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Abstract. This paper focuses on quantifying the micro-scale creep compliance of the C-S-H phase in
well-hydrated, 1.5-year-old cement paste, measured using grid nanoindentation with a Berkovich tip.
Four different load levels were tested to induce varying levels of deformation and stress. The results
showed that the measured creep compliance is independent of the maximum vertical force within the
range of 1 mN to 3 mN, standardly used in nanoindentation of cement pastes. The same trends and
conclusions were observed for a reference polymeric material, PMMA, chosen for its homogeneity.
In both cases, the creep falls in the linear viscoelastic regime. The linearity was further checked by
calculation of the stress developed beneath the indentation tip. The stress was estimated using a finite
element numerical model simulating the contact problem. The calculated stress reached 61.4% of the
compressive strength measured by micro-pillar testing, 17.1%—-46.1% of the strength measured by

micro-beam testing, and 29.0% of the strenght estimated by the multiscale model.

1 INTRODUCTION

Long-term creep deformations in bridges
and other structures subjected to permanent
loads are well-known, typically following a log-
arithmic or power-law behavior over extended
time scales [1]. Nowadays, analogous creep de-
formations can be measured at the micro-scale
for individual hydrated cement phases using a
nanoindenter [2,3]]. The main hydration prod-
uct, calcium silicate hydrate (C-S-H), exhibits
similar creep behavior [4,5], though on a very
different time scale compared to structures [/1].
Given that the indenter induces high stresses
under the tip [6], exceeding largely the macro-
scopic uniaxial strength of concrete, the ques-
tion arises as to whether the micro-scale creep
observed in nanoindentation remains in the lin-
ear regime [/] and allowing for classical linear
viscoelastic models or upscaling of linear vis-
coelastic properties [[8] to be used. Thus, this

study aims to determine whether the creep com-
pliance of cement pastes (or more specifically
C-S-H gels), assessed by nanoindentation at the
micro-scale, is measured in the linear regime.
The task was solved through the application of
various nanoindentation loading protocols with
progressively increasing maximum force inten-
sities, as well as through stress analysis beneath
the indenter tip using numerical modeling.

2 EXPERIMENT AND METHODS
2.1 Materials and samples

Two types of samples were used for nanoin-
dentation creep measurements. The first sam-
ple type was an ordinary cement paste prepared
from Portland cement (CEM 1 42.5R produced
by Holcim, Czech Republic) with the water-to-
cement ratio of 0.4. The second material type
was a poly-methyl-methacrylate glass (PMMA,
PLEXIGLAS® GS produced by Evonik R6hm
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GmbH, Germany), chosen as a reference due
to its single-phase structure with homogeneous
properties in a wide range of scales. Cement
paste samples were cast in cylindrical molds
(28 mm in diameter and 70 mm in height),
cured in the molds for 24 hours, then demolded
and submerged in a 1% limewater solution for
1.5 years. After curing, the samples were
cut into 6 mm thick slices using a precision
diamond-blade saw. The slices were then pol-
ished with silicon carbide papers of grit sizes
#2000 and #4000 to ensure consistent removal
of loose particles resulting in surface root mean-
square (RMS) roughness 41.24+9.8 nm. Details
of the polishing procedure are provided in [9]].
A prismatic PMMA sample (35x35x4 mm?)
was used without further polishing, as its sur-
face was already smooth after the casting pro-
cess of sample fabrication.

2.2 Nanoindentation setup

Nanoindentation was performed using a
Hysitron TI-980 (Bruker, USA) equipped with
a Berkovich diamond tip. A trapezoidal load
function was applied, consisting of a 0.1 s lin-
ear loading phase up to the maximum force,
followed by a 40 s holding period and a 1 s
linear unloading. A very short linear load-
ing time was chosen to simulate a step load-
ing and to minimize creep deformation other-
wise appearing during the loading phase. Also,
a relatively short holding period was selected to
reduce thermal drift deformation during creep
measurements. The parameters were found as
optimal for creep testing based on our previous
research [10]].

The maximum forces, usually used in
nanoindentation of cement pastes, were set
at four levels (1000 uN, 1500 puN, 2000 uN,
and 3000uN). Five levels were chosen for
PMMA (250 uN, 500 uN, 750 uN, 1000 uN, and
1500 uN). For cement paste, the lower force
threshold was selected to ensure results were
unaffected by surface roughness, while the up-
per threshold was chosen to measure C-S-H
phases without phase interactions with Port-
landite or unhydrated clinker that could be

caused by higher forces. For PMMA, the max-
imum forces were selected to achieve similar
contact depths to those measured in cement
paste samples.

To obtain a large statistical dataset at each
maximum force, a grid of 22 x 18 indents (396
indents) was prescribed for cement paste, with
individual indents separated by 10 um. Due to
the homogeneity of the sample, a smaller grid of
7 x 7 indents (49 indents) with the same sepa-
ration was used for PMMA.

2.3 Methodology

The elastic behavior of the material can be
determined from the unloading portion of the
load-displacement curve using the Oliver and
Pharr theory [11]], and the indentation (reduced)
modulus is calculated as:

B, = VT
T2BVAL

where A, is the projected contact area depen-
dent on contact depth h,, S is the contact stiff-
ness, and [ is the geometry correction factor as-
sumed to be 1.034 for a Berkovich tip.

A relationship between the time-dependent
indentation load, P(t), and displacement, h(t),
for a viscoelastic solid considering a step-up
loading scenario, along with a correction for all
inelastic (predominantly plastic) deformations
created by a sharp (Berkovich) tip, can be for-
mulated as [5]]:

(h(t) = ho)* =

(D

T
2tana

where P, 1s the maximum force, « is the
cone-equivalent angle (assumed to be 70.3° for
the Berkovich tip), hg is the correction factor
accounting for the amount of inelastic defor-
mation occurring during the loading phase, and
J(t) is the creep compliance function. Assum-
ing the Kelvin chain model [3,/12], J(¢) can be
approximated as:

N
J(t) = Ei +y Ei (1 _ e‘%)RCFi 3)
™ 'L:1 (A

PrnazJ (t), 2)

where F; and 7; are the elastic moduli and re-
tardation times of the Kelvin units, respectively,
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Figure 1: Typical load-displacement curves measured on (a) cement paste and (b) PMMA.
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Figure 2: Example of fitting experimental data measured for cement paste under a maximum force of 2000 uN with (a)
Kelvin chain model using Eqs. 2]and [3|and (b) with the logarithmic model, Eq. 4

and RC'F; is the ramp correction factor that ac-
counts for the non-zero duration of the loading
period.

The occurrence of time-independent plastic-
ity in the loading phase can also by accounted
for by the approach of Vandamme et al. [2, 4],
who assumed the logarithmic function and the
creep compliance function as follows:

1 2a.Ab(t)  In(l14t/7)
" E, Pow C

E,
where Ah(t) is the increment of measured dis-
placement during the holding period, a. is the
tip contact radius, C' denotes the creep modu-
lus, and 7 represents the characteristic time.

J(t)

“4)

3 RESULTS AND DISCUSSION
3.1 Results of cement paste

Initially, the reduced modulus was evaluated
from the load-displacement curves. All the data
were then merged, and the main C-S-H gel-
based phase was separated using the statistical
deconvolution method [13], resulting in an av-
erage C-S-H modulus of E, = 30.2 £ 5.4 GPa.
Example of typical indentation curves with a
mean [, value is shown in Fig. |la for all four
maximum force variants.

The creep compliance was subsequently
evaluated only for a narrow interval of reduced
moduli in the range of 28-32 GPa to minimize
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Table 1: Viscoelastic parameters derived from the Kelvin chain model and the logarithmic model, measured for C-S-H.

Kelvin chain model (Egs.

Logarithmic m. (Eq. E[)

Poaz Eq 5l Es To hg C T
(uN)  (GPa) (s) (GPa) (s) (nm) (GPa) (s)
1000 5174122 2.1+0.5 308+94 16.745.3 18.0+10.1 | 505+75 0.15+0.06
1500 4924186 2.3+0.4 288+108 169+4.4 36.3+17.4 | 492497 0.11+£0.07
2000 517+111 2.3+0.5 355+£96 16.34+4.7 39.749.8 | 477496  0.05+0.03
3000 533+104 2.1+0.3 353+70 144429 46.4+13.5 | 541496  0.09+0.01
a) Kelvin chain model 1600 N b) Logarithmic model
— 1500 uN

0.015 |- — 000N | | 0015 .
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Figure 3: Creep compliance functions calculated for cement paste with (a) Kelvin chain model using Eqs. 2]and [3]and (b)

with the logarithmic model, Eq. §]

the overlapping with other phases. Addition-
ally, all the data with thermal drift, measured
by the nanoindenter, larger than 0.05 nm/s were
excluded from the evaluation procedure, leav-
ing a set of 35 (1000 uN), 75 (1500 uN), 48
(2000 uN), 73 (3000 uN) indents suitable for
analyses. Both the Kelvin chain model with
two units and the logarithmic model were used
for evaluation. Due to the instrument instability
in capturing the transition between loading and
holding periods, caused by very short loading
times (0.1 s), the holding period data were fit-
ted in the range of 140 s. An example of the
fitting procedure is shown in Fig.[2] demonstrat-
ing excellent fits for both models.

The creep compliance data, with the spread
calculated as 95% confidence intervals, is
shown in Fig. 3] It can be observed that the log-
arithmic model, compared to the Kelvin chain
model, predicts significantly higher values for

the J(¢) functions while maintaining the same
general behavior. In both cases, the measured
curves are closely aligned, with no apparent de-
pendency on the maximum force. The differ-
ences are likely due to sample heterogeneity
and, the low statistical sample size, which is
given by the overlapping data spread.

The calculated model parameters, summa-
rized in Table [I, exhibit an almost constant
trend for Fy, E5, 7, 7, and C' though the
large standard deviations in the measured con-
stants highlight the sample heterogeneity. This
consistency suggests measurements were per-
formed within the linear regime. Other parame-
ters, such as h (Fig. , show a linear increase,
whereas 7 exhibits a linear decrease with in-
creasing maximum force. These observations
were similarly noted for a homogeneous refer-
ence PMMA sample, as discussed in the follow-

ing Section[3.2]
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Table 2: Viscoelastic parameters derived from the Kelvin chain model and the logarithmic model, measured for PMMA.

Kelvin chain model (Egs.

Logarithmic model (Eq.

Pz Ey T Ey T ho C T
(uN)  (GPa) (s) (GPa) (s) (nm) (GPa) (s)
250 26.3+1.0 2.46+0.24 16.5+0.7 20.9+2.0 224+1.0 | 24.1£0.6 0.10£0.02
500 26.3+0.7 2.45+0.13 16.5+£0.5 21.24+1.5 16.6+0.7 | 24.2+0.4 0.10£0.01
750 264405 2.464+0.08 16.6+0.3 21.44+1.1 27.940.7 | 24.64+0.3 0.0940.01
1000 26.8+0.4 2.4240.08 16.6+0.8 21.4+0.8 38.440.9 | 24.84+0.3 0.0940.01
1500 26.2+0.5 2.434+0.11 15.7+1.1 234423 56.840.6 | 24.94+0.3 0.0840.01
0.30 - - 0.30 T
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Figure 4: Creep compliance functions calculated for PMMA using (a) the Kelvin chain model and (b) the logarithmic

model.
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Figure 5: Evolution of h( parameter with increasing max-
imum load.

3.2 Results of PMMA

For the PMMA sample, the only indents ex-
cluded from the evaluation were those with a
thermal drift exceeding 0.05 nm/s (Fig. [Ib).

The PMMA sample exhibited a creep behav-
ior analogous to that observed in the cement
paste. However, since the measurements were
not influenced by sample heterogeneity, the
J(t) functions are nearly identical for all five
maximum force intensities, even though the two
models yielded different J(¢) magnitudes. An
example of the creep compliance evaluated us-
ing both models is shown in Fig. 4] The mini-
mal influence of the maximum force is also re-
flected in the calculated viscoelastic constants
(see Table [2), which remain almost unchanged
in all cases except for the parameters h, and
7. The parameter hg increases linearly with in-
creasing P,,q, (Fig. [3), supporting the conclu-
sion that the amount of accumulated plastic de-
formation scales linearly with the force and the
creep compliance is measured within the linear
regime.
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3.3 Numerical simulation of the stress field
under the nanoindenter tip

To support the above observation on the lin-
earity of viscoelastic response in nanoindenta-
tion, the stress field under the tip was calculated
and compared with the stress limits standardly
checked on the macro-scale. For concrete sam-
ples, the linear regime is usually assumed if the
stress is below 40-60% of their compressive
strength [7]. Consequently, the actual stress be-
neath the tip was calculated using a finite ele-
ment (FE) numerical model accounting for the
real bluntness of the tip.

An axisymmetric contact problem involving
a Berkovich tip with the substrate, reflecting the
real tip geometry, was modeled in ANSY'S soft-
ware. The substrate domain was assumed to
be 15 x 15um? and was meshed with quadri-
lateral elements (PLANEI182) of size 0.1 um.
The contact was modeled as frictionless using
the CONTA172 and TARGE169 elements [14]].
The tip material was assumed to be elastic and
isotropic, with properties corresponding to di-
amond. The material of C—S—H was modeled
using a visco-elasto-plastic model.

The elastic response was modeled using
isotropic elasticity with Young’s modulus of
30.2 GPa and a Poisson’s ratio of 0.2. J2-
plasticity was assumed with bilinear isotropic
hardening, defined by a yield strength of
360 MPa and a tangent modulus of 1800 MPa.
The viscous response was modeled using creep
time hardening, where the change in equivalent
creep strain with respect to time is defined by
the following equation:

e = Cho% e T (5)
where o is equivalent stress, 7' is the temper-
ature, t is the time at end of substep and, C}
through C}, are the model constant (C; = 1.25x
1077, Cy,=1.195,C5=0.11, C, =0). The visco-
plastic constants were calibrated to ensure the
simulated response matched the experimental
load-displacement curve closely (Fig.[6). As an
example, Fig.[/|shows the calculated Von Mises
stress beneath the tip as 958 MPa (for load level
of 3000 uN). Other load cases yielded stresses

of 687 MPa (1000 uN), 734 MPa (1500 uN),
799 MPa (2000 uN).

The compressive strength is, however, diffi-
cult to measure at the micro-scale. Némecek et
al. found the tensile strength of micro-beams in
C-S-H phases is 260-700 MPa [15]]. Based on a
simple Grifith-type model used in [16], the ratio
of the uniaxial compressive-to-tensile strength
equals 8, leading to an estimate of C-S-H com-
pressive strength 2080-5600 MPa. The com-
pressive strength of C—S—H measured directly
by micro-pillar compression in a vacuum was
reported as 15601600 MPa [17]. The theoret-
ical maximum compressive strength of defect-
free cement paste, estimated from the multi-
scale model, wass as high as 3300 MPa [18]].

3500 ‘ —— Experiment —— Model

3000 -

2500

2000 |-

Load (uN)

1000

500 |-

0 ! ! \
0 100 200 300 400

Displacement (nm)

Figure 6: Typical experimental load-displacement curve
(load level 3000 uN) measured on cement paste and the
corresponding response calculated using the FE visco-
elasto-plastic model.

Comparing these results and estimates with
the least favorable conditions at a maximum
force of 3000uN, the calculated Von Mises
stress of 958 MPa in the FE model reaches
61.4% of the average compressive strength of
C-S—H found on micro-pillars, 17.1%—46.1%
of the strength estimate using micro-beam
bending, and 29.0% using the estimate from the
multiscale model. These values generally fall
bellow or within the standard range of 40-60%
of the compressive strength [7], with a higher
value found in comparison with the micro-pillar
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testing. However, authors of the experiments
reported a strong size effect depending on the
diameter of the pillar [19]]. The above compar-
isons further suggest that nanoindentation creep
compliance falls within the linear creep regime.

Figure 7: Distribution of Von Mises stress under the tip at
the end of the holding period (load level 3000 uN) during
nanoindentation of cement paste.

4 CONCLUSIONS

In this study, we aimed to demonstrate that
the short-term creep compliance of C-S-H in
cement paste, measured using nanoindentation
with a Berkovich tip, falls within the linear
creep regime. Our results show that the mea-
sured creep compliance is not dependent on
the maximum vertical force of the tested in-
terval, as evidenced by both the Kelvin chain
and logarithmic models. Each of the mod-
els provided very similar predictions for creep
compliance functions, with nearly identical vis-
coelastic constants for a variety of loads. The
deviations between the individual compliance
functions on cement sample were primarily at-
tributed to its heterogeneity. The methodology
and the conclusions were further validated by
experiments on a homogeneous PMMA sample,

where both models yielded identical creep com-
pliance on a similar range of contact depths as
for C-S-H.

When comparing the two used visco-elastic
models with each other, different values could
be observed. The logarithmic model generally
provided approximately 2.7 times higher val-
ues of J(t) at 40 s compared to the Kelvin
chain model for both materials. The reason for
this discrepancy is not clear and requires fu-
ture analysis. In this context, the correction pa-
rameter of inelastic deformation, A, used with
Kelvin chain model was found to increase lin-
early with the maximum force for both materi-
als.

The maximum calculated Von Mises stress
in the FE model (958 MPa for 3000 uN) aligns
well with 40-60% compressive strength range
derived from micro-beam testing, multi-scale
models or average micro-pillar testing, where
higher deviations are attributed to a significant
size-effect. All these findings support the con-
clusion that nanoindentation creep compliance
falls within the linear creep regime.
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