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)'mis paper reviews blast induced soil
liguefaction and describes an experimental iabora—
tory testing program being conducted in the Civil
Engineering Department's Geotechnical Engineering
Laboratory at Colorado State University. The
study of the behavior of water saturated sands
under shock loadings is being conducted to evalu-
ate potentjal !last induced changes in dynamic
soil properties and soil shear strength loss
(liquefaction) . The facility is capable of gen—
erating single and multiple shock pulses with
milli-second rise times, peak stress amplitudes of
up to 35,000 KPa (5000 psi), peak particle veloci-
ties of 1000 cm per second (400 in. per sec.) and
peak accelerations of 2,000 g. Of major interest
is the behavior of the water pressure in the soil,
both during and after the passage of the stress
wave, as a function of strain, soil density, ini-
tial confining stress and the number of loadings.
The information gained from the experiments will
assist in jmproving ground shock prediction tech-
niques for water saturated sar«is. W

INTRODUCTION

Fngineering designs presently incorporate the
sssumption of little or no blast induced soil pro—
perty changes. However, evidence Iindicates that
blast induced s0il property changes, such as
changes in shear strength, shear wave veiocity,
damping and sater pressure are likely to have
occurred at some test sites having loose saturated
gramular soils (Charlie et al., 1981). For pore-
water pressure response, the three stages of
interest which may oocur &8 a resulk: of blasting
are the milli-second transient response directly
associated with the of the stress wave,
the residual response shortly after the pessage of
the stress wave, and the longer temm dissipation
of the residual porewater preesures. Blast
indiced residual porewater pressure inx:reases have
been reported by Florin and Ivanov (1961), Kum-
meneje and Eide (1961), Terzaghi (1965), Damitio
(1972), langley et al. (1972}, Perry (1972), Ban-
ister and Fllett (1974), Yamamura and Koga (1974),
Charlie (1977), Rischbieter (1977), Arya e- al.
(1978), Charlje (1978), Damitio (1978), Kok
(1978) , Marti (1978), Studer and Kck (1980), Long
et al. (1981), Prakash (1981), and other research-
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ers. Such 80il behavior may indicate that
liquefaction, described as a process in which a
saturated oohesionless soil loses shear strength
as a result of increased pore pressures, may have
occurred at these sites. As such, an explosion
detonated in a soil having a high ligquefaction
potential could result in damage disproportionate
to the energy released.

A study of the behavior of saturated oohe~
sionless soils under blast loadings was initiated
at Colorado State University in 1978. This study
has resulted in the development of a laboratory
testing facility capable of subjecting a saturated
soil sample to single and multiple shock pulses
with milli-second rise times,

ASSESSMENT OF PREDICTION METHODS

The state-of-the-art for assessing blast
induced residual porewater pressurc intreases and
liquefaction potential is limited at best.
Theoretical approaches are almost numexistent and
have not been verified by oxperimental testing.
Erpirical scaling factors have been derived from a
limited number of field tests. A logical opy roach
would be to determine possible threshcld particle
velocities, stresses or strains below wnich tlast
induced porewater presswe increases should ot
occur. Lyakhov (1961 mted that blast induced
liquefaction Gid not occur ir water satucated rand
with densities greater than 1.6 gm per cubic anm.
For saturated soils at lower densities, Puchkov
(1962) found that soils did not 1liquefy below a
peak particle velocity of 4 cn per second. Dani-
tio (1978) and Rok and Studer (1980) have reported
empirical relationships to predict the maximm
radius of liquefaction from contained point
charges. These relationships for loose saturated
sands indicate liquefaction may occur above parti-
cle velociies of 4 om per second. Obemeyer
(1980) measured no significant increase in resi-
dual porewater preussuresé in a hydraulic £1l1
taliings dam subject to blast generated peak par-
ticle velocities of 2 am per second. Several
earthfill dams have been subjected to eubsurface
rnuclear detonmations including Ravajo Dar, New Mex-
ioco (peak particle velocity of 1.3 cm pec seoccnd)
and Rifle Gap Dam (peak particle welocity of 2.5
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cm per second) . Measurements taken a few hours
after the tests showed little or no increase in
porevater oressures (Rouse et al., 1970; Ahlberg
et al., 1972).

Increased residual porewater pressure
increases were measured in a riverbed consisting
of clayey silty soils subjected to peak particlc
velocities exceeding 11 om per second from an
underground nuclear explosion (Banister and
Ellett, 1974). Residual porewater pressures from
cther field explosive tests have been reported at
peak particle velocities as low as 1 om per
seocond. Marcuson (1962) suggests that liquefac-
tion should not occur where the peak particle
velocity is less than 2.5 cm per second. Sanders
(1982) and Seed (1982) related earthquake induced
liquefaction to peak particle velocity indicating
that a threshold particle velocity of 5 to 10 cm
per second was a value that may also hold for
blasts. For a 500 ton TNT surface explosion,
Langley et al. (1972) measured up to 45 KPa resi-
dual porewater pressure increases out to distances
of 170 meters from the detonation point., The
estimated peak airblast over pressure at 170
meters was 2000 KPa. Perry (1972) conducted stock
tube tests and determined that a loose saturated
sand could be liquified at peak over pressures as
low as 250 KPa.

FROPOSED THRESHOLD STRAIN APPROACH

A threshold strain approach may prove very
useful for assessing blast induced residual pore-
water pressire increases sigﬁe shear or compres-
sion strain of less than 10 “ percent is generally
considered not to generate residual porewatet
pressures upon unloading since strains are in the
elastic range (Dhbry et al.,, 19®;. Utilizing
equations given by Rinehart (1975) and Richart et
ai. (1970}, Sable 1 shows that a compression
strain of 107 percent in water saturated soils at
2 void ratio equal to one omrresponds to about 15
on per second preak lgng!.tudinal particle velocity.
Shear strains of 10 ¢ percent correspond to about
1 om per second peak transverse particle velocity
for soiie at a vuid ratio agual to one located
near the groundd surface. Based on scaling factors
glven by Dupont (1980), for a uinjle contained
detcnation of 1C0 kg of explosives, peak particle
velocities would exceed 1 om pov second within 200
weters fran the detonation point. Table 2
prefents several empirical scaling factors based
on threshold strain, particle velocity and field
tests 0 Aetemmine the potential ralius of
liquefaction and residual porewater pressure
ircreases for various charge weights. Although
there ace differences in the predictions, the
predicted resi‘ual porewater pressure increases
accur at distances greater than is geanerally con-
sidercd to be hozarGous to blast reeistant struc-
tuces. Based on the Russian rasectch with multi-
fFle charges, unless ~omplete dissipetion of the
residual porc-vater wressure can occur between
stress waves or between detonations, the predicted
rmaximum radiug of residual rporewater pressure
increases may be qreater than that given in Table
2,

LABORATORY FACILITY AND INSTRUMENTATION

Laboratory testing is currently being con-
ducted at Colorado State University to evaluate
the empirical scaling factors listed in Table 2,
to evaluate the effects of multiple shock load-
ings, and to extend the state-of-the-art in under-
standing stress wave mechanics of two phase
materials. The objectives of the testing program
are to generate and determine the number of axial
compressive stress pulses required to induce
liquefaction in saturated cohesionless soils as a
function of:

- Initijal Relative Density
- Initial Effective Stress
- Peak Particle Velocity

- Peak Strain Amplitude

-~ Peak Stress Amplituce

Data collection objectives include measuring
and recording both transient and long temm
response of the soil's:

Porewater Pressure
Particle Velocity
Strain

Stress

The soil is being tested in an udrained state
since little or no short term drainage would occur
in deep field deposits of saturated soils.

The laboratory shock faciiity, shown schemat-
ically in Figure 1, consists of separate but inti-
mately related elements which include a oas-
charged canoh, uwo fluid filled stainless steel
tubes between which the soil sample is placed, a
rigid stainless steel sample container, flexible
membranes, an electronic control system, and ar
electronic monitoring and recording system, The
membranes are utilized to gpply the oonfining
pressure and allow the soil to be tested in an
undrained state. The cannon is designed to fire 7
an Jdiameter projectiles of various masses which
impact a piston at the end of the fluid filled
stainless steel inpact tube. The piston imparts a
stress wave to the fluid which then transmits a
compressive shock pulse to the soil sample.

A pressure transducer, positioned just
upstream of the sample is used to determine the
intensity of the stress imparted to the sample. A
second pressure transducer measures the pressure
in the fluid just downstream of the sample, and a
third pressure transducer measures porewater pres-
sures in the soil. The transducers measure both
the peak and long-term porewater pressure
response. The pressure transducers are ENDEWD
Model 8511A-5K which have a porous metal. The
resonant frequency is greater than 500 k Hz over a
dynamic range of 0 to 35,000 KPa. Although parti-
cle velocities and strains in the sample have not
been measured to date, inductance strain gages
with very small massee (Bison Model 4104) and
accelervmeters are currently being evaluated. To
rinimize reflections, an energy trap, which oon-
sists of a 10 cm diamete:, three meter long solid
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polyvinyl chloride (PC) bar, is utilized. 1In
current testing the energy trap is placed at the
end of the sample.

Other instrumentation consists of a set of
three signal conditioners (ENDEVOD Model 4470),
three amplifiers (ENDEVOO Model 4476.10, a
dynamic strain gayge (Bison Model 4101R), a four
channel high speed digitizer (Biomation Model
2805), a desk top computer (llewlett Packard Model
9835) and a plotter (Hewlett Packard Model 9872C).
A time interval counter (Hewlett Packard Model
5300) is used to determine the impact velocity of
the projectile.

LABORATORY RESULTS

Tests are being conducted on saturated sand
at densities ranging from 1.4 to 1.7 gm per cubic
cm (0 to 100 percent relative density) with ini-
tial effective stresses from 100 to 1000 KPa.
This stress range oorresponds to the effective
vertical geostatic stress at a depth of approxi-
mately 5 to 100 meters below the ground surface.
A1l tests to date have been conducted in water
saturated Montery No. 0/30 (Muzzy, 1983) sand at a
dry density of 1.47 gn per cubic cm under initial
e€fective confining stresses of 170, 345 and
690 Kpa.

Pigures 2, 3 and 4 give the preliminary
results of shock testing of two samples of
saturated Monterey No. 0/30 sand placed at a dry
density of 1.47 gm per cubic cm. In each of these
fiqures, part (a) shows the impact stress in the
fluid upstream of the sample, part (b) shows the
sample's porewater pressure response to  this
impact stress, and part (¢) combines both the
input shock and the sample's porewater pressure
response. For the sand under an initial effective
stress of 170 KPa, Figure 2 shows that the sample
liquefied under one shock loading of 4000 KPa.
For an identical sample under an initial effective
stress of 690 KPa, Figure 3 shows that the
sample’'s residuval porewater pressure increased by
200 Kpa after being subjected to a peak input
stress of 2000 KPa. This porewater increases is
about 30 percent of the increase required to cause
liquefaction, Figure 4 shows that the same sample
liquefied when subjected to a second shock of 4100
KPa, The preliminary results of these and other
tests are summarized in Table 3. The relation—
ships given earlier in this paper predict residual
Forewater pressure increases at these impact
stresses ard strains.

CONCLUSIONS

Today's understanding of blast induced
liquefaction has advanced only slightly beyon the
point of recognition of its existence. Documented
occurence, although sketchy and often incamplete,
is available in the open literature. Although
considerable work remains to he done in projecting
this information into a oomprehensive method of
predicting liquefaction for actual or hypothetical
blasts, the limited data indicates that residual
porewater pressure increases should not occur in
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w0ils subjected to strains less than 102 percent.
The laboratory facility described in this paper is
assisting in deveioping testing techniques for the
evaluation of bl=3t induced liquefaction poten~
tial, The data will also be useful in verifving
and developing empirical oorrelations and
mathematical models.
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Figure 3. Response of the sample's porewater
pressure leading to limited increase
in residual porewater pressure under
the first shock loading: initial
effective stress of
690 KPa (1 KPa = 6,835 pel).
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