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ABSTRACT: Behavior of sand during secondary liquefaction, liquefaction caused by propa-
gation of excess porewater from the liquefied layer, is investigated. Six Toyoura sand specimens
with 50% relative density are tested. Two of them are loaded monotonically under the initial
confining stress σ’c=100 kPa and 0 kPa, respectively. The rest are loaded cyclically up to excess
porewater ratio becomes 20, 40, 60, and 100kPa starting with 100kPa initial confining stress at
first. Then the confining pressure is set zero by increasing the back pressure, and loaded mono-
tonically. Stress-strain curves can be classified into three groups; that of monotonic loading with
σ’c=100kPa, that of initially liquefied case, and those with secondary liquefied cases. This indi-
cates that behavior of soil during secondary liquefaction can be represented by the monotonic-
ally loaded case with σ’c=0kPa unless soil structure is disturbed during cyclic loading.
Disturbance of soil skeleton occurs when cyclic mobility behavior appears.

1 INTRODUCTION

Soil liquefaction is recognized to be a phenomenon by which load carrying capacity is lost
because of the decrease of effective stress caused by, for example, an earthquake loading. In
the engineering practice, however, similar but somewhat different liquefaction, named second-
ary liquefaction, is sometimes interested in. After a sand layer is liquefied, generated excess
porewater pressure propagates into neighboring layers. This propagation may cause increase
of excess porewater in the neighboring layers, resulting in zero effective stress. This phenom-
enon is called secondary liquefaction.
Since effective stress becomes zero, secondary liquefaction is considered to be same as

ordinary liquefaction in the practical design. When a ground is improved using the compac-
tion method, for example, regions neighboring the liquefied ground, shown in Figure 1, is con-
sidered as softening region caused by excess porewater penetrated from the liquefied layer,
and no load carrying capacity is expected in the upper triangle region (Port and Harbour
Research Institute, 1997). In the design of pile foundations, coefficient of subgrade reaction of
sand layers above the liquefied layer is set zero because of the excess porewater penetrated
from the liquefied layer below it (Architectural Institute of Japan, 2015).
After the 1995 Kobe earthquake, concept of the performance based design is employed in

many design specifications because design input motion is too large to keep structures without
damage. In this situation, evaluation of post liquefaction behavior becomes necessary in the
earthquake geotechnical fields or in the aseismic design, because deformations of the ground
affects behavior of structures.
Yasuda et al. (1997) reported that deformation characteristics in the post liquefaction phase

are strongly influenced by the amount of loading during earthquake or cyclic loading; larger
loading cycles results in larger shear strain at low stiffness. Based on this report, Yoshida et al.
(2005) suggested that it is necessary to consider not only excess pore water pressure but also
damages involving material characteristics. Yamaguchi et al. (2004) made simple shear tests
with injection of porewater after the undrained cyclic loading in order to investigate flow
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deformation characteristics. They showed that deformation characteristics after cyclic shear-
ing depends on the magnitude of shear strain during the cyclic shear, and soil structure is dam-
aged by positive dilatancy in the opposite direction of initial shear stress. Hosaka (2002)
performed triaxial drained compression tests at low effective stress in order to investigate
large deformation characteristics of sand containing fines during liquefaction, and stress-
strain relationships of the specimen at low effective stress caused by undrained cyclic shearing
with small strain was similar to that of the specimen with isotropic unloading.
These researches indicate importance of the cyclic or earthquake loading for the load carry-

ing capacity of sandy soils after the earthquake. In this sense, behavior of soil after the second-
ary liquefaction is also to be made clear. However, there are few reports on the characteristics
of secondary liquefaction. This paper reports on the experimental results of deformation char-
acteristics related to secondary liquefied soils

2 TEST PLAN

Toyoura sand (density ρs =2.641 g/cm3, ρdmin =1.335 g/cm3, ρdmax =1.630 g/cm3) is used in this
research. Test specimen, with relative density Dr=50 %, is made by the air-pluviation method.
They are saturated enough to show the B-values to be greater than 0.95 by circulating carbon
dioxide, CO2, and deaired water. Applied back pressure is 200 kN/m2.

Figure 2 shows schematic figure of the test. A test is composed of four stages shown as A to
D in the figure.
At the first stage (stage A) specimens were isotropically consolidated to σ’c=100 kN/m2.
Sinusoidal cyclic shear stress is applied by triaxial test apparatus under the undrained con-

dition in stage B until excess porewater pressure becomes a prescribed value. Frequency
during the cyclic loading is 0.1 Hz, and the cyclic stress ratio σd/(2σ’c) is 0.12 so that liquefac-
tion occurs between 20 and 25 cycles of loading, where σd is axial stress and σ’c is initial effect-
ive confining stress.
Effective stress is decreased to zero by increasing the back pressure in stage C. This stage is

conducted by two steps. At first, back pressure is increased same as generated excess porewater
pressure keeping the undrained condition. After that the drainage bulb is opened keeping the
decrease of excess porewater pressure are same with applied back pressure until effective stress
yields zero. The test specimen then becomes secondary liquefaction state at this stage.
Finally, in stage D, axial strain is increased monotonically with strain rate of 0.1 %/min to

obtain the behavior during the secondary liquefaction.
Six specimens named Case 1 to Case 6 shown in Table 1 are tested. Test parameters are also

shown in Table 1. Among them Case 1 and Case 2 are special cases. There is no stages B and
C in the Case 1; it is a monotonically loading case with initial confining pressure 100 kN/m2.
On the other hand, there is no stage B in the Case 2; it is a monotonically loading case with

Figure 1. Affected region by secondary liquefaction

5785



initial confining pressure 0 kN/m2. It is also noted that Case 6 is not a secondary liquefaction
case because excess porewater pressure reaches initial liquefaction (excess porewater pressure
becomes equal to initial confining pressure) by the cyclic loading. In the original test plan, a
case where excess porewater ratio is 80% in stage B is planned, but it is not succeeded to stop
cyclic loading at 80% excess porewater ratio. Therefore, it is not listed in Table 1.

3 TEST RESULTS

3.1 Cyclic loading (stage B)

Result of the test is briefly summarized in Table 2. Number of cycles when liquefaction occurs
is 24 as shown in Case 6. Number of cycles of other cases are also shown in the table. Yasuda
et al. (1997) proposed a method to evaluate FL value, resistant factor or safety factor against
liquefaction, for the cyclic loading test. They considered two cases, a case keeping shear stress
ratio constant and a case keeping number of cycles causing liquefaction constant. This test
corresponds the former case and the method to evaluate FL value is schematically shown in
Figure 3.
Time histories of axial stress σa, axial strain εa, and excess porewater pressure Δu are shown

in Figure 4, where horizontal axis is number of cycles, not time itself. Figure 5 shows stress-
strain relationships and stress paths of these tests. It is emphasized that behavior of all

Figure 2. Schematic figure showing test procedure

Table 1. Test parameters

Excess porewater pressure ratio

Model conceptCyclic loading Back pressure

Case 1 - - No liquefaction

Case 2 - 1.0 Secondary Liquefaction

Case 3 0.2 0.8

Case 4 0.4 0.6

Case 5 0.6 0.4

Case 6 1.0 - Liquefaction
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specimen are almost identical to each other during cyclic loading, which indicates that speci-
mens are the same mechanical property and the test is highly reliable.
Even when excess porewater pressure ratio reaches prescribed value shown in Table 1, load-

ing is continued until shear stress becomes zero. One can recognize why cases of excess pore-
water pressure ratio of 0.8 is not succeeded from Figure 5; excess porewater quickly reaches
100 % in the same cycle. Residual strain εDmax, double amplitude axial strain, at the end of

Table 2. Axial strain when the effective stress became zero

Number of loading
cycles in stage B

FL

value
Cyclic loading
εDAmax (%)

Max. shear strain γmax (%) Back
pressure
εr (%)Extension Compression

Case 1 0 - - - - -

Case 2 0 - - - - -0.09

Case 3 3 8.00 0.04 0.065 0.030 -0.09

Case 4 9 2.67 0.05 0.084 0.038 -0.11

Case 5 21 1.14 0.09 0.170 0.039 -0.14

Case 6 24 1.00 3.79 4.784 0.902 -0.83

Figure 3. Evaluation of FL value

Figure 4. Time histories during cyclic loading
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cyclic loading or stage B is summarized in Table 2, too. It is about 4 % in Case 6 test. On the
other hand, those in other tests are much less than that of Case 6, 0.09% at a maximum. Max-
imum shear strains converted from axial strains are shown in Table 2. Large strain occurs in
the extension side, but general tendency is same with εDAmax.

Stress-strain curves of Case 3 to Case 6 focusing on low strains is shown in Figure 6. As
shown in Table 2, shear strains of Case 3 to Case 5 are much smaller than that of Case 6. It is
also noted that shape of stress-strain curve is a spindle shape; it is not inverse-S shape such as
stress-strain curve of Case 6, which shape is observed Figure 5(a).

3.2 Back pressure loading (stage C)

As described in the previous section, back pressure is increased to be the same amount of the
generated excess porewater keeping undrained condition. Then drainage bulb is opened, by
which effective stress becomes zero by backpressure. Axial strain εr when effective mean stress
becomes zero is shown in Table 2. Here, that of Case 2, 0.09 %, is also shown. Axial strain of
Case 6 (liquefied during cyclic loading) is 0.83 %, which is about 10 times larger than that of
Case 2. Axial strain of other cases (Case 3 to Case 5) are very small compared with that of
Case 6 and they are similar to that of Case 2. This tendency is similar to that of maximum
shear strain during cyclic loading.

Figure 5. Stress-strain curves and stress paths during cyclic loading

Figure 6. Stress-strain curves at low strains
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3.3 Monotonic loading (stage D)

All the test result during monotonic loading is summarized in Figure 7; (a) is stress-strain
curves, (b) is secant shear moduli-strain curves, (c) is effective mean stress-strain curves, and
(d) is stress paths. The behaviors can be classified into three groups. The one is Case 1 or
simple monotonic loading case, and the another one is Case 6 where liquefaction did occur.
Behavior of the other cases, i.e., Case 2 to 5, are quite similar to each other.

4 DISCUSSION

Figure 8 compares secant shear modulus Gsec at several shear strains. In Figure 8(a), it is nor-
malized by the Gsec of Case 1, i.e. those of secant modulus of the non-liquefied soil. As shown
in the previous chapter, behaviors is classified into three groups and those by secondary lique-
faction cases are similar. This can be clearly seen in Figure 8(a); secant moduli in Case 2 to
Case 5 lie on the horizontal line, and it is much different from Case 1 and Case 6. Among
secondary liquefaction cases, Case 2 is the easiest to test because there is no cyclic loading.
Then, Gsec is normalized by that of Case 2 in Figure 8(b). It is seen that secant shear modulus
ratios in secondary liquefaction cases are nearly 1.0.
It may be also interested in when looking at the value of the shear modulus ratio in

Figure 8(a). Ratios at larger strains are much larger than those at small strains. Because,
as seen in Figure 7(a), stress strain curves are parallel to each other at large strains. This
indicates that soil does not become liquid in secondary liquefaction, and it has much stiff-
ness compared with that of the liquefied soils.

Figure 7. Behavior during monotonic loading
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Yasuda et al. (1999) conducted series of monotonic test of liquefied sands in order to obtain
post liquefaction stress-strain curves. The test procedure are almost same with this test except
that they conducted cyclic loading causing onset of liquefaction and more. There are, of
course, some differences, which are summarized in Table 3.
Figure 9 compares stress-strain curves and stress paths by two tests. Fortunately, there are

almost same test results; Case 1 and Case 6 are almost same, and FL value this test is 1.14 as
shown in Table 2 whereas corresponding test by Yasuda et al. (1990) is 1.13.

Stress paths shown in Figure 9(b) is almost same. Small difference comes from start condi-
tion; effective stress are set zero in this test whereas effective stress is kept constant to that at
the end of cyclic loading. Stress-strain curves for Case 1 and Case 5 are also same at small
stress range, but difference appears at large stress; shear stresses by this test are larger than
those by Yasuda et al. The reason why this difference occurs is not clear. This may come from
the difference of test apparatus; this research uses triaxial test whereas Yasuda et al. uses tor-
sional shear test.
Significant difference appears in Case 6: stress-strain curve have large flow region in the test

by Yasuda et al. As shown in Table 3, identification of the liquefaction is different. It is
defined at the state with zero mean stress (initial liquefaction) in this test and it is defined to
be DA=5% in the test by Yasuda et al. When looking at Figure 5, cyclic mobility occurs in
Case 6. Therefore, it is sure that more cyclic mobility occurred in the test by Yasuda et al. It is
also noted that identification of liquefaction, DA=5 %, does not mean maximum axial strain
is 5%. Cyclic loading continued until shear stress becomes zero same as this test in general,
which will result in larger shear strain. Referring to Figure 5(a), maximum axial strain can be
much larger than 5%.
Since soil structure is considered to be significantly disturbed when the cyclic mobility

appears, behavior of soil in the secondary liquefaction condition is nearly same with the behav-
ior when loading start with zero confining stress until soil structure is not disturbed. The trigger-
ing event to cause disturbance of soil structure is possibly occurrence of the cyclic mobility.

Figure 8. Reduction of shear modulus

Table 3. Comparison of test conditions

Yasuda et al. (1999) This test

Apparatus Torsional shear Triaxial

Loading speed 10%/min 0.1%/min

Stop in cyclic loading Zero shear stress Zero shear stress

Start of monotonic load State at the end of cyclic loading Zero effective stress

Definition of liquefaction DA=5% Initial liquefaction
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5 CONCLUDING REMARKS

Behavior of soil during secondary liquefaction state is investigated. It is concluded that soils
in the secondary liquefaction state shows quite different behavior compared with the ordinary
liquefied soil which is liquefied under cyclic or earthquake loading. Main conclusions are as
follows,

1. Stiffness of the secondary liquefied soil is smaller than that of the non-liquefied soil, but it
is much larger than that of liquefied soil.

2. Behavior of the secondary liquefied soil is represented by that of zero initial confining
stress (Case 2 in the test) until soil structure is not significantly disturbed.

3. Disturbance of soil structure occurs when cyclic mobility occurred.
4. After the cyclic mobility, stress-strain curve shows flow region, i.e., large shear strain under

nearly zero shear stress or very low stiffness, occurs. Amount of flow region or low stiffness
region depends on amount of cyclic load.
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Figure 9. Comparison of stress-strain curves
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