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Abstract

A surface explosion generates both ground shock and airblast pressure on nearby structures. Although
ground shock usually arrives at a structure foundation earlier than airblast pressure because of the different
wave propagation velocities in geomaterials and in the air, ground shock and airblast might act on the
structure simultaneously, depending on the distance between the explosion center and the structure. Even
though they do not act simultaneously, ground shock will excite the structure and the structure will not
respond to airblast pressure with zero initial condition. Therefore, an accurate analysis of structure
response and damage to a nearby surface explosion should take both ground shock and airblast pressure
into consideration. But current practice usually considers only airblast pressure. Many empirical relations
are available to predict airblast pressure. Most of them, however, only predict peak pressure values. The
primary objective of this study is to define simultaneous ground shock and airblast forces that can be easily
applied in structural response analysis. Parametric numerical simulations of surface explosions are
conducted. Empirical expressions of airblast pressure time history as a function of surface explosion charge
weight, distance to structure, structure height, as well as the ground shock time history spectral density
function, envelope function and duration are derived. Time lag between airblast pressure and ground shock
to structure is also determined. The empirical formulae are all given in analytical forms and they can be
used in structural response analysis to surface explosions.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Some structures need be designed against explosive loading. For example, structures in a
chemical plant need be designed to withstand accidental chemical explosions. Important buildings
and some lifeline infrastructures might be targets of terrorist threat and need be designed against
such threats. Current practice in designing structures against surface explosive loading usually
considers only the airblast pressures generated by the explosion. A surface explosion, in fact,
generates both ground shock and airblast pressure on a structure. Although the ground shock
reaches the structure foundation before the airblast pressure, both the ground shock and airblast
might act on the structure simultaneously, depending on the distance between the explosion center
and the structure. Even though they do not act on the structure simultaneously, ground shock will
excite the structure and the structure will not respond to airblast pressure from rest. But little
information is available for simultaneous ground shock and airblast pressure loads generated by
surface explosions on structures in the literature.
The airblast pressures generated by surface explosions have received considerable attention for

a long time. Many empirical formulae and empirical curves have been proposed for prediction of
peak overpressure attenuation against scaled distance, pressure time history of shock wave, and
shock wave reflection to structures [1–4]. These formulae can predict shock wave propagation in
the air. However, certain parameters, which are essential for modeling simultaneous ground shock
and airblast, such as arrival time of airblast wave to structures, are not commonly available. These
available empirical relations are usually inconvenient to use since many parameters are given in
empirical curves rather than in analytical equations. Often, simplified estimations have to be
adopted. For example, airblast pressures are usually assumed as having a triangular or an
exponential decay shape with the pressure rising phase being completely neglected. The pressure is
also assumed uniformly distributed along the structural height. Such simplifications are expected
to introduce errors in estimation of airblast loads on structures.
Study of blast-induced ground shock due to underground explosion has also been quite

extensive in the last two decades. Both continuum and discontinuum models have been used to
simulate blast-induced stress wave in rock masses [5–13]. Such models are able to give a
reasonable estimation of ground motions on rock surface generated by underground explosions.
In most of the previous studies, only empirical formulae for prediction of stress wave peak particle
acceleration (PPA), peak particle velocity (PPV) and principal frequency (PF) were derived.
Analysis of nonlinear dynamic structural response to simultaneous airblast pressure and ground
shock needs more detailed ground motion properties, such as arrival time, and ground shock
(stress wave) time history.
In this paper, contact explosions on rock surface are simulated by using Autodyn2D program

[14]. In the numerical model, air and TNT are modeled by Euler processor with equation of state
of ideal gas and Jones–Wilkens–Lee (JWL), respectively. A calibrated model for a granite mass,
which includes the Hugoniot equation of state, modified Drucker–Prager strength criterion with
the strain rate effect and a double scalar damage model accounting for both the compression and
tension damage [15], is employed in the numerical calculations. Numerical results of the free air
peak pressure attenuation against scaled distance, pressure time histories, ratio of peak reflected
pressure on a rigid wall to peak free air pressure, the pressure distribution along the vertical
direction are obtained and compared with other available various empirical formulae. The present

ARTICLE IN PRESS

C. Wu, H. Hao / International Journal of Impact Engineering 31 (2005) 699–717700



numerical results give very good predictions of airblast pressures in the free air and on a vertical
rigid wall. The analytical airblast pressure time history, arrival time and rising time, which are not
commonly available in existing empirical formulae and design manuals, are also derived and
presented in this paper. In addition, PPA attenuation of stress wave on ground surface against
scaled distance is also determined. The normalized envelope function of the stress wave time
history and power spectra are derived as functions of charge weight and distance. The duration of
the ground shock is obtained. They can be used to simulate stress wave time histories. The time
lag between airblast pressure and ground shock is also derived as a function of the distance and
charge weight. The present results allow a detailed modeling of the simultaneous airblast pressure
and ground shock on structures.

2. Numerical model

A numerical model to simulate granite mass response to explosive loading, which was
developed and validated against field blast tests [15], is employed in the present study. Following
briefly introduces this model. It assumes that damage is generated by activation and growth of
flaws and cracks due to tension and compression. Thus, a damage model with double scalars, Dt

and Dc, which correspond respectively to damage measured in uniaxial tension and uniaxial
compression states of rock material are used in the present study. The two scalars are defined as

Dt ¼ 1� e�aþVoð%eþ�eþ
0
Þb

þ

and Dc ¼ 1� e�a�Voð%e��e�
0
Þb

�

; ð1Þ

where V0 is a unit volume, aþ; a�; b
þ; and b� are damage parameters associated with the tensile

and compressive damage scalars; eþ0 and e�0 are threshold strains in uniaxial tensile and
compressive state. Below the threshold strains, rock material exhibits elastic property and no
damage occurs. %eþ and %e� are equivalent tensile and compressive strains, and they are

%eþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i¼1;3
ðeþi Þ

2
q

and %e� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i¼1;3
ðe�i Þ

2
q

; ð2Þ

where eþi is the positive principal strain, the superscript (+) means it vanishes if it is negative. e�i is
negative principal strain and it vanishes if it is positive.
Combining the tension and compression damage, the cumulative damage scalar D for rock

material can be determined as follows:

D ¼ atDt þ acDc; ’Dt > 0; ’Dc > 0 and at þ ac ¼ 1 ð3Þ

where the weights at and ac are defined by the following expressions:

at ¼
X
i¼1;3

Hi½eþi ðe
þ
i þ e�i Þ�
*e2

; ac ¼
X
i¼1;3

Hi½e�i ðe
þ
i þ e�i Þ�
*e2

; ð4Þ

where *e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i¼1;3ðe
þ
i þ e�i Þ

2
q

is the effective strain; Hi½x� ¼ 0 when xo0 and Hi½x� ¼ x when
xZ0: It can be verified that in uniaxial tension, at ¼ 1; ac ¼ 0; D ¼ Dt and vice versa in
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compression. The constitutive law is then written as

E� ¼ Eð1� D0Þð1� DÞ; ð5Þ

G� ¼ Gð1� D0Þð1� DÞ; ð6Þ

where E, G and n are the undamaged Young’s modulus, shear modulus and Poisson’s ratio of rock
material, respectively. D can be determined by Eq. (3) and D0 is the initial damage of the rock
mass. The initial damage can be estimated by comparing the in-situ P wave velocity of rock mass
with laboratory sonic velocity of intact core obtained from the rock mass [16]

D0 ¼ ðnL=nFÞ
2 ð7Þ

where nL is in situ P wave velocity and nF is P wave velocity in intact rock core.
The material constants of the rock mass obtained from site investigation are used in numerical

simulation [15,17]. The rock mass under consideration was granite with low content of quartz and
large content of feldspar, with a blocky structure. The granite is of good quality with RQD values
between 75–100 and Q-value of over 10. The investigation revealed that the average P wave
velocity of intact rock core is around 6000m/s and the average in situ P wave is around 5660m/s.
Using the values, the initial damage is estimated to be 0.11. Rock tests indicated the elastic
modulus of the rock material is 59.6GPa, and unaxial compressive and tensile strength: 226.2 and
12.6MPa, the threshold strains eþ0 and e�0 : 2:1� 10�4 and 3:8� 10�3; respectively. The
material constants ai and bi are aþ ¼ 6:89� 1010; a� ¼ 1:19� 107; bþ ¼ 2 and b� ¼ 2:
Besides the above damage model, a modified Drucker–Prager strength criterion and the

Hugoniot equation of state (EOS) are also used in the numerical model [15]. The Hugoniot EOS
for the rock material can be expressed as

p ¼ ðK1mþ K2m2 þ K3m3Þð1� D0Þð1� DÞ; ð8Þ

where m is the compression factor; K1; K2; and K3 are material constants and they are 5:76� 1010;
9:91� 1010 and 6:39� 1010 Pa; respectively. The modified Drucker-prager strength criterion can
be expressed as

F ¼
ffiffiffiffiffi
J2

p
� aI � k0; ð9Þ

where J2 is the second invariant of the stress deviator and I is the first invariant of the stress tensor
given by J2 ¼ 0:5sijsij; I ¼ ðs1 þ s2 þ s3Þ; k0 ¼ kð1� D0Þð1� DÞ½A logð ’scd= ’scÞ þ sc�=sc in
which scd is the dynamic uniaxial compressive strength (MPa), ’scd is the dynamic loading rate,
sc is the uniaxial compressive strength at the quasi-static loading rate ’sc; a and k are material
constants and A ¼ 11:9 is a material parameter.
The above models were programmed and linked to Autodyn2D [14] as its user provided

subroutines. In the numerical model, air and TNT are simulated by Euler processor and are
presumed to have equation of state of ideal gas and of JWL, respectively. The standard constants
of air and TNT from Autodyn2D material library are utilized in the numerical model, including
air mass density r ¼ 1:225 kg=m3; air initial internal energy En ¼ 2:068� 105 kJ=kg; ideal gas
constant l ¼ 1:4: More detailed description of the models and their implementation can be found
in a previous paper [15].
The above numerical model is used to simulate airblast pressures and ground shock from

surface explosions in the present study. It should be noted that site properties will actually affect
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stress wave propagation. It will not be possible to define a site property that represents all the
different site conditions. Current results using granite is valid for sites with similar conditions. For
a site with different ground properties, different results might be obtained.

3. Overpressure in the free air from surface explosions

Using the numerical model, shock wave propagation in the air from explosions on rock surface
is simulated. Fig. 1 shows the configuration of the simulation model. The whole domain, including
rock and air, is assumed to be Z-axis symmetric. As shown, the explosive (TNT) in a spherical
shape is placed on the surface of the rock mass. The TNT charge weight used in simulations is,
respectively, 300, 500, 1000, 1500, 2000, and 10 000 kg. The pressure time histories in each case in
the air at the target points directly above the ground surface as indicated in Fig. 1 are recorded.
Fig. 2 shows simulated ground shock and airblast pressure time histories from 1t surface
explosion. As shown, when the distance from a structure to explosive center is 30m, simultaneous
ground shock and airblast pressure do not act on the structure simultaneously. When the distance
from a structure to explosive center is 20m, there is partially overlap for ground shock and
airblast pressure on the structure. When the distance is 10m, ground shock and airblast pressure
act on the structure at almost the same time. Fig. 3 shows typical simulated pressure time histories
in the air. The shock wave is characterized by a sudden pressure rise to the peak value at the shock
front, and followed by a quasi-exponential decrease back to ambient value and then a negative
phase. The parameters needed to model the shock wave time history include: the shock wave front
arrival time Ta; the rising time from arrival time to the peak value Tr; peak pressure pso; the
decreasing time from peak to the ambient pressure Td:
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Using the simulated pressure time histories, the peak values at each point in the air can be
determined. Based on these data, empirical attenuation relations for peak air pressure at a
hemispherical front were derived as

pso ¼ 1:059
R

Q1=3

� ��2:56

�0:051; 0:1rR=Q1=3r1 ðMPaÞ; ð10Þ

pso ¼ 1:008
R

Q1=3

� ��2:01

; 10ZR=Q1=3 > 1 ðMPaÞ; ð11Þ

where R is the distance in meters measured from the charge center and Q is the TNT charge
weight in kilograms. Fig. 4 shows the numerically simulated values and their best-fitted curve.
Many empirical formulae for predicting peak pressures in the air are available in the literature.

Most of them were obtained from field blast tests [1,3,18]. Brode’s empirical formulae for peak
pressure at shock wave front in an unlimited atmosphere are in the form of [18]

pso ¼ 0:67
R

Q1=3

� ��3

þ0:1; pso > 1 ðMPaÞ; ð12Þ

pso ¼ 0:098
R

Q1=3

� ��1

þ0:1465
R

Q1=3

� ��2

þ0:585
R

Q1=3

� ��3

�0:0019;

0:01rpsor1 ðMPaÞ; ð13Þ

Henrych’s empirical formulae in an unlimited atmosphere are [1]:

pso ¼ 1:4072
R

Q1=3

� ��1

þ0:554
R

Q1=3

� ��2

�0:0357
R

Q1=3

� ��3

þ0:00006:25
R

Q

� ��4

;

0:1rR=Q1=3o0:3 ðMPaÞ; ð14Þ

pso ¼ 0:619
R

Q1=3

� ��1

�0:033
R

Q1=3

� ��2

þ0:213
R

Q1=3

� ��3

; 0:3rR=Q1=3r1 ðMPaÞ; ð15Þ
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pso ¼ 0:066
R

Q1=3

� ��1

þ0:405
R

Q1=3

� ��2

þ0:329
R

Q1=3

� ��3

; 1rR=Q1=3r10 ðMPaÞ: ð16Þ

It should be noted that for predicting peak pressure of contact explosions from Eqs. (13)–(16),
charge weight 2Q must be substituted for Q: The design manual TM-5 [3] also gives some curves
obtained from field blast tests for prediction of peak pressures in the free air. Fig. 5 shows the
comparisons of the peak pressure in the air predicted by the present functions and by other
empirical relations. As shown, at scaled distance R=W 1=3 larger than 1.0, all the relations give very
similar predictions. When R=W 1=3 is between 0.3 and 1.0, the numerical results still agree well
with Henrych’s and TM-5’s experimental data, but quite different with Brode’s. When R=W 1=3 is
less than 0.3, the numerical data deviate from all the three experimental data. The data from the
three empirical formulae also differ significantly when R=W 1=3 is small. This is probably because
it is very difficult to measure accurately the airblast pressure at small scaled distance, either those
derived from explosion tests or from numerical simulation.
The shock wave front arrival time Ta; which is usually not included in the previous studies, is

estimated here. Fig. 6 shows the arrival time of shock wave front for different charge weights. As
shown, at the same-scaled distance, the larger the charge weight is, the longer the arrival time is.
The best-fitted function of the arrival time in terms of distance and charge weights is

Ta ¼ 0:34R1:4Q�0:2=ca ðsÞ; ð17Þ

where Ca is the sound speed in the air, which is 340m/s.
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Another parameter is the rising time for pressure to rise suddenly from zero to peak value.
In most previous studies, this phase in the pressure time history is not modeled because the
rising time is very short. The pressure time history is usually assumed starting from the peak
value and decreases either exponentially or linearly. For a more accurate modeling of the
airblast pressure time history, this phase is included in this study. The pressure is assumed
to increase linearly from zero to its peak value with a rising time Tr: Fig. 7 shows the rising
time at different scaled distances. It is noteworthy that the rising time is proportional to the
scaled distance regardless of charge weights. Based on the simulated data, the best-fitted
relation is

Tr ¼ 0:0019ðR=Q1=3Þ1:30 ðsÞ; ð18Þ

The decreasing time for the pressure time history to decrease from its peak value to the ambient
pressure is another parameter for modeling the pressure time history. Fig. 8 shows the decreasing
time of the simulated pressure time history. It shows that at the same scaled distance, the heavier
the charge weight, the longer the decreasing time. Using the simulated data, an empirical
attenuation relation for the decreasing time is derived as

Td ¼ 0:0005ðR=Q1=3Þ0:72Q0:4 ¼ 0:0005R0:72Q0:16 ðsÞ; ð19Þ
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Combining Eqs. (18) and (19), the duration of the positive pressure of the airblast pressure wave
can be written as

Tþ ¼ Tr þ Td: ð20Þ

The duration of the positive pressure phase of the shock wave can also be estimated by other
empirical formulae. Henrych [1] used the experimental data in TNT-charge explosions and
derived the following formula:

Tþ ¼ 10�3½0:107þ 0:444ðR=Q1=3Þ þ 0:264ðR=Q1=3Þ2 � 0:129ðR=Q1=3Þ3

þ 0:0335ðR=Q1=3Þ4�Q1=3 0:05rR=Q1=3r3 ðsÞ: ð21Þ

The design manual TM-5 [3] also gives charts to predict Tþ: Fig. 9 shows the comparison of the
positive pressure duration estimated by different empirical relations. As shown, the present result
is very close to Henrych’s, but does not compare well with TM-5’s. The largest error is about two
times. This difference can be partially attributed to reading error from the graphs given in the
TM-5. Nevertheless, the above comparison indicates that the present empirical relation gives
reasonable prediction of the positive pressure duration.
In the present study, the airblast pressure time history is simplified to two parts (see Fig. 3): a

sudden linear pressure rise to the peak value, then followed by an exponential decay. The linear
part for the pressure rising from zero to its peak value is

psðtÞ ¼ pso
t

Tr

� �
¼ 526:3tpsoðR=Q1=3Þ�1:30; 0rtrTr ð22Þ

The exponential decay phase is modeled by the same function used in most of the previous studies
[1,2,19]. It is expressed as

psðtÞ ¼ pso 1�
t � Tr

Td

� �
exp �

aðt � TrÞ
Td

� �
; Trrt; ð23Þ

where a is a constant controlling the rate of decay. The best-fitted functions for a value from the
simulated pressure time histories are

a ¼
3:02p0:38so þ 6:85p0:79so exp �4:55

t � Tr

Td

� �
; TrrtrTþ;

1:96p0:25so þ 0:176psoexp �0:73p�0:49so

t � Tþ

Td

� �
; Tþot;

8>>><
>>>:

ð24Þ
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for psor1 MPa; and

a ¼
1:62p0:3so þ 5:13p0:28so exp �1:05p0:37so

t � Tr

Td

� �
; TrrtrTþ;

0:74p0:17so þ 2:71p0:28so exp �0:26p0:33so

t � Tr

Td

� �
; Tþot;

8>>><
>>>:

ð25Þ

for 1 MParpsor100 MPa: It should be noted that pso in the above formulae is in MPa.
There are also other empirical formulae to estimate constant a: For example, Henrych

suggested: a ¼ 0:5þ 10pso for psor0:1 MPa and a ¼ 0:5þ 10pso½1:1� ð0:13þ 2psoÞðt=TþÞ� for
0:1rpsor0:3 MPa [1], where pso in the above formulae is also in MPa. However, it is found that
Eqs. (24) and (25) result in better predictions of the simulated pressure time histories. Moreover,
the result by Henrych’s is only valid for the prediction of the positive phase of the pressure time
history, and is valid for a lower peak pressure range as compared to Eqs. (24) and (25). Fig. 10
shows the simulated and the predicted airblast pressure time histories using the relations derived
above at a distance of 50m from the charge center and a charge weight of 1000 kg. As shown, the
predicted pressure time history agrees very well with the simulated data.

4. Shock wave reflection from a rigid wall

In order to study the influence of simultaneous ground shock and airblast pressure on
structures, the pressures on front surface of a structure should be determined. Fig. 11 shows the
configuration of numerical simulation of surface explosions with a rigid wall at a distance R from
the charge center. Z-axis symmetry is assumed for the numerical model. Targets are placed along
the front surface of the wall and in the free air symmetric to the charge center to record the
pressure time histories and to investigate their differences. It is found that the reflected pressure
time histories have the same shape as those in the free air. Other researchers also made similar
observations in the previous studies [1,3]. The ratio of the peak reflected pressure to the peak free
air pressure is calculated. Fig. 12 shows the ratio of horizontal (normal to the wall) peak reflected
pressure to peak air pressure. It shows that the ratio increases with the peak free air pressure. The
best-fitted relation of the peak reflected pressure to the peak free air pressure is

pro ¼ 2:85ðpsoÞ
1:206; psor50 ðMPaÞ; ð26Þ

where Pro is the normal peak reflected pressure at the bottom of the rigid wall. The reflected
pressure along the height of the wall will be discussed later.

ARTICLE IN PRESS

Pr
es

su
re

 M
Pa

 

0
0 0.05 0.1 0.15

Simulated 
Predicted 

t (s) 

0.04

0.02

-0.02

Fig. 10. The simulated and predicted airblast pressure time histories at 50m from charge center when charge weight is 1000kg.

C. Wu, H. Hao / International Journal of Impact Engineering 31 (2005) 699–717 709



ARTICLE IN PRESS

Transmitting boundary

Transmitting
boundary

Transmitting
boundary

Transmitting boundary

Rock mass 

Explosive 

wall 

Air

Rigid wall 
Free air 

TNT

R R

Ground Surface 

Rock(b)

Targets 

(a)

10m

Z (symmetric axis)

X

Fig. 11. Configuration of numerical model of surface explosion with wall reflection. (a) Numerical model set up.

(b) Targets on rigid wall and in the free air to record pressure time history. 11 targets on each side at 1m

increment.

1

10

100

P r
o/

P s
o

T M -5

Present result

Henrych’s result

Pso M P a 

0.01 0.1 1 10010

Fig. 12. Ratios of horizontal peak reflected pressure to the peak free air pressure.

C. Wu, H. Hao / International Journal of Impact Engineering 31 (2005) 699–717710



The present result is also compared with those obtained by other researchers. Henrych derived
an empirical relation as [1]

pro ¼
8p2so þ 14pso

pso þ 7:2
; psor4 ðMPaÞ: ð27Þ

The design manual TM-5 [3] also gives curves to predict the peak reflected pressure from the
peak free air pressure. A comparison of the empirical relations is shown in Fig. 12. It shows that
when the peak free air pressure is less than 0.2MPa, Henrych’s formula matches very well with the
present result; but when the peak pressure is higher than that value, the difference becomes bigger.
It also shows that the present result agrees well with that predicted by TM-5.

5. Pressure distribution along the rigid wall

The pressure distribution along the rigid wall is also investigated to determine the variations of
the airblast forces along the structure height. Fig. 13 shows the reflected pressure along the rigid
wall normalized by the reflected pressure at the bottom of the wall. It shows that the normalized
reflected pressure decreases with the wall height. The nearer is the wall to the charge center, the
steeper is the pressure descending curve. This indicates that the uniform distribution assumption
of the airblast loads along the structural height, commonly adopted in most design analysis, might
introduce significant errors if the explosive center is very close to the structure. The descending
curve is in the form of

prðhÞ ¼ proð1� bh2Þ; pror10 ðMPaÞ; ð28Þ

where h is the height of the wall in meters and b is a constant which depends on pressure pro: Based
on the numerical data, the relationship between b and pro is derived as

b ¼ 0:0006p0:46ro ; pror10 ðMPaÞ; ð29Þ

where pro is estimated by Eq. (26). Eq. (28) can be rewritten as

prðhÞ ¼ proð1� 0:0006p0:46ro h2Þ; pror10 ðMPaÞ: ð30Þ

With Eq. (30), the pressure distribution along the structural height can be estimated.
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6. Ground shock wave from surface explosions

When analyzing structural response under simultaneous ground shock and airblast force, it is
also necessary to know the expected blast-induced ground motion time history. A ground motion
time history is completely defined by its peak value, duration, shape function, and power
spectrum. In addition, the arrival time of ground motion is also needed for structure response
analysis to simultaneous airblast pressure and ground shock. The numerically simulated ground
motion time histories on rock surface are used to derive the above parameters in this study.
Fig. 14 shows a typical simulated acceleration time histories on rock surface at a distance of

10m from the charge center with a 2-ton charge weight. It shows that acceleration in the
horizontal direction is much larger than that in the vertical direction. The plot shown in Fig. 15
gives peak ground acceleration attenuation with the scaled distance on rock surface corresponding
to different charge weights. It shows that the larger the charge weights, the higher the PPA at the
same-scaled distance and vice versa. The observation is opposite to those obtained from
underground explosion reported in a previous study [11]. In the later study, it was found that the
larger is the charge weight, the lower is the PPA at the same scaled distance in the rock mass. This
is because the dominant frequency of the stress wave propagating inside the rock mass generated
from an underground explosion could be more than 10,000Hz. A larger charge weight results in
more severe damage and a larger damaged zone in the rock mass around the charge center as
compared to a small charge weight. Damage in the rock mass causes rapid attenuation of high
frequency stress wave. On the other hand, the dominant frequency of stress wave propagating
along the rock surface generated from a surface explosion is in an order of 100–1000Hz. Damage
of the rock mass does not filter out the stress waves at such frequencies, rather, it seems amplifying
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the stress wave. More studies, both parametric analysis and experimental investigation, however,
are needed to confirm this argument.
The best-fitted PPA of surface ground motion as a function of charge weight and distance is

PPA ¼ 3:979R�1:45Q1:07 ðgÞ : ð31Þ

Arrival time of ground motions is needed in modeling the simultaneous ground shock and airblast
forces on structures. From the simulated data, the arrival time at a point on ground surface with a
distance R from the charge center can be simply estimated by

ta ¼ 0:91R1:03Q�0:02=cs ðsÞ ð32Þ

where cs is the P wave velocity of the granite mass.
The shape function is used to characterize seismic ground vibration nonstationarity in the time

domain in earthquake engineering. In the present study, it is also used to characterize blast-induced
surface vibrations. Fig. 16 shows the shape function of a simulated acceleration time history in the
horizontal direction on rock surface at a distance of 10m from charge center when charge weight is
2 ton. It is obtained by the Hilbert transform [20]. It indicates that the envelope of the blast
motions can be best modeled by the exponential type shape function [21]. It has the form of

xðtÞ ¼
0; tr0;

mte�nt2 ; t > 0;

�
ð33Þ
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where m and n are parameters related to ground motion nonstationarity, e is the base of the natural
logarithm. The two parameters m and n are determined by tp; at which xðtÞ reaches its maximum
value of unity. tp is the duration for ground shock to reach its peak value from ta: It has the form

tp ¼
ffiffiffiffiffiffiffiffiffiffi
1=2n

p
; ð34Þ

m ¼
ffiffiffiffiffiffiffi
2ne

p
: ð35Þ

From the simulated data, the empirical relation for estimating the time instant tp is derived as

tp ¼ 5:1� 10�4Q0:27ðR=Q1=3Þ0:81 ¼ 5:1� 10�4R0:81 ðsÞ : ð36Þ

As shown, tp depends on distance R only.
Duration of shock wave is also a very important parameter that affects the structural response.

In this study, shock wave duration td is defined as

td ¼ t � ta; ð37Þ

where td is determined when error of the equivalent kinetic energy of the ground motion is less
than 5% if the remaining part of the motion is cut off. In other words, it is determined by,
ðEt � Et�0:005Þ=Etr0:05; and Et ¼ 1

2

 � R t

0 u
2 dt; in which u is the ground motion velocity time

history (see Fig. 17). From the simulated data, it is found that

td ¼ 0:0045R0:45 ðsÞ : ð38Þ

Frequency contents of stress wave play an important role in determining the response of
a structure. In the previous study, principal frequency of an acceleration time history was defined
as [11]

PF ¼
F1 þ F2

2
; ð39Þ

where F1 and F2 are determined by the intersection points of a horizontal line at Fmax=2 on the
Fourier spectrum of the acceleration time history, in which Fmax is the peak value of the Fourier
spectrum, as shown in Fig. 18. PF alone, however, is not enough to characterize the frequency
contents of blast-induced stress wave. Accurate estimation of frequency contents should include
the power spectrum function. By comparison, it is found that the power spectrum of blast-induced
ground motions can also be represented by a Tajimi–Kanai function [22], which has been widely
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used in earthquake engineering. The power spectrum is

Sðf Þ ¼
1þ 4B2gf

2=PF2

1� f 2=PF2
 �2

þ4B2gf 2=PF2
So; ð40Þ

where So is the amplitude of power spectrum of a white noise or a scaling factor of the spectrum,
PF is the principal frequency and zg is a parameter governing the power spectral shape. Fig. 19
shows the plot of the principal frequency (PF) at different scaled distances and charge weights.
The empirical relation is derived as

PF ¼ 465:62ðR=Q1=3Þ�0:13; 0:3rR=Q1=3r10 ðHzÞ: ð41Þ

A constant zg value of 0.16 is found for all the simulated time histories. The scaling factor of the
spectrum is

So ¼ 1:49� 10�4R�2:18Q2:89; ðm2=s3Þ: ð42Þ

Fig. 20 illustrates the predicted and simulated power spectrum of an acceleration time history at
21m from charge center when charge weight is 1 ton. As shown the predicted result agrees well
with the simulated data.
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Using the above empirical formulae for PPA, the envelope function, duration, and power
spectrum function, the expected blast-induced ground motions can be simulated. It should be
noted that these formulae are valid in the range of the scaled distance 0.3–10.

7. Time lag between ground shock and airblast pressure arrival at structures

From the above empirical relation (17) and (32), the time lag between the ground shock and
airblast pressure reaching to the structure can be estimated by

Tlag ¼ Ta � ta ¼ 0:34R1:4Q�0:2=ca � 0:91R1:02Q�0:02=cs ðsÞ : ð43Þ

It should be noted that the time lag is not only related to distance from charge center and charge
weight, but also to wave propagation velocity in the air and at the site. At the same distance, the
larger the charge weight, the shorter the time lag.

8. Conclusions

Numerical models including both free air and rock material properties were programmed and
linked to Autodyn2D as its user provided subroutines. They were employed to simulate ground
shock and airblast pressures generated from surface explosions. Parameters for predicting the
pressure time histories in the free air, ratio of peak reflected pressure on a rigid wall to peak free
air pressure, have been presented as a function of the scaled distance and peak pressure. They
were found in good agreement with the previous studies. The analytical airblast pressure time
history, arrival time and rising time were derived and the pressure distribution along the structural
height is determined. Parameters for predicting blast-induced ground motions such as the PPA,
arrival time, duration, and the power spectrum as well as the envelope function of ground motion
were obtained. The time lag between airblast pressure and ground shock arrival time at the
structure was also derived. These empirical formulae can be used for more accurate estimation of
explosive loads in modeling response and damage of structures to surface explosions.
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