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Abstract: Based on the “axial-output method”, the time histories of radial and axial expansive
pressures during the hydration process of static cracking agent (SCA) in a cylinder with various
diameters were obtained by experiments. With the load input taken as the product of the normalized
axial expansive pressure and the amplitude coefficient, a finite element model was established to
simulate the experimental chemical expansion process of SCA. The relationships between elastic
modulus, radial and axial expansive pressures were then obtained. The results indicate that the
elastic modulus increases with increasing radial and axial expansive pressures, and then tends to be
constant. The effect of Poisson’s ratio was discussed with the elastic modulus unchanged. It is shown
that the Poisson’s ratio is inversely proportional to the amplitude coefficient, and has no effect on the
ratio between the axial and radial expansive pressures. Finally, a mechanical model for the variation
of elastic modulus with stress during the hydration process of static cracking agent was established
in terms of the major principal stress. The model was verified by the experimental results, which can
be extended for numerical simulation of SCA expansion under other compressive loading conditions,
and then provide practical mechanical parameters for engineering application of SCA.

Keywords: static cracking agent; axial-output method; expansive pressure; model for variation of
elastic modulus

1. Introduction

The static cracking agent (SCA) is also known as the static demolition agent, the
soundless cracking agent, or the non-explosive expansive demolition agent, which was
first manufactured in Japan. The SCA is a highly expansive powdery cementitious material.
It becomes slurry when mixed with a proper amount of water and is then filled into
boreholes. The hydration process results in volume expansion, and subsequently expansive
pressures on the borehole wall. When the tensile stress is higher than the tensile strength
of the surrounding mass to be crushed, cracks occur. With continuous action of expansive
pressures, cracks propagate until the surrounding mass is cracked and fractured [1,2].

Compared to cracking by conventional explosives, the expansive pressure can be
transferred evenly to the surrounding mass due to the relatively slow hydration process
when the SCA is adopted. No blasting vibrations, noises and fly-rocks are generated over
the entire cracking process. Therefore, it is called “static blasting” [3,4]. As an important
supplement to controlled blasting, the static blasting technique has been widely applied
in quarrying, concrete demolition [4], rock excavation [5,6], high slope trimming and
other fields [7-9]. Recently, some researchers have applied it in active roof-contacted
support of artificial pillars and further extended the application scope of SCA [10]. SCA
was also introduced as a method for directly investigating the extent of incipient rock
discontinuities [11,12].
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Currently, the studies on SCA mainly focus on the expansion mechanism [13-15],
cracking mechanism [16-18], enhancement of expansive pressure [19-21], controlling the
effects of hydration rate and temperature and local controllable cracking [22,23]. Some
publications explored superplasticizer [24], amount of mixing water [25,26] and the ambient
temperature [26,27] impacts on hydration heat and expansive pressure development. In or-
der to broaden the application of SCA, Xu et al. [7] presented an innovative SCDA cartridge,
which can be applied to fracture rock masses using boreholes in any inclination, dry or wet.
Despite many efforts have been made in research and development of SCA, the variation of
mechanical parameters with the expansion process of SCA is not clear. Further studies on
the evolution law of the mechanical parameters during the hydration process of SCA are
necessary to understand characteristics of SCA. However, studies on the evolution law of
the mechanical parameters during the hydration process of SCA have been seldom reported.

In this paper, the model experiments of the SCA hydration process in a cylinder with
various diameters were conducted to obtain the time histories of radial and axial expansive
pressures. Then, a finite element model was established to simulate the experimental
chemical expansion process of SCA. In the simulation, the elastic modulus E was adjusted
so that the radial and axial expansive pressures can be consistent with the experimental
results. Based on the numerical experimental results, the relationships between the elastic
modulus, the radial expansive pressure and the axial expansive pressure of SCA hydrated
with constant volume were investigated. Based on the above relationships, a mathematical
model for the variation of elastic modulus with stress during the hydration process of SCA
is established that can be extended for numerical simulation of SCA expansion under other
compressive loading conditions.

2. Materials and Method
2.1. Model Experiments

The test system for the axial-output method is shown in Figure 1, which mainly
consists of two parts: the steel cylinder and the automatic load control system for axial
confinement, and axial stress measurement. This method constrains the radial displacement
so that the displacement occurs in the axial direction. The piston diameter is 0.2 mm smaller
than the cylinder diameter, so that a small gap can be maintained between them and the
piston can move freely along the axial direction. The main role of the piston is to seal the
SCA slurry in the cylinder, so that the axial restraint can be applied. When the SCA slurry
generates expansive pressures in the cylinder, the axial force can be transferred evenly to
the load measurement device. The automatic load control system is composed of two parts:
the servo-controlled loading machine and the automatic control software. The testing
machine can achieve a maximum load of 3000 kN. The precision of the load cell is 0.5 kN.
Taking the cylinder with a diameter of 113 mm as an example, the measurement precision
can reach 0.01 MPa. The displacement was measured by an external small-deformation
displacement sensor, with the maximum range of 5 mm and the precision of 0.0001 mm,
which can fully satisfy the test requirements. The axial pressure was calculated by dividing
the load cell record by the piston area. With the temperature measured by the gauge on the
exterior cylinder wall, the circumferential strain was compensated. The axial pressure can
then be obtained theoretically according to the cylinder stress theory in elastic mechanics.

In order to obtain the time histories of radial and axial pressures for SCA with equal
height-diameter ratio and zero axial displacement, cylinders with various diameters and
heights and different SCA charges were considered, as listed in Table 1. The test results are
shown in Figure 2.

Figure 2 presents the time histories of radial and axial pressures corresponding to
various cylinder diameters. The results indicate that: for any cylinder diameter, the radial
and axial pressures increase first and then tend to be steady with time and increase with
increasing cylinder diameter. Due to the boundary effect, the ratio between the radial and
axial pressures increases with increasing cylinder diameter. Taking the data within 65 h as
an example, the ratio gradually changes from 0.3 to 1.
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Figure 1. The test principle for the axial-output method.

Table 1. Geometric parameters for cylinder and SCA.

Cylinder No. 1 2 3 4 5 6 7 8
Inner diameter of

. 30 42 50 65 90 113 130 150
cylinder (mm)
Piston area (cm?) 7.065 13.847 19.625 33.166 63.585 100.237 132.665 176.625
Slurry height (cm) 1.1 1.6 1.9 2.4 34 42 49 5.6
Slurry volume (cm3) 7.772 22.155 37.288 79.598 214.599 420.995 650.059 989.100
Slurry mass (g) 18 52 87 185 499 980 1510 2300
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Figure 2. Time histories of radial and axial expansive pressures obtained by experiments: (a) radial expansive pressure,
(b) axial expansive pressure.

2.2. Numerical Experiments

In order to back analyze the mechanical parameters of SCA, a finite element model
(1/4 model) is established according to the geometric parameters of steel cylinder and
SCA, as shown in Figure 3. The contact relations between the steel cylinder and SCA,
piston and SCA are face-to-face smooth contact, and the mean value of the static friction
coefficient between the steel cylinder and SCA was determined experimentally as 0.3. It
is assumed that there is no relative displacement at the contact surface between the steel
cylinder and the SCA. The steel cylinder and SCA are discretized by 8-node hexahedral
elements and 20-node hexahedral elements. Both symmetry surfaces are constrained sym-
metrically, i.e., the out-of-plane displacements and out-of-plane rotation are constrained.
The vertical displacement of the bottom of the steel cylinder, the upper and lower pistons
are constrained. The elastic modulus and Poisson’s ratio of steel cylinder and piston are set
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as E = 205 GPa and y = 0.3. During numerical simulation, thermal expansion is adopted to
simulate the volume expansion during the hydration process of SCA.

piston

steel
barrel

piston

Figure 3. The finite element model.

To facilitate numerical modeling, the normalized deviation method is adopted to
normalize the time histories of radial expansive pressure for steel cylinders with varying
diameters. The normalized deviation method can be expressed as:

fi(t):m, (i=1,2,3---8) 1)
Oi,max — Uimin

where i = 1-8 denotes the number of steel cylinder, f;(t) is the normalized radial pressure,
0i(t) is the radial pressure at different moments, 0; nay is the maximum radial pressure,
which is taken as o max = 0(65 h) in this study, opin is the minimum radial pressure, taken

as Omin = 0 in this study:.
The normalized curves are shown in Figure 4. Each curve represents the degree of
hydration at different moments for SCA in the cylinder with varying diameter, and also

shows the variation of temperature for SCA driven by thermal expansion. The normalized
temperature-time curves can be expressed as:

Ti(t) = kifi(t) @

where k; is the amplitude coefficient for the model with varying cylinder diameters and
T;(t) is the normalized temperature.
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Figure 4. Time histories of amplitude coefficient for radial pressure and temperature for SCA in steel
cylinders with varying diameters.
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3. Discussion
3.1. Effect of Elastic Modulus on Axial and Radial Pressures

During numerical simulation, the temperature curve corresponding to varying cylin-
der diameters is selected and the amplitude coefficient k; is adjusted so that the simulation
results for radial expansive pressure are basically consistent with the test results. The
preliminary simulation results suggested that the elastic modulus and Poisson’s ratio of
the SCA model shall be set as E = 22.5 GPa and y = 0.3, respectively.

The time histories of radial expansive pressure obtained by tests and numerical
simulations are shown in Figures 2a and 5a, respectively. It can be seen that the radial
expansive pressure in cylinders with varying diameters obtained by numerical simulation
has a similar trend with the test results. The expansive pressures are basically the same.
The axial expansive pressure data are extracted from the modeling results and compared
with the axial pressures measured during the tests, as shown in Figures 2b and 5b.
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Figure 5. Time histories of radial and axial expansive pressures obtained by numerical simulation: (a) radial expansive

pressure, (b) axial expansive pressure.

When the radial expansive pressure is consistent and the same mechanical parameters
are adopted, the axial pressure obtained by numerical simulation has a similar trend with
the test results. However, the magnitudes are remarkably different. The axial expansive
pressures for various cylinder diameters obtained by numerical simulation are significantly
different from the test results. When the cylinder diameter is small (¢ < 65 mm), the
measured axial pressure is much higher than that obtained by numerical simulation. When
the cylinder diameter is greater than 65 mm, the measured axial pressure is lower than that
obtained by numerical simulation.

The above phenomena indicate that the linear elastic model is not good enough to
describe the mechanical properties of SCA in cylinders with varying diameter and under
different stress conditions. In consideration of the hydration process of SCA with constant
volume in a steel cylinder, the expansion of SCA is a gradual compaction process. In this
process, the elastic modulus E and the Poisson’s ratio u may change with increasing expan-
sive pressure. In the following numerical simulations, by adjusting the two key mechanical
parameters, i.e., the elastic modulus E and Poisson’s ratio y of SCA, the effects of the two
parameters on the simulation results are investigated. By comparing the simulated axial
expansive pressure curves with the test results, the mechanical parameters for numerical
simulation are finally determined. First, when the radial pressure is maintained, the rela-
tionship between the elastic modulus E and the axial pressure is discussed based on the
dichotomy method, as shown in Figure 6.

It can be known from the distribution of elastic modulus that, the elastic modulus
determined by the axial expansive pressures from numerical simulations and tests generally
increases with increasing diameter. The amplitude is relatively large. In the model with
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a cylinder diameter of 113 mm, the elastic modulus is close to 36 GPa. However, with
further increase of cylinder diameter, the elastic modulus drops by a certain degree. This
phenomenon does not conform to the general mechanical performance of an elastic body.
With increasing diameter, the expansive pressure also increases and the elastic modulus is
enhanced or remains unchanged under the action of expansive pressure.
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40F o 4=65mm
%“_’ $=90 mm
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Elastic Modulus £/ GPa

Figure 6. Relationship between simulated axial expansive pressure and elastic modulus.

It can be seen from Figure 6 that: for the models with smaller cylinder diameter
(¢ < 65 mm), the elastic modulus varies in a small range with the change of axial expansive
pressure. The calculation results show that, in the models with cylinder diameter of 30 mm,
42 mm, 50 mm and 65 mm, the average elastic modulus is 2.199 GPa, 1.999 GPa, 2.11 GPa
and 2.19 GPa, respectively, when the expansive pressure varies by 1.0 MPa. For cylinder
diameters larger than 65 mm, the elastic modulus increases more rapidly with the axial
expansive pressure. In the models with cylinder diameter of 90 mm, 113 mm, and 130 mm,
the average elastic modulus is 3.162 GPa, 4.425 GPa and 3.585 GPa, respectively. When the
diameter is 150 mm, the average elastic modulus increases to 6.132 GPa. The reason for
above phenomenon is that the hydration process of SCA is a compaction process. During
the compaction process of SCA, the elastic modulus will first increase with the pressure
and then tend to a stable value.

The above numerical results indicate that in models with smaller cylinder diameter,
the effect of axial expansive pressure on selection of elastic modulus is trivial, while the
effect is more prominent for models with larger cylinder diameter. The errors in axial
expansive pressures obtained by physical tests are amplified for determination of elastic
modulus. The amplification factor increase with increasing diameter. The analysis shows
that: for the models with larger cylinder diameter (¢ > 113 mm), the elastic modulus varies
in a larger range, which is caused by the amplified errors in the measured axial expansive
pressures. In consideration of the general mechanical performance of elastic body, the
elastic modulus for models with large cylinder diameter is adjusted appropriately. The
elastic modulus is considered to be stable when the diameter is greater than 90 mm, as
shown by the fitting curve in Figure 7.

First, error analysis is performed for the elastic modulus before and after fitting.
Meanwhile, according to the fitted elastic modulus curve, the axial expansive pressure
corresponding to a cylinder diameter of 90, 113, 130 and 150 mm, respectively, is determined.
The errors are analyzed by comparing with the axial expansive pressure corresponding to
the elastic modulus before adjustment. For four models with various cylinder diameters,
the elastic modulus error varies in a large range. When the diameter is 150 mm, the error in
elastic modulus reaches 16.7%. However, the corresponding axial expansive pressure error
varies in a small range, with the maximum being less than 2.0%. Therefore, it is shown that,
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when the elastic modulus after adjustment is adopted for numerical simulation, the error
in the axial expansive pressure is relatively small, as shown in Figure 8.
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Figure 7. Variation of elastic modulus with axial pressure.
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Figure 8. Sensitivity analysis for elastic modulus and axial expansive pressure.

3.2. Effect of Poisson’s Ratio

The elastic modulus corresponding to various diameters is selected. When the other
parameters remain unchanged, the Poisson’s ratio i of the SCA model is varied so as to
simulate the effect of Poisson’s ratio. The simulation results show that the axial expansive
pressure increases linearly with the Poisson’s ratio. In order to keep the simulated radial
expansive pressure consistent with the measured data, the amplitude coefficient k; for
temperature increase needs to be adjusted. The amplitude coefficient k; after adjustment
decreases linearly with increasing Poisson’s ratio. Taking the simulation results for models
with cylinder diameter of 50 and 90 mm for example, the relationships between Poisson’s
ratio and the amplitude coefficient are shown in Figure 9.

Based on the above simulation results, the axial expansive pressures corresponding
to various Poisson’s ratios are compared. Given the simulated radial expansive pressures
being consistent with the measured values, the relationships between Poisson’s ratio and
the axial expansive pressure for models with cylinder diameter of 50 mm and 90 mm are
plotted in Figure 10. It can be seen that the Poisson’s ratio has little impact on the axial
pressure, which is almost constant. In another word, the ratio between the axial and radial
pressure is independent of Poisson’s ratio.

3.3. Comparison of Results Obtained with Literature

It is known from the previous studies that the expansion pressure of SCA ranged
from 20-70 MPa [7,23,24,27,28]. Similar to the results of previous studies, the axial and
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radial expansion pressure of SCA reached about 48 MPa in this study. Meanwhile, both
model experiments and numerical experimental results show that the expansion pressure
gradually increases with increasing diameter, which is consistent with the results of [23,24].
By increasing the diameter of SCA, a higher expansion pressure can be obtained. However,
it should be noted that the relationship between the expansion pressure and diameter of
SCA is not linear.
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Figure 9. Relationship between Poisson’s ratio and amplitude coefficient.
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Figure 10. Relationship between Poisson’s ratio and axial expansive pressure.

The elastic modulus of SCA is greatly affected by the constraint conditions. Under
unconstrained conditions, the elastic modulus of SCA after hydration is small, about
20 MPa [28,29]. Under constrained conditions, the elastic modulus of SCA can reach
dozens of GPa. This shows that constraint condition, i.e., the application environment, is
important factors that affect the mechanical parameters of SCA.

Due to the limitation of measurement methods, there are few studies on the evolution
law of mechanical parameters in the hydration process of SCA. In this study, based on the
experimental results, the evolution law of mechanical parameters is inversed by using the
finite element model, which is helpful to understand the hydration process of SCA.

4. Mathematical Model for Variation of Elastic Modulus

It shall be noted that compression is positive in this paper. It is known from the above
analyses that different pressures correspond to different elastic moduli. However, the
above analysis is based on the assumption that the elastic modulus for the same cylinder
diameter is the same. In the real case, the internal stress in SCA increases with the hydration
process under constant volume. Correspondingly, the elastic modulus inevitably changes
from a low value to a high value and finally a constant value. In order to investigate
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the mechanical mechanism of the entire hydration process of SCA, a model reflecting the
change of elastic modulus with stress shall be established. The relationship between the
major principal stress and the elastic modulus under various radial (axial) pressures is
plotted in Figure 11.
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Figure 11. Relationship between the major principal stress and elastic modulus.

In the following section, the relationship between the stress and elastic modulus will be
established according to the major principal stress. The major principal stress in Figure 11
is normalized. As the maximum principal stress is 95.09 MPa, the two stresses higher than
75.09 MPa are ignored for normalization. The elastic modulus and the normalized stress
are shown in Table 2, which is the model for variation of elastic modulus with the major
principal stress.

Table 2. Relationship between normalized stress and elastic modulus.

Normalized Stress ong

0 0.233 0.33 0.427 0.51 0.578 0.677 0.871 1

Elastic modulus (GPa)

1.2 25 5.0 10.49 14.13 17.695 26.457 31.807 32.885

The first 3 columns in Table 2 are obtained by extending the curve in Figure 11, instead
of the measured data. Limited by the test conditions, the values in the first 3 columns are
inaccurate. In order to facilitate its application, the data in Table 2 are fitted by a Boltzman
function in Equation (3).

a1 — a2
((UNUA),O) @)
1+e

a3

E(O’N) =ap+

where a1, 4y, a3 and oy are constants.

The initial data and the fitting curve are shown in Figure 12. At this moment, the
corresponding constants are: a; = 1.1134, a; = 32.885, oo = 0.54644 and a3 = 0.10989.
Equation (3) is the model for variation of elastic modulus with the major principal stress
where the Poisson’s ratio is equal to 0.1. In fact the relationship between the Poisson’s ratio
and the expansion coefficient of SCA is linear. The value of Poisson’s ratio doesn’t affect
the model precision. In order to verify the model, a subroutine module for variation of
elastic modulus is compiled based on the USDFLD subroutine module of ABAQUS. The
radial and axial pressures for models with various cylinder diameters are simulated and
plotted in Figure 13. It can be seen from Figure 13 that the simulation results obtained by
the model for variation of elastic modulus are in good agreement with the measured data,
indicating that this model is feasible for investigating the expansion process of SCA in a
cylinder with volume constraint.
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Figure 13. Radial and axial pressures for models with varying cylinder diameters.

5. Conclusions

In this study, the time histories of radial and axial expansive pressures for the entire
hydration process of SCA in cylinders with various diameters were first obtained based on
the “axial-output method”. The chemical reaction and expansion process of SCA was then
simulated by thermal expansion. Taking the product of the normalized axial expansive
pressure and the amplitude coefficient as the load input, a finite element model for the
physical tests and the mathematical model for variation of elastic modulus with the major
principal stress were established. The following conclusions can be drawn:

(1) Under the volume constraint condition, the hydrated SCA is compacted with
increasing expansive pressures. As a result, the elastic modulus increases first and then
tends to be stable at a constant value. When the expansion pressure is greater than 20 Mpa,
the elastic modulus is stable at about 36 Gpa.

(2) When the elastic modulus remains unchanged, both the radial and axial expansive
pressures of SCA increase linearly with increasing Poisson’s ratio. When the radial pres-
sure remains unchanged, the Poisson’s ratio and the amplitude coefficient are inversely
proportional and have no impact on the ratio between axial and radial pressures.

(3) A mathematical model for variation of elastic modulus with the major principal
stress is established based on the variation laws of elastic modulus and Poisson’s ratio
of the SCA model. The modeling results are in good agreement with the measured data.
Hence, this model is feasible for investigating the expansion process of SCA in a cylinder
with constant volume and providing practical mechanical parameters for engineering
application of SCA.
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List of Symbols
i Number of steel cylinder
t Time (hour) hydration and expansion of static cracking agent
fi(t) Normalized radial pressure at different time
oi(t) Radial pressure at different time
0} max Maximum radial pressure, which is taken as omax = (65 h)
0} min Minimum radial pressure, which taken as oy, =0
O Cylinder diameter
ki Amplitude coefficient
T;(t) Normalized temperature.
E Elastic modulus
U Poisson’s ratio
a1, ay, a3 Constants
ONO Normalized stress
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