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Abstract

A better understanding of the tensile performance and tensile failure mechanism of cement paste is significant in
preventing rock reinforcement failure. Therefore, this paper aims to reveal the tensile performance and failure mecha-
nism of a modified Portland cement: Stratabinder HS cement. To achieve this objective, the split tensile test was
conducted on specimens followed by simulating the failure mechanism numerically. The results indicated that the
water—-cement rate significantly influenced the tensile performance of the cement paste. When the water-cement
rate increased from 0.35 to 0.42, the tensile strength declined from 1.9 MPa to 1.5 MPa. It was also observed that verti-
cal tensile failure constantly occurred regardless of the water—cement rate. During the testing process, tensile cracks
and shear cracks occurred. The increasing rate in the number of specimen cracks was dependent on the tensile stress
state. Before the tensile stress reached the peak, the crack quantity increased slightly. After the peak, the crack quan-
tity increased dramatically. During the vertical loading process, horizontal tensile stress occurred in the specimen.
This horizontal tensile stress zone showed a diamond shape. The higher the tensile stress is, the larger the area of the
horizontal tensile stress zone. When the tensile strength was reached, horizontal tensile stress mainly concentrated

at the vertical centre of the specimen. This finally led to tensile failure of the specimen. This paper indicated that the
water—-cement rate was the key factor in evaluating the tensile strength of the Stratabinder HS cement.

Keywords: Cement paste, Tensile strength, Tensile failure, Fractures, Water—cement rate

1 Introduction

Portland cement is an indispensable binding material
in engineering projects. In civil engineering, Portland
cement is used to fabricate concretes (Jung et al., 2018;
Murmu & Singh, 2014). In mining engineering, Portland
cement plays a paramount role in guaranteeing under-
ground excavation safety (Chen & Li, 2022; Chen et al,,
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2020; Wu et al,, 2019). For example, Portland cement
can be used to fill discontinuities in jointed rock masses
around excavations to improve rock stability (Aili &
Maruyama, 2020; Aziz et al., 2017).

A better understanding of the mechanical properties
of Portland cement is beneficial for promoting its value
in use. It is noteworthy that the majority of the atten-
tion was given to Portland cement’s uniaxial compressive
strength (UCS) (Rashad et al., 2014). Only limited work
has been performed to analyse its tensile strength.

In fact, Portland cement’s tensile performance is cru-
cial in engineering applications. In rock reinforcement,
Portland cement fills the annulus between the rock
tendon and rock mass (Li et al., 2021). After the rock
tendon is loaded, radial dilation occurs at the tendon-
to-grout interface (Fig. 1). This dilation leads to tensile
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Fig. 1 Rock reinforcement system a cross-sectional view; b lateral
view.

cracks in the cement-based grout (Chen et al., 2021).
These tensile cracks may jeopardise the capacity of the
rock reinforcement system (Chen et al., 2022; Skrzyp-
kowski, 2021; Wu et al., 2018).

To evaluate the tensile performance of the cement,
experimental tests were more widely used. Two differ-
ent test methods can be used: the split tensile strength
(STS) test or the direct uniaxial tensile strength (UTS)
test (Bybee, 2004). With these two methods, research-
ers compared the tensile performance of different
cements (Paknahad et al., 2020). Bayindir et al. (2009)
indicated that the cement type significantly influenced
the tensile strength of the cement paste. Bybee (2004)
found that fibre-reinforced cement had higher tensile
strength than plain cement. In contrast, Syarif et al.
(2018) indicated that the organic cement had a smaller
strength than the normal Portland cement.

Attention was also given to the influence of additives
on the tensile performance of cement pastes. Mishra
and Kantharia (2021) indicated that adding nanoz-
inc oxide increased the tensile strength of the cement.
Similarly, adding carbon nanotubes increased the ten-
sile strength of the cement as well (Silvestro & Gleize,
2020).

Additional attention was given to the influence of
cement proportion (Fedrigo et al., 2018), porosity
(Chen et al., 2013), curing time (Wang et al., 2020),
temperature (Masoud et al., 2010), saturation condition
(Gu et al., 2019), loading condition (Liu et al., 2019),
specimen size (Xiong & Geng, 2020) and the use of
aggregates (Bitouri et al., 2017) on the tensile perfor-
mance of cement. The results showed that the tensile
strength of the cement paste was critically influenced
by various parameters. Therefore, to optimise the ten-
sile strength of the cement paste, the correspond-
ing test condition and environment should be strictly
controlled.

In recent years, researchers have also studied the ten-
sile performance of cement at the microscale. Némecek
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et al. (2016) indicated that the tensile performance of
the cement at the microscale was largely different from
that at the macroscale.

The above research provided valuable knowledge in
revealing the tensile performance of cement. Recently,
a modified Portland cement named the Stratabinder
HS cement has been widely applied in civil and mining
projects. However, little work has been reported on its
tensile performance. Moreover, little research has been
conducted to use the discrete element method (DEM) to
evaluate the tensile failure of cement. Considering that
failure of the material plays a significant role in engi-
neering applications (Song & Zhang, 2022), this paper
adopted experimental and numerical methods to analyse
the tensile performance of Stratabinder HS cement.

The experimental program was first illustrated. Then,
the experimental results and data analysis were pre-
sented, followed by numerical simulation results. Finally,
further studies were recommended.

2 Experimental Program

2.1 Materials

This study aims to evaluate the tensile performance of
the Stratabinder HS cement. To fulfil this purpose, fresh
Stratabinder HS cement was ordered from the Minova
Company.

The Stratabinder HS cement is generally composed of
two parts. One is Portland cement, accounting for more
than 60%. The other is the nonhazardous ingredients,
accounting for the remaining proportion. The chemi-
cal composition of the Stratabinder HS cement mainly
includes calcium oxide, silica, alumina and iron oxide.

In situ observation shows that when this cement is
used, a key factor is the water—cement rate. In this study,
two different water—cement rates were used. One was
0.35, and the other was 0.42. The reason to use those
two water—cement rates is that if the cement paste is too
thick (water—cement rate <0.3), cement mixing is a prob-
lem without the water reducing agent added. Previous
research indicated that once the water reducing agent
was added, a solvation thin film was generated around
the cement particles. This solvation thin film reduced
the friction resistance of the cement particles. Therefore,
with the water reducing agent added, the cement paste
could be properly mixed even when the water—cement
rate was smaller than 0.3 (Sahin et al., 2022).

In contrast, if the cement paste is too thin (water—
cement rate >0.5), the strength of the cement paste may
not meet the engineering quality requirement.

2.2 Experimental UCS Test
First, the UCS test was conducted to evaluate the com-
pressive performance of the Stratabinder HS cement.
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During the experimental UCS test, cylinder specimens
with a diameter of 54 mm and height of 142 mm were
cast with cylindrical moulds. Two water—cement rates of
0.35 and 0.42 were used. After all specimens were fully
cured for 28 days, a griding machine was used to polish
two ending surfaces of the specimen. Then, those cylin-
der specimens were placed in the MTS 815 machine to
conduct UCS tests, as shown in Fig. 2.

The UCS test was used to calibrate and confirm the
later numerical simulation. Specific information of the
experimental UCS test can be found in Chen et al. (2014).

2.3 Experimental Tensile Test

2.3.1 Selection of the Tensile Test Method

Although either the UTS or STS test method can be
used to measure the tensile strength of cement, the UTS
method is more difficult to conduct (Sun & Wu, 2021).
This is because during the UTS test, specimens should be
clamped by the gripping device, leading to the stress con-
centration occurrence at the specimen’s corner. There-
fore, it is possible that the specimen may fail due to stress
concentration rather than tensile stress.

Fig. 2 Experimental UCS test.
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In contrast, the STS test method is relatively eas-
ier. Therefore, in this paper, the STS test method was
adopted.

2.3.2 Test Specimen Preparation

PVC tubes were used as the casting mould. They had a
height of 110 mm and internal diameter of 42 mm. This
casting mould was adhered to a wooden board to pre-
vent cement leakage. Moreover, the internal surface of
this casting mould was brushed with a thin oil. This is to
avoid the cement paste sticking onto the casting mould
after demoulding.

After the Stratabinder HS cement was mixed with
water, the cement paste was poured into the casting
mould. Then, the casting mould was placed on a vibrator.
The vibrator was switched on, and the casting mould was
vibrated for 1 min. The purpose is to remove air voids in
the cement paste.

After setting for 24 h, the specimen was demoulded.
All specimens were immersed in fresh water for curing.
After 28 days, they were removed from the water. Then,
specimens were fixed on a lathe. An electric saw was used
to cut the specimens into disks. Finally, all disk specimens
had a diameter of approximately 42 mm and a thickness
of approximately 25 mm. The height/diameter rate was
approximately 0.59.

To confirm that the results are reliable, at least 5 speci-
mens were prepared for each water—cement rate. The
prepared specimens at a w/c rate of 0.35 are shown in
Fig. 3.

2.3.3 Experimental Test Process
Each specimen was installed in an MTS 815 testing
machine, as shown in Fig. 4.

This machine was equipped with the servo controlling
system. A displacement control can be applied in the full
testing process. When conducting this STS test, a con-
stant velocity of 3 pm/s was applied to the specimen. A
load cell was set on the bottom plate to record the ver-
tical force. In addition, the displacement transducer in

Fig. 3 Prepared specimens.
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Fig. 4 Split tensile strength test.

the testing machine automatically recorded the vertical
displacement.

Equation (1) was used to calculate the tensile stress in
the specimen:

2F

o = ——
n Dt

(1)
where o, is the tensile strength of the specimen; F is the
vertical force that was applied on the specimen; D is the
specimen diameter; and ¢ is the specimen thickness.
Since the data logger system automatically recorded
the force—displacement curve, the tensile stress—dis-
placement result can be calculated with Eq. (1).

3 Experimental Results

3.1 UCSTest Results

The experimental UCS tests showed that the specimen
had a UCS of 63.1 MPa at a water—cement rate of 0.35.
In contrast, the specimen showed a UCS of 54.3 MPa at a
water—cement rate of 0.42 (Table 1).

3.2 Tensile Test Results

3.2.1 Tensile Stress—-Displacement Results

After the STS test, the results for the cement paste
with a water—cement rate of 0.35 are summarised in
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Table 1 Experimental UCS test results.
Water-cement rate UCS (MPa) E (GPa) u
035 63.1 1.8 023
042 54.3 9.9 0.21

where E is the Young’s modulus, i is the Poisson’s ratio

Table 2.where SD is the standard deviation and SEM is
the standard error of the mean. These two parameters
were calculated with Egs. (2) and (3):

SEM = i (3)
Jn
where g, is the peak tensile stress of specimens; oy is the
average tensile strength of specimens; and # is the num-
ber of repetition tests.

The tensile strength of the specimens ranged between
1.3 MPa and 4.2 MPa. The SD was 1.03, and the SEM
was 0.46. Considering that random results may occur,
the data were further processed to guarantee the consist-
ency of the testing results. The maximum value and mini-
mum value were removed. The peak tensile stress of the
remaining three specimens was averaged with Eq. (4) as
the tensile strength:

rave = Ot1 + 02 + 03 @)
3
where o, is the average tensile strength of the remain-
ing specimens.

Consequently, the average tensile strength was
1.9 MPa. The tensile stress—displacement curves are
shown in Fig. 5.

This shows that with increasing displacement, the ten-
sile stress of the specimen increased nonlinearly before
its peak. After the tensile stress reached its peak, the
tensile stress of the specimen declined dramatically. The
specimen may reach the initial peak when the displace-
ment reaches approximately 0.2 mm, followed by a sharp
decline in the bearing capacity. The specimen’s carrying
capacity rose again until reaching its global peak value at
approximately 0.4 mm.

During testing, the deformation of the MTS 815
machine itself was ignored, as the loading frame is much
stiffer than the test specimen.

It is also noteworthy that additional methods were
employed to minimise the gap between the test speci-
men and loading frame before the test. The test specimen
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Table 2 STS test results when the water-cement rate was 0.35.

No. t (mm) D (mm) t/D rate o, (MPa) SD SEM
1 244 42.3 0.58 16 1.03 0.46
2 256 41.0 0.63 2.1

3 24.8 413 0.6 4.2

4 243 415 0.59 19

5 243 417 0.58 13
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Fig. 5 Tensile stress—displacement curves when the water-cement
rate was 0.35.

was placed underneath the loading plate in the machine.
The bottom plate was lifted until the smallest visible gap
formed. Then, the bottom plate was further lifted with the
help of the micro-displacement control in the computer
interface so that a very small positive load was applied to
the specimen. By doing this, tight but not excessive con-
tact between the specimen and loading frame could be
formed. This would guarantee the accuracy of the testing
results by ensuring that any displacement in the speci-
men would lead to a change in the stress.

After the STS test, a typical failure mode is shown in
Fig. 6. Apparently, vertical failure was generated at the
specimen centre. The two sides of the specimen tended
to separate along the horizontal direction.

Further tests were conducted on specimens with a
water—cement rate of 0.42. The results are summarised in
Table 3.

For the water—cement rate of 0.42, the specimen’s
tensile strength ranged between 0.7 MPa and 1.9 MPa.
The SD was 0.43, and the SEM was 0.19. To remove
random results, the minimum values and maximum
values were eliminated. Then, the tensile strength of
the cement paste with a water—cement rate of 0.42 was

Fig. 6 Failure state in the STS test.

1.5 MPa. The tensile stress—displacement curves of the
remaining specimens are plotted in Fig. 7.

Apparently, for the water—cement rate of 0.42, the ten-
sile stress—displacement curves were smoother. With
increasing displacement, the tensile stress of the speci-
men continuously increased. After the specimen reached
the tensile strength, the carrying capacity of the speci-
mens declined dramatically.

3.2.2 The Impact of the Water-Cement Rate

Previous research has been conducted to evaluate the
impact of the water—cement rate on the tensile perfor-
mance of normal Portland cement. It showed that there
was an adverse impact of the water—cement rate on the
tensile strength (Hyett et al., 1992).

Following similar procedures, the impact of the water—
cement rate on the tensile performance of the Strat-
abinder HS cement was analysed. As shown in Fig. 8§,
there was a strong relationship between the water—
cement rate and the tensile strength of the Stratabinder
HS cement. As the water—cement rate increased, the ten-
sile strength of the cement decreased. This result agreed
well with the in situ observation results. Specifically, for a
high water—cement rate used in rock reinforcement, ten-
sile failure of the cement grout annulus was more likely
to occur.
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Table 3 STS test results when the water-cement rate was 0.42.
No. t (mm) D (mm) t/D rate o, (MPa) SD SEM
1 250 42.1 0.59 18 043 0.19
2 254 418 0.61 0.7
3 24.8 422 0.59 19
4 249 419 0.59 1.3
5 25.1 421 0.6 14
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Fig. 7 Tensile stress—displacement curves when the water-cement o
rate was 042. Fig. 9 Numerical simulation of the UCS test.

o

4+ |
~~
<
=™
S o f
N’
=
-
on
g
£ 2f S 1
7] (] 8
= o
7
g o 8
=l |

o
0 ‘
0.3 0.4 05

water-cement rate

Fig. 8 Impact of the water-cement rate on the tensile strength of
the Stratabinder HS cement.

3.3 Numerical Simulation Scheme

Numerical simulation was conducted, because it is pow-
erful in revealing the microscopic failure behaviour
of materials (Chen et al., 2019; Wang et al., 2021). In

addition, numerical simulation was able to reproduce the
tensile failure process of the cement paste.

3.4 Selection of the Numerical Code

Among all numerical simulation methods, the DEM
was adopted. The reason is that the DEM assumes that
the numerical zones are discrete. Moreover, the bond
between numerical zones is allowed to break when sub-
jected to loading. As such, it is believed that tensile fail-
ure of the cement paste can be more closely simulated
with DEM. For the software, the Particle Flow Code
(PFC) was used.

3.5 Simulation Process

Initially, the cement paste with a water—cement rate of
0.35 was simulated. In PFC, properties of the particles,
including the effective modulus and stiffness rate, should
be input. These properties can be acquired by conducting
numerical UCS tests.

First, a rectangular domain with an edge length of
100 mm was created. Then, the numerical UCS speci-
men was created in this domain, as shown in Fig. 9.
This numerical specimen had a height of 142 mm and
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a width of 54 mm. Moreover, its dimension was con-
sistent with the size used in laboratory tests. This
numerical specimen was composed of 5188 balls. The
ball radius ranged between 0.6 mm and 0.7 mm. The
porosity of this numerical specimen was 0.1. After this
numerical specimen was created, this model was solved
automatically until the averaged unbalanced force ratio
decreased to 1 x 107° to eliminate the overlap between
balls.

The bottom boundary of the specimen was fixed to
support the numerical specimen. Meanwhile, a con-
stant compressive velocity of 0.1 m/s was applied on
the top boundary of the specimen. During the test, the
applied force and vertical deformation were recorded.
In addition, the increment of the specimen’s width at
the middle section was recorded.

Based on the recorded information, the axial stress of
the specimen can be calculated with Eq. (5):

F

O = —
T we

(5)
where ¢, is the compressive stress of the specimen; W is
the specimen width; ¢ is the specimen thickness, equal-
ling 1 in this two-dimensional simulation.

The compressive strain or the axial strain of the spec-
imen can be calculated with Eq. (6):

AH
€q = H (6)
where ¢, is the compressive strain or axial strain; AH is
the variation of the specimen height; and H is the speci-
men height.
The tensile strain or diametric strain of the specimen
can be calculated with Eq. (7):

AW

4=~ (7)

where g, is the diametric strain; AW is the variation of
the specimen width.

Then, Poisson’s ratio of the specimen can be calcu-
lated with Eq. (8):

&d
€a

n = (8)
where y is the Poisson’s ratio.

The flat joint model was used to simulate the parti-
cles’ contact behaviour. Then, the input parameters
were calibrated until the numerical results fit well with
the experimental results.

By conducting numerical UCS tests, input param-
eters, including the stiffness rate, surface gap,
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Fig. 10 Numerical STS test created in PFC.

friction coefficient, cohesion and friction angle, can be
determined.

Then, the numerical STS test was performed. Spe-
cifically, a disk geometry was created (Fig. 10). In this
simulation, the specimen diameter was 42 mm. This
was the same as the geometric size in the experimental
STS test.

The bottom boundary in the numerical STS test was
fixed. Then, a constant compressive velocity of 0.1 m/s
was applied on the top boundary. During loading, the
vertical force and displacement were monitored. Then,
Eq. (1) was used to calculate the tensile stress.

The input parameters, including the stiffness rate,
surface gap, friction coefficient, cohesion and friction
angle, were directly acquired from the numerical UCS
test. The input parameter of tensile strength was cali-
brated until the numerical tensile stress—displacement
curve fit well with the experimental curve.

4 Numerical Simulation Results and Analysis
Following the above simulation procedures, input
factors for two different water—cement rates were
obtained, as summarised in Table 4. For the numerical
test, there was an apparent difference in the mechanical
properties of the specimen.

Among the above parameters, the stiffness rate rep-
resents the relative rate between the normal stiffness
and shear stiffness. The surface gap represents the
maximum gap interval to bond the numerical balls. The
friction coefficient represents the factor that is used
to calculate the friction resistance between numerical
balls in the postfailure stage. The cohesion represents
the cohesive strength between numerical balls before
shear bond breaks. The friction angle represents the
factor that is used to calculate the friction resistance
between numerical balls before shear bond breaks.
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Table 4 Input factors for the cement paste.
Water-cement Effective modulus Stiffness rate Surface gap Friction coefficient Cohesion (MPa) Friction
rate (GPa) angle
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Fig. 11 Comparison between the numerical and experimental UCS results when the water—cement rate was 0.35: a stress—strain curves; b

Then, the axial stress—strain curves of the specimen
can be acquired. When the water—cement rate was
0.35, the axial stress—strain curve of the cement paste is
plotted in Fig. 11a.

The numerical simulation showed that the UCS,
Young’s modulus and Poisson’s ratio were 64.5 MPa,
12.3 GPa and 0.22, respectively. The relative differences
between the numerical simulation and experimental
test were 2.2%, 4.2% and 4.3%. There was a close match
between them. This validated that the input parameters
were effective in analysing the compressive performance
of the cement paste.

Moreover, the UCS failure mode comparison when the
water—cement rate was 0.35 is shown in Fig. 11b, c. In the
experiment, part of the cement paste was ejected from
the specimen. This phenomenon also occurred in the
numerical simulation. Apparently, in the numerical simu-
lation, some of the particles detached from the numeri-
cal specimen. Therefore, there was a general consistency
between the experimental and numerical failure modes.

Then, those input parameters were substituted into the
numerical STS test. Calibration was conducted on the
input parameter of the tensile strength. When the input
parameter of tensile strength equalled 2.38 MPa, a satis-
factory match between the numerical and experimental
results was acquired (Fig. 12).
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Displacement (mm)
Fig. 12 Tensile stress—displacement curve comparison when the
water—cement rate was 0.35.

At the end of this numerical STS test, the specimen
failure mode was checked (Fig. 13).

There was an apparent vertical tensile failure at the
middle of this specimen. Comparing it with the experi-
mental failure mode, there was a close match between
them. This further confirmed the accuracy of this numer-
ical ST test.
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Fig. 15 Increasing process of the fracture quantity in the specimen.

reveal the microscopic failure of the cement paste. The
fractures in the specimen were recorded. At the end of
this numerical STS test, those fractures are plotted in
Fig. 14. Apparently, along the vertical direction, a number
of cracks were generated in the central part of the speci-
men. Tensile cracks occurred at the top, middle and bot-
tom sections of the specimen. More interestingly, there
were also several shear cracks. This indicated that during
the STS test, shear failure of the particles may also occur.

The variation in the fracture quantity was also checked
(Fig. 15). At the initial loading stage, the number of frac-
tures in the specimen increased slightly. When the time
step increased to 53,410, the tensile stress of the speci-
men reached the tensile strength. Meanwhile, the quan-
tity of fractures arrived at 624, which was still a small
value. After that, the quantity of fractures in the speci-
men increased dramatically. This indicated that the sig-
nificant increase in the fracture quantity started after the
specimen reached the tensile strength.

The other advantage of numerical modelling is that the
stress state in the specimen can be exported dynamically.
For example, in this case, the horizontal stress state in the
specimen when the tensile stress reached 50%, 80% and
100% tensile strength was exported (Fig. 16).

In this figure, positive values represent tensile stress.
Although vertical force was applied on the specimen,
apparent horizontal tensile stress was generated, as

facets

ball
crack_shear
crack_tension

Fig. 14 Crack state when the water-cement rate was 0.5.

shown in Fig. 16a. Before the tensile stress reached the
peak, the horizontal tensile stress showed a diamond
shape. With increasing tensile stress, the area of this dia-
mond shape increased, as shown in Fig. 16b. When the
tensile stress reached the peak, the diamond shape of the
horizontal tensile stress disappeared. Moreover, horizon-
tal tensile stress mainly appeared at the central section of
the specimen, as shown in Fig. 16¢c. With further loading,
apparent tensile failure was generated at the middle sec-
tion of the specimen. The majority of the specimen lost
the ability to bear the tensile stress, as shown in Fig. 16d.

Further simulation work was continued to evaluate the
tensile performance of the cement paste when the water—
cement rate was 0.42. Table 4 summarises the calibrated
input parameters.

Then, the specimen’s axial stress—strain curve can be
acquired. The simulation showed that the UCS, Young’s
modulus and Poisson’s ratio were 54.4 MPa, 10 GPa and
0.22. The relative differences between the numerical and
experimental tests were 0.2%, 1.0% and 4.8%. There was a
close match between them, as shown in Fig. 17a.

The experimental and numerical UCS failure modes
are shown in Fig. 17b, c. In the experiment, part of the
cement paste was ejected from the specimen. This was
also monitored in the numerical simulation. Specifi-
cally, a number of particles detached from the numeri-
cal specimen. Therefore, these results were in reasonable
agreement.

It is interesting to see that when comparing the experi-
mental and numerical UCS curves, there is an apparent
difference in the initial stiffness. Specifically, the initial
stiffness obtained from the experiment was much smaller
than that obtained from the simulation. The reason is
that in the experiment, after the specimens were fully
cured, there were still certain air voids in the specimens.
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After the experimental UCS test was conducted, these air ~ the experimental specimen cannot be simulated with

voids in the specimens were compressed to close. During
this period, the bearing capacity of the specimens could
only increase gently. Consequently, the initial stiffness
of the specimens in the experiment was small. However,
after the air voids in the specimens fully closed, the speci-
mens became dense. Then, the bearing capacity of the
specimens started increasing dramatically.

In contrast, the numerical specimen is composed of
numerous dense particles. Therefore, the air voids in

the PFC program. Then, at the initial loading stage of
the numerical specimen, the bearing capacity increased
dramatically. Consequently, the initial stiffness of the
experimental specimen was much smaller than that of
the numerical specimen.

Next, a STS test was created in the PFC. The geom-
etry and specimen diameter were consistent with the
experimental test. Calibration was conducted on the
input parameter of tensile strength. When the input
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Fig. 18 Numerical and experimental result comparison when the
water—cement rate was 0.42.

parameter of tensile strength equalled 1.98 MPa, there
was a reasonable match between the physical and
numerical tests (Fig. 18).

The failure mode and crack state of the specimen were
also checked (Fig. 19). After the numerical STS test,
apparent tensile failure was generated in the central part
of the specimen. Moreover, in the specimen, both tensile
and shear cracks occurred.

In the simulation, at the end of the STS test, the hori-
zontal stress state in the specimen was exported (Fig. 20).
Since tensile failure was generated in the specimen, the
majority of the specimen lost the ability to bear the ten-
sile stress.

5 Discussion

The experimental STS results showed that the tensile
performance of the Stratabinder HS cement generally
agreed with that of normal Portland cement. For exam-
ple, Rocha and Ludvig (2017) conducted STS tests on
normal Portland cement. They indicated that when
the water—cement rate was 0.33, the normal Portland
cement showed a tensile strength of 2.13 MPa. For the

I 3.4083E+06
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1.2000E+06
0.0000E+00
-1.2000E+06
-2.4000E+06
I -3.6000E+06

-4.8000E+06
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Fig. 20 Horizontal stress state when the water-cement rate was 0.42.

Stratabinder HS cement, when the water—cement rate
was 0.35, the tensile strength was 1.9 MPa.

Moreover, when the water—cement rate changed,
the variation trend of the Stratabinder HS cement’s
tensile strength agreed well with that of normal Port-
land cement. It is known that as the water—cement
rate increases, the tensile strength of normal Portland
cement decreases (Hyett et al, 1992). This phenom-
enon was also monitored when testing the Stratabinder
HS cement.

In addition, Hyett et al. (1992) indicated that when
normal Portland cement was used, a low water—cement
rate was likely to result in a scatter of the tensile
strength results. This was also true for the Stratabinder
HS cement. When the water—cement rate was 0.42, the
standard error of the mean was 0.19. When the water—
cement rate was 0.35, the standard error of the mean
was 0.46. This indicated that when the water—cement
rate decreased, the tensile strength of the Stratabinder
HS cement became scattered.

It is interesting to see that when conducting the
STS test on the Stratabinder HS cement, the speci-
men showed different performance when two different
water—cement rates were used. For the water—cement
rate of 0.35, the bearing capacity of the specimen
reached the final peak when the displacement was
approximately 0.4 mm. Before that, an initial peak in
the bearing capacity was reached. In contrast, when the
water—cement rate was 0.42, only one peak in the bear-
ing capacity occurred.

(a) B e

tensile cracks

(b)

ball
crack_shear
crack_tension

Fig. 19 Failure mode and crack state when the water-cement rate was 0.42: a failure mode; b crack state.
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For this reason, the authors assumed that when the dis-
placement reached approximately 0.2 mm, micro tensile
cracks were generated along the vertical direction. This
led to a sudden decrease in the bearing capacity. How-
ever, since the water—cement rate was 0.35, the pieces of
the specimen had relatively high strengths. Therefore,
these pieces could still join together to support the exter-
nal loading force. Then, as the displacement increased,
the bearing capacity of the specimen rose again.

Meanwhile, the micro tensile cracks continuously
developed. Finally, when the displacement reached
approximately 0.4 mm, these micro tensile cracks were
connected. Consequently, macro tensile cracks were
generated in the specimen. Moreover, the specimen was
separated into two main parts. Before those two main
parts separated thoroughly, the specimen bearing capac-
ity reached the final peak. After that, the bearing capacity
of the specimen was lost.

In contrast, for the water—cement rate of 0.42, when
the displacement reached approximately 0.2 mm, micro
tensile cracks were generated in the specimen along the
vertical direction. This led to a decrease in the speci-
men bearing capacity. More importantly, since the
water—cement rate was a high value of 0.42, the pieces
of the specimen had a relatively low strength. There-
fore, these pieces of the specimen were not able to join.
Consequently, the specimen bearing capacity dropped
continuously.

6 Conclusions

In this study, experimental and numerical mechanical
tests were carried out on a modified Portland cement:
Stratabinder HS cement. The stress—displacement, fail-
ure modes and stress state of the tested specimens were
recorded and compared. The following conclusions were
drawn:

(1) The water—cement rate significantly influenced the
tensile performance of the cement paste. When the
water—cement rate increased, the tensile strength of
the cement paste apparently declined.

(2) During the STS test, the specimens consistently
failed by generating vertical cracks at the mid-
dle section of the specimen. This failure mode was
independent of the water—cement rate.

(3) The DEM method was effective in simulating the
failure process of the cement paste. Based on cali-
bration, the stress—displacement curve and failure
mode of the specimen agreed well with the experi-
mental test. According to the numerical simulation,
during the STS test, not only tensile cracks but also
shear cracks occurred in the specimen.
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(4) In the STS test, before the tensile stress reached
the peak, the number of fractures increased
slightly. However, after the peak, the crack quantity
increased dramatically. During the STS test, frac-
tures mainly developed in the postpeak stage.

(5) During the vertical STS test, apparent horizontal
tensile stress occurred in the specimen. Before the
tensile stress reached the tensile strength, the hori-
zontal tensile stress zone showed a diamond shape.
The higher the tensile stress is, the larger the area of
the diamond-shaped tensile stress zone. When the
tensile stress reached the peak, the horizontal ten-
sile stress was mainly concentrated in the vertical
centre of the specimen. After tensile strength test-
ing, apparent vertical cracks occurred. Then, parti-
cles in the cement paste lost the ability to bear the
tensile stress.

7 Recommendations for Further Work

Further studies will continue to develop an effective
method to conduct a direct UTS test on cement paste.
Numerical simulation of the UTS test will also be con-
ducted as a supplementary method to evaluate the failure
behaviour and stress state of the cement paste.
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