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Abstract

This study proposes an experimental method for studying the short-term creep behaviour of
cement paste at micro-scale. The micro-bending tests on miniaturized cantilever beams were
used to characterize the viscoelastic properties of cement paste. The effects of w/b ratio, the type
of binder and the stress level on the microscopic creep behaviour were investigated. It is found
that the short-term creep of cement paste at microscale can be satisfactorily described by a
power-law function. A linear viscoelastic behaviour has been observed in different cementitious
systems at the microscale with the stress level up to 67.9%. When compared with the creep
results in microindentation tests and conventional macroscopic tests, the obtained creep
compliance function in this study is found to be both qualitatively and quantitatively
representative of the macroscopic results. This experimental study underlines the importance of
microstructural effect on the creep behaviours of cementitious materials at microscale.

Keywords: cement paste, creep, miniaturized cantilever beam, nanoindenter

Introduction

Ageing of infrastructure is considered to be a huge financial burden for modern industrialised
societies [1]. One of the common ageing phenomena for concrete structures is creep [2]. Even
though extensive research efforts has been devoted to it [3-7], this complicated phenomenon is
still not fully understood. A comprehensive review of creep studies on cementitious materials
indicates that despite the numerous influencing factors [8-13], the multiple time and length
scales involved in the creep process further exacerbate the complexity [14-16].

In view of the duration of creep test, there are usually short-term creep tests ranging from several

minutes to months [17-20] and long-term creep tests lasting from several months to years
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[5,8,16]. In these tests, at least two distinct creep kinetics have been identified, i.e. the power-law
creep and the logarithmic creep [5,14,20-23]. It is often argued that the short-term and long-term
creep may be governed by different mechanisms [3,16,24]. For the short-term creep, the creep
behaviour is thought to be associated with the water movement and redistribution [24], whilst for
the long-term creep, the underlying creep mechanism is debatable and various theories have been
proposed [2,3,7,12,13,24,25]. Nevertheless, many researchers believe that the rearrangement of
calcium-silicate—hydrate (C-S-H), e.g. sliding and compaction, plays a dominant role in the
long-term creep [2,3,12,26]. Note that none of these theories alone can explain all the
experimental observations and it appears that several of the proposed physical processes could
occur simultaneously [3,24,27]. Admittedly, both short-term and long-term creep tests are
essential to the integrated understanding and prediction of creep behaviour [14].

Concrete is a multiscale heterogeneous composite and the creep phenomenon can be observed at
different length scales, i.e. from the hydrate to concrete [2,14,20]. In the context of multiscale
modelling [19,28], the experimental techniques intended to characterize the viscoelastic
properties of elemental constituents at every scale should be well developed. While most studies
focus on the macroscopic creep tests of cement paste and concrete [6,8,29-32], there are some
studies conducted on the characterization of the viscoelastic properties at nano and micro-scale
using the indentation technique [14,20,33-35]. Vandamme and Ulm [2,20] performed
nanoindentation creep tests directly on the C-S-H structures, which is usually recognized as the
main creeping phase in cementitious materials [12,26], and they suggested a qualitative analogy
with the creep of soils. Wei et al [21] also investigated the creep behaviour of cement paste
across the nanometre to micrometre scale by using the indentation technique. These minutes-
long indentation creep tests enable a rapid quantitative assessment of the long-term creep
properties of cementitious materials [14,20]. However, a major limitation of this technique is that
such indentation tests do not provide the access to characterize the short-term creep behaviour
[14,17,22]. Vandamme [27] suggested that this is because of the high magnitude of stresses
below the indenter tip. Therefore, in order to gain a complete description of creep behaviour at
small scale, the complementary test methods capable of evaluating the microscopic short-term
creep behaviour are needed. This can be achieved by small-scale testing of miniature specimens,
which has already been used in the determination of mechanical properties [36—43]. In literature,

there are mainly two techniques for generating small-scale samples, i.e. the Focused lon Beam
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technology (FIB) and the micro dicing method. Note that the investigated length scale is
different for these two methods. For the FIB technique, the length of the generated micro-beam
is around 20 um. Consequently, each micro-beam comprises a single component of cement
paste, namely the inner and outer hydration products and portlandite (CH) [41]. However, for the
micro dicing method adopted in this study, the fabricated beams are relatively larger with the
size of 300 um x 300 um x 1650 um. The fabricated beam is thus composed of clinker (ranging
from 0 pm to 150 pum), hydration products (mainly consisting of CH and inner and outer
products with size roughly smaller than 100 um) and pores of various sizes. The prepared
miniaturized specimens are then loaded using the nanoindenter to investigate their mechanical
response. By applying constant loading on these small-scale specimens, it is also possible to
assess their creep properties.

The main objective of this work is to explore the short-term viscoelastic properties of cement
paste at micro-scale by means of micro-bending tests on miniaturized cantilever beams. The
proposed test method was first validated using glass beams, which are expected to be made of a
homogenous and isotropic material. Then the results in creep tests were carefully interpreted
considering the possible additional deformation mechanisms existing in current test method.
Several parameters, such as the wic ratio, stress level and the addition of ground granulated blast
furnace slag (GGBFS) were examined in this study. Finally, the obtained results in this study

were compared with the results of indentation tests and macroscopic creep tests.

2. Materials and methods

2.1. Materials and experimental procedure

2.1.1 Materials

In this study, the materials used were standard grade CEM | 42.5 N Portland cement, GGBFS
and deionized water. Two series of paste specimens were prepared. The first one is the pure OPC
paste with water/cement ratios of 0.3, 0.4, and 0.5. For the second series, the cement paste was
blended with GGBFS with the replacement level of 70% by mass. In the blended cement paste
wi/b ratios of 0.3 and 0.4 were used. The fresh paste was first cast in plastic cylindrical moulds
with 24 mm diameter and 39 mm height. Afterwards, the paste was rotated at a speed of 2.5 rpm
at room temperature (26 °C) for 24 h to mitigate the influence of bleeding. All specimens were
cured in sealed conditions at room temperature for 28 days. At the end of the curing period, the

hardened cement paste was demoulded and then cut into slices with a thickness of 3 mm. Before

3



96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

further grinding, the samples were kept in isopropanol to stop the hydration process. For the
detailed description of arresting hydration using the solvent exchange method, the reader is
referred to [36].

2.1.2 Preparation of micro-cantilever beams

Micro-cantilever beams (MCB) were prepared using a precision micro-dicing machine
(MicroAce Series 3 Dicing Saw), which is generally applied to cut semiconductor wafers. Prior
to the preparation of cantilever beams, the slices of cement paste were first ground to obtain two
smooth and parallel surfaces. In the grinding process, two grinding discs of 135 um and 35 pm
were used in sequence. After reaching the designed thickness of 2.15 mm, the micro-dicing
machine was used to apply two perpendicular cutting directions and the same cutting space on
the samples. In this way, multiple rows of cantilever beams, including at least 30 beams, with a
square cross section of 300 um % 300 um were generated. The cutting depth, i.e. the cantilevered
length, was approximately 1.65 mm + 0.01 mm. The cutting process is schematically shown in
Figure 1. Some of the prepared beams were then examined by using an environmental scanning
electron microscope (ESEM). An overall accuracy for the cross-sectional dimensions of £2 um
can be reached with the fabrication process (Figure 2). Precautions were also taken to minimize
carbonation of the samples before testing by storing the beams in an isopropanol solution. As the
drying histories of beams may significantly affect their creep behaviour [6], all samples were
prepared according to the same procedure and exposed to the same relative humidity (RH)
during the tests. The porosity of miniaturized sample made of OPC has been examined using the
X-ray computed tomography (XCT) in the author’s previous work [44]. The porosity for OPC
with different w/c ratios (0.3, 0.4 and 0.5) was found to be 8.44%, 11.84% and 17.5%,
respectively. For blended cement paste with slag, similar specimens using CEM 111/B were also
examined by XCT [45]. The porosity for different w/b ratios (0.3, 0.4 and 0.5) was found to be
5.73%, 7.89% and 9.79%, respectively. However, it should be noted that due to the limitation of
image resolution in XCT (2 pum/voxel in this case), pores smaller than 2 um cannot be detected
and are mixed within the segmented solid phases. Therefore, the porosity measured by XCT is
much lower compared to porosity measured by the mercury intrusion porosimetry (MIP) [46],
For instance, the MIP results of OPC with the w/c ratios of 0.3, 0.4 and 0.5 are 17%, 23% and
31%, respectively.
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Figure 1: Schematic diagram of sample preparation.

100 pm

Figure 2: ESEM image of the cross-sections of cantilever beam.

2.2 Micro-cantilever bending test

2.2.1 Mechanical properties

A KLA Nano indenter G200 was used to conduct bending tests on the MCBs. The baseplate of
beams was first attached on a flat metal surface using cyanoacrylate adhesive. A cylindrical
wedge indenter tip (Figure 3) with a length of 200 um was used to apply vertical line loads at the
free end of the beams. Before testing, the angle and center of the tip are always calibrated by
probing into the aluminium. Afterwards, the angle of MCB is carefully adjusted under the in-situ
microscope in the nanoindenter to ensure that the line load is applied perpendicularly to the
length direction of beam. The loading procedure for characterization of the mechanical
properties is displacement controlled and the loading rate is 50 nm/s. All tests were conducted in
a well-insulated chamber preventing any significant change of temperature and RH during the
test. The average measured temperature and RH during the tests were 27.2 £ 0.7 °C and 31.0% +
1.3%, respectively. The experimental set-up is schematically shown in Figure 4. For each
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material composition, 30 cantilever beams were monotonically loaded to failure. The load-
displacement curves were recorded and used to determine the elastic modulus and flexural
strength. A typical load-displacement curve for the static test is shown in Figure 5. It can be seen
that the displacement of the beams linearly increases with the load till failure occurs. The

maximum load was used to calculate the flexural strength according to Equation (1).

Fypaxdh
_ 1
¢ 57 1)

where d is the measured distance between the load point and the fracture point, h is the side

length of the square cross-section, and 1=h*/12 is the moment of inertia. The linear portion of the
load-displacement curve was used to determine the elastic modulus according to Equation (2):

E_kﬁ
Y

where L is the length of the cantilever beam, which equals the distance between the load point

(2)

and the fixed end; k is the slope measured from the linear region of the load-displacement curve.
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Figure 3: ESEM micrograph of the diamond cylindrical wedge tip.

Fixed nut

Indenter Adhesive

Cantilever beam Baseplate

Figure 4: Schematic diagram of test set-up.
Since the nanoindenter recodes the displacement of the tip head instead of directly measuring the

beam deflection, the measured total displacement may also contain the additional deformation



159
160
161
162
163
164
165
166
167
168
169
170
171
172

173
174

175
176
177
178
179
180
181
182
183

during the loading stage, such as the penetration depth of the indenter tip and the deformation of
the baseplate and the adhesive layer. Therefore, the measured displacement should be calibrated
considering the additional deformation, otherwise the calculated elastic modulus will be
underestimated [47]. By using the finite element modelling method, the effects of the baseplate
and the adhesive layer on the total deformation can be quantified [39]. The simulation results
indicate that 14% and 0.5% of the measured displacement is caused by the deformation of the
baseplate and the adhesive layer, respectively. These additional displacements will be excluded
in the determination of the elastic modulus. Moreover, as pointed out by many researchers
[17,31], the actual elastic modulus will always be underestimated as the displacements measured
in the loading phase are not only elastic but also include some viscoelastic deformation.
Nevertheless, as long as the loading rate is fast enough, the creep deformation during the loading
stage can be neglected with respect to the considerably larger elastic deformation [17]. For the
sake of simplicity, the plastic deformation during the loading stage, e.g. the indentation depth, is

also not considered in the determination of elastic modulus.
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Figure 5: Typical load-displacement curves of static tests

2.2.2 Short-term creep behaviour

In creep tests, a loading protocol consisting of three stages was used to acquire sufficient
information for the analysis of creep phenomenon. Firstly, the MCBs were loaded in a fully
elastic regime, i.e. 30% of the strength, to determine the apparent elastic modulus using the
Equation (2). Afterwards, the beams were subjected to a constant load to assess the viscoelastic
responses of MCBs. Before the creep test, the samples were kept in the chamber for temperature
equalization until the thermal drift rate is below 0.05nm/s. The load was then increased to the
predefined value at a constant rate of 2 mN/s and held for 800 seconds, see Figure 6. Note that
the thermal drift after the creep test was also measured but not considered in this study, as the
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measured drift may be affected by the creep recovery [48]. In addition, tests with three different
stress levels (from 12.5% to 67.9%) were also performed to check whether the cementitious
material at this scale behaves in a linear viscoelastic manner. An example of a displacement-time
curve is shown in Figure 7. After the constant loading tests, the tested beams were statically
loaded to failure in order to assess the residual flexural strength. At least 15 samples were tested
for each material composition and test series. All the creep tests were performed in the well-

insulated chamber with continuously recorded RH and temperature at 30 s intervals.
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Figure 6: Loading history of creep tests for w/c 0.3 OPC under the load level of 60mN.
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Figure 7: Typical displacement-time curve for creep test
Since the deformation mechanisms of cementitious material under constant loading are very
complex, the experimental data should be carefully interpreted. In particular, it is known that
moisture exchange occurs between the concrete and the environment under drying condition,
leading to drying shrinkage and drying creep [11]. Therefore, special precaution of the hydraulic
equilibrium was taken in this study by continuously monitoring the weight loss of the companion

sample during the creep tests. It is found that due to the extremely thin cross-section with the
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volume to surface ratio of only 0.07 mm, the MCBs quickly equilibrated to the ambient RH prior
to the tests. It is well known that the size of specimen indicated by the volume to surface ratio
considerably affects the drying process [49]. Moreover, based on the weight measurements of the
companion MCBs, it is found that there is almost no weight loss during the short-term creep
tests. As a negligible change of temperature and relative humidity is also expected, the thermal
strain, drying shrinkage and drying creep during the creep tests can be ignored [11,19,50].
Moreover, in consideration of the test duration and age of samples (28 days) used in this study,
the autogenous shrinkage caused by hydration can also be neglected [29]. Therefore, the basic
creep compliance J(t, t,) can be written as:

el + Ebc (t' tO) (3)
o

J(tt) =
where & is the instantaneous strain at the end of loading phase, which is assumed to be identical
with the elastic strain in this study; &,.(t, ty) is the specific basic creep strain at time t, to is the
time at the beginning of constant loading; ¢ is the maximum stress at the fixed end of the beam.
For the flexural creep tests, it is assumed that cross-sections of beams remain plane under the
applied stress levels. This is based on the observations of previous static tests, where the
deflection of beams linearly increases with the load up to failure, see Figure 5. Therefore, the
compressive and tensile creep strains are assumed to develop equally with a linear distribution
along the height of beams. This has also been experimentally identified in macroscopic flexural
creep tests on concrete beams loaded at 50% of the strength [32]. According to the classical
beam theory and Hooke’s law, the elastic strain at the top or bottom surface of a beam can be

calculated as:

38.h
el = 2—212 (4)

where J,; is the measured displacement at the end of loading phase. By defining the creep
coefficient ¢(t, t,) as the ratio of basic creep strain to the initial elastic strain, its value can be
determined by the measured deflection §(t) as follows [29,51]:
erc(tto) _ 8(t) — Jer

t ty) = 5
0t to) ==~ > (5)
Afterwards, the specific basic creep compliance C(t,t,) can be calculated as:
t,t
Ot ty) = LEto)ee GO)E‘” (6)

Generally, the effect of self-weight of cement paste should be considered when calculating the
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creep compliance [29,51]. However, in our study the self-weight of MCB only accounts for
0.002% of the load-induced moment at the fixed end of beam, thus the stress generated by self-
weight of the beam is not considered in this study. In addition, it is assumed that the measured
time-dependent deflection is affected by the baseplate in a similar way as the elastic deformation,
i.e. 14% of total deformation (see Section 2.2.1). This is also taken into consideration in the
calculation of creep strain.
2.3 Validation of test method
In order to examine the validity of the proposed test method to characterize the creep behaviour
of cement paste, a comparative study was conducted, in which the MCBs made of commercial
objective glass with identical geometrical size (1650 um x 300 um x 300 um) were fabricated
using the same preparation procedure described in section 2.1.2. Generally, the glass is expected
to exhibit no creep at room temperature [52]. Hence, any measured time-dependent deformation
for glass tests should be attributed to the inherent drift of the equipment or test set-up. The
typical curves of change in displacement with respect to the holding time for both the cement
paste and glass beams are compared in Figure 8. It is shown that the measured time-dependent
deformation for glass beams is very small compared to that of the cement paste beams. Also,
MCBs with higher w/c ratio exhibit higher creep displacement. This certifies that the test method
is able to evaluate the viscoelastic behaviour of materials. To quantify the intrinsic drift, five
glass beams were used as references and tested under the same constant load for each test series.
For instance, the average intrinsic drift rate of the glass beams, which includes any drift of the
apparatus and creep of the adhesive layer in particular, under the highest load (60 mN) was
0.0789 nm/s £ 0.0066 nm/s with a CoV of 8.4%. The total drift over an 800 s period was 63.12
nm £ 5.28 nm, which is around 6% - 13% of the deflection of cement paste beams. Hereby, for
all the creep tests on cement paste, the measured creep displacements were adjusted to account
for the intrinsic drift rate according to the following equation:

8c(t) = y[6m(t) — 84(t)] (7
where 6.(t), 6, (t) and 64(t) are the corrected creep displacement, measured creep displacement
and drift displacement, respectively; y is the coefficient accounting for the effects of the

baseplate, which is 0.86 in this study.

10
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Figure 8: Comparison of the change in displacement for glass and cement paste beams
In addition, the possible time dependent penetration depth of the indenter during the constant
loading was also investigated. However, it seems difficult to distinguish the penetration depth
from the total displacement due to the heterogeneity of indented material and the specific
boundary conditions used in this study. Here, we performed a series of tests to indirectly
examine the development of indentation depth under the constant load. The analysis rests on the
hypothesis that the indentation depth, if it is at the same order of magnitude with beam
deflection, should randomly vary with the loading locations because of the different local
microstructures. Therefore, for each MCB, 10 parallel positions with an identical space (i.e. 30
um) near the free end of beam were selected as the loading points. To minimize the effect of
shear deformation, longer beams, i.e. 1800 um, were used. A trapezoidal load history with a
maximum load of 20 mN and a holding period of 20 s were applied on each loading point. The
applied stress level was around 20% of strength to ensure the individual tests staying within the
elastic limit. In this way, the change of displacements during the constant loading were obtained
for each loading point. Afterwards, the changes of displacements with respect to the loading
distance were fitted by a power law function passing through the origin, see Figure 9. It is found
that for each MCB the fitted line for measured changes of displacements at different loading
points has a determination coefficient of 0.92. This small variation implies that the indentation
creep displacement does exist but is insignificant compared to the total creep displacement. It
proves that the obtained creep deformation mainly originates from the beam deflection and the

penetration depth is, therefore, neglected in this study.
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Figure 9: The variation of change in displacement with different loading distance
3. Results
3.1 Mechanical properties
For the monotonic loading tests, the flexural strength and static elastic modulus were obtained
and shown in Table 1. The presented results are the average of 30 duplicate samples. The
obtained mechanical properties are in good agreement with the results presented in literature
[36,39]. For different w/b ratios, samples with higher w/b ratio exhibit lower strength and elastic
modulus. The scatter of results, indicated by the coefficient of variation (CoV), increases with
the wi/b ratio. For the same w/b ratio, the mechanical properties of samples blended with GGBFS
were slightly lower than the OPC samples at 28 days. Since the rate of hydration of blast-furnace
slag mixed with water is initially lower than that of Portland cement, the blended cement paste
containing blast-furnace slag shows lower strength at early age but similar or greater strength at
later ages [53,54].

Table 1: The mechanical properties measured from the static tests

Material w/b ratio Static elastic modulus (GPa) Flexural strength (MPa)
0.3 19.54 + 1.49 (7.6%) 28.03 £2.67 (9.5%)
100% OPC 0.4 16.19 £ 1.93 (11.9%) 23.32£2.76 (11.8%)
0.5 10.82 £ 2.51 (23.1%) 16.94 £ 3.73 (22.1%)
0.3 17.01 £ 1.14 (6.7%) 25.43 +1.81 (7.1%)
30% OPC + 70%
0.4 14.14 £ 1.57 (11.1%) 21.76 £ 3.01 (13.8%)
GGBFS
0.5 8.99 + 1.42 (15.8%) 14.25 + 3.14 (22.1%)

12
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3.2 Specific basic creep compliance

The specific basic creep compliance at 800 s for different w/b ratios and type of binders are
shown in Figure 10. It can be seen that samples with higher w/b ratio exhibit larger basic creep
compliance. The dependence of the creep behaviour on the w/c ratio is well known. Either the
water content or the porosity of samples is believed to be the main reason for this [37,55-57].
For a given w/b ratio, the basic creep compliance of samples blended with 70% slag is higher
than the pure cement paste in this study. This is mostly related to the development of
microstructure as also reflected by the mechanical properties. However, it should be noted that in
the long-term, the addition of GGBFS may lead to similar or less basic creep due to the ongoing
hydration [54].
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Figure 10: The specific basic creep compliance measured at 800 s.
Figure 11 shows the evolution of specific creep compliance with respect to time for OPC beams
with three w/c ratios. Note that the hold time in the plots refers to the time elapsed under the
constant loading. When plotted in log-log scale, the curves of specific creep compliance are
almost linear in spite of the small fluctuation in the first few seconds. This representation of the
results indicates that the development of creep compliance during the time period tested (800s)

can be fitted by a power-law creep function [6,17,19]:
t - to

C(t, ty) = a( L

)k (8)

where t, is the age of the sample when the load reached the constant value; t — t, is the time
elapsed under constant loading; t, is the time unit, i.e. 1 s. The « and £ are fitting parameters,
where a corresponds to the specific basic creep compliance at 1 second. For each case, the power

function parameters were determined with a correlation coefficient greater than 0.99. Note that
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the creep deformation during the loading stage is not considered in the creep function. The
calculated apparent elastic modulus and two fitting parameters a and g for all test series are
summarized in Table 2. It can be seen that the calculated apparent elastic modulus based on the
loading slope of curves were almost identical with the static elastic modulus, as the two similar
loading rates were used. The variability of apparent elastic modulus, in terms of CoV, are also
consistent with the static elastic modulus for different w/b ratios and compositions. In addition,
the parameter o as well as its standard deviation were found to increase with increasing w/b ratio.
On the contrary, the exponent g varies a little and appears to be independent of w/b ratios and
type of binder. This has also been reported in macroscopic tests [6,17,19] on cement paste.
Moreover, when compared with the apparent elastic modulus for the same material composition,

the variabilities of creep tests are larger.

20

—— OPCw/c 0.3
—— OPCw/c 0.4
16{ —— OPC w/c 0.5

18

Specific basic creep compliance (x10%/MPa)

= — .
0.1 1 10 100 1000
Hold time (s)

Figure 11: The specific basic creep compliance with respect to the logarithmic time
Table 2: Apparent elastic modulus and fitting parameters « and £ in Eq.(8)

Material wib Eapparent (GPa) a B Average R?

0.3 19.64 +1.20 (6.1%) 0.23 +£0.03 (13.6%) 0.39 £ 0.04 (10.7%) 0.9970
100% OPC 0.4 15.49 +1.49 (9.6%) 0.51 + 0.07 (15.0%) 0.39 £ 0.04 (10.8%) 0.9971
0.5 10.20 + 2.51 (21.4%) 1.19 + 0.29 (24.6%) 0.36 +0.02 (5.2%) 0.9935
0.3 18.75 + 1.66 (8.8%) 0.31 +£0.04 (13.2%) 0.39 +£0.02 (5.4%) 0.9987

30% OPC +
0.4 15.03 + 1.67 (11.2%) 0.55 + 0.08 (15.4%) 0.38 + 0.03 (7.8%) 0.9964

70% GGBFS
05 9.22 + 1.50 (16.2%) 1.24 +0.23 (18.5%) 0.39 + 0.05 (14.4%) 0.9987

The rate of specific basic creep compliance with respect to time is shown in Figure 12. The

decreasing trend with a slope around 0.61-0.64 is found in all creep tests. Zhang et al. [14]
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compared the rate of creep compliance between the macroscopic compressive tests and the
microindentation tests on cement paste at the early stage of creep tests. It has been reported
[5,14] that for 0.38 w/c cement paste the slopes of creep compliance rate curves in macroscopic
tests and microindentation tests were 0.51 and 0.99, respectively. It seems that the obtained creep

compliance rate in this study is closer to the results of macroscopic tests.
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Figure 12: The creep rate of cement pastes with different w/c ratios
Figure 13 illustrates the effect of stress level on the measured ultimate creep strain at 800s for
w/b 0.4 OPC and blended paste. A linear relationship was found between the ultimate creep
strain and the stress level (from 12.5% to 67.9%). This indicates a linear viscoelastic
characteristic of cement paste at this length scale, which further proves that the developments of
microcracking and indentation depth during the constant loading are insignificant in current tests.
To the best knowledge of the authors, the linear viscoelasticity of cement paste has never been
examined microscopically. This examination cannot be accomplished by indentation tests
because the magnitude of the stresses below the indenter is independent of the applied maximal
load due to the self-similarity of the indenter [20]. For flexural creep tests at larger scale, several
studies [29,30,32,58] have confirmed that concrete beams with w/c from 0.3 to 0.5 exhibit linear

creep under the stress level below 40% - 50% of strength.
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Figure 13: The effect of stress level on ultimate creep strain at 800 s for two paste series with w/b of 0.4.
4. Discussion

4.1 On the variability of test results.

At the micro-scale, multiple solid phases and varying amounts of gel pores (<0.01 um), capillary
pores (0.01 um-10 um) and air voids (>10 um) are recognised in the hardened cement paste.
Hence, the variability in the measured data essentially arises from the selected small sampling
volumes of this highly heterogeneous material. Nevertheless, it is still necessary to analyse the
additional sources of variability of results, which also helps to gain a better understanding of the
material behaviour at this scale. It is not surprising to see that the mechanical properties decrease
with the increase of w/c ratio mainly because of the increasing capillary porosity [37,55-57].
However, it is also found that the variation of both elastic modulus and flexural strength, in terms
of CoV, increases with the wi/c ratio. Similar observations have also been reported in other types
of small-scale tests [36,39,42]. This is probably attributed to the pore size distributions for
different w/c ratios. It should be noted that due to the small sampling volume (300 um x 300 pm
x 1650 um) used in this study, the effect of capillary pores (0.1 pm-10 um) on the mechanical
properties of MCBs becomes more evident. According to the MIP test results from [46,57,59],
the mean pore radius increases with the wi/c ratio. It means that the largest size of the capillary
pores would be larger for higher w/c ratio, whereas the smallest gel pores remain almost the
same. Consequently, the dispersion range of the pore size for higher w/c ratio would be wider.

Therefore, the higher w/c ratio may result in a wider range of capillary porosity and hence a
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larger variability of mechanical properties. This explanation also holds for the blended cement
paste with GGBFS at the age of 28 days [60].

For the same material composition, the mean value and CoV of the apparent elastic modulus
measured prior to the creep tests are almost consistent with that of static elastic modulus.
However, there is a larger variation found in the results of creep tests, e.g. the ultimate creep
compliance at 800 s (Figure 10) and the fitting parameter « (Table 2). This seems reasonable as
there are different mechanisms involved in the elastic deformation and creep deformation of
cement paste. It is well known that the elastic modulus mainly depends on the porosity of
material [61], while the creep mechanism of cement paste is much more complicated and
depends on many factors. For the short term creep mechanism, several researchers [9,62]
suggested that the creep deformation may be due to a stress-induced redistribution of capillary
water within the pore structure of cement paste. However, it should be noted that the state of
water in cement paste considerably depends on the relative humidity [63,64]. In consideration of
the RH (31%) used in this study, the pore walls of the pore system, i.e. the surfaces of the
colloidal hydration products, are covered with one single mono-molecular layer of water [63].
Thus, the gel water instead of capillary water should play a dominant role in the creep process.
According to several proposed creep mechanisms in literature [12,13,25], the creep of cement
paste is largely affected by the movement and distribution of the gel water. In this context, it
seems plausible that factors affecting the distribution and transport of moisture, such as the
connectivity of pore structure, may lead to a larger variation of creep results.

4.2 The power law function of creep

The fact that the evolution of creep compliance can be expressed by a power function, at least for
the short term creep tests, has been observed in numerous macroscopic experiments for both
cement paste [6,17-19] and concrete [8,31,65]. A common finding of these short-term tests is
that the power-law exponent £ is less sensitive to the compositions compared to the fitting
parameter a. For the cement paste, the range of variation for the exponent £ reported in the
literature is very small, with most values falling between 0.20 and 0.40, which is very close to
the results in the current study, i.e. 0.36-0.39. More interestingly, a range of values between 0.30
and 0.45 has also been observed in concrete samples [31,65]. Moreover, Kdnigsberger [28]

demonstrated, by using the downscaling homogenization method, that the hydrates at smaller
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scale also exhibit a single power-law function with a creep exponent being surprisingly close to
the results tested in different cement pastes.

On the contrary, the parameter o, which corresponds to the creep compliance at unit time, is
found to be largely affected by the compositions of cement paste, degree of hydration and
moisture content [6,17-19]. It is also demonstrated by the multiscale studies of cementitious
materials that the constituents and microstructures significantly influence the macroscopic
viscoelastic behaviour [3,28,31,66,67]. At nanometre scale, Vandamme [2,20] stated that the
creep behaviour of the hydrated phases is largely determined by the packing density of C-S-H
particles. At the micro-scale, the cement paste is composed of the intrinsically viscoelastic C-S-
H gel particles, porosity and non-creeping inclusions, such as other hydration products and
unhydrated clinker. The macroscopic creep behaviour of cement paste is, therefore, determined
by the interactions among all these constituents. In particular, the porosity and non-creeping
inclusions influence the creep mainly by altering the internal stress field and moisture
distribution [19,28,67]. From this point of view, the apparent elastic modulus and residual
strength, which also depend on the porosity and volume fractions of inclusions, may be helpful
to interpret the creep results. Therefore, the relationships between the mechanical properties and
the inverse of parameter « in this study are plotted in Figure 14 (a) and (b). The inverse of « also
refers to the so-called creep modulus [17,20]. It can be seen that the inverse of « increases with
the increasing mechanical properties following a power-law function. Moreover, the scaling
relations are found to be independent of the w/c ratio and the addition of slag. These
observations are similar to the results in nanoindentation tests [2,20], in which the scaling
relations between the creep modulus and indentation properties are found to be independent of
the wic, the heat treatment, or the addition of silica fumes or filler. Moreover, the calculated
contact creep modulus of C-S-H in nanoindentation tests is a power function of the indentation
modulus and linearly related to the indentation hardness [20]. These unique relationships imply
that there seems a common contributor that controls the overall elastic, plastic and viscoelastic
deformation at the investigated length scale, such as the gel or capillary porosity [2,20]. The
underlying microstructural effect on the creep behaviour could be properly demonstrated using

numerical approaches at different scales [15,19,67].
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4.3 The comparisons with microindentation and macroscopic tests

In several experimental studies [29,30,32,51,58], it has been found that for the short-term creep,
the specific basic creep compliance measured in flexural creep tests could be compared directly
with the results in compressive creep tests, as they have similar order of magnitude during the
first few days. Here, the creep functions obtained in MCB bending tests, microindentation tests
[14,22] and macroscopic compressive tests [5,6,19] with similar material compositions and
loading age are directly compared and plotted in Figure 15. Even though the probed area in
microindentation tests [14,22] is almost at the same length scale with MCBs, a large quantitative

discrepancy is found in the measured specific basic creep compliance, see Figure 15(a). For
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instance, the specific creep compliance of microindentation tests at 1000 s are almost two orders
of magnitude higher than the results in MCB bending tests. Moreover, there is also a significant
qualitative difference between these two tests. In microindentation tests, the obtained creep

functions follow a short initial transition phase and a subsequent logarithmic creep. However, in

this study, the power-law creep instead of logarithmic creep was observed.
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Figure 15: The comparison with (a) microindentation tests [14] and (b) macroscopic tests [6,14,19]. The
numbers after the ‘P’ or ‘PC’ represent the w/c ratio.

This phenomenological feature of creep, i.e. the logarithmically evolved creep function, is
believed to be associated with the long-term creep mechanism [9,20,68]. It can be captured in
indentation test after only several seconds [14,20,35], while it costs days or even months for
macroscopic cement paste [14] or concrete samples [23,68] to reach the logarithmic creep.
Vandamme [20,69] suggests that the fact that the logarithmic creep can be captured in such a
short time is probably because of the high magnitude of applied stresses in indentation tests,
where the stress below the indenter is on the order of a few hundred MPa to around 1GPa [69].
This is much higher than the generally applied stress in macroscopic tests and is assumed to
significantly decrease the activation energies of the local microscopic relaxation sites, thus
decreasing the characteristic time for long-term creep [69]. In this context, the creep function
measured in this study should be more comparable with the macroscopic tests due to the
equivalent applied stresses, i.e. 10 -30 MPa. As can be seen in Figure 15(b), the creep functions
obtained in this study are very close to the most macroscopic results in literature despite the
results in [14]. Note that a logarithmic function was used in [14], which appears to poorly fit the

very initial part of specific basic creep compliance [17]. Therefore, the experimental data in
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terms of specific basic creep compliance at 0.1 day (i.e. 8640 s) were directly compared and
displayed in Figure 16. The observed consistency of the results confirms that the measured creep
compliance in MCB bending tests are more representative for macroscopic tests regardless of the
length scale. This is promising, as the creep behaviour of cementitious materials can be readily
characterized by using the small-scale tests. Moreover, as suggested by [14,17], since the
complete creep function is composed of initial short-term creep, described by a power-law
function, and subsequent long-term creep, described by a logarithmic creep function, it might be
possible to perform the small scale tests proposed in this study together with the indentation tests

in [14,20] to fully characterize the creep function of cement paste at microscale.
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Figure 16: The comparison with the specific basic creep compliance in macroscopic tests at 0.1 day.

4.4 Limitations and perspectives

Some limitations of the current method should be pointed out. Since the miniaturized
samples are inevitably exposed to the ambient conditions during the tests, carbonation must have
occurred at the surface layer of beams [70]. This is considered extremely important, especially
with regard to the thin cross-sections adopted in this study, as substantial carbonation can
significantly affect the deformations and microstructures of cement paste [71]. Note that the
effect of carbonation may be more apparent in blended cement paste [71]. It is also expected that
the short test duration and low RH used in this study may limit the effect of carbonation in the
creep process, but the role of carbonation probably becomes more significant in the long-term
creep tests. Another concern of the presented test method is that damage induced by shrinkage
has been introduced in the samples before the tests, which may further increase uncertainties of

the tests results [6]. The samples with different w/b ratios even exposed to the same RH may
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accumulate different levels of damage during the drying process. Therefore, more efforts are
needed to quantify the effects of both carbonation and initial damage on the creep behaviour.
With regard to the sources of uncertainty, some of them may also originate from the imperfect
contact between the indenter tip and sample. In addition, it should be mentioned that, for the
short-term creep tests in this study, the effect of thermal drift is reduced to some extent by
performing a stabilization period prior to the creep test. However, for the long-term tests, the
effect of thermal drift may largely affect the results and there is no guarantee that the thermal
drift will remain constant during the long-term test. Therefore, the application of indentation
instruments may be limited for performing long-term measurements owing to the thermal drift.
Nevertheless, the current test method offers distinct advantages for characterizing the short-term
creep at microscale and provides experimental data for validation and calibration of multiscale
modelling approaches [28,36,72]. It is recommended, therefore, that future work should focus on
the combination of numerical and experimental investigations of the creep behaviour of
cementitious materials at different scales.
Conclusions
In this paper, minutes long micro-bending tests on miniaturized cantilever beams were used to
characterize the short-term creep behaviour of cement paste with different w/c ratios and types of
binder. The following conclusions can be drawn from the presented experimental studies:
The proposed test method fills the experimental gap in characterizing the microscopic short-
term creep properties and also provides valuable insight into the creep behaviour of
cementitious materials at microscale.
Even though it is well known that the creep intrinsically originates from the C-S-H
nanostructure, the good correlation between the mechanical properties and creep compliance
rate found in this study suggests that microstructural features may largely impact the creep
behaviour of cement paste at micro-scale.
By comparing with the microindentation tests and conventional macroscopic compressive
creep tests on cement paste, it is shown that the micro-scale bending tests are both
qualitatively and quantitatively representative of macroscopic tests. The differences of
obtained creep between indentation tests and the current tests are assumed to be related to

the different applied stress levels, but further supporting evidence is still needed.
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The evolution of short-term specific basic creep compliance of cement paste with different
compositions can be captured appropriately by a power-law function with a constant
exponent. This is in line with findings in macroscopic tests. It is suggested that by
combining the short-term creep function obtained in this study with the long-term creep
function captured in microindentation tests, a complete non-ageing creep function at

microscale can be obtained.
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