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Abstract: The successful management of road pavement maintenance requires the existence of suitable
monitoring procedures for assessing pavement condition. A powerful tool for this is the use of non-
destructive testing technologies. Non-destructive testing (NDT) aims to support the monitoring
of pavement condition, as it enables constant and rapid collection of in situ data. Analyzing NDT
data can result in the development of useful indexes that can be related to trigger values (criteria)
to define pavement condition. This information can be used to assess the “health” of the pavement
to decide whether intervention is required. However, to effectively support the implementation of
pavement management measures, it is sometimes necessary to implement a pavement monitoring and
assessment framework that can be adapted by road authorities on a case-by-case basis. To this end, this
study addresses the development of a pavement monitoring and assessment procedure by integrating
different NDT technologies to collect and evaluate data. The procedure, referred to as Integrated
Testing and Evaluation (ITE), is proposed as an algorithm to find optimal strategies for prioritizing
potential pavement interventions, considering the budget constraints for the required investigations.
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1. Introduction

Condition assessment, performance forecasting and needs analysis are the three most
important processes in pavement management [1]. They aim to evaluate pavement in-
tervention strategies considering budget constraints, assess environmental aspects and
determine the optimal time for intervention measures. In this sense, the activation of a
Pavement Management System (PMS) is necessary to provide tools and methods to main-
tain the serviceability of pavements in the most cost-effective way. An ideal PMS aims to
maintain pavements appropriately, extend their service life, ensure user safety and make
good use of public funds [2,3].

However, the successful operation of a PMS requires appropriate pavement monitoring
and evaluation procedures. Non-destructive testing (NDT) plays an important role in the
monitoring, assessment and evaluation of pavement condition as it allows continuous and
rapid collection of pavement data, without compromising its structural integrity [4,5]. The
analysis of these data can lead to indicators relating to action levels (criteria) that define
the condition of the pavement and can be used to assess the “health” of the pavement to
decide whether pavement intervention is required. The knowledge gained leads to the
management activities required for pavement preservation, which benefit not only the road
authorities involved but also the users.

To effectively support the implementation of pavement management measures, it is
sometimes necessary to implement a framework for pavement monitoring and assessment
that can be adapted by authorities on a case-by-case basis. To this end, this study addresses
the development of a pavement monitoring and assessment procedure by integrating
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different NDT technologies for data collection and evaluation. This procedure contains
four fundamental points: NDT data, regular monitoring, precise methods for data analysis
and balanced criteria for pavement evaluation.

The developed procedure, called Integrated Testing and Evaluation (ITE), is proposed
based on previous experience [6] as an algorithm to find optimal strategies for prioritizing
potential pavement interventions considering the budget constraints for the required
investigations. It is implemented on a highway with a length of approximately 105 km
using several data, e.g., traffic, layers’ thicknesses, elastic deflections, roughness and
skid resistance, to determine the optimal section strategies and prioritization measures.
The layer thickness data are collected with a Ground Penetrating Radar (GPR) [7,8], the
deflection data with a Falling Weight Deflectometer (FWD) [9], the roughness data with
a Road Surface Profiler (RSP) [10,11] and the skid resistance with the Grip Tester (GT)
system [12,13].

It should be noted that the above systems are widely used worldwide, so there are
already frameworks for their combined use but not for all of them together. In addition,
the algorithm developed does not “mask” the condition of the pavement under a single
index, such as the Overall Pavement Condition Index (OPCI) [14], but provides a multi-
criteria tool that can evaluate the individual structural and functional characteristics of the
pavements and synthesize the actual need for rehabilitation/repair works. No advanced
analysis is required, only a statistical justification of the criteria values that are defined and
support the decision on the need and type of rehabilitation/repair. It is therefore assumed
that the implementation of the developed algorithm to support pavement management
activities offers advantages such as simplicity and optimization of the use of resources. The
implementation and the associated results are explained in more detail below.

2. Algorithm Development: Methodology and Characteristics
2.1. Description of NDT Data

The aim of the developed procedure is to facilitate the management of pavement
maintenance activities. For this purpose, it is necessary to assess the current condition and
predict the performance of the pavement under the influence of environmental changes and
increased traffic. Therefore, an accurate and appropriate assessment is important to extend
the life of the pavement through appropriate maintenance or rehabilitation. Various data
must be collected for this purpose, bearing in mind that the assessment of precise data is
crucial for efficient pavement management. For the assessment of the structural condition
of the pavement, the minimum required data are traffic information, the thickness of the
pavement layers and records of pavement deformation. For the functional assessment of the
pavement, it is important to collect roughness data that reflect how the road users perceive
the overall condition of a pavement. Of course, functional assessment could benefit from
additional data such as skid resistance measurements, rutting measurements or records of
surface damage to fully support pavement management activities [15]; roughness and skid
resistance data are considered the minimum data required to address the simplicity of the
algorithm developed.

Pavement data required for implementing the developed procedure are collected using
NDT techniques. The GPR method [16,17] enables the collection of accurate continuous
pavement thickness data. The main part of a GPR system is the antenna unit, which
transmits and receives radar signals (Figure 1). In some cases, two antennas may be used
for this purpose. Moreover, a transmitter is used for signal generation, while a receiver is
used for signal detection. The whole operation of the GPR system is controlled through the
control unit, which is accessed by the GPR operator. The collected data are then transferred
to the storage device and can be assessed through the display unit.

The GPR method can be used to identify “black” spots, which can then be further
investigated with FWD tests or even core drilling. In addition, GPR is a useful tool for
estimating the thicknesses of the individual layers of a pavement. These data can be
used in conjunction with the FWD data in order to evaluate the physical properties of the
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pavement [18,19]. It is noted that the accuracy of the thicknesses measured with the GPR
depends on several factors, such as the magnitude of the thickness of the individual layers,
the material of the layer, the age of the pavement structure and so on [7,20,21]. Moreover,
advanced analysis techniques may be also used to improve the GPR accuracy according to
the individual case examined [22].
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Figure 1. GPR technique.

In FWD, a load pulse is generated by dropping a weight onto a damped spring system
mounted on a load plate (Figure 2). The falling mass, the spring system (rubber buffer) and
the drop height can each be adjusted to achieve the desired impact load on the pavement.
Vertical deflection peaks are measured in the center of the load plate and at several radial
positions by a series of deflection sensors. The impulse load applied to the pavement causes
a “wave front” of recoverable deformations or deflections that propagate from the center
of the load. Both the peak impulse load (force) and the maximum vertical deflections of
the “wave front” are measured at several radial distances from the center of gravity of the
load. The measured deflections generated by the imposed load provide an indication of the
structural strength of the pavement. By analyzing FWD deflections, in combination with
GPR layer thicknesses and traffic data, the bearing capacity of a pavement can be assessed.
This procedure may result in a need for an intervention in terms of pavement maintenance.

- Falling Mass

Rubber Buffer
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Figure 2. FWD testing [23].

Roughness data are commonly collected using high-speed inertial profilers. These sys-
tems capture the characteristics of the road surface profile at high speeds using accelerome-
ters and sensors (lasers) that measure the vertical distance between the accelerometer and
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the surface. The profilers usually have a beam as a base unit, in which electronic laser
sensors and accelerometers are integrated [6]. This unit can be attached to the rear or front
of an appropriately modified vehicle and provides a flat surface for attaching the sensors
(Figure 3). The longitudinal surface profile of the measured road pavement is created by
further processing the recorded data. This information is then used for estimating the
International Roughness Index (IRI) [19,24,25].
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Figure 3. High-speed inertial profiler.

There are several devices that collect data on the skid resistance of road surfaces. The
Grip Tester (GT) system (Figure 4) is a friction measurement trailer that uses a fixed slip
wheel to simulate the anti-lock braking system on wet roads [13]. It consists of a three-wheel
system and a test wheel with a tire with a smooth tread. The slip of the test wheel is fixed
at a certain level while the GT is moving at a speed of about 50 km/h. To create wet road
conditions, a watering system creates a constant user-defined water film depth on the test
wheel. The fixed slip of the test wheel combined with the water film depth allows the GT
to continuously measure a wet road surface and determine an average friction index, the
Grip Number (GN) [12].

Figure 4. Grip tester.

In summary, the presented procedure for monitoring and evaluating pavement condi-
tion incorporates the bearing capacity of the road pavement, along with the user-related
surface characteristics, i.e., roughness and skid resistance, to determine optimal mainte-
nance strategies and priority actions for pavements.

2.2. Conceptualization

The proposed procedure for pavement monitoring and evaluation by integrating NDT,
i.e., the ITE process, includes two basic pillars, which are related to the structural and
functional condition of the pavement under investigation. With this in mind, pavement
monitoring and evaluation is subsequently defined.

The investigation of the structural condition of the pavement can be performed mainly
based on GPR and FWD tests [23]. For the analysis, the initial pavement section is first
divided into homogeneous subsections based on GPR layer thickness, FWD deflection and
traffic data. In this way, new sections of the pavement under investigation are determined
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by recognizing the intermediate sections. The above procedure is presented schematically
in Figure 5, which shows that the road section is initially divided in subsections based on
deflection data, layer thicknesses and traffic, leading to the final division of the road section
into five homogenous subsections.

Road section

— — N —

f

Centre deflection I I I I
(Do)

Layer thicknesses I I I I

Traffic | ] |

Final division I I | | \ |
(5 subsections) | I I I I 1

Figure 5. Final road division into homogenous subsections based on Dy indeX, thickness data and
traffic data subdivision.

For the classification of sections based on deflection data, the Dy index is a globally
used index from the FWD measurements [25,26]. The Dy index provides an indication
of the overall structural condition of a pavement. It is estimated based on the maximum
measured FWD deflection, which is generated at the center of the FWD loading plate. To
estimate the Dy index, the recorded deflection should be normalized to the target load
of the test and a reference temperature (usually 20 °C) using appropriate international
factors [23]. This procedure is important because the measured deflections depend on the
applied load, while the behavior of asphalt mixtures is affected by temperature.

Various statistical methods can be used for the division of a road section into homoge-
neous subsections. An indicative method is the cumulative sum method (Cum Sum), in
which the cumulative sum (si) is calculated through Equation (1) for the first test point and
through Equation (2) for the remaining ones.

S1 =X| — Xm (1)

Si =X — Xm +Sj_1 )
where

x1 is the parameter measured at the first test point;

Xm is the mean value of the measured parameter of each main section;

s1 is the cumulative sum of the deviation from the mean for the first test point;
xj is the parameter measured at test point i;

si is the cumulative sum of the deviation from the mean at test point i;

si—1 is the cumulative sum of the deviation from the mean at test pointi — 1.

In the Cum Sum method, the change of the slope of the line connecting the cumulative
sums (s;) of the deviations from the mean value of a parameter may determine the homo-
geneity of a section. Then, the statistical difference between neighboring intercepts can be
tested using the T-test. Finally, the homogeneity between two neighboring subsections can
be estimated by calculating the weighted variance of the subsections.

The next step of the analysis includes the assessment of the structural condition of
each homogeneous subsection based on international experience and practice [27-29]. It
is considered that, by defining the 85% percentile of Dy values (only 15% of the values
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are higher) as representative of the subsection in question, a more conservative and safer
analysis of strength (i.e., overlay thickness) is possible. Depending on the authority, even
higher percentile values could be considered for the analysis, but this would probably
lead to an unnecessary increase in maintenance costs. The outcome of this process is
to determine the areas where strengthening of the pavement in the form of an overlay
is required.

If there is no need to improve the strength of the pavement, the evaluation of the
functional condition of the pavement is performed. Initially, the longitudinal profile of
the pavement surface is determined, which includes a statistical analysis of the measured
IRI values. This index is a well-established roughness index as it is considered a good
indicator of pavement condition in terms of road roughness [28-30], which reflects the road
user’s perception of ride quality. The IRI is an important decision criterion for assessing
construction quality in terms of pavement surface condition [31].

Three criteria are defined for the assessment based on critical IRI values for certain
characteristic variables and confidence levels (i.e., IRl A, IRI.5, IRl c). The statistical
analysis includes the determination of the theoretical distribution function that best fits the
distribution of the obtained IRI data and the calculation of the values of the characteristic
variables at three confidence levels -85, 95 and 100%- i.e., IRIgs5, IRIgs, IRI1gg (see Table 1).

Table 1. Criteria for IRI values.

Condition Confidence Level
Criterion A IRIg5s < IRIA 85%
Criterion B IRIgs < IRIB 95%
Criterion C IRLgp < IRl 100%

It should be noted that the critical values of the characteristic variables mainly depend
on the classification of the road class defined by the traffic volume (i.e., average annual daily
traffic, % trucks, ESALs). For the case shown in Table 2, the critical maximum roughness
values (IRIs) refer to the ride quality of a highway pavement.

Table 2. Max IRI values.

Symbol Value Confidence Levels
IRT A 1.1 85%
IRI ;B 1.8 95%
IRI ey 2.5 100%

Based on the three criteria mentioned above, the necessary measures can be determined
depending on the roughness condition. If there is no need to restore the roughness of the
pavement, it is advisable to check the skid resistance level of the pavement. As part of the
ITE procedure, skid resistance can be assessed by estimating a characteristic GN value for
each section, which must then be compared with a fixed critical value for skid resistance,
set at GN¢r = 0.41. This critical value is regarded as a warning level for further investigation
(investigation level) and not as a threshold for interventions in the road pavement. If the
skid resistance of a road section is found to be below this level, an investigation is required
to determine whether treatment should be undertaken. The decision depends on the impact
of seasonal variations on skid resistance, the amount of dust on the surface, the number
of accidents on wet roads due to “loss of control” or “skidding”, the permitted vehicle
speed, etc., and includes measures ranging from reducing vehicle speed (vertical signage)
to complete replacement of the surface course.

Figure 6 illustrates the entire ITE algorithm. To summarize, the functional assessment
procedure follows the structural assessment of the pavement. If the structural assessment
shows no need for action, the functional assessment is carried out immediately. If an
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intervention is necessary for structural reasons, the assessment of the roughness profile
must be carried out after the necessary intervention.

Data collection
« Traffic data (ESALS)
« Layer thicknesses (GPR)
+ Deflections (FWD)

Falling Mass

Rubber Buffer
7 Load cell

Deflection

Data collection
(Roughness — IRI)

Is check after
intervention—>
done?

Warning-1%¢ LEVEL

| \
|

Data collection (Skid
resistance — GN)

YES Investigation /
potential measures

Evaluation completed

Time for
next
evaluation?

YES

NO

[ Pavement evaluation completed ]

Figure 6. ITE flowchart.

If the examined sections are structurally adequate and meet the roughness assessment
criteria, the ITE procedure is completed. Otherwise, maintenance measures to improve the
ride quality are proposed and the roughness assessment is carried out after the measures
have been implemented.

The ITE algorithm can be repeated regularly in future pavement assessments to
support pavement management activities.

3. Application
3.1. Test Site

The ITE algorithm was applied along a heavy-duty flexible pavement of a highway
to be tested. The pavement structure consisted of Asphalt Concrete (AC) layers based on
Unbound Granular Material (UGM) layers. Figure 7 presents the pavement cross-section,
indicating the range of layers’ thickness values.
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Figure 7. Pavement cross-section.

The traffic data were generated from the highway toll system, which provides detailed
information on heavy (truck) traffic that is considered in the design and evaluation of
pavements. Differences in the traffic data occurred when interchanges appeared (in this
specific case, two interchanges).

NDT data (i.e., deflection, layer thicknesses, roughness and skid resistance) were
collected along the right lane (heavy duty lane) of the highway section under investigation
using the systems shown in Figure 8.

GT

Figure 8. NDT systems used for data collection.

In particular, the deflection measurements were carried out at 200 m intervals on the
right-hand wheel path of the lane with a Dynatest 8002 FWD Test System [32]. During the
FWD tests, pavement and air temperatures were also recorded for the normalization of the
deflection measurements to the reference temperature, i.e., 20 °C [23].

The thickness measurements were carried out continuously along the same path with
a complete GPR system for road inspection of GSSI [33]. For the GPR measurements, an air-
coupled horn antenna of 1 GHz frequency was used, providing a penetration depth reading
of approximately 90 cm. The system’s storage capacity was 900 GB and a wheel-mounted
distance measuring instrument (DMI) was included The analysis of the GPR measurements
for thickness estimation at intervals of 10 m was carried out using Road Doctor version
3.6.90 software [34].
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The roughness measurements were carried out with a Dynatest 5051 Mark III, Road
Surface Profiler (RSP) test system [35]. This is a high-speed inertial profiler that uses an
accelerometer to obtain vertical vehicle body movement, and a laser sensor for measuring
the displacement between the vehicle body and the pavement. Road profile measure-
ments were obtained by summing the body movement with the appropriate body-road
displacements and analyzed in accordance with Word Bank guidelines for conducting and
calibrating road roughness measurements [36] and, in this particular case, at 10 m intervals

The skid resistance measurements were carried out with a grip tester system manu-
factured by Findlay Irvine [37]. Its operation principles are described above in Section 2.1.
The measured GN values were averaged every 10 m.

It should be noted that the efficiency of the processing of NDT measurements in terms
of the accuracy of the results is an important concern in any case. This is a general task that
is also considered in specific cases, but details about the analysis process (e.g., calibration of
the GPR analysis with drill cores) are beyond the scope of the present work. The aim is to
show how the final data (i.e., traffic, Dy, GPR thickness, IRI and GN) are further analyzed
to assess the need for pavement interventions.

3.2. Data Analysis and Results

The structural assessment of the highway pavement condition was carried out by
dividing the road section into homogeneous subsections that had an approximately uniform
pavement structure and load-bearing capacity. The criteria used to divide the pavement
into homogeneous subsections for analysis using the ITE procedure were the normalized
deflection values (D index), the AC layer thickness and the traffic. The selection of these
criteria was based on international experience and practice to define sections with similar
structural characteristics and imposed loading.

Figure 9 shows the division of the road section according to the Dy index into (four)
subsections, based on the statistical values (s;) derived from the implementation of the Cum
Sum method. Accordingly, Figure 10 shows the division of the road section according to
AC layer thickness into (nine) subsections. It is noted that, for each division, the statistical
difference between neighboring subsections was tested using the T-test.
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Figure 9. Division of road section based on Dy using the Cum Sum method.
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Figure 10. Division of road section based on AC layer thickness using the Cum Sum method.

By also considering the traffic data, the final division of the road section into thirteen
uniform subsections (A-1-A-13) occurred, as illustrated in Figure 11.

0+000 35+300 59+500 82+700 105+000
1 2 3 4
0+000 2+700  11+500 37+300 47+300 50+100 59+500 66+700 72+100 105+000
1 2 3 4 5 6 7 8 9
0+000 39+000 80+700
1 2 3
0+000 2+700  11+500 35+300 37+30039+000 47+300 50+100 59+500 66+70072+100 80+700 82+700 105+000
A-1 A-2 A-3 A-4| A-5 A-6 A-7 A-8 A-9 |A-10( A-11 |A-12 A-13

Figure 11. Final road division based on Dy index, AC layer thicknesses and traffic data subdivision.

Once the homogeneous subsections were defined, a structural assessment analysis was
performed to evaluate the properties of the pavement layers in situ (i.e., back-calculated
moduli). This information was then used to determine the bearing capacity and to calculate
the requirements for the surface course over a design period of 20 years.

The results of the structural analysis (Figure 12) show that eleven out of thirteen
subsections appeared to be structurally adequate, while the two remaining ones (A-8 and
A-11) needed to be reinforced. It should be noted that the assumption of elastic material
properties may influence the analysis of the structural condition of the pavement during
the ITE phase of the estimation of the potential need for overlays. However, this is the
usual assumption for analyzing and evaluating the strength of the pavement.
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The next step was the measurement and evaluation of pavement roughness for sub-
sections A-1-A-7, A-9, A-10, A-12 and A-13 in accordance with the criteria in Table 2. The
evaluation was based on the statistical analysis of the measured IRI values calculated at an
interval of 10 m. In particular, when analyzing the distribution of the relative frequencies of
the measured IRI values of subsections A-1-A-7, A-9, A-10, A-12 and A-13, the probability
density function of the log-normal distribution type showed the best approximation, as
shown by the results of the Kolmogorov-Smirnov test [38]. For subsections A-2 and A-13,
for example, the corresponding results are shown in Figure 13. The theoretical distribution
function with the best fit of the obtained IRI data was then used to calculate the values of
the characteristic variables at certain confidence levels, as shown in Figure 14, in order to
apply the recommended criteria from Table 2.

The results of the roughness evaluation of the subsections using IRI show that the
functional condition in terms of roughness level was sufficient and that there was no need
to intervene in the pavement of subsections A-1-A-7, A-9, A-10, A-12 and A-13 to maintain
the ride quality of pavement surface. For these homogeneous subsections, the analysis
was extended by also considering a characteristic GN value for each subsection. This
characteristic value was chosen as the mode of each GN dataset per subsection, as it was
the most frequent value of the dataset and must be compared with a deterministically
defined critical value, i.e., GN¢ = 0.41, which was considered a warning level. Figure 15
shows the GN mode values compared with the critical value.
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Figure 13. Example of best fit probability distribution function: (a) subsection A-2: log-normal
distribution (Kolmogorov-Smirnov d = 0.06979, p < 0.05) and (b) subsection A-13: log-normal
distribution (Kolmogorov—-Smirnov d = 0.08528, p < 0.01).

From the observation of the estimated characteristic GN values, it was concluded that
all sections had a GN value that was below the specified GN; value, which meant that
further measures would be required to deal with the loss of skid resistance. On this basis,
an investigation would be needed in order to determine whether specific treatments should
be implemented.

The assessment of the pavement functional condition would also be carried out for
subsections A-8 and A-11 after the reinforcement works. This concludes the proposed
ITE procedure.

Apart from rural roads or highways as considered in this work, the ITE approach
could also be used for different classifications of roads. Accordingly, the criteria would
change depending on the requirements of the respective road category.
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4. Conclusions

The ITE algorithm presented in this paper is proposed as a simple and effective method
for determining optimal maintenance/rehabilitation strategies that minimize the need for
data resources. The main requirement of ITE is the collection of NDT data on thickness,
deflection, roughness and skid resistance, which must be appropriately evaluated after a
rigorous monitoring loop of the pavement using weighted criteria. The most important
advantages of the procedure presented can be summarized in three key points, namely:

e  Efficiency, as the ITE can be a powerful tool for determining the maintenance needs of
road pavements;
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e  Adaptability, as it can be modified and implemented according to the requirements of
individual road operators;
e  Applicability, as it is a rational and easy-to-implement testing and evaluation procedure.

However, it is true that this paper does not address the economic costs, the impact
on road users and the periodicity of the NDT techniques used for monitoring. These
critical issues have motivated a whole branch of research on structural health monitoring
(SHM) of pavements and other structures (buildings, bridges, etc.). Although this ap-
proach is beyond the scope of this paper, future research could also consider these rapidly
evolving techniques.

In any case, the value of the ITE algorithm is not questioned, as it is an objective
procedure to support decision making within a PMS. It can also ensure road authorities
a cost-effective use of limited resources, which is of utmost importance. All in all, the
proposed procedure can be adapted to the needs of road operators and the corresponding
intervention strategies by defining the road category and the trigger values of the criteria,
etc., as it is a ready-to-use tool.
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