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Abstract

Artificial compaction is a commonly practiced ground improvement technique around
the world. Yield stress is an important parameter to quantify and analyze the strength
and compressibility behavior of the artificially compacted clays; such materials are
indeed of practical significance in various projects, e.g., engineered landfills, clay lin-
ers, etc. The present study aims to investigate the influence of different geotechnical
characteristics of compacted clays of wide plasticity range on the compaction induced
yield stress, and also to develop the correlational models to quickly predict the yield
stress. Three natural clayey soil samples of different geotechnical properties were col-
lected from different sites; 27 more samples of varying index properties were prepared
by mixing bentonite with natural soil samples at varying rates. Series of one-dimen-
sional consolidation tests were performed to determine compressibility parameters like
yield stress, compression index, and coefficient of volume compressibility. Atterberg’s
limits, grain size, compaction characteristics, and compressibility have a significant
influence on the compaction induced yield stress. Predictive models of yield stress are
also developed by using the plasticity index, optimum water content, and maximum
dry unit weight as independent variables. Moreover, developed models are validated
based on the independent data.

Keywords: Clay-bentonite mixture, Yield stress, Compaction, Compressibility,
Correlation

Introduction
The shear strength and compressibility are considered to be the two most necessary
characteristics of a cohesive soil mass in the design and analysis of many civil engineer-
ing structures like dams, highways, embankments, and foundations. Among these, com-
pressibility is the most significant characteristics, for the evaluation of the settlement
of soil under the overburden or load of an infrastructure [1]. In the settlement analy-
sis, there are two crucial consideration one is the compressibility of soil, which is the
measure of the volumetric change response of the soil mass under the load, and other is
the past pressure that soil mass has undergone. Obviously, having experienced high past
pressure leads to lesser consolidation settlement and higher shear strength of the soil
mass; such soil mass is termed as over-consolidated soil. Therefore, achieving high past
pressure or over-consolidation is always desirable to reduce the subsidence or consolida-
tion settlement of the soil mass in the future, through different ground improvement
techniques.

In earthwork construction, artificial compaction methods are in common prac-
tice around the world to achieve the over-consolidation. Compaction is a technique
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through which soil particles are packed closely by applying dynamic/static compres-
sion energy, which consequently decreases the compressibility, increases the shear
strength, and reduces the permeability of the soils [2, 3]. Moreover, pragmatically, the
earthen materials used in the construction of different projects are diversified; it can
include low to high plastic clayey soils depending on various factors, including pro-
ject specification, availability of materials and economic considerations. For example,
geotechnical structures such as clay liners and high-level radioactive waste reposito-
ries require high plastic clays to be compacted for the formation of earth fill barri-
ers [4, 5]. According to clay barriers design criteria, hydraulic conductivity, swelling,
compressibility, and strength are the four essential characteristics to be considered
[6]. These characteristics depend upon the mineralogy, compaction effort, and grada-
tion of clays [4, 7]. Consequently, to avoid failure of these barriers, after placement,
field compaction control of the borrow materials is essential. Moreover, the coarse
material is commonly used as a base soil in the construction of different infrastruc-
tures such as railway formations, road embankments, river dykes. However, the avail-
ability of suitable coarse material becomes difficult or expensive at some sites. Thus,
in such conditions, the locally available clayey soils can be considered as the alterna-
tive backfills. Usually, the geotechnical characteristics of these clays are improved by
using the additives, and the compaction is the fundamental technique to densify these
stabilized materials during in situ placement [3, 8-11].

Theoretically, pre-consolidation stress is the maximum stress to which a natural soil
mass in the field has been subjected in the past during its geological life time [9], or, it
is the largest overburden under which the soil had been consolidated [12, 13]. Whereas,
artificially compacted soil mass also exhibits a characteristic termed as yield stress (o,),
similar to the pre-consolidation stress exhibited by the natural soil [9]. In the construc-
tion of earthen embankment, earthen dams, engineered landfills, pavements, and also
for ground improvement, this induced yield stress becomes vital for the settlement anal-
ysis of compacted soil mass or structures founded on such engineered land fills. In fact,
yield stress is the quantitative parameter to examine the performance of the artificially
compacted soil mass against failure and consolidation settlement.

As pre-consolidation stress (0,,), induced yield stress is also estimated through the one-
dimensional consolidation test like other compressibility parameters such as coefficient
of compressibility (a,), compression index (C,), and co-efficient of volume compressibil-
ity (m,) [14]; whereas, one-dimensional consolidation test is expensive, laborious and
tedious test. Therefore, it is desirable to investigate the different factors influencing com-
paction induced yield stress and to develop a quick mechanism to predict the compac-
tion induced vyield stress. There are many factors which can affect the yield stress like
unit weight, water content, Atterberg’s limits, and grain size. However, modest data is
available on these influencing factors in the past literature. Prakash et al. [9] only dis-
cussed the effect of dry unit weight and water content on yield stress. Therefore, further
investigation is required on the influencing factors of yield stress.

Keeping in view the feasibility of the usage of diversified compacted clayey soils in the
fields and scarcity of literature on the induced yield stress behavior of such clays, the
objectives of the present study are: (1) to investigate the yield stress behavior against
grain size, Atterberg’s limits, compaction characteristics, and compressibility of low
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to high plastic clayey soils; (2) to develop the reliable correlational models of the yield
stress using basic soil characteristics of clayey soils.

Materials and methodology

For this study, three natural clayey materials L-0-1, N-0-1, and D-0-1 were collected
from three different districts of Pakistan, i.e., Lahore, Gujranwala (Nandipur), and D. G.
Khan, respectively, as shown in Fig. 1. These were the disturbed samples taken from 2 to
3 m below the ground surface. All of the soil samples were alluvial type clays obtained
from the Indus plain deposits. Lahore clay, Nandipur clay, and D.G. Khan clay are natu-
rally deposited around the Ravi river, Chenab river and Indus river respectively. After
oven drying at 104 °C for 24 h, 27 more artificial low to high plastic clayey samples were
prepared by mixing bentonite at different ratio of dry weight. Bentonite was mixed with
L-0-1 sample at varying ratio such as 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, and
50% and in N-0-1 sample bentonite was mixed at the ratio of 5%, 10%, 15%, 20%, 25%,
30%, and 35%. Ten more artificial samples were prepared by mixing the bentonites with
D-0-1 sample at the rate of 5%, 10%, 12%, 15%, 17%, 20%, 22%, 25%, 27%, and 30%. Total
30 soil samples were tested in the laboratory, and following tests were performed as per
ASTM standards.

« Specific gravity test (ASTM D-854 [15]).

+ Grain-size distribution analysis (ASTM D-422 [16]).

+ Atterberg’s limit test (ASTM D-4318 [17]).

« Standard compaction test (ASTM D-698 [18]).

+ One-dimensional consolidation test (ASTM D-2435 [19]).

First three tests were performed to determine the index properties. Water pycnometer
was used to determine the specific gravity of soils. Hydrometer tests were performed
to find out the percentage of sand, silt, and clay contents in soil samples. The sizes of
clay, silt, and sand particles used in this study are<0.005 mm, 0.005-0.05 mm, and
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Fig. 2 Yield stress determination by using Casagrande method [12]

0.05-2 mm respectively. The liquid limit and plastic limit of samples were established
according to ASTM D-4318 [17]. Samples were classified according to the Unified Soil
Classification System (USCS) by using the index properties. Eight samples were classi-
fied as lean clay/low plastic clays (CL), and 22 samples were classified as fat clays/high
plastic clays (CH). Standard compaction test was used to find out the compaction char-
acteristics of soils [20].

To perform the one-dimensional consolidation tests, soil samples were remolded at a
maximum dry density (y,,,,) and optimum water content (w,,,) determined from stand-
ard compaction test in a compaction mold. The sample was then carefully extruded in
the consolidation ring, and it was ensured that the initial density and water content of
soil sample in consolidation ring was same as of maximum dry density (y,,,,,) and opti-

mum water content (w,,,) determined through standard compaction test. The method of

)
opt:
sample preparation is disigned to meet the specific objective of the present study and it
is validated with the past literature [9, 21]. Consolidation test was performed to deter-
mine the compression index, coefficient of volume compressibility, initial void ratio, and
yield stress. In the consolidation test, the specimen was laterally restrained and axially
loaded with stress increments. Each stress increment was applied until dissipation of
pore water ceases for that stress increment. The stresses were applied double for each
increment making load increment ratio (LIR) 1. Minimum stress increment duration was
taken as 24 h and maximum applied effective vertical (g,) stress was around 1600 kPa.
During the consolidation test, the measurements were recorded for the change in the
height of the sample.

Several methods are available in the soil mechanics literature to determine the o, or
0, of over-consolidated soils. Some of these methods include Casagrande method [12],
Burmister method [22, 23], Schmertmann method [24], the void index method [25],
Janbu method [26], the method of work [27], Pacheo Silva’s method [28], the log—log
method [29, 30] and Jacobsen’s method [31]. Casagrande method [5] is used to deter-
mine the yield stress of compacted clays explained in Fig. 2.
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Fig. 3 Diffracting peak patterns of x-rays from planes of minerals for bentonite

Test results

In the present study, bentonite was used to produce the artificial clayey samples of var-
ying plasticity. The index properties tests were also performed on pure bentonite. The
liquid limit (w;) and plasticity index (I) of bentonite are 301% and 273% respectively.
The silt and clay contents were 3% and 97% respectively. The x-ray diffraction analy-
sis was also carried out on the bentonite. Figure 3 shows the diffracting peak pattern
and response spectrum in diffracting peak pattern of bentonite; it hints the presence of
montmorillonite, kaolinite, and illite minerals.

The summary of geotechnical characteristics of all samples is presented in Table 1.
Clayey samples are classified into two sub-groups, i.e., lean clay (CL) and fat clay (CH)
as per the Unified Soil Classification System [20]. The range of specific gravity (G,) was
recorded from 2.67 to 2.75. The experimental results of performed tests are presented
in Fig. 4. According to grain size distribution, the ranges of sand, silt and clay contents
for CL soils are 5-7%, 54—72%, and 21-40% respectively and for CH soils, the range is
2-6%, 26—55%, and 41-72% respectively. The w;-values vary from 30 to 49% for CL soils
and 52 to 129% for CH soils while the Ip-values vary from 11 to 29% and 32 to 113% for
CL and CH soils respectively as shown in Fig. 4b.

For CL soils, the ranges of y,,,,~ and w,,-values are 15.32-17.43 kN/m? and 14.51-
18.32% respectively; for CH soils, the y,,,,,- and w,,,-values are between 14 to 16.3 kN/
m? and 17 to 27% respectively as presented in Fig. 4c. The overall range of yield stress is
210 to 600 kPa, and it is in the range of 400-600 kPa and 210-410 kPa for CL soils and
CH soils respectively, as displayed in Fig. 4c. Moreover, other compressibility param-
eters of the samples were also determined. The value of C, varies from 0.16 to 0.92 and
range of m, is from 0.17 to 0.80 MPa ™" for all soil samples (Fig. 4d). Initial void ratio falls
between 0.5-0.86 and 0.63-1.52 for CL and CH respectively.

Factors affecting the yield stress

To determine the effect of geotechnical characteristics on yield stress, several statisti-
cal analyses were accomplished using test results. The effects of grain size, Atterberg’s
limits, compaction characteristics and compressibility parameters on yield stress were

Page 5 of 16
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Fig. 4 Experimental results a grain size distribution curves, b w; vs I, ¢ compaction curves, d compression
curves

determined. Average values of aforementioned characteristics have been calculated for
CL and CH soils by fixing the liquid limit ranges, and these average values are given
in Table 2. Thirty clayey samples are used to fix these w;-ranges. Plots for variation in
yield stresses of clayey soils with respect to aforementioned geotechnical properties are
shown in Figs. 5, 6, 7 and 8. Table 3 describes the concise summary of the behavior of o,
against the geotechnical properties.

Effect of grain size on yield stress

The behavior of o, against clay and silt contents are established in Fig. 5a, b. The value of
0, is decreasing up to 303 kPa with increasing clay content up to 51.5%, but more incre-
ment in clay content have an insignificant effect on o,-value. The value of 0, is increasing
with increasing percentage of silt content in clayey soils. Up to 45% of silt content, there
is a minor change in o,-value. The compacted clayey soils with more silt content can
have higher yield stress, taking all other influencing factors to be unchanged. Thus, the

coarser grain fraction increases the compaction induced yield stress.

Effect of Atterberg’s limits on yield stress

The o,-value is decreased with an increase in w; and I, values, as shown in Fig. 6a,
b. Average values of w; and I, are 35% and 15.8% respectively at 582.5 kPa of ¢,
whereas, values of w; and I, are 106.8% and 90.2% respectively at 293 kPa of o,-value;

this renders that w; and I, increased 67% and 82.5% respectively with a decrease of

Page 7 of 16
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49.7% in yield stress. It is also observed that w; and I, have a significant effect on o,

y

up to 65.8% and 45.8% of their values respectively, beyond these values effect of Atter-
berg’s limits on g, become insignificant. These findings render that for the similar
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Table 3 Effect of geotechnical parameters on yield stress

Parameters Effecton o, Reference
Silt content Increasing Fig. 5a
Clay content Decreasing Fig. 5b
Liquid limit (w,) Decreasing Fig. 6a
Plasticity index (/) Decreasing Fig. 6b
Optimum water content (wam) Decreasing Fig.7a
Maximum dry unit weight (V0,0 Increasing Fig. 7b
Compression index (C,) Decreasing Fig. 8a
Co-efficient of volume compressibility (m,) Decreasing Fig. 8b
Initial void ratio (e,) Decreasing Fig. 8¢

compaction effort, the compaction induced yield stress is higher for low plastic clays,
because of the fact that it is easier to achieve tighter grain matrix for low plastic clays
due to low moisture and less void ratio induced by diffused double layer and clay min-

eral interaction.
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Effect of compaction characteristics on yield stress
Figure 7 explains the behavior of o, with respect to the compaction characteristics.

With increasing the w,,,, the o,-value is decreased as shown in Fig. 7a. The value of

opt’
W,y is increased from 55.3 to 23.3% while the value of 0, is decreased from 582.5 to
294 kPa. Moreover, with an increase in the y,,,, -value from 15.6 to 17.1 kN/m?, the
o, is also increased from 303 to 582.5 kPa, as presented in Fig. 7b. However, there is
an insignificant change in the o,-value when the y,,,,,-value is increased from 14.6
to 15.6 kN/m?®. Hence, 14.6 kN/m? can be taken as influence extent of y,,,,,. These
findings demonstrate that improving the compaction quality improves the compac-

tion induced yield stress.

Effect of compressibility parameters on yield stress

Figure 8 presents the effect of compressibility parameters on yield stress. The o,
shows a similar trend against the compressibility index (C,), the coefficient of volume
compressibility (,) and the initial void ratio (ey). The g,-value is decreased rapidly up
to the w;=60% with an increase in the values of C,, m,, and e;; beyond which, these
compressibility parameters do not exhibit any significant impact on the o,. It can be
concluded that for same compaction effort, compaction induced vyield stress is lower

for more compressible soil.

Development of correlations

This study also included the development of predictive models of yield stress. For
this purpose, a dataset of the aforementioned 30 soil samples was used. Plasticity
index (/), optimum water content (w,,,) and maximum dry unit weight (y,,,,) were
selected as the independent variables, and o, is used as the dependent variable. Power
regression analyses were executed on the data and dependence of o, on Ip, w,,, and
Yamax ar€ presented in Fig. 9a—c; the developed correlations are exhibited in Egs. (1),

(2), and (3).
oy (kPa) = 1443.3(Ip) 0382 1)
0y (kPa) = 25,220(wey,) 43! (2)
oy (kPa) = 0.0143(Vamax)>® (3)

The values of correlation coefficient (R?) for Egs. (1), (2), and (3) are 0.63, 0.77, and
0.62 respectively. The maximum R?-value is 1, and a good and reliable model must
have a high R*-value. The R? is an index of the goodness of fit between the predic-
tive model and sample data used to develop that model [2]. It provides a quantitative
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index of association between measured and predicted values, and is used as a meas-
ure of accuracy for future predictions [10]. For o, models, the R?-value of the Eq. (2) is
0.77, which is greater than the other two equations. It means the dependence of 0, on
Wy, is more than Ip and y .,

The accuracy of the proposed models was checked against the data used to develop
these models. Percentage deviation from 45°-line (called equality line), which is also
referred to as the percentage error of the predictive models was calculated by the given
formula;

100 <~ [A; — P;
Error (%) = — —_— (4)
n — At

where, A, =actual value, P, =predicted value and #» =number of values. Moreover, the
percentage error of the model is calculated based on data used for the development of
correlation, in this stage. Figure 10 presents the plot of experimental o,-values versus
o,-values predicted using the developed models. For o), percentage errors in Egs. (1), (2),
and (3) are £ 9%, +7.8%, and &+ 9.8% respectively, as shown in Fig. 10. Minimum percent-
age error was found to be£7.8% for Eq. (2), for this reason,+7.8% is taken as a confi-

dence interval for g,-models validity.
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Fig. 10 Validation of yield stress correlations using correlations data

Validation of correlations

The last step in the establishment of any predictive model is to validate the model based
on independent data, which is not being included in the development of the model. For
this purpose, the required geotechnical characteristics of the six samples were obtained,
as presented in Table 4. The sketch was drawn between experimental and predicted val-
ues of yield stress, as presented in Fig. 11. To check and compare the accuracy of these
three models, +7.8% error envelope is drawn in Fig. 11. Percentage errors in Egs. (1),
(2), and (3) are +£9.2%, +7.5%, and +10.5% respectively. It is noted that one out of six
data points falls outside the standardized envelope for all three equations (Fig. 11). The
Eq. (2) demonstrates the minimum percentage error as compared to others. It is worth
mentioning here that based on statistical indicators Eq. (2) is comparatively proved to
be the most effective one in the prediction of o, among all three models. However, if it is
desirable to avoid the compaction test for the prediction of o,-value, Eq. (1) can prove to
be effective. Moreover, all three equations can reliably be used to predict the yield stress
of clayey samples based on available data.

Conclusions
This study presents predictive models of yield stress (0,) and effect of geotechnical
characteristics on yield stress. The following conclusions are drawn on the basis of this

research:

1. With increasing the clay content, liquid limit, plasticity index, optimum water con-
tent, compressibility index, coefficient of volume compressibility and initial void
ratio, the yield stress () is decreased while with increasing the silt content and max-
imum dry unit weight, the yield stress is increased. Moreover, the effect of these so-
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Fig. 11 Validation of yield stress correlations using independent data

called influencing factors on yield stress becomes insignificant after certain limits,
which can be termed as influence extents.

2. Three predictive models of yield stress are also proposed by using plasticity index,
optimum water content and maximum dry unit weight as independent variables with
reliable prediction accuracy.

3. The developed models are more valid for the ranges of /,, w,,,, and y, to be around
11-113%, 14.5-27%, and 13.97—17.42 kN/m? respectively.
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