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Static cracking agent (SCA) is actively investigated as an alternative to explosive blasting for rock break-
age due to its immense expansion property. SCA can eliminate the negative effects of shock, noise and
harmful gases encountered in explosive blasting processes. Accurate measurement and deep understand-
ing of the expansive properties of SCAs are important in their industrial application. An improved outer
pipe method (OPM), termed the upper end surface method (UESM), is proposed in this paper to overcome
the shortcomings of the OPM in the expansive pressure measurement of SCAs. Numerical simulation is
used to proof the concept and a mathematical model established to relate the internal pressure and
the radial strains at different positions in the upper end surface method test equipment. The new equip-
ment is calibrated using oil pressure and strain measurements. The calibrated equipment is then used to
measure the expansion pressure of SCA at three different water contents to proof its potential. The dif-
ferences in the measurements with OPM and UESM at three different moisture contents are less than
4%. The experimental results confirm the accuracy and applicability of the more user friendly and less
expensive UESM in the measurement of the expansive pressures of SCAs.
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1. Introduction

Static cracking agent (SCA), is also known as soundless cracking
agent [1], soundless chemical cracking agent [2], non-explosive
cracking agent [3], non-explosive splitting compound [4], expan-
sive cement [5], expansive chemical splitter [6], expansive demoli-
tion agent [7] or soundless cracking demolition agent (SCDA) [8]. In
this paper, the name static cracking agent (SCA) is adapted. SCA is a
high expansion powdered cementitious material that can replace
explosive blasting in rock fragmentation. Compared with explosive
blasting, the hydration reaction of SCA is relatively slow, the
expansive pressure generated by the reaction applies uniformly
to the rock mass, and no shock, noise or flying rock (which is com-
mon in explosive blasting) is experienced in the expansion process
[6,9] and fragmentation of the rock mass. Therefore, SCA has been
widely applied to stone quarrying [10], rock mass breakage
[3,11,12] in excavations, shale gas extraction [13,14], rock mass
fracturing in heap leaching mining [15], rockmass support
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[16,17] and in rock engineering for discontinuity persistence and
tensile strength studies [6,18].

The main component of SCA is dead-burn calcium oxide (CaO)
[19]. A gelatinous Ca(OH), which is formed after CaO reaction with
water crystallizes continuously. The crystals separate out from the
saturated solution, resulting in continuous generation of Ca(OH ).
The newly formed products keep accumulating on the previous
products, which results in the expansion of the reaction products
[20]. The Ca(OH), crystals generated by the hydration reaction
dilate and invade the space previously occupied by the CaO reduc-
ing the voids between the CaO crystals. The relatively small pores
between the crystals further enhances the volume expansion, and
the generation of the crystals (products after the hydration reac-
tion) of the SCA, leading to relatively large expansive pressure
[18-23]. The expansive pressure of SCA results from the combined
effects of the solid expansion and the porosity change in the hydra-
tion process [7,21].

Understanding the expansive pressure generation of SCA is of
great significance to the industrial application of SCA [22-27]. Both
temperature and water content have influence on the development
of the expansive pressure [2,7] in SCA. A higher temperature leads
to a faster hydration reaction, and more rapid increase of the
expansive pressure. Previous studies on the hydration reaction of
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SCA at intermediate or low temperatures showed that the expan-
sive pressure changes linearly with the reaction time, and that
SCA can expand 1.1 to 1.4 times more after the hydration reaction
[25]. The ‘pressure-time’ curves of SCA in the hydration reaction
process can be derived from the expansive pressure measurement
tests on SCA at different water contents, which provides a theoret-
ical basis for the industrial application of SCA [8,22,26].

Several methods have been commonly used to measure the
expansive pressure of SCA, including the outer pipe method
[7,21], the inner pipe method and the pressure sensor method [7].

In the outer pipe method (OPM) [7] (Fig. 1), the test device is a
thick-walled cylindrical steel pipe with one closed end to prevent
outflow of the SCA slurry. The theoretical basis of the OPM is there-
fore the thick-walled cylinder theory [7,27] in elastic mechanics.
According to the theory of thick-walled cylinders with one end
closed [7,28,29], based on the theory of elasticity, the pipe will
deform when subjected to uniform internal pressure (P;), and a
mathematical relation between the deformation and the applied
internal pressure can be determined (Eq. (1)) [7]. Eq. (1) is the the-
oretical basis for the calculation of the expansion pressure of SCA
by OPM. The wall stress (Eq. (2) at the outer pipe surface at point
Qin Fig. 2 can be determined according to the governing equations
in [7,28,29]. Fig. 2 is a schematic representation of uniformly
applied internal pressure on a thick-walled cylindrical pipe and
shows the geometrical characteristics of the cylinder and strain
measurement position at point Q.

_E(R 1)

P, = m(aqﬁ +veg) (1)

where E is elastic modulus of steel; v Poisson’s ratio; k the ratio
of the outer radius to the inner radius of the steel pipe; ¢, the cir-
cumferential strain; and ¢, the axial strain at the outer pipe wall.

Egs. (3) and (4) define the tangential (¢,) and axial (¢,) strains in
Eq. (1) based on the generalized Hooke’s law, respectively.

P.a? b?
Oy = bz—a2(1+?) )
1
& = g (04 —v02) 3)
1
& = §(0:-Vv0y) (4)

From Egs. (2)-(4), the internal pressure from SCA expansion can
be determined from Eq. (1), knowing the strains ¢, and &, at the
outer wall of the cylinder where p = b (i.e. point Q in Fig. 2.)

Strain gaugesJ

B *—— Steel pipe

Fig. 1. Equipment for the outside pipe method with strain gauges on the outer
surface of the 301 stainless steel pipe.
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Fig. 2. Schematic representation of uniformly applied internal pressure on a thick-
walled cylindrical pipe showing the geometrical characteristics of the cylinder and
strain measurement position at point Q.

In practice, strain gauges are attached to the outer wall of the
steel pipe so that when the steel pipe deforms due to the expansive
pressure induced by the hydration reaction of SCA, the strain
gauges measure the radial and tangential or circumferential
strains, and Eq. (1) is used to calculate the expansive pressure of
the SCA.

To avoid the temperature issues and other related problems
with the OPM method, Harada et al. [7] developed the inner pipe
method (IPM) to calculate the expansive pressure of SCA based
on the measurement of the radial and tangential strains of the
inner pipe (Eq. (5)) outer wall.

2
p _ B0
2(1-2)

N

(84 + Vs&7) (5)

where P;; is the expansion pressure of SCA in the inner pipe
method (IPM); and E; and vs the Young's modulus and Poisson’s
ratio of the steel, respectively.

In IPM, the strain gauges must be carefully attached to the inner
pipe outer wall and the pipe placed in a concrete cylinder and the
annulus between the steep pipe and concrete cylinder filled with
the SCA slurry. This approach results in a complex testing proce-
dure and high cost.

The pressure sensor method uses pressure sensors that are pro-
tected by inert gases and hydraulic pressure to directly measure
the expansive pressure of the SCA reaction process [7]. The test
cost of the pressure sensor method is higher than that of the outer
and inner pipe methods since the pressure sensor needs to be spe-
cially manufactured and handled.

2. The problem and objective

An expansive pressure calculation equation (Eq. (6)) developed
by Gholinejad and Arshadnejad [30] is independent of the contain-
ing expansive material (e.g. cement, aluminum, plastics, and steel)
behavior. This equation eliminates the influence of the pipe mate-
rial on the expansive pressure test result and provides a new
insight for research on expansive pressure testing of materials such
as SCA.

P; = 0.566 x (993 x *7 x 4 (6)
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Fig. 3. Design drawing of the proposed SCA UESM expansive pressure measurement equipment. Numbers are dimensions in millimeters.

where t is time in hours of reaction; d the hole diameter of
cylinder; and E Young’s modulus of the cylinder material. The
SCA used in developing Eq. (6) was of Iranian manufacture, with
the trade name Katrock [30]. Also, only tangential strains were
measured in the study. Other SCA types may not yield the same
results and require a future study.

The accurate measurement of the expansive pressure of SCA is
vital for its industrial performance evaluation, parameter selection
and cost control. In this paper, an innovative SCA expansive pres-
sure measurement method is proposed, termed the upper end sur-
face method (UESM). This method overcomes the problems in the
outer pipe and inner pipe methods.

When testing SCA expansion pressure with OPM, the material of
the test device used is generally a stainless steel. In the Chinese
standard for testing the expansion pressure with the OPM, it is
required to place the OPM test device in an ice-water mixture to
reduce the temperature. Laefer and Zolanvari [27] also used the
same ice cooling methods with the OPM. Alternatively, to avoid
the influence of high temperature on strain measurement, some
researchers use 3D speckle devices instead of strain gauges to over-
come the high temperature problem in the OPM to test SCA expan-
sion pressure. However, speckle measurement is restricted by
many factors. Apart from the high cost of 3D speckle test equip-
ment, the test accuracy is limited by the speckle spraying accuracy
on the outer surface of the device.

In the case of the proposed UESM, the test device is a thick-
walled 7075 aluminum alloy cylinder. In that case the heat transfer
path is longer and the material heat conductivity and diffusivity is
higher compared to the 301stainless steel used in the OPM. Hence,
the final heat transferred to the outer surface of the proposed test
system is less, resulting in temperatures suitable for the use of
standard strain gauges with no additional measures for cooling.
This is explained in detail in Section 4.

In this paper, the UESM test equipment design is presented, and
the test procedure described. The proposed SCA UESM is first
numerically simulated as a proof of concept. The SCA UESM is cal-
ibrated, and its accuracy and applicability validated. The calibrated
UESM is then used to test SCA expansivity at various water con-
tents. A mathematical model is then developed that relates the
SCA expansive pressure and the radial strains at different measure-
ment points in the UESM. Finally, both the OPM and UESM are used
to measure the expansive pressure of SCA, and the results com-
pared. The results show that the new method of measuring the
expansive pressure of SCA is more accurate. The proposed method
is also more user friendly and less expensive compared to the OPM
and IPM in current use.

3. Numerical simulation of expansion process of SCA based on
the upper end surface method

3.1. Numerical model setup and boundary conditions

The numerical modelling software Flac3D [31] was used to sim-
ulate the SCA expansion pressure measurement with the UESM.
The authors acknowledge that FLAC3D cannot capture the several
hours taken by SCA to expand in actual applications. In the numer-
ical simulation analysis of the SCA expansion pressure the intent is
to establish a relationship between the SCA expansion pressure
and the strain at the selected monitoring positions due to selected
imposed uniformly distributed normal pressure on the inner sur-
face of the test cylinder device. The series of selected pressures
of between 10 and 100 MPa implicitly capture the SCA expansion
pressure levels at certain times in its expansion process. In this
way, relationships between the SCA expansion pressure and the
strain was established. Hence, in the calibration verification of
the test device only the consistency of the test results with the
experimental results was examined, without explicitly considering
the time dependent expansion of actual SCA.

The dimensions of the numerical model were based on the
UESM designed equipment shown in Fig. 3. Details of the UESM
test equipment design and materials are provided in Section 4 of
this paper. Fig. 3a shows the test cylinder has two parts. The total
height of the test cylinder is 250 mm, with an inner diameter of
50 mm. The outer diameter of the lower 200-mm height of the test
cylinder is 150 mm with a wall thickness of 50 mm, and the top
50 mm height has an external diameter of 75 mm with a wall
thickness of 12.5 mm. In the numerical model (Fig. 4) the node

LA T A ) v ¥
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(a) 3D numerical model

(b) Section view of section X-Y

Fig. 4. Setup of numerical simulation model showing strain monitoring points.
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spacing is 5 mm in the vertical direction and 3.75 mm in the hor-
izontal direction. The model has 32,800 elements and 36,800
nodes. The model is fixed in the top and bottom and only horizon-
tal movement is allowed along the height of the test cylinder to
allow for the expansion of the SCA. Selected normal stresses are
applied to the inner wall of the test cylinder to simulate the expan-
sion pressure of the SCA. Movement at the top and bottom of the
test cylinder are restrained by the fixed top and bottom platens.

The displacements at the top and bottom boundaries are
restricted in the numerical simulation. Surface forces are applied
normal to the inner wall of the cylinder along its height as shown
in Fig. 4.

3.2. Parameters in the numerical simulation

Linear elastic mechanics are adopted in the numerical simula-
tion. The material parameters are listed in Table 1. In Table 1, man-
ufacturers specifications of the properties of the 7075 Aluminum
Alloy used in fabricating the UESM test device and those of the
301 stainless steel used in OPM test pipes are given. The reason
for providing the properties of the stainless steel used in the
OPM test device is to eventually explain any differences in the test
results and benefits and limitations of the two test methods.

3.3. Strain monitoring

Ten strain monitoring points were arranged along the x-axis
(i.e. the radial direction) at the top end surface of the 150-mm
diameter section of the test cylinder as shown in Fig. 4. The strains
are monitored at 10 locations labeled 1, 2, 3,...10 in the horizontal
direction at distances of 42.5, 46.25, 50.0, 53.75, 57.5, 61.25, 65.0,
68.75, 72.5 and 76.25 mm respectively from the center of the test
cylinder as shown in Fig. 4. The strain of the element in the numer-
ical simulation (¢) is defined as the ratio between the displacement
of the element and the original dimension of the element as given
in Eq. (7):

&= % (7)

where AL is element change in displacement; and L the original
length of the element along a given direction (axial or diametrical).

3.4. Numerical simulation schemes

In the numerical modelling, the SCA expansive pressure was
increased from 10 to 100 MPa at 10 MPa intervals. The radial strain
at each monitoring point at the upper end surface of the 150-mm
diameter section of the test cylinder (Fig. 4) was recorded.

3.5. Strain variation ratio

Assuming the strains at two adjacent monitoring points are &,
and ¢,., respectively, the strain variation ratio defined in Eq. (8)
represents the strain changing rate in the wall of the test cylinder
for a given SCA expansive pressure in the numerical model.

Table 1
Mechanical properties of the test equipment materials.
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Fig. 5. Strain variations at the upper end surface at different expansive pressures.

&n - &
Ag = n-on+l (8)
&n
The strain rate shows how fast the strain changes as the dis-
tance from the test cylinder center increases radially.

3.6. Analysis of numerical simulation results

3.6.1. Strains at each monitoring point at different expansive pressures

The strains at each monitoring point in Fig. 4 for given SCA
expansive pressures are plotted in Fig. 5. The horizontal axis shows
the monitoring points locations at different distances from the cen-
ter of the test cylinder. The left vertical axis gives the strain values
at the monitoring points, and the right vertical axis presents the
strain variation ratio of two adjacent monitoring points. For a given
SCA expansive pressure. The figure shows that the radial strain at
each monitoring point decreases (as an exponential function) as
the radial distance from the from the center of the test cylinder
increases outwards.

In Fig. 5, the strain rate curve shows how fast the strain changes
as the distance from the center of test cylinder increases. At a given
strain monitoring point, the strain increases with increasing SCA
expansive pressure. According to the strain variation ratio curve,
the strain variation ratio decreases gradually from the center of
the test cylinder outwards to a minimum and increases again.
When the distance from the center of the test cylinder is about
61.25 mm, the strain variation ratio of the corresponding element
reaches its minimum after which it increases again. The latter
strain variation increments may be due to the influence of the
model boundary as the strain monitoring points approached the
outer edge of the model boundary.

3.6.2. Change of monitoring point strain against expansive pressure
The change of the strain value at a given monitoring point loca-

tion against the SCA expansive pressure are given in Fig. 6. The left

axis is the radial strain, and the bottom axis is the applied SCA

Material Tensile Strength (MPa) Yield Strength (MPa) Elastic modulus (GPa) Poisson’s ratio Density(g/ Thermal conductivity 2 (W/m-K)
3
cm®)
7075 Aluminum alloy* 572.3 503.0 63.0 0.251 2.88° 196
301 Stainless steel” 520.0 205.0 200.0 0.305 7.93° 16

Notes: a: PRC National Standard GB/T3880.2-2012, Wrought aluminum and aluminum alloy plates, sheet and strips for general engineering-Part2: Mechanical properties,
Standardization Administration of the People’s Republic China. Beijing, (2012). b: PRC National Standard GB/T 1220-2007, stainless steel bars, Standardization Administration

of the People’s Republic China. Standards Press of China, Beijing, China (2007).
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expansive pressure. The top and bottom parts of the right axis are
the strain variation ratio of two adjacent monitoring points, and
the slope values of different monitoring point location curves,
respectively.

Fig. 6 shows that the radial strain at a given monitoring point
location (point 1 to 10 in Fig. 4) changes linearly for a given applied
SCA expansive pressure. The linear curve-fitting equations to the
strain-expansive pressure curves at each location are given in
Table 2. The slope change curves at different positions (point 1 to
10) indicate the SCA expansive pressure decreases as the radial dis-
tance from the center of the test cylinder increases and reaches a
minimum close to the outer edge of the test cylinder.

The strain changes faster against the applied SCA expansive
pressure and is more sensitive to lower applied SCA expansive
pressures. The strain variation ratio of two adjacent monitoring
points decreases gradually as the distance from the center of the
test cylinder increases and reaches a minimum at 61.25 mm (point
6). In the actual measurement process, it is envisaged that the
strain gauge will be difficult to attach practically at locations 1
and 10 (Fig. 4) because of limited space.

The formulas in Table 2 are the relationships between SCA
expansion pressure P and radial strain &,. The formulas were estab-
lished from numerical modeling results. In the numerical modeling
process, the model input parameters were based on the materials
used, namely the 7075 Aluminum Alloy and include material den-
sity, elastic modulus, and Poisson’s ratio. The SCA properties were
implicitly used in deciding on the model input pressures to simu-
late the SCA expansion. Hence, the formulas are material type and
numerical modeling accuracy dependent. The authors note that for
other materials different from what was used in this study, the
process should be repeated to establish the equivalent equations
in Table 2.

An expansive pressure calculation equation (Eq. (6)) developed
by Gholinejad and Arshadnejad [30] is independent of the test sys-
tem material (e.g. cement, aluminum, plastics, and steel) type. This
equation can be used independent of the material type used in the
test device for SCA expansive pressure test provided its Young’s
modulus is known. The equation provides a new insight for
research on SCA expansive pressure testing and could be used as
a guide in other studies in the future for material independent
equations in analyzing test results.

Measurement point location in model
0 1 2 3 4 5 6 7 8 9 10 11

800 T T T T T T T T T T 28
—— 1—@—2—A—3—y—4—49—5
700 b —4— 6P 7@ 89810 426
Strain variation ratio curve of different monitoring points
124
600} e
'D. ....... 122
£ S00f o
= R 420
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g M
@ 300 18
16
200
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100 1,
0 v — 1 1
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Pressure (MPa)

Fig. 6. Relation between strains and expansive pressures at different measurement
point locations.
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Table 2
Relation between the radial strains and the SCA expansive pressure at different
measurement positions.

Strain Distance from the center Expansion pressure Pvs  Adj. R?
monitoring  of the test cylinder (mm) radial strain ¢, (10

point MPa)

1 42,5 P=6.918 x ¢, + 0.012 1

2 46.25 P = 5.259x¢,-0.019 1

3 50.0 P = 4.093x¢, + 0.008 1

4 53.75 P = 3.247x¢, + 0.009 1

5 57.5 P = 2.602x¢,-0.008 1

6 61.25 P = 2.093x¢,-0.024 1

7 65.0 P =1.674xz, + 0.035 1

8 68.75 P = 1.330x¢,-0.007 1

9 72.5 P = 1.047 x¢£,-0.005 0.9999
10 76.25 P =0.819x¢, + 0.018 0.9999

4. Test equipment design and use in the upper end surface
method

4.1. Test equipment

4.1.1. Equipment design

The test equipment in the UESM consists of a 2-section hollow
thick-walled aluminum alloy cylinder, sealing platens, constrain-
ing connecting rods and strain gauges (Fig. 3).

The geometry of the UESM test equipment with strain measure-
ments on the upper surface of the larger diameter section (Fig. 3) is
similar to a press-fit system described by Perry and Aboudi [32],
but with no interference (there is no interface between the internal
diameters of the two cylinders and the material is the same alu-
minum alloy). The geometries of the two sections of the test cylin-
der are different. Following [33], based on cylinder length to
thickness ratios in the proposed test equipment design, the upper
cylinder falls in the plane strain domain while the lower section
falls in the plane stress category. This type of problem can only
be solved using 3D numerical modelling [33].

As explained earlier in Sections 3 and 7, in the case of the pro-
posed UESM, the problem can only be modelled numerically to find
the strain and expansion pressure relationships. In practice, strain
gauges are attached diametrically orthogonal to the upper surface
of the 150-mm diameter test cylinder top surface for strain mea-
surements, as shown in Fig. 4.

The upper end surface of the proposed UESM test device platen
has a central hole with a diameter of 5 mm so that the water vapor
in the SCA reaction process can be discharged. This hole is also
used later for injection of oil for the UESM calibration test
described in Section 5.

To reduce the influence of heat released in the hydration reac-
tion on the strain measurement and to have enough room for the
attachment of strain gauges in the top surface of the lower 200-
mm long 150-mm diameter section of the UESM test cylinder,
the outer radius of this section of cylinder (b) should not be less
than two times its inner radius (a) (i.e. b > 2a).

In the design of the proposed UESM test system the effect of
temperature from the exothermal reaction of the SCA on the strain
gauges to be used on the upper surface of the test cylinder is cru-
cial. Consider a thick-walled hollow cylinder shown in Fig. 7 and
assume the outer and inner surfaces are maintained at tempera-
tures T; and T, respectively, with T; < T, and the elastic state of
stress and constant physical properties are independent of the
position and temperature [34]. Also assume that heat flows only
in the radial direction with heat flow in the axial and circumferen-
tial directions being constant [34,35]. Based on these assumptions,
the following boundary conditions apply.



S. Xu, P. Hou, R. Li et al.

T

Q

I,

Fig. 7. Sketch for heat transfer calculation in a thick-walled cylinder.

Constant heat flow in axial (z) direction:

aT

0z =0 9)
Constant heat flow in tangential or circumferential direction:

oT

76 0 (10)
Steady state:

aT

i 0 (11)

Given that /1 is the heat conductivity coefficient of the alu-
minum allow and g, is the heat flux density we have [34,35].

oq, 10, oT

% =T &(Mﬁ) (12)
oT
ra =G (13)
T=Cilnr + G (14)
Atr=a,T=T,and atr=b, T =T, and hence:
1 -T, AT
G = Ina—Inb ~ In® (15)
dT G, AT
qr——/la——/’LT—/urlin% (]6)

The temperature difference between the inside and outside of
the thick-walled cylinder is calculated as in Eq. (17):

b
:qr><r><lna

1

A

AT (17)
where AT is temperature difference (T;-T>); 4 the thermal con-
ductivity of the aluminum alloy; g, the density of heat flux; a and b
the inside and outer radii of the thick-walled cylinder.
From Eq. (17), the temperature difference between the inside
and outside of a thick-walled cylinder is a function of the ratio of
the outside radius (b) to the inside radius (a) and the thermal con-
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ductivity () of the cylinder material. Therefore, the temperature
difference AT cannot be determined by the thermal conductivity
of the material (1) alone, and the thickness of the cylinder wall
must be considered. In Section 7, temperature monitoring results
during SCA expansivity testing with the OPM and UESM are pre-
sented and discussed.

The hydration reaction of SCA (Eq. (18)) releases much heat and
generates water vapor that evaporates, and hence, the test cylinder
is not completely filled with the SCA slurry to allow for this addi-
tional fluid volume.

Ca0 + H,0 = Ca(OH), + 64.8 kJ (18)

4.1.2. Test equipment material

Under a certain pressure condition, a stiffer metallic material
has a smaller strain than a less stiff one, which can lead to large
errors in pressure measurements in the former. A material under-
goes a longer elastic stage if it has higher yield strength. The outer
pipe method normally uses the 301 type stainless steel pipe for the
measurement, while the proposed upper end surface method
chooses the 7075 type aluminum alloy material to manufacture
the test equipment. Compared with the 301 type stainless steel,
the 7075 type aluminum alloy material has a smaller elastic mod-
ulus and higher yield strength as shown in Table 1 for the two
types of materials.

4.1.3. Equipment machining

A solid aluminum alloy ingot with a diameter of 150 mm was
machined by turn-milling to a diameter of 150 mm in the lower
200 mm of its height and 75 mm in the upper 50 mm of its height
for a total height of 250 mm with surface smoothness tolerance
of £ 0.05 mm. Using precision machining, a 50-mm diameter hole
was bored through the center of the machined aluminum ingot.
The fabricated UESM equipment including the datalogger as used
in the testing is shown in Fig. 8.

4.2. Use of the upper end surface method equipment in SCA expansive
pressure measurements

The SCA expansion pressure is measured by the upper end sur-
face method in the following steps:

(1) Clean the test equipment. The oil and dust at the surfaces of
the test equipment are cleaned with alcohol absorbent
cotton.

(2) Mark the strain measurement points. In the numerical
model, ten strain measurement points are marked along
the radial direction from the center of the drilled hole in
the test cylinder starting at the transition of the 75-mm
diameter and 150-mm diameter interface of the test cylinder
at equal distances from each other as shown in Fig. 4. In the
actual experiments four strain gauges are attached diametri-
cally orthogonal to the test cylinder as shown in Fig. 3.

Strain Datalogger . )
Aluminum alloy cylinder

8y Strain gauges

Fig. 8. UESM equipment as used in the test showing cylinder and strain datalogger.
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(3) The strain gauges are glued to the marked diametrical diag-
onal measurement points.

(4) Strain gauge protection. After the strain gauges are firmly
attached, a masking paper is taped around the wire connec-
tions of the strain gages at the upper end surface of the 150-
mm diameter section of the test equipment to avoid electric
conduction between the conducting wire and the upper end
surface of the test equipment.

(5) The test equipment is placed on the lower sealing platen.
The SCA is then poured into the test cylinder and the upper
sealing platen is put in place, and the connecting rods fixed
to the upper and lower sealing platens and tightened.

(6) A strain datalogger (Fig. 8) is connected to the conducting
wires of the strain gauges to collect the strain data due to
the expansion effect of the SCA.

The data collection is started immediately after the lower and
upper end surface platens are tightened. Data collection is contin-
ued until the strains become constant, indicating SCA expansion
has ceased or reached its limit, normally up to 24 h. Throughout
the tests, the hole in the upper platen is left open to allow for
release of the water vapor generated from the heat during the reac-
tion of the SCA. This also makes the experiment identical to how it
is applied in industrial settings for rock fragmentation.

5. Calibration of test equipment
5.1. Calibration equipment design

Fig. 9 shows details of the calibration equipment using oil pres-
sure to simulate the SCA expansion pressure. Seal grooves (with
rectangular cross-sections) were machined in the upper end sur-
face of the top platen and the central part of the lower end surface
platen. The seal groove has a width of 4.8 mm and depth of
2.74 mm. The O-ring with dimensions of 59.55 mm (in outer diam-
eter) was used for the sealing process to prevent oil leakage. An oil
injection connector is located at the center of the top sealing platen
(cover plate) to inject 46# hydraulic oil at set pressures to simulate
SCA expansion.

A-4
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5.2. Experimental procedure

5.2.1. Accessory equipment

A servo-controlled loading system was used as the pressure
supply source to the equipment. The oil outlet is connected to
the oil inlet of the test equipment through a high-pressure hose.
The 204-type bonded-foil gauge (resistance of 12 Q) and the
JM3812 type strain instrument were used.

5.2.2. Calibration procedure

Four measurement points were marked diametrically orthogo-
nally at the top end surface of the 150-mm diameter section of
the test cylinder as shown in Figs. 3 and 4. Four strain gauges were
placed at the marked points to measure the radial strains in the
SCA expansion process.

The equipment was filled with type 46 hydraulic oil, and the air
in the equipment was bled. Then the end platens were tightly
screwed-on. A high-pressure oil hose was connected to the oil inlet
of the test equipment. The pressure at the oil source was adjusted
to control the oil pressure level as required in the test cylinder.
Once the experiment was completed, the switch at the oil source
was shut off and the pressure released.

5.2.3. Calibration test schemes and results

In the calibration tests, the oil pressures were increased from 0
to 100 MPa at intervals of 5 MPa. Each pressure level was held for
5 min. The oil pressure at the oil pump and the strain values mea-
sured by the strain gauges were then recorded with a datalogger
(Fig. 8). Each experimental scheme was repeated 4 times, and the
average of the strain values was used for further analysis.

The pressure (P) was derived from the measured strains based
on the equations in Table 2 that relate the applied pressures and
strains at the measurement points from the numerical modeling.
The equations in Table 2 were obtained by curve-fitting as
explained earlier.

The percent difference E; (Eq. (19)) between the calculated pres-
sures P from equations in Table 2 and the known applied oil pres-
sures Py were considered as the errors in the UESM.

_P-Pg

E = x 100% (19)
Po

Upper o-ring seal

Strain gauges

Nut @‘QE -

e B s 5%» Upper Cover

Strain gauges location

Testing cylinder block

Hydraulic oil

«— Rod

§3 3 «4 Bottom Cover

(a) Plan view showing oil sel ring

Bottom o-ring seal

(b) Section view of section B-B

Fig. 9. UESM calibration equipment test setup using oil pressure.
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Fig. 10. The error of the oil pressure vs test pressure in UESM calibration.

The calibration test results are plotted in Fig. 10. As shown in
the figure, the calculated pressures from the strains approximate
the actual applied oil pressures, and the errors are less than 4%.
The errors are higher at applied oil pressures less than 40 MPa.
The oil pressure calibration results indicate that the measurement
results obtained by the upper end surface method are consistent
with the numerical simulation results. Therefore, the upper end
surface method can be used to measure SCA expansive pressures
reliably.

6. Expansive pressure measurement of SCA with the upper end
surface method

6.1. Experimental schemes for the upper end surface method

The upper end surface method was used to measure the expan-
sive pressure of SCA at different water contents (20%, 30% and
32%). The SCA used was that recommended by the China Building
Materials Industry [36] and its composition was analyzed with X-
Ray Diffraction (XRD) method and listed in Table 3.

SCA to water content percentages of 20%, 30% and 32% deter-
mined in terms of the mass of water to that of SCA were used for
the following reasons: When the SCA-water percentage is less than
15%, the mixture appears as a wet clay and neither has the required
viscosity to flow nor sufficient water for the hydration reaction
(Fig. 11a). When the SCA-water ratio is greater than 32%, the vis-
cosity of the slurry is too high and results in insufficient expansion
pressure generation in a reasonable amount of time. For these rea-
sons, most researches working on SCA limit themselves to SCA-
water ratios in the range of 20-30%. This is also the water content
range specified by SCA manufacturers and suppliers.

6.2. Preparation of SCA slurry and measurement of its expansive
pressures

The SCA slurry was prepared in the following steps.

(1) Record the ambient room temperature (20 °C) and the water
temperature (20 °C) were measured to determine the exper-
iment environmental conditions as these are known to affect
the expansivity of SCA in laboratory tests [27,37]. The SCA
powder was mixed with the water at SCA powder to water
ratios 1:5 (20%); 3:10 (30%) and 8:25 (32%). The SCA slurry
was stirred for 5 min to ensure a consistent uniformly mixed
slurry (Fig. 11b-11d).
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(2) The SCA slurry was poured into the test equipment until it
was full (Fig. 11f). The SCA slurry was then tamped down
to bleed gas/air bubbles until the SCA slurry filled the inner
hole of the test equipment.

(3) A thermometer was used to measure the temperatures at
the strain measurement points on the upper end surface of
the test equipment (Fig. 3). The measurement of the SCA
expansive pressure was performed after the strain gauge
readings were stabilized and balanced.

6.3. Analysis of experimental results

Fig. 12 provides a plot of the results for the SCA expansion at
water contents of 20%, 30% and 32%. The SCA at a water content
of 20% reacts for about 2.5 h, after which its expansive pressure
reaches 10 MPa at 24 °C and retains this pressure for 5 h. The
expansive pressure increased steadily as the reaction time
increased. The expansive pressure tends to stabilize after 24 h,
reaching a maximum value of 75 MPa in about 30 h. The maximum
and minimum surface temperatures at the measurement positions
were 24°C and 22°C respectively. The SCA at a water content of 30 %
reacts after 2.5 h. The expansive pressure increased from 0 to
5 MPa and the reaction time changed from 2.5 h for the 20% water
content to 5 h for the 30% water content. The expansive pressure
increased continuously as the reaction time increased from 5 to
24 h and reaches a maximum of 42.5 MPa after 24 h. The maxi-
mum and minimum temperatures at the strain measurement posi-
tions were 22°C and 19°C respectively. The SCA at a water content
of 32% reacted for 3 h. The expansive pressure increased to 2 MPa
after a reaction time of 5 h, after which it increased gradually to a
maximum of 35 MPa after 24 h. The maximum and minimum tem-
peratures in the reaction process were 21°C and 19°C respectively.
The results suggest that the temperature at the upper end surface
changes slightly when the upper end surface method is used for
the SCA expansive pressure measurement. Though the hydration
process increased the temperature at the upper end surface, the
temperature increment is relatively small and has limited influ-
ence on the strain gauge performance.

SCA exothermal reaction can generate temperatures of up to
150 °C [38]. These authors showed that low temperatures slow
the hydration process and therefore SCA expansivity. For the same
water content of SCA mixture, SCA expansive pressure increases
with temperature [39] in the ambient temperature range of 20-
45 °C [2,22]. This temperature range can still be accommodated
by most standard strain gauges as they have temperature perfor-
mance ranges in the range of 40-80 °C.

Fig. 12 shows that the initial SCA reaction temperature depends
on the water content which is vital for the expansive pressure of
the SCA. The smaller the water content the higher the SCA reaction
temperature and potential expansive pressures. While Fig. 12
appears to suggest that smaller water contents will generate
higher SCA expansive pressures. However, according to the litera-
ture, when the water cement ratio is between 20 and 30%, the
amount of water fully meets the SCA hydration reaction needs. In
this water content range, the viscosity of SCA slurry works best.
When the water to SCA percentage is less than 20%, the viscosity
of SCA slurry is extremely low to enable its application in boreholes
and for complete exothermal reaction, and thus results in under
expansivity and rock fragmentation for example. Based on Fig. 12
and Fig. 13, it appears there is a minimum water to SCA ratio
(about 20%) for acceptable expansivity of SCA to perform its
intended function. This also appears to be the optimum moisture
content as below this level, insufficient water is available to sup-
port complete reaction, and allow sufficient viscosity for the pro-
duct application. Water contents above this ratio delays the
reaction and results in low expansive pressures.
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Table 3

X-Ray Diffraction (XRD) quantitative component analysis results of the composition of the China Building Materials Industry (2008) SCA [36].
CaO (%) Al,03 (%) MgO (%) Retarding agent (%) Water reducing agent (%) Other (%)
85.0 3.0 3.0 3.0 2.0 4.0

(a) 15% (b) 20% (c) 30% (d) 40%

(e) SCA slurry (f) SCA slurry poured into the test equipment

Fig. 11. The state of different SCA-water ratio mixtures.
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Fig. 13 compares test results from the UESM and OPM using the
same SCA product in the same environment. This comparison was
necessary to show the reliability of the proposed UESM compared
to the established OPM. The results of the two methods compare
favorably and suggests that the proposed UESM can be used to
study the expansivity of SCAs.

7. Discussion

7.1. Comparison between measurement results of the upper end
surface and the outer pipe methods

The measurement results of the SCA expansive pressure using
both the OPM and UESM in the same experimental conditions
are given in Fig. 13. The authors hypothesized that the reliability
of the results of the two methods largely depends on the two dif-
ferent types of materials used in the construction of the two test
systems. A 301-type stainless steel pipe is used in the outer pipe
method (OPM) while a type 7075 aluminum alloy material is used
in UESM. The properties of the two types of materials are provided
in Table 1 for comparison. Additionally, in the OPM, the inner
radius of the stainless-steel test pipe is 25 mm with a wall thick-
ness ((b-a)opm) of 1.5 mm for an external radius of 26.5 mm. In
the USEM case, the test cylinder consists of two sections, a 50-
mm long 25-mm-internal radius section with a wall thickness
((b-a)yesm) of 12.5 mm for an external radius of 37.5 mm and
200 mm long 25-mm internal radius section with a wall thickness
of 50 mm for an external radius of 75 mm. In the UESM test, the
measurements are taken on the top surface of the 50-mm thick
section of the 2-section test cylinder.

According to Hertzberg et al. [40] pressure vessels are thick-
walled cylinders when wall thickness (b-a) to internal radius (a)
ratio is less than or equal 0.1 ((b-a)/a < 0.1). Hence, for the given
test cylinders dimensions, both UESM and OPM satisfy the crite-
rion for thick-walled cylinders with the difference that the cylinder
thickness in UESM is 31.25 times that of the OPM test cylinder
thickness. This has implications on the temperature of the outer
cylinder in the tests as can be seen in Eq. (17).

During the SCA expansivity testing with the OPM and UESM for
comparison the temperatures of the outer walls of the two test
methods cylinders were monitored. The temperature monitoring
results of the two tests are shown in Fig. 14. In Fig. 14, at the initial
stage of the SCA hydration reaction, the outer surface temperature

120

100

80+

301 Stainless steel
60

%

40

Surface temperature (°C)

20

7075 Aluminum alloy

24
Time (h)

Fig. 14. Temperature monitoring results of at the outer test cylinder surface of the
OPM and at r = 57.5 mm of the UESM tests in the same test environment.
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of the 7075 Aluminum Alloy for the UESM is faster than that of the
outer surface temperature of the 301 stainless steel pipe in the
OPM. This is mainly because heat flux density (g,) in Eq. (17) and
the thermal conductivity (1) of the 7075 Aluminum Alloy are
higher. When the SCA hydration reaction time t = 3 h, the surface
temperature of 7075 aluminum alloy reaches the highest value of
35°C, while the surface temperature of the 301 stainless steel tube
reaches the highest value of 103°C at the hydration reaction time
t = 5 h. From the test results, the thermal conductivity of 7075 alu-
minum alloy in UESM is higher than that of 301 stainless steel pipe
in OPM, and the surface temperature is lower than that of 301 the
stainless-steel pipe in OPM.

Based on Eq. (17), the test cylinder characteristics of the two
methods and Table 1, the temperature difference (AT) between
the internal and external boundaries for OPM and UESM are
0.096507879 q, and 0.24434834 g, respectively. Note that in the
case of the UESM the temperature difference of 0.24434834 g, at
a radius of 57.5 mm. This temperature difference for UESM could
be increased to 0.36772122 q, if measured at a radius of 70 mm
which is permissible and possible. Since the thermal diffusivity
(gr) for 301 stainless steel is less than that for 7075 Aluminum
Alloy [41],AT for 7075 aluminum alloy is higher than that for
301 Stainless steel. The significance of higher temperature differ-
ence is that SCA reaction temperature which can reach up to
150 °C at r = a in both tests will be significantly lower at
r > 57.5 mm in the UESM and justifies the use of this approach
compared to the OPM approach.

The measurement results with the OPM in Fig. 13 show that the
expansive pressure of the SCA at the three different water contents
increased slowly with increasing reaction time, and almost became
constant after 24 h. The expansive pressure magnitudes of the SCA
at the water contents of 20%, 30% and 32% after 24-hour reaction
time were 68, 44 and 39 MPa respectively. By comparing the mea-
surement results of the final expansive pressure of the SCA by the
OPM and the UESM at the three different water contents of 20%,
30% and 32%, the results differ by 6.4%, 0.4% and 0.7% respectively,
with the highest difference occurring at the lowest water content
of 20% at which the SCA expansive pressures are highest in the
two methods. The small differences in the results between the
OPM and UESM show that the UESM and OPM results are almost
consistent and that the UESM can be used in SCA expansive pres-
sure assessments instead of the OPM for both economic and user
friendliness reasons, as stipulated earlier.

From the practical point of view, the measurement position of
OPM is the outer pipe wall surface, which is curved. During the
strain measurement, the surface curvature results in an error in
the measurement. On the upper end surface is in the proposed
UESM is flat. When strain gauges are used to measure deformation,
the flatness of the measurement surface reduces the measurement
error caused by surface curvature. Therefore, from the measure-
ment location point of view, UESM is superior to OPM.

Additionally, the SCA produces a large amount of heat during
the hydration reaction. The external surface temperature of the
measuring device can reach 140-150 °C. Normal strain gauges
working temperature is 40-80 °C. Therefore, when measuring
strains with OPM, it is necessary to replace regular strain gauges
with high-temperature strain gauges which are expensive or to
submerge the testing system in ice-water mixture, and the bond-
ing process to the pipe is also complicated. When measuring
expansion pressure with the UESM, the temperature of the upper
surface does not generally exceed the working temperature range
of standard strain gauges due to the large wall thickness of the test
cylinder and the thermal conductivity of the 7075 Aluminum Alloy,
and the normal strain gauges with temperature compensation can
be used. Therefore, from the perspective of measurement cost and
measurement simplicity, UESM is superior to OPM.
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7.2. Sensitivity of the OPM and UESM test cylinder materials: 301
stainless steel and 7075 aluminum alloy

7.2.1. Sensitivity in SCA expansive pressure measurement with the
outer pipe method

In Section 1.2.2, Eq. (1) was given as the theoretical basis of
OPM. By substituting the 301-type stainless steel material param-
eters into Eq. (1), Eq. (20) was obtained for calculation of the
expansive pressure measured in the outer pipe method.

Pr = 289.45 x &y +72.65 x & (20)

Eq. (1) shows that the sensitivity of the measured SCA pressure
will depend on the type of material used to make the test cylinder;
and Eq. (20) means this pressure will depend on the measured
strains which are dependent on the sensitivity of the test cylinder
material to strain changes.

The axial strain ¢, and the tangential strain ¢, are required in Eq.
(1) for the calculation of the expansive pressure. The outer pipe
method measures the strain at the outer curved surface of the pipe.
The curvature of the pipe surface influences the measurement
accuracy. The pipe used in the outer pipe method has relatively
small wall thickness ((b-a)opm) of 1.5 mm. The heat released in
the SCA hydration process increases the temperature at the strain
measurement position to about 100 °C as shown Fig. 14. This
exceeds the operating range of the standard strain gauges and
influences their measurement accuracy. The practical solution is
to always put the steel pipe into a cryostat or to use a strain gauge
that is resistant to high temperatures. These remedies complicate
the testing procedure and increases the testing cost.

7.2.2. Sensitivity in SCA expansive pressure measurement with the
upper end surface method

The plane stress or plane strain assumption is not explicitly
applicable to the upper end surface method due to the 2-section
cylinder geometry. The internal pressure and the strain on the
upper end surface of the 150-mm diameter section of the test
cylinder is beyond the basic theory of plane strain or plane stress
problems in elastic mechanics. Hence, numerical modelling was
needed to establish the mathematical model relating the test cylin-
der internal pressure and the strain at the measurement position
due to the SCA expansion. For example, the expansive pressure
and the radial strain at the measurement position 5 (for
r = 57.5 mm from the center of the 75-mm outer radius section
of the test cylinder) in this paper satisfies Eq. (21). Note that r could
be conveniently increased from 57.5 to 70 mm while allowing for
the cylinder boundary constraints and enough room for installa-
tion of strain gauges to further lower the temperature at the outer
boundary of the test cylinder in the UESM as explained in Eq. (17)
in Section 4.

P= 2602 x ¢, - 0.008 (R* = 1) (21)

In Eq. (21) only the radial strain ¢, is required for the calculation
of the expansive pressure. The reliability of Eq. (21) depends on the
accuracy of the numerical model and input parameters. Therefore,
it is necessary to always establish an elaborate numerical model
and to determine accurate input material parameters for use in
the numerical model. Equally important is the precision and accu-
racy of the upper end surface and the accuracy of the strain gauges
used. Finally, the accuracy of the expansive pressure measurement
can be improved by a reasonable selection of the strain measure-
ment positions and the strict implementation of the testing
procedure.
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7.3. Potential impact of using aluminum alloy instead of rock on
results

Using either the type 301 stainless steel or the proposed 7075
aluminum alloy as materials for the SCA test cylinders in the
OPM and UESM respectively instead of rock or concrete in which
the SCA is often used, makes both methods indirect methods for
the study of SCA expansivity. In Section 6.2.1, and Section 7.1,
the difference in the results between the materials used in the
UESM and OPM methods was discussed. Eq. (1) showed that the
sensitivity of the measured SCA expansion pressure depends on
the type of material used to make the test cylinder, and Egs. (20)
and (21) showed this pressure will depend on the measured strains
which are dependent on the sensitivity of the test cylinder material
to deform.

Both the 7075 Aluminum alloy and 301 Stainless Steel used in
the UESM and OPM respectively for the study of the expansivity
of SCA differ from rock and concrete in which the SCA is often used.
Rock and concrete are relatively more porous compared to the
7075 Aluminum Alloy and 301 Stainless Steel used to make the test
cylinders for the SCA expansivity studies. The rock and concrete are
also less heat conductors compared to the aluminum alloy and
stainless steel used. Therefore, in rock more of the heat generated
from the exothermal reaction, which can result in temperatures of
up to 150 °C [38] will be retained. These authors [38] showed that
low ambient temperatures slow the SCA hydration process and
therefore SCA expansivity. For the same water content of SCA mix-
ture, SCA expansive pressure increases with temperature [39] in
the ambient temperature range of 20 °C to 45 °C [2,25]. The SCA
hydration process is more efficient in the manufacturers specified
temperature range and water contents. Thus, as stated in [5],
because the thermal properties of the steel and aluminum alloy
cylinders and rock are substantially different, and since the expan-
sive pressure is a function of the thermodynamics, SCA expansive
pressure development may vary in the three systems.

Rocks in petroleum and mining engineering are porous media.
In petroleum engineering drilling and well completion fluids are
required that are expensive. Loss of these drilling and well comple-
tion fluids in the porous reservoir rocks is economically costly to
oil production [42,43]. One approach to managing fluid loss in por-
ous media is to use fluid loss additives which include calcium oxide
(i.e. SCA). Fluid loss additives plug rock pores to prevent fluid loss.
Thus, in relating the test results to actual field applications in rock
with relatively higher porosity one would not expect major devia-
tions as the SCA to some extent might plug the rock pores to reduce
loss of water through diffusion. Further research is required in this
area.

In practice, when SCA is used in rock or concrete part of the
water in the slurry will infiltrate or diffuse into the voids, resulting
in the change of SCA to water ratio and lead to a faster reaction rate
and time of the SCA slurry [44-49]. As a result of this, the higher
SCA output swell pressure could result in rock and concrete than
in the metallic test cylinders, provided sufficient water is present
to enable complete chemical reaction [47]. In principle, lower
SCA to water ratios result in higher SCA expansive pressures as
demonstrated in Fig. 13.

Because of the relatively impervious nature of the 7075 Alu-
minum Alloy in the UESM compared to rock, SCA expansion pres-
sure will be less in UESM for equal SCA to water ratios. This is
because water diffusivity in rock will result in lower SCA to water
ratio and thereby result in a possible accelerated chemical reaction
and more expansivity. UESM test cylinder will not lose water
through diffusion, and the hydration process will be slower com-
pared to rock. Therefore, whether the 7075 Aluminum alloy mate-
rial of UESM or the 301 Stainless Steel material of OPM is used in
the SCA expansivity studies, neither can fully simulate the change
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in the SCA to water ratio caused by the diffusion of water in actual
SCA application.

8. Conclusions

The numerical calculation results of the SCA expansive pressure
measurement process with the upper end surface method indi-
cates that the expansive pressure changes linearly with the radial
strain at the upper end surface of the 150-mm diameter section
of the test cylinder used. The mathematical model relating the
expansive pressure and the radial strain was established based
on numerical simulation. The SCA expansive pressure in the test
equipment can be calculated using the measured radial strain data.
The equation developed (Eq. (21)) is dependent on the UESM test
cylinder material properties and the accuracy of the numerical
model.

Because the UESM test cylinder thickness and material diffusiv-
ity are far greater than those of the OPM, the temperature at the
outer surface of the UESM test cylinder is far less than in the
OPM, and therefore suits the use of standard strain gauges and
eliminates the use of coolants such as submerging the test system
in water with ice, and special high temperature strain gauges or
cryostat that is required in the OPM.

The oil pressure calibration results are consistent with the mea-
surement results of the upper end surface method. This indicates
that the expansive pressure calculation equation established with
the numerical simulation of the upper end surface method is reli-
able and is applicable for the measurement of the SCA expansive
pressure.

The measurement results of the SCA expansion pressures at the
same water contents and under similar experimental conditions
with the upper end surface and outer pipe methods are consistent
with each other. This further proves the feasibility and accuracy of
the upper end surface method.

The measurement principle, measurement process and the
material type used in the OPM complicates the method and makes
its use unfriendly and costly. The relation between the pipe wall
thickness and the pipe wall temperature due to the SCA material
reaction is the main source of problem in the outer pipe method.

The upper end surface method eliminates the problems encoun-
tered in the outer pipe method, simplifies the testing procedure,
reduces the cost of testing, and improves the measurement
accuracy.

The UESM and OPM approaches are indirect methods for study-
ing SCA expansive pressure since the test cylinder materials in
both tests are different from rock and concrete in which the SCA
is used.

Future studies will establish SCA expansive pressure measure-
ment equations for the UESM that are independent of the test
cylinder material type.
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