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Abstract. The article presents the possibility of using non-destructive methods of road
pavement diagnostics as an alternative to traditional means to assess the reasons for premature
cracks adjacent to bridge objects. Two scanning methods were used: laser scanning to measure
geometric surface deformation and ground penetrating radar (GPR) inspection to assess the
road pavement condition. With the use of a laser scanner, an effective tool for road
deformation assessment several approach pavement surfaces next to the bridges were scanned.
As the result, a point cloud was obtained including spatial information about the pavement
deformation. The data accuracy was about 3 mm, the deformations were presented in the form
of deviation maps between the reference surface and the actual surface. Moreover
characteristic pavement surface cross-sections were presented. The in situ measurements of the
GPR method were performed and analysed in order to detect non-homogeneity in the density
of structural layers of the pavement. Due to the analysis of the permittivity of individual layers,
it was possible to detect non-homogeneity areas. The performed GPR measurements were
verified by standard invasive tests carried out by drilling boreholes and taking cores from the
pavement and testing the compaction and air voids content in asphalt layers.. As a result of the
measurements made by both methods significant differences in layer compacting factor values
were diagnosed. The factor was much smaller in the area directly next to the bridgehead and
much larger in the zone located a few meters away. The research showed the occurrence of
both design and erection errors as well as those related to the maintenance of engineering
structures.

1. Introduction

Nowadays, non-destructive diagnostic methods are used increasingly in structural health monitoring
and technical state evaluation. The possibilities of using non-invasive methods were described in [1]-
[10]. The article presents road pavement [11] diagnostics of transverse cracks and surface deformation
[12] adjacent to the bridge joint area of a bridge structure. The GPR scan [10] and the laser scanning
technology [13]-[19] the chosen methods, the results were compared to the traditional ones performed
by core drilling [20],[21]. Non-destructive diagnostic methods are commonly used [22],[23], however
the novel approach is to combine them and use both. This allows a broad spectrum of inferences about
the state of the analysed structure, comparable to destructive methods. Therefore this solution is able
to more widely implement.
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Problem description

The structure of the approach pavement has been designed and made as susceptible. Asphalt layers are
laid on the base course of the unbound mixture and the subbase of the improved subgrade as a cement
treated soil. In the binder course and base course, high modulus asphalt concrete (HMAC) was used.
The pavement was designed for heavy traffic load. Details regarding the pavement structure are shown
in Fig. 1b.

During the construction of the road nine bridge structures were built. There were two solutions for
the carrying system joints. One-module leak-proof expansion joints were used, but airtight bitumen
expansion joints were used as well. Two types of transition plates and their backs were designed
depending on the type of a load- carrying structure applied on the back wall of the abutment. The
length of the transition plates was 5 m, the thickness of them both was equal to 30 cm. The differences
occurred in the shape of the transition plate fragment at the bridge joint.

In a relatively short time after the road started operating transverse cracks appeared during the first
winter at the majority of expansion joints of modular bridge structures. The cracks occurred 30 cm
from the steel profile of the expansion device, at the abutment of the transition plate at the bridgehead.
Moreover, the cracks did not appear with bituminous expansion joints. At that time, damage was
secured by flooding with a flood mass. It was a provisional only solution. No major actions were taken
to remove the cracks from the moment they arose during the measurements based on documentation
analysis. During the measurements it was noticed that damage was often accompanied by a visible
lack of pavement surface pieces just before the cracking (Fig. 1a). In some circumstances only vertical
deformation of the pavement surface appeared without cracks. Lowering the pavement surface usually
occurs in the vehicle tracks, also in the areas not subjected to direct impact of the wheels, e.g. in the
area of emergency lane or at the inner edges of the wings of abutments.

Wearing Course SMA, 4 cm
&= Binder Course HMAC, 8 cm
e Basc Course HMAC, 16 cm
B8 Road Base UM, 22 cm
Improved Substratem, CTS, 20 cm 300 300
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Figure 1. Analyzed detail, a) approach pavement surface condition b) pavement structure details.
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2. Non-destructive testing

2.1. Ground penetrating radar method
The road surface research was carried out with the use of the IDS GPR set, including: a DAD 400 kHz
control unit, a portable computer and two antennas including two transmitter-receiver pairs with
400 MHz and 900 MHz frequency. The entire system is powered by a battery. Moreover, the choice of
the antenna frequency acts strongly on measurements results. The higher frequency applied, the
smaller penetration depth of the electromagnetic wave is obtained, but the resolution of the radargram
is higher. During the measurement mission, two antennas were used, but the paper presents the 400
MHz frequency case only, due to a greater penetration depth.

In the region of the transition bridge plate transverse and longitudinal profiles were conducted on
the most-loaded lane and on the emergency lane adjacent to the bridge joint of the bridge structure. A
general view with the arrangement of scanning routes on the bridge object is shown in Fig. 2.
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Figure 2. A general view with the arrangement of scanning routes on a bridge object and positions of
the Terrestrial Laser Scanner.

Longitudinal GPR maps of the most loaded lane and the emergency lane are shown in Fig. 3 and
Fig. 4a. It is worth mentioning that below each map a graph of estimated effective values of
permittivity for each detected pavement structure layer is presented. Based on the thickness of
successive layers and reflection times of the electromagnetic wave information, the proprietary GPR
data processing algorithm estimated changes of this electrical parameter along the profile.
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Figure 3. The slow lane (most- loaded lane) longitudinal GPR map.
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Figure 4. GPR maps a) The emergency lane longitudinal GPR map b) Transversal GPR map of

approach pavement at bridge.

In addition, Table 1 lists values of the permittivity depending on the distance from the bridge joint.
This parameter could be varied for one material depending on many factors including moisture and
density. In the case of the analysed object it is clearly visible that the electrical permittivity changes
significantly in the vicinity of the bridge joint over the transition plate, i.e. up to 4 m from the bridge
joint. This may indicate areas of increased humidity or zones of inhomogeneous compaction in
particular construction layers (with increased air capacity). In Table 1 these dielectric constant values
are marked in red, they differ by more than 20% from the average value of a given layer.

Table 1. Effective value of the relative permittivity of the analyzed layers.
Distance from the bridge joint [m]
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Lane Layer 1 5 3 4 5 6 7
1 3.73 3.23 2.82 4.34 4.77 492 4.06
2 4.28 3.54 3.19 3.36 3.54 4.09 3.90
Emergency
3 5.53 4.94 5.69 4,71 8.38 8.74 7.18
4 6.88 7.18 7.67 8.23 8.78 9.49 8.23
1 4.69 341 3.41 3.41 6.69 5.53 5.69
The slow 2 390 256 271 280 336 372 417
lane (most-
loaded) 3 4,74 5.19 4.25 3.98 6.69 7.15 5.83
4 9.57 8.07 8.69 9.60 10.47 10.19 10.22
Legenda:

Layer 1 — Asphalt layers SMA +HMAC,

Layer 2 — Road base from the unbound mixture,

Layer 3 — Improved subgrade made of cement-treated soil,
Layer 4 — The top layer of the embankment.

Anomalies near the bridge joint were observed, i.e.: change of the reflected signal phase, increased
reflected signal power and multiple longitudinal reflections (Fig. 3 and Fig. 4a). These anomalies may
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indicate structural disturbance, increased humidity or air voids. In order to interpret the observed
anomalies correctly, numerical calculations of electromagnetic wave propagation were carried out by
means of the finite-difference time-domain method (FDTD). Transverse maps with permittivity
diagrams are shown in Fig. 4b. It can be noticed that differences in the dielectric constant occur across
the pavement, possibly caused by the low traffic load of the emergency lane.

Diagnostic tests using the GPR method showed changes in the value of permittivity of individual
structural layers of the pavement in a zone around the bridge joint. Detected changes in the dielectric
constant in the area of four meters from the bridge joint trigger increased porosity or humidity of the
tested medium. Moreover, in case of the elevated humidity, the value of permittivity is higher than the
average value due to the value of water permittivity (e, = 81). However, in the case of increased
porosity of the material, the permittivity value is lower than the average due to the value of air
permittivity (e, = 1). In conclusion, the occurrence of inhomogeneous compaction zones in the
expansion zone is considered highly probable.

2.2. Laser scanning

The surface of the pavement was measured with use of the Leica P30 laser scanner. The device is
capable to collect information on a scanned object at a speed of 1 million points per second with the
accuracy of 2 mm at 50 meters. A huge advantage of the scanner is the noise reduction of points, at the
level of 0.4 mm.

In order to process the acquired data, the ICP algorithm for scan positions alignment was used
firstly. The next steps were surface extraction and noise reduction from the scan. Based on the
acquired data, the most important step was the plane fitting because the reference surface of the
experiment was the approximate one. After choosing points, belonging to the surface, the plane was
estimated using a least- square method.

The accuracy of the point cloud resulting from scanning is equal to the approximate value of 2 mm.
This refers to the accuracy of the measured distance by the scanner (1 mm by 10 m), the noise level of
the point cloud (0.4 mm by 10 m) and the position alignment, where the standard deviation did not
exceed 1 mm. As a result, the isometric map and cross- sections marked in Figure 5 were created.

Based on a number of the selected bridge objects, the measurements were performed on the slow
lane (most-loaded lane) and on the emergency lane near the bridge joint of the bridge structure. A
general view of the location of the scanner positions on the object is shown in Fig. 2. The isometric
map of the scanned pavement is shown in Fig. 5. It is clearly visible that the right, more loaded lane is
lowered by about 1 cm related to the reference surface. In turn, the edge of the left lane is about 1 cm
above the reference position. In the immediate vicinity of the bridge joint, on the right lane zone is
lowered by about 0.5 cm- 1.5 cm in relation to the reference position and by 2-3 mm in the left lane.

In addition, Fig. 6 shows cross-sections of the surface: across the carriageway in close
neighborhood to the bridge joint (A-A), across the road in a section away from the bridge joint by 10m
(B-B), along the right edge of the right lane (C-C). As a reference line, the points on expansion joints
were taken into account in the case of cross-sections and two points at the edges of the study in the
case of longitudinal sections (one on a bridge joint, the other located 10 metres away).

The cross-sections indicate a significant reduction in the right lane of the road in relation to the
reference surface. In the lane adjacent to the bridge joint, the measured distance from the reference
plane to the real state is on the approximately equal of 1.5 cm. On the fast lane (left lane), elevation of
the pavement surface was observed in relation to the reference plane. The elevation value reaches 5
mm. In the cross-section, 10 meters away from the bridge joint, an increase in the area at the edge of
the left lane was observed (1.5 cm), without noticeable changes on the right lane. In the longitudinal
cross-section case, in the area of a bridge joint lowering the area was observed at the level of 1.5 cm.
At a distance of about 10 m from the bridge joint the surface height oscillated near the reference
values.
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Traffic direction

Figure 5. Isometric map of the scanned pavement surface with marked cross-sections, on the right -
the distance scale between the reference surface and the real one.
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Figure 6. Cross sections of the scanned pavement (scale of 1m along the section x 1 cm after height).

The measurements show that in the close neighborhood of the bridge joint on the slow lane (most-
loaded) lane there are significant deformations of the pavement surface. The maximum deformation
values of the pavement in comparison to the theoretical reference level were about 1.7 cm. The
recorded deformation values of the pavement indicate an uneven settlement of the surface at the
entrance to the object and a resulting threshold on the edge of the wall of the outboard bridgehead.
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3. Reference invasive test

In order to verify the observed zones of inhomogeneous compaction from non-destructive methods,
destructive tests were performed (Fig. 7). The cores were used to determine the air void content in the
asphalt layers and to determine the range of crack propagation. In addition, information on cores made
it possible to determine the thickness of the each layers.

a) b) f :
Wearing course: 2,0% Wearing course: 3.2%
I Binder course: 6,9% Binder course: 4,4%
Base course | lift: 5.6% @ Base course 1 ft: 1,4%

I Base course | lift: 9,9% Base course Il lift: 2,1%

I
I Wearing course: 2,2%  Wearing course: 1,2%
Binder course: 8,4% Binder course: 6,0%
O Base course | lift: 6,4% Base course | lift: 5,3%
Base course |l lift: 6,0% Base course |l lift: 6,4%

modular expansion joint

Figure 7. Invasive test results a) core picture b) results of the air voids content in the asphalt layer.

The content of the air voids in the binder course HMAC and two lift layers of the base course from
HMAC in samples taken directly at joints, in the vicinity of cracks, was about 2-3 times greater than in
the place located about 15 meters from the bridge joint. This would indicate a worse compaction of
these layers next to the bridge, compared to the compaction on the regular section. This is confirmed
by the appearance of the samples themselves. The samples taken directly at the bridge joint were
heterogeneous and porous in some fragments. Tests performed in the laboratory using cores,
confirmed the conclusions of non- destructive testing.

4. Conclusions

The paper presents diagnostic methods used to assess the condition of the approach pavement surface
in the area of transverse cracks at the bridge joint of selected bridge objects. The measurements were
performed using the GPR method and the laser scanning technology. In order to confirm the diagnosis,
destructive tests were carried out.

Based on the measurements of the GPR method, as longitudinal reflections observed on
radargrams, it was possible to determine relative values of electrical permeability for individual
structural layers. The variations of this parameter along the scan length allowed to state that there may
be zones of inhomogeneous compaction on particular layers. In addition, it can be concluded that
differences in permeability values were greater for the slow lane (most-loaded lane). The collected
results obtained by the terrestrial laser scanner results made a conclusion that in the close
neighborhood of the bridge joint on the slow lane (most-loaded lane) significant deformations of
pavement surface occur, showing the maximum pavement deformations in comparison to the
theoretical reference level about 1.7 cm. The cores obtained during the destructive tests allowed to
state that the air void content in the samples taken at bridge joint is much larger than in the samples
taken 15 m from the bridge joint. The analysis carried out confirms that the GPR method and laser
scanning technique can be successfully applied analysis to diagnose the condition of road surfaces.

This paper focuses only on presentation of the final results of research. For brevity the details of
numerical simulations are omitted in this paper. These will be presented in the forthcoming papers.
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