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Quarry blasting operations are necessary to supply raw materials;
nevertheless they produce ground vibration stresses in the foundations of
the nearby structures and may affect their stability. Subsequently,
estimation of the stress-strain levels can help the engineers to evaluate
safety possibilities of the high wall slopes or the nearby structures. In the
present study, shallow seismic refraction surveys have been carried out in
Bani Khalid quarry to determine the velocity of the compression and
shear waves of the quarry area. These seismic wave velocities have been
used to identify the dynamic elastic constants such as Poisson’s ratio,
modulus of elasticity, and shear modulus. Ground vibration
measurements, another set of field measurements, include recording of the
three mutually perpendicular components of the peak particle velocities
induced by the blasting operations in the quarry. The results of these
measurements and calculations have been employed to estimate the
normal and shear stresses and strains induced by the quarry blasting
operations.

KEYWORDS: Stress and strain, bench blasting, ground vibrations,
seismic waves, and elastic constants.

INTRODUCTION

Rock blasting is essential to separate, fragment, and displace rocks and mineral ores
needed to supply raw materials for many industries. Ground vibrations are undesirable
but unavoidable output of the blasting process. If the level of the ground vibrations
exceeds certain levels, it may cause problems ranging from annoyance to severe
damage to nearby structures. Hence, blasting engineers have to make blast designs that
satisfy their production plans and at the same time do not annoy neighbors or damage
their properties. In addition, care has to be taken not to cause stability problems to high
wall slopes and/or roofs at the mine [1, 2].
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Ground vibration measurement and evaluation have gone through different forms
including energy ratio, particle displacement, velocity, or acceleration. Finally, the
researchers have settled on the particle velocity as the best descriptor of the blasting
ground vibrations [1-3]. The reason is that particle velocity has a direct relation to
strains and stresses which are the measures used to judge the capacity of materials.
From the level of the applied vibration stress and the strength of the material, it can be
determined if they are allowable or not [2].

The elastic properties of rock materials are either evaluated from the
conventional geotechnical methods or the in-situ geophysical measurements. Shallow
geophysical techniques are considered as one of the accurate and cost effective
methods used in engineering site characterization of the rock mass. They are an
alternative means of the conventional geotechnical ones, which are sometimes tedious
and very expensive [4, 5]. The kinetic elastic moduli of the surface and shallow layers
can be identified using the compression and shear waves velocities and the material
bulk densities as well. The rock mass quality depends mainly upon the material elastic
moduli, which include shear modulus, Poisson’s ratio and Young’s modulus [2, 4-10].

Burgher [8] has measured longitudinal and shear wave velocities as well as
particle velocities in the Golden Sunlight mine in Montana. From these measurements,
he calculated the stresses and strains. His study aimed at maintaining high wall stability
and integrity at the mine. On the other hand, Tealeb et al [9-11] carried out an intensive
monitoring of blasting ground vibrations and records have been collected during a long
period (1997-2000), to estimate the blasting stresses induced by blasts in the limestone
quarries of the National Cement Company at the 15" of May City, Helwan, Egypt.
They claimed that the estimated stress levels were very high and these high stress
levels, caused significant damage to the buildings of the 15" of May City.

STRESS AND STRAIN CALCULATION

In the near field of a detonating blast hole, the wave front is curved and the calculation
of the stresses and strains is complicated. In the far field (at distances greater than 15
meter from the blast hole), the wave front can be considered planar (i.e. particles move
parallel to the direction of propagation of the longitudinal wave). Also the wave is
assumed to be sine wave. These assumptions simplify the method of calculation and
these calculations are accurate enough for engineering applications. Dowding explains
the method of calculation of strain and stress as follow [2]:

Compressive Stresses and Strains:

Co=(E/s p)*”* 1)

e=1/-Cp (2)

c=pCpt 3

E=c/e¢ 4
Where:

€ = strain

o =stress

u = longitudinal particle velocity
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p = mass density of the rock
E = modulus of elasticity
C, =longitudinal wave velocity.

Shear Stresses and Strains:

Co=(G/p)*” (5)
y = s /-Cs (6)
T=p Csls @)
G=1ly (8)

Where:
y = shear strain
T = shear stress
s = transverse (shear) particle velocity
C, = shear wave velocity
p = mass density of rock
G = modulus of rigidity
The longitudinal and shear wave propagation velocities (in three dimensions) are
related to the elastic constants by the following equations [6, 7]:
(Cp)*=(1- ) E/[(1+v)(1-2v)p] ©)
While:
(C9)* =E/[2 (1+v) p] (10)
With some manipulation between equations (9) and (10), we can find the
following equation for calculating Poisson’s Ratio, v:
v =[1-2(Cs/ Cp)?1/ [2-2 (Cs/ Cp)] (11)
And
Cp/ Cs = [(1- v)/(1/2 — )] (12)
In case of v =0.25, the C,/ C, ratio is equal to 1.7. Also E and G are related by the
following equation:
G=E/2(1+v) (13)
Coats [7] concluded that using equation (1) (assuming one dimensional wave
propagation) would produce an answer about 5% higher than using equation (9)
(assuming three dimensional wave propagation) for calculating seismic velocities. He
claimed that this difference is not significant when considering the difficulty of
determining the effective E that would apply to a rock mass.

AIM OF THE RESEARCH

In the present study, shallow seismic refraction surveys have been carried out in Bani
Khalid quarry to determine the velocity of compression and shear waves at the quarry
area. From these seismic wave velocities, dynamic elastic constants such as Poisson’s
ratio, modulus of elasticity (Young’s modulus), and shear (rigidity) modulus can be
calculated. Ground vibration measurements, another group of field measurements, have
been carried out and include measurement of the three mutually perpendicular
components of the peak particle velocities induced by the blasting operations in the
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guarry. From the results of these measurements and calculations, normal and shear
stresses and strains can be estimated.

BANI KHALID QUARRY

Bani Khalid quarry is situated on the eastern bank of the River Nile (100-500 m
inward), four kilometers south east of Samalout town, Minia. It is the main source of
limestone for the Egyptian Iron and Steel Company. It is about 190 kilometers south of
the Iron and Steel Company in Helwan. Bani Khalid Village lies on the northern border
of the quarry while Dier Gebel-Eltair Village lies on the southern border (Figure 1).
The numulitic limestone of the quarry belongs to the middle Eocene. The productive
limestone layers are divided into four layers. From top down, layers | and Il have a
volumetric weight of 2 t/m?and their thickness ranges from 0-21 m; followed by layers
[11 and IV, which have a volumetric weight of 2.2 t/m?and thickness of about 15 m. On
the top, small thickness (0-1.5 m) of loose overburden has a volumetric weight of 1.8
t/m°. The absolute ground water level is at 31 m (the level of the quarry bottom). The
compressive strength of the quarry limestone ranges from 170-600 kg/cm?[12].

EXPERIMENTAL PROCEDURE

Seismic Refraction Survey:

A shallow seismic refraction survey at the area between the upper quarry face and the
northern borders of Dier Gebel-Eltair Village has been carried out. In this operation, a
sledge hammer has been used as a source of the compression waves by repeated
impacts on a metal striker plate. The shear wave source consists of a hammer blow on
the side of a block, which is held in firm contact with the Earth by the weight of a
heavy vehicle. The block has been struck on the opposite side to obtain the opposite
polarity that adds the SH-wave effects (Sheriff and Geldart, 1982) [5]. The
compression waves were detected by normal geophones, while shear waves were
detected by using the horizontal geophones.

The employed profiling technique, along which the shot-point-geophone array is
extended, was in the form of in-line offset spreads doubled by forward and reverse
shooting. The refraction seismic measurements involved eight layouts that were
distributed approximately parallel and perpendicular to the upper bench face and the
northern border of Dier Gebel-Eltair Village. The geophone cable was about 120 m in
length (inter-geophone spacing was 10 or 5 m). The arrival times of stacking repeated
signals were acquired by using the seismic system model ES-1225 12-channel digital
enhancement exploration seismograph, manufactured by EG&G Geometrics [13]. S-
wave records are usually displayed in the same manner as P-wave records. A sample of
the recorded seismograms is given in Figure 2.
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Derr Gebel-Eltarr
Vilfage

Fig. 2: A sample of the geophone recorded seismograms for arrival times using
EG&G system.
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Measurement of the Ground Vibrations Peak Particle Velocity:

Measurement of the ground vibrations has been carried out using Geosonics SSU 2000
DK-system, 10 micro-seismographs, two data transfer cases, and two manual buttons
[14, 15]. The seismographs have been oriented toward the center of the blast, leveled,
and fixed at the recording station. The recording stations have been selected close to
the foundations of the buildings of the northern border of Dier Gebel-Eltair Village.
The detailed procedure steps can be found in other references [14-17]. Figure 3
provides an example for the obtained seismograms from the Geosonics system.

ANALYSIS AND DISCUSSION OF RESULTS

Bani Khalid quarry has two benches. The height of the lower bench is about 10 m
while the height of the upper bench varies from 6 to 20 m depending on the
topography. Blast hole diameter for the upper bench is 105 mm and that of the lower
bench is 95 mm. Other bench parameters include: burden (B) = spacing (S) = 4 m,
stemming length (T) =2-3 m, sub drilling (J) = 1.5-2.0 m, and number of rows = 2-4.
The main explosive charge is ANFO, and Ammonia Gelatin Dynamite has been used
as priming and boosting charge. The specific charge is about 0.5 kg/m®.
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Fig. 3: A sample of the recorded seismograms for obtaining peak particle
velocities using Geosonics system.

Thirty one records have been carried out during the years 2000-2001. The
geophone number (G #); distances from the recording stations to the center of the blast
(D); the weight of charge per delay (W); the air blast (sound) level; the components of
the peak particle velocity (PPV): longitudinal (L), transverse (T), and vertical (V),
vector sum (R); calculated square (SD2) and cube root (SD3) scaled distances are
recorded in a table for each blast. Table 1 is an example of such tables.



ESTIMATION OF STRESS AND STRAIN LEVELS..... 1015

The records of the amplitudes of the ground vibration peak particle velocity have
been analyzed for the maximum and minimum longitudinal components (G max, tp min)
from both the upper and lower benches. Also records of the amplitudes of the ground
vibration peak particle velocity have been analyzed for the maximum and minimum
transverse (shear) components (Us max, Us min). Table 2 provides peak particle velocities
from upper and lower bench blasts.

Seismic Survey:

The first arrival times were picked from all seismic records at each geophone location,
topographically corrected and then fed into the computer. Using a package of software
(EG&G Geometrics, 1986) [13], the data were processed and partially interpreted. This
included the plotting of time-distance curves, fitting them with straight-line segments
and evaluating the apparent velocity, thickness, boundary dip angle and finally the true
velocity (compression “C,” or shear “C;”) of the subsurface model layers using the
intercept time method. The detailed interpretation and correlation between the obtained
seismic velocities in the study area reveal three seismic layers.

The determined compression (C,) and shear (Cs) wave velocities of the three
layers are represented in Table 3. The velocity values of the surface layer range
between 1612 and 1661 m/sec for C, and between 1009 and 1038 m/sec for C. The
velocity of the second layer ranges from 2480 to 2838 m/sec for C, and from 1649 to
1715 m/sec for C,. Finally, the last layer velocities range from 4380 to 4604 m/sec for
C, and from 2933 to 3081 m/sec for C,

The average thickness of layer 1 and layer 2 has been found to be 7.8 m and
12.25 m respectively. Layer 1, more or less, represents the layers geologically
classified as layers | and Il of bench 1 while layer 2 represents the geologically
classified layers as layer Ill and IV of bench 2. The thickness of layer 1 has wide
variation from 4.5 to 12.2 due to the change of topography. Layer 3, is the bottom layer
and its thickness has not been determined due to the short length of the spread of the
seismic profile.

Calculation of field dynamic elastic constants:

Maximum and minimum magnitudes of Poisson’s ratio have been calculated for the
three seismic layers using maximum and minimum magnitudes of C, and Cs for each
layer. Maximum and minimum magnitudes of Young’s modulus have been calculated
for the three seismic layers based on the assumption of one dimensional propagation
(using equation (1)). Also maximum and minimum magnitudes of Young’s modulus
have been calculated for the three seismic layers based on the assumption of three
dimensional wave propagation (using equation (9)). The calculated Young’s modulus
based on 1-D wave propagation is of higher magnitudes than those based on 3-D wave
propagation by magnitudes ranging from 2 to 13%. Higher percentages are associated
with higher Poisson’s ratios.
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Table 1: Summary of the data of blast # 4, carried out on the

3" of December 2000.

Date : 12/3/2000

Time : 15:56

Max. Charge Weight (w)/delay = 460 kg ,

w'? = 21.45 kg'? , w'* = 7.72 kg'®

Blast Location: Upper bench

Firing Method: Electric caps + Detonating cord
Total charge (W) = 2300 kg

Total Number of Blast holes: 20

Depth of b. h. =16.5 m,

B=4m,S=4m, T=3m, J=2m, Dia. = 105 mm, a. = 90°

G# | Dm | sp2 | spg | Sound PPV, mm / sec

Level L T \Vi

4.0 3.0 4.0

2547 268.0 12.5 3472 | -----mm-- f 294 35.7 384
R 4.8

138 dB 3.0 3.0 35

4665 299.0 13.94 38.73 f 357 33.3 35.7
1539 pa | R 45

137 dB 7.6 81 | 68

4663 222.0 10.35 28.76 f 38.4 454 294
137.96 pa R 9.9

140 dB 11.9 9.1 8.8

4664 257.0 11.98 33.29 f 454 41.6 41.6
187.94pa | R 121

137dB 10.4 8.6 111

4660 204.0 9.51 26.43 f 19.2 62.5 35.7
139.96pa | R 11.9

138 dB 4.0 5.3 6.0

4657 2425 11.31 31.41 f17.2 27.7 294
153.95 pa R7.3

138 dB 152 | 147 | 142

4656 189.5 8.84 24.55 f 50.0 31.2 50.0
147.96 pa R 19.0

140 dB 25 4.0 3.3

4655 | 311.0 | 145 | 40.29 F185 | 31.2 | 357
195.94 pa R4.0

138dB 7.1 9.3 8.3

4653 | 267.0 | 12.45 | 34.59 f 147 | 333 | 357
14596 pa | R10.1
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Table 2: Maximum and minimum peak particle velocities from upper and lower
bench blasts.

Peak particle velocity from upper Peak particle velocity from lower
bench blasts, mm/sec bench blasts, mm/sec
lclp max Iolp min lc‘ls max lc‘ls min lDlp max lc‘lp min lols max lols min
42.6 2 30.4 1.2 5.8 15 4.0 1.2

Shear modulus has been calculated using three methods. In the first method, it
has been calculated using equation (5) (based on 3-D wave propagation assumption).
In the second method, equation (13) has been used for G-calculation using E obtained
from equation (9) (also based on 3-D wave propagation assumption). Finally, in the
third method, G has been calculated using E obtained from equation (1) (based on 1-D
wave propagation assumption) and equation (13). Results of calculation show that the
magnitudes of G calculated directly from C almost have the same magnitudes obtained
from E-calculations based on 3-D propagation assumption. On the other hand, G
magnitudes based on 1-D propagation assumption are higher than those based on 3-D
propagation assumption. The percentage of increase of these higher values is the same
percentages of increase in E values based on 1-D propagation assumption. The
percentage of increase in both E and G, increases with increasing Poisson’s ratio.
Indeed, the higher calculated elastic constants will produce higher stress magnitudes.
Table 4 summarizes the calculations of the dynamic field elastic constants.

Table 3: Summary of the determined C, and C; velocities for Bani Khalid Quarry

Seismic Group Record No. and Locality | Direction | Layer Cp Cs
No. | (m/sec) | (m/sec)
Group (1) 1 1661 1038
Approximately perpendicular to building
boundary and upper quarry bench. N10°W 2 2480 1649
3 4604 3081
~ Group (2) o 1 1612 | 1009
Approximately parallel to building
boundary and upper quarry bench. N75°E 2 2838 1715
3 4380 2933

Stress and Strain Calculations:

Stress and strain calculations have been carried out following Dowding’s Procedure
[2]. Normal strains and stresses have been calculated using equations (2) and (3)
respectively. On the other hand, shear strains and stresses have been calculated using
equations (6) and (7) respectively. These calculations have been carried out using
maximum and minimum radial (longitudinal) & transverse (shear) peak particle
velocities measured from the upper and lower bench blasts of the quarry. Also, the
minimum and maximum C, and Cs magnitudes of the three seismic layers have been
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employed in the calculations. Summary of the stress and strain calculations is
displayed in Tables (5, 6).

Table 4: Summary of the calculations of the field dynamic elastic constants

Layer 1
Poisson’s Ratio, v Young’s Modulus, E, 10% kg/cm? Modulus of Rigidity, G, 10* kg/cm?
Upmax Vmin Using eq. (9) Using eq. (1) Using eq. (9) & (13) | Using eq. (1) & (13) Using eq. (5)
Emax Emin Emax Emin Gmax Gmin Gmax Gmin Gmax Gmin
0.18 0.178 5.18013 | 4.88926 5.6246 | 5.29765 2.19497 2.07524 2.3833 2.24858 2.1966 2.0756
Layer 2
Poisson’s Ratio, v Young’s Modulus, E, 10* kg/cm® Modulus of Rigidity, G, 10* kglcm?
Vmax Vnmin Using eq. (9) Using eg. (1) Using eq. (9) & (13) | Using eq. (1) & (13) Using eq. (5)
Emax Emin Emax Emin Gmax Gmin Gmax Gmin Gmax Gmin
0.212 0.104 16.0020 | 13.4599 | 18.0625 | 13.7929 6.6015 6.0960 7.4515 6.2468 6.5956 6.0981
Layer 3
Poisson’s Ratio, v Young’s Modulus, E, 10* kg/cm? Modulus of Rigidity, G, 10? kg/cm?
Vpmax Vnmin Using eq. (9) Using eg. (1) Using eq. (9) & (13) | Using eq. (1) & (13) Using eq. (5)
Emax Emin Emax Emin Gmax Gmin Gmax Gmin Gmax Gmin
0.094 0.0935 46.6125 | 42.1931 | 47.5360 | 43.0229 21.3037 19.2927 21.7258 19.6721 21.2880 | 19.2919

Table 5: Summary of Calculated Normal and Shear Stresses and Strains for
Layerl and layer 2, Bani Khaled Quarry

Peak Particle Velocity from Upper Bench, mm/sec
_ Uy max = 42.6 Uy min = 2 U5 may = 30.4 Ugmin=1.2
Bulk glensny =2000 Cmax: Emax; S min € min Tmax, Y max, Tmin, Y min,
= | Ko/, kg/cm? 107 kglcm? 10° | kg/em? 10° kglcm? 10°®
] Cpmax = 1661 m/sec, 1.44 25.6 0.066 1.24 0.64 29.29 0.025 1.19
2 Cp min = 1612 m/sec, Peak Particle Velocity from Lower Bench, mm/sec
— | CSmax __1038 misec, Uip may = 5.8 Uip min=1.5 Ui s max =4 U min=12
CS min = 1003 m/sec.
Omaxs Emaxs O min Emin Tmax, Y max, Tmin, Y min,
kg/cm? | 10° kg/cm? 10°® kglem® | 10° kg/cm? 10°
1.9 3.5 0.049 0.93 0.085 3.8 0.025 1.19
Peak Particle Velocity from Upper Bench, mm/sec
Uy max = 42.6 U in = 2 W5 max =304 Bgmin=12
Bulk density =2200 Omaxs Emaxs G miny € min Tmax, Y max, Tmin, Y min,
~ | Kgim?, kg/cm? 10°® kg/cm? 10°® kglem® | 10° kglcm? 10°
| Cpmax = 2838 misec, 2.71 15.01 0.11 0.806 117 | 17.73 0.044 | 0.728
2 Cp min = 2480 m/sec, Peak Particle Velocity from Lower Bench, mm/sec
- gz m.ax :_1176];159?1//558% lolD max = 5.8 lolD min = 15 lolsm x = 4 lalsmin: 12
min ' Omaxs Emax: G min, Emin, Tmax, Y max, Tmin, Y min,
kg/cm? | 10° kg/cm? 10 kglem? | 10° kg/cm? 10°
0.3697 2.04 0.083 0.605 0.154 2.33 0.044 0.73
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Table 6: Summary of Calculated Normal and Shear Stresses and Strains for
Layer 3, Bani Khaled Quarry.

Bulk density =2200 Kg/m®, C, max = 4604 m/sec, Cp min = 4380 m/sec,
CS max = 3081 m/sec, CS min = 2933 m/sec.

Peak Particle Velocity from Upper Bench, mm/sec

ﬁpmax = 42.6 ﬁpmin: 2 lolsmaX: 30.4 ﬁsmin: 1.2
™M Omaxs €maxs G mins € mins Tmax, Y max, Tmin, Y min,
o kg/cm? | 10° | kglem? 10 | kglem? | 10°® | kg/cm? 10°®
%l 44 925 | 0196 | 0457 | 21 | 987 | 0079 | 04l
- Peak Particle Velocity from Lower Bench, mm/sec

Up max = 5.8 Uy min= 1.5 Usmax=4 Usmin=1.2

Gmax; €maxs G min, € miny Tmax, Y max, Tmin, Y min,

kg/cm? 10° | kglem? 10 | kg/lem* | 10° | kg/cm? 10°®

0.60 1.26 0.15 0.34 0.28 1.3 0.079 0.41

CONCLUSIONS AND RECOMMENDATIONS

This paper aims to illustrate the procedure of calculating strains and stresses induced
by ground blasting vibrations using both measured peak particle and propagation
velocities. From the results of the performed measurements, calculations, and analyses
some conclusions and recommendations have been drawn:

1.

Shallow seismic refraction surveys have been carried out in Bani Khalid
guarry to determine the velocity of compression and shear waves at the quarry
area. Two bedding planes separating three layers have been depicted. The
seismic velocities have been found to range from 1661 to 4380 m/sec for C,
and from 1038 to 2933 for C,,

Measurement of the peak particle velocities from the upper bench blasts have
shown radial components ranged from 2 to 42.6 mm/sec and from 1.2 to 30.4
mm/sec for the transverse component. Measurement of the peak particle
velocities from the lower bench blasts have shown radial components ranging
from 1.5 to 5.8 mm/sec and from 1.2 to 4 mm/sec for the transverse
component.

The field dynamic elastic constants of the quarry area have been determined.
Poisson’s ratio ranged from 0.0935 to 0.212, Young’s modulus ranged from
4.8892 x10* to 47.536 x10* kg/cm?, and shear modulus ranged from 2.0752
x10* to 21.7258 x10” kg/cm?.

The determined normal stresses and strains have a range from 0.049 to 4.4
kg/cm? for stresses, while strains range from 0.34 x 10° to 25.6 x 10°.

The determined shear stresses and strains have a range from 0.025 to 2.1
kg/cm? for stresses, while strains range from 0.079 x 10° to 29.29 x 10°°.

It is recommended that for high-magnitude Poisson’s ratio, calculation of E, G,
stresses, and strains should be calculated on the 3-D wave propagation basis.
That is because the calculation error increases with increase in Poisson’s ratio.
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7.

It is recommended that the environmental authorities make obligatory
regulations for ground vibration measurements. That is important, especially
for the mining activities using blasting operations nearby residential areas to
assure safety and prevent damage to these national investments.
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