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Abstract: A recent survey showed that long term (20 to 50 years) delayed deflection on bridges was 
underestimated and exceeded by far the predicted values for design recommendations (Zdenek P 
Bažant, Hubler, & Yu, 2011). In order to evaluate this inaccurate prediction, the scientific community aims 
to develop new technique while studying the slow nature of creep (Jones & Grasley, 2011; Vandamme, 
2008; Zhang, 2014). In recent studies, microindentation has revealed a powerful tool to assess the creep 
in cement paste in a short time period. The objective of this work is to study the duality between the creep 
and the relaxation phenomena, using simplified viscoelastoplastic models to quantify the moisture effect 
on the creep compliance function. The analysis elaborated throughout this paper is based on the 
hypothesis that the creep function follows a logarithmic law. The results show new insight to understand 
how the relative humidity affects the creep, the relaxation and the plasticity behaviour of cement paste. 

1 INTRODUCTION  

Deflection caused by long term creep phenomenon in concrete is of great interest to the civil engineering 

industry. A recent survey, published by Zdenek P Bažant et al. (2011), was performed on several bridges, 

monitored over a period of over 20 years. The results were thus: long term creep of concrete exceeds by 

far the prediction of several national codes. The sustainability of concrete structures is thus greatly 

affected, seen as an overdesign deformation, this kind of deflection can lead to undesired moment, which 

in its turn can lead to cracking, just as it occurred in the Koror-Babeldaob Bridge in 1996 (Zdenek P 

Bažant et al., 2011).  

Creep is a phenomenon related to the microstructure of concrete. To account for the complexity of 
predicting long term creep, several theories have been proposed. Among them are: (i) the micro-diffusion 
of water in gel pores or adsorbed layers of calcium silicate hydrates (C-S-H) (Feldman, 1972); (ii) the 
sliding of C-S-H sheets (Miller, Bobko, Vandamme, & Ulm, 2008) and (iii) the gel compaction as a 
secondary consolidation process sliding of C-S-H sheets (Jennings, 2004).  
 
It is generally assumed that at least two mechanisms are at stake to describe the short-term creep rate 
and the long-term creep rate. Short term creep is mainly due to water diffusion, while long term creep is 
due to the sliding of layered structures within the C-S-H gels (Benboudjema, Meftah, Sellier, Heinfling, & 
Torrenti, 2001; Vandamme, 2008). Moreover, among various parameters which affect concrete creep, the 
role of relative humidity (RH) is considered to be the most significant (Tamtsia & Beaudoin, 2000). 
However, despite the importance of RH, the available literature is limited, due to the time needed to reach 
moisture equilibrium for a sample of a few centimeters (Neville & Dilger, 1970). Indeed, several months 
are needed to reach hygral equilibrium. In 1958, Troxell, Raphael, and Davis (1958) performed a 
compressive test on concrete cylinders over a period of 30 years to study the influence of RH on long 
term creep. This test has since led to the development of alternative techniques, such as 
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microindentation, which allows assessing creep properties of cement paste, thus reducing significantly 
the time scale needed. Multiple authors (Nguyen, Alizadeh, Beaudoin, Pourbeik, & Raki, 2014; Zhang, 
2014) have proved that microindentation tests correlate linearly with the macroscopic uniaxial 
compressive tests.  
 
Although the simplicity of the microindentation technique is appealing to the scientific community, the 
measurement of indentation creep and relaxation are impeded by time-independent and instantaneous 
plastic deformations occurring during the test. Such deformation cannot be avoided and it is not trivial to 
separate plasticity from a viscoelastoplastic material. The aim of this work is to examine the link between 
the microindentation creep and the relaxation behaviour test, using an analytical viscoelastoplastic model 
based on creep compliance functions such as proposed by Vandamme, Tweedie, Constantinides, Ulm, 
and Van Vliet (2012). 

2 MATERIAL AND METHOD  

2.1 Basic of Microindentation 

Microindentation is an innovative technique that has been successfully applied to the measure 

mechanical properties of cementitious materials (Constantinides, Ravi Chandran, Ulm, & Van Vliet, 2006; 

Ulm et al., 2007). The technique basically consists in applying a controlled force or a controlled 

displacement on the material, with a rigid conical diamond indenter, as sketched in Figure 1. The 

microindentation tests were carried out with the Anton-Paar instrument. A Berkovich indenter, which is a 

three-sided pyramid with an effective conical shape angle (𝛼) of 70.3°, was employed. 

 

 

Figure 1: Schematic view of an indentation test 
with conical tip. 

 

Figure 2: Mechanical response in term of load 
versus displacement.

To measure creep, a constant force (𝑃𝑚𝑎𝑥) is maintained throughout the indentation test. The variation in 

displacement (ℎ (𝑡)) is measured to evaluate creep. Reciprocally, to measure relaxation, a constant 
displacement (ℎ𝑚𝑎𝑥) is maintained and the variation of load (𝑃 (𝑡)) is measured. The target value for 𝑃𝑚𝑎𝑥 

or ℎ𝑚𝑎𝑥 is reached with a linear progression. The time needed to reach the target 𝑃𝑚𝑎𝑥 or ℎ𝑚𝑎𝑥 is the 

loading time 𝜏𝑙. The time during which the target 𝑃𝑚𝑎𝑥 or ℎ𝑚𝑎𝑥 is maintained is the loading time 𝜏ℎ. The 

time at which point the tip is removed is the unloading time 𝜏𝑢. The indentation parameters used are 
presented at Table 1. 

From the load versus displacement curve (𝑃 − ℎ) obtained (Figure 2), the mechanical properties can be 

extracted, such as the elastic modulus 𝑀 and the hardness 𝐻. 𝑀 is calculated with the equation [1.1], 

where the contact stiffness 𝑆 = 𝑑𝑃/𝑑ℎ is the slope measured during the initial stage of the unloading 

curve, 𝐴𝑐 is the projected area of contact and 𝛽 is a coefficient that accounts for the slip on the indenter 
surface, which is about 1.034 for the Berkovich-type (Fischer-Cripps, 2009). 𝐻 is calculated with the 

equation [1.2], where 𝑃𝑚𝑎𝑥 is the maximum load reached during the test. 
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[1.1] 𝑀0 =
𝑆√𝜋

2𝛽√𝐴𝑐

 

[1.2] 𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐

 

The contact area 𝐴𝑐 is empirically calibrated on a sample of silica fuse of a certified indentation modulus, 

as follows (Fischer-Cripps, 2000):  

[1. 3] 𝐴𝑐(ℎ𝑐) = 𝐶0ℎ2 + 𝐶1ℎ1 + 𝐶2ℎ1/2 + 𝐶3ℎ1/4 + ⋯ 

where 𝐶0 is 24.5 for an ideal conical shape of the indenter tip and the extra terms 𝐶𝑗 are calibrated by the 

best fittings, and the experimental data over the range of interest is the penetration depth ℎ𝑐. 

2.2 Material for Microindentation Test 

A smaller 3 𝑐𝑚 cube sample was extracted from the center of a cement paste 100 𝑚𝑚 𝑥 200𝑚𝑚 cylinder 

to perform the microindentation test. The sample’s surface was carefully polished according to the criteria 

established by (Miller et al., 2008) in order to reduce the root mean square roughness (𝑅𝑞) to less than 10 

times the penetration depth (𝑅𝑞 <
ℎ𝑚𝑎𝑥

10
). 𝑅𝑞 is about 65 𝑛𝑚 as an average and was taken on three areas 

of 50𝜇𝑚 𝑥 50 𝜇𝑚. An Atomistic Force Microscope (AFM) was employed to verify the surface topography, 

as presented at Figure 3. 

 

 

Figure 3: AFM surface topography on an area 50 
x 50 𝜇𝑚. 

Table 1: Microindentation testing parameters for 
the bulk cement paste 

Parameters Value 

Grid size 10 x 10 

Inter-distance 500 𝜇𝑚 

𝑃𝑚𝑎𝑥 8 𝑁 

ℎ𝑚𝑎𝑥 40 𝜇𝑚 

𝜏𝑙 5 𝑠 

𝜏ℎ 300 𝑠 

𝜏𝑢 5 𝑠 

RH (Salts) 33%, 55%, 75%, 85%  

The microindenter was kept inside a hermetic enclosure, which consists of a closed circuit connected to 

an Erlenmeyer flask containing a saturated salt solution and a pump. The sample was cured at 33%, 

55%, 75% and 85% of RH (see Table 1). 

2.3 Creep of Concrete by Microindentation Technic Analysis: Microscopic scale. 

The contact creep compliance 𝐿(𝑡) and contact relaxation modulus 𝑀(𝑡) characterize the time-dependent 
response. They are considered as material properties, since they do not depend neither on the geometry 
of the indenter nor on the value of 𝑃𝑚𝑎𝑥 in force control or ℎ𝑚𝑎𝑥   in displacement control. However, time-
dependant and instantaneous plastic deformation cannot be avoided below sharp probe (Vandamme et 
al., 2012).  Therefore, the contact creep compliance is over-estimated and the relaxation modulus is 
under-estimated. However, Vandamme et al. (2012) have developed a method to separate the creep 
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from instantaneous plasticity response of a viscoelastoplastic material under contact loading. 
Furthermore,(Vandamme et al., 2012) have shown that in the case of relaxation, no further instantaneous 
plastic  deformation occurs. On the other hand, in the context of creep, plasticity cannot be separated 
from viscoelastic behaviour.  

2.3.1 Viscoelastoplastic analysis 

The constitutive equations of  an isotropic viscoelastic material are describe by the following convolution 

integrals (Christensen, 2012),  

[1.4] 𝜎(𝑡) = ∫ 𝐸(𝑡 − 𝜉)
𝜕𝜀(𝜉)

𝜕𝜉

𝑡

0

𝑑𝜉 

[1.5] 𝜀(𝑡) = ∫ 𝐽(𝑡 − 𝜉)
𝜕𝜎(𝜉)

𝜕𝜉

𝑡

0

𝑑𝜉 

where 𝜎 (𝑡) and 𝜀 (𝑡) are the uniaxial stress and strain respectively. The function 𝐸(𝑡)and 𝐽(𝑡) are the 

relaxation modulus and the creep compliance respectively. 𝜉 is a simple integration variable. Applying a 

Laplace transformation to [1.4] and [1.5] we obtain: 

[1.6] 𝜎(𝑠) = 𝑠𝐸(𝑠)𝜀(𝑠) 

[1.7] 𝜀(𝑠) = 𝑠𝐽(𝑠)𝜎(𝑠) 

With [1.6] and [1.7], we can link 𝐸(𝑡)and 𝐽(𝑡): 

[1.8] 𝐸(𝑠) =
1

𝑠2𝐽(𝑠)
 

Considering a constant Poisson’s ratio, the relation between the plane stress modulus and the Poisson’s 

ratio is such as (Jones & Grasley, 2011) described: 

[1.9] 𝑀(𝑠) =
𝐸(𝑠)

1 − 𝜈2
 

Moreover, plasticity occurring under a Berkovich tip is an important issue. To consider the effect of 

plasticity, (Vandamme et al., 2012) proposed the following relation, 

[1.10] �̇�(𝑡) =
2𝑎𝑈ℎ̇(𝑡)

𝑃𝑚𝑎𝑥

 

[1.11] 
𝑀(𝑡)

𝑀0

=
𝑃(𝑡)

𝑃𝑚𝑎𝑥

 

where 𝐿(𝑡) is the contact creep compliance; 𝑀(𝑡) is the contact relaxation modulus; 𝑀0 is the indentation 

modulus and 𝑎𝑈 is the diameter of the contact area 𝐴𝑐. Thus, integrating both sides of equation [1.10], we 

have: 

[1.12] 𝐿(𝑡) − 𝐿(0) =
2𝑎𝑈

𝑃𝑚𝑎𝑥

(h(t) − h(0)) =
2𝑎𝑈

𝑃𝑚𝑎𝑥

Δh(t) 

The relation between 𝐿(𝑠) and 𝑀(𝑠) in the Laplace domain is: 

[1.13] 𝐿(𝑠) =
1

𝑠2𝑀(𝑠)
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With [1.13], [1.8]and [1.9], 𝐿(𝑠) can be rewritten in as the function of 𝐽(𝑠), which leads to: 

[1.14] 𝐿(𝑠) =
1 − 𝜈2

𝑠2𝐸(𝑠)
= (1 − 𝜈2)𝐽(𝑠) 

Performing a Laplace inversion into the time domain, we get (Chen, Sorelli, Frech-Baronet, Sanahuja, & 

Vandamme, 2017): 

[1.15] (1 − 𝜈2)(𝐽(𝑡) − 𝐽(0)) =
2𝑎𝑈

𝑃𝑚𝑎𝑥

Δh(t) 

where 𝑱(𝟎) =
𝟏

𝑬𝟎
 and 𝑬𝟎 is the elastic modulus. 

2.3.2 Logarithmic model 

It is well established that multiple creeps in concrete follow a logarithmic function (Zdeněk P Bažant, 

Hauggaard, Baweja, & Ulm, 1997; Vandamme, 2008). Thus, the logarithmic creep compliance can be 

written as follow, 

[1.16] 𝐽(𝑡) − 𝐽(0) =
1

𝐸𝑣1

ln (1 +
𝑡

𝜏1

) 

where the modulus 𝐸𝑣1 and the characteristic time 𝜏1 are fitting parameters. Applying a Laplace 

transformation we obtain, 

[1.17] 𝐽(𝑠) −
𝐽(0)

𝑠
=

𝑒𝑠𝜏1𝐸𝑖(𝜏1)

𝐸𝑣1𝑠
 

where 𝐸𝑖(𝑥) is the exponential integral with the non-zero value of x given by: 

[1.18] 𝐸𝑖(𝑥) = ∫
𝑒−𝑡

𝑡
𝑑𝑡

∞

−𝑥

 

From [1.8] and [1.17], the relaxation modulus reads as follows: 

[1.19] 𝐸(𝑠) =
𝐸𝑣1

(𝐽(0)𝐸𝑣1 + 𝑒𝑠𝜏1𝐸𝑖(𝑠𝜏1))𝑠
 

To solve [1.19], a numerical Laplace inversion is used, based on the following equations, 

[1.20] 𝑓(𝑡, 𝑀) =
ln(2)

(𝑡)
∑ 𝜍𝑘𝑓 (

𝑘 ln(2)

𝑡
)

2𝑀

𝑘=1

 

[1.21] 𝜍𝑘 = (−1)𝑀+𝑘 ∑
𝑗𝑀+1

𝑀!
(

𝑀
𝑗

) (
2𝑗
𝑗

) (
𝑗

𝑘 − 𝑗
)

𝑘∧𝑀

𝑗=[
𝑘+1

2
]

 

where �̅� is the positive integer that controls the precision of the inversed numerical function, [
𝑘+1

2
] is the 

greatest integer less than or equal to 
𝑘+1

2
 and 𝑘 ∧ 𝑀 = min (𝑘, 𝑀). 

3 RESULTS AND ANALYSIS 

3.1 Modulus and Hardness 
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Figure 4 presents typical 10 by 10 grid indentations, which were carried out on a bulk cement paste at 
55% RH, with the corresponding mapping of indentation modulus M and hardness H. After testing, 
several indentation imprints were carefully observed with a digital microscope with a resolution of 0.1 𝜇𝑚. 
The result dispersion is quite limited, but a few heterogeneities are still visible (e.g., the few high values of 
M and H in 𝜇𝑚 may be explained by the presence of clinker particles in such indented volumes). 
 

 

Figure 4: 10 by 10 indentations mapping in load control at 85% RH, with an inter-distance between 
imprints of 500 𝜇𝑚. 

The mean values and the standard deviation (STD) for 100 tests of the indentation modulus M and 
hardness H for both force and displacement control tests at different RH are summarized in Table 2. As 
for the load control test, the indentation modulus M and hardness H were reduced of 6% and 27% by 
varying the equilibrium RH form 33% to 85%, respectively. The displacement control tests provided 
similar results: the indentation modulus M and hardness H were reduced of 4% and 22% by varying the 
equilibrium RH from 33% to 85%, respectively. Notably, previous works at a macroscopic scale showed a 
similar effect of RH on the Young’s modulus and strength of concrete (Brooks, 2005; Wittmann, 1973). 
The strength increase at lower humidity level may be explained by a strengthening effect of the capillary 
forces in the desaturating pores (Dormieux, Sanahuja, & Maghous, 2006). 

Table 2: Results of M and H for the microindentation tests in force/displacement control on the cement 
paste at the testing RH (mean ± STD). 

 Force control 
𝑃𝑚𝑎𝑥 = 8𝑁 

Displacement control 
ℎ𝑚𝑎𝑥 = 40𝜇𝑚 

RH 
(%) 

Modulus (𝑴𝟎) 

(𝐌𝐏𝐚 ± 𝑺𝑻𝑫) 

Hardness (𝑯) 

(𝑮𝑷𝒂 ± 𝑺𝑻𝑫) 

Modulus (𝑴𝟎) 

(𝐌𝐏𝐚 ± 𝑺𝑻𝑫) 

Hardness (𝑯) 

(𝑮𝑷𝒂 ± 𝑺𝑻𝑫) 

33 14.5±1.1 220±31 15.4±1.4 192±39 
55 14.1±2.2 224±55 14.6±2.3 181±60 
75 13.3±1.7 175±38 14.0±1.6 152±29 
85 13.3±1.1 177±29 13.1±1.0 135±20 
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3.2 Creep compliance analysis 

Figure 5 presents a comparison of the creep compliance modulus 𝐽(𝑡) obtained by microindentation 
testing at various RH levels for creep and relaxation testing. A total of 100 creep curves obtained by force 
control testing and 100 relaxation curves obtained by displacement control were averaged to performe a 
viscoelastoplastic analysis. The averaged creep curves (identified as C-RH) are fitted by the least square 
method, assuming the hypothesis that creep follows the logarithmic relation at equation [1.16]. The 
instantaneous deformation 𝐽(0) is subtracted from the experimental value before fitting. From the 
averaged relaxation curves, the reciprocal creep curves (identify as R-RH) are fitted by the sum of square 
optimization, based on equation [1.19] and a numerical Laplace inversion (equation [1.20] and [1.21]). 
Table 3 presents the parameters calculated for each condition presented in Figure 5. 

 

Figure 5: Comparison between creep compliance modulus  𝐽(𝑡)  calculated from creep and relaxation 
experimental results for RH from 33% to 85%. Microindentation creep results, denoted by C-RH, are fitted 
by the least square method with the equation [1.16]. The microindentation relaxation results, named R-
RH, are fitted by the sum of square optimization with the equation [1.19]. 

A clear augmentation of creep with RH humidity is observable as the 𝐸𝑣1 decreases with the 
augmentation of RH. In the case of creep, from a linear regression a decrease of about 1.2 𝑀𝑃𝑎/%𝑅𝐻 of 

parameters 𝐸𝑣1 is calculated with a determination coefficient 𝑅2 = 0.99. In the case of relaxation, a 

decrease of about 8.0 𝑀𝑃𝑎/%𝑅𝐻 of parameters 𝐸𝑣1 is calculated with a determination coefficient 𝑅2 =
0.96.  

Table 3: Logarithmic parameters calculated from creep and relaxation averaged curves. 

 Creep Parameters Relaxation Parameters 

Parameters C-33% C-55% C-75% C-85% R-33% R-55% R-75% R-85% 

𝐸𝑣1(𝑀𝑃𝑎) 112.2 84.1 58.7 51.8 480.4 224.4 109.0 62.7 

𝜏1(𝑠−1) 0.018 0.088 0.100 0.144 0.033 0.232 0.182 0.322 
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A possible explanation can be attempted such as: a decrease of RH leads to a capillary suction increases 
and, by equilibrium, the disjoining pressure also increases quite instantaneously on the contact sites of C-
S-H gels (Zdeněk P Bažant et al., 1997). The increase in the transversal compressive disjoining pressure 
may enhance internal friction of C-S-H sheets (Vandamme, Bažant, & Keten, 2015), reducing their sliding 
capacity and, thus, the long term creep. 

3.3 Plastic analysis 

As mentioned in section 2.3, plasticity cannot be separated from a microindentation force control test. 
During the holding phase, due to the viscoelastic nature of cement paste, the probe continues to 
penetrate the material in order to maintain a constant force for the whole duration of the test, generating 
plasticity in a continuous manner through time. On the other hand, during the holding phase of a 
displacement control test, no plasticity occurs. The probe is maintained at a specific depth and the force 
applied relaxed. Since no further deformation is imposed on the material, plasticity does not occur. Figure 
6 presents the increase of the plastic deformation obtained from the difference between the creep 
compliance modulus obtained from the creep and relaxation modeling. 

 

Figure 6: Comparison between plastic deformations for RH from 33% to 85%.  

The plasticity of cement paste does not seem to be affected significantly by RH from 33% to 75% RH. At 
85% however, a notable plasticity decrease can be observed. A possible explanation could be linked to a 
compaction of the C-S-H gel phenomenon. In force control, as the probe progress into the material, a 
stress is applied to the C-S-H gel causing water movement which lead to the reorganisation of the gel. 
Nonetheless, at 85% RH, the gel pore are not emptied and thus could limit the packing of the gel (Fleck, 
Otoyo, & Needleman, 1992; Jennings, 2004). Further investigation needs to be made in order to 
understand the mechanism at stake in plasticity of cement paste. 

4 CONCLUDING REMARKS 

This work presents a viscoelastoplastic analysis of creep and relaxation behaviour of cement paste by 

microindentation for different RH level from 33% to 85%. The presented results support the following 

conclusion:  

1. an augmentation of the creep compliance function with RH for data obtained from force control and 
displacement control test, possibly linking to a change of the internal friction of the C-S-H sheets and 
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2. no noticeable variation of plasticity is observed form 33% to 75% RH. However, a noticeable 
reduction of plasticity at 85% RH suggests that the packing ability of the C-S-H gel is blocked by gel 
pores that are not emptied but filled with water. 
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