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This work is part of a multi-phase project which aims to develop a sound methodology for rock fragmen-
tation in underground mines using expansive cement. More specifically, it is the first phase of the project
which focuses on laboratory tests to investigate the mechanical performance of expansive cement, also
known as soundless chemical demolition agents (SCDA). This paper reports the results of laboratory tests
conducted on instrumented thick-walled cylinders filled with expansive cement. Expansive pressure evo-
lution and temperature variation with time are first examined for different borehole diameters. The clas-
sical analytical method for expansive pressure estimation is validated with direct pressure measurement
using high-capacity pressure sensor, and an empirical model is obtained. A new methodology based on
iterative procedure is developed using axisymmetric finite element modelling and test results to derive
the modulus of elasticity of the expansive cement at peak pressure. The results of this study show that the
expansive pressure increases with borehole diameter when the rigidity of the steel cylinder is constant
reaching 83 MPa for a 38.1 mm borehole. It is also shown that the expansive pressure decreases signif-
icantly with increased cylinder rigidity for the same borehole diameter. The newly developed methodol-
ogy revealed that the modulus of elasticity of expansive cement at peak pressure is estimated at 8.2 GPa.
A discussion on the extension of the findings of this work to hard rock mining applications is presented.
� 2022 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Class G cement, a common type of commercially available
SCDA, is mainly composed of lime or calcium oxide which expands
during curing when in confined conditions such as in a borehole.
The source of expansion is owed to the hydration reaction of lime
which results in the generation of portlandite crystals (Ca(OH)2 or
calcium hydroxide) as shown in Eq. (1) [1].

CaOþH2O ! Ca OHð Þ2 þ 15:2kcal=mol ð1Þ
Fig. 1 is a schematic presentation of the expansion mechanism

for lime based expansive cement. As shown in Fig. 1a expansion
starts off with the hydration of CaO resulting in the growth of solid
calcium hydroxide crystals which come into contact with each
other at a point, known as the critical degree of hydration
(Fig. 1b). Beyond the critical degree of hydration (Fig. 1c) [2,3], fur-
ther growth of calcium hydroxide crystals results in the generation
of expansive pressure under restrained condition.

Expansive cement can be used as a method for rock or concrete
fragmentation by means of injecting the mixture into drilled holes
in the material of interest. Within a confined hole, pressure devel-
ops over time causing circumferential or tangential tensile stress.
As shown in Fig. 2, a fracture is created at the weakest section
along the inside surface of hole. This occurs at a point where this
surface intersects the free surface which is the hole boundary.
The initial crack generation will only propagate when the tensile
stress exceeds the tensile strength of the rock. Therefore, the tan-
gential tensile stress generated by the SCDA or expansive cement,
is responsible for fracturing of rock. Currently, this method is used
commonly in surface applications such as the demolition of con-
crete foundations in rehabilitation projects and fragmentation of
rock in dimension stone quarries [4,5].

The early literature on expansive cement generally focuses on
the investigation of the factors that affect the performance of
expansive cement such as ambient temperature, borehole spacing
and block pattern, water content etc. [1,6,7,8,9]. The research is
now directed at the implementation of expansive cement in the
field. To do so, finite element modeling has been used by Cho
et al. to predict the minimum pressure required of the SCDA for
concrete demolition, hole spacing, and material properties [10].
Others used expansive cement to investigate discontinuity persis-
tence along incipient discontinuities in the rock mass [11]. Expan-
sive cements have also been used for well cementing as well as
stimulating and enhancing fracturing for the oil and gas industry
[12,13]. More recent work involved experimental work on dynamic
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Fig. 1. Sphere model for expansive pressure of calcium hydroxide.

Fig. 2. Fractural propagation in a borehole (modified after [4]).

Table 1
Reported expansive pressure of different commercially available expansive cement
[19–24].

Commercially available
SCDA

Recommended
temperature (℃)

Maximum pressure
(MPa)

Betonamit �5 to 35 80
Bristar �5 to 35 30
Dexpan �5 to 40 124
Expando 0 to 35 124
Ecobust �8 to 35 137
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propagation of fractures under various biaxial conditions where
expansive cement is injected in two holes [14]. While much work
has been dedicated to numerical simulation, researchers in Iran
have suggested an algorithm to evaluate the first crack length with
the use of expansive cement and verified it in a granite quarry in
Iran [15]. More large-scale testing have been conducted by Tang
et al. whereby expansive cement was used to weaken the strong
roof at the Pingdingshan coal mine to prevent rock bursts [16].
Zhang et al. used expansive cement or directional roof cutting at
the Donglin coal mine [17]. Others focused on the handling of
SCDA by developing special self-swelling SCDA cartridges to be
used in up-tilt boreholes [18].

In this paper, the main research focus is proper quantification of
expansive cement pressure and the role of host medium condi-
tion—an aspect that has often been overlooked by previous
research. As shown in Table 1, manufacturers of different commer-
cially available SCDA do report expansive pressures that range
from 80 to 137 MPa in temperatures between �8 to 40 ℃ [19–
74
24]. However, how the expansive pressure is measured is unclear.
The quantification of expansive cement pressure has been studied
by many researchers in literature to explore potential applications
that require a minimum pressure.

The thick-walled cylinder method is used by many researchers
to quantify the expansive pressure of commercially available
expansive cement, such as Bristar, Dexpan, and Betonamit. The
expansive pressure can be calculated by pouring the expansive
agent in a hollow thick-walled cylinder, whereby the cylinder is
considered thick-walled when the thickness t� 0:1 the inner cylin-
der radius ri (known as Hertzberg criterion). One or more strain
gauges are installed on the outer surface of the cylinder in the tan-
gential direction at about mid-height of the cylinder. The tangen-
tial strains of the specimen are then used to calculate the
circumferential or radial pressure generated by the expansive
agent as shown in Eq. (2) [24].

pi ¼
Eeh r2o � ri2

� �
2r2i

ð2Þ

where pi is the internal pressure, which in this case is the expansive
pressure, MPa; E the modulus of elasticity of the steel cylinder
(200000 MPa); ro the outer radius of cylinder, mm; ri the inner
radius of cylinder, mm; and eh the circumferential or tangential
strain on the external surface of the test cylinder.

Natanzi et al. [6] investigated the effect of ambient temperature
on the pressure development in two commercial expansive cement
brands: Bristar and Dexpan. Using a 170 mm long, thick-walled
cylinder (ro=21 mm, ri=18 mm) Dexpan exhibited a maximum
expansive pressure of 28 and 8 MPa at ambient temperature of
19 and 2℃, respectively while Bristar exhibited an expansive pres-
sure of 65 and 18.5 MPa at the same ambient temperatures,
respectively [6]. A recent study by Laefar et al. [25] has also con-
ducted tests using thick-walled cylinders submerged in cold water
baths to provide a heat sink to the surrounding rock or concrete.
Their experimental results show that quadrupling the volume of
SCDA and keeping the water bath temperature constant resulted
in expansive pressure increase of 700%. Soeda [26] conducted stud-
ies on developing their own SCDA in granular form versus com-
mercialized SCDA that is in its powder form to provide more
space between grains for steam release and prevention of the
gun phenomenon where the expansive cement spews out of the
borehole. Using the thick-walled cylinder configuration, 19.6 MPa
was achieved in 18 h with the commercialized SCDA while their
own developed SCDA, Type 1 and Type 2 generated 29.4 MPa in
2 h and 29.4 MPa in 3 h, respectively [26]. Studies conducted by
Gholinejad and Arshadnejad [27] tested the pressure in thick-
walled cylinders made from different materials namely steel, alu-
minum, concrete, and high strength plastic. Steel (E=205 GPa,
ri=10 mm, ro=20 mm) generated 34 MPa in 30 h; aluminum
(E=71 GPa, ri=20 mm, ro=30.25 mm) generated 30 MPa; concrete
(E=12.1 GPa, ri=18 mm, ro=41 mm) generated 16–17 MPa and high
strength plastic (ri=7.5 mm, ro=12.5 mm) generated 0–1 MPa [27].
Other studies conducted by Hanif [5] studied the effect of variable
hole spacing in granite using Bristar-100S for optimal fracturing.
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Preliminary work involved the quantification of expansive pres-
sure where 52 MPa was achieved in 144 h using thick-walled cylin-
der where both ends were constrained by 18 mm thick steel plates
[5]. Dowding and Labuz [28] have also used the thick-walled cylin-
der configuration to quantify the pressure of Bristar and selected
the dimensions of the steel cylinder by equating the rigidity of
the steel cylinder, R, to that of the rock as shown in Eq. (3).

R ¼ E r2o � r2i
� �

r2i
ð3Þ

It was shown that steel cylinders with approximately equal
rigidities, but different geometries result in the same expansive
pressure [28].

A modification of the thick-walled cylinder method termed the
upper end surface method (UESM) was recently developed to esti-
mate the pressure of SCDA. A notable difference between the thick-
walled cylinder method and UESM is that the UESM container is
composed of 7075 aluminum alloy rather than steel, which offers
a longer path of heat transfer as well as a higher material heat con-
ductivity, thereby avoiding lower temperature to the affixed strain
gauge. Their studies confirm that both the thick-walled cylinder
configuration and their newly developed UESM generate consis-
tent results with each other [29].

The differences in expansive pressure estimates may be attrib-
uted to variations in the experimental configuration (in this case
geometry) as well as the brand of expansive cement being used.
Many researchers lack explanation behind the selection of the steel
geometry which may differ in rigidities thereby may not reflect an
accurate representation of SCDA pressure in hard rock. Since many
factors must be taken into consideration when quantifying expan-
sive cement pressure, no singular expansive pressure is reported
for any expansive cement product. It is noteworthy that due to
the simplicity of Eq. (2), much of the previous studies rely on its
use for borehole pressure estimation. A direct measurement of
expansive pressure would be important not only to validate Eq.
(2) but also to reveal the actual expansive cement pressure by
deriving a correction factor to the analytical model (Eq. (2)). A
more robust approach in quantifying pressure is therefore required
to properly estimate the obtained pressures in rock.

As shown in Eq. (1), the hydration reaction is an exothermic
reaction which can sustain the expansive cement and host medium
above ambient temperature. The relatively high temperature
increases the rate of hydration of lime, one of the main sources
of expansion development [7]. Given the temperature of the
expansive cement is also dependant on the thermal properties of
the host medium, such as the heat capacity, heat conductivity,
and density, the rate of reaction and therefore the rate of pressure
generation is related to the thermal properties of the host medium.
In addition, it is unclear if the rate of SCDA expansion affects the
ultimate pressure given all other parameters are kept constant. It
is therefore ideal to replicate the thermal properties of rock with
the steel cylinder experiment, which is why past studies have
tended to use thicker steel cylinders which provide a larger heat
sink equivalent to an infinite rock medium [1,5,6,27,28]. However,
given steel has a higher modulus of elasticity than rock, a balancing
act between rigidity and heat sink size is required.

It is also postulated that larger SCDA borehole size increases the
rate of reaction as the heat generating mass of SCDA increases pro-
portionally to the cube of the radius, while the borehole surface
over which heat dissipates increases proportional to the square
of the radius [7]. The effect of borehole size is therefore investi-
gated while keeping the host medium rigidity constant. The effect
of host medium radial rigidity is also investigated while keeping
the borehole size constant. Overall, sufficient wall thickness is
selected to fit the thick-walled criterion while selecting sufficient
75
wall thickness to dissipate heat. The goal of this study is to
rationalize a systematic methodology to assess the pressure gener-
ation in varying host conditions to understand expansive cement
performance in different host materials such as hard rock. Also, a
simple iterative methodology is proposed for the estimation of
the SCDA modulus of elasticity at peak pressure using direct pres-
sure measurement and numerical modeling.
2. Materials and method

2.1. Setup

Commercially available expansive cement selected for this
investigation is Betonamit. The expansive cement was mixed with
a water to cement ratio of 0.2 with a water temperature of 20 ℃. A
water-to-cement ratio of 0.2 was adopted as per the manufac-
turer’s instructions. Other ratios up to 0.3 were tried but did not
produce optimal results. To ensure reliability and repeatability,
all slurries were poured immediately upon mixing into a thick-
walled steel cylinder. The expansive cement was poured by gravity
into the borehole as per the instructions of the manufacturer. No
sealing was deemed necessary. The expansive pressure was mea-
sured by using temperature compensating strain gauge glued to
the outer surface of steel at mid-height. All tests were conducted
at room temperature of 21–22 ℃. The tangential strain was
recorded over a period of 24 h using the Micro-Measurements Sys-
tem 8000 Data Acquisition System. The expansive pressure is esti-
mated using Eq. (2) with modulus of elasticity of the steel material
E=200 GPa. It is to be noted that while the rock mass is generally
heterogeneous, the rock material surrounding an SCDA hole is con-
sidered intact. Clearly, the presence of joints in the rock mass
would help accelerate the fracturing process. The assumption of
using intact material as a host medium is reasonable considering
the scale of the problem. Most research on borehole mechanics
considers intact rock material being stronger than the jointed rock
mass, e.g., drilling and blasting [30–33]. Thus, the use of steel
material as a host medium is deemed suitable. The rigidity of the
steel for each test is also estimated using Eq. (3).

As Eq. (2) [24] used to calculate the expansive cement radial
pressure is based on the assumption of infinitely long pipe without
a base, it deemed important to verify the minimum required length
of the thick-walled cylinder to justify its use for pressure calcula-
tion. To validate the selected length of the cylinder and mid-
height position of the strain gauge, several finite element (FE)
axisymmetric Abaqus models were built: the first has an aspect
ratio of 4 with a base plate as per the experiment while other FE
models employed longer and shorter cylinders with a base plate,
and aspect ratios larger and smaller than 4. Comparison of mid-
height tangential strain of all FE models showed that the tangential
strain readings are not influenced by the base plate when the
aspect ratio is 4 or more. The tangential strain is nearly uniform
along the length of the outer surface of the cylinder except near
the base plate. Therefore, an aspect ratio of 4 (which is also the
minimum recommendation by the manufacturer) is adopted for
this study. FE modelling is discussed in Section 3.4.

The experiment is designed to investigate the use of expansive
cement for drift development in hard rock mines, with a hypothet-
ical drift development cycle of 6 h. Therefore, equal importance is
given to the ultimate pressure as well as the pressure in 6 h.
2.2. Test identification

To identify different tests, the following nomenclature M-S-ID-
OD-TB-XX was used. Refer to Table 2 for abbreviations.



Table 2
Abbreviations for test identification.

Abbreviations Test identification

M Material e.g., S for steel
S Shape of host medium, e.g., C for Cylinder
ID Internal diameter in inches, e.g.,125 for 1.25”
OD Outer diameter in inches, e.g., 175 for 1.75”
TB Type of base e.g., S for solid, W for welded
XX Serial number
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The cylinder length L, was fixed at 4 times the inner diameter as
discussed above. Refer to Fig. 3a and b for steel configuration
geometries.

2.3. Tested configurations

Table 3 lists the three steel cylinder configurations that were
tested in this study. As can be seen, the borehole sizes of
25.4 mm (1”), 31.75 mm (1.25”) and 38.1 mm (1.5”) are investi-
gated in this study. To ensure that the influence of the borehole
size is adequately examined, the cylinders were fabricated to pro-
duce the same host medium rigidity as defined in Eq. (3).
3. Experimental results and discussion

3.1. Effect of borehole size

As shown in Table 3, three borehole sizes of 25.4 mm (1”),
31.75 mm (1.25”) and 38.1 mm (1.5”) are investigated while keep-
ing the steel cylinder rigidity nearly constant as calculated from Eq.
(3). Specimens S–C–100–175-W, S–C–125-227-S, and S–C–150-
275-S have rigidities of 412500, 460628 and 472222 MPa respec-
tively. Duplicates for each test were done to ensure repeatability
and reliability. The 25.4 mm (1”) borehole is used as reference to
assess the effect of expansion pressure with increasing borehole
size. A clear trend is observed with specimens of varying borehole
Table 3
Summary of tested steel cylinder configurations.

Sample
configuration

Inner
diameter ri (mm)

Outer
diameter ro (mm)

Rigidity (MPa)
Eq. (3)

S–C–100-175-W 25.4 (1”) 44.45 (1.75”) 412500
S–C–125-227-S 31.75 (1.25”) 57.60 (2.27”) 460628
S–C–125-210-S 53.34 (2.1”) 365384
S–C–150-275-S 38.1 (1.5”) 69.85 (2.75”) 472222
S–C–150-340-S 86.36 (3.40”) 1008889
S–C–150-420-S 106.68 (4.20”) 13680000

Fig. 3. Steel cylinder configurations tested in this research.
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size and similar rigidities as shown in Fig. 4 whereby the develop-
ment expansive pressure over time is proportional to the borehole
size. The 38.1 mm (1.5”) borehole exhibits a maximum pressure up
of 60 MPa in only 6 h and the 31.75 mm (1.25”) borehole shows a
lower pressure 39.2 MPa in 6 h. However, a similar average maxi-
mum pressure is achieved for both 31.75 mm (1.25”) and 38.1 mm
(1.5”) borehole size with pressure of 55.4 and 60 MPa respectively.
Specimen S–C–100-175-W exhibits a lower pressure of 16.9 and
43 MPa in 6 and 24 h respectively.

3.2. Effect of host medium rigidity

The effect of host medium rigidity was tested while keeping the
borehole size constant at 38.1 mm (1.5”). As shown in Table 3,
three geometries were tested to investigate low to high rigidity
host mediums calculated by Eq. (3) (low rigidity: S–C–150-275-S,
medium rigidity: S–C–340-S, high rigidity: S–C–150-420-S). The
experimental results are shown in Fig. 5. As can be seen, a high
host rigidity of 13680000 MPa (S–C–150-420-S) generates signifi-
cantly less pressure than a low rigidity host of 472222 MPa (S–
C–150-275-S) at 24 h which generated expansive pressures of
29.7 and 60 MPa respectively while a medium host rigidity of
1008889 MPa (S–C–150-340-S) generated pressures of 43.6 MPa.

The expansive pressure increases by 98.1% with a low rigidity
compared to a high rigidity in 6 h. It is also shown that the low
rigidity host reaches its maximum expansive pressure early on in
just 6 h with 60 MPa. This increase in reaction rate can once again
be attributed to an increase in expansive cement temperature.
Since the specimens with a lower thickness provide a smaller heat
sink for the expansive cement, the expansive cement temperature
and therefore reaction rate is expected to be higher. However, it is
also observed that the ultimate expansive cement pressure is also
higher. It is once again unknown if the reaction rate and ultimate
pressure are directly linked. Nonetheless, the experimental results
show that the borehole size is not the only parameter affecting
ultimate pressure, as tested in Section 3.1. It is observed that
increasing the rigidity of the host medium to SCDA expansion
may inhibit the reaction, reducing the ultimate pressure after
24 h. In any case, it can be seen that ultimate pressures obtained
in steel will differ from those obtained in rock, caused by either dif-
fering host rigidity, heat capacity, density, and heat transfer rate.

To conclude, the steel cylinder experiment is a well-established
reference method that is commonly used to estimate the expansive
cement peak pressure [7,24]. This test is adopted because the
mechanical properties of the steel material are known, and the ten-
sile strength is high enough to sustain the expansive pressure to its
peak value. In practical rock fragmentation applications, it is rea-
sonable to assume that ro �ri, hence the rigidity from Eq. (3) is
reduced to:

R ¼ E
ro
ri

� �2

ð4Þ

The above equation suggests that larger SCDA hole diameter
would reduce the host medium rigidity. The trends observed in
the steel cylinder experiment can then be extrapolated to practical
applications. However, these will be subject to further validation,
which is beyond the scope of this work.

3.3. Direct pressure measurement

The thick-walled cylinder experiment for the expansive cement
pressure calculation has the advantage of being simple and eco-
nomical as it only requires the use of a strain gauge mounted on
the outer surface of the cylinder. However, it has never been vali-
dated with direct measurement of the actual internal pressure in



Fig. 4. Expansive pressure of expansive cement with varying borehole size and constant rigidity (R).

Fig. 5. Expansive pressure evolution for varying host medium rigidity and a constant borehole size 38.1 mm (1.5”).
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the cylinder. It is therefore important however to verify the accu-
racy of the method. To do so, a second experiment was designed
and implemented with a pressure sensor inserted through the
cylinder wall at its mid-height as shown in Fig. 10a and c along
with a strain gauge on the outer surface. The sensor is model
XPM6-1KBG and can measure a pressure range from 20 to 2000
bars. It would directly measure the actual pressure, Pa, which can
then be compared to the calculated pressure Pc obtained from
the strain gauge reading and Eq. (2).

The pressure sensor was directly connected to DAQ measuring
the SCDA expansive pressure over a period of 24 h. A series of 6
direct pressure measurement tests was conducted with 2 tests
for each SCDA hole size namely 25.4 mm (1.00”), 31.75 mm
(1.25”), and 38.1 mm (1.5”). The pressure evolution and tempera-
ture readings with time is depicted in Figs. 7 and 8 respectively.

As shown in Fig. 7, pressures of 8, 55 and 65MPa are achieved in
6 h for specimen S–C–100-175-W, S–C–125-210-S and S–C–150-
275-S respectively (Refer to Table 3 for specimen specifications).
It is also shown that pressures of 56 , 71 and 83 MPa are achieved
in 24 h for specimen S–C–100-175-W, S–C–125-210-S and S–C–
150-275-S respectively (Refer to Table 3 for specimen specifica-
tions). The measured pressure data is also in accordance with the
77
results presented in Section 3.1, where a higher ultimate pressure
is attained faster for larger borehole diameters.

As shown in Fig. 6c, the heat of hydration produced during the
SCDA reaction was also measured throughout the testing period
using thermocouples embedded in the SCDA. As shown in Fig. 8,
a peak hydration heat of 50.8 ℃ was recorded at 5 h for specimen
ID S–C–150-275-S while a peak hydration of 39.9 and 40.1 ℃ was
recorded at 5 h for specimen ID S–C–100-175-W and S–C–150-
275-S. Fig. 8 shows that the borehole size is correlated to the
degree of heat generation. Based on the experimental results,
higher heat generation corresponds to higher SCDA expansive
pressure, which is owed to the increased mass of SCDA relative
to the surface area on which pressure is applied and through which
heat is exchanged with the host medium. This is in accordance
with studies conducted by Hinze and Brown, [7] which elucidate
that a large diameter provides more space for free lime to be
hydrated in the borehole. As shown in Eq. (1), the hydration reac-
tion is an exothermic one where this heat indirectly speeds the rate
of pressure evolution [7].

Fig. 9 Plots the comparison between the actual and calculated
peak pressure after 24 h. As can be seen, the actual peak pressure
is consistently higher.



Fig. 6. Direct pressure measurement in specimen S–C–150-275-S.

Fig. 7. Measured expansive pressure of varying borehole size.

Fig. 8. Expansive cement heat of hydration with time of varying borehole size.
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Fig. 9. Measured peak pressure (Pa) vs calculated peak pressure (Pc).

Table 4
Material properties for the FE model.

Material Young’s modulus (GPa) Poisson’s ratio

SCDA TBD 0.2
Steel 200 0.3

Fig. 11. Iterative procedure to determine SCDA modulus of elasticity of expansive
cement at peak pressure.
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A best fit line with an R2 factor of 0.999 is obtained as follows,

Pa ¼ aPc ð5Þ

where a=1.31 is a correction factor to the calculated pressure.
Although costly, the direct pressure measurement experiment con-
firms the validity of the less expensive method employing only a
strain gauge on the outer surface, albeit with a correction factor a.
Fig. 10. Model of axisymmetric steel cylinder.
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Table 5
Modulus of elasticity of expansive cement with varying borehole size.

Specimen 100-175-01 100-175-02 125-210-01 125-210-02 150-275-01 150-275-02

EPeak (GPa) 8.1 8.1 8.2 8.2 8.3 8.35
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3.4. Finite element model

Numerical modelling studies of expansive cement mechanical
behaviour could benefit from the knowledge of the peak modulus
of elasticity of the expansive cement at peak pressure, Ep. As the
actual pressure value is known from the direct pressure measure-
ment experiment, it is used as a model input parameter to obtain
the modulus of elasticity of the expansive cement material using
the axisymmetric model through simple iterative process.

First, an axisymmetric finite element (FE) model of the steel
cylinder was constructed in Abaqus/CAE 2019. The purpose of
the model is to derive the elasticity of the expansive cement mate-
rial for a given expansive pressure as will be explained further. As
shown in Fig. 10, the FE model is axisymmetric and linear elastic; it
consists of two zones: A steel cylinder part and an expansive
cement part. The contact surface between the steel and SCDA is
treated as hard contact in the normal direction and frictional in
the tangential direction with a friction penalty of 0.3. Table 4 pre-
sents the material properties. The Poisson’s ratio of the SCDA is
assumed to be 0.2 and the modulus of elasticity is to be determined
(TBD).

The SCDA pressure is modeled as initial stress or pre-defined
field in the initial step. The pressure is subsequently released in a
second static step. From the model output, the tangential strain
component LE33 at the location of the strain gauge (Fig. 10b) is
extracted.

As shown from the flowchart in Fig. 11, the iteration begins
with an initial value of E=1 GPa and subsequent increments DE=1
GPa. For a given steel cylinder specimen (ro, ri, L, Esteel), the FE
model is run for the tangential strain eh from which the corrected
pressure apc can be calculated from Eq. (5). Iteration continues
with DE=1 GPa and subsequently withDE=�0.1 GPa until the mea-
sured and calculated pressures match. The calculation process was
done for all six specimens tested with the pressure sensor.

The results shown in Table 5 reveal that Ep varies between 8.1
and 8.35 GPa with an average of 8.2 and a coefficient of variation
of only 0.01243. This SCDA peak modulus of elasticity can be used
as an input parameter for future modelling studies on expansive
cement.
4. Conclusions

This work is part of a multi-phase project which aims to
develop a sound methodology for rock fragmentation in under-
ground mines. More specifically, it is the first phase of the project
which focuses on laboratory tests to investigate and optimize the
mechanical performance of SCDA in various conditions. Based on
the findings of this work, future work will extend to the investiga-
tion of SCDA performance in hard rocks commonly encountered in
Canadian mines such as granite, gabbro, and norite. This paper
examines expansive cement pressure variation with host medium
rigidity—an aspect that has often been overlooked by previous
research. The effect of borehole size with time is first investigated
while keeping the host medium rigidity constant for borehole sizes
of 25.4 mm (1”), 31.75 mm (1.25”), and 31.8 mm (1.5”). The results
show that the estimated peak expansive pressure is proportional
with the borehole diameter. This is in line with previous research
findings [1,7]. However, when the host medium rigidity is
increased, the estimated expansive pressure is reduced signifi-
80
cantly. The practical implication of this finding is that the expan-
sive SCDA peak pressure in hard rocks such as gabbro and norite
commonly encountered in metal mines is likely to be less than that
in sedimentary rocks such as limestone and mudstone commonly
found in coal mines.

The classical analytical method for expansive pressure estima-
tion in a thick-walled cylinder has been used extensively in previ-
ous research, however, it has never been validated with direct
measurement of the actual internal pressure in the cylinder. A ser-
ies of tests employing direct pressure measurement using high-
capacity pressure sensor was carried out. The results show that
the actual expansive peak pressure is consistently higher than
the estimated peak pressure from the analytical model. A correc-
tion factor a=1.31 is derived with R2=0.999. Finally, a new method-
ology based on iterative procedure is developed using
axisymmetric finite element modelling and test results to derive
the SCDA modulus of elasticity. Recognizing the variation of pres-
sure and elasticity with time, the focus is on the peak pressure and
hence the peak modulus of elasticity. The methodology reveals
that the modulus of elasticity of expansive cement at peak pressure
is on average 8.2 GPa with a coefficient of variation of only 0.012.
This result should prove useful in numerical modelling studies of
SCDA hole pattern design in practical mining applications.
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