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Definition of Finesand Liquefaction Resistance of Maoluo River Sail

ABSTRACT

Two definitions of fines, soil particles finer than the No. 200 sieve (0.075 mm) and No. 400
sieve (0.038 mm), are adopted to evaluate the effect of fines content on the liquefaction resistance
of the silty soil in the Maoluo River area of Nantou City. The specimens of different fines contents
according to these two definitions of fines were prepared by moist tamping to adry density of 1400
kg/m®. The liquefaction resistance of these specimens were tested using the cyclic triaxial test
apparatus and the cyclic torsional shear device. Comparisons were made between the liquefaction
resistances of soils containing fines according to different definitions. The results show that the
effect of fines on the liquefaction resistance of Maoluo River soil is more pronounced and
consistent based on the fines content defined as the portion finer than the No. 400 sieve than that
with fines defined as soil passing the No. 200 sieve. .

Key words: earthquake, liquefaction, fines content, fines definition, cyclic tests, sand
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Abstract

Two definitions of fines, soil particles finer than the No. 200 sieve (0.075 mm) and No. 400 sieve (0.038 mm), are adopted to evaluate the
effect of fines content on the liquefaction resistance of the silty soil in the Maoluo River area of Nantou City. The specimens of different fines
contents according to these two definitions of fines were prepared by moist tamping to a dry density of 1400 kg/m®. Comparisons were made
between the liquefaction resistances of soils containing fines according to different definitions. The results of cyclic triaxial tests show that
the effect of fines on the liquefaction resistance of Maoluo River soil is more pronounced based on the fines content defined as the portion
finer than the No. 400 sieve than that with fines defined as soil passing the No. 200 sieve.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In the evaluation of liquefaction potential of a sandy soil,
the effect of fines is an important factor [1]. It is usually
considered that soil with higher fines content (FC) will have
a higher liquefaction resistance. However, in the recent
earthquakes, e.g. 1999 Kocaeli earthquake and Chi—Chi
earthquake, liquefaction occurred in the soils with very high
FC [2,3]. Therefore, the liquefaction behavior of fines and
the effect of fines on the liquefaction resistance of a soil
were extensively studied recently [4—6].

The fines of a soil is presently defined as the portion of
soil particles finer than the No. 200 sieve (0.075 mm) [7],
which was determined arbitrarily regardless of soil
behavior. It is not clear whether this definition of fines is
suitable in the evaluation of liquefaction potential or
possibly, other definitions of fines can better reflect the
effect of fines on the liquefaction resistance of the soil. In
this study, the portion of a soil finer than the No. 400 sieve
(0.038 mm) is considered as an alternative definition for FC
of a soil and the effect of FC on liquefaction resistance were
evaluated. The silty soil liquefied during the 1999 Chi—Chi
earthquake in the Maoluo River area in Nantou City was
selected for the study. Dynamic triaxial tests were
performed on the specimens with various FCs based on the
new definition of fines. The results of the liquefaction
resistances of these specimens were compared with those of

* Corresponding author. Tel./fax: +886-2-2362-1734.
E-mail address: veng@ntu.edu.tw (T.-S. Ueng).

0267-7261/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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the specimens in which the FC are defined as the portion
finer than the No. 200 sieve.

2. Soil samples

The soil used in the study was taken about 1.5 m below
ground surface from the bank of Maoluo River where
severe liquefaction occurred during the 1999 Chi—Chi
earthquake. The SPT N-values of the liquefiable soils in
this area are around 2-5. The grain size distribution curve
of this soil is shown in Fig. 1. The properties of this soil
are given in Table 1. It can be seen that 48 and 37% of
the soil are finer than the No. 200 sieve and No. 400
sieve, respectively. The maximum density was tested
according to ASTM D4253 test method 1B (wet method)
that gives a higher maximum density than the dry method.
The minimum density was obtained according to ASTM
D4254 test method A. Even though these test methods are
not recommended for soils with a FC higher than 15%,
these results still can indicate the probable range of
densities that could be obtained for this soil. The
maximum and minimum densities of the coarse-grained
material with the grain size (D) > 0.075 mm are 1590 and
1320 kg/m3, respectively, according to ASTM standard
methods D4253 and D4254. The soil in the field is in a
loose state with a dry density of 1400 kg/m?® (Dr =~ 31%).
The soil is a silty sand (SM) according to the Unified Soil
Classification System (USCS), but with such a high FC, it
is like a sandy silt (ML).
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Fig. 1. Grain size distribution of Maoluo River soil.

Two series of dynamic triaxial tests were performed on
the Maoluo River soil, one with the fines defined as the soil
finer than the No. 200 sieve and another with fines defined
as the soil finer than the No. 400 sieve. For the study of the
properties of the fines and preparation of the test specimens
with different FCs, the fines were separated from the soil
using the wet sieving method by washing the soil particles
through the No. 200 and 400 sieves. The portion of soil
particles larger than the No. 4 sieve (4.75 mm) was
replaced with the coarse-grained material passing the No. 4
sieve. The properties of the coarse-grained portion and
fines according to these two definitions are presented in
Table 2. Table 3 also shows the mineral compositions for
three different ranges of grain sizes, i.e. (a) coarser than the
No. 200 sieve (D > 0.075 mm), (b) between the No. 200
and 400 sieves (0.038 mm < D < 0.075 mm), and (c) finer
than the No. 400 sieve (D < 0.038 mm). It can be seen that
the portion of soil passing the No. 400 sieve resembles a
clayey soil of some plasticity, while soil passing the No.
200 sieve is low-plastic silt. There is mainly quartz
and very little clay minerals in the portion of Maoluo
River soil between the No. 200 and 400 sieves. It is
essentially very fine sand. That is, this portion of fines will
probably not significantly affect the liquefaction resistance
of the soil.

The triaxial test specimens were prepared by the moist
tamping method for it can give consistent specimens of
the desired density with a rather uniform distribution of

Table 1

Properties of Maoluo River soil

Specific gravity 2.68

In situ py 1400 kg/m?
Ds, 0.078 mm
Cu 43
Maximum py 1720 kg/m?
Minimum py 1290 kg/m?
LL 23

PI NP

FC (<0.075 mm) 48%

USCS SM

Table 2
Properties of soils of different grain size ranges

Grain size >200 Sieve <200 Sieve  >400 Sieve <400 Sieve
(>0.075 mm) (<0.075mm) (>0.038 mm) (<0.038 mm)

Gs 2.67 2.69 2.68 2.70
LL - 36 29 38
PI - 8 - 15
USCS Sp ML SM CL
Table 3

Mineral compositions in percent of soils of different grain size ranges

Grain  Rock Quartz Feldspar Mica Illite Chlorite Kaolinite
size fragments

>200 24 68 5 3 (] 0
<200, O 87 7 3 30 0

>400

=400 O 41 3 0 28 3 25

fines within the soil. Based on the definitions of fines,
the coarse-grained materials were mixed with different
amounts of fines according to the FCs of the specimens. An
8% of moisture content was added and the soil was sealed at
least 4 h before the soil was placed in the mold to form a
specimen of 72 mm in diameter and 148 mm in height. The
specimen was saturated and consolidated under the
estimated field effective stress of 78 kPa to a dry density
of 1400 kg/m? that is the in situ density of the original
Maoluo River soil. The saturation of the specimen was
performed by passing through the specimen with CO,
followed by de-aired water and by applying a back pressure
of 120 kPa during consolidation to reach a minimum value
of 0.95 for the pore water pressure parameter B. Since, the
differences of specific gravity between the coarse-grained
material (Gs = 2.67) and fines (Gs = 2.69-2.70) are not
large, for the same pg = 1400 kg/m?, the variations of void
ratios of the soils with different FCs are mostly small with
the extreme values of 0.907 for (FC),oo = 0 and 0.929 for

04
Dry density = 1400 kg/m'’ *FC=0%
035 o, = 78 kPa = FC = 20%
® FC = 35%
4 A = 4R9,
. FC = 48%
AFC =65%
o o FC = 100%
7] I
£ 025
02t
015
01 4 10 100

No. of cycles to 5% strain

Fig. 2. Cyclic stress ratio (CSR) versus No. of cycles to 5% axial strain for
Maoluo River soil with fines defined as D < 200 sieve.
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Fig. 3. Axial strains and pore pressure generations in specimens with various (FC)g0s.

(FC)400 = 100%. The cyclic axial load at a frequency of
1 Hz was applied in the cyclic triaxial tests. More details of
the sample preparations and testing procedures can be found
in [8,9]. The deviator stresses, pore water pressure changes,
and axial deformations were recorded during the cyclic
loading tests.

3. Test results

For convenience of discussions hereafter, (FC),oo and
(FC) 49 represents the FCs of a specimen with fines defined
as soil finer than the No. 200 sieve (D < 0.075 mm) and the
No. 400 sieve (D < 0.038 mm), respectively.

3.1. Fines defined as D < 0.075 mm

For the specimens with fines defined as soil finer than the
No. 200 sieve (D < 0.075 mm), six different (FC),q¢s were
considered, i.e. 0, 20, 35, 48, 65, and 100%. The soil with
(FC)s00 = 48% is the original soil from the site. The
relations of cyclic stress ratio (CSR) versus number of
cycles to 5% single amplitude axial strain for different
(FC),gps are presented in Fig. 2. It appears that the responses
to the cyclic loading are different for soils with different
FCs. In fact, they are no longer the same soil even though
they were derived from the same parent material. Fig. 3
shows the axial strain and the pore water pressure

generations in specimens with (FC),oy = 0, 48, and 100%
under cyclic loadings. It can be seen that the deformation of
the 100% fines increases gradually during the cyclic loading
test, and the strain reaches a substantial value (>10%)
before the effective stress reaches zero, i.e. initial liquefac-
tion. Whereas, the strains of specimens with (FC),o0 = 0
and 48% remain rather small and increase rapidly when they
reached initial liquefaction. The number of stress cycles to
5% axial strain (N} ) appears more sensitive to the change of
CSR for sand with (FC),o9 = 0%. N} increases less rapidly
for soil with higher FC when CSR decreases. Without fines

0.25

Fines definition

@ D < 200 sieve
A D < 400 sieve

CRR

0.1 . . L .
0 20 40 60 80 100

FC (%)

Fig. 4. Cyclic resistance ratio (CRR) causing 5% axial strain under15 cycles
of loading.
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Fig. 5. Cyclic stress ratio (CSR) versus No. of cycles to 5% axial strain for
Maoluo River soil with fines defined as D < 400 sieve.

at contacts between coarse particles in sand with
(FC)a00 = 0%, when CRS decreases, the slips between
particles and accordingly the shear strain would reduce
more rapidly than those in soils with fines at the contacts.
This would cause the lesser pore pressure generation and
softening of the soil. As a result, more number of stress
cycles are required to induce liquefaction for sand with
(FC),00 = 0% than those for soils with higher FCs when
CRS is reduced. Considering an earthquake of a magnitude

of 7.5, an equivalent number of stress cycles of 15 are
usually taken to represent the duration of the earthquake
loading. The liquefaction resistances (CRR) under 15 cycles
of loading for Maoluo River soil with different (FC),oos are
given in Fig. 4. The CRR of the soil decreases when its
(FC)»qo increases from 0% and reaches the minimum value
when (FC),gg is around 30%. The liquefaction resistance
increases when (FC),qq increases beyond 30%.

3.2. Fines defined as D < 0.038 mm

Six different (FC)4q0s, i.e. 0, 10, 20, 30, 37 and 100%,
were prepared for the specimens with fines defined as soil
finer than the No. 400 sieve (D < 0.038 mm). Here, the
coarse-grained material is the soil with D > 0.038 mm
which is different from that for fines defined as
D < 0.075 mm above. The relations between CSR and
number of cycles to 5% single amplitude axial strain for
different FCs are also shown in Fig. 5. As for the fines
defined as D < 0.075 mm, Fig. 5 also shows that N} is more
sensitive to the changes of CSR for specimens with a lower
(FC)400- The relation for soil with (FC)499 = 37%, which is
the original in situ soil, is the same as that with
(FC)500 = 48% for fines defined as D < 0.075 mm. Fig. 6
shows the axial strain and pore pressure generations in
specimens with (FC)499 = 0, 30, and 100% under cyclic

20 =
—FC =0%, CSR=0.161 z
151 —FC =30%, CSR=0.157
;‘Q‘ 10 HL—FC = 100%, CSR=0.193
c 5
£ A » J‘vﬂ i
2 5 b
é -10 J =1
-15
-20 . ; : . :
5 10 15 20 25 30
Time (s)
(a) axial strains
1 -
—FC=0%
0.8 —FC = 30% [ MJ £y
—FC = 100%
T AR T
0.4 A A il

W\"M{ yryvvee”

RO

L 1 1

15 20 25 30

Time (s)

(b) excess pore water pressure

Fig. 6. Axial strains and pore pressure generations in specimens with various (FC)4g0s.
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loadings. The results show that for (FC)400 = 0 and 30%,
the behavior of soil under cyclic loading is quite similar to
that of clean sand, i.e. there is very little deformation
developed before initial liquefaction, but large strains
occurred rapidly at initial liquefaction. Examining the
stress—strain relationship, it was found that for
(FC)400 = 100%, the soil behaved like a clayey soil with
degradation of modulus under cyclic loading; and the excess
pore water pressure and strain developed gradually and no
initial liquefaction occurred even when the axial strain
reached over 10%. The values of CRR under 15 cycles of
loading for Maoluo River soil with different (FC),p0s are
also given in Fig. 4 that shows greater differences of CRR
for specimens with different (FC)400s. There is also
a minimum liquefaction resistance for this soil with FC
near 20%.

4. Comparison of liquefaction resistance between
different fines definitions

The differences of liquefaction resistance between soils
with fines defined as D < 0.075 and <0.038 mm can be
evaluated by comparing the relations of CRR versus FC for
these two fines definitions given in Fig. 4. It shows that the
effect of fines on the liquefaction resistance of Maoluo River
soil is more pronounced using the definition of fines of
D < 0.038 mm, but the trends of the effect of FC on
liquefaction are quite similar, and there exist minimum
liquefaction resistances for both definitions of fines when
FC is around 20-30%. The liquefaction resistances of the
specimens with FC = 100% are approximately 1.28
and 1.45 times those minimum values for fines defined as
D < 0.075 and <0.038 mm, respectively. The differences
in grain size and plasticity of fines filling between the coarse
particles might cause the difference of effect on the
liquefaction resistances.

For the specimens with fines defined as D < 0.038 mm,
we can recalculate (FC), of each specimen considering the
portion of soil with D > 0.075 mm as the coarse-grained
material. Thus, for each (FC)49o of the soil specimen with
fines defined as D < 0.038 mm, there is a correspondent
equivalent (FC), if we define fines as D < 0.075 mm, only
the compositions of fines are different for specimens of
different equivalent (FC),gos. That is, the higher the
equivalent (FC),yq9, the less portion of grains between
0.038 and 0.075 mm. Table 4 shows the proportions of soil

Table 4
Grain size compositions in percent of specimens with various (FC)400

0.25
Fines definition
¢ D < 200 sieve
A D <400 sieve |
0.2 0 Equivalent D < 200

CRR

&

0.15

0.1 5 3 g .
o} 20 40 60 80 100
FC (%)
Fig. 7. Cyclic resistance ratio (CRR) versus equivalent (FC),g(.

in the three grain size ranges for each (FC)oo and its
correspondent equivalent (FC),o. The CRR of these
specimens can then be plotted against the equivalent
(FC),00s as shown in Fig. 7. The relations for CRR versus
FC for different fines definitions given in Fig. 4 are also
shown in Fig. 7 for comparison. Fig. 7 indicates that with
different fines compositions, CRR are substantially different
even though (FC),q are the same.

For (FC)400 = 0% or equivalent (FC),g9 = 17.5%, the
fines with grain size only in the range of
0.038 < D < 0.075 mm is essentially a very fine sand as
shown in Table 3. There is a very slight difference in
liquefaction resistance between this soil and the clean sand
with only particles larger than the No. 200 sieve. It depicts
that fines between the No. 200 sieve and the No. 400 sieve
may not affect the liquefaction resistance of sand
significantly.

On the other hand, for the specimens with fines defined as
D < 0.075 mm we can also obtain the equivalent (FC)400s
by considering the coarse material as D > 0.038 mm. In this
case, the compositions of coarse material are different for
different equivalent (FC)4q0s. Table 5 shows the proportions
of soil in the three grain size ranges and the corresponding
equivalent (FC)oo for each (FC),qo. The relation of CRR
versus equivalent (FC),q0 is plotted in Fig. 8 together with
the relations for CRR versus (FC),o and (FC)4o from Fig. 4.
It is interesting to find that the relation of CRR versus
equivalent (FC),q is quite close to the relation for CRR
versus (FC)400 even though the compositions of the coarse
materials are different in these two fines definitions. That is,
soil with the same proportion of fines with D < 0.038 mm,

Table 5
Grain size compositions (%) of specimens with various (FC)g

(FC)aoo 0 10 20 30 37 100 (FC)a00 0 20 35 48 65 100
Equivalent (FC)00 175 257 34 422 48 100 Equivalent (FC)400 0 154 27 37 501 77.1
D > 0.075 mm 825 743 66 578 52 0 D > 0.075 mm 100 80 65 52 35 0

0.075mm >D > 0.038mm 175 157 14 122 11 0 0.075 mm >D > 0.038 mm 0 46 8 11 149 229
D < 0.038 mm 0 10 20 30 37 100 D < 0.038 mm 0 154 27 37 501 771
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regardless of the composition of the coarse material of
D > 0.038 mm, will have about the same liquefaction
resistance. This infers that (FC)400 might be a better
parameter for considering the effect of fines on the
liquefaction resistance of a soil.

It should be noted that the comparisons of the effect of
FC are based on the same dry density of 1400 kg/m* for all
specimens. Similar results of comparison might hold for a
denser soil, but further studies are needed.

5. Concluding remarks

Two definitions of fines for Maoluo River soil, i.e.
D < 0.075 and <0.038 mm, are considered to evaluate the
effect of FC on the liquefaction resistance subjected to
cyclic loading. The soil with the grain size between 0.038
and 0.075 mm is essentially a very fine sand and its presence
will probably not significantly affect the liquefaction
resistance of Maoluo River soil. The results of dynamic
triaxial tests show that the effect of fines on the liquefaction
resistance of the soil is more prominent using (FC)4o, than
(FC)500, probably due partly to the difference in plasticity of
the fines. Even though (FC),q is probably a better indicator
for the effect of FC on liquefaction resistance of a soil, there
is no sure overall benefit yet to change the present definition
of fines, i.e. D < 0.075 mm. However, in liquefaction
potential evaluation, corrections of CRR solely based
on (FC),oo without considering the properties of fines

(e.g. grain sizes and plasticity) cannot truly reflect the effect
of fines on the liquefaction resistance of a soil. Further
studies are needed for a better way of considering the effect
of fines on liquefaction resistance.
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