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Abstract
Assessing sulfate concentration levels and their distributions within road alignments is crucial for the design of highway proj-
ects. Sulfate minerals in soils react with calcium-based additives, leading to sulfate-induced heaving and pavement failures.
However, a reasonable assessment of the extent and levels of sulfate concentration using current practices, such as conven-
tional laboratory-based methods, is still challenging because of the spatial heterogeneity of sulfate minerals and their seasonal
fluctuations. This study aims to assess the application of electrical resistivity imaging (ERI) to determine levels and distribu-
tions of sulfate concentration. Finite element and least-squares optimization were used to process the data and generate sub-
surface inverted resistivity profiles. Fourteen ERI surveys were carried out for two sites with a potentially high risk of sulfate-
induced heaving to help determine the extent of critical sulfate concentration zones. Laboratory tests (sulfate and moisture
content tests) were conducted on ten samples collected from the field sites to validate ERI findings. The results showed that
electrical resistivities of critical sulfate concentration zones are significantly lower than typical ranges of electrical resistivity
of earth materials because of the abundance of salt ions in pore water, which facilitates the flow of electric current. The find-
ings of this study were consistent with laboratory test results in determining the sulfate concentration levels. This study
showed that ERI successfully provides a rapid and continuous assessment of critical sulfate concentration zones within high-
way alignments. The findings of this study will help materials and pavement engineers determine where alternative materials
and pavement designs are needed.
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Heaving and premature failure of pavements constructed
on stabilized soils are primarily caused by the reaction of
calcium-based stabilizers with sulfate-rich soils. Calcium-
based stabilizers react with sulfate and clay minerals,
specifically montmorillonite, in the presence of water
and form new expansive minerals such as ettringite (1,
2). Hydration of these minerals or growth of the crystal-
line minerals leads to the failure of pavements known as
‘‘sulfate-induced heaving.’’ In the United States, more
than fifteen state Departments of Transportation
(DOTs) deal with pavement failures associated with
sulfate-induced heaving, resulting in high maintenance
costs and safety concerns (3). The repairing cost of such
pavements is in the order of millions of dollars and

exceeds the cost of soil stabilization (4–6). Road mainte-
nance activities consume a large share of state transpor-
tation budgets, which are limited to the maintenance of
different assets of transportation agencies (7–12).
Extensive research has been conducted to associate the
risk of sulfate-induced heaving with sulfate

1Department of Civil Engineering, University of Texas at Arlington,

Arlington, TX
2Texas Department of Transportation, Fort Worth, TX
3Texas Department of Transportation, Mesquite, TX

Corresponding Author:

Mina Zamanian, Mina.Zamanian@mavs.uta.edu

us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/03611981231167162
https://journals.sagepub.com/home/trr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03611981231167162&domain=pdf&date_stamp=2023-05-15


concentration levels. For example, the Texas
Department of Transportation (TxDOT) has guidelines
for stabilizing sulfate-rich soils and associates a low risk
of sulfate-induced heaving in soils with sulfate concentra-
tions below 3,000 ppm (13). Conversely, the potential
risk of sulfate-induced heaving is high in soils with sul-
fate concentrations above 8,000 ppm. There is a moder-
ate risk of sulfate-induced heaving in soils with sulfate
concentrations between 3,000 and 8,000 ppm. Identifying
the risk of sulfate-induced heaving (i.e., determining the
sulfate concentration levels) before soil investigation is
crucial to help develop effective site exploration and
sampling techniques, define sampling and testing inter-
vals, and specify required controls during construction
(14).

Sulfate concentration in soils is commonly measured
by conventional laboratory-based methods such as chro-
matography, colorimetry, and gravimetry. For areas
with potentially high sulfate concentrations, a minimum
frequency of every 152m (500 ft) along the roads is rec-
ommended between the sampling locations (13). The
conventional methods of sulfate testing provide accurate
measurements of sulfate concentration; however, this
information is point specific and sparse. In other words,
these methods do not yield a continuous assessment of
sulfate concentrations and could miss a critical sulfate
concentration zone if it lies between the sampling
locations.

Another way to identify areas with a potentially high
risk of sulfate-induced heaving is through web-based
maps. One of the largest natural resource information
systems is the Web Soil Survey (WSS), operated by the
United States Department of Agriculture. Although the
WSS provides information about the gypsum content
and soil salinization risk for different geologic regions,
this information has a high level of detail and lacks
enough resolution (15). In addition, this information
might not be accurate, as sulfate concentrations in soils
are subject to seasonal fluctuations (13). Other maps that
show soil mineralogy and subsurface formations (e.g.,
maps from the Bureau of Economic Geology) also suffer
from the limitations of the WSS map (15).

A few researchers have used an electrical conductivity
mapping system to develop prediction models for deter-
mining sulfate concentration based on soil electrical con-
ductivity (i.e., reciprocal of soil electrical resistivity).
They utilized the Veris 3150 system, commonly used for
agriculture applications, to collect electrical conductivity
values in three different fields. This system is equipped
with multiple heavy-duty Coulter electrodes that are
attached to a disk harrower. The Veris 3150 system mea-
sures the soil electrical conductivity as the disks cut
through the soil. Harris et al. collected electrical conduc-
tivity data from field sites using the Veris 3150 system

and measured the sulfate concentrations for specific loca-
tions (15). They analyzed the obtained data by linear
regressions and found that the sulfate concentration has
a direct non-linear relationship with soil electrical con-
ductivity (15). They used a natural logarithm to trans-
form the sulfate concentration values and developed a
regression based on electrical conductivities. Shon et al.
(16) replicated Harris et al.’s (15) approach and used a
linear regression model for generating color-coded maps
for sulfate concentrations in specific areas. There are
some challenges and limitations to these studies. The
developed linear regressions might lead to misleading
results as they cannot handle non-linear relationships
between response and predictor variables, which is evi-
dent between electrical conductivity and sulfate concen-
tration (17–19). In addition, the electrical conductivity
mapping system cannot provide continuous measure-
ments throughout the depth and only collects the data at
two depths of 0.3m and 1m (1 and 3 ft) (20). The maxi-
mum penetration depth of the electrical conductivity
mapping system is 1m, which provides inadequate infor-
mation for assessing the subsurface conditions for pave-
ment designs (at least 2m is required) (21). Moreover,
the system cannot be employed along the highway’s
rights-of-way, and its applicability highly depends on the
site accessibilities because of the large dimensions of the
system.

Recently, instead of determining the sulfate concentra-
tion levels, Puppala studied the heaving potential of
cement- and lime-stabilized soils in a field to help evalu-
ate practical methods for treating sulfate-rich soils (3).
He developed a hybrid sensor and found that the risk of
sulfate-induced heaving can be identified by the loss of
soil stiffness (small-strain shear modulus). The loss of soil
stiffness is higher in cement-stabilized than lime-stabilized
soils (3). Despite the importance of this study, it has some
challenges and problems. First, it cannot provide contin-
uous information about the soil heaving potential. The
hybrid sensor must be embedded in soil at 20 cm (8 in.)
deep to monitor the water content and soil stiffness at dif-
ferent periods (3). Second, sufficient water content should
be supplied continuously during the experiment to stimu-
late chemical reactions; insufficient water content results
in inaccurate interpretations of the soil heaving potential.
Third, the hybrid sensor is subject to tear and wear
because of the movement of vehicles. Last, the experi-
ment is time-consuming and requires monitoring and col-
lection of data for about 10–30days (3).

In summary, a reasonable assessment of the extent
and levels of sulfate concentration using the current
practices, such as laboratory-based methods, is challen-
ging for two main reasons: (1) sulfate minerals are not
uniformly distributed along the roads, and the current
methods might miss a high sulfate concentration zone
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because of the lack of information between the measure-
ments (14, 15), and (2) sulfate concentrations in soil are
highly variable because of variations in precipitation and
seasonal fluctuations in the groundwater table which
result in uncertainty to the risk level associated with
chemical stabilization (14, 22). This study aims to
assess the application of electrical resistivity imaging
(ERI) to determine the levels and distributions of sul-
fate concentration for specific sites. Federal Highway
Administration (FHWA) recommends ERI as one of
the geophysical methods for improving site characteri-
zation and maximizing return-on-investment (18). The
ERI is a powerful tool to evaluate subsoil heterogeneity
and provide fill-in data between the boreholes through
a cost-effective and rapid approach (18). Therefore, a
complete assessment of subsurface conditions can be

accomplished by combining geotechnical and electrical
resistivity data. However, like all other geophysical
methods, the ERI method provides non-unique results
and the findings from surveys are specific to the geol-
ogy and site conditions. The proposed approach in this
paper is expected to assist the state DOTs in determin-
ing highway segments that are unlikely to suffer from
sulfate-induced heaving and identify areas that may
contain critical concentrations of sulfate.

Study Approach

Study Sites

Two case studies with a potentially high risk of sulfate-
induced heaving in the north-central part of the U.S.

Figure 1. Location of the case studies on the map of Texas and the geologic maps.
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state of Texas were selected to be the focus of this
research (Figure 1). Site 1 is situated in a region mapped
with Eagle Ford formation and is bound by a lake to the
west. The Eagle Ford formation consists of shale, silt-
stone, and limestone, and has an estimated thickness of
90–120m (300–400 ft) in north Texas. Geotechnical anal-
ysis (from September 2021) from two boreholes indicates
that the existing asphalt pavements consist of a dense
crushed limestone layer (\1m depth) at the surface.
Directly beneath the limestone layer, stiff to hard, fat
(CH) and lean (CL) clays are extended to a depth of 6m
(20 ft). The sulfate concentration at the top layer was
measured in the range of 20 to 22,080 ppm. Dry-auger
drilling technique was used for the two borings, allowing
short-term groundwater observations. Groundwater was
not observed in any soil test borings at Site 1 during
drilling.

Site 2 is situated in a region mapped with the
Woodbine formation. The Woodbine formation con-
sists primarily of sandstone and shale with a thickness
of about 100m (320 ft). Geotechnical analysis (from
December 2020) from three boreholes indicates com-
plex geology at this site, consisting of fat (CH) and lean
(CL) clays underlain by clayey sand (SC) at some loca-
tions. The depth of the clayey sand layer varies from
0.3 to 3m (1 to 9 ft). In some areas, there is a dense
layer (shale) at a minimum of 3m (9 ft) deep. The
observations of sulfate concentration at Site 2 were
higher than at Site 1 and ranged from 82 to more than
40,000 ppm. During dry-auger drilling, a trace of water
was observed at a minimum of 3m (10 ft) at two of the
soil borings at Site 2.

Because of the observed high sulfate concentrations,
these study sites required further investigation to help
determine appropriate methods for stabilizing the soil.

Data Collection

Electrical Resistivity Imaging. ERI is one of the suggested
geophysical methods by FHWA that complements con-
ventional geotechnical site investigations to provide
fill-in information about the characteristics and hetero-
geneities of subsurface materials (18). The electrical
resistivity of the subsurface is measured by inducing an
electrical current into the ground across two electrodes
and receiving the resulting voltage from the other two
electrodes. In practice, many electrodes (e.g., twenty-
eight, fifty-six, or more) and multi-electrode cables are
used to speed up the data acquisition and improve the
quality of large datasets (23). Simultaneous measure-
ments can be recorded using a multi-electrode array; a
switching box automatically selects and switches the
relevant four electrodes based on the predefined
sequence (defined in a command file) stored in the

resistivity meter (24). A continuous subsurface pseudo-
section is then generated using the measured apparent
electrical resistivities. For plotting the pseudo-sections
from the 2D data, electrical resistivity measurements
are displayed at the intersection of two 45� lines start-
ing from the center of the current and potential elec-
trode pairs (25). Table 1 lists typical ranges of electrical
resistivity for earth materials found at the study sites.
The soil and rock matrix, the percentage of fluid
saturation, and the conductivity of pore fluids (which
is proportional to the concentration of salt ions such as
sulfate) mainly influence the electrical properties of
earth materials (26–28).

Fourteen 2D ERI surveys were conducted using dif-
ferent electrode spacings to investigate the extent of high
sulfate concentration zones at the study sites. The
arrangement of ERI lines is illustrated in Figure 2. The
ERI lines were conducted on top of the borings per-
formed by the dry-auger drilling technique at Site 2.
However, as the surface is paved at Site 1, the unpaved
sections at the closest distances to the borehole locations
were selected to perform the ERI lines, where there was
enough space to spread the electrodes and lay out the
resistivity lines. Electrodes’ contact resistance with the
soil was below a threshold level of 2,000 ohm for all ERI
lines (29).

The electrical resistivity measurements were con-
ducted using the AGI SuperSting R8/IP instrument,
multi-electrode cables, and stainless-steel electrodes. The
electrode spacings were determined based on the desired
penetration depth and sites’ accessibility, ranging from
0.6 and 2.4m (2 ft and 8 ft). The electrodes were installed
into the ground at equal distances, and a dipole-dipole
array was employed to explore the subsurface condi-
tions. The apparent electrical resistivity value is calcu-
lated by Equation 1 using the dipole-dipole array.

ra =pn n+ 1ð Þ n+ 2ð Þa DV

I
ð1Þ

Table 1. Typical Ranges of Electrical Resistivity for Earth
Materials Found at the Study Sites

Earth material Electrical resistivity (O.m)

Sedimentary rocks
Shale 20 to 2,000
Limestone 50 to 107

Terrain materials
Clays 1 to 100
Alluvium and sands 10 to 800
Gravel 100 to 1,400
Clayey soil 100 to 150
Sandy soil 800 to 5,000
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where n is a factor ranging from 1 to 6, a is the electrode
spacing, DV is the voltage drop, and I is the electrical
current. The sensitivity of the dipole-dipole array to the
horizontal variations is more than the vertical variations
(25). The dipole-dipole array can provide detailed infor-
mation at shallow depths (30). It can therefore better
delineate the subsurface anomalies, such as critical sulfate
concentration zones, than other electrode configurations.
Moreover, forward modeling was carried out to further
examine the capability of various electrode configurations
in delineating horizontal anomalies such as a high sulfate
concentration zone. Figure 3 shows a synthetic resistivity
model with two conductive blocks (representing different
zones of high moisture and sulfate concentration)
embedded in a low resistive medium (representing moist
clayey soil). The model was constructed using twenty-
eight electrodes spaced every 0.6m (2 ft) to be consistent
with the majority of the conducted ERI lines.

Figure 4 shows the inversion results obtained by for-
ward modeling for the synthetic model using four built-in
electrode configurations in ResIPy software (dipole-
dipole, Wenner, Schlumberger, multi-Gradient) and 2%
noise in the data. Each model inversion was completed
within five iterations with a root mean square error of
less than 1.2%. According to Figure 4, each of the four
electrode configurations can reconstruct the two conduc-
tive blocks of the synthetic model to a certain degree. The
conductive zones are at least twice the thickness of the
known blocks (0.3m) in all models reconstructed. The
Schlumberger and multi-Gradient arrays reconstructed
more vertical than horizontal shapes, which is inconsis-
tent with the shape of known blocks. However, the
dipole-dipole and Wenner arrays show more consistent
reconstructed shapes and produced less heterogeneity
than the other two arrays. Although dipole-dipole and
Wenner represent similar reconstructed models, a major
difference between them is the thickness of the transition
zones within the conductive blocks and the background
in the horizontal direction. The dipole-dipole array better
defines the horizontal extent of the conductive blocks at
the correct depth. Besides, the reconstructed model based
on the dipole-dipole array shows a more consistent
medium at the shallow subsurface with less heterogeneity
compared with the reconstructed models based on the
Wenner array.

Furthermore, forward modeling was carried out
based on a synthetic model shown in Figure 5 to illus-
trate how a saltwater saturated zone (high sulfate con-
centration zone) can be differentiated from freshwater
saturated clays. These blocks are overlaid by a more

Figure 2. Arrangement of ERI lines and sampling locations: (a) Site 1 and (b) Site 2.
Note: ERI = electrical resistivity imaging.

Figure 3. Synthetic resistivity model with two conductive blocks
embedded within a low resistive area.
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resistive block at the top. Figure 5b shows the inversion
results of the synthetic model using a dipole-dipole
array. According to Figure 5b, a low electrical resistiv-
ity anomaly distinguishes the zone of high sulfate con-
centration (conductive block) which is centered at 8 ft
distance. Although the reconstructed model does not
match the actual depth of the conductive block, it accu-
rately represents the extent of the conductive block that
is of interest in determining zones with potential
sulfate-induced heaving.

Laboratory Testing. To later validate the ERI findings, ten
soil samples were collected from the shallow subsurface
(the top 0.6m) along the ERI lines. The locations of the
collected samples are also shown in Figure 2. Table 2
presents the laboratory test results for the soil samples
associated with ERI lines. The sulfate concentration of
the soil samples was determined using a colorimetric
method based on TxDOT 145-E. The moisture contents
of the soil samples were also measured following ASTM
D2216-90.

Data Processing

The measured apparent resistivities were inverted using
the EarthImager program to generate subsurface resistiv-
ity profiles. Figure 6 shows a typical flowchart of electri-
cal resistivity data processing.

In forward modeling, apparent resistivities are calcu-
lated using the resistance measurements and the geo-
metric factor of the electrode configuration (Equation 1).
The subsurface area is divided into many rectangular
cells using a finite element method, and theoretical

Figure 4. Inversion results for synthetic resistivity model based on four array configurations: (a) dipole-dipole, (b) Wenner,
(c) Schlumberger, and (d) multi-gradient.

Figure 5. Forward modeling of: (a) synthetic model with three
blocks and (b) inversion results using a dipole-dipole array.
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apparent resistivities are calculated based on Poisson’s
equation for each block under certain conditions (32, 33).
Half the distance between electrodes was selected as the
width of each cell (34). The mesh was then transformed
based on the elevation data obtained from Google Earth
to reflect the surface topography into the inverted resis-
tivity profiles. In inversion modeling, the true apparent
resistivities for each cell were predicted using a non-linear
least-square optimization method, while reducing the

misfit values between the predicted and measured appar-
ent resistivities (25, 35). The error difference between the
measured and predicted models is evaluated by the root
mean squared (RMS) error and is defined by Equation 2.

RMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i= 1

dPred
i
�dMeas

i

dMeas
i

� �2

N

vuut
3 100% ð2Þ

Table 2. Summary of Laboratory Test Results

ERI line Sample Depth in m (ft)a
Moisture

content (%)
Sulfate concentration
from sampling (ppm)

Sulfate concentration
from dry-auger drilling (ppm)

A-2 BH-1 0.4 (1–1.5) NA NA 22,080
A-4 S1 0.2 (0–1.0) 14.4 Below 250 NA
A-5 S2 0.3 (0.5–1.5) 23.3 13,650 NA

S3 0.6 (1.5–2.5) 28.7 33,550 NA
A-7 S4 0.2 (0–1.0) 14.5 Below 250 NA
A-9 BH-2 0.4 (1–1.5) NA NA 17,835
A-10 S5 0.3 (0.5–1.5) 14.8 4,500 NA

S6 0.5 (1.0–2.0) 16.6 3,000 NA
B-2 S7 0.4 (1.0–1.5) 25.9 3,800 NA

S8 0.6 (1.5–2.5) 29.7 17,000 19,200
BH-1 1.2 (3–4) NA NA 40,000

B-3 S9 0.4 (1.0–1.5) 28.3 550 NA
S10 0.6 (1.5–2.5) 30.1 1,250 667

BH-2 1.2 (3–4) NA NA 21,378
B-4 BH-3 0.4 (1.0–1.5) NA NA 780

BH-3 1.2 (3–4) NA NA 300

Note: ERI = electrical resistivity imaging; NA = not available.
aNumbers in parentheses represent depth in feet.

Figure 6. Typical flowchart of data processing.
Source: Adapted from The Society of Exploration Geophysicists of Japan (31).

Zamanian et al 7



where N is the number of measurements, dPred is the pre-
dicted apparent resistivity, and dMeas is the measured
apparent resistivity. RMS threshold of 5% was consid-
ered a stopping criterion through the inversion process
(29, 36), which was satisfied after four to eight iterations
for most of the ERI lines. However, the error conver-
gence was not achieved after several iterations for a few
datasets because of noisy readings. Therefore, the poorly
fit data were removed in a few steps, and the inversion
process was repeated after each step to obtain the best
model fit. Table 3 shows the main characteristics of the
inverted resistivity profiles for study sites. Some factors
were selected based on the data quality while generating
the inverted resistivity sections to avoid much artifact
development. For example, the starting model for inver-
sion plays a critical role in data processing; an interpo-
lated pseudo-section was adapted as the starting model
for the clean resistivity data. Also, to ensure that the
obtained resistivity profiles are consistent with the sub-
surface conditions, the resistivity profiles were regener-
ated multiple times with different settings, and the most
representative images were considered for interpretation.

Results and Discussion

Site 1

Figure 7 shows 2D inverted resistivity profiles for ERI
lines from A-1 to A-10. Except for lines A-2 and A-5, the
inverted resistivity profiles display significant resistivity
contrast ranging from 1 to 1300O.m. The high resistive
layers at less than 1m deep with electrical resistivities of
greater than 50O.m are attributed to the crushed lime-
stone. According to the borehole data and literature, the
low resistive layers at the bottom of profiles (electrical

resistivity\ 10O.m) are associated with water-saturated
clay layers (33, 78).

Below is a detailed discussion of five profiles that best
represent subsurface conditions at Site 1. Figure 8 illustrates
the inverted resistivity profile of line A-2. The electrical
resistivity variations along the resistivity profile at a depth
from which a soil sample was taken (0.4m) are also plotted
in Figure 8. The borehole BH-1 at a 4.3m (14 ft) distance
shows a layer of crushed limestone at the top, which is
underlaid by stiff to very stiff clays up to a depth of 6m
(20 ft). On the other hand, the profile shows low variations
in the electrical resistivity between 1 to 50O.m through the
length and depth of the profile, indicating the existence of
similar earth materials. The inconsistencies between the
observations imply that high moisture and sulfate concen-
tration levels exist in the shallow subsurface between 2 and
16m distance, which is consistent with the borehole results;
note that the typical values of electrical resistivity for lime-
stone are larger than 50O.m (Table 1). Soluble sulfate in
soils can significantly decrease the resistance of earth mate-
rials to a flow of electric currents; however, disaggregation
of the impacts of sulfate concentration and moisture con-
tent on the variations of electrical resistivity is challenging.

During 15days before implementing the ERI surveys
(April 2022), no precipitation was observed at the study
site (38). The potential groundwater table level is distin-
guished by vertical changes in the electrical resistivities
all along the profile below 1.5m (5 ft) depth. The high
water content in the shallow subsurface is caused by the
transition of water from the groundwater table to the soil
pores—capillary action (39, 40). In silt or clay, the upper
boundary of the capillary zone may extend up to a few
meters and have an irregular shape (39, 41).

Figure 9 shows similar subsurface conditions with line
A-2. According to Figure 9, the low resistive areas at the

Table 3. Characteristics of the Inverted Resistivity Profiles

ERI line
No. of

electrodes
Electrode

spacing in m (ft)a
Length

in m (ft)a
No. of

data points
Depth of

penetration in m (ft)a
Root mean
squares (%)

No. of
iterations

A-1 28 0.6 (2) 16.5 (54) 223 4.0 (13.1) 4.52 8
A-2 28 0.6 (2) 16.5 (54) 223 4.3 (14.0) 3.90 6
A-3 28 0.6 (2) 16.5 (54) 223 4.0 (13.1) 3.86 8
A-4 28 0.9 (3) 24.7 (81) 236 5.9 (19.5) 4.92 7
A-5 28 0.9 (3) 24.7 (81) 236 5.7 (18.7) 2.86 6
A-6 28 0.6 (2) 16.5 (54) 223 5.0 (16.3) 4.11 6
A-7 28 0.6 (2) 16.5 (54) 223 5.0 (16.4) 4.06 7
A-8 28 0.6 (2) 16.5 (54) 223 4.0 (13.1) 4.82 8
A-9 28 0.6 (2) 16.5 (54) 223 3.9 (12.7) 4.16 7
A-10 28 0.6 (2) 16.5 (54) 223 4.1 (13.5) 3.71 7
B-1 56 2.5 (8) 134.1 (440) 761 18.8 (61.7) 4.91 5
B-2 28 0.9 (3) 24.7 (81) 236 6.3 (20.6) 4.74 4
B-3 28 0.9 (3) 24.7 (81) 236 6.2 (20.5) 4.32 5
B-4 28 0.9 (3) 24.7 (81) 236 6.3 (20.8) 5.00 8

Note: ERI = electrical resistivity imaging.
aNumbers in parentheses represent depth in feet.
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shallow subsurface within a 6 to 24m (21 to 78 ft) dis-
tance are associated with high moisture and sulfate con-
centration zones that are confirmed by the laboratory
test results. The more resistive layer is shown within a
distance of 2 to 6m (6 to 21 ft). The electrical resistivity

drops from 83 to 8O.m at 1m deep. A conductive zone
underlies the resistive layer, which indicates a potential
area of accumulated sulfate concentrations. The salt min-
erals are washed through the cracks and accumulate in
water zones. The accumulated salts in underlying layers

Figure 7. 2D inverted resistivity profiles of lines A-1 to A-10.

Figure 8. 2D resistivity profile of line A-2 and electrical resistivity variations along the profile.
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can be transported to the top layer by fluctuations in the
groundwater table level and capillarity rise (14).

Figure 10 specifies three layers in the subsurface: a
resistive layer at the top with electrical resistivities
.60O.m (dense crushed limestone), a transition layer
with electrical resistivities of about 30O.m, and a conduc-
tive layer with electrical resistivities \9O.m. A sharp
drop in the electrical resistivities through the depth indi-
cates the potential groundwater table level at approxi-
mately 2.5m (8 ft) below the ground surface. No evidence

of high sulfate concentration is observed through the
length of the profile up to a depth of about 1m (3 ft). The
results of laboratory tests confirm that the subsurface
materials contain low water and sulfate concentrations at
a 7m (24 ft) distance.

According to Figure 11, two conductive zones with
electrical resistivities below 10O.m indicate high levels of
moisture and sulfate concentration. The borehole results
also show high sulfate concentrations (17,835 ppm) at
0.6m distance. The more resistive zones centered at 6.5m

Figure 9. 2D resistivity profile of line A-5 and electrical resistivity variations along the profile.

Figure 10. 2D resistivity profile of line A-7 and electrical resistivity variations along the profile.
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and 15m distance, show no evidence of high sulfate con-
centrations at the shallow subsurface.

As shown in Figure 12, electrical resistivities at the
shallow subsurface vary from 10O.m on the left to
500O.m on the right side of the resistivity profile.
According to the laboratory test results (S5 and S6 in
Table 2), a less resistive zone at the sampling location is
attributed to a moderate sulfate concentration zone. No
evidence of high sulfate concentration can be observed
between 6.5 to 15m distance by generalizing the previous

findings; however, a conductive zone at the top left cor-
ner of the A-10 profile could indicate a high sulfate con-
centration zone. Potential groundwater table could be
found at 4 ft depth.

Site 2

Figure 13 shows the 2D inverted resistivity profiles of
lines B-1 to B-4. The profiles show consistent subsurface
conditions through the depth of profiles, except for line

Figure 11. 2D resistivity profile of line A-9 and electrical resistivity variations along the profile.

Figure 12. 2D resistivity profile of line A-10 and electrical resistivity variations along the profile.
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B-4, with electrical resistivity ranging from 1 to 40O.m.
Low electrical resistivity variations imply the existence of
similar earth materials with similar geotechnical proper-
ties. However, according to the site geology, a variety of
earth materials (e.g., sand, shale, and clay) can be found
at the study site up to 6m (20 ft) deep. The inconsistency
between existing soil layers and ranges of electrical resis-
tivities indicates the high sulfate concentrations all along
the profiles. The inverted resistivity profile of line B-4
shows relatively high variations in the electrical resistiv-
ities ranging from 1 to 150O.m. The conductive areas
(\3O.m) below the resistive top layer indicate saline
water zones that increase the risk of sulfate-induced heav-
ing in those locations. The source of water could be an
8mm (0.33 in.) precipitation at the site two days before
conducting the ERI surveys (November 2021) (38).

A discussion of two profiles that best reflect the sub-
surface conditions at Site 2 is provided below. Figure 14
indicates low variations in the electrical resistivities, rang-
ing from 3 to 18O.m. The borehole data show different
earth materials up to about 4.7m (15.5 ft), consisting of a
clayey sand layer (top 0.3m), soft to hard high plasticity
clay with a trace of gypsum lenses (0.3 to 3.7m), and
shale with a trace of calcareous deposits (3.7 to 4.7m).
However, the observed electrical resistivities do not rep-
resent clayey sand in the shallow subsurface; the typical
range of electrical resistivities for sands is above 10O.m.

The low resistive areas at the shallow subsurface show
high sulfate concentration areas within a 9 to 24m (30 to
81 ft) distance, distinguished by a threshold electrical
resistivity of 8O.m. The laboratory test results confirm a
minimum sulfate concentration of 17,000 ppm at a 12m
(40 ft) distance in the clay layer (S8 in Table 2).

More resistive areas can be observed along line B-3
(Figure 15) than line B-2 (Figure 14) at the shallow sub-
surface centered at 11 and 23m (36 and 75 ft) distance.
These areas are associated with moist, clayey sands
containing low sulfate concentrations. The laboratory
test results also agree with the ERI findings (S9 and
S10 in Table 2). However, at deeper depths, high sulfate
concentration is distinguished by less resistive zones
(\5O.m) within clayey soil (37).

Conclusion

Assessment of the extent and levels of sulfate concentra-
tion is still challenging because of the limitations of the
current methods in considering the spatial heterogeneity
of sulfate minerals in soils and their seasonal fluctua-
tions. ERI has been of interest in assessing the subsurface
conditions and providing fill-in information between the
measurements. This study aimed to explore the applica-
tion of ERI in determining the extent and levels of sulfate
concentrations. Several ERI surveys were conducted in

Figure 13. 2D inverted resistivity profiles of lines B-1 to B-4.
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two sites in Texas with the potential high risk of sulfate-
induced heaving. A few soil samples were also collected
to determine the sulfate concentrations and moisture
contents in the field sites to help validate the ERI results.
This study showed that soluble sulfate in soils decreases
the electrical resistivities of earth materials below their
typical ranges. The results also showed that the reduction
in the electrical resistivities for soils with high sulfate

concentrations is more significant than for soils with low
and moderate sulfate concentrations. The proposed
approach could be used by state DOTs to identify areas
where traditional methods of site investigation, which are
costly and time-consuming, are not necessary.

Although this study identified different limits for dif-
ferentiating low to high sulfate concentration zones,
more investigations need to be performed to generalize

Figure 15. 2D resistivity profile of line B-3 and electrical resistivity variations along the profile.

Figure 14. 2D resistivity profile of line B-2 and electrical resistivity variations along the profile.
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the ERI findings for other earth materials. Once the
range of electrical resistivities with the sulfate concentra-
tion levels is validated at a few locations by the labora-
tory test results, a continuous assessment of the levels of
sulfate concentration could be achieved through a rapid
operation for long sections of a highway. It is also intri-
guing to evaluate the variations of sulfate concentrations
at different periods during the wet and dry seasons at the
exact locations.
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