
Journal of Asian Concrete Federation 

Vol. 4, No. 2, pp. 79-88, December 2018 

ISSN 2465-7964 / eISSN 2465-7972 

https://doi.org/10.18702/acf.2019.1.4.2.79 

Technical Paper 

Deformation mechanism of hardened cement paste under 

high stress and application of flow law 
 

Yuya Sakai* 

 
(Received: June 06, 2018; Accepted: November 02, 2018; Published online: January 04, 2019) 

 
Abstract: In this study, a creep test was performed on hardened cement paste (HCP) with stepwise load 

increase at different confining pressures and saturation degrees. The strain rate–stress relationship, obtained 

under a stress of >75% of the maximum strength and plotted on a log–log chart, showed a slope of six. From 

previous studies on crystalline materials, such as rock, metal, and ice, it can be inferred that this slope indi-

cates a deformation governed by dislocation creep. If dislocation creep occurs in HCP, the deformation may 

be governed by crystalline hydrates other than calcium silicate hydrate (C-S-H) because dislocation creep 

is generally not defined for gel materials. Further study and careful discussion are required because a slope 

of six is a necessary condition for the dislocation creep. The activation volume was evaluated, and the flow 

law was applied to calculate the strain rate of HCP. The obtained activation volume gives a better fit for the 

measured results than the previously reported values. 
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1. Introduction 
 

Concrete is one of the most important construc-

tion materials in the world and has been used for a 

long time. However, the mechanism of concrete de-

formation has not yet been fully understood. For ex-

ample, creep deformation was reported more than 

100 years ago [1], but its mechanism is still a subject 

of discussion. The main mechanisms of creep defor-

mation proposed so far are based on microcrack for-

mation [2], water seepage from hardened cement 

paste (HCP) [3], occurrence of slip between the glob-

ules of calcium silicate hydrate (C-S-H) [4], occur-

rence of microprestress [5], etc. Gaining a clear un-

derstanding of the concrete deformation mechanism 

is important for the safe and rational design and 

maintenance of concrete structures. With regard to 

creep deformation, it is known that the stress higher 

than the threshold stress causes creep fracture, and 

this threshold stress is called the sustained load 

strength [6–8]. The sustained load strength usually 

ranges from 70% to 80% of the maximum strength 

in normal concrete [6,9,10], although higher frac-

tions (e.g. > 85%) have been reported for high-

strength concrete [11,12]. Hsu et al. [13] studied the 

development of cracks in concrete and reported that 

matrix cracks formed continuous crack patterns un-

der a stress of more than 70% of the maximum 

strength. Because this fraction (percentage of the 

sustained load strength in relation to the maximum 

strength) agrees with the ratio of the applied stress to 

the maximum strength, crack development may be 

related to the sustained load strength; however, the 

origin of the sustained load strength has not yet been 

clearly explained. The ratio between the sustained 

load strength and maximum strength for various 

types of concrete is almost consistent, which indi-

cates that they have a common mechanism; gaining 

an understanding of the deformation mechanism un-

der high stress (stress higher than the sustained load 

strength) may lead to a better understanding of the 

failure mechanism of concrete. 

In this study, the deformation mechanism of 

HCP was studied by performing triaxial tests. The 

results showed that a shear plane was not formed in 

HCP that was subjected to a certain confining pres-

sure, even though the HCP deformed upon the appli-

cation of up to 10% strain [14]. Based on this result, 

it was inferred that the HCP shows plastic flow when 

subjected to a certain confining pressure. The plastic 

flow of HCP was clearly observed during the com-

paction of crushed HCP [15]. The mechanism of the 

flow was studied by performing a creep test with a 

stepwise increase in the load. Furthermore, the strain 

rate was calculated assuming that the HCP reached a 

static state within 20 min after the load increase [14]. 
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However, this assumption was not appropriate be-

cause HCP requires a longer time to reach a static 

state under sustained load [6]. The obtained results 

were not consistent and not easy to analyze or inter-

pret. Moreover, a model to describe the deformation 

of HCP was not proposed. The strain rate due to plas-

tic deformation is described by the flow law that is 

often applied to inorganic materials, such as rocks, 

ceramics and metals [16,17]. However, to the best of 

our knowledge, the application of the flow law to 

HCP has not been studied yet. 

Therefore, in this study, another analysis 

method was applied to the results of the stepwise 

creep test, additional experiments were performed to 

apply the flow law, and a quantitative discussion was 

included on the deformation mechanism of HCP. 

First, a loading test was performed at a constant 

strain rate to obtain the maximum strength. The sam-

ples were cut after the test and the cross-sectional 

surfaces were observed. Subsequently, a creep test 

was performed with a stepwise increase in the load 

corresponding to 30–95% of the maximum strength. 

The deformation mechanism of the HCP was dis-

cussed based on the obtained strain rate–stress rela-

tionship. The activation volume was evaluated, and 

the flow law was applied to describe the deformation 

of the HCP under high stress. 

 

2. Methodology 

 
2.1  Sample preparation 

In this research, cement paste (water-to-cement 

ratio = 0.4) made from ordinary Portland cement was 

used. The properties of the cement are presented in 

Tables 1 and 2. The mixing procedure was based on 

JIS R 5201. The paste was first mixed for 60 seconds 

in a mixer operating at a low speed (orbital rotation: 

62 ± 5 rpm, planetary rotation: 140 ± 5 rpm). The 

mixer was stopped for 30–60 seconds to scrape off 

cement paste on the sides of the mixing bowl and 

paddle. Then, the paste was mixed for 90 seconds at 

a high speed (orbital rotation: 125 ± 5 rpm, planetary 

rotation: 285 ± 5 rpm). The mixed paste was cast in 

a plastic mould (250 × 150 × 100 mm) and sealed. It 

was demoulded 24 hours after casting and then kept 

under water for two months. The temperature of the 

room and water was 24 °C. After curing, cylinders of 

φ10 mm were cored from the HCP mass. Only the 

part deeper than 2 cm from the surface was used. 

Both ends of the cylinder were ground to achieve flat 

and parallel surfaces. The prepared cylinders (φ10 × 

24 mm) were immersed into acetone for 24 hours to 

stop the hydration reaction and reduce capillary suc-

tion in the subsequent drying period. After immer-

sion, the cylinders were dried in a desiccator at 24 °C 

and 20% RH until the weight change over 24 hours 

because of moisture loss was less than 0.1% of the 

specimen weight. Saturated samples were prepared 

by immersing the cylinders into tap water after dry-

ing at 24 °C and 20% RH until the weight change 

over 24 hours was less than 1% of the specimen 

weight. The specimen names are composed of the al-

phabets D or W followed by numbers (e.g. D0, W50); 

D and W indicate dry and saturated samples, respec-

tively, and the number indicates the confining pres-

sure Pc. Assuming that the saturation degrees of the 

saturated and oven-dried (at 105 °C) samples were 

unity and 0, respectively, the calculated saturation 

degree of a sample dried at 24 °C and 20% RH was 

0.31. Considering that HCP was immersed in ace-

tone, this saturation degree (0.31) was a mixture of 

water and acetone. The testing age varied in the 

range of 5–6 months. The carbonation depth of the 

sample, which was kept in the desiccator (24 °C and 

20% RH) after all tests, was measured using a 1% 

solution of phenolphthalein in ethyl alcohol. The 

sample was split horizontally at the middle using a 

chisel, and the solution applied on the fracture sur-

face indicated that the sample had a carbonation 

depth of 0.5 mm. The porosity of the sample, which 

was calculated using the following equation, was 

found to be 0.39. 

 

)()(1 watersatwateroven WWWW   (1) 

where φ is the porosity, Woven is the oven-dried 

weight, Wwater is the saturated weight under wa-

ter, and Wsat is the saturated weight in the air. 

 

 

Table 1 – Chemical composition of cement 

Chemical property (%) 

Ig. loss Insol. SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 

2.84 0.27 19.83 4.56 2.95 61.28 3.78 2.83 0.35 0.57 

 

Table 2 – Physical properties of cement 

Density (g/cm3) Specific surface area (cm2/g) 

3.12 4,110 
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2.2 Triaxial test 

 

2.2.1 Test apparatus and sample assembly 

The Paterson-type [18] triaxial test apparatus 

was used with argon gas as the pressure medium to 

generate confining pressure on the sample. The sche-

matic view of the apparatus is shown in Fig. 1. A 

sample was placed between alumina and zirconia 

pistons enclosed in a heat-shrinkable (polyolefin) 

tube that sealed the sample from the confining me-

dium. The end face of the HCP sample was exposed 

to the laboratory atmosphere through small centre 

holes in the spacers and pistons to avoid pore pres-

sure being generated during experiments. To achieve 

shrinkage, the tube was heated from the outside us-

ing a heat gun. To check the temperature of the HCP 

specimen during the heat treatment on the tube, a 2-

mm-diameter hole was created on the HCP sample 

and the temperature in the hole was measured using 

a needle probe thermometer [19]. The distance from 

the sample surface to the hole was 2 mm. A heat-

shrinkable tube was placed over the HCP sample and 

heated until the tube touched the sample completely. 

The maximum temperature reached was 46 °C; 

therefore, the heat might have some effect near the 

surface of the sample during this heating process. A 

saturated sample was wrapped with a plastic film be-

fore being covered with a heat-shrinkable tube. Steel 

anvils were then attached to the top and bottom of 

the zirconia pistons and fixed with steel wires over 

the heat-shrinkable tube. Figure 2 shows a photo-

graph of the sample assembly. The prepared sample 

assembly was inserted into the pressure vessel of the 

test apparatus. Load was applied by moving the 

lower piston upward. The stress was calculated by 

dividing the load measured using the internal load 

cell by the cross-sectional area of the sample. The 

apparatus was designed such that the confining pres-

sure did not affect the stress measured by the internal 

load cell; therefore, the calculated stress corre-

sponded to the differential stress. The axial strain 

was calculated by dividing the displacement meas-

ured using the transducer located below the sample 

assembly by the initial length of the sample. The load, 

displacement, and confining pressure were measured 

at intervals of 1 second. All the tests were performed 

at room temperature (24 °C). 

 

2.2.2 Constant strain rate loading test 

Triaxial tests with constant strain rate loading 

were performed at 1.4 × 10−4 s−1. Two dry samples 

were tested at each value of Pc; one of the two sam-

ples was loaded until the strain reached 10%, and the 

Fig. 1 – Schematic diagram of triaxial test-
ing apparatus 
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other one was loaded until the stress started decreas-

ing after reaching the maximum stress (σmax). Sam-

ples tested at Pc = 0 MPa were loaded until the stress 

decrease stagnated. 

After the triaxial tests with constant strain rate 

loading, the sample covered with a heat-shrinkable 

tube was cut out from the assembly and impregnated 

into a two-component epoxy resin (room-tempera-

ture curing). The sample was then cut parallel to the 

long axis when the epoxy resin hardened. The cutting 

surface was polished using alumina powder (average 

diameter = 55 and 15 μm) and observed by the naked 

eye. 

 

2.2.3 Stepwise creep test 

A stepwise creep test was performed to obtain 

strain rate–stress relationship. In this test, the applied 

stress was increased stepwise from 30% to 95% of 

σmax. The stress was increased every 30–60 minutes. 

The strain rate–stress relationship is known to show 

more internal consistency in the stepwise creep test 

than in the conventional creep test [20, 21]. In a pre-

vious study, the strain rate was calculated when the 

slope of the strain–time curve was regarded to be in 

a static state, but the slope actually kept decreasing 

and did not reach a static state [14]. Thus, as in the 

study by Zhang and Spiers [22], who studied the 

compaction mechanism of calcite powder, the strain 

rates were calculated from the slope of the strain in-

crement-time relationship at certain strain values. 

The strain rate of D0 was calculated using data ob-

tained 1000–2000 seconds after each value of stress 

was attained, and that of W0 was obtained by fitting 

the exponential approximate function for the entire 

data set because the strain in the samples without Pc 

was small. The strain rate at steady-state creep is de-

scribed by the following flow law [23]: 

 

   (2)   

                             

where 𝜀̇ is the strain rate (s−1), A is a constant 

(mm/Pan), σ is the differential stress (Pa), n is the 

stress exponent, d is the grain size (m), m is the 

grain size exponent, Q is the activation energy 

(J/mol), P is the pressure (Pa), V is the activation 

volume (m3/mol), R is the gas constant (= 8.3 

J/K/mol), and T is the absolute temperature (K). 

The slope of the strain rate-stress relationship 

corresponds to n. 

 

2.3  Hydrostatic pressure test 

The value of the activation volume is necessary 

for applying the flow law to the deformation of HCP. 

The equation to calculate the activation volume is 

derived from Eq. (2) by taking the natural logarithm 

and differentiating partially with respect to P (as-

suming σ to be a constant) as follows: 

                

 

                                  (3) 

     (4) 

                                                              

                  (5) 

                                                        

To calculate V using Eq. (5), it is necessary to de-

termine 𝜀̇ for different P (Pc) values with σ being 

constant. However, as shown later in Section 3.2, the 

strain rate–stress relationship follows the flow law 

only when σ is more than 75% of σmax. Because σmax 

of dry samples increases with an increase in Pc, the 

constant σ can be less than 75% of σmax with increas-

ing Pc and V would be calculated in the region where 

the data do not follow the flow law. Therefore, V was 

calculated by measuring the strain rate of a saturated 

sample for different Pc values with a constant σ (92 

MPa, 80% of σmax in W20) because σmax of the satu-

rated sample hardly depends on Pc, as shown later in 

Section 3.1. For the saturated sample, Pc was first set 

to 20 MPa, σ corresponding to 80% of σmax was ap-

plied, and Pc was then increased by 10 MPa up to 50 

MPa to obtain the ln 𝜀̇–Pc relationship. 

 

3. Results 

 
3.1  Constant strain rate loading test 

The differential stress–strain curves of the dry 

samples are shown in Fig. 3(a). The results for the 

samples loaded until ε = 10% and those loaded until 

the stress started decreasing are represented by bro-

ken lines and solid lines, respectively. The two sam-

ples with the same Pc showed similar results. D0 

showed a sudden stress decrease after σmax. σmax in-

creased with an increase in Pc. The stress kept in-

creasing until ε = 10% for Pc = 100 MPa, but the 

stiffness decreased in the low-strain region. Figure 

3(b) shows the results for the saturated samples. 

Compared to the dry samples tested at the same Pc, 

σmax for the saturated samples decreased. W20 and 

W50 showed similar curves. 

Figure 4 shows the cut and polished surfaces of 

the samples after the triaxial tests. Except for D0, the 

left image shows the sample loaded up to 10% strain 

and the right image shows the sample loaded until 

the stress started decreasing. D30 shows only the 

sample loaded up to 10% strain. The black lines in 

the samples are the epoxy resin that penetrated 

through the cracks. Vertical cracks developed in D0, 

and shear planes were formed in D10, D30, and D50. 

A shear plane was not formed in D100. 
 
3.2  Stepwise creep test 

The obtained strain increment–time curves are 

shown in Fig. 5. The values in the legends indicate 

stress (the values in parentheses indicates the ratio of 
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the applied stress to σmax). The values in parentheses 

at the upper right corner are the strain values at which 

𝜀̇ was calculated. Figure 6 shows the relationship be-

tween 𝜀̇ and σ, with the lines indicating slopes of 

three and six. The data for stress values less than 0.75 

× σmax are shown as plots represented by short lines, 

and the data for stress values equal to or greater than 

0.75 × σmax are shown as plots represented by circles. 

The plots represented by the short lines are scattered, 

whereas the plots represented by the circles are dis-

tributed linearly, except for D0, and have slopes 

close to six. 

 

3.3  Hydrostatic pressure test 

Figure 7 shows the strain–time relationship and 

ln 𝜀̇–Pc relationship of a saturated sample in the hy-

drostatic pressure test. According to Eq. (5), the 

slope of the plots in Fig. 7(b), −3 × 10−8, multiplied 

by -RT is equal to V, and the calculated V for the sat-

urated samples was 7.4 × 10−5 m3/mol. 

 

4. Discussion 
 

4.1  Deformation mechanism of HCP under high 

 stress 

The dry samples showed stress decrements, and 

vertical cracks or shear planes were formed when Pc 

was 0–50 MPa. When Pc was 100 MPa, the stress 

increased up to 10% strain and no shear plane was 

formed. In rock mechanics, fractures at lower strains 

with vertical cracks or shear planes are considered 

brittle, whereas those at higher strains without shear 

planes are considered ductile [18]. Following this 

classification, the HCP deformation changed from 

brittle to ductile with an increase in Pc. These results 

are consistent with those obtained in a previous study 

[14]. The horizontal crack in the sample shown on 

the right side of Fig. 4(d) might have been formed 

during unloading. 

As seen in Fig. 3(a), the stress did not decrease 

when Pc was 100 MPa; a similar tendency has been 

reported for concrete [24]. However, HCP showed a 

decrease in stress in the low-strain region, whereas 

concrete did not. A possible reason for this differ-

ence is that the aggregate and concrete were in con-

tact with each other. Consequently, the aggregate 

generated resistance that prevented a decrease in 

stress. In porous rocks, stress decreases due to mi-

croscopic damage has been reported [25,26], and a 

similar phenomenon might have occurred in HCP. In 

Figure 6, the strain rate–stress relationship at stress 

values greater than 0.75 × σmax is seen to be distrib-

uted linearly and the slope is approximately six. This 

slope corresponds to n in Eq. (2).

 

 

 

Fig. 3 – Differential stress–axial strain relationship with constant strain rate loading 

Axial strain (%) 

D
if

fe
re

n
ti

al
 s

tr
es

s 
(M

P
a)

 

(a) Dry specimens (b) Saturated specimens 

D0 D10 

D50 

D100 

D30 

W50 

W0 

W20 

D
if

fe
re

n
ti

al
 s

tr
es

s 
(M

P
a)

 

Axial strain (%) 

(a) D0 (b) D10 (c) D30 (d) D50 (e) D100 

Fig. 4 – Cross section of dry specimens after constant strain rate loading test 
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The creep mechanisms of crystalline materials 

are classified according to the value of n: n = 1 is 

considered to represent diffusion creep (creep defor-

mation governed by atomic diffusion), and n > 1 is 

considered to represent dislocation creep (creep de-

formation governed by dislocation movement) 

[26,27]. Bürgmann and Dresen [28] classified n = 3–

6 as creep governed by dislocation climb. Various 

crystalline materials such as metal [29] and ice [30] 

have similar equations and classifications. Thus, the 

slope of six seen in Fig. 6 indicates that the defor-

mation of HCP for stress values larger than 0.75 × 

σmax is governed by dislocation climb. The same 

slopes for the dry and saturated samples indicate that 

the deformation mechanism does not change accord-

ing to the saturation degree. Concrete generally fails 

when it is subjected to a stress larger than a sustained 

load strength that is approximately 75% of the max-

imum strength [6,9,10]. This fraction corresponds to 

the threshold stress above which data are distributed 

with the slope of six in Fig. 6. This correspondence 

indicates that the creep failure in concrete may be at-

tributed to deformation due to dislocation creep. 

Many materials show plastic deformation, which is 

sometimes followed by brittle fracture. In addition, 

the interaction between cracks and dislocation plays 

an important role in plastic deformation [31]. There-

fore, the propagation of cracks in HCP at stress val-

ues of more than 70% of the maximum strength may 

be affected by dislocations. However, it should be 

noted that the slope of six is a necessary, but not suf-

ficient, condition for dislocation creep. 
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4.2  Application of flow law 

The flow law (Eq. (2)) was applied to the ob-

tained results. Figure 6 shows the results for n = 6 

and m = 0 for the dislocation creep. The value of Q 

was set as 35,000 J/mol [39,32] for the dry sample 

and 17,500 J/mol for the saturated sample [31–33] 

based on the results for rocks. The obtained V for the 

saturated sample was 7.4 × 10−5 m3/mol. Sammis et 

al. [36] reported the Q and V values for various ma-

terials; the values obtained in this study were close 

to those of the ionic crystals. The value of V for the 

dry sample was also assumed to be 7.4 × 10−5 m3/mol 

because a similar value was previously reported for 

dry and wet rocks [33–35]. The value of V reported 

by Klug and Wittmann [37] was 1 × 10−20 cm3 (6 × 

10−3 m3/mol), which was approximately 100 times 

larger than the one obtained in this study. For fitting 

the calculation results to the measured data, A was 

set to 1 × 10−23 for the dry samples and 5 × 10−15 for 

the saturated samples. The calculated curves using 

these parameters are shown in Fig. 8(a) along with 

the measured data for stress values larger than 0.75 

× σmax; the calculated and measured data are in good 

agreement. Figure 8(b) shows the calculated curves 

obtained using the value of V reported by Klug and 

Wittmann [37]. The value of A was adjusted to ob-

tain the best possible fit for the data (A = 1 × 1015 for 

dry and saturated samples) but the calculated curves 

varied significantly depending on Pc and deviated 

from the measured data. In Equation (2), V expresses 

the dependency of 𝜀̇ on Pc; therefore, the value of V 

reported by Klug and Wittmann [37] is likely to be 

too large to describe the deformation of HCP under 

high stress based on the flow law. 

 

4.3 Contribution of C-S-H to deformation of 

  HCP 

The strain rate–stress relationship of HCP in Fig. 

6 indicates that the deformation of HCP was gov-

erned by dislocation similar to the case of crystalline 

materials such as rock [27,28], metal [29], and ice 

[30]. In concrete, dislocation was reported to occur 

in calcium hydroxide because of the stress caused by 

drying shrinkage [38]. However, 50–60% of the 

HCP volume is composed of C-S-H, which is gener-

ally regarded as a gel. Klug [39] and Klug and Witt-

mann [37] discussed the creep deformation of HCP, 

assuming the deformation of the amorphous solid 

skeleton. However, the plastic deformation mecha-

nism of an amorphous material, such as metallic 

glass, is explained by the shear band formation or lo-

cal atomic jump [41,42]. In both these mechanisms, 

the strain rate is a hyperbolic function of stress, and 

the value of n changes from 1 to a very large number. 

The consistent slope of six obtained in this study in-

dicates that the deformation mechanism of HCP is 

closer to that of a crystalline material than an amor-

phous material. The time-dependent response of C-

S-H has been studied using various approaches, and 

recently, atomistic simulation has appeared as a 

powerful tool for its investigation. Morshedifard et 

al. [40] carried out a molecular dynamics simulation 

to study the time-dependent response of C-S-H, and 

they reported a behavior often seen in glassy systems. 

In addition, these authors reported that the amount of 

interlayer water changes the time-dependent re-

sponse of C-S-H. If the response of C-S-H under 

high stress is similar to metal glass and if dislocation 

creep occurs in HCP, crystalline hydrates such as 

calcium hydrates or ettringite may govern the defor-

mation under high stress. As these crystalline hy-

drates are not dominant in volume, they likely form 

a skeleton to resist the applied load, and the defor-

mation of this structure may be governed by the dis-

location creep [43]. The calcium hydroxide crystal is 

large, and its aspect ratio is high. Generally, to form 

a skeleton, the element volume fraction needs to be 

more than about 16% [44,45]. However, when the 

aspect ratio is high, the required volume fraction de-

creases significantly [46,47], and a skeleton is 

formed more easily. The volume fraction of the hy-

drates other than C-S-H is around 40%, which is suf-

ficiently large for the hydrates to form a structure. 

Further study is necessary to conclude the defor-

mation mechanism. 

 

5. Conclusion 
 

In this study, a stepwise creep test was per-

formed to understand the deformation mechanism of 

hardened cement paste. Subsequently, the flow law 

was applied to the obtained test results. The follow-

ing conclusions were derived: 

(1) The maximum strength of the saturated samples 

was lower than that of the dry samples under 

any given confining pressure. 

(2) The strain rate and differential stress relation-

ship obtained in the creep test with a stepwise 

increase in the load showed a slope of six on a 

log–log chart. This slope indicates that the de-

formation is governed by dislocation creep.  

(3) Dislocation creep might have possibly caused 

the fracture of concrete when the stress was 

larger than the sustained load strength. 

(4) The calculated strain rate based on the flow law 

showed that the obtained activation volume was 

reasonable whereas the one reported by a previ-

ous study was too large. 
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 (5) Because 50–60% of the cement paste volume is 

composed of the gel hydrate C-S-H, dislocation 

cannot be defined in a gel. Other crystalline hy-

drates could likely govern the deformation, simi-

lar to the deformation governed by dislocation 

creep. 

 

The results of this study indicate that dislocation 

might play an important role in the deformation of 

hardened cement pastes under high stress. If this is 

true, dislocation may govern various failure patterns 

of concrete, such as fatigue. Further study and care-

ful discussion in this regard are necessary because 

the slope of six in the strain rate–stress relationship 

is a necessary but not a sufficient condition for dis-

location creep. 
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