
Technical note

Water content of soil matrix during lateral water flow through
cracked soil

S. Krisnanto a, H. Rahardjo b,⁎, D.G. Fredlund c, E.C. Leong d

a Geotechnical Engineering Research Division, Faculty of Civil and Environmental Engineering, Bandung Institute of Technology, CIBE Building Level 5, R. CIBE 0506, Jalan Ganesha No. 10, Bandung
40132, Indonesia
b School of Civil & Environmental Engineering, Nanyang Technological University, Blk. N1, #1B-36, 50 Nanyang Avenue, 639798, Singapore
c Golder Associates Ltd, 1721-8th Street East, Saskatoon, Canada
d School of Civil & Environmental Engineering, Nanyang Technological University, Blk. N1, #1C-80, 50 Nanyang Avenue, 639798, Singapore

a b s t r a c ta r t i c l e i n f o

Article history:
Received 30 August 2015
Received in revised form 12 June 2016
Accepted 20 June 2016
Available online 22 June 2016

Two types of flow occur when a network of cracks in a soil mass becomes filled with water. The types of water
flow are lateral water flow through the network of cracks and water seepage into the intact soil matrix. The pat-
tern of water content changeswithin the intact soil matrix part of a cracked soil due to water seepage is different
from the pattern of water content changes due to water seepage in an intact soil. The soil matrix located closer to
a crack has a higher water content than those located further away from a crack. Amethodwas developed to de-
termine changes inwater content at various positionswithin the intact soil matrix part of a cracked soil. The pro-
posed methodology involves modelling the water in the cracks as head boundary conditions alongside the walls
of cracks. The analysis used a numerical solution of a differential equation for an intact soil. An idealized network
of cracks was used to represent the cracks in the soil. Laboratory experiments were used to investigate the per-
formance of the proposed method. The experiments mainly consisted of the measurement of water content at
several locations within the intact soil matrix part of a cracked soil at various distances from the cracks during
and at the end of lateral flow tests. Comparison of the numerical analysis results and the experiments results
provided verifications of the proposed methodology. Modelling of the network of cracks using head boundary
conditions showed close agreement with the laboratory measurements.
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1. Introduction

Desiccation cracks are a commonoccurrence at the soil surface in the
field (e.g., Hewitt and Philip, 1999; Morris et al., 1992; Heath and Lehr,
1987). Desiccation causes the soil to shrink and this causes tensile stress
to develop in the soil. The tensile stress then leads to the formation of
desiccation cracks. Cracks occur in soil at locations where the tensile
strength of the soil cannot sustain the applied tensile stress.

When the cracks in soil are filledwith water and a difference in total
head is generated, two types of flow can occur; namely, lateral water
flow through the network of cracks, and water seepage into the intact
soil matrix (Krisnanto et al., 2014). Lateral water flow through the

network of cracks has been studied by several researchers (e.g. Li and
Zhang, 2007; Li et al., 2009; Krisnanto et al., 2014).

The presence of cracks alters the pattern of water content changes in
soil as compared to the pattern when cracks are not present. An exam-
ple of water seepage through an idealized cracked soil is shown in
Fig. 1a. The cracks are filled with water and the upstream boundary
has a higher total head than the head at the downstream boundary.
Fig. 1b shows water seepage into the intact soil matrix part in a cracked
soil mass. The direction of seepage through the intact soil matrix part is
not only from the upstream to the downstream boundaries as in an in-
tact soil, but also from the crack walls into the intact soil matrix. The in-
tact soilmatrix located closer to a crackwall (e.g. at point B) has a higher
water content than that located further away from a crack wall (e.g. at
point C). The same phenomenon has been reported in previous studies.
Zhang and Zhang (2010) and Novák et al. (2000) performed numerical
analyses and found that the presence of cracks alters the pattern of
water content changes as compared to the pattern in intact soils.
Mitchell and van Genuchten (1993) investigated the behaviour of
water filling a cracked soil during irrigation. It was observed that
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water first filled the cracks and then seeped into the intact soil matrix
part of the cracked soil. Zhan et al. (2007) measured the water content
of cracked slopes during rainfall and found that thewater content of soil
samples in close proximity and at the same elevation could be signifi-
cantly different. The difference was due to the presence of cracks but
nomethodology was proposed to analyze the changes in water content
at various positions within the intact soil matrix part of cracked soil
mass.

It appears that in addition to the lateral flow rate through the net-
work of cracks, the changes in water content at various positionswithin
the intact soil matrix part of cracked soil also need to be simulated.
There is a need for a method to analyze changes in water content over
time at various positions within the intact soil matrix part of a cracked
soil. There is also lack of experimental data to evaluate any proposed
methodology to calculate changes in water content at various positions

within the intact soil matrix part of cracked soils during and at the end
of lateral flow through cracked soil.

This paper presents themeasurement ofwater contents during a lat-
eral flow of water through a cracked soil specimen at several locations
within the intact soil matrix part of the cracked soil specimen and at
various distances from the cracks. Amethod is proposed for the analysis
of the changes in water content within the intact soil matrix part of the
cracked soil by modelling the cracks as head boundary conditions. The
performance of the proposed method is evaluated by comparing the
computed water contents at several locations in the intact soil matrix
part of the cracked soil specimens from the numerical analyses utilizing
the proposed method and the measured data from laboratory experi-
mental results.

2. Proposedmethod to analyze changes in water content of cracked
soil

Matric suctions of intact soil during an unsteady-state seepage
through an intact soil can be quantified by computing hydraulic
heads within the intact soil. The hydraulic head within the intact
soil can be quantified using the differential equation for unsteady-
state seepage into an intact soil (Fredlund and Rahardjo, 1993):
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where hw is the hydraulic head; y is the elevation; x is the x-axis (i.e.
horizontal); m2

w is the coefficient of water volume change with re-
spect to a change in matric suction (ua − uw); ρw is the density of
water; g is the gravitational acceleration; t is the time; kwxx and
kwxy, are the coefficients of permeability in the x-direction in terms
of the major and minor coefficients of permeability, respectively;
kwyx and kwyy are the coefficients of permeability in the y-direction
in terms of the major and minor coefficients of permeability,
respectively.

The differential equation that describes an unsteady-state seep-
age through an intact soil is based on the analysis of a referential el-
emental volume (REV) (Fredlund et al., 2012), or is also named as a
control volume (Freeze and Cherry, 1979). The REVs are then applied
as finite-sized elements of a continuum, which can be combined to
form a continuum model (Fredlund et al., 2012). Boundary condi-
tions are then assigned to the region that is being analyzed. In the
problem of unsaturated seepage through an intact soil matrix,
these boundary conditions include flux and head boundary
conditions.

Since a cracked soil mass consists of network of cracks and intact soil
matrix,water seeps from thewalls of the crack into the intact soilmatrix
(Fig. 1b) when the water flows through the network of cracks (Fig. 1a),
the cracked soil mass behaves as a non-continuum rather than a contin-
uum. In this paper, changes inwater content at various positionswithin
the intact soil matrix are analyzed as part of a cracked soil bymodelling
the cracks (Fig. 1a) as head boundary conditions (Fig. 1c). Using this
methodology, it is idealized that water seeps laterally from the crack
walls into the intact soil matrix as shown in Fig. 1b. An analysis is then
performed by applying Eq. (1) in the form of a numerical model. The
idealized network of cracks used in Krisnanto et al. (2014) is used in
the analysis.

Hydraulic head in unsaturated soilmatrix can be calculated using Eq.
(1) and then related tomatric suction.Matric suction can also be related
to gravimetric and volumetric water contents using the soil-water char-
acteristic curve (SWCC). The performance of the proposedmethodology
can be evaluated by comparing the values of gravimetric and volumetric
water contents obtained using the numerical analysis to those obtained
from laboratory measurements.

Fig. 1. (a) Perspective view of water seepage into an idealized cracked soil mass; (b) cross
section A-A; (c) perspective view of modelling a network of cracks as boundary
conditions.
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