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A B S T R A C T   

This study experimentally investigated the effects of surfactants and water-repelling agents on the hydration 
process, relative humidity, and mechanical properties of Portland cement pastes. Based on the measurement 
results, the degree of hydration, degree of saturation, capillary tension of autogenous shrinkage, and magnitude 
of autogenous shrinkage were simulated using a numerical model. In the numerical model, the elastic and creep 
components of autogenous shrinkage were calculated separately, and the creep component was simulated based 
on the solidification theory. The simulation results indicated that adding admixtures led to lower degrees of 
hydration and saturation. The capillary tension of the pure Portland cement was larger than that of the other 
mixtures. This can be attributed to several factors, including the smaller surface tension of mixtures with sur
factants, larger contact angle of mixtures with water-repelling agents, and a lower degree of hydration of mix
tures with both admixtures. Analyses of the simulated and measured results for different mixtures also show that 
creep plays an indispensable role in autogenous shrinkage. Adding a surfactant and a water-repelling agent can 
effectively mitigate autogenous shrinkage. However, when an excessive amount of water-repelling agent was 
added, its influence on the mitigation of autogenous shrinkage was insignificant.   

1. Introduction 

Concrete is a brittle material that cracks easily under tension. Cracks 
are usually found in infrastructures, such as buildings, bridges, high
ways, and airports. Cracks affect the mechanical performance and 
accelerate the degradation of cementitious materials and are therefore 
harmful to the safety, durability, and aesthetics of concrete structures. 
According to the literature [1–5], restrained shrinkage is a principal 
reason for cracking. The restraint can be internal (e.g., reinforcement 
rebar and aggregate [6,7]) or external (e.g., adjacent structures). The 
mitigation of shrinkage is effective for lowering the risk of cracking and 
prolonging the service life of concrete structures. 

Different types of shrinkage in cementitious systems can be classified 
based on their mechanisms [8]. For example, chemical shrinkage is the 
absolute volume reduction during the hydration process, and carbon
ation shrinkage is caused by the reaction between carbon dioxide and 
hydrated cement paste in the presence of moisture [9–12]. Among these 
different types of shrinkage, autogenous shrinkage, which is caused by 

self-desiccation during the hydration process, has garnered increasing 
attention due to the widespread use of high-performance concrete with 
low water-binder ratios [13–18]. Although there is no consensus on the 
mechanism of autogenous shrinkage, researchers generally agree that a 
relationship exists between internal relative humidity (RH) and autog
enous shrinkage [19,20]. Many studies have shown that reducing the 
drop in relative humidity can effectively alleviate the autogenous 
shrinkage of early age cement pastes [21–23]. 

Over the past decades, numerous methods have been proposed to 
mitigate autogenous shrinkage, including internal curing and the addi
tion of inert inclusions or expansive agents [24–26]. In addition to these 
commonly used approaches, the addition of admixtures can effectively 
mitigate autogenous shrinkage [27]. The mechanisms underlying the 
effects of different admixtures on autogenous shrinkage are diverse. 
Surfactants, also known as shrinkage-reducing agents (SRAs), consist of 
hydrophilic and hydrophobic components [28]. They can decrease the 
surface tension of the pore solution of the cement paste and conse
quently reduce autogenous shrinkage [29]. Surfactants exist as 
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dispersants, emulsifiers, or detergents [30]. Another commonly used 
admixture to reduce the autogenous shrinkage of cement paste is a 
water-repelling agent [31]. By adding a water-repelling agent, the 
wetting behaviour of the pore wall of cementitious materials and the 
contact angle between water and the pore wall change [32]. The vari
ation in the contact angle significantly affects the internal force related 
to self-desiccation, for example, capillary tension [33]. 

Recently, considerable research has been conducted on the autoge
nous shrinkage of mixtures with admixtures [33–37]. These studies 
experimentally investigated the influences of different admixtures on 
the surface tension, relative humidity, and wetting of cement paste. 
However, most existing knowledge based on experimental data is 
qualitative and phenomenological. It is well known that cement paste is 
a viscoelastic material [38,39], and its deformation includes an instan
taneous elastic part and a time-dependent part known as creep [40]. 
Both the internal driving force and mechanical behaviour, which 
include the elastic modulus and creep compliance, determine the 
magnitude of the autogenous shrinkage of cement paste [13,15–17]. 
These parameters affect the manner in which admixtures mitigate 
autogenous shrinkage. However, quantitative analyses of the influence 
of admixtures on these factors are still lacking. 

Against this background, a numerical simulation model was used in 
this study to investigate the effect of the admixture on the internal 
driving force of autogenous shrinkage and the mechanical behaviour of 
cement paste. The model calculates the elastic and time-dependent parts 
of autogenous shrinkage separately, with the latter simulated using the 
solidification theory and accounting for the changing mechanical 
properties of the hardening cement paste [41,42]. The investigation 
focused on Portland cement (CEM I 42.5 N) pastes with and without two 
admixtures: a nonionic surfactant and a silane emulsion water-repelling 
agent. The material properties of the cement pastes were experimentally 
determined and used to simulate the internal driving forces of autoge
nous shrinkage and hydration. The simulated autogenous shrinkages 
were subsequently compared with the measured results, and the impact 
of the admixtures on the mitigation of autogenous shrinkage was 
analysed. 

2. Mechanism of shrinkage mitigating admixtures 

Autogenous shrinkage is a macroscopic volume change caused by 
self-desiccation during the hydration process [19]. While there is a 
general agreement that autogenous shrinkage is related to changes in the 
relative humidity caused by self-desiccation, the mechanism of autog
enous shrinkage is still under debate [43,44]. The three most frequently 
discussed mechanisms are the surface tension of solid gel particles, 
disjoining pressure, and capillary tension [45]. Although the active RH 
range of the first two mechanisms remains unclear [46,47], capillary 
tension has recently been widely adopted as the leading mechanism of 
autogenous shrinkage [48]. This study investigates the 
shrinkage-mitigating admixtures affected capillary tension and autoge
nous shrinkage. 

According to the Young–Laplace equation [49], the magnitude of 
capillary tension is calculated as 

σcap =
2πr • γ cos θ

πr2 =
2γcosθ

r
, (1)  

where γ [N/m] is the surface tension of water; θ [− ] is the contact angle 
between the capillary tube wall and air-water interface, and r [m] is the 
radius of the capillary tube, as shown in Fig. 1. 

Cementitious materials are porous mediums [50]. The pore spaces 
are filled with fluid phases, which are generally air and pore solutions. In 
addition to the externally applied load, an internal pressure is exerted on 
the solid skeleton by the fluid phases, which determines the volume 
change and mechanical performance of the porous medium. The effec
tive stress σe depends on the combination of the externally applied load 

and internal pressure exerted by the fluid phases [51]. 

σe = σ + κpsI, (2)  

where σ [MPa] is the external applied load tensor; κ [− ] is the Biot co
efficient [52]; ps [MPa] is the pressure exerted by the fluid phases on the 
solid skeleton, and I [− ] is the unit second-order tensor. 

There is no external applied load σ for the autogenous shrinkage of 
cement paste. The pressure exerted by the fluid phases on the solid 
skeleton ps in Equation (2) can be written as follows [53]: 

ps =(1 − S)pgas + Spwat, (3)  

where S [− ] is the degree of saturation, pgas [MPa] is the gas pressure, 
and pwat [MPa] is the pressure exerted by water. According to Gawin 
[53], the gas pressure pgas is negligible compared with the pressure 
exerted by the water pwat. Capillary tension, disjoining pressure, and 
surface tension are the three primary constituents of pressure exerted by 
water. As discussed earlier, the capillary tension σcap was considered the 
leading mechanism of autogenous shrinkage in this study, that is, the 
major component of the pressure exerted by the water pwat . Therefore, 
pwat ≈ σcap. Hence, the effective stress, which determines the magnitude 
of autogenous shrinkage, can be calculated as 

σe = κSσcap. (4) 

According to the Young–Laplace equation (Equation (1)), the surface 
tension of solution γ, which arises due to the cohesive interactions be
tween molecules in the liquid, is a determining factor of capillary ten
sion. Surfactants are chemical products that include hydrophilic and 
hydrophobic parts, which can reduce the surface tension, as shown in 
Fig. 2 [28,54]. When a surfactant is dissolved in water, because the air 
molecules and the hydrophobic part of the surfactant are nonpolar, the 

Fig. 1. Schematic representation of the capillary tension.  

Fig. 2. Schematic representation of the working mechanism of the surfactant 
(after [54]). 
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decrease in the dissimilarity of these two contacting phases leads to a 
reduction in the surface tension of water [28]. Depending on their na
ture, surfactants can be classified into several different types: anionic, 
cationic, zwitterionic, and non-ionic [55]. The surfactant (Sika® 
Control-40) used in this study was nonionic and composed of neopentyl 
glycol, a double alcohol molecule. More information on Sika® 
Control-40 can be found in Ref. [36]. 

Besides the surface tension of water, the contact angle θ between the 
capillary tube wall and the air-water interface is also a critical factor of 
capillary tension according to the Young–Laplace equation. Water- 
repelling agents are chemical admixtures that improve durability and 
mitigate concrete shrinkage [31,56]. With the addition of a 
water-repelling agent, the wetting properties of cementitious materials 
change [57]. The contact angle between the pore solution and the in
ternal pore wall of the concrete increases, which results in a smaller 
capillary tension, that is, the internal driving force of autogenous 
shrinkage. The most commonly used water-repelling agents are silanes, 
siloxanes, and saturated fatty acids [31]. The water-repelling agent used 
in this study (SILRES ® BS 1802) was a silane emulsion. 

3. Materials and experiments 

This study used Portland cement (CEM I, 42.5 N) produced by ENCI. 
Its mean particle size measured with a laser diffraction analyser is 22 
μm. The weight ratios of the different mineral components of the Port
land cement were 67.1% C3S, 9.6% C4AF, 7.8% C3A, and 5.9% C2S. The 
chemical composition of Portland cement is listed in Table 1. Two types 
of admixtures, a surfactant and a water-repelling agent, were added to 
the Portland cement paste. The nonionic surfactant (Sika® Control-40), 
manufactured by SIKA, was composed of neopentyl glycol. The water- 
repelling/water-repelling agent SILRES® BS 1802 was provided by 
WACKER. It was a silane emulsion. 

Five cement-paste mixtures were investigated in this study. Pure 
Portland cement paste (CEM I 42.5 N) was used as a reference. Two 
mixtures were prepared by adding surfactants. The surfactant dosages of 
these two mixtures were 0.5% and 1.5% by weight of the Portland 
cement, respectively. Two other mixtures were prepared with the 
addition of a water-repelling agent. The water-repelling agent dosages of 
the two mixtures were 0.5% and 1.0% by weight of Portland cement. 
The water/cement ratio of all mixtures was 0.3. Portland cement and 
water were mixed in a 5 L epicyclic Hobart mixer. The total mixing time 
was approximately 3 min [58]. The compositions of all the mixtures are 
listed in Table 2. In Table 2, the pure Portland cement paste is referred to 
as in Ref. The two mixtures with the added surfactant were named Surf 
0.5 and Surf 1.5, respectively. The other two mixtures, which are added 
with a water-repelling agent, were named Hydro 0.5 and Hydro 1.0, 
respectively. 

3.1. Hydration heat 

The heat flow and cumulative heat generated by the cement paste 
were measured using a TAM-Air-314 isothermal calorimeter, according 
to EN 196-8 [59]. Before the test, the machine was calibrated to 20 ◦C. 
The calibration lasted for seven days. About 6 g of freshly mixed cement 
paste was cast into a capped glass vial, and the vial was put in the 
isothermal calorimeter with a constant temperature of 20 ◦C. The in
ternal radius of each glass vial was 9 mm. The measurement lasted for 
seven days, and the measured results were recorded every minute. 

3.2. Setting time 

According to standard EN 196-3 [60], the initial and final setting 
times were measured by the Vicat method. The initial setting time is 
when the penetrating needle is (6 ± 3) mm higher than the base plate. 
The final setting time was when the steel needle first penetrated only 0.5 
mm into the sample. 

3.3. Compressive strength 

The compressive strength of the cement paste was measured using a 
servo-hydraulic-controlled testing machine. The specimen was cubic 
with a size of 40 × 40 × 40 mm3 and cured under the sealed condition of 
20 ◦C after casting. At curing ages of one, three, and seven days, 
compressive loading was applied to the specimen using the testing 
machine until failure. Three replicates were used for each experiment. 

3.4. Elastic modulus 

The elastic modulus of the cement pastes was continuously measured 
using a non-destructive test equipment, EMM-ARM [61]. The freshly 
mixed cement paste was cast into an acrylic tube of length 450 mm. The 
diameter of the cement paste samples was 16 mm. The tube was then 
sealed. One end of the tube was fixed to a steel frame, and an acceler
ometer was placed at the other end. The structural behaviour of the fixed 
tube is a horizontal composite cantilever, as shown in Fig. 3. The first 
resonant frequency of the composite cantilever was measured using an 
accelerometer. The evolution of the elastic modulus was obtained based 
on the change in the measured frequency. Further details of this test 
method can be found in Ref. [62]. Three specimens were tested simul
taneously for each mixture. The elastic modulus of the specimen was 
automatically measured every 10 min, and the test duration was seven 
days. 

3.5. Surface tension 

The surface tension of the cement paste pore solutions was measured 

Table 1 
Chemical composition of Portland cement (% by weight).  

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O 

64.4 20.36 4.96 3.17 2.57 2.09 0.64 0.14  

Table 2 
Mixture proportions of different kinds of cement paste (water-cement ratio: 0.3).  

Name CEM I 42.5 N 
(g) 

Water 
(g) 

Surfactant 
(g) 

Water-repelling agent 
(g) 

Ref 1000 300 0 0 
Surf 0.5 1000 300 5 0 
Surf 1.5 1000 300 15 0 
Hydro 

0.5 
1000 300 0 5 

Hydro 
1.0 

1000 300 0 10  

Fig. 3. Equipment for elastic modulus measurement.  
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using a Krüss Processor Tensiometer K100 [63]. Deionised water with a 
surfactant (Sika® Control-40) was used instead of the pore solution 
extracted from the cement paste. This is because, even though there are 
different ions in the pore solution, for example, Na+, K+, and CL− , the 
influence of these ions on the surface tension is much smaller than that 
of nonionic surfactants [64]. Approximately 35 ml of water with the 
surfactant was poured into a glass vessel with a capacity of 121.5 ml. The 
glass vessel was then placed under a Krüss standard plate (Fig. 4a) 
connected to a Krüss Processor Tensiometer K100 (Fig. 4b). The Krüss 
standard plate measured 19 mm × 10 mm × 0.2 mm. The plate was then 
immersed in the solution and pulled off. The Krüss Processor Tensiom
eter K100 recorded the force required to pull the plate out of the water, 
which can be used to obtain the surface tension. Ten measurements were 
performed within 1 min. The average value of the 10 performances was 
considered as the surface tension. 

3.6. Hydrophilicity 

Approximately 15 g of the cement paste was cast and cured under 
sealed conditions. At the ages of 3 and 7 d, a drop of water (0.05 ml) was 
placed on the surface of the specimen using a burette. Images of the 
drops in contact with the surface, which were used to analyse the hy
drophilicity of the mixtures, were captured using a camera 10 s after the 
droplet was placed. 

3.7. Internal relative humidity 

The internal relative humidity was measured using HC2-AW 
measuring cells which were connected to a Rotronic hygroscopic DT 
station. The freshly mixed cement paste was cast into a sample with a 
diameter of 30 mm and a thickness of 7 mm. The samples were placed in 
a steel chamber. Subsequently, the chamber was covered with HC2-AW 
measuring cells and placed in the thermostatic water bath at 20 ◦C. The 
two samples were tested simultaneously, and the difference between the 
two measurements was less than 0.5%. The measurement was started 
one day after casting to avoid the moisture compensation of the cells. 
The internal relative humidity of the samples was measured every 2 min, 
and the measurement lasted till seven days after casting. 

3.8. Autogenous shrinkage 

This study measured the change in the length of the specimen in the 
corrugated tube to determine the autogenous shrinkage of the cement 
paste according to ASTM C1698-09 [65]. The tube was made of 
low-density polyethylene. The length and diameter of the tubes were 
430 mm and 29 mm, respectively. After the mixing, the cement paste 
was cast into a tube and sealed with plastic plugs. The specimens were 
then placed on metal shelves. The tube length was automatically 
measured by linear variable differential transformers every 10 min, and 
the test lasted for seven days. Three replicates were tested simulta
neously for each mixture. 

4. Experimental results and discussion 

4.1. Hydration heat 

The measured heat flow and cumulative heat of all mixtures are 
presented in Fig. 5a and b, respectively. During the hydration process, 
several complex chemical reactions occur, and hydration heat is liber
ated. According to Lehmann [50], a linear relationship exists between 
the degree of hydration and liberated heat. The hydration heat can be 
used to indicate the hydration rate [66]. 

As shown in Fig. 5a, there is an initial peak caused by the dissolution 
of the cementitious material into the water, followed by a dormant 
period. After the dormancy period, the heat flow accelerated and 
reached two sequential peaks. According to Mindess et al. [67], these 
two peaks were caused by the hydration of tricalcium silicate and tri
calcium aluminate, respectively. During this period, the hydration rate 
of the cementitious material is high. Fig. 5a shows two peaks for all 
mixtures. However, the magnitudes of the two peaks differed in the 
mixtures. The two measured peaks of the mixtures with the addition of 
surfactants (Surf 0.5 and Surf 1.5) are lower than that of Portland 
cement paste. This result is consistent with the findings of Zuo et al. [67, 
68]. According to Zuo et al. [67], this is because the addition of sur
factant retards the hydration process and then lowers the height of the 
heat flow. After these two peaks, the hydration rate gradually decreased 
because the continuously formed hydration products surrounded the 
unhydrated cement particles and inhibited their further dissolution 
[50]. 

From the comparison between the measured cumulative heat of 
different mixtures (Fig. 5b), it can be observed that the mixtures with the 
addition of a surfactant or water-repelling agent released less heat than 
the pure Portland cement paste during the first seven days. This is 
consistent with the findings of Qu et al. [33] and Feiji [36]. As shown in 
Fig. 2, when a surfactant is dissolved in water, a layer of surfactant 
molecules covers the surface of the water, preventing contact between 
the water and cement particles. Less cement dissolves in water, resulting 
in a lower hydration rate and less heat release [28]. Qu et al. [33] re
ported a similar water-repelling mechanism. 

4.2. Setting time 

Fig. 6 shows the measured initial and final setting times for different 
mixtures. Setting is a process caused by hydration reactions and results 
in the gradual development of the rigidity of a cementitious mixture 
[69]. The initial and final settings were related to the continuous hy
dration of the cement [70]. Fig. 6b shows that the final setting times of 
mixtures with the addition of the water-repelling agent (Hydro 0.5 and 
Hydro 1.0) are shorter than that of Portland cement paste. Lu et al. [71] 
observed that the bleeding phenomenon was found in fresh mixtures 
with the addition of a water-repellent admixture during the first few 
hours of mixing. Bleeding leads to a denser solid phase of the cement 
paste during the dormant period and a shorter final setting time of 
Hydro 0.5 and Hydro 1.0 [72]. 

4.3. Compressive strength 

The measured compressive strengths as functions of the ages of the 
different mixtures are shown in Fig. 7. The compressive strength of the 
samples with the water-repelling agent was lower than that of the 
reference during the first seven days. The higher the dosage of the water- 
repelling agent, the lower the measured compressive strength of the 
sample. This experimental result is consistent with those reported by Liu 
et al. [73] and Shahbazi et al. [74]. According to Henk [75], an increase 
in strength is related to the evolution of the microstructure of the cement 
paste during the hydration process. As discussed in Section 4.1, the 
hydration rate of the mixtures with the addition of a water-repelling 
agent was lower than that of Portland cement paste during the first Fig. 4. Apparatus for surface tension measurement.  
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Fig. 5. Measured heat flow and cumulative heat by the cement mass with time.  

Fig. 6. Measured setting time of different mixtures.  
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seven days. A lower degree of hydration led to a looser skeleton structure 
and lower compressive strength. The same reason can also be applied to 
the cases of Surf 0.5 (green line) and Surf 1.5 (purple line). Apart from 
the degree of hydration, other factors influencing the compressive 
strength of the samples with a water-repelling agent were bleeding and 
reabsorption. As explained in Section 4.2, for mixtures containing a 
water-repelling agent, bleeding occurs during the dormant period, 
leaving a layer of water over the surface. At a later age, the water layer 
was reabsorbed into the cement paste, leading to a lower compressive 
strength [72]. Bleeding and reabsorption resulted in a lower compres
sive strength of mixtures with the addition of a water-repelling agent 
compared with that of mixtures with the addition of a surfactant with a 
similar degree of hydration. 

4.4. Elastic modulus 

The measured elastic moduli of the five cement-paste mixtures are 
shown in Fig. 8. The elastic modulus of the mixtures decreased with the 
increase in the surfactant dosage. This phenomenon has also been re
ported previously [76]. Similar to the compressive strength, the looser 
skeleton structure of cement pastes with surfactants, which is related to 
the lower degree of hydration, is the primary reason for the decrease in 
the elastic modulus. Fig. 8 also shows that adding a water-repelling 
agent has a negative effect on the development of the elastic modulus; 
however, the dosage was not a crucial factor. The elastic modulus of 
Hydro 1.0 (blue line) is similar to that of Hydro 0.5 (black line) after two 
days, even when the compressive strength of Hydro 1.0 is much lower 
than that of Hydro 0.5. In addition to strength, another crucial factor 
influencing the elastic modulus is the water content of the specimen 
[77]. The elastic modulus of concrete increased with the water content; 
that is, the value of the elastic modulus of the wet specimen was higher 

than that of the dry specimen with the same strength. According to Liu 
et al. [78], this can be attributed to the free water in the internal pores, 
which relieves the softening effect caused by empty pores and micro
cracks during deformation [79]. From Fig. 15 in Section 5.2, it will be 
confirmed that the degree of saturation of Hydro 1.0 (blue line) is higher 
than that of Hydro 0.5 (black line). More water contents in Hydro 1.0 
can be why the elastic modulus of Hydro 1.0 (blue line) is similar to that 
of Hydro 0.5 (black line) at seven days, even when the compressive 
strength of Hydro 1.0 is much lower than that of Hydro 0.5. 

4.5. Surface tension 

The measured surface tension of water in the presence of the sur
factant is shown in Fig. 9a. To study the relationship between the surface 
tension and surfactant dosage, a synthetic pore solution of cement paste 
with surfactant/cement weight ratios of 0, 0.5%, 1.5%, and 2.5% was 
tested. The measured surface tension of reference (Ref) is 0.0726 N/m; 
this is according to the value reported by Vargaftik et al. [80]. Fig. 9a 
also shows that the surface tension of the pore solution decreases with 
the addition of the surfactant. As explained in Section 2, a layer of the 
hydrophobic surfactant molecules covers the surface of the water. A 
decrease in the dissimilarity between the contacting air molecules and 
the hydrophobic part of the surfactant reduces the surface tension of 
water. It should also be noted that the decrease in surface tension was 
not linear with surfactant dosage (Fig. 9b). When the surfactant/cement 
weight ratio increased from 0 (Ref) to 0.5% (Surf 0.5), the surface ten
sion of the pore solution decreased from 0.0726 to 0.0648 N/m. How
ever, when the surfactant/cement weight ratio increased from 1.5% 
(Surf 1.5) to 2.5% (Surf 2.5), the surface tension of the pore solution 
decreased from 0.0555 to 0.0518 N/m. According to Rosen [28], when 
the surfactant concentration is beyond a certain value, excess surfactant 
will start to form micelles in the solution instead of covering the surface 
of the water (Fig. 2), and the effectiveness of the surfactant molecules 
will decline. 

4.6. Hydrophilicity 

The images of the water droplets on the surfaces of the reference and 
mixtures with the water-repelling agent (0.5% and 1.0%) at ages of 3 
and 7 d are presented in Fig. 10. As shown in Fig. 10a and d, the water 
droplet spreads and immediately gets immersed into the reference, 
which illustrates the hydrophilicity of the Portland cement paste 
surface. 

It can also be noticed from Fig. 10 that the water droplets on the 
surfaces of mixtures with a water-repelling agent, i.e., Hydro 0.5 and 
Hydro 1.0, keep a bead shape at three and seven days. The wetted area of 
the mixed surface decreases. This phenomenon demonstrates that the 
sample surfaces changed from hydrophilic to hydrophobic by adding the 
water-repelling agent. The comparison between Fig. 10e and f shows 
that the contact angle θ between the air-water interface and the sample 
surface (Equation (1)) of Hydro 0.5 and Hydro 1.0 are similar at seven 
days. The effect of the water-repelling agent dosage on the wetting 
properties of the samples was not significant. Qu et al. [33] and Shah
bazi et al. [74] reported similar results. This indicates that there is an 
optimum dosage of the water-repelling agent. Beyond the optimum 
dosage, the hydrophilicity of the samples did not change significantly 
with increasing water-repelling agent dosage. 

4.7. Internal relative humidity 

The measured internal relative humidity of the different mixtures is 
shown in Fig. 11a. After the start of the measurements, the measured 
values increased over a short period and then gradually declined. This is 
because the moisture equilibrium between the sample and sensor was 
reached during this short period. As shown in Fig. 11a, the maximum 
measured relative humidity of all the samples was lower than 100%. 

Fig. 7. Measured compressive strength of different mixtures.  

Fig. 8. Measured elastic modulus of different mixtures.  
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This phenomenon has also been previously reported [13,81,82]. The 
measured internal relative humidity was the result of the combined ef
fects of the air-water menisci and dissolved ions in the pore solution 
(Equation (5)). The initial drop in the relative humidity can be attributed 
to the dissolved ions in the pore solution when the sample is still satu
rated [83]. For different mixtures, the effect of dissolved ions on the 
initial relative humidity changed with ion concentration. This study 
assumed that the initial drop in relative humidity is caused only by 
dissolved ions, and the effect remains constant [13]. By removing the 
effect of the dissolved ions, the evolution of the relative humidity related 
to the change in the air-water menisci is shown in Fig. 11b. 

Fig. 11b shows that the drops in the relative humidity of the mixtures 

with the addition of the surfactant and water-repelling agent are smaller 
than those of the reference. This is consistent with the findings of Bentz 
et al. [84]. The higher relative humidity of the mixtures containing the 
surfactant and water-repelling agent at 7 d can be attributed to two 
reasons. According to Kelvin’s equation, the internal relative humidity is 
related to the surface tension and contact angle between the capillary 
tube wall and air-water interface, which can be expressed as [85]. 

ln RHK = ln
RH
RHS

=
− 2γVm

RuTR
=

− 2γVm cos θ
RuTr

, (5)  

where RHK [− ] is the internal relative humidity related to air-water 

Fig. 9. Surface tension of different synthetic pore solutions.  

Fig. 10. Images of a water droplet on the surface of the mixtures with and without a water-repelling agent at ages of 3 and 7 d.  

Fig. 11. Measured internal relative humidity RH and relative humidity related to air-water menisci RHK of different mixtures.  
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menisci; RH [− ] is the measured relative humidity; RHS is the effect of 
the dissolved ions on relative humidity; γ [N/m] is the surface tension of 
the pore solution; Vm [m3/mol] is the molar volume of the pore solution; 
Ru [J/(mol • K)] is the universal gas constant; T [K] is the absolute 
temperature; θ [− ] is the contact angle between capillary tube wall and 
air-pore solution interface; r [m] is the radius of the capillary tube; R [m] 
is the Kelvin radius, i.e., the radius of the air-water meniscus. The 
relationship between the radius of the capillary pore r and the Kelvin 
radius R is r = R cos θ (as shown in Fig. 1). 

The relative humidity RHK of the samples with a smaller surface 
tension or larger contact angle was higher than that of samples with the 
same radius as the water-filled capillary pore. The smaller surface ten
sion of the samples with the addition of the surfactant (Fig. 9a) and the 
larger contact angle of the samples with the addition of the water- 
repelling agent (Fig. 10) partly lead to a higher relative humidity RHK. 

However, the degree of hydration of the samples with the addition of 
surfactant and water-repelling agent was less than that of the reference, 
as indicated by the cumulative heat (Fig. 5b). A lower degree of hy
dration (Fig. 14a) resulted in more free water in the pore structure and, 
thus, a higher degree of saturation (Fig. 15) and relative humidity. This 
result is confirmed by the numerical simulation described in Section 5.2. 

4.8. Autogenous shrinkage 

Fig. 12 shows the measured deformation as a function of the age of 
the different cement pastes. After mixing, the cement paste was cast into 
a tube, and the change in the length of the samples was measured. 

Fig. 12 shows that the deformation of the cement pastes after mixing 
can be divided into several distinct stages. During the first several hours 
after mixing, shrinkage develops rapidly, followed by a short stage of 
swelling. Over the past few decades, several mechanisms have been 
proposed to explain early age swelling. Examples include crystal pres
sure and ettringite formation [86,87]. Due to the addition of 
water-repelling agents, the water absorption of cement paste due to 
bleeding is also a significant reason for the early age swelling for Hydro 
0.5 and Hydro 1.5 [88]. The samples shrank steadily after this swelling 
stage. The magnitude of the deformation at different stages differs 
significantly, and no single mechanism can explain the entire process of 
deformation. Part of the deformation that should be considered autog
enous shrinkage is still debatable in the scientific community. The Japan 
Concrete Institute (JCI) [19] measures autogenous shrinkage after the 
initial setting time, whereas the final setting time is considered as the 
beginning of autogenous shrinkage in the American Standard Test 
Method (ASTM) [65]. Miao et al. [89] proposed that setting is a physical 
manifestation of progressive hydration, but the measured values are 
arbitrary [90]. The beginning of autogenous shrinkage should be related 
to the setting time but not necessarily identical. Miao et al. [89] used 
meniscus depression measurement to determine the “time-zero” of 

autogenous shrinkage, but further comprehensive investigations are still 
required to scientifically determine the “time-zero” of autogenous 
shrinkage using this method [37]. Bjøntegaard [91] proposed that the 
time when maximum (macroscopic) swelling is observed can be 
considered as the starting time of autogenous shrinkage. This is because 
the samples shrink steadily after the short-time swelling, and the rela
tionship between the development of shrinkage and the drop of the in
ternal relative humidity is explicit during this period. This study 
considered the shrinkage after the maximum swelling to be the autog
enous shrinkage of the cement pastes, as shown in Fig. 13. It can be 
observed that the addition of admixtures has a significant effect on the 
autogenous shrinkage. The effect of admixtures on the autogenous 
shrinkage is discussed in Section 5.4. 

5. Simulation of material parameters and autogenous shrinkage 

As explained in Section 2, to calculate the effective stress, which 
determines the magnitude of autogenous shrinkage, several material 
parameters must be determined first, namely, the degree of hydration α, 
degree of saturation S, and capillary tension σcap. 

5.1. Degree of hydration 

The degree of hydration α [− ] is defined as the fraction of reacted 
cement relative to the amount of cement [50]. It can be indicated with 
the heat of hydration as [92]: 

α(t) = Q(t)
Qmax

, (6)  

where Q(t) [J/g] is the cumulative heat of hydration liberated at time t,
and Qmax [J/g] is the maximum amount of heat liberated at complete 
hydration. According to van Breugel [50], the maximum hydration heat 
of Portland cement Qmax can be calculated as the sum of the maximum 
hydration heat of different mineral components. The weight ratios of the 
mineral components of the cement used in this study (CEM I 42.5 N) are 
presented in Section 3. The maximum amount of hydration heat for 
different mineral components can be found in the literature [93]. The 
calculated maximum hydration heat is 525 J/g. Similar results were 
reported in other references [50,94]. 

The calculated degrees of hydration of different mixtures based on 
the measured cumulative heat of hydration (Fig. 5b) are shown in 
Fig. 14a. 

Ye [94] reported similar results for Pure Portland cement paste 
(Fig. 14c). According to Ye, the degree of hydration of pure Portland 
cement paste with a water-cement ratio of 0.3 is approximately 50% at 
168 h (Fig. 14c). The calculated degree of hydration of (CEM I 42.5 N 
cement paste with a water-cement ratio of 0.3), which was calculated 
using Equation (6), is also approximately 50%, as shown in Fig. 14b. As 

Fig. 12. Measured deformation of different mixtures (starting time: 
after mixing). 

Fig. 13. Measured deformation of different mixtures (starting time: after 
maximum swelling). 
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shown in Fig. 14a, the degree of hydration of the mixtures with the 
addition of a surfactant or water-repelling agent was lower than that of 
pure Portland cement paste during the first seven days. 

5.2. Degree of saturation 

According to Powers [95], the degree of saturation S [− ] can be 
determined as the ratio of the evaporable water content Vew [m3/m3] to 
the pore volume of the cement paste Vp [m3/m3] as 

S=
Vew

Vp
=

Vcw + Vgw

Vcw + Vgw + Vcs
, (7)  

where Vcw [m3/m3] is capillary water, Vgw [m3/m3] is gel water, and Vcs 
[m3/m3] is chemical shrinkage. 

For Portland cement paste (CEM I 42.5 N) used in this study, Jensen 
and Hansen [96,97] proposed the expressions of capillary water, gel 
water, and chemical shrinkage as functions of the degree of hydration of 
cement paste α. Then Equation (7) can be written as 

S=
P − 0.72(1 − P)α
P − 0.52(1 − P)α , (8)  

where P [− ] is the initial porosity of the cement paste. The volume ratio 
between the water and cement paste can be calculated as follows: 

P=
w/c

w/c + ρw/ρc
, (9)  

where w/c is the water-cement ratio; ρw [kg/m3] is the density of water, 
and ρc [kg/m3] is the density of cement, whose value is taken as 3150 
kg/m3 [98]. 

The degree of saturation of the various mixtures was calculated using 

Equation (8) based on the previously calculated degree of hydration 
(Fig. 14a). 

The calculated results are presented in Fig. 15. Similar results can be 
found in the literature [13,16]. Fig. 15 shows that the degree of satu
ration of the mixtures increased with adding a surfactant or 
water-repelling agent. As explained in Section 5.1, less cement dissolved 
and reacted with water for the mixture with admixtures during the first 
seven days. Fewer water molecules are consumed during the hydration 
reaction. More free water exists in the pore structures, leading to a 
higher degree of saturation. 

5.3. Capillary tension 

As mentioned in Section 2, the capillary tension can be calculated 

Fig. 14. Calculated degree of hydration of different mixtures.  

Fig. 15. Calculated degree of saturation of different mixtures.  
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using the Young–Laplace equation which is a function of the radius of 
the largest water-filled capillary pore (Fig. 1). According to Kelvin’s 
equation (Equation (5)), there is a relationship between relative hu
midity and the radius of the largest water-filled capillary pore. By 
substituting Equation (5) into Equation (1), the capillary tension can be 
calculated as follows: 

σcap =
− RuTln RH

RHS

Vm
=

− RuTlnRHK

Vm
. (10) 

The calculated capillary tension of the different mixtures based on 
the internal RH (Fig. 11b) using Equation (10) is shown in Fig. 16 as a 
function of age. These results are in accordance with those reported by 
Lebental et al. [99]. From Fig. 16, it can be observed that the capillary 
tension of pure Portland cement was larger than that of the other mix
tures. This could be attributed to several factors. First, the surface ten
sion of the mixtures with the addition of the surfactant was smaller than 
that of the reference, which resulted in a lower RHK (Equation (5)) and a 
smaller capillary tension (Equation (10)). Second, the contact angle 
between the capillary tube wall and the air-water interface of the mix
tures with the water-repelling agent was larger than that of the reference 
(Fig. 10). According to the Young–Laplace equation (Equation (1)), the 
capillary tension of a sample decreases with an increasing contact angle 
for samples with the same pore size. Fig. 16 also shows that the capillary 
tension of Hydro 0.5 and Hydro 1.0 is quite close at seven days. This is 
consistent with the contact angle measurements (Fig. 10e and f). Third, 
the lower degree of hydration (Fig. 14a) of the mixtures with admixtures 
led to more free water in the pore structure and a higher degree of 
saturation (Fig. 15). The radius of the largest water-filled capillary pore 
increased, and the capillary tension decreased with the addition of ad
mixtures (Equation (1)). 

5.4. Autogenous shrinkage 

However, cementitious materials are not ideally elastic. The defor
mation of cementitious materials is composed of elastic and creep 
components. 

ε(t) = εe(t) + εc(t), (11)  

where ε(t) [− ] is the total deformation of cementitious materials; εe(t)
[− ] is the elastic component of deformation, and εc(t) [− ] is the creep 
component of deformation. 

According to Hooke’s law, the elastic component of deformation can 
be expressed as 

εe(t)=
σ(t)
E(t)

(1 − 2ϑ), (12)  

where ϑ [− ] is the Poisson’s ratio; σ(t) [MPa] and E(t) [MPa] are the load 

and the elastic modulus of cementitious materials at time t, respectively. 
When cementitious materials are subjected to a sustained load, their 

deformation continues to increase, which is known as creep. Creep and 
stress relaxation, that is, the loss in stress when cementitious materials 
are held at a constant strain, are the two forms of viscoelastic behaviour 
of cementitious materials. It has been reported that pore water and the 
hydration product, calcium silicate hydrate (CSH), play a critical role in 
the viscoelastic behaviour [15,39,100]. Recently, numerous numerical 
models have been proposed to predict creep development [101–106]. 
This study adopted a numerical simulation model proposed by Hede
gaard [52], which is based on solidification theory [107,108], to predict 
the creep part of autogenous shrinkage. In this model, the creep 
compliance J(t, t0) [MPa− 1], which describes the development of the 
time-dependent strain as a function of time, is expressed as follows: 

J(t, t0)=
1
Ei

+

(
P1

K

)(
1

t0 − β

)

ln
[

t0

t

(
t − t0

β
+ 1

)]

+P1 ln
(

t − t0

β
+ 1

)

+

(
P2

Kt0

)(t − t0

t

)
+ P2 ln

t
t0
,

(13)  

where Ei [MPa] is the instantaneous modulus, which is related to the 
elastic modulus E [MPa] and taken as 1.43 E in this study [42]; P1 
[MPa− 1] is the nonaging viscoelastic compliance constant, related to the 
compressive strength [52] and expressed as 20.7e− 0.06fc in this study; K 
[days− 1] is the rate constant whose value is 0.5; t0 [days] is the time at 
loading; β [days] is the time constant whose value is 2 × 10− 5; P2 
[MPa− 1] is the flow constant taken as 7 × 10− 6 [42]. 

Based on Equation (13), the creep compliance rate at a given time tn 
can be written as 

J̇(tn, t0)=

(
1

Ktn
+ 1

)(
P1

t − tn + β
+

P2

tn

)

. (14) 

If the time interval Δt is small, the increment of creep Δεc(tn) during 
the period tn to time tn + Δt can be calculated as: 

Δεc(tn)= σ(tn)J̇(tn, t0)Δt= σ(tn)

(
1

Ktn
+ 1

)(
P1(tn)

tn − t0 + β
+

P2

tn

)

Δt, (15)  

where σ(tn) is the load at time tn. 
The creep εc(tn+1) at time tn+1 can be calculated as the summation of 

the increments of creep that formed at subsequent time intervals before 
time tn+1 and can be expressed as 

εc(tn+1)=Δεc(tn) + εc(tn)=
σ(tn)

Ei(tn)
+ σ(tn)

(
1

Ktn
+ 1

)(
P1(tn)

tn − t0 + β
+

P2

tn

)

Δt

+
∑n

i=1
Δεc(ti) .

(16) 

For a cement paste under an internal load, that is capillary tension, 
which is the case of autogenous shrinkage, combining Equations (4) and 
(16), the creep part of the autogenous shrinkage can be calculated as 
follows: 

εc(tn+1)=
Sσcap(tn)κ(1 − 2ϑ)

Ei(tn)
+Sσcap(tn)κ(1− 2ϑ)

(
1

Ktn
+1

)(
P1(tn)

tn − t0+β
+

P2

tn

)

Δt

+
∑n

i=1
Δεc(ti).

(17) 

This study calculated the total autogenous shrinkage as the sum of 
the elastic and creep parts. The elastic and creep parts were calculated 
using Equations (12) and (17) separately. A flowchart of the calculation 
procedure is presented in Fig. 17. 

Fig. 16. Calculated capillary tension of different mixtures.  
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5.4.1. Reference-portland cement paste 
Fig. 18 presents the measured and calculated autogenous de

formations of Portland cement paste with a water-binder ratio of 0.3 
after the maximum swelling. The contributions of the elastic and creep 
parts to the autogenous shrinkage are shown separately in this figure. 
From Fig. 18, it can be observed that the autogenous shrinkage trend of 
Portland cement paste is predicted using a numerical model, which 
considers creep. Fig. 18 also shows a significant increase in the defor
mation rate at the age of two days. According to the calculated results, 
this was primarily due to an increase in the rate of capillary tension (red 
line in Fig. 16). The calculation of the autogenous shrinkage of Portland 
cement paste indicates that there is a close relationship between 

autogenous shrinkage and changes in the internal relative humidity. 

5.4.2. Portland cement paste with the addition of surfactant 
In Fig. 19a and b, the measured and calculated autogenous shrink

ages of Portland cement pastes with the addition of surfactants are 
shown. The dosages of the surfactant were 0.5% (Surf 0.5) and 1.5% 
(Surf 1.5) by the weight of Portland cement. 

By analysing the measured results of autogenous shrinkage (blue 
lines in Fig. 19a and b), it can be observed that autogenous shrinkage 
decreases significantly with increasing surfactant dosage. At the age of 
seven days, the magnitude of shrinkage decreased from 300 to 160 m/m 
when the surfactant/water weight ratio of the mixtures increased from 
0.5% to 1.5%. As shown in Fig. 16, capillary tension, which is the in
ternal driving force of autogenous shrinkage, decreased markedly with 
the addition of the surfactant. While the elastic modulus of the mixtures 
also decreased with increasing surfactant dosage (Fig. 8), the change in 
the elastic modulus was much smaller than that of the capillary tension. 
The larger drop in capillary tension plays a dominant role in the 
decrease in the autogenous shrinkage of the mixture with the addition of 
Surf 0.5 and Surf 1.5 (Equations (12) and (17)). 

5.4.3. Portland cement paste with addition of water-repelling agent 
The measured and calculated autogenous shrinkages of the Portland 

cement pastes with the addition of a water repellent are shown in 
Fig. 20a and b. 

As shown in Fig. 20, the autogenous shrinkage of the mixtures 
decreased with the addition of the water-repelling agent; however, the 
dosage did not play a crucial role. When the admixture/water weight 
ratio of the mixtures was increased from 0% to 0.5%, the autogenous 
shrinkage decreased from 450 m/m (Fig. 18) to 350 m/m (Fig. 20a). 

Fig. 17. Flow chart of the simulation model of autogenous shrinkage.  

Fig. 18. Measured and calculated autogenous deformation of Portland cement 
paste after maximum swelling. 
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However, when the dosage of the water-repelling agent increased from 
0.5% to 1.0%, the measured results were almost the same (blue lines in 
Fig. 20a and b). As shown in Fig. 10, the contact angle between the 
capillary tube wall and the air-water interface of the mixtures with the 
addition of a water-repelling agent was larger than that of the reference. 
Therefore, the capillary tension of the mixtures with the addition of a 
water-repelling agent was lower than that of the reference, which led to 
a smaller autogenous shrinkage. However, when the dosage of the 
water-repelling agent was increased, the changes in the contact angle 
(Fig. 10e and f) and relative humidity (Fig. 11b) were negligible. The 
capillary tension of Hydro 0.5 and Hydro 1.0 is almost the same 
(Fig. 16). Meanwhile, the difference between the elastic modulus of 
Hydro 0.5 and Hydro 1.0 is also minimal. Therefore, the change in 
autogenous shrinkage with increasing dosage of the water-repelling 
agent was not remarkable. This indicates that there may be an opti
mum dosage of a water-repelling agent. Beyond the optimum dosage, 
the autogenous shrinkage did not decrease with the increasing dosage of 
the water-repelling agent. It should also be noted that although the 
autogenous shrinkages of Hydro 0.5 and Hydro 1.0 are similar, the 
strength of Hydro 1.0 is lower than that of Hydro 0.5 (Fig. 7). When the 
shrinkage of both mixtures is restrained, the risk of cracking of Hydro 
1.0 should be higher than that of Hydro 0.5 due to its lower strength. 
This indicates that there should be an optimum dosage of the water- 
repelling agent. Beyond the optimum dosage, the effect of increasing 
the dosage of the water-repelling agent on the reduction in cracking risk 
is negative. 

5.5. Discussion 

Figs. 18–20 show the measured and calculated autogenous shrink
ages of mixtures with and without admixtures. They show that the 
proposed model can be used to predict the autogenous shrinkage trend 
of mixtures with lower admixture dosages. However, there was a 
discrepancy between the measured and calculated autogenous 
shrinkage of the admixtures with higher dosages of surfactants and 

water-repelling agents. 
In Fig. 19b, a significant difference between the measured and 

calculated autogenous shrinkages of the mixture with a 1.5% dosage of 
surfactant at 7 d was observed. The difference between the measured 
and calculated autogenous shrinkages may be attributed to the over
estimated capillary tension. As explained in Section 5.3, the value of the 
calculated capillary tension is affected by the dissolved ions and the 
measured relative humidity (Equation (10)). The effect of dissolved ions 
in the pore solution on the calculated capillary tension changed with ion 
concentration. This study ignored the changes in the effect of dissolved 
ions. The ion concentration of pore water in cement paste increases with 
time during the first 28 d after mixing [109]. The influence of time on 
the calculated capillary tension also increases. The capillary tension was 
overestimated without considering the increasing ion concentration in 
pore water. The RH drop of Surf 1.5 is much smaller than that of the 
reference (Fig. 11b), and the influence of the ion concentration change 
on the calculated capillary tension and autogenous shrinkage was larger. 

Fig. 20b shows that the autogenous shrinkage of cement paste with a 
1.5% dosage of the water-repelling agent at seven days was over
estimated using the proposed model. As discussed in Section 4.2, 
bleeding could be observed in mixtures with the addition of a water- 
repellent admixture during the first few hours after mixing [71]. A 
layer of water over the surface is reabsorbed into the cement paste at a 
later age. Reabsorbed water plays a role in internal curing, leading to 
smaller autogenous shrinkage [24]. With increasing dosage of the 
water-repelling agent, the bleeding and reabsorption phenomenon is 
more pronounced, and its effect on the mitigation is greater. In the 
proposed simulation model, the influence of bleeding and reabsorption 
on autogenous shrinkage is not considered, which may lead to a dif
ference between the measured and calculated autogenous shrinkage of 
cement paste with a 1.5% dosage of a water-repelling agent. 

In addition to ion concentration and bleeding, several other factors 
influencing autogenous deformation should be considered in this model 
to better predict autogenous shrinkage, such as early age expansion. 
Fig. 12 shows that the early age deformations observed at the 

Fig. 19. Measured and calculated autogenous deformation of Portland cement paste with the addition of surfactant (0.5% and 1.5%) after maximum swelling.  

Fig. 20. Measured and calculated autogenous deformation of Portland cement paste with the addition of a water-repelling agent (0.5% and 1.0%) after 
maximum swelling. 

T. Lu et al.                                                                                                                                                                                                                                       



�&�H�P�H�Q�W �D�Q�G �&�R�Q�F�U�H�W�H �&�R�P�S�R�V�L�W�H�V ������ ������������ ������������

13

macroscale were the result of expansion and shrinkage processes that 
developed simultaneously. After the maximum swelling, the shrinkage 
process was dominant, and the external volume of the cement paste 
decreased. However, the expansion mechanism still plays a role in 
deformation, and neglecting its influence leads to an overestimation of 
the autogenous shrinkage. A quantitative simulation of the early age 
expansion will be beneficial in obtaining an accurate prediction of the 
autogenous deformation of cement paste. 

In conclusion, to accurately predict the autogenous shrinkage of 
cement paste, some improvements, for example, by considering the 
change in ion concentration and early age swelling, are required in 
further research. 

6. Conclusions 

This study experimentally investigated the effects of surfactants and 
water-repelling agents on the material properties of Portland cement 
paste. According to the measurement results, the addition of a surfactant 
and water-repelling agent influenced the hydration process of the 
cement paste. Owing to the bleeding and reabsorption phenomena, the 
compressive strength of mixtures with the addition of a water-repellent 
admixture is lower than that of other mixtures with a similar degree of 
hydration. The surface tension of the pore solution decreased non
linearly with increasing surfactant dosage. The contact angle between 
the capillary tube wall and the air-pore solution interface increased with 
the addition of a water-repelling agent, but the effect of the water- 
repelling agent dosage on the change in the contact angle was not pro
nounced. The decrease in the relative humidity of both mixtures with 
the addition of the surfactant and water-repelling agent was smaller 
than that of the reference. 

The material parameters, that is, the degree of hydration, degree of 
saturation, and capillary tension, were simulated based on the mea
surement results. The simulation results show that the addition of ad
mixtures led to a lower degree of hydration and saturation. The capillary 
tension of the pure Portland cement was larger than that of the other 
mixtures. This can be attributed to several factors, including the smaller 
surface tension of mixtures with the surfactant, larger contact angle of 
mixtures with the water-repelling agent, and lower degree of hydration 
of mixtures with both admixtures. A simulation model that considered 
elastic deformation and creep was used to predict the autogenous 
shrinkage trend of different mixtures. Analyses of the simulated and 
measured results for different mixtures indicated that creep played an 
indispensable role in autogenous shrinkage. The addition of a surfactant 
and water-repelling agent can effectively mitigate autogenous 
shrinkage. However, when the dosage of the water-repelling agent was 
above a given value, its influence on the mitigation of autogenous 
shrinkage was insignificant. Therefore, there is an optimal dosage of 
water-repelling agents. Beyond the optimum dosage, the effect of 
increasing the dosage of the water-repelling agent on reducing the 
cracking risk can be negative. Based on a comparison between the 
simulated and measured results, the autogenous shrinkage trend can be 
predicted using the proposed model. However, improvements are 
required for the proposed model to accurately predict the magnitude of 
autogenous shrinkage. 

CRediT authorship contribution statement 

Tianshi Lu: conceptualisation, methodology, software, and writing of 
the original draft; Xuhui Liang: investigation; Chen Liu: investigation; 
Yun Chen: investigation; Zhenming Li: methodology, investigation, 
writing, review, and editing. 

Declaration of competing interest 

The authors declare that they have no known conflict of interest. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The authors acknowledge the support of the China Scholarship 
Council (CSC), the Delft University of Technology (TU Delft), the Na
tional Natural Science Foundation of China (Grant Nos. 42271146) and 
Horizon Europe guarantee funding (grant number EP/X022587/1). 

References 

[1] K. Wang, D.C. Jansen, S.P. Shah, A.F. Karr, Permeability study of cracked 
concrete, Cement Concr. Res. 27 (3) (1997) 381–393. 

[2] B. Gérard, J. Marchand, Influence of cracking on the diffusion properties of 
cement-based materials: Part I: influence of continuous cracks on the steady-state 
regime, Cement Concr. Res. 30 (1) (2000) 37–43. 

[3] S.A. Altoubat, D.A. Lange, Creep, shrinkage, and cracking of restrained concrete 
at early age, ACI Mater. J. 98 (4) (2001) 323–331. 

[4] P. Gao, Y. Chen, H. Huang, Z. Qian, E. Schlangen, J. Wei, Q. Yu, Investigation of 
drying-induced non-uniform deformation, stress, and micro-crack propagation in 
concrete, Cement Concr. Compos. 114 (2020), 103786. 

[5] Y. Hu, Q. Li, R. Ma, Restrained cracking failure behavior of concrete due to 
temperature and shrinkage, Construct. Build. Mater. 244 (2020), 118318. 

[6] M.S. Sule, K. Van Breugel, Effect of reinforcement on early-age cracking in high 
strength concrete, Heron 49 (3) (2004). 

[7] B.F. Dela, L.F. Nielsen, H. Stang, Determination of eigenstresses in hardening 
concrete, in: 16th Symposium on Nordic Concrete Research, Norsk 
Betongforening, 1996, pp. 25–26. 

[8] E.E. Holt, Early Age Autogenous Shrinkage of Concrete, University of 
Washington, 2001. 

[9] M. Geiker, T. Knudsen, Chemical shrinkage of Portland cement pastes, Cement 
Concr. Res. 12 (5) (1982) 603–610. 

[10] E.I. Tazawa, S. Miyazawa, T. Kasai, Chemical shrinkage and autogenous 
shrinkage of hydrating cement paste, Cement Concr. Res. 25 (2) (1995) 288–292. 

[11] T.C. Powers, A Hypothesis on Carbonation Shrinkage (No. 146), 1962. 
[12] Y.F. Houst, Carbonation shrinkage of hydrated cement paste, in: Proc. 4th 

CANMET/ACI International Conference on Durability of Concrete (No. CONF, 
CANMET, Ottawa, Canada, 1997, pp. 481–491. 

[13] P. Lura, Autogenous Deformation and Internal Curing of Concrete, Technische 
Universiteit Delft, 2003. Doctoral dissertation, Ph. D. Thesis. 

[14] Y. Wei, Modeling of Autogenous Deformation in Cementitious Materials, 
Restraining Effect from Aggregate, and Moisture Warping in Slabs on Grade, 
University of Michigan, 2008. Doctoral dissertation, Ph. D. Thesis. 

[15] Z. Hu, M. Wyrzykowski, K. Scrivener, P. Lura, Prediction of autogenous shrinkage 
of cement pastes as poro-visco-elastic deformation, Cement Concr. Res. 126 
(2019), 105917. 

[16] T. Lu, Autogenous Deformation of Early Age Cement Paste and Mortar, 
Technische Universiteit Delft, 2019. Doctoral dissertation, Ph. D. Thesis. 

[17] Z. Li, Autogenous Shrinkage of Alkali-Activated Slag and Fly Ash Materials from 
Mechanism to Mitigating Strategies, Technische Universiteit Delft, 2021. Doctoral 
dissertation, Ph. D. Thesis. 

[18] Zhenming Li, et al., Chemical deformation of metakaolin based geopolymer, 
Cement Concr. Res. 120 (2019) 108–118. 

[19] E.I. Tazawa, Autogenous Shrinkage of Concrete, CRC Press, 1999. 
[20] Zhenming Li, et al., Mechanisms of autogenous shrinkage of alkali-activated slag 

and fly ash pastes, Cement Concr. Res. 135 (2020) 106107. 
[21] A. Bentur, S.I. Igarashi, K. Kovler, Prevention of autogenous shrinkage in high- 

strength concrete by internal curing using wet lightweight aggregates, Cement 
Concr. Res. 31 (11) (2001) 1587–1591. 

[22] D.P. Bentz, O.M. Jensen, Mitigation strategies for autogenous shrinkage cracking, 
Cement Concr. Compos. 26 (6) (2004) 677–685. 

[23] E.I. Tazawa, S. Miyazawa, Experimental study on mechanism of autogenous 
shrinkage of concrete, Cement Concr. Res. 25 (8) (1995) 1633–1638. 

[24] M.R. Geiker, D.P. Bentz, O.M. Jensen, Mitigating Autogenous Shrinkage by 
Internal Curing, ACI Special Publications, 2004, pp. 143–154. 

[25] G. Pickett, Effect of aggregate on shrinkage of concrete and a hypothesis 
concerning shrinkage, Journal Proceedings 52 (1) (1956, January) 581–590. 

[26] P.K. Mehta, Mechanism of expansion associated with ettringite formation, 
Cement Concr. Res. 3 (1) (1973) 1–6. 

[27] P.M. Zhan, Z.H. He, Application of shrinkage reducing admixture in concrete: a 
review, Construct. Build. Mater. 201 (2019) 676–690. 

[28] M.J. Rosen, J.T. Kunjappu, Surfactants and Interfacial Phenomena, John Wiley & 
Sons, 2012. 
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