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Abstract
The application of conventional soundless (or silent) chemical demolition agents (SCDAs) is complicated and it is easy for 
the agents to extrude from boreholes; it is also difficult to use it in wet or up-tilt boreholes, which limits their engineering 
application. In this paper, the components of conventional SCDAs are optimized and an innovative SCDA cartridge is pre-
sented, which is called self-swelling cartridge (SSC). Water absorption, expansion pressure and mechanical property tests of 
the novel SSC after hydration reaction were carried out to investigate the expansibility and the mechanical properties of the 
new SSC. The test results indicate that the water absorption rate and the water absorption at full saturation decrease with the 
increase of the agent packing density. The recommended agent packing density is 1.65 g/cm3, at which the immersion time 
and the water absorption for full saturation are 9 min and 22%, respectively. The expansion pressure of the SSC is influenced 
by roll diameter, agent packing density, and insertion gap. The expansion pressure is most sensitive to the insertion gap and 
least sensitive to the cartridge diameter. An empirical formula relating the expansion pressure and its influencing factors is 
presented. Both the uniaxial compressive strength and the elastic modulus of the SSC after hydration reaction increase with 
the increase of reaction time, while the Poisson’s ratio decreases with the increase of reaction time. With the increase of 
confining pressure, the peak strength increases linearly, which can be described by the Mohr–Coulomb strength criterion. 
The novel SSC is easy to be used and the SCDA paste is less likely to be extruded from boreholes. It can be applied to frac-
turing rock masses using boreholes in any inclination, dry or wet. This is important for broadening the application of SCDA.

Keywords  Soundless chemical demolition agent (SCDA) · Self-swelling cartridge (SSC) · Rock fracturing · Hydration 
reaction · Water absorption · Expansion pressure · Strength

1  Introduction

Soundless chemical demolition agents (SCDAs) are super-
fine powder-like gelling material with excellent expansion 
properties (Harada et al. 1989). When a SCDA is inserted or 
placed into a borehole, it expands after hydration reaction, 
which applies an expansion pressure to the borehole wall. 

Rock fracturing occurs when the expansion pressure reaches 
the limit above which tensile fractures initiate in the direc-
tion perpendicular to the minimum principal stress (Chatterji 
and Jeffery 1966; Kasai 1989; Swanson and Labuz 1999). 
Compared with the conventional drill-and-blast excavation 
method, rock breakage using SCDAs has the advantages 
of no vibration, no noises, no flying rocks, higher safety, 
and lower cost (Laefer et al. 2010; De Silva et al. 2016). 
Compared with hydraulic fracturing, fracturing rocks using 
SCDAs is easy and the cost is low (He et al. 2016, 2017). 
Since 1970s, SCDAs have been widely used for rock fractur-
ing (Arshadnejad et al. 2011), demolition of concrete foun-
dation (Laefer et al. 2010; De Silva et al. 2016), coal mining 
(Xu et al. 2015; Zhai et al. 2018), and shale gas extraction 
(Guo et al. 2015a, b). In recent years, the application of 
SCDA has been extended to ground control (Li et al. 2018) 
and rock bolting (Xu et al. 2019).
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However, conventional SCDAs have some shortcom-
ings in engineering application. First, powder-like SCDAs 
need to be converted into a paste form for field applica-
tion, which requires complicated field operation procedures 
(Ramachandran et al. 1964; Chatterji 1995; Kim et al. 2018; 
Shang et al. 2018; Zhai et al. 2018). Second, it is difficult 
to use SCDA pastes in boreholes containing water because 
the water content of the SCDA paste can be changed, which 
reduces the effectiveness of the SCDAs (Gambatese 2003; 
De Silva et al. 2019). Third, SCDA pastes are difficult to be 
applied in up-tilt boreholes due to gravity flow, which limits 
its application. Lastly, materials of conventional SCDAs can 
be extruded from a borehole due to fast hydration reaction, 
which can reduce the effectiveness of the agent in rock frac-
turing (Ba and Liu 1988; Xie et al. 2018).

To overcome the shortcomings mentioned above, some 
researchers packaged SCDA powders into bags for field 
application (Kasama et al. 1983). Permeable bags contain-
ing tightly packed SCDA powders are immersed in water 
for some time and then placed into a borehole. A stick with 
a point head is used to send the SCDA bags to pre-defined 
locations, and then the SCDA bags are squashed. The SCDA 
powders expand after the hydration reaction, generating a 
large expansion pressure which could fracture the rock mass. 
Although SCDA bags can be used in up-tile boreholes, it is 
hard to control the agent packing density. In addition, the 
water content of the SCDA is also difficult to be maintained 
in boreholes containing water, and the SCDA paste is easy 
to be extruded from the boreholes. Hence, the efficiency of 
using SCDA bags to fracture rock varies considerably.

In this paper, the component of conventional SCDAs is 
modified to solve the problems encountered in the applica-
tions of conventional SCDA pastes and bags. Binder, water-
retaining agent, and inertia materials are added to control 
the rate of hydration reaction. An innovative self-swelling 
cartridge (SSC) with axial restraint is designed to prevent 
the agent from extruding from boreholes. Water absorp-
tion, expansion pressure and mechanical property tests of 
the SSCs after hydration reaction were carried out to reveal 
their expansion characteristic and the mechanical properties. 
Water absorption ratios and water immersion time for full 
saturation of the SSCs with different agent packing densities 
were obtained. Factors that influence expansion pressure are 
quantitatively analyzed. The effects of hydration reaction 
time on uniaxial compressive strength (UCS), elastic mod-
ulus, Poisson’s ratio, and expansion pressure of the SSCs 
are studied. In addition, parameters of the Mohr–Coulomb 
strength criterion for the material of the SSC are determined 
based on the triaxial compression test results.

2 � Experimental Program

2.1 � Materials

The SCDA used in our study is a superfine power-like 
material, mainly consisting of C3S (3CaO·SiO2), C2S 
(2CaO·SiO2), C4AF (4CaO·Al2O3·Fe2O3), and light-burned 
calcium oxide (f-CaO). When the SCDA powder contacts 
with water, the minerals that cover the surface of f-CaO 
hydrate and generate C–H–S (3CaO·2SiO2·3H2O), C3FH6 
(3CaO·Fe2O3 6H2O), and C3AH6 (3CaO·Al2O3·6H2O) (You 
2008; Dai 2016). These hydrates have cementation capacity 
and provide the strength for the SCDA. When CaO contacts 
with water, it generates Ca(OH)2 crystals after hydration 
reaction. With continuous generation of Ca(OH)2 crystals, 
the volume of the solid increases, leading to the expansion of 
the SCDA (Ramachandran et al. 1964; Chatterji and Jeffery 
1966; Harada et al. 1989, 1993; Chatterji 1995; De Silva 
et al. 2017). If the hydration reaction occurs in an unre-
stricted space, the hydrates will crack and finally become a 
powder-like loose material. However, if the hydration reac-
tion occurs in a restricted space, the hydrates will generate 
an expansion pressure against the constraining boundaries.

In field applications, due to the fast rate of hydration 
reaction, the water content and the cohesion of the SCDA 
decease with water evaporation. The SCDA paste is likely 
to leak from the borehole, leading to a low efficiency of rock 
fracturing (Swanson and Labuz 1999; Étkin and Azarko-
vich 2006; Huynh and Laefer 2009). In this study, povidone 
binder, polymer resin water-retaining agents (aquasorb), 
sand (inert material), and starch (disintegrant) are added to 
the SCDA to adjust the rate of hydration reaction of the 
SCDA, control the water content, and improve the cohesion 
so as to prevent SCDA pastes from leaking from the bore-
holes. The components of the improved SCDA are listed in 
Table 1.

2.2 � Structure Design of SSC

For easy and effective field application of SCDAs, we devel-
oped a self-swelling cartridge (SSC). A SSC is mainly com-
posed of SCDAs, permeable paper, and sponge, a thread 
rod, two gaskets, two plates, and two plate nuts. Figure 1a 
presents the structure of the SSC with a diameter of 50 mm 
and a length of 100 mm. The packing cover is made of 

Table 1   Composition of raw materials of SSC cartridge

CaO (%) Binder (%) Aquasorb (%) Inert material 
(%)

Disintegrant 
(%)

60–70 10–15 2–5 2–6 1–4
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kraft paper and sponge with thicknesses of 0.8 and 1.0 mm, 
respectively. The self-swelling powder is mixed with a mod-
erate amount of binder, aquasorb, and inert material and 
then filled into the packing cover. The mixture is tightly 
compressed and packed manually or using a machine. The 
density of the packed roll agent is normally in the range 
of 1.65–2.05 g/cm3. A 5.0-mm diameter thread rod passes 
through the center of the gasket and the cartridge, which 
is assembled with the plates, gaskets, and nuts. Figure 1b 
shows two examples of the SSCs used in the experiments 
conducted in this study.

2.3 � Test Methods

2.3.1 � Water Absorption Test

Water absorption properties of the SSC include water 
absorption and water absorption rate. The water absorp-
tion determines the water to cement ratio of the SSC, which 
influences the expansion pressure. The water absorption rate 
determines the time needed to fully saturate a SSC in water. 
If the immersion time is too short, the water absorption is 
low and the SSC cannot react with water completely, which 
can reduce the expansion of the SCDA. If the immersion 
time is too long, hydration reaction can occur before a SSC 
is inserted into a borehole, which can lead to poor rock frac-
turing. In addition, the time needed to fully saturate a SSC 
depends on the agent packing density. Hence, immersion 
times of the SSCs with different agent packing densities 
needs to be determined by the water absorption test.

SSCs with a dimension of 50 mm (diameter) × 100 mm 
(length) were used for the water absorption tests. Three car-
tridge densities, 1.65, 1.85, and 2.05 g/cm3, were considered. 
A SSC was immersed in the 20 °C water and then taken out 
at a 50-s interval and the weight of the saturated SSC was 
measured. A water absorption test was terminated when the 
change of the weight of the cartridge was less than 0.5 g in 
three consecutive measurements. Three tests for each pack-
ing density case were conducted.

2.3.2 � Expansion Pressure Test

Expansion pressure is a key index to evaluate the expansion 
characteristics of the SSC, and it is affected by many factors 
such as roll diameter, agent packing density, and installa-
tion gap. The roll diameter and the agent packing density 
control the amount of SCDAs and the water to cement ratio, 
which in turn affect the expansion pressure of the SSC. The 
installation gap between the roll and the borehole affects the 
easiness of installation and expansion pressure of the SSC. 
The larger the installation gap, the easier it is to install the 
cartridge and the smaller the expansion pressure will be. 
In this case, expansion-induced cracking will be less. On 
the other hand, the smaller the installation gap is, the more 
difficult it is to install the SSC but the expansion pressure is 
higher. Therefore, it is necessary to carry out the expansion 
pressure test of the SSCs considering different roll diam-
eters, agent packing densities, and installation gaps. The test 
scheme is shown in Table 2. SSCs with different agent pack-
ing densities were immersed in 20 °C water, and after water 
absorption saturation was reached, the expansion pressure 

Fig. 1   a Structure of SSC and b examples of SSC



822	 S. Xu et al.

1 3

test was conducted based on the method described in litera-
ture (Deighton 1976; Pawlik and Reisman 1980; Hertzberg 
and Saunders 1985).

The expansion pressure of a SSC is calculated by apply-
ing the theory of elasticity to a stainless-steel cylinder, based 
on the theory of thick-wall cylinders (Pawlik and Reisman 
1980; Hertzberg and Saunders 1985; Lawn 1993). Under 
the loading condition of uniform internal and external pres-
sures, the radial and tangential stresses of a thick-wall steel 
cylinder are given by

where �r and �� are the compressive and tensile stresses, 
respectively, r is the radial distance from the center of the 
thick-wall steel cylinder, a and b are the inner and outer 
radii of the cylinder, Pa and Pb are the internal and exter-
nal pressures acting on the cylinder, respectively. During a 
expansion pressure test, the pressure acting on the outer wall 
is Pb = 0 at r = b; thus, Eqs. (1) and (2) can be simplified to:

The tangential and axial stresses in a small unit on the 
outer wall of the expansion pressure testing device satisfy 
the condition of plane stress. The generalized Hooke’s law 
in the polar coordinate system is written as

(1)�r = −

b2

r2
− 1

b2

a2
− 1

× Pa −
1 −

a2

r2

1 −
a2

b2

× Pb,

(2)�� =

b2

r2
+ 1

b2

a2
− 1

× Pa −
1 +

a2

r2

1 −
a2

b2

× Pb,

(3)�� =
2a2

b2 − a2
× Pa.

(4)

{
�� =

1

E

(
�� − ��a

)
�a =

1

E

(
�a − ���

) .

Combining Eqs. (3) and (4) leads to

where P and Pa are the expansion pressure and internal 
expansion pressure of the SSC, respectively, E is the elastic-
ity modulus of the steel cylinder (with a value of 206 GPa), 
� is the Poisson’s ratio of the steel cylinder (with a value 
of 0.3), k is the ratio of outer to inner radii, and �� and �a 
are the circumferential and axial strains, respectively, of the 
thick-wall steel cylinder. By measuring the circumferential 
and axial strains resulted from the expansion of the SCDA 
on the surface of the cylinder, the expansion pressure P can 
be calculated using Eq. (5). The strains are measured using 
strain gauges glued on the outer surface of the steel cylinder 
(Harada et al. 1993; China 2008; De Silva et al. 2017).

2.3.3 � Mechanical Property Test After Hydration Reaction

A specimen preparation equipment was designed for the 
hydration reaction of the SSC and to provide a constraint 
space for the hydration swelling of a SSC and for taking out 
the SSC specimen after hydration reaction. The equipment 
consists of a split steel pipe with a wall thickness of 5.0 mm, 
circumferential restraint hoops, pressure pads at both ends, 
and threaded rods with clamp nuts (Fig. 2). The gap between 
the SSC and the steel pipe is 1 mm. Before a test, the SSC 
(with a dimension of 50 mm (diameter) × 100 mm (length) 
and an agent packing density of 1.65 g/cm3) was immersed 
in 20 °C water. After the SSC was fully saturated, it was 
placed into the specimen preparation equipment for hydra-
tion reaction. After the completion of the hydration reaction 
at a specified time, the threaded rods and the circumferen-
tial restraint hoops were removed to get the SSC specimen. 
Finally, the physical properties of the SSC specimens were 
tested, including the mass and the longitudinal wave veloc-
ity. To reduce the dispersion of the test results, SSC speci-
mens with similar physical properties were selected to per-
form uniaxial and conventional triaxial compression tests.

The RockMan-207 triaxial compression test machine 
(Fig. 3), developed by Northeastern University, China, was 
used to conduct the compression tests. The frame stiffness, 
maximum axial loading force, and maximum confining pres-
sure of the machine are 5 GN/m, 2000 kN, and 100 MPa, 
respectively. Three types of loading control methods, i.e., 
load-controlled, axial-displacement-controlled, and circum-
ferential-displacement-controlled loadings are available. 
Two axial linear variable differential transducers (LVDTs) 
and one circumferential LVDT were used to measure the 
axial and circumferential deformations. The measurement 
range and precision of the LVDTs are ± 6.25 mm and 0.05%, 
respectively.

(5)P = Pa =
E
(
k2 − 1

)

2
(
1 − �2

)(�� + ��a
)
,

Table 2   Test cases for studying the influence of roll diameter, agent 
packing density, and insertion gap on expansion pressure

Specimen # Roll 
diameter 
(mm)

Agent packing 
density (g/cm3)

Hole 
diameter 
(mm)

Installation 
gap (mm)

A-#1 40.0 1.65 42.0 1.0
A-#2 40.0 1.85 52.0 6.0
A-#3 40.0 2.05 47.0 3.5
A-#4 45.0 1.65 52.0 3.5
A-#5 45.0 1.85 47.0 1.0
A-#6 45.0 2.05 57.0 6.0
A-#7 50.0 1.65 52.0 1.0
A-#8 50.0 1.85 57.0 3.5
A-#9 50.0 2.05 52.0 1.0
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The test schemes for the compression tests of the SSC 
specimens with different hydration reaction times and con-
fining pressures are shown in Table 3. The experimental pro-
cedure and result calculation follow the ISRM-suggested 
methods (Kovari et al. 1983; Fairhurst and Hudson 1999). 
Since the SSC specimens show ductile and large deforma-
tions, to obtain complete stress–strain curves of the speci-
mens, the axial-displacement-controlled loading was used 

in the early stage of loading with an axial strain rate of 
1 × 10–3/s until the stress reached 70% of the peak strength. 
Then, the axial strain rate was changed to 1 × 10–6/s until the 
stress decreased to 50% of the peak strength. After that, the 
axial strain rate was increased to 1 × 10–3/s again until the 
stress reached the residual strength of the specimen or the 
strain reached the measurement range of the LVDT. Five 
specimens were tested in each test scenario.

Fig. 2   Test specimen prepara-
tion device

Fig. 3   RockMan-207 triaxial 
compression test machine

Table 3   Test cases for different 
confinements and hydration 
reaction times

Specimen # B-#1 B-#2 B-#3 B-#4 B-#5 B-#6 B-#7 B-#8 B-#9 B-#10

Confining pressure (MPa) 0 0 0 0 0 0 1 5 10 20
Hydration reaction time (h) 4 6 8 10 16 24 24 24 24 24
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3 � Test Results

3.1 � Water Absorption Test Results

The water absorptions of the SSCs with different agent pack-
ing densities at different immersion times are presented in 
Fig. 4. For the agent packing densities of 1.65, 1.85, and 
2.05 g/cm3, the immersion times required for the SSCs to 
become fully saturated are 9, 10, and 13 min, respectively. 
The corresponding water absorptions of these SSCs are 22%, 
21%, and 20%, respectively. The test results indicate that 
the water absorption and water absorption rate of the SSCs 
decrease gradually as the agent packing density increases. 
A higher agent packing density results in a lower internal 
porosity, which can lead to a decrease of water absorption 
and the water absorption rate. The water absorption of a 
fully saturated SSC specimen after hydration reaction deter-
mines the water to cement ratio. When the water to cement 
ratio is 25%, the agent has the highest utilization rate and the 
best expansion effect (De Silva et al. 2016). To ensure that 
the water to cement ratio of the SSC approaches the optimal 
value, and with the consideration of cost, the utilization ratio 
and the absorption rate of the SCDAs, the recommended 
agent packing density, immersion time, and water absorp-
tion of fully saturated SSCs are 1.65 g/cm3, 9 min, and 22%, 
respectively.

3.2 � Expansion Pressure Test Results

The expansion pressure test results of the SSCs with differ-
ent roll diameters, agent packing densities and insertion gaps 

are presented in Fig. 5. When the agent packing density and 
the insertion gap are kept constant, the expansion pressure 
is positively related to the roll diameter. The test results of 
Specimens A-#1 and A-#7 show that when the agent packing 
density and the insertion gap are 1.65 g/cm3 and 1.0 mm, 
respectively, the expansion pressure increases from 14.7 
to 20.5 MPa when the roll diameter increases from 40 to 
50 mm. If the roll diameter and the insertion gap are kept 
constant, the expansion pressure increases as the agent pack-
ing density increases. The test results of Specimens A-#7 
and A-#9 show that when the roll diameter and the inser-
tion gap are 50 mm and 1.0 mm, respectively, the expansion 
pressure increases from 20.5 to 52.3 MPa when the agent 
packing density increases from 1.65 to 2.05 g/cm3.

The test results of Specimens A-#1 and A-#6 show that 
when both the roll diameter and the agent packing density 
increase, the expansion pressure decreases as the insertion 
gap increases. The expansion pressure reaches 14.7 MPa 
when the agent packing density, roll diameter, and inser-
tion gap are 1.65 g/cm3, 40 mm, and 1.0 mm, respectively. 
The expansion pressure decreases to 2.3 MPa when the 
agent packing density, roll diameter, and insertion gap are 
2.05 g/cm3, 45 mm, and 6.0 mm, respectively. It is seen that 
compared with roll diameter and agent packing density, the 
insertion gap has a larger effect on the expansion pressure. 
The test results of Specimens A-#5 and A-#7 show that for a 
given insertion gap, the expansion pressure decreases when 
the roll diameter is increased while the agent packing density 
is decreased. When the roll diameter is increased from 40 to 
45 mm and the agent packing density is decreased from 1.85 

Fig. 4   Water absorption of SSCs with different agent packing densi-
ties

Fig. 5   Influence of roll diameter, agent packing density, and insertion 
gap on expansion pressure
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to 1.65 g/cm3, the expansion pressure decreases from 29.3 to 
20.5 MPa. Hence, the expansion pressure is more sensitive 
to the agent packing density than to the roll diameter.

In summary, the expansion pressure of a SSC is influ-
enced by roll diameter, agent packing density, and insertion 
gap. Among them, it is more sensitive to insertion gap, fol-
lowed by agent packing density, and is less sensitive to roll 
diameter.

3.3 � Uniaxial Compression Test Results

Complete stress–strain curves under uniaxial compression 
and photos of the failed SSC specimens at different hydra-
tion reaction times are presented in Fig. 6. The dimensions 
of the specimens are 50 mm in diameter and 100 mm in 
length, with an agent packing density of 1.65 g/cm3.

When the hydration reaction time is 4 h, the UCS (σc), 
peak strain (the strain that corresponds to the peak strength), 
elastic modulus (E), and Poisson’s ratio (ν) of the SSC speci-
mens are 1.2 MPa, 1.276%, 0.20 GPa, and 0.30, respectively. 
The photo of the tested specimen shows that there are several 
distinct fractures, one main fracture propagating through the 
specimen, one local axial fracture and one circumferential 
fracture at each end of the specimen. The failure modes 

are splitting failure. When the hydration reaction time is 
increased to 24 h, the UCS and the elastic modulus increase 
to 9.6 MPa and 1.24 GPa, respectively, while the peak strain 
and the Poisson’s ratio decrease to 0.926% and 0.18, respec-
tively. In this case, two main fractures propagate through 
the specimen, and three local axial fractures and two local 
circumferential fractures occur at each end of the specimen. 
The failure mode is also splitting failure, showing a more 
characteristic brittle failure with spalling of some small 
fragments during the test. Overall, with the increase of the 
hydration reaction time, the UCS and the elastic modulus of 
the SSC specimens increase and its peak strain and Poisson’s 
ratio decrease gradually. The failure modes are splitting fail-
ure. In addition, the number of fractures increases and brittle 
failure becomes more noticeable.

3.4 � Triaxial Compression Test Results

Complete stress–strain curves under triaxial compression 
and photos of the failed SSC specimens (with a diameter of 
50 mm, a length of 100 mm and an agent packing density of 
1.65 g/cm3) after 24 h hydration reaction are shown in Fig. 7.

Fig. 6   a Complete stress–strain curves and b failure modes of SSC 
specimens under uniaxial compression, with different hydration reac-
tion times. ε1, ε3, σ1 and t are axial strain, lateral strain, axial stress 
and hydration reaction time, respectively

Fig. 7   a Complete stress–strain curves and b failure modes of SSC 
specimens under triaxial compression, with a hydration reaction time 
of 24 h. ε1, ε3, σ1 and σ3 are axial strain, lateral strain, axial stress and 
confining pressure, respectively
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At 1.0 MPa confining pressure, the peak strength (σ1) of 
the specimen is 15.1 MPa and the failure mode is splitting 
failure. At 5.0 MPa confining pressure, the peak strength 
is 31.7 MPa and both splitting and shear failures occur in 
the specimen. When the confining pressure is 10.0 MPa, 
the peak strength increases to 53.2 MPa and the speci-
men fails in shear. At 20.0 MPa confining pressure, the 
peak strength is 93.9 MPa and the specimen also fails in 
shear. With the increase of confining pressure, the number 
of the observed fractures decreases and the peak strength 
increases gradually. The (σ1–σ3)–ε1 curves near the peak 
stress become flat, and the failure modes change gradually 
from splitting to shear. In particular, when the confining 
pressure is equal to 20.0 MPa, strain hardening occurs for 
the SSC specimens after hydration reaction. For this case, 
plastic deformation occurs when the axial strain and the 
axial stress are 0.286% and 47.95 MPa, respectively, and 
strain hardening occurs when the axial strain and the axial 
stress are higher than 1.495% and 72.82 MPa, respectively. 
At an axial strain of 5.420%, the axial stress reaches the 
peak value of 93.9 MPa, and strain softening occurs in the 
post-peak deformation stage.

4 � Discussions

4.1 � Quantitative Analysis of Factors that Influence 
Expansion Pressure

Assume that the roll diameter, agent packing density, 
installation gap, and free expansion time are denoted as 
d, � , Δl, and tf, respectively, and we use the dimensional 
analysis method (Barenblatt 1987; Szirtes 2007; Bowers 
and Schatzman 2009; He et al. 2018) to study the influ-
ence of those factors on the expansion pressure of the SSC 
quantitatively. Using the selected variables, the objective 
function of the expansion pressure P can be written as:

Taking mass (M), length (L), and time (T) as the basic 
dimensions, the variables can be expressed in the power 
forms of the basic dimensions as:

A dimensional matrix can be obtained as:

(6)f
(
d, �,Δl, tf,P

)
= 0.

(7)

[d] = M0L1T0

[�] = M1L−3T0

[Δl] = M0L1T0�
tf
�
= M0L0T1

[P] = M1L−1T−2

⎫
⎪⎪⎬⎪⎪⎭

.

From the dimensional harmony theorem, we have

where x1, x2, x3, x4, and x5 represent the undetermined coef-
ficients of [d], [�], [Δl],

[
tf
]
, and[P] , respectively.

Using matrix X = (x1, x2, x3, x4, x5) T, Eq. (9) can be 
transformed into a basic solution vector for solving the lin-
ear homogeneous equations of AT

X = 0 , as shown in the 
following equation:

The rank of AT is 3 and the basic solutions of the equa-
tions of AT

X = 0 are

Two dimensionless factors can be obtained, which are 
�1 = d

−
1

4 t
−

1

2

f
�

1

4Δl
3

4P
−

1

4 and �2 = d
−

3

4 t
1

2

f
�
−

1

4Δl
1

4P
1

4 . The objec-
tive function of Eq. (6) can be expressed as:

To obtain the relation between the expansion pressure 
of the SSC and its influencing factors, the dimensionless 
factors �1 and �2 are calculated based on the data shown 
in Table 4, using the regression analysis software Origin 
(Norušis 2011; Egbert and Staples 2019), and the results are 
shown in Fig. 8. The free expansion rate refers to the expan-
sion rate of the specimen before it contacts the boundary of 
the stainless-steel cylinder of the test equipment (National 
Development and Reform Commission 2008). The expan-
sion rate is calculated using Δl∕tf , where Δl is the installa-
tion gap and tf is the free expansion time.  

Using the relation between the dimensionless factors 
shown in Fig. 8, the relation between the expansion pres-
sure and the influencing factors is obtained as:

It can be seen from Eq. (13) that the expansion pressure of 
the SSC is positively correlated with the roll diameter, agent 
packing density and free expansion rate, and negatively cor-
related with the free expansion time. The results shown in 

(8)A
T =

⎡
⎢⎢⎣

0 1 0 0 1

1 −3 1 0 −1

0 0 0 1 −2

⎤
⎥⎥⎦
.

(9)[d]x1 [�]x2 [Δl]x3
[
tf
]x4 [P]x5 = M0L0T0,

(10)
0 ⋅ x1 + 1 ⋅ x2 + 0 ⋅ x3 + 0 ⋅ x4 + 1 ⋅ x5 = 0

1 ⋅ x1 − 3 ⋅ x2 + 1 ⋅ x3 + 0 ⋅ x4 − 1 ⋅ x5 = 0

0 ⋅ x1 + 0 ⋅ x2 + 0 ⋅ x3 + 1 ⋅ x4 − 2 ⋅ x5 = 0

⎫
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.

(11)
X1 =

�
−

1

4
,−

1

2
,
1

4
,
3

4
,−

1

4

�T

X2 =
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−
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4
,
1

2
,−

1

4
,
1

4
,
1

4

�T

⎫⎪⎬⎪⎭
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(12)g
(
�1,�2

)
= 0.

(13)P = 0.4402 × d × � ×
ΔL

tf
×

1

tf
.
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Table 4 indicate that the variation of the free expansion rate 
is small, which is between 0.88 and 1.67 mm/h. Hence, the 
free expansion time depends mainly on the installation gap, 
i.e., the larger the installation gap is, the longer the free 
expansion time and the smaller the expansion pressure will 
be. Therefore, the expansion pressure and the installation 
gap are negatively correlated with each other, and this is 
consistent with the test results shown in Sect. 3.2.

4.2 � Time‑Dependent Expansion Pressure and UCS

Based on the crystal growth theory (Chatterji 1995), the 
excess pressure acting on the wall of the constraint is coming 
from the crystal growth pressure ( ΔP ), which is given by

(14)ΔP =
R × T

VM

× ln
as

a0
,

where VM is the molar volume of the crystal, as is the mean 
activity of the supersaturated solution, a0 is the mean activity 
of the saturated solution, R is the gas constant, and T is the 
absolute temperature of the system.

During the hydration reaction, the activity of an over-
saturated solution (as) and the absolute temperature of the 
system (T) change continuously. The pressure increment 
(△P) due to the crystallization of Ca(OH)2 varies accord-
ingly, which can lead to a variation of the expansion pressure 
and the peak strength of the specimen with reaction time. 
The UCS and the expansion pressures of the SSC specimens 
(with an agent packing density of 1.65 g/cm3) at different 
reaction times (4, 6, 8, 10, 16 and 24 h) are used to plot the 
σc–t and the P–t curves shown in Fig. 9.

The hydration reaction process of the SSC specimens 
can be divided into three stages: the initial stage (t ≤ 4 h) in 
which the expansion pressure grows rapidly, the middle stage 
(4 h < t ≤ 10 h) in which the growth rate of the expansion 
pressure decreases, and the final stage (t ≥ 10 h) in which the 
expansion pressure increases slowly. The expansion pressure 

Table 4   Sample data and numerical table of dimensionless factor calculation

Specimen # Roll diameter 
d (mm)

Agent packing 
density �(g/cm3)

Installation gap 
Δl (mm)

Free expansion 
time tf (h)

Expansion pres-
sure P(MPa)

Free expansion 
rate (mm/h)

π1 π2

A-#1 40.0 1.65 1.0 0.95 14.7 1.05 0.24 0.11
A-#2 40.0 1.85 6.0 6 2.1 0.97 0.59 0.25
A-#3 40.0 2.05 3.5 2.95 6.6 1.19 0.44 0.20
A-#4 45.0 1.65 3.5 4 3.6 0.88 0.41 0.19
A-#5 45.0 1.85 1.0 0.75 29.3 1.33 0.22 0.10
A-#6 45.0 2.05 6.0 6.5 2.9 1.00 0.55 0.24
A-#7 50.0 1.65 1.0 0.9 20.5 1.11 0.21 0.09
A-#8 50.0 1.85 3.5 2.5 10.8 1.40 0.39 0.18
A-#9 50.0 2.05 1.0 0.6 52.3 1.67 0.22 0.09

Fig. 8   Regression analysis for the dimensionless factors
Fig. 9    σc–t and P–t curves and fitting formulas of SSCs
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increases with the reaction time at a power of three. The 
reason is that in the initial stage, heat is released rapidly and 
the Ca(OH)2 crystals are generated quickly due to the hydra-
tion reaction. This leads to a rapid increase of the activity of 
the oversaturated solution and the absolute temperature of 
the system. As a result, in the initial stage of the hydration 
reaction, the △P increase rate is high, and the expansion 
pressure increases rapidly. With the increase of the reaction 
time (4 h < t ≤ 10 h), the rates of heat release and Ca(OH)2 
crystal growth decrease gradually. This leads to a gradual 
decrease of the activity of the oversaturated solution and the 
absolute temperature of the system, which results in a con-
tinuous decrease of the rate of expansion pressure increase. 
The growth rate of the expansion pressure decelerates in this 
stage. In the final stage of the hydration reaction (t ≥ 10 h), 
the rates of heat release and Ca(OH)2 crystal growth further 
decrease, leading to a further decrease of the activity of the 
oversaturated solution and the absolute temperature of the 
system. As a result, the rate of expansion pressure increase 
further decreases and approaches zero in the end.

The mechanism of expansion pressure development of 
the SSC specimens can be used to explain the increase of E 
and the decrease of ν over the time of hydration reaction. As 
shown in Fig. 10, as the hydration reaction time increases, 
the elastic modulus increases while the Poisson’s ratio 
decreases. When the reaction time is less than 6 h, the elas-
tic moduli and the Poisson’s ratios of the SSC specimens, 
respectively, increase and decrease quickly with the hydra-
tion reaction time. The elastic moduli and Poisson’s ratios 
are 0.20 GPa and 0.30, 0.42 GPa and 0.26, respectively, for 
hydration reaction times of 4 h and 6 h. The growth rate of 
the Ca(OH)2 crystals is relatively fast in the initial stage of 
hydration reaction. In a constraint space, the internal pores 
in the specimen are crushed quickly and the SSC is com-
pacted continuously. This is why there is a gradual increase 
of elastic modulus and decrease of Poisson’s ratio. When the 

hydration reaction time is 8 h, the elastic modulus and the 
Poisson’s ratio are 0.58 GPa and 0.22, respectively. When 
the reaction time is 10 h, the elastic modulus and the Pois-
son’s ratio change to 0.80 GPa and 0.20, respectively. The 
generation rate of the Ca(OH)2 crystals decelerates in the 
middle stage of the hydration reaction. As a result, the rate 
of the collapse of internal pores in the specimen decreases, 
leading to a gradual decrease of the compaction rate of the 
SSC and a decrease of the rates of change of the elastic mod-
ulus and the Poisson’s ratio over hydration reaction time. If 
the hydration reaction time is more than 10 h, the rates of 
change of the elastic modulus and Poisson’s ratio over hydra-
tion reaction time further decrease. When the hydration 
reaction time is 16 h, the elastic modulus and the Poisson’s 
ratio are 1.20 GPa and 0.19, respectively. In comparison, 
when the hydration reaction time is 24 h, the elastic modulus 
and the Poisson’s ratio are 1.24 GPa and 0.18, respectively. 
There are only slight changes of the elastic modulus and the 
Poisson’s ratio for a difference of 8 h of hydration reaction 
time. In the final stage of hydration reaction, the growth rate 
of the Ca(OH)2 crystals further decreases and the internal 
pores in the specimen are completely filled. As a result, the 
elastic modulus and the Poisson’s ratio vary very little and 
approach their respective stable values.

It is seen that the evolution of the expansion pressure 
of the SSCs can be used to explain the increase of elastic 
modulus and the decrease of Poisson’s ratio with hydration 
reaction time. Empirical formulas of the σc–t, P–t, E–t, and 
ν–t curves are given in Figs. 9 and 10, which can be used in 
numerical modeling to further study the expansion mecha-
nism of the SSCs.

4.3 � Failure Criterion

With a failure criterion in place, mechanical property param-
eters can be obtained, which can be used in numerical simu-
lation of the SSCs in field application. Using the Mohr–Cou-
lomb failure criterion, the relation between the shear stress � 
and the normal stress �n acting on a shear plane is

where c is the cohesion and � is the internal friction angle.
Assume that the angle between the shear plane and the 

horizontal is � , as shown in Fig. 11, then � and �n can be rep-
resented by the maximum �1 and the minimum �3 principal 
stresses as:

(15)� = c + �n × tan�,

(16)
�n =

1

2
×
�
�1 + �3

�
+

1

2
×
�
�1 − �3

�
× cos 2�

� =
1

2
×
�
�1 − �3

�
× sin 2�

⎫⎪⎬⎪⎭
.

Fig. 10    E–t and ν–t curves as well as fitting formulas of SSCs
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Combining Eqs. (15) and (16), the Mohr–Coulomb failure 
criterion can be expressed as:

For �3 = 0, we obtain the uniaxial compressive strength, 
which is

The relation between � and ϕ is

Substituting Eqs. (19) and (18) into Eq. (15), we have

Based on the test data shown in Fig. 7, the parameters 
for the Mohr–Coulomb failure criterion are calculated as 
c = 2.52 MPa and ϕ = 38.03°. Thus, the Mohr–Coulomb fail-
ure criterion for the SSC is

Using the Mohr–Coulomb failure criterion, the relation 
between the shear stress � and the normal stress �n acting on 
a shear plane is

(17)�1 =
1 + sin�

1 − sin�
× �3 +

2c × cos�

1 − sin�
.

(18)�c =
2c × cos�

1 − sin�
.

(19)
1 + sin�

1 − sin�
= tan2 �.

(20)�1 = �3 × tan2 � + �c.

(21)�1 = 4.21 × �3 + 10.32 (MPa).

(22)� = 0.7822 × �n + 2.52 (MPa).

4.4 � Fracturing Performance of SSC

To further understand the fracturing performance of 
SSC, a concrete block, which has a dimension of 300 mm 
(length) × 300 mm (height) × 250 mm (thickness), was used 
for breakage test. There was a 52.0-mm circular hole in the 
center of the block in the thickness direction. Through uni-
axial compression and Brazilian tests, the mechanical prop-
erties of the concrete were obtained and shown in Table 5.

A SSC with a diameter of 50.0 mm, a length of 100.0 mm 
and a density of 1.65 g/cm3 was soaked in 20 °C water for 
9 min. After the SSC was saturated with water, it was placed 
in the center position of the hole in the concrete block. In 
the process of testing, the surface deformation of the con-
crete block was measured using a Digital Image Correlation 
Measurement System (DICMS) (Peng et al. 2019; Zhang 
et al. 2019) to obtain the surface strain, and crack propa-
gation during the fracturing process was recorded using 
photoimages.

The test result is shown in Fig. 12. When the hydration 
reaction time was 0.7 h, the calculated expansion pressure 
generated by the SSC was 0.55 MPa according to the fitting 
formula in Fig. 9. At this time, stress concentration appeared 
on the surface of the concrete block near the hole perimeter, 
and the maximum principal strain was about 0.26–0.27%. 
When the hydration reaction time increased to 1 h, the cal-
culated expansion pressure of the SSC was 1.42 MPa. The 
strains on the surface of the concrete block increased in 
the vertical centerline, and the maximum principal strains 
ranged from 0.33 to 0.36%. Spalling occurred in the lower 
half of the specimen. With further hydration reaction, the 
principal strains along the vertical center line increased. 
When the hydration reaction time was 1.5 h, the calculated 
expansion pressure reached 2.88 MPa, which exceeded 
the tensile strength of the concrete (σtc = 2.54 MPa). The 
concrete block cracked along the vertical centerline. When 
hydration reaction time was 4.0 h, the crack width reached 
20.4 mm. The maximum crack width reached 30.6 mm when 
the hydration reaction time was more than 24 h (Fig. 12).

The results of the laboratory fracturing test of the con-
crete block using SSC show that the expansion pressure 

Fig. 11   M–C peak strength envelope and fitting formula for SSC

Table 5   Mechanical properties of standard concrete specimens

σcc is the uniaxial compressive strength; σtc is the tensile strength; Ec 
and νc are the Young’s modulus and Poisson’s ratio of the concrete, 
respectively

Test number σcc (MPa) σtc (MPa) Ec (GPa) νc

C-#1 31.3 2.59 30.18 0.271
C-#2 33.2 2.49 30.25 0.264
C-#3 30.4 2.63 30.34 0.266
Average value 31.6 2.54 30.26 0.267
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produced by SSC increases with the increase of hydration 
reaction time. Under the expansion pressure of SSC, spalling 
failure occurred in the concrete block in 1 h, microcracks 
were observed in 1.3 h, and macrocracks appeared in 1.5 h. 
The crack width reached 20.4 mm in 2 h. This demonstrates 
that the SSC has a good cracking performance and a high 
cracking efficiency, and it can be used for concrete demoli-
tion and rock fracturing. In addition, the expansion pressure 
of SSC can be calculated using the fitting formula of the 
mechanical and expansion properties under different hydra-
tion reaction time and confining pressure. Combined with 
the mechanical properties of the objects to be fractured (e.g., 
rock or rock mass), de-stress in highly stressed brittle rock 
can be carried out by fracturing the rock using the SSCs to 
reduce rock burst risk. They can also be used in other engi-
neering applications such as secondary breakage of rocks. 
Furthermore, the developed SSCs can be used to fracture 
rock in wet boreholes or up-tilt boreholes. We plan to con-
duct field experiments of rock fracturing using the developed 
SSC in our future studies.

5 � Conclusions

Water absorption, expansion pressure and mechanical 
property tests of specimens of the novel SSC after hydra-
tion reaction were carried out in this study. The following 
conclusions are made based on the test results.

The water absorption and the water absorption rate of the 
newly developed SSC decrease as the agent packing density 

increases. A SSC can be fully saturated after immersing it in 
20 °C water for 9–13 min. The water absorption is between 
20 and 25%, which is close to the optimal water to cement 
ratio of 25% of SCDAs. The recommended agent packing 
density is 1.65 g/cm3, at which the immersion time and the 
water absorption are 9 min and 22%, respectively.

The expansion pressure of the SSC is positively corre-
lated with the roll diameter and the agent packing density 
and negatively correlated with the insertion gap. The expan-
sion pressure is most sensitive to insertion gap and least 
sensitive to roll diameter. A mathematical model relating the 
expansion pressure and its influencing factors is established 
through dimensional analysis and regression analysis.

When the reaction time is less than 24 h, both UCS and 
elastic modulus of the SSC after hydration reaction increase 
with the hydration reaction time, while the Poisson’s ratio 
decreases with the hydration reaction time. When the hydra-
tion reaction time is 24 h, the UCS, expansion pressure, 
elastic modulus and Poisson’s ratio approach their corre-
sponding stable values, which are 9.6 MPa, 20.5 MPa, 1.24 
GPa and 0.18, respectively. With the increase of confining 
pressure, the peak strength of the SSC increases linearly. The 
cohesion and the internal friction angle for the Mohr–Cou-
lomb failure criterion are 2.52 MPa and 38.01°, respectively.

The application of the newly developed SSC is easy and 
the SCDA paste is less likely to be extruded from boreholes. 
It can be applied to fracturing rock masses using boreholes 
in any inclination, dry or wet. This is important for broad-
ening the application of SCDAs. In future studies, we will 
investigate the expansion and strength characteristics of the 

Fig. 12   Cracking process of concrete based on DICMS
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SSC in complex underground environments with chemical 
water and extreme (high or low) temperatures.
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