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Abstract: This research aims to propose the use of spectral analysis of surface wave (SASW) tests
along with in-situ suction measurements for non-destructive determination of shrinkage cracks.
The underlying principle behind this proposed method is that, while suction and the small-strain
shear modulus are positively correlated for intact samples, this is not the case for cracked ground.
A series of SASW tests were performed on a clay embankment at different periods, during which
the suction, modulus, and shrinkage crack depth varied seasonally. The soil water retention curve
(SWRC) of the undisturbed sample collected from the cracked zone was determined, which related
the suction-to-moisture content and void ratio of the soil. A free-free resonant frequency (FFR) test
in the lab was conducted to determine the small-strain shear modulus (G0) at various moisture
contents. The small-strain moduli from the SASW tests on the intact ground were generally higher
than those from the FFR tests due to the effect of confining stress. A drop in the small-strain modulus
determined using the SASW test was observed as an increase in suction-induced cracks and it relieved
the horizontal stress. The crack depth measured in the field was then modelled using a semi-empirical
procedure that can be used to predict crack depth relative to suction.

Keywords: shrinkage crack; unsaturated soil; soil water retention curve (SWRC); spectral analysis of
surface wave (SASW); free-free resonant frequency (FFR); small-strain shear modulus

1. Introduction

Clay embankments or dykes are important engineering structures often used as a protective
measure against floods. In a world that is oriented towards rapid urbanization, the easy availability of
clay soil and its cost-effectiveness have increased the use of such structures, which is likely to grow in
the future. However, the effects of ongoing climate change, such as excessive precipitation and an
extended drier period, have subjected these structures to more intense wetting and drying periods.
Such exposure often leads the clay soil to crack.

It has long been known that such cracks can have adverse effects on the stability of slopes [1–3].
As a result of cracks, the length of the mobilized slip surface is reduced, resulting in the reduction
of resistance to failure. Similarly, the water penetrating the soil not only tends to reduce the suction
and soften the soil, degrading its strength properties, but also applies an additional water pressure,
increasing the driving forces [4]. Furthermore, such cracks have posed problems in much of the
geotechnical works directly or indirectly, since they affect the soil’s compressibility, rate of consolidation,
strength, and the rate of water re-entry [5]. The tension cracks present substantially reduced critical
height to an unsupported vertical slope [6]. The walls with cohesive backfill tend to undergo large
outward displacement during the life of the wall, as the tension cracks gets filled with relatively
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incompressible material and during the wetter season the soil swells, pushing out the wall. Similarly,
longitudinal cracks along the pavement shoulder in central Thailand have been reported due to
desiccation of the clay subgrade [7].

In addition to their effects in geotechnical works, shrinkage cracks have important implications
on environmental science and agricultural disciplines too. Shrinkage cracks, within a short period of
time, can cause the clay barrier system to malfunction through the formation of preferential flow paths
in the barrier layers [8]. The presence of cracks on topsoil has different effects on the runoff and total
erosion [9], and also the movement of fertilizers and pesticides to the root zone is impacted by the
presence of these cracks [10]. Shrinkage cracks thus have led to a wide range of problems in diverse
fields, and research to analyze their effects are vital. Estimation of the maximum depth of cracks in soil
forms a crucial part in the analysis of the stability of slopes as well as in designing mitigative measures
such as moisture barriers [4,11].

Analytical solutions for the estimation of the crack depth have been investigated by various
authors. Morris et al. [5] used linear elasticity theory, Linear Elastic Fracture Mechanics (LEFM),
and strength relationships to explain the propagating cracks. The solution they proposed was for
the case of a steady-state suction distribution from the ground surface to water table with maximum
suction at the surface and zero at the water table. Another analytical solution for estimation of crack
depth was explained by Fredlund and Rahardjo [12] based on the Poisson’s ratio, matric suction,
a function of the groundwater table, and soil elastic moduli. Miller et al. [13] performed a laboratory
test on a compacted clay simulating landfill liner and concluded that desiccation cracks could occur
even for a low plasticity soil compacted at optimum moisture content.

Many non-linear processes like changes in stiffness with suction, changes in tensile strength with
moisture content, and adhesion at interfaces involved in desiccation cracks often lead to difficulty for
analytical solutions in representing its real behavior. To consider the changes in material properties
during desiccation as well as complicated boundary conditions, numerical modelling has evolved.
Amarasiri et al. [14] conducted a laboratory test in a long rectangular mold and used the material
properties for numerical modelling of desiccation cracks using a distinct element code. The modelling
could capture the essence of desiccation in terms of residual soil height, the number of cracks formed,
crack initiation moisture content, and the widths of cracks. Vo et al. [15] used finite element code,
including cohesive joints, for investigating crack initiation and propagation along with the formation of
the crack family. Numerical modelling, though tending to simulate physical processes more accurately,
comes in the cost of time and complexity. They may not be appropriate in all scenarios and thus should
always be validated with the field behavior.

This research presents a case study of the shrinkage crack observed on the surface of the clay
dyke in Pathumthani, Thailand. The dyke is instrumented with various suction measuring devices
and the crack depth along its crest has been periodically monitored, the data of which was used
in the modelling of crack depth using the modified equation based on Fredlund and Rahardjo [12].
Such a procedure can provide a quick prediction of crack depth relative to suction for similar sites.
Importantly, spectral analysis of surface waves (SASW) tests, the use of which has been quite rare in
the investigation of shrinkage cracks, were used in determining the change in stiffness of soil with
suction and the crack propagation. Periodical SASW tests together with the measurement of suction is
proposed as a method for ascertaining the unseen cracks below the soil surface.

2. Materials and Methods

2.1. Study Area and Instrumentation

The studied site is a 10 m-long section of a dyke in Pathumthani, Thailand [16] as shown in
Figure 1. It was instrumented with various suction and moisture measuring devices, namely Kasetsart
University (KU) tensiometers [17], flushable tensiometers, dielectric water potential sensors (matric
potential sensor, MPS6), time domain reflectometry (TDR) sensors, as well as a rain gauge. The MPS6
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sensors, with the capacity of measuring suction from 9 to 106 kPa, were installed at a depth of 0.5 m
at the top, middle, and base of the embankment. TDR sensors were installed at a depth of 0.1 m
in the same locations as the MPS6 sensors, so that the surface boundary condition could also be
investigated. The measurements from the low-capacity tensiometers (A1, A2, A3) and flushable
tensiometers (UNSUC1, UNSUC2) during the dry season were not considered in further shrinkage
analysis due to cavitation problems, as higher suctions than the working range of the tensiometers
were observed in the field in this period.
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Figure 1. Schematic picture of the study site with various monitoring instruments.

Disturbed samples of soil were collected using a hand auger and test pits for basic tests of soil
properties. The results from sieve analysis and Atterberg’s limit tests are summarized in Table 1,
from which, according to the unified soil classification system (USCS), the studied soil is classified as
low-plasticity clay (CL).

Table 1. Basic physical properties of soil along with the unified soil classification system (USCS)
classification. CL = low-plasticity clay.

Depth of Soil
Sample Taken
from on Top of

the Embankment

Gravel
(%) Sand (%) Silt (%) Clay (%) Liquid

Limit
(LL) %

Plasticity
Index
(PI)

Shrinkage
Limit (SL)

%

USCS

(>4.75
mm)

(4.75–0.074
mm)

(0.074–0.002
mm)

(<0.002
mm)

0.0–0.5 m 12.0 22.8 23.9 41.3 43.8 22.4 13.5 CL

The soil predominantly consisted of fine particles (<0.074 mm), with major fractions comprised of
clay-sized particles. Some portions of gravel-sized particles were also present, which were primarily
found at the top surface of the embankment. The Atterberg’s limits were used as indicators to predict
the expansion potential of the soil [18], such that a soil with a higher plasticity index exhibited a higher
potential for expansion. The material in this study with a plasticity index (PI) of 22.4 was categorized
with medium–high expansion potential.

The activity of clay (Ac), defined as the ratio of the plasticity index to clay fraction was also
considered as an indicator for expansion potential of the soil. Ac based on the soil properties in
Table 1 was 0.54, which indicates possible clay minerals of kaolinite or illite [19]. Despite the medium
expansion potential based on the Atterberg’s limits, it is not uncommon for shrinkage cracks to occur
even for soil with a PI as low as 6.9 or clay with illite mineralogy [13]. According to [20–22], swelling
potential is not necessarily equal to that of shrinkage, and it is the soil properties such as initial density,
initial moisture content, and magnitude of suction change that are the main factors affecting the
swelling and shrinkage behavior.

2.2. Soil Water Retention Curve (SWRC)

The soil water retention curve (SWRC) was determined in the laboratory on an undisturbed
sample, collected using a thin-wall miniature sampler. The specimen (63 mm in diameter and about 20
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mm high) was wetted gradually while the equilibrated suction was continuously measured, until the
value of suction nearly reached zero (<0.1 kPa). Then, it was soaked for 2 weeks so that the soil sample
became as close as possible to a fully saturated state. The soil sample was then allowed to dry slowly,
while measuring the consequent suction using a miniature tensiometer [17,23] for a suction range of
0–100 kPa. The pressure plate technique was used to measure suction in the range of 100–1500 kPa
and for suction higher than 1500 kPa, the isopiestic technique [12] was used. For the pressure plate
technique, the sample was equilibrated with matric suction in the order of 200, 800, and 1500 kPa.
Similarly, for the isopiestic technique, the sample was equilibrated with total suction in the order of
14,029, 23,645, 39,370 and 365,622 kPa. In this study, only shrinkage behavior was considered and
thus only the drying portion of the SWRC is presented. The height and diameter of the samples were
measured at each stage of drying in order to calculate the volumetric strain.

2.3. Free-Free Resonant Frequency (FFR) Test

The FFR testing was selected to measure the shear wave velocity and the low-strain shear modulus
of the compacted samples because of the method’s reliability and simplicity [24–26]. The measured
fundamental frequency along with the length, L, and density, ρ, of the sample were used to calculate
the shear wave velocity, Vs, and the shear modulus, G0, using Equations (1) and (2):

Vs = 2fnL (1)

G0 = ρVs
2 (2)

In this study, a cylindrical soil sample of 50 mm in diameter and 100 mm in height was compacted
statically at 95% of the maximum dry density to replicate the target compaction level in the field.
Only the soil particles smaller than 4.75 mm (sieve No. 4) were used when preparing the specimens
to avoid inaccurate results owing to large particle inclusion in the FFR tests. The experimental setup
for the FFR tests is shown in Figure 2a, in which the specimen was laid on foam, simulating the free
boundary condition. The sample was excited by perpendicularly tapping one end, inducing torsional
motion with a small, in-house developed hammer. The attached accelerometer at the other end of the
sample recorded the waves in the time domain which was then Fourier transformed into the frequency
domain using a spectrum analyzer. A typical result from the FFR tests is shown in Figure 2b. The tests
were performed along the drying and wetting paths to obtain the stiffness of the samples at various
moisture contents, demonstrating the effects of suction.
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2.4. Spectral Analysis of Surface Waves (SASW) Test

Spectral analysis of surface waves (SASW), is an in-situ low-strain, non-destructive test developed
by the University of Texas at Austin. This geophysical method has been successfully utilized to
determine the stiffness and elastic properties of pavements [25–28] and many other geotechnical
structures such as dams and embankments [29–32].

In this study, a series of SASW tests were conducted at different periods for about one year on
top of the embankment, where the shrinkage crack appeared during the dry season. Horizontal
receiver spacings of 0.5, 1, 2, and 4 m were adopted, employing a common receiver midpoint (CRMP)
array test configuration. A sledgehammer and a small hammer were used as impact sources for
investigating deeper and shallower profiles, respectively, while two 2 Hz geophones were used as
receivers. The phase information from the field was received via a spectrum analyzer and, later,
the dispersion curves and shear wave velocity profiles were generated by using an iterative forward
modelling technique [33]. The results elucidated the change in in-situ shear wave velocity of the
embankment, before and after propagation of the crack.

2.5. Measurement of Shrinkage Cracks

A shrinkage crack was observed to first appear during December 2018. The expected crack
initiation time was estimated based on the interval camera installed at the top of the slope [16] and
periodic visual observations. The depth of the shrinkage crack in the field was measured using a flexible
metallic strip (Figure 3) at various positions, and the average values were calculated. The measured
values of crack depth along with the suction values are shown in Table 2. It should be noted that the
suction was measured at 0.5 m depth while the cracked zone above it could be of higher suction. It was,
however, assumed in this study that the suction at 0.5 m depth was representative of the whole crack
zone. The depth of the crack increased progressively with the suction value observed in the field, while
in April 2019, the crack was closed due to rain infiltration, and subsequent soil swelling. There could
have possibly been some crack filling with loose surface soil washed down upon wetting, though this
was expected to be minor.
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Table 2. Measured crack depth (cm) in different months of 2019.

Month Crack Depth (cm) Suction (kPa)

09 January 17.5 527.3
15 February 27.0 815.9

29 March 28.0 863.0
28 April - 167.9

3. Results and Discussions

3.1. Instrumentation Results

Figure 4 shows the suction and rainfall data for a period of about one year (15 May 2018–15 May
2019), along with indication of the periods in which crack depths were measured. It should be noted
that only the suction data from MPS6-1 located at a depth of 0.5 m from top of embankment was used
in the modelling of shrinkage crack depth as it was the nearest sensor in proximity to the crack.

From the middle of May to the end of October 2018, which was the rainy period, there was a
significant amount of rainfall (about 750 mm) compared to the period between November and April
2019 with rain of only about 100 mm. The suction change agreed well with the rainfall pattern. In June
2018, the value of suction at the 0.5 m depth was the lowest (about 9 kPa) while in the following months
as rainfall became scant, the suction continuously increased and reached the highest value of 935 kPa
in the month of March 2019. The shrinkage crack started appearing in December 2018, when the value
of suction rose to 318 kPa. The increase in suction (i.e., decrease in pore-water pressure) during the dry
season was more considerable at the middle part of the slope (MPS6-2) than the top part (MPS6-1),
while the suction at the base (MPS6-3) was the lowest. The higher pore-water pressure at the base of
a slope was expected due to gravitational flow either as runoff or seepage and accumulation at the
bottom. The underlying ground with a lower permeability could pose additional resistance to vertical
flow, potentially resulting in ponding. The rise of pore-water pressure in response to rain infiltration
appeared to be faster at the middle and lower parts than at the top. This is expected to be due to a
lesser degree of compaction and the vegetation effect on the slope surface (i.e., at the middle and the
base) which resulted in a more permeable ground than the well-compacted soil at the top surface of
the dyke.

Figure 5 shows the response of volumetric water content from the TDR measurement. The response
of the water content at a 0.1 m depth was expectedly faster than the suction at a 0.5 m depth. It can
be seen that the sudden rise in volumetric water content took place whenever rainfall occurred,
despite the relatively small amount of rain. Interestingly, by comparing TDR1 and MPS6-1 readings in
Figures 4 and 5, the decrease in water content during the drying period (October to April 2019) seemed
to be much less than that of the pore-water pressure.
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Figure 5. Results from the TDR measurements along with rainfall data for a period of one year.

3.2. Soil Water Retention Curve (SWRC)

Figure 6 shows the soil water retention curve (SWRC) of the undisturbed soil sample over the
entire range of suction (0 to 1,000,000 kPa). The SWRC demonstrates the bimodality nature as indicated
in Figure 6a, which can be attributed to the macro- and micro-voids associated with the undisturbed
sample obtained from the field. Shrinkage of the soil upon drying (Figure 6b) can be clearly seen as a
decrease in void ratio, which showed a linear trend against logarithmic soil suction for up to 10,000 kPa
while it demonstrated a constant void ratio after 10,000 kPa.Geosciences 2019, 9, x FOR PEER REVIEW 8 of 18 

 

(a) (b) 

Figure 6. Soil water retention curve (SWRC) results. (a) A plot of degree of saturation against soil 

suction. (b) A plot showing the change in void ratio with respect to suction. 

For modelling of the SWRC, the measured data points were fitted with the equations proposed 

by [34]. The model is comprised of the parameters that have clear physical meanings and the degree 

of saturation in the model is a function of ten parameters, as demonstrated in Equation (3),  

S = f (ψ
b1

, ψ
res1

, Sres1, ψ
b2

, Sb2, ψ
res2

, Sres2, a, Smax, ψ). (3) 

The value of the parameters used to fit the measured data points in this study are given in Table 

3, where ��� is the air-entry suction, ���� is the residual suction, and ���� is the degree of saturation 

at the residual stage. The Subscripts 1 and 2 represent two levels of soil structures. ��� is the degree 

of saturation at the air entry of the second structure level. Furthermore, a plot of gravimetric water 

content (w) with suction is shown in Figure 7. 

Figure 7. A plot of gravimetric water content and soil suction. 

This relationship was also used for correlating the FFR results with suction. The fitted 

gravimetric water content for the soil with specific gravity (Gs) 2.65 was obtained from Equation (4), 

in which the void ratio (e) is a function of suction. 

w = 
Sr. e

Gs
. 

(4) 

Figure 6. Soil water retention curve (SWRC) results. (a) A plot of degree of saturation against soil
suction. (b) A plot showing the change in void ratio with respect to suction.

For modelling of the SWRC, the measured data points were fitted with the equations proposed
by [34]. The model is comprised of the parameters that have clear physical meanings and the degree of
saturation in the model is a function of ten parameters, as demonstrated in Equation (3),

S = f (ψb1, ψres1, Sres1, ψb2, Sb2, ψres2, Sres2, a, Smax , ψ) (3)

The value of the parameters used to fit the measured data points in this study are given in Table 3,
where ψb1 is the air-entry suction, ψres is the residual suction, and Sres is the degree of saturation at
the residual stage. The Subscripts 1 and 2 represent two levels of soil structures. Sb2 is the degree
of saturation at the air entry of the second structure level. Furthermore, a plot of gravimetric water
content (w) with suction is shown in Figure 7.
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Figure 7. A plot of gravimetric water content and soil suction.

This relationship was also used for correlating the FFR results with suction. The fitted gravimetric
water content for the soil with specific gravity (Gs) 2.65 was obtained from Equation (4), in which the
void ratio (e) is a function of suction.

w =
Sr. e
Gs

(4)

Table 3. Value of fitting parameters used in the model.

Fitting Parameters

a ψb1 ψres1 Sres1 ψb2 Sb2 ψres2 Sres2 Smax
0.05 3.5 12 0.85 8500 0.8 365621 0.007 0.94

The suction modulus (H) defined in Equation (5) is the ratio of change in suction (∆(u a − uw))

to change in volumetric strain (∆εvol) and is calculated using the drying SWRC results. It is plotted
against suction as shown in Figure 8, which is seen to be increasing with an increase in suction, a typical
trend observed in previous studies [7,12]. This function was then used in the modelling of crack depth,
presented in Section 3.6

H =
∆(u a − uw)

∆εvol
(5)
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3.3. FFR Results

The fundamental transverse frequency from the FFR tests was observed to be between 475 and
3350 Hz for various moisture contents. The shear wave velocity and the small strain shear modulus
were calculated using Equations (1) and (2), respectively, the range of which were between 99.75 and
703.50 m/s and 20.96–896.19 MPa. The small strain shear modulus increased with decreasing moisture
content and increasing suction, as shown in Figure 9. This positive correlation between small-strain
shear modulus with suction agrees well with findings of many previous studies [24,35,36]. The overall
trend of G0 with moisture content and suction is bi-linear, with the turning point at a moisture content
of about 10% and suction about 26 MPa.
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The trend of a sharp increase in G0 with decreasing moisture content (or increasing suction) at the
initial stage of drying (suction from zero to 26 MPa) was expected and due to the greater influence of
suction stress on the modulus [37] in this stage, as well as the initial decrease in the void ratio on the
initial drying that could further induce a rise in modulus (Figures 6b and 9b). This process continued
until the turning point (at a suction of around 26 MPa) was reached where shrinkage became minimal,
after which the rate of change in G0 became less. It is noteworthy that the moisture content at 26 MPa
suction was 10.2%, which was lower than the soil’s shrinkage limit of 13.5% and smaller than the
second air-entry point of the SWRC (Figures 6 and 7). As drying continued, the sample showed a more
gradual rate of increase in G0 for suction higher than 26 MPa as shrinkage became progressively less
with increasing suction.

3.4. SASW Results

SASW tests were set up longitudinally at the top of the embankment and were conducted at
different time intervals to determine the change in modulus (G0) with varying in-situ suctions. Shear
wave velocity (Vs) profiles for the embankment at different periods are shown in Figure 10. Only the
Vs values obtained from zero to 0.5 m depth were used to calculate the G0 of the upper layer of soil
where the shrinkage crack was observed.
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Figure 10. Shear wave velocity profiles of the clay embankment at different time periods.

The measured suction at the depth of 0.5 m (MPS6-1) was plotted against G0 as shown in Figure 11.
The G0 values from May to November 2018 positively correlate with measured suctions, while from
January to March 2019, after the shrinkage crack occurred in December, the G0 appeared to decrease
significantly and varied disproportionately with suction. In general, G0 values from January to March
should have been higher than those from May to November, since the suction values were higher for
those periods, if they were to follow the trend of intact soil. A possible explanation is that the crack
was responsible for the reduced values of G0.



Geosciences 2019, 9, 362 12 of 18

Geosciences 2019, 9, x FOR PEER REVIEW 11 of 18 

 

smaller than the second air-entry point of the SWRC (Figures 6 and 7). As drying continued, the 

sample showed a more gradual rate of increase in G0 for suction higher than 26 MPa as shrinkage 

became progressively less with increasing suction.  

3.4. SASW Results 

SASW tests were set up longitudinally at the top of the embankment and were conducted at 

different time intervals to determine the change in modulus (G0) with varying in-situ suctions. Shear 

wave velocity (Vs) profiles for the embankment at different periods are shown in Figure 10. Only the 

Vs values obtained from zero to 0.5 m depth were used to calculate the G0 of the upper layer of soil 

where the shrinkage crack was observed. 

 

Figure 10. Shear wave velocity profiles of the clay embankment at different time periods. 

The measured suction at the depth of 0.5 m (MPS6-1) was plotted against G0 as shown in Figure 

11. The G0 values from May to November 2018 positively correlate with measured suctions, while 

from January to March 2019, after the shrinkage crack occurred in December, the G0 appeared to 

decrease significantly and varied disproportionately with suction. In general, G0 values from January 

to March should have been higher than those from May to November, since the suction values were 

higher for those periods, if they were to follow the trend of intact soil. A possible explanation is that 

the crack was responsible for the reduced values of G0.  

 

Figure 11. G0 variations with suction, before and after crack. Figure 11. G0 variations with suction, before and after crack.

3.5. Suction–Small-Strain Shear Modulus Relationship

Small-strain shear modulus (G0) is dependent on net stress, suction history, void ratio,
over-consolidation ratio (OCR), strain rate, and plasticity index [24,36,38–41]. Many empirical
and semi-empirical expressions have been proposed for describing the relationship between suction
and modulus. In this study, a modelling approach by [42] was used to determine the relationship
between G0, suction (ψ), and water content due to its viability and directness. Amongst various
modeling options, the model that considers the influence of suction stress and net stress separately is
depicted in Equation (6),

G0 = A∗f(e)(σo − ua)
n + CSr

kψ (6)

where Sr is degree of saturation, σo is total vertical stress, ua is pore air pressure, ψ is soil suction
(matric suction if <1500 kPa, total suction if >1500 kPa); f(e) = 1/(0.3 + 0.7e2) and is the void ratio
function given by [43] for sands and clays, A, C, and k are empirical parameters for obtaining the best
fit between measured and predicted values.

In the FFR test, since the test was done in a free boundary condition state, the sample was devoid
of any net confining pressure. However, in the SASW test, the interested depth involving the observed
shrinkage crack was within 0.3 m, so the net confining pressure involved can be considered marginal
but not zero. Hence, the term, A∗f(e)(σo − ua)

n in Equation (6), which was assumed to be constant, D,
would be higher in the SASW test than in the FFR test. Based on [37], suction stress, defined as suction
multiplied by effective wetted area present at the interface, can be introduced as σs = Sr

kψ, (k = 1/2),
reducing Equation 6 to the form of,

G0 = D + Cσs (7)

The values of degree of saturation used in the calculation of σs were estimated using the SWRC
and the measured suction. A reasonable goodness of fit (R2 ranging between 0.77 and 0.98) was
observed for the relationships G0—ψ (Figure 12a) and G0—σs (Figure 12b) for both the SASW and
FFR results. In the FFR tests, the soil followed a bilinear relationship for both G0—ψ and G0—σs

as explained earlier. Regarding the SASW, the G0—ψ relationship holds well (R2 = 0.905) until the
initiation of the crack after which, despite the increase of suction, G0 decreased. It is interesting to note
that after the crack, the values of G0, in comparison to the expected G0—ψ and G0—σs relationships,
reduced and became similar to the FFR test. This may be because the effect of the crack was to reduce
the net confining stress effect and thus to reduce the constant D in Equation (7). The values of D and C
obtained by curve fitting (Figure 12b) for different test conditions are listed in Table 4.
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Table 4. Values of C and D parameters (from Equation (7)) obtained after curve fitting.

G0—σs Relationship C D (MPa) R2

SASW (before crack) 271.1 78.7 0.905
FFR (ψ = 0.02–26 MPa) 33.65 31.5 0.976
FFR (ψ = 26–220 MPa) 2.57 624 0.773
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3.6. Modelling of Crack Depth

An attempt was made to model the measured crack depth by using a semi-empirical approach
based on the isotropic elasticity principle (Equation (8)) given by [12]

∆εh =
∆(σh − ua)

E
−
µ

E
(∆σv + ∆σh − 2∆ua) +

∆(u a − uw)

H
(8)

where εh is a normal strain in the horizontal direction, µ is Poisson’s ratio, σv and σh are the total normal
stress in the vertical and horizontal directions, respectively, ua and uw are pore-air and pore-water
pressures, respectively, E and H are elastic moduli with respect to changes in (σ − ua) and (u a − uw),
respectively. According to [5], the cracking mechanism mainly involves decreasing horizontal stress
and, upon unloading, the soil tends to behave elastically. In addition, the soil closer to the surface
behaves more isotropically than the deeper soil [5]. Thus, the isotropic elastic model was considered
acceptable as a first approximation. For the at rest condition, ∆εh can be set to zero. As ∆σv, ∆ua, and
ua equal zero, and given the matric suction, ψ = ua − uw, Equation (8) reduces to the following,

∆σh = −
E

H(1− µ)
∆ψ (9)

Provided that the initial ground condition is saturated and suction equals zero, the initial horizontal
stress can be calculated using the expression k0γZc, where k0 is the coefficient of earth pressure at rest,
γ is the unit weight of the soil, and Zc is the depth of the soil considered. k0 is calculated using Jaky’s
formula, k0 = 1− sinφ′, where φ′ is a friction angle obtained from the direct shear test. As suction
increases, thereby causing a reduction in horizontal stress to the point when it becomes negative and
equal to the tensile strength of the soil, σt, thus initiating a crack from the surface down to depth, Zc.
So, the required change in horizontal stress becomes k0γZc + σt. Then, Equation (9) can be arranged to
give the value for depth of crack as [44],

Zc =
E

k0γH(1− µ)
ψ −

σt

k0γ
(10)

Based on field observations, the crack started appearing when the suction value reached 318 kPa in
December 2018. Using this value and back-calculating the tensile strength from the material properties
shown in Table 5, the obtained value of σt was 32.7 kPa at this suction level. The value of σt can be
assumed as either a constant [44] (called Approach A in this study) or a function of suction according
to [5] (called Approach B). For Approach A, differentiating Equation (10) gives,

dZc =
E

k0γH(1 − µ)
dψ (11)

Table 5. Summary of material properties used in modelling of crack depth.

Properties Values Units

Suction value at the onset of crack 318 kPa
H modulus at that suction 9683 kPa

k0 0.53 -
Poisson’s ratio, µ 0.35 -

Young’s Modulus, E (large-strain) 650 kPa
Total unit weight, γ 18.3 kN/m3

σt/(k0*γ) 3.36 m
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For Approach B, σt is assumed as a function of unsaturated shear strength, which is dependent
on suction as follows,

σt = αt·ψ · Sr· tanφ′ = αt·cs (12)

where cs = ψ·Sr· tanφ′. The value of αt corresponding to a suction level of 318 kPa (at the initiation
of the crack) is equal to 0.13357 based on back-calculation of σt using Equation (12). As a first
approximation, αt is assumed to be independent of suction. Equation (10) can again be differentiated as

dZc=
E

k0γH(1 − µ)
dψ −

1
k0γ

αt·dcs (13)

After December 2018, the tensile strength of the soil was exceeded by the suction-induced
horizontal stress change and a crack started propagating. The modelling of the crack depth (Figure 1)
was done by using an incremental form, as in Equations (11) and (13). The incremental cracking depth,
dZc, was obtained with an incremental change in suction dψ = d(ua − uw). The variation of the H
modulus with suction in Figure 8 was then used to find the E/H variation as shown in Figure 13, which
was inputted in Equation (13) to calculate dZc for each increment. The modelled crack depth, Zc,
non-linearly increased at a reduced rate as the suction value increased. The range of the E/H ratio for
this study was obtained by varying the E value until attaining the best fit, and was shown to vary
between 0.005 and 0.002 for the suction value ranging from 318 kPa to 1000 kPa. It should be noted
that the E modulus in Table 3 corresponds to a large-strain condition as opposed to the small-strain
modulus shown in Figure 12. Approach B (varying tensile strength) was also used to fit the variation of
Zc as shown in Figure 13. Both approaches (A and B) appeared to yield similar results, which indicated
that the σt can be reasonably assumed as a constant, at least up to the investigated suction level.
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3.7. Potential Use of the Proposed Technique

One of the major advantages of the proposed technique for determining the presence of cracks
in-situ based on the SASW test is its non-destructiveness and ability to investigate larger areas. There
were very few studies [45] that used geophysical tests in determining the depth of shrinkage cracks,
though not explicitly considering the effect of suction. In this study, it has been clearly shown that the
variations of G0—ψ or G0—σs were dependent on test conditions and the presence of cracks. The G0

value of intact ground determined using the SASW test was normally greater than that of FFR at
a given suction due to the influence of net confining pressure. However, as the increase in suction
induced cracks in the ground, the horizontal stress was relieved, and the SASW tests yielded the G0

value similar to that of FFR as shown in Figure 14. Thus, with periodic measurement of suction and
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small-strain modulus using the SASW method, the presence of shrinkage cracks could be predicted
underneath the soil layer where visual inspection may not be possible.
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Figure 14. G0—σs relationship for a range of suction stresses occurring in the embankment.

4. Conclusions

The use of spectral analysis of surface waves (SASW) for periodic measurement of the modulus
along with suction monitoring has been proposed to ascertain the shrinkage cracks that develop
beneath the soil. The principle is based on the dependency of the small-strain modulus on suction and
cracks. A drop in the small-strain modulus determined using the SASW test despite the increase in
suction is an indication of crack development as the horizontal stress is reduced. The semi-empirical
solution based on the elasticity principle can also provide a fairly good estimate of the crack depth as
verified using field measurements of crack depth.
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