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ABSTRACT Near-surface seismic refraction tomography and electrical resistivity imaging were used
to study the collapse and subsidence of two asphalt roads on the campus of South Valley
University in southern Egypt. The roads surround a garden where irrigation water was
suspected to be the cause of the damage to the asphalt roads. Two seismic refraction
tomography (SRT) lines were measured on the asphalt roads, and a single SRT line and
an electric resistivity tomography (ERT) line were measured within the garden. The
tomographic inversion of the SRT lines on the road shows several low velocity anomalies
indicating areas of weakness beneath the asphalt. The SRT and ERT lines in the garden
show a thin surface soil of fine sand and clay overlying a low electric resistivity and low
seismic velocity clay layer. Examination of the results suggests that the damage to the
asphalt roads could be caused by the presence of loose silt and clay soil that was used as
a sub-base for the asphalt. This soil had not been compacted and engineered for use as a
strong base layer. Instead, the asphalt was laid directly on top of it, which later led to the
failure of the roads.

Key words: seismic refraction tomography, electrical resistivity imaging, asphalt pavement failure,
velocity anomalies.

1. Introduction

Over the years, the use of geophysical techniques for civil engineering purposes has
increased due to their reliable, repeatable, low-cost, and non-destructive nature. The continuous
development of accurate, high-performance, and high-resolution techniques for data acquisition
and processing, makes the near-surface geophysical methods such as seismic refraction
tomography (SRT), multi-channel analysis of surface waves (MASW), ground penetrating radar
(GPR), and electric resistivity tomography (ERT), prevailing techniques in detecting engineering
problems.

The combined use of the seismic refraction method and the 2D geoelectrical method, is a
fundamental tool for shallow target investigations related to civil engineering and applied
geology applications (e.g. Whitlow, 1995; Abidin et al., 2011). Both methods are used in subsoil
and foundation evaluation (e.g. Cardarelli et al., 2014; Butchibabu et al., 2019), geotechnical site
investigation (e.g. Yilmaz et al., 2006; Azwin et al., 2015; Fernandez-Baniela et al., 2021; Vagnon
et al., 2022a, 2022b; Qaher et al., 2023) determining depth to bedrock and/or sedimentary cover
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thickness (e.g. Zakaria et al., 2018; de Pasquale et al., 2019), shallow subsurface and shallow
structure investigation (e.g. Araffa et al., 2014, 2017; Villani et al., 2015; Demirci et al., 2017),
and estimating depth to water table (e.g. Araffa et al., 2017, 2019; Aizebeokhai et al., 2018). In
addition, the application of electrical resistivity and seismic methods could help in identifying
clay layers (Abidin et al., 2012). The development of joint inversion approaches of both SRT and
ERT data (e.g. De Nardis et al., 2005; Gunther and Rucker, 2006; Garofalo et al., 2015; Wagner
et al., 2019) improves the inversion results, increases the resolution, and reduces the inherent
limitations of each method (Gallardo and Meju, 2003, 2004; Ronczka et al., 2017; Imani et al.,
2021; Pavoni et al., 2023).

In the present study, the site under investigation occupies a small area (about 1500 m?3) on
the campus of South Valley University in Qena City, Egypt (Fig. 1). The site contains a newly
constructed rectangular garden, 55 m long and 20 m wide. The grass in the garden is watered
with the help of a sprinkler system. The garden is bordered to the north and south by two asphalt
roads. The two roads have recently been paved after being dug up for the installation of new
sewer pipes.
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Fig. 1 - Location map of the study area shows the location of the seismic refraction and electrical resistivity acquisition
lines, within the South Valley University Campus, east of Qena city.

The information from the nearby boreholes shows that the shallow soil consists of a surface
weathered layer of clayey sand and fine to medium sand (Fig. 2). This surface layer has a thickness
of 3-6 m. The second layer is the Qena formation, which consists of sands and gravels, and is
changed laterally into clay and clayey sand with a thickness of 12-19 m. These layers represent
the Quaternary sediments that characterise the shallow subsurface in the Qena area (see: Said,
1971, 1975; Wendorf and Schild, 1976; Askalany, 1988; Issawi and McCauley, 1992; Ibrahim,
2012; Philobbos et al., 2015; Ibrahim et al., 2017).

In August 2022, the northern road subsided, and the southern road collapsed in some areas,
creating pits of varying sizes (Fig. 3). The pits ranged in width from a few centimetres to 2 m and
have depths from a few centimetres to 1.5 m. The pits were later filled with soft clay and silt, but
the problem worsened, and new pits and subsidence formed. The causes of the problem were
initially attributed to water from the garden due to constant irrigation. It was suspected that the
water from the garden had penetrated the underground shallow layer beneath the asphalt and
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weakened the soil, leading to the collapse of the asphalt road. The main objective of this study
is to investigate the cause of the collapse and subsidence of the road. The SRT and ERT methods
were used to achieve this goal. The SRT is measured to investigate the soil conditions under the
asphalt pavements and in a nearby garden, while the ERT investigates the shallow soil within the
garden.

2. Materials and methods

2.1. Seismic refraction tomography (SRT)

SRT is a geophysical technique for mapping subsurface structures depending on the
velocity distribution of compressional waves and also shear waves in the subsurface. It enables
reconstructing an image of the subsurface distribution of seismic wave velocity and its anomalies
with high resolution. SRT involves the creation of an initial synthetic model of the subsurface and,
then, determines the smallest deviation between the measurements acquired on the surface
and measurements calculated for the synthetic model through an iterative process. The method
has proven its effectiveness in shallow target investigations and engineering applications. This
includes mapping the bedrock surface, estimating the water table depth, mapping faults and
fractures, determining the thickness of unconsolidated sediments, and site characterisation for
engineering projects (Redpath, 1973; Belfer et al., 1998; Zhigulev and Patrikeev, 2007; Azwin et
al., 2013; Brixova et al., 2018; Umor et al., 2019).

Seismic refraction has frequently been used for pavement characterisation (e.g. Phelps and
Cantor, 1966; Amin, 1993; Paine, 1999; Hayashi and Takahashi, 2001). In pavement systems, the
stiffness of the very thin upper asphalt layer is usually higher than the stiffness of the base layer.
As a result, the P-wave velocity generally decreases with depth, since the velocity of the asphalt
concrete layer is usually higher than the base layer (Amin, 1993). This results in the asphalt
having a higher velocity than that of the underlying layers. This is called velocity inversion, which
constitutes a serious limitation in the seismic refraction interpretation (Nunn and Boztas, 1977,
Whiteley and Greenhalgh, 1979). In this context, the response from the asphalt would mask that
of the underlying low velocity layer, as, according to Snell’s law, no critical refraction at the top of
the low velocity layer is possible (Dobrin, 1976; Patskan and Quesada, 2006). Nevertheless, the
measured data of this research showed a clear refraction response, which enables a full analysis
of the acquired shot records.

Seismic measurements on pavements are sometimes tedious due to the difficulty of coupling
the geophones on the rigid asphalt surface. Nevertheless, refraction data can be acquired with
sources and receivers either on road shoulders or directly on the pavement. In this case, the
seismic refraction method is used to calculate physical properties of the fill, soil, and bedrock
beneath the pavement, as well as estimating the depth to the bedrock (e.g. Amin, 1993; Paine,
1999).

In this research, the P-wave refraction data were collected along three parallel acquisition
lines oriented in NE-SW direction. Seismic refraction lines SRT-1 and SRT-2 are measured directly
on the asphalt roads, while line SRT-3 is measured within the garden and coincides with the
ERT line. The total length of each line is 42 m, and each consists of two overlapping spreads.
The length of each spread is 24 m with an overlap distance of 6 m. Vertical geophones with a
resonant frequency of 14 Hz are used for the acquisition, with a total number of 42 geophones
in each line. Due to the small size of the pits, a geophone spacing of 1 m is set for the survey to
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ensure the desired lateral resolution. For successful acquisition on asphalt road, the geophones
are firmly anchored in specially designed cement blocks, which are placed on the asphalt at
the receiver locations for the SRT-1 and SRT-2 lines (Fig. 4). These designed bases were used
because it is difficult to fully embed the geophones in the rigid asphalt surface of the road
(Rucker, 2003; Moura and Senos Matias, 2012; Shaaban et al., 2013; Liu et al., 2018). Twenty six
inline shots with a spacing of 2 m are employed for each acquisition spread, with a distance of
0.5 m between the first shot and the first geophone. A 10-kilogramme sledgehammer is used as
a seismic source and the shots are stacked 3 to 5 times. The data are recorded with a 12-channel
Geomtrics ES-3000, with a sampling interval of 0.25 ms and a recording length of 200 ms. No
acquisition filters are applied.

Fig. 4 - Images show the acquisition of the SRT and ERT data. The upper image shows the acquisition of the seismic data
on the asphalt road, where the geophones are inserted on concrete blocks. The lower image shows ERT line acquisition
within the garden. The geology and geophysics students of the faculty of sciences assisted in the acquisition process.
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2.2. The 2D resistivity imaging

The geoelectrical resistivity method allows investigating the resistivity distribution of rocks
and/or soils in the subsurface. The procedure entails injecting an electrical current into the
subsurface via a pair of electrodes (C1 and C2) and measuring the potential difference (V) across
a pair of electrodes (P1 and P2). The ERT is used to characterise soils (e.g. Sudha et al., 2009) and
as a tool in the geotechnical investigation of the substrate of road embankments (e.g. Kowalczyk
et al., 2017; Saha and Dey, 2023).

In the geoelectrical survey, resistivities are measured along one line (ERT) of 142.5 m long,
coinciding with line SRT-3 in the garden area (Fig. 1). The data along this line were collected using
the Terrameter SAS-300C. In this case, we manually applied a multi-electrode configuration with
a unit electrode spacing of 1 m. The Wenner array is employed. To achieve the 2D resistivity
imagining with Wenner electrode array, 49 electrodes were used with a minimum electrode
spacing of 1 m and the total number of data levels was 10 levels. The minimum and maximum
values of the measured apparent resistivity are 21.87 Qm and 92.24 Qm, respectively.

The SRT and ERT acquisition lines within the garden are measured to investigate whether the
water from the irrigation is a cause of the subsidence and collapses in the asphalt road.

2.3. Data analysis

For all seismic data acquired, the geometry, including the coordinates and heights of the
shots and geophones, is assigned to the recordings. The first arrival times for the shot records
are picked manually using Pickwin, the picking module of the SeisImager software package. For
the two lines SRT-1 and SRT-2, where the data were collected on the asphalt road, noise levels in
the recordings are relatively high due to road traffic and poor coupling between the ground and
geophones. Nevertheless, the data quality is sufficient for manually picking the first arrivals in all
data sets. In the shot records, the direct wave in the asphalt was apparent at a very low energy,
with a velocity more than that of the subsoil. However, the later-arriving direct and refracted
waves from the subsoils were clearly visible on the seismic record and not obscured by the
higher velocity asphalt layer (Fig. 5). In this case, picking of the first arrivals would produce a
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Fig. 5 - Arecord of the shot at -0.5 m of the line SRT-2 illustrates the clear and observed arrivals from the subsoil layer,
as they are not masked by the higher velocity upper asphalt layer.
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time skip in the travel time curve (Fig. 6), as the relatively high frequency energy travelling in
the high velocity upper layer may fade out before the low frequency arrivals from the lower
layer (Whiteley and Greenhalgh, 1979). There are 144 first breaks that are picked from the shot
records, and, then, used for the travel time tomography. Examples of selected picked raw shot
records are shown in Fig. 7.
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Fig. 6 - An example of shot record from Line SRT-1 shows the time delays produced in the first arrivals due to the
presence of the high velocity asphalt above a lower velocity layer.
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Fig. 7 - Examples of field shot records, showing the picked first arrivals used for the data analysis.
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The first breaks are entered into Plotrefa, the Seisimager module used to generate 2D
tomograms of the subsurface seismic velocity structure. It uses nonlinear traveltime tomography
(Gebrande and Miller, 1985; Riihl, 1995; Zang and Toksdz, 1998) consisting of ray tracing for
forward modelling and simultaneous iterative reconstruction technique for inversion. The first
arrival times are plotted against source-to-geophone distances, and traveltime-distance curves
are estimated and checked for precise interpretation of the data. The initial model is created
based on the data from the nearby boreholes.

All the acquired shots are used in the tomographic modeling. The observed and calculated
data show a difference in root-mean-square (RMS) error from 1 to 2 m, indicating a good fit
between the observed and calculated traveltimes (Fig. 8). Three 2D depth-velocity models are
generated by tomographic inversion and are shown in Fig. 8.
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Fig. 8: - Two examples of the observed and calculated traveltimes after the tomographic inversion of SRT-2 and SRT-3
lines. This shows an RMS error of 1.2 m.
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The Res2Dinv program (Loke and Barker, 1996) was utilised to process the measured apparent
resistivity data. From the inverted resistivity section, we found that the resistivity varies between
a minimum value of 23 Qm to a maximum value of 135 Qm. The estimated RMS error is 5.4%
after five inversion iterations.

3. Results and discussion

The seismic refraction results show a close correlation with the lithological data from well
Qena-2 (Fig. 2), which is drilled in an agricultural farm very near to the investigated area. The
tomographic models of the lines SRT-1 and SRT-2 (Fig. 9), which were measured on the asphalt
roads, show higher velocities compared to the line SRT-3 within the garden. Due to the very thin
thickness of the asphalt concrete compared to the underlying filling, as observed in the open
pits, the seismic waves would likely manage to penetrate further below the asphalt, particularly
when it is underlain by uncompacted soil. In this case and according to Snell’s law (Dobrin,
1976), the tomographic inversion routine would not be able to resolve for the abrupt decrease
in the velocity from high to very low, as no critical refraction would occur at the asphalt layer.
Instead, the resulting models show the general variation of the velocity with higher values than
the actual velocities characterising the shallow layers. In this case, the P-wave velocities in the
resulting models for these two lines will not express the real velocities of the subsurface shallow
layers and only the velocities calculated from the line SRT-3 inside the garden will be considered.
When examining SRT-1 and SRT-2 lines, the velocity gradient would be the main parameter for
characterising the layers.
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Fig. 9 - The depth-velocity models resulting from the tomographic inversion of the two seismic refraction lines SRT-
1 and SRT-2 located at the two asphalt roads. The models are accompanied by ray density coverage. Low velocity
anomalies, which represent the soft filling below the thin asphalt layer in the two models, are marked by dotted lines.
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In SRT-1 line, two layers were revealed, where the upper layer represents the composite layer
of the pavement, while the lower layer consists of clay, as derived from the nearby agricultural
farm’s Qena-2 well. SRT-2 line shows only the composite layer of the pavement. In the models,
the pavement layer is characterised by a low velocity gradient that increases downwards. The
clay layer in the SRT-1 line shows a high velocity gradient.

Alow velocity anomaly is observed in line SRT-1 at the distance between 9 and 28 m, coinciding
with the subsided part of the northern asphalt road. The anomaly extends from the surface to a
depth of approximately 3 m. Another anomaly of smaller extent is observed between 30 and 37 m
and reaches a maximum depth of about 3.6 m. The lower clay layer is estimated at a depth of 5 m.

In line SRT-2, three distinct low-velocity anomalies are also observed in the upper layer. The
first anomaly extends from the beginning of the line to 11.5 m, with a depth of approximately 4
m. The second anomaly with an elongated, narrow shape is observed in the centre of the model
at a distance between 14 and 18 m and reaches a depth of about 4.5 m. The third anomaly is
observed at a distance of between 19 and 36 m and reaches a depth of approximately 4.5 m.
All the anomalies observed in this line coincide with the pits located on the southern asphalt
road. As observed in the two models for the asphalt roads, these low velocity anomalies are
confined to the upper surface layer, which is the pavement composite layer composed of the
very thin asphalt concrete and asphalt base followed by a sub-base layer. The whole pavement
has a thickness of about 3 to 5 m.

In the raytracing of the models for SRT-1 and SRT-2 lines, the areas in which the anomalies
were observed are bypassed by most of the rays. This behaviour of the seismic rays as well as the
velocity drop observed in these areas, indicates fine sand, silt, and soft clay fillings. These soft
fillings are observed in-site from the open pits at the surface.

The results of SRT and ERT within the garden are compared and integrated to create a
comprehensive image of the soil properties, and their reliability is verified using data from
nearby borehole Qena-2.

In the tomographic model of SRT-3 line within the garden, two geoseismic layers are detected
(Fig. 10a). The upper surface layer has a P-wave velocity of less than 400 m/s, indicating the
fine sand and soft clay soil. The layer has a variable thickness, where it is less than 1 m thin at
the distance between 10 and 20 m as well as the distance between 31 and 36 m. The thickness
increases to approximately 3 min the middle of the line. The lower geoseismic layer has a velocity
of more than 400 m/s and represents the underlaying clay layer. Unlike the seismic lines on the
asphalt road, no anomalies were observed in this line.

Considering the results of the inversion of the apparent resistivity data along the line within
the garden, there are two geoelectric layers revealed in the inverted resistivity model (Fig. 10b).
The upper geoelectric layer has rather high resistivity values ranging from 40 to 135 Om, and a
relatively lesser thickness ranging from 0.5 to 2 m, which corresponds to wet fine sand and clay
soil. Lower resistivity values ranging from 23 to 39 Qm characterise the lower geoelectric layer,
which may correspond to clay layer. The low electrical resistivity values of less than 100 Qm are
characteristic of the clay layers (Aziz et al., 2013; Burger et al., 2023). These results are in good
agreement with those of the SRT-3 inversion. The electrical resistivity and seismic velocity of
sand and gravel deposits depend strongly on the moisture content of the materials. Wet sand
and gravel deposits have a much lower resistivity, which can be further influenced by salinity,
and the seismic velocity is likely to be higher (Wightman et al., 2004). In this case, the velocity
of the upper wet sand and gravel is lower than 400 m/s, as it forms the upper loose, weathered,
less compact surface layer. The underlying clay is lower in resistivity and has relatively higher
velocity of more than 400 m/s.
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Fig. 10 - a) The electric resistivity 2D model produced by tomographic inversion; b) the seismic refraction tomographic
model of line SRT-3, and c) ray density coverage of line SRT-3. The seismic refraction line SRT-3 coincides with the ERT
line, and both were acquired within the garden.

4. Conclusions

Seismic refraction tomography and electrical resistivity measurements were used to
investigate the causes of the failure of two asphalt roads on the campus of South Valley University,
Qena, southern Egypt. The two asphalt roads were affected by subsidence and collapse, forming
pits of different sizes. The two roads surround a rectangular garden where irrigation water was
suspected to be the cause of the damage. The SRT lines measured on the asphalt roads showed
low velocity anomalies consistent with the pits and subsidence sites. The results of the SRT and
ERT lines measured within the garden show two layers. The upper layer is wet fine sand and
clay soil with a low resistivity of 40-139 Om and a P-wave velocity of less than 400 m/s and a
thickness of 0.5 to 3 m. The lower layer is characterised by lower resistivities of 29-39 QOm and a
velocity of more than 400 m/s, which could correspond to the clay layer, as can be seen from the
lithological information of a nearby well.
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It was assumed that the damage to the asphalt road was caused by the garden’s irrigation
water. However, on-site observations indicate that the water played no part in the damage to
either road. The sprinkler irrigation system used to water the garden does not produce the
amount of water sufficient to seep into the roads and cause such damage. In addition, we did
not observe any seepage of water into the roads or open pits. The soil exposed in the pits is dry.
The results of the ERT survey in the garden show that the top layer is wet, which is a normal
situation due to irrigation, but not so saturated that the water could seep into the surrounding
area.

We determined that the damage to the road occurred after some time of the laying of
sewage pipes under the road and at the same time as irrigation started in the garden. The
water from the irrigation system takes a very long time to accumulate in the upper layer of soil
and saturate it sufficiently to seep into the surrounding area and affect the sub-base layer of
the asphalt road. In this context, water is not considered to be the cause of the damage to the
asphalt road.

The tomographic inversion of the two SRT lines on the asphalt road show low velocity
anomalies confined to the upper layer. These anomalies are characterised by very low velocity
gradient and are indications of the presence of weakness zones (Abidin et al., 2012). They
represent pockets of soft clay and silt used as fill material for older pits in the road, occupying
most of the asphalt’s subbase layer. Pockets of soft clay can cause settlement at their locations
in the pavement layers (Saha and Dey, 2023). The presence of high proportions of silt and clay
reduces the bulk density of the soil and, thus, the compaction (DeJong-Hughes et al., 2001; Askin
and Ozdemir, 2003). Furthermore, we did not observe gravel in the open pits, which should
be added to the soil in such cases to increase the compaction of the soil. These observations
indicate that the thin asphalt layer was applied directly to the top weathered layer in the area,
which is loose and not compacted enough to meet asphalt paving standards.

We recommend removing the loose soil under the asphalt and replacing it with a compacted
base layer that can maintain the road.
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