| Original Article

Landslides (2007) 4:43-51

DOI 10.1007/510346-006-0051-2
Received: 10 August 2005

Accepted: 14 July 2006

Published online: 6 September 2006
© Springer-Verlag 2006

Abstract Three silica sand samples—well graded, intermediately
graded, and narrowly graded—having different uniformity coeffi-
cients, were constituted to allow the investigation of the influence
of particle size distribution on their mechanical behavior. Using a
ring shear apparatus, samples were tested under a wide range of
laboratory conditions. Results of the tests clearly indicate that, for
specimens confined under identical stress conditions, well-graded
specimens have higher values of peak and steady state strengths
than the rest of the specimens. A relationship between uniformity
coefficient and shear strengths shows that the higher the uni-
formity coefficient, the higher the shear strength. On account of
these, well-graded specimens have higher static liquefaction
resistance than the poorly graded specimens. Within the range of
normal stresses employed in the tests, results reveal that not only
are poorly graded sands more likely to suffer higher postfailure
strength reduction, but that their steady-state strengths are easily
reduced to zero, the magnitude of the confining stress notwith-
standing. This reduction of shear resistance to zero has been
described as complete liquefaction in this paper. While almost all
of the narrowly graded specimens suffered complete liquefaction,
widely graded ones did not; an observation that seem to highlight
the influence of grading on the mechanical behavior of the sands.

Keywords Narrowly graded specimens -
specimens - Well-graded specimens

Intermediately graded

Introduction

Assessment of the liquefaction potential of sands when selecting
them for civil engineering works is of immense importance in the
construction industry. Because a great deal of failures of earth
structures, foundations, and slopes founded on sands have been
attributed to the liquefaction of the sands, stakeholders in envi-
ronmental protection and urban development have elevated the
importance of liquefaction-evaluation by placing it at the heart of
their management policies. This has inspired intense research.
Classic examples have led to, for instance, better knowledge of
the factors and dynamics behind the failure of Fort Peck Dam in
Montana in 1938 (Finn et al. 1970; Newmark and Rosenblueth
1971); Calaveras Dam in California in 1920 (Hardin and Drenevich
1972a,b); the Lower Lan Norman Dam (Pyke 1973); the foundation
failures induced by the 1964 earthquake in Alaska, USA, and
Niigata, Japan (Herrera 1964); and the flow slides in the province
of Zealand in Holland (Hardin and Drenevich 1972a,b; Kondner
and Zelasko 1963) and Mississippi River (Seed and Idriss 1971).
Although some of these failures were triggered by earthquake
shaking and others by monotonic loading, one salient fact emerg-
ing from field and laboratory investigations is that the sands
responsible for the failures would all be regarded as loose in any
kind of classification system—whether based on blowcounts,
Dutch cone penetration, or relative density (Castro and Poulos
1977). In response, researchers have undertaken extensive cyclic
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and monotonic tests, performing experiments on loose, saturated
sands to unravel the mechanism underlying the readiness of the
sands to liquefy. Liquefaction of saturated sands, often regarded
as the fundamental cause of flow slides, has been responsible for
many of the tragedies resulting from slope failures. Many have
postulated that the breakdown of a metastable structure in loose
soils in association with excessive volume changes during loading
ultimately leads to collapse and liquefaction. Important works by
Castro (1969), Casagrande (1936, 1976), Seed and Idriss (1969),
Bishop (1971, 1973), Castro and Poulos (1977), Poulos, (1981),
Poulos et al. (1985), Sladen et al. (1985), Vaid and Chern, (1985);
Alarcon-Guzman et al. (1988), Negussey et al. (1988), Kramer and
Seed (1988), Vasquez-Herrera et al. (1988), Konrad (1993), Sasitharan
et al. (1993), Sasitharan et al. (1994), Lade and Pradel (1990), Sassa
(1985, 2000), Sassa et al. (2003), and Wang and Sassa (2002) bear
witness to the extent of research and interest in soil liquefaction.

However, in spite of the enormous amount of work done so far,
not much is known about the influence of particle gradation on the
liquefaction potential of loose sands, especially when the sands are
subject to long shear displacements in the ring shear apparatus.
Understanding the relationship between the rapid reduction in
strength and catastrophic landslides, and clarifying the influence
of gradation on both postfailure mobility and the steady state
strength of sands sheared under undrained conditions would
require ring shear tests, where specimens could be displaced for
long distances.

Overview of recent research

Although many published works exist, some of them predating
Hutchinson and Townsend (1961), scarcity of conclusive laboratory
evidences, irregularities arising from design of laboratory appara-
tus, narrow range of materials investigated, and, sometimes, dif-
ficulty in distinguishing the effects of particle gradation from those
of particle size, have combined to limit what is presently known on
the subject. In spite of this, however, there is evidence that relates
liquefaction potential with gradation.

Vaid et al. (1990), in their well-known publication on particle
gradation and liquefaction, studied the resistance to liquefaction of
three medium sands having linear grain-size distribution curves,
identical mean grain size and mineralogy, but different uniformity
coefficients—1.5, 3.0, and 6.0. They found that at low relative
densities, poorly graded, water-placed sand had lower cyclic
strength than the well-graded (WG) sands at the same relative
density. Interestingly, they found that the reverse trend was true at
higher relative densities. At higher relative densities, the poorly
graded, water-placed sands had higher cyclic strength than the WG
ones. They observed, in addition, that within a certain range of
relative densities—from the loosest state to a relative density of
about 43%—the poorly graded sands deformed in a contractive
manner, whereas the WG ones, within the same range of relative
densities, did not. They concluded, on this evidence, that gradation
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might control the occurrence of contractive behavior, and possibly,
flow failure at low relative densities.

Some recent effort by Kokusho et al. (2004) has shown that,
unless a WG sample is composed of easily crushable or strongly
weathered particles, it has undrained monotonic strength con-
siderably higher than that of a poorly graded one. Laboratory tests
on poorly graded soils by several researchers, including Sasitharan
et al. (1993), Yamamuro and Lade (1999), Yoshimine et al. (1999),
and Wang and Sassa (2001, 2002), indicate that poorly graded soils
have low liquefaction resistance. But, while the low peak strengths
of poorly graded sands, often cited as evidence of high liquefaction
potential, are significantly understood, neither the steady-state
strengths nor the postliquefaction deformation characteristics of
these sands, especially when they are subjected to large shear
displacements, has been properly understood. This is where the
ring shear apparatus, which permits unlimited shearing displace-
ments of soils, becomes important. Our paper attempts to
investigate the influence of gradation on both the pre- and
postliquefaction strengths of loose silica sands and to examine
their postfailure deformation behavior using a ring shear appara-
tus that is capable of precise measurements of shear resistance and
excess pore pressure while also permitting specimens to undergo
large shear displacements.

Testing program

Apparatus

The results presented and discussed in this paper are from a ring
shear apparatus, hereafter referred to as DPRI-5, which is the fifth
version of ring shear apparatus available at the Disaster Prevention
Research Institute, Kyoto University, Japan. Designed, modified,
and vastly improved by Sassa in 1996, DPRI-5 is equipped with
devices capable of sustaining undrained loading throughout the
duration of a test. The apparatus is designed to eliminate some
difficulties commonly encountered while studying the mechanism
of landslide motion and is sufficiently equipped to allow speed-
and stress-controlled tests and the measurement of very large shear
displacement. Details of the design and efficiency of the apparatus
have been discussed comprehensively by Sassa et al. (2003) and
Wang and Sassa (2001).

Specimen characteristics

Industrial sand materials composed of subangular to angular
quartz and small amounts of feldspar were reconstituted to three
uniformity coefficients—3.3, 4.5, and 9.0—referred to as narrowly
graded (NAG), intermediately graded (ING), and WG. The grain
size distribution curves are shown in Fig. 1, while the physical
properties of the samples are summarized in Table 1. Angularity
and mineral composition was uniform among the different size
fractions.

Sample preparation and testing procedure

Oven-dried specimens with the desired uniformity coefficients
were placed in the shear box by moist tamping method. Thereafter,
test specimens were saturated with water. To achieve B, of at least
0.95 saturation, which was the minimum acceptable value used in
this study, carbon dioxide was first introduced into the samples, at
a slow rate, for at least 1 h, after which, deaired water was
introduced, again at a slow rate, to ensure adequate saturation. Bp
parameter—the ratio of change in pore pressure and change in
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normal stress (Au/Ac) over a specified period of time—was the
standard parameter used in assessing the degree of saturation of
the test samples (Sassa 1988).

Obtaining the Bp parameter involved a simple process of
consolidating the samples at 49 kPa normal stress in drained
condition, and increasing the normal stress to 98 kPa in undrained
condition when a constant value of vertical displacement signaled
the end of the consolidation process, which lasted an average of
60 min. The resultant increase in pore pressure (from zero to a
certain monitored value), Au, divided by the corresponding
increase in normal stress (from 49 to 98 kPa), Ao, is the Bp
parameter. Specimens were considered fully saturated if the By, was
equal to or greater than 0.95. The objectives of the present research
did not permit the overconsolidation of specimens. In light of this,
all samples were normally consolidated, and thereafter, shearing
was performed by incremental increase of shear stress at the rate of
0.98 kPa/s.

Test results

Narrowly graded specimens

A summary of the results is presented in Table 2. Test result (no. 1)
of a NAG specimen with a relative density of 33.1%, shown in Fig. 2,
presents the mechanism of liquefaction and flow failure in granular
materials. Its behavior tends to replicate the mobility and state of
liquefied materials in the field. They do not only have intense
mobility; they also possess low peak and steady state strengths. It is
clear that soon after reaching a peak resistance of 49 kPa at just
1.1 mm, it underwent rapid loss of strength that saw its resistance
decrease to about 7 kPa at steady state (Fig. 2b). It is noted that

Table 1 Physical properties of the materials

Specimen Minimum Maximum Mean

Effective Uniformity Specific

dry dry density grain  grain coefficient gravity

densitg/ (g/cm3 ) size size (Uc)

(g/cm™) (Dso) (Ds0)
WG 1.38 1.82 0.23 0.04 9.0 2.65
ING 1.26 1.68 0.11 0.03 45 2.65
NAG 1.24 1.66 0.08 0.03 33 2.65




Table 2 Summary of test results on relative density, normal stress, peak strength,
and steady-state strength

Test Sample Condition Relative Normal Peak  Steady- Figure
no. density stress  strength state no.
(%) (kPa)  (kPa)  strength
(kPa)

1 NAG Undrained 33.1 201 49 7 Fig. 2
2 NAG Drained 32.1 200 142 136 Fig. 3
3  NAG Undrained 29.5 220 49 0 Fig. 4
4 NAG Undrained 29.5 305 85 0 Fig. 5
5 NAG Undrained 294 257 70 0 Fig. 6
6 ING  Undrained 29.2 202 54 5 Fig. 7
7 ING  Drained 294 196 128 122 Fig. 8
8 ING Undrained 29.1 262 67 0 Fig. 9
9 ING  Undrained 31.5 290 97 10 Fig. 10
10 WG Undrained 29.5 196 60 12 Fig. 11
11 WG Undrained 29.5 250 80 13 Fig. 12
12 WG Undrained 29.5 290 106 12 Fig. 13
13 WG Drained 302 196 146 137 Fig. 14

within the period under consideration, the fast drop in shear
resistance corresponded to the rapid increase in excess pore water
pressure (Fig. 2c). It might be important to note that, while the
specimen mobilized its peak at about 1.1 mm shear displacement, it
attained its steady state strength of about 7 kPa at around 62 mm
shear displacement (Fig. 2b).

A drained test was undertaken to investigate the nature of
volume changes associated with loose NAG samples. Close
examination of the result of drained test (Fig. 3) of a specimen
consolidated at 200 kPa to Dr=32.2% shows that, soon after
shearing commenced, the specimen first suffered considerable
volume reduction until around 30 mm, from which point the
sample underwent less volume reduction until the test was
terminated at 10 m. The cause of volume reduction is considered
to be the collapse of the metastable structure and grain crushing
within the shear zone after its formation. Volume reduction before
the peak (point P in Fig. 3) where the sliding surface is formed
(Wafid et al. 2004) was caused by the collapse of the metastable
structure. The major cause of volume reduction after the peak is
considered to be grain crushing along the sliding surface, especially
after a certain shearing point (point M in Fig. 3), when the effect of
collapse no longer exists. This result, while highlighting the
importance of ring shear tests in understanding the behavior of
soils sheared to long distances, clearly shows that grain crushing is
a central factor in postfailure mobility of even loose sands.

While the rapid decrease of shear resistance after attaining peak
strength, observed in the specimens in which liquefaction devel-
oped, has been widely recognized and published in studies using
triaxial tests, the present study attempts to highlight some new
ideas by showing that gradation not only affects peak strengths but
exerts a strong influence on the postfailure behavior and strengths
of loose sands sheared for long distances.

The result of a very loose and fully saturated specimen sub-
jected to an undrained ring shear test is shown in Fig. 4. It
demonstrates that not only does a NAG specimen, whose relative
density is looser than about 30%, instantly liquefies when stressed,
but that it achieves a very low steady state strength, close to zero.
The entire behavior leading to negligible steady state strength has
been termed complete liquefaction in this paper. Figure 4 shows
that the sample was consolidated at 220 kPa to a relative density of
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29.5%. It may be seen that, soon after reaching a peak resistance of
49 kPa at 1.6 mm (point marked P), it underwent rapid loss of strength
that saw its resistance decrease to near zero (point marked S),
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and it remained so until shearing was terminated at 10 m shear
displacement.

The specimen acquired a brittleness index of 1.0 during the
process. Similarly, another NAG specimen (Fig. 5), consolidated at
305 kPa to a relative density of 29.5%, liquefied and acquired a high
brittleness index of 0.96. Careful observation confirms that,
although the specimen attained a peak strength of 85 kPa (point
marked P), it suffered substantial loss of strength soon after
attaining this peak until it reached negligible steady-state strength.
Yet another specimen (Fig. 6) consolidated at 257 kPa to a relative
density of 29.4% achieved peak strength of 70 kPa at about 1.6 mm,
failed, and underwent quick reduction in its strength. By point S
(Fig. 6b), corresponding to about 165 s (Fig. 6¢), the resistance of
the specimen had already reached zero and remained zero until the
experiment was terminated after about 655 mm of displacement.
The brittleness index was 1.0.

The behaviors of the specimens described above are not only
indications of the readiness of the NAG specimens to undergo
complete liquefaction failure but are also evidence that allowing
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shear deformation to go on for long distances could clarify the
influence of gradation on the postfailure behavior of granular
materials.

Intermediately graded specimens
The mechanical behavior of an ING specimen when loaded un-
drained is presented in Fig. 7. The specimen was consolidated at
202 kPa to a relative density of 29.2%. It could be observed that after
the sample reached its peak strength of 54 kPa at about 1 mm (point
Pin Fig. 7b), its shear resistance suffered severe and rapid reduction
until the resistance became 5 kPa at around 10 mm (point S in Fig. 7)
and remained so until the test was terminated at 1 m of shear
displacement. This loss of shear resistance indicated a high
brittleness index of 0.91. The corresponding pore pressure increase,
within the period under consideration, may be mentioned. By 10-
mm shear displacement, pore pressure had risen to a value as high
as 187 kPa, which was about 93% of the normal stress.

A drained test on a specimen of ING consolidated at 196 kPa
to a relative density of 29. 4% showed that considerable re-
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duction in specimen height. But, unlike the trend of height
reduction associated with the NAG specimen described in the
previous section, the height reduction in the ING could be
divided into two main phases, AB and BC, with the slope of BC
close to 90° (Fig. 8). The first major postpeak volume reduction
AB is much less than the volume reduction BC occurring be-
tween 129- and 237-mm shear displacement. While this result
might suggest that a second and more significant volume re-
duction is possible towards the steady state, the exact cause of
the factor responsible for this phenomenon is not well known at
present. Further tests are required to understand whether or not
this particular behavior may be linked to the transition from
slide to flow phenomenon often cited as the mechanism of de-
structive flow slides.

Another specimen consolidated at about 262 kPa, and having a
relative density of 29.1% (Fig. 9), seems to follow the same
behavioral trend. The specimen attained its peak strength of 67 kPa
at about 1.4 mm (point P in Fig. 9b). What followed was a fast
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decrease in shear resistance until the shear resistance became zero
and remained zero until the test was terminated after 10 m of shear
displacement (Fig. 9b). The specimen had a brittleness index of 1.0

T

E 12 250

£ 10 200
E’) 8 Normal stress =
= o P _C 150 g
E /Z . 00 =
g 4 : 2
% 2 EShear resistance 50 5
E 0 1‘N\“_"‘*i---.;___‘Reduc1j&:in in 0

=) A : ' specimen height

2 P 2‘ : = -50

T A 1 10 10 10 10*

o

Shear displacement (mm)

Fig. 8 Drained response of ING specimen (test 7) with Dr=29.4%; 0.=196 kPa;
Bp=0.97

Landslides 4 - (2007) | 47



| Original Article

as a result. Similarly, another specimen confined at about 290 kPa
to a relative density of 31.5% (Fig. 10) shows that its resistance rose
to a peak of 97 kPa at about 2 mm. Soon after, the specimen failed
and suffered rapid reduction in shear resistance (Fig. 10c) until it
attained a steady-state strength of 10 kPa. The brittleness index was
about 0.90. It may be important to note that, by 23-mm (point W in
Fig. 10b) shear displacement, the pore pressure had risen to a value
of 250 kPa, ensuring a pore pressure ratio of about 0.88.

Well-graded specimens

Undrained shear behavior of a WG specimen in loose state is
presented in Fig. 11. The specimen was consolidated at 196 kPa to a
relative density of 29.5%. The stress path of the specimen is shown
in Fig. 11a, while the shear resistance and pore pressure relationship
with shear displacement is illustrated in Fig. 11b. It may be seen
from Fig. 10a that after the material reached a peak shear strength
of 60 kPa (point P), the sample appeared to have collapsed and
underwent rapid loss of resistance until it attained its steady state
strength of about 12 kPa (point S in Fig. 11). As a result, the
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specimen exhibited a high brittleness index of o.80. Careful
examination of the pore pressure changes within the period under
consideration may throw more light on the undrained response of
WG specimens employed in this research. The sample mobilized its
peak strength (P) at 1.77-mm displacement, at which point, pore
pressure had risen to 60 kPa. Soon afterwards, the pore pressure
rose further to 177 kPa (at point M in Fig. 11c), which amounted to a
pore pressure ratio of 0.88, and remained constant until the
experiment was terminated at 10 m. The sample is thought to have
liquefied because of the high excess pore pressure built-up and the
consequent low effective stress attained in the process.

Another specimen consolidated at about 250 kPa to a relative
density of 29.5% displayed similar behavioral trend (Fig. 12). The
instant the stress path reached the peak shear resistance at 8o kPa,
the sample collapsed and the resultant excess pore pressure caused
the shear resistance to drop rapidly until the steady state strength
of about 13 kPa was reached. The brittleness index of the specimen
was 0.83.



Another WG specimen consolidated at 290 kPa to a relative
density of 29.5% (Fig. 13). The specimen mobilized a peak strength
of 106 kPa and attained a steady-state strength of about 12 kPa, and
in the process achieved a brittleness index of 0.88.

A drained test was undertaken to investigate the nature of
volume changes associated with loose WG samples. Close exam-
ination of the test result (Fig. 14) of a sample consolidated at
196 kPa to Dr=30.2%, shows that, soon after shearing com-
menced, the sample first suffered considerable volume reduction
until about 30 mm, from which point the sample underwent
little volume reduction until the test was terminated at 10 m.

Apparent collapse of the metastable structure might be es-
sentially responsible for the excessive volume changes suffered
until 30 mm in the drained test (Fig. 14), while grain crushing might
account for the volume changes that followed.

Discussion
NAG, ING, and WG specimens at the same confining stress and
similar relative densities responded to undrained loading in a
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purely contractive fashion. The failure pattern consisted of the
attainment of peaks at small shear displacements, followed by
rapid, continuous, and unidirectional loss of shear strength, until
the samples reached their respective steady states without further
changes in either shear resistance or effective stress during long
deformation. This rapid reduction in strength has been attributed
to the breakdown of a metastable structure and the consequent
increase in pore pressure in the loose mass of soil. The results of
the undrained tests presented indicate that tendency for volume
reduction and the consequent increase in pore pressure in loose
specimens are responsible for the considerable reduction in shear
strength. Subjecting the specimens to long distances of shearing in
the ring shear apparatus has helped clarify the effect of gradation,
which, until now, has been poorly understood. To understand the
nature and manner of volume changes occurring in loose specimens,
drained tests on the same material at similar relative densities were
conducted. Results of the tests (Figs. 3, 8, and 14) clearly show that
loose specimens suffer considerable volume reductions. They also
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indicate that the pore pressure generation in the undrained test
might be associated with not only the collapse of metastable
structure but also grain crushing. Because of the differences in
relative density among the three kinds of specimens investigated in
drained condition, a direct comparison of the drained results may
answer little with regards to why the shear behaviors of these
specimens differed significantly in undrained condition.

However, when the undrained stress paths of the three different
specimens described are compared, there seems to be sufficient
evidence suggesting that grading might have some effect on the
shear behavior of NAG, ING, and WG specimens. It may be ob-
served that the mechanisms of deformation in the NAG and ING
specimens, especially close to the steady state, are different from
those of the WG ones. The WG specimens, composed of a wide
variety of grain sizes, tend to show greater peak and steady state
strengths than the NAG and ING ones (Fig. 15). The results
presented in Figs. 4, 7, and 11 show that at the same relative density
and normal stresses of about 220 kPa for NAG, 202 kPa for ING,
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and 196 kPa for WG, the NAG, ING, and WG specimens attained
respective peak strengths of 49, 54, and 60 kPa, while their re-
spective steady states were o, 5, and 12. Similarly, the results
presented in Figs. 6, 9, and 12 show that, at almost the same relative
density and normal stresses of about 260 kPa (for NAG and ING)
and about 250 kPa (for WG), the NAG, ING, and WG specimens
mobilized peak strengths of 70, 67, and 80 kPa, respectively, and
achieved respective steady states of o, o, and 13 kPa. At higher
normal stresses of about 290 kPa, the NAG, ING, and WG
specimens achieved peak strengths of 85, 97, and 106 kPa,
respectively, and attained respective steady state strengths of o,
10, and 12 kPa (Figs. 5, 10, and 13).

Greater particle-to-particle contacts occasioned by the combi-
nation of a wide range of particle sizes in the WG specimens seem
to be central to these higher values of strength observed. Stronger
contacts between particles produce stronger resistance to shearing
stress. Because one of the most important mechanisms in the
deformation of granular materials is the relative sliding between
particles, it seems reasonable that stronger contacts will resist such
sliding better.
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The relationship between uniformity coefficient and shear
strengths normalized by the initial effective normal stress (con-
solidation stress, o) is shown in Fig. 15. It may be seen that the
higher the uniformity coefficient, the higher both the peak and the
steady state strengths of the sands. The widely graded specimens
have higher peak and steady-state strengths than the NAG ones. It
may be important to note that the steady-state strengths of the
NAG specimens were all nearly zero and, because of this, were
plotted as a single point in Fig. 15.

Conclusions

A series of tests on sands with different particle gradations were
undertaken to investigate their liquefaction potential when sub-
jected to undrained shearing. On the basis of the result, the
following conclusions are drawn:

1. Loose NAG, ING, and WG specimens at the same confining
stress and relative density responded to undrained loading in a
purely contractive fashion associated with the attainment of
peaks at small shear displacement, followed by rapid, contin-
uous, and unidirectional loss of shear strength until the
attainment of low steady-state strength.

2. A relationship between uniformity coefficient and the shear
strengths of the sands shows that the higher the uniformity
coefficient, the higher both the peak and steady state strengths
of the sands.

3. Because WG specimens have higher peak and steady-state
strengths than the NAG ones, WG materials should offer greater
resistance to liquefaction-inducing stresses than the NAG ones.
NAG and ING specimens are much more likely to liquefy than
WG ones when subjected to the same stress conditions.

4. The postfailure behavior of the NAG specimens below a relative
density of 30% is significantly distinguished from those of the
WG specimens in the sense that the NAG specimens underwent
complete liquefaction. Complete liquefaction has been defined
in this paper as the complete loss of shear strength after failure
such that the steady strength is negligible.
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