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Synopsis

Applying non-explosive expansion material (NEEM) is one of the
safest methods for rock fracturing, especially in a hard rock quarry.
An experimental study was conducted to determine the pressure
exerted by NEEM in a hole, which is necessary for analysing rock
fracturing, particularly in a numerical modelling. Stress distribution
was developed in a thick-wall cylinder in order to measure the
tangential strain on the external boundary. In the experiments, nine
pipes of different materials and varying diameters were selected and
then loaded internally with a general type of NEEM. Through
electrical strain gauges, the tangential strains were recorded on the
external boundary of the pipes.

The results obtained from these tests and existing data from
previous researchers were utilized for the statistical analysis. A new
experimentally-derived formula is proposed for determining the
pressure exerted by NEEM by multiple parameter regression with a
high correlation coefficient. The proposed model has a nonlinear
form with three independent parameters i.e. the hole diameter, the
time, and the modulus of elasticity of the material.

Keywords
experimental test, non-explosive expansion material, thick-wall
cylinder.

Introduction

Non-explosive fracturing of rocks is one of the
main rock-breaking methods in hard rock
quarries or for the demolition of any concrete
structure, and is usually accomplished through
the use of non-explosive expansion material
(NEEM). Although this method of rock
breaking is without noise or vibrations and the
entire operation is controllable, safe, and easy,
the process is lengthier compare to the blasting
method. In this method, circular holes are
drilled consecutively in a block of rock with
equal length, diameter, and spacing (centre-to-
centre distance). Subsequently, the holes are
filled with NEEM in grouted form, which by its
expansion generates an incremental static load
into the holes after about two to four hours
(Goto et al., 1988; Zhongzhe et al., 1988;
Jana, 1991; Hayashi et al., 1994; Pal Roy,
2005). If the spacing of the holes is
appropriate, this will create intersecting cracks
between two neighbouring holes, and the

The Journal of The Southern African Institute of Mining and Metallurgy

VOLUME 112

block will fracture along the high-stress
concentration path between the holes.
However, if material is brittle (e. g. hard rocks
such as granite and quartzite), it will neither
yield fracture nor will elastic behavior be
observed before its failure (Hoek and
Bieniawski, 1965; Lajtai, 1972; Lawn and
Wilshaw, 1975; Ingraffea and Schmidt, 1978;
Fowell, 1995; Eberhardt et al., 1999; Orekhov
and Zertsalov, 2001; Yagiz, 2009). In other
words, stress distribution into the brittle
material will be elastic until the fracture
process is completed.

Prediction of rock fracture depends on the
pressure in the hole, and this information is
also required in the numerical modelling of
crack growth. This investigation was aimed at
determining the pressure developed in a hole
due to expansion of the NEEM by physical
modelling as well as developing an elasticity
theory.

Non-explosive expansion material
(NEEM)

The main reaction that takes place in the
NEEM is the hydration of lime with evolution
of heat:

Ca0+H,0 — Ca(OH),
+15.21 (kCal /mol)

[1]

Without confinement, the reaction results
in a volume increase of about two times.
Under confinement, the reaction rapidly
generates an expansive pressure which
exceeds the tensile strength of rocks (when
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the drill holes are charged with NEEM, the expansive
pressure gradually increases to more than 20 MPa). Goto et
al. (1988) investigated the reaction of NEEM in a steel pipe
as well as its expansive pressure with respect the time
(Figure 1). Using a pressure sensor and strain gauge, they
recorded data over 24 hours.

Mechanical behavior of the NEEM includes time, the
modulus of elasticity of the rock or other material, and the
diameter of the hole (Arshadnejad et al., 2010). NEEM is a
chemical combination based on CaO (between 70 and 90 per
cent) and SiO,, together with a few other substances such as
Al,O3, Fe,05 etc. Most NEEMs have the same chemical
combination worldwide (Goto, et al., 1988; Soeda et al.,
1988; Arshadnejad et al., 2010). The NEEM used in the
present study was of Iranian manufacture, with the trade
name Katrock. Tables I and II show the the chemical analysis
(by XRD and XRF) for the NEEM.

Stress distribution around a hole due to internal load

The stress distribution around a circular hole depends on the
stress field. Kirsch (1898) initially studied this problem for a
single circular hole under a biaxial stress field. The field
stress in the current study was located on the external
boundaries.
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Figure 1—Expansive pressure of NEEM against time (Goto et al., 1988)

Table Il
Result of XRD analysis of the NEEM

The stress distribution within a thick-walled cylinder
under a uniform external and internal load is as follows
(Timoshenko and Goodier, 1951)

- (a:P,. —bEP”] a:hz(aEPr. - P)
- (bl —(12) - rz(b2 —ag)
(¢’P,-b’P,) a’b*(a’P,-P)

(b2 —a:) rl(b: —a:)
where o, and oy are the radial and tangential stresses
respectively, and r is the radial distance of the considered
point from the hole centre. P; and Po are the internal and
external pressures, and a and b are the internal and external
radius of the thick-walled cylinder, respectively. Because of
axisymmetry in the loading as well as body geometry, there
is no shear stress in the medium. Following are some of the
constraints for using thick-walled cylinder equations
(Shigley, 1956; Hertzberg, 1996).
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If there is no external pressure (P,= 0) the equation
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Stresses on the internal boundary (r = ) are a maximum
as follow:
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Stresses on the external boundary (r = b) will be as

Minerals Chemical formula follows:
Lime CaO o= 0 [10]
Lamite CaySiOy P
Calcite CaCO3 2 ap, [11]
) 0= = =
Periclass MgO bt —a*
Table |
Result of XRF analysis of the NEEM (per cent)
L.O.L P205 MnO TiO2 K20 SO3 MgO Fe203 Al203 SiO2 CaO
5.26 0.044 0.021 0.033 0.04 0.18 2.21 0.72 1.75 6.5 83.2
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The tangential strain in the thick-walled cylinder is as
follow:

1
€g = E(au -vo,) [12]

where ¢, is the tangential strain, E is Young’s modulus,
and v is Poisson’s ratio. Since the radial stress on the
external boundary is zero (Equation 10), the strain on the
external boundary (r = b) is as follows:

| o
e, =—(0,-0)=—2 [13]
o=g 0=

A combination of Equations [11] and [13] results in a

. . . Figure 2—Electrical strain gauge on the aluminum pipe
new relationship in order to measure the internal pressure 9 gads PiP

24°P
fom o [14]
E(b* -a*)
&, BB’ —a*)
P -t s 15
: o7 [15]

Therefore, the internal pressure of the NEEM can be
determined by measuring the tangential strain on the
external boundary (by electrical strain gauge), the elastic
modulus, and the internal and external radius of the pipe.

Laboratory tests

In the current investigation, nine thick-walled pipes of four
different types of materials i.e. aluminum, concrete, steel, and
high-strength plastic (PP_R) were selected. The pipes were
open at the top and had varying diameters and elastic
moduli. Table III shows the geometry and the mechanical
properties of the pipes.

An electrical strain gauge was attached to the exterior of
each pipe using CN adhesive and then loaded by the pressure
expansion from the NEEM. Figsures 2 and 3 show the strain
gauges attached to the aluminum (sample N4») and concrete
(sample Nc;) pipes respectively. The figures also show the
two types of electrical strain gauge (TML) Further, to
eliminate the thermal effect, a dummy gauge was utilized on
the main strain gauges (Figure 4).

Tangential strains on the external pipe wall were recorded
at different times. Figure 5 shows the data obtained for each
of the pipes, as well as data from other scientific studies

Figure 3—Electrical strain gauge on the concrete pipe

(Zhongzhe et al., 1988). Figure 4—A dummy gauge to eliminate the thermal effect

Table 11l

Geometry and mechanical properties of pipes

Sample Type of External Internal Young’s Yield Tensile Density
code material diameter (mm) | diameter (nm) | modulus (GPa) stress (MPa) strength (MPa) (g/cm?3)
Ns Mild Steel 40 20 205 235 372 7.85
Na1 Aluminum (AA 7075) 55 33 71 503 572 2.80
Naz2 Aluminum (AA 7075) 60.5 40 7 503 572 2.80
Na3 Aluminum (AA 7075) 65.5 43 71 503 572 2.80
Nc1 Concrete (28 days) 75 29 121 --- 2.7 2.30
Nc2 Concrete (28 days) 82 36 1241 - 2.7 2.30
Ncs Concrete (28 days) 105 59 12.1 - 2.7 2.30
Np1 PP_R (type 3) 25 15 0.9 25 0.91
Np2 PP_R (type 3) 40 30 0.9 25 0.91
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Different Pipes and NEEM's Pressure
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Figure 5—Stress-strain diagram from the acquired data

The above data were recorded for 20 and 30 hours for the
concrete and the high strength plastic (PP_R) pipes and the
aluminum and the steel pipes, respectively.

Experimental model

The physical modelling proved that the hole pressure depends
on the hole diameter, the time, and the elastic modulus. In
other words, the hole pressure function is given by:

P= f(t,d,E)

where P is the pressure exerted by the NEEM, ¢ is the time, d
is the hole diameter, and £ is the elastic modulus. All of the
acquired data were converted into logarithmic form, and then
a linear multiple parameter regression was utilized as:

[16]

Y=a,+ax, +a,x%, +a,x, [17]

The hole pressure function can therefore be written as:

P=f(t.dE)y=a,+at+ad+a,E [18]

Equation [18] is another form of the following
relationship:

logP =a,+a,logt+a,logd+a,logE [19]

where ag is a constant value and could be replaced by log k,
which is 10, (ag = log k). As such, Equation [19] can be
rewritten as:

log P =logk +logt™ +logd® +log E [20]
log P =log(k. . d* . E) [21]
P=k.t".d" E* [22]

Analysing the matrix of coefficients yielded a correlation
of 0.935. For determining the NEEM pressure, the proposed
experimental model is as follow:

P=0_566 r“-‘ﬂ.‘ a:l]..i[ﬁ E(}__;q;

where P is the pressure accruing from the NEEM in
megapascals, 7 is the time in hours, d is the hole diameter in
metres, and E is Young’s modulus in gigapascals.

The behaviour of the above pressure against that of the
hole diameter with a constant modulus of elasticity (70 GPa)

[23]
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etal, 1988 (Steel Pipe, di=20 mm}

® Zhongzhe, et al, 1988 [Copper Pipe, di= 20 mm)
& Zhangzhe, et al, 1988 [Plastic Pipe, di= 20 mm)
= Zhongahe, ¢t al, 1988 (Marhle Pipe, di= 20 mm)
x Zhongzhe, ¢t al, 1988 [Concrete Pipe, di= 20 mm)
® Concrete Pipe, di=29 mm, do=75 mm [NC 1)

+ Concrete Pipe, di=36 mm, do=82 mm (NC 2)

= Concrete Pipe, di=59 mm, do=105 mm [NC 3)

= Alumium Pipe, di=33 mm, do=55 mm (NA 1)

2 Alumium Pipe, di=40 mm, do=60.5 mm (NA 2)
B Alumium Pipe, di=43 mm, do=65.5 mm (NA 3)

& Steel Pipe, di=20 mm, do=40 mm (Ns)
X PP R (Plastic Pipe)} di=15 mm, do=25 mm (NP 1)

X PP (Plastic Pipe) di=30 mm, do=40 mm (NP 2)

has been shown in a graph with three different loading times
(Figure 6). Again, the same analysis (NEEM pressure against
the Young’s modulus) was carried out with a constant hole
diameter (40 mm), which is also indicated graphically
(Figure 7).

The accuracy of the proposed model could be proved by
comparing the experimental and the estimated data. As
Figure 8 shows, this model has a high degree of agreement
so far as the experimental data are concerned.
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Figure 6—NEEM pressure versus the diameter of the hole (E = 70 GPa)
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Figure 7—NEEM pressure versus Young’s modulus (d = 40 mm)
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Figure 8—Comparison of experimental and estimated data

Conclusion

The thick-walled cylinder model was developed with the aim
of measuring the pressure exerted by NEEM in pipes of
various materials and diameters. A generic NEEM was used
for internal loading of the pipes, and electrical strain gauges
were applied for recording the tangential strain. A new
experimental model is suggested for determining the
pressure, taking into account the multiple regression
parameters with high correlation coefficient. The proposed
model has three independent parameters—the hole diameter,
the loading time, and the Young's modulus.
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