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Abstract

An experimental study is carried out to investigate the static liquefaction of sand. For this purpose,
Babolsar sand with its liquefiable parameters such as soil properties and high seismic level of un-
derground water are investigated using static compression drained and un-drained tri-axial tests
under isotropically and anisotropically conditions. Also, the data results of this sand are compared
with those of the previous studies on soil case history. The study results indicate that Babolsar
sand can experience the whole possible states of liquefaction soil, i.e. flow failure, limited and di-
lation behavior.

Keywords

Liquefaction Susceptibility, Triaxial Test, Isotropic, Anisotropic, Steady-State, Strength Ratio

1. Introduction

Liquefaction is one of the most important, complex and debatable phenomena in geotechnical earthquake engi-
neering that its destruction affects due to lack of shear strength of soil have serious economic and environmental
consequence on civil projects. Determination of liquefaction potential due to an earthquake is a complex pro-
blem in geotechnical engineering and entails a myriad of factors such as specifications of sand layers, high level
of underground water and earthquake components.

The earthquakes in 1957 and 1971 in Bandpey and Babolkenar, respectively, as two cities located next to
Babolsar led to the death of more than 1500 persons and complete destruction of more than 120 villages. There-
fore, in short, it is necessity to investigate entire liquefaction condition in the southern bank of Caspian Sea.
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When the strain level is large enough, soil samples under sharing tend to be in a state of continuous deforma-
tion under constant shear and normal stress. It is believed that the behaviour of sand is collectively affected by
such major factors as relative density, confining pressure and static shear stress. Static liquefaction is a pheno-
menon in which a large shift of the soil mass under a monotonic loading occurs due to a sudden increase of pore
water pressure and thus confining effective stress. Also, Static liquefaction might be studied using triaxial appa-
ratus to obtain a better understanding of the mechanism and parameters controlling the occurrence of flow type
of failure. Castro (1969) [1] observed that cohesionless soils of different densities exhibit three basic pheno-
menological behaviors termed liquefaction, limited liquefaction and dilation under sufficient strain levels. These
characteristics, along with the requirement of constant velocity, shear and confining stress has been defined as
the steady-state [2]-[5]. The locus of the steady-state in e — p' — g space (where e, p', and q are void ratio, mean
effective stress, and deviatoric stress, respectively, at large strains) yields a state criterion for determining the
susceptibility of sand to flow liquefaction or flow failure.

Jafarian et al. (2012) [6], observed that testing on anisotropically consolidated samples plays significant roles
in stimulate liquefaction susceptibility of the soil within the sloping ground or beneath the structure which
tolerate high shear stresses.

In this study, initial effective stress, shear stress, shear parameter (@) and relative density have been consi-
dered as state variables for evaluating the steady-state strength and liquefaction susceptibility of the poorly
graded clean sand located at Babolsar region, Mazandaran province, Iran. Based on laboratory tests, for this
sand, stress anisotropy can change the drained and undrained behavior of sand but the steady-state line is unique
for either isotropically and anisotropically test conditions. Also, a comparison between the results of Babolsar
sand and other results obtained by researchers on different types of sands indicates that there is a good correla-
tion between behavior of Babolsar sand and that of different types of clean sands. Furthermore, investigations on
such boundaries show that the results of Babolsar sand locate over Olson and Stark (2002) [7] band.

2. Experimental Investigations
2.1. Description of Material Used

The sand that is used for experiments is Babolsar natural sand, which underlies a densely populated, seismic re-
gion of the southern coast of Caspian Sea in Mazandaran, Iran. The reconstituted specimens of the sand were
prepared using the bulk samples taken from the borrow pits on the beach. Figure 1 represents the location of
sampling. The basic properties of this sand as determined in the laboratory are given in the Table 1. According
to the grain size distribution curve for the soil in Figure 2 the soil can be classified as per Unified Soil Classifi-
cation System (USCS) as poorly graded sand with a group symbol SP. Figure 3 represents a microscopic view
of the grains at round (a) 250 micrometer (um) and (b) 300 micrometer (um) shows the grains to be semi angu-
lar to semi rounded.

Table 2 and Table 3 show the mineralogical composition and morphological characteristics of Babolsar sand,
respectively. Some of the terminologies used here are defined in the literature as follow.

Table 1. Comparison of €ax €min: Gs, Dso, Cy, for Babolsar sand.

Sand €max min G Dso (mm) Cu

Babolsar 0.81 0.56 2.78 0.24 1.8

Table 2. Mineralogical composition of Babolsar sand.

Percentage mineral content
Sand . .
Quartz Feldspar Mica Carbonate Chlorite

Babolsar 46 27 11 16 0

Table 3. Morphological characteristics of Babolsar sand.

Sand Average shape factor Average sphericity Average roundness

Babolsar 0.89 0.71 4.86
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Figure 1. Plane of sampling (a) Caspian sea; (b) Southern Caspian Sea—Mazandaran; (c) Lo-

cation of sampling station.

Wadell [8] defined sphericity as the ratio of the surface area of a sphere with the same volume as that of the
particle and the actual surface area of the particle; roundness is a measure of the sharpness of the corners and
edges of the grains and is defined as the ratio of the average radius of curvature of the corners to the radius of
the largest inscribed circle. The shape factor (SF) is an index to define the aspects of a particle shape.

d

s €))

(d.—d)
where di, d, and ds represent the longest, intermediate and the shortest particle dimensions respectively. There-
fore, these mounts d,/d, and ds/d, for Babolsar clean sand are equal to 0.88 and 0.9 respectively.

SF =
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Figure 2. Particle size distribution curve of Babolsar sand.

Figure 3. Microscopic view of Babolsar sand (a) 250 um and (b) 300 pm.

2.2. Triaxial Apparatus

The employed triaxial apparatus was a hand-made instrumented machine. Design and production of this appara-
tus involves four main parts, as described subsequently.

2.2.1. Structure and Electro Mechanics

The triaxial apparatus contains a steel frame and panel on which the dial gages and LVDTs together with many
controller valves are installed. The main vertical hydraulic jack is installed beneath the desk and transfers axial
compression or extension load with the velocity rate of 0.1 to 2.2 mm/min.

2.2.2. Pneumatic
Pneumatic force is supplied by a powerful air compressor in order to apply and control the following actions:
a) Applying the vacuum to make and protecting the sand samples in the mold and after remolding
b) Applying the confining pressure on the specimens
c) Applying back pressure
d) Applying the axial load with the pneumatic jack, installed for anisotropic loading

2.2.3. Data Acquisition System
The triaxial apparatus contains an electronic device which has 8 independent channels for analog to digital con-
verting of pressure, displacement, and force measurements. Data acquisition is carried out using the software in-

stalled on computer for recording the required data. Figure 4 shows the mentioned hand-made triaxial apparatus
with the data logger system.

2.3. Sample Preparation

Moist tamping has been adopted as a reasonable method for specimen preparation. The Oven-dried sands were
carefully mixed with 5% of de-aired water and the wet samples were divided in five equal parts by weight. Each
part was then carefully poured into the circular split-mold by a spoon and compacted into the mold to a prede-
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Figure 4. The static hand-made triaxial apparatus and data logger.

termined height and leveled with the caliper to achieve the desired density uniformly. The rubber membrane
having 0.3 mm thickness was kept in position by applying suction between the mold and the membrane. The top
of any compacted layer was then scarified to promote the required friction between the layers. The procedure
was repeated for each of the five layers. Once, the sample was in the mold, the top cap was placed on the sample.
A low level of vacuum was applied to the specimen and then sample height and diameter were measured. The
target height and diameter of samples were tried to be 100 mm and 50 mm, respectively. After detaching the
mold, the cell was installed and the water supply was opened to fill out the cell with water. The confining pres-
sure of about 10 kPa was applying while the vacuum was removing simultaneously. The sample was blowing
with carbon dioxide for easier saturation (e.g. to obtain a good degree of saturation, the technique of carbon dio-
xide worked out by Lad and Duncan [9], was used). The sample was firstly swept by carbon dioxide for 30 mi-
nutes. Then, de-aired water was flushed through the sample and a prescribed back pressure was applied to
achieve the 95 percent or more saturation.

After consolidation and recording the squeezed water, strain-controlled drained or undrained loading with the
rate of about Imm/min was applied up to sample failure. For anisotropic tests, axial load was applied from the
upper jack with a very low rate in drained condition prior to the undrained shearing. Also, Figure 5 shows pro-
totyping process for Babolsar sand.

2.4. Planning of Experiment

Several drained and undrained tests under isotropic and anisotropic consolidations were conducted on Babolsar
sand. The tests initial conditions are named as A to F series, as summarized in Table 4. A brief description of
these tests is given as below:

A series: isotropically consolidated undrained (CIU-Test) triaxial tests, including 15 tests under initial mean
effective stresses of 40 to 410 kPa and initial relative densities of 5% to 55%.

B series: isotropically consolidated drained (CID-Test) triaxial tests, including 10 tests under initial mean ef-
fective stress and relative densities the same as A series.

C series: anisotropically consolidated undrained (CAU-Test) triaxial tests, including 6 tests. For this condition,
o. was defined as the ratio of initial shear stress to effective confining stress (that initial shear stress is deviatoric
stress divided by 2). Accordingly, a = 0 denotes isotropically consolidated specimens. For this series, « value is
equal to 0.2 and initial mean effective stress is 40 and 300 kPa while initial relative density varies from 5 to
55%.

D series: anisotropically consolidated undrained (CAU-Test) triaxial tests, including 6 tests which are the

same as C series except for « value of 0.4.
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Table 4. Summary of static triaxial tests conducted during the current study.

No. Series  Type of consolidation  (D;). (%) Back pressure (kPa) B value (%) (D)o (%) P'o(kPa) «(do's)
1 A Clu 8.48 48 >97 40 0
2 A CIlU 11.77 49 >08 110 0
3 A Clu 15.07 58 >95 210 0
4 A Clu 18.37 51 >97 300 0
5 A Clu 20.2 54 100 410 0
6 A Clu 33 42 >95 40 0
7 A ClU 36.54 50 >05 110 0
8 A CIlU 41.49 51 >08 210 0
9 A CIlU 42 53 >97 300 0
10 A CIlU 42.55 53 >06 410 0
11 A Clu 56.87 81 >98 40 0
12 A Clu 59.77 52 100 110 0
13 A Clu 61.3 53 >96 210 0
14 A Clu 62.73 52 >08 300 0
15 A Clu 65.05 53 >96 410 0
16 B CID 7.93 52 >96 3.33 40 0
17 B CID 10.52 47 >95 5.6 110 0
18 B CID 13.61 45 >908 9.74 210 0
19 B CID 18.37 44 100 13.95 300 0
20 B CID 22.47 45 >97 36.51 410 0
21 B CID 57.39 52 >095 29.11 40 0
22 B CID 58.44 43 >05 31.63 110 0
23 B CID 61.3 51 >98 37.78 210 0
24 B CID 64.44 44 >95 49.76 300 0
25 B CID 64.95 47 100 45.15 410 0
26 C CAU 9.39 41 >97 45.34 0.2
27 C CAU 19.83 53 100 340 0.2
28 C CAU 34.06 51 >98 45.34 0.2
29 C CAU 40.25 43 >95 340 0.2
30 C CAU 57.21 51 >96 45.34 0.2
31 C CAU 64.03 52 100 340 0.2
32 D CAU 9.03 52 >97 50.66 0.4
33 D CAU 18.91 54 >96 380 0.4
34 D CAU 33.36 51 >96 50.66 0.4
35 D CAU 42.2 43 >08 380 0.4
36 D CAU 57.04 44 >95 50.66 0.4
37 D CAU 68.12 48 >97 380 0.4
38 E CAD 7.45 44 >97 8.95 45.34 0.2
39 E CAD 17.78 46 >96 11.59 340 0.2
40 E CAD 57.21 47 100 29.91 45.34 0.2
41 E CAD 63.48 48 >97 41.31 340 0.2
42 F CAD 7.67 74 >96 4.46 50.66 0.4
43 F CAD 17.63 75 >96 15.4 380 0.4
44 F CAD 57.32 40 >98 35.11 50.66 0.4
45 F CAD 63.79 77 >98 42.14 380 0.4
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(a) (b)
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Figure 5. The process of sample preparation (a) pouring sand into
mold; (b) open the mold and applying suction to sample mainten-
ance; (c) prepare samples for testing and (d) at the end of the test
specimens deformed.

E series: anisotropically consolidated drained (CAD-Test) triaxial tests, including 4 tests under initial mean
effective stress of 40 and 300 kPa, initial relative density of 5 and 55%, and « = 0.2.

F series: anisotropically consolidated drained (CAD-Test) triaxial test, including 4 tests which are the same as
E series except for « value of 0.4.

3. Results and discussions
3.1. Effect of Load Anisotropically on Stress, Strain and Excess Pore Water Pressure

Initial shear load parameter («), which is created anisotropically consolidated specimens, can vary some soil
parameters. For comprehensive this method, Figure 6 shows behaviour of two loose (Al and D32) and two
dense (A14 and C31) samples in q — &, Au-g and g — p' planes. The liquefied sample Al shown in Figures
6(a)-(c) exhibits a contractive behaviour throughout the shearing. When undrained shearing starts, the specimens
with a contractive behaviour generate positive excess pore water pressure, and shear resistance reaches a peak
value at a relatively small strain. In addition, specimens would then collapse (Figure 6(c)). After peak point, the
excess pore water pressure increases dramatically and the stress path reaches the steady-state line with consi-
derable strain softening. In these cases, the specimens exhibit flow liquefaction behaviour in which the static
shear stress required for equilibrium (peak point) are greater than the available shear strength in steady-state
condition. The stress path of the liquefied specimens A1l starts from the mean effective stress of 40 kPa while its
post-consolidation relative density was 8.48%. When the initial axial shear load was applied in an undrained
condition to obtain anisotropically consolidation, the sample showed a different behavior. For example, speci-
mens D32 which was anisotropically consolidated under « = 0.4 condition (initial shear load = 6.28 kg) showed
a dilative behavior while its relative density was approximately equal to that of A1 specimen. Accordingly, the
shear resistance of D32 increased significantly (96.75%) while its initial deviatoric stress is not considerably
larger than Al (zero initial deviatoric stress for Al and 32 kPa for D32). Hence, although the initial mean effec-
tive stress of D32 (p'y = 50.66 kPa) was larger (p's = 40 kPa for Al test), soil behavior was switched from con-
tractive to dilative due to the anisotropically consolidation. The curves of deviatoric stress and excess pore water
pressure versus axial load as well as effective stress path are shown through Figures 6(a)-(c). Similar findings
has been obtained for the dense specimens (Al4 and C31), but the effect of initial shear is more profound for the
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Figure 6. Test results of Al, Al4, D32, and C31samples (a) Stress-strain curves; (b) Excess pore water pressure versus
axial strain; and (c) Effective stress paths.

loose ones. Details of Al, Al14, C31 and D32 tests are presented in Table 4. The dense specimens Al4 show a
dilative behavior under mean effective stress 300 kPa and relative density after consolidation 62.73%. The sam-
ple at first created positive pore water pressure and then by continuing the axial strain, it converted the pore wa-
ter pressure to negative (Figure 6(b)). When the shear parameter 0.2 (« = 0.2) was applied on the sample C31,
the mean effective stress varied from 300 kPa to 340 kPa under the isotropically and anisotropically conditions,
respectively. This process influences relative density and stress path, thus by applying the shear parameter 0.2
on A14 sample which created C31 condition, the relative density alter from 62.73% to 64.03% on A14 and C31
respectively, which is presented that existence of shear parameter obtained dilative behaviour for samples
(Figures 6(a)-(c)). Therefore, it is observed that the initial shear load considerably affects the stress paths and
sand behavior. In fact, the experimental results of the current study reveals that any increase in the initial shear
stress gives rise to increase in the deviatoric and mean effective stresses at failure.

3.2. Steady-State Line (SSL)

For the soils, when the strain level is large enough, soil samples under shearing tend to be in a state of conti-
nuous deformation under constant shear (q) and normal stresses (p'). There exists a correlation between the ulti-
mate values of void ratio and mean effective principal stress, which is referred to as the ultimate steady-state line
(SSL). Soil behaviour can be obtained by expressing the state of effective confining stress and defining the loca-
tion of this point relative to the steady-state line. The SSL is defined as the locus of all points within the void ra-
tio-effective stress (e — p') plane at which a soil mass deforms under condition of constant stress and void ratio.
The steady-state concept and SSL have been well described by others [1]-[4] [10]. Poulos et al. (1985) [11],
made systematic measurements of steady strength by using stress-controlled CU triaxial tests. Also, Poulos et al.

188
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(1985) [11] and Fear and Robertson (1995) [12] studied the effect of grain size characteristics and grain size
compositions of soils.

The results of all tests for Babolsar sand in q — p' and e — p' planes are shown in Figures 7(a)-(c), respectively.
Figure 7(a) illustrates the stress paths for isotropically consolidated undrained (Series A) and drained ones (Se-
ries B). The stress paths due to drained tests have 1 to 3 slopes in g — p' space until reach to steady-state line.
The steady-state line for isotropic condition has 54.26 angle (M = 1.39). Figure 7(b) shows that stress paths for
anisotropically consolidated under drained and undrained conditions (i.e. series C, D, E and F) according to Ta-
ble 4. For these series, shear parameter () time test increases in constant initial mean stress and leads to an in-
crease in the mean confine effective stress and deviatoric stress in specimens. The M parameter for anisotropic
conditions is 1.4 (the SSL line in this case has 54.46 angle). Results of all tests for Babolsar sand in e — p' plan
are shown in Figure 7(c). As seen, results of the tests with different initial stress-density conditions such as iso-
tropic or anisotropic consolidation, drained or undrained, and various relative densities fall along a unique stea-
dy-state line. By plotting the experimental data in e — p' plane (Figure 7(c)), nonlinear equation for the steady-
state line is achieved by regression (e = 0.7723 — 0.0454 logp"). Data scattering is observed in Figure 7(c) espe-
cially for larger p' values wherein the majority of the data are located. Therefore, experimental results of the
current study reveals that isotropically and anisotropically compressed sample approaches toward a unique and
identical steady-state line.

3.3. Effect of Relative Density

Behavior of sand is controlled by its density and confining pressure. Relative density is a commonly used index
to describe the state of sand. (However, it is well known that relative density cannot fully determine the mecha-
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nical behavior of sand). Figure 8(a) shows effective stress paths behavior of specimens at three different relative
densities that were initially subjected to the same consolidated pressure of 210 kPa. For loose specimen Al with
relative density 15.07%, the stress path shows liquefaction behavior while, for sample A8 by relative density
41.49% (medium dense) the specimen shows dilative treat. Also, by increasing relative density values, the de-
viatoric stress and mean effective stress will be increased at failure moment. For example, the dense specimens,
A13 with relative density 61.3% has completely dilative behavior while deviatoric and mean effective stresses at
failure in comparison by the sample A8 are 1.57 (784/498, kPa) and 1.4 (541/385, kPa) times respectively.
Therefore, in constant mean effective stress, by increasing relative density the behavior of this sand shifted from
a liquefiable (loose) into a dilative (dense) state.

For isotropically and anisotropically specimens, variation of the ratio pore pressure at failure to the initial ef-
fective confining pressure, r, (Uexcess/ 0'3c) Were plotted versus friction angle at failure (¢, as shown Figure 8(b).
r, might be considered as a criterion for liquefaction susceptibility. Besides, the term r, for liquefaction states
ranges between 0 to 1 and whatever term ru next to 1, the liquefaction potential will be increased. Accordingly,
the data for entire undrained tests under the isotropically and anisotropically condition can be located between
two boundaries. The samples with positive r, values denotes flow failure or probably limited flow failure types
of soil behavior which only occurred for the isotropic tests. (See, the boundaries are close to each other). In-
creasing the relative density, confined pressure and shear parameter can shift the sand behavior from contractive
(strain softening) to dilative (strain hardening) one. This state shows the dilative behavior of the specimens
which are presented in these conditions and located beneath the zero line of the r,. Also, in Figure 8(b) the sha-
dowed anisotropic region is related to the specimens which are susceptible to shear parameter. Due to the ap-
plied shear parameter and dilative behavior of these specimens, r, takes negative values (see the shadowed re-
gion). However, one anisotropically compressed sample has demonstrated limited flow failure with a very low
positive r, value. This region of Figure 8(b) belongs to the anisotropically tests and this implies very lower ten-
dency of anisotropic samples to flow failure.

3.4. Collapse Line

Loose sand specimens under high initial confining pressure are expected to exhibit contractive behaviour, the-
reby reaching the peak strength followed by significant strain softening or flow failure until the steady-state. As
discussed by Olson and stark (2003) [13] and Hanzawa et al. (1979) [14] indicated that peak shear strength
measured during shear tests produced an approximately linear peak shear strength envelope in stress path space.
Sladen et al. (1983) [15] defined a collapse surface in three-dimensional void ratio-shear stress-effective normal
stress space to represent condition that would lead to the triggering of flow liquefaction, or strain softening be-
havior. The collapse surface represents the locus of peak (or yield) shear stresses that a given soil can reach va-
rying combinations of void ratio and mean effective stress. A number of other investigations (e.g., Vaid and
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Figure 8. (a) effect of relative density on various reconstitutes samples with same initial mean effective stress; (b) Variation
of pore pressure ratio at failure versus friction angle at failure for isotropic and anisotropic tests.
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Chern (1983) [16], Kramer and Seed (1988) [17], Vasquez-Herrera and Dobry (1989) [18], Lade (1992) [19],
(1993) [20], Ishihara (1993) [21], Konrad (1993) [22], Sasitharan et al. (1993) [23], (1994) [24] and among oth-
ers) identified similar yield conditions and proposed various names for these conditions.

The collapse line is considered as a limit state boundary between the stable and the unstable states of soil un-
drained behaviour. For the isotropically consolidated specimens of Babolsar sand, undrained shearing has re-
sulted in only three flow liquefactions for the loose specimens Al, A2 and A3. Figure 9(a) shows that the col-
lapse line and the steady-state line are inclined at the angles of 47.17° and 54.15° degrees above the horizontal,
respectively. Of course, the slope of the M, can be related to Mohr-Coulomb effective friction angle at yield, ¢,
as follow:

3M,
6+M_
The slope of collapse line in triaxial compression Figure 9(b) shows the boundary which is accumulated by

Olson and Stark (2003) [13] from thirteen different clean sands in the world. The properties of these sands are
shown in Table 5. For this bound the slope of the collapse surface in triaxial compression ranges from approx-
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Figure 9. (a) Definition of collapse line; (b) comparison between collapse lines ranges and data Babolsar sand.

Table 5. Laboratory data for clean sands (after Olson and Stark (2003) [13]).

Sand No. Sand name Dso (mm)  FC (%) €max €min Slope, 4 Reference
1 Dune sand 0.21 3 091 (A) 0.54(A) 0.1625 Konard [25]
2 Well-rounded silica sand (WA) 0.175 1 1.06 (A) 0.67 (A) 0.02932 Konard [25]
3 Hostun RF sand 0.38 0 1 0.656 - Canou et al. [26]
4 Nerlerk 0% - 2% 0.23-028 0-2 094(C) 0.62(C) 0.04 Sladen et al. [15]
5 Monterey #9 Sand 0.35 0 086(E) 053 - Rienf;f’:ﬁg Zte::j Eg'[zg]
6 Sydney sand 0.3 - 0.855 0.565 - Chu [30]
7 Hostun RF sand 0.32 0 1 0.655 0.0735 Konard [22]
8 Massey Tunnel sand 0.25 3 1.102 (F) 0.712 (F) - Konard and Pouliot [31]
9 Quebec sand 0.5 0 0.79(B) 0.54(F) 0.021 Konard [32]
10 Ottawa sand 0.34 0 0.82(A) 05(A) 0.0387 Sasitharan et al. [23], [24]
11 Sand B 0.16 0 0.84(G) 05(G) 0.05 Castro and Poulos [3]; Castro [1]
12 Sand C 0.27 1 0.99 (G) 0.66 (G) 0.050 Castro and Poulos [3]; Castro [1]
13 Sand A 0.2 2 188(G) 1.23(G) 0.75 Castro [1]

Note: Maximum (emax) and minimum (emin) void ratios were determined using the following methods as indicated in parentheses: (A): ASTM
D2049-69 (as reported by investigators); (B): Kolbuszewski (1948) [33]; (C): unspecified ASTM procedure; (E): dry pluviation; (F): ASTM D4254
(as reported by investigators); (G); nonstandard procedure; —: not available.
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imately 0.62 (31.8°) to 0.90 (41.98°). As it is shown in Figure 9(b), a comparison between the boundary pre-
sented (collapse lines) by Olson and Stark (2003) [13] and also collapse lines for Babolsar sand with 47.17 angle
shows that this line is located over the boundary. Therefore, it could be said that Babolsar clean sand has a high-
er liquefaction potential than these 13 different types of sand in the world, which have been compared by Olson
and Stark (2003) [13].

3.5. State Parameter (y)

Soil behaviour can be described by positioning of the current stress-density state of soil relative to the steady-
state line. Therefore, one can say that sand behaviour not only is dependent upon its relative density but also a
description of stress state has to be defined. Been and Jefferies (1985) [5] demonstrated that the current state is
expressed in terms of both initial void ratio ey and effective mean stress, p'y. Hence, different combinations of eg
and p'o can potentially obtain the whole possible phenomenological types of soil behaviour. State parameter ()
has been defined as the difference between the current void ratio and the void ratio at the same mean effective
stress on the SSL in e — p' plane:

w=e-eg ©)

where e is the current void ratio of the soil, e is the void ratio of the soil on steady-state line at the same effec-
tive stress.

In undrained shearing, a positive y value is typically associated with flow failure, whereas a negative y value
is associated with non-flow behaviour. Therefore, the state parameter can be used for describing the behaviour
of granular materials over a wide range of initial stress-density conditions. In fact, state parameter properly
combines these parameters which are physically relevant to describe the behaviour of granular materials.

The peak strengths of sands are known to be dependent upon the initial density of packing and the effective
stress level. The combined influence of stress level and density on strength were studied and reported by Bolton
(1986) [41] and Been and Jefferies (1985) [5]. Bolton (1986) [34] suggested that the difference between the
peak and steady-state angles of friction can be estimated from Equation (4):

¢L¢;=3DD@0—mp;y4] @)

where ¢' and ¢ are peak and steady-state angles of friction, respectively, measured in degrees (0 < ¢ — ¢ <
12°), ID is initial relative density and p't is the mean effective stress at failure.

For the isotropic consolidated drained (CID) and undrained (CIU) tests (A and B series), the values of ¢ were
calculated as the friction angle at failure and the values of ¢, were estimated when stress path reached the
steady-state line. As shown in Figure 10(a), the values of ¢' — ¢'is were found to be between 0 and 12 degrees (0
< ¢ — @ < 12°) for A and B series. The figure also shows the upper and lower bounds reported by Been and
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Figure 10. (a) Difference between peak and steady-state friction angles versus state parameter for isotropic drained
and undrained conditions; (b) pore pressure parameter versus state parameter for isotropic undrained conditions.
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Jefferies (1985) [5] for six different clean and silty sands. Although majority of the tests data specify the ¢' — @'
values less than 5 degrees and fall within the Been and Jefferies (1985) [5]’s range, it is seen that three liquefied
samples have obtained out of range results. As indicated by Been and Jefferies (1985) [5], this is due to the in-
accuracies associated with the determination of ¢' from the results of the liquefied samples. Also, to better real-
ize effectiveness of the state parameter, the curvature of Skempton pore pressure parameter versus state parame-
ter for isotropically consolidated undrained conditions (A series) are plotted (Figure 10(b)). As it is shown in
the Figure 10(b), for three liquefiable tests Al to A3, by increasing the mean effective stress, pore water pres-
sure in collapse moment and accordingly the Skempton parameter (As) will be increased. It must be noted that
this state is related to positive state parameter. For A6 to A15 tests shown in (10b), increase in the relative den-
sity (also average effective pressure) results in a change of behavior from a contractive state into a dilative state
(pore water pressure in collapse time) which these state is related to negative values in Skempton parameter and
state parameter.

Therefore, it can be said that there is a remarkably good correlation between Skempton parameter and state
parameter in specifying liquefiable or non-liquefiable state of the specimen.

3.6. Liquefied and Yield Strengths

In the current study, among the isotropically consolidated undrained (CIU) tests from Series A, three loose sam-
ples Al to A3 which are exhibit contractive behaviour throughout the shearing. When undrained shearing begins,
the specimens with contractive behaviour generate positive excess pore water pressure and shear resistance
reaches a peak value that occurs at a relatively small strain and the specimens would then collapse.

After peak point, excess pore water pressure increases dramatically and the stress path reaches the steady-
state line with considerable strain softening. In these cases, the specimens have exhibited flow liquefaction be-
haviour in which the static shear stress required for equilibrium (peak point) are greater than the available shear
strength in steady-state condition.

Seed (1987) [35] developed a correlation between SPT resistance and the apparent shear strength back-cal-
culated from observed flow failures and lateral spreads. Also Seed (1987) [35] back analyzed some 12 case stu-
dies of flow sliding (or large deformation) and developed a correlation of residual undrained strength to the
equivalent clean sand SPT blow count, (N1)g.cs. The liquefied shear strength Su(LIQ), is the shear strength mo-
bilized at large deformation after liquefaction and also, the yield shear strength Su(yield) is the peak undrained
loading of a saturated, contractive soil. Several investigations have proposed procedures to estimate shear
strength of liquefied soils [11] [21] [36]-[38] and yield strength [39] [40]. The yield and liquefied shear strength
as defined:

s, (yield) =w (5)
5, (LIQ) =" cosy's ©)

where ¢'ss is the steady-state friction angle.

The Liquefied strength ratio and yield strength ratio are defined as the liquefied shear strength and the yield
shear strength, normalized by prefailure vertical stress, Su(LIQ)/o'vo, Su(yield) of' o respectively. Stark and Me-
sri (1992) [37] proposed a correlation between liquefied strength ratio and normalized penetration resistance:

S, (LIQ
(—) = 0'0055(N1)60—CS (7)

r
Ovo

The number of SPT bellows are achieved from relation of Skempton (1986) [41] and Kulhawy and Mayne
(1990) [42] to account for the effect of grain size on the relative between (N;)go and relative density observed by
following relation:

2

N
( Dlr)w =60+25log Dy, (8)

where Ds, is median grain diameter in millimeters. Figure 11 shows the boundaries for liquefied strength ratio
proposed by Stark and Mesri (1992) [37] in Equation (7) and Davies and Campanella (1994) [43] and Olson and
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Stark (2002) [7]. To compare liquefaction potential of Babolsar sand with that of other studies, as Olson & Stark
(2002) [7] noted, the relative density must be normalized to penetration resistance. Therefore, the data relevant
to Babolsar sands which had undergone liquefaction is normalized by Equation (9) in terms of per SPT blows.
By using the back-analyzed method and embedding the numbers in Figure 11, it could be seen that the liquefac-
tion samples Al to A3, which are in the shaded zone, located on Olson & Stark (2002) [7] upper bounds.

Baziar and Dobry (1995) [44] and Olson and Stark (2002) [7] proposed the relationships between liquefied
shear strength and prefailure vertical effective stress as shown Figure 12. Of course, Baziar and Dobry (1995)
[44] further analyzed the case histories used by Seed and Harder (1990) [36] and Stark and Mesri (1992) [37]
and developed these boundaries. The shaded zone is related to the liquefiable Babolsar sand specimens which
are located at the bottom of the Baziar and Dobry (1995) [44], (Su(LIQ) = 0.045'y), and Olson and Stark (2002)
[71, (Su(L1Q) = 0.054'y), boundaries. The bands presented by researchers in Figure 11 and Figure 12 shows a
boundary for various case histories which have undergone liquefaction. All researchers attempt to reduce the
limit of such bands to obtain comprehensive relations for various kinds of soil. By comparing the shaded zone
which is related to the experimental results of Babolsar sand and other bands presented in these figures, it could
be said that Babolsar sand behavior has a good correlation with other kinds of sands in the world. Also, it is
possible to utilize relations presented by Olson and Stark (2002) [7] in engineering and theoretical practices on
such special sands.

4. Summary and Conclusions

The current study investigates isotropically and anisotropically consolidated drained and undrained behaviour of
Babolsar sand which is widely deposited in southern coast of Caspian Sea. Also, numerous strain-controlled tri-
axial tests were conducted on the reconstituted specimens of this sand. Based on the results, discussions and
comparisons presented in the above sections the following conclusions are drown:

1) In the undrained triaxial test under monotonic loading, Babolsar sand can experience the whole possible
behaviours of liquefiable soils i.e. flow failure, limited liquefaction, and dilation. Loose samples with the initial
relative density of about 8.48% have flow failed even under relatively low levels of effective confining pressure
(say 40 kP). Nevertheless, majority of the conducted triaxial tests have shown dilative behaviour.

2) Pore pressure parameter (As) and excess pore water pressure ratio (r,) can reflect the susceptibility of sand
for contractive or dilative types of failure loading. For example, for the loos samples Al to A5, in which the
pore water pressure increases during testing, As and ru vales take a positive value. However, for the remaining
samples with decreasing pore water pressure at the moment of failure, these indices takes a negative value.

3) The collapse line is the boundary between stable and unstable zone in undrained specimens. The angle of
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this line for Babolsar sand is 47.14 degree, and the angle of the steady-state line for all triaxial test data is 54.14
degree. If the specimen locates over this line, it will be deformed.

4) Increase in relative density greatly reduces the amount of liquefaction potential. The state parameter rate, in
the loose samples Al to A5, ranges from 0.01 to 0.03. While for the samples A6 to A10, this rate ranges be-
tween —0.02 to —0.05, and for dense samples A1l to A15 ranges between —0.075 to —0.15. This indicates the ex-
treme severity of dilation of such sample in relation to the increased susceptibility of the relative density.

5) A comparison between the results of Babolsar sand and other results obtained by researchers on different
types of sands in the Figures 9-12 indicates that there is a good correlation between behavior of Babolsar sand
and that of different types of clean sands. Also, investigations on such boundaries show that the results of Ba-
bolsar sand locate over Olson and Stark (2002) [7] band. This boundary is more reasonable and complete than
other presented ones (for the current study). Therefore, it is possible to utilize the relations presented by Olson
and Stark (2002) [7] in engineering and theoretical practices on such special sands.
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