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ABSTRACT

The engineering properties and liquefaction resistance of a silty sand were evatuated by its state
parameter in this paper. Triaxial compression tests and torsional simple shear tests were performed on
remolded samples of a silty sand to study the effects of several factors on the steady state line, such as
the fines content, sample preparation, stress path, and loading rate. Test results of undrained cyclic
torsional simple shear test showed that more or less linear relatronshrp exrsts between state parameter
and llquefactxon resrstance o -

State parameter; liquefaction; steady state line; fines content; Stress path; sample’ preparation:

INTRODUCTION ~ ~ ©

Behavior of sand is controlled by its density and conﬁnmg stress. Relative density is the commonly
used index to descnbe the state of sand. However, it is well known that relative density cannot fully -
describe the. mechamcal behavxor of sand:- Therefore a parameter which can incorporate the dens:ty
and stress state of soil, is needed to refléct the engmeermg behavior of sand. To establish a rational -
engineering approach to constructmg structures using: undensified hydraulic sand fill, Been and Jeﬁerres
(1985) developed a state parameter concept to characterize the sand behavior. They found that
significant enginéering design parameters are dependent on the state parameter. Recently, quite a few
hydraulic sand fill islands will be constructed on the west coast of Taiwan to be used as industrial parks.
Therefore, it would be econOmrc and safe to apply the state parameter concept in desngmng these
islands. :

Been ang Jefferies (1985) propose to use the steady state line (SSL) on the e- log l‘ plane as the
reference line. State parameter W, is defined as the difference between initial void ratio and the -
corresponding y void ratio at the same stress level on the steady state line (Fig.1). State parameter -
combines the influence of densrty and stress so that it can reasonably charaetenze many xmportant
engmeenng behav:ors of sand as well as ltquefactron res:stance R
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LITERATURE REVIEW

Steady state of sand refers to the state that sand contmuously deform at constant volume constant
effective stress, constant shear stress, and constant strain rate (Been and Jefferies, 1985, Been g_t_gl
1991). Only until fabric is totally restructured, all influence of particle orientation is stable, and all
crushing of particles is completed, a steady state can be achieved. Steady state line is the loci where
soils reach steady state from various void ratios and stress states. The original structure of specimen
only has minor effect .on the stress-strain behavior.during the beginning stage of shearing. But ‘ﬂow
structure and its correspondmg strength are independent of its initial structure. Major factors
influencing steady state line of sand include fines content, particle shape, stress path, and magnitude of
effective stresses. Some of the major previous research results are summartzed in the following
paragraphs

- Fines content affects the iocatxon and slope of steady state line on e-Iog I plane thh mcreasmg
percentage of ﬁnes, steady state line moves Ieﬁward wzth changmg slopes (Been and i efferxes 1985 ',
Dobry et al., 1985, Konard, 1990). It is also noted that well rounded sand has falter’ sIOpe of steady o
state line than sand of angular shape (Konard 1990 Poulos et al., 1985). "Some researches mdtcate that
steady state line is.independent of the stress path that soil specimens expertenced durmg shearing (Been
et al., 1991, Castro et al,, 1992). However there are other studies. showmg that different steady state
lmes can be obtained from different stress paths (Kuerbis et al., 1988, Vaid et al. , 1990). Itis generally
agreed that either.it is a stress-contro led or a strain-c ontrolled test that steady state lineis
approximately - he same {Castro et al. 1982) Rate of” shearmg also does not have any obvious
influence on steady state line (Negussey et al., 1988).

Magnitude . of effecttve stress affects the shape of steady state lme (Been etal, 1991, Castro st’al,
1992). With effecttve stress less than 5 ksc, steady state line is a stratght line. Steady staté line will
curve downward when effective. stress exceeds 10 ksc. The reason is that the sand pamcles crush at
higher conﬁmng stress state and the fines content increases. Amsotroptc consohdanon does not
significantly influence the steady state line (Castro etal. , 1992). When soil specimen reaches its steady
state, initial fabric of sand is totally restructured. Thus method of sample preparation does not have
significant influence of steady state line (Been et al., 1991, Poulos, 1981, Poulos et al., 1985).
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There are three major categories of saturated sand behaviors under cyclic undrained shearing, namely
flow liquefaction, limited liquefaction and cyclic mobility (Vaid et.al., 1985). These three types of
liquefaction behaviors are closely related to the initial state of sand. If the initial state of sand is located
on the right hand side of the steady state line (contraction side), flow liquéfaction may occur. If the
initial state of sand is located on the left hand side of the steady state line (dilation side), cyclic mobility
may occur. If the initial state is very close to the steady state line, limited liquefaction may occur.

SAMPLE PREPARATION AND TESTING PROCEDURES

Testing material used in this study is Taipei silty sand wnth fmes contents. of 2% 14%, and 57%. Table
1 presents the physical properties of test specimens. Both dry tamping (DT) and moist tamping (MT)
methods were used to prepare samples. Each sample was divide into five layers with equal weight.
Each layer of soil was poured into the mold and then compacted to its specified height. Specimens with
various relative density can be obtained by controlling the height of specimen. Water content of
specimen was controlled to be within 5% when moist tamping method was tsed.

Table 1. The physical proper\ﬁes"o’f test spécimens.

F.C. |Djoo |Dso |Dso |D3o |Dio | Gs = |emax |emin |LL. |PL.
) | (mm) | (mm) | om) | o) | @y [ om) | L [ B) | OR)
2 060 |0.18 [0:17 1015 |010 272 | 1171070 | -- -
14 |060 [0.16 [0.15 [012 {006 [2.72 {104 |045 | -- --
57 060 008 [006 (003 ]0007[270 134 074 {245 [21.9

Triaxial tests and torsional shear tests were used in this study. The major purpose of carrying out
triaxial test is to investigate the influence of various factors on the determination of steady state line. It
is also used to establish relationships between state parameter and engineering properties. After the
specimens were consolidated, they were sheared by strain-controlled drained or undrained loading.
Strain rates used in this study are 0.025%/min and 0.00625%/min. Monotonic and cyclic torsional
shear tests were conducted: The purpose of running torsional tests is to study the influence of stress
path on steady state line. Torsional test results were also used to establish the. reiatxonshxp between
state parameter and liquefaction resistance.

TEST RESULTS AND DISCUSSIONS

Steady State Line

Undrained Test Results. For undrained triaxial tests on test specimens with 2 % fines content initially
located on the contraction side, Figures 2a, 2b, and 2c¢ present results of stress-strain curves, pore
pressure responses, and effectxve stress paths, respectively. . Figure 2a shows that 3 sets of tests have
‘strain-softening behavior . Deviator stress of these 3 tests does not change vihen strain level reaches
20%. On the other hand, the rest of the tests do not show a constant deviator stress even when vertical
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‘Fig. 2. Results of stress-strain curves, pore pressure responses and effective
stress paths for undrained tnaxxal tests (2 % fines, contraction snde)
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strain exceeds 25%. But Fig. 2b shows that pore pressures of most of the tests do not change when
strain reaches 25%. Therefore steady state is determined at the stage where pore pressure achieves a
stable state. Figure 2c indicates that 3 specimens with state parameter larger than 0.126 have
contraction behavior whereas the other specimens with state parameter less than 0.112 have contraction
behavior at beginning but dilation behavior later on. For undrained triaxial tests on specimens with 2 %
fines content initially located on the dilation side, test results show that pore pressure has generally
approached a stable state at 25% strain but deviator stress has not. Based on the undrained test results,
Fig. 3 indicate that specimens reach an unique steady state line independent of their initial state.
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' Flg 3. Steady state line obtained by‘und’rained triaxial tests for specimens with 2% fines.

Dramed Test Results, Drained test resuits mdicate that test specimens can hardly reach steddy state
even at very large strain level, espemally for specimens at dllatlon side. It suggests that steady state lme
can be more easily reached by undrained test than drained test.

Factors Affecting the Determination of Steady State Line

Sample Preparation Method. Different sample preparation methods can cause different fabrics of the

- specimens. Dry tamping and moist tamping methods were used to prepare the specimens for undrained
“trigxial compressxon tests. Figure 4 indicates that for samples with fines‘coritents of 2 %-and 14 %
sample preparation method does not have smmﬁcant mﬂuence on steady state lme -

Strain Rate, Rates of 0.025%/min and 0.00625%/min were used in conductmg undramed tnaxxal
compression tests. Figure 4 mdxcates that rate effect is insignificant. S

Anisotropic Consolidation. Figure 4 also presents the results of anisotropically consolidated undrained
traxial compression tests (indicated as CAU). Anisotropic consolidation does not have any major effect
on the determination of steady state line.
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Fig. 4. Effects of various factors on steady state line.

 Fines Content. Steady state lines corresponding to 3 different fines contents are presented in Fig. 4.
With increasing fines content, steady state line moves leftward and the slope of steady state line
becomes flatter.

Stress Path. Based on the definition of steady state that soil continuously deforms at constant volume,
effective stress; shear stress.and strain rate, it is still possible that different steady state lines may be
obtained by different tests , e. g. triaxial compresszon test, triaxial extension test, and simple shear test.
This study used undrained triaxial compression test and undrained torsional shear test on remolded
specimens with 2 %.fines content to investigate the effect of stress path on steady state line. Test
results (Fxg 5) show that the steady state line determined by torsional shear test is located left to the:
steady state line determined by triaxial test. It mdxcates that steady state hne of sand is dependem on
the stress path reaching steady state.

Engineering Properties

Undrained Shear Strength At Steady State. This study used undrained triaxial comptession‘tsst and
undrained torsional shear test-on remolded specimens with 2 % fines content to investigate the effect of
stress path on undrained shear strength at steady state. Test results in Fig. 6 indicate that the undrained
shear strength is a function of void ratio. It does not have an obvious relationship with stress path.

Maximum Undrained Shear Strength. ‘Fi'gure 7 presents the relationship bétween state parameter (V)
and normalized undrained shear strength (qmax” 0 ¢). Normalized undrained shear strength decreases
with increasing state parameter. Figure 7 also indicates that both triaxial and torsional test results lie on
the same curve descnbmg the relat:onshlp between state parameter and normalized undramed shear
strength. » : :
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Pore Pressure Parameter. Figiire 8 presents the relationship between state parameter and pore pressure
parameter at failure (Ag). It indicates that Agincreases with increasing state parameter of sand.
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Fig. 9. Relationship between drained angle of shearing resistance and state parameter.

Friction Angle. Drained angle of shearing resistance, ¢ peak’, reflects overall effect of the friction

angle of material itself, influence of particle rearrangement, and dilation effect. Since state parameter
reflects dilation effect of sand during shearing, it should also have certain relationship with ¢ peak'.

Figure 9 shows the relatlonshxp between ¢ peak and ¥. Also shown in Fig: 9 is the typical range of
various sands summarized by Been and Jefferies (1985). Figure 9 indicates that Talpel silty sand has a
lower ¢ peak’ when W is smaller than -0.15 while it has a higher ¢ peak’ when W has a positive value.

Test results indicate that friction angle at steady state (¢ 5¢') of Taipei silty sand is between 24© and
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370 with an average value of 350, It is noted that ¢ ¢4"is not a constant but a function of void ratio. It
decreases with increasing void ratio.

Liquefaction Resistance. Liquefaction resistance refers to the stress ratio between cyclic shear stress
and effective confining stress ( T / 0 m¢) needed to cause initial liquefagtion in 10 or 20 cycles. In
order to evaluate relationship between state parameter and liquefaction resistance, specimens of varying
densities have been consolidated with effective confining stresses of 0.5 and 1.0 ksc. Specimens were
sheared by undrained torsional cyclic loading until initial liquefaction occurred. Figure 10 shows a

linear relationship between state parameter and liquefaction resistance. Liquefaction resistance
decreases with increasing state parameter.
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Fig. 10. Relationship between liquefaction resistance and state parameter.. - .

CONCLUSIONS

Based on the results of triaxial compression test, mondtonic torsional shear test and cyclic'torsiona‘l
shear test on remolded samples of Taipei silty sand, conclusions on steady state line and its associated
engineering properties can be summarized as below:

(1) Factors such as sample preparation method, strain rate, and anisotropic consolidation do not have
major influence on the determination of steady state line of sand.

(2) Fines content of sand will affect both the location and slope of the steady state line. Slope of the
steady state line becomes flatter as fines content increases.

3 Monotonic torsional shear test and triaxial compression test give different steady state lines. The
steady state line determined by torsional test is located to the left of that of triaxial test. However, both
tests give approximately the same undrained shear strength at steady state.
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(4) State parameter can reflect many major engineering properties during drained and undrained loading,
such as the normalized undrained shear strength and pore pressure parameter at failure during undrained
loading, and angle of shearing resistance during drained loading.

(5) State parameter and liquefaction resistance has a linear relationship. Liquefaction resistance
decreases with increasing state parameter. . TS :
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