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Abstract:

At sufficiently low applied shear deformation or shear stress, fresh cement paste exhibits
viscoelastic solid-like behavior. This solid-like state is particularly important for some
applications, such as self-consolidating concrete formwork pressure and 3D concrete
printing. In this study, the viscoelastic solid-like behavior of fresh cement pastes is
probed using a rheometer. Static yield stress, storage modulus, and cohesion are
measured by creep recovery and constant shear rate test, small amplitude oscillatory
sweep (SAOS) test and tack test, respectively. The effect of nanoclay addition is studied
in various aspects of viscoelastic performance of fresh cement pastes. It is found that
nanoclay addition not only enhances yield stress and cohesion, but also stiffness in terms

of storage and tangent modulus.

Keywords: static yield stress, storage modulus, tangent shear modulus, cohesion,

nanoclay.



O 0 9 AN n B~ WD =

W W NN NN N N N N N N e e e e e e e
— O O 0 NN N R WD R, OO0 0NN N R WD~ O

1. Introduction

Rheology is a field of study on the deformation of materials — not only liquids, but also
solids. Cementitious materials in the fresh state (i.e. before set) show both liquid and
solid state properties. In particular, the viscoelastic solid properties are closely related to
many engineering challenges. Since the invention of self-consolidating concrete (SCC),
the study of solid state properties in fresh state has generated significant interest.
Compared with conventional vibrated concrete, SCC is more flowable and designed to be
easier to operate and cast. However, because of its high flowability SCC also induces
higher formwork pressure, which makes formwork construction more costly. Experience
and studies conclude that the solid state property after casting is related to formwork
pressure [1]. In addition, while at rest, SCC builds up strength and the formwork pressure
goes down further [2]. For extrusion based 3D concrete printing, fresh mixes are pumped
through the pipe to the nozzle head, then extruded and deposited layer by layer. To build
up to a certain height, the fresh material must exhibit sufficiently high strength and
stiffness [3, 4]. Meanwhile, the rate of structural build-up should be carefully controlled
to balance buildability and interlayer bonding [4, 5]. Cohesion is related to formwork
pressure of SCC [6], but also to multi-layer bonding [7]. Higher magnitude and rate of
increase of cohesion of SCC could lower formwork pressure [2, 8]. In concrete 3D

printing applications, shape retention is also related to material cohesion.

Stability and homogenization of granular particles and fibers in the fresh cement paste
matrix is also a big challenge in concrete technology, especially in modern flowable
concrete. After casting, the granular particles in concrete could be stable if the fresh

cement paste is strong enough to sustain gravity or creep [9].

Compared to dynamic flow properties, the solid-like state of fresh cementitious materials
is not as well studied, especially stiffness of cement materials in terms of modulus. Slump
tests by cone, mini-cone, Abrams cone, etc, which are widely used in concrete
construction industry, could probe the solid state and it has been shown that the slump

value follows a trendline correlated to yield stress [10-14]. In the next sections, it will be
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discussed how shear rheological methods can be used to measure parameters to describe

the solid state of fresh cement pastes.

1.1. Rheological properties in solid-like state

Yield stress is a basic term to describe the flowability of cementitious materials.
Depending on the shear history, cementitious materials exhibit different yield stresses.
One simple example is explained below. In a typical response, under an intermediate
shear rate, the shear stress increases to a peak value, then decays to an equilibrium value.
The peak shear stress is related to the static yield stress before structural breakdown,
while the equilibrium shear stress is related to the dynamic yield stress. The structural
breakdown process corresponds to the change of microstructure in terms of flocculation

states [ 15]. Various flocculation states correspond to various yield stresses [16].

Recently, thixotropy has been extensively studied. Thixotropy is defined as the ability of
a material to flow at high shear rates but build up strength at low shear rates or resting
[17]. Roussel et al. [18] concluded that the thixotropy of cement paste originates from
colloidal bonding and CSH bridges and determines various flocculation states. Further,
the authors confirmed that thixotropy is related to the discrepancy between static and

dynamic yield stress [19].

The attractive forces, including CSH bridges and flocculation bonding in cement pastes,
not only give cement paste yield stress, but also stiffness to retain its shape. Modulus is
another term describing the stiffness in the solid state. Shear modulus, or modulus of
rigidity, is a measure of response in shear stress corresponding to shear strain at low
stress/strain range. It could be measured as storage modulus under oscillatory shear or

tangent shear modulus under direct shearing.

Cohesion is a bonding property of cementitious materials under extension. It is not only
related to liquid properties to wet the surface and form bonding, but also related to solid

properties to sustain a certain debonding stress [20].



O 0 9 AN n B~ WD =

W W NN NN N N N N N N e e e e e e e
— O O 0 NN N R WD R, OO0 0NN N R WD~ O

1.2. Nanoclay enhancing solid state properties

Nanoclays, namely attapulgite or palygorskite clay, have been used as a viscosity
modifying agent (VMA) in concrete and has been demonstrated to be effective in various
applications, such as decreasing SCC formwork pressure [21]. This can be attributed to
the high initial value and rate of increase of static yield stress over resting time by
nanoclay addition [22]. High thixotropy can enable low dynamic yield stress under flow
while maintaining high static yield stress under rest. Nanoclay is extensively studied and
demonstrated to increase thixotropy, even with PCE addition [23]. As thixotropy is
desired to balance pumpability and buildability, nanoclay has been very popularly used in
developing 3D printing cementitious materials [24-28]. Nanoclay has also been found to
increase green strength and shape stability in slip-form pavement [29], which is

beneficial for the buildability of 3D printing [30].

This study probes the rheological properties of fresh cement pastes in the solid-like state.
Investigated properties include static yield stress via creep recovery test, storage modulus
via oscillatory strain amplitude sweep, tangent shear modulus via low constant shear rate,
and cohesion via tack test. In particular, the effect and underlying mechanisms of

nanoclay on these solid-like properties are studied.

2. Theoretical background of approach

2.1. Creep recovery test

Creep recovery test has long been applied to probe the viscoelastic properties of materials,
where constant stress is applied for a set time period, then the stress is released for
another set time period. The response in terms of strain development is different for an
elastic solid, a viscous liquid, a viscoelastic solid and a viscoelastic liquid material.
Detailed description can be found in [22, 31]. Fresh cement pastes exhibit viscoelastic

solid or viscoelastic liquid properties depending on the creep stress applied. When the
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applied creep stress is lower than a critical stress, the strain increases and approaches an
equilibrium value, indicating no continuous flow. When the applied stress is higher than
the critical stress, the strain keeps increasing, indicating the flow continues. Therefore,
the critical creep stress when solid liquid transition occurs is the static yield stress. Before
the onset of flow, at stresses lower than the static yield stress, the cement paste exhibits

viscoelastic solid-like behavior [22].

2.2. Small amplitude oscillatory sweep (SAOS)

The oscillatory shear approach has been popularly applied to study the viscoelastic
properties of fresh cement pastes. Small amplitude oscillatory sweep (SAOS) could be
used to obtain storage modulus and critical strain [16, 32]. The theory is briefly explained

here, while further reference for more details is given in [22].

An oscillatory strain is applied as a sine function and the measured stress is a
combination of sine and cosine function due to the elastic and viscous response of the
material. The storage modulus G’ represents the elastic or in-phase response and the loss
modulus G” represents the viscous or out-of-phase response. They are related to the

viscoelastic solid and liquid properties, respectively.

Within a critical oscillatory strain, the particle colloidal system could recover elastically
and the structural integrity is maintained. Within the critical strain, G’ (and also G”) is
independent of applied frequency and strain, so this region is called the linear viscoelastic
region (LVR). Above the critical strain, particle colloidal system is destructured and not

able to recover elastically, so the storage modulus decreases.

We implement strain oscillatory sweep from 107 to 0.1 on fresh cement pastes. Constant
frequency, 1 Hz, is set for SAOS, which is also commonly applied in other studies [32-
34]. The corresponding storage modulus G’ vs. strain curve exhibits two main regions: an
initial plateau and a subsequent decrease indicating that the sample is experiencing a

shear-induced breakdown. The strain at which there is an apparent drop in stiffness is
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considered to be the critical strain. Both the plateau storage modulus and critical strain
are measured. For plain cement pastes, the critical oscillatory strain marking the end of
LVR is in the range of 10 for plain cement pastes [18, 32, 35]. It could be much higher
than 10* with PCE or other superplasticizer addition [36].

2.3. Constant shear rate

The typical response of cement-based materials under constant shear rate is an initial
increase to a peak value and subsequent decrease to an equilibrium value. The increase in

stress is related to the gradual deformation of the material.

2.3.1. Peak value and tangent shear modulus: low constant shear rate

The peak stress marks the yield stress of the suspension that must be overcome to initiate
flow in a material. Therefore, the peak strain value has also been used to measure static
yield stress before the structure breaks down [37, 38]. However, it has been concluded

that the static yield stress by this method is shear rate dependent [39, 40].

The increasing rate of stress over strain corresponds to the stiffness and modulus of the
materials. It is generally found that the shear stress increases rapidly in the beginning,
then slows until reaching peak stress. It could be reasoned that continuous shearing
breaks the microstructure, thus the stiffness or modulus decreases. The tangent shear
modulus, which is the slope of a line tangent to the stress-strain curve, in the beginning is

higher and considered to correspond to the solid-like properties.

2.3.2. Stress decay: high constant shear rate

At high shear rate, the stress increment process occurs too fast to be captured by
rheometer, but high shear rate allow materials to obtain stable flow, thus the stress decay
process under flow can be measured accurately in this case [41]. The authors have used

exponential curve fitting for the stress decay process and used it to calculate a thixotropic
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index [15, 42]. They also used stress decay process to model the sand migration process
during continuous shearing of fresh mortars [43]. The characteristic time calculated by
the model indicates the rate of structural breakdown. The stiffer the microstructure, the

lower the characteristic strain [17]. Details can be found in [15].

2.4. Probe tack test

Traditionally, cohesion of cement-based materials is measured by the washout test (CRD
C 61 standard) [44], where an open bucket of concrete is dipped into water and taken out.
The mass change is measured and taken as a measure of how cohesive the material is.
However, the test is empirical and could be subjective and affected by many factors.
Meanwhile, the probe tack test has been used to characterize debonding properties of
different types of soft materials [45-47]. However, the cohesion of cementitious materials
has not been extensively studied. Several studies (Kawashima et al. [6], Ma et al. [48]
and Kaci et al. [20, 49]) adopted probe tack test to measure cohesion of cement

materialssystems.

2.4.1. Normal force evolution at various pulling velocities

Probe tack test is performed on two parallel plates at an initial gap. The material is filled
in between the two plates. The upper plate is lifted up at a constant pulling velocity.
Correspondingly, the normal force increases to a peak value, then decreases until almost

zero when the two plates are separated.

At the very beginning of pulling, the sample deforms elastically and the normal force
increases with the gap. Beyond a critical tensile strain, the normal force reaches a peak
value and starts to decrease, indicating that the sample starts undergoing a failure process,
as shown in Figure 1. The value of the peak force may be composed of at least two
contributions: resistance to flow or viscous dissipation (dynamic property) and resistance
to elastic failure (static property) due to the intrinsic cohesion of the material [49]. The

physical origin of cohesion may include intermolecular forces and capillary effects. The
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higher the pulling velocity is, the higher the viscous dissipation is [20]. To eliminate the
effect of dynamic hydraulic forces on peak force, cohesion is considered to correspond to
the value of the peak force for a vanishingly low pulling velocity. We first study the
effect of pulling velocity on peak value {4, ., which has been presented in the PhD thesis

of the first author [50].

The peak value vs. pulling velocity for plain cement paste with w/c at 0.36 is summarized
in Figure 2. The behavior of normal force can be categorized into two regimes by a
certain pulling velocity criterion. If the pulling velocity exceeds a certain criterion, higher
pulling velocity leads to higher peak normal force due to viscous dissipation [20]. At high
pulling velocities, during the stress decay and failure process, the entire material sample

progressively flows inward and separates as two peaks, as shown in Figure 3 (a).

Below the velocity criteria, lower pulling velocity leads to higher peak normal force. At
relatively low pulling velocities, it takes a longer time for the stretching force to reach the
peak value. Therefore, the higher peak normal force could be related to the elastic
response and structural rebuilding over resting time. At low pulling velocity (1 gm/s),
the sample shows heterogeneous cavitation and fingering failure mode [45] — this is
shown in Figure 3 (b) where several inward flows are observed, which is a combination
of moderate inwards flow and internal growth of voids. It is reasoned that at low pulling
velocity, it takes a longer time for the material to fail and separate completely, and due to
structural rebuilding [22] the paste stiffens. So instead of one moderate inward flow, it

shows several inward flows and fingering features.

Thus, as shown in Figure 2, normal force at the critical pulling velocity, 10 wm/'s, shows
the smallest value. To mitigate the effect of viscous dissipation and structural rebuilding
on the measured cohesion, the criterion value of 10 gm/s is selected and used in the

remainder of the study.

3. Materials and procedures
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3.1. Materials and experimental setup

Type 1 Portland cement is used in all mixtures. According to ASTM C150 [51], its
compressive strength at 28 days is 44.8 MPa, the Blaine fineness is 420 m*/kg and the
chemical constituents are summarized in Table 1. Samples are prepared with tap water.
Highly purified attapulgite clay is also added to replace cement at small amounts. The
nanoclay is a highly purified magnesium alumino-silicate, which is chemically exfoliated
from bulk attapulgite to remove all impurities. When dispersed, it is needle-like with an
average length of 1.75 pm and diameter of 30 nm, so it will be referred to as nanoclay

herein. In this study, no chemical admixtures are used.

Mixtures have a water-to-cement ratio (W/C) of 0.36 by mass. As a parameter, the
amount of nanoclay replacing cement varies from 0, 0.1, 0.3 and 0.5% by mass of binder

including both cement and nanoclay.

Nanoclay powder is blended with the mixing water in a Waring blender for 2 minutes to
produce a clay suspension, which remains stable after 24 hours at rest. Immediately after
preparing the suspension, it is poured into a beaker. Cement powder is slowly added to
the suspension and mixed by hand for 1 min. Then, it is mixed with a small egg mixer at
a speed of 1100 rpm for 3 min. The fresh cement paste is loaded into the cup of the

rheometer with a syringe to ensure each sample has the same volume.

3.2. Shear rheological protocols

We perform all tests on a HAAKE MARS III rotational rheometer. Rotational tests such
as creep recovery, small amplitude oscillatory sweep (SAOS), and constant shear rate
tests are run using a coaxial cylinder geometer — the radius of the bob is 12.54 mm and
the gap between the bob and cup is 1.06 mm. As cementitious materials are thixotropic,
the flow behavior is greatly dependent on the flocculation state. It must be consistent
before each test to guarantee repeatability. Each sample is presheared at 600 s! for 4 min

until the shear stress reaches equilibrium, after which the material is allowed to rest for 1
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min for stress relaxation and to reach a stable state. Then, either the creep recovery test,
oscillatory test, or constant shear rate is applied. In the creep recovery protocol, we apply
the creep step for 60 s at each applied stress level and monitor its recovery for another 60
s. In SAOS, we apply strains from 10 to 10! at a fixed frequency of 1 Hz. For the

constant shear rate, either 0.01 s or 50 s'! is applied.

For the tack test, parallel plates with a diameter of 60 mm are used. The lower plate is
fixed, while the upper plate could rotate or move up and down. After loading a set
volume of cement paste, the upper plate is lowered and squeezes the material until it
reaches the target gap (2 mm). Once the top plate is in position, the sample is trimmed to
match the diameter of the plates. The gap (2 mm) is the initial sample height. To prevent
slip, the plates are covered by sand paper with an ISO/FEPA grit designation of P150.

During the test, each sample is presheared at 50 s™! for 1 min until the shear stress reaches
equilibrium, after which the material is allowed to rest for 1 min for stress relaxation and
to reach a stable state. After preshear and resting, the top plate moves up vertically at a
low pulling velocity at 10 gm/s. The normal force experienced by the top plate is

recorded over time until the sample reaches complete separation.

For each test protocol with any mixture, a new sample is prepared. At least three

measurements are conducted for each mixture and testing protocol.

4. Results and discussion

4.1. Static yield stress by creep recovery test

Static yield stress by creep recovery test has been measured and presented in a previous
study [22] and briefly presented here. We implement the creep recovery protocol to
measure the static yield stress of cement pastes modified with highly purified attapulgite

clays, which exhibit high rate of thixotropic rebuilding at short time scales [52]. The

results are shown in Figure 4. There is a linear increase of static yield stress with

10
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nanoclay addition. With 0.5% of nanoclay addition over cement, the static yield stress

increases from 19 Pa to 58.2 Pa.

4.2. Cohesion by probe tack test

As shown in Figure 5, the cohesive strength of cement paste increases with nanoclay
addition. It is noted here that the preshear rate is much lower for parallel plates geometry
than bob-cup geometry (50 v.s. 600 s'). Because in parallel plates, high shearing rate
might make the material distribute inhomogeneous in between the two plates, and make
the material flow out of the plates. In a study by Kawashima et al. [6], preshear at 50 or
300 s! makes little difference to the first peak value compared with the second peak. In

this study, only the first peak is measured and used.

4.2.1. Comparison of cohesion by tack test and static yield stress by creep recovery test

To explore the effects of nanoclay, the normalized values of cohesion measured by tack
test and static yield stress measured by creep recovery test are compared in Figure 6. It
could be seen that the normalized values show the same trend and similar rates. Thus,
cohesion corresponds well with static yield stress in the case of nanoclay addition. It
could be reasoned that nanoclay has similar effects on extension and shear loading
directions. Possible mechanisms of nanoclay strengthening the microstructure are filling
effect and interparticle linkage [23], and these bonding mechanisms are not expected to

have a directional bias.

4.3. Storage modulus by small Amplitude Oscillatory Sweep (SAOS)

The storage modulus of cement pastes within linear viscoelastic region (LVR) with
nanoclay addition is shown in Figure 7. The storage modulus G’ with nanoclay addition
increases from 2.96x 10" to 1.72x 107 Pa. Separate studies have shown differing effects
of nanoclay on storage modulus, i.e. very similar to control or decrease over time [52, 53],

which may be attributed to differences in dispersion methods and pre-shear conditions.

11
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More investigation is needed to better understand the relationship between processing

and shear conditions and the resultant effect of nanoclay on stiffness.

4.4. Peak stress and tangent shear modulus by low constant shear rate

4.4.1. Peak stress

The stress development of fresh cement pastes under 0.01 s! is shown in Figure 8 (a). It
could be seen that the stress increases faster in the beginning and then slows until
reaching a stress plateau value. The peak value is associated with static yield stress before
the flow onset. From 0 to 0.5% of nanoclay addition, the plateau stress increases from

25.57 Pato 58.43 Pa, as shown in Figure 9.

Using creep recovery test, the static yield stresses are 19 Pa and 58.2 Pa for plain cement
and 0.5% of nanoclay addition, respectively. The plateau stress measured by low constant
shear rate is higher than static yield stress measured by creep recovery test. It could be
reasoned that the longer resting time and compaction effect could be contributing to the
higher values. The solid-liquid transition in creep recovery test is abrupt, as viscosity
bifurcation process occurs within 0.5 s (Figure 4 in [22]). In contrast, it takes more than
50 s to reach plateau values for low shear rate tests. The longer resting time could
possibly increase the yield stress measured. It has been studied that under rest, the high
stress applied could increase the yield stress due to compaction effect [53]. Similarly, the

longer time before flowing also compacts the microstructure and increases the yield stress.

4.4.2. Tangent shear modulus

Meanwhile, the tangent shear modulus is measured as the slope of the tangent line of the
stress-strain curve at low strains. It is related to the term “elastic shear modulus G” as the
ratio between critical stress over critical strain at flow onset defined by Roussel [4]. It
could be seen in Figure 8 that the shear stress increases more rapidly and linearly in the

beginning at low strains. It could be assumed that the microstructure is more intact and

12
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stiffer at low strains. Further shear breaks down the microstructure, thus slowing the rate
of stress increase over strain. Since we are more interested in the solid-like behavior, the
tangent shear modulus is measured as the slope of the shear stress-strain curve at low
strains: when the stress is between 5 and 10 Pa for plain cement paste and when stress is
between 10 and 15 Pa for nanoclay 0.5%, as shown in the inset of Figure 8. It is found
that with 0.5% of nanoclay addition, the tangent shear modulus increases from 2,27 10"

Pa to 1.049:<10% Pa, as shown in Figure 9.

Using SAOS, the average value of storage modulus are 2.96x10° to 1.72x 10% Pa for
mixtures with no clay and 0.5% clay. It could be seen that the tangent shear modulus
measured by low constant shear rate is lower than the storage modulus measured by
SAOS. It could be hypothesized that continuous shearing a low constant shear rate is

more destructive than SAOS.

Studies show that strength and modulus could be a bottleneck of concrete 3D printing. As
the height of the structure increases, the gravity-induced stress to the bottom layer
increases linearly, while required modulus increases even faster [4]. Studies by Salet et al.
[30] found that 3D printed structures tend to fail under buckling because of insufficient
modulus rather than strength. Meanwhile, as the height increases, the structure becomes a
slender body. Typical failure mode like loss of stability or buckling could occur [30].
Currently, many 3D printed structures are assembled from various sections after concrete
materials become hardened. Findings that indicate nanoclay enhances modulus as well as
yield stress provide promising support for the application of nanoclay in concrete 3D

printing.

4.5. Critical strain: indication of connectivity of the microstructure

4.5.1. Characteristic time during deflocculation measured by constant shear rate

Using intermediate constant shear rate (50 s!), the stress decay process is captured, as

shown in Figure 10. According to thixotropy theory, the stress decay curve depicts the

13
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destructuration process [17], which can be fitted with an exponential model. The
characteristic time indicates the rate of destruction, and is calculated as when the stress

decreases to 1/¢ of the initial stress value [15].

The result in Figure 10 shows that the characteristic time of plain cement paste decreases
significantly with 0.5% of nanoclay addition, from 3.65 to 1.55 s. Another study by the
authors using a different setup also found the same conclusion (refer to Figure 6 (a) in
[23]). Under the same constant shear rate, results indicate that nanoclay addition

decreases the characteristic strain.

4.5.2. Critical strain measured by SAOS

Meanwhile, the critical strain, associated with the modulus when it exhibits a significant
decrease, is measured by SAOS and has been presented in [22]. With 0.5% nanoclay

addition, the critical strain decreases from 7.68x 1077 to 1.64%x10°7,

4.5.3. Rigid bonding mechanism with nanoclay addition

Both the characteristic time/strain by constant shear rate and critical strain by SAOS
decrease with nanoclay addition, indicating higher interconnectivity and bonding.
Compared with cement particles used in this studywith an mean size of 18 um, the
dispersed nanoclay could fill the voids between particles/agglomerates and enhance
interparticle bonding. Alternatively, nanoclays themselves can form an interconnected

structure at high electrolyte concentrations [54].

In the study of polycarboxylate ether superplasticizer (PCE) of cement paste, the authors
found that both yield stress and critical strain increase with low dosages of PCE [15].
This phenomena is further confirmed in another study [36]. Comparatively, nanoclay
addition increases static yield stress, yet decreases both critical strain by SAOS and the
characteristic strain in stress decay at 50 s!. The authors found that small amounts

(0.05%) of PCE addition in plain cement pastes provided a possible bonding mechanism

14
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with slightly higher increases in dynamic yield stress, characteristic time, or characteristic
strain (refer to Figure 12 in [15]). In comparison, a previous study by the authors found
that nanoclay in plain cement paste does not change the size distribution of the colloidal
paste system, but increases the inter-particle/agglomerate bonding [23]. A possible
mechanism is that compared with soft bonding mechanisms by PCE addition, nanoclay
addition provides a comparatively rigid bonding, thus increasing the storage modulus [52]
and decreasing the critical strain. This indicates that nanoclay addition enhances the
connectivity of the microstructure of the cement paste, which corresponds well with the
possible strengthening mechanisms of nanoclay addition summarized by the authors [23]:
filler effect and interparticle linkage. It also corresponds to the findings by Tregger et al.
[55] and Kawashima et al. [56]: nanoclay addition decreases the packing density of the

cement paste system.

5. Conclusions

This study summarized and implemented various protocols to probe the viscoelastic
solid-like behavior of fresh cement pastes. Static yield stress, storage modulus and
cohesion are measured by the creep recovery test, small amplitude oscillatory sweep and
tack test, respectively. Under creep, the flow stops when the applied stress is lower than
the static yield stress. Under small amplitude oscillatory sweep, the material exhibits
viscoelastic solid behavior at sufficiently small strains where the integrity of the
flocculated network is maintained. Beyond a critical strain, the modulus decreases and
the material shows liquid-like behavior. Cohesion is taken to be the peak normal force at

vanishingly small pulling velocities and the resistance of the material to extension.

It is found that a small nanoclay addition increases these three parameters. Cohesion and
static yield stress increases with increasing nanoclay addition. Possible mechanisms of
the nanoclay strengthening the fresh microstructure include filling effect and interparticle
linkage, where there is no bias in loading direction: extension or shearing. Both the

critical strain measured by SAOS and characteristic strain of stress decay decrease with

15
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nanoclay addition, which indicates higher connectivity of the microstructure with

nanoclay.
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Table 1 Cement chemical constituents

Constituents % by mass
SiO; 19.22
AlLO; 4.98
Fe2Os 3.42
CaO 62.42
MgO 3.87
SO; 2.72
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