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Quality control of jet grouting at large depth is a challenging task. An in-hole electrical resistivity
method was recently shown to have high potential for assessing the diameter and integrity of jet
grouting. To facilitate visualised inspection and practical use of the in-hole resistivity method for
jet grouting, this study introduces a novel and practical tomographic approach. An analogous mapping
approach from axially symmetric in-hole electrical resistivity tomography (ERT) to two-dimensional
(2D) half-space surface ERT is proposed, allowing direct implementation of widely available
2D inversion software. A quantitative reduction method is also proposed to determine accurately the
variation of column diameter from the inverted tomogram. Numerical simulations validate the
proposed approach and show that the estimation error is within 10% when the electrode spacing is less
than 1/5 of the column diameter. The spatial resolution and the effect of axially asymmetric condition
are numerically investigated, the latter suggesting the importance of centralising electrodes in the
soilcrete column. Two physical model tests are performed and verify the performance of the proposed
method experimentally.
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INTRODUCTION
High-pressure jet grouting is a commonly used ground
improvement technique to enhance in situ ground com-
petence. Several applications in geotechnical engineering can
be found in the literature, for example, the cut-off wall (Croce
& Modoni, 2005), tunnel (Croce et al., 2004; Arroyo et al.,
2011; Burke, 2012), bottom plugs (Eramo et al., 2012; Tan
et al., 2015), diaphragm wall (Hsieh et al., 2003), foundations
(Modoni & Bzówka, 2012) and so on.
The technique mainly channels cement grout suspensions

with a high-pressure jet nozzle into surrounding soils,
in order to cut through in situ soils and form a soilcrete
column. Soilcrete columns are mixtures of grout and in situ
soil formed within the cutting region, which is capable of
improving the soil shear strength and the ground imper-
meability. The effectiveness of jet grouting improvement is
highly dependent on the construction integrity of individual
soilcrete columns. Owing to construction uncertainties or
possible negligence, insufficient radius or even discontinuous
soilcrete may occur. These unfavourable anomalies may
prevent a post-improvement site from achieving the targeted
design goal. Quality control (QC) of soilcrete columns
is therefore crucial and necessary for ensuring the overall
construction quality.
The dimensions and integrity of soilcrete columns are the

main QC factors in jet grouting. Although empirical
approaches (Flora & Lirer, 2011; Ochmański et al., 2015;
Tinoco et al., 2016) or theory-based models (Modoni et al.,
2006; Wang et al., 2012; Flora et al., 2013) considering
injection parameters and soil shear strength are available for

estimation of the average dimension, independent inspections
are still necessary. Jet grouting QC is conventionally assessed
by visual inspection at shallow depths and soilcrete core
sampling at large depths. These QC methods are time con-
suming and cost ineffective. Only a small proportion of the
site is tested to evaluate the construction quality. Some
indirect measurements have emerged, such as the hydrophone
or painted bar approach (Kimpritis, 2013), which checks
the erosion or vibration phenomenon at the vicinity of the
designed column radius to determine whether the grouts have
reached the designed radius. However, these tagged detection
methods can only reveal that the jet grouts have reached
the marked location, but the actual formation of cement
grout remains unknown.
Following the development of geophysical methods, sub-

surface imaging techniques have been applied more recently
to jet grouting inspections, for instance the downhole/surface
seismic (Madhyannapu et al., 2010), crosshole ultrasonic/
seismic (Niederleithinger et al., 2010; Bearce et al., 2014;
Spruit et al., 2014; Guerreros et al., 2016). The direct current
(DC) resistivity method in particular is a powerful imaging
approach in jet grouting inspection. The main advantage
of the DC resistivity method is that it can delineate the
region of soilcrete in the natural ground due to the significant
difference in their typical resistivity values. The typical
resistivity of soil lies within ten to several hundred Ω m
depending on the soil type and pore water salinity, whereas
the resistivity of soilcrete is typically within 1–7 Ω m even
at the seventh day after placement (Liu et al., 2007).
Resistivity of fresh grout can be as low as 1–3 Ω m (Bearce
et al., 2016). These characteristics provided a good contrast
between the soilcrete column and the surrounding soils,
in favour of high-resolution assessment by resistivity
method. Moreover, seismic measurements require at least
2 days of curing for the soilcrete to have sufficient stiffness
to generate detectable and distinguishable signals. The DC
resistivity method, on the other hand, allows immediate
inspection of the soilcrete column (Bearce et al., 2015;
Mooney & Bearce, 2017).
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The DC resistivity method utilises four electrodes (as
shown in Fig. 1), two of which (A and B in Fig. 1) inject
direct current into the ground from a voltage source, while
the other two (M and N in Fig. 1) measure the resulting
ground electrical potential at some designated locations.
Various four-electrode array configurations are available,
such as Wenner, Wenner–Schlumberger, dipole–dipole, pole–
dipole, pole–pole and gradient arrays. The choice of array
type is related to considerations of vertical and horizontal
sensitivity, investigation depth and signal strength. By
varying the spacing and location of the four electrodes,
data for different influence depths at different locations can
be collected and used to invert for resistivity distribution
(Loke, 1999). Depending on the layout of electrodes in the
ground, the DC resistivity method can be categorised into
surface electrical resistivity tomography (ERT), cross-hole
ERT and in-hole (single-borehole) ERT. For inspecting a
jet grout column, surface ERT suffers from insufficient
spatial resolution in depth. Cross-hole ERT provides better
depth resolution, but it is cost-ineffective because it requires
at least two boreholes. A patented in-hole ERT technique
called Cyljet (Frappin, 2011), a special application of the
electric cylinder method (Frappin & Morey, 2001), appears
to be the most appealing technique. Its in-hole measurement
avoids the drawbacks associated with surface survey by using
a single hole at the centre of the soilcrete column to lay out
the in-hole electrode string. The testing procedure involves
pushing a slotted polyvinyl chloride (PVC) pipe into the
centre of the fresh grout or re-drilling the centre of the
soilcrete after 1–2 days of curing for the in-hole DC resistivity
measurements. In addition, a calibration hole can be
drilled and equipped with the same slotted PVC pipe in the
untreated ground to measure its natural background resis-
tivity. The Cyljet method can generate a complete depth
profile of soilcrete column diameter efficiently and cost-
effectively. However, the lackof detailed survey provision and
inversion methodology of this proprietary technique has
limited its use in general engineering practice.

Based on a similar concept, Bearce et al. (2016) evaluated
the applicability of the Wenner-α array with direct coupled
electrodes and proposed a diameter estimation approach
based on a numerical parametric study. Three-dimensional

(3D) forward numerical simulation was the kernel of this
approach. First, a homogeneous half-space was constructed
to provide geometric factors for calculating apparent resis-
tivities, accounting for the influence of surface boundary. The
in-hole measurements (i.e. electrical current and potential
for each array) were converted to apparent resistivities from
these geometric factors. A relationship between column
diameter and apparent resistivity was then numerically
established by forward simulations using earth models with
soilcrete columns of various diameters. This relationship was
finally used for diameter assessment. Although this approach
is feasible, it is cumbersome that the site-specific earth model
in the 3D simulations should be constructed manually for
each site; and the accuracy of diameter estimations relies
on setting or estimating the appropriate resistivity values in
the model. A true tomographic approach that inverts the
measured apparent resistivity to obtain a resistivity section
for direct quantitative interpretation is desirable. Besides,
the result of in-hole resistivity measurements is a weighted
average from all azimuths. The effect of an axially asym-
metric column on such measurement should be examined.
In light of all of the above, the aim of the present study was

to explore the feasibility of utilising a widely available two-
dimensional (2D) Cartesian coordinate inversion system to
perform ERT inversion of in-hole data for column diameter
visualisation and estimation. 3D numerical simulations
were performed to validate the proposed method and to
investigate the spatial resolution and the effect of an axially
asymmetric soilcrete column. Physical model tests were also
performed for experimental validation.

METHODS
From axially symmetric to 2D Cartesian half-space
Figure 1(a) illustrates the electrical potential distribution

during a current injection from two current electrodes
(A and B) in a surface ERT. Since the air region above
ground can be regarded as a non-conductive medium, the
equipotential surface is perpendicular to the ground surface
and is distributed underground in hemispherical shape in a
homogeneous medium. The in-hole ERT transposes the
electrode arrangement from the ground surface to a borehole
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Fig. 1. Equipotential distribution during current injection from two current electrodes in (a) surface ERT and (b) in-hole ERT. (c) Close-up of
(a) showing the current electrodes (A and B) and potential electrodes (M and N) in more detail
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so that the resistivity of geomaterials surrounding the
borehole can be measured. In a homogeneous medium, the
electrical potential induced by an in-hole measurement is
axially symmetric and perpendicular to the borehole in a
way similar to the surface ERT, as shown in Fig. 1(b). This
similarity suggests that 2D ERT in half-space is analogous to
the axially symmetric in-hole ERT.
It is reasonable to assume an axially symmetric condition

when in-hole ERT is used for jet grouting inspection.
Therefore, inversion of in-hole ERT becomes a 2D
problem. Inspired by the similarity in Fig. 1, the aim of the
present study was to explore the feasibility of utilising a
widely available 2D Cartesian half-space inversion software
to perform ERT inversion of in-hole data for column
diameter estimation, as illustrated in Fig. 2. When the
axially symmetric condition is mapped to the 2D half-space,
the radial direction of interest becomes the depth in the
2D half-space; and azimuthal homogeneity is represented
by the homogeneity in the direction perpendicular to the
survey line in two dimensions. In cases where soilcrete
columns are not truly circular, the resistivity profile in
the axially symmetric system is regarded as some weighted
average in all azimuths. The proof of concept is given by
numerical simulations and physical models elaborated as
follows.

Numerical simulations and parametric studies
This study utilised the Comsol Multiphysics Version 4.4

(Comsol Multiphysics, 2013), a finite-element software
capable of couplingmultiple physical parameters, for forward
modelling of the 3D electrical potential field during
ERT measurements. By dynamically linking a self-compiled
Matlab code to the Comsol forward model, various electrode
arrays were prescribed to automatically compute the corres-
ponding resistivity pseudo section, a representation of
apparent resistivities measured by each four-electrode array.
All boundaries were set as absorbing boundaries except for
the surface of the model, which was set as a non-conductive
boundary. The dimension of the numerical model is 20 m �
20 m � 27 m and the placement of simulated soilcrete is
demonstrated in Fig. 3. Free tetrahedral meshing was used

with mesh size ranging from 0·08 m (near the survey line) to
0·8 m (in less sensitive regions). The simulated ERT data
were acquired by 31 electrodes in a Wenner–Schlumberger
array with a total of 402 quadrupoles. 2D half-space inver-
sion of simulated data was performed by a commercial
inversion software EarthImager 2D 2.4.4 (AGI, 2015). The
smooth model inversion was adopted as the inversion
method in the EarthImager 2D. Default inversion settings
were used except for the starting model and the maximum
number of iterations in the stopping criteria. Pseudo sections
were used as the starting models for the 2D inversions, while
the number of iterations was set to seven regardless of
the root mean square (RMS) error and error reduction.
The reason for forcing seven iterations in the inversion will
be explained in the ‘Results and Discussion’ section later. It
is also noted that the minimum and the maximum resistivity
in the resistivity inversion was limited to 1 and 100 000 Ω m,
respectively. The tomogram inversion process for both
numerical simulation and experimental validation adopted
the same inversion parameters and stopping criterions.
In order to evaluate the feasibility and applicability of

the proposed method, in this study three types of soilcrete
columns were designed, namely, the intact columns with
various radii, columns with symmetrical defects (i.e. necking)
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or changing diameter and columns with asymmetrical
defects. Numerical simulations were performed by placing
an individual soilcrete column in a homogeneous half-space
representing the soil. Previous studies (Bearce et al., 2016;
Liu et al., 2007) show that the resistivity of jet grout
(1–7 Ω m) is lower than typical natural soils. The resistivity
of the soilcrete column and the background soil was assumed
as 5 Ω m and 50 Ω m, respectively. The resistivity values of
soilcrete and soil are site dependent; the reference values
adopted in numerical simulations are to ensure that the
required resistivity contrast suggested by Frappin & Morey
(2001) is met. Although there could be other situations in
which resistivity of soilcrete is higher than ground resistivity,
a more typical condition is considered here for method
development. The in-hole ERT survey line was located at
the centre of the soilcrete column to simulate the direct
coupling between electrodes and soils. The in-hole ERT
electrode spread is 12 m long with the uppermost electrode at
6 m below the ground level, as shown in Fig. 4; 31 electrodes
were deployed with the electrode spacing of 0·4 m. For good
sensitivity in both radial and axial directions, a Wenner–
Schlumberger array (Loke, 1999) was adopted in this study.

Physical model
In addition to the numerical verification and investigation,

two physical models were designed to experimentally vali-
date the proposed approach. Physical model evaluation was
conducted in a sandbox. To ensure that the measurement
results are unaffected by the surrounding air boundaries,
numerical simulations were performed first to check the
boundary effect. The measured apparent resistivities in the
experimental set-up (sandbox with air boundaries) and that
in half-space (modelled by setting side and bottom bound-
aries as an infinite boundary) were compared. For a soilcrete
column up to 150 mm in diameter, it was found that a
1·0 m� 1·0 m� 1·0 m sand box is large enough (i.e. the
maximum error of the measured apparent resistivity is found
to be less than 2%, comparing to that in the half-space). ERT
measurements were conducted using an AGI SuperSting R8
instrument and subsequent datawere analysed using the AGI
EarthImager 2D 2·4·4 (AGI, 2015) software.

In the sandbox, quartz sand (particle size ranging between
0·147 mm and 0·351 mm) with natural water content
(around 3%) was used as the ground material for convenience
and Portland Type I cement grout with 2 : 1 water–cement
ratio was mixed to construct the soilcrete columns. The
resolution of in-hole ERT is related to the soil-to-soilcrete
resistivity ratio (ρs/ρsc). The higher the ρs/ρsc ratio, the better
the column is resolved. In the Cyljet method, Frappin &
Morey (2001) suggested ρs/ρsc .10 is sufficient for diameter

determination. The soilcrete resistivity is around 5 Ω m or
less, while the quartz sand used in the sandbox experiment
has a very high resistivity larger than 5000 Ω m. Owing to
the large resistivity contrast, a constraint that set the maxi-
mum possible resistivity value equal to 100 000 Ω m was
applied during inversion to avoid converging to unreasonable
results.
In order to create the soilcrete columns in the laboratory, a

large, hollow PVC tube with the target diameter and length
was first fixed at the centre of the sandbox and dry sands were
poured around the PVC tube until the designated height
(1 m) was reached. The electrode string was then inserted
into the hollow PVC tube to the designated location (appro-
ximately 10 cm above the base of sandbox). While fixing the
position of the electrode string, the cement column was
created by pouring the properly mixed cement grout into the
PVC tube. After the cement grout had been fully poured,
the PVC tube was removed from the sandbox, allowing the
cement grout to flow and make contact with the surrounding
sand. ERT measurement was initiated 10 min after the fresh
grout had been fully placed.
Twenty-seven electrodes were deployed in both physical

models with electrode spacing (s) and total spread (L) of
30 mm and 780 mm, respectively. The electrode spread was
placed 100 mm away from the surface and bottom of the
sandbox, in which the electrodes were installed in the fresh
grout and retrieved after measurements. The electrodes
adopted were stainless nut gaskets 1 mm thick and 6 mm
dia. The 1 mm thick sides of these nut gaskets were aligned
along the survey line to conform to the point source assump-
tion. ERT measurements were acquired using the Wenner–
Schlumberger array as in the numerical simulations, but
with a total of 210 quadrupoles. The inversion scheme of
physical models followed the aforementioned inversion sett-
ings of numerical simulation, in which the default values for
surface ERTwere used, except for two settings. The starting
models were the pseudo sections while the seven iterations
were set as the stopping criteria. The same resistivity inver-
sion range from 1 to 100 000 Ω m was used in experimental
data inversion.
Two physical model tests were conducted, including a

uniform soilcrete column (Fig. 4(a)) and a soilcrete column
with changing diameter (Fig. 4(b)). The intact soilcrete
column was 75 mm in radius. The soilcrete column with
changing diameter was composed of two sections, in which
the radius of the upper section and the lower section is
102·5 mm and 75 mm, respectively. The same electrode
spread was used for both cases. After the soilcrete columns
solidified, the surrounding soils were directly excavated for
visual inspection. Actual soilcrete dimensions were measured
to validate the results obtained by the proposed approach.
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Fig. 4. Set-up of physical models in sandbox: (a) uniform soilcrete column; (b) column with changing diameter (not to scale)
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RESULTS AND DISCUSSION
Similarity between axially symmetric condition and
2D Cartesian half-space
The concept of using a 2D Cartesian half-space model to

perform inversion of axially symmetric in-hole data was first
numerically simulated for cases of soilcrete columns with
different radii. Fig. 5(a) illustrates the electrode configuration
in the soilcrete column, with the dotted line indicating
the 12 m long ERT survey line. The inverted results for
soilcrete columns of radius 0·4 m, 0·8 m, 1·0 m and 1·2 m
are shown in Figs 5(b), 5(c), 5(d) and 5(e), respectively.
Results show that two distinct resistivity layers (i.e. the
soilcrete and background soil) are well resolved, although
close inspection reveals significant overestimation of soil
resistivity. This overestimation is partly attributed to the
transformation from the axially symmetric condition to 2D
half-space, and is partly due to the inversion process.
To further examine this problem, the synthetic apparent
resistivity profile of a horizontal two-layer model is com-
pared with that of the soilcrete column model at the centre of
the measurements (i.e. the centre of the pseudo section)
for the case of r=1·0 m in Fig. 6(a). It is clear that, without
the top air boundary, the soilcrete column model has lower
apparent resistivity at shallow depth near the electrodes.
However, the apparent resistivity of the 3D soilcrete model
increases much faster with depth and becomes greater than
the 2D horizontal two-layer model. Both apparent resistivity
profiles in Fig. 6(a) more or less increase linearly with
column radius. Hence, visual determination of the soilcrete–
soil interface from the apparent resistivity data is not
possible.

Using the centre section of Fig. 5(d) as an example, the
inverted resistivity profile (2D half-space inversion on data
from soilcrete model) is compared to that of 2D inversion on
data from the horizontal two-layer model (with synthetic
data simulation and inversion both in 2D half-space) in
Fig. 6(b). The inverted resistivity values are more reasonable
in the case where forward modelling and inversion are
both in the same 2D half-space condition, but there is a great
deal of smoothing in the inverted resistivity profile. It is
noted that the two Yaxes have a significantly different range
to plot both cases in the same figure. Not only does the
2D half-space inversion on data from the soilcrete model
overestimate the soil resistivity, forcing seven iterations in
the inversion, it sometimes causes an obvious resistivity
drop below a certain depth. This may be explained by the
low-resistivity soilcrete layer and the conversion from an
axially symmetric condition to 2D half-space. Owing to the
much lower resistivity in the top soilcrete layer, the percent-
age of current flow and measurement sensitivity in the lower
half-space is drastically decreased. When converting from
axially symmetric to 2D half-space, the apparent resistivity of
the soilcrete model starts lower, but increases much faster
with depth (column radius) and becomes greater than the
horizontal two-layer model. To yield such an apparent resis-
tivity profile as shown in Fig. 6(a), the 2D inverted resistivity
in the lower half-space becomes significantly greater than its
actual value (50 Ω m) because of the top low-resistivity layer.
In the early stage of the study, the authors examined the
inverted resistivity profile iteration by iteration, as shown
in Fig. 7. Because the 3D axially symmetric condition is
not really equivalent to the 2D Cartesian half-space, the
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inversion cannot stop by the criterion of RMS error ,3%.
Normally, it is stopped at iteration 3, in which the resistivity
of the lower half-space is about 500 Ω m instead of the
actual 50 Ω m due to the conversion from axially symmetric
condition to 2D half-space. For column radius deter-
mination, the soilcrete–soil interface is still quite ambiguous
in the inverted results of Figs 7(a) or 7(b). Owing to the
characteristics of very-low-resistivity soilcrete over high-
resistivity soil and the conversion from axially symmetric
to 2D half-space, Fig. 7 shows that the grout–soil interface
becomes more and more prominent when the number of
iteration increases, although the resistivity below the soilcrete
layer becomes unreasonably high. Iteration 7 was chosen over
iteration 3 for the purpose of better quantification of the
column radius.

There is also an overestimation of resistivity in the
lower half-space for the 2D inversion on data from the
horizontal two-layer model (with synthetic data simulation
and inversion both in 2D half-space). However, the inverted
resistivity here is not unrealistically high because the forward
model is correct. For data generated by axially symmetric
condition, the apparent resistivity deviates from the 2D
half-space case, as shown in Fig. 6(a). Because the resistivity
of the soilcrete layer is an order lower than that of the
surrounding soil, the inverted resistivity profiles by 2D
half-space (wrong forward model) becomes that shown in
Fig. 7. At iteration 7, the resistivity peaks at an unrealistically
high value and drops to about 800 Ω m. Although the 3D
soilcrete column model is not theoretically equivalent to
the horizontal two-layer model, this conversion (2D half-
space inversion of 3D axially symmetric data) and high
number of iterations can preserve the thickness of the first
layer (column radius), and even facilitate its identification.

The actual resistivity value of the background soil in the
inverted profile is not important for the current purpose.
The jet grouting inspection mainly concerns the actual
column diameter (double the radius). Therefore, quantitative
interpretation of the column diameter based on such an
inversion scheme is examined as follows.
Interface interpretation from an inverted tomogram is

subjective due to the smoothing regularisation in tomo-
graphy inversion. As shown in Fig. 5, there is a gradual
transition zone between the low-resistivity soilcrete and
high-resistivity soil in the resistivity tomogram instead of a
clear resistivity interface. The gradual transition blurs out the
soilcrete–soil interface and leads to large uncertainty in
subjective radius interpretation. Most ERT investigations
delineate the interested material interface approximately by
visual inspection of the colour-scaled tomograms. A more
objective and accurate approach or algorithm is needed for
quality control of jet grouting. Wu & Lin (2013) faced a
similar problem in determining the depth of unknown
foundation using ERT. Depending on the foundation type,
one of the three interface delineation algorithms was found
suitable, the inflection point in resistivity profile, maximum
point in the transition profile and the intersection of dual
tangent lines (similar to the determination of first arrival in
wave propagation). Since the resistivity of the surrounding
soil is highly overestimated by the 2D half-space inversion,
the dual tangent line method was found to be suitable
for quantitative interpretation of column radius (diameter).
As illustrated in Fig. 6(b), the interface between the soilcrete
column and background soil is determined by the inters-
ection of a line tangent to the minimum point of the
resistivity profile in the radial direction and the line tangent
to the inflection point. The column radius corresponds to the
first layer thickness in 2D half-space and the estimated values
at each depth location are shown by the ‘x’ marks in Fig. 5.
The result shows that the column radius is preserved in the
layer thickness when the in-hole data are inverted by the 2D
half-space model. According to the current authors’ trials,
keeping the same number of inversion iteration helps to
reduce the uncertainty of column radius estimation.
An iteration number up to 7 was used consistently through-
out this study to bring the soilcrete edge to prominence,
although this would cause an undue overestimation of the
soil resistivity.
Figure 8 reveals the errors of column radius estimation in

all cases. It shows that the accuracyof the proposed method is
related to the soilcrete column radius (r) and the adopted
electrode spacing (s). The electrode spacing used in the survey
directly affects the spatial resolution of tomography.
For s=0·4 m, as adopted in this study, the estimation error
is controlled within 10% when r� 1 m. Considering that
the simulation is scalable, it can be inferred from the results
that a survey configuration with radius-to-spacing (r/s) ratio
�2·5 is capable of quantifying the soilcrete radius within 10%
error. In addition to the spatial resolution, the investigation
radius (the depth in 2D half-space) that can be achieved
by the survey line is also relevant. The radius estimation
error is apparently larger at both ends of the survey line. This
is attributed to the fact that fewer effective measurement
data points are available at the edge of the survey line,
resulting in a triangular blind zone that dips approximately
45° (Shima et al., 1995), as shown in Figs 5(b)–5(e).
Therefore, results within the blind zone should be excluded.
From the above numerical simulation results, it appears
feasible to identify the soilcrete column from surrounding
soils when axially symmetric data are inverted by the 2D
half-space model. Furthermore, the dual tangent line method
can reasonably quantify the column radius from the inverted
tomogram.
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Axially symmetric defects in soilcrete column
Insufficient diameter at certain depths with a necking

geometry is among the common flaws seen in jet grouting
practice. It has been shown that the proposed tomography
approach is able to quantify the radius (diameter) of a
uniform column. Next, the ability of the proposed approach
to detect axially symmetric defects is evaluated by numerical
simulations. An extreme case of a discontinuous soilcrete
column was first examined, in which a soilcrete column 1 m
in radius has a missing (unimproved) section of different
length (L2) from 0·2 m to 1·2 m, as illustrated in Fig. 9(a).
The resistivity of the missing section was set to be the same as
the background soil. The inverted resistivity sections and the
estimated column radius are shown in Figs 9(b)–9(e). Owing
to the limited spatial resolution provided by the electrode

array and the fact that measurements are more sensitive to the
low-resistivity soilcrete than high-resistivity soil, the inverted
resistivity near the missing section is not identical to that in
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the background soil. Instead, the resistivity is some weighted
average of soilcrete resistivity and soil resistivity. The resulting
resistivity profile in the radial direction is not uniform in the
missing section and the dual tangent method resulted in a
radius interpretation larger than the column radius, as
indicated by the cross marks in Fig. 9(b)–9(e). Therefore,
Fig. 10(a) shows larger errors near the missing section on top
of the old problem at both ends. A transition zone, in which
the diameter estimation is less accurate, expands about one
column radius above and below the missing section. Within
this zone, the column radius is typically overestimated except
for the low-sensitivity case where the length of the missing
section is shorter than the electrode spacing.

This numerical simulation revealed the limitation of
the tomography resolution. To avoid misinterpreting the
missing section for a larger diameter column, a shallow
high-resistivity anomaly should be regarded as a discontinu-
ous column. In fact, it is even easier to detect a discontinuous
column by examining the raw data in the form of a pseudo
section. As shown in Fig. 10(b), the discontinuous section
was manifested by the section of higher apparent resistivity
due to the absence of low-resistivity soilcrete in the unim-
proved section. While the resistivity profile in the radial
direction was better resolved by inversion, it seemed that the

axial discontinuity of the discontinuous column was well
presented in the pseudo section.
A discontinuous column is an extreme case. Under normal

circumstances, the column diameter may deviate from
the designed target due to geological variation or non-ideal
construction control. A column with three uniform
sections was used to simulate a necking soilcrete column,
a simple case of an axially symmetric defect. As illustrated
in Fig. 11(a), a column of 1·0 m radius has a defected
necking section of 0·5 m radius and 0·2 m to 1·2 m length.
The inverted resistivity sections and estimated column
radius are shown in Figs 11(b)–11(e), in which the necking
phenomena are clearly shown. Unlike the extreme case of
a discontinuous column, no misinterpretation would be
made under the necking condition. Nevertheless, it was still
difficult to detect a small necking section that is shorter than
the electrode spacing (as per the case shown in Fig. 11(b))
owing to insufficient spatial resolution. Due to the small
radius in the necking section (r=0·5 m), which is only
slightly greater than the electrode spacing, the transition in
the diameter change was rather smooth in all cases and
the small necking radius was not well resolved. To illustrate
the effect of electrode spacing, the last case (Fig. 11(e))
was redone by reducing the electrode spacing to 0·2 m so

(a)

A

0

0 2 4 6 8 10 12

0·5

1·0

1·5

2·0

2·5

z: m

(b)

r:
 m

Cross-section

r1 = 1·0 m

A–A'

r1

L1

L2L

L1

r

z

A'

Resistivity:
 Ω  m

50 000
3976

25
316

2

0

0 2 4 6 8 10 12

0·5

1·0

1·5

2·0

2·5

z: m

(c)

r:
 m

Resistivity:
 Ω  m

50 000
3976

25
316

2

0

0 2 4 6 8 10 12

0·5

1·0

1·5

2·0

2·5

z: m
(d)

r:
 m

Resistivity:
 Ω  m

50 000
3976

25
316

2

0

0 2 4 6 8 10 12

0·5

1·0

1·5

2·0

2·5

z: m

(e)

r:
 m

Resistivity:
 Ω  m

50 000
3976

25
316

2

Fig. 9. Discontinuous column: (a) model schematics. Inverted resistivity sections and estimated radius plotted against depth (marked as ‘x’) for
discontinuous length (L2) equal to: (b) 0·2 m; (c) 0·4 m; (d) 0·8 m; and (e) 1·2 m

LIN, LIN, NGUI, WANG, WU, HE AND LIU8

Downloaded by [ National Chiao Tung University] on [14/10/19]. Copyright © ICE Publishing, all rights reserved.



40

30

20

10

–10

–20

–30

–40

0

E
rr

or
: %

0 1 2 3 4 5 6

(a)
z: m

7 8 9 10 11 12

0 1 2 3 4 5 6

(b)
z: m

7 8 9 10 11 12

0·5

0

1·0

2·0

2·5

1·5

r:
 m

Resistivity: 
Ω m

100
22
5
1

10% error margin

L2 = 0·2 m

L2 = 0·4 m

L2 = 0·8 m

L2 = 1·2 m

Fig. 10. Discontinuous column: (a) percentage errors of soilcrete radius estimation; (b) pseudo section of L2 = 0·4 m corresponding to Fig. 7(c)

(a)

0

0·5

1·0

2·0

2·5

1·5r:
 m

0

0·5

1·0

2·0

2·5

1·5r:
 m

0

0·5

1·0

2·0

2·5

1·5r:
 m

0

0·5

1·0

2·0

2·5

1·5r:
 m

0 2 4 6

(b)

8 10 12
z: mm

0 2 4 6

(c)

8 10 12
z: mm

0 2 4 6

(d)

8 10 12
z: mm

0 2 4 6

(e)

8 10 12
z: mm

Resistivity: 
Ω m

10 000
1189
141
17
2

Resistivity: 
Ω m

10 000
1189
141
17
2

Resistivity: 
Ω m

10 000
1189
141
17
2

Resistivity: 
Ω m

10 000
1189
141
17
2

A A'

B B'

B–B'A–A'

L1

L1

L2

r1 r2

L

z

r

Cross-sections

r1 = 1·0 m r2 = 0·5 m

Fig. 11. Necking column: (a) model illustration. Inverted resistivity sections and estimated radius plotted against depth (marked as ‘x’) for
necking length (L2) equal to: (b) 0·2 m; (c) 0·4 m; (d) 0·8 m; and (e) 1·2 m

DIAMETER ASSESSMENT OF SOILCRETE COLUMN USING IN-HOLE ERT 9

Downloaded by [ National Chiao Tung University] on [14/10/19]. Copyright © ICE Publishing, all rights reserved.



that the r/s ratio becomes 2·5 (0·5/0·2) instead of 1·25
(0·5/0·4) in the necking section. The result in Fig. 12
demonstrates that a higher r/s ratio effectively enhanced the
resolution to image the change in diameter (radius) along the
column. In order to detect possible anomalies and to provide
a more reliable measurement profile, the r/s ratio should be
predetermined for the targeted dimension, or the detection
limitation arising from the selected r/s ratio should be clearly
stated to prevent over-interpretation of the result.

Axially asymmetric effect on soilcrete column assessment
The axially symmetric condition can be treated as a 2D

problem and analogously mapped to 2D half-space. If the
soilcrete column is not axially symmetric, a 3D effect may be
induced by the 2D assumption in the proposed inversion.
This type of problem also arises in typical surface 2D ERT
surveys when resistivity varies in the direction perpendicular

to the survey line. Owing to geological variation in azimuth,
the soilcrete column may not be truly circular. The 2D
inverted resistivity section would reflect some weighted
average from all azimuths. To examine how this axially
asymmetric condition may affect the interpretation of an
azimuthally averaged column radius, columns with axially
asymmetric defects were simulated. As shown in Fig. 13(a),
the top 6 m is a cylindrical section with 1 m radius for
comparison, while the bottom 6 m is the section with axially
asymmetrical defect in which the defected radius is reduced
to 0·5 m in a fan-shaped region with variable arc angle θ of
90°, 180° and 270°. The inverted resistivity sections and
interpreted column radii are shown in Figs 13(b)–13(e). The
estimated effective radius at the defected section is 1·08 m,
0·91 m and 0·72 m for θ equal to 90°, 180° and 270°,
respectively. The effective radius decreased as the cross-
sectional area decreased, as expected. However, if the concept
of equivalent cross-sectional area is adopted, the theoretical

0

0·5

1·0

2·0

2·5

1·5r:
 m

0 2 4 6 8 10 12
z: mm

Resistivity: 
Ω m

10 000
1189
141
17
2

Fig. 12. Inverted resistivity sections and estimated radius versus depth (marked as ‘x’) for the necking column case with L2 = 1·2 m and s=0·2 m,
as compared with Fig. 9(e) with s=0·4 m

(a)

(b)

0

0·5

1·0

2·0

2·5

1·5r:
 m

0 2 4 6 8 10 12
z: mm

(c)

0

0·5

1·0

2·0

2·5

1·5r:
 m

0 2 4 6 8 10 12
z: mm

(d)

0

0·5

1·0

2·0

2·5

1·5r:
 m

0 2 4 6 8 10 12
z: mm

Resistivity: 
Ω m

100 000
6687
447
30
2

Resistivity: 
Ω m

100 000
6687
447
30
2

Resistivity: 
Ω m

100 000
6687
447
30
2

A A'

B B'

B–B'A–A'

L1

L2

r1 r2 r1

L

z

r

Cross-sections

θ

θ

r1 = 1·0 m r2 = 0·5 m
θ = 90°, 180°, 270°

Fig. 13. Asymmetrically defective soilcrete. (a) Model illustration; (b)–(d) inverted resistivity sections with interpreted column radii

LIN, LIN, NGUI, WANG, WU, HE AND LIU10

Downloaded by [ National Chiao Tung University] on [14/10/19]. Copyright © ICE Publishing, all rights reserved.



equivalent radius should be 0·90 m, 0·79 m and 0·66 m,
respectively. The reduction of effective radius from measure-
ment was not as much as what the equivalent area predicted.
In the case of θ=90° (Fig. 13(b)), the difference between the
intact and asymmetrically defective section was hardly
observable. As the arc angle of the reduced area increased,
the reduction in the effective radius was more pronounced.
These results implied that the weighting of resistivity averag-
ing across the azimuth is not uniform. Apparently, it depends
on the resistivity distribution across the azimuth. At a
radius where the resistivity is not uniform azimuthally, the
electrical current density concentrates more in the low-
resistivity soilcrete, resulting in lower azimuthally averaged
resistivity. As a result, larger effective radius was interpreted
by the dual tangent line method. This result also indicated
the importance of centralising the electrode string in the
soilcrete column. Eccentric alignment of the electrode array
may lead to non-conservative assessment of column
diameter.

Physical model verification
Feasibility of the proposed in-hole ERT method has

been demonstrated numerically. Physical model tests were

conducted to further validate the proposed method. The
experiments were performed in a sandbox in the laboratory
using the aforementioned experimental set-up. The first
test was a uniform soilcrete column 75 mm in radius,
which was visually confirmed by excavation after hardening
of the soilcrete, as shown in Fig. 14(a). The photograph was
oriented 90° clockwise in Fig. 14(a) to line up with the
inverted resistivity section in Fig. 14(b), in which the low-
resistivity interface of the soilcrete was automatically
estimated by the proposed dual tangent method (marked as
‘x’). Comparing to the physical dimension of the excavated
soilcrete, the error of delineated radius by in-hole ERT was
mostly within 10%, as shown in Fig. 14(c).
Another soilcrete column with changing diameter was

constructed in the sandbox as shown in Fig. 15(a). Direct
inspection by excavation after measurement showed the top
480 mm section and the bottom 480 mm section were
102·5 mm and 75 mm in radius, respectively. The result of
in-hole ERT inversion is shown in Fig. 15(b). The column
diameter changed dramatically near the interface, 480 mm
from the top. Both inverted resistivity images in the physical
models were not as smooth as in the numerical simulations
because of the large resistivity contrast between soilcrete
and quartz sand, and the constraint of maximum allowable
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resistivity during inversion. The inverted ERT section
and the delineated radius from the dual tangent method
(marked as ‘x’) are shown in Fig. 15(b) for the second case.
Comparing this result to the physical dimension of excavated
soilcrete, the error of delineated radius (Fig. 15(c)) is also
mostly within 10%. Twomeasured points located at z=0·7 m
had a larger error (,�20%). After examining the raw data
and the excavated soilcrete, the reason for this large error can
be attributed to the bad coupling condition between the
last two electrodes and the soilcrete. As shown in Fig. 15(a),
the diameter became larger at z=0·7 m. The cement grout
spread out to form a larger diameter and a cone-shaped void
within the soilcrete was created. The last two electrodes were
located within the void and did not function well. The
measurements related to these two electrodes were filtered
out prior to inversion. After re-examining the effective survey
range, the performance of this case with changing diameter
is also as expected. Owing to the small dimensions of the
physical model, electrodes made up by stainless nut gaskets
are less than ideal as point electrodes. This can partly explain
why both physical models show slightly higher radius esti-
mation error than in the numerical simulations. Other than

that, the proposed approach was well supported by the two
physical model tests.

CONCLUSION
In-hole electrical resistivity tomography has high potential

in jet grouting dimension and integrity inspection. This study
has proposed a novel approach that uses a widely available
2D Cartesian half-space inversion system to analyse the
in-hole ERT data for visualisation and diameter assessment
of jet grouting. Both numerical simulations and physical
model tests demonstrated the feasibility of the proposed
method. Owing to the similarity between the electrical
potential field in a 3D axially symmetric system and a
2D Cartesian coordinate system, the inverted section reflects
the geometry of the soilcrete column. The column diameter
can be successfully delineated by applying the dual tangent
method to the inverted resistivity profile in the radial direc-
tion when the resistivity of the surrounding soil is 10 times
larger than the soilcrete. The estimation error of the column
diameter is within 10% when electrode spacing is less than 1/5
of column diameter. The axial resolution in mapping the
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change in diameter also depends on the electrode spacing,
and the amount of necking may be underestimated if the
necking section is not longer than the electrode spacing.
A potential pitfall of the proposed method is the axially
asymmetric effect, a type of 3D effect on a 2D assumption.
The equivalent column radius is some weighted average
across all azimuths, and the inverted result weighs more
towards the thicker side. This finding emphasised the
importance of centralising the electrode string in the soilcrete
column. Eccentric alignment of the electrode array may lead
to non-conservative assessment of the column diameter.
The conditions of point electrode and direct coupling
between electrode and soilcrete were satisfied in this study.
If a slotted PVC pipe is used for electrode access, the size of
slotted opening and the effect of PVC pipe should be further
studied. Full-scale field testing using the proposed approach
is also yet to be conducted.
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