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Abstract. Like ground motions, the loading applied to potentially liquefiable soils in
earthquakes is complex and unique. Conventional procedures for characterizing
liquefaction hazards represent seismic loading in simplified manners that do not
account for characteristics that can influence pore pressure generation and potential
ground deformation. This paper presents the results of cyclic direct simple shear tests
performed with transient, irregular loading derived from recorded earthquake ground
motions. Data from these tests show the influence of the order in which individual
pulses of shear stress occur on generated pore pressure and provide insight into
limitations of evolutionary intensity measures based on time integration to provide
efficient predictions of liquefaction. The form of a new intensity measure for
triggering of liquefaction is proposed and calibrated on the basis of available data.
The response of cyclic simple shear specimens subjected to transient loading
superimposed upon static shear stresses is also illustrated and comments on existing
procedures for estimation of the adjustment factor, K, are provided.
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1 Introduction

Soil liquefaction has caused significant damage to the natural and built environment in
many historical earthquakes and has been a topic of intense geotechnical engineering
research for nearly 60 years. Over that period of time, many studies have taken place to
understand the mechanical behavior of liquefiable soils and to develop useful and practical
procedures to assess liquefaction hazards. Most of the research on soil liquefaction has
been oriented toward evaluation of soil resistance to the triggering of liquefaction and, more
recently, to prediction of its consequences. Both triggering and consequences, however,
are strongly influenced by the loading imposed on liquefiable soils and less attention has



historically been paid to this aspect of the problem. This paper focuses on characterization
of loading and its effects on liquefiable soils.

2 Ground Motions and Liquefaction Loading

The seismic loading imposed on a liquefiable soil deposit is related to the characteristics of
the ground motions that propagate through that deposit. Ground motions are unique and
the response of a liquefiable soil deposit can be sensitive to many details of their specific
characteristics. A 60-second ground motion recorded at 200 Hz will have 12,000
acceleration values each of which provides potentially important information about the
motion’s ability to generate pore pressure and produce permanent strain in an element of a
liquefiable soil deposit. Ground motions are typically characterized by a relatively small
number of intensity measures (IMs) that are intended to reflect their amplitudes, frequency
contents, and durations since each of those factors can influence the seismic response of
physical systems (structures and soil deposits) of interest. The degree to which these
characteristics influence response, damage, and loss, however, is problem-specific. Thus,
characterization of ground motions for the purpose of estimating liquefaction potential and
the consequences of its triggering becomes important. The IM historically used for
characterizing earthquake loading imposed on liquefaction-susceptible soils is peak ground
acceleration, due largely to its close relationship to peak shear stress at the relatively shallow
depths at which liquefaction has most commonly been observed in the field. Early
experimental research showed, however, that pore pressure generation also depends on the
number of cycles of loading applied to the soil in laboratory tests. To eliminate the need
for a parameter related to number of loading cycles in addition to peak ground acceleration
in the characterization of loading, other intensity measures have been proposed for use in
liquefaction triggering relationships. Most of these alternative IMs have been evolutionary
in nature, i.e., they have consisted of measures that are integrated with time over the
duration of a ground motion. Such intensity measures, such as Arias intensity [16],
cumulative absolute velocity and variations thereof [19], and dissipated energy [10, 18, 27],
increase with time and reflect the amplitude, frequency content, and duration of a ground
motion.

Early research on liquefaction made use of laboratory testing for evaluation of
liquefaction resistance, which was interpreted in terms of cyclic shear stresses. Cyclic
triaxial tests were commonly used, although cyclic direct simple shear testing is becoming
more common now due to its closer correlation to the type of deformation usually
experienced by liquefiable soils subjected to vertically propagating shear waves. Cyclic
testing has nearly always subjected soil specimens to uniform harmonic loading — a series
of harmonic loading cycles of constant shear stress amplitude applied at constant frequency.
These tests have provided great insight into the effects of factors such as soil density, initial
effective stress, shear stress amplitude, number of loading cycles, etc. that strongly affect
the resistance of a soil to triggering of liquefaction.

The type of transient loading produced by actual earthquake shaking, however, is very
different than that used in typical laboratory testing programs. The shear stress histories



imposed on soils by earthquakes are highly non-stationary, meaning that their amplitudes
and frequency contents change over the duration of shaking. The number of loading cycles
is difficult to predict for a given earthquake but is expected to increase with increasing
ground motion duration. Since ground motion duration is known to increase with increasing
earthquake magnitude, the concept of “equivalent” loading cycles was developed [29]. This
concept held that the pore pressure generated by a transient loading history would be
equivalent to that generated by a certain number of uniform harmonic loading cycles at a
reference amplitude and required definition of both the reference loading amplitude and the
corresponding number of loading cycles.

Characterization of ground motions for liquefaction becomes even more complex when
the effects of sloping ground are considered. In such cases, the cyclic shear stress imposed
by earthquake shaking is superimposed on constant static shear stresses with the result that
the soil is subjected to asymmetric loading that influences pore pressure generation and
causes permanent strain to develop in a preferential direction.

3 Pore Pressure Response to Cyclic Loading

The contractive tendency of soils at relatively low shear strain levels cause pore pressures
to increase in saturated soils subjected to cyclic loading. This tendency is at the heart of the
soil liquefaction problem and establishing the rate at which pore pressures are generated is
key to the prediction of liquefaction potential. The level of contraction that occurs in
liquefiable soils is related to the shear strain experienced by the soil, and undrained cyclic
testing of soils has established the close relationship between pore pressure and cyclic strain
amplitude [8]. Pore pressure generation can then be viewed as a largely kinematic process,
i.e., one that depends on the relative movement of soil grains with respect to each other.
Prediction of that relative movement, i.e., of shear strain levels, is very difficult. Asaresult,
pore pressure generation, and the liquefaction it can produce, are generally related to the
cyclic stresses induced in the soil by earthquake shaking. Laboratory tests are usually
performed under stress-controlled conditions.

3.1 Uniform Harmonic Loading

Laboratory tests on liquefiable soils have historically been performed using uniform
(constant-amplitude) harmonic loading, typically at a constant frequency of 1 Hz. Plots of
cyclic shear stress, usually normalized by initial effective stress, 6’vo, in the form of a cyclic
stress ratio, CSR, versus the number of loading cycles required to trigger liquefaction are
often referred to as cyclic strength curves. Figure 1 shows cyclic strength curves for
reconstituted samples of a clean sand at three relative densities. The curves show that the
cyclic stress ratio required to trigger liquefaction decreases with increasing number of
loading cycles and increases with increasing relative density, behaviors that are intuitive,
well demonstrated, and widely accepted. The relationship between the cyclic resistance and
the number of loading cycles is particularly important as it indicates that liquefaction
resistance, for a given soil of a given density, is influenced by both amplitude and number



of loading cycles. The rate of pore pressure generation in constant-amplitude tests has been
shown to follow a repeatable pattern (Figure 2) of starting rapidly, slowing down, and then
speeding up as initial liquefaction (pore pressure ratio, r, = 100%) is approached. The first
phase likely involves some degree of particle reorientation as tenuous contacts are broken,
the second involves incremental generation of pore pressure with a more stable particle
structure, and the third involves particle reorientation during dilation as the effective stress
path approaches and crosses the phase transformation line. As the soil dilates, the particles
reorient themselves into a structure that efficiently resists shear stress in the applied
direction; upon stress reversal, however, that structure is inefficient for resisting shear in
the new direction, which increases its tendency to contract and generate pore pressure until
it begins to dilate in the new direction.
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Fig. 2. Variation of pore pressure ratio
with cycle ratio for constant-amplitude
harmonic loading (after [8]).

Fig. 1. Variation of number of cycles required to
trigger liquefaction of Monterey No. 0 sand with

amplitude of applied loading for soils of different
relative density (after [8]).

In the presence of a static shear stress, tsaic, as would exist in the field under sloping
ground or in the vicinity of structures, the loading that drives pore pressure generation has
both static and cyclic components. This situation is relatively easily modeled in laboratory
tests by applying uniform harmonic loading to a specimen to which a static shear stress has
been applied; the result is a harmonic loading history in which the same number of loading
cycles is applied but of shear stress amplitudes that are larger in one direction than the other.
Such tests have shown that the interaction of static and cyclic stresses is complex and that
the presence of static shear stresses can increase or decrease triggering resistance depending
on soil density. This behavior is accounted for in triggering analyses by a static shear stress
adjustment factor,
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where o =7 /o', which the cyclic resistance for level ground conditions (o = 0) is

static

multiplied by to account for the effect of the static shear stress. Values of K > 1.0 increase
liquefaction resistance and values less than 1.0 decrease it. Figure 3 shows four proposed
K relationships, each of which indicate that static shear stresses decrease the liquefaction
resistance of loose sands and increase it in dense sands. With the transient loading applied
by actual earthquakes, however, the existence of a static shear stress causes a reduction in

the number of loading cycles that result in reversals of shear stress in addition to a reduction
in the amplitudes of the reversed cycles.
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Fig. 3. Existing models for initial shear stress adjustment factor, Ka: (a) Seed and Harder [30];
(b) Vaid et al., [35]; (c) Boulanger [4]; and (d) Cetin and Bilge [6].

3.2 Transient Loading

Several investigators have performed cyclic loading tests with irregular (variable
amplitude) loading. Ishihara and Yasuda [14, 15] performed cyclic triaxial tests using



loading histories scaled in proportion to accelerograms measured in the basement of the
Kawagishi-cho apartment building in the 1964 Niigata earthquake. The tests showed
irregular generation of pore pressure with the largest increases being associated with the
highest axial stress pulses, and tests performed with reversed polarity showed significant
differences in pore pressure development, presumably due to differences in the loading
histories relative to the compression/extension stress states inherent in cyclic triaxial testing.
Tatsuoka and Silver [33] performed cyclic simple shear tests with uniform and irregular
loading and focused on the development of strain following initial liquefaction. Wang and
Kavazanjian [36] performed cyclic triaxial tests with the same numbers of smaller and
larger amplitude cycles but reversed in order and found that the order of loading influenced
the rate and magnitude of generated pore pressures. More recent investigations [2, 3, 22,
26] have largely focused on the potential of energy-based intensity measures for prediction
of liquefaction potential. Transient loading tests with static shear stresses are not available
in the literature.

4 Intensity Measures for Liquefaction

The triggering of liquefaction is influenced by ground motion characteristics and hence by
the ability of ground motion intensity measures to represent the characteristics that are most
strongly influence pore pressure generation. Ideally, a ground motion intensity measure
would have a unique relationship to pore pressure generation. Because such an intensity
measure does not exist, an intensity measure that best predicts pore pressure is sought. The
notion of what constitutes “best” is usually expressed in terms of the “efficiency” [31],
“sufficiency,” and “predictability” of the intensity measure. Efficiency is a measure of the
uncertainty with which a measure of response can be estimated for a given value of the
intensity measure; an efficient IM for liquefaction would be one that the generation of pore
pressure is closely related to, i.e., one for which the uncertainty in pore pressure given IM

(o )would be low. Sufficiency is a measure of the completeness with which an IM

M
characterizes the ground motion; a sufficient IM for liquefaction would be one for which no
additional information about the motion would improve its correlation to pore pressure
generation. Finally, predictability is a measure of how precisely the value of an IM can be
predicted for a particular earthquake rupture scenario; a predictable IM would have a low

standard error, i.e., o, , in a predictive ground motion model.

The laboratory data described in the preceding section clearly shows that an IM based
solely on the peak amplitude is not sufficient to characterize loading on a liquefiable soil.
Since pore pressure builds up incrementally from cycle to cycle, the potential for triggering
of liquefaction depends on both the amplitude and number of cycles of loading. Under the
transient loading of an actual earthquake, the relationship between number of cycles and
ground motion amplitude is complicated. The approach that underlies most current
liquefaction triggering procedures is based, explicitly or implicitly, on representation of a
transient loading history by a number of equivalent uniform loading cycles. This approach



is usually implemented in the form of a magnitude scaling factor that can be used to adjust
the loading to account for duration effects.

4.1 Number of Loading Cycles

Various cycle-counting procedures have been proposed to identify the amplitude and
number of cycles of uniform harmonic loading that are equivalent, in terms of pore pressure
generation potential, to a given non-stationary shear stress history. Hancock and Bommer
[12] provide an extensive review of procedures for computing numbers of equivalent
loading cycles for structural and geotechnical purposes.

The number of loading cycles is important for problems, such as metal fatigue, where
damage accumulates with each cycle of loading. In such problems, a given level of damage
can be caused by a small number of large loading cycles or by a larger number of smaller
loading cycles. Liquefiable soils, in which excess pore pressure builds incrementally in
response to successive cycles of loading, are an example of materials in which “damage,”
in this case pore pressure generation, evolves over time. Seismic loading of liquefiable soils
in actual earthquakes involves highly non-stationary loading cycles with a small number of
high-amplitude cycles preceded and followed by many more cycles of lower amplitude;
each of these cycles can potentially contribute to pore pressure generation but do so in a
complex manner. As such, a defined number of loading cycles at an effective peak
amplitude that considers the relative contributions of the various cycles is needed to
properly characterize the pore pressure generation potential of the loading history.

The most basic procedures for characterizing numbers of equivalent cycles [24, 25] are
based on the assumption that damage accumulates linearly, i.e., that the damage produced
by each of a series of uniform amplitude loading cycles produces the same increment of
damage. Miner’s derivation was focused on high-cycle fatigue of aluminum alloys used in
the aircraft industry and inherently assumed material linearity in which cumulative absorbed
work, i.e., dissipated energy, is proportional to number of loading cycles. Under this
assumption, the damage, D, done by n; cycles of loading of amplitude S; can then be
expressed as

n (S
D= Zﬁ 2)
N, (S,)
where N; is the number of uniform loading cycles at amplitude S; required to cause failure.
With this criterion, failure occurs when D = 1.0. The assumption of strict linearity can be
relaxed, however, by assuming that the damage produced by each cycle is a power law
function of its amplitude, i.e.

N(S) =asS’ (3)

where a and and b are constants that reflect the intercept and slope of a log-log plot of S vs.
N. Then, substituting Equation (2) into Equation (1), the damage caused by a number of
uniform equivalent cycles, Neg, of amplitude Ser can be set equal to the damage produced
by the set of variable amplitude cycles
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from which the equivalent number of cycles at the reference stress can be expressed as
n (S
N, (S.)= sifz% (5)
Since the intercept constant, a, cancels out in Equation (3), the slope constant, b, which
describes the rate at which the amplitude required to cause failure decreases with increasing
number of loading cycles, can be seen to strongly influence the number of equivalent cycles.

The concept of a number of equivalent cycles was originally applied to liquefaction
problems by Seed et al. [29] using a modified version of the Palmgren-Miner cumulative
damage hypothesis. The reference stress was generally taken as a fraction of the peak stress;
for liquefaction purposes, this fraction has historically been taken to be 0.65. This approach
allows the number of equivalent cycles to be obtained from experimental data that use
uniform harmonic loading to establish the relationship between load amplitude and number
of cycles to failure. Cycle counting schemes based on Palmgren-Miner damage theory treat
all loading cycles equally regardless of the order in which they occur. In addition, Seed et
al. [29] considered only loading cycles of amplitude greater than 30% of the peak amplitude
to be capable of generating significant pore pressure.

Liu et al. [23] used the vector sum of two orthogonal horizontal acceleration histories
and individual peak amplitude weighting factors based on both laboratory and field data to
define numbers of equivalent cycles. Using a large database of recorded ground motions
along with consideration of source, path, and site effects, predictive models for numbers of
equivalent cycles based on laboratory, field, and lab/field data were developed. The models
predict number of equivalent cycles as functions of magnitude, distance, and site condition
(soil or rock) while accounting for near-fault effects and show that Neq increases with both
magnitude and distance.

Recognizing that softening due to pore pressure generation prior to the triggering of
liquefaction produces significantly nonlinear behavior, Green and Terri [11] proposed a
cycle-counting scheme based on dissipated energy. In this approach, the dissipated energy
of the transient and uniform motions are equated. The number of equivalent cycles was
taken as the ratio of the cumulative dissipated energy to the energy dissipated in one cycle
of loading at the reference stress, i.e., as

za)l
N (§ J)=—>=& 1t
o (S) [w(sref)] (6)

where o is the energy dissipated in the it cycle of loading and [a;(Sm )] is the energy

1 cycle

1 cycle

dissipated in one cycle of loading at S = Srer. The energy-based Neq increases with distance



in a manner similar to that of the Liu et al. [23] model at distances less than about 75 km
beyond which it remains nearly constant as the diminishing ground motion amplitude
balances the effect of increasing duration with distance. Notably, Neq also decreases with
depth for typical soil profiles.

Each of these cycle counting procedures accounts for the relative sizes of the individual
pulses that comprise a transient loading history and each assigns a weight to each pulse’s
expected contribution to pore pressure generation. The weighting functions are nonlinear
and some include a threshold, generally relative to the peak amplitude of the entire history,
below which no contribution to pore pressure is assumed. In all cases, the order or sequence
in which the pulses arrive at a given element of soil is not considered — each pulse is
considered to contribute according to its amplitude independent of the preceding loading
history.

4.2 Magnitude Scaling Factor

The concept of equivalent cycles was implemented into liquefaction potential evaluations
by means of a magnitude scaling factor, MSF. Recognizing that numbers of equivalent
cycles increased with increasing ground motion duration, and that ground motion duration
was most strongly influenced by earthquake magnitude, Seed et al. [29] related Neq to
magnitude with a magnitude of 7.5 being assumed to produce 15 equivalent cycles of
loading. In the simplified procedure for evaluation of liquefaction potential, the magnitude
scaling factor is applied to the peak acceleration for the entire ground motion; as a result,
the effective IM is PGA/MSF. The magnitude scaling factor can be defined as

CRR N Y
MSF — M — M =75 (7)

CRR N

M=75 M
Using a value of b = 0.34 as being representative of clean sands from laboratory tests and a
relationship between magnitude and number of equivalent cycles (Figure 4), Idriss [13]
proposed the relationship

MSF =6.9exp(—M /4) -0.058 <1.8 (8)
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Fig. 4. Relationship between number of equivalent cycles and earthquake magnitude [5].

Boulanger and Idriss [5], noted that the slopes of laboratory cyclic resistance curves,
represented by the b-parameter in Equations 2, 4, and 6, increased with increasing soil
density [17] and proposed that

MSF =1+ (MSF,_ —1)[8.64exp(—M /4) —1.325] 9)

where MSFnax is limited to being less than or equal to 1.8 for sand and 1.09 for clay and
plastic ~ silt and MSF_ =1.09+(q /180)° <22  for CPT-based and

MSF_ =1.09+(N, . /315)° < 2.2 for SPT-based evaluations. Finding that the number

of equivalent cycles for a given event depended on factors in addition to magnitude, Liu et
al. [23] related a CRR scaling factor to number of equivalent cycles as

c1Ncs

1,60cs

INCRR,. =1.3-0.41InN_ (10)

The CRRgr term can be used in a manner equivalent to MSF in the simplified method for
evaluation of liquefaction potential. The variation of MSF and CRRsg with magnitude from
several triggering models is illustrated in Figure 5.

10



25
i 1997 NCEER
00l Liu et al. (2001)
e Idriss (1999)
gg” 15 |28
o 84
G 10
= — Boulanger and
0.5 ldriss(2014)
0.0
5 6 7 8 9
Magnitude, M
Fig. 5. Comparison of magnitude scaling factors.
5 Transient Loading Laboratory Testing Program

In order to explore alternative, and more efficient, intensity measures for evaluation of
liquefaction potential under loading conditions more representative of actual earthquakes,
a series of cyclic direct simple shear tests was performed on wet-pluviated samples of
Nevada sand [20, 21, 32]. Two types of tests were performed: (2) tests with harmonic,
constant-frequency loading of variable amplitude, and (b) transient loading derived from
recorded earthquake motions.

5.1 Variable Amplitude Harmonic Loading

Figure 6 shows the results of a series of cyclic simple shear tests on specimens loaded with
nine cycles of constant amplitude (CSR = 0.075) and one (either the 2", 4 6t 8t or 10t
loading cycles) with twice that amplitude (CSR = 0.15). The applied loading produced
relatively low pore pressure ratios so that phase transformation behavior was not exhibited.
The pore pressure ratios after the first cycle of loading, which was identical in all tests,
decreased exponentially with increasing specimen relative density. To reduce the effect of
these differences, Figure 6(c) shows the pore pressure ratios normalized by their values after
the first cycle of loading (which was identical in all tests). The results show that (a) the
increment of pore pressure response prior to the large cycle was generally consistent for all
specimens (and consistent with the behavior shown in Figure 2), (b) the large cycle
produced a significantly larger pore pressure increment than the smaller cycles that
preceded it, (c) very little additional pore pressure was generated by the lower-amplitude
cycles that followed the large cycle even though cycles of the same amplitude had produced
significant pore pressures before the large cycle, and (d) the final pore pressures were
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influenced by the order of the loading cycles. These results suggest that the generation of
pore pressure is influenced by both the order of the loading cycles and the maximum level
of loading that a specimen has been subjected to.
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Fig. 6. Responses of cyclic simple shear specimens subjected to variable amplitude harmonic

loading.

Another variable amplitude harmonic test was performed by subjecting a torsional
shear test specimen to 40 cycles of modulated harmonic loading of smoothly increasing and

decreasing amplitude as shown in Figure 7.

Examination of the figure shows that

approximately 80% of the generated pore pressure developed in the first 20 cycles when the
shear stress amplitude increased from one cycle to the next; the last 20 cycles, each of which
had an amplitude that corresponded to a cycle in the first 20 cycles, produced much less
pore pressure and the last 14 cycles, which had amplitudes less than 85% of the peak prior
amplitude, produced essentially no additional pore pressure.
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Fig. 7. Responses of cyclic simple shear specimens subjected to modulated harmonic loading (data
courtesy of Fujen Ho, personal communication).

5.2 Transient Loading — Level-Ground Conditions

Actual earthquake ground motions are transient in nature and induce transient, highly
irregular loading histories in potentially liquefiable soils. Transient ground motions are
generally characterized by spectral content, either in terms of Fourier spectra or, more
commonly, response spectra. Such characterizations typically do not capture ground
motion duration well and do not capture the temporal variation of ground motion amplitude
at all. For purposes of liquefaction hazard evaluation, peak acceleration and earthquake
magnitude are also independent of temporal amplitude variation. Figure 8 shows the results
of two cyclic torsional shear tests using the same loading history but reversed in time (i.e.,
run forward and backward). In both cases, pore pressures built up until the highest cyclic
stress was reached and then remained essentially constant after that time. Cyclic shear strain
amplitudes, however, were not noticeably influenced by peak past loading level. Peak and
final pore pressures and cyclic strains were approximately 20% greater for the forward
loading case.
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Fig. 8. Response of cyclic torsional shear specimens to the same loading history: (a) shear stress —
forward loading, (b) pore pressure ratio — forward loading, (c) shear stress — reverse loading, (d)
pore pressure ratio — reverse loading (data courtesy of Fujen Ho, personal communication).

To further investigate response to transient loading and to determine whether
alternative intensity measures would be more suitable for liquefaction hazard evaluation, a
cyclic simple shear testing program involving many transient loading histories was
undertaken. The loading histories were obtained by a process intended to emphasize ground
motion characteristics that would distinguish between the efficiencies of several
evolutionary intensity measures. This involved identifying motions with combinations of
amplitude, frequency content, duration, and phasing that differed significantly relative to
each other. Figure 9(a) shows a scatter plot of two IMs computed from some 7000 recorded
outcrop motions (Vsso > 360 m/sec) that span a wide range of magnitudes, distances, styles
of faulting, basin depths, etc. [1]. There is a clear correlation between the two IMs but there
are also maotions that vary widely for one of the IMs with constant values of the other IM.
Figure 9(b) shows examples of the four motions highlighted in Figure 9(a). Two of the
motions have the same value of PGA/MSF but very different values of CAVs [19] and two
have the same value of CAV;s but very different values of PGA/MSF. Tests using shear
stress histories based on motions with the same value of PGA/MSF but high and low values
of CAV:s that produced similar pore pressures would indicate that PGA/MSF was an efficient
predictor of pore pressure generation (and hence liquefaction). An initial set of 15 motions
developed to distinguish the relative efficiencies of PGA/MSF, Arias intensity, and
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cumulative absolute velocity is shown in Figure 10. A supplemental set of six additional

motions in which energy built up at different rates is shown in Figure 11.
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Fig. 10. Acceleration histories for 15 motions used to develop transient loading histories.
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Fig. 11. (a) acceleration histories for six supplemental motions with different rates of energy
buildup and (b) Husid plots illustrating rates of energy buildup.

The previously described motions were converted to shear stress histories by applying
them at the base of an equivalent linear model of a 6-m-thick profile of medium dense (D,
= 55%) sand underlain by 1 m of cemented sand over a rigid base and extracting the shear
stress history at a depth of 5 m; this profile corresponded to that of a prototype soil profile
used in parallel centrifuge tests. The shear stress histories were applied to cyclic simple
shear specimens prepared at relative densities ranging from 37-89% at 1/5 their actual rate
to allow for accurate pore pressure measurement. Several of the tests were not used in
subsequent analyses due to low (<0.90) B-values or apparent problems with the testing
system. Because the loading system was not able to reproduce the input loading histories
exactly, the measured shear stress histories were converted to input acceleration histories
using a shear stress-based equivalent linear analysis program (Sideras, 2019) developed for
the project.

An example of the measured response is shown in Figure 12. The measured pore
pressure increases relatively quickly while the shear stress amplitude is increasing but stalls
(e.g., from 138-142 sec) when cyclic stresses are lower than the peak past cyclic stress.
Shear strains are small until the pore pressure ratio is nearly 1.0 and then become large;
dilation-induced stiffening is clearly seen in the stress-strain and stress path curves.
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Fig. 12. Measured response of cyclic simple shear specimen subjected to transient loading history:
(a) applied shear stress, (b) shear strain, (c) excess pore pressure, (d) stress-strain behavior, and (c)
effective stress path.

The results of the transient loading tests were used to evaluate the relative efficiencies
of four evolutionary liquefaction-related intensity measures. In order to do so, the measured
pore pressure histories were modified by removing temporary reductions in pore pressure
due to unloading and dilation; modified pore pressures were held constant during periods
of measured pore pressure reduction. The evolutionary intensity measures examined were
PGAMm = PGA/MSF, I, CAV, and CAVs. Two versions of PGA/MSF were used — one in
which MSF was obtained by correlation to number of loading cycles (Liu et al., 2001) and
one in which MSF was also related to relative density through laboratory cyclic strength
curves [5]. These IMs are referred to subsequently as PGAm, and PGAwm,g, respectively.
At a particular relative density, the modified pore pressure can be plotted as a function of
the evolving intensity measure. The rate of pore pressure generation would increase with
increasing intensity measure and decrease with increasing relative density. Because the
pore pressure ratio is bounded by values of 0.0 and 1.0, the test data was interpreted in terms
of the IM values from r, = 0.05 up to the point of triggering (taken as r, = 0.99). The
relationship between the three variables (IM, Dy, and r,) were found to be described well by
the function
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l+a
— A exp(B,D,) (11)

l+a -r

IM =

u

where a1, @, f1, and S, are coefficients obtained by regression for each evolutionary
intensity measure. When the coefficients were determined based on the transient cyclic
simple shear test results over the range of 0.05 < ry < 0.99, the standard deviations of the
IM residuals were as indicated in Table 1. These values show considerable differences in
the abilities of the different IMs to track pore pressure development up to and at the point
of triggering.

Table 1. Coefficients and uncertainties for IM models.

M a a, Py P, Oln M
PGAm.L 0.2367 -1.228 0.07713 | 0.01441 0.31
PGAwms 0.3137 -1.082 0.1199 0.01404 0.24

la 0.0676 -2.658 0.06688 | 0.02624 0.82
CAV 0.372 -1.322 0.8443 0.01537 0.58
CAVs 0.3167 -1.412 0.7972 0.01597 0.60

Discussion. The results of the transient loading tests indicate that PGAwm-based intensity
measures are significantly more closely related to pore pressure generation during transient
loading than the integral evolutionary intensity measures. Several factors appear to
contribute to this finding:
1. The PGAwm-based intensity measures are based on the relative amplitudes of
individual loading pulses without regard to the frequencies at which they occur.
2. Integral IMs are strongly influenced by frequencies and can increase significantly
due to low frequency components of ground motions that would not produce
significant shear strain (hence, pore pressure generation) in liquefiable soil layers.
3. The PGAwm-based intensity measures are nonlinearly related to the amplitudes of
individual pulses in a way that emphasizes larger pulses and discounts (or ignores)
the effects of small pulses that contribute little to pore pressure generation.
4. Integral IMs consider all pulses in proportion to their amplitudes and can have their
values inflated by low-amplitude cycles that do not generate pore pressure.
5. PGAw is more efficient at predicting the onset of phase transformation behavior
after which pore pressures tend to increase more rapidly.
The relative manners in which PGAm-based and integral evolutionary intensity measures
account for irregular loading can be illustrated by considering the initial set of variable
amplitude harmonic tests shown in Figure 13. Assuming the tests represent an element of
soil at the same depth, shear stresses and CSR values would be proportional to accelerations
in a simplified model analysis. Considering the tests with large pulses in the 4", 6™, and 8™
cycles, which had similar relative densities, comparison of the shapes of the recorded pore
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pressure responses (Figure 13b) and the PGAwm,g (Figure 13f) and CAV (Figure 13g) show
how much more closely PGAwm g correlates to pore pressure generation over the entire course
of loading than CAV. As an integral parameter, CAV continues to increase from cycle to
cycle with a relatively small jump during the large cycle. PGAwms, on the other hand,
increases significantly during each large cycle and, as does the pore pressure, remains
essentially constant thereafter.
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Fig. 13. Response histories of three cyclic simple shear specimens subjected to variable amplitude
harmonic loading: (a) applied cyclic stress ratio, (b) generated pore pressure ratio, (c) peak cyclic
stress ratio, (d) number of equivalent loading cycles, (¢) magnitude scaling factor, (f) PGA*ws
(computed as the quotient of (c) and (e)), and (g) CAV" (computed using CSR rather than
acceleration).

53 Transient Loading — Sloping Ground Conditions
In order to better understand the response of liquefiable soils to transient loading under
conditions that commonly exist in the field, another series of cyclic simple shear tests were

performed with transient loading superimposed on constant, static shear stresses
(deLaveaga, 2016). The tests were performed at the Norwegian Geotechnical Institute
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using two transient loading histories with very different temporal characteristics (Figure
14). The Palm Springs motion (MVH 135) was from the 1986 N. Palm Springs (M6.1)
earthquake; this motion had a relatively short duration and was characterized by a few low-
frequency pulses of acceleration that occurred early in the record. The Landers record
(MCF 000) was from the 1992 Landers (M7.3) earthquake and had a long duration with
many high-frequency pulses of similar amplitude.

— PALMSPR

Tau (kPa)

30 40 50 60 70 80

— LANDERS

Tau (kPa)

a0 lb 20 30 40 50 60 70 80
Fig. 14. Accelerograms for Palm Springs MVVH 135 and Landers MCF 000 motions scaled to peak
shear stresses of 20 kPa.

Tests with both uniform harmonic and transient loading were applied to the soil specimens
and the transient loading tests were applied with nominal static stress ratios of 0.00, 0.05,
0.10, 0.15, and 0.20. Test specimens of Nevada sand were reconstituted by wet pluviation
to relative densities ranging from approximately 35% to 70%. Tests were performed at 5%
of the rate of the actual recorded earthquake motion. The responses of specimens subjected
to the Palm Springs and Landers loading histories with different static shear stress levels
are shown in Figures 15 and 16, respectively. Accounting for differences in relative
densities, the specimens exhibited behavior generally consistent with that indicated in prior
studies based on uniform harmonic loading (Figure 3). The specimens with relative
densities in the range of 55-62% generated lower levels of excess pore pressure with
increasing static shear stress levels, thus indicating K, values greater than 1.0 and increasing
with a.
(a) (b)
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Fig. 15. Response of Nevada sand specimens to Palm Springs loading histories with constant CSR
but different static shear stress levels: (a) stress-strain curves, (b) stress paths, (c) shear stress, (d)
shear strain, and (e) pore pressure ratio.
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Fig. 16. Response of Nevada sand specimens to Landers loading histories with similar CSR but
different static shear stress levels: (a) stress-strain curves, (b) stress paths, (c) shear stress, (d) shear
strain, and (e) pore pressure ratio.

6 An Improved Intensity Measure for Triggering of Liquefaction

The variable amplitude and transient loading tests showed consistently that the generation
of pore pressure was influenced by the temporal variation of ground motion amplitude,
which is not accounted for in the intensity measures currently used in the evaluation of
liquefaction potential. An intensity measure that does account for temporal variation as
well as the amplitude and number of loading cycles would be beneficial in (a) the
interpretation of liquefaction case histories in areas with nearby ground motion recordings,
(b) the prediction of liquefaction for certain rupture scenarios in which repeatable temporal
variations are expected (e.g., near-fault, forward and backward directivity cases), and (c)
cases where ground motion hazards are defined in terms of ground motion histories (e.g.,
in the case of physics-based modeling).

Defining half-cycles as the periods between successive zero-crossings, the evolutionary
form of PGAwm g at the j™ cycle of loading can be expressed as

P J NJ
PGA,, =——=PGA | — (12)

where PGA, is the peak absolute acceleration as of the j cycle, MSF; is the magnitude
scaling factor as of the j™ cycle, Ny is the reference number of cycles (generally taken as



15), N; is the number of equivalent cycles as of the j" cycle, and b is an exponent that
describes the slope of a cyclic strength curve. Assuming a linear relationship between
damage and number of loading cycles,

J

NI STVI ok ' 13
‘ le 22[065PGAJ (13)

where pk; is the absolute value of the amplitude of the it" local peak. This allows PGAwg
at the j™ cycle of loading to be written as

[N

PGA K" | =cC ; k.”bn 14
Avos = S oo [ Z j (ij (14)

ref

where C groups the constant terms for given values of Nrr and b. To allow more flexibility
in modeling laboratory results, the two exponents on the right side of Equation (14) can be
freed from their reciprocal relationship. To account for the observed order of cycles effect,
in which cycles of increased amplitude produce relatively high increments of pore pressure
and cycles of amplitude lower than the prior peak (absolute) amplitude between zero
crossings (i.e, the PPA) produce small increments of pore pressure, a peak ratio factor, r,
that amplifies the effects of peaks that define new PGA values and reduces the effects of
peaks that are preceded by a higher peak. This allowed a liquefaction triggering intensity
measure to be defined as

0. 1%

J 2

= Z pk, - K\ (15)
i 1+( p i j
PPA
The peak ratio factor ranges from zero to 2 and takes on values less than 1.0 for peaks
preceded by a higher peak (i.e., Pk, < PPA), greater than 1.0 for peaks that exceed all

prior peaks ( pk; > PPA), and equal to 1.0 for peaks equal to the prior peak ( pk; = PPA

). The coefficient, 6, controls the rate at which r changes with pk, / PPA. Examination

of Equation (c) shows that & = b and & = 1/b in the Boulanger and Idriss formulation; that
formulation would produce b = 0.236 for (Ni)eocs = 15 blows/ft. The values of the
coefficients, 6:- 6, were determined through a process of constrained optimization with the
constraints set to avoid convergence to coefficient values that differed greatly from those
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based on laboratory data (Boulanger and Idriss, 2014). The coefficients ¢ and & were
constrained to lie within ranges of 0.15 to 0.55 and 0.7/ &, to 1.4/ 6, respectively; & was
constrained to being between -5.0 and zero. Using an objective function defined as the sum-

of-squared-errors in In IM , values of & =0.298, & = 2.53, and 6 = -2.91 were obtained.

The uncertainty in IM | was characterized by o~ =0.16, which is significantly lower

IniM
than the corresponding values for the other evolutionary IMs listed in Table 1.

Figure 17 shows how the peak ratio factor discounts the contributions of pulses
preceded by larger pulses and amplifies the contributions of those that represent new peak
loadings. Note that Seed et al. (1975) assumed that accelerations less than 30% of the PGA
do not contribute to Neq; Sassa and Yamazaki (2017) did not count shear stresses less than
60% of the peak shear stress toward their effective number of stress cycles. Examination
of transient test data showed that pore pressure ratios at the first exceedance of 30% of the
peak shear stress were generally less than 0.1 but could be as high as 0.3 in some tests. The
peak ratio factor shown in Figure 17 provides a smooth and continuous variation with the
evolving PPA as opposed to peak values for the entire motion.

20 T T I

Peak ratio factor, r

05

0.0

pk/PPA

Fig. 17. Variation of peak cycle weighting factor applied to individual cycles in proposed intensity
measure.

7 Toward an Improved Ko Adjustment Factor

The effect of static shear stress on the triggering of liquefaction under transient loading can
be quantified by a K. term (Equation 1) but care must be taken in the definition of that term
due to the transient nature of actual earthquake motions. For uniform harmonic loading,
the CRR terms can be defined using the peak shear stress, which is the same for all loading
cycles. For transient loading, however, the amplitudes of individual loading pulses vary
over the duration of the loading, which complicates definition of K. In this study, the
evolving magnitude-corrected cyclic stress ratio could be computed at the point at which
liquefaction was observed to have been triggered, i.e., as
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_ CSR (tstate) _ [Tmax (tstate) — Tstatic] / o lvo

CRR =CSR, (t...) =
MSF (tstate ) f [N eq (tstale )]

«, state

(16)

where tsae is the time of at which some state of interest (typically the triggering of
liquefaction) is reached and f [N, ()] is the CRR scaling factor (analogous to MSF)

at time, tstate, Obtained using a cycle counting-based procedure applied to the cyclic portion
of the loading history (i.e., to 7, (t) — Tgaic )- The transient load testing program for

sloping ground conditions had a relatively small number of tests in which initial liquefaction
was actually reached and those tests were all conducted at a-values less than about 0.05. In
order to gain insight into the effects of static shear stress over a broader range of conditions
relevant to practice, the finding of close correlation between intensity measures at the point

of phase transformation (r, ~0.6) and r, 1.0 for level-ground transient loading [32]
was used to define CRR05 (i.€., CRR« for the state of I, =0.6). This roughly doubled

the number of data points and extended the range of a out to 0.21. A smooth function
quadratic in both o and D, was then fit to the data as illustrated in Figure 18. This function
can then be used to define K. for the state of interest, i.e.,

K _ CSRa,o.e 17
@06 ( )
CSR

«=0,0.6

for which curves at different relative densities are shown in Figure 19.
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Fig. 19. Curves of Kq,o0.6 from transient loading
tests with Palm Springs motion for different
soil densities.
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The K, curves of Figure 19, while not a substitute for K_, provide insight into how

improved models might be developed. The curves can be seen to be generally consistent
with those in Figure 3. They show K <1.0 for loose sands and K_>1.0 for medium

dense to dense sands. The shapes of the curves, however, differ from those shown in Figure
3 in that they are all concave upward, i.e., all show increasing K at large values of o. for

all densities. This behavior appears to be reasonable given the differences in loading
between the uniform loading histories used to develop the relationships shown in Figure 3
and the transient loading upon which the curves shown in Figure 19 are based. As the static
shear stress is increased in a series of uniform harmonic loading cycles, the amplitudes of
the stress reversals decreases but the number of stress reversals remains unchanged until
dropping to zero instantaneously when o exceeds CSR. Under transient loading, however,
both the amplitude and the number of stress reversals decrease with increasing static shear
stress. As a result, the effects of static shear stress should appear earlier and more intensely
for transient loading than for uniform loading.

8 Summary and Conclusions

Improved understanding of the mechanics of liquefiable soil behavior has led to the
development of improved tools for analyzing the response of liquefiable soil profiles in
recent years. Advanced numerical models employing well-documented, validated
constitutive models are capable of representing important behaviors of liquefiable soils up
to and, increasingly, after the triggering of liquefaction. These tools allow engineers to
visualize the mechanisms by which pore pressures generate, redistribute, and dissipate, and
by which resulting deformations develop. The insight and understanding gained from these
analyses can be invaluable and their use in practice will continue to increase.

At the same time, the depositional complexities of many soil profiles prevent
subsurface characterization so complete that all behaviors can be anticipated or quantified
even in the most capable of numerical models. Both the mechanical and hydraulic response
of a liguefiable soil profile can be sensitive to the presence of thin layers or lateral
inhomogeneities that are not captured by typical subsurface investigations. As a result, the
use of empirical procedures for evaluating liquefaction potential and its consequences will
remain an important part of geotechnical earthquake engineering practice. Empirical
procedures have evolved and improved as understanding of liquefiable soil behavior has
developed and as more case histories have been documented in large and small earthquakes
around the world.

Empirical models for the triggering of liquefaction require characterization of demand
and capacity, i.e., of the loading imposed on liquefiable soils and the resistance of those
soils to the generation of high pore pressures. The great majority of liquefaction research
to date has focused on liquefaction resistance with less attention being paid to loading. The
laboratory tests that have elucidated important behaviors that cannot be obtained from
available case histories have represented earthquake loading by harmonic shear stresses of
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constant amplitude, and empirical models are based on the concept of representing the
transient, irregular nature of actual earthquake loading by a number of equivalent uniform
harmonic stress cycles. This was due, in large part to the common use of pneumatic loading
systems driven by function generators available at the time. With the advanced control
systems of modern laboratory testing equipment now available, however, that restriction
has been overcome and it is possible to apply loading more representative of actual
earthquake loading and to understand how liquefiable soils respond differently to such
loading.

This paper presents some of the results of cyclic simple shear tests in which loading
histories representative of actual earthquake loading are applied. The intent of the tests was
to help identify optimal intensity measures for evaluation of liquefaction hazards, and to
develop data that could be used by constitutive modelers to validate or improve their
models. Tests were performed to simulate level-ground conditions with a large number of
loading histories based on different recorded ground motions, and to simulate sloping
ground conditions with two motions. The results of the tests have led to several significant
conclusions.

1. The generation of excess pore pressure in liquefiable soils is more closely related
to the number and amplitude of the individual stress pulses that make up a loading
history than to the duration of that history. Thus, the potential for time-integrated
intensity measures such as Arias intensity or cumulative absolute velocity to be
efficient predictors of liquefaction triggering appears to be limited.

2. The manner in which pore pressures develop under transient loading is influenced
by the order of the stress pulses imposed on the soil. Thus, commonly used
intensity measures and cycle-counting procedures, which treat all pulses equally
based solely on their amplitudes, are limited in their ability to represent pore
pressure generation.

3. The incremental pore pressure generated by an individual stress pulse is strongly
influenced by the amplitude of that pulse relative to the past peak amplitude. If
the pulse is preceded by a larger pulse, it will generate a significantly smaller
increment of pore pressure than if it had not. This leads to the irregular generation
of pore pressures under earthquake loading in which large increments of pore
pressure are associated with stress pulses that exceed all preceding pulses followed
by nearly constant pore pressures between those pulses.

4. The transient testing performed in this investigation supports the concept of a new
intensity measure, 1M, that explicitly considers the order of cycles in a ground
motion. It therefore offers the potential to better distinguish between motions of
short and long duration, motions of forward and backward directivity, and motions
with different source rupture characteristics. In the context of empirical
procedures, such an intensity measure can be used with recorded ground motions
in the vicinity of liquefaction case histories to better characterize the loading
imposed on the soil in those case histories.

5. The presence of static shear stresses, as occur under sloping ground conditions or
in the vicinity of structures, appears to influence pore pressure generation and
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liquefaction triggering in a manner generally consistent with that exhibited in tests
involving uniform harmonic loading. However, the relationship and interaction
between transient shear stress histories and static shear stresses is significantly
different than for uniform harmonic loading, particularly when static stresses are
high relative to cyclic stresses, a condition for which little test data is currently
available.

Additional testing with transient loading is needed. The investigations described
in this paper were limited and exploratory and used only uniformly-graded clean
sand. Additional testing is needed with a broader range of soils (different grain
size distributions, fines contents, fines plasticities) and broader ranges of relative
densities and loading amplitudes. Tests that extend beyond the point of triggering,
particularly tests with static shear stresses, will also be useful to better understand
the development of large strains and to identify intensity measures that predict
those strains efficiently and sufficiently. Such intensity measures can be expected
to improve empirical models for prediction of the consequences of liquefaction.
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