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A new fluid-structure interaction model that considers high gas compressibility is developed using
the Rankine–Hugoniot relations. The impulse conservation between the gas and structure is utilized
to determine the reflected pressure profile from the known incident pressure profile. The physical
parameters of the gas such as the shock front velocity, gas density, local sound velocity, and gas
particle velocity as well as the impulse transmitted onto the structure are also evaluated. A series of
one-dimensional shock loading experiments on free standing monolithic aluminum plates were
conducted using a shock tube to validate the proposed model. The momentum was evaluated using
high speed digital imagery. The experimental peak reflected pressure, the reflected pressure profile,
and the momentum transmitted onto the plate were compared with the predicted results. The
comparisons show that the gas’s compressibility significantly affects the fluid structure interaction
behavior, and the new model can predict more accurate results than existing models. The effect of
factors, such as the areal density of a plate and the peak incident pressure on momentum transfer
are also discussed using the present model. Moreover, the maximum achievable momentum and
C 2011 American Institute of
the fluid structure interaction time are defined and calculated. V
Physics. [doi:10.1063/1.3662948]
I. INTRODUCTION

The fluid structure interaction behavior during blast
loading plays a significant role in blast mitigation. Understanding the fluid structure interaction behavior, such as the
maximum achievable impulse that can be imparted by a blast
and the momentum transmitted to a specific target, helps in
evaluating the blast performance of structures and consequently helps in the design of new structures with higher
blast resistance.
The fluid structure interaction during a blast loading has
been widely studied for many years.1,5–9 The classic solution
for the interaction of a blast pulse with a solid plate was first
derived by Taylor.1 He used the solution for a onedimensional wave impinging and reflecting upon a solid
plate to compute the momentum transmitted onto the plate.
The results showed that the momentum transmitted to a plate
from a blast pulse is simply based on the density of the fluid,
the wave speed, the blast decay time, and the areal density of
the plate. This solution has been utilized to evaluate the blast
resistance of sandwich composites with different core
topologies.5–7 Because these researchers did not consider the
non-linear compressibility of the fluid, the results for a blast
loading in air, which has highly non-linear compressibility,
have been questioned.10 Recently, Kambouchev et al.8,9
extended Taylor’s model by considering the compressibility
of the air. However, they derived the solution under the
acoustic limit, which means that the propagation of pressure
and density disturbances is governed by the linear wave
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equation with a constant wave speed. For an intensive air
blast loading, in which there is a noticeable difference
between the incident and reflected shock wave velocities,11
further considerations are still needed. Glasstone,2 Baker
et al.,3 and Smith et al.4 studied the effect of the air blast on
a structure. They gave a semi-theoretical peak pressure of
the reflected shock wave with normal incidence. Unfortunately, they could not evaluate the time histories of the
reflected pressure as well as the reflected impulse. Baker et
al.3 recommended a rough estimation of the reflected
impulse by assuming similarity between the time histories of
a side-on overpressure and a normally reflected overpressure.
Some researchers12,13 have used pendulum experiments
to estimate the impulse transmitted to the structures from a
blast loading. This method can only estimate the final
impulse transmitted to the structures and shows neither the
impulse redistribution behavior nor the imparted impulse
history during the blast event.
In this paper, a new fluid-structure-interaction model
that considers the high compressibility of a fluid is proposed
based on a one-dimensional gas-dynamic theory. The main
goals of this paper are to:
(1) Develop a new one-dimensional fluid structure interaction model that considers the high gas compression during an air blast.
(2) Conduct a series of one-dimensional shock loading
experiments on free-standing monolithic aluminum
plates using a shock tube to validate the proposed model.
(3) Discuss the effects of parameters such as the areal density of the plate on the fluid structure interaction behavior and calculate the maximum achievable impulse.
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(4) Discuss possible errors in the proposed model and
experiments.
II. REVIEW OF THE FLUID-STRUCTURE INTERACTION
MODELS

Consider a uniform plane blast wave propagating with
a constant velocity U in a fluid of density qf and impinging
normally upon a free-standing flat plate with an areal density qs. An approximate blast pressure profile is shown in
Fig. 1. It has a very sharp jump at time t ¼ 0 with a very
high overpressure above the background pressure (normally
the atmospheric pressure). After the sharp jump, the pressure decays very quickly and even goes to a pressure level
lower than the background pressure. The time at which the
blast pressure is equal to background pressure is defined as
positive time period tþ. The most common approximation
of this pulse is expressed with an exponential decay
profile,
t

pðtÞ ¼ ppeak eh ;

0t1

A. Taylor’s model1,5–7

In Taylor’s model, the pressure applied on the plate can
be separated into three parts: the pressure of the incoming
wave pI, the pressure of the reflected wave from a rigid wall
pr1, and the pressure of the rarefaction wave pr2, due to the
acceleration process of the plate. They can be expressed as,
pI ðtÞ ¼ ppeak eðtUÞ=h

(4a)

pr1 ðtÞ ¼ ppeak eð Þ=h

x
;
pr2 ðtÞ ¼ qf U w_ t þ
U

(4b)

x

tþUx

where U is the shock wave front velocity.
Therefore, the pressure applied on the plate (at x ¼ 0) is,
t

pðtÞ ¼ pI ðtÞ þ pr1 ðtÞ þ pr2 ðtÞ ¼ 2ppeak eh  qf U w_ ðtÞ: (5)
Application of the Newton’s second law to the plate gives,

(1)
t

where, ppeak is the peak pressure and h is the time constant.
Based on this expression of the blast pressure profile,
the free-field incident impulse per unit area of the blast is
given as,
ð tþ
pðtÞdt;
(2)
Iincident ¼
0

where, tþ is the positive time period of the pressure profile
and can be related to the peak pressure ppeak and the time
constant h by,
t

¼ p0

(3a)

t
þ
ln ppeak  lnðp0 Þ

(3b)

ppeak e
or;

h¼

þ
h



(4c)

where, p0 is the background pressure or the base pressure,
Throughout this paper, the traveling direction of the
wave is defined as the positive x direction, x ¼ 0 is chosen as
the original position of the plate and the out-of-plane displacement of the plate is written as w(t).

€ðtÞ ¼ 2ppeak eh  qf U w_ ðtÞ:
qs w

(6)

Considering the initial conditions wðtÞ ¼
 w_ ðtÞ ¼ 0 and defining a non-dimensional parameter w ¼ qf Uh =qs , the solution of Eq. (6) is,
wðtÞ ¼

i
wt
2ppeak h2 h
t
ðw  1Þ þ e h  weh :
qs wðw  1Þ

(7)

Then the pressure in Eq. (5) can be expressed as,
t

pðtÞ ¼ 2ppeak eh 

i
wt
2ppeak w h  t
e h  e h :
w1

(8)

Because the pressure should approach 0 at the time tþ, tþ
can be determined by substituting this condition into Eq. (8),
tþ ¼

h lnðwÞ
:
w1

(9)

The impulse transmitted into the specimen can be obtained,
Itrans ¼ qs w_ ðtþ Þ ¼ fImax ;

(10)

where, Imax is the maximum achievable impulse that is realized when the wave impinges upon a solid wall and f is the
transmitted coefficient. They can be expressed as,
ð1
t
2ppeak eh dt ¼ 2Iincident
(11a)
Imax ¼
0
w

f ¼ ww1 :

(11b)

B. Kambouchev’s model8,9

In Kambouchev’s model, the compressibility of the fluid
is considered by imposing the momentum conservation
equation,
du
dp
¼ ;
(12)
qf
dt
dx
FIG. 1. Typical shock pressure profile.

where, u is the particle speed of the fluid.
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Under the acoustic limit condition, the pressure applied
on the plate has the following form,
pðtÞ ¼ f ðw  UtÞ þ gðw þ UtÞ;

(13)

where, f and g are arbitrary functions that should be
determined.
Then by applying Newton’s second law to the plate,
€ðtÞ ¼ f ðw  UtÞ þ gðw þ UtÞ:
qs w

(14a)

Applying the momentum conservation Eq. (12) to the fluid,
€ðtÞ ¼ f 0 ðw  UtÞ  g0 ðw þ UtÞ:
qf w

(14b)

Because function f can be determined by the initial condition, one can obtain the governing equation by eliminating
the unknown reflected wave g from Eqs. (14a) and (14b),
…

€ ¼ 2Uf 0 ðw  UtÞ:
qs w ðtÞ þ ðw_ þ U Þqf w

(15)

Utilizing the conditions w_ << U and f 0 ðw  UtÞ  f 0 ðUtÞ,
…

€ ¼ 2Uf 0 ðUtÞ:
qs w ðtÞ þ qf U w

(16)

If f is assumed to have an exponential decay profile as shown
in Eq. (1) and initial conditions are then applied, one will
obtain the same transmitted coefficient as expressed in Eq.
(10) and (11) from Eq. (16). This indicates that the consideration of the compressibility of the fluid in this model can be
ignored under the acoustic limit condition. Therefore this
model is compatible with Taylor’s model.

III. THEORETICAL CONSIDERATIONS
A. Fluid structure interaction in an air blast loading

Consider a planar shock wave impinging normally and
uniformly upon an infinite free-standing monolithic plate
with an areal density ms. Figure 2 shows a typical shock
wave loading process. A planar incident shock wave front is
traveling from the left side to the right side (incident process,
Fig. 2(a)). The right side of the incident wave front is undisturbed gas, whereas the left side of incident wave front is the
high pressure gas driven by the incident shock wave. After
the incident shock wave impinges on a static free-standing
flat plate, a reflected planar shock wave is generated and
travels from the right side to the left side (reflected process,
Fig. 2(b)). The left side of the reflected wave front is still the
high pressure gas driven by the incident shock wave,

whereas the right side of the reflected wave front is now the
gas that is disturbed by the reflected shock wave. Moreover,
at this time the plate will move with a velocity that is equal
to the particle velocity of the gas behind the reflected shock
wave front. Uþ and U are the velocities of the incident and
the reflected shock wave fronts, respectively. The state of the
gas can be defined using the following physical parameters:
(1)
(2)
(3)
(4)

p the pressure,
u the particle velocity,
c the sound velocity,
q the density.

The subscript 0 on the parameters denotes the initial
state of the gas. Subscript 1 represents the state of the gas
located behind the incident shock wave front, and this is
defined as the incident state. Subscript 2 represents the state
of the gas located behind the reflected shock wave front and
this will be defined as the reflected state.
The incident pressure p1 behind the incident shock wave
front and reflected pressure p2 behind the reflected shock
wave front are all assumed to have exponential decay profiles. This will be shown to be true later from experimental
data. They can be expressed as,
p1 ðtÞ ¼ p1

peak e

p2 ðtÞ ¼ p2

peak e

ht

;

0t1

(17a)

;

0  t  1;

(17b)

1

ht

2

where, p1_peak and p2_peak are the peak pressures for the incident and reflected pressure pulses, respectively. h1 and h2 are
the time constants for the incident and reflected pressure.
Furthermore, assume t1þ and t2þ are the positive time periods for the incident and reflected pressures.
From the shock wave loading processes described in
Fig. 2, it can be seen that the plate is subjected to the
reflected pressure, p2, during the entire reflection process.
Therefore, the impulse per unit area transmitted to the specimen, i.e., the final momentum per unit area of the specimen,
is,
ð t2þ
½p2 ðtÞ  p0 dt:
(18)
Iimpulse ¼
0

Normally, the physical parameters of the undisturbed gas, p0,
u0, c0, and q0 are known parameters. The pressure profile p1
behind the incident shock wave front can be measured. However, other parameters, such as p2, u1, u2, c1, c2, q1, q2, Uþ,
and U are all unknown parameters and are difficult to measure on-site. The absence of these physical parameters makes

FIG. 2. Sketch of the incident and the
reflected shock processes.
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it difficult to evaluate the loading history of the plate. The
following analysis proposes a methodology to calculate all
of these unknown parameters based on the one-dimensional
gas-dynamic theory.
B. One-dimensional gas-dynamic theory for a shock
wave in an ideal gas

Because the gases during an air blast are all highly compressible, simple linear wave equations cannot be extended
to apply to the shock wave loading process during an air
blast. The gas-dynamic theory, which considers gas compressibility, is utilized to correlate the physical parameters of
the gas in the present study.
The jump conditions for a shock wave front are as follows (using the incident shock wave process in Fig. 2(a) as
an example):14
Conservation of mass: q0 v0 ¼ q1 v1
Conservation of momentum: q0 v20 þ p0 ¼ q1 v21 þ p1

(19)
(20)

1
1
Conservation of energy: v20 þ e0 þ p0 s0 ¼ v21 þ e1 þ p1 s1 ;
2
2
(21)
where, v is the relative particle velocity with respect to the
shock wave front. v0 ¼ u0  Uþ and v1 ¼ u1  Uþ .
The Rankine–Hugoniot relations with two modified
forms can be derived from these jump conditions,

p1 
¼ 1 þ l2 M02  l2
p0

p0 
¼ 1 þ l2 M12  l2
p1



(22a)
(22b)




1  l2 ðUþ  u0 Þ2 ðu1  u0 ÞðUþ  u0 Þ ¼ 1  l2 c20

(23a)

1  l ðUþ  u1 Þ2 ðu0  u1 ÞðUþ  u1 Þ ¼ 1  l2 c21 ;

2



(23b)
where, l2 ¼ ðc  1Þ=ðc þ 1Þ; c is the adiabatic coefficient
and M is the Mach number, M1 ¼ ju1  Uþ j=c1 and
M0 ¼ ju0  Uþ j=c0 .
The jump conditions for the shock wave (Eqs. (19) 
(21)) and the modified Hugoniot relations (Eqs. (22) and
(23)) compose the system of governing equations. Only three
equations in this system are independent (Fig. 2(a)). The
same procedure can be applied to the reflected process (Fig.
2b) by changing the subscript 0 to 1, subscript 1 to 2 and
subscript þ to . Thus, during a one-dimensional shock
loading process (as in a shock tube experiment), there are six
independent equations.
Though the shock wave is not a reversible process, the
change of the parameters in the gas in front of and behind
the shock wave front is a reversible, adiabatic process. This
allows two more equations to correlate the pressure, density
and sound velocity of the gas,
qc2 ¼ cp

p ¼ Aqc ;

(25)

where, A is a constant for a reversible adiabatic process.
The proposed analysis is based on two hypotheses,
1. The velocity of the reflected shock wave front does not
change during the shock wave loading process.
2. The physical properties of the gas, such as pressure and
particle velocity, located on each side of the reflected
shock wave front are uniform.
The feasibility and applicability of these two hypotheses
have been discussed by Wang and Shukla.11
IV. IMPLEMENTATION OF THE PROPOSED FLUID
STRUCTURE INTERACTION MODEL
A. Evaluation of the initial peak value of the physical
parameters

The expressions for the initial peak value of the parameters, u1, u2, c1, c2, q1, q2, Uþ, and U, can be derived from
the gas-dynamic equations in Sec. III B.
Through Eq. (22a), the incident shock wave velocity Uþ
can be obtained as,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


p1 peak =p0 þ l2
:
(26)
U þ ¼ c0
1 þ l2
Using Eq. (23a), the peak particle velocity of the incident
gas, u1_peak, can be calculated as,
 2

ð1  l2 Þ Uþ
 c20
;
(27)
u1 peak ¼
Uþ
where the particle velocity u0 of the undisturbed gas has
been taken to be zero.
From Eq. (23b), the peak sound velocity of the incident
gas, c1_peak, can be calculated as,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ

2 u1 peak Uþ  u1 peak
Uþ  u1 peak þ
: (28)
c1 peak ¼
1  l2
Using Eq. (19), the peak density of the incident gas,
q1_peak, can be shown to be,


u0  Uþ
q1 peak ¼
(29)
q :
u1 peak  Uþ 0
For the reflected process, Eqs. (19), (22a), (23a), and
(23b) can be modified as,
q1 ðu1  U Þ ¼ q2 ðu2  U Þ


 u1  U 2 2
p2 
¼ 1 þ l2
l
p1
c1



(30)
(31)




1  l2 ðU  u1 Þ2 ðu2  u1 ÞðU  u1 Þ ¼ 1  l2 c21

(32)

1  l ðU  u2 Þ2 ðu1  u2 ÞðU  u2 Þ ¼ 1  l2 c22 :

2



(24)
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Then from Eq. (31), the reflected shock wave velocity U
can be calculated as,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ


p2 peak =p1 peak þ l2
U ¼ u1 peak  c1 peak
:
(34)
1 þ l2
From Eq. (32), the peak particle velocity of the gas behind
the reflected shock wave, u2_peak, can be obtained as,
h
i
2
ð1  l2 Þ U  u1 peak c21 peak
:
u2 peak ¼ u1 peak þ
U  u1 peak
(35)
From Eq. (33), the peak sound velocity of the reflected gas,
c2_peak, can be calculated as,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


ﬃ

2 u1 peak  u2 peak U  u2 peak
U  u2 peak 
:
c2 peak ¼
1  l2
(36)
From Eq. (30), the peak density of the reflected gas, q2_peak,
can be calculated as,


u1 peak  U
q2 peak ¼
:
(37)
q
u2 peak  U 1 peak

To evaluate the time history of the physical parameters,
one needs the incident pressure profile described by Eq.
(17a), the reflected pressure profile described by Eq. (17b)
and all of the initial peak values.
From Eq. (25), the density histories of the incident and
reflected gases can be expressed as,


t
exp

peak
peak
ch1
1


p2 ðtÞ c
t
:
q2 ðtÞ ¼
q2 peak ¼ q2 peak exp 
p2 peak
ch2
1

p1 ðtÞ c
q
p1 peak 1

¼ q1

(38)

(39)

From Eq. (24), the sound velocity histories of the incident and reflected gases can be expressed as,
"

q 1 ðt Þ
c 1 ðt Þ ¼
q1 peak
"

q 2 ðt Þ
c 2 ðt Þ ¼
q2 peak

#c1
2
c1

peak

¼ c1

peak

exp 

ðc  1Þt
2ch1

c2

peak

¼ c2

peak

exp 

ðc  1Þt
; (41)
2ch2

#c1
2

(40)

then using Eqs. (31) and (32), the particle velocity histories
of the incident and reflected gases can be expressed as,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½p2 ðtÞ=p1 ðtÞ þ l2
u1 ðtÞ ¼ U þ c1
1 þ l2

U  u1 ðtÞ

þ u1 ðtÞ:

(43)

Note the signs of the particle velocities and shock wave
velocities in Eqs. (26), (27), (34), (35), (42), and (43) indicate the direction of motion. In Fig. 2, a positive sign indicates the direction is the same as the propagating direction of
the incident shock wave front and a negative sign indicates
the direction is opposite that of the propagating direction of
the incident shock wave front.
C. Evaluation of the reflected pressure p2

From the analysis in Sec. IV A and IV B, all of the parameters can be expressed in terms of the reflected pressure
p2. If we can determine p2, the proposed fluid structure interaction model is self-contained. The reflected pressure profile
has been assumed to have an exponential decay profile
described in Eq. (17b). To express this profile, three parameters need to be determined, peak reflected pressure, p2_peak,
the reflected time constant h2 and the positive time period
t2þ. There are only two unknown parameters; peak reflected
pressure, p2_peak, and the positive time period t2þ, due to the
fact that the time constant h2 can be calculated by Eq. (3),
t2þ

h2 ¼ 
:
(44)
ln p2 peak  lnðp0 Þ
1. Determination of the peak reflected pressure p2_peak

B. Evaluation of the time history of the physical
parameters

q1 ðtÞ ¼

u2 ðtÞ ¼

n
o
ð1  l2 Þ ½U  u1 ðtÞ2 c21

(42)

The peak reflected pressure p2_peak is generated right after the shock wave front impinges upon the face of the plate.
Because a shock wave front has a thickness of 108 m and a
mach number larger than 1,15,16 the time that the shock wave
front passes the face plate has a value between 1010 and
1011 s. A simple calculation shows that even for a peak
reflected pressure as high as 1000 MPa2 and an areal density
of a plate as low as 1 kg/m2 (about 0.4 mm aluminum foil),
the velocity of the plate only has a value between 102 and
103 m/s, which can be thought of as negligible (zero).
Notice the fact that the particle velocity u2 of the gas behind
the reflected shock wave front must be the same as the particle velocity of the plate in Fig. 2.1,14 Therefore, the peak
reflected pressure can be calculated by assuming the particle
velocity of the gas behind the reflected shock wave front is
zero at the time when the shock wave just impinges upon the
plate. Then from Eq. (35), one can obtain,
h
i
2
ð1  l2 Þ U  u1 peak c21 peak
: (45)
0 ¼ u1 peak þ
U  u1 peak
Substituting Eq. (34) into Eq. (45) gives,
82
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ32
u
>
<
u
u21 peak
u1 peak
t
p2 peak ¼ p1 peak 4
þ
þ 45
2
>
ð1  l2 Þ2 c21 peak
: ð1  l Þc1 peak
9
=
1 þ l2

(46)
 l2 :
;
4

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

114901-6

Wang, Wright, and Shukla

J. Appl. Phys. 110, 114901 (2011)

Then combining Eqs. (26) to (28) and (46) gives the value of
the peak reflected pressure p2_peak. In fact, this value is
exactly the same as the well-known prediction proposed by
Glasstone,2 Baker et al.,3 and Smith et al.,4 although the
physical meaning of their peak reflected pressure is different
than that discussed in this section. On the other hand, the
value of the peak reflected pressure is independent of the
loading process, and it is only related to the peak incident
pressure. This means that plates with different areal densities
can only change the time constant h2 or the positive time period t2þ when they are subjected to the incident shock wave
with same incident pressure profile.

planar wave front.17–21 Because the shock wave front generated by a shock tube is flat, the shock wave loading process
upon a flat plate can be considered a one-dimensional process. Moreover, there are several parameters that can be
measured directly from shock tube experiments, such as the
incident pressure profile, p1, the reflected pressure profile, p2,
the incident shock wave velocity, Uþ, and the reflected
shock wave velocity, U. Therefore they can be used to verify the proposed fluid structure interaction model. In this
study, a series of shock wave loading experiments on freestanding monolithic plates was carried out using a shock
tube apparatus.

2. Determination of the positive time period t21

The positive time period t2þ can be determined using
the momentum conservation of the plate. As we know, at
time t ¼ t2þ, all of the impulse from the reflected pressure p2,
described in Eq. (18), has been transmitted onto the specimen. On the other hand, at time t ¼ t2þ, the specimen will
move with a velocity equal to the gas particle velocity u2
behind the reflected shock wave front. Therefore the momentum conservation relation of the plate can be expressed as,
ð t2þ
½p2 ðtÞ  p0 dt ¼ ms u2 final :
(47)
0

In this equation, p0 and ms are known parameters. The
final particle velocity u2_final of the plate at t ¼ t2þ and the
reflected pressure profile p2 can be related through the analysis in preceding sections. Therefore, there is only one
unknown parameter t2þ. It can be calculated from Eq. (47).
D. Motion of the plate

Because the load applied on the plates, i.e., the reflected
pressure, has been determined through the preceding analysis, the motion of the plate can also be evaluated. Applying
Newton’s second law to the plate gives,
p2 ðtÞ ¼ p2

peak e

ht
2

¼ ms as ðtÞ;

(48)

A. Experimental setup

The experimental setup used in this study is shown in
Fig. 3. A shock tube apparatus was utilized to generate a planar shock wave with a controlled overpressure
level.11,17,18,20,21 The muzzle end of the shock tube with the
locations of the pressure transducers (PCB CA102B) is
shown in Fig. 4. The inner diameter of the muzzle is
0.0762 m, which is also the diameter of the loading area.
Two pressure transducers are mounted at the end of the muzzle section to measure the pressure profile. The distance
between the two transducers is 0.16 m and the distance
between transducer 2 and the end of the muzzle is 0.02 m.
A high speed digital camera, Photron SA1, was used to
capture the real time side-view position of the plate. The axis
of the camera lens is perpendicular to the axis of the shock
tube, i.e., the moving direction of the plate. The distance
between the camera and the plate was chosen to be approximately 2 m, which is more than 20 times that of the plate’s
dimension (0.1 m) and 10 times that of the plate displacement in the images (0.2 m), to avoid image distortion during plate propagation.
B. Material and specimen

The circular plate specimens were fabricated using 6061
T6 Aluminum. The diameter of the flat circular plate

where, as is the acceleration of the plate.
Now integrating the acceleration as once and then again
results in the velocity vs and displacement ds of the plate,
respectively,
ðt

ðt


p2 peak ht
p2 peak h2 
t
e 2 dt ¼
1  e h2
ms
0
0 ms
(49)
ðt
ðt

p2 peak h2 
t
1  e h2 dt
ds ðtÞ ¼ vs ðtÞdt ¼
ms
0
0

p2 peak h2 
ht
t þ h2 e 2  h2 :
(50)
¼
ms

vs ðtÞ ¼

as ðtÞdt ¼

V. SHOCK WAVE LOADING EXPERIMENTS ON
FREE-STANDING MONOLITHIC PLATES

Shock tubes have been widely used for simulating blast
loading as they can generate a tailored shock wave with a

FIG. 3. (Color online) Experimental setup.
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TABLE I. Parameters used for fitting the incident pressure profiles.
Peak incident
pressure
(MPa)

Positive time
period t1þ
(s)

Time
constant h1
(s)

0.0065
0.0070
0.0080
0.0090

0.0044
0.0035
0.0034
0.0034

0.44
0.76
1.03
1.35

D. Evaluation of the momentum of the plate from
high-speed images

FIG. 4. Details of the muzzle end.

specimen was 0.0777 m, which was slightly bigger than the
inner diameter of the shock tube (0.0762 m), to ensure
that the plate covers the entirety of the muzzle. The thickness
of the specimens was 0.0064 m and its areal density was
17.1 kg/m2.
C. Experimental procedure

During the experiments, the circular specimens were
placed right in front of the muzzle end of the shock tube (as
shown in Figs. 3 and 4). The specimens were then subjected
to shock wave loadings with four different incident peak
pressures: 0.44, 0.76, 1.03, and 1.35 MPa, respectively. The
experimental and the simulated (fitted) pressure profiles for
different peak pressures are shown in Fig. 5. The time constants h1 and positive time periods t1þ for each pressure profile are listed in Table I.
For each shock wave level, two experiments were conducted for the purpose of verifying data repeatability. The
high-speed digital camera was set to a framing rate of 40 000
fps and an image resolution of 512  256 pixels.

FIG. 5. (Color online) Incident pressure profiles with different incident peak
pressure.

A typical high-speed side-view image during a shock
wave loading process is shown in Fig. 6. Curve fitting methods, such as cubic spline curve fitting, can be used to pickup
the position of the front face of the specimen. An example of
the 7-point cubic spline curve fitting is shown in Fig. 6.
Because the specimen did not show any compression during
the shock wave loading process, this curve can be used to
represent the position of the specimen. Then the displacement profile of each point on the specimen can be obtained
by correlating the position of the specimen in each image to
that in the image at time t ¼ 0. The differential of this displacement profile with respect to the time gives the velocity
profile. The momentum of the plate can be evaluated from
the velocity profile and the areal density of the plate. It can
be expressed as:
þ
(51)
Horizontal momentum: Ixplate ¼ ms ux ds;
S

where, ux is the x direction (horizontal) velocity and ds is the
areal element of the plate.

VI. RESULTS AND DISCUSSION
A. Experimental results

The reflected pressure profiles measured by the pressure
transducer closest to the muzzle end are shown in Fig. 7. The

FIG. 6. A typical side-view image and curve fitting of the front face.
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FIG. 7. (Color online) Experimental reflected pressure profiles.

high speed side-view images of the circular plates at different incident shock levels are shown in Fig. 8.
The momentum of the plates obtained by the method
described in Sec. V D and the impulse of the reflected pressure (Eq. 18) are shown in Fig. 9. It can be seen that the momentum of the plates agrees with the impulse of the reflected
pressure very well. This verifies that the momentum is conserved during the loading process as described by Eq. (47).
Because the high speed side-view images can only be
recorded for a short time period (generally less than 1 ms),
the impulse of the reflected pressure can be used to determine the momentum of the plates for longer time periods.
B. Comparison of experimental and analytical results
1. Input parameters

The parameters needed in the analytical model, such as
the pressure, density, sound velocity and particle velocity of
the undisturbed gas in front of the incident shock wave front,
are listed in Table II.

FIG. 8. High-speed side-view images of aluminum plates for different shock
loadings.

2. Reflected pressure profile

The experimental and analytical results of the peak
reflected pressure as a function of the incident pressures are
shown in Fig. 10. The peak reflected pressure determined by
Eq. (5) at time t ¼ 0 from Taylor’s model is also shown in
this figure. It can be seen that the experimental data follow
the predicted trend very well. Taylor’s model gives much
lower prediction results. The model prediction has also been
compared with the experimental data for various other materials tested in our lab and the results are shown in Fig. 11.22
It is evident that the reflected peak pressure only depends on
the incident peak pressure, and the compressibility of the gas
highly affects the results.
The reflected pressure profile obtained from the experiment, Taylor’s model (Eq. (5)) and the present model are
shown in Fig. 12. For simplification, only the results of
1.03 MPa peak incident shock pressure are provided. It can
be seen that at the beginning (before 700 ls), the prediction
from Taylor’s model is much lower than the experimental

FIG. 9. (Color online) Comparison of the momentum of the plates and the
impulse applied on the plates for different peak incident shock pressures.
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TABLE II. The input experimental parameters.
Parameters
Pressure p0 of the undisturbed gas
Density q0 of the undisturbed gas
Sound velocity c0 of the undisturbed gas
Particle velocity u0 of the undisturbed gas
Adiabatic coefficient c

Value
0.101325 MPa
1.21 kg/m3
343 m/s
0 m/s
1.4

data, while the present model gives a more accurate prediction especially at the very beginning (before 250 ls). However, after 700 ls, Taylor’s model gives a perfect prediction.
This indicates that the compressibility of the gas only has a
significant effect on the pressure profile at the beginning of
the shock wave loading process. Actually, the fluid-structure
interaction process is almost over by this time (for example
700 ls) because the gas pressure has dropped to about 30%
of its peak value, and the compressibility of the gas can be
ignored. The load on the plates comes from the wind (movement of the gas particles) behind the shock wave front.

from the present model agrees with the experimental results
very well at times between 0 and about 400 ls and relatively
well till about 700 ls when the peak pressure drops considerably and the compressibility of the gas can be ignored. After
that time, the present model over predicts the velocity of the
plate. Due to the momentum conservation, the predicted velocity from the present model approaches the experimental
data at later times. The prediction of Taylor’s model under
predicts the velocity during the whole process.
For the displacement history plots, the prediction from
the present model matches well with the experimental data
until 1000 ls after which it over predicts experimental data.
The Taylor’s model under predicts the experimental data for
all times. The difference between the prediction of the present model and the experimental data is less than 15%,
whereas the difference between the prediction of Taylor’s
model and the experimental data is higher than 25% at the
time t ¼ 3000 ls.
C. Fluid structure interaction behavior in an air blast
1. Effect of the areal density of the plate

3. The momentum transmitted onto the specimen

The momentum transmitted into the specimen from the
experiments and the results predicted by the present model
and Taylor’s model are shown in Fig. 13. At low peak incident pressure (for example 0.44 MPa), Taylor’s model over
predicts the momentum transmitted onto the plates while at
high peak incident pressure (for example 1.35 MPa), it under
predicts this momentum. The present model gives more
accurate results than those obtained from Taylor’s model
especially under a shock wave loading with a high peak incident pressure (for example, 1.03 MPa and 1.35 MPa).
4. The velocity and displacement history of the plates

The velocity and displacement histories of the plates
determined by Eqs. (49) and (50) under a shock wave loading with a peak incident pressure 1.03 MPa are plotted as an
example in Figs. 14 and 15, respectively. The prediction

As discussed in Sec. IV C 1, the areal density of a plate
will only affect the positive time period t2þ or the time constant h2 of the reflected pressure and consequently affect the
impulse transmitted to the plate. The effect of the areal density of a plate on the positive time period t2þ of the reflected
pressure is shown in Fig. 16. It shows that the positive time
period t2þ increases with the increase of the areal density.
This means that the heavier plate will suffer longer reflected
pressure duration and obtain more momentum from the blast
loading. When the areal density approaches infinity, the predicted positive time period t2þ of the reflected pressure
approaches the positive time period t1þ of the incident pressure. This indicates that when a shock wave impinges on a
rigid wall, the positive time period t2þ should be equal to the
positive time period t1þ.
The effect of the areal density of a plate on the transmitted momentum is shown in Fig. 17. The effect of the areal
density on the transmitted momentum is the same as the
effect of the positive time period t2þ. It can be also seen that
when the areal density approaches infinity, the transmitted
momentums under different incident pressures all approach
certain constants. These constants are defined as the maximum achievable impulse from the shock loading.
2. Maximum achievable impulse

FIG. 10. The relation between peak incident and peak reflected pressures.

The maximum achievable impulse or the maximum momentum that can be transmitted onto the structures is one of
the most important parameters in evaluating the efficiency of
a blast loading. This maximum impulse can only be realized
when the shock wave impinges upon a rigid wall. In Taylor’s
model, it is calculated to be twice that of the impulse of the
incident pressure.1,5–7 However, this is only valid when the
fluid is incompressible or under the acoustic limit. For a fluid
with high compressibility or that contains a shock wave not
near the acoustic limit, the maximum achievable impulse
needs to be calculated.
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FIG. 11. The relation between peak
incident and peak reflected pressures
(more experimental results).

The momentum transmitted into the plate in the present
model has been described in Eq. (18). The key issue is to
determine the reflected pressure profile when an incident
shock wave impinges upon a rigid wall. As discussed in Sec.
IV C 1, Eq. (46) can be used to calculate the peak reflected
pressure from a rigid wall. When a shock wave impinges on
a rigid wall, the positive time period t2þ of the reflected pressure should be equal to the positive time period t1þ of the
incident pressure (Sec. VI C 1). Therefore, the reflected pressure can be expressed as,
p2 ¼ p2

peak e



ð

Þ

ln p2 peak lnðp0 Þ
t
t1þ

;

(52)

where, p2-peak can be calculated from Eq. (46).
The maximum achievable impulse can then be calculated as,
ð t1þ
p2 peak t1þ
t

p2 peak e h2 dt  p2 peak h2 ¼ 
:
Imax ¼
ln p2 peak  lnðp0 Þ
0
(53)

0.008 s. Two key features are evident in this figure. First, the
maximum achievable impulse predicted from the present
model is much higher than that predicted from the Taylor’s
model especially under high level incident shock wave. The
difference for a 3 MPa peak incident pressure case is larger
than 200%. Second, the maximum achievable impulse linearly increases with the increase of the peak incident pressure.
Note that the maximum achievable impulse is linearly
related to the positive time period t1þ from Eq. (53). Therefore, the maximum achievable impulse is linearly related to
the gas impulse of the incident pressure.
D. Discussion of possible errors in present analysis
and experiments

The fluid structure interaction model developed in this
study and the analysis of the experimental data make certain
assumptions that could create possible errors, and this warrants some discussion. First, the exponential decay profile
assumed for the reflected pulse may not exist in reality. This
assumption was used because the authors felt that the

The maximum achievable impulse evaluated from the
present model and Taylor’s model from the incident pressure
profiles with different peak pressures, p1_peak, is shown in
Fig. 18. The positive time period t1þ is assumed to be

FIG. 12. Experimental and predicted reflected pressure profiles.

FIG. 13. (Color online) Experimental and analytical momentum transmitted
onto the plates. The colors represent the different level of the incident peak
pressure, black, 0.44 MPa; dark gray, 0.76 MPa; gray, 1.03 MPa; light gray,
1.35 Mpa.
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FIG. 16. Effect of the areal density on the positive time period t2þ.
FIG. 14. Velocity history of the aluminum plate.

reflected shock wave should have a profile similar to the incident shock wave. However, the reflected pressure profiles
shown in the experimental data in Fig. 7 do not display a
smooth curvature during the shock loading process. They
always have a turning point related to the time after which
the compressibility can be ignored. The exponential decay
profile cannot describe this shape. Glasstone,2 Baker et al.,3
and Smith et al.4 claimed that this turning point is related to
the specimen’s dimension. Second, the assumption that momentum conservation is achieved at the time when the
reflected pressure decays to zero may not be completely correct. In fact, momentum conservation should be achieved
during the whole shock loading process. The velocity difference between the prediction and the experiment in Fig. 13
can be improved by using a complex reflected pressure
model.
In the experimental analysis, there are also two assumptions that may not be fully accurate. First, a shock tube
experiment can be considered a one-dimensional shock loading experiment. Actually, this can only be achieved if the
plate glides in the tube like a piston and there is no leakage
of gas. However, in the current experimental setup, the plate

FIG. 15. Displacement-time histories of the plates.

flies freely from the muzzle. There is some gas leakage, and
this might affect the pressure profile due to the expansion of
the leaking gas. This means the measured pressure profile
may be lower after some initial time than that under a real
one-dimensional shock loading. The second assumption is
that the measured pressure profile is the pressure profile
applied on the plates. Although, Wang and Shukla11 showed
that the pressure on center of a fixed specimen is the same as
measured by the transducer on the shock tube, as the plates
are moving in this experiment, this assumption might cause
some error. When the plate moves to a position far from the
muzzle (later times), the measured pressure from the pressure transducer might be lower than the real pressure applied
on the plates. These effects would be more pronounced at
later times (t greater than 750 ls) by which time the peak
loads would have considerably dropped and could be the reason for the differences between the model’s prediction and
the experimental results.

VII. SUMMARY

A new fluid structure interaction model, which considers
the compressibility of a gas, is proposed and implemented in

FIG. 17. Effect of the areal density on the transmitted momentum.
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FIG. 18. Evaluated maximum achievable impulse comparison.

this study. One-dimensional gas-dynamic theory (the
Rankine–Hugoniot relation) for an ideal gas was utilized to
consider the compressibility of the gas and evaluate its physical parameters such as density, particle velocity, and sound
velocity in the gas. The conservation between the pressure
impulse applied on the plate and the momentum of the plate
itself was utilized to determine the reflected pressure profile.
A series of shock wave loading experiments on free-standing
monolithic aluminum plates was conducted using a shock
tube apparatus. The measured reflected pressure profiles and
the momentum transmitted onto the plates were compared
with the results predicted by the present model and previous
models.1,5–9 The present model predicts more accurate
results for the peak reflected pressure, the reflected pressure
profile, the momentum transmitted onto the plate, and the
motion of the plate. Further analysis shows that the peak
reflected pressure is only related to the peak incident pressure; this is confirmed by the experimental results. The
increase in the areal density of a plate causes an increase in
the positive time period of the reflected pressure and the total
momentum transmitted into the plate.
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