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A high resolution geophysical survey was carried out on the Pont De Coq, a medieval stone arch bridge located in
Normandy (France) in 2011 and 2012. Two complementary methods are used: Electrical Resistivity Tomography
(ERT) and Ground PenetratingRadar (GPR). They allow to evaluate the structural state of the bridge and to char-
acterize the subsurface around and beneath the bridge. An excellent correlation is obtained between the geo-
physical methods and the geological data obtained around the bridge. In order to improve the restitution of
the geophysical data, an advanced photogrammetric method is performed, providing a high resolution 3D Digital
Terrain Model (DTM) of the Pont de Coq. The advanced photogrammetry enhances the presentation of the GPR
and ERT data. This approach is an easy-to-use, rapid and cost-effective tool for stakeholders. Finally, it is a prom-
ising and original method for improved interpretations of future geophysical surveys.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, public institutions have shown an increased in-
terest in heritage conservation and monuments protection. For that
purpose, geophysical methods have been used for 20 years as powerful
tools to assist in the curation of buildings (Colla et al., 1997; McCann and
Forde, 2001; Nuzzo et al., 2010; Orban and Gutermann, 2009; Orban
et al., 2008; Ranalli et al., 2004).

Bridges exhibit complex structures (Boothby et al., 1998), built in var-
ious geological conditions. This characteristic makes the combination of
geophysical methods necessary to obtain a meaningful model of the inter-
nal structure of such constructions and their environment. For instance,
Flint et al. (1999) used the Electric Resistivity Tomography (ERT), the
Seismic and the Ground Penetrating Radar (GPR) methods to observe ma-
sonry structures. GPR and infrared thermography were performed by
Hing and Halabe (2010) to detect water infiltration and defects at the sur-
face at the surface deck of a Glass-Fiber-Reinforced Polymer bridge. On
masonry bridges, the GPR is one of the most used tool, due its high
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practicality in the field (Hugenschmidt and Mastrangelo, 2006; Solla
et al, 2010, 2011a,b). Indeed, it can be applied on the different parts of
the bridge (deck, wingwalls, sprandel walls, barrel) and provides a
quick observation of potential disorders (voids, roots, water infiltration,
etc.) within the bridge.

The first objective of this paper is to investigate the internal structure
of a small masonry arch bridge called “Pont de Coq” crossing the Epte
river located in Normandy, France. This 400 year-old bridge has been
severely damaged by the vegetation during several tens of years and
will be subject to a complete rehabilitation in the near future. Thus,
the small dimensions of the structure (a few meters) make the use of
the GPR clearly suitable for a preliminary characterization of the extent
of the internal disorders.

The second objective of this work is the determination of the nature
of the soil around the river and under the bridge. In particular, the char-
acterization of the foundations lying beneath the abutments is critical,
because it will strongly constrain the rehabilitation stages. In such an al-
luvial context, the ERT and GPR methods are suitable for a rapid imaging
of the shallow subsurface (Doetsch et al., 2012; Ercoli et al., 2012;
Gourry et al., 2003). We performed several GPR and ERT profiles along
the road crossing the bridge, as well as in the transverse direction to
the structure. GPR observations were also made along the arch barrel
of the bridge. Finally, the subsurface of the two banks of the river near
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the bridge was observed using the ERT method. The geophysical mea-
surements are compared with the sedimentary logs obtained from
two boreholes drilled around the bridge.

The photogrammetric method is a technique allowing the three-
dimensional (3D) reconstruction of an object from photos. Recently,
techniques based on close-range stereophotogrammetry have proved
their capacity to extract DTMs with submillimeter accuracies (Chandler
et al,, 2005). Such DTMs have the advantage of providing a large number
of profiles over large areas in one measurement only. For instance, such
tools have been successfully used with geophysical methods for the struc-
tural assessment of stone arch bridges (Arias et al., 2007; Lubowiecka
et al,, 2011; Solla et al., 2012). Despite impressive results, they require
careful positioning and orientation of the cameras with respect to the
surface, the use of bulky poles and vertical calibration to minimize
perspective distortion due to the focal lens of the camera. There are sev-
eral commercial and open source software package like Photosynth
(Microsoft Live Labs/University of Washington) or Photomodeller Pro
(Eos Systems Inc.) to generate 3D models of the photographed object.
Moreover, they lack mathematical rigor in the formulation of the equa-
tions which leads to low accuracy for scientific application. Geophysi-
cists and civil engineers increasingly need affordable, light but also
accurate tools to study the subsurface or to survey buildings (Pierrot
Deseilligny and Clery, 2011). As a summary, most of these techniques
are difficult to use and none of them is fully satisfactory in terms of
costs, applicability or spatial sampling. Recently, substantial progress
has been made in the generation of DTMs, using photographic images
taken by off-the-shelf digital cameras positioned at different locations
around the target with a resolution ranging from millimeters to a few
centimeters. For the first time, this article presents a rapid and cost-
effective photogrammetric method described in Bretar et al. (2013) to
improve the 3D presentation of geophysical data.

In Section 2, the historical context of the Pont de Coq and the geolo-
gy of the region are presented. Section 3 is dedicated to the description
of the geological data obtained at the local scale by the boreholes
performed close to the bridge. Then, we present our geophysical data:
the GPR measurements carried out on the bridge, in particular on the
deck and the arch barrel are discussed in Section 4. This part is followed
by the characterization of the surroundings of the structure by GPR and
ERT (Section 5). Finally, a high resolution photogrammetric DTM of the

Pont de Coq integrating the GPR and ERT data is presented in Section 6.

2. Study context
2.1. Historical context and location of the Pont de Coq

The Pont De Coq is an arch bridge located on an ancient royal road
connecting Dieppe to Paris, between the Menerval and Saumont-La-
Poterie towns (Fig. 1). It spans the Epte river, a 113 km long tributary
of the Seine river. The bridge is thought to have been built at the begin-
ning of the XVIIth century. The structure was preserved from wars, but it
was progressively abandoned by the authorities during the last centu-
ries, due to new roads and a railway constructions. Re-discovered in
2010, the Pont de Coq is now registered as an historical monument by
the French Authorities and is restored by a non-profit organization
(ASPC, Association pour la Sauvegarde du Pont de Coq).

In 2010, the first in-situ visits revealed several damages at the Pont
De Coq. The wingwalls (upstream north wall and both downstream
walls) are skewed and some stones have disappeared. The upstream
south wingwall has been destroyed by a tree's root network (shown
in Fig. 2). The roots also extend within the backfill material at the top
of the abutment and under the roadway, which is paved with limestone
stones perfectly jointed and overlaying a compacted silty layer. The road
surface is regular with minor local deformations, probably due to the
root network development into the silty layer and the backfill material.
The voussoirs are joined with thin mortar and perfectly dressed and
shaped. The intrados and extrados follow a semicircular arch ring. It

can be noted that the voussoirs are shaped in polygonal extrados. This
roman construction technique appears in the French civil engineering
at the beginning of the Renaissance (XVIIth century). Despite the appar-
ent bad condition of the bridge, only one crack is visible on the barrel
surface at the downstream side. The arch is perfectly semicircular and
the mechanical conditions of the bridge allow a low traffic of vehicles.
An inspection at the bottom of the abutments also assumes the presence
of driven wood piles anchoring the bridge in an unidentified layer.

2.2. Geological background

The Pont De Coq is built in the alluvial plain of the Epte River. The
alluvions of the river at the regional scale are essentially composed
of silty sand (Blondeau et al., 1979) that lays either on Quaternary
colluvium or Upper Jurassic layers. The deposits are distributed as
follows (Fig. 3):

* Quaternary limestone colluvium resulting from the erosion of Middle
Portlandian deposits (clay, marl and limestone) or Middle to Upper
Portlandian sediments (clay, sand and sandstone);

» An Upper Portlandian (Upper Jurassic) formation exhibiting sandy
clay at the base of the layer and fine ferruginous sand at the top;

» A Middle Portlandian (Upper Jurassic) formation composed of i) a
gray/blue clay layer at the bottom, ii) alternation of sand and sand-
stone layers at the middle and iii) marly limestone deposits at the top;

» ALower Portlandian (Upper Jurassic) formation composed of an alter-
nation of clear lithographic limestone and gray marl;

» A Kimmeridgian (Upper Jurassic) formation mainly composed of gray
and/or blue clay.

3. Geological drilling

A complete study of the local geology and the geomorphology of the
alluvial plain at the vicinities of the Pont de Coq has been achieved by
Maisonnave (2012). In order to determine the nature of the subsurface
at the local scale around the bridge, two boreholes were drilled near the
Pont De Coq (numbered 1 and 2, in Fig. 5a) at the south and the north
sides of the bridge (Fig. 5a and b). This geotechnical investigation
was performed using a helical auger lent by the University of Rouen
(Fig. 4). This method allows a good preservation of the lithological se-
quences. However, some sedimentary structures such as laminations
or sorting may be partially destroyed when the soil is not cohesive
enough. Thus, we only focus on the lithological nature of the observed
sediments. The geological log of the first borehole (Fig. 5a) exhibits a
silty layer road surface between 0 and about 40 cm depth, followed by
a clayey layer between 40 cm and 1 m depth and a sandy layer with
pebbles between 1 m and 2.5 m depth. Under this limit, the observed
material is composed of Middle Portlandian clay. The geological log of
the second borehole shows a similar layering, with a drilling refusal at
3 m depth.

The borehole logging provides a detailed description of the geol-
ogy at the local scale around the bridge. However, such operation
remains semi-destructive and punctual. In the next sections, we
use the GPR and ERT geophysical methods to characterize the inter-
nal structure of the bridge (deck and arch barrel, Section 4) and the
subsurface on which it was built (Section 5) without any destructive
operation.

4. Non destructive assessment of the Pont De Coq masonry with GPR

For all geophysical surveys in this study, we define both the letters z
and x respectively as the depth and the distance along the geophysical
profile at which is observed an anomalie. In this section, we present
the GPR survey carried out on the deck and the arch barrel of the Pont
de Cogq. Our objective is to determine whether voids, deformations or
a tree's root network are present within the structure. Four longitunal
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Fig. 1. Location of the Pont de Coq in the Normandy Region.

and eleven transversal profiles (1 m and 0.5 m spacing, respectively) 4.1. Processing of the GPR survey
were performed on the bridge deck using a 400 MHz bowtie antenna

(Section 4.2). Five transversal and twelve radial profiles (1 m and A basic processing has been implemented on the GPR data. For this
0.25 m spacing, respectively) were carried out on the surface arch barrel purpose, we used the Reflex™ Software (Sandmeier, 2004). The pro-
with a 1.5 GHz bowtie antenna (Section 4.3). cessing consists of a static correction in order to compensate the time
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Fig. 2. Photography and description of The Pont De Coq (upstream view).
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delay of the first arrival and set the time 0 at the surface level of the in-
vestigated part of the bridge. Then, the gain function applied during the
survey is removed. A background removal filter is applied to get rid of
the noise due to the reflection of the waves within the antennas well
as the antenna/ground interface. The signal is enhanced by an automatic

Fig. 4. Photography of the helical auger used for the geotechnical investigation.

gain control (AGC) function. Considering an average velocity of
0.1 m/ns (i.e. a relative dielectric permittivity of 9 for a multilayered
media composed of limestone stones and silty material), the two-way
travel time is converted to depth. A house code was developed with
the Matlab™ Software to restitute the GPR survey carried out on the
arch barrel (radial profiles). The GPR was able to penetrate entirely
into the bridge, and down to 3 meters into the soil surrounding the
structure at both riverbanks.

4.2. GPR survey on the bridge deck

Fig. 6 shows the four profiles performed in the longitudinal direction
(north) on the deck (C141 to C144 profiles). The vault is clearly identi-
fied by hyperbolas at mid-distance on the profiles. The C144 profile
shows that the road is made of a first paved layer with limestone blocks
of about z = 0.25 m thick (first white dashed line on C141 profile,
Fig. 6). It is followed by a silty layer of about 0.3 m thick compacted
and implemented on the external arch barrel (second white dashed
line on the C144 profile). The same remarks can be formulated for the
three other profiles. From the C141 to the C144 profiles, at about x =
6 m, little hyperbolas are observed across the bridge under the paved
surface at about z = 0.3 m (two white dashed line crossing the 4 pro-
files). We argue that these hyperbolas are associated with the tree's
root network. This hypothesis is supported by the observation of the
roots on the south sprandel wall, as shown in Fig. 2. On the north side,
defects (blue dashed rectangles, Fig. 6), similar to weathered zones or
delamination are visible between z = 0.25 m to z = 0.5 m under the
paved surface on the four profiles. The other parts of the bridge seem
to be homogeneous.

The 400 MHz GPR transverse profiles on the deck are displayed in
Fig. 7. The previous hyperbolas associated to the roots at the south
side are retrieved on the C146, C147 and C155 profiles around 1 m
long, between z = 0.2 m and z = 0.5 m. The weathered areas or de-
laminations at the south side are observed on the C154 and C155 pro-
files between x = 4 and x = 5 m (white dashed ellipses, Fig. 7) at
z = 0.5 m. The white dashed lines on the C145 and C153 to C155 pro-
files underline the contact layer between the deck surface (limestone
stones) and the silty material. The top of the arch barrel is underlined
by the blue dashed line drawn on the C148 to C151 profiles. On these
profiles, its depth varies because of the cylindrical shape of the arch.
Strong diffractions appear at both the beginning and the end of these
profiles, corresponding to the vertical contact between the bridge and
the air underneath the arch barrel.

4.3. GPR survey on the arch barrel

The arch barrel is a key structure to investigate. The visual inspection
showed that the arch is in good condition, with a minor crack on the top
of the vault at the east side. In this section, our objective is to detect po-
tential disorders just behind the voussoirs.

Longitudinal profiles were performed on the arch barrel towards
east (Fig. 8). As it is shown on all these profiles, the disorders appear be-
tween z = 0.2 m and z = 0.3 m and the GPR signal at this location is
similar to a void signature. The strong anomalies on the two first profiles
(Fig. 8a, b and c) reflect the contact between the stones and the backfill
material, with the potential presence of a root network and some voids.
The profile carried out on the keystone exhibits weaker reflections
(Fig. 8c): such phenomenon may be explained by gravitational com-
paction and losses of porosity induced by the traffic. The road
surface fits an irregular curve (white dashed line). This anomaly is
explained by (1) the cambered surface of the road and (2) the vary-
ing velocity of electromagnetic waves in the deck, due to the heter-
ogenous distribution of materials. In Fig. 8d, deeper and stronger
anomalies are detected (two white dashed ellipses): first, between
z=04m and z=0.7m and between x =1m and x =2 m
and second, between z = 0.4 m and z = 0.7 m and between x =
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Fig. 5. a) Location of the geophysical profiles and the boreholes, b) geological logs of the two boreholes.

2.5 m and x = 3.2 m. These anomalies may be voids or weathered
materials in the backfill. Some strong reflections observed between
z=0.2mand z = 0.5 m and between x = 3 m and X = 6 m are
correlated with a delamination between stones observed at the
north feet abutment (Fig. 8e).

The radial profiles (three profiles shown in Fig. 9) were performed
from south to north feet abutments. In this paragraph, the distance x

Delamination

refers to the south to north semi-perimeter of the arch. No defect
seems to be present within the perfectly joined voussoirs (from z =
0.20 to 0.30 m). Local and shallow surface anomalies (Fig. 9b at x =
1.9 m and Fig. 9c at x = 3.6 m) reflect the bad contact between bowtie
antenna and the voussoirs surface during the survey. The root network
of an old tree present in the south sprandel wall (see Fig. 2) is probably
detected: first, as shown in Fig. 9a, at x = 0.5 mand z = 0.3 m, and at
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Fig. 6. 400 MHz GPR profiles performed on the bridge deck from south to north direction.
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Fig. 7. 400 MHz GPR profiles performed on the bridge deck from west to east direction.

x = 1 mand z = 0.5 to 0.6 m and, second, as shown in Fig. 9¢c, at x =
05mand z=03m, and at x = 1 m and z = 0.5 to 0.6 m. On the
west profile, a defect (the road/air interface or a void under the
paved surface) is detected at z = 2.2 m and z = 0.7 m. This anom-
aly appears on the east profile at x = 2.9 m at z = 0.7 m, where the
survey line crosses the arch barrel keystones. However, it doesn't
appear in the middle profile, where the backfill material is highly
compacted and its thickness greater, as shown in Fig. 8c of the
previous paragraph. The anomalies at z = 4.6 m and z = 0.5 m
(Fig. 9b) may be voids in the backfill between the road and the abut-
ments but they have not been compared with destructive testing for
a more complete assessment.

In summary, the 400 MHz and 1.5 GHz GPR measurements carried
out on the bridge deck and on the arch barrel, respectively, provide:

» The location of roots of trees inside the south abutment and under the
paved surface;

* The location of both unknown anomalies inside the backfill material
and weathered zones under the paved surface at the north side.

5. ERT and GPR surveys of the surroundings of the Pont de Coq

The objectives of this section are to characterize (1) the two river-
banks and (2) the way the road structure were implemented. We
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Fig. 8. 400 MHz GPR profiles performed on the arch barrel from west to east direction.

describe the processing of the ERT data in section (Section 5.1). The ERT
models obtained on the two riverbanks are presented in section
(Section 5.2). Finally, Section 5.3 presents the ERT model calculated
along the road crossing the bridge. This last section leads to a first
model of the bridge and its surroundings, taking into account both the
previous data (geological study and geotechnical investigation) and a
200 MHz GPR survey made on the same location than the ERT survey.

5.1. Implementation and processing of the ERT survey

We aimed to explore an ancient road structure (depth and exten-
sion). For that purpose, an ERT configuration sensitive to vertical electric
variation like the DD array (Locke, 2012) was appropriated. The method
is efficient in mapping vertical structures (buried walls, dykes and cav-
ities), but poor in mapping horizontal structures such as sedimentary

layers. We used a Syscal Pro resistivimeter (Iris Instrument™) with a
48 electrodes DD array (23.5 length) and a 0.5 m spacing between the
electrodes. Severe conditions are selected in order to (1) limit its noise
sensitivity and (2) increase the imaging capability of the DD protocol.
First, the electrodes were accurately positioned and a good contact
between the ground and the electrodes was achieved. Second, in
order to increase the data density, the dipole length a and the dipole
separation factor n both vary from 1 to 7, leading to (1) 1047 quadripole
measurements, (2) good measurements conditions (high quality factor)
and (3) a limitation of the maximum geometrical factor. The DD array
depth of investigation is usually underestimated by about 20% to 30%
for the high n factor.

The inversion of the raw data was realized with the Res2Dinv™
software (Loke and Barker, 1996). The Jacobian matrix is inverted at
each iteration and the data are corrected from the topography.
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Fig. 9. 400 MHz GPR profiles performed on the arch barrel from south to north direction.

5.2. ERT on the two riverbanks

ERT measurements were performed on the two banks of the Epte
river. The main objective of this section is to characterize the transition
between the bridge and the riverbanks. The south and north profiles are
shown in Figs. 10 (ERT2) and 11 (ERT3), respectively. The ERT2 profile
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shows that the clay layer is present at a shallow depth (z = 2.5 m) at
the south side, and not detected at the north side. Fig. 12b, Section 5.3
also states that the clay layer is deeper at the north location. In fact, a
longer profile or another ERT array such as Wenner Schlumberger or
Pole-Pole at the north side should have been carried out in order to
complete the description of the local geology. The ERT2 profile also

Clay layer

Inv.bin

Fig. 10. Dipole-Dipole ERT2 profile performed on the south riverbank.
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Fig. 11. Dipole-Dipole ERT3 profile performed on the north riverbank.

clearly shows the resistive road layers between x = 6 mand x = 9 m
and extend to x = 14 m. Below x = 14 m, the structure of the river-
bank is heterogeneous and its interpretation is not the objective of
this work.

The ERT3 profile made at the north side of the bridge (Fig. 11)
displays a resistive backfill material located at z = 2 m between x =
8 mand x = 13 m. It corresponds to the road base layer. The two resis-
tive pockets between x = 8 m and x = 14 m length (at z = 2 m and
z = 4 m, respectively) are not interpreted because they strongly de-
pends on the array configuration.

In conclusion, these ERT measurements clearly identify the road
base layer both inside the north and south riverbanks, and detect the
clay layer at a shallow depth at the south side.
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5.3. ERT along the road crossing the bridge

The last ERT profile (ERT1) was performed with a DD array configu-
ration along the roadway crossing the bridge. In this case, 48 electrodes
were used with a 1 m spacing. The DD inversion results are shown in
Fig. 12b. A priori information was set to the inversion process in the
Res2Dinv™ software: the vault was considered as a high resistive
zone. Hence, it is detected between x = 22 m and x = 27 m and ap-
pears as highly resistive medium (void). On both riverbanks, the road
layers and the bridge abutments are built with resistive materials in
the first meter. On the south side, the pavement structure from x =
1 m to x = 10 m is quiet homogeneous in the first meter depth. The
clayey materials clearly appear as very conductive materials (blue color,
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Fig. 12. a) 200 MHz GPR profile, b) ERT1 Dipole-Dipole profile, both performed on the roadway and c¢) subsurface model deduced from the geophysical measurements.
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Fig. 13. Two images of the bridge acquired with different angles of view.

less than 20 Q m). We note that the depth of this clayey layer in the ERT
inversion results is located at a shallower depth (z = 2 m) than in the
borehole logging because the DD array underestimates the depth of the
structures.

On the north side, the basement is characterized by a resistive pock-
et (about 200 Q m between X = 26 m and x = 32 m length) just after
the abutment. It can be backfill materials implemented in order to make
plane the roadway between the bridge deck and the north road. Then,
from x = 33 m to the end of the profile, the pavement structure is thin-
ner and the base course is filled with more conductive materials. The
ERT measurements don't allow the detection of the expected and resis-
tive limestone substratum (Middle Portlandian). The profile length is
too short and the DD configuration is inappropriate for this detection.

A GPR profile was made on the roadway to complete the ERT survey.
This method is usually suitable with a limited depth of penetration in al-
luvial context: the electromagnetic waves at GPR frequencies don't
propagate in conductive matter. However, it can provide useful infor-
mation for the imaging of both the road structure and the transitions be-
tween the bridge and the river sides. A longitunal measurement
precisely located on the previous ERT1 profile was performed with a
200 MHz bowtie antenna. The B-scan (Fig. 12a) clearly shows the
vault as a hyperbola (between x = 22 m and X = 25 m), correspond-
ing to the classical response of a cylindrical object (the arch barrel) in
GPR prospecting. Between these two positions, the following reflections

are related to multiple travel paths between the arch barrel stones and
the water surface. The previous ERT interpretation concerning the road
structures (surface and base course) and the clay layer are well empha-
sized by the GPR survey. The electromagnetic waves easily propagate in
the resistive layers (road base layer) and the clay acts as an absorbing
matter.

In summary, the geophysical survey enables the following interme-
diate conclusion:

 The road base layer is well located inside both north and south river-
banks (Figs. 10 and 11);

 The clay layer is at a shallow depth at the south side (ERT2, Fig. 10 and
ERT1, Fig. 12);

* The bridge piles under the abutments were probably driven in the
alluvial Portlandian clay without being anchored to the Middle
Portlandian limestone substratum. Nevertheless, the clay is a stable
mechanical medium that has supported during centuries the Pond
De Coq.

In order to help the stakeholder in the interpretation of the geophys-
ical measurements, a simple model (Fig. 12¢) is proposed. This interpre-
tation is a first result that can be enhanced by a pseudo 3D view of the
geophysical measurements integrated in a 3D model of the bridge,
which is the main purpose of the following section.

Fig. 14. 3D point cloud of the bridge. The pyramids represent the camera fields of view, as computed by the Apero module.
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Fig. 15. Densified 3D model of the Pont de Coq.

6. Generation of a high resolution digital elevation model of the
bridge with the photogrammetry method

In this section, we use a multi-view stereo software packages called
Apero-MicMac (Aérotriangulation Photogrammétrique Expérimentale
Relativement Opérationnelle Multi-Images Correspondances, Méthodes
Automatiques de Corrélation) to generate a DTM of the Pont de Coq
from photos acquired at arbitrary positions. Our geophysical data are
then integrated within the obtained model.

Apero-MicMac uses a set of images and camera parameters (focal
length and pixel size) to create a depth map of the scene, converted
into a 3D point cloud. Detailed information on this tool is available at
(http://www.micmac.ign.fr/). Apero-MicMac consists of three modules:

* The first module, a key step of unoriented image coregistration, selects
all the pairs of images and searches those in which tie-points (vertex
and corners of objects characterized by high gradients) are present. A
Scale-Invariant Feature Transform (SIFT) is applied to extract local
features in optical images (Lowe, 2004). The SIFT method is invariant

to image scaling, translation and rotation, and partly invariant to illu-
mination and 3D viewpoint changes. These properties make it a good
candidate for analyzing relatively flat terrains such as bare soils.

The second module, called Apero, automatically computes the relative
orientation of the images. First, they are oriented one after the other
relative to a master image. The order of priority is given by the number
and distribution of the tie-points extracted by the first module.
Then all initial orientations are iteratively adjusted at the same time.
Other sources of information like GPS measurements, ground control
points, reference objects, etc. may be used at this stage. The main
challenge is to choose a good initial guess for the relative orientations.
A poor estimate of this configuration is a common cause of failure. The
way the data are acquired is therefore crucial: spending more time in
the field during the experiment can save substantial effort in post-
processing the data.

MicMac, the third module, starts from the optimal orientations calcu-
lated by Apero. It consists in producing an accurate and dense depth
map of the scene. A depth map contains distance information of all
points of the scene that are seen from a viewpoint. It can be converted

Fig. 16. Digital Terrain Model of the bridge with a radial GPR profile on the arch barrel.
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Fig. 17. Digital Terrain Model of the bridge with superimposed ERT profiles and boreholes.

into a 3D point cloud, which is generated by means of an energy
minimization algorithm. The cost function is the sum of two terms:
one that accounts for the correlation between areas of the images
and the other that accounts for the smoothness of the reconstructed
3D surface (local gradient). The minimization problem is solved by a
multiscale dynamic programming algorithm, with a pyramidal struc-
ture for the computation. This algorithm takes advantage of the redun-
dancy of the images (each point is actually seen by 10 images). MicMac
computes the DTM in a Euclidean space, so the result is a grid where
z = f(xy). It is well adapted to flat scenes and has the advantage of
storing the result in a single depth map.

Apero-MicMac is more complex to use compared to other open
source software but, in return, it is more complete and accurate. Proto-
cols for architectural studies are described in (Pierrot Deseilligny and
Clery, 2011, 2012). However, this method has never been adapted in
order to highlight a geophysical study. A first attempt is described in
the following.

A set of images of the bridge and its surroundings were taken in June
2012. The acquisition protocol was very simple: the photos have been
captured by hand around the bridge (at a maximum distance of 10 m)
and under its vault (at a maximum distance of ~1.50 m), with a
Panasonic GF1 camera (focal of 28 mm). In this case, the size of the im-
ages is 12 Megapixels and the size of the sensor is 18 x 13.5 mm. The
set of images must cover the entire scene and each part of the landscape
must appear on at least 2 photos, taken with different angles of view. A
total amount of 150 images have been acquired, capturing the whole
scene and details of the bridge. Under the arch, an image was taken
with a metric step to cover the structure with a maximum overlap. Fi-
nally, a maximum overlap of 90 percents was obtained between the dif-
ferent photos (Fig. 13).

Once acquired, the set of images serves as input data for the first
module and Apero. This process allows to search for tie-points and to
compute the relative orientation of the images (Fig. 14). The last step
corresponds to the production of a dense depth map of the scene by
the MicMac module, starting from the optimal orientations calculated
by Apero (Fig. 15).

The final DTM of the Pont de Coq contains a total of 3.5 millions
points and its length is nearly 50 m. Then, the resolution of the model
is =2 cm (Fig. 15).

Once the high resolution 3D point cloud is obtained, a surface model is
computed with the Meshlab™ software using a Poisson's reconstruction.

Then, the result is included within a CAD software to integrate any avail-
able data. In this study, we used the free Google Sketchup™ software to
integrate the GPR and ERT data in the model (Figs. 16 and 17). Such
model is an easy to use tool for the stakeholder who is unused of geophys-
ical methods: it allows a better representation of the bridge and its geo-
physical characteristics. Finally, it leads to an improved interpretation of
the available data for a better assessment of the structure.

7. Discussion

The 400 MHz and 1.5 GHz GPR measurements allowed a qualitative
assessment of the internal structure of the bridge. The profiles carried
out on the deck and on the arch barrel yielded the detection of roots
and defects that can be voids or weathered zones behind the stones
(paved surface or voussoirs) and/or inside the backfill material. Our
sampling space was 50 cm. A thinner space sampling could have been
applied for the deck survey and the arch barrel in order to obtain a
more detailed investigation. Moreover, the use of 1.5 GHz antenna pro-
viding approximately a vertical resolution of 4 cm could have been used
on the deck to enhance the results. In such case a 3D volume estimation
of anomalies within the backfill would have been possible using migra-
tion methods and 3D processing of the GPR profiles. Nevertheless, the
detection of roots inside the backfill, behind the voussoirs at various
depths is well achieved with radial 1.5 GHz GPR survey.

The use of the ERT method provides an interpreted imaging of the
material distribution inside the riverbanks, under the roadway and in-
side the bridge abutments. It gives precious information about the
local geology. The ERT allowed us to extend our study at a large scale
using two boreholes logs. One of the main results of ERT survey is the
detection of the clayey layer beneath the road and the bridge. This result
yields the conclusion that the bridge can be anchored inside this clay
layer with wooden piles (a common civil engineering method before
being replaced by concrete piles). This ERT interpretation is improved
by the 200 MHz GPR survey and strong correlations are achieved in
terms of materials identification and location. The GPR is recommended
for structures composed of resistive materials such as the road and the
bridge. It provides an image of the internal structure with a high spatial
resolution. The ERT method provides information for both conductive
and resistive materials. However, the results are non-unique due to
the inversion processing and highly dependent on the acquisition con-
figuration. In our case, the ERT survey allowed us to clearly distinguish
the man-made materials from the alluvial deposits.
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The photogrammetry is a valuable method for the 3D visualization of
geophysical results. The images were acquired with an experimental
approach that is not fully optimized. Improvements in the acquisition
protocol (using of wide angle focal and a defined location of the camera)
will facilitate the processing of the photogrammetric data. The present
high resolution results are encouraging and offer a powerful, cost-
effective and free tool for advanced geophysical imaging and analysis.

8. Conclusion

We performed an original study combining geotechnical data, geo-
physical and photogrammetric observations. Several GPR profiles carried
out on the bridge (deck and arch barrel) revealed the presence of roots
and potential voids in the structure. It is obvious that the strongest GPR
reflections indicate suspicious defects able to threat the mechanical stabil-
ity of the bridge. They should be destructively controlled to be
interpreted. Nevertheless, the abutments, the arch barrel and the deck
of the bridge remain in relatively good condition.

The combination of the GPR and ERT methods yields the characteri-
zation of the surrounding subsurface. The geophysical data are well cor-
related with the sedimentological data provided by borehole logging.
Both methods allow the description of the geology at a local scale. The
road is built on a man-made silty backfill overlaying the Middle
Portlandian clayey substratum. The driven wooden piles under the
bridge abutments are anchored in this clay formation. This configura-
tion has allowed the bridge to survive hundreds of years of drop. The
photogrammetry method led to the making of a DEM of the bridge
with a centimetric resolution. It offers to the stakeholder a powerful
tool for the 3D visualization of the potential defects present within the
bridge.

This study was led for historical preservation purposes. Once again,
it shows the ability of non destructive methods (GPR and ERT) for
assessing the civil engineering buildings. Moreover, new perspectives
are now highlighted with the addition of the photogrammetry method,
providing a high quality restitution of the measurements in the field.
More generally, such approach may ease the realization of high resolu-
tion 3D geophysical and geological models for geoscience purposes.
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