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Abstract The shear strength is a fundamental property of soil material under structural loads. The
determination of shear strength properties of unsaturated soils is challenging and time-consuming.
Geotechnical predictive models can be utilized to assess the unsaturated shear strength of heaving soil. This
study attempts to propose predictive models to evaluate the unsaturated shear strength parameters of
compacted heaving soil. These parameters include the angle of internal friction associated with the net
normal stress (¢'), angle indicating the rate of increase in shear strength with respect to a change in matric
suction (¢°), and effective cohesion (c'). The geotechnical properties of soils were assessed through
laboratory tests such as particle size distribution, consistency limits, specific gravity, modified Proctor
compaction test, swelling test, suction test, and advanced triaxial testing. Multivariate analysis was
conducted using NCSS 12 software to design the models. The validation of models includes the
determination coefficient, probability value, comparing experimental values with predicted values, and
comparing the developed models with other model found in recent literature. The models engineered in this
study can estimate the unsaturated shear strength parameters of compacted heaving soil with acceptable

precision.

1 Introduction

The shear strength is a fundamental property that
governs the stability of soil material under structural
loads. Then, it is required to determine the shear strength
parameters and stiffness of soil support in foundation
design. The bearing limit, slope stability, lateral earth
pressures, etc., are some examples of geotechnical
application related to the shear strength. Terzaghi [1]
used the effective stress variable and Mohr-Coulomb
failure criterion to formulate a mathematical relation to
predict the shear strength of saturated soils described in
Equation (1). tsis the saturated shear strength, (o, — uw)
the effective normal stress, ¢' the cohesion, and ¢' angle
of internal friction.

Ts=C'+ (O —uy) tan (¢") )

The foundation of structures is generally located above
groundwater table and is in unsaturated conditions.
Unsaturated soils behaviour has received attention from
researchers whose common objective has been to
develop an appropriate expression that adequately
models the shear strength of soil material. The principle
of shear strength of unsaturated soils is described as an
extension of mathematical equation of shear strength for
saturated soils describes by Mohr-Coulomb failure
criterion (Mohr [2]). The Mohr-Coulomb criterion
extension is referred as the extended Mohr-Coulomb
failure criterion for unsaturated soil. Moreover, the
stress condition of partially saturated soils can be
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represented utilizing the suction matric (u, — uy) and net
normal stress (G, — u,). The contribution of matric
suction is commonly added to the shear strength
equation of saturated soil to describe the shear strength
of unsaturated soils. Fredlund and Rahardjo [3]
developed a shear strength constitutive relation for
unsaturated soils given in Equation (2). T is the
unsaturated shear strength, ¢° the angle indicating the
rate of increase in shear strength with respect to a change
in matric suction (U, — Uy).

Tu=C'+ (y — ) tan (@) + (ua— ) tan (¢°) @)

Blight [4] reported challenges related to the shear
strength measurement for unsaturated soils. The
challenges include the need of several tests to establish
the strength variation with matric suction. A long time
is required to achieve the matric suction equilibrium in
soil specimens before testing. Fondjo [5] reported that
axis-translation technique applied effectively on
modified-triaxial cell for shear strength testing of
unsaturated soils exhibits a matric suction range of 0 to
1500 kPa. Rao and Revanasiddappa [6] mentioned that
in compacted soil clay specimens, the matric suction
ranges from 50 kPa to 8000 kPa at saturation values of
35% to 90%. In a similar study, Fondjo et al. [ 7] reported
that compacted heaving soil exhibits a matric suction
range of 40 kPa to 7700 kPa, and a total suction range
of 55 kPa to 10 000 kPa. Models to predict the shear
strength of saturated soils in Table 1 have been reported
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in the literature (Chen et al [8]; Roy and Dass [9]).
Nonetheless, little consideration was given to model to
predict the unsaturated shear strength of compacted
heaving soil. Thus, the development of a geotechnical
predictive model for unsaturated shear strength
characteristics is necessary to address the problem.

Table 1. Predictive equations
Reference Equations

Log(¢") =— (0.0186W + 0.28)y,+ 0.0141W-1.15

Chen et al. 8] ¢ =—4.13W + 149.4

'=—29.604 +34.220v4
c'=-0.525 + 24.1Gg

Roy and Dass [9]

2 Methods

2.1 Laboratory testing

The evaluation of geotechnical properties of soil
samples was performed following the standards: ASTM
D4220-14[10] standard practices for preserving and
transporting soil samples, SANS 3001-GR20 [11]
moisture content determination, SANS 3001-GR2 [12]
sieve analysis. SANS 3001-GR3 [13] sedimentation
analysis. ASTM D854-14 [14] specific gravity test.
SANS 3001-GR10 [15] consistency limits test. IS:
2720-part 40, 1977 [16] free swell index. Sridharan &
Prakash [17] free swell ratio. SANS 3001-GR30 [18]
Proctor compaction test. ASTM D5298-16 [19] soil
suction measurement using filter paper technique.
ASTM D4767- 99 [20] triaxial testing.

2.2 Sample preparation

A similar set of soil specimens were prepared for each
sample at different moisture content throughout the
compaction test. One set of soil specimens was used for
soil suction test and another set was used for triaxial
testing. An average of two results for each tested soil
specimen was considered the most consistent results

estimated in laboratory.

2.3 Geotechnical predictive model design

The modeling process conducted in this study is as
follows: data collection, selection of covariates for each
predictive model design, model specification, and model
validation. The geotechnical models were designed
using NCSS 12 Software. The model selection was
conducted by testing different models, including
logarithmic, quadratic, linear, cubic, power, and
exponential. It was found that the linear model displays
a higher strength correlation and best-fitting equation.
Johnson [21] reported that the predictive multi-linear
model takes the form of Equation 3.

Y=+&+[2EXZ) +¢ G)
Where:
Y= outcome variable
&= intercept
&= regression coefficients, i=1,2,3, ...n

Zi= covariates, i=1,2,3, ...n

n= number of covariates

¢= random error term
The validation of models includes the determination
coefficient, probability value, and comparing
experimental value with predicted value.

3 Results and discussion

3.1 Material properties

The particle size analysis revealed that the fine-grained
content is not uniform for studied soils. WES exhibits
the highest amount of fine-grained among other soil
samples, followed by WIS, BFS, and BES. More than
50% of these soils passed the No 200 (0.075mm) sieve.
Nonetheless, BES show a fine-grained content of
45.14%. The tested soils have a liquid limit of 40.29%
to 69.45% and a plastic limit of 19.23% to 49.23%. Soil
samples are classified using Universal Soil
Classification System. BFS, WIS, WES display a high
plasticity, and BES displays a low plasticity. Table 2
shows the summary of soil material properties.

Table 2. Material properties

. Li‘qu'ill Pl,a sticity Clay | Silt |Sand |Gravel Spccifi ¢
Soils | limit | index (“/i ) | (%) | (%) Gravity| USCS
%) | co | (G

BFS | 58.98 | 36.82 130.40/29.11129.39 1 10.09 | 264 | CH
WIS | 63.78 | 4248 |34.03/33.49/26.80 | 485 | 2.73 | CH
WES | 6945 | 49.87 140.00(33.00]23.50 | 2.56 | 2.73 | CH
BES | 40.29 | 19.23 |17.11]28.03|43.76 | 11.10 | 2.55 | CL

3.2 Swelling potential analysis

The tested soils exhibit a swelling behaviour with a free
swell index range of 35.81 % to 116.60 %, and a free
swell ratio range of 1.17 to 2.20. Table 3 shows the
swelling potential test results.

Table 3. Swelling potential test results

Swelling potential Swelling potential
Classification classification,
Soil IS 2720 - 40 [16] Sridharan & Prakash [17]
Free swell Soil Free swell Soil
index (FSI) | expansivity | ratio (FSR) | expansivity
BFS 64.31 Moderate 1.64 Moderate
WIS 81.37 Moderate 1.73 Moderate
WES 116.60 High 2.20 High
BES 35.81 Moderate 1.17 Low

3.3 Suction test results

The total suction consists of two primary components,
the matric suction and osmotic suction. The matric
suction is a fundamental parameter controlling the
behaviour of unsaturated soils. The reported suction
values were measured at a different moisture content at
the initial state utilizing the Whatman No 42 type filter
paper technique (FPT). The principle of FPT is to
measure the suction indirectly by relating the water
absorbed by specified filter paper with suction through
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a calibration curve. Table 4 in Appendix shows the
suction test results. The tested soils have a total suction
of 110 kPa to 9926 kPa, a matric suction of 80 kPa to
7694 kPa, and an osmotic suction of 30 kPa to 2232 kPa.

3.4 Triaxial testing results

The consolidated undrained triaxial tests were
conducted on prepared unsaturated soil specimens at
each water content. The shear strength characteristics
were recorded automatically by INSTRON triaxial
software. The Mohr - Coulomb shear strength criterion
extension to unsaturated soils requires the evaluation of
saturated shear strength characteristics (c', ¢'). The angle
¢° related to the matric suction are measured as the slope
between the shear strength and matric suction curve
denoted unsaturated soil failure envelope. The
unsaturated failure envelope for sample WIS with ¢°=
5.02° is shown in Figure 1. Moreover, the reported
values of ¢° for BFS, WES, and BES are 6.77°, 2.67°
and 10° respectively. The triaxial test results is shown in
Table 5 Appendix. The reported unsaturated shear
strength (t,) values range from 196 kPa to 1512 kPa, and
the saturated shear strength (ts) values range from 154
kPa to 941 kPa. 1, values are 1.1 to 1.78 times higher
than (ts) values due to the contribution of matric suction.
The studied soils have a friction angle (¢') of 25° to 53°,
an angle related to matric suction (¢°) of 2.67° to 10°,
and cohesion (c') of 45 kPa to 78 kPa. The results of ¢'
and ¢ concord with the research works published by
Fredlund and Rahardjo [3], Likos et al. [22], and Nam
et al. [23] reported that ¢* is smaller than ¢, (¢°< ¢").

1000
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600 y =0.0878x + 208.38

R?=0.995

S
8

y = 240,79¢0 0002«
R®=09512

Shear strength (kPa)
n
8
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0 1000 2000 3000 4000 5000 6000 7000

Matric suction (kPa)
Fig. 1. Unsaturated failure envelope for WIS

4 Models development

The unsaturated shear strength parameters (¢', ¢°, c")
were investigated in relation to geotechnical index
properties to select the covariates for each model.
Regression analysis is performed through NCSS 12
Software based on correlation matrices given in Tables
2, 4 and 5 to design the models for angle of internal
friction ('), angle indicating the rate of increase in shear
strength with respect to a change in matric suction (¢°),
and effective cohesion (c'). The probability value was
used to select the covariate. When p-value of covariate
coefficient is higher than 0.05, the coefficient is
considered 0, the covariate is viewed as insignificant
and excluded from the model. Table 6 shows the

summary of p-values of unsaturated shear strength
parameters (¢', ¢°, ¢').

Table 6. P-value of unsaturated shear strength parameters

Saturated friction Matric suction Cohesion,
Angle, ¢' (°) angle, ¢" () ¢ (kPa)
Term p-value Term p-value Term | p-value
W (%) 0.000 G, 0.002 LL (%) | 0.031

va(kNm?) | 0.045 | Voidratio (e) | 0.054 Clay (%) | 0.018

FSL(%) | 0063 | W (%) 0.000 | Fine(%) | 0.046

FSR 0.071 | yg(kN.m?) | 0.038 |Void ratio (e)| 0.051
Clay (%) 0.012 FSR 0.055 C, 0.060
Fine (%) 0022 | FSI(%) | 0063 | FSL(%) | 0.060

G, 0.003 Cy 0.058 FSR 0.081
Void ratio () | 0.058 PI (%) 0.025 G, 0.006

LL(%) | 0011 | LL(%) | 0018 |ys(kNm?) | 0.004

Pl (%) 0015 | Clay(%) | 0.038 W (%) | 0031

G 0.061 Fine (%) 0.027 PI(%) | 0.000

4.1 Estimated models

Equation 4 describes the predictive model for the angle
of internal friction (¢'). Equation 5 describes the
predictive model for the angle indicating the rate of
increase of shear strength for a change in matric suction
(¢%). Equation 6 describes effective cohesion (c'). Table
7 in Appendix shows the developed models' summary
and coefficients.

4.1.1 Predictive model (¢’)

(@) == E—EW+ EGi+&s PI-ELL—EClay—EgFine )

Where:
¢' (°)= angle of internal friction associated with
the net normal stress
W (%) = gravimetric water content
G;= specific gravity
PI (%) = plasticity index
LL (%)= liquid limit
Fine (%) = fine content
Clay (%) = clay content
A= Box-cox transformation,
& = intercept
& = multivariate coefficients, i= 1, 2....6.

4.1.2 Predictive model (¢°)

(@) —+no— i W+n:Gs—p3 Fine+ nlL—nsya ®)

Where:
¢° (°)= angle indicating the rate of increase of
shear strength for a change in matric
suction
W (%)= gravimetric water content
Gs= specific gravity
LL (%)= liquid limit
Fine (%)= fine content
va (kKN.m?) = dry unit weight
A= Box-cox transformation
No= intercept
ni= multivariate coefficients, i= 1, 2,...5
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4.1.3 Predictive model (c) 60
y=12853x - 17.294

' . R?=0.8449
()= =& —OGW—GFine +( Gs— GLL+ {5 Pl ®) 50
DOChen et al. (2012)
Where:
¢' (kPa)= effective cohesion 40
W (%) = gravimetric water content

Gs= specific gravity
PI (%)= plasticity index
LL (%)= liquid limit
Fine (%) = fine content
A= Box-cox transformation,
Co= intercept 10
{i= multivariate coefficients, i= 1, 2,....5.

30

20

Measured friction angle, ¢' (°)

10 20 30 40 50 60
Predicted friction angle, ¢' (°)

Fig. 3. Measured vs predicted values of (¢")

4.2 Models validation Model Chen et al. [8]

4.2.1 Validation ofpredictive model (¢') 4.2.2 VValidation ofpredictive model (¢b)

Figure 2 shows the graph data of measured friction angle Figure 4 portrays the plotted data of measured angle
and predicted friction angle values at different water indicating the rate of increase in shear strength with
content. The variation of measured friction angle is respect to change in matric suction (¢°) versus the
comparable to predicted friction angle values. The predicted values of ¢ obtained from the compacted soil
scattered plotted data exhibits marginal disparities, and specimens at different water content.

the relation between measured and predicted values of

friction angle describes a high strength correlation with 12,00

a determination coefficient of 92.48 %. Furthermore, the > y10:9887x+ 85000

present model is compared with model by Chen et al. [8] S s [+

in Table 1. The model by Chen et al. [8] bears a good o £
correlation (Figure 3). This model was developed on o 8,00 ’116
compacted heaving soil. The predicted values of model 2 np’ a

by Chen et al. [8] agreed with the model developed in g

this study. Nevertheless, the present model is more 3 = ,d

accurate and portrays a high-strength correlation. The E a0 i

precision of the model proposed in this study may come 2 ﬂdﬂp

from the higher number of covariates. The model by § M

Chen etal. [8] is designed using 1 to 2 covariates. 0.00
Fondjo and Dzogbewu [24] mentioned that the marginal " 0,000 4000 8.000 12.000
discrepancies between experimental values and
predicted values may also be due to the inherent

approximated approach in multivariate analysis.

Predicted unsat angle, ¢b (°)
Fig. 4. Measured vs predicted values of (¢)

60 The graph data follows the trend line 1:1 and describes

y=0.9095x-+ 04231 a high strength correlation between the measured values

il of ¢ and predicted values of ¢* with a determination
coefficient of 96.28%.

40

4.2.3 Validation of predictive model (c')

Wih Figure 5 shows the curve data of measured cohesion and
predicted cohesion values of compacted specimens at
different water content. The change in estimated
cohesion is quite similar to predicted cohesion values.
Besides, the plotted data displays marginal disparities.

0.00 20,00 40,00 60,00 The ?elation between the p.redicted and m(?asurc?d

cohesion values portrays a high-strength relationship

with a determination coefficient of 94.41 %.

20

Measured friction angle,@’(°)

Predicted friction angle,¢’ (°)
Fig. 2. Measured vs predicted values of (¢'")
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Appendix
Table 4. Suction test results
Soils Soil wa :t(:/:)')con tent Dry (ukr;f, ]:lv:;lght, Tot?:{;’l;():tmn Matl(ll:'.ls’s;‘l)ctmn Osmo(tl:;’ :I)lcl]()]l
12.06 15.60 5883.92 4741.62 1142.3
14.02 16.21 4064.22 3327.18 737.04
BFS 17.03 17.01 1923.09 1388.22 534.87
20.07 17.58 1036.11 671.89 364.22
24.8 17.20 340.034 200 140.034
14.98 15.60 7439.15 5984.56 1454.59
17.50 16.05 5410.66 4332.678 1077.982
WIS 21 16.58 3580.89 2748.30 832.59
24.03 16.85 1699.05 1199.35 499.70
28.06 16.70 816.77 450.227 366.543
15.93 14.94 9926.183 7693.666 2232517
19.25 15.48 6922.321 5227.777 1694.544
WES 23.37 16.09 4011.482 2986.456 1025.026
26.14 16.29 2475.62 1778.651 696.969
29.10 15.85 1397.745 890.47 507.275
9.18 16.35 4163.35 3312.26 851.09
12.42 18.01 2510.04 1982.31 527.73
BES 14.54 18.95 830.926 538.11 292.816
17.23 19.60 323.818 225.609 98.209
20.30 19.10 109.66 79.70 29.96
Table 5. Unsaturated shear strength parameters
Soil Ceomtent | €| @) | @) [ (1) tan (9*) T
(%) (kPa) (Degree) (kPa) (kPa) (kPa) Degree (kPa)
12.06 75.05 52.09 605.5 853 4741.62 6.77 1414.44
14.02 72.05 48.55 547.78 692 3327.18 6.77 1086.56
BES 17.03 67.11 44.65 485.53 547 1388.22 6.77 711.25
20.07 58.10 39.66 406.30 395 671.89 6.77 474.56
24.80 51.54 32.71 333.87 266 200 6.77 289.67
14.98 69.42 50.75 537.59 727 5984.56 5.02 1253.44
17.50 63.89 47.18 492.32 595 4332.68 5.02 976.02
WIS 21 57.95 42.75 423.28 449 2748.30 5.02 690.80
24.03 55.60 37.21 365.56 333 1199.35 5.02 438.60
28.06 49.30 32.51 282.94 230 450.23 5.02 269.20
15.93 62.39 42.07 452.71 471 7693.67 2.67 830.31
19.25 57.32 37.95 413.10 379 5227.78 2.67 623.62
WES 23.37 50.11 34.31 328.78 274 2986.46 2.67 413.94
26.14 48.85 28.8 284.07 205 1778.65 2.67 288.08
29.1 45.31 24.92 234.84 154 890.47 2.67 196.01
9.18 78.34 53.21 645.11 941 3312.26 10 1512.02
12.42 69.05 50.08 554.57 732 1982.31 10 1073.58
BES 14.54 64.56 46.03 503.07 586 538.11 10 678.82
17.23 61.09 42.42 431.77 456 225.61 10 494.52
20.3 54.93 33.05 350.85 283 79.70 10 296.95
Table 7. Models summary and coefficients
Models R? R R Intercepts Coefficients
(adj) | (pred) P '
Saturated £:=0.1397 .£,-11.2400 ; & -0.2208 . £, - 0.0888
friction angle, 92.78 91.97 90.64 £,=12.13 £5=0.0296.5-0.1810
P (%) Box-cox transformation, A= 0.482967
Matric 11 = 0.00062 . 1),-0.0300 ; 115 - 0.0939
suction angle, 96.64 96.33 96.05 No=35.68 -M4=0.0424 ; 15-0.0081
4 (%) Box-cox transformation A= 0.5
. 101239502616 ; &= 11.390. 8- 0.0848
g?ﬁ;ﬂf’l’ 93.76 93.18 92.21 {2922 £-0.2641
Box-cox transformation A= 0.5




	1 Introduction
	2 Methods
	2.1 Laboratory testing
	2.2 Sample preparation
	2.3 Geotechnical predictive model design

	3 Results and discussion
	3.1 Material properties
	3.2 Swelling potential analysis
	3.3 Suction test results
	3.4 Triaxial testing results

	4 Models development
	4.1 Estimated models
	4.2  Models validation

	5 Conclusion
	Reference

