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Liquefaction and ground settlement of sand under one- and
two-dimensional shakings (2/3)

ABSTRACT

In order to study the behavior of saturated sand, including liquefaction and settlement,
under multidirectional earthquake shakings, physical model tests using alarge biaxial
laminar shear box on the shaking table at the National Center for Research on Earthquake
Engineering (NCREE) were performed. Pore pressures and accel erations of the specimen
were measured during tests under both one- and multi-directional shakings. The settlement
of the sand surface was measured after each shaking. The results of shaking table tests on
clean Vietnam sand showed that multidirectional shaking caused easier liquefaction of the
sand and a deeper liquefaction depth than those under one-dimensional shaking.
Significant settlements occurred only when there is liquefaction of the soil. With
consideration of the depth of liquefied sand, the test results showed a nice relationship
between volumetric strain after liquefaction and relative density of sand and the shaking
duration. Relations for estimate of settlements of clean sand under earthquakes of different
magnitudes were developed based on the shaking table test results in this study.

Key words: earthquake, sand, shaking table, laminar shear box, liquefaction,
settlement.
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Liquefaction of Soilswith High Fines Contentsin Laboratory Tests

T.S.Ueng, C.L.Yeh, S H.Wu & C. H. Chen

Department of Civil Engineering, National Taiwan University, Taipel, Taiwan

ueng@ntu.edu.tw

Abstract: Cyclic triaxial tests and miniature cone penetration tests (MCPT) on Maoluo River soil with various fines contents (FCs)
were conducted. Because of the compliance of the measuring system and the lower permesability of soils with higher FCs, the measured
water pressure changes at different locations within the specimen could be different from those measured at the ends of specimen dur-
ing a cyclic triaxial test. This could affect the assessment of the liquefaction resistance of the soil. The non-uniformity of the triaxia
specimen and the variations of the measured pore pressure changes should be evaluated for soil with high FCs. The laboratory MCPT
shows that the cone penetration resistance decreases with increasing fines content, and there is a very low sleeve friction even with FC
> 50%. Comparing with the liquefaction resistances in the cyclic triaxial tests, the results can be used for assessing the use of CPT in

liquefaction evaluation of soilswith high FCs.

Keywords: Earthquake, liquefaction, fines content, cyclic triaxial tests, CPT

1 INTRODUCTION

Previous studies on the soil liquefaction characteristics are
mostly based on the laboratory test results of clean sands with lit-
tle fines (< 0.075 mm). Current methods of evaluation of lique-
faction potential of soils during earthquakes was developed
mainly from the field penetration test data of liquefied/non-
liquefied soils with fines contents (FCs) usually less than 5%. It
was considered that soils with higher fines content should have a
higher liquefaction resistance, and the soil is unlikely to liquefy
with a FC higher than 35%. However, in many recent earth-
quakes, soils containing high fines contents were often found lig-
uefied, for example, liquefaction of sandy silts in Nantou City
during the 1999 Chi-Chi Earthquake. Therefore, the liquefaction
resistance of sand with fines was studied extensively in the recent
year, e.g. Prakash, et al. (1998), Thevanayagam, et al. (2000)
Yamamura & Kelly (2001).

Cyclic triaxial test apparatus, e.g. Chan & Mulilis (1976), is
one of the most used testing devices in the soil liquefaction stud-
ies. In atypical undrained cyclic triaxial tests, it is assumed that
no volume change of the specimen and the measuring system. As
a result, the values of water pressure changes measured by the
sensors should be the pore pressure changes throughout the soil
specimen. In fact, there exists a volume change in the triaxial
measurement systems, including tubing and sensors, when the
water pressure changes. Therefore, when the pore water pressure
changesin acertain location of the specimen, the soil in other lo-
cations or at another end of the measuring pipeline senses the
pressure changes with a water flow according to the compliance
of the test system. For sand with a high FC, the pressure meas-
ured at the ends of specimen cannot immediately reflect the pore
water pressure changes within the specimen due to the low per-
meability of the soil. This can render inaccurate test results for
the purpose of liquefaction assessment.

In the recent years, cone penetration test (CPT) results were
frequently used for the liquefaction evaluation of the ground un-
der earthquake loading (Olsen 1997, Robertson & Wride 1998).
The deeve friction ratio, R; = f4q., is adopted to take into ac-
count of the effect of FC on the liquefaction resistance, where f

is the sleeve friction and q is the cone tip resistance in CPT.
However, the results of the liquefaction assessment using CPT
are often inconsistent with the field observations (Seed et al.,
2003), especially, for soils with high FCs. Furthermore, it is not
well understood whether the fines reduces the field cone penetra-
tion resistance, or it actually increases the liquefaction resistance
of the sand (Youd, et al., 2001).

This paper attempts to clarify the above points by performing
laboratory cyclic triaxial tests and mini cone penetration tests
(MCPT).

2 CYCLICTRIAXIAL TEST SETUP

The cyclic triaxial test apparatus was modified, as shown in Fig.
1, to provide three holes at the base platen of the triaxial cell for
installing three 3-mm rigid stainless steel tubes with filters at the
tips (Chan 2000). The heights of these tubes are 40 mm, 80 mm,
and 120 mm. They are corresponding respectively to approxi-
mately 1/4, 1/2, and 3/4 of the specimen height of about 160 mm.
The pore water pressure changes at the tip of each stainless steel
tubes can be measured with the miniature pressure sensors (6.4
mm in diameter and 11.4 mm in length) directly beneath the
metal pipe. Due to the limitation of the measuring system, only
two metal tubes were used at the same time in each test. The wa-
ter pressure changes at both ends of the specimen are measured
as in the ordinary triaxial test with an external differential pres-
sure transducer connected by stiff Teflon tubes with atotal tubing
length of approximately 1000 mm for the cyclic testing apparatus
at Department of Civil Engineering, National Taiwan University.
Thus, the pore water pressure changes at both ends, mid height,
and 1/4- or 3/4-height of the specimen can be measured simulta-
neously during acyclic triaxial test.

The soils used in this study were obtained from Maoluo
River bank in Nantou City where extensive soil liquefaction oc-
curred in the 1999 Chi-Chi Earthquake. Fig. 2 shows the grain
size distribution curves for the Maoluo River soils obtained from
two near-by locations on the river bank. The soils varies from
ML (NP) to CL (PI = 8) containing low-plastic fines (Pl = 7-14).



The portions of sand (> 0.075 mm) and fines (< 0.075 mm) of
these soils were separated using wet sieving method. Soils with
various fines contents were obtained by remixing different pro-
portions of sand and fines. The triaxial specimen was prepared
using the moist tamping method to obtain a dry density of 1400
kg/m®,

[l Miniature Pressure Sensor

@D Differential Pressure Transducer

= 1/8in. Stiff Teflon tube

Measuring System

Fig. 1. Modified cyclic triaxia testing apparatus.
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Fig. 2. Grain sizedistribution curves for the Maoluo River soils.

3 CYCLIC TRIAXIAL TEST RESULTS

3.1 Liquefaction Resistances of Specimens with and without
Metal Tubes

Cyclic triaxial tests on specimens with and without metal tubes
were conducted to evaluate the effect of the meta tubes within
the specimen on the liquefaction resistance. Fig. 3 indicates that
there is little difference of liquefaction resistance between speci-
mens with and without the inner metal tubes.

3.2 Pore Pressure Changes at Different Locations within the
Specimen

Cyclic triaxial tests on soils with different FCs were conducted
and the pore water pressure changes at different locations were
measured (Y eh 2005, Wu 2006). Fig. 4 shows the comparison of
water pressure measurements at various locations. It can be seen
that for the clean sand (FC = 0), the pore water pressure changes
during the cyclic triaxial test are essentialy the same at different
locations within the specimen. For the sandy silts (FC = 60% and
65%), the measured pore pressure changes are the highest at 3/4
height of the specimen, followed by those obtained at mid height,
1/4 height, and the ends of the specimen. Thisindicates an earlier
liquefaction of the soil at 3/4 height where the necking of speci-
men usually occurs.
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Fig. 3. Comparison of liquefaction resistance between triaxial
specimens with and without inner metal tubes.
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A correction for the number of cycles to liquefaction can be
obtained by comparing the number of cycles to reach pore water
pressure ratio, r, = 1.0 a the ends and the 3/4 height or mid
height of the specimen. A correction of humber of cycles (Cn) to
reach liquefaction can be expressed by:

cn= N/N, 1)

where N, = number of cycles to liquefaction based on the water
pressure measured at the specimen ends, and N; = number of cy-
cles to liquefaction based on the pressure measured within the
specimen.

3.3 Permeability and Correction of Liquefaction Resistance

Permeability of the soil with different fines contents were meas-
ured as shown in Table 1. The effect of soil permeability on Cn is
shown in Fig. 5, based on the ratio between the pressure meas-
urements at the mid height and the ends of the specimen. It can

be seen that, according to the test results in this study, correction
is needed for soil permeability lower than about 10°* cm/s.

Table 1. Permesbility of soils (dry density = 1400 kg/m®) with
different fines contents.

(a) Sail 1
FC (%) Permeability (cm/s)
0 2.98x10°
15 1.87 x 10°°
48 357 x 10*
65 4.44 x 10°°
100 1.32 x 10°
(b) Soil 2
FC (%) Permeability (cm/s)
0 3.07x10°
20 1.09 x 10°°
40 1.40 x 10*
60 3.62x 10°
100 1.10 x 10°°
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Fig. 5. Cn versus soil permeability.

4 MINI CONE PENETRATION TESTS

The laboratory MCPT was performed using a test system as
shown in Fig. 6. The Maoluo River Soil 2 with FCs of 0%, 35%,
and 54% was used in a specialy designed stainless steel calibra-
tion chamber of 400 mm in diameter and 950 mm in height. The
mini cone is about the half size of the ordinary standard elec-
tronic cone penetrometer (ASTM D5778-95) with a diameter of
17.8 mm and the friction deeve length of 66.8 mm.

The soil specimens, 800 mm in height, were prepared by the
moist tamping method, except the clean sand specimen which
was prepared by the dry compaction method, to a dry density of
1400+30 kg/m® for all different FCs. Vacuum was first applied
on the compacted specimen, and then the de-aired water was in-
troduced to saturate the specimen. A mass surcharge of 60 kg was
placed on top of the specimen to provide a K, condition under a
vertical effective stress of approximately 46 kPa. Mini piezome-
ters were also placed at three depths of 160, 400, and 640 mm.
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Fig. 6. Schematic drawing of MCPT system.

The MCPT was conducted at a penetration rate of 20 mmy/s
until the cone reached a depth of 720 mm. The cone penetration
resistance, sleeve friction force, and pore water pressures changes
were measured during the penetration test.

Details of the MCPT system, instrumentation, sample prepa
ration, and test procedures are presented in Chen (2006).

5 MCPT RESULTS

5.1 Cone Penetration Resistance

Fig. 7 shows the cone penetration resistance, g, versus the depth
of penetration for FC = 0%, 35%, and 54%. The vaues of g
were normalized according to g = gJ/(c,’)*°. The relationship
between the maximum ¢, in a penetration test and FC is shown
in Fig. 8. It depicts that q.; decreases consistently with increasing
FC, even with FC > 50%. The liquefaction resistance (cyclic re-
sistance ratio, CRR, under number of stress cycles = 15) obtained
in the cyclic triaxia tests (Fig. 9), shows that CRR decreases
from FC = 0 to aminimum value at FC ~ 30%, and then CRR in-
crease sightly with FC > 30%. Obviously, the correction of FC
should be applied when we assess the liquefaction resistance
based on CPT results, especialy for soils of high fines contents.
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Fig. 8. Maximum g, for different FCin MCPT.
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Fig. 9. CRR under number of stress cycles = 15 for Maoluo
River soil of various FC.

5.2 YeeveFriction

Partly due to the sensitivity of the MCPT friction measurement
and partly due to the very small sleeve friction resistance in the
saturated Maoluo River soil of low plasticity, no sleeve friction
could be measured for soil with FC = 0% and 35%. Less than 8
kPa friction resistance (Rf ~ 1-5%) was obtained in the soil with
FC = 54%. Therefore, there are difficulties and uncertainties in
the use of the sleeve friction for FC correction in the liquefaction
evaluation of soil with high FCs.



5.3 Pore Water Pressure Responses during Penetration Tests

The measured pore water pressure increases reached a maximum
value when the cone tip passing the depth of that piezometer. The
increase of pore water pressure during the penetration tests in
soils of various FCs is plotted on Fig. 10. It can be seen that the
higher the FC the more pore water pressure generation during the
penetration test. This increase of pore pressure or decrease of ef-
fective stresses might be one of the reasons for the lower g, in
soils of high FCs and very low deeve frictions.
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Fig.10. Pore water pressure increases during MCPT.

6 CONCLUDING REMARKS

The major findings in this study on measurements in the labora-
tory cyclic triaxia tests and MCPT for the Maoluo River soil
with high FCs are:

— Because of the compliance of the pressure measuring system
and the lower permeability of a soil with a higher FC, the
measured water pressure changes at different locations within
the specimen could be substantially different from those
measured at the ends of specimen during acyclic triaxial test.

— The higher the FCs, the lower the permeability of a soil. The
true pore water pressure changes within the specimen of per-
mesability less than about 10* cmV/s cannot be obtained cor-
rectly by the pore pressure measurements at the specimen
ends.

— Theincrease of FC reduces the cone penetration resistance, d,
in CPT for the saturated the Maoluo River soil of high FCs.

— Thereis avery low deeve friction measured in CPT on the
Maoluo River soil even with a FC > 50%.

— Although a FC correction must be applied for the liquefaction
evaluation of soils based on CPT data, there are uncertainties
and difficulties to use the deeve friction in CPT for this pur-
pose.

It should be noted that the quantitative results in this study
were obtained using the test apparatus a Department of Civil
Engineering, National Taiwan University. Different testing de-
vices with different system characteristics in other laboratories
can give different results. However, the qualitative trend obtained
in this study should be applicable to the liquefaction evaluation
for soilswith high FCs.
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