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Abstract: This article presents an experimental study on 81 specimens made from three different mixtures of clay
and sand. To ensure uniform initial parameters, all specimens were prepared with an initial water content of 30%.
Two series of unconsolidated undrained shear tests under different overconsolidation ratios were conducted on a
direct shear apparatus: the first aims to determine the SHANSEP (Stress History and Normalized Soil
Engineering Properties) parameters namely S and m, whereas the second is used for evaluating the
preconsolidation pressure. This work has provided an opportunity to investigate the influence of sand content on
SHANSEP parameters and moreover to study the reliability of the preconsolidation stress estimated by the
SHANSEP procedure.
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1 INTRODUCTION

Preconsolidation pressure (o”y,) is usually defined as the maximum pressure experienced by soil during its history
[1-3]. This pressure is a major geotechnical parameter for analysis and prediction of settlement, overconsolidation
ratio (OCR), stress history, and short term stability problems in soft clays [4-7]. Many empirical methods have
been developed to interpret o}, of soft soils from standard oedometer tests [1-3, 8-10] and in situ test results
using various correlations [11-13].

Several studies have attempted to establish relationships between undrained shear strength (s,) and
preconsolidation pressure. For normally consolidated clays, Skempton [14] suggested a linear correlation
between the normalized undrained shear strength determined from the field vane shear test (stv) and the
plasticity index (PI). Thereafter, Chandler [15] extended the validity of the same correlation for overconsolidated
clays. For Scandinavian clays, Hansbo [16] proposed that s&v / o'y is directly proportional to the liquid limit (LL).

Bjerrum [17] reported that s§V must be transformed to mobilized undrained shear strength (s, (mob) =A stVY),
where A is a correction multiplier that considers the rate effects as well as anisotropy. Mesri [18] provided a
particular relationship for s,(mob) of clays and silts, which was practically analogous to the direct simple shear
(DSS) test conditions, regardless of soil plasticity. However, as illustrated by Larsson [19], this relationship has a
tendency to overestimate undrained shear strength in low-plasticity clays while underestimating it in high-plasticity
clays.

Since then, a number of relationships have been developed based on the SHANSEP method [5]. Jamiolkowsky
et al. [4] presented a correlation which describes the normalized s,, with respect to the overconsolidation ratio.
Larsson et al. [20] investigated the SHANSEP equation for Scandinavian inorganic soft clays. The undrained
shear strength data, including those from DSS tests (s25%) were collected, it was demonstrated that normalized
sDSS with respect to the effective vertical stress (o”,) depends on both overconsolidation ratio and liquid limit.
Based on the 345 results on clays obtained from all over the world, Ching and Phoon [21] suggested a global
model for s,, (mob) derived from the field vane shear and unconfined compression tests with respect to OCR and
sensitivity (S;). Based on laboratory experiments, Karlsrud and Hernandez-Martinez [22] examined the correlation
between normalized undrained shear strength and overconsolidation ration for Norwegian soft clays. The results
of their work showed that undrained shear strength from the DSS test are highly dependent on the natural water
content (w) associated with OCR. Table 1 summarizes the correlation of undrained shear strength with
preconsolidation stress and overconsolidation ratio derived from various studies.

Table 1 Summary of literature correlations relating s,, with ¢’,, and OCR

Expression Reference
stV /o', = 0.11 + 0.0037PI Skempton [14]
Sy/0'p = 0.45LL Hansbo [16]
Su/0’p = 0.22 Mesri [18]
stV /', = 0.08 + 0.0055PI Larsson [19]
su/0'p = 0.23 + 0.04 OCR%® Jamiolkowsky [4]
sDSS /', = (0.125 + 0.205 LL/1.17) OCR®® Larsson et al [20]
sy,(mob)/c’, = 0.229 S, OCR?823 Ching and Phoon [21]
sD5S /o', = (0.14 + 0.18w) OCR(®-35+0.77w) Karlsrud and Hernandez-Martinez [22]

The determination of preconsolidation pressure using oedometer curves in certain cases, particularly in stiff to
hard clays, is very difficult [23]. This paper suggests an alternative method based on the SHANSEP procedure
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which can be used to provide an independent assessment of o', in clays or supplement the consolidation test
results. For this purpose, a series of direct shear tests under unconsolidated undrained conditions were
conducted on samples made of clay and sand consolidated at different OCRs. The reliability of the SHANSEP
method for estimating preconsolidation stress is investigated.

2 SHANSEP PROCEDURE

The approach of the normalized parameters was derived from the empirical observation that clay specimens with
identical OCR but different consolidation stresses, and hence different preconsolidation pressures, present similar
properties (undrained strength, shear induced pore pressures, etc.) when normalized against consolidation stress
[24], these have conducted to the SHANSEP design procedure (Stress History and Normalized Soil Engineering
Properties) developed by Ladd et al [5]. In addition, the concept of normalized parameters is considered crucial
for other frameworks describing the behavior of soils such as Critical State Soil Mechanics [25], or analytical
models such as Modified Cam Clay [26] and MIT-E3 [27]. The results can be illustrated by adopting the following
expression, commonly termed as the SHANSEP equation:

sy/0'y =S (0OCR)™ (1)
Where:
S = (su/0"v)nc 2

S is the normalized undrained shear strength at the normally consolidated state, and m is an empirically
determined factor governing the shape of the SHANSEP curve. Table 2 presents the values of SHANSEP
parameters obtained from literature.

Table 2 Literature values of SHANSEP parameters S and m

SAHSNEP parameters
Investigated soil Reference
S m
0.20 - Sensitive marine clays
y Ladd [28]
0.16 0.75 Northeastern US clays
0.25 0.88 Sedmentgry deposits 0f§|lts and
organic soils and clays with shells
0.259 0.78 Bukit Raja clay Mohd Amin et al. [29]
0.245-0.27 0.75-0.89 Bangkok clay Seah and Lai [30]
Sensitive, soft and compressible .
0.25 0.76 soil in Kolkata Roy and Singh [31]

0.481-0.802 0.118-0.256 Lower Silesia clay and silty clay ~ Strozyk and Tankiewicz [32]

3 MATERIALS AND METHODS

3.1 Identification of Materials

The laboratory tests in this work were performed on a mixture of two materials. The first was a remodeled soil
obtained from a large construction site in the region of Tlemcen, Algeria. It was classified according to the Unified
Soil Classification System (USCS) as high-plasticity clay (CH). The second material was a natural sand obtained
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from the region of Bouihi, Algeria, and it was classified according to the USCS as poorly graded sand (SP). The
materials were subjected to several laboratory tests using standard procedures in accordance with AFNOR
standards [33-36]. Figure 1 presents the grain-size distribution curves of clay and sand. The properties of the
materials are displayed in Table 3.

Table 3 Properties of materials

Properties Clay Sand
Liquid limit, LL [%) 54 -
Plastic limit, PL [%)] 21 -
Plasticity index, Pl [%)] 33 -
Unit weight of solid particles, Y [kN/m?3] 26.67 26.43
% 2 [mm] 100 100
Particles size distribution % 80 [um] 92 1.54
% 2 [um] 29 -
coefficient of uniformity, C,, - 2.34
coefficient of curvature, C, - 0.96
100 8o
90
80
— 70
S~
> 60
‘B 50 ——Clay
©
8 40 —O—Sand
@ 30
=
S 20
10
0 lof
0,001 0,01 0,1 1 10
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Figure 1 Particle size distribution curves of clay and sand

3.2 Preparation of mixtures and samples

This study was conducted on three mixtures, the first is totally made of clay (Mixture 1), the second containing 85
% clay and 15 % sand (Mixture 2), and the third comprising 70 % clay and 30 % sand (Mixture 3). The samples
should present the same characteristics (basically bulk density [37] and water content [38]) to avoid possible
effects on the results at a later stage. Therefore, different samples were mixed with different amounts of water to
determine the water content which ensures uniform initial parameters for all mixtures. Figures 2 (A), 2 (B), and 2
(C) represent the variation of dry unit weight (Y 4), initial void ratio (e,), and degree of saturation (s,.) respectively,
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against the water content. According to these figures, the initial water content of 30% presents more or less the
same density and offers a near saturation for all the mixtures, as shown in Table 4.
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Figure 2 Variation of dry unit weight (A), initial void ratio (B) and degree of saturation (C) against the
water content

Table 4 Mean characteristics of mixtures at w = 30 %

Yy[kN/m?] € sy [%]
Mixture 1 14.46 0.845 94.69
Mixture 2 14.32 0.862 92.84
Mixture 3 14.24 0.873 91.60

4 PROCEDURE AND APPLICATION OF THE SHANSEP METHOD

Two series of tests were conducted: the first aimed at determining the SHANSEP parameters, and the second is
dedicated to assess preconsolidation pressures. In this regard, the samples were mixed with an initial water
content of 30%, and then compacted in a mold of 60 mm diameter and 29 mm height (Figure 3) to achieve the set
densities. Each mixture was subjected to the same stress path; the procedure involves the application of a
preconsolidation pressure (o) to samples. The specimens are then allowed to swell one-dimensionally to a
vertical effective stress (o) at the desired OCR, as indicated in Table 5.
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Figure 3 Compacted sample in the mold Figure 4 Disassembled shear box

For each OCR, three specimens each placed in the shear box (Figure 4) were subjected to various normal
stresses (100, 200, and 300 kPa), then sheared in direct shear apparatus, as shown in Figure 5, under
unconsolidated undrained conditions at a constant speed of 1.5 mm/min. These same steps were repeated for all
mixtures (Mixtures 1, 2, and 3).

5 RESULTS AND INTERPRETATION

5.1 Determination of SHANSEP parameters

Figure 6 illustrates the evolution of normalized undrained shear strength versus the overconsolidation ratio.
SHANSEP equations (3), (4), and (5) corresponding respectively to each of the curves of Mixtures 1, 2, and 3 are
given as follows:

Su/0"y, = 0.4156 (OCR)%183% with R? = 0.95 3)
Su/0", = 0.3160 (OCR)®-25%5, with R? = 0.97 (4)
Su/0", = 0.1951 (OCR)%3%59, with R? = 0.95 (5)

Table 5 Applied stress path to the samples

OCR o'y, [kPa] o', [kPa]
First testing series
1 45 45
2 160 80
4 400 100
8 960 120
10 1400 140
Second testing series
1.5 90 60
3 270 90
6 660 110
75 975 130
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Figure 5 Direct-shear test apparatus
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Figure 6 Evolution of normalized undrained shear strength as a function of overconsolidation ratio

The values of the undrained shear strength decrease with increase in the quantity of sand for all mixtures, as
presented in Figure 7 (A). Furthermore, Figure 7 (B) shows that a higher sand content is reflected by an increase
of parameter m and a decrease of parameter S in SHANSEP equation.

The non-null m parameters identified for each of the mixtures denote a nonlinear relationship between s,, and
OCR.
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Figure 7 Influence of sand content on (A) undrained shear strength for different OCRs and (B) SHANSEP
parameters (S and m)

5.2 Assessment of preconsolidation pressure

The evolution of the undrained shear strength against OCR for the second series of tests is shown in Figure 8.
SHANSEP equation (1) can be expressed as:

OCR = [s,/S o', ]"/™ (6)
and therefore,
OJP =0a'y[su/S O'Iv]l/m (7)

Equation (7) includes two parameters already identified in the first experimental series (S and m) along with two
variables (s, and ¢',) resulting from the second set of tests. This equation is used to evaluate the
preconsolidation pressures. A comparison between o', estimated by equation (7) and o, applied to samples
described in the second test series (see Table 5 and Figure 9) illustrates that for a given OCR, the SHANSEP
method predicts practically identical o”;, values for all mixtures. The same figure shows an underestimation of the
evaluated o'}, values. Figure 10 indicates that the error related to the prediction of o’} increases with OCR. In
addition, as the SHANSEP method is based on s,, values, the reliability of s,, derived from direct shear test in this
study depends on OCR. In other words, the reliability of ¢’,, assessed by the SHANSEP approach depends on
the soil consolidation state.
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Figure 8 Evolution of undrained shear strength against OCR
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Figure 9 Comparison between calculated and applied values of o'}, for the three mixtures
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Figure 10 Error related to the prediction of o', with respect to the overconsolidation ratio

CONCLUSIONS

This paper presented a study of the reliability of the SHANSEP method for assessing the preconsolidation stress.
Several research projects conducted using this method generally considered clayey soils. The necessity to
investigate this approach for soils with a texture different from that of clay can be of great practical utility.
Therefore, two series of direct shear tests under unconsolidated undrained conditions were carried out on three
mixtures with various proportions of clay and sand. The following conclusions can be drawn from the obtained
results:
o Anonlinear relationship was observed between normalized undrained shear strength and the
overconsolidation ratio.
o The SHANSEP parameters (S and m) are affected by the sand content in the mixtures, where the
amount of sand is directly proportional to parameter m and inversely proportional to parameter S.
o The reliability of undrained shear strength resulting from a direct shear test is dependent upon OCR.
In this work, the sand content had no effect on the evaluation of c’p when using the SHANSEP procedure.
However, the reliability of the SHANSEP method for assessing the preconsolidation pressures was observed to

depend on the soil consolidation state. Additional studies are required to understand the impact of sail particle
size on the SHANSEP parameters.
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