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Current research interest in multi-scale modeling of cement paste requires accurate characterization of
the time-dependent mechanical properties of the material, particularly the C-S-H phase. Nanoindenta-
tion is evaluated as a tool for measuring the short-term viscoelastic properties of cement paste. A
time-dependent solution derived using the elastic-viscoelastic correspondence principle is used to char-
acterize creep indentation tests performed on hardened cement paste and to extract the time-dependent
properties. The effect of approximating C-S-H viscoelastic properties with a time-independent Poisson’s
ratio or time-independent bulk modulus is discussed, and arguments for utilizing a time-independent
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C_Jé_H Poisson’s ratio for short-term response are presented. The measured nanoindentation creep results indi-
Creep cate a trimodal trend both in the displacement versus time response of the test data and also in the
Viscoelastic extracted viscoelastic uniaxial compliance. Expressions for the mean short-term viscoelastic uniaxial

Nanoindentation compliance of C-S-H are given and a probability density function of the viscoelastic Young’s modulus

is plotted.
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1. Introduction

In an effort to effectively model the multi-scale response of
Portland cement concrete, experimental techniques are required
that characterize the material on ever shorter length scales. In
addition to providing intrinsic input properties for multi-scale
models [1-5] for predicting the macroscale behavior of cement
and concrete, measuring fundamental mechanical properties on
the micro to nano scale enhances the understanding of concrete
deformation mechanisms.

Nanoindentation involves the instrumented loading of a surface
with a sharp probe while monitoring the applied force as a func-
tion of time, P(t), and the displacement into the surface as a func-
tion of time, h(t). While the nanoindentation technique has most
often been used for determination of elastic properties, recently
the technique has been applied to measure time-dependent
mechanical properties as well.

Several studies have been conducted using the nanoindentation
technique on cement and concrete to measure elastic properties.
Velez et al. performed nanoindentation experiments on Portland
cement clinker and measured properties for the main phases [6].
Multiple studies have investigated the elastic properties of hy-
drated Portland cement paste [7-13] in various experiments and
calculations. Nanoindentation has also been used to measure elas-
tic properties of phases in atypical cements and cement compos-
ites [14,15]. The existence of low density and high density C-S-H
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first proposed by Jennings and collaborators [16-18] was later uti-
lized as an explanation for the bimodal distribution of elastic prop-
erties measured by Ulm and collaborators [19-21]. Trtik et al. [22]
suggested that the presence of varying amounts of crystalline
products (such as unhydrated cement or calcium hydroxide) with-
in the nanoindentation interaction volume provide a more likely
explanation for the measured bimodal distribution of elastic prop-
erties when ostensibly indenting C-S-H. Ulm et al. [23] suggested
that large enough compositionally homogenous regions exist in
hardened cement paste such that the nanoindentation interaction
volume may often be a (compositionally) single phase so that the
bimodal distribution of measured elastic properties in indentation
of cement paste is explainable by two types of C-S-H. However,
the exact microstructural phenomena dictating the multi-modal
distribution of measured properties has not been definitively
determined and is the subject of ongoing research.

While numerous studies have investigated the elastic proper-
ties of cement paste using nanoindentation, fewer studies have
been conducted that investigate the nanoindentation technique
as a tool for measuring viscoelastic properties of cementitious
materials. Ulm and Vandamme provide solutions for the problem
of time-dependent indentation and perform some experiments to
validate the solutions [24,25]. Additionally, Vandamme and Ulm
propose that the measured “creep modulus” indicates the presence
of low density C-S-H, high density C-S-H, and an ultra-high den-
sity C-S-H [26]. Nemecek also considered nanoindentation creep
as it affects the measured elastic properties of cement paste [27].

Some general solutions for time-dependent indentation also ex-
ist in the literature. Cheng et al. offers a viscoelastic solution for a
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spherical indenter [28] and a flat punch indenter [29], neither of
which extend well to more common conical indenters. Cheng
and Cheng [30] also provide an excellent review of various phe-
nomena present in indentation including indentation solutions
for viscoelastic materials for constant displacement rate indenta-
tion tests. Other studies have been aimed at accounting for the vis-
coelastic dissipation that occurs when performing elastic
indentations [27,31]. Fischer-Cripps [32] proposed a straightfor-
ward, phenomenological solution to characterize indentation
creep, but the solution is empirical and thus not useful for under-
standing fundamental material behavior.

To date the application of time-dependent nanoindentation to
cementitious materials has been limited. This study aims to char-
acterize the short-term time-dependent viscoelastic Young’s mod-
ulus of C-S-H using nanoindentation. Various assumptions made
while formulating a time-dependent indentation solution will also
be analyzed and a generalized solution for time-dependent inden-
tation response of a viscoelastic material to a step loading will be
presented.

2. Theory

A common method for deriving solutions to boundary value
problems involving viscoelastic materials is the elastic-viscoelastic
correspondence principle in which field variables and constitutive
properties in an elastic solution are replaced by the corresponding
Laplace (or Fourier) transformed viscoelastic analogs, solved in the
transform domain, and then inverted back to the time domain.
Unfortunately, the correspondence principle generally precludes
problems that involve time-dependent transition from traction
boundary conditions to displacement boundary conditions (or vice
versa) on the boundary of the bodies involved. However, Lee and
Radok [33,34] showed that transforms could be applied and accu-
rate solutions obtained so long as the contact area between an in-
denter and the material being indented was monotonically
increasing with time. In other words, for indenters of increasing
cross-section with increasing contact depth, the correspondence
principle could be used so long as the indenter probe was moving
into the material, but not for the retraction. This method was used
by Vandamme and Ulm [24] to create closed-form solutions for the
indentation problem, which they applied to indentation tests of ce-
ment paste.

2.1. Background theory

The elastic solution for indentation of an isotropic solid consid-
ered in this analysis is the widely known Galin-Sneddon solution
[35,36],

2,0 _ T P()
h()_Ztane M’ (1)
where h(t) is the indentation depth as a function of time, 0 is the
half-angle of the conical indenter tip, P(t) is the load as a function
of time, and M is the indentation modulus defined as [37]
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where E is the elastic Young’s modulus, v is the Poisson’s ratio, and
the subscripts denote whether the property is of the indenter or of
the material being indented. For diamond indenters (E ~ 1 TPa), the
second term in (2) can be ignored such that

1- vizndenter , (2)

Eindenter

Ematerial E
le—vz 12 (3)
material

Applying common intermoduli relations to (3) yields Eq. (10) of
Ulm and Vandamme [24],
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where G is the shear modulus, and K is the bulk modulus of the
body being indented.

M = 4G

2.2. Application of the correspondence principle

To apply (1) to the problem of creep indentation, all time-
dependent parameters must be transformed to remove the time
dependence. Once the relevant transformed parameters are ob-
tained, the solution can be formed in the transform domain, and
then this solution can be inverted back to the time domain. Substi-
tuting transformed parameters into (1) yields

T P(s)
~ 2tan0 sM(s)’

h(s) (5)
where the overbars denote the Laplace transformed quantity and s
is the Laplace transform variable. Since an approximated step load-
ing is applied in these experiments,

P(t) = PmaxH(t), (6)

where P,.x is the peak applied load and H(t) is the Heaviside func-
tion. The Laplace transform of (6) is

Ps) = Lo )

and the Laplace transform of (3) is
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where the s-multiplication is necessary because of the differential
operation in the constitutive equation of a linear viscoelastic mate-
rial. The viscoelastic compliance J(t) is related to the viscoelastic
Young’s modulus E(t) in the transform domain as

E®) = — @)

’J(s)

Depending on the particular forms selected for J(t) and v(t) (or
K(t) and G(t)) the solution to the problem may not be analytically
invertible into the time domain and a numerical inversion routine
may be appropriate.

2.3. Approximating constant K or constant v

The derivation presented in [24] holds K as constant (time-inde-
pendent) and thereby assumes that the only time-dependent
deformation is deviatoric. The indentation “creep modulus” re-
ported in [26] is not utilized to determine traditional viscoelastic
moduli, and thus the issue of approximating a constant K or v is
not broached. If K(t) is approximated as constant, common
intermoduli relations (applied in the transform domain) show that
v(t) must be an increasing function of time. The approximation of a
constant value for K(t) has precedent [38,39] since for most solid
materials G(t) relaxes faster than K(t). For cementitious materials
the literature seems to suggest that v(t) may be approximated as
a constant value [40-44] such that the relaxation rates for K(t)
and G(t) are equal, although a study by Bernard et al. [45] indicates
an increasing v(t) (constant K(t)) after longer loading times. The
question of constant v seems to revolve around whether the mate-
rial tested is behaving as a true isotropic solid or as a porous body
[46]. No matter the externally applied traction on the boundary of
a porous body, the internal state of stress in the solid phase is al-
ways mixed deviatoric and dilatational. Thus, we expect the relax-
ation rates of a highly porous body to be the same under applied
hydrostatic or deviatoric stresses. With a nanoindenter, the
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interaction volume of the cement paste tested is conservatively on
the order of single digit cubic microns [8] and cement paste is
known to contain substantial porosity in the nanometer range
[17]. This nano-porosity contributes to a mixed stress state in the
solid colloidal C-S-H particles, supporting the approximation of a
constant v(t), at least for short-term creep tests.

As will be shown in the results section, the average measured
elastic Young’s modulus in the indentation tests was
E=21.6 GPa. An assumed constant v =0.25 combined with com-
mon intermoduli relations would suggest that K=7.57 GPa. Based
on [47,48], this calculated K agrees with that measured for the por-
ous body of a typical hardened cement paste, not the bulk modulus
of the solid phase (K;), which is on the order of 45 GPa. The fact that
the K calculated from the indentation experiments agrees with the
value of K for a typical porous body of hardened cement paste sug-
gests that the pore volume fraction in the indentation interaction
volume is similar to the pore volume fraction in a bulk sample of
hardened cement paste. Indeed, Vandamme and Ulm suggest C-
S-H porosities ranging from 17% to 34%, depending on packing
density of the particles [26]. Additional motivation for holding
v(t) constant is the insensitivity of the indentation modulus M to
changes in v.

Vandamme and Ulm [26] suggest that the C-S-H creep mecha-
nism is primarily nano-particle sliding. According to this proposed
mechanism, an applied hydrostatic stress on a C-S-H colloidal
mass results initially in a mixed dilatational and deviatoric stress
state, but as deformation increases with time the packing density
also increases. The result would be a gradual shift to purely dilata-
tional stress state, and thus a purely dilatational response. As such,
at later ages v(t) will likely become an increasing function of time
as the porosity of the material is reduced.

Because the durations of the creep tests performed in this re-
search were short, in the analysis in this paper v(t) will be held
constant (v = 0.25) such that the Laplace transform of v(t) is simply

— 025
V(s) = —

With the approximation that v(t)=v(t=0)=0.25, (5) can be
fully defined in the transform domain and then inverted back to
the time domain to give

h(t) = 1.214/Pmax(J(t)) cot 0. (11)

Eq. (11) will be used to fit the experimental data in subsequent
sections.

(10)

3. Experimental
3.1. Materials and sample prep

The specimens used in this study were cast from a typical type
I/Il cement with a w/c of 0.4. The cement and water were mixed
according to ASTM (C305-99 and the resultant paste was then
placed into acrylic tubes with a square cross-section and an inner
dimension of 1 cm (0.394 in.). On one end, an acrylic plate was af-
fixed with a two-part epoxy. The length of the tubes was approxi-
mately 10 cm (3.94 in.). The fresh paste filled molds were vibrated
and vacuumed to remove any entrapped air. The specimens were
then sealed and placed into a 98% relative humidity room at a tem-
perature of 23 °C for 24 h. Once the initial curing had taken place,
the specimens were carefully demolded and placed in lime water
for approximately 90 days.

The cured “beams” were radially sliced across the long axis of
the beam into 3 mm thick plates using an Isomet precision wet
saw. The slices were allowed to dry in the laboratory environment
and were then affixed with cyanoacrylate glue to circular steel

discs measuring 15 mm (0.591 in.) in diameter. The exposed flat
surface of the cement paste sample was polished using techniques
similar to those presented in [49], with the addition of final polish-
ing using diamond slurries in five steps with diamond particle sizes
ranging from 6 pm to 0.25 pm. In these final steps the diamond
slurry was placed on a glass plate and the specimen was manually
oscillated against the glass. After each polishing step the specimen
was wiped dry with denatured alcohol to remove any residue from
the slurry.

3.2. Nanoindenter

In this study, a Hysitron Triboindenter model TI-900 was used
for the creep indentation tests, which were conducted at room tem-
perature (~23 °C) and relative humidity (~50% RH). The indenter
was fitted with a typical diamond Berkovich indenter tip. For the
creep loading, a trapezoidal shape load history was used in all cases
which included a rapid load application phase with elapsed time ¢,
where the load was increased from P = 0 to P = Py,,, a load holding
phase whose time was t;, and an unloading phase whose time was
t.,, where the load was reduced from P = P, to P=0. Since t, > t;,
step loading was used as an approximation to simplify the analysis.
Upon unloading, the penetration depth versus load was also mon-
itored to determine the elastic properties for each test. The slope of
the unloading curve was used in the Oliver and Pharr method [50]
to determine the elastic indentation modulus.

3.3. Experimental design

The creep indentation tests performed in this study were all
conducted at a single Pp.x = 1500 uN to minimize any variability
arising from the testing procedure. Two different holding times
were used to assess the response of the material over different
time scales. A total of 48 tests were conducted for the 30 s holding
time and eight tests were conducted for the 1 h holding time. The
results from four tests (of the forty-eight 30 s tests) were dis-
carded; two tests lacked any time-dependent response (no creep)
suggesting that the indentation occurred solely within a crystalline
phase, and two tests were discarded due to erratic jumps in the
displacement indicating crushing, fracture, or slipping. The fact
that 52 of 56 total tests displayed some time-dependency in the
measured response indicates that nearly all the indentation tests
included some effect of C-S-H in the interaction volume. Test
durations longer than 1 h were attempted, but the long-term ther-
mal drift present in the nanoindentation measurement limited the
value of the results.

To quantify the inherent drift present in the indenter in the 30 s
and 1 h tests, a sample of polished sapphire was indented with iden-
tical load levels and holding times. In each batch of tests, an identi-
cal number of creep indentations were performed on the sapphire
and on the cement. Since there is no reason to expect creep in the
sapphire, any change in recorded indentation depth once the load
reached its maximum level was attributed to drift. The average drift
rate of the displacement for the 30 s creep tests was —0.0536 nm/s
with a standard deviation of 0.00964 nm/s or a coefficient of varia-
tion of 18%. The total drift over a 30 s period was less than 3 nm. For
the 1 h tests the displacement drift rate was —0.4316 nm/s with a
standard deviation of 0.0286 nm/s and a coefficient of variation of
2%. For both the 30 s and 1 h creep tests of cement paste, the dis-
placement response was adjusted to account for the drift rate.

4. Results

Once the corrected creep curves were obtained for the cement
paste, the indentation depth with respect to time, h(t), was plotted
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and fitted with (11). The creep compliance function is assumed to
be of the form of a stretched exponential [51], which has been used
previously to fit short-term creep of cement paste [52]. A modified
form of the stretched exponential function is

1 1 e
](t):E—O-i—m(l—e(/)), (12)

where Eo, Eq, and p are fitting parameters. In the second term of
(12), the presence of (1 — e~!) in the denominator serves to normal-
ize the entire term from 0 at t = 0 to 1/E; at t = t,. The form of creep
compliance expressed in (12) was chosen because it fits data well
with only a few fit parameters and the fit parameters possess phys-
ical meaning. When t;, is chosen to match the length of the load hold
period of the test in question, the constitutive parameter Eq controls
the initial (instantaneous) elasto-plastic penetration into the mate-
rial, E; controls the magnitude of the time-dependent penetration
into the material over time t;, and f controls the shape of the relax-
ation/retardation function. The parameter Eo was determined using
(1) and (3) with the initial measured loading depth at ¢ = t. It is crit-
ical to note that this parameter is not equivalent to the elastic
Young’s modulus since the initial penetration almost certainly in-
cludes plastic deformation in addition to elastic deformation. The
parameters E; and g were determined by fitting (11) with J(t) ex-
pressed in (12) to the measured h(t) using nonlinear regression.
Fig. 1 shows a typical 30 s creep curve fitted with (11).

Table 1 shows a summary of the average fitted parameters for
the 30 s load holding data and for the 1 h load holding data as well
as the averages, standard deviations, coefficients of variation, and
average r-squared value. By comparing the fit functions (11) eval-
uated at the mean values for Eq, E;, and g for both the 30 s creep
tests and the 1 h creep tests, the similarity between the functions
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Fig. 1. Typical 30 s nanoindentation displacement versus time plot including the fit
function. The data has been time shifted so that t=t — t;.

can be shown. Fig. 2 shows (11) plotted with the mean values of
Eo, E1, and B obtained from both the 30s and 1 h tests.

Fig. 2 shows that the increase in displacement plateaus after
roughly 30-40 s for 1 h load holding time tests. This plateau in dis-
placement seems to imply that the reduction in material stiffness
also plateaus over this time frame, but this is not necessarily the
case. For an indenter of increasing cross-sectional area with depth
of penetration, the applied stress decreases with increasing pene-
tration depth. Similar to the size effect discussed by Nemecek
et al. [53], as the indenter creeps into the material the applied
stress (under constant load) is reduced since the contact area in-
creases with time. Various functions have been developed to char-
acterize the contact area to penetration depth relationships for
indenter tips. The contact area versus depth relationship generally
obeys a parabolic relationship of the form

A(h) = Coh® + Cih" + Goh' 4 .4 GV, (13)

where Co — G, are tip specific parameters and h is the indentation
depth. For a Berkovich indenter, Cy = 24.5. If only the first term is
considered and the average stress is assumed to be 1500 uN/A(h),
then Fig. 3 shows the inverse relationship between average contact
stress and contact area as a function of penetration depth over the
realistic range of indentation depths encountered in these
experiments.

Based on the results shown in Fig. 3, it is possible that the dis-
sipation of the displacement rate shown in Fig. 2 is not due solely
to a reduction in the creep rate, but rather a time-dependent
reduction in applied stress. For a Berkovich tip with a half-angle
of 70.32°, the reduction in stress occurs at a greater rate than for
a sharper indenter tip (i.e. cube corner, cono-spherical, etc.).
Though longer term creep data was obtained in this study with a
Berkovich indenter and successfully fitted, performing long term
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Fig. 2. The fit function h(t) plotted using the mean values of Ey, E;, and f calculated
from the 30 s tests and from the 1 h tests.

Table 1
Fit parameters for the 30 s load holding data and for the 1 h load holding data.
t,=30s th=1h
Eo E; B N Eo Eq B r
Average 10.772 27.311 0.280 0.987 10.342 2.038 0.755 0.898
Stand. dev. 5.202 14.261 0.026 1.536 2.851 0.242
Coeff. of var. (COV) 0.483 0.522 0.092 1.115 1.399 0.321
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Fig. 3. For conical indenters, as the penetration depth (displacement) increases the
contact area must increase, thus reducing the applied stress for a constant load.
These curves assume a constant load of 1500 puN and a typical Berkovich indenter.

indentation creep tests with a sharper indenter may more accu-
rately characterize the long term micro to nano scale creep re-
sponse of the material and enable even longer term tests to be
performed. Additionally, a quasi-static ramp load function instead
of a step load function may also improve the viscoelastic character-
ization of cementitious materials for longer time periods since the
reduction in stress would be partially offset by the increasing load.

In agreement with the trimodal distribution of measured elas-
tic and viscoelastic responses recently reported by Vandamme
and Ulm [26], many of the model fitting parameters obtained
from fitting the measured indentation creep data with (11) also
showed a trimodal trend. Fig. 4 shows the histograms for the fit
parameters that indicate a trimodal response. A histogram of E,
the elastic Young's modulus (calculated from the unloading slope)
is also included in Fig. 4, and agrees well with data shown in [19].
The parameters Eq and E; in particular demonstrate trimodal dis-
tributions. The trimodal response noted in this study could be
attributed to varying quantities of low density (outer product)
C-S-H, high density (inner product) C-S-H, and ultra-high den-
sity C-S-H within the indentation interaction volume, or it could
be related to varying amounts of crystalline phases present in the
interaction volume as shown in [8] and suggested by Trtik et al.
[22]. Of particular interest is the trimodality of the parameter
E1, which suggests that there may be three distinct mechanisms
facilitating the time-dependent response, that the three types of
C-S-H proposed for the elastic case may have unique time-
dependent responses, or that varying fractions of crystalline prod-
ucts in the interaction volume results in the trimodal viscoelastic
response.

In addition to the trimodal trend noted in the individual fit
parameters, a trimodal trend was also noted in the overall mea-
sured displacement response in the creep tests. As a way of analyz-
ing this trend, the probability of measured indentation depth was
analyzed. The probability of the response function (11) was
decomposed as the sum of three overlaid Gaussian distributions as

P(h(t)) = aP(h( )Iow) + bP(h( )medium) + CP(h(t)high)7 (14)

where P is the probability and a, b, and c are linear multipliers that
represent the fraction of each type of response (low, medium, or
high deformation, respectively) such that a + b + ¢ = 1. The variabil-

ity of a function can be approximated using the delta method [54],
where the function is approximated by a first order Taylor’s series.
The variance of the total function can be approximated as

var(iy(e.x)) = 3 () )) Var(x)

E)h(t Xi)

0% Cov(xixy), 1#k, (15)

where hj(t, x;) is the set of displacement functions for low, medium,
or high deformation material, x; is the set of fit parameters present
in the function h; (i.e. Eo, E, or f), X; is the set of mean values com-
puted for the fit parameters Eg, Eq, or 8, and Cov(x;x) is the covari-
ance between variables x; and x;. A significant covariance was found
between E, and E;, indicating that mechanisms or material struc-
ture that dictate the magnitude of Eq likewise dictate the magnitude
of E;. With the variance for each function, and assuming a Gaussian
probability distribution for each hj(t), the total probability density
function (PDF) for the measured h(t) can be formulated as

a 1 exp (h( ) — hiow (£,%7))
27Var (Ripw (£,%)) 2Var(how(£.X))
1 (h( ) medlum 71)
b
* \/2nVar(hmedium(t77i)) e p|: <2VGT( medlum t )

1 exp |- (h() hhtgh tX,
27'cVar(hhjgh(t,x_i)) 2Var hlugh t XI

P(h(t)) =

where a=0.1219, b=0.1953, and ¢ = 0.6829. The relative weighting
of a, b, and c indicates that the high deformation response is most
likely to be measured when indenting the material considered in
this set of experiments. In contrast, Vandamme and Ulm [26] found
that the medium deformation response was most probable for a
material with a w/c of 0.3 and 25% calcareous filler. Based on the dif-
ference in the materials tested in this study and in [26], it is likely
that the specimens tested in this study (w/c of 0.4) include a greater
fraction of low density C-S-H (or less nanocrystalline inclusions in
the C-S-H) in comparison to those tested by Vandamme and Ulm.
This finding indicates that the viscoelastic response of C-S-H is con-
trollable through material design at the nanoscale. A plot of (16) for
the 30 s fit data, with the variance of the h(t) functions approxi-
mated using (15), can be seen in Fig. 5a, which clearly shows a
demarcation between high deformation (upper curve), medium
deformation (middle curve), and low deformation (lower curve) re-
sponses, with the high deformation most probable. The probability
of the viscoelastic Young’s modulus, E(t), was also calculated using
the same procedure as for the displacement, with a plot of these re-
sults shown in Fig. 5b. The Gaussian PDF that yields the stiffest E(t)
(upper curve in Fig. 5b) influences the lowest deformation indenta-
tion response hj,(t), the Gaussian probability PDF that yields the
median E(t) (middle curve in Fig. 5b) influences the median defor-
mation indentation response hpeqium(t), and the Gaussian PDF that
yields the most compliant E(t) (lower curve in Fig. 5b) influences
the high deformation indentation response hy;gs(t). The lower coef-
ficient of variation of E(t) in the high stiffness regime causes COV(-
hiow(t)) < COV(hpign(t)), which tends to sharpen the Gaussian PDF of
hiow(t) in comparison to the Gaussian PDF of the upper curve of E(t).
Likewise, the Gaussian PDF of hygy(t) is flattened versus the lower
curve of E(t).

5. Conclusions

Creep indentation tests have been performed on cement paste
for two different durations. Following the solution of Ulm and
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Fig. 4. Histograms for the fit parameters obtained from the 30 s creep indentation tests indicate a trimodal trend.
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Fig. 5. The probability density plots of (a) h(t) and (b) E(t) showing the trimodal trend of measured displacements and viscoelastic properties extracted from the
nanoindentation tests. Darker areas indicate higher probability, while dashed lines indicate mean values for each Gaussian probability density function.

Vandamme [24], but with the approximation of a constant value
for viscoelastic Poisson’s ratio, the displacement versus time data
was fitted. The measured displacement data and fitted viscoelastic
constitutive functions indicate that there is a trimodal trend pres-
ent in the measured creep indentation results, although more test-

ing may be necessary to fully confirm this observation. For the first
time, expressions for the viscoelastic uniaxial compliance of C-S-H
based on nanoindentation creep tests are reported; these expres-
sions could be used in multi-scale models to predict short-term
viscoelastic behavior of bulk cement paste.
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Though creep relaxation appears to subside after a few tens of
seconds in the 1 h tests, it is likely due in part to the decrease in
applied stress as penetration depth increases. Unfortunately, this
phenomenon may limit the applicability of the nanoindentation
technique (with a Berkovich indenter) for long loading times and
deep indentation depths. Despite this deficiency, the creep nanoin-
dentation technique appears to be a viable experiment for charac-
terizing the viscoelastic response of cementitious materials on a
relatively short length scale.
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