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Dynamics of Liquefaction During the 1987 
Superstition Hills, California, Earthquake 

Simultaneous measurements of seismically induced pore-water pressure changes and 
surface and subsurface accelerations at  a site undergoing liquefaction caused by the 
Superstition Hills, California, earthquake (24 November 1987; M = 6.6) reveal that 
total pore pressures approached lithostatic conditions, but, unexpectedly, after most of 
the strong motion ceased. Excess pore pressures were generated once horizontal 
acceleration exceeded a threshold value. 

EISMICALLY INDUCED LIQUEFACTION 

involves the loss of static shearing resis- 
tance of saturated, relatively loose, 

sandy deposits due to a tendency to closer 
packing of the constituent grains dynamical- 
ly driven by seismic shear waves. If pore 
fluid in the lique@ing layer cannot escape, 
this reduction in pore volume causes pore- 
water pressure to-increase. ~ i~uefac t ibn  is 
generally thought to occur when pore pres- 
sures approach lithostatic. Common surface 
manifestations of licluefaction include foun- 
tains of water laden with sediment and 
ground failure. 

In this paper, we report simultaneous mea- 
surements of pore-water pressure change in a 
natural sand layer and earthquake shaking 
above and below the layer while it underwent 
liquefaction during the moment magnitude 
M = 6.6 (1) Superstition Hills earthquake 
(0515 PST, 24 November 1987). We also 
have such records for the preceding Elmore 
Ranch earthquake (1754 PST, 23 November 
1987; M = 6.2) and aftershocks to each of 
these events (Table 1)) none of which generat- 
ed excess pore pressure. ~nder s t and in~  of 
liquefaction has been based primarily on labo- 
ratory investigations and post-earthquake 
field investigations (2). A few earlier measure- 
ments of pore pressure in loose sands during 
earthauakes have been made but not of the 
buildup of pore pressure to a lithostatic condi- 
tion (3). 

T. L. Holrer and T. C. Hanks, U.S. Geological Survey, 
345 Middlefield Road, Menlo Park, CA 94025. 
T. L. Youd, Department of Civil Engineering, Brigham 
Young University, Provo, LIT 84602. 

The engineering significance of liquefac- 
tion potential is enormous because many of 
the world's major cities are partly built upon 
young, saturated sediments. Understanding 
the mechanisms of liquefaction is also im- 
portant in paleoseismology, because sand 
boils preserved in the geologic record have 
been used to date and to estimate magni- 
tudes of prehistoric earthquakes (4). In the 
eastern United States, for example, ancient 
sand boils are the only reliable indicator of 
prehistoric earthquakes, in that surface fault 

Salton Sea 

M = 5.9 \ Wildlife 

1 array 
I 

ment. I n  plan view, pore-pressure transducers (dent 
circle with a diameter of  9.1 m.  Accelerometers arc 

scarps are absent--or, perhaps, have not yet 
been found-in this large region (5 ) .  

Our data come from an array of instru- 
ments deployed on and beneath the flood- 
plain of the Alamo River in the Imperial 
Valley, California, a desert area that is heavi- 
ly irrigated for crop cultivation (Fig. 1A). 
This site is 23 krn east of the epicenter of the 
Elrnore Ranch earthquake and 31 krn east- 
northeast of the epicenter of the Supersti- 
tion Hills earthquake. Our attention was 
drawn to the site when it experienced lique- 
faction during the Wesunorland earthquake 
(26 April 1981; M = 5.9) (Fig. 1A). Instru- 
mentation was installed in 1982 (6). 

Shallow deposits at the array consist of 
saturated, floodplain sediments that fill an 
old incised channel of the Alarno River (7 ) .  
The deposits probably date from catastroph- 
ic flooding of the river between 1905 and 
1907 (8). The uppermost unit at the array is 
a 2.5-m-thick flat-lying silt bed that overlies 
the unit that liquefied, a 4.5-m-thick silty 
sand (Fig. 1B). The fines content (<75 km) 
of the silty sand averages 33% and ranges 
from 16 to 60%; porosity is about 41%. 
Beneath these floodplain deposits is a 5-m- 
thick silty clay unit, the uppermost unit of a 
dense and regionally extensive sedimentary 
deposit. The Alamo River, a perennial 
stream because of drainage from irrigation, 
currently occupies a 3.7-m-deep channel 23 
m east of the center of the array and controls 
the water table depth at about 1.2 m. De- 
spite the shallow water table, the land sur- 
face usually is arid because of the desert 
conditions. 

Six pore-water pressure transducers and 
two three-component force-balance acceler- 

Instrument house 

m 
Accelerometer *Recorder 

t Silty clay I 

Silt " ~ 4 - G T - - -  

Fig. 1. (Left) Location map of  liquefaction array 
and earthquake epicenters. M = 6.6 is the Super- 
stition Hills earthquake, M = 6.2 is the Elmore 
Ranch earthquake, and M = 5.9 is the Westmor- 
land earthquake. (Right) Stratigraphic cross sec- 
tion of  array and schematic of  instrument deploy- 

x e d  by P) are equally spaced o n  the perimeter of  a 
: near center of  circle (7). 
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ometers, one at the surface and one down- 
hole, are installed at the array (Fig. 1B). In 
addition, an inclinometer casing, to detect 
permanent lateral subsurface deformation, 
extends to a d e ~ t h  of 8.8 m. Five of the 
pore-pressure transducers are in the liquefi- 
able, silty sand layer at depths ranging from 
2.9 to 6.6 m; the sixth is at a depth of 12 m, 
in a dense, 1-m-thick, silt layer well beneath 
the liquefiable layer (9). The downhole ac- 
celerometer is at a depth of 7.5 m, beneath 
the liquefiable silty sand. The shear-wave 
travel time across the separation between the 
downhole and surface accelerometers is, on 
the basis of in situ measurements of shear- 
wave velocity (lo), 0.06 s. All 12 channels of 
data are recorded on the same analogue 
recording device, which is set to trigger-on 
0.01g of vertical ground acceleration and to 
continue recording for 60 s following the 
last acceleration of 0.012. - 

Liquefaction of the silty sand layer during 
the Superstition Hills earthquake caused 
sand boils to erupt water and-muddy sedi- 
ment and turned the otherwise arid array 
site into a quagmire. Even so, the total 
volume of water and sediment that dis- 
charged to the surface probably amounted 
to less than 1% of the total thickness of the 
liquefied layer. The volume could be esti- 
mated because the discharged material 
ponded at the array. The aggregate area in 
the floodplain affected by liquefaction 
equaled about 33 ha. 

Extensive ground cracking indicative of 
lateral spreading accompanied liquefaction 
at the array. Although most of the cracking 
appears to have been caused by local slump- 
ing along the west bank of the Alamo River 
toward the river. ejection of sand from some 

, , 
of these cracks confirms that they were 
associated with liquefaction. Cumulative 
opening across go;nd cracks at the array 
was 126 rnm. The top of the inclinometer 
casing was deflected approximately 180 mm 
in a N15"E direction relative to its base 
beneath the liquefied layer, indicating that 
the upper layer slid obliquely into the north- 
trending Alamo River. Subsurface horizon- 
tal shear strain, estimated from the curvature 
of the casing, was greatest, approximately 
4%, in the upper part of the silty sand. 

Excess pore pressures, as recorded by the 
pore-pressure transducers, began to develop 
during the Superstition Hills earthquake 
when the peak horizontal ground accelera- 
tion reached 0.21g (Fig. 2) about 13.6 s 
after the array was triggered. The peak 
horizontal acceleration (0.17g) was also re- 
corded in the downhole accelerometer be- 
neath the silty sand at this time, which 
suggests that the 0.21g pulse would have 
been the peak acceleration at the surface 
even without liquefaction. Excess pore pres- 
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sures were not generated either by the El- 
more Ranch earthquake, which had a peak 
horizontal ground acceleration of 0.13g, or 
during the first 13.6 s of the Superstition 
Hills earthquake, when peak horizontal 
ground accelerations as large as 0.17g were 
recorded. Pressures throughout the entire 
thickness of the silty sand increased slowly 
following the 0.21g pulse, but at a decreas- 
ing rate, until the end of the 97-s-long 
record when total pore pressure approached 
the vertical stress caused by the total weight 
of the overburden, which was estimated 

from densities determined on soil samples 
(Fig. 3). Almost half of the excess pore 
pressure developed after 26.5 s (Figs. 2 and 
3) when 90% of the earthquake shaking had 
propagated through the site on the basis of 
the measured Arias intensity (11) of the 
downhole accelerogram (Fig. 4) .  Thus, on 
the basis of the transducer measurements, 
liquefaction did not actually occur until after 
the earthquake was over. 

The capacity of the silty sand layer to 
transmit strong motion diminished rapidly 
as pore pressures increased (Fig. 5 ) .  By 16 s, 

Table 1. Earthquakes that triggered the Wildlife liquefaction array (21). 

Event Magni- 
tude 

Date Time Peak horizontal 

(1987) (PST) surface acceleration 
( 8 )  

Elmore Ranch 6.2 (.q 23 Nov 1754 
Aftershock 4.0 (ML) 23 Nov 2223 
Superstition Hills 6.6 (M) 24 Nov 0515 
Aftershock 4.8 (ML) 24 Nov 0535 

l l I l l 1 l l l l 1 l l l 1 l ~ L ~ 1 l l ~  
0  20 60 80 100 

40 Time (s) 

1 l 1 1 1 1 1 I i l 1 / 1 !  
0  20 40 60 80 100 

Time (s) 

Fig. 2. Instrumental recordings from 24 November 1987 Superstition Hills earthquake. (A) Accelera- 
tion time histories recorded at the ground surface and beneath the liquefied layer at a depth of 7.5 m. 
Two horizontal components and one vertical component were recorded at both levels. (B) Excess pore- 
pressure time histories. Piezometers P1, P2, P3, and P5 are in the liquefied silty sand layer; piezometer 
P6 is in a silt layer that did not liquefy. Values are relative to pre-earthquake static conditions. 
Piezometer P4, not shown, had a large transient when it was turned on and is not believed to have 
functioned properly. The very s m d  buildup of pore pressure before 13.6 s is an artifact of electrical drift 
of transducer output when the piezometers are turned on. 
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Fig. 3. Total pore pressure, static plus excess, 
versus depth in the silty sand layer during and 
after the Superstition Hills earthquake. Time is 
measured from instrumental trigger by earth- 
quake. Static pore pressure is based on water table 
measurement. Lithostatic pressure is based on 
total densities of 1.6 and 2.0 g/cm3 of overburden 
for above and below the water table, respectively 
(22). Approximately 90% of the earthquake shak- 
ing had propagated through the array by 26.5 s. 

correlation of the surface and downhole 
accelerograms was extremely poor. High- 
frequency components of strong motion 
were especially degraded by excess pore- 
pressure generation. This degradation can 
be quantified by comparison of the integral 
of the square of acceleration with respect to 
time of the 360" surface accelerogram with 
the integral from the parallel downhole ac- 
celerometer below the silty sand layer (Fig. 
4). Superposition of the integrals suggests 
that the silty sand started to absorb seismic 
energy at 13.6 s. The divergence between 
the two integrals continued until about 18 s. 

~ e v e l o ~ m e n t  of excess pore pressures im- 
mediately decreased the rigidity of the silty 
sand, as indicated by the doubling of the 
shear-wave transit time from the downhole 
to the surface accelerograms from 0.06 to 
0.12 s at about 13.6 s (Fig. 5). This increase 
corres~onds to a factor of 4 reduction in the 
average shear modulus of the 7.5-m column; 
the loss of rigidity of the silty sand layer 
must actually have been greater than this 
value because the silty sand occupies only 
4.5 m of the 7.5-m column. We believe that 
a progressive loss of rigidity of the silty sand 
layer continued at least through 16 s (phase 
lags are particularly large at 14.6 s and 15.6 
s), but we are less confident in correlating 
these phases as the coherence between the 
surface and downhole records degrades rap- 
idly after 14 s. 

The dynamics of the lateral spreading 
measured in the inclinometer casing may be 
expressed in the records of strong motion 
and pore pressure. Distinct negative pulses 
in the north-south (360") surface accelero- 
meter record at 31.2, 37.5, 40.7, 53.7, and 
77.5 s correspond to transitory drops in 
pore pressure at 2.9 m, the depth of the 
shallowest transducer, P5 (Fig. 2) .  We sus- 

pect that these drops of pore pressure were 
caused by episodic lateral spreading because 
there are no incoming acceleration pulses on 
the parallel component in the downhole 
accelerometer, and the north-south surface 
accelerometer is oriented almost parallel to 
the N15"E slip direction recorded by the 
inclinometer casing. 

Except for a slight decrease of pore pres- 
sure at the base of the deposit, pore pres- 
sures still supported the weight of the over- 
burden 19 min after the Superstition Hills 
earthquake, when the recorder was turned 
on by an aftershock (Fig. 3). This local 
decrease in pore pressure implies that recon- 
solidation began as pore water was expelled 
(12) at the base of the deposit. By 29 hours 
after the earthquake, when we retrieved the 
records, excess pore pressures had complete- 
ly dissipated (Fig. 3).  Although water was 
still ponded at the site 10 hours after the 
Superstition Hills earthquake, when the site 
was first visited, no water was discharging to 
the surface. 

The large amount of excess pore pressure 
that was generated after most of the earth- 
quake string motion ceased is surprising. 
Continued pore pressure generation in the 
absence of earthquake shaking had not been 
foreseen. If taken at face value. then the 
records imply that pore-pressure buildup 
during liquefaction is more complicated 
than is suggested by laboratory studies, 
which indicated that strong shaking is re- 
quired to generate excess pore pressure (2). 
Although we do not preclude this possibili- 
ty, we suspect that pore pressures were 
already lithostatic in pans of the deposit by 
the end of the earthquake and that the delay 
was caused by redistribution of pore pres- 
sures. Such pore-pressure redistribution had 
been anticipated in analytical investigations 
and observed in centrifbge tests (13). Inde- 
pendent evidence suggesting that pore pres- 
sures at the array were at least locally elevat- 
ed well before 97  s includes the reduction in 
the shear-wave velocity, the loss of phase 
coherence between the uphole and down- 
hole acceleration time histories, and the 
divergence until about 18 s of the record 
energy in the uphole and downhole acceler- 
ograms following initiation of excess pore- 
pressure generation at about 13.6 s. 

Possible causes of the delay that involve 
redistribution include: (i) migration of high 
pore pressure from outside the instrumented 
silty sand layer; (ii) liquefaction of only 
small pockets of sediment, attributable to 
natural heterogeneity in the deposit; and 
(iii) migration of high pore pressures 
through nonliquefied zone around each 
transducer that resulted from compaction of 
a s m d  zone around each transducer as it 
was pushed into place (9) .  The magnitude of 

the delay by the last mechanism depends on 
hydraulic difisivity and size of the dis- 
&bed region (14): Any of these possibili- 
ties, or perhaps some combination of them, 
have important implications for either or 
both our understanding of liquefaction and 
field procedures for monitoring dynamic 
pore pressure. 

However we come to understand the 
delay, the data provide direct field confirma- 
tion that pore pressures approached the 
vertical stress from the weight of the over- 
burden during liquefaction, implying that 
vertical effective stresses and frictional 
strength progressed to zero. This condition 
developed throughout the entire 4.5-m- 
thick silty sand. 

0.8 5 y 

20 
Time (s) 

Fig. 4. Buildup of Arias intensity, I ,  ( l l) ,  as a 
h c t i o n  of time for the 360" downhole and 
surface accelerograms. Arias intensity for the 
downhole and surface accelerograms is 0.48 and 
1.26 d s ,  respectively. The higher surface intensi- 
ty is caused by amplification effects. If amplifica- 
tion of the surface acceleration with respect to the 
downhole acceleration is linear in the absence of 
excess pore pressure, as we believe to be the case, 
then the ratio of the downhole to surface build- 
ups before 13.6 s, 0.32, can be used to rescale the 
surface buildup and thereby remove the amplifica- 
tion effect. The difference between the downhole 
and rescaled surface buildups indicates the time at 
which the curves diverge, 13.6 s. We attribute the 
digerence to absorption of seismic energy as 
excess pore pressure is generated between the two 
instruments. 

12 13 14 15 16 17 18 
Time (s) 

Fig. 5. Downhole and surface 360" components 
of acceleration from 12- to 18-s time period of the 
Superstition Hills earthquake that show decreas- 
ing stiffness and loss of phase coherence caused by 
development of excess pore pressure. Reduction 
in stiffness is illustrated by advancing the surface 
record by 0.06 s and then superimposing it over 
the downhole record. At about 13.6 s the down- 
hole-to-surface travel time increases by another 
0.06 s, indicating that the average shear-wave 
velocity between the instruments has decreased to 
half its original value. 
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Our data also support the prevailing prac- 
tice in geotechnical engineering of using 
peak horizontal ground acceleration for pre- 
dicting both liquefaction and the onset of 
pore-pressure increase. The absence of ex- 
cess pore pressures until horizontal accelera- 
tion equaled 0.21g indicates that there may 
be a horizontal acceleration threshold for 
the onset of pore pressure increases. Excess 
pore pressures were not generated at the 
array during either the Elrnore Ranch or the 
early part of the Superstition Hills earth- 
quakes despite peak accelerations of 0.13g 
and 0.17g, respectively. Such a threshold has 
been inferred from experimental and theo- 
retical investigations (15). 

The liquefaction response of the silty sand 
to both the Elmore Ranch and Superstition 
Hills earthquakes is successfully predicted by 
the method developed by Seed and col- 
leagues (16). The method, which is widely 
used in the United States, makes use of an 
empirical correlation between standard pen- 
etration tests, a commonplace in situ soil 
engineering test (16), and a shear-stress pa- 
rameter that is proportional to peak hori- 
zontal acceleration. Liquefaction is not pre- 
dicted for the Elmore Ranch earthquake 
whereas liquefaction in the top and bottom 
cf the silty sand is predicted for the Supersti- 
tion Hills earthquake (Fig. 6). 

These observations concerning peak accel- 
eration are particularly relevant to the use of 
ancient sand boils to infer magnitudes of 
prehistoric earthquakes. Because peak hori- 
zontal acceleration is weakly dependent on 
earthquake source strength (17, 18), a peak 
acceleration constraint on liquefaction al- 
lows for a wide range of possible magni- 
tudes of the causative earthquake. Many 
earthquakes with M < 5 have generated 
peak horizontal acceleration greater than 
0.2g (17, 19), and many earthquakes with 
M < 6 have induced liquefaction of suscep- 
tible deposits (20). Both observations point 
to large uncertainties in estimations of mag- 
nitude from observed manifestations of liq- 
uefaction, unless the areal distribution of 
sand boils known to be contemporaneous 
can be determined accurately. Such a con- 
dition is rarely met in the study of prehistor- 
ic earthquakes, suggesting that estimating 
magnitudes from liquefaction evidence 
alone should be done with caution. 

In conclusion, our in situ measurements 
of earthquake-induced liquefaction divulge a 
dynamic and complicated process with im- 
plications for paleoseismology and geotech- 
nical engineering. The records support the 
concept that peak horizontal acceleration 
must equal or exceed a specific value for a 
deposit to liquefy. The value is predicted 
well by established methods, which permits 
earthquake-induced fossil sand boils to be 
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Fig. 6. Liquefaction resistance (dots) of silty sand 
and earthquake-induced stress (solid line) com- 
puted by the Seed method (16) for (A) Supersti- 
tion Hills (M = 6.6) earthquake and (8) Elmore 
Ranch (M = 6.2) earthquake. Liquefaction is 
predicted when earthquake-induced stress exceeds 
liquefaction resistance. Average cyclic stress ratio 
is the ratio of average earthquake-induced hori- 
zontal shear stress to the vertical effective stress. 
Liquefaction is based on standard penetration 
tests at the array (7). 

used to infer minimum values of peak hori- 
zontal acceleration of prehistoric earth- 
quakes, but generally not their source 
strength. Although the measurements con- 
firm that pore pressures generated during 
liquefaction approach lithostatic, they indi- 
cate that the condition was attained after the 
earthquake ended. We are inclined to believe 
on the basis of the site response that redistri- 
bution of pore pressures caused the delay. 
Depending on its explanation, the delay has 
important implications for either or both 
our understanding of liquefaction and field 
procedures for monitoring liquefaction. 
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