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ARTICLE INFO ABSTRACT
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This paper presents an experimental investigation on the short-term creep recovery of cement paste at micro-
metre length scale. Micro-cantilever beams were fabricated and tested with 8 different loading series using the
nanoindenter. It is found that cement pastes show high recovery ratios (>80%) even subjected to very high stress
levels. Relatively lower recovery ratios and non-linear creep were also observed for w/c 0.4 samples under high

stress levels. A good agreement is found between the results predicted using the linear superposition principle
and the experimental results except for the measured non-linear creep in w/c 0.4 samples. It is suggested that the
short-term creep recovery may be associated with the microscale stress redistribution or the reversible internal
water movement. The observed non-linear creep under the highest stress level may be due to the higher density
of microcracks generated during the loading stage, which may further promote the water transfer.

1. Introduction

Creep recovery of concrete is usually measured after the specimen
that has been subjected to a sustained stress is unloaded [1]. In-
vestigations on creep recovery of cementitious material are of impor-
tance in predicting the responses of concrete specimens under
alternating stress [2] and also in elucidating the mechanism of creep
[3,4]. Despite extensive research efforts [5-12,14], creep and creep
recovery of concrete are still not completely understood. One of the
encountered difficulties is the multiscale heterogeneous nature of
cementitious materials [15-19]. It is generally recognized that creep of
concrete mainly originates from the time-dependent behaviour of cal-
cium silicate hydrate (C-S-H) at the nanoscale [7,18,20]. However, the
interactions of C-S-H phases with other hydration products, pores, and
pore water at the microscale or with aggregates at the mesoscale make it
difficult to explain or predict the macroscopic creep behaviour of con-
crete [21-23].

In an effort to enhance the multiscale analysis of concrete creep,
experimental techniques are needed to characterize the material over
shorter length scales [22,24-26]. In this respect, many studies have
employed the indentation technique to characterize the creep properties
of cement paste at nano- or microscale [7,27-31]. It has been reported in
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these studies that the indentation testing method could largely reduce
the characteristic time of the logarithmic creep, which often requires
months or even years to be observed in macroscopic tests [7,25].
Therefore, the indentation technique is thought to be useful in charac-
terising the long-term logarithmic type creep at the finer scale. On the
other hand, a recently developed small-scale testing method on the
micro-cantilever beam (MCB) [22,32,68] is found to enable the char-
acterization of the short-term power-law type creep of cement paste at
the micrometre length scale. Combining the indentation creep testing
and small-scale testing methods may allow us to gain a complete
description of creep behaviour at this scale [22,33]. However, compared
to the large number of studies focused on the creep, relatively little is
known about the creep recovery behaviour of cement paste at micro-
metre length scale. Recently, Liang and Wei [34] investigated the
microscopic creep recovery of mature cement paste using micro-
indentation technique for the first time. It is found that most of the
measured microindentation creep deformations (around 65%) are non-
recoverable. The authors [34] also suggested that the calculated re-
covery ratios in microindentation tests are comparable with that results
obtained in the long-term compressive creep tests (0.25-0.31) [35]. This
may indicate that the irrecoverable part of creep is associated with
several irreversible long-term creep mechanisms, e.g. sliding,
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dislocation, rearrangement or compaction of C-S-H [11,31]. Neverthe-
less, much uncertainty still exists about the recoverability of short-term
creep mechanisms involved in the creep of cement paste at the micro-
scale. Therefore, this study attempts to investigate the microscopic
short-term recovery of cement paste using the MCB bending tests
developed in [22]. This experimental approach was originally devel-
oped to characterize the short-term creep of cement paste at micrometre
length scale and was extended here to consider the creep recovery
behaviour of cement paste. It is hoped that the present research may
gain more insights into the creep and creep recovery mechanisms of
cement paste.

In this study, miniaturized samples (MCB) made of cement paste
were fabricated using the method described in [22,32]. The nano-
indenter was then utilized to perform creep and creep recovery tests on
these MCBs. Several influencing parameters, such as w/c ratio, stress
level and loading history, were investigated. The obtained creep and
creep recovery results were first examined using the linear superposition
principle. Afterwards, the comparisons with macroscopic and micro-
indentation tests were conducted to gain insights of creep recovery be-
haviours. Moreover, several possible creep mechanisms were discussed
to explain the observed creep recovery phenomenon.

2. Materials and methods
2.1. Materials and experimental procedure

2.1.1. Materials

Standard grade CEM I 42.5 N Portland cement and deionized water
were used in this study. The Blaine fineness of cement is 2840 cm?/g
(provided by the manufacturer). The water/cement ratios of cement
pastes were 0.3 and 0.4. Fresh cement paste was mixed following EN
196-3:2005 + A1:2008 (E) standard using a Hobart mixer and cast in
plastic cylindrical moulds with 24 mm diameter and 39 mm height. To
mitigate the influence of bleeding, the fresh paste was rotated at a speed
of 2.5 rpm for 24 h at room temperature (26 °C). The samples were cured
under sealed conditions at room temperature for 28 days. After
demoulding, the hardened cement pastes were cut into 3 mm thick sli-
ces. The slices were then immersed in isopropanol to arrest the hydra-
tion [36].

2.1.2. Sample preparation

Micro-cantilever beams (MCBs) were prepared using a precision
micro-dicing machine (MicroAce Series 3 Dicing Saw), which is gener-
ally used to cut semiconductor wafers. The first step is to obtain two
smooth and parallel surfaces by grinding both the sides of cement paste
slices using a Struers Labopol-5 thin sectioning machine. In the grinding
process, two grinding discs of 135 pm and 35 pm were used in sequence.

0.25 mm [+

Resin blade —/

Cement paste =——

Baseplate =

Cantilever beam
(cross section: 300 pmx=300 pm)

-~

1.65 mm
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Once the thickness of 2.15 mm was reached, two perpendicular cutting
directions with the same cutting space were applied on the samples
using the micro-dicing machine. In this way, multiple rows of cantilever
beams with a square cross section of 300 x 300 pm? were generated. The
cutting depth, i.e. the cantilevered length, was approximately 1650 pm.
The cutting process is schematically shown in Fig. 1. Several randomly
selected beams were examined by using an Environmental Scanning
Electron Microscope (ESEM) and X-ray computed tomography (XCT).
An overall accuracy of the cross-sectional dimensions of +£1.5 pm can be
reached with this fabrication process (Fig. 2). The X-ray source tube was
set at 90 kV/100 pA during scanning resulting in a voxel resolution of
0.5 x 0.5 x 0.5 pm>. After the segmentation of grey-value based CT
images [37], the obtained porosities for MCBs with two w/c ratios are
4.39 £+ 0.19% and 7.40 + 0.43%, respectively. Note that due to the
limitation of image resolution in XCT, pores smaller than 0.5 pm cannot
be detected and are mixed within the segmented solid phases. Therefore,
the porosity measured by XCT is much lower than the result of the
mercury intrusion porosimetry (MIP) [38,39]. Besides, in both the ESEM
and XCT images, no visible cracks have been found in MCBs. Before
testing, precautions were also taken to minimize the carbonation of the
samples by storing the beams in isopropanol.

2.2. MCB bending test

A KLA Nano indenter G200 equipped with a cylindrical wedge
indenter tip (Fig. 3) is used to apply the bending load on the MCBs.
Before testing, the angle and centre of the tip are calibrated by probing
into the standard aluminium reference sample. The baseplate of MCB
was fixed on a metal surface using cyanoacrylate adhesive. 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 beam longitudinal axis. The vertical line load was then applied by
the nanoindenter on the free end of the beam. The experimental set-up is
schematically shown in Fig. 4. For each tested beam, the coordinates of
the loading position and the fixed end were recorded under the micro-
scope to determine the loading length L. Prior to the tests, the samples
were kept in the chamber for temperature equalization until the thermal
drift rate is below 0.05 nm/s. All tests were conducted in a well-
insulated chamber preventing any significant change of temperature
and RH. The monitored average temperature and RH during the tests
were 26.3 £+ 0.4 °C and 34.2% =+ 0.8%.

2.2.1. Flexural strength and elastic modulus

To determine the mechanical properties of MCBs, 30 beams for each
w/c ratio were monotonically loaded to failure. The loading rate was 50
nm/s and the load-displacement responses of beams were recorded. The
maximum load Fp,x and slope of load-displacement curve k during

-___-___"

ESEM image

Fig. 1. Schematic diagram of sample preparation [22,32].
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1650 um

Fig. 3. Secondary electron image of the diamond cylindrical wedge tip with an enlarged view of the tip head [22].

Metal surface

Adhesive

Baseplate
Indenter

Cantilever beam —

Fig. 4. Schematic diagram of test set-up [40].

loading are respectively used to determine the flexural strength f and
loading modulus Ejoading according to the classical beam theory [22,32]:

Fraxdh
— Cmax® 1
f o7 (€Y
kL?
Eloading = ? (2)

where d is the measured distance between the load point and the frac-
ture point, h is the side length of the square beam cross-section, and I =
h*/12 is the moment of inertia. For each w/c ratio, three beams were

scanned by X-ray computed tomography. The measured loading
modulus and flexural strength, as well as the calculated hydration de-
gree based on XCT images [41] are presented in Table 1. As a demon-
stration, the MIP results of the cement pastes with similar material
compositions, i.e. w/c ratio, age and curing condition, obtained in [39]
are also presented in Table 1. As expected, the lower w/c ratio leads to
higher mechanical properties mainly due to the decreased porosity
[22,42]. The calculated flexural strengths are similar with the results
reported in literature [22,32,43,44].

2.2.2. Creep and creep recovery test

The MCB bending test was used to characterize the creep and creep
recovery properties of cement paste. The tests were carried out by the
nanoindenter using load control. The measurement frequency of each
test is 5 Hz. Before each MCB bending test, the beam was preloaded to
60% of constant load (which will be applied in the following creep test)
in 5 s and then unloaded completely also in 5 s. This procedure aims to
mitigate the possible plasticity in the experimental set-up and at the
same time to reduce possible initial damage to the sample and improve

Table 1
Porosities and mechanical properties of MCBs (in total 66 beams tested).
w/c Porosity by MIP (%) Hydration degree Eloading f (MPa)
ratio [39] (%) (GPa)
0.3 17 75.35 + 3.18 20.66 + 29.24 +
1.49 2.61
0.4 23 80.57 + 4.69 15.14 = 22.65 +

1.61 2.64
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the repeatability of the results. In the creep and creep recovery tests, the
load is first increased to the prescribed maximum force in a short period
(e.g. 5 s). The load is then held for a certain period (e.g. 180 s) to
measure the change of deformation as shown in Fig. 5(a). During the
unloading stage, the load is decreased to 1% of maximum force in 5 s.
This is followed by the second holding stage, where the small load (1%
of maximum force) is sustained. The original purpose of this re-holding
stage programmed in the Nano indenter G200 is to assess the thermal
drift rate at the end of test. However, the measured drift rate will be
affected by the creep recovery of cement paste due to its viscoelastic
nature. Herein, the second holding stage with another time period (e.g.
600 s) is used to estimate the creep recovery by recording the change of
displacement at this stage. The applied small load is to guarantee that
the indenter tip remains in contact with the sample's surface. This is
somewhat different from the creep recovery measurement in the
macroscopic test, where the load is completely removed.

Due to the extremely thin cross-section of MCB and the short testing
duration of 790 s with a constant RH, additional time-dependent de-
formations resulting from the autogenous shrinkage, drying shrinkage
and drying creep, etc. can be neglected. The creep strain ep,.(t) at the
upper fibre of the fixed end of beam can be calculated as:

36y, (t)h
enlr) = 525 3)
10000 50
m— Displacement
Holding stage = = =l oad

8000 o= = = = = = = . -440
’g Creep &
c —
= 6000 h 430>
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g p B |
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Fig. 5. Typical measured curves using the testing protocol.
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Note that the creep strain generated in the loading stage cannot be
neglected even subjected to the short loading duration (5 s) [33,40].
This part of creep strain will be calculated based on the proposed
analytical equations in next section.

In conventional nanoindentation tests, plasticity is often generated
during the loading stage because of the local high stress generated under
the tip [45]. In this study, some residual deformation d;s is observed at
the end of test, as can be seen in Fig. 5(b). The residual deformation after
excluding the displacement caused by the re-holding load, which is
calculated using the loading modulus, is only 2%-4% of the displace-
ment at the end of loading stage. By calculating the loading and
unloading slope in the range between 40% and 60% of maximum force,
the corresponding moduli, i.e. Ejoading and Eunloading, €an be obtained
according to Eq. (2). The determined Ejoading and Eynloading for w/c 0.3
samples are 20.25 + 1.75 MPa and 21.04 + 1.81 MPa, respectively. For
w/c 0.4 samples, the calculated loading and unloading moduli are 15.06
+ 1.52 MPa and 15.67 + 1.60 MPa, respectively. Note that there will be
a small difference of slope determined from other loading ranges. Fig. 6
shows a comparison between the loading and unloading modulus. The
calculated loading modulus is around 3% lower than the unloading
modulus indicating that the plastic deformation generated during the
loading stage accounts for a major portion of the residual deformation.
The plastic deformation may include the accumulated damage inside the
beam, possible indentation depth into the beam surface, as well as other
non-recoverable deformations inherent to the experimental set-up.
However, no plastic deformation is expected in the holding stage and
the unloading stage. In addition, a small portion of the residual defor-
mation could also be attributed to the ongoing recoverable creep and
possible non-recoverable creep.

The influences of different loading procedures on the creep and creep
recovery of cement paste at micrometre length scale were investigated
in this study. Table 2 presents 8 test series of the MCB bending tests. In
each test series, more than 15 MCBs were tested and the measured creep
and recovery displacements were averaged as illustrated in Fig. 7. It
should be mentioned that the directions of creep and recovery are
opposite though they are both plotted with the positive sign. The total
test duration is limited within 800 s due to the technical restriction of the
nanoindenter. In test series 1-6, three different loading levels were
applied for each w/c ratio, while the loading duration is kept the same
with the unloading duration (5 s) and all the holding and re-holding
durations are constant amounting to 180 s and 600 s, respectively. In
test series 7, the holding duration is increased to 300 s and the second
holding duration of 300 s is used. The loading duration up to 50 s was

26 —
1 ° 6.
o4 ® Test results e
1 y=x O
1 - y=1.03x ’
22 ..:‘
20 o
] Best fitted line (R?=0.99) ®g".-
o
£18
é 1 .+ Line of equality
w’ 16
14 4 [ X
12 q./
104 .05
8 . T T T T T T T T

8 10 12 14 16 18 20 22 24 26

loading

Fig. 6. Comparison of measured loading and unloading modulus.



Y. Gan et al.

Table 2

Summary of the loading procedures for MCB bending tests.

Cement and Concrete Research 149 (2021) 106562

Test series w/c Loading duration (s) Holding load (mN) Stress level Holding duration (s) Second holding load (mN) Second holding duration (s)
1 0.3 5 40 46% 180 0.4 600
2 0.3 5 60 69% 180 0.6 600
3 0.3 5 80 92% 180 0.8 600
4 0.4 5 20 30% 180 0.2 600
5 0.4 5 40 59% 180 0.4 600
6 0.4 5 60 88% 180 0.6 600
7 0.4 5 40 59% 300 0.4 300
8 0.4 50 40 59% 180 0.4 300
500 500
Experimental results (w/c 0.3, 40 mN) Experimental results (w/c 0.3, 40 mN)
Averaged value with standard deviation — Averaged value with standard deviation
= 400- E 400-
c =
= @
c
1S
% 300 8 300 -
®
o ©
8 &
o 2
N < I
. 2 200+ AT
g HE L
o O
O Q
100 © 1004}
0 T T T O T T T T T T
0 50 100 150 200 0 100 200 300 400 500 600 700
Hold time (s) Hold time (s)

(a)

(b)

Fig. 7. The measured creep and creep recovery displacement evolution curves during the holding stages for w/c 0.3 samples at the loading level of 40 mN.

investigated in test series 8.

In the course of experiments using the nanoindenter, the thermal
drift may also play a role. Therefore, 15 MCBs made of glass were
fabricated and loaded using the same loading procedure in order to
evaluate the drift rate and validate the experimental method. The
measured displacements for glass MCBs at the holding and re-holding

600

500

400

300

200

Creep displacement (nm)

100

Creep measurements on cement paste beams
—— Creep measurements on glass beams

T T
40 60 80 100 120 140 160 180 200

Hold time (s)

stages are compared with the results of cement paste MCBs in Fig. 8.
Generally, the glass is expected to exhibit no creep at room temperature
[46]. Therefore, any measured time-dependent deformation for glass
tests should be attributed to the inherent drift of the equipment or the
test set-up. It can be seen in Fig. 8 that the measured time-dependent
deformation for glass beams is very small compared to that of the

Recovery displacement (nm)
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400

300

200

100 ~

Recovery measurements on cement paste beams
—— Recovery measurements on glass beams

100 200 300
Second hold time (s)

Fig. 8. The comparisons of creep and creep recovery during the holding stages between cement paste beams and glass beams.
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cement paste beams. The thermal drift rate may vary slightly between
each test. For simplicity, the measured drift rates of the glass beams,
including holding and re-holding stages, were assumed to be constant
and the averaged value (including positive and negative drift rate) is
0.026 nm/s + 0.009 nm/s. Therefore, the total drift for the testing
duration of 790 s is around 20.54 nm. The obtained drift rate will be
adopted in the analytical model in the following section.

2.2.3. Analytical evaluation of visco-elastic-plastic deformation

The measured total displacement of MCB §yoa during the whole
testing duration is assumed to consist of four main parts: instantaneous
elastic deformation & (reversible), plastic deformation 6, (irreversible),
viscoelastic ~deformation &, (reversible) and thermal drift
8q (irreversible). The recoverable elastic deformation is linearly
dependent on the magnitude of the load and can easily be determined
based on the Hooke's law. The magnitude of plastic displacement during
the loading stage is here assumed to increase linearly with the load for
the sake of simplicity. It is known that the viscoelastic response is a
function of the entire loading history [33]. The cement paste at the
micrometre length scale is initially considered as a linear viscoelastic
solid. For small deformations, the Boltzmann superposition principle
(BSP) can be applied to evaluate its time-dependent response subjected
to any arbitrary load. In the region of linear viscoelasticity, the BSP
states that the response of a material to a given load is independent of
responses of the material to any load already acting on the material [47].
It means that each increment of load exerts an independent and additive
contribution to the total viscoelastic deformation. Besides, the defor-
mation of a specimen is proportional to the applied stress when all de-
formations are compared at equivalent times. Based on these
assumptions, this principle permits the calculation of viscoelastic
deformation of material subjected to arbitrary stress history. The basic
creep compliance evolution of cement paste can generally be con-
structed from combinations of rheological models, i.e. linear springs and
viscous dashpots. Alternatively, the creep compliance function can also
be determined through experimental data. In this study, the power-law
function mentioned is used [22,33,48]. The specific basic creep
compliance curve C(t,tp) can be represented as follows:

i\
C(t,ty) = a(i> @

1

where t is the time at the beginning the holding stage; t — ty is the time
elapsed under constant loading; t; is the reference time unit, i.e. 1 s. a
and g are two fitting parameters, where the inverse of a corresponds to
the so-called creep modulus [33]. The formulation of the BSP for a
multistep creep strain creep Of cement paste under isothermal conditions
reads:

Ecrccp(67 [> — Z:‘:] [0([,‘) — 0(!,;1 )] [a (%) :| 5)

where o(t;) — o(t;_1) is the actual stress increment at time interval (t; —
t;_1). The time interval used in this study is 0.1 s. In addition, the thermal
drift rate is assumed here to remain constant during the creep and re-
covery test. Therefore, by converting the viscoelastic strain to visco-
elastic displacement using Eq. (3), the total displacement evolution can
be written as:

217 |:D'(l)

d,
Stowa (1) = 8 + 6y + 6, + 64 = 3 FN‘F Ecreep (1) ] + Gloading (1) Kix + Varin!
(6)

where Ejy is the fitted intrinsic elastic modulus, 610ading(t) is the stress
applied to the sample up to time t, d, is the non-recoverable plastic
displacement generated during the loading stage, omayx is the maximum
stress, yqrife is the drift rate (0.026 nm/s) determined from tests of glass
beams. It should be mentioned that since the current focus is to examine

Cement and Concrete Research 149 (2021) 106562

the validity of BSP, we performed simplified optimization processes for
determining the two creep function parameters (@ and f), which is
similar to the approach used in [33,49]. Only three search intervals for
each parameter were defined and used to iteratively find the minimal
difference between the predicted and measured creep compliances [33].
To quantify the difference between the predicted and measured creep
curves, the square root of sum of squares error value geror at each time
point is calculated. The optimization processes were performed on two
test series, i.e. test series 2 (w/c 0.3) and test series 5 (w/c 0.4). These
two series with moderate stress levels were selected in order to minimize
the effects of other time-dependent deformation as well as non-linear
creep. Afterwards, the identified creep parameters were directly
applied to other test series. The rest of parameters used in Eq. (6) are
fitted separately using different parts of the load-displacement and time-
displacement curves. It is worth to noting that these parameters may
slightly differ for each individual sample due to the heterogeneous na-
ture of cement paste.

3. Results
3.1. Identification of visco-elastic-plastic parameters

An example of the predicted displacement evolution of one MCB
based on Eq. (6) is shown in Fig. 9. In general, the predicted
displacement-time curve agrees well with the experimental curve.

The identified parameters for all test series are present in Table 3. For
w/c 0.3 samples in test series 2, the two parameters fitted best for the
measured average creep compliance function, i.e. @ and f, are 1.17 +
0.12 x 10~3/GPa and 0.203 + 0.012, respectively. While for the w/c 0.4
samples, the average values with their standard derivations of two pa-
rameters were determined as 1.47 + 0.27 x 10~3/GPa and 0.203 +
0.011. The creep parameters identified from the test series 2 and 5 were
directly used in other test series with the same w/c ratio. It can be seen
that the obtained average Ej,; for w/c 0.3 and 0.4 sample are both
slightly larger than the corresponding loading and unloading moduli.
Based on the holding and unloading curves, the creep parameters and
intrinsic elastic modulus can be determined. By deducting the thermal
drift, elastic deformation (at 1% maximum load) and remaining visco-
elastic deformation (to reach 100% recovery) from the total measured
residual deformation at the end of test, the plastic deformation can be
determined. Note that no plastic displacement is assumed at the holding
stage.

8000
6400 Measured d-t curve|
= = =Predicted d-f curve
7000 ,-eeeceeenaneen... ,
I i E,.=15.30GPa
; =135
E =0.209
£ 74y=0.026 nm/s
T 5000 _— d, =156 nm
€ 0 50 100 150 200
o 500
€ 4000+
8 400
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% 3000 + o
& ] 200
2000
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0 L B e B T N B

— el
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Time t (s)

Fig. 9. A typical comparison between the measured and predicted
displacement-time curve for one w/c 0.4 sample from test series 5.
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Table 3

Summary of fitting parameters for 8 test series.
Test series w/c Omax a p Eint d, Vdrift Eerror

(MPa) (1073.GPa™h) (GPa) (nm) (nm/s) (nm)

1 0.3 13.32 + 0.02 1.17 0.203 21.87 +1.41 205 + 131 0.026 9.63 + 4.57
2 0.3 20.01 + 0.03 1.17 0.203 21.67 +1.76 219 £ 105 0.026 3.25 £1.75
3 0.3 26.73 + 0.05 1.17 0.203 21.41 £ 1.56 280 + 143 0.026 4.25 + 4.04
4 0.4 6.68 + 0.03 1.47 0.203 16.22 + 1.17 226 £ 73 0.026 2.74 £ 2.12
5 0.4 13.34 + 0.01 1.47 0.203 16.34 + 1.62 260 + 95 0.026 2.96 + 1.56
6 0.4 19.91 £+ 0.02 1.47 0.203 15.88 + 1.77 369 + 124 0.026 14.99 £+ 6.59
7 0.4 13.27 £+ 0.02 1.47 0.203 16.53 +1.21 271 £ 108 0.026 3.12 £1.62
8 0.4 13.29 + 0.03 1.47 0.203 15.95 + 1.50 332 £103 0.026 10.93 + 6.34

3.2. Creep strain evolution

Based on previous analytical equations and identified parameters, it
is now possible to estimate the development of the creep strain (visco-
elastic strain) during the whole test including loading, holding and
unloading stages. As a demonstration, the calculated viscoelastic strain
evolution curve for a w/c 0.4 sample under the loading level of 40 mN is
shown in Fig. 10. In this case, the viscoelastic strain generated during the
loading stage (5 s) is almost 67.7% of the viscoelastic strain developing
during the subsequent holding stage (180 s). In addition, the magnitude
of viscoelastic strain generated during the unloading stage (5 s) is
around 24.46 pe, which is very close to the viscoelastic strain at the
loading stage (25.05 pe). The creep strain evolution defined in this study
is mainly composed of two parts, i.e. the calculated viscoelastic strain at
the loading stage and the measured time-dependent strain at the holding
stage. For the case of test series 8, where 50 s loading duration was used,
the calculated creep strain during the loading stage amounts to
approximately 166.7% of the additional creep strain developing during
the subsequent 180 s of constant loading.

The creep strain evolutions of MCBs were then divided by the applied
maximum stresses, which are determined using Eq. (1), to obtain the
creep compliance curves. Fig. 11 shows the creep compliance curves for
two w/c ratios samples under different loading levels. For w/c 0.3
samples, the overall differences of creep compliances are very small. It
confirms that the cement pastes in the short-term behave in a linear
viscoelastic manner at the micrometre length scale. For the w/c 0.4, the
creep compliances of the first two loading levels, i.e. 20 mN and 40 mN,
almost overlap, while for the highest loading level (60 mN), the creep
compliance is larger.

Fig. 12 compares the creep compliance curves of w/c 0.4 samples
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Fig. 10. The calculated evolution of viscoelastic strain of w/c 0.4 sample under
the loading level of 40 mN.
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Fig. 11. The average creep compliances with scatter bars for (a) w/c 0.3
samples, and (b) w/c 0.4 samples.
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Fig. 12. The comparison of creep compliance evolutions for two different
loading durations.

with different loading durations. In the loading stage, the calculated
creep compliance is increased in slower loading procedure with the
same holding load. Moreover, less creep compliance is generated during
the holding stage when the longer loading duration is used. It also needs
to be noted that the viscoelastic deformation generated during the
loading stage will affect the determination of elastic modulus [40].

The derivatives of the data from Fig. 11 were calculated as the rates
of creep compliance at the holding stage. When the rate of creep
compliance versus time is plotted on a log-log scale, a single straight line
can be found for each sample, see Fig. 13. The curves for different
samples have similar slopes in the log-log scale suggesting a constant
exponent in the creep compliance function [22,33].

3.3. Creep recovery measured at the second holding stage

The change of displacement measured over the second holding stage
is considered as the main part of the creep recovery. The measured creep
recovery for samples subjected to different loading levels is plotted as a
logarithmic function of time in Fig. 14. Similar observations with respect
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Fig. 13. The calculated average rate of creep compliance during the hold-
ing stage.
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to the shape of creep recovery curve were reported in [50], where a
short-term transition was found in the time range from 0.2 s to 10 s for
macroscopic four-point bending tests on hardened cement paste. In
general, the creep recovery displacement increases with the loading
levels as more recoverable creep deformation is generated during the
holding stage. Likewise, when the loading duration or holding duration
is increased, more creep recovery will also be measured in the second
loading stage, as shown in Fig. 15.

It has been reported in several studies [34,51,52] that the rate of
creep recovery shows a rapid devolvement followed by a slow one.
Herein, the averaged creep recovery rates, which have been normalized
by the applied stresses at the first holding stage, are plotted against time
on a log-log scale in Fig. 16. Generally, the rate of creep recovery
gradually decreases with time, but there are clearly two different
attenuation speeds observed in each sample for both w/c ratios. As a
result, two distinct stages are recognized in Fig. 16 and it is found that
the corresponding transition point always lies in the time range of 15
s-20 s. Similar transition point has also been observed for other test
series. The attenuation speed for the creep recovery rate in the first stage
is slower than that of the second stage. In addition, the magnitude of
creep recovery rate seems to be proportional to the stress.

The initial recovery rates per unit stress at the beginning of the
second holding stage for both w/c ratios are presented in Fig. 17. It can
be seen that the initial recovery rates for w/c 0.4 at low stress levels are
higher than that of samples with w/c 0.3. It is interesting to note that the
initial recovery rate is around 23% larger for w/c 0.4 than for w/c 0.3,
while the creep compliance for w/c w 0.4 is also around 22% larger than
for w/c 0.3 (in Fig. 11). For samples with w/c 0.3, the initial recovery
rates per unit stress are almost independent of the applied stress.
However, for w/c 0.4 samples, when the stress is around 20 MPa, a
notable drop was observed.

3.4. Creep recovery ratio

The creep recovery ratio is here defined as the ratio between the total
creep recovery displacement and the total creep displacement. Note that
the creep and recovery displacement at holding stages were experi-
mentally measured, while the displacements at the loading and
unloading stages were calculated based on Eq. (6). The average creep
recovery ratios for eight test series are shown in Fig. 18. The second
holding duration is 300 s in both test series 7 and 8, while 600 s is used in
the other test series. Since a large portion of the creep recovery has been
completed within 300 s (as shown in Fig. 7), the two different holding
durations are expected to exhibit negligible influence on the recovery
ratio. It can be seen from Fig. 18 that most recovery ratios reach at
around 70%-90%. It also appears that the recovery ratios are indepen-
dent of the w/c ratio for the same loading level. For w/c 0.3 samples, the
recovery ratio is not largely affected by the change of the applied
(constant) load. The recovery ratio only drops 3.9% from the lowest
constant load to the highest constant load. However, for w/c 0.4 sam-
ples, a notable drop in recovery ratio (around 11.5%) is observed for the
samples under the highest constant load (60 mN), indicating some
irrecoverable creep was generated during the holding stage. For test
series 7, where a longer holding duration (300 s) was used, more creep
displacement would be expected and the recovery ratio would be lower
compared to those of tests with 180 s holding durations. As for the test
series 8, where 50 s loading duration was used, the calculated recovery
ratio is around 84.7%, which is similar to the results of other w/c 0.4 test
series.

3.5. Comparisons between experimental results and analytical predictions

The identified creep parameters with the real loading history and a
constant drift rate (0.026 nm/s) were used in the analytical Eq. (6) to
predict the creep recovery curves under different loading levels, as
shown in Fig. 19. It can be seen that the overall differences between the
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predicted and measured average creep recovery curves are small. In
Table 3, the €error calculated for w/c 0.3 with the applied load of 40 mN
is 9.63 + 4.57 nm, while for the other two loading levels the average
error values are only 3.25 + 1.75 nm and 4.25 + 4.04 nm. This large
prediction error for w/c 0.3 samples under the lowest loading level may
be attributed to the assumed constant drift rate, which will be explained
later. Exceptions have also been observed for w/c 0.4 samples under the
highest loading level, where the measured creep recovery is lower than
the predicted value. It suggests that the linear viscoelastic principle may
be not applicable anymore for w/c 0.4 cement paste with the stress
amounting to around 20 MPa (corresponding to the force of 60 mN and
around 88% of strength).

The predicted evolution of creep compliance with two different
loading durations, i.e. 5 s and 50 s, are presented in Fig. 20(a). In gen-
eral, the predicted creep compliance curves of cement paste (w/c 0.4)
during the holding stage agree well with the experimental results.

However, the analytical equation shows relatively limited success in
predicting the test series with the loading duration of 50 s, as indicated
by the calculated éerror in Table 3. This is probably attributed to the
assumed constant drift rate. The analytical equation was also utilized to
examine whether the adopted re-holding protocol with 1% of maximum
load may bias the kinetics of creep recovery development. As shown in
Fig. 20(b), negligible influence on the kinetic of creep recovery can be
observed confirming the validity of the current testing protocol.

The analytical equation was then used to predict the creep recovery
ratios for different w/c ratios and applied stress levels. Moreover, the
effect of drift rate, which is inherent to the nanoindenter measurement,
on the measured creep recovery ratios was also assessed. The predicted
and measured recovery ratios are shown in Fig. 21. When the drift rate is
set to zero, the predicted recovery ratio is independent of the applied
stress and is calculated as around 90.1%, which is close to most of the
experimentally measured ratios. However, the assumed positive drift
rate will lower the predicted recovery ratio and make it even closer to
the experimental results. When the drift rate is assumed to be 0.026 nm/
s, there is an increasing trend for the predicted recovery ratio with the
increasing stress. This spurious dependency on stress magnitude is due
to the decreasing proportion of drift in total deformation. The drift also
accounts for a higher portion of the total deformation for lower w/c ratio
samples as their total deformations are relatively small. Therefore, one
should always be careful with interpreting the time-dependent defor-
mation measured by the nanoindenter as they may be biased by the drift
rate, which is not an intrinsic material behaviour. Besides, there is no
guarantee that the thermal drift will remain constant during the tests.
However, as long as the total deformation is large enough and the total
duration short enough, the effect of drift can be neglected.

Overall, the time-dependent deformation of the cement paste at
micrometre length scale can be appropriately described based on the
linear superposition principle, except for the case of test series 6 where
non-linear creep was observed. However, it should be mentioned that
the maximum stress applicable for linear viscoelasticity of cement paste
at micrometre length scale is much higher than the values reported in
most macroscopic flexural or tensile creep tests. For w/c 0.3 samples, the
applied stresses even reach to around 92% of the flexural strength and
the samples almost still stay in the linear viscoelastic region. This is a
surprising characteristic of the cement paste at micrometre length scale.
The validation of linear superposition principle could be of considerable
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practical relevance in simplifying the calculation of strain under a
varying stress and also in providing the basis for creep modelling
[33,53,54]. A few creep compliance evolution curves for a constant
stress applied to cement paste at different ages may provide adequate
information. Theoretical predictions of creep and creep recovery based
on BSP have also been studied in macroscopic tests in [33,53]. More-
over, it should be noted that the compressive and tensile creep functions
at micrometre length scale are considered to be identical in current
study. However, very contradictory findings on the magnitudes of
macroscopic compressive creep and tensile creep have been reported in
literature [6,55-57], and there is no consensus yet on this issue.
Nevertheless, even though the current analytical model is able to
accurately predict the time-dependent deformation, there is still a lack
of physical explanation with respect to the creep recovery behaviour of
cement paste at the microscale. More discussions regarding the creep
recovery mechanisms follow in the next sections.

10

4. Discussion
4.1. Comparisons with microindentation and macroscopic tests

By comparing the test results obtained in this study with the results
of conventional microindentation tests and macroscopic tests, it is hoped
to gain some insights of the creep recovery behaviour of cement paste at
micrometre length scale. Liang and Wei [34] recently investigated the
microscopic creep recovery of mature cement paste using micro-
indentation technique. The microindentation creep recovery tests also
consist of a minutes-long holding stage and a re-holding stage, which are
similar to the loading protocol adopted in this study. The micro-
indentation creep recovery ratio is calculated based on the measured
change in indentation depth during the holding stage and the recovery
of indentation depth over the re-holding stage. In addition to the similar
timeframe, the probed volume in microindentation tests is almost at the
same length scale with MCBs. However, the stress magnitude under the
indenter tip (Berkovich tip) is one or two orders higher than the stress
generated in current bending tests. A distinct quantitative discrepancy
can be found in the measured creep recovery ratio. The micro-
indentation recovery ratio for w/c 0.3 cement paste reported in [34] is
around 31%-41%, which is much lower than the ratios measured in the
current study (>80%). It indicates that most of the measured indenta-
tion creep deformations are irrecoverable. Therefore, it can be deduced
that different creep mechanisms may be involved in the (almost) fully
recoverable power-law function creep obtained in this study and the
partially recoverable logarithmic creep measured in indentation tests.

After having initially suggested with Ulm that the logarithmic creep
characterized by indentation technique may be related to the re-
arrangement of nanoscale C-S-H particles [7,28], Vandamme [58]
later put forward another possible explanation suggesting that the high
stress magnitude under the indenter tip may affect local microscopic
relaxations of existing microprestresses or eigenstresses in microstruc-
tures, which is also considered as the main long-term creep mechanism
in the microprestress-solidification theory [5]. Anyhow, the permanent
re-arrangement of C-S-H particles or the local relaxation process may
lead to the irreversible creep deformation. Moreover, the recovery ratios
obtained in microindentation results seem to be comparable with the
long-term macroscopic testing results (21%-33%) reported in [35],
where much longer testing durations (>28 days) were used. However, it
has to be noted that for conventional macroscopic creep tests on cement
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pastes or concretes, the samples would experience significant time-
dependent ageing processes, such as ongoing hydration, moisture ex-
change, microcracking and shrinkage, leading to permanent micro-
structural changes. As a result, when the external load is removed, these
changes could impede the samples to fully return to their original states.
This could also explain, to some extent, the irrecoverable creep observed
in macroscopic tests.

For the creep recovery of MCB investigated in this study, the gov-
erning creep mechanism may not be any of those mechanisms
mentioned above as very few irreversible creep deformations were
observed. Instead, the testing results are found to be more representative
of short-term macroscopic creep recovery results reported in [33],
where fully recoverable creep was also observed. In [33], the three-
minutes long creep recovery tests on young age cement pastes have
been carried out at the macroscale. The identified creep modulus (1/a@)
in [33] is found to increase from 10 to 40 GPa with the increasing hy-
dration degree from approximately 30 to 60%. Note that the reference
time used in [33] is 86,400 s. When the same reference time is also used
in Eq. (4), the calculated creep modulus for the w/c 0.4 mature cement
paste in this study is around 67.7 GPa. Even though the creep modulus
may vary with different exponent values, the calculated value is in the
same order of magnitude with the results reported in [33]. It is also
found in [33] that the power-law exponent () decreases slightly from
around 0.3 to 0.2 with the increasing hydration degree, which is very
close to the exponent obtained in current study (i.e. 0.203). However, it
is also interesting to note that in their experiments [33], very low
compressive stress level, i.e. 15% of compressive strength (around 3-4
MPa), was used to ensure non-damaging microstructure during the creep
tests. By contrast, the flexural stress used in current study amounts to 26
MPa for w/c 0.3 samples (92% of flexural strength), and in this case the
cement paste seems to still stay in the linear viscoelastic region. It is
worth mentioning that even though only a small part of the beam sub-
jected to the bending load is under this high stress state, the applied
stress levels are already much higher than those in macroscopic bending
tests. While for w/c 0.4 samples, a relatively lower stress limit, which
lies in the range of 13-20 MPa (57-88% of flexural strength), is found to
induce non-linear creep. Moreover, it is well known that the flexural and
tensile strengths of cementitious materials are almost one order lower
than their compressive strengths [59]. In general, a critical maximum
value of the stress (or strain) needs to be found to mark the end of the
linear viscoelasticity region [60,61]. Beyond this region, the time-
dependent responses of materials are different. Knowing this high crit-
ical flexural stress for linear viscoelasticity observed at micrometre
length scale may be helpful to develop the multiscale modelling of creep
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of cementitious material in the future.

4.2. Possible explanations for the observed creep recovery behaviour at
micrometre length scale

In order to further explain the creep recovery behaviour of cement
paste at micrometre length scale, several existing mechanisms proposed
in literature [3,50,62-64] are discussed and examined in this section.

For any linear viscoelastic material, its time-dependent response can
be described using the combinations of elastic spring and viscous
dashpot [65]. For instance, when an external tensile load is applied to a
Kelvin model, the spring tends to stretch immediately but it will be held
back by the dashpot. After the removal of load, the spring starts to return
to its initial state and will again be held by the dashpot. As a result, the
spring will generate an opposite stress to the dashpot and eventually pull
it back to its original position given enough time (for the full recovery).
In the case of cement paste at micrometre length scale, one can envision
that multiple elastic components, such as unhydrated particles, calcium
hydroxide and ettringite, may serve as elastic springs, while only the C-
S-H phases may be considered as dashpots [21,66]. The observed creep
recovery can be then explained as a microscale stress redistribution
process. From this perspective, the non-recoverable creep may be
explained by the damaged or changed ‘springs’ or ‘dashpots’ potentially
due to the microcracking [64]. In addition, Sellevold and Richards [50]
also suggested that the short-term creep and creep recovery behaviours
of cement paste may be explained as the redistribution of capillary water
caused by small stress-induced changes in pore geometry. However, in
consideration of the RH (34%) used in this study, the MCB reached the
hygral equilibrium before the tests due to its extreme small size and very
little free water remained in the capillary pores [22]. Therefore, the
explanation based on the redistribution of capillary water is not
convincing in the current study. Moreover, due to the low RH some C-S-
H phases may be too dry to flow and may also act like non-creep phases
to restrain the creep deformation. They could also contribute to the
creep recovery in a similar way as other elastic components. Therefore,
different time-dependent deformation behaviours may be involved in
various RH levels.

In literature, several studies also attempted to explain the creep re-
covery phenomenon at the C-S-H level. Neville [3] suggested that the
creep may be related to the movement of water from the C-S-H gel into
the capillary pores, while the creep recovery may be due to the inward
movement of water into the gel. In this sense, the creep recovery is
explained as a process for cement paste returning to a hygral equilibrium
with the ambient medium. Similarly, Meyers and Slate [62] also
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Fig. 19. The comparisons between the measured and predicted creep recovery
curves at the holding stage.

suggested that the internal displacement of adsorbed water is recover-
able because of the strong attraction of water molecules by closely
adjacent gel surfaces. As the gel surfaces are unloaded, water in larger
pores will move slowly back towards the attractive gel surfaces. The
authors also believe that the physical changes (e.g. ongoing hydration)
that take place in the gel during the creep tests could possibly explain the
observed irreversible creep. At high relative humidity, Wyrzykowski and
Lura [67] showed experimentally that a mechanical load can induce
water redistribution in a partially saturated mortar. Furthermore,
Wyrzykowski et al. [63] recently using 'H nuclear magnetic resonance
(NMR) technique confirmed the fully reversible microdiffusion of water
between gel pores and larger pores. The authors also suggested that the
partially reversible behaviour could be due to a permanent rearrange-
ment of porosity under load. The hypothesis of water migration
(microdiffusion) supported by the NMR results could also explain the
short-term creep of MCBs in this study. However, the water transfer may
only occur between the small gel pores and large gel pores or interhy-
drate pores [63] due to the low RH used in this study.

12

Cement and Concrete Research 149 (2021) 106562

—m— Measured average creep compliance (5 s loading)
1 —A— Measured average creep compliance (50 s loading)
—o— Predicted creep compliance (5 s loading)

57 —— Predicted creep compliance (50 s loading)
1 Parameters for prediction (w/c 0.4):
4 a=1.47
£=0.203

Yair=0-026 nm/s

Creep compliance (x10°/MPa)

o777 T T T
0 20 40 60 80 100 120 140 160 180 200
Hold time (s)
(a)
250
—&— Predicted 99% unloading
1 —O— Predicted 100% unloading
2004 parameters for prediction (w/c 0.4, 40 mN):
— a=1.47
E 1 p=0.203
‘5150_ Y4i=0-026 nm/s
[
>
(o) 4
o
o
o 100
[}
i
5 ]
50
0 T
0.1 1000

Second hold time (s)

(b)

Fig. 20. (a) The comparison between measured and predicted curves for
different loading durations and (b) the effect of different unloading procedure
on the predicted creep recovery curves.

As for the observations regarding the non-linear creep of w/c 0.4
samples under the highest stress level, a possible explanation based on
the study of Rossi et al. [64] could be used. In their study [64], the
acoustic emission technique was adopted to investigate the macroscopic
compressive and tensile creep behaviours of concretes. The authors
suggested that during the initial loading stage, microcracking will al-
ways occur and the creations of microcracks will generate brutal hygral
imbalances within the sample [64]. This will result in the moisture
gradients and consequently these gradients will induce water movement
from the capillary or gel pores surrounding the microcracks towards
these microcracks. This self-drying induced by cracking will cause an
additional shrinkage and eventually cause more microcracking due to
the restraints of other non-shrinking components. Note that the micro-
cracks induced self-drying shrinkage is assumed to be significant only
when the applied stress is high. Therefore, the non-linear creep of w/c
0.4 samples under high stress levels could be explained as the possible
appearances of higher density of microcracks. In addition to the
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irrecoverable creep deformation caused by microcracking, it can be
assumed that a small part of irrecoverable deformation associated with
moisture lost to the surroundings is also possible [62] as the samples
were not completely sealed, even though the samples were equilibrated
before the tests and the overall humidity is kept almost constant in the
nanoindenter chamber.

5. Conclusions

This paper studied the creep recovery behaviour of cement paste at
micrometre length scale using MCB bending tests. The effects of w/c
ratio, flexural stress level and loading history on the creep recovery were
investigated. Another purpose of the current paper is to examine
whether the linear superposition principle can be employed in the
flexural creep and creep recovery of cement paste at micrometre length
scale. The following conclusions were drawn from the study:

(1) The MCB bending testing approach, which consists of a holding
and a re-holding stage, is useful to characterize the short-term
creep recovery of cement paste at micrometre length scale.
Compared to recovery ratios obtained in short-term micro-
indentation tests and long-term macroscopic tests, much higher
recovery ratios (>80%) were obtained in this study.

The analytical model based on the linear superposition principle
is able to appropriately predict the time-dependent responses of
cement pastes at micrometre length scale, even subjected to very
high flexural stress levels (up to 92% of flexural strength for w/c
0.3 samples). Knowing this high flexural stress level applicable
for linear viscoelasticity observed at micrometre length scale may
be helpful to develop the multiscale modelling of creep of
cementitious material in terms of identifications of transitions
from linear creep to non-linear creep at different scales.

Several existing short-term creep mechanisms were used to
explain the creep and creep recovery behaviour of cement paste
at micrometre length scale. It is suggested that the short-term
creep recovery may be mainly related to the microscopic stress
redistribution process. The possible reversible internal water
movement could also be used to explain the creep recovery
phenomena. The observed non-linear creep could be attributed to
the high density of microcracks promoting the water transfer.

(2
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