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SUMMARY
Small-loop electromagnetic (EM) data measured in a multi-dimensional geometry have been commonly interpreted by
using piece gathered images obtained from one-dimensional (1D) inversion techniques. However, mis-interpretation
can arise from 1D-based techniques due to the three-dimensional (3D) nature of the subsurface conductivity distribution.
In this study, in order to avoid such potential mis-interpretation, we adopted 3D interpretation techniques for a water
leak detection scenario. An artificial sandy ground was constructed to simulate water leaks in three different stages and
broadband EM signals were measured using a GEM-2 sensor. Various numerical experiments were systematically
conducted using synthetic data sets which are calculated for the synthetic resistivity models reflecting the real test site
prior to the inversion of field data. Numerical experiments showed that the proper application of a priori information as
constraints could enhance the imaging capability. Especially, structural boundaries which are incorporated in the
roughness matrix make the interfaces between background soil and filled sands more distinct. Consequently, the
successful 3D inversion of field data showed that water leakage could be visualized by small-loop EM data if we apply
the 3D inversion technique with the careful selection of a priori information as constraints.
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INTRODUCTION
The electromagnetic (EM) induction method has been
widely used in many purposes, such as mineral
explorations, the delineation of environmental problems,
and hydrocarbon detections. Especially, the introduction
of small, hand-held, frequency domain instruments
(Won et al., 1996) have widened its applications to the
investigation of agricultural properties (Brosten et al.,
2011), landfill detection (Won et al. 1996) and other
environmental and geotechnical problems (Huang and
Won, 2000).
In field operations, data is often acquired in threedimensional (3D) geometries because the small-loop EM
devices are portable and manageable. However,
interpretations were commonly carried out by using onedimensional (1D) inversion (Minsley et al., 2012) under
the assumption that the lateral variation of the subsurface
property is negligible comparing with the sourcereceiver offset. However, 1D inversion can lead misinterpretation of the subsurface structure and property
because of their 3D nature.
Thus, in order to interpret subsurface more accurately,
3D inversion is indispensable. The development of 3D
EM inverse algorithm has been one of the most
challenging tasks in geophysical society. Recently, with
the advent of higher computing power and better
algorithms, 3D modelling and inversion modules which

can efficiently handle complex subsurface structures are
beginning to be developed (Chung et al., 2011).
However, 3D inversion of real field EM data is still
untapped potential.
In this study, we showed the 3D inversion results of
small-loop EM field data obtained over an artificial
sandy ground which were constructed to simulate the
water leak condition. The field data were measured for
the three phases which represent the different conditions
of water saturation. In order to obtain the best inversion
result, we first carried out various numerical experiments
with 3D synthetic EM data set obtained for 3D resistivity
models which reflect the field geometry and property.
Next, based on systematic analysis of the numerical tests,
we selected appropriate constraints for the 3D inversions
of the field data. Finally, 3D inversions of the field data
sets were conducted and the results were compared with
those obtained from 1D inversion.
OKUMURA TEST SITE
As a joint research between National Institute of
Advanced Industrial Science and Technology (AIST)
and Okumura corporation Technical Research Institutes,
an artificial sandy ground was constructed to simulate
water leakage in underground water systems on the site
at Tsukuba, Japan (Figure 1). The artificial ground was
divided into two subsections with a mortar wall as
shown in Figure 1. Small-loop EM and GPR (ground
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penetration radar) surveys were carried out over this test
area for the three different phases of water saturation.
The detailed conditions of each subsection are depicted
in Figure 2 and listed in Table 1. As described in Table 1,
we named three different phases as Stage 1, 2 and 3.
The survey covers a 16 mⅹ16 m square which includes
a 9.5 mⅹ9.5 m artificial structure. The small-loop EM
data was collected at every 1 m along 17 survey lines
with South-to-North direction and 1 m offsets between
lines, by using a GEM-2 EM sensor. The horizontal coplaner (HCP) configuration which is co-axial with
North-South (NS) direction was used for the survey with
1 m height above the ground. Data sets at ten different
frequencies (1975~39975 Hz) were collected and the
free-air correction was conducted to compensate the
offset errors.
Seol et al. (2007) presented the feasibility of water leak
detection using GPR data obtained at this test site. In
addition, Kwon et al. (2005) showed lateral variation of
resistivity at different stages through EM data
interpretation with the pieced gather of 1D inverted
image. However, their results showed limited spatial
resolution. Thus, we have applied the newly developed
3D inversion algorithm to this field data in order to
realize the successful 3D interpretation of water leakage.
INVERSION METHOD
We used 3D CSEM forward and inversion algorithms
(Chung et al., 2011) to solve the our inverse problem,
which has a nonlinear relationship between EM
responses and physical properties. We composed the
objective function as
2
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Here, e is the difference between the measured and
predicted data, J is the Jacobian matrix which is
calculated efficiently with the adjoint equation approach
(McGillivray et al., 1994), Wd is the diagonal matrix
which allocates weights to each datum, λ(x,y,z) is the
spatially varying Lagrange multiplier matrix calculated
from the Active Constraint Balancing (ACB) method (Yi
et al., 2003) for pursuing both stability and resolution of
inversion process, C is the roughness matrix consisting
of the second order, finite difference operator when ||·||2
denotes l2-norm. μ is also regularization parameter in
model space, mref is the reference model (Sasaki and
Meju, 2006), and D is the diagonal matrix which is
composed of one-or-zero. The combination of μ and
each diagonal value of D assigns preference to the
reference model.
The model parameter vector m with elements was
defined as

m j  ln  j 

,
where σj is the conductivity of the j-th element.

(2)

We may incorporate an inequality constraint (Kim and
Kim, 2008) using the transformation of the model
parameter vector m, if a priori information is provided
through as
 m - mmax 
m '  ln 
.
 mmin - m 

(3)

Key (2009) demonstrated the known structural
boundaries can be incorporated in the inversion process
by modifying the roughness matrix. Further, by adopting
different weighting to the finite difference operator in
each coordinate direction, directional variation of
inverted property could be delineated clearer (Smith et
al., 1999)
INVERSION EXPERIMENTS
In order to investigate the feasibility of 3D inversion of
field data from this test site, we constructed three
synthetic resistivity models corresponding to the three
stages. The resistivity values of models were assigned
using the 1D inversion results presented by Kwon et al.
(2005). The generated quadrature components data for
the synthetic models showed similar values and trends to
those from measured field data. However, in-phase
components of field data was excluded in this study
because there are some negative values and nonsystematic distributions which does not appear in
synthetic data even though free-air correction was
conducted.
We carried out systematic inversion experiments of the
generated synthetic data sets with various combinations
of initial model and a priori constraints. The constraints
considered in this study include (i) spatially varying
Lagrange multiplier using ACB method, (ii) low and
upper bounds of resistivity values using inequality
constraints method, (iii) structural boundaries
incorporated in the roughness matrix, (iv) directionally
different roughness constraints using the sharp boundary
constraints method and (v) the assigned preference in
model space. Through these various imaging capability
tests using synthetic data, we could find guidelines for
selecting the appropriate inversion parameters and
constraints sets for each stage.
Following these guidelines, we carried out 3D inversions
of field data sets for three stages. Figure 3a and b
demonstrates the two inversion results of field data for
the Stage 1 and 2. The reconstructed resistivity images
clearly showed boundaries between background soils
and filled sands and the reasonable resistivity
distributions are obtained according to the water
saturation change.
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By applying 3D inversion with appropriate constraints,
we could visualize the realistic resistivity distributions
which were not clearly shown in 1D inversion results.
CONCLUSIONS
To demonstrate the imaging capability of small-loop EM
method for the water leakage detection, artificial
structure with two subsections divided by mortar wall
was constructed to simulate the different water saturation
conditions. Through various 3D inversion experiments
with synthetic data which is calculated for the synthetic
models similar to the real test site, we have confirmed
that more adequate 3D resistivity distribution could be
visualized by incorporating some proper constraints into
the inversion process. In addition, the successful 3D
inversion of field data showed that water leakage could
be visualized by EM data if we apply 3D inversion
technique to the data with the careful selection of a
priori information as constraints.
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Figure 1. The photographs of test site under construction
(Seol et al., 2007).

Figure 3. The reconstructed 3D resistivity models
(upper) and the cut-away images at NS=0 (lower) of
(a) Stage 1 and (b) Stage 2.

Table 1. The water saturation condition of artificial
sandy ground at each stage

Stage 1

(a)

Stage 2

(b)

Stage 3

(c)

Figure 2. The schematic planviews and cross-sections of
the artificial ground. Each diagram set represents (a)
dry sand filled model (Stage 1), (b) wet sand filled
model (Stage 2), and (c) water-leaked model (Stage
3), respectively.

Stage 1

East
Fully unsaturated

West
Fully unsaturated

Stage 2

Fully saturated

Fully saturated

Stage 3

Partially saturated
(WL: 1.7 m from
surface)

mostly saturated
(WL: 0.4 m from
surface)

