainability 

 

1. INTRODUCTION 

Crushed Concrete Aggregates (CCA) as fine and coarse aggregates in new structural 
concrete helps achieve closed-loop recycling. Satisfying the workability requirements of new 
structural concrete containing CCA demands knowledge of water absorption of the included 
CCA. Moreover, the cement mortar adhered at the CCA surface causes it to be more porous 
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Table 1: Comparison of the apparent densities of individual and combined CCA fractions 

CCA Fraction  (mm) Apparent density 
(g/cm3) 

0/4 2.94 
0.5/4 2.72 
8/11.2 2.66 
Combined fraction - 0/4, 0.5/4 and 8/11.2 in the ratio 20%, 35%, 45% 2.81 

3. METHOD 

The modified pycnometer is different from the standard pycnometer methods [7, 8] since it 
consists of a pre-processing step where the CCA is pre-soaked in a superplasticizer solution 
which acts like a particle dispersant and prevents sedimentation. The water absorption test is 
carried out in the same super plasticizer solution instead of distilled water as in the case of the 
standard method. Finally, the SSD state assessment is performed using a physical device such 
as the vacuum filtration set up to drain the excess water from the wet aggregates. This is done 
instead of the oven drying or wiping which are the standard techniques. The flow chart of the 
modified pycnometer method is shown in figure 2. 

 

Pre-processing CCA with chemical agent SSD by physical device
Water absorption 

test  

Figure 2: Flowchart of the modified pycnometer method 

3.1 Pre-processing the combined fraction CCA 
The combined CCA fraction weighing 200g is pre-soaked momentarily in a solution of 

polycarboxylate-based superplasticizer and distilled water in the concentration 6.35g/l; 
solution is poured to cover the surface of the aggregates. To drain away the excess solution, 
the pre-soaked CCA is oven-dried at 110±5ͦC before it is introduced in the pycnometer 
containing the same superplasticizer solution. Oven drying the crushed concrete aggregates 
can be compared to boiling technique performed by Schouenborg et al. [9] where CCA were 
soaked in boiling water before water absorption test to remove the air obstructing the 
absorption of water in the CCA pores.  

3.2 Water absorption of combined fraction CCA  
The pre-processed CCA is poured into a pycnometer containing the superplasticizer 

solution to measure the water absorption development from starting point to 24 hours. The 
SSD assessment is performed at three time intervals namely starting point, 15 minutes and 24 
hours to receive the water absorption values at the specific duration.  

3.3 SSD assessment by vacuum filtration technique 
The vacuum filtration technique uses vacuum to drain out the excess water from the wet 

CCA until they have reached the SSD state. The contents of the pycnometer are directly 
poured into a   Büchner Funnel containing a qualitative filter paper made of cellulose that can 
retain particles of size less than 10µm. The water from the funnel drains into a flask by 
vacuum, created by an adjoining tap with flowing water, connected to the flask by a hose 
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is a slight difference in the results at 24 hours, which could be due to variations in the 
composition of the CCA samples investigated.      

 

 

 

 

 
 
 
 
 
 

Figure 5: Water absorption of coarse CCA- comparison of the standard [8] and vacuum 
filtration SSD assessments techniques 

4. RESULTS  

The water absorption by the modified pycnometer method has been performed at three 
different time durations to receive a development as shown in figure 6. It is observed that the 
water absorption at starting point is at least 90% of the water absorption at 24 hours. The 
water absorption is almost constant after the first 15 minutes until 24 hours, showing that 
almost all the water absorption happens within the first 15 minutes.  
 

 

Figure 6: Water absorption of combined CCA using modified pycnometer method 

Momentary pre-soaked and oven-dried 
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The water absorption development is used to determine the amount of water required to     
pre-soak the crushed concrete aggregates before concrete mixing. Since the CCA are in air-
dry condition when they are mixed in the concrete, a water absorption development for such 
air-dry aggregates is required. The combined fraction CCA is left to air-dry (approx. 72 
hours) after pre-processing and the water absorption is determined by the modified 
pycnometer method. The results in figure 6 show that the water absorption of air-dry CCA is 
less than the oven-dried CCA over the entire duration. The air-dry CCA at 24 hours is at the 
same level as the oven dry water absorption value at the starting point. This could mean that 
air-dry CCA is not reaching the maximum water absorption in 24 hours- a fact, which already 
reported in earlier research [9, 10]. Alternatively, oven drying the CCA before water 
absorption can reduce the water absorption duration to receive maximum water absorption in 
comparatively lesser time.  

 

5. CONCLUSIONS  

− The modified pycnometer method with the vacuum filtration technique for SSD 
assessment is a robust method and can be used for testing in the field.  

− The initial condition of the oven drying the CCA is so strict that the development of 
water absorption with time is considerably even. Whereby, the water absorption at 
starting point of the oven-dried combined fraction CCA can be assessed as 80% of the 
24-hour value and used in practical applications.  
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ASSESING REACTIVITY OF SUPPLEMENTARY CEMENTITIOUS 
MATERIALS IN TERENARY BLENDED CEMENTS 
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(1) Flemish Institute of Technological Research, Belgium 

 

 

 

Abstract 
The development of low clinker ternary cements ties to a further intensification of 

industrial symbiosis systems and targets a further reduction of the environmental impacts of 
our present-day production system such as climate change, primary resource consumption and 
waste management. 

One of the main technical challenges for low clinker cements is to meet early age strength 
requirements. The supplementary cementitious materials (SCMs) used to replace Portland 
clinker are less reactive and therefore contribute later to the strength development. Finding 
ways to increase the reactivity of SCMs therefore also opens up opportunities to further 
reduce clinker factors. 

Assessing the reactivity of SCMs in hydrating ternary blended cements is important as is it 
sheds light on synergetic or competitive among different SCMs, or between the SCM and the 
clinker phases. There are two main approaches to assess the reactivity as SCM, either directly 
as part of the hydrating blended cement, or indirectly through measurement of the SCM 
reactivity in a simplified model system. The former direct approach is arguably closer to 
reality, but is fraught with experimental difficulties requiring advanced characterization 
techniques and data analysis methods. The latter indirect approach is farther removed from 
the final application but has the advantage of enabling to obtain relevant information by less 
complicated, more widely available measurement techniques. 

This contribution relates results of both approaches on a ternary blended cement composed 
of clinker, slag and limestone. Hydration kinetics and product development over time were 
established by isothermal calorimetry, XRD Rietveld-PONKCS and Electron microscopy 
image analysis. The results were compared to a benchmarked calorimetry based R3 reactivity 
test for SCMs developed in RILEM TC-267 TRM. 
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