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ABSTRACT: Cyclic liquefaction has been the culprit of significant damage and ground fail-
ures in recent earthquakes. Cyclic resistance determined from laboratory tests or empirical
correlations with in-situ penetration tests are often reduced by 10% to account for the effect of
multidirectional loading. In this paper, the cyclic stress-strain behavior and liquefaction resist-
ance of a local silica sand is measured in constant-volume cyclic simple shear tests. Four dif-
ferent sets of experiments are carried out by subjecting soil specimens to sinusoidal cyclic
loads in one-direction, and bidirectional circular, figure-8 and oval stress patterns in the hori-
zontal plane. The experimental results from bidirectional cyclic tests suggest a 30% reduction
in cyclic resistance of soil measured in one-directional tests. CRR reductions are further com-
pared with several other experimental studies on bidirectional cyclic behavior of sands. Excess
pore pressure generated under unidirectional and different patterns of bidirectional cyclic
loading are also compared and examined.

1 INTRODUCTION

During earthquakes, soil layers are subjected to multidirectional cyclic shear stresses with dif-
ferent amplitudes and frequencies in the horizontal plane (Penzien and Watabe, 1975, Ansal
et al., 2001, Ishihara and Nagase, 1988). Earthquake acceleration trajectories from the 1985
Lotung, and the 2004 Niigata earthquakes shown in Figure 1 clearly demonstrate a multidir-
ectional shaking involving variations not only in the magnitude, but also in the direction of
the ground motion. Applying two perpendicular time histories of shearing on the horizontal
plane of a soil specimen would be a closer approximation of seismic loading. However,
because of the difficulty in building testing equipment capable of applying cyclic shear stresses
simultaneously in two horizontal directions, most experimental studies on cyclic response and
liquefaction behavior of sands have been undertaken by applying cyclic loads in one direction,
and therefore neglecting the effect of multidirectional cyclic loading.
One of the earliest attempts to study the effect of bidirectional cyclic loads was conducted

by Pyke et al. (1975) by mounting a small shaking table transversely on a larger shaking table
and comparing the settlement characteristics of dry Monterey sand in bi- and uni-directional
shaking table tests. It was found that settlement during bidirectional shaking was as much as
three times that caused by shaking in only one direction. Pyke et al. (1975) interpreted the
larger settlement of dry sand in bidirectional shaking table tests as an indication of a higher
and more rapid pore pressure build-up in saturated sand samples under bidirectional cyclic
shear compared to unidirectional loading. Through the analysis of these data, Seed et al.
(1975) concluded that the stress ratio required to cause initial liquefaction under bidirectional
cyclic loads could be up to 20% less than that required to produce initial liquefaction in unidir-
ectional shaking. Later, Seed et al. (1978) confirmed this observation in undrained cyclic
direct simple shear (CDSS) tests. Ultimately, they advocated a reduction in liquefaction

4768



resistance of 10% as simultaneous occurrence of maximum amplitude in two shaking compo-
nents is improbable. This has become the current state of practice to account for the effect of
bidirectional cyclic loading in liquefaction analysis.
Since the pioneering work of Pyke et al. (1975), several other investigators have used bidir-

ectional laboratory CDSS tests to provide a realistic simulation of in-situ loading compared
with traditional simple shear devices. Ishihara and Yamazaki (1980) carried out the first bidir-
ectional CDSS tests on fully saturated samples of Fuji River sand using a simple shear device
constructed at the University of Tokyo. They observed that the detrimental effect of bidirec-
tional cyclic loading increased with increasing the magnitude of the secondary cyclic shear
stress. Ultimately, liquefaction resistance was found to be respectively 40% and 30% lower in
bidirectional circular and alternative (+) cyclic patterns compared to those in unidirectional
cyclic shearing. Based on a series of CDSS tests on the same sand, Ishihara and Nagase (1988)
later found an average reduction of 15% in cyclic resistance under bidirectional cyclic loads,
with a slight increasing trend of 14%, 15%, & 18% with increasing relative density (45, 70, &
95%). Kammerer et al. (2002) investigated the dynamic behavior of Monterey No. 0 sand spe-
cimens subjected to circular, oval and figure-8 bidirectional cyclic simple shear stress patterns
at medium to high relative densities. They measured much larger shear strains from bidirec-
tional loads compared to those from one-directional cyclic tests.
Understanding the undrained response of sands is critically important for assessing their

liquefaction susceptibility and estimating liquefaction-induced and post-liquefaction displace-
ments. This study presents a comprehensive series of shear tests undertaken with different
bidirectional cyclic shear patterns on loose, medium-dense, and dense specimens of a clean
local sand. The shearing response of specimens under bidirectional cyclic loading is examined
and compared with those under unidirectional loading. The experimental results could not
only enhance our current understanding of soil liquefaction mechanics and factors which
influence this phenomenon but may also become useful for other researchers to calibrate soil
constitutive models for advanced numerical analysis.

2 EXPERIMENTAL PROCEDURE

2.1 Tested material

A local sand from the Boler Mountain in London (ON) was used in this study. Natural Boler
sand has a fines content of about 11%. For this study the fines were removed by sieving and
washing through sieve #200, resulting in a clean sand with D50 = 0.24 mm, CU = 1.75, and CC

= 1.38. A specific gravity (GS) of 2.67, and maximum (emax) and minimum (emin) void ratios
of respectively 0.845 and 0.525 were determined following ASTM D4254 and ASTM D4253
standard testing procedures. Using scanning electron microscopic images, X-Ray diffraction

Figure 1. Acceleration orbits from the (a) 1985 Lotung (Taiwan), and (b) 2004 Niigata earthquakes
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and acid dissolution analyses, Boler sand was found to be composed of about 90% to 85%
quartz (SiO2) and 10% to 15% carbonate (CaCO3) and dolomite (MgCa(CO3)2) particles, with
sub-angular to angular particle shapes.

2.2 Equipment

CDSS tests were carried out using a variable direction dynamic cyclic simple shear (VDDCSS)
apparatus manufactured by Global Digital Systems (GDS) Instruments Ltd. (Hampshire,
UK). The VDDCSS apparatus allows both uni- and bi-directional cyclic simple shear loading
using three electromechanical actuators to apply force in one vertical and two horizontal dir-
ections to a soil specimen. The horizontal actuators are orthogonally oriented to apply biaxial
horizontal stresses to two perpendicular sliding tables at the base of the specimen. The sliding
tables are mounted on stiff track bearings which can move freely in only one direction, allow-
ing resultant motion in any horizontal direction. In these tests, a cylindrical specimen is
enclosed in an un-reinforced rubber membrane while being supported laterally by a stack of
smooth (‘ ‘frictionless’’) circular close-fitted rings. The thin rings (each 1.1 mm thick) maintain
a constant cross-sectional area while allowing uniform shear deformations. Normal and shear
forces are applied on the soil specimen in the horizontal plane. The surfaces of the upper and
lower platens have concentric circular fins to provide a rough interface and minimize relative
movement between the soil specimen and the top cap.

2.3 Sample preparation

Reconstituted specimens of 70 mm in diameter and 25 mm high were prepared. The specimens
were enclosed inside a rubber membrane of 0.012” thick and a set of Teflon-coated stacked steel
rings. Stacked rings provided lateral restrain to maintain a zero-lateral strain condition. The
steel confining rings were Teflon coated to reduce friction. Silicon oil was also applied between
the rings as well as the inside surface of the membrane to minimize friction. In order to minimize
density variations across the specimen height and improve specimen uniformity, the under-com-
paction moist-tamping procedure (Ladd, 1978) was adopted for specimen preparation. In this
method, the lower layers are intentionally compacted at an initial relative density (under-com-
pacted) looser than the final desired value by a certain percentage. Each succeeding sublayer is
then prepared denser or at a lower under-compaction ratio to account for the decreasing densifi-
cation effect of compacting successive layers placed above it. Relatively uniform and very loose
specimens are readily created with this method as capillary among moist particles holds them
together. A moist tamped specimen can be thought to represent an in-situ soil fabric formed by
moist-compaction or end-tipping of a sandy soil above the water table, loose tailings with min-
imal compaction, silty sands, or loess formed by the deposition of loose particles by pore water
suction. A small normal stress of 5 kPa was applied on the specimen to ensure proper seating of
the top platen on the sample. The small amount of moisture used in specimen preparation pro-
duced slight matric suction among sand particles. This was removed by flushing the specimen
with deaired water after applying the seating load.

2.4 Consolidation and shearing

Initial void ratio (eo) was chosen by trial and error so that the specimen would densify to a
given relative density (Drc) after consolidation at the target effective vertical stress (σ’vc). A wide
range of σ’vc = 50 to 600 kPa was investigated to study bidirectional cyclic behavior of soil at
shallow depths as well as under high embankment dams or heavy building foundations. Follow-
ing consolidation, the specimens were subject to constant-volume stress-controlled cyclic shear-
ing. For unidirectional shearing, a sinusoidal cyclic shear load was applied at a frequency of 0.1
Hz in order to maintain a constant amplitude of cyclic shear stress, allow a better control of
shear loads and data acquisition, as well as complete excess pore pressure dissipation.
Cyclic stress ratio (CSR) is defined as the maximum cyclic shear stress applied on the soil

specimen normalized by σ’vc. Circular and elliptical loading patterns were generated
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respectively by applying equal CSR in X and Y horizontal directions (CSRx = CSRy), or
CSRx = 2CSRy. Whereas, a figure-8 loading pattern was generated by CSRx = CSRy, but with
a cyclic loading frequency in the Y-direction being twice that in X-direction. Figure 2 illus-
trates these bidirectional cyclic loading patterns. For bidirectional stress patterns, CSRmax is
defined as the resultant of those (√CSRx + CSRy

2) in two orthogonal directions (CSRx,
CSRy), which corresponds to the magnitude of the largest stress vector during the cyclic stress
pattern. Cyclic shear strain (γcyc) is also applied simultaneously in two orthogonal directions
during bidirectional cyclic loading. Similar to CSRmax, shear strain γcyc is determined as the
resultant (√γx

2 + γy
2) of those in two orthogonal directions (γx, γy). As the strain magnitude is

always positive and non-directional, γcyc cannot be used to determine the (single or double
amplitude) strain range achieved during a given bidirectional cycle loading. An automated
electro-mechanical control system was used to actively maintain a constant specimen height
during shearing by adjusting the vertical load on the specimen. As drainage was allowed no
shear-induced pore water pressure was produced, and the change in vertical stress required to
maintain a constant height was taken as the equivalent pore water pressure that would have
been generated in a truly undrained test on a saturated sample (Dyvik et al., 1987).

3 TEST RESULTS

Close to 300 K0-consolidated CDSS tests were carried out in this study. Typical effective
stress paths and stress-strain plots for a bidirectional cyclic test are shown in Figure 3.
All samples exhibited cyclic liquefaction behavior, characterized by the specimens showing a

cyclic strain-softening response. As illustrated in Figure 3, a large reduction in σ’v occurs in the
first quarter-cycle of loading, following by a progressively slow σ’v reduction as reflected by the
gradual reduction of the spacing between successive stress cycles in the stress path plot. The
amount of σ’v reduction is relatively larger in unloading following stress reversal. Shearing con-
tinues with progressive reductions in σ’v with number of cycles, which corresponds to increasing
excess pore water pressure ∆u, and a fairly slow strain development (less than approximately
1%) until σ’v drops by about 60 to 70%. The rate of strain development then increases with sub-
sequent loading cycles, and the specimen liquefies in two to three additional loading cycles.

4 DISCUSSION ON THE EFFECTS OF BIDIRECTIONAL SHEAR LOADING

4.1 Excess pore pressure and cyclic shear strain

Accumulations of cyclic shear strain (γ) and ru with number of cycles (Nc) in DSS tests on
loose (Drc = 25%), medium-dense (Drc = 45%) and dense (Drc = 65%) samples are shown in

Figure 2. Bidirectional cyclic stress patterns applied on the specimens of this study
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Figure 4. In counting Nc, a full cycle is defined as a complete rotation of the bidirectional
shear stress pattern. All samples, irrespective of the cyclic loading pattern, exhibit a rapid
increase in equivalent excess pore pressure ratio ru = ∆u/σ’vc, where Au is the equivalent pore
pressure (i.e. vertical stress reduction).
According to Figure 4, the rates of pore water pressure generation and shear strain accumu-

lation are considerably higher during bidirectional cyclic loading compared to unidirectional
loading. This is due to the continuous rotation of stresses on the horizontal plane during bidir-
ectional cyclic shearing which facilitates particle rearrangement. Nevertheless, comparatively
lower ru are produced in specimens subjected to circular and elliptical bidirectional stress pat-
terns, despite large shear strains. The lower rate of ru and γcyc development with the oval
stress pattern compared to those under circular loading could be due to the relatively lower
CSR along the minor axis. During these stress patterns, the grains are locked by the constantly
high shear stresses imposed on the sample. By contrast, shear stress is released (to zero hori-
zontal shear stress) during unidirectional and figure-8 stress trajectories, unlocking the par-
ticles and generating very large pore pressures (ru ≥ 95%). Specimens subjected to figure-8
cyclic stress patterns experience a high degree of shear stress rotation and stress release occur-
ring in different parts of the stress path. For these stress paths, the consideration of a defin-
ition of liquefaction based on the attainment of nearly ru = 100% or initial liquefaction would
be misleading and fundamentally unsound. Even though excess pore pressure for specimens
subjected to bidirectional circular and elliptical cyclic loads does not reach the total vertical
stress, the specimens reach liquefaction by excessive deformation.
Higher rates of pore pressure buildup and shear strain development have been also reported

in shaking table physical models (Su and Li, 2008), DEM simulations (El Shamy and Abdel-
hamid 2017) as well as other cyclic simple shear tests (Matsuda et al., 2004) of bidirectional
loads compared to those developed during the application of unidirectional cyclic loads.
Many of these studies have also observed limited ru development under circular and elliptical
bidirectional loading patterns that do not allow for complete removal of shear stresses. There-
fore, the liquefaction criterion of ru becoming nearly 1.0 may need to be reassessed for circular
and elliptical cyclic stress patterns. For consistency, the 7.5% double-amplitude shear stress
criterion was adopted as the liquefaction occurrence for all tests in this study.

4.2 Liquefaction resistance

The liquefaction failure criterion is defined as the number of cycles (Nl) required to cause a
double amplitude shear strain, γDA of 7.5% (Wijewickreme et al., 2005). This is a sufficiently
large shear strain that if produced in-situ would lead to a rapid loss of serviceability. Figure 5
compares the CSR versus Nl of Boler sand specimens under different loading patterns at σ’vc
= 100 kPa. These data are fitted with a power function as CSR = a(NL)

-b, where NL represents

Figure 3. Effective stress paths and stress-strain behavior of a Boler sand specimen subjected to bidirec-

tional circular loading
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the number of cycles to liquefaction initiation and “a” and “b” are the fitting parameters.
Cyclic resistance ratio (CRRNL=15) is described as the CSR required to reach liquefaction in
15 uniform loading cycles, which corresponds to an earthquake magnitude of 7.5. Figure 5
indicates in general that the addition of a shear stress in the second horizontal direction results
in a quicker attainment of the liquefaction condition and hence a lower CRR.
The effect of different bidirectional loading patterns in reducing CRR from unidirectional

(CRRM) to bidirectional (CRRB) loading are compared in the plots of Figure 6. As illustrated
in this figure, the largest reductions in CRR occur under the bidirectional circular pattern,
which are within the ranges of those observed by Seed et al. (1975) and Ishihara and Yama-
zaki (1980). Whereas, elliptical and figure-8 cyclic patterns have relatively smaller effects on

Figure 4. Buildup of equivalent excess pore pressure ratio (ru) and cyclic shear strain (yoyo) and with

number of cycles (Nc) in CDSS tests on dense, medium-dense and loose samples at CT’VC = 600 kPa

Figure 5. Comparison of CSR-NL data for loose and dense Boler sand under different loading patterns

at σ’vc = 100 kPa
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CRR, producing CRR reductions of about 10 to 15% compared to those from unidirectional
cyclic tests. This difference could be attributed to differences in the amount of shear stress
reversal and unloading that occurs under these specific loading conditions.
Although the actual earthquake ground motion may not precisely follow a circular trajec-

tory, nearly equal horizonal acceleration amplitudes can occur depending on the fault top-
ology and the wave propagation path as demonstrated in Figure 1. This suggests that the
significant effect of bidirectional circular cyclic loading as compared to the simplified unidirec-
tional loading may not be uncommon. Accordingly, simplifying a multidirectional earthquake
ground motion in unidirectional tests could overestimate CRR and lead to an unsafe design.
Based on bidirectional CDSS tests on medium dense and dense samples of Monterey 0/30
sand, Kammerer (2002) found that CRR not only reduced, but also increased by up to 30%
under bidirectional cyclic loading paths. As shown in Figure 6, we did not observe any
improvements in CRR in bidirectional cyclic tests. The increased CRR observed by Kam-
merer (2002) could be due to the higher density of their samples (Drc > 65 %) and the associ-
ated dilation at high Drc.

5 CONCLUSIONS

CDSS tests carried out on a silica sand show rates of pore water pressure generation and
shear strain accumulation during bidirectional cyclic loading considerably higher than those
in unidirectional cyclic loads. This indicates the limitation of defining soil liquefaction based
on the attainment of nearly ru = 100% or initial liquefaction. Excess pore pressure may only
approach the total vertical stress if shear stress is reloaded after a complete unloading. Even
though excess pore pressure for specimens subjected to bidirectional circular and oval cyclic
loads did not reach the total vertical stress, the specimens attained liquefaction by excessive
deformation. This suggests that the stability of engineering structures founded on potentially

Figure 6. Ratios of CRR under bidirectional (CRRB) and unidirectional (CRRM) loading patterns for

Boler sand specimens
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liquefiable soils should not be approached solely by designing on the principle of limiting the
induced pore pressure. A sand sample subjected to bidirectional circular loading could have a
liquefaction resistance of about 20 to 30% lower than that in unidirectional cyclic loading.
Whereas, elliptical and figure-8 bidirectional cyclic patterns would have relatively smaller
effects on CRR, producing CRR reductions of about 10 to 15% compared to those from a
unidirectional cyclic load.
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