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Liquefaction, Ground Oscillation, and Soil Deformation

at the Wildlife Array, California

by Thomas L. Holzer and T. Leslie Youd

Abstract Excess pore-water pressure and liquefaction at the Wildlife Liquefaction
Array in 1987 were caused by deformation associated with both high-frequency
strong ground motion and 5.5-second-period Love waves. The Love waves produced
large (�1.5%) cyclic shear strains well after the stronger high-frequency ground
motion abated. These cyclic strains generated approximately from 13 to 35% of the
excess pore-water pressure in the liquefied layer and caused excess pore-water pres-
sures ultimately to reach effective overburden stress. The deformation associated with
the Love waves explains the “postearthquake” increase of pore-water pressure that
was recorded at the array. This explanation suggests that conventional methods for
predicting liquefaction based on peak ground acceleration are incomplete and may
need to consider cyclic strains associated with long-period surface waves. A post-
earthquake survey of an inclinometer casing indicated permanent shear strain asso-
ciated with lateral spreading primarily occurred in the upper part of the liquefied
layer. Comparison of cone penetration test soundings conducted after the earthquake
with pre-earthquake soundings suggests sleeve friction increased. Natural lateral vari-
ability of the liquefied layer obscured changes in tip resistance despite a �1%
reduction in volume. The large oscillatory motion associated with surface waves
explains ground oscillation that has been reported at some liquefaction sites during
earthquakes.

Introduction

It has been nearly 20 years since the Wildlife Liquefac-
tion Array recorded strong ground motion and pore-water
pressure buildup in a sand undergoing liquefaction. Many
investigations and analyses of the records have been con-
ducted since our initial report on the field recording of liq-
uefaction (Holzer et al., 1989b). Although some features of
the performance of the array have been clarified by these
studies, two outstanding questions remain. Was the delayed
buildup of pore-water pressure an intrinsic aspect of the liq-
uefaction process? If so, what caused it? Here we propose
an answer to these two questions by building on analyses
and investigations published during the intervening years.
We conclude that: (1) the piezometers measured the true
buildup of pore-water pressure in the liquefying sand, and
(2) the delay in the buildup was caused by �10-cm ampli-
tude long-period (�5.5 sec) Love waves that continued to
cyclically strain the softened sand layer at Wildlife during
the tens of seconds after the primary strong motion had
subsided.

In addition, we describe subsurface deformation mea-
sured in an inclinometer casing after the earthquake and dis-
cuss its implications. The inclinometer provides insight into
where shear strains in the liquefied sand were concentrated,

which has implications for pipeline and pile design. We also
compare cone penetration tests (CPT) conducted before and
after the earthquake, which suggest changes in soil density
caused by liquefaction if any were modest. The results have
implications for the Seed–Idriss simplified procedure (Youd
et al., 2001), which is based on postearthquake penetration
tests.

We adopt here the definition of “liquefaction” by Seed
and Lee (1966). A soil is considered to have liquefied when
its resistance to deformation is zero over a wide range of
strain amplitude. Under field conditions, this occurs when
excess pore-water pressure approaches the effective over-
burden stress.

Wildlife Liquefaction Array and the 1987
Superstition Hills Earthquake

The Wildlife Liquefaction Array was established in
1982 on the flood plain of the Alamo River in the Imperial
Valley desert of southern California (Fig. 1). The site is lo-
cated where sand boils developed during the 1981 West-
morland earthquake (Youd and Wieczorek, 1982). Although
the site is on level ground, the center of the array is only
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Figure 1. Location map of Imperial Valley (Holzer
et al., 1989b). The M 6.6, M 6.2, and M 5.9 earth-
quakes, respectively, are the Superstition Hills,
Elmore Ranch, and Westmorland.

23 m from the west bank of the river, which has cut a
3.7-m-deep channel into the flood plain. The Alamo River,
which is sustained by agricultural drainage, flows year round
at an approximately constant discharge. This maintains the
water table at an approximately constant depth of 1.2 m.

Subsurface conditions and geotechnical properties of
sediment at the Wildlife array are described by Bennett et al.
(1984), Bierschwale (1984), and Vucetic and Dobry (1986)
and are summarized in Table 1. The table is based on sam-
ples from borings immediately next to the instrumented area.
The stratigraphy at the array consists of saturated Holocene
floodplain sediments that were deposited in an old incised
river channel. The floodplain sediments are about 7 m thick
and overlie denser and more regionally extensive sedimen-
tary deposits (Fig. 2). The floodplain sediments consist of a
2.5-m-thick layer of lean clay to silt (CL-ML), which is un-
derlain by the 4.3 m of liquefiable silty sand. The upper 1 m
of the liquefiable layer is actually sandy silt (ML) with an
average fines content of 78%. The lower 3.3 m is silty sand
(SM) with an average fines content of 36%. These two layers
will be collectively referred to as either the liquefiable or
sand layer. These sediments are geologically young. A wood
fragment collected from a depth of 6 m in the floodplain
sediments yielded a radiocarbon date of only 230 � 130
years B.P. (1950), which is a maximum age. The sediment
probably was deposited by flood water from the Colorado
River that flowed down the Alamo River in 1905–1907.

Sensors at the array consisted of two three-component
force-balanced accelerometers and six pore-pressure trans-
ducers (Figs. 2 and 3). The accelerometers were placed at
the surface and in a cased boring at a depth of 7.5 m. The
latter accelerometer will be referred to as the downhole. Five
of the pore-pressure transducers were installed in the sand
layer at depths ranging from 2.9 to 6.6 m; the sixth was in
a dense 1-m-thick silt layer beneath the floodplain sediments
at a depth of 12 m. Piezometer P4 had failed by November
1987.

The Wildlife Liquefaction Array triggered four times
during the Superstition Hills earthquake sequence of 23–24
November 1987, including a M 6.2 foreshock approximately
9 hours before the mainshock. This foreshock was named
the Elmore Ranch earthquake. Only the M 6.6 mainshock,
the Superstition Hills earthquake, liquefied the 4.3-m-thick
sand layer (Holzer et al., 1989b). Liquefaction caused water
and muddy sediment to erupt and cover much of the land
surface after the earthquake. Surface effects were mapped
by Holzer et al. (1989a) after the earthquake (Fig. 3). Al-
though no water was discharging, water was still standing at
the array when it was inspected by the first author at 1530
PST, about 10 hours after the mainshock. The eruption of
water and sediment may have lasted for tens of minutes. The
most direct evidence for a lengthy eruption period is that
pore-water pressures were still elevated during the after-
shock that occurred 19 minutes after the mainshock and trig-
gered the array (Holzer et al., 1989b). Indirect evidence in-
cludes the stratigraphy and morphology of the sand boils,
which must have taken at least several minutes if not tens
of minutes to form. Alternating layers of fine- and coarse-
grained material in sand boils, as revealed in cross section,
presumably developed gradually as discharge fluctuated. In
addition, several sand boils had steep outer margins indica-
tive of subaqueous deposition. The margins were revealed
after the water level subsided. These boils discharged
enough water that they eventually became islands standing
in their own effluent while they continued to discharge water
and sediment. Comparison of grain-size distributions of sand
boils with subsurface samples from borings indicated that
material vented from both the upper sandy silt and lower
silty sand layers (Bennett, 1988).

Ground cracks accompanied the eruption of sand boils
and indicate that permanent ground displacement occurred
(Fig. 3). Ejection of sand from the cracks confirms that the
cracks were associated with liquefaction. Although most of
the cracking was caused by local slumping of the west bank
of the Alamo River eastward toward the river, a N63�W-
trending 15-m-long crack through the instrumented array in-
dicates permanent ground displacement occurred in the array
(Fig. 3). Horizontal extension across this crack was 10 mm
in a N27�E direction. Cumulative opening across ground
cracks was 126 mm. Resurveys of control points after the
earthquake indicate the overall pattern of permanent ground
displacement near the array (Youd and Bartlett, 1989). Dis-
placements of the control points are shown in Figure 3. The
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Table 1
Geotechnical Properties of Soils near Instrumented Area*

Atterburg Limits (%)
Depth

(m)
qc

(MPa)
Rf

(%)
D50

(mm)
Fines �75 lm

(%)
Clay �5 lm

(%)
Vs

(m/sec)
wc
(%) LL PL USCS Soil Type

0–2.5 0.60 � 0.36 3.41 � 4.72 0.025 93 � 8 25 � 16 99 32 � 4.8 30 � 4.6 22 � 2.7 CL-ML
2.5–3.5 1.87 � 1.00 0.87 � 0.75 0.055 78 � 6 8 � 3 116 ML
3.5–6.8 5.68 � 2.26 1.01 � 0.67 0.091 36 � 12 5 � 3 SM
6.8–12 2.04 � 1.30 7.14 � 5.29 0.005 98 � 2 60 � 19 168 28 � 2.2 59 � 13.4 30 � 7 CH
12–17.5 9.38 � 1.69 2.38 � 0.45 0.027 94 � 6 18 � 10 28 � 3.3 35 � 10.8 24 � 2.1 CL, ML, SM

*qc is tip resistance; Rf is friction ratio; D50 is median grain-size diameter; Vs is shear-wave velocity; wc is water content; LL is liquid limit; PL is
plastic limit; and USCS is Unified Soil Classification System.

Figure 2. Schematic cross section through Wildlife Liquefaction Array (Bennett
et al., 1984).

displacements are relative to a reference point �30 m west
of 5Cg and 6Cg in an area without surface evidence of liq-
uefaction. Displacements of 107 mm were measured just east
of the array in N25�E and N39�E directions, respectively, at
control points at 2Cg and 3Cg. No displacement was de-
tected at control points at 5Cg and 6Cg just west of the array.

Recordings of the 1987 Superstition Hills Earthquake

Strong-motion and pore-water pressure measurements
from the M 6.6 Superstition Hills earthquake are shown in
Figures 4 and 5. Only the two horizontal components of
acceleration from both the downhole and surface accelero-
graphs are shown along with the record from piezometer P5.
Complete records from the array were published by Holzer
et al. (1989b) and are available at http://nsmp.wr.usgs.gov;
they are not essential to illustrate the interpretation that will
be developed here. Only the pore-water pressure recording

from P5, which was buried in the top of the sandy silt layer,
is shown here because the performance of the other piezom-
eters was disputed (Earth Technology Corporation, 1991;
Hushmand et al., 1991, 1992; Scott and Hushmand, 1995).
The performance of P5, however, was not challenged. This
issue will be revisited in the Discussion. The peak ground
acceleration (PGA), �202 cm/sec2, was recorded on the
north–south accelerometer at 13.6 sec. The corresponding
downhole PGA was �171 cm/sec2.

Excess pore-water pressure started to develop at
13.6 sec at P5. The onset is coincident with the peak hori-
zontal acceleration in both the surface and downhole acce-
lerograms. Pore-water pressure unexpectedly increased
slowly, but at a decreasing rate, until the end of the 97-sec-
long record well after the strongest motion had subsided.
Thirteen percent of the excess pore-water pressure at P5 de-
veloped after 90% of the earthquake shaking had propagated
through the site (36.4 sec after triggering) as measured by
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Figure 3. Map of liquefaction effects caused by 24 November 1987, Superstition
Hills earthquake, instrumentation, and CPT soundings (modified from Holzer et al.,
1989a). Piezometers are labeled as Pg and CPT soundings as Cg. Displacements of
control points are from Youd and Bartlett (1989). No displacements were measured at
5Cg and 6Cg.

the accumulated Arias (1969) Intensity in the two downhole
horizontal accelerometers.

Two adjustments—for drift and calibration—were
made to the pore-water pressure record of P5 shown in
Figures 4 and 5. The original recording suggests approxi-
mately 3 kPa (rU�0.06) of excess pore-water pressure de-
veloped before 13.6 sec. However, the small transducer sig-
nal for the first 13.6 sec is identical with the signal recorded
during the M 6.2 foreshock as well as two smaller shocks
that triggered the recording system. The signal increased
slowly for about 30 sec, when the transducer output stabi-
lized, in these other three events. We assume the small in-
crease was instrumental drift that was associated with warm-
up of the pore-water pressure transducer, which was not
powered until the recording system triggered. To remove the
drift from P5, the signal recorded during the M 6.2 fore-
shock, which also was digitized, was subtracted from the
mainshock recording. Without this correction, the implied
small amount of pore-pressure increase at the beginning of
the record when ground motion was small would require an
explanation. Liquefaction is not predicted for the Elmore
Ranch earthquake by the Seed-Idriss simplified procedure
(Holzer et al., 1989b) (Fig. 6). The second adjustment was
to compensate for uncertainty in the calibration of the trans-
ducer. As was noted by Holzer et al. (1989b) (Fig. 3), the
pore-water pressure at P5 slightly exceeded the effective
overburden stress if one accepts the calibration of the trans-
ducer. Because we do not have sufficient confidence in the

calibration to believe this unexpected measurement, we plot
the pore-water pressure as the excess pore-water pressure
ratio by assuming the pore-water pressure at 97 sec equaled
the effective overburden stress.

The Wildlife pore-water pressure and acceleration time
histories were recorded on film, and then scanned and dig-
itally sampled at 50 and 200 samples per second, respec-
tively. Additional processing was applied to each of the ac-
celeration time histories by first making a baseline correction
by subtracting the mean of the record, and then filtering to
suppress or remove noise at both low and high frequencies.
Removing low-frequency noise, which can be caused by dig-
itizing, instrumental drift, and tilting of an accelerometer, is
particularly important when the acceleration time histories
are doubly integrated to obtain displacement time histories.
Otherwise, calculated displacements can be unrealistically
large and overwhelm the actual displacements. Low fre-
quencies were removed from the Wildlife accelerograms us-
ing an acausal (zero-phase shift) filter in the form of a fourth-
order Butterworth filter with a corner frequency at 0.08 Hz
that was passed bidirectionally (forward and backward in
time) to the time series. In addition, a high-cut filter in the
form of a cosine taper between 40 and 50 Hz was applied
in the spectral domain to remove high-frequency noise. The
practical significance of the filtering is that the resulting sig-
nals are band limited in frequency, so that features that are
characterized predominantly by long periods, such as per-
manent displacements, are not well preserved or are lost.
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Figure 4. Time histories of north–south surface ac-
celerations (a), north–south downhole accelerations (b),
and excess pore-water pressure ratio recorded by
piezometer P5 (c). Ratio was computed by dividing
recorded value by value at 97 sec.

Figure 5. Time histories of east–west surface ac-
celerations (a), east–west downhole accelerations (b),
and excess pore-water pressure ratio recorded by
piezometer P5 (c).

Summary of Previous Work

Many significant and insightful investigations of the
Wildlife recordings have been conducted (Hushmand et al.,
1992; Gu et al., 1994; Zeghal and Elgamal, 1994; Glaser,
1996; Davis and Berrill, 2000; Bonilla et al., 2005; Youd
and Carter, 2005). The most relevant of these to the present
investigation is Zegahl and Elgamal (1994).

Zeghal and Elgamal (1994) were the first to demonstrate
that the buildup of pore-water pressure at Wildlife at low
levels of shaking was accompanied by strain softening. They

calculated time histories of transient shear stress and average
seismic strain from the recordings of the horizontal accel-
erometers. Horizontal shear stress at depth z was estimated
from equation (1). Average seismic shear strain from the
surface to a depth of 7.5 m was estimated with equation (2).

1
s � qz(a � a ) (1)Z S Z2

d � dDH S
c � (2)

7.5
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Figure 6. Time histories of north–south displacements computed from surface and
downhole accelerograms and excess pore-water pressure ratio recorded by P5. Drops
in pore-water pressure are circled.

Figure 7. Time histories of north–south shear
stress (a), north–south shear strain (b), and excess
pore-water pressure ratio in piezometer P5 (c). Pore-
water pressure drops at P5 are circled.

where aS � horizontal acceleration recorded at the surface;
aZ � horizontal acceleration at depth z evaluated by linear
interpolation using aZ � aS � (aDH � aS)(z/7.5), where
aDH � horizontal acceleration recorded by the downhole
accelerometer at 7.5 m; c is the average seismic shear strain
between the land surface and 7.5 m; and dDH and dS, re-
spectively, are the horizontal displacements obtained by
double integration of the acceleration histories of the down-
hole and surface accelerometers. They assumed a soil den-
sity, q, of 2000 kg/m3.

They concluded that as the pore-water pressure in-
creased, soil stiffness gradually decreased. After the excess
pore-water pressure increased to approximately 50% of the
effective overburden stress, transient or dynamic deforma-
tion of the upper 7.5 m of soil at Wildlife was characterized
by cycles of large shear strain at small shear stress. We have
reproduced their calculations and use them in Figures 6–9
to expand the preceding summary. We have switched dDH

and dS in equation (2) so that northward shear strain is posi-
tive. Minor differences between the figures presumably are
due to filtering applied by Zegahl and Elgamal (1994). Fig-
ure 6 shows the time histories of the north–south displace-
ments at the surface and at 7.5 m depth that were computed
from the north–south surface and downhole accelerograms.
Comparison of the two displacement time histories indicates
that, in general, displacements were larger at the surface than
at 7.5 m and underwent a phase shift with time. Zegahl and
Elgamal (1994) interpreted this behavior as evidence for
strain softening associated with pore-water pressure buildup.
Note that the spikelike drops of pore-water pressure mea-
sured by P5, at 2.9 m, correlate with reversals in the direction
of surface displacement. Zegahl and Elgamal (1994) attrib-
uted these spikes to strain hardening (dilatancy) of the liq-
uefying layer.
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Figure 8. North–south stress-strain history, 0 to
97 sec. Times of pore-water pressure drops recorded
by P5 are labeled in red on hysteresis curves. Decimal
point shows approximate location on hysteresis curve
of pressure drop.

Figure 9. North–south hysteresis curves for four
time periods. Curves were selected from Figure 8.
Times of pore-water pressure drops recorded by P5
are labeled on hysteresis curves.

Figure 7 compares the time histories of north–south
shear stress at 2.9 m with the average shear strain computed
with equation (2) based on the displacements shown in
Figure 6. Large shear strains persisted with time despite de-
creasing dynamic shear stress. The spikes in the shear stress

history corresponded to the episodes of dilatancy and strain
hardening as indicated by the pore-water pressure drops. The
softening of the liquefying layer can be documented by plot-
ting shear stress versus average seismic shear strain (Fig. 8).
The strain axis in Figure 8 is reversed so the graph can be
compared directly to that published by Zegahl and Elgamal
(1994) (Fig. 9). The changing slope of the resulting hyster-
esis curves with time indicates that the shear modulus of the
soil was decreasing, that is, the soil was softening. Zegahl
and Elgamal (1994) identified only 13 pore-water pressure
drops in their investigation. Amplification of the pore-water
pressure record shown in Figure 7, however, enabled us to
identify at least 13 more drops. The times of these 26 drops
are labeled on the hysteresis curves in Figure 8. Pressure
drops were associated with most of the episodes of strain
hardening.

To illustrate more clearly the softening phenomenon
identified by Zegahl and Elgamal (1994), four hysteresis
curves were selected from Figure 8. These are shown in
Figure 9 with their time intervals as well as the times of
pore-water pressure drops in P5. The systematic decrease of
the slope of the hysteresis curves with time—the evidence
for soil softening—is obvious. In addition, the increase in
slope at the end of each hysteresis loop, which is the evi-
dence for strain hardening, is more easily discerned. The
association of the drops of pore-water pressure, which sug-
gests dilatant behavior, with the episodes of strain hardening
is also clearer.

Seismic Loading

Although Zegahl and Elgamal (1994) convincingly doc-
umented strain softening at Wildlife, they did not comment
on the nature of the seismic excitation. In other words, they
did not explain why the surface continued to experience os-
cillatory ground motion even after most of the strong ground
motion was over. We generated Figure 6 in the process of
reproducing the analysis of Zegahl and Elgamal (1994). The
striking aspect of Figure 6 from a seismological perspective
is the �10-cm amplitude transient displacements computed
from the downhole accelerogram. These transient displace-
ments beneath the liquefied layer suggest that long-period
ground motion continued to shake the array after strong mo-
tion abated.

To better understand the nature of these displacements,
Figure 10 shows the time histories of displacements com-
puted from all three components of the downhole accelero-
grams as well as particle motion in map view. As can be
seen in Figure 10a, most of the motion is occurring in the
horizontal plane with a periodicity of �5.5 sec. Vertical dis-
placements are small (�2 cm) relative to the horizontal
displacements. When examined in map view (Fig. 10b), the
particle motion is essentially polarized in a northwest–
southeast direction, which also approximately parallels the
Superstition Hills fault (Fig. 1). These observations indicate
that Wildlife was continuing to be seismically excited by
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Figure 10. Displacements computed from down-
hole accelerograms: (a) time histories of vertical,
north–south and east–west components of displace-
ment; (b) horizontal particle motion.

Table 2
Cumulative Deflection from Vertical of Inclinometer Casing

Relative to Base of Casing as Measured on 8 April 1988

Cumulative Deflection (mm)

Depth (m) N20�W N70�E

0.1 147.9 102.8
0.6 145.9 97.1
1.1 143.5 91.5
1.6 139.7 86.3
2.1 132.5 80.3
2.6 118.9 71.7
3.1 100.4 62.6
3.6 81.1 53.6
4.1 61.5 45.9
4.6 44.0 39.7
5.1 30.3 34.0
5.6 20.1 28.8
6.1 12.9 23.7
6.6 8.1 18.9
7.1 4.9 13.9
7.6 2.5 8.9
8.1 1.0 4.5
8.6 0 0

5.5-sec-period Love waves during the 97-sec-long record.
The amplitude of the acceleration was greater than 0.01g,
which qualifies the shaking as strong motion to seismologists
(Anderson, 2003), although this level of shaking, in general,
is not considered to be of engineering significance. We will
argue in the Discussion that this motion caused the delayed
buildup of excess pore-water pressure.

Permanent Deformation

On 8 April 1988, 135 days after the earthquake, an in-
clinometer casing that had been installed before the earth-
quake to a depth of �8.6 m was resurveyed (Table 2). The
casing consisted of aluminum tubing with a 70.9-mm outside
diameter and 2.0-mm wall thickness. It was installed in three
3-m-long sections and no measures were taken to assure that
the casing was installed vertically. The top two panels of

Figure 11 shows orthogonal profiles of the casing after the
earthquake. The bearing of each profile is shown in the upper
right corner of the panel. If the casing is assumed to have
been originally straight and vertical, the resultant deflection
from the vertical implies that the ground moved 180 mm in
a N15�E direction (Fig. 11c). Assuming an originally straight
vertical casing, the tilt of the casing indicates the permanent
shear strain. The resulting estimated shear-strain profiles are
consistent with each other and suggest that the shearing as-
sociated with lateral spreading at Wildlife was primarily in
the upper portion of the liquefied layer. The maximum shear
strain as computed from the resultant of the two components
is 4.3% in a N15�E direction (Fig. 11c).

Unfortunately, the pre-earthquake survey of the casing
was lost so that the original shape and orientation of the
casing are undocumented. Nevertheless, plots of cumulative
deflection of the casing relative to its base and the implied
shear strain in Figure 11 allow us to distinguish approxi-
mately between real deformation and artifacts of the original
shape and orientation of the casing. The large, but approxi-
mately uniform, N70�E shear strain, �1%, is suspicious and
suggests the inclinometer casing originally was straight but
tilted 1% in the N70�E direction. In other words, if the casing
were indeed originally straight but tilted, the assumption of
verticality would produce a uniform shear strain like that
which is computed in the top and bottom of the casing. If
this uniform strain is subtracted from the total strain, the
casing was deflected only approximately 20 mm by the lat-
eral spreading. The remaining 83 mm of the 103 mm of
measured deflection by this interpretation is a relic of origi-
nal tilt of the casing. By similar reasoning, 20 mm of the
148-mm deflection in the N20�W direction is a relic of the
original tilt of the casing. Thus, if the casing is assumed to
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Figure 11. Deflection of inclinometer casing from
vertical and computed shear strain. Panels a and b are
orthogonal components and panel c is the resultant.
Thick dashed horizontal lines are the upper and lower
boundaries of liquefiable layer inferred from nearby
CPT soundings; thickness of line reflects uncertainty
of depth estimates.

Figure 12. Time histories of estimated north–
south total shear strain and excess pore-water pressure
ratio recorded by P5. Total shear strain is the sum of
the transient strains and an assumed permanent strain
history of the lateral spread. Drops of pore-water pres-
sure are circled.

have been originally straight but tilted the aforementioned
amounts, the resultant ground displacement is 130 mm in a
N10�W direction and the associated maximum shear strain
is approximately 3%.

Either interpretation leads to the same general conclu-
sion concerning the deformation of the sand layer at the
Wildlife site. The ground moved between 130 and 180 mm
in a northerly direction, and most of the permanent shear
strain occurred in the upper part of the liquefied sand layer.
We note, however, that both interpretations of displacement
inferred from the inclinometer casing are slightly larger than
the displacement, 107 mm, measured at the nearby control
points (Fig. 3). In addition, only the first interpretation pro-
duces a displacement parallel to that predicted by the control
points. Both sets of measurements, however, imply northerly
ground displacement of �100 mm.

The northward permanent ground displacement deter-
mined from the survey of the inclinometer and control points
may explain why the largest pore-water pressure drops oc-
curred when the ground was oscillating northward. As noted
by Zegahl and Elgamal (1994), the asymmetry of the hys-
teresis loops and greater dilatancy in the northern (positive
strain) direction (see Figs. 8 and 9) most likely was caused
by bias in the static shear stress that caused the lateral spread
to move in a northerly direction. This explanation is illus-
trated in Figure 12. In Figure 12, an arbitrary time-dependent
and northward permanent displacement of 100 mm associ-
ated with the lateral spreading was added to the transient
north–south surface displacements shown in Figure 6. We
assumed that the northward component of lateral spreading
started at 18.7 sec (when the first pore-water pressure drop
was recorded by P5) and occurred at a constant rate until
90 sec (when shaking and pore-water pressure buildup were
essentially complete). The difference between the estimated
surface displacement and displacement computed from the
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downhole accelerometer when divided by 7.5 m is the av-
erage total (transient plus permanent) shear strain to a depth
of 7.5 m. Whereas the amount of lateral spreading displace-
ment and its time history are arbitrary, the time history plot-
ted in Figure 12 shows the general pattern of the time history
of the total shear strain.

Effect on Penetration Resistance

To determine the potential impact of liquefaction on
penetration resistance in the sand layer, nine CPT soundings
were conducted 41⁄2 months after the earthquake next to three
soundings that were conducted in 1982 at the time that the
array was established. Three soundings were conducted
within 1 m of each of the 1982 soundings in a triangular
pattern. Both the original and postearthquake soundings
were conducted with the same CPT cone, which was cali-
brated before each field campaign. Original and postearth-
quake CPT profiles are shown in Figure 13a. Locations of
the three original soundings, 3Cg, 5Cg, and 6Cg, are shown
in Figure 3. The only consistent trend when the average
postearthquake profile is compared with the pre-earthquake
CPT profile is that the sleeve friction is generally higher by
30 to 40 kPa at all three locations in most of the liquefiable
layer (Fig. 13a). The difference in sleeve friction between
post- and pre-earthquake profiles is typically more than 50%
(Fig. 13b). The difference between post- and pre-earthquake
tip resistance is not consistent within the layer. Both higher
and lower tip resistances were measured after the earthquake
relative to pre-earthquake values (Fig. 13b). Douglas and
Olsen (1981) indicate an increase of K0, the coefficient of
earth pressure at rest, would have a larger effect on sleeve
resistance than on tip resistance. Thus, we tentatively attri-
bute the increase of sleeve friction to an increase of hori-
zontal stress. A striking aspect of each set of three postearth-
quake CPT profiles, however, is the large natural lateral
variability of the liquefiable layer over distances of only 1 m
(Fig. 13a). This large natural variability makes detection of
earthquake-induced changes challenging.

About 10 hours after the earthquake, the first author
visited the site and estimated the total volume of water and
sediment that discharged to the ground surface by surveying
the pool of water and sediment that was retained in a closed
basin at the site. The average depth of water and thickness
of ejecta was no more than 50 mm. This thickness was ap-
proximately 1% of the total thickness of the sand layer and
indicates that the average volumetric strain within the layer
was approximately 1%.

Based on the reduction in volume of the sand layer, it
is instructive to estimate the impact of the associated in-
crease in relative density on tip resistance. To make this
estimate, we used the relation between tip resistance and
relative density proposed by Kulhawy and Mayne (Lunne
et al., 1997, p. 84), in which normalized cone resistance is
proportional to the square of relative density. For demon-
stration, we will assume that most of the �1% volume

change was caused by expulsion of water and therefore is a
reduction in pore volume. We also assume a homogeneous
sand layer. If a pre-earthquake relative density of the liq-
uefied silty sand at Wildlife of 30% is assumed, a 1% volume
change implies that relative density increased to 32.1%. This
assumes a maximum and minimum void ratio of 0.9 and 0.3,
respectively, for the silty sand (Lambe and Whitman, 1969,
p. 31). According to Kulhawy and Mayne, this increase of
relative density implies an increase of tip resistance of ap-
proximately 14%. Similarly, if the original relative density
equaled 40% (25%), tip resistance would increase 12%
(18%). These estimated increases of tip resistance are diffi-
cult to discern with only a few soundings when confronted
with the natural large lateral variability at Wildlife.

Discussion

The challenge to understanding the Wildlife recordings
was summarized succinctly by Scott and Hushmand (1995)
in their discussion of Youd and Holzer (1994). They pointed
out that the buildup of pore-water pressure did not conform
to expectations. Such an outcome raises the question
whether the observed pore-water pressure behavior was the
result of faulty piezometers rather than a natural phenome-
non. Hushmand et al. (1992, p. 1266) argued that “No mech-
anism is known by which a soil element could be subjected
to a rapid shearing strain, and respond with a delayed pore
pressure rise.” We are now prepared to argue that the slow
pore-water pressure buildup was not delayed, but caused by
ongoing cyclic shear strains associated with long-period
Love waves. We also will show that the buildup is consistent
with fundamental principles of the liquefaction process
(National Research Council, 1985).

Before we argue that all of the piezometers recorded a
natural phenomenon, we review for the reader’s benefit what
is known about their response. First, all the functioning pi-
ezometers in the liquefied layer in 1987 recorded the delay
in the buildup of pore-water pressure to approximately static
effective overburden stress (Figs. 14a and b). The buildup
began simultaneously at 13.6 sec at each of the piezometers.
Figure 14a shows the absolute excess pore-water pressures
recorded by all of the piezometers; these recordings are not
corrected for drift. Excess pore-water pressure at each pie-
zometer ultimately attained the approximate static effective
overburden stress, which is labeled on each recording in
Figure 14a. We assume that the discrepancies between mea-
sured and estimated values are primarily a result of inade-
quate transducer calibration and drift. Figure 14b plots the
same recordings as an excess pore-water pressure ratio and
corrected for drift using the same procedures that were used
with P5, that is, the recording by each piezometer was cor-
rected for drift using its Elmore Ranch earthquake recording
and the excess pore-water pressure ratio was computed by
dividing observed excess pore-water pressure by the value
measured at 97 sec. Second, the spectral response of the
piezometers varied. This is illustrated in Figure 14c, which
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Figure 13. (a) CPT profiles at three locations conducted before and after the 1987
Superstition Hills earthquake. FS is sleeve friction; qC is tip resistance. Three postearth-
quake profiles (and their average) at each location are compared with the one pre-
earthquake profile. (b) Percentage difference between average post- and pre-earthquake
profiles in the liquefied sand layer.



972 T. L. Holzer and T. L. Youd

Figure 14. Pore-water pressure recordings from
all piezometers in liquefied layer. (a) Excess pore-
water pressures as recorded by transducers. (b) Excess
pore-water pressure ratio corrected for instrumental
drift. Ratio was computed by dividing by pore-water
pressure recorded at 97 sec. (c) Time histories of ex-
cess pore-water pressures from 2 to 4 sec from Figure
14a (arranged by depth) and vertical acceleration re-
corded by downhole accelerometer.

shows the pore-water pressure time histories from 2 to 4 sec
from Figure 14a. Recordings in Figure 14c are arranged by
depth to avoid overlap. To improve the resolution of the
recordings in Figure 14c, the original analog film record
was rescanned and pore-water pressures were sampled at
200 samples per second for 2 to 4 sec. Figure 14c shows
that piezometers P1 and P3 recorded high frequencies
(�12 Hz), but piezometers P2 and P5, both near the top of
the liquefiable layer, did not. The similar spectral responses
of pore-water pressures recorded by P1 and P3 and the ver-
tical acceleration recorded in the downhole suggest that
these piezometers are responding to volumetric strains as-
sociated with P waves generated by the earthquake. Piezom-

eters P2 and P5, which do not seem to be excited by the P
waves, do respond, however, at slightly lower frequencies
as indicated by the 0.5- to 1-Hz pore-pressure drops that
occur later in the recordings (Fig. 14a).

The assumption that excess pore-water pressures ap-
proximately reached the static effective overburden stress is
particularly relevant to results from the in situ evaluation of
the piezometers by Earth Technology Corporation (1991)
that formed the basis for the challenge by Scott and Hush-
mand (1995). The tests, conducted 2 years after the
Superstition Hills earthquake, subjected the transducers to
low-frequency (0.2-Hz) pulsating pressure tests, pressure
surges, and a dead-weight drop. Piezometer performance
was evaluated by comparison with a nearby reference trans-
ducer. The report concluded that only P5 “performed rea-
sonably correctly.” Piezometers P1 and P2 measured only a
fraction of the transient ambient pore-water pressure and ex-
hibited different decays. P3 appeared to no longer be func-
tional. The dead-weight drop, which was recorded only by
piezometers P1 and P5 and on the surface accelerometer,
indicated that the P1 and P5 responded to frequencies as high
as 20 to 30 Hz.

Building on the work by Zegahl and Elgamal (1994),
who were the first to demonstrate that transient shear strains
in the liquefying layer continued after the strong motion had
abated, we now explain the physical origin of these strains
and demonstrate that the recorded pore-water pressure build-
ups are consistent with our understanding of the liquefaction
process, Scott and Hushmand’s (1995) challenge not with-
standing. Figures 6 and 10 show that the transient shear
strains were caused by �10-cm-amplitude, 5.5-sec-period
Love waves that continued to strain the soil well after strong
shaking had abated. Seed and Lee (1966) in their laboratory
investigation showed that subjecting sand to cyclic loads of
constant strain amplitude leads to a progressive buildup of
pore-water pressure as the number of strain cycles increases
(Fig. 15). The buildup causes strain softening and ultimately
liquefaction, if the duration is sufficient. In a prescient de-
scription that could be applied to Wildlife, they note “the
hysteresis curves of stress versus strain become progres-
sively flatter, ultimately becoming horizontal when the soil
liquefies” (Seed and Lee, 1966, p. 122). This behavior is
consistent with dynamic densification of sand, which is ac-
tually controlled by the amplitude of cyclic strain, not the
magnitude of cyclic stress (Silver and Seed, 1971; Youd,
1972). Comparison of the Wildlife recordings (Fig. 7) with
Seed and Lee’s (1966) empirical observation of liquefaction
by constant-amplitude cyclic strains (Fig. 15) is compelling
and implies the same phenomenon is occurring in both
situations.

Not only is the buildup of pore-water pressure recorded
by each piezometer consistent with Seed and Lee’s (1966)
strain mechanism, but the depth sequence in which the layer
liquefied is consistent with the prediction by Seed and Lee
(1966, p. 131–132) that liquefaction of a deposit will prop-
agate sequentially downward. At Wildlife, pore-water pres-
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Figure 15. Constant-amplitude cyclic strain test
on Sacramento River sand (Seed and Lee, 1966,
Fig. 12).

sure first equaled effective overburden stress in the upper
part of the layer and then progressively reached the effective
overburden stress in a downward direction (Fig. 14b). This
progression also implies that the proportional contribution
of the Love waves to total excess pore-water pressure in-
creased with depth. Although it is difficult to isolate pre-
cisely the amount to which Love waves contributed to pore-
water pressure generation, Figures 4 and 5 indicate that
high-frequency strong ground motion had diminished at
36.4 sec when 90% of the Arias Intensity had accumulated.
If this time is used to approximate the cessation of excitation
by body waves, Love waves caused 13, 16, 28, and 35%,
respectively, of the excess pore-water pressure, buildup at
piezometers P5 (2.9 m), P2 (3.0 m), P1 (5.0 m), and P3
(6.6 m) (Fig. 14b).

This conclusion has important implications for under-
standing liquefaction under field conditions. Perhaps, fore-
most of these is recognition of the potential for long-period
but large-amplitude cyclic displacements to be significant
generators of excess pore-water pressure. Although it is clear
from Figure 6 that the initial buildup of excess pore-water
pressure was caused by strains associated with high-
frequency strong ground motion, it appears that Wildlife
would not have liquefied if this ground motion had not been
followed by the weaker long-period oscillatory motion as-
sociated with the Love waves. Pore-water pressures would
have reached only 65 to 87% of the overburden stress, de-
pending on depth and assuming no pore-water pressure mi-
gration. Because long-period surface waves are to be ex-

pected in the geologic setting of many liquefaction sites,
which commonly are in deep sedimentary basins, the obser-
vations at Wildlife may be more typical than atypical.

It is useful to speculate why pore-pressure drops were
largest in the shallow piezometer, P5. The drops themselves
are not surprising and are consistent with laboratory exper-
iments involving shearing of sands. As a soil decreases in
volume when cyclically strained, “each half cycle causes
some expansion (dilation) of the sand as particles are forced
to roll or slide up on adjacent particles” (National Research
Council, 1985, p. 37). Such dilation under undrained loading
will be manifested as a pore-pressure drop. As was discussed
in the section Permanent Deformation, the large drops ob-
served in P5 coincide with northern transient strains. As
noted by Zegahl and Elgamal (1994), the large drops could
be caused by bias in the static shear stress associated with
the free face of the river. The concentration of permanent
shear strain as recorded by the inclinometer casing in the
upper part of the liquefied layer is consistent with a biasing
static shear stress in that part of the layer.

Although more speculative, the Wildlife recordings may
provide insight into the mechanism of lateral spreading. The
asymmetry of the hysteresis curves with the greater dilatancy
in the northern direction as evidenced by the pore-water
pressure drops suggests that lateral spreading was occurring
during the latter 80 sec of the Wildlife recordings. If this
interpretation is valid, it appears that the ground moved in a
series of lurches caused by the cyclic straining associated
with the long-period Love waves. We speculate that the time
history in Figure 12 approximately describes the movement
of the lateral spread.

Finally, we propose that the long-period Love waves
(and possibly Raleigh waves at other sites) are the cause of
ground oscillation that has been reported by some observers
(National Research Council, 1985). By this mechanism, the
reported jostling of blocks back and forth is caused by the
underlying soil cycling back and forth as long-period surface
waves propagate through a liquefying site. We interpret
the surface displacement shown in Figure 6 as ground
oscillation.

Implications for Engineering Practice

The Wildlife recordings expose at least two epistemo-
logical shortcomings in the widely used Seed–Idriss simpli-
fied procedure and efforts to expand it into a probabilistic
framework (e.g., Cetin et al., 2004; Moss, et al., 2006). First,
recognition that long-period surface waves can generate sig-
nificant excess pore-water pressure highlights an inherent
limitation in the stress-based characterization of seismic de-
mand used in the procedure. Whereas it has been acknowl-
edged for many years that densification of sand is controlled
by the amplitude of cyclic strain, the average cyclic shear
stress, which is computed from PGA, is used in the simplified
procedure for practical convenience. The contribution of
long-period cyclic shear strains at Wildlife to achieving a
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zero effective stress condition suggests that computing seis-
mic demand with a strain parameter is more realistic. Such
a strain-based approach was proposed by Dobry et al.
(1982). Second, the contribution to pore-water pressure
buildup from large cyclic strains at small ground accelera-
tions (and cyclic stress levels) is relevant to magnitude-
scaling factors, which are used in the simplified procedure
to estimate the number of equivalent uniform stress cycles.
These factors assume that earthquake magnitude is a reliable
predictor of the number of cycles. The Wildlife records in-
dicate that as the sand softens during the liquefaction pro-
cess, low cyclic stress levels associated with surface waves
can be significant generators of excess pore-water pressure.
Because the amplitude of surface waves depends strongly
on basin velocity structure, the seismic demand imposed at
two different sites may be very different for earthquakes of
the same magnitude, level of cyclic stressing, and number
of stress cycles. Thus, when magnitude-scaling factors are
used to convert earthquakes to a reference magnitude (usu-
ally M 7.5) in the simplified procedure, actual seismic de-
mands of the earthquakes may differ even when the number
of stress cycles are correctly computed. It is unclear to us
how these strain-based considerations can be reconciled with
a stress-based methodology. Thus, the Wildlife recordings
indicate that reliance on a stress-based methodology may
introduce significant epistemic uncertainty into probabilistic
formulations of the simplified procedure.

Recognition that ground oscillation is the manifestation
of Love waves propagating through a liquefied site improves
the capability to predict locations where buried lifelines may
be at greater risk. As pointed out by Pease and O’Rourke
(1997), ground oscillation can cause large and damaging dif-
ferential ground strains where liquefied layers are laterally
bounded by competent soils. Because long wave trains of
large-amplitude surface waves typically are generated in
sedimentary basins, ground oscillation that may damage bur-
ied lifelines is more likely in such geologic settings. This
damaging process could also apply to surface structures such
as bridges that span these boundaries.

Generation of pore-water pressure by Love waves may
also explain why some liquefaction effects are delayed after
earthquakes. Typically these delayed effects are attributed
to pore-pressure migration or slow dissipation of excess
pore-water pressure. A possible example is the failure of the
Showa Bridge in the 1964 Niigata, Japan, earthquake. Eye-
witness reports of the failure of the bridge indicated the
spans of the bridge collapsed into the Shinanogawa River
perhaps as much as one minute after strong shaking had
ended (Horii, 1968, p. 438–448; Hamada, 1992, p. 3-25–
3-28). Hamada (1992, p. 3-27) also reported an “eyewitness
on one bank said that damage to the revetment on the left
bank of Showa Bridge began after the earthquake.” Our in-
terpretation of the Wildlife recordings suggests the delayed
collapse of the bridge may have been caused by continued
generation of pore-water pressure by long-period surface

waves. Double integration by Carter (2004) of the acceler-
ogram recorded in Kawagishi-cho revealed that long-period
cyclic displacements with amplitudes of 10 to 25 cm contin-
ued for at least 100 sec after the accelerograph triggered.
This long-period ground motion suggests that cyclic strain-
ing and pore-pressure generation within the 7- to 8-m-thick
liquefiable sand layer by surface waves like those that caused
liquefaction at Wildlife may have continued after the
stronger ground shaking abated.

Finally, the inability to detect significant changes in CPT
tip resistance caused by liquefaction in 1987 is consistent
with the practice of using postearthquake penetration resis-
tance to predict liquefaction potential with the Seed–Idriss
simplified procedure (Youd et al., 2001). The liquefaction
case histories on which the procedure is based rely on post-
earthquake penetration resistance measurements. The impact
of using either pre- or postearthquake soundings to compute
factors of safety for the Superstition Hills earthquake is il-
lustrated in Figure 16. Factors of safety for the postearth-
quake condition in each panel are based on the average of
penetration resistance of the three CPT soundings that were
adjacent to the single pre-earthquake sounding. Both pre-
and postearthquake soundings predict liquefaction in the
sand layer during the Superstition Hills earthquake. Factors
of safety for the Elmore Ranch earthquake computed with
only the pre-earthquake CPT sounding are also shown and
do not predict liquefaction for that event. The slightly lower
factors of safety computed for the mainshock when using
the pre-earthquake soundings are the result of the Robertson
and Wride (1997) methodology that we used. It relies on
friction ratio to make a correction for soil type. If we had
used an alternative CPT-based method that relied only on tip
resistance and direct measurements of grain size and soil
type, factors of safety based on post- and pre-earthquake
soundings would be even more similar.

Published comparisons of post- to pre-earthquake pen-
etration tests from other earthquakes are inconsistent on this
issue. Comparisons of standard penetration test (SPT) blow
counts after the 1964 Niigata, Japan, earthquake, with pre-
earthquake tests indicated that some profiles of penetration
resistance showed increases of blow counts in the top and
decreases in the bottom portions of the liquefied interval
(and vice versa). Other profiles indicated an overall decrease
(Hayashi et al., 1966). They attributed the decreases of pen-
etration resistance to dilation associated with shearing.
Chameau et al. (1991) compared adjacent post- with pre-
earthquake CPT profiles in sandy artificial fills that were
shaken by the 1989 Loma Prieta, California, earthquake, and
observed increases of tip resistance in loose- to medium-
dense sands, but not in denser sands. Their observations are
consistent with those of Seed et al. (1988) who analyzed the
change in density of the medium-dense hydraulic fill in
Lower San Fernando Dam that liquefied during the 1971 San
Fernando earthquake. They reported that SPT blow counts
were larger after the earthquake.
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Figure 16. Factors of safety in liquefied sand
layer computed with (1) pre- and average of three
postearthquake CPT soundings for the Superstition
Hills earthquake and (2) with pre-earthquake CPT
soundings for the Elmore Ranch earthquake.
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