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PREFACE

In keeping with our policy of releasing information of
general technical interest, we make available some of our internal
reports in a series of publications termed the GEO Report series.
The reports in this series, of which this is one, are selected from a
wide range of reports produced by the staff of the Office and our
consultants.

Copies of GEO Reports have previously been made
available free of charge in limited numbers. The demand for the
reports in this series has increased greatly, necessitating new
arrangements for supply. In future 2 charge will be made to cover
the cost of printing.

- The Geotechnical Engineering Office also publishes
guidance documents and presents the results of research work of
general interest in GEO Publications. These publications and the
GEO Reports are disseminated through the Government’s
Information Services Department. Information on how to purchase
them is given on the last page of this report.

.
A. W.' Malone

Principal Government Geotechnical Engineer
April 1995



EXPLANATORY NOTE
This GEQO Report consists of two Special Project Reports on the assessment
of stability of soil and rock slopes subjected to blasting vibration.

They are presented in two separate sections in this Report. Their titles
are as follows :

Section Title Page No.
1 An Energy Approach for the Assessment of 5

Stability of Rock Slopes Subjected to
Blasting Vibration
H.N. Wong & P.L.R. Pang {1991)

2 Pseudo-static Assessment of Stability of Soil 33
Slopes Subjected to Blasting Vibration
H.N. Wong (1992)



SECTION 1 :

AN ENERGY APPROACH

FOR THE ASSESSMENT OF
STABILITY OF ROCK SLOPES
SUBJECTED TO

BLASTING VIBRATION

H.N. Wong & P.L.R. Pang

This report was originally produced as GEO Special Project Report No. SPR 7/91



FOREWORD

Following the 28.2.1991 rock slide at Shau Kei Wan,
a VWorking Group was set up in the Geotechnical
Engineering Office wunder the chairmanship of Chief
Geotechnical Engineer/Advisory (Mr R.K.5. Chan) to review
the methods and draw up guidelines for assessing and
limiting the adverse effects of blasting on the stability
of existing slopes. The Working Group has identified,
inter-alia, the need for a rational method for assessing
the stability of rock slopes subjected to blasting
vibration. This report, which documents the formulation
of an energy approach developed in the Special Projects
Division for carrying out such assessments, forms part of
this Division's contribution to the Working Group. Based
on the principle of conservation of energy, the proposed
Energy Approach has been found to be simple to apply and
gives consistent and realistic results.

This report was prepared by Mr H.N. Wong, who is the
Special Projects Division's representative to the Working
Group, under the supervision of Dr. P. L. R. Pang. The
Working Group has reviewed the report and accepted the
proposed Approach as one of its recommended methods for
assessing and limiting the adverse effects of blasting
vibrations on the stability of rock slopes.

._Lw-”‘v
{Y.C. Chan)
Chief Geotechnical Engineer/Special Projects
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1. INTRODUCTION

A number of approaches may be used to assess the stability of rock slopes
subjected to blasting vibration. These include the Pseudo-static Approach,
Dynamic Analysis, the Empirical Approach and the Energy Approach. Table 1
summarises the advantages and limitations of these approaches.

At present, there are many limitations in the use of the Empirical
Approach and Dynamic Analysis for routine assessment of rock slope stability
in Hong Kong. These approaches are not discussed further in this report.

Analyses by the Pseudo-static Approach, in which an equivalent static
driving force based on the peak ground acceleration is applied, derive the
solutions from a consideration of force (and sometimes moment) equilibrium.
While the Pseudo-static Approach has been widely accepted for use in the
analysis of seismic slope stability, its validity has not been proved for
blasting vibration analysis. Unlike earthquake ground motions, blasting
vibration is characterised by short duration high frequency pulses, which
according to Mines Division's records have a frequency content ranging
typically from 30 to 100 Hz. Large ground accelerations are often induced in
blasting (e.g. peak particle accelerations PPA of 1 g or higher have been
recorded). However, despite the large PPA's, blasting pulses often possess
relatively low vibration energy. The use of a large pseudo-static inertia
force derived from the measured PPA's in the analyses has been found to give
dynamic factors of safety less than unity (i.e. failures), even for slopes
with reasonably high static factors of safety. These resulls are in spite of
the low level of vibration energy transmitted to the potential failure wedge
on the slope. Because of the unrealistic results obtained, it is generally
believed that using the Pseudo-static Approach to analyse problems of blasting
vibrations characterised by high frequency pulses is very conservative.

The proposed Energy Approach tackles the problem by a consideration of
the blasting vibration energy transmitted to the potential failure wedge
(modelled as a rock block) resting on the rock slope, as well as the energy
dissipation at the rock joint. The stability and the downslope displacement
of the rock block are assessed using equations based on the principle of
conservation of energy. Different rock joint models may be incorporated in
the analysis to calculate the energy dissipated at the joint. 1In the present
study, an evaluation has been made by applying the Energy Approach to a range
of situations. The empirical formulae developed by Barton {1950) correlating
the shear strength and stiffness of rock joints with various joint
characteristics have been used in the analysis.

The peak particle velocity PPV of the rock block is a key parameter in
the Energy Approach. PPV is widely adopted in control criteria to prevent
buildings from being damaged by blasting vibration. It is a good measure of
the vibration energy induced by blasting. Therefore, application of PPV
values in the analysis is likely to give more realistic predictions than the
use of PPA's.



2. THE ENERGY APPROACH
2.1 Enerqy Egquation

Consider a rock block resting on an inclined plane subjected to blasting
vibration, as shown in Fiqure 1(a). The total energy of this rock block
system which models the rock slope subjected to blasting vibration consists
of two parts :

(a) Potential energy of the rock block, Ey, which can be
expressed as ! .

E =Mgh=W¥Wh T £

where M = mass of rock block
g = acceleration due to gravity = 9.81 m/st
h = height of the centre of gravity (C.G.) of
the rock block above a reference datum
¥ = weight of the block = Mg

(b) Kinetic energy or vibration energy, Ey, which can be
expressed as :

EeRMVE=K TV L. .. @

where V, = peak resultant velocity of rock block at
its C¢.6. TFor a rigid rock block with
translational motion as being the
predominant mode of motion, the velocity
at the surface of the block may be
assumed to be the same as that at the
C.G. of the hlock (see Sections 2.2, and
2.3).

As shown in Figure 1(b), at its initial position, the rock block is
forced by the blast-induced energy waves to vibrate with a peak resultant
velocity V.. The block comes to rest (i.e. with final velocity = 0) after it
has moved downslope by an amount u,. By considering the principle of
conservation of energy, the following equation can be written :

{Total Energy of } (Total Energy of ) Energy Loss
( ) = ) + at the . - (B
(Rock Block System), (Rock Block System), Boundaries

The subscripts i and f above denote the initial and final condition
respectively.

Substituting equations {1) and (2) into (3}, we have :

(E, + E), = (E, + E), + Energy Loss
i.e. Energy Loss = % g (v)*+¥u sinp . . . . . . . {4)

1f the energy loss due to rock material damping and radiation damping is
neglected, the term in the left hand side of the above equation is just that



due to energy dissipated at the rock joint as a result of downslope movement
of the rock block. Equation (4) may therefore be writtem as :

rftAhd6=}iE(V)‘+WufsinFs R
) g !
where A, = base area of the rock block
1 = ghear stress acting along the rock joint
Equation (5) is the fundamental energy equation from which the downslope

displacement u;, can be calculated if values of Lhe other parameters in the
equation are known.

2.2 Peak Resultant Velocity of a Rock Block Subjected to Uni-directional
Vibrations

Consider a rock block subjected to uni-directional vibration along the
dip direction of the joint plane only. The velocity of the rock block {hence
its kinetic energy)} will change with time. This is the result of interaction
between the vibration energy transmitted to the rock block system (from the
in-coming energy waves) and the energy loss due to material damping and
radiation damping. If there is no relative movement between the rock block

“and the rock siope when v, is reached, V, in equation (5) can be taken to be
the peak particle ve10c1ty {PPV) of the block which is assumed to be acting
in the downslope direction.

If the rock block slides along the joint, the PPY at A (Figure 1(a)) will
be smaller than the PPV at B because of energy loss at the rock joint. Part
of the input vibration emergy will have been dissipated prior to the
attainment of PPV at B. To avoid duplicating the term of energy loss at the
rock joint in equation (5) and the possibility of obtaining an unsafe
solution, V, in equation (5) should be taken as the PPV at B and not the PPV
at A.

2.3 Peak Resultant Velocity of a Rock Block Subjected to Multi-directional
Vibrations

Supposing V (t), V (t) and V {(t)} are the velocities expressed as a
function of time 1n any 3 orthogonal directions x, y and z, respectively of
a rock block subjected to multi-directional vibration. The resultant velocity
v(t) is given by taking the vector sum :

V(L) = V(L) + ¥ (8) + ¥ (t) N ()

A conservatiye value of V, to be used in equation (5) may be taken as the
maximum value of V(t), i.e. :

VP . l i’:(t) + G,(t} + .‘-;z(t)‘ l s

X (PPV,}* + (PPV))! + (PPV,)’

< ¥3 PPV = 1.7 PPV



where PPV = maximum of PPV,, PPV, and PPV, and
PPV,, PPV, and PPV, are the peak partlcle velocities in directions
X, ¥ and Z, respectlvely

The chance of having v, close to 1.7 PPV is very remote as this requires
the simultaneous occurrence of PPV,, PPV, and PPV,. It also assumes that the
conservatively assessed V, acts in the d1p dlrectlon of the joint plane. To
avoid being overly conservatlve, the following assumption is made:

v = PRV *1.TPPV . 1 35 ppy T ¢ )

P
2

This value is still likely to be conservative, but it may be refined when
a generalised relationship between v, and PPV, PPV, and PPV, can be
established. This may be achieved by studying the ve10c1ty tlme records
obtained from blasting operations in Hong Kong. This is, however, a subject
for development. As this report will show, equation (7) can permit reasomnable
predictions to be made on effects of blasting vibrations.

Substituting equation (7) into (5), the fundamental energy equation
becomes :

1]
JfTAhd6=0.91%(PPV)‘-}Wu,sinB R € )
o]

3. ENERGY DISSIPATION AT THE ROCK JOINT
3.1 General

The energy dissipation at the rock joint needs to be evaluated in order
to solve the energy eguation. This may be done using the shear-displacement
curve of the joint, which may be ohtained from laboratory shear tests, or more
usually from an idealised rock Jjoint wmodel. The energy dissipation
corresponding to three different idealised rock joint models is examined in
the following Sections. For simplicity, only the case of a clean, tight joint
with no rock bridging (i.e. with ¢' = 0) is considered, although the relevant
equations may be easily modified to cover the c' # 0 cases,

3.2 Rigid Plastic Model

The Rigid Plastic Model shown in Figure 2 assumes that no displacement
occurs when the initial shear stress at the rock joint is increased to reach
the residual shear stress (i.e. an infinite elastic stiffness). Thereafter,
1, is assumed to remain constant for any subsequent displacement 3.

In this case, 1, is given by :

1, = gn-cos B tan @', _ P )
]
vhere g’ = residual angle of shearing resistance of the rock joint

Substituting equation (9) into (8), and putting PPV = X and w, = u, into
the equation, the following is obtained :



=og.‘__91x’l[cosﬁtanﬂi',—SiHB] TR )

For a rock block with a static factor of safety F,. the downslope
movement u, may be expressed as :

ux=_0-élilx’/[sinB(FH—1)] . . ... . . .oan

tan @',
vwhere F, =

tan .p

The calculated values of u, (i.e. w) for various combinations of values
of g¢',, F, and X (i.e. PPV) are given in Table 2 and plotted in Figure 3.

It can be seen that for the same values of F,, and X (i.e. PPV), u, is not
too sensitive to the assumed ¢', value. However, u, increases rapidly with
increase of PPV and decrease of F,,.

3.3 Linear Shear Displacement Model

The Linear Shear Displacement Model shown in Figure 4 assumes that the
shear stress 1 increases linearly with the joint displacement 8 until it
reaches a peak shear stress 1,. A measure of the rock joint stiffness is
given by K, :

K o= 2 P & /)
5!

vhere 5, = joint displacement at t = 71,

For a clean, tight rock joint with shear strength parameters ¢' =0 and
p' = ¢' (peak angle of shearing resistance) :
W '
1, = — cos B tan ¢', J A 1 ) |
Ah

In this study, the following empirical formulae given by Barton (1990)
have been used to calculale ¢‘, and 6,:

' JRc1og[iC_S]+¢-,+i P € 0
0'

=
|

O § L)

L [ J_REl 9.1
500 L

where JCS = joint wall compressive strength
JRC = joint roughness coefficient

L = joint length
g'. = residual angle of shearing resistance
i = roughness component of shearing resistance expressed as an angle

Based on the Linear Shear Displacement Model, the energy dissipated at

the rock joint as a result of joint displacement u, =3, - 5, is given by:



Energy loss T 4, du

—
Q

l [ o]

. i W,
where 1, = initial shear stress = — sin §
A

o

|
|b
jut]
p—

b

The eritical peak particle velocity PPVc, at which the block will be
driven to a state whereby peak shear stress T, is developed at the rock joint,
can be shown to be given by:

PPV, ={ 9 _15,) [sin B] tan ¢, , tan b 4 ] (16)
0.91 2 tan B 2 tan ¢°,

Vs . tan g’

In terms of the initial static factor of safety F, '
tan B
' 1
PPV, = J [6,] [sin B8] [ -1 N )
0.91 2 F

The calculated PPV, values for various combinations of values of g',, F,
and &, are given in Table 3 and plotted in Figure 5.

It can be seen that for the same values of F, and §, {which is related to
L and JRC through equation (15)}}, PPV, is not too sen31t1ve to the ¢°, values.
For small L and JRC values, 3, and hence the energy dissipation capac1ty of
the rock joint are both small. Therefore, the calculated PPV, values are also
small. This suggests that smaller blocks tend to slide more easily than
larger ones under blasting vibration.

3.4 Combined Model

Figure 6 shows a more realistic rock joint model which combines the
characteristics of the two models described in Sections 3.2 and 3.3. In this
model, the pre-peak behaviour of the rock joint is represented by the Linear
Shear Displacement Model and the post-peak behaviour of the rock joint isg
modelled as Rigid Plastic, with an abrupt change in shear stress at peak. The
more gradual reduction in shear stress as the rock joint displaces beyond
peak, as observed in real shear tests, is not modelled for the sake of
simplicity.

For this model, the downslope displacement u, of the rock block subjected
to blasting vibration consists of two components : a pre- peak (linear)
displacement u, and a post-peak (residual) displacement u, . Three cases are
possible and these are considered below :



{a) Case 1 : PPV £ PPV,

In this case, post-peak displacement u, is zero. The maximum downslope
displacement u, is less than or equal to &, - 9.

Take for example, g' = 40°, B = 30.9° (i.e. F, = 1.4) and §, = 5 mm,

5, =85 (1) =5x = =3.6m
1, 1.4
u <% -3 = 1.4 mm

In this case, & (3.6 mm)} is assumed to have occurred at the joint in the
process of formation of the rock slope. Blasting under control with PPV <
PPV, will result in only a fairly small additional downslope displacement (<
1.4 mm) at the joint. If the rock behaves in a perfectly elastic manner in
the pre-peak state, any pre-peak displacement will be recovered after the
cessation of blasting with the initial shear stress re-set at 1,. However, if
there is an irrecoverable component in the joint displacement, there will be
a permanent set even after the shear stress has returned to t,. As long as
the rock joint remains in the pre-peak state, the net displacement will be
small.

(b) Case 2 : PPV > PPV, and 1 > T,

In the case of PPV > PPV, post-peak displacement will occur. However,
as the residual shear strength 1, of the joint is greater than the initial
shear stress 1,, the residual static factor of safety F,, will be greater than
unity and the rock block will not continue to slide down the slope when
blasting ceases,

The total downslope displacement w; is given by :

w o=y tou N )
where u, = pre-peak displacement
1
=3 -3 =3 (1- —)
FI
u, = post-peak displacement
= 091 (ppyr - ppv) 1 N ¢ .
q sin p [F,, - 1]

Values of u  and u; for the case of ¢' = 30° and %, = 5 mm for various
combinations of ¢',, F, and PPV are given in Table 4.

It can be seen that if @', is much larger than B (i.e. a large F,), u,
(and hence u,) will remain relatively small even if PPV greatly exceeds PPV,.
However, if g' is close to B (i.e. a small F,), u, (and hence u) will be
guite large in the case where PPV exceeds PPV. This demonstrates the
importance of the residual static stability of the rock slope in blasting
vibration analyses.



(c} Case 3 : PPV > PPV and 1, § 1,

As the residual shear strength 1, of the rock joint 1s smaller than the
initial static shear stress t,, infinite downslope displacement, i.e. complete
failure, will occur if PPV exceeds PPV .

4. DISCUSSION

¥hile the proposed Energy Approach is considered to be better than the
other approaches for assessing the stability of rock slopes subjected to
blasting vibration, there are several points which deserve discussion:

{a) Energy Dissipation

For vibrations with predominantly ‘low' frequency, small
acceleration pulses (such as those from seismic vibrations with
frequencies typically from 1 to 10 Hz), energy dissipation is mainly
through hysteretic damping ({of the rock material and joints) and
radiation damping. Therefore, to neglect such forms of damping in the
analysis will yield very conservative results. For blasting vibrations
comprising ‘high' frequency, large acceleration pulses, energy
dissipation by virtue of joint sliding becomes significant and the
contribution from hysteretic damping and radiation damping is relatively
smaller. Therefore, to neglect these damping factors in such case would
not be too unrealistic.

{b) Rock Joint Model

The presence of any bridges {i.e. impersistence) in the rock joint
is neglected in the proposed Energy Approach. This would give
conservative estimates of PPV,. 1In principle, the energy dissipation
capacity of rock brldges can be considered by 1ncorp0rat1ng the relevant
term in the governing energy equation {(8). However, it is very difficult
to assess the degree of joint impersistence and to quantify its energy
dissipation capacity, in particular under repeated blasts. It is worth
noting that even in assessing the static stability of a rock slope, the
strength of rock bridges is usually disregarded.

Little information on the assessment of 'dynamic' values of g' and
. of typical Hong Kong rock joints is available. However, it has been
found that the friction angle for the 1n1t1at10n of sliding under a fast
rate of loading (i.e. the ‘'dynamic' ) is higher than the equivalent
*gtatic' friction angle (i.e. the statlc g ) and also the 'dynamic’
g', values are higher for higher rates of 1oad1ng (e.g. Hencher, 1981}.
Use of the 'static’ ¢ value assessed from conventional laboratory tests
or from emp1r1ca1 formulae such as those by Barton (1990), would
therefore give conservative PPV, values.

In the proposed Energy Approach, it is assumed that the PPV, value
does not change with repeated blasts provided that the joint remains in
the pre-peak state in previous blasts, i.e. the energy dissipation
capacity of the joint is 'recoverable' after a certain period. However,
there is no data on this. Because of uncertainty in the joint behaviour,
movement monitoring at critical rock wedges is recommended as a
precautionary measure.



(c) Vibration Perpendicular to the Joint Plane

The effect of the component of vibration perpendicular to the joint
plane has not been allowed for in the assessment of the energy
dissipation capacity of the rock joint. Since blasting vibration is
composed of high frequency pulses, rapid increase and decrease of the
normal stress over the static (i.e. mean) value at the rock joint would
tend to balance each another out. Hence, it 1is a reasonable
approximation to calculate the energy dissipation capacity of the rock
joint based on the static normal stress.

(d} Dynamic Excess Water Pressure

The case of a water—-filled rock joint deserves detailed
consideration. Positive excess water pressure will not be induced in the
joint under blasting vibration if the joint is tight, as such a joint
vill dilate upon shearing. Therefore, the joint energy dissipation terms
and the fundamental energy equations in Section 3 of this report will
need no modification to deal with dynamic excess water pressure.
However, the terms for the various static factors of safety and the
energy dissipation terms will need to be changed to incorporate the
effects of the relevant joint water pressure under static condition.
This can be easily done and examples will not be given here. The effect
of water pressure in the joint is that for given B, ¢', and ¢'/, F, and
F,, vill be smaller than for the case of a dry joint condition (i.e. zero
water pressure). The resulting PPV, values will be smaller.

No generalisation can be made for in-filled joints as the joint
shear and dilation behaviour will depend on the nature of the infill.
If positive excess water pressure can be induced under blasting
vibration, such pressure should be allowed for in the analysis. This is
not covered in this report.

(e) BAnalyzing Non-planar Rock Wedges

Potentially unstable blocks with non-planar wedge-type failure can
also be analyzed using the proposed Energy Approach by considering the
energy dissipation at the relevant joint planes in contact with the
hlock.

{(f} Calibration of Results

Although there are good reasons to believe that the proposed Energy
Approach can give more realistic performance predictions, there is no
field data at present for calibrating the results obtained from the
proposed Energy Approach. Therefore, the use of the proposed Energy
Approach should be reviewed in future vhen relevant monitoring data are
available. It is worth noting that the results of dynamic analysis
reported by Dowding & Gilbert (1988) agree with the findings of the
proposed Energy Approach: the shear displacement of a block resting on
an inclined plane decreases substantially as the frequency of the
vibration increases at a given peak acceleration., They have also found
that pseudo-static methods of amalysis are inappropriate for excitation
with high frequencies.



5. SUGGESTED PROCEDURE FOR BLAST CONTROL

A suggested procedure for blast control using the results of the proposed
Energy Approach to safeguard the stability of rock slopes is given in Figure
T.

In the case of F,, < 1 {i.e. 1, < 1,), the need for stabilisation works
should be considered. Account should be taken of the consequence of failure,
as well as the reliability of blast control including monitoring.

In any blasting event, PPV should not be allowed to exceed PPV,. This is
to ensure that the rock joint remains in the ‘'pre-peak state'. Othervise,
loss of shear strength at the joint {i.e. the 'post-peak state'} may result,
in which case considerable irrecoverable downslope displacement of the rock
vedge will occur. Post-peak joint displacements can reduce the energy
absorption capacity of the rock joint which is required for counteracting the
vibrations from subsequent blasts. The long term stability of the rock wedge
will also be weakened.

On-site monitoring is recommended to check the actual level of vibration
of the rock wedge caused by blasting and the displacement of the wedge. This
would provide the data required for the improvement of blast design, as well
as of methods for assessing rock slope stability.

The suggested procedure is relatively simple. It involves only routine
techniques for blast control in Hong Kong, including the measurement of PPV,
and the use of the available attenuation laws relating PPV with scale distance
and site factors.

Sophisticated analysis is not required. Although the calculated PPY, are
considered conservative, they are by no means restrictive. For instance, the
PPV, for 3, = 5 mm (say, JRC =5 and L = 1.8 m) and & = 20 mm {say, JRC = b
and L = 14 m} are:

F, 1.4 1.2 1.1 1.05
6, =5 mm 40 23 12 b
PPV,
(mm/s)
8, = 20 mm 80 45 25 13

6. CONCLUSIONS

The Energy Approach presented in this report is a simple and rational
approach for assessing the stability of rock slopes subjected to blasting
vibration. The proposed Approach is based on the principle of conservation
of energy and different rock joint models can be incorporated. Analyses using
the empirical rock joint formulae developed by Barton (1990) have been carried
out for a range of situations. These have been found to give consistent and
realistic results.
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Practical guidelines for blast control using results of the proposed
Energy Approach are given in Section 5 of this report.

There is alsc scope for further development and refinement of the
proposed Approach when good quality on-site monitoring results, blast
vibration records and data on dynamic rock joint behaviour are available.
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Table 1 - Summary of Approaches for Assessing the Stability of Rock Slopes
Subjected to Blasting Vibration

Ability to model®

€ denates good, F denotes fair apd P denotes poor.

+ Fg is the tactor of safety under dynamic (vibration} conditiom.

Disturbance Ease ot
Approach Naln Features due 1o Reaistance of | Effects of | Mnalysis Advantages Limitations
blasting potential blasting
sibration | 2119109 mase | vibratjon
JPSEUDG-5TATIC - Model the blasting vibration P F P Eaay |- &Simple analysis - Mot suitable for blasting
digturbance as 3 constant vibration, which contains high
[a) Without paeudo-static imertia force - compatible with frequency pulses and resulta
Displacement canventional atatic in high peak particle
Analysis - Consider force and woment atability analysis acceleration {PPh}
equilibrium of the porential
8l1dign mass - Too conservative il PPA 1w
adopted in analysis. (very
- Fallure ia assumed to have often Fg € 1.0 ia obtained}
occurred if fi+ ¢ 1.0
(b} W¥ith - Same an above, except Lhat F F F Basy ~ Same am above. - The calculation displacesent
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Table 2 - Calculated U, Values Based on the Rigid

Plastic Rock

Joint Model

Static FOS, F,, 1.4 1.2 1.1 1.05
Joint inclination, B
26.6° 30.3° 32.5° 33.7°
U, (mm) 0.3 0.6 1.1 2.1
U,, {(mm) 1.3 2.3 4.3 8.4
U,, (mm} 20.17 36.8 69.1 133.8
(a) @', =35°
Static FOS, F_, 1.4 1.2 1.1 1.05
Joint inclination, B
22.4° 25.7° 27.7° 28.8°
U,, (mm} 0.4 0.7 1.2 2.4
U,, {(mm) 1.5 2.1 5.0 9.6
U,, (mm) 24.3 42.8 79.8 154.0
(b} ', =30°
Static FOS, F. 1.4 1.2 1.1 1.05
Joint inclination, B
18.4° 21.2° 231.0° 23.9°
U,, (mm} 0.5 0.8 1.5 2.9
U, {(mm) 1.8 3.2 5.9 11.4
Uy, (mm) 29.4 51.2 95.1 182.8
{c) @', =25°
Legend : U, - downslope displacement u, in mm corresponding to a PPV of X mm/s




Table 3 - Calculated PPV, Values Based on the Linear
Joint Model

Shear Displacement Rock

Initial Static FOS, F, 1.4 1.2 1.1 1.05
Joint Inclination, B 35.5° 39.8° 42.3° 43.6°
5 = 5 mm' 42.3° 24.0 12.8 6.7
PPV,
(mm/s) 5' = 1¢ mm‘ 59.8 33.9 18.2 9.4
for 5, = 20 mn' 84.6 48.0 25.7 13.3
{a) ¢', = 45°
Initial Static FOS, F, 1.4 1.2 1.1 1.05
Joint Inclination, B 30.9° 35.0° 37.3° 3g.6°
6 = 5 mt 39.8° 22.1 12.2 6.3
PPV,
(mm/s) o =10 ! 6.3 32.1 17.2 9.0
for 5, = 20 md 79.6 45.4 24.4 12.7
(b) ¢', = 40°
Injtial Static FOS, F, 1.4 1.2 1.1 1.05
Joint Inclination, B 26.6° 30.3° 32.5° 33.7°
5 = b mmt 37.1 21.3 11.5 6.0
PPV, i
(mm/ 8} 5, = 10 mm 52.5 30.1 16.2 8.4
for 5, = 20 oo’ 74.2 42.6 22.9 11.9
{c) g¢', = 35°
Notes : 1. Corresponds to JRC = 5 & L = 1.8 m
2. Corresponds to JRC = 5 & L = 5.0 m
3. Corresponds to JRC = 5 & L = 14.0 m
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Table 4 - Calculated u, and u, Values for the Combined Rock Joint Model

Initial Static FOS, F, 1.4 1.2 1.1
Joint inclination, P 30.9° 35.0° 37.3°
PPV, (mm/s) 39.8 22.7 12.2
PPV = 200 mm/s
u, PPV = 50 mm/s Complete Failure
(u,) (F, < 1.0}
in mm PPV = 25 mm/s 0
(¢ 1.4)
(a) g', = 40°, @', = 30°, &, = 5 mm
Initial Static FOS, F 1.4 1.2 1.1
Joint inclination, B 26.6° 30.3° 32.5°
PPV, (mm/s) 37.1 21.3 11.5
PPV = 200 mm/s 1.9
{53.3)
u'l"
(u;} PPV = 50 mm/s 1.5 Complete Failure
in mn (2.9) (F, <1.0)
PPV = 25 mm/s 0
(< 1.4)
(b) g, = 35°, g', = 30°, 5, =5 mm
Initial Static FOS, F, 1.4 1.2 1.1
Joint inclination, B 24.9° 28.4° 10.6
PPV. (mm/s) 36.0 20.6 11.2
PPV = 200 mm/s 34.9 115.4
(36.3) (116.2)
u
(uy) PPV = 50 mm/s 1.1 6.1 Complete
in mm {(2.5) (6.9) Failure
PPV = 25 mm/s 0 0.6 (F, < 1.0
(<1.4) (1.2)
(c) @', = 33°, ¢', = 10° 3 =5 mm
Legend u, = post-peak displacement
u, = total displacement
F.. = post-peak factor of safety based on residual shear strength

of rock joint
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SECTION 2 :

PSEUDO-STATIC ASSESSMENT
OF STABILITY OF SOIL
SLLOPES SUBJECTED TO
BLASTING VIBRATION

H.N. Wong

This report was originaliy produced as GEQO Special Project Report No. SPR 7/92



FOREWORD

This report documents the formulation of an
analytical method for routine assessment of the stability
of soil slopes subjected to blasting vibration using the
pseudo-static approach. The proposed method offers a
major improvement to the ordinary pseudo-static method by
taking the dynamic response of soil slopes and the
generation of dynamic excess pore water pressure into
account in the analysis. The proposed method has been
found to be simple to apply. It gives conservative
values of permissible peak particle velocity which are in
general within achievable limits for application to blast
design and control.

The study was initiated by the Working Group on the
Effects of Blasting on Slopes under the chairmanship of
Mr R.K.S. Chan (Chief Geotechnical Engineer/Advisory).
It was undertaken by Mr H.N. Wong, who is the Special
Projects Division's representative to the Working Group,
under my general supervision. The members of the Working
Group have reviewed a draft of the report and provided
useful comments.

Ny e S

(Y.C. Chan) .
Chief Geotechnical Engineer/Special Projects
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1. INTRODUCTION

The stability of slopes subjected to vibration may be assessed by
different approaches. The advantages and limitations of these approaches have
been discussed by Wong (1992) and Wong & Pang (1991).

Amongst these approaches, the Pseudo-static Approach has been widely used
for assessing the effects of earthquake vibration on slope stability. B&As
discussed by Wong & Pang (1991), using this approach to analyse the stability
of slopes subjected to blasting vibration characterised by high fregquency
pulses is expected to yield conservative results. In the case of rock slopes
with simplified assumptions made on joint properties, such results may be so
conservative as to make them impractical to apply. However, in the case of
soil slopes, as this report will show, the Pseudo-static Approach may still
give results which are generally within achievable limits for application to
blast design and control.

A method to analyse the stability of soil slopes under blasting vibration
using the Pseudo-static Approach is outlined in this report. Analysis of the
dynamic response of soil slopes to the bedrock vibration, as well as
calculation of the critical peak particle velocity PPV, ' are presented.
Reference has also been made to the findings of Wong (1991 & 1992) on the
classification of scils according to their undrained shear behaviour for
dynamic stability analysis of soil slopes.

2. MAIN FEATURES

The following are the main features of the method presented in this
report for assessing the stability of soil slopes subjected to blasting
vibration :

(a) Adopt the Pseudo-static Approach

The disturbing effect of blasting vibration is modelled as an
equivalent inertia force F, and :

F=WH*K e
where W = weight of soil mass above the potential slip surface
K = the response peak horizontal ground acceleration coefficient

{in g) of the soil mass

Either the Simple Pseudo-static Approach or the Modified
Pseudo-static Approach can be used, depending on the 1likely
behaviour of the slope-forming materials involved. A brief summary
of the two approaches is given in Appendix A.

(b) Model the Blasting Vibration as Simple Harmonic Motion

The blasting vibration at the bedrock is modelled, for
simplicity, as a simple harmonic motion in the horizontal direction.

PPV,., as used in Wong & Pang (1991), is the peak particle velocity
PPV of the bedrock vibration, under which the slope concerned will
be just driven to the thecretical state of failure.



(c)

(d)
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The general form of the equation of motion is :

x = PPD sin (wt + @) )
= % - X = PPV cos (wt + O) ) N 3
F
= cdl_t: = ¥ = -PPA sin (wt + ©) )
where = displacement

X
X = velocity
¥ = acceleration
w = circular frequency of the ground motion
= 2w * frequency in Hz
phase shift
FPD = peak particle displacement
PPV = peak particle velocity = w PED
PPA = peak particle acceleration = w PPV = w?PPD

@
n

According to Mines Division's records, the frequency content
of blasting vibration in Hong Kong ranges typically from 30 to 100
Hz. Hence, values of w from 60mr to 200m are considered in this
report.

Consider the Dynamic Response of Scil Slopes

The response peak ground acceleration coefficient (i.e. K in
equation (1)) at the soil mass is calculated from the input bedrock
ground motion (i.e. equation (2)) and the dynamic response of the
soil slope. K can be expressed as :

PP2 ]

K = K [
a g

B <)

where K, = magnification factor determined from response
analysis
g = acceleration due to gravity = 9.81 m/s?2

Values of K, have been assessed in this report by modelling the
slope as either a single-degree-freedom or a multi-degree-freedom
system. A scil damping factor A of 0.2 for the fundamental mode of
vibration and 0.5 for the higher modes, and an infinite duration of
input bedrock ground motion are assumed in the response analysis.
Two alternative types of slope geometry, viz slopes with horizontal
bedrock under shear vibration (Figure 1({a)) and slopes with inclined
bedrock (i.e. an inclined scil layer) under compression-rarefaction
vibration (Figure 1(b)) are considered.

Bdopt Limit Equilibrium Method of Slope Stability Analvysis

The limit equilibrium method of slope stability analysis is
adopted to calculate the initial static factors of safety Fg: the
dynamic factors of safety Fy {i.e. under the action of pseudo-static
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inertia force), and the critical accelerations K¢ 2 of the soil
slopes.

The state of limiting equilibrium, i.e. Fy equal to unity, is
taken as the onset of failure.

3. SLOPES WITH HORIZONTAL BEDROCK UNDER SHEAR VIBRATION

3.1 Single-degree-freedom Model

3.1.1 Dynamic Response

A simple but crude way to model the behaviour of a slope subjected to
blasting vibration is to treat it as a single-degree-freedom system.

As shown in Appendix B, the magnification factor K, for a damped single-
degree-freedom system subjected to a simple harmonic forced vibration is :

1 + 44A2a2

{(1-a2)2 + 4A2q2

1 + 0.16a2

{l-a2)2 + 0.16a2

where A = damping factor = 0.2

Forcing (i.e. input vibration) Frequency

o =
Natural Frequency of Slope
(lfrl
= or FTl
2n
w
F= _ _ = Input vibration frequency in Hz at bedrock
2n

T, = fundamental period of slope (in second)

3.3H
= {Wong, 1991)
s
H = height of slope (in m)

K. (in g) is the response acceleration at the slope which will just
drive the slope to the theoretical state of limiting equilibrium.
It is a measure of the resistance of a slope to the action of
pseudo-static inertia force.
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5 = velocity of the travelling wave {(in m/s)

Values of K, for different values of S/H and F are plotted in Figure 2.

From eguations (2) and (3):

At K = K_, PPV = PPV_,
Kg = WKy PPVg / G eeeeiniennanen. (6)
or PPV, = [ Ke g e e (7)
w K,

Values of wK, for different values of S/H and F are plotted in Figure 3.

For a slope with a given K., the higher the value of wK_, the lower is
the value of PPV, and the more susceptible is the slope to instability induced
by vibration. Within the typical ranges of values of F from 30 to 100 Hz and
S/H less than 125 {(e.g. 8 = 300 m/s and H > 2.4 m), an input vibration
frequency of 30 Hz will result in the lowest PPV, and hence the most critical
situation. Therefore, the case of F equal to 30 Hz is considered in the
following analyses for simplicity.

3.1.2 PPV, of Slopes Comprising Cohesionless Soils

{a) Simple Pseudo-static Analysis

Figure 4 plots F4q vs K obtained from simple pseudo-static
analysis for slopes with ¢' = 0 and ¢' = 35° under ‘dry’' (i.e.
Skempton’s pore pressure coefficient B = 0) condition. Wong (1991)
has shown that for the same Fg values, the relationship between Fy
and K is not sensitive to the values of ¢'.

By substituting values of K. into equation (7), the
corresponding PPV, values for such slopes can be calculated. Figure

& gives calculated values for S/H = 50, 30, 20 and 15 sa-1,
corresponding respectively to H = 6, 10, 15 and 20 m, for 5 = 300
m/s.

(b) Modified Pseudo-static Analysis

Figure 5 plots the values of K, vs A, for slopes with c’ = 0
and ¢* = 35° under ‘saturated’' (i.e. Skempton’s Pore Pressure
Coefficient B = 1.0) condition cbtained from modified pseudo-static
analysis (Wong, 1991). A, is the dynamic pore pressure parameter
{Sarma & Jennings, 1980). A brief discussion on the determination
and use of A, in modified pseudo-static analysis and the
identification of ‘degrading’ scils in Hong Kong is given in
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Appendix A. Soils with A, greater than about 0.2 are dencted as
"degrading’ soils, and reduction in soil shear strength under the
undrained pseudo-static loading condition as compared with the
drained condition would occur. If B is greater than zero, the
higher the A, value of the slope-forming material, the lower will
be the resistance of the slope against instability induced by
vibration.

Using equation (7), the PPV, values for slopes with S/H = 50,
30, 20 and 15 s'l, and A, = 0.5 and 1.0 are plotted in Figures 6(b)
and 6{(c). The effect of ’‘degrading’ materials in a slope in
reducing its resistance against vibration is apparent.

3.1.3 PPV, of Slopes Comprising c’ - ¢’ Soils

Slopes comprising ¢’ = ' soils will have higher K, than ¢’ = 0 slopes
having the same Fg. Hence, the values of PPV, calculated in Section 3.1.2 are
conservative for slopes with ¢’ ¥ 0.

The K. values of slopes comprising ¢’ - ¢‘ soils cannot be generalised
by charts. Where necessary, stability analysis can be carried out on
individual slopes by limit equilibrium methods.

3.2. Multi-deqree—-freedom Model

3.2.1 Dynamic Response

More sophisticated multi-degree-freedom model may be used to analyse the
slope response under shear vibration taking into consideration the
contribution of higher vibration modes of the slope. Here, the one-
dimensional shear response model has been adopted for this purpose. A similar
model has been described by Ambraseys (1960) and adopted by Ambraseys & Sarma
{1967) to analyse the dynamic response of earth dams subjected to real
earthquake time-history vibration.

Details of the mathematics involved in the dynamic response analysis
using the one-dimensional shear response slope model are summarised in
Appendix C. A simple harmonic, 30 Hz frequency input blasting vibration at
the bedrock is considered in the analysis.

The calculated values of the magnification factor K, for F = 30 Hz and
S/H = 50, 30, 20 and 15 g1 are plotted in Figure 7. It can be seen that for
overall slope failure (i.e. y/H = 1.0}, K; is much less than unity. However,
for local slope failure at the upper portion of the slope (i.e. y/H < 0.4),

K, is large, implying that there would be considerable magnification of ground
motion.

Figure B compares the difference in the K, values calculated by using the
multi-degree—freedom model (at y/H = 1.0) and the single-degree-freedom
model. It can be seen that when values of S/H are smaller than 50 (i.e.

H2=6m for § = 300 m/s), the single-degree-freedom model would underestimate
the response acceleration.
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3.2.2 PPV, of Slopes Comprising Cohesionless Soils

(a) Simple Pseudo-static Analysis
The PPV, for ‘dry’' slopes comprising ¢’ = 0 soils are plotted
in Figure 9(a), by substituting the results of Kz from Figure 7 and

K. from Figure 4 to equation (7).

(b) Modified Pseudo-static Analysis

For 'saturated’, c’ = 0 slopes comprising "degrading’ soils (Aj,
= 0.5 and 1.0), the calculated PPV_ values are plotted in Figures
9(b) and (c). Again, the reduction in slope resistance against
vibration due to the presence of ‘degrading‘’ scils is apparent.

3.2.3 PPV_ for Slopes Comprising c’ - ¢’ Soils

The K, values of such slopes may be calculated using methods of limit
equilibrium slope stability analysis. The PPV, values can then be evaluated
from equation (7) using the values of K, in Figure 7. This is illustrated in
worked example No. 1 in Appendix E.

4. SLOPES WITH INCLINED BEDROCK UNDER COMPRESSION-RAREFACTION VIBRATION

Some steep slopes in Hong Kong are underlain by bedrock inclining
approximately parallel to the slope surface. Provided that the height of the
slope is large compared with the thickness D of soil (Figure 1(b)), the slope
can be represented by an inclined soil layer on a rigid base. The dynamic
response of such slopes would more appropriately be modelled by an inclined
soil layer under one-dimensional compression-rarefaction vibration than by the
one-dimensional shear response model described in Section 3 above.

By treating the inclined soil layer as a single-degree-freedom system,
the calculated values of the magnification factor K, for different values of
S/D and F are plotted in Figure 10. The dynamic response analysis for such
single-degree-freedom system is the same as that described in Section 3.1.1
except that the fundamental periocd T; of the soil layer is given by 4D/S.

An improved dynamic response analysis for the inclined soil layer has
been carried out by modelling it as a multi-degree-freedom system under one-
dimensional compression-rarefaction vibration. Details of the analysis are
outlined in Appendix D. The analysis is very similar to that of the one-
dimensional shear response model. Values of the magnification factor XK,
calculated from the multi-degree-freedom one-dimensional compressional-

rarefaction response analysis for the inclined soil layer are given in Figure
11.

Figure 12 compares the difference between the values of K, calculated
from the multi-degree-freedom model (at y/D = 1.0) and from the single-degree-
freedom model. It can be seen that when §/D is less than 50 s'l, the single-
degree-freedom model would underestimate the response acceleration.

Results of the one-dimensional compression-rarefaction response analysis
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for the inclined soil layer can be applied in pseudo-static slope stability
analysis in a way similar to those of the one-dimensional shear response
analysis. This is illustrated in worked example No. 2 in Appendix E.

DISCUSSTON

Input Bedrock Motion

It has been assumed in the above analyses that the input bedrock
vibration is a simple harmonic motion with a freguency of 30 Hz. This
value may be considered to represent the ‘mode’ of the spectral
frequencies of the actual blasting vibration which comprises motion with
a range of frequencies. 1In principle, the above analyses may be refined
to coneider the full range of the vibration fregquencies using
mathematical techniques such as Duhamel Integral or Fourier
Transformation. Such refinement is, however, not warranted at this stage
because detailed information on the spectrum of blasting vibrations in
Hong Kong is not yet available. Considering typical blasting vibrations
in Hong Kong with frequency ranges from 30 to 100 Hz, the simplified
assumption of a singular frequency of 30 Hz as adopted in the analyses
is conservative.

It should be noted that the frequency content of vibration tends to
shift towards the lower frequency range with increasing distance from the
source, since high frequency pulses would attenuate gquicker than low
frequency ones. Hence, consideration of a lower vibration frequency
{(e.g. 15 Hz) may be appropriate for slopes at large distance (say, of
several hundreds of metres) from the blasting source. This can be done
by changing the values of S, adopted in the analyses in Appendices C and
D.

Single-degree-freedom Model vs Multi-degqree~freedom Model

The single-degree-freedom model is simple to use. However, as shown
in Figures 8 and 12, such model could underestimate the response
acceleration by more than 50% when S$/H or 8/D is smaller than 50 s~1
(i.e. Hor D > 6 m for 8 = 300 m/s). This confirms that consideration
of the higher modes of vibration is important if the fundamental period
cf the vibrating system is much longer than the predominant period of the
exciting motion.

Whilst analyses using the single-degree-freedom model may be useful
in giving engineers a gquick and preliminary idea about the problem, it
is suggested that solutions based on the multi-degree-freedom model
should be adopted in detailed assessment and design.

Multi-directional Vibration

The effect of multi-directional vibration is generally not
congidered in pseudo-static analysis. This implies that the peak
particle acceleration PPA adopted in the analysis is taken to be the
maximum of the PPA‘s measured in any of the three orthogonal directions
and not the maximum of the resultant acceleration. Hence, the PPV_'s
calculated above alsc refer to the maximum of the PPV‘s in any of the



three orthogonal directions.

Alternatively, if the resultant PPA was to be considered in design,
this could be done by factoring the PPV, calculated in this report by
1.35 (Wong & Pang, 1991). This is however not considered necessary in
routine design to avoid being overly conservative.

Inclination of Pseudo-static Force

The values of K, adopted for the calculation of PPV in Sections 3
and 4 are based on Wong (1991 & 1992), in which the inclination of the
pseudo-static force is assumed to be acting in the horizontal direction.
As discussed in Wong (1991), pseudo-static forces acting approximately
in the horizontal direction will result in minimum K, values.

In case a non-horizontal inertia force needs to be considered, the
corresponding PPV_ may be assessed from equation (7} using the value of
K. calculated from slope stability analysis adopting an inclined pseudo-
static force.

Dynamic Factor of Safety and Slope Displacement

It is considered in the calculation of PPV, in this report that the
dynamic slope factor of safety Fy is not allowed to drop below unity.
This is to ensure that the slopes would not be stressed beyond the
failure (i.e. peak soil shear strength) point. BAccording to the rigid
plastic soil model assumed for the Pseudo-static Approach, the net
displacement of the slopes in such case will be zero.

In theory, the F3 of a slope subjected to blasting vibration may be
allowed to drop below unity over a small time interval, without
necessarily resulting in a complete slope failure. For some cohesionless
slopes where the post-peak drop in shear strength is minimal (e.g. rock
fill), a transient F4 value less than unity might only result in a very
small slope displacement, and such condition could be acceptable.
Depending on the allowable slope displacement, value of Fy less than
unity and hence PPV, higher than those given in Sections 3 and 4 might
be acceptable for such slopes. Alternatively, the K. and hence the PPV,
values calculated from Fy = 1.0 may be increased by a certain percentage.
It can be shown by using Sarma (1975)‘s sliding block method that the
displacement of a slope subjected to a peak response acceleration of 1.1
to 1.2 K, is small (about 1 mm for a 30 Hz, 1 second duration vibration)
if there is negligible drop in the soil strength post—-peak. It follows
that for such elopes, an actual peak particle velocity of 1.1 to 1.2 PPV,
can be acceptable.

For slopes comprising solls for which the post-peak drop in shear
strength may be considerable (e.g. saprolites), not allowing F4q to drop
below unity is considered more appropriate in view that there is at
present little understanding of the post-peak behaviour of these soils
in Hong Kong under cyclic loading condition.

In case a dynamic factor of safety higher than unity is regquired to
cater for, say, uncertainties in the soil shear strength parameters. The
K. values corresponding to the required Fgy values may be calculated and
substituted to equation (7) to assess the corresponding values of PFV,.



Conservatism in the Analysis

Analysis using the method described in this report is expected to
give conservative results. The main areas of conservatism are in:
(i) the assumption that the input bedrock vibration is a simple
harmonic motion with a singular frequency of 30 Hz,

(ii) the S, values adopted in the response analyses in Appendices C and

D, assuming infinite duration of input motion, and

{iii) the use of Pseudo-static Approach adopting PPA and a minimum F4y of
unity.

The assumption that the =slopes vibrate in one-dimensional
shear/compression-rarefaction together with the use of root-mean-square
combination of the first four modes of vibration to calculate the K
values may possibly be conservative, but this is not definite.

Modelling the slope as a wedge in the one-dimensional shear response
analysis would also tend to overestimate the response acceleration near
the crest of the slope.

Local Stabiljity

Apart from checking against full-height slope instability (i.e. y/H
= 1.0), the possibility of local instability involving part of a slope
{i.e. y/H < 1.0) should also be considered in assessing the PPV, of a
slope. This is illustrated in the worked examples in Appendix E.

As shown in Figures 7 & 11, the Ky values for local slope failure
can be well above 1.0 near the crest of the slope. This may result in
low values of PPV_ for some slopes.

However, for a slope under elastic vibration, the maximum shear
strain increment Agg induced by the vibration can be shown {e.g. see
Wong, 1991) to be:

ey, = peak particle velocity at the slope [/ S
= K, PPV / S S e -}
Consider PPV (at bedrock)} = 30 mm/s, and a conservative K; = 2.0.

For $ = Smax = say, 300 m/s:
Agg = 0.02% , which is rather small.

Hence, provided that the initial static factor of safety Fg of the
slope is high (say, Fg > 2.0) such that the maximum shear strain at the
slope is far less than the yield strain even with the addition of Ass,
the slope will remain in a state of elastic vibration (i.e. § = Smax).
As such, slope instability will not occur, despite the possible large
local PPA in the slope vibration and a low Fy calculated from the Pseudo-
static Approach.
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If the initial Fg of the slope is low and the initial shear strain
of the slope is considerable, the shear stiffness of the slope may reduce
significantly under vibration and S may drop to a value as low as 10% of
Smax. Hence, for PPV = 30 mm/s, K; = 2.0 and 8 = 30 m/s, AEg may reach
0.2% which is quite high. If the slope-forming material is relatively
brittle, considerable irrecoverable cyclic shear strain and hence slope
instability may be induced by the blasting vibration.

Further study in this area, particularly when data on the non-linear
stiffness properties of the scils in Hong Kong ig available, would be
useful in improving our understanding of slope behaviour under dynamic
loading.

Other Slope Geometry

The dynamic response of two sets of idealised slope geometry, i.e.
slopes with horizontal bedrock and slopes with bedrock parallel to slope
surface, was analysed and the results given in this report. There is
unfortunately no simple mathematical solution for the dynamic response
of slopes with other angles of bedrock inclination or slopes with more
complicated geometry. Before more rigorous soluticns from advanced
dynamic analysis are available, the results of the dynamic response of
the idealised slope geometry presented in this report may be used as an
approximation. Amongst other uncertainties such as those related to the
actuwal time-history of the blasting vibration and the dynamic soil
properties involved in the assessment of dynamic slope stability, the
approximation with idealised slope geometry is not considered
unacceptable for practical purposes.

An engineer should exercise judgement as to which one of the two
sets of idealised slope geometry is a better representation of the actual
slope geometry of his problem and apply the appropriate set o©f results
of dynamic response analysis to the pseudo-static slope stability
assessment. In case of doubt, both idealised slope models should be
considered in the assessment and a suitable conservative value be chosen
between results from the models.

Enerqy Appreoach

The results obtained from the above analyses cannot be directly
compared to those obtained from the Energy Approach (Wong & Pang, 1991},
though both sets of results are gimilar in order. 1In fact, the Pseudo-
static Approach and the Energy Approach are based on entirely different
consideration of loading conditions and soil models. Any attempt to
apply the Energy Approach to assess the stability of so0il slopes under
blasting vibration should be accompanied by an assessment of the possible
brittie nature of the soil cohesion and generation of dynamic pore water
pressure. This is beyond the scope of this report.

Further Studies

It would be useful to collect field data on the performance of soil
slopes subjected to blasting vibration for calibration with the
analytical results. Attention needs to be given to not only the short
term but also the long term stability of the slopes, as distresses
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induced by blasting vibration may not necessarily be evident in the short
term. When sufficient reliable field data are available, it is possible
that empirical correlations may be developed for further improvement in
the method of dynamic soil slope stability analysis.

The possible use of advanced time-history dynamic analysis by
computer programs like "UDEC" and "FLAC" should also be explored. Though
at present not convenient for routine use, advanced dynamic analysis
could serve as a useful check against the results of the pseudo-static
method of analysis, particularly for more complicated problems. It could
also be employed to verify some of the simplified assumptions adopted in
the pseudo-static method and to assess any further refinements to the
method so that less conservative solutions may be obtained.

6. APPLICATION OF THE PROPOSED APPROACH TO BLAST CONTROL

A procedure of applying the pseudo-static method described in this report
to bklast control to safeguard the stability of scil slopes subjected to
blasting vibration is outlined in Figure 13.

If the PPV at the bedrock induced by blasting is less than the PPV,
calculated from the proposed pseudo-static method, the dynamic slope stability
will be acceptable.

If ‘degrading’ soils is present, or if the slope stability or
serviceability condition is sensitive to slope movement, the need for regular
slope inspection or movement monitoring should be considered. The presence
of ‘degrading’ soil can seriously affect the slope resistance against
vibration. Also, the rigid plastic soil model being adopted in the pseudo-
static analysis is unable to assess the ‘pre-failure’ slope displacement if
any.

It should be noted that as the PPV, calculated from the proposed pseudo-
static method is conservative, having PPV higher than PFV_ does not
necessarily imply imminent slope failure. The need for revising the blast
design or for carrying out precautionary/stabilisation work in such cccasions
should be considered in the light of the possible consequence of failure and
the reliability of the on-site monitoring and control work.

The proposed method is relatively simple to apply. It involves only
routine techniques for blast contrel in Hong Kong, including the measurement
of PPV and the use of the available attenuation laws relating PPV with scaled
distance and site factor. Sophisticated analysis is not required. Although
the PPV, so calculated are considered conservative, they are not overly so for
practical application.

7. CONCLUSIONS

A simple method for assessing the stability of soil slopes subjected to
blasting vibration using the Pseudo-static Approach taking dynamic slope
response into consideration has been outlined in this report. Worked examples
were given to illustrate the use of the method. Guidelines for applying the
values of PPV, assessed by the method to blast control were described.
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The proposed method offers a valid analytical means for assessing the
stability of scil slopes subjected to blasting vibration. Though the method
is conservative, the estimated PPV, values lie within achievable limits and
the method can therefore be applied to blast control.
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Identify slopes which may be
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Legend :

Fs  Initial static factor of safety

PPV Peak particle velocity at the bedrock underlying the slope

PPV, Critical peak particle velocity calculated from the pseudo-static method
described in this report

Notes : (1)

@

The above procedure is intended for application to sites where the
consequence of soil slope instability induced by blasting vibration is of
concern. Otherwise, less stringent requirements may be adopted.
Near-field effects of blasting, such as the effects of delayed gas
pressures, need to be considered separately.

Figure 13 - Application of the Pseudo-static Method to Blast Control
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1. APPROACHES OF PSEUDO-STATIC ANALYSIS
1.1 General

The method of pseudo-static analysis has been widely used for the
assessment of the stability of slopes and retaining walls subjected to dynamic
action. Ground vibrations are modelled as a pulse of uniform amplitude equal
to or taken as a fraction of that of the peak pulse of the dynamic vibration,
and hence could be represented by a constant pseudo-static inertia force (see
equation 1). This force is incorporated in limit equilibrium analysis for
assessing the dynamic stability.

Vibrations may induce excess pore water pressure in the ground.
Depending on how the excess pore water pressure is accounted for, the pseudo-
static method may be classified into three types: the Simple Pseudo-static
Appreach, the Modified Pseudo-static Approach and the Dynamic Parameter
Approach.

1.2 Simple Pseudo-static Approach

This is the conventional pseudo-static approach in which drained shear
strength parameters are adopted for routine methods of limit eguilibrium
analysis. Any excess pore water pressure generated by the ground vibration
is not taken into account in the analysis.

This approach is suitable for analysing dry slopes or slopes that are
free—draining with respect to the rate of the dynamic loading, e.g. slopes
composed of coarse rock fill may be regarded as free-draining under seismic
or blasting vibration. 1In these cases, zero or negligible excess pore water
pressure is generated. Examples of use of this approach in analysing dynamic
slope stability have been given in Bauer & Calder (1971}, Kobayashi (1984) and
Matasovic {1991).

The use of this approach for slopes comprising ‘non-degrading’ soils
{(i.e. soils in which no positive excess pore water pressure is generated under
dynamic loading) will also’ give safe results. Further discussion on the
classification of soils for the purpose of dynamic stability analysis is given
in the next Section of this appendix.

It has been suggested by some authors that soil shear strength parameters
¢’ and tan ¢’ under dynamic (i.e. fast shear rate) condition may be higher
than those under the static (i.e. normal shear rate) condition. Where
necessary, the soil shear strength parameters corresponding to the appropriate
shear rate can be incorporated in a simple pseudo-static analysis. There is
however not sufficient data at present to justify the use of different shear
strength parameters for the Hong Kong soils under dynamic {i.e. fast shear
rate) loading.

This approach is simple to use. Solutions can be readily obtained by
slightly modifying the conventional static limit equilibrium analyses to
incorporate the pseudo-static inertia force. However, if significant dynamic
excess pore water pressure is generated under the dynamic loading, the Simple
Pseudo~static Approach will give entirely misleading results.



1.3 Modified Pseudo-static Approach

The shear rate of dynamic loading is usually so fast that soils which are
saturated or near saturation will largely behave in an undrained manner.
Hence, the undrained soil behaviour, i.e. the undrained strength, or the
excess pore water pressure generated under the dynamic loading, should be
considered in the pseudo-static stability analysis for slopes comprising such
soils. This can be done by the Modified Pseudo-static Approach which is
modified from the Simple Pseudo-static Approach by taking the undrained soil
behaviour intec consideration.

This approach is suitable for analysing slopes comprising ‘degrading’
soils in which positive excess pore water pressure is generated under seismic
loading.

Either effective stress analysis or total stress analysis may be used:
{a) Total Stress Bnalysis

Undrained shear strength Su is adopted in the analysis. 1t should
be noted that the value of Su is dependent on the initial stress state
of the soi}l and the stress path applied. To model correctly the soil
behaviour under the applied dynamic load, the appropriate stress state
and stress path need to be used in laboratory testing for the
determination of Su.

(b) Effective Stress Analysis

Drained shear strength parameters are adopted and the effective
stresses along the slip surface are calculated by subtracting from the
total stresses the relevant static pore water pressures and the excess
pore water pressures generated under the dynamic loading.

The excess pore water pressure may be assessed using Skempton (1954)
's formula:

Au = B { Ao + A ( Aoy - Aoy ) } « . . (B
where: A, B = Skempton (1954)‘s pore pressure parameters. B = 1
for saturated condition, and O for dry condition.
Acl = change in major principal stress
Aog = change in minor principle stress

A simple model to calculate Aco; and Aoy, and hence the dynamic
excess pore water pressure generated by the pseudo-static loading using
equation (Al) has been proposed by Sarma (1975). In Sarma (1975), the
term A in equation (Al) was called the dynamic pore pressure parameter
to indicate that this is the A value corresponding to pseudo-static
analysis,

In this appendix, the term Ay is used to denote the A value at
failure induced by monotonic loading. The term A, refers specifically
to the dynamic pore pressure parameter in the rigorous sense described
below.

Sarma {(1979) and Sarma & Jennings (1980) proposed a method to
determine the wvalues of a ‘rigorous’ dynamic pore pressure coefficient
{(i.e. A,) from cyclic soil tests results. Mcodified pseudo-static
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analysis using such A, values is effectively a Dynamic Parameter
Approach.

1.4 Dynamic Parameter Approach

In this approach, dynamic soil shear strength parameters are adopted in
limit equilibrium stability analysis, e.g. Seed (1966) and Ishihara (1985).
The dynamic soil shear strength parameters are determined from cyclic soil
tests which resemble the actual time history of the dynamic loading.

At present, there is no data on the dynamic soil parameters nor is there
any experience on laboratory cyclic shear testing in Hong Kong. The Dynamic
Parameter Approach is hence not suitable for routine use in Hong Kong at this
stage.

2. Effective Stress Analysis in Modified Pseudo-static Approach

2.1 A Model for Modified Pseudo-static Analysis

Sarma (1975) considered the undrained change of the stress states at a
c’ = 0 sliding plane (at the base of a sliding block or one of the slices of
a soil mass above a potential slip surface) from the initial to the failure
condition brought by a pseudo-static loading. He adopted the form of Skempton
(1954)'s formula (equation (ARl)) and related the dynamic excess pore water
pressure Au with the pore pressure parameter A.

Closed form solutions were derived and charts showing the relationship
among B, A, the input acceleration K and the dynamic factor of safety Fj were
given in Sarma (1975). From these, the value of the critical acceleration K,
{corresponding to Fq = 1.0) can be determined using A (i.e. Ay or more
rigorously A,} to account for the effect of the dynamic excess pore water
pressure.

By expanding Sarma’s solution to cover the general ¢‘- ¢’ condition, Wong
{1991} obtained the following equations for a sliding plane. The relevant
parameters are as defined in Figure Al.

From a consideration of force equilibrium:

[cosf-Ksin(f-8)-(u,) (a/W)-(Au) (a/W)tang’ + (c’)(a/W)

sinf + K cos(f-6) . . (A2)

From a consideration of the geometry of Mohr circles:
Au(a/W) = B{ -Ksin{B-0)-sinf[tany~(1-2A)secy,]+
{sinf+Kcos(f-0) 1 {tanpy—(1-2R)secyy] } . . {A3)
The data shown in Figure 5 of this report was derived from equations (A2)
and (A3}. When the value of B is zero, equation (A2) gives solutions

identical to those shown in Figure 4 for dry slopes. The inertia force has
been assumed to be acting in the horizontal direction (i.e. & = 0). As
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discussed by Wong (1991}, for typical slopes in Hong Kong, horizontal inertia
forces almost give the lowest value of K.

Such model has been incorporated in the computer program "EQS" developed
by Sarma (1974) using Sarma (1973)‘'s method of limit equilibrium analysis.
The program "EQS" is capable of performing modified pseudo-static analysis of
the dynamic stability of slopes along general non-planar slip surfaces. This
computer program is available in the GEO.

2.2 Threshold Pore Pressure Parameter

The threshold pore pressure parameter Ay is defined as the value of the
pore pressure parameter A, above which positive dynamic excess pore water
pressure is generated under the dynamic loading. Its physical meaning is
illustrated in Figure A2, i.e. when A is equal to A, the effective stress
path coincides with the total stress path and both the simple pseudo-static
analysis and the modified pseudo-static analysis will give the same results.

The value of A, for a single sliding block can be assessed by solving
equations (A2) and {A3) adopting Fq = 1.0. By this, Wong {1991) has shown
that over the typical range of values of c’, tan ¢‘, B etc. in Hong Kong,
values of Ay lie in a small range between 0.2 to 0.3. This was also
confirmed by the findings of the modified pseudo-static slope stability
analyses of non-planar slip surfaces using the program "EQS" (Wong, 1992).

Based on these, the following simple classification is proposed. As
shown in Figure A2:

{a) 'Non-degrading’' Soil

If the calculated Ay (or more rigorously, A;) value of a soil is
less than the Ay value (i.e. 0.2 to 0.3}, the soil may be classified as
'non-degrading’ . There is no degradation of soil shear strength as
compared with the free—-draining condition (i.e. Au = 0). For slopes
comprising ‘non-degrading’ soils, a conservative estimate of the K, (or
Fq) value may be obtained by using the simple pseudo-static analysis.

(b} ‘Degrading‘ Soil

Oon the contrary, if the calculated Ag (or more rigorously, A,) value
is larger than the A, value, the soil is considered ‘degrading’. The K,
{(or F3) value for a saturated slope comprising ‘degrading’ soils under
dynamic loading may be drastically less than that corresponding to the
dry or free-draining condition because of the generation of excess pore
water pressure Au.

It should also be noted that the total stress path of the pseudo-static
ioading follows the effective stress path corresponding to Ay of 0.2 to 0.3
(i.e. the A, wvalue). The total stress path of the conventional triaxial
compression follows the effective stress path of Ay = 0, and is hence not far
from the total stress path of the pseudo-static loading.

3. Determination of Pore Pressure Coefficient of Hong Kong Scils

The basis of the Modified Pseudoc-static Approach using effective stress
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analysis and a method of classification of ‘degrading’ and ‘non-degrading’
soils have been briefly outlined above. It can be seen that the approach is
able to model the undrained response of a slope to dynamic loading and is
relatively simple to use. The pore pressure parameter (Ag or A,} is the only
‘unconventional’ input parameter required.

The pore pressure parameter is not an intrinsic soil parameter. Instead,
its value depends on the initial stress state of the soil element as well as’
its stress path to failure. Since the stress path of conventional triaxial
compression is close to that of the pseudo-static loading, the values of Ag
derived from conventional undrained triaxial tests may be taken as a
reasonable approximation of the Ay values corresponding to the pseudo-static
loading, provided that the soil test samples have been consolidated to the
appropriate stress level. As undrained triaxial compression test is more or
less a routine test for gectechnical investigation in Hong Kong, deriving the
A¢ values from the results of such test for use in modified pseudo-static
analysis would require minimum additional site investigation and laboratory
testing work.

An assessment of the results of conventional undrained triaxial
compression tests on a number of Hong Kong soils has been carried out by Wong
(1991). BAn example of the typical soil data is shown in Figures A3 (a) to
(c). It was observed that while the effective stress failure envelope is
usually reasonably well defined, the Ag values are widely acattered. However,
when the values of Ay corresponding to the correct stress level (in this case,
the initial isotropic consolidation pressure equals the field vertical
effective stress) are considered, the scatter is significantly reduced. This
shows the effects of stress level on the soil dilatancy/undrained behaviour.

A summary the soil data studied by Wong (1991) is given in Table Al.
Safe estimates of the Ay values of the soils at the appropriate stress level
have been taken as the design Ag values. The medium dense to dense saprolites
examined are found to be ‘non-degrading’, whereas the loose colluvium and
residual soil studied are ‘degrading’ for the typical slope problems
considered. In view of the variability of soils derived from insitu rock
weathering in Hong Kong, it is recommended that site-specific data should be
studied in order to determine whether a soil will likely exhibit ‘degrading’
behaviour or not when the slope is subjected to the dynamic loading.

Since there is currently no data on the dynamic properties of Hong Kong
soils, the approach of Sarma (197%) and Sarma & Jennings (1980) of assessing
the "rigorous" A, values for used in modified pseudo-static analysis cannot
be applied.

4, Discussion

In theory, the "rigorous" A, values would model more closely the soil
behaviour wunder time-history dynamic loading. Their wuse in soil
classification and in the modified pseudo-static analysis (which gives
virtually the same results as using the Dynamic Parameter Approach) is
preferred. This is however not practical until reliable data on the A, values
of Hong Kong soils is available.

The use of Ay values in scil classification and in the modified pseudo-
static analysis, though consistent with the pseudo-static assumption, should
be considered as an approximation.
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The Af values are diagnostic of the soil behaviour under the dynamic
loading. Using Ag for the purpose of classifying whether a soil in Hong Kong
is 'degrading’ or not is considered acceptable in view that:

(a) The Af value of a soil reflects its behaviour in undrained monotonic
loading and denotes whether the so0il is dense or locse. A soil with
Ag less than 0.2 (i.e. Ay) is rather dense (note that for an elastic
isotropic material, Ay under triaxial compression is 0.33), it is
reasonable that significant amount of positive excess pore water
pressure would not be generated in such a dense soil in cyclic
locading of, say within 30 cycles.

(b) Scils in Hong Kong such as saprolites normally have a fair amount
of fines content (10% or more is not uncommon). The presence of
fines would make the soil less vulnerable to generation of excess
pore water pressure during cycle loading (see e.g., Ishihara, 1985).

{c) Wong (1991) has shown from analytic results using equations (A2} and
(A3) that for Ag within AL * 0.2, the excess pore water pressure
generation is not significant. Hence, some inaccuracies in the
determination of the value of the dynamic pore pressure parameter
is tolerable.

It is therefore proposed that A; may be used for soil classification for
routine dynamic stability analysis. If the Ag value of a soil is less than
about 0.2, the scil may be considered as ‘non-degrading’ and the Simple
Pseudo-static Approach may be adopted. It is probable that majority of the
Hong Kong soils would belong to this category.

In case a soil is found to be ‘degrading’ from the above method of soil
classification and if the slope concerned may be at a state of high degree of
saturation during the dynamic loading, using Af in modified pseudo-static
analysis can give indicative results of the dynamic slope stability. Such
results should be regarded as approximations as the possible difference
between the values of Ay and A, of Hong Kong soils are yet to be calibrated.
Before such calibration or other advanced approaches of dynamic stability
analysis using dynamic soil parameters and sophisticated computer programs are
at hand, the Modified Pseudo-static Approach using conservative Ag values
estimated from triaxial compression tests results appears to be a practical
though not rigorous method for assessing the dynamic stability of slopes
comprising’ degrading’ soils. wWhere necessary, such assessment should be
backed up by on-site monitoring during blasting to verify that the actual
slope performance.
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Table Al - Summary of Soil Data

. . . SPT Dry Density
Site Location Soil Type N Value (ke/m?) Ap
CDG < 50 1.3-1.7 0.2
Nim Wan
C/HDG > 50 1.6-19 0.1
Blue Pool CDG < 50 1.3-1.6 0.2
Road C/HDG > 50 15-1.7 0.15
Blue Pool
Road & RS < 10 1.45 - 1.65 0.4
Ventris Road
CDhV < 50 1.6-1.85 0.1
Au Tau
C/HDV > 50 1.7-2.0 0.1
< 25 1.6 -1.65 0.4
Tai Hang Road Coll
> 25 1.7-19 0.1
Legend :

CDG  Completely decomposed granite

C/HDG Completely to highly decomposed granite
CDV  Completely decomposed volcanics

C/HDV Completely to highly decomposed volcanics
RS Residual soil
Coll  Colluvium
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Figure A2 - Stress Paths and Soil Classification
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APPENDIX B

THE MAGNIFICATION FACTOR FOR A SINGLE-DEGREE-FREEDOM
DAMPED FORCED VIBRATION SYSTEM



1. The equation of motion of a single-degree-freedom system as shown in
Figure Bl under damped forced vibration is :

i+ 24wyt + wy?u = -¥(t) ciiinsarnsacansans (Bl)
k
where Wy = J
m
2. The solution to eguation (Bl) is in the form :
U = U ¥+ Ugg Geceece e e e (B2)
where u;; = transient solution (i.e. tends to zero as t increases)

It

e ~Aw,t [A sin wyt + B cos wyt)

Wy = W, V1-A2
A, B = constants which depend on initial conditions
ug; = steady state solution
3. Consider a simple harmonic input motion X{t) = p sin{wt + @). BAas

given in Newmark & Rosenblueth (1971),

U o= ug

= F ! sin (Wt - ©9)  <..n.. (B3)

2
Yo {(1-a2)2 + a4zqa2
where @, ©, = phase shifts

Forcing {(i.e. input motion} Frequency w

a = = —
Natural Frequency of Vibrating System W,

4. The absolute acceleration i, is given by :
Uaps = U + X(t)

- s 2
2Awbu wgu

Substitute egquation (B3) :

-P 1

2
Wo J(I_GZ)Z + 4A242

Upgs

l IZAwbw cos (wt-0,) + wy? sin(wt-0,)



{1 + a4z2a2

F |

l(1-a2)2 + 44A2q2

where 6, = phase shift

5. Hence,

1 + d4Aiaz2

|ﬁABS Imux = P l
(1~a2)2 + 4A2q2

—> Magnification factor K, = [tans | mex
|3 (£ | max

J 1 + 442a2

(1-~a2)2 + 4A2a2
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~——— MQOss = m

Spring stiffness = k —\

-——- Damping factor = A

PSS e

(a) Initial Condition at time =

[:u = Relative displacement

Py eeyd ..
-— |nput acceleration X {t}

(b) During Vibration at time = t (no sliding)

Figure B1 - Single-degree-freedom Model under Damped Forced Vibration




APPENDIX C

ONE-DIMENSIONAL SHEAR RESPONSE
ANALYSIS FOR SLOPES
WITH HORIZCONTAL BEDROCK
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As shown by Ambraseys (1960) and Ambraseys & Sarma (1967), the solution
of an untruncated wedge (Figure Cl(a) & (b))} under one-dimensional shear
response vibration in the horizontal direction is given by :

(o]
i(x, t) =n§1 ¢ (y/H) Sgn(t) Ceereieareenes (C1)

where i(x, t) the absoclute response acceleration at level y

¢n(y/H) = the nth mode shape at level y
_ 2 Jg(apy/H)
an J1(ap)
Sqn{t) = Duhamel Integral
a, = the nth root of the formula J,(a,) = ©
J, = Bessel function of the first kind, zero order
Jq1 = Bessel function of the first kind, first order
Values of J, and J; are shown in Table Cl.
An approximate solution to equation {Cl) is given by :
{a) For a point at y = y; (Figure Cl{c))
4
|6 | max =J 21 {¢n{y1/H)]? [S5 * PPA)Z........ aeea.. (€2)
where PPA = peak acceleration of input bedrock motion
S; = Maximum acceleration response factor corresponding to the
mode of vibration concerned
{b) For a mass from y = 0 to y = y, (Figure Cl{d})
_ 4
8 |pax = ( ﬁ [Kn(y1/H)])2 [S; * PPA)? crearesereass (C3)

IO #pty/H) aw

where K, (y/H) = for n = 1, 2 and 3 cracsesass [(C4)
I aw
Kg(y1/H) = 1 = Ky(y1/H) - Ko(y1/H) - K3(y1/H) «evevenanan.. (C5)
) = the net absolute response acceleration for the mass
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3. By definition, the magnification factor K, for a given potential failure
mass is given by :

K. = max. of the net response acceleration at the mass
a =

max. of input acceleration at bedrock

|4 Imax
PPA

4
= X, (y1/B) =,[ 21 (Kp(y1/H)12 [S,512 R PR (C6)

4. To solve equation (C4) and hence eguations (C5) and (C6), the following
2 types of geometry of the potential failure mass are considered :

(a) Slip Surface with Uniform Scil thickness (Uniform Slip}

Referring to Figure Ci{e), dw = p b dy (where p = density of soil).
Hence, for n = 1, 2 and 3 :

[ ¢n(y/H) p b dy

J p b ay
_ S eq(y/HY ay

Y1

Kn(Yl/H} =

(b) Slip Surface with Wedge-Shaped Soil Mass (Wedge S1lip)

Referring to Figure Cl(f), dw = g c y dy.
Hence, for n =1, 2 and 3

v H d
Ko (yy/H) = Jo' enty/H) o cy dy

Jypcyay
_ S epty/H) vy dy
{y12/2)

Values of ¢,(y/H) are solved using J, and J; {from Table Cl}), and plotted
in Figure C2.

Using values of ¢,(y/H), equations (C7) and (CB) are solved by numerical

integration. The calculated values of K {y,/H} are plotted in Figures
C3 and C4.
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Assuming the input bedrock motion as a simple harmonic motion of infinite
duration with, say frequency = 30 Hz.

55 = the magnification factor as given in
Appendix B for a single-degree-freedom
system of period T,

1 + 4A2a2

(1-a2}2 + 4A2a?
where A = damping factor
= 0,2 for the first mode of vibration, and
= 0.5 for the 2nd, 3rd and 4th modes of vibration

F :
o = orcing frequency =30 T,

Slope frequency

T, = Period of slope corresponding to the nth mode of vibration as
given in Table C2

Values of 5, for S/H = 50, 30, 20 and 15 are shown in Table C2.
Using values of K, (y;/H) obtained from equations (C7) and (C8) and the
calculated values of §,, values of K (y/H) can be calculated from

egquation (C6).

The calculated K,(y/H) values for S/H = 50, 30, 20 and 15 are shown in
Table €3 and plotted in Figures C5(a) to (d}.

The mean values of K,(y/H) of the ‘Uniform Slip’ and the *Wedge Slip”
cases as shown in Figure 7 may be adopted in routine design.
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Table C1 - Bessel Function of the First Kind

Bessel function J, and J;

X Jox) Ji(x) x S (x) J1x) x Jo %) J(x)
0.0 1.0000 0.0000 3.0 —-0.2601 0.3991 6.0 0.1506 -0.2767
0.1 0.9975 0.0499 31 —-0.2921 0.3009 6.1 0.1773 —0.2559
0.2 0.9900 0.0995 3.2 -0.3202 0.2613 6.2 0.2017 —-0.2329.
0.3 0.9776 0.1483 33 —0.3443 0.2207 6.3 0.2238 —0.2081]
0.4 0.9604 0.1960 34 —0.3643 0.1792 5.4 0.2433 —0.1816
0.3 0.9385 0.2423 35 —0.3801 0.1374 6.5 0.2601 —0.1538
0.6 0.9120 0.2867 36 —0.3918 0.0955 6.6 0.2740 —0.1250
0.7 0.8812 0.3290 3.7 —0.3992 0.0538 6.7 0.2851 —0.0953
0.8 0.8463 0.3688 kX —0.4026 0.0128 6.8 0.2931 —0.0652
0.9 0.8075 0.403% 3.9 —{.4018 —0.0272 6.9 0.2981 —0.0349
1.0 0.7652 (0.4401 4.0 -0.3971 —0.0660 7.0 0.3001 —0.0047
1.1 0.7196 0.4709 4.1 —0.3887 -0.1033 7.1 0.2991 0.0252
1.2 0.6711 0.4983 42 —-0.3766 —=0.1386 7.2 0.2951 0.0543
1.3 0.6201 0.5220 43 —~0.3610 =0.1719 7.3 0.2882 0.0826
1.4 0.5669 0.5419 4.4 —-{0.3423 —0.2028 7.4 0.2786 0.1096
L5 0.5118 (.5579 45 —0.3205 —0.2311 1.5 0.2663 0.1352
1.6 (4554 0.5699 4.6 —0.2961 —=0Q.2566 7.6 0.2516 0.1592
1.7 0.3980 0.5778 4.7 ~0.2693 —0.2791 1.7 0.2346 0.1813
i.8 0.3400 0.5815 4.8 —~0.2404 —0.2985 7.8 0.2154 0.20t4
19 0.2818 0.5812 49 —0.2097 —0.3147 7.9 0.1944 0.2192
2.0 0.223% 0.5767 5.0 =0.1776 —0.3278 8.0 0.1717 0.2346
2.1 0.1666 0.5683 5.1 —1}.1443 —0.3371 3.1 0.1475 0.2476
2.2 0.1104 0.5560 52 —0.1103 —{.3432 8.2 0.1222 0.2580
23 0.0533 0.5399 5.3 —0.0758 —0.3460 8.3 0.0960 0.2657
2.4 0.0025 0.5202 54 —~0.0412 —{.3453 8.4 0.0692 0.2708
2.5 —0.0484 0.4971 5.5 —0.0068 —0.3414 8.5 0.0419 0.2731
2.6 —-0.0968 0.4708 5.6 0.0270 —-0.3343 8.6 0.0146 0.2728
2.7 ~0.1424 0.4416 5.7 0.0599 —0.324] 8.7 -0.0125 0.2697
28 —0.1850 0.4097 5.8 00917 -0.3110 8.8 —0.0392 0.2641
29 —{.2243 § 0.3754 5.9 0.1220 —-0.295] 8.9 —0.0653 0.2559

Jyx) =0 for x = 2.405, 5.520. 8.654, 11.792, 14931, ...

Jix) =0 for x =0, 3.832, 7.016, 10.173, 13.324, . ..
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Table C2 - T, and S, for One-dimensional Shear Response Analysis for
Slope with Horizontal Bedrock

Mode No. n i 2 3 4
T, for layer (* H/S) 4 4/3 4/5 4/7
Ty, for Dam (*H/S) 2.61 2.61a;/ay 2.6lay/a3 2.61a3/a4
Tp (Mean) for Slope (*H/S) 3.300 1.2350 0.7627 0.5519
(a) Period of n® Mode of Vibration, T,
Sa
S/H n=1 n=2 n=3 n=4
A =02 A=405 A=105 A=105
150 1.6599 1.0609 1.0233 1.0122
75 1.2413 1.2351 1.0926 1.0487
50 0.4216 1.4349 1.2039 1.1089
37.5 0.2399 1.4224 1.3382 1.1905
30 0.1660 1.1841 1.4458 1.2865
20 0.0940 0.6886 1.2823 1.4658
15 0.0662 0.4702 0.9022 1.3237

(b) Maximum Acceleration Response Factor, S, (for F = 30 Hz)




Table C3 - K, from One-dimensional Shear Response Analysis for

Slope with Horizontal Bedrock

y/H Magnification Factor, K,
S/H = 50 S/H = 30 S/H =20 S/H = 15

0.00 2.0083 1.8528 1.4423 1.0580
0.05 1.9678 1.8048 1.3968 1.0226
0.10 1.5043 1.7297 1.3255 0.9673
0.15 1.8053 1.6128 1.2152 0.8821
0.20 1.6795 1.4651 1.0769 0.7757
0.25 1.5371 1.3000 0.9246 0.6596
0.30 1.3888 1.1314 0.7733 0.5457
0.35 1.2437 0.9716 0.6369 0.4454
0.40 1.1081 0.8291 0.5255 0.3663
0.45 0.9854 0.7068 0.4414 0.3089
0.50 0.8764 0.6032 0.3783 0.2661
0.55 0.7812 0.5142 0.3264 0.2299
0.60 0.7001 0.4373 0.2807 0.1972
0.65 0.6340 0.3740 0.2423 0.1707
0.70 0.5833 0.3288 0.2163 0.1557
0.75 0.5462 0.3034 0.2047 0.1520
0.80 0.5178 0.2913 0.2004 0.1506
0.85 0.4927 0.2825 0.1935 0.1429
0.90 0.4676 0.2724 0.1833 0.1304
0.95 0.4438 0.2660 0.1849 0.1331
1.00 0.4279 0.2763 0.2175 0.1691
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Figure C1 - One-dimensional Shear Response Model for Slopes with Horizontal Bedrock
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APPENDIX D

ONE-DIMENSIONAL COMPRESSION-RAREFACTION
RESPONSE ANALYSIS
FOR SLOPES WITH INCLINED BEDROCK
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For a horizontal soil layer under ocone dimensional shear response

vibration in the horizontal direction, the solution is given by
{Jacobsen, 1930}:

By/t) = B 9n(y/D) Sgalt) oo (D1)

where i(y,t) the absolute response acceleration at level y of the

soil layer

¢n(¥/H) = the nth mode shape at level y
1" - 1o ¥
_hees (- Ly 5
2n - 1 n
Bantt) = Duhamel’s Integral

It can be shown that for an infinite long soil layer of uniform thickness
D as shown in Figure D1(a) under one-dimensional horizontal compression-
rarefaction vibration, the equation of motion is of the same form as that
of a horizontal soil layver under cne-dimensional shear vibration. Hence,
the solution is also given by egquation (D1). Mode shapes of the inclined
layer are shown in Figure D2. Now, y is measured horizontally from the
slope surface.

Approximate solutions to equation (Dl1) are derived following the
procedures outlined in Paragraphs 2 to 7 of Appendix C. Note that

{(2) For the scil layer, the period of the nth mode of vibration is given

by
4 D
= T .. a : s sares et serrnaswen D
Tn (2n - 1) =S (D2)
where D = thickness of soil layer

8

travelling wave velocity
Values of the corresponding $,; are given in Table Dl.

{(b) Since y is now measured horizontally from the socil surface, and an
infinite slope is assumed (i.e. length of scil layer is large
compared with D), the 'Uniform Slip‘ (i.e. slip surface with uniform

"s0il thickness) case is considered in deriving the K, and hence the
Ky values.

By numerical integration, the calculated K, (y/D) values for 5/D = 50, 30,
20 and 15 are shown in Table D2 and Figure 11.
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Table D1 - T, and S, for One-dimensional Compression-rarefaction Response
Analysis for Inclined Soil Layer

Mode No, 1 2 3 4
T, for layer (*H/S) 4.00 1.33 0.80 0.57
alpha = F * T, (*H/S) 120.00 40.00 24.00 17.14
(a) Period of n™ Mode of Vibration, T,
Sa

S/H n=1 n=2 n=3 n=4
A=0.2 A=0.35 A=05 A=10.75

150 2.1798 1.0709 1.0256 1.0131

75 0.7041 1.2699 1.1018 1.0522

50 0.2855 1.4598 1.2229 1.1166

37.5 0.1741 1.3594 1.3635 1.2035

30 0.1251 1.0797 1.4598 1.3040

20 0.0741 0.6202 1.2221 1.4679

15 0.0531 0.4271 0.8443 1.2835

(b) Maximum Acceleration Response Factor, S, (for F = 30 Hz)
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Table D2 - K, from One-dimensional Compression-rarefaction Response Analysis
for Inclined Soil Layer

Magnification Factor, K,
v S/D = 50 S/D =30 S/D = 20 S/D = 15
0.00 0.7914 0.6259 0.4451 0.3183
0.05 0.7789 0.6112 0.4318 0.3082
0.10 0.7549 0.5832 0.4065 0.2892
0.15 0.7175 0.5400 0.3677 0.2602
0.20 0.6703 0.4863 0.3204 0.2250
0.25 0.6173 0.4279 0.2704 0.1885
0.30 0.5628 0.3705 0.2244 0.1557
0.35 0.5100 0.3189 0.1876 0.1307
0.40 0.4615 0.2757 0.1624 0.1146
0.45 0.4183 0.2407 0.1462 0.1045
0.50 0.3810 0.2117 0.1339 0.0961
0.55 0.3500 0.1867 0.1215 0.0866
0.60 0.3258 0.1653 0.1083 0.0766
0.65 0.3090 0.1493 0.0971 0.0689
0.70 0.2992 0.1412 0.0912 0.0664
0.75 0.2949 0.1410 0.0910 0.0679
0.80 0.2931 0.1449 0.0926 0.0692
0.85 0.2909 0.148% 0.0921 0.0671
0.90 0.2867 0.1514 0.0913 ' 0.0643
0.95 0.2814 0.1563 0.1011 . 0.0739
1.00 0.2792 0.1724 - 0.1351 0.1082
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1. WORKED EXAMPLE NO, 1 - SLOPE WITH HORIZONTAL BEDROCK UNDER SHEAR
VIERATION

1.1 Slope Condition

Figure El shows the slope geometry and the design soil parameters.

1.2 Dynawmic Responge

Based on the results of the one-dimensional shear response analysis shown

in Figure 10 (or Table B3), for S/H = 20 and frequency of input motion = 30
Hz:

y/H 0.2 0.4 0.6 0.8 1.0

Xy 1.077 0.526 0.28] 0.200 0.218

1.3 Pseudo-static Stability Analysis

Slope stability analyses based on the Pseudo-static Approach were carried
out using the computer program "EQS" adopting Sarma (1973)'s method of limit
equilibrium analysis. Both simple pseudo-static analysis (for B = 0) and
modified pseudo-static analysis {for B = 1.0) were carried out.

The results are shown in Figures E2(a) to (e).

1.4 Critical Peak Particle Velocity PPVc

The PPV, for the critical slip surfaces at various y/H are calculated
(using equation (7)) and shown in Figure E3.

For the design condition of B = 0, the PPV. for the slope is 31.2 mm/s.

The PPV, value may be adopted in blast design using, say, the available PPV
va scaled distance attenuation formulae.

1.5 Sensitivity Analysis

(a) Modified Pseudo-static Analysis

As shown in Figure E3, if the slope-forming material is
‘degrading’, the PPV, will reduce considerably to 19.6 mm/s
(for B = 1.0 & A, = 0.5) and 6.7 mm/s (for B = 1.0 & A, =
1.0). The identification of the presence of any ‘degrading’
soils in the slope is therefore important.

(b) Single-degree-freedom ws Multi-degree-freedom Model

If the single-degree-freedom slope model (K; = 0.094) is
adopted, the corresponding PPV, will be 72.2 mm/s {(for B = 0),
45.5 (for B = 1.0, A, = 0.5} and 15.6 mm/s (for B = 1.0, A, =
1.0). The single-degree-freedom model overestimates the PPV,

considerably.
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{c) Local Failure

Slip surfaces corresponding to y/H < 0.2 have not been
considered in the above analyses. As discussed in Section
5.7, as the initial Fg; of the 1local slip surfaces
corresponding to y/H < 0.2 are high (well above 2.0), the
shear strain increment Aeg during blasting vibration will be
small and the slope will remain in the state of elastic
vibration despite the high local response acceleration.

2. WORKED EXAMPLE NO. 2 - SLOPE WITH INCLINED BEDROCK UNDER COMPRESSION—
RAREFACTION VIBRATION

2.1 Slope Condition

The slope geometry is shown in Figure E4.

2.2 Dynamic Response

The slope is modelled as an infinite slope with bedrock parallel to the
slope surface. Based on the results of the one-dimensional compression-
rarefaction response analysis shown in Figure 11 (or Table D2), for S$/D = 50
and frequency of input motion = 30 Hz:

v/D 0.4 0.65 1.0

K, 0.462 ' 0.309 0.279

2.3 Pseudo-static Stability BAnalvsis

5lip surfaces No. al, a2 and a3 shown in Figure E2{a} are critical.

2.4 Critical Peak Particle Velocity PPV

The PPV, for the critical slip surfaces at various y/D are calculated
using equation (7) and are shown in Figure E5. For the design condition of
B = 0, the PPV, for the glope is 22.0 mm/s. The PPV, value may be adopted in

blast design using, say, the available PPV vs scaled distance attenuation
formulae.

Presence of 'degrading’ soil under high degree of saturation would reduce

the PPV, to 13.8 mm/s (for B = 1.0 & Anp = 0.5) and 4.7 mm/s (for B = 1.0 & A,
= 1.0).
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15m

Soil shear strength parameters :
¢’ = 9 kN/m?, ¢' = 35°, v = 19 kN/m®

Soil elastic_parameters :
Smax = 300 m/s (i.e. S/H = 20),
X = 0.2 (1st mode} and 0.5 (higher modes)

Soil pore pressure parameters :
r,=0,B=20

(sensitivity analysis : B = 1.0 & A, = 0.5, 1.0)

TEEEN TN HI=SUS])|

C Bedrock )

o
o
=
3

Scale

Figure El - Example No. I : Slope Geometry and Soil Properties




109 -

K. g)fory/H=1.0
Slip < ¢ ! atg2a3gd
No F, B= 0 1.0
A, = - 0.2 0.4 0.5 1.0
al 1.422 0.2480 | 0.3283 | 0.2193 | 0.1835 | 0.0822
a2 1.226 0.1304 | 0.1579 | ¢.1010 | 0.0821 | 0.0281
a3 1.251 0.1370 | 0.1591 | 0.1025 { 0.0838 [ 0.0308
ad 1.344 0.1745 { 0.1983 | 0.1304 | 0.(08L | 0.0452
(a) yyH = 1.0
K_(g) fory/H = 0.3
Slip _ b1b2b3 bé
No. F, B=0 1.0
= - 0.2 0.4 05 1.0
bl 1.6099 0.3618 0.4900 0.3346 0.2836 0.1398 :
b2 13116 | 0.1835 ] 0.2264 | 0.1483 | 0.1225 | 0.0493 )
b3 13018 0.1729 (3.2023 0.1324 0.1094 0.0443
b4 1.3732 | 0.2068 | 0.2335 | 0.1563 | 0.1309 | 0.0597
(b) y/H = 0.8
K, (g) for y/H = 0.6
Slip F BE= 0 1.0 cle2cdcd
No. 8 .
= - 0.2 0.4 0.5 1.0
cl 1.6577 0.3291 0.5322 0.3640 0.3087 0.1527
c2 1.4067 0.2463 0.2990 0.2007 0.1684 0.0777
c3 1.4481 0.2598 0.2969 0.2021 Q.1711 0.0842
c4 1.5217 | 0.2787 | 03093 { 0.2132 | 0.1817 | 0.0930
(c) yH = 0.6
K {g foryyH =04
Slhip - d1 4293
Ne. F, B=0 140 o
= - 0.2 0.4 0.5 1.0
dl 1.7082 ¢ 0.4226 | 0.5421 | 03733 | 0.3179 | 0.1621
d2 1.6651 03787 0.4562 0.3146 0.2683 0.1378
d3 1.7329 } 0.4040 | 0.4596 | 03218 | 0.2766 | 0.1492
d4 1.8141 | 0.4088 | 0.4567 | 0.3215 | 0.2770 | 0.1513
(d) y/H = 0.4
K. (g) fory/H = 0.2
Slip _ ele2ed
No. F, B=20 1.0 "
= - 0.2 0.4 0.5 1.0
el 2.4805 | 0.8059 1.6714 | 0.7618 | 0.6603 | 0.3747
e2 2.4260 | 0.6528 | 0.7946 | 0.5663 | 0.4913 | 0.2797
e3 2.7064 | 0.6992 | 0.7949 | 0.574] | 0.5012 | 0.2944
c4 2.9682 | 0.7853 | 0.8309% | 0.6135 | 0.5410 | 0.3323
(e) yH = 0.2

Figure E2 - Example No. 1 : Results of Pseudo-static Analysis
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Critical B = B=10,An=05 B=10,An=10
yH K, ;‘(‘)P Fy K, | ppv, K, PPV, K, PPV,
’ (2 {mm/s) (@ (mm/s) (&) (mm/s)
02 | 1.077 €2 243 | 06528 | 315 | 04013 | 237 | 02797 | 135
0.4 | 0.526 d2 1.67 | 03787 | 375 | 02683 | 265 | 01378 | 136
0.6 | 0.281 2 1.41 | 02463 | 457 | o.1684 | 312 | 00777 | 144
0.8 | 0.200 b3 130 | 0.1720 | 449 | 0.1094 | 284 | 0.0443 | 115
1.0 | 0.218 a2 123 | 01304 | 312 | 00821 | 19.6 | 0.0281 6.7
o
-0
Py
o <L
of ol
=N =]
whn
oo m
Q2F 0\\
0L a \
~ 06+t /‘ /‘ \"‘
DBl & -t’—
10 /1 /1'/1 1

10 30 50

PPVe (mm/s )

Figure E3 - Example No. | : K; and PPV, for Critical Slip Surfaces
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HEU= 10

15m

note that
S/D=%0

-

Figure E4 - Example No. 2 : Slope Geometry and Soil Properties




Critical B=0 B=10,A, =05 | B=10,A,=1.0
yiD | K i}:}" Fs K. | pev, | Kk, PPV, K, PPV,
' (2) {(mm/s) {g) (mm/s) (g) (mm/s)
0.4 0.462 al 1.42 0.2480 27.9 0.1835 20.7 0.0822 9.3
0.65 | 0.309 a2 1.23 0.1304 22.0 0.0821 13.8 0.0281 4.7
1.0 0.279 a3 1.25 0.1370 25.6 0.0838 15.6 0.0308 5.7
Note : F; and K, refer to Figure D2 (a).
al a2 a3l
o
- o
llc lé
L4 b
.1 ©3
0r o o _
5oLoa
I,’ f" I,,
a A *
~— 0.5 B / / /
>
A .\ +*
10 \_ i 1\; 1 -
¢ 10 20 30

PPV, (mm/s)

Figure E5 - Example No. 2 : K, and PPV, for Critical Slip Surfaces
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