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Abstract

Pyrite swelling in soils below buildings is a major issue. It leads to severe deformations in floor foundations. A survey is
carried out at a selected site in the city of Laval, Quebec, to assess the usefulness of ground-penetrating radar (GPR) to
detect deformations that may be indicative of the presence of pyrite. Four soil samples are taken from the aforementioned
site to determine the soil type below the concrete slab. The results indicate the presence of limestone, moor clay, and shale
sediments, which are prone to pyrite swelling. The GPR data were collected using the GSSI SIR 4000 with a high frequency
antenna and processed using RADAN software. The GPR data indicate the presence of severe deformation in many
locations of the concrete slab. The most important wave reflections indicative of pyrite swelling are the rebar reflections,
showing interesting pushed-up and dropped-down reflections. These reflections appear in two forms. The first is the
attenuated reflections that may occur due to pyrite-rich materials. The second is the high amplitude reflections that occur
because of the air void, which can be formed due to heaving the concrete slab because of pyrite swelling. As a result, GPR
appears to be an effective method for assessing and mapping the effect of pyrite swelling below concrete slabs.
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1. Introduction

Major issues with concrete slabs occur in buildings that are constructed on compact rock fills containing pyrite,
particularly black shale and mudstone. Pyrite oxides when shale is excavated or used as a foundation material. Pyrite is
very sensitive to humidity, whereas even a very small amount of water can lead to the Pyrite reaction [1]. Pyrite problems
are observed as swelling shale bedrock affects the foundations and concrete slab on grade of buildings. The first
documented case of pyrite swelling in bedrock was reported in Canada in the late 1960s [2]. Such swelling issues often
take a considerable amount of time to become evident. For instance, it took approximately 20 years to diagnose that the
swelling problems in Quebec City were caused by pyrite [3]. Similarly, numerous cases of concrete heaving due to
pyrite swelling have been reported in the UK [4], Ireland [2], the USA [1], and Japan [5].

The effect of pyrite on building foundations is well discussed and documented in the literature. Hawkins and John
report that oxygen and moisture are key factors that help pyrite crystallisation within most rock types, leading to swelling
and thereby extensive damage to the concrete slab [6, 7]. This damage may be observed either in the concrete itself as
result of pyrite presence in the aggregate within the mix or in the soil underneath the slab. Maher & Gray report that
serious pyrite swelling problems in the concrete slabs that occurred in a large number of buildings in Ireland and Canada
were due to the use of mudstone aggregation, which contains pyrite crystals [2]. Hoover et al. report severe cracks in
concrete slabs in the Evangelical Hospital in Pennsylvania, USA, due to swelling of the underlying soil, which consists
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of weathered shale fragments [8]. They suggested additional laboratory research to produce better identification tools
for geotechnical engineers unfamiliar with pyrite's expansive nature. Maher et al. describe a large-scale laboratory study
involving pyrite-swelling tests conducted over two years [9]. The results demonstrate that mudstone swelling continues
at a rate of 0.6% of the fill thickness per year, leading to significant building damage. Mckeon et al. proposed a novel
physical model that provides a valuable framework for predicting the time required to generate specific amounts of floor
movement in residential dwellings [10].

GPR has been widely used for various applications, including archaeology, geology, engineering, and environmental
studies [11-15]. It provides high-resolution two-dimensional (2D) and three-dimensional (3D) images of the subsurface
[11]. Furthermore, it is an economical, fast, and effective method compared with the traditional methods [16, 17].

Ground-penetrating radar (GPR) is a non-invasive, non-destructive method that offers precise imaging capabilities.
It helps researchers and surveyors accurately locate and determine the depth of buried objects. It depends on emitting
electromagnetic (EM) waves through the ground by a transmitting antenna. These EM waves will propagate and intersect
any geological interface between two different materials that occurs due to any difference in the physical and chemical
properties. As a result, the propagation velocity of the EM waves will change, and part of these waves will reflect back
to the surface [18]. As such, the receiving antenna will record wavelength, amplitude, and the two-way travel time as
shown in Figure 1.

Figure 1. lllustrates the principle of ground penetrating radar detection

Many research studies discuss the effectiveness of the GPR to assess concrete slab conditions and to detect rebar,
cracks, voids, and other issues in concrete. Oikonomopoulou et al. report a laboratory application of GPR on six
concrete slabs, where several objects made of different materials are embedded within [19]. They concluded that the
GPR is effective in the identification the embedded objects. They also found that the cross-polarization GPR antennas
can detect different rebar diameters. Liu et al. propose a rebar detection method using deep learning and migration
[20]. The results suggest that this method can automatically detect the rebar from the GPR image in real-time. Tian et
al. detect and identify three major defects in concrete structures, including delamination, air void, and moisture by
analyzing their reflection polarity [21]. Perez-Garcia el at. investigate cracks in concrete slab on grade with GPR [22].
Rahman M, et al. use a controlled laboratory environment to analyze the attenuation of GPR signals in concrete due
to various subsurface defects and rebar [23]. The results show a variation in the measured reflected amplitudes for
different materials due to differing dielectric constants. Dinh & Gucunski explore various factors that may affect the
detectability of concrete delamination in GPR images [24]. They conclude that there is always a signal reflected
whenever there is delamination or solid-air interface, with increasing signal strength with the thickness of the
delamination. Rasol et al. reports a laboratory investigation to assess the ability of the GPR to detect and quantify
cracks in concrete samples covered with asphalt [25]. The results showed that crack’s width was detected in most
cases with cross-polarisation.

No literature reports the use of GPR to detect the effect of pyrite swelling in concrete slabs. This paper reports
research organized in two parts. The first part is to assess the soil composition beneath the slab to verify any evidence
of pyrite existence in the soil. The second part is to delimitate the impacted pyrite swelling underneath the slab using a
high-frequency GPR antenna, offering maximum resolution for targets within or just below the concrete slab.

2. Site Description and Fieldwork

The investigated site in a commercial building is located in the city of Laval, Canada, at latitude 45°33'12.96" N and
Longitude 73°4524.08" W, severe cracks and heaving are observed on concrete slabs on grade as presented in Figure
2. The fill materials beneath the concrete slab predominantly consist of clayey materials. Before collecting GPR data,
Figure 3 shows that four soil samples were extracted directly from the area beneath the concrete slab. These samples
were selected from the corners of the slab to identify and characterize the soil type underneath the slabs.
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Figure 2. Location of the investigated site, the concrete slab is characterized by the presence of cracks and heaves that
distributed along it
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Figure 3. GPR profiles within the investigated site. Red dots represent the locations of the soil samples
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The GPR data were collected using a Geophysical Survey Systems, Inc. (GSSI) SIR4000 pro console coupled with
a 1600 MHz antenna [26]. The GPR data is collected within a grid measuring 14 x 28 m. This grid comprised 14 GPR
profiles in the X-direction and 29 profiles in the Y-direction, with a 1-meter spacing between every two profiles as
shown in Figure 3. The length of the profiles in the X-direction ranged between 23 m to 28 m, but most of the profiles
were within 26 m long, while in the Y-direction, the profiles varied between 12 m and 14 m. The variation in profile
lengths was adjusted by the presence of obstacles within the investigated site.

3. Data Processing and Interpretation

The processing and interpretation of the data are divided into two steps as shown in Figure 4. The first step is to
identify and characterize the soil samples, while the second step collects, processes and interprets the GPR data.

The soil samples were analyzed using the CTQM200 protocol to determine the Petrographic Swelling Potential
Index (PSPI) as tabulated in Table 1 [27]. This analysis involved testing of weighted soil groups extracted from various
depths for each sample, Figure 3 presents the locations of the samples. Each weighted soil is treated to classify its
components. Here, the components consist of twelve items and each item represents a soil type. However, only two
main components respond to the PSPI. These components are Dolo Limestone/Clayey Dolomite and Shale. For each
sample, the percentage of the practical fraction size (RF%) of the components was measured, and the PSPI was
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subsequently calculated. The PSPI values are varied between 3.4 to 5.4 reflecting aggregates deemed to come from the
right and left sides of the site. Consequently, the soil type can be classified as Ordovician limestone, more clayey in
places, which probably intersects thin clayey beds and shale sediments. The Shale and clayey materials on the site are
more likely to contain pyrite within their particles, which can react with air and moisture. Then pyrite swelling is
probably the reason for the concrete slab deformation in the investigated site.
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Figure 4. Flowchart of the research methodology

Table 1. PSPI test results

Sample (a) Shale  Dolo limestone/ Clayey Dolomite
RF%* 2.10 13.0
PSPI Coefficient 1.00 0.10
PSPI** 2.10 1.30
PSPI (Shale+Dololimstone)*** 3.4
Sample (b) Shale  Dololimestone/ Clayey Dolomite
RF%* 3.00 18.1
PSP Coefficient 1.00 0.10
PSPI** 3.00 181
PSPI (Shale+Dololimstone)*** 4.81
Sample (c) Shale  Dololimestone/ Clayey Dolomite
RF%* 3.40 20.0
PSPI Coefficient 1.00 0.10
PSPI** 3.40 2.00
PSPI (Shale+Dololimstone)*** 5.40
Sample (d) Shale  Dololimestone/ Clayey Dolomite
RF%* 2.40 17.2
PSPI Coefficient 1.00 0.10
PSPI** 2.40 1.72
PSPI (Shale+Dololimstone)*** 4.12

* %RF = % compared to the % of the particle size fraction without debris;
** PSP|= Petrographic Swelling Potential Index;
*** PSP| Cumulative of the sample.

The GPR profiles were processed using RADAN software from the GSSI manufacturer. The processing involved
several basic steps to enhance the quality of the 2D GPR profiles. These steps included time zero correction (0.703 ns),
background removal, and Bandpass filter (500 MHz for high pass and 3000 MHz for low pass). These processing steps
improve the clarity and accuracy of the GPR data. For the 3D GPR model, all the GPR profiles are migrated with a
velocity of 0.09 m/ns and then the Hilbert transform is used as the final processing step. However, three main reflections
are observed within the processed GPR profiles. These reflections correspond to the presence of rebar, voids, and utility
lines presented Figure 5. These reflections provide valuable information about the subsurface conditions and can help
in identifying potential areas of concern related to pyrite swelling and concrete slab deformation.
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void reflection
Rebar reflection Utility reflection

Figure 5. GPR profiles no. 10 and 12, showing rebar, void, and utility reflections

The rebar reflections in all the GPR profiles show clear deformation in their shapes and locations, indicating
significant distortion of the concrete slab. This distortion is attributed to the swelling of the underlying soil that is caused
by the reaction of pyrite with the surrounding materials shown in Figure 6. Normally, when the concrete slab is in good
condition, the rebar mesh should appear at a consistent level. However, due to the severe impact of the swelling on the
concrete slab, the rebar mesh is distorted. This deformation can therefore be considered as evidence of the presence of
pyrite in the subsurface material.

Air-void reflections within Deformation.of the reharmesh
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Figure 6. GPR profile no. 38, showing the rebar reflections are distorted due to the swelling, which severely effect the
concrete slab

Figure 6 is a good example that shows the deformations in the slab where some parts of the rebar are slightly up and
others are slightly down. The GPR profile no. 38 in Figure 6 shows that the thickness of the slab varies between 12 to
18 c¢cm in depth. Furthermore, two distinctive reflections observed as a result of air voids inside or just beneath the
concrete slab appear clearly in this profile. An interesting reflection is also shown in some GPR profiles, which indicates
that part of the concrete slab is pushed up while the other parts remain at their locations, as shown in Figure 7. This
reflection appears clearly at a depth of 8cm, while the other reflections appear at a depth of 16cm. This uplifted part of
reflection may indicate two things. The first is an air void that is created just below the concrete slab. The second is that
the reflections from the rebar are too weak. This phenomenon may occur for two reasons. The first reason is the high
amplitude reflection of the air void, where the GPR waves speed up when traveling through the air void to reach airspeed,
then severely slow down when hitting the underlying layer. Therefore, this high-amplitude reflection will cover the
weaker reflections of the rebar. The second reason is the high attenuation that occurs due to the high conductivity of
pyrite-rich materials [16] and their reaction with moisture [7]. It seems that the concentration of pyrite and moisture in
this part of the slab is higher than in the other parts. Therefore, the reaction of pyrite with its surrounding materials may
lead to attenuate the GPR wave and produce weak reflections. On the other hand, the other parts of reflection appear
approximately at the same level as shown in Figure 7. This may indicate that this part of the concrete slab is intact, and
mainly no pyrite swelling occurs at these parts.
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Figure 7. GPR profile no. 13, showing that the bottom of the concrete slab is pushed up due to swelling of underying
materials. The other parts of the slab remain at the same level

The 3D presentation shows how the high attenuation of the GPR waves, and the swelling of the underneath materials
affect the GPR reflections. For instance, the cross-section of the GPR profiles No. 11 (in the Y-direction) and No. 45
(in the X-direction) reveals distinct zones of attenuation, as shown in Figure 8a. The effect of the swelling can also be
seen along the cross-section, where some parts of the concrete slab are pushed up and others are dropped down.
Additionally, multiple distinct reflections from air voids are observed on both GPR profiles at approximately the same
level. These reflections collectively indicate that the deformation of the concrete slab is severe due to the reaction of
pyrite with other materials. Another good example is shown in Figure 8b, where a cross-section of the GPR profiles No.
8 (in the Y-direction) and No. 37 (in the X-direction) is presented. Again, the zones of low and high amplitude
reflections, as well as the upward and downward reflected parts, indicate the indirect impact of pyrite when it reacts
with moisture and the surrounding materials. These sections effectively highlight the effect of pyrite swelling, which
significantly attenuates the GPR reflections and leads to severe deformation in the concrete slab.

Zones of low amplitude refletions

0,0
m/m

Zones of low amplitude refletions

0
m/m

Figure 8. Low and high amplitude reflections zones

To obtain a more detailed understanding of the condition of the concrete slab and the underlying materials, a 3D
Iso-surface map is derived from the grid of the GPR profiles at a depth of about 12 cm beneath the ground surface
presented in Figure 9. Within this map, two significant areas are observed. The first area corresponds to the rebar
mesh, which is visible in some locations. The amplitude strength of the rebar reflections on the map varies, ranging
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from very high to low amplitude reflections. This variation is expected since the level of the rebar mesh is not uniform
due to the swelling of the underlying soil. The second area looks vanished with no reflections. It seems that this area
is the most affected by the attenuations and/or swelling of the underneath materials. This suggests that the concrete
slab is severely affected in these regions of vanished reflections. However, this does not imply that the other rebar
mesh areas are not affected by attenuation or swelling, but it seems that the concentration of pyrite in rebar mesh areas
is relatively lower than in other areas.

Most effected areas due to
ttenuation

P~

Rebar mesh

Figure 9. Iso-surface map. Two main areas are present, the rebar mesh area and the area with no reflections

Based on the above results, the GPR method successfully addressed the effect of the pyrite reaction with moisture
and other surrounding materials on the concrete slab. This reaction is shown on the GPR profiles as air-void reflections,
pushed-up reflections, and dropped-down reflections. Further, the pyrite reaction also appeared as an attenuation that
affects the GPR waves to produce very weak reflections. These results provide valuable information about the condition
of the concrete slab and the underlying materials, which highlights the extent of deformation in the concrete slab due to
the influence of the pyrite swelling effect.

4. Conclusion

Pyrite swelling in concrete slabs is a major issue. Many cases have been registered in Quebec since the 1960s. The
use of the GPR method to trace pyrite swelling in concrete slabs is investigated in this paper. In order to detect pyrite
swelling in slabs on grade, an extensive assessment is applied using the GPR method in a selected site that occurs in the
city of Laval, Quebec. Before the GPR survey, soil samples were collected to determine the soil composition behind the
concrete slab. The analysis revealed the presence of limestone, which is more clayey in places and probably intersects
thin clayey beds, severe and shale sediments. These sediments are known to have a higher tendency to produce pyrite
swelling. The GPR investigation identified three types of reflections: rebar, air-void, and utility reflections. The most
important reflections that indicate the pyrite swelling are the rebar reflections. These reflections show a clear
deformation in their shapes and places, indicating that the concrete slab is exposed to severe distortion due to pyrite
swelling. This deformation is presented on the GPR profiles in the form of pushed-up and dropped-down reflections.
The effect of the pyrite swelling on GPR reflections can be recognized in two means. Firstly, the attenuated reflections
that may occur as a result of pyrite-rich materials. Secondly, the high-amplitude reflections that may occur due to the
presence of air voids. These air voids can be caused due to pushing the concrete slab as a result of pyrite swelling. The
3D lIso-surface map provided valuable information about the most affected areas of the concrete slab. The deformed
locations can be recognized easily compared with intact locations. In conclusion, the results indicate that GPR is an
effective and reliable method for assessing and mapping the deformations in concrete slabs. It has the capability to locate
areas of deformation without the need for extensive excavation work. This makes GPR a valuable tool for addressing
the pyrite swelling issues in concrete slabs and ensuring the structural integrity of buildings.
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