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Duality between Creep and Relaxation of a Cement Paste at
Different Levels of Relative Humidity: Characterization by
Microindentation and Analytical Modeling

Zhao Chen'; Luca Sorelli, Ph.D.?; Jessy Frech-Baronet®; Julien Sanahuja, Ph.D.%;
Matthieu Vandamme, Ph.D.%; and Jeffrey Chen, Ph.D.®

Abstract: Recent studies have showed that microindentation techniques allow assessing the logarithmic creep rate of a cement paste in
good correlation with the long-term creep rates measured by compressive tests at macroscopic scale. After having applied microindentation
techniques to characterize the effect of relative humidity (RH) on both the creep and relaxation behavior of a cement paste, the objective of
this work is to analyze the duality between creep and relaxation curves by means of the analytical models which are currently employed in
open literature. First, large grids of creep and relaxation microindentation tests were carried out on a cement paste sample in hygral equi-
librium at different levels of RH. Thus, the results were modeled by a viscoelastic model by considering different creep functions (logarithmic
and power-law) and corrective terms for initial plasticity under loading. The presented results provide new insights to understand the
duality between creep and relaxation rates of a cement paste measured at micrometer scale, especially considering the possible plastic effect.
DOI: 10.1061/(ASCE)NM.2153-5477.0000128. © 2017 American Society of Civil Engineers.

Introduction

A recent survey has revealed that current methods and national co-
des significantly underestimate the long-term deflection of concrete
bridges at approximately 20 years, and called the attention to the
importance to better characterize the long-term creep mechanisms
(Bazant et al. 2011). Estimating the long-term creep (e.g., basic
creep without water exchange) of a concrete structure from short-
term tests is unavoidable and yet unsolved crux in civil engineering
(Brooks and Neville 1978). One of the raison of such difficulty is
that it takes few years to distinctly observe the long-term creep rate
for a concrete sample with size of a dozen of centimeters, which is
due to the time needed to exhaust water exchanges and drying creep
(Brooks and Neville 1978; Troxell et al. 1958).
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From a phenomenological point of view, concrete creep is
usually split into parts, such as, short-term due to drying creep
and long-term due to basic creep, i.e., without moisture exchange
(Pickett 1942; Wittmann and Roelfstra 1980; Bazant and Yunping
1994; Bazant et al. 1997a; Cagnon et al. 2015). The short-term
creep is assumed to primarily depend on water movement, whereas
the long-term creep on inelastic mechanisms occurring at the scale
of the Calcium-Silicate-Hydrate (C—S—H) sheets (Benboudjema
et al. 2001; Torrenti et al. 2014). Numerous and complex models
have been developed to describe the creep mechanisms, such as:
(1) microdiffusion of water molecules between the hindered ad-
sorbed layers and the capillary pores (Bazant and Chern 1985a;
Powers 1965); (2) sliding of C—S—H sheets (Vandamme and
Ulm 2009; Sanahuja and Dormieux 2010; Bazant 1972), like a vis-
cous flow in shear sites which undergo to micro-prestress relaxation
(Bazant et al. 1997a); (3) gel rearrangement as a sort of secondary
consolidation process (Jennings 2004); and (4) microcracking lo-
cally induced by microdiffusion (Rossi et al. 2012).

From an experimental point of view, by means of triaxial load-
ing tests on leached cement pastes, Bernard et al. (2003) showed
that the creep deformation is mostly volumetric at short term,
although it becomes deviatoric at long-term. However, a recent
analysis of several creep data available in open literature on undam-
aged cement pastes indicates that the Poisson’s ratio is rather con-
stant under loading (Aili et al. 2015). At high stress levels, the creep
deformation may become strongly nonlinear due to microcracking,
especially when relatively rigid inclusions are employed (Neville
2006; Neville 1971; Rossi et al. 2012).

Among several parameters which affect concrete creep, relative
humidity (RH) is considered to play a major role on concrete creep
(Brooks and Neville 1978; Tamtsia and Beaudoin 2000; Vandamme
et al. 2015). Comparing creep results available in open literature is
then not straightforward due to the nonuniform and often uncertain
hygral conditions (BaZzant and Li 2008). Troxell et al. (1958) per-
formed creep compressive tests on concrete cylinders of approxi-
mately 100 mm diameter over 30 years showing that, after the
drying creep is exhausted in approximately 1 year, the long-term
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creep is rather logarithmic in time and independent of the RH at
which the sample was stored before testing. In a landmark work,
Brooks measured the creep and shrinkage of several concretes
stored in dry (i.e., RH equal to 65%) and wet conditions for a period
of 30 years at approximately 20°C (Brooks and Neville 1978).
Brooks observed a logarithmic creep rate at long-term which
was significantly greater for the stored wet samples. Furthermore,
the greater the water-to-cement ratio (i.e., the water amount in the
pores), the greater the creep rate. To reduce the effect of the RH
gradient on the creep results, Wittman (1968) employed small sam-
ples of millimeter size. Based on their results, Bazant and Chern
(1985b) proposed a parabolic relationship between the basic creep
and the RH for which creep increases, when the water content in-
creases. Furthermore, Alizadeh et al. (2010) tested the creep deflec-
tion of millimeter beams of synthetic C—S—H confirming the
important role of the water content.

Nowadays, microindentation technique has emerged for meas-
uring the creep properties of cement-based materials as it can
significantly reduce the time scale for observing long-term creep
phenomena (Némecek 2009; Nguyen et al. 2013, 2014; Pourbeik
et al. 2013). By considering several mix designs, Zhang et al.
(2013) have proven that, the long-term creep (i.e., basic creep) rates
measured by microindentation are fairly well correlated with the
ones measured by macroscopic compressive tests after 30 years.
Due to the short time needed to reach the hygral equilibrium, the
micrometric volume probed by microindentation is likely at hygral
equilibrium after one day (Bazant and Chern 1985a; Frech-Baronet
et al. 2017). Finally, Zhang (2014) recently showed that an RH in-
crease can augment long-term creep rate of synthetic C—S—H by a
factor of approximately 5 when the relative humidity level increases
from 11 to 95%. The creep and relaxation behavior of a cement paste
was also characterized with similar results (Sorelli et al. 2015).

From a modeling standpoint, simplified models have been
widely employed in open literature to model creep indentation
tests, especially based logarithmic creep compliance functions
(Alizadeh et al. 2010; Cheng et al. 2005; Jones and Grasley
2011; Vandamme and Ulm 2006). Notably, Vandamme performed
a parametric finite element analysis to provide corrected analytical
formula accounting for the effect of initial plasticity which occurs
during the loading phase of an indentation test on a cement paste
(Vandamme et al. 2012).

After having characterized the effect of the RH on the creep and
relaxation behavior of a cement paste by means of microindenta-
tion, this work aims at applying analytical models, which are cur-
rently employed in open literature (Alizadeh et al. 2010; Jones and
Grasley 2011; Vandamme and Ulm 2009), with special emphasis
on the plasticity effect affecting the mathematical duality between
creep and relaxation.

Materials and Methods

Materials

A cement paste made with ordinary portland clinker (type I) with a
water-to-cement ratio (w/c) of 0.6 was investigated. The samples
were cast in cylinder molds of 100 and 150 mm diameters. To avoid
bleeding, the samples were kept in constant and uniform rotating
equipment. They were then cured in chamber with very fine mist-
like fog (relative humidity close to 100%) for 28 days and then
stored at 50 £ 5% RH for 2 months at the temperature of 23 + 2°C.
By the tests on three samples, the compressive strength is 20.3 MPa
at 28 days, Young’s modulus is 9.8 GPa, the porosity is 0.34, and
Poisson ratio is 0.25 (Frech-Baronet et al. 2017). The porosity
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Fig. 1. Two MIP measurements of the pore size distribution of the
studied cement paste

of the cement paste was measured on two samples by mercury
intrusion porosimetry (MIP). The average porosity was approxi-
mately 34%, with the porosity distribution showing a quite large
capillary porosity in the pore diameter range from 50 to 250 nm
as shown in Fig. 1.

The cement paste was tested 90 days after casting to reduce the
aging effect. Before testing, a cubic sample of 30 mm side was cut
out from the center of the cylinder. By means of a digital microscope
with aresolution of 0.1 pum, the indentation grid was located far from
few observable defects (e.g., drying cracks, polishing cracks, or
large pores). A coarse grinding was performed using abrasive paper
and water to smooth the edge of the samples. The surfaces were pol-
ished by 1 and 0.25 pm fineness diamond suspension oil-based
solution. After polishing, the samples were put in an ultrasonic bath
with isopropyl alcohol to remove particles left on the surface. The
tests were performed on the same sample, which was sequentially
stored at different RH from 33 £ 1% to 85 £ 1% with a curing time
of 2 weeks at the testing of RH before microindentation testing.
After each testing series, the sample was repolished, completely
removing any residual imprints within a depth of approximately
100 pm, and then cured again at the desired RH. Within a wide
experimental campaign, no significant difference in creep and relax-
ation results was observed by increasing the RH curing from 1 to
7 days, suggesting that 1 day of RH curing is long enough to guar-
antee the hygral equilibrium of the micrometer zone probed by mi-
croindentation tests (Frech-Baronet et al. 2017).

Humidity Chamber

As schematically shown in Fig. 2(a), a hermetic enclosure was built
to control the RH, consisting of a closed circuit in which the
hermetic enclosure was connected in series to an Erlenmeyer flask
containing a solution of saturated salts and a pump (Sorelli et al.
2015). The use of a saturated salt solution (Table 1) was employed
for reaching the specific humidity equilibrium. The hermetic sys-
tem was endowed with a closed loop air circuit passing through the
saturated salt solution. The RH and carbon dioxide (CO,) concen-
tration were continuously monitored by two sensors within the
chamber. In this work, different levels of RH (33, 55, 75, and 85%)
were considered. The concentration of CO, was reduced by adding
an absorber in the hermetic room. For security, the maximum value
of RH was limited at 85% to avoid possible condensation in the
chamber and damage to the electronical head of the microindenter.
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Fig. 2. (a) Hermetic chamber with humidity sensor and the CO, sensor connected in series to an air pump and an Erlenmeyer flask containing the
solution of saturated salt; (b) AFM surface image of cement paste surface on an area of 50 x 50 pm (reprinted from Cement and Concrete Research,
91, J. Frech-Baronet, L. Sorelli, and J.-P. Charron, “New evidences on the effect of the internal RH on the creep and relaxation behavior of a cement

paste by microindentation techniques,” 39-51, Copyright 2017, with permission from Elsevier)

Table 1. Solution Used to Control the RH

Solubility in water

Solution and water RH at 20°C (%) (g/100 mL)
Magnesium chloride (MgCl,) 33.0+0.3 54.3
Magnesium nitrate Mg(NOs), 55.0+0.3 125.0
Potassium chloride (KCI)

75.0+0.3 344

Liquid water (H,0) 85.0+£03

Surface Roughness

The sample surface was carefully prepared for cement paste speci-
men according to an established protocol (Miller et al. 2008). As
shown in Fig. 2(b), atomic force microscope (AFM) was employed
to verify the surface topography of the cement paste. The roughness
mean square (RMS), R,, as calculated in Miller et al. (2008) was
approximately 65 nm as average on an area of approximately
50 x 50 pm. Thus, R q Was far less than one-tenth of the indentation
depth (4 pm), which indicates that the indentation surface was flat

enough for properly measuring the indentation properties.

Basics of Microindentation

Microindentation is a powerful technique to quantitatively measure
the elasticity and hardness of cement paste hydrates (Nguyen
et al. 2013, 2014; Pourbeik et al. 2013). During an indentation test,
the force P and the penetration depth 4 are measured simultane-
ously, while the indenter tip penetrates into the film [Fig. 3(a)].
A typical P-h curve [Fig. 3(b)] is constituted by a loading curve
up to the maximum load P,,, followed by an unloading curve.
The P—h curve is analyzed by extracting the indentation properties,
such as: the indentation modulus M = (S\/7)/(25A,) and the in-
dentation hardness H = P,,,,/A.. The coefficient 3 accounts for
the nonsymmetrical shape of the indenter. The projected area A,
of the indenter-sample contact depends on the contact depth A,
[Fig. 3(a)]. The contact stiffness S = dP/dh is the slope measured
during the initial stages of the unloading curve [Fig. 3(b)].
The Young’s modulus E of an isotropic material is estimated from
the indentation modulus M as follows: M~' = (1 —?)/E +
(1 —2?)/E;, where E; and v; are the elastic modulus and the
Poisson’s ratio of the diamond tip, which are equal to 1,141 GPa

(@)

h
" \
@l
\ Pmax \
'I' \\‘
! \ h
k Il \\ g
"/ l[’ \
; = ) L / / / )
r hmax h ! TL/ Ty ’ rul !
(b) (c)

Fig. 3. (a) Schematic view of an indentation test with a conical indenter; (b) load versus penetration depth response; (c) load and displacement

versus time
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Fig. 4. View of the indentation imprints at different magnifications by digital microscope (the length scale of 100 pm)

and 0.07, respectively; whereas E and v are the Young modulus and
the Poisson’s ratio of the material, respectively.

Fig. 3(c) shows an experiment in which the load is linearly ap-
plied over time 7, then held constant over time 7y, and finally
reduced to zero over time 7. Although plastic deformation occurs
during loading in a localized area underneath the indenter tip
(Fischer-Cripps 2004), it is generally assumed that the unloading
curve is elastic, if the unloading is rather quick. As for a creep mi-
croindentation test, the asymptotic creep behavior (1 — 0o) can
be characterized by the contact creep modulus C proposed by
Vandamme and Ulm (2009), which describes the logarithmic
asymptote of the creep penetration depth, as follows:

P P

2 max. — max (1)
taUh 2ayx,

ef.. 1 .
Cd:fhmHOO ——=lim,_,
tL(1)

where the indentation compliance L () is such that its Carson trans-
form is the inverse of Carson transform of the indentation relaxa-
tion modulus M(7); x; = term of the logarithmic penetration depth
function Ah(t) = x; In(¢/7., + 1) which is employed to fit the
creep curve of the holding phase. This definition assumes that
the radius of the contact area at unloading a;; is constant during
holding, as experimentally verified with an error of approximately
5% (Vandamme 2008).

Microindentation Tests

The microindentation tests were carried out with the Anton-Paar
Tritrec SA model Microindentation Tester MHT>. For this study,
a Berkovich type diamond tip was employed, which is a three-sided
pyramid with an equivalent cone semiangle ¢ of 70.3°. The micro-
indenter tip was calibrated on a certified fused silica by fitting the
data of contact area Azc versus /. using the expression Aq(h,) =
Coh? + Cih, + Coht? + C3hY*+ -+, where C; are the fitting
parameters (Oliver and Pharr 1992). A grid of 10 by 10 microin-
dentation tests with interdistance of 500 um were performed on the
cement paste for each RH under both test conditions, i.e., creep and
relaxation. The loading setting for creep (or relaxation) tests were
chosen as follows: (1) loading phase by imposing a constant load
rate to achieve the maximum load P, (or a constant speed to
achieve the maximum /A, ) in the loading time 7; =35 s;
(2) the holding phase by imposing a constant load P, (or a con-
stant penetration depth /,,,, ) for the holding time 75 = 300 s; and
(3) the unloading phase by imposing a constant unloading rate to
remove P, (or a constant speed to release the penetration depth)
in the unloading time 7;; = 5 s. In a creep (or relaxation) test, the
load (or the displacement) is controlled, while the penetration
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depth (or the load) is measured. The maximum load P, = 8 N
for creep testing was chosen to be comparable to the maximum
penetration depth A, = 40 pum of relaxation testing. In accor-
dance with previous studies, the loading time was rapid and much
shorter than the holding time (7; < 7p), so that viscous deforma-
tions could be neglected during the loading phase (Vandamme and
Ulm 2009).

The volume probed by microindentation has a size equal to five
times the penetration depth A, (Vandamme et al. 2012), which
results in a volume of approximately 8 million ym?3. Thus, as as-
sumed in previous studies (Jones and Grasley 2011; Nguyen
etal. 2013, 2014; Sorelli et al. 2015; Zhang 2014), the cement paste
volume probed by microindentation is considered large enough to
yield a homogenous mechanical response. Fig. 4 shows some
typical imprints of microindentation tests observed by digital mi-
croscope at resolution of 0.1 mm. No microcracks greater than
0.1 pm were detected around the indentation imprints with a size
of approximately 200 pym. Furthermore, possible abnormal values,
which are likely due to surface defects, are not considered in the
analysis (Constantinides 2006; Krakowiak et al. 2015; Sorelli et al.
2008), Fig. 5 shows an example of the spatial distribution of the
microindentation properties (H and M) for the 10 x 10 indents
as carried out in this study. With exception of a few abnormal high
values, which were less than 5% of the total points, the indentation
properties M and H exhibited a distribution with a coefficient
of variation (COV) of approximately 11 and 19%, respectively
(Tables 2 and 3). Full details of the experimental results and analy-
sis of variance (ANOVA) with effect of the loading time, duration
of RH curing, and the load level can be found in Frech-Baronet
et al. (2017).

Viscoelastic Analysis

The closed linear elastic solution between the penetration force P
and the penetration depth / for an indenter tip with a conical shape
was developed by Sneddon by a series of Hankel transforms
(Sneddon 1965) as follows:

s,n  TP(2)
W) = 2M tan @ )
where 6 = half angle of a conical indenter tip. In the hypothesis of a
purely linear viscoelastic solid (i.e., subjected to no plasticity), the
viscoelastic solution of the indentation process can be obtained by
the correspondence principle established by Sneddon as explained
in (Vandamme 2008)
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Fig. 5. (a) Example of indentation grid on the cement paste for RH = 33%; (b) mapping of the indentation hardness (GPa); (c) mapping of
the indentation modulus (GPa) [(a, b, and c) reprinted from Cement and Concrete Research, 91, J. Frech-Baronet, L. Sorelli, and J.-P. Charron,
“New evidences on the effect of the internal RH on the creep and relaxation behavior of a cement paste by microindentation techniques,” 39-51,

Copyright 2017, with permission from Elsevier]

Table 2. Results of Creep Testing

RH COV  Indentation
(%) (%) modulus (GPa) (MPa) (pm)

Hardness Pimax ay
(pm) C (GPa)

33 99 145+ 1.1 220.0£31.0 405+29 111.2 1363
55 50 141£22 2240+£550 41.2+69 111.8 95.7
75 6.0 121 £ 1.7 175.0 £38.0 46.0+6.1 124.6 65.5
8 7.5 133£1.1 177.0 £29.0 45.1+4.2 1220 57.2

Table 3. Results of Relaxation Testing

Cov Indentation Hardness

RH (%) (%) modulus (GPa) (MPa) P (N)
33 6.8 154+14 192.0 + 39.0 6.9+ 1.3
55 4.4 146 £2.3 181.0 +60.0 6.5+2.1
75 7.1 140+ 1.6 152.0 +29.0 55+ 1.1
85 8.6 13.1+1.0 135.0 +20.0 49+0.7

2tan 6 [t d
Pl =220 ["ha(e— o) @) )

™ 0 a’f

—

Considering the Laplace transform, i.e., f(s) = [°e™f(t)dL,
the previous equation reads

P(s) = 22 4552 (5) 4)

The integral form of constitutive equations of isotropic visco-
elastic material are written as (Findley et al. 1976)

o) = ['B-9 25 de 5
0= [a-927E ae (©

where o(r) and £(7) = uniaxial stress and strain. The function
and J(t) are defined as the uniaxial relaxation modulus and creep
compliance, respectively. Applying Laplace transform to these
equations

—_

o(s) = sE(s) e(s) (7)
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e(s) = sJ(s)a(s) (8)

Then the relation between the relaxation modulus E(s) and the

—

creep compliance J(s) in Laplace domain is

EG5) —% 9)

The relation between the plane stress modulus M(s) and the

—

Poisson’s ratio v(s) in Laplace domain is (Jones and Grasley
2011)

—

— SE(s)
1 — [sv(s)]

Based on a recent analysis of several creep data, Aili et al.
(2015) observed that the coefficient Poisson’s ratio (CPR) remains
approximately constant or slightly decreases with time. A recent
three-dimensional loading on cement paste seems to confirm that
the CPR can be considered as constant (Grasley and Lange 2007).
Furthermore, Jones and Grasley (2011) employed a constant CPR
for analyzing the viscoelastic response of cement paste by nanoin-
dentation. Therefore, the hypothesis of constant v = 0.25 holds for
both the creep and the relaxation microindentation. In Laplace
domain

== (11)

Consider the expression of v(¢) by the bulk modulus K(#) and
the shear modulus G(r)
— 35K(s) — 25G(s, — —
s(s) = KO =256G6) _ (55 4 Gis) = 06K(s)  (12)
6sK(s) 4+ 25G(s)

which indicates that, under the assumption of constant CPR, relax-
ation bulk modulus K() and shear modulus G () are proportional
to one another. From Egs. (10) and (11), the following equation can
be readily obtained:

mGs) =2

> (13)

As the ratio of 7, /7y = 1/60 is very small, the applied load can
be assumed to be applied instantaneously as a Heaviside function
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(Jones and Grasley 2011; Vandamme 2008). For creep testing,
P(t) = PpoH (1), and for relaxation testing, h’(t) = h2H(t).
In Laplace domain

— — 2
P max _ hmax

(14)

With Eq. (9) and Eqgs. (13) and (14), Eq. (4) is rewritten for the
creep testing

R 77"'Pmax(1 _Vz)

r2(s) = 2tané J/(\s) (13)

With Egs. (9), (13), and (14), one can rearrange Eq. (4) for the
relaxation testing as follows:

—  2tanOh, —
P(s) =—122F 16
) = o ) (16)
where E/(;) = 1/[s2J/(\s)]. Inverting Egs. (15) and (16) into time
domain, the following time dependent penetration depth 4(r) dur-
ing creep and penetration force P(7) during relaxation are derived

e — I/2
an 2
P() = %E(r) (18)

Those relations are valid only if the indentation is purely linear
viscoelatic, i.e., no plasticity. Although, the viscoelastic analysis is
widely employed by other researchers in modeling nanoindentation
creep results (Grasley and Lange 2007; Nguyen et al. 2013, 2014),
it can be considered as a first-order solution because plastic phe-
nomena are unavoidable when using a sharp tip during the loading
phase (Vandamme et al. 2012).

Plastic Effect

Undoubtedly, the cement paste below a Berkovich tip is subjected
to complex plastic deformation during the loading. Based on a
numerical validation with a finite element analysis, Vandamme et al.
(2012) proposed to correct the viscoelastic Eqgs. (17) and (18)
for considering the effect of plasticity occurring during loading,
as follows:

Lin) = zpih(” (19)
M(t)  P(1)
My P (20)

where L(f) = contact creep compliance; M(t) = contact relaxation
modulus; M, = indentation modulus of the material, P!, =
recorded maximum load of the relaxation testing. By performing
the integration on both sides of Eq. (19), the following equation
is derived:

L(1) — L(0) = 29U (1) — n(0)] = 24vAMD)

21
Pmax Pmax ( )

where L(0) = 1/My = (1 —?)/E,, E, = elastic modulus of the
cement paste; and Ah(t) = increase of depth during holding. With

the relation of L(s) and M(s) in Laplace domain
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— 1

L(s) = —— 22
O = (22)

In conjunction with Eqgs. (9) and (13), the contact creep com-
pliance can be rewritten as
— 1 —? —
L(s) = ——==(1=3)J(s) (23)
s2E(s)

—

which is the relation between the contact creep compliance L(s)

—

and the uniaxial creep compliance J(s) in the Laplace domain.
Inverting Eq. (23) into the time domain and combining it with
Eq. (21)

(I—Uz){/(t)— 1] _ 2ayAh(1)

= (24)
EO Pmax

With Eq. (13) and M, = E,/(1 —1?), the expression of the
relaxation is given by

i) _E o
M, E,

Inverting Eq. (25) into the time domain and combining it with
Eq. (20)
E(t) P(t
() _ P 6)
EO P max
Like Egs. (17) and (18), Egs. (24) and (26) make it possible
to link creep and relaxation data to meaningful viscous material
properties, but independent of whether plasticity occurred during
loading.

Logarithmic Creep Compliance

Based on several observations at different length scales, concrete
creep appears to be well captured by a logarithmic function in the
long-term (BaZzant et al. 1997b; Torrenti et al. 2014; Vandamme
2008). Therefore, the following well-established logarithmic creep
compliance is adopted from Vandamme (2008)

1 t
In( 14— 27
Evl n( +T1> ( )

where J(0) = 1/E; (i =0, 1) = creep compliance function at the
end loading time; E,, = elastic modulus of cement paste for Egs. (24)
and (26); E; = fitting parameter controls the elastic-plastic penetra-
tion of the instantaneous loading phase for Eqs. (17) and (18); the
modulus E,; and the characteristic time 7; control the magnitude
and the shape of creep during the holding phase, respectively.
Applying the Laplace transform to Eq. (27) (Bateman 1954), the
authors obtain

J(1) — J(0) =

ST]E'

J(s) ——== 671(57-') (28)
s E, s

where Ei(x) = exponential integral with nonzero value of x

given by

o0 eif
Ei(x) = —/ —dt (29)
et
Thus, the relaxation modulus in Laplace domain reads
— E,
E(s) = s (30)

[J(0)E,, + T Ei(sT})]s
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Eq. (30) cannot be analytically transformed into the time domain
with Laplace transform tables. But it can be inverted numerically
with the Gaver-Stehfest formula (Abate and Whitt 2006), which is

(kln )
z()()()

where M = positive integer that controls the precision of the inversed
numerical function; [(k + 1)/2] = greatest integer less than or equal
to (k+1)/2; and k A M = min(k, M). As for the relaxation mod-
eling, M of Gaver-Stehfest formula was set as 8 to keep the precision
of the numerical inversion. The numerical algorithm was imple-
mented in an algorithm in Maple within a least squares fitting
method.

e

Power-Law Creep Compliance

To check if possible mismatch between model and experiment
depends on the particular choice of the creep compliance function,
a power creep function is also considered (Bazant and Osman
1976). The creep compliance of the power-law model is written
as (Aigner et al. 2009)

J(8) = J(0) = - (i>k (32)

Ep \7

where the modulus E,, controls the magnitude during the holding
phase; the characteristic time 7, and the index k control the shape of
the holding phase. In the Laplace domain, Eq. (32) reads (Bateman
1954)

— JO) 1 1

=——I(k+1 33
s E,p Thskt! (k+1) (33)

where T'(x) = gamma function with definition

oo
Ix) = / rle~tdt (34)
0
The relaxation modulus is given by
. 1 E k k 1
E(s) = 5=== (35)

s2J(s) J(0)E 755 + T(k+1)

5 4
4] S il S
E ] W e
= B
< e Ea
o 3 s ===
[0 4 @~ -
o ]/
c ]
S ]
s 2] ——33% RH
] - - -55% RH
g .3 1 g

1 —-—- 85% RH

O ] T T T T T
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(a) Time (s)

which can be numerically inverted into the time domain with
Eq. 31).

Results and Discussion

Fig. 5 shows an example of an indentation grid for the cement paste
tested at 33% RH with the mapping of the indentation modulus
and hardness. Interestingly, the cement paste is slightly stiffer and
harder at a lower RH, as previously obtained by Zhang (2014).
Figs. 6(a and b) show the experimental mean curves for the creep
tests (h — ) and for the relaxation tests (P — f) only for the holding
phase, respectively, at the considered levels of RH. The time and
the penetration depth or load are shifted to zero, i.e., zero time starts
from the onset of the holding phase. The effect of the RH on the
experimental mean creep and relaxation curves is evident.

The microindentation results for the creep and relaxation tests
at the various RHs are summarized in Tables 2 and 3, including
the COVs (which represent the average value over the entire hold-
ing time for the mean curve’s penetration depth versus time, & — f,
or load versus time, P — ) and the standard deviation of the mea-
surements (reported by indicating the mean value =+ standard
deviation). The COVs were less than 10%, which indicates a stan-
dard deviation of approximately 0.3—-0.5 ym. A variation of humid-
ity from 33 to 85% causes a reduction of the contact creep modulus
C by a factor of 2.4 (i.e., the long-term creep rate increases).

Viscoelastic Modeling

Firstly, the overall creep and relaxation curves were separately best
fitted by means of the viscoelastic model based on logarithmic or
power-low function. Figs. 7(a and b) show the comparison between
the experimental and simulated results for the creep and the relax-
ation tests by making use of the previously discussed logarithmic
compliance with Eq. (27) and power-law compliance with Eq. (32)
within the viscoelastic model with Eqgs. (17) and (18). Notably,
when fitted on the relaxation data, the creep functions were inverted
with the numerical scheme as described in Eq. (31). The fitted
parameters are summarized in Tables 4 and 5. Considering the
residual error, the logarithmic model seems to fit better the entire
experimental creep or relaxation curves. Figs. 7(a and b) show the
comparison between the experimental results and the simulated
ones for the creep and the relaxation tests, respectively, with log-
arithmic and power-law compliance.

——33% RH
- - -55%RH

1.0

453
1

2.0

Penetration Load (N)

25]

30

T T T T T
0 50 100 150 200 250 300
(b) Time (s)

Fig. 6. Mean experimental curves of the (a) creep tests: penetration depth versus time during the holding phase; (b) relaxation tests: applied load

versus time during the holding phase
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Fig. 7. Viscoelastic analysis: comparison between the experimental and simulated results for the (a) creep tests; (b) relaxation tests

Table 4. Viscoelastic Analysis: Best Fitting Parameters with Logarithmic
Creep Function

Table 6. Viscoelastoplastic Analysis: Best Fitting Parameters for
Logarithmic Model

Residual
Test type  RH (%) E, (GPa) E, (GPa) 7, (s) (um? or N?)
Creep 33 2.57 164.88 0.020 0.064 pim?
55 2.48 121.84 0.091 0.021 pm?
75 1.99 84.04 0.115 0.014 ,u,mz
85 2.07 73.92 0.161 0.0076 pum?
Relaxation 33 2.27 70.86 0.0323  0.0095 N?
55 2.15 32.98 0.209 0.096 N2
75 1.82 14.11 0.171 0.140 N2
85 1.63 7.73 0.304 0.120 N2

Note: Residual value of the sum of squares.

Table 5. Viscoelastic Analysis: Best Fitting Parameters with Power-Law
Creep Function

RH E, E, Residual
Test type (%) (GPa) (GPa) T, (s) k (um? or N?)
Creep 33 2.58 45.40 0.244 0.144 0.387 ,umz
55 2.50 53.41 0.158 0.179 0.502 ,um2
75 2.00 39.07 0.181 0.187 0.714 pm?
85 2.09 43.18 0.098 0.197 0.893 ,um2
Relaxation 33 2.30 24.04 0.0614  0.141 0.0385 N2
55 2.18 2593  0.0326 0.198 0.389 N2
75 1.86 12.78 0.0189  0.205 0.551 N2
85 1.66 11.25 0.0143 0.241 0.609 N2

Passing from an RH of 33 to 85%, the creep compliance modu-
lus E,; and E,, reduces by a factor of 2.2 and 9.2, respectively, for
the logarithmic creep compliance; although they reduce by a factor
of 1.1 and 2.1, respectively, for the power-law creep compliance.
Finally, Figs. 8(a and b) compare the creep and relaxation param-
eters (E,;, 71 or E,», T5) in function of the RH for the logarithmic
and power-law compliance. Unfortunately, the model parameters
best fit over the entire curves are rather different in the case of re-
laxation or creep tests, no matter the choice of the creep functions
(E,1, 7y for the logarithmic creep compliance, or E,», 7, or the
power-law creep compliance).

Viscoelastoplastic Modeling

Analogously to the previous analysis, the overall creep and
relaxation curves were separately best fitted by means of the

© ASCE
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Test type RH (%) E, (GPa) 71 (8) Residual (4m? or N?)
Creep 33 112.2 0.0179 0.073 um?

55 84.1 0.0833 0.029 pm?

75 58.7 0.100 0.023 pm?

85 51.8 0.144 0.017 pim?
Relaxation 33 480.4 0.0325 0.0095 N?

55 224.8 0.232 0.098 N?

75 109.0 0.182 0.14 N?

85 62.7 0.322 0.12 N?

Table 7. Viscoelastoplastic Analysis: Best Fitting Parameters for
Power-Law Model

Residual
Test type RH (%) E, (GPa) 7, (s) k (um? or N?)
Creep 33 22.88 222 0.145 0.41 pm?
55 25.52 1.75 0.186 0.55 pm?
75 21.98 0.768 0.192 0.81 p,m2
85 18.87 1.56 0.204 1.04 pm?
Relaxation 33 102.22 3.09 0.151 0.044 N?
55 75.87 3.78 0.211 0.41 N?
75 59.16 0.343 0.214 0.57 N2
85 53.24 0.180 0.248 0.63 N?

viscoelastoplastic model of Eqgs. (24) and (26). When fitted on
the relaxation data, the creep functions are processed with the
numerical scheme described in Eq. (31). The best-fitted parameters
with least square method are summarized in Tables 6 and 7.
Figs. 9(a and b) show the comparison between the experimental
results and the simulated ones for the creep and the relaxation tests,
respectively, with logarithmic and power-law compliance (32).

Considering the rate of the creep compliance of the logarithmic
model in Eq. (27), the characteristic time 7, controls the initial
creep rate, but it has no influence on the long-term creep rate as
also shown in Table 6. Indeed, the rate of creep compliance can
be rewritten as J(t) ~ 1/(E,;t) for large times. Passing from RH
from 33 to 85%, the creep compliance modulus E,; and E,, re-
duces by a factor of 2.2 and 7.7, respectively, for the logarithmic
creep compliance, whereas they reduce by a factor of 1.2 and 1.9,
respectively, for the power-law compliance.
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Fig. 8. Comparison in term of creep compliance parameters (E,; and 7, or E,, and 7,) versus RH for the viscoelastic and viscoelastoplastic model
based on (a) the logarithmic creep compliance; (b) power-law creep compliance

Figs. 8(a and b) compares the creep and relaxation parameters
(E,, 71 or E,, 75) in function of the RH for the logarithmic
and power-law compliance. However, the best fitting parameters
are still rather different in the case of relaxation and creep tests.
For instance, in the case of logarithmic compliance function,
the parameter E,; for creep is close to that of the relaxation
(Epi creep = 83%E | relaxation)>» but for lower RH their mismatch
increases (Evt creep = 23%E ) relaxation)- A similar mismatch is
observed on the parameters fitted with the power-law model (32)
of the creep function (Table 7). Interestingly, the characteristic time
increases when the RH increases for both the models based on the
logarithmic creep compliance functions [Fig. 8(a)], but it decreases
when the RH increases for the viscoelastoplastic model based a
power-law power function [Fig. 8(b)].

This mismatch of the model parameters for creep and relaxation
tests can be primarily explained by the following reasons: (1) the
delayed plasticity, which may occur during the holding phase of a
creep test, is not considered by Eqs. (24) and (26) as suggested by
Vandamme (2008); (2) the fact that the duration of the loading is
finite, which is neglected in the analysis, may play a role; and
(3) possibly, an additional mechanism may be at stake during creep
tests at constant loading, e.g., microcracking (Mazzotti and Savoia
2002; Rossi et al. 2012).

In summary, the RH reduces the creep compliance parameter
E,,, i.e., to increase the viscous deformations for creep or relaxa-
tion experiments. Furthermore, for the viscoelastic analysis, the

RH 33%
RH 55%
RH 75%
RH 85%
Logarithmic
- - - - Power-law

N
1
opono

Penetration Depth (um)
w
1

1 10 100
(a) Time (s)

values of E,; estimated for the creep tests are much greater than
those ones estimated from the relaxation tests. Instead, accounting
for the plasticity during initial loading caused a reduction of the
compliance values E,; estimated on creep tests and an increase of
E,, estimated on relaxation tests. Interestingly, the values of E,,; for
creep tests showed a difference of 16% with respect to the creep
compliance modulus C (Table 2).

Modeling Long-Term Creep and Relaxation Rates

Finally, a final analysis was carried out for calculating the optimal
model parameters which can simultaneously best fit the experimen-
tal long-term slopes of creep and relaxation curves at the end of the
holding time (~300 s), which was estimated over the last 10 s. In
accordance to previous works (Jones and Grasley 2011; Vandamme
2008; Zhang et al. 2013), the expression long-term indicates that
the holding time (~300 s) is much greater than the characteristic
time 7. The optimization was performed by minimizing the errors
between experimental slopes and simulated ones simultaneously
for creep and relaxation curves with a least squares fitting ap-
proach. For the viscoelastoplastic model with logarithmic creep
compliance function, it was possible to find a unique set of model
parameters (E,;, 7;) which best fit both the creep and relaxation
experimental long-term rates. The experimental and simulated
slopes at the end of the holding phase are presented in Table 8§,
whereas the corresponding model parameters are summarized in

t
max

P(t)/P

RH 33%

o
057 O RH55%
A RH75%
0.4 4 & RH85%
— Logarithmic| ~.
- - - - Power-law e
0.3 ]
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Fig. 9. Viscoelastoplastic analysis: comparison between the experimental and simulated results for the (a) creep tests; (b) relaxation tests
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Table 8. Comparison of the Experimental and Simulated Slopes at the End
of the Holding Phase for Both Creep and Relaxation Tests

Experimental slope Optimized slope

RH Creep Relaxation Creep Relaxation  Error
(%) (x1073 pm/s) (x1073 N/s) (x1073 um/s) (x1073 N/s) (%)

33 0.775 —0.578 0.767 —0.573 1.0 0.9
55 1.274 —0.753 1.274 —0.753 0.0 0.0
75 1.593 —0.767 1.583 —0.770 0.6 0.4
85 1.955 —0.845 1.946 —0.852 0.5 0.8

Table 9. Optimized Model Parameters Fitting the Slopes at the End of the
Holding Phase for Both Creep and Relaxation Tests

RH (%) E, (GPa) 71 (s)
33 160 0.006
55 95 0.14
75 69 0.60
85 57 2.10

Table 9. The minimized errors between the experimental and
simulated long-term rate for both creep and relaxation is less than
1%. This confirms that increasing RH from 33 to 85% reduces the
creep compliance modulus E,; by a factor of approximately 2.8
confirming, i.e., the water content favors the long-term rate of both
creep and relaxation of a cement paste (Alizadeh et al. 2010;
Brooks and Neville 1978; Ruetz 1968; Sorelli et al. 2015; Troxell
et al. 1958; Wittmann 1970; Zhang et al. 2013). The E,; parameter
is now very close to the contact creep compliance C with a differ-
ence of 5%. Remarkably, the creep compliance modulus C can be
suitably employed to predict the long-term rates for both creep and
relaxation, which are related by the mathematical transformations
of Eq. (31).

Finally, Fig. 10 shows the experimental creep and relaxation rate
in function of time in a semilog graph, indicating a certain conver-
gence after approximately 10 s. This confirms that, beyond such a
short period when delayed plasticity may occur, the proposed vis-
coelastic model based on logarithmic creep function best fits the
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Fig. 10. Creep and relaxation rates versus time measured experimen-
tally on cement paste by microindentation tests at various levels of RH
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long-term behavior. If such delayed plasticity is due to a damage
mechanism, the cracks should be of sub-micrometer size as no
visible microcracks were detected by digital microscope observa-
tions (Fig. 4).

Conclusion and Outlook

Based on an analytical modeling of a wide experimental campaign
of creep and relaxation microindentation tests on a cement paste
with a w/c of 0.6, the following conclusions are drawn:

* The elastic indentation modulus M and the indentation hardness
H slightly increased by reducing the RH from 85 to 33%.
This slight strengthening and stiffening is perhaps due to the
increase of the internal suction in large capillary pores, as a sort
of poromechanical effect. More important, the experimental
contact creep modulus C reduced from 136 to 57 GPa, suggest-
ing that moisture content increases the ability of the C—S—H to
creep;

* The logarithmic creep compliance seems relatively more accu-
rate than the power-law compliance for fitting the entire experi-
mental curve of the creep or relaxation microindentation curves;

*  From a mathematical point of view, the numerical method based
on Laplace transform and the Gaver-Stehfest algorithm was pre-
sented, which allows calculation of the relaxation indentation
response from the creep compliance function;

* From a modeling point of view, starting from a corrective for-
mula validated against a finite element analysis (Vandamme
et al. 2012), an approximated viscoelastoplastic solution which
accounts for the occurrence of plasticity during loading has been
proposed for both creep and relaxation tests;

* The viscoelastoplastic model allowed for simulating the experi-
mental long-term rates of both creep and relaxation microinden-
tation tests by means of a unique logarithmic creep compliance
function. Increasing RH from 33 to 85% reduced the creep com-
pliance modulus E,; by a factor of approximately 3;

* During a creep microindentation test, delayed viscoplasticity
may occur in the first 10 s of the holding phase. However, cracks
with a size greater than a micrometer were not observed around
the indentation imprints. The relaxation response during micro-
indentation tests seem to provide a viscoelastic response that is
not affected by the effect of delayed plasticity. Beyond the initial
time of approximately 10 s, both creep and relaxation microin-
dentation tests provide results which can be coherently predicted
by a logarithmic creep compliance function;

e The logarithmic creep compliance modulus E,; is eventually
similar to the contact creep modulus C, which can therefore
be suitably employed to predict the long-term rates of both creep
and relaxation microindentation tests.

As an outlook, there is a need of further research for modeling
the entire creep and relaxation microindentation response. For ex-
ample, by better accounting for the plasticity effects with numerical
models and by developing physically based creep compliance func-
tions that consider different mechanisms acting at short-term and
long-term points during an indentation test (e.g., water movement
and C—S—H sliding).
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