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A B S T R A C T   

Plastic Concrete is a low-strength (fcm,28d≤ 1.0 MPa), low-stiffness, impervious concrete used for 
cut-off wall construction in earthen dams. To date, there has been no systematic study on the 
effect of mix design on the long-term time development of the mechanical properties (compres-
sive strength, tensile strength, and elastic modulus) of Plastic Concrete. Therefore currently no 
Plastic Concrete specific constitutive law for cut-off wall design exists. The present study closes 
this gap. Ten Plastic Concrete mixes with two bentonite-cement ratios and three types of sodium 
bentonite were produced. Fresh concrete workability tests were performed for all mixes. 
Compressive strength tests were performed at ages 28 d, 56 d, 91 d and four years. Splitting 
tensile strength and elastic modulus tests were performed at 28 days. The workability results 
show a good linear correlation between slump and flow table tests. Plastic Concrete’s compressive 
strength development over time is notably slower than that of ordinary concrete, and a new time 
development model following fib MC 2020 is established using a fitted sC coefficient. The splitting 
tensile strength shows an overall good, linear correlation with compressive strength, with an 
approximate ratio of 0.135. Furthermore, the elastic modulus EC,S according to EN 12390-13 
concrete tests show significantly higher elastic modulus than the available data, and a model 
approximation for the elastic modulus EC,S as a function of compressive strength is also provided. 
Overall, this study provides the first Plastic Concrete specific mechanical property models, con-
firming the critical role mix design plays on Plastic Concrete’s short and long-term mechanical 
properties. Thus, the developed models enable a more realistic Plastic Concrete cut-off wall 
design and provide an important basis for future research.   

1. Introduction 

1.1. Background 

Due to a significantly ageing infrastructure, dam remediation and repair is of increasing importance worldwide. Earthen dams, 
commonly used for hydropower generation, levees or flood retention basins, also show significant ageing, and their safety is of utmost 
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importance for nearby urban areas. Therefore, earthen dams must also be remediated, whereby the most common solution for the 
remediation of earthen dams and levees is the design and construction of cut-off walls [1,2]. The planned cut-off wall, generally 
constructed as a slurry-trench wall [3], is extended into an underlying impervious stratum [4] and filled with a support fluid to stop the 
excavated trench from collapsing. The trench is then usually backfilled using the tremie method [1,2], whereby a wide range of backfill 
materials exist, with growing interest in Plastic Concrete due to the materials’ suitable characteristics [1]. 

Plastic Concrete is hereby characterised by a high deformation capacity under load. This, in turn, decreases both rupture proba-
bility and crack opening width, reducing the probability of a permeability increase in the cut-off wall [1,2,5]. Plastic Concrete is, 
similar to ordinary concrete, composed of cement, water, aggregate, additions and admixtures, however, in differing proportions [1]. 
Most notably, Plastic Concrete is produced with a very high w/c-ratio (w/c ≥ 3.0) and water-binding additions (e.g. bentonite) to 
ensure fresh concrete stability and hereby obtain a highly ductile and impermeable material [1]. 

Despite its indisputably beneficial material properties, the mechanical behaviour of Plastic Concrete still needs to be widely studied 
[1]. Currently, the design of cut-off walls considers Plastic Concrete to be a linear-elastic material, with a defined compressive strength 
at 28 days [6], since no specific constitutive law for Plastic Concrete exists, which could account for the time development of the 
mechanical properties of Plastic Concrete [1]. This is not least due to the scarcely available systematic data in the literature, whereby 
the compressive strength, tensile strength and elastic modulus cannot be correlated from one mix design. The lack of a specific 
constitutive law also generally incurs higher cement contents than technically necessary, ensuring the strength criteria are perma-
nently met in the linear-elastic design [6]. Thus, the material’s full potential is only partially used and the inherent sustainability 
advantages do not come into effect [6]. The resulting increased costs may also significantly impede using Plastic Concrete in devel-
oping countries [7,8]. Therefore, in the following subsections, the current understanding of the mechanical behaviour of Plastic 
Concrete is summarised. 

1.1.1. Compressive strength 
In literature, various studies have tested the unconfined compressive strength of Plastic Concrete with varying mix design 

[9–12–15,16,17]. The studies show a gradual decline in Plastic Concrete strength with increasing w/c-ratio. However, since bentonite 
absorbs water into its structure, reducing the readily available water for cement hydration, the effective w/c-ratio is likely smaller. In 
literature there is no reference to the contending behaviour of cement and bentonite for the available water and possible interaction 
mechanisms in Plastic Concrete. In addition, compressive strength results are also dependent on the chosen loading speed and testing 
standard [18,19]. They must therefore be considered carefully to achieve measurable and precise data, avoiding any loading-speed 
induced effects [18,19]. The existing literature, however, does not systematically address these influencing parameters when study-
ing the material behaviour of Plastic Concrete [1]. 

Furthermore, Plastic Concrete batching and casting are also of utmost importance for the material’s performance. Various possi-
bilities exist for batching [20,21], where a pre-hydrated bentonite slurry is most commonly added to cement and aggregates before 
mixing [1]. Especially the preparation of the bentonite slurry has a significant impact on Plastic Concrete performance, whereby the 
few available studies recommend a long mixing time with a high-RPM mixer [22] to ensure sufficient bentonite mixing. Regarding 
swelling time, current literature does not find significant differences in Plastic Concrete’s performance with varying swelling times [21, 
23]. 

Even though most reference testing for standard concrete is conducted at 28 days, it is common knowledge that the strength of 
concrete continues to increase beyond this mark. The knowledge of the long-term strength development of Plastic Concrete is of utmost 
importance since cut-off walls are constructed for design periods far exceeding 50 years. In addition, the water load application on cut- 
off walls occurs far beyond the 28-day mark; therefore, long-term strength development is essential to ensure accurate and realistic cut- 
off wall design. The curing speed of concrete is primarily influenced by factors such as water-cement ratio, type of cement and cement 
strength class [24]. For the latter, higher cement strength classes generally lead to faster strength development due to cement’s 
increased fineness [18,24]. Code models like the fib Model Code 2010 [25] or fib Model Code 2020 [26] can be used to estimate the 
time function of concrete strength development (see Subsection 4.3). It is also known that, generally, the tensile strength develops 
faster than the corresponding compressive strength [26,27]. Literature data has, however, already shown that Plastic Concrete’s 
compressive strength development is far slower than ordinary concrete, with a significant compressive strength increase beyond the 
28-day mark [1,9,11,15,17]. This should be accounted for in Plastic Concrete cut-off wall design with a material-specific time 
development model, which, however, currently does not exist, and will therefore be studied in this paper. 

1.1.2. Tensile strength 
In concrete design, the uniaxial tensile strength (fct) is as important as the uniaxial compressive strength. For standard concrete, the 

uniaxial tensile strength is typically estimated to be 10% of the unconfined compressive strength fcu [18]. However, this fct∕fcu-ratio is 
not constant and may decrease with increasing time and compressive strength fcu [18,28]. Furthermore, the ratio is affected by the 
aggregate type, aggregate grading, curing conditions, and the type of tensile test performed [18,27]. 

According to fib MC 2010 [25], in turn based on the model by HEILMANN [27,29], the tensile strength fctm can be estimated from the 
characteristic compressive strength fck following Equation (1) for concrete grades ≤ C50 [25]. 

fctm = 0.3 · (fck)
2∕3 (1) 

However, for a Plastic Concrete sample with a characteristic compressive strength fck of 1.5 MPa, this would incur in a mean tensile 
strength fctm of 0.39 MPa, suggesting a fctm∕fck-ratio of 0.26, unlikely for Plastic Concrete samples. HEILMANN however shows that the 
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factor 0.3 in Equation (1) may vary depending on the type of test used [27,29] and will therefore be studied in more detail in the 
present study. 

On the other hand fib MC 2020 [26] suggests a new model, described in Equation (2). 

fctm = 1.8 · ln(fck) − 3.1 (2) 

However, this model is not applicable to Plastic Concrete since a negative tensile strength would be calculated for a characteristic 
compressive strength fck of 1.5 MPa. Therefore this model is not further pursued in the present study. 

The tensile strength of concrete can be studied with various test methods. Most commonly, and due to the simple testing procedure, 
the so-called splitting tensile strength (also called “Brazilian test”) standardised in EN 12390–6 [30] or ASTM C496 [31] is used. The 
splitting tensile test is usually performed on cylinders with a height-to-diameter ratio of 2, with smaller samples generally exhibiting 
higher strength [27]. It should be noted that tensile strength tests generally exhibit a higher standard deviation than compressive 
strength tests [18,24]. However, the sample size has a smaller influence on splitting tensile tests than on other tensile tests due to the 
stress induction mechanism and sample failure pattern [18,24]. The conversion factor αsp for splitting tensile strength to uniaxial 
tensile strength for ordinary concrete is disputed in literature [24,28] and varies widely in existing international codes [26]; fib MC 
2020 [26] therefore recommends using a conversion factor αsp = 1.0. 

For Plastic Concrete, little research has been carried out on tensile strength. GAO ET AL. [32] performed splitting tensile strength tests 
on cubes with two sample sizes, showing a good correlation between the compressive strength and the tensile strength. KAHL ET AL. [33] 
studied a wide range of Plastic Concrete mixes at different ages using 6 in by 12 in cylinders, also finding a clear correlation between 
the achievable splitting tensile strength and the selected mix design. Finally KAYSER AND SCHULZ [34] performed few splitting tensile 
strength tests on 10 cm by 20 cm cylinders of hardened cement-bentonite slurries with different bentonites. In conclusion, the present 
paper must systematically study the tensile-to-compressive strength ratio, specifically for Plastic Concrete, and establish a new model 
for this purpose. 

1.1.3. Elastic modulus 
In Plastic Concrete cut-off wall design, the target elastic modulus should be similar to the surrounding soil’s, and not exceed five 

times the latter, to ensure compatibility within the earthen dam [1,35]. The elastic modulus of concrete is hereby primarily determined 
by the elastic moduli of its components [18,19]. Similarly to ordinary concrete, the elastic modulus of Plastic Concrete increases with 
increasing compressive strength and thus with decreasing w/c-ratio or increasing cement content [1]. In literature, various studies 
have investigated the elastic modulus of Plastic Concrete [10,11,13,14,16,17,36]. Still, as reported by the authors in [1], the testing 
procedure used has a major influence on the test results. This is primarily due to the varying definitions of elastic modulus underlying 
the individual testing procedures and the different sample deformation measurement techniques used [1]. 

In concrete technology, elastic modulus testing is performed according to EN 12390-13 [37] or ASTM C469 [38], whereby the 
sample deformation is measured using dial gauges or LVDTs applied directly to the samples. On the other hand, geotechnical testing 
standards such as EN ISO 17892-7 [39] or ASTM D2166 [40] generally use machine displacement to obtain specimen deformation in a 
load-displacement curve. In addition, the definition of elastic modulus differs depending on the selected testing procedure and is, 
therefore, not directly comparable. Overall, the elastic modulus obtained through concrete technology testing procedures is expected 
to be higher than that from geotechnical standards. With the available data, the elastic modulus of Plastic Concrete based on 
geotechnical standards can be assumed to be in the range of 300–1500 MPa [1]. 

However, in the literature, no elastic modulus data is available for Plastic Concrete samples based on concrete technology testing 
procedures. Therefore, the present study aims to close this gap. 

1.2. Focus & research questions 

In conclusion, the existing literature fails to systematically study the effect of mix design, especially w/c-ratio, bentonite content 
and type, on the long-term time development of the mechanical properties of Plastic Concrete. In addition, no Plastic Concrete specific 
time development model exists to estimate the concrete strength development beyond the 28-day mark. Furthermore, Plastic Con-
crete’s compressive-to-tensile strength ratio remains unclear, with limited data showing no distinct pattern. In addition, all elastic 
modulus data available to date has been obtained using the load-displacement curve of geotechnical compressive strength tests and not 
based on direct sample measurement techniques. However, these measurements also account for testing machine deformation and fail 
to study solely material behaviour as measured in situ on the samples. The successful application of elastic modulus testing according 
to EN 12390-13 [37] specifically on Plastic Concrete samples, remains to be reported. 

Therefore, this paper aims to critically study the effect of Plastic Concrete mix design, especially bentonite content and type, on its 
mechanical properties. The focus also lies on the long-term time development (up to 4 years) of compressive strength of Plastic 
Concrete and the development of a Plastic Concrete specific compressive strength time development model. In addition, the fresh 
concrete properties of Plastic Concrete are tested using two separate testing methods (slump and flow table test) to establish a cor-
relation between the two. In addition, splitting tensile tests are conducted for the corresponding compressive strength tests to 
determine a tensile-to-compressive strength ratio. Finally, the elastic modulus of Plastic Concrete is tested for the first time following 
EN 12390-13 [37] and provides realistic elastic modulus data for varying mix designs. The developed models are of key importance to 
ensure a more accurate and realistic Plastic Concrete cut-off wall design. 
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2. Materials and methods 

2.1. Materials 

The present study studied bentonite-based Plastic Concrete mixes consisting of cement, bentonite, aggregates and water, with a 
high w/c-ratio, as described in subsection 1.1. 

2.1.1. Cement and bentonite 
In the present study, a German OPC cement CEM I according to EN 197–1 [41] was used. Three activated sodium bentonites from 

different European deposits were used to study the corresponding effect on Plastic Concrete performance. These were Bentonil CV15, 
Bentonil WW4 and Tixoton, all produced and provided by CLARIANT Deutschland GmbH, were used. No further supplementary 
cementitious materials (SCMs) were added. 

The chemical composition of the source materials, as determined through X-ray fluorescence analysis (XRF), is given in Table 1. The 
physical characteristics of the source materials are given in Table 2. In Table 3, the mineralogical composition, as determined through 
XRD, as well as the cation exchange capacity (CEC), as determined through Cu-trien method according to [42,43], of the bentonites 
used are shown. 

2.1.2. Aggregates and water 
The aggregates used were a combination of local Rhine sand and Rhine gravel from Graben-Neudorf, Germany. The maximum 

aggregate size was dmax = 8 mm, in line with considerations from literature [1]. The particle size distribution is shown Table 4 and lies 
between control sieve curve A8 and B8 according to DIN 1045–2 [44]. 

The mixing water used was mains water from Karlsruhe, previously tempered to 20∘C, and in line with the requirements according 
to EN 1008 [45]. No admixtures were used since currently available PCE-based admixtures interact (negatively) with clay, rendering 
these ineffective [46]. 

2.2. Methods 

2.2.1. Experimental setup and mix design 
As mentioned in section 1, no systematic study has investigated the time development of compressive and tensile strength of Plastic 

Concrete. In addition no Plastic Concrete specific concrete models exist in literature. Therefore, this study investigates Plastic Con-
crete’s compressive strength change over time as well as studying the splitting tensile strength of Plastic Concrete at 28 days with 
varying mix design. In addition, the fresh properties of concrete were tested. Finally, the elastic modulus of Plastic Concrete is 
determined in accordance with EN 12390-13 [37] at 28 days. A timeline of the experimental tests is shown in Fig. 1. 

To further understand the changes in Plastic Concrete mechanical strength, the bentonite type and the bentonite content were 
varied. Three activated sodium bentonites were used (see Subsubsection 2.1.1). The bentonite to cement ratio (b:c-ratio) was varied 
between 1:1.5 and 1:6. An overview of the varying mix design factors and the corresponding designation of the mixes used for 
compressive strength, splitting tensile strength and fresh concrete testing is given in Table 5. For elastic modulus testing, only the 1:2 
and 1:3 mixes were used. 

It is well established in the literature that the bentonite to cement ratio (b:c-ratio), as well as the w/c-ratio, have a crucial influence 
on the material strength obtained for a Plastic Concrete mix [1,47]. With a Plastic Concrete target compressive strength between 0.5 
and 2.5 MPa at 28 days, and based on previous studies conducted by the authors [1,23], a Plastic Concrete mix with 100 kg/m3 of 
cement and a w/c-ratio of 4.0 was used. The mix designs of Plastic Concrete used in this study are shown in Table 6. 

2.2.2. Concrete batching and fresh concrete testing 
Based on the experimental setup developed in Subsubsection 2.2.1, and following considerations in [1], the Plastic Concrete mixes 

in this study were produced by combining the dry components (cement and aggregate) with the (pre-hydrated) bentonite slurry. Since 
no standardised batching procedure exists for Plastic Concrete, this process is described in more detail. 

The bentonite slurry was produced in a batch suspension mixer type SC-20-K from MAT Mischanlagentechnik GmbH (Immen-
stadt, Germany). This mixer reaches a rotational speed of approx. 3000 rpm (50 Hz) and has a nominal power of 5.5 kW. The 
capacity of the mixer is approximately 20 litres. The batch suspension mixer was filled with 20 litres of water, and bentonite was 
added evenly to avoid clump formation [21]. The components were then mixed in the mixer for 6 min to achieve a homogeneous 
bentonite slurry [1,22]. The slurry was then filled into buckets through a discharge pipe on the mixer. The 24-hour swelling process 

Table 1 
Chemical composition of the cement and bentonites used, corrected by LoI.    

CaO SiO2 Al2O3 MgO Fe2O3 Others LoI 

CEM I (m.-%)  61.8  22.2  5.2  2.9  2.4  3.6  2.7 
CV15 (m.-%)  2.3  59.8  12.0  1.9  2.2  3.4  15.7 
WW4 (m.-%)  4.0  50.6  16.7  3.1  3.8  4.1  17.8 
Tixoton (m.-%)  3.9  49.2  17.5  2.5  5.3  5.4  18.2  
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and storage also took place in these buckets, which were placed in a climate-controlled room with an air temperature of 20∘C and a 
relative humidity of 65%. 

The fresh Plastic Concrete was mixed using two different mixers depending on the concrete batch size. For batches up to 50 
litres, a Zyklos ZZ 75 EH concrete mixer from Pemat Mischtechnik GmbH (Freisbach, Germany) was used. This mixer has a nominal 

Table 2 
Physical characteristics of the cement and bentonite source materials used.   

PSD density specific surface  

d10%* d50%* d90%* no-dry 60∘C 105∘C Blaine  
(μ m) (g/cm3) (cm2/g) 

CEM I  1.52  17.20  55.30  3.10 – – 3.477 
CV15  1.20  7.13  38.34  2.40 2.72 2.79 – 
WW4  0.93  4.75  39.90  2.54 2.72 2.86 – 
Tixoton  1.97  16.78  57.19  2.57 2.72 2.78 – 

* Determination in water with Na4P2O7 

Table 3 
Mineralogical composition determined by XRD and CEC of the bentonites used.   

CV15 WW4 Tixoton 

Quartz X X X 
Carbonate (mainly calcite) X X X 
Illite / Mica (di)   X 
Montmorillonite X X X 
Plagioclase X X X 
K-feldspar  X X 
CEC (cmol+/kg) 61 88 65 

“X” marks where the minerals are present 

Table 4 
Particle size distribution of aggregates used.  

Sieve size (mm) 0.125 0.25 0.5 1 2 4 8 

Sieve passing (m.-%)  0.5  8.8  21.0  30.2  40.0  63.2  97.2  

Fig. 1. Timeline of the experimental testing carried out in this study.  

Table 5 
Overview of the varying mix design factors and corresponding designation of the mix designs used.  

b:c-ratio Bentonite Type  

Bentonil CV15 Bentonil WW4 Tixoton 

1:1.5 C1:1.5 W1:1.5 T1:1.5 
1:2 C1:2 W1:2 T1:2 
1:3 C1:3 W1:3 – 
1:4 C1:4 – – 
1:6 C1:6 – –  
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power of 3.3 kW, a rotational speed of approximately 70 rpm and a capacity of 75 litres. For larger batches up to 240 litres, a pan 
concrete mixer from Teka Maschinenbau GmbH (Edenkoben, Germany) was used. This mixer has a nominal power of 15 kW, a rotor 
speed of approximately 17 rpm and a capacity of 375 litres. In addition, the ambient temperature in the laboratory was approxi-
mately 20∘C. 

First, sand, gravel and cement were placed in the mixer drum and premixed for one minute. After that the bentonite slurry, with a 
prior 24 h swelling time, was added to the mixer drum. The Plastic Concrete was then mixed for 5 min until a homogeneous concrete 
mix was obtained. This is in line with the most common mixing procedure for Plastic Concrete [1] and also used in previous studies by 
the authors [23]. 

The finalised fresh concrete is then tested, with slump test according to EN 12350-2 [48] and flow table test according to EN 
12350-5 [49] being performed immediately after mixing. Following on, fresh concrete density according to EN 12350-6 [50] and air 
content according to EN 12350-7 [51] were measured. 

Thereafter, part of the concrete was cast into standard cubic (a=200 mm) and cylinder (l=300 mm, d=150 mm) steel moulds 
according to EN 12390-1 [52] and vibrated with a rod shaker with a 120 Hz frequency. In addition, the remaining part of the concrete 
was cast into standard 40 × 40 × 160 mm3 steel prism moulds according to EN 196–1 [53] and vibrated on a shaking table with a 
50 Hz frequency for 30 s. All samples were then stored in the moulds for 72 h (due to the low early age strength) at 20∘C under plastic 
foil and wet jute to avoid desiccation of samples following EN 12390-2 [54]. After this, the samples were demoulded and placed under 
water at 20∘C until testing. 

2.2.3. Compressive strength testing 
Most commonly, the compressive strength of concrete is determined according to EN 12390-3 [55] using cubic samples with an 

edge length of 150 mm. However, due to Plastic Concrete’s very low strength properties, the minimum testing load of standard 
concrete uniaxial testing machines is not reached at Plastic Concrete sample failure. Therefore, cubes with an edge length of 200 mm 
were used, to increase test area and thus testing load. For any given age and mix, three cubes were tested. The cast cubes were removed 
from the water bath curing and surface dried using a cloth towel. The compressive strength was not tested thoroughly in compliance to 
EN 12390-3 [55] since the loading speed was reduced in line with the low strength requirements of Plastic Concrete. The loading speed 
was set to 0.05 MPa/s for all samples, as similarly described in DIN 4093 [56] for the testing of strengthened soil samples. 

2.2.4. Splitting tensile strength testing 
Furthermore, the tensile strength of specimens was studied using the splitting tensile test according to EN 12390-6 [30]. The tested 

cylinders were 300 mm in length and 150 mm in diameter. For any given age and mix, three cylinders were tested. The cast cylinders 
were removed from the water bath curing and surface dried using a cloth towel. Due to Plastic Concrete’s very low strength properties, 
the splitting tensile strength was not tested thoroughly according to EN 12390-6 [30] since the loading speed had to be reduced. The 
loading speed was hereby set to 350 N/s (equivalent to 0.005 MPa/s). 

2.2.5. Elastic modulus testing 
Most commonly, the elastic modulus of concrete is determined according to EN 12390-13 [37] using cylinder samples with 150 mm 

diameter and 300 mm in length. However, due to Plastic Concrete’s very low strength, standard concrete uniaxial testing machines are 
inadequate to test Plastic Concrete samples due to the minimum testing load. Therefore a specialised testing machine Zwick 010 from 
the manufacturer ZwickRoell GmbH & Co. KG (Ulm, Germany) was used. This electrical AC servomotor universal testing machine has a 
maximum load capacity of 10 kN and crosshead speed ranging between 0.0005 mm/min to 1000 mm/min, making the machine 
suitable for testing low-strength samples such as Plastic Concrete. The cast prisms were removed from the water bath curing and 
surface dried using a cloth towel. For any given age and mix, three prisms were tested. The prisms were placed vertically in the testing 
machine (testing cross-section 40 × 40 mm2), and two oppositely placed DD1 strain transducers on a quick-action clamping device 
were used for sample deformation measurement. Thereafter the stabilised elastic modulus test according to EN 12390–13, procedure B 
[37] was performed. The loading speed was set to 0.01 MPa/s for all samples, with a pre-load stress of 0.06 MPa. Once elastic modulus 
testing was finalised, the clamping device with the strain transducers was removed from the samples, and the corresponding 
compressive strength was tested following EN 12390-3 [55] with an identical loading speed of 0.01 MPa/s. Deformation of the samples 
was hereby measured using the crosshead displacement. 

Table 6 
Mix design of Plastic Concrete.   

Mix I Mix II Mix III Mix IV Mix V  
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) 

Cement 100.0 100.0 100.0 100.0 100.0 
Water 400.0 400.0 400.0 400.0 400.0 
Bentonite 066.6 050.0 033.3 025.0 016.7 
Sand (0–2 mm) 556.6 562.9 569.2 572.3 575.5 
Gravel (2–8 mm) 873.5 883.4 893.3 898.2 903.1 
b/c-ratio 1:1.5 1:2 1:3 1:4 1:6  
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3. Results 

3.1. Fresh concrete results 

As mentioned in Subsubsection 2.2.2, fresh concrete tests were performed on the concrete batches produced. Fig. 2 provides an 
overview of the fresh concrete workability results. In Fig. 3, the air content and fresh concrete density results are shown. 

The results in Fig. 2 clearly show that an increase in bentonite content, i.e. increasing b:c-ratio, incurs lower Plastic Concrete 
workability, likely due to the water-binding capacity of bentonite and inline with results from other research [7,23,57–59]. It should be 
noted that mixes C1:6 and T1:2 (marked with * and hatched) displayed some minimal segregation and are therefore not considered for 
future analysis. In addition, at a constant b:c-ratio, the bentonite type used has a significant effect on concrete workability [23]. 
Finally, the results display a good correlation between the flow table and slump test results and will be further discussed in Subsection 
4.1. 

From Fig. 3, it becomes apparent that no clear correlation between b:c-ratio and the obtained air content exists, likely due to the 
known high scattering of air content test results. On the other hand, as would be expected for the selected mix designs (see Table 6), an 
increase in b:c-ratio incurs a lower concrete density, due to the intrinsic volumetric replacement of (heavier) aggregates with (lighter) 
bentonite. Nonetheless, variations in test execution can also affect the test results obtained, of particular importance with high b:c-ratio 
mixes, where a correct placement and compaction of the Plastic Concrete samples cannot be guaranteed due to the decreased 
workability. 

3.2. Compressive strength results 

As mentioned in Subsubsection 2.2.3, three cubes were tested on compression in accordance with EN 12390-3 [55] for every point 
in time and selected mix. In Fig. 4, the results from compressive strength tests at 28 days in dependence of the b:c-ratio are shown, 
whereby each point represents the mean value of three samples with its corresponding standard deviation. 

Fig. 4 shows that the compressive strength at 28 days lies between 0.33 MPa and 0.79 MPa, aligning with the results expected in 
literature for the chosen mix [1,23,47]. Moreover, the results show a clear correlation between compressive strength and the b:c-ratio 
used, with compressive strength increasing with a higher bentonite content, due to a decreasing effective w/c-ratio [23,60,61]. The 
two mixes displayed in Fig. 4 with hollow symbols are not in line with this trend due to slight concrete segregation (see also Fig. 2) and 
subsequent concrete bleeding, increasing compressive strength of the remaining samples. Therefore it can be assumed that the b:c-ratio 
and compressive strength, for a given bentonite type, have a positive correlation. 

The overall strength is, however, also dependent on the bentonite type used, for which literature is currently inconclusive. The 
cation exchange capacity (CEC), and thus bentonites’ water absorption capacity, could affect the compressive strength of samples. 
However, as shown in Table 3, the CEC of WW4 bentonite is highest, but the samples exhibit lower strength than CV15 samples, 
contradicting this theory. In Fig. 5, the results from compressive strength testing are shown over time, whereby each point represents 
the mean value of three results, with corresponding standard deviation. 

Fig. 5 shows that the compressive strength increases steadily from 28 days onwards. The compressive strength at 28 days lies 
between 0.58 MPa and 0.80 MPa, aligning with the results expected in literature for the chosen mix design [1,23,47]. In addition, the 
strength increase beyond 28 days is far greater than that of ordinary concrete due to Plastic Concrete’s far higher w/c-ratio and re-
ported slower cement hydration [20,61]. The compressive strength of Plastic Concrete samples tested here increases by approximately 
30–50% between 28 days and 91 days due to continuous cement hydration and subsequent pore refinement over time [23]. These 
results will be further discussed in Subsection 4.3. 

Moreover, a clear correlation between compressive strength and the b:c-ratio is visible, with the compressive strength of mixes with 
a 1:1.5 ratio lying above that of 1:3 mixes. Through a higher bentonite content in the mix, a lower effective w/c-ratio is incurred, 

Fig. 2. Fresh concrete workability test results of all mixes.  

D. Alós Shepherd and F. Dehn                                                                                                                                                                                      



Case Studies in Construction Materials 19 (2023) e02521

8

allowing for a more dense cementitious matrix and, in turn, increasing the compressive strength [23,60,61]. 

3.3. Splitting tensile strength results 

As described in Subsubsection 2.2.3, the splitting strength was tested according to EN 12390-6 [30] on three cylinders per mix 
design. In Fig. 6, the results from splitting tensile strength testing at 28 days in dependence of the b:c-ratio are shown, whereby each 
point represents the mean value of three samples with its corresponding standard deviation. 

The results show that the splitting tensile strength at 28 days lies between 0.048 MPa and 0.103 MPa, aligning with the results 
expected in literature for the chosen mix [1]. Moreover, the results show some correlation between splitting tensile strength and the b: 
c-ratio used, with splitting tensile strength increasing with a higher bentonite content. However, the standard deviation of splitting 
tensile strength test results is far higher than that of compressive strength, as known from literature [24]. From the displayed results it 
remains inconclusive whether a dependency of splitting tensile strength on the bentonite type used exists and will be further studied in 
subsection 4.4. 

Fig. 3. Fresh concrete air content (left) and density (right) test results of all mixes.  

Fig. 4. Mean compressive strength (with standard deviation) of three cube samples (a = 200 mm) in dependence of b:c-ratio of Plastic Concrete at 
28 days. 

Fig. 5. Mean compressive strength (with standard deviation) of three cubes over time in dependence of Plastic Concrete mix design.  
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3.4. Elastic modulus results 

Elastic modulus tests according to EN 12390-13, procedure B [37] were performed on prism samples as described in Subsubsection 
2.2.5. Thereafter, the corresponding compressive strength was tested following EN 12390-3 [55]. In Fig. 7, the elastic modulus EC,S test 
results are shown over the corresponding compressive strength, whereby each point represents one tested prism sample. 

The results show that, as expected, an increase in compressive strength incurs in higher elastic modulus of Plastic Concrete samples. 
It is also apparent that neither bentonite type nor b:c-ratio significantly impact the achievable elastic modulus. Due to prism sample 
slenderness (h/d=4), most compressive strength results underestimate the correct compressive strength since the samples partially 
displayed shear failure. The results of the elastic modulus testing will be further discussed in Subsection 4.5. 

4. Discussion 

4.1. Slump and flow table correlation 

As shown in Subsection 3.1, a positive correlation between the slump and flow table test results for Plastic Concrete seems to exist. 
Despite concrete being measured under different conditions with both tests (self-weight vs compaction), both test methods are suitable 
for testing high workability mixes [18,62]. To further analyse this correlation, the results from this study as well as a further study by 
the authors in [23], are plotted in Fig. 8 with the slump test results being displayed over flow table tests results. 

It can be seen that, as expected, slump increases with increasing flow table spread, similar to results in ordinary concrete [63]. In 
addition, this trend occurs independently of the type of bentonite used. The results from this study have a marginally lower spread than 
those from [23]. The GUIDE TO TREMIE CONCRETE FOR DEEP FOUNDATIONS [62] states that the flow table test has a lower sensitivity while using 
dynamic impacts that may alter the obtained results. However, since no superplasticizing admixtures were used for the mix design the 
achieved workability is lower than standard tremie concrete and is therefore more appropriate for flow table testing. This is also in line 
with the limits defined in DIN FACHBERICHT 100 [64] where the presented results lay within the recommended limits for flow table 
testing (34–62 cm). The slump results lay slightly above the recommended limits (1–21 cm) [64]. 

Although NORVELL ET AL. [57] suggest that concrete flowability correlates to the cation exchange capacity (CEC) of the bentonites 
used, the results presented in Fig. 2 and in Fig. 8 do no support this thesis, since nearly identical CECs of CV15 and Tixoton bentonite 
(see Table 3) incur in significantly different flow table results, despite identical mix designs. FERNANDES ET AL. [59] describe a positive 

Fig. 6. Mean splitting tensile strength (with standard deviation) of three cylinder samples (l = 300 mm, d = 150 mm) in dependence of b:c-ratio of 
Plastic Concrete at 28 days. 

Fig. 7. Elastic modulus EC,S over compressive strength in dependence of Plastic Concrete mix design at 28 days.  
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correlation between the moisture content (defined as the ratio by mass of water to solids) and the slump test results. However, in the 
present study, all mixes have an identical moisture content and thus, the varying workability of the mixes cannot be ascribed to this 
factor. 

The linear trend of these results can be fitted and an approximate inclination of 0.52 is obtaine dwithin the tested data range 
displayed, i.e. that an increase in flow table spread of 10 cm incurs a 5.2 cm larger slump, inline with results presented in [62]. The 
coefficient of determination R2 is only 0.646 due to the high, expected deviation of the fresh concrete test results. This high deviation is 
inherent with the applied fresh concrete test, reported to be ± 4 cm for flow table test results [62]. However, the overall trend can be 
accurately described with the displayed curve, where slump s correlates with flow table results ft according to Equation (3). 

s = 0.52 · (ft − 40 cm) + 16 cm (3) 

Future research should also measure the slump flow and slump flow velocity of Plastic Concrete mixes [62], since these results may 
display lower deviation for fresh tremie concrete properties. 

4.2. Influence of sample size and batching on compressive strength 

In this study, all compressive strength tests were conducted on cube samples with an edge length of 200 mm (as described in 
subsubsection 2.2.3). This, in turn, incurs a far more significant material consumption. Since the Plastic Concrete studied here has a 
maximum aggregate size dmax of 8 mm, it may therefore be more expedient to use prisms halves for compressive strength determi-
nation. Thus, within the scope of a previous study by the authors in [23], cube samples were cast to compare compressive strength 

Fig. 8. Correlation between flow table and slump tests results for all mixes from this study and [23].  
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results with prism halve samples. In addition, all samples from both studies were produced using the same batch of cement and 
bentonite, as well as aggregates from the same deposit, thus reducing the possible material scattering to a minimum. In Fig. 9, the 
results from this study and [23] are shown, whereby the strength is displayed over the corresponding mix design. 

From this data it becomes apparent that cube samples have an overall repeatability since both studies provide similar compressive 
strength results. In addition, for most mix designs, the compressive strength of prism halve samples is close to that of cube samples, 
with both results lying within the standard deviation of one another. The data also shows that the standard deviation is approximately 
three times higher for the prism (0.0397 MPa) than cube (0.0143 MPa) samples, as would be expected due to the size and failure 
concentration effect based on the WEIBULL theory [18]. An average coefficient of the mean cube strength and prism strength can be 
calculated (fcm,cube∕fcm,prism), with cubes strength being on average 0.963 × prism strength, in line with the expected theoretical 
correlation in literature [18]. Moreover, due to the chosen mix design (see subsubsection 2.2.1), the Plastic Concrete mixes tested in 
this study can all be considered water-dominated mixes [47]. Thus, the sample size has a less significant effect on compressive strength 
results than in standard concrete since cement particles are far further apart than in ordinary concrete, providing the same sample 
failure pattern (cross tensile failure) occurs. All in all, it can therefore be ascertained that the compressive strength of prism samples 
(40 × 40 mm2) is approximately identical to that of cube samples (200 × 200 mm2), despite higher standard deviation for prism 
samples. These results indicate that future research on Plastic Concrete compressive strength can be conducted using prism samples 
(providing dmax ≤ 8 mm) due to the significant saving in the concrete volume needed for testing without significant influence on the 
compressive strength results. Furthermore, the results presented here should be further confirmed with more available research data in 
future. 

4.3. Compressive strength development over time 

In Subsection 3.2 the compressive strength results have been reported. However, the significant increase in compressive strength 
beyond the 28-day mark should be discussed in more detail. 

For strength development of standard concrete, the fib Model Code 2010 [25] gives an approximation for the time function of the 
concrete strength development βcc as a function of a cement-strength-class-dependant coefficient s and concrete age t, as shown in 
Equation (4). 

βcc(t) = exp

(

s ·

[

1 −
(

28
t

)0.5
])

(4) 

Few studies have examined the long-term strength of Plastic Concrete mixtures [9,11,15,17,65]. Therefore the results from this 
study as well as from [9,11,15,17] are shown in Fig. 10, where the relative compressive strength increase beyond 28 days (fcm(t)∕fcm, 

28d) is shown as a function of time. For comparison, the fib MC 2010 model is also shown for a coefficient s of 0.20 and 0.38, 
respectively. 

From Fig. 10, it becomes visible that the strength development over time is far more significant for Plastic Concrete samples than 
the fib MC 2010 predicts. The results from this study show a strength increase of 30–50% between 28 d and 91 d. It can also be seen that 
the compressive strength increase also clearly depends on the achievable compressive strength at 28 days and the w/c-ratio used, with 
a more substantial increase, the lower the corresponding compressive strength. From these results, changing the reference testing age 
for Plastic Concrete samples also seems expedient. 

In fib MC 2020 [26], the time development function βcc(t) has been further extended in comparison to fib MC 2010 [25], whereby a 
different reference age tref can be further accounted for, as shown in Equation (5). If tref is set to 28 days, Equation (5) simplifies to 
Equation (4). 

Fig. 10. Compressive strength of Plastic Concrete samples over time for this study and [9,11,15,17], with tref = 28 d.  
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βcc(t) = exp

{

sC ·

[

1 −
(tref

t

)0.5
]

·

(
28
tref

)0.5
}

(5) 

The sC coefficient in fib MC 2020 [26] hereby depends on the speed of strength development and strength class of the selected 
concrete and has been updated in comparison to the s coefficient in fib MC 2010 [25]. For a compressive strength under 35 MPa 
according to Table 14.6–7 in [26,66] the sC coefficient is selected to 0.3 (slow), 0.5 (normal) or 0.6 (slow) in accordance with cor-
responding strength development speed. 

Therefore in Fig. 11 the results from the present study and [23] are plotted over time using a reference age tref of 91 days. In 
addition, the fib MC 2020 time development function with sC = 0.50 coefficient is plotted. 

The results show that due to the high w/c-ratio used, the strength development of Plastic Concrete is still significantly slower than 
the fib Model Code 2020 [26] estimates. Therefore, adapting this model for Plastic Concrete may seem reasonable, using a best-fit 
approximation of the sC coefficient for the data available. The results show that a best-fit approximation with the fib MC 2020 
curve for sC = 1.75 (R2 = 0.82) incurs in an underestimation of the strength development, most significantly for early age. Therefore, 
subdividing the approximation into two data sets, before and after 91 days, may be more expedient. The best-fit approximation for 
these two subdivided data sets is also shown in Fig. 11. 

It can be seen that through the split, best-fit approximation, a better correlation with the data can be achieved, with the early age 
strength development approximated with sC = 0.65 (R2 = 0.90) and the later age strength development approximated with sC = 1.98 
(R2 = 0.97) providing a far better correlation to the presented data. With this, the best-fit approximation for the sC coefficient at tref 
= 91 days can be achieved as shown in Equation (6). 

sC =

{
0.65 t < 91 d
1.98 t > 91 d (6) 

Although unexpected, such a differentiated compressive strength development can make sense for Plastic Concrete. The initial, 
somewhat faster, strength development coincides with the initial cement hydration [23]. The long-term, slower compressive strength 
development is likely caused by another strength development mechanism, possibly through a cement-bentonite interaction or another 
reaction, for which literature currently provides no explanation. A previous study by the authors [23] confirmed that a significant pore 
refinement and compressive strength increase occurs between 91 days and 4 years; however, no evidence of a further interaction 
mechanism could be obtained. Another possibility would be that, with increasing sample age and cement hydration, some of the water 
bound by the bentonite becomes entrapped and therefore increase compressive strength during testing due to the incompressibility of 
water. However, microstructural evidence of this has not yet been studied. 

Overall, with the results presented here, a better approximation of the long-term strength development can be achieved, ensuring a 
better and more realistic design of Plastic Concrete cut-off walls. 

4.4. Tensile to Compressive Strength Ratio 

In Subsection 3.2 and Subsection 3.3 the results of compressive and splitting tensile strength testing are shown. It is common 
knowledge in concrete technology that the tensile strength correlates with the compressive strength of specimens and can generally be 
approximated to 1/10 of the compressive strength [18,24] (see also Subsubsection 1.1.2). In Fig. 12, the results from this study are 
shown, whereby the splitting tensile strength is plotted over the corresponding compressive strength. For comparison, the approxi-
mated correlation between splitting tensile strength and compressive strength (fctmm, psp = 0.10 ⋅ fcm) according to [18,24] is also 
shown. 

From Fig. 12 it becomes apparent that Plastic Concrete also has an overall minimally higher tensile to compressive strength ratio 
than standard concrete, despite the overall higher standard deviation of splitting tensile test results [24]. 

In addition, some other authors have also published splitting tensile strength data for Plastic Concrete samples [32–34]. In Fig. 13, 
the splitting tensile strength is drawn over the corresponding compressive strength for the literature data [32–34] as well as the data 
from this study. In addition, best-fit modelling approaches following fib MC 2020 [26] / HEILMANN [29] are shown, with the corre-
sponding best-fit equation. 

The results show a good correlation between splitting tensile strength and compressive strength results for Plastic Concrete samples 
over a broader range of compressive strength. The data furthermore lies above the expected ratio of 1/10. If a linear fit is applied, the 
splitting tensile can be approximated to Equation (7), with a ratio of 0.135. The coefficient of determination R2 is 0.983, providing an 
overall excellent accordance for this data. 

fctm,sp = 0.135 · fcm (7) 

Alternatively an approximation in line with fib MC 2020 [26]/HEILMANN [29] can be calculated. The resulting approximation is 
shown in Equation (8). The coefficient of determination R2 is 0.895, providing an overall good accordance for this data. However, as 
can be seen in Fig. 13, the tensile strength would be overestimated for low compressive strengths (0 - 1.5 MPa) and underestimated for 
higher compressive strengths (4 - 10 MPa) with this model. 

fctm,sp = 0.179 · f 2∕3
cm (8) 

It should be noted that the specimen size, shape and testing standard used for the splitting tensile tests shown above are not 
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identical for all samples. The sample size and shape are known to have a small effect on splitting tensile strength results due to sample 
failure pattern [18,24], which might slightly affect model prediction accuracy. Nevertheless, it seems reasonable to adapt the models 
to the available data to better account for Plastic Concrete mechanical behaviour, since no material-specific tensile strength prediction 
model currently exists. In this sense, the linear prediction model (Equation (7)) currently provides the more accurate results, especially 
at very low compressive strengths, and should therefore be preferred and used for future Plastic Concrete cut-off wall design. In future, 
more data should be obtained to optimise the prediction accuracy of the proposed model. 

Fig. 11. Compressive strength of Plastic Concrete samples over time for this study and [23], as well as fib MC 2020 function, with tref = 91 d.  

Fig. 12. Splitting tensile strength over compressive strength results at 28 days.  

Fig. 13. Splitting tensile strength over compressive strength from this study and [32–34] as wells as modelling approximations in accordance with 
[26,29]. 
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4.5. Discussion of elastic modulus results 

In Subsection 3.4 the results of the elastic modulus testing are shown. As described, the testing procedure used clearly influences the 
obtained elastic modulus, in-line with varying definitions of elastic modulus underlying the individual testing procedures [1] (see also 
Subsubsection 1.1.3). This is generally caused by the deviating deformation measurement techniques used [1]. Therefore, in the 
present study, the stabilised elastic modulus EC,S (hereinafter “stabilised modulus”) was tested according to EN 12390-13, procedure B 
[37] with deformation measurement through two oppositely placed DD1 strain transducers on a quick-action clamping device. In 
addition, during subsequent compressive strength testing, the sample deformation was measured using the testing machines’ cross-
head displacement. A load-displacement curve is obtained with the latter, which can be further used to analyse sample deformation. 
Based on the fib MC 2020 [26], the initial elastic modulus Eci can be obtained as the maximum tangent slope of the 
load-displacement-curve (hereinafter “tangent modulus”). In addition, the secant elastic modulus Ec1 can also be obtained as the secant 
modulus from the origin to the peak compressive stress (hereinafter “secant modulus”). In the present study, the origin is here 
established as the intersection of the tangent modulus and the displacement axis to remove any contact effects in the load-displacement 
curve. In Fig. 14, the results of the present study with the stabilised elastic modulus EC,S, the tangent elastic modulus Eci and the secant 
elastic modulus Ec1 are shown against the corresponding compressive strength. In addition the available literature data reported in [1] 
and based on [10,11,13,14,16,17,36] is shown in grey. 

From the results in Fig. 14 it becomes clear that the testing scheme, especially the deformation measurement technique, plays a 
crucial role in the obtained elastic modulus results. The stabilised elastic modulus EC,S lies far above the other elastic moduli due to the 
direct deformation measurement of the samples and, therefore, also represents the “real” material behaviour. This testing incurs the 
lowest overall deformation and, thus, the highest elastic modulus, especially since deformation measurement occurs only in the middle 
third of the sample. When fitting the results, a linear approximation between the stabilised elastic modulus EC,S and the compressive 
strength fc provides the best approximation with a coefficient of determination R2 of 0.975 and is shown in Equation (9). 

EC,S = 2385 · fc (9) 

The results also show that the secant modulus Ec,i and the tangent modulus Ec1 provide similar results and are, as expected, in line 
with the results shown in literature from geotechnical testing standards. The tangent modulus is consistently higher than the secant 
modulus, which relates to the secant modulus accounting for the higher, plastic deformation of the Plastic Concrete samples. The 
present results provide the first comprehensive study of the elastic modulus of Plastic Concrete samples and a pioneering comparison 
between various testing methods. The results show that the stabilised elastic modulus EC,S is approximately 5.5x higher than the 
tangent modulus Eci determined through the load-deformation curve. This suggests that, to date, cut-off wall design significantly 
underestimates Plastic Concrete material stiffness. However, since Plastic Concrete should provide a similar stiffness to the sur-
rounding soil [1,35], and the soil stiffness is established as the tangent modulus in a load-displacement curve (see subsubsection 1.1.3), 
the tangent modulus Eci may be the most appropriate value for geotechnical cut-off wall design. This is not least because the settlement 
calculations, and thus the load transfer onto the cut-off wall, use soil stiffness (i.e. tangent modulus) as input parameters. Once the 
design loads are obtained, these can be used as input for the Plastic Concrete cut-off wall stress analysis and wall design. The stress 
analysis can then be performed following available concrete design codes, and the newly developed models from this study, using the 
stabilised elastic modulus EC,S. 

5. Conclusions 

The present study aimed to determine the effect of Plastic Concrete mix design on its mechanical properties over time and develop 
appropriate models. In addition, the present study also aimed to model the tensile-to-compressive strength ratio specifically for Plastic 

Fig. 14. Elastic modulus testing results (EC,S, Eci, Ec1) over corresponding unconfined compressive strength in comparison to literature results [1,10, 
11,13,14,16,17,36] (in grey) with varying mix design. 

D. Alós Shepherd and F. Dehn                                                                                                                                                                                      



Case Studies in Construction Materials 19 (2023) e02521

15

Concrete. Finally, the elastic modulus of Plastic Concrete was to be tested for the first time following EN 12390-13 [37] and related to 
the corresponding compressive strength. 

This study’s results show a good correlation between slump and flow table tests and can be estimated according to Equation (3). In 
addition, a wide range of compressive strength data is obtained for varying mix design and b:c-ratio. The compressive strength results 
for prism halve samples is shown to closely correlate to the corresponding cube strength, as seen in Fig. 9. Furthermore, a new time 
development model following fib MC 2020, specifically for Plastic Concrete, is developed exhibiting a significantly slower compressive 
strength increase over time, as described by the sC coefficient in Equation (6). Furthermore, the splitting tensile strength shows an 
overall good, linear correlation with compressive strength with an approximate ratio of 0.135, as also shown in Fig. 13. Moreover, the 
elastic modulus EC,S concrete tests according to EN 12390-13 [37] show significantly higher elastic modulus than the available data 
(see Fig. 14), and a model approximation for the elastic modulus EC,S in dependence of compressive strength is given in Equation (9). 
All in all, this paper has provided a deeper insight into the understanding of Plastic Concrete’s mechanical properties with varying mix 
design. In addition, the first Plastic Concrete specific mechanical property models have been developed,enabling a more realistic 
Plastic Concrete cut-off wall design and provide an essential basis for future research. 

Future research should be carried out to explore the effect of the long-term strength increase in Plastic Concrete samples and further 
understand possible cement-bentonite interactions enhancing compressive and tensile strength time development models. In addition, 
further data should be acquired to adapt the newly developed models to a variation in source materials (e.g. CEM III or other SCMs) and 
also varying w/c-ratios. Finally, additional elastic modulus tests with varying mix design and sample ages should be performed to 
further develop the understanding of Plastic Concrete’s elastic modulus. For this, novel measurement techniques such as digital image 
correlation (DIC) [67] could be explored, providing further insights into Plastic Concrete’s mechanical behaviour. 
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[52] Comité Européen de Normalisation EN 12390-1:2021-09 - Testing hardened concrete - Part 1: Shape, dimensions and other requirements for specimens and 

moulds (German version).2023. 

D. Alós Shepherd and F. Dehn                                                                                                                                                                                      

http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref6
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref6
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref6
https://doi.org/10.1016/j.conbuildmat.2013.10.059
https://doi.org/10.1016/j.conbuildmat.2013.10.059
https://doi.org/10.1016/j.conbuildmat.2007.01.024
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref9
https://doi.org/10.1002/bate.201400064
https://doi.org/10.1002/bate.201400064
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref11
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref11
https://doi.org/10.1139/T09-103
https://doi.org/10.1016/j.cemconres.2004.09.011
https://doi.org/10.1007/s11771-012-1118-y
https://doi.org/10.1016/j.proeng.2016.04.140
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref16
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref16
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref17
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref18
https://doi.org/10.1061/(ASCE)0733-9410(1996)122:5(365)
https://doi.org/10.1061/(ASCE)0733-9410(1996)122:5(365)
https://doi.org/10.1007/s12205-019-0835-2
https://doi.org/10.1007/s12205-019-0835-2
https://doi.org/10.1155/2021/9957159
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref22
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref22
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref23
https://doi.org/10.1533/9780857097538.1.19
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref25
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref25
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref26
https://doi.org/10.4028/www.scientific.net/AMR.306-307.1029
https://doi.org/10.4028/www.scientific.net/AMR.306-307.1029
https://apps.dtic.mil/sti/citations/ADA234566
https://apps.dtic.mil/sti/citations/ADA234566
https://doi.org/10.1002/bate.199904870
https://doi.org/10.1002/bate.199904870
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref29
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref30
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref31
http://refhub.elsevier.com/S2214-5095(23)00701-5/sbref31
https://doi.org/10.5445/KSP/1000010748
https://doi.org/10.5445/KSP/1000010748
https://doi.org/10.1016/j.cemconres.2022.106717
https://doi.org/10.3390/w14030376


Case Studies in Construction Materials 19 (2023) e02521

17
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