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Abstract: In this paper, a simplified procedure for the assessment of pavement structural integrity
and the level of service for urban road surfaces is presented. A sample of 109 Asphalt Concrete
(AC) urban pavements of an Italian road network was considered to validate the methodology.
As part of this research, the most recurrent defects, those never encountered and those not defined
with respect to the list collected in the ASTM D6433 have been determined by statistical analysis.
The goal of this research is the improvement of the ASTM D6433 Distress Identification Catalogue to
be adapted to urban road surfaces. The presented methodology includes the implementation of a
Visual Basic for Application (VBA) language-based program for the computerization of Pavement
Condition Index (PCI) calculation with interpolation by the parametric cubic spline of all of the
density/deduct value curves of ASTM D6433 distress types. Also, two new distress definitions
(for manholes and for tree roots) and new density /deduct curve values were proposed to achieve a
new distress identification manual for urban road pavements. To validate the presented methodology,
for the 109 urban pavements considered, the PCI was calculated using the new distress catalogue and
using the ASTM D6433 implemented on PAVER™. The results of the linear regression between them
and their statistical parameters are presented in this paper. The comparison of the results shows that
the proposed method is suitable for the identification and assessment of observed distress in urban
pavement surfaces at the PCI-based scale.

Keywords: urban road surfaces; pavement management; deduct value curves; pavement condition
index; distress identification

1. Introduction

Pavements are one of the major assets of urban roadway systems. Maintenance and rehabilitation
of these assets to maintain and achieve an acceptable level of service is a difficult challenge for urban
development [1]. Since the 1970s, state highway agencies in the United States and Canada have been
applying the Pavement Management Systems (PMS) to manage their assets, and they have evolved
to be reliable tools for the effective management of interurban pavement networks; since then, their
use has been spreading worldwide. The pavement management process provides a systematic and
consistent method for the selection of maintenance and repair needs by evaluating the pavement
performance at the network level [2].

In general, an adequate PMS should incorporate a set of tools able to provide a network-level
inventory of pavement surface distress and conditions and network management tools, including the
prediction of pavement condition, budget planning, inspection scheduling and economic analysis, for
determining the most cost-effective maintenance and repair strategy considering the Life-Cycle Cost
Analysis (LCCA) [3-5].
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Several methods have been proposed worldwide to support the pavement management process by
the development of pavement condition data as a major factor in the pavement management process [6],
so researchers and highway agencies around the United States [7-9] have developed different pavement
distress indices to measure the pavement’s structural integrity and pavement surface operation by
aggregating several distress types to measure the overall condition of the pavement. Similarly, other
researchers [10] had been working to develop global indexes considering pavement, roadside barriers
and road structures.

Regardless, many PMS developed worldwide include other indexes based on road surface
properties, such as roughness, which is related to pavement ride quality, load induced on the pavement,
and driver’s comfort [11]. Roughness is measured using high performance equipment (profiler,
profilometer, or profilograph) [12], which detects road profiles in real time, and the acquired data are
analyzed in terms of frequency-weighted vertical acceleration ayy, according to ISO 2631 [13] or by the
worldwide-recognized International Roughness Index (IRI) [14]. However, these techniques require an
initial high investment and qualified staff for managing the data, so the use of these technologies is
reduced to large agencies to manage large networks, and their use is very limited for small pavement
road networks, where simple methods are used, such as visual surveys.

The main contribution to the state-of-the-art was the development of the Pavement Condition
Index (PCI) rating procedure based on a numerical scale, from 100 (perfect condition) to 0 (failed
pavement) [15], developed by the U.S. Army Corps of Engineers (USACE). The procedure was adopted
by the American Society for Testing and Materials (ASTM) and documented in ASTM D6433 [16]
Standard Test Method for Roads and Parking Lots Parking Lots Pavement Condition Index Surveys,
and ASTM D5340 [17] Standard Test Method for Airport Pavement Condition Index Survey. This
methodology has been widely used throughout the United States.

USACE subsequently developed the commercial software PAVER™ (version 7.0, Colorado
State University, Fort Collins, CO, USA) [18], which uses the ASTM PCI calculation for describing
the pavement’s condition and predicts future pavement conditions, helping managers to determine
priorities and the optimal time to perform repair and maintenance activities. PAVER™ has been
widely used by the U.S. Department of Defense (DOD) for the management of U.S. military airfields.

European experiences so far are very limited, mainly being concentrated on airfield pavements.
In Ireland [19], the United Kingdom [20] and the Netherlands [21], some procedures and guidelines
have been development to use the PCI methodology and PAVER™ to assess pavement condition and
define pavement maintenance policies.

However, the European background in distress identification and management of roadway
pavements is limited. The French institute of science and technology for transport, spatial planning,
development and networks (in French: Institut francais des sciences et technologies des transports,
de l'aménagement et des réseaux IFSTTAR) has developed guidelines [22] for pavement distress
identification in roadways. Additionally, only recently, in Ireland, a study of the Irish regional
road network in 2012 [23] includes the assessment of the condition of pavement surfaces using a
simplified index from 1 (failed pavement) to 10 (perfect conditions), based on the Pavement Surface
Evaluation and Rating (PASER) rating scale, [24] methodology pioneered by the Wisconsin Department
of Transportation (Madison, WI, USA) for local roads of the State of Wisconsin in the U.S.

It is important to say that the above-cited methodologies for a distress identification catalogue,
such as ASTM D6433, are suited for roadways in the United States, and not for pavement distresses
frequently seen on of European urban roads.

The application of PMS to urban areas are still very limited; only recently, some researchers
have been working to adapt the PCI rating system for its use in urban areas, to manage pavement
maintenance of sidewalks [25] and roadway pavements [26].

Recently, researchers [27-29] have proposed the development of a comprehensive PCI called the
Urban Pavement Condition Index (UPCI) for the assessment of Chilean urban pavements. They have
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developed new distress evaluation guidelines, including the principal distresses present in the urban
network and not considered in ASTM D6433, such as catch basins and manhole covers.

A manhole cover becomes a roadway hazard when it is not flush with the road surface. Motorcycle
riders are at the highest risk with respect to uneven, loose or improperly-placed manhole covers.
Hitting a manhole cover that is slightly open while traveling on two wheels can result in accidents
with severe injuries or death. The manhole covers (or simply referred to as manholes) can also cause
damage to vehicles and environmental impacts in terms of vibration and noise [30].

Furthermore, the determination of new deduct value curves from those of the ASTM D6433 has
been developed [31] to suit the requirements and needs of flexible pavements in the State of Virginia.

In India [32,33], and in other developing countries [34,35], some researchers have developed
methods combining different distress index equations and PCI using a reduced number of distresses
starting with the ASTM D6433 catalogue. To each distress, different weights were assigned based on
expert opinion to take into account their influence on overall pavement conditions.

The research presented in this paper attempts to fill the existing gap in the state-of-the-art in
urban pavement maintenance by introducing a simple, effective and affordable PMS procedure.

2. Materials and Methods

2.1. Framework of the Presented Methodology

Challenge: Update the distress identification catalogue to the morphology and needs of Italian
urban pavement surfaces (Figure 1).

Distress data
109 sample units
urban network

Y

Statistical analysis of distresses
observed in the urban network.

Determination of distress frequency
classified according to the ASTM
D6433

A

Development of a VBA language-
based program for the
implementation of the

ASTM D6433 PCI calculation

Analytical procedure to determine
the ASTM D6433 deduct value
curves for AC pavement distresses
(20 distresses)
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A
Obtain new DV curves through the s ion tt i v
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Figure 1. Framework of the specified procedure for distress identification and assessment for urban
road surfaces based on PCI, Pavement Condition Index.
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The main objectives of this work are:

1. Perform a statistical analysis of distresses observed in an Italian road network from those that
are collected in the ASTM Standard D6433 Distress Identification Catalogue to identify the most
frequent distresses.

2. Determine how the ASTM D6433 distress definition could be upgraded to suit the pavement
condition of urban roads looking for the identification, improvement and simplification of the
pavement distress identification catalogue.

3.  Find an analytical procedure to determine the ASTM D6433 deduct value curves for Asphalt
Concrete (AC) roadway pavement distresses (20 distresses).

4. Implement the ASTM D6433 PCI calculation procedure through a Visual Basic for Application
(VBA) language-based program.

5. Obtain new deduct value curves through the combination of ASTM D6433 distress deduct value
curves to evaluate observed distress in Italian urban road networks that are not defined in
ASTM D6433.

6.  Achieve a simplified new distress identification catalogue for urban road AC pavements to assess
the pavement condition at a PCl-based scale. Evaluate the reliability and the accuracy of the new
methodology by comparing the PCI values calculated and those with the ASTM D6433 catalogue
in an Italian urban road network (109 sample units).

2.2. Statistical Analysis of Distress Distribution in an Urban Road Network

The PCI methodology is a rating system that measures the pavement integrity and surface
operational condition based on a numerical scale (Figure 2). According to this methodology, the
pavement network is divided into branches, sections and sample units [15]. Pavement surveys are
performed in sample units. It is an accurate, consistent, systematic and repeatable rating method based
on a visual survey to assess pavement surface distresses by the identification of the type, severity and
density of each distress.

Standard PCI Customized PCI
Rating Scale Rating Scale

Adequate

Medium

Unsatisfactory

Figure 2. Standard and customized PCI rating scale.

The ASTM D6433 defines 20 distress types for AC pavement (Table 1). Each combination of
distress density, distress severity and distress type has an associated deduct value as a weighting factor
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that indicates the influence of each combination on the pavement condition. The ASTM D6433 Distress
Identification manual provides guidelines to pavement inspectors to correctly identify each distress
type and severity. Each deduct value is determined by using available master curves provided in the
Distress Identification Catalogue documented in the ASTM D6433 Appendix X3 [16].

Table 1. American Society for Testing and Materials (ASTM) D6433 distress identification catalogue

asphalt concrete list of distresses.

Distress ID Description Unit of Measure Group Cause
1 Alligator cracking Square meters Cracking Load
2 Bleeding Square meters Surface defects Other
3 Block cracking Square meters Cracking Load
4 Bumps and sags Linear meters Visco-plastic deformations ~ Load, climatic, other
5 Corrugation Square meters Visco-plastic deformations Climatic, other
6 Depression Square meters Visco-plastic deformations Other
7 Edge cracking Linear meters Cracking Climatic
8 Joint reflection Linear meters Cracking Climatic
9 Lane/shoulder drop-off Linear meters Visco-plastic deformations Other
10 t;:;xg/ietll‘ls(iigici?gg Linear meters Cracking Climatic
11 Pati}srﬁaigsi:;ﬂity Square meters Others Other
12 Polished aggregate Square meters Surface defects Traffic
13 Potholes Number Potholes Traffic, load
14 Railroad crossing Square meters Others Other
15 Rutting Square meters Visco-plastic deformations Load
16 Shoving Square meters Visco-plastic deformations Other
17 Slippage cracking Square meters Cracking Traffic
18 Swell Square meters Visco-plastic deformations Climatic
19 Raveling Square meters Surface defects Other
20 Weathering (surface wear) Square meters Surface defects Other

In the context of a previous case study [36,37] aimed to implement a Pavement Management
System (PMS) for urban areas considering the Vehicle Operating Costs (VOC), an Italian urban road
network was inspected using visual surveys. The pavement distress data were assessed manually by
two inspectors with simple tools (a hand odometer wheel and a straightedge). The evaluators were
able to inspect the entire Network 1 for a low cost, in a short period of time (a total of two weeks)
without high economic commitments, and with minimal road interruptions.

The inspected urban road network (total area of 33,190 m?) was divided into branches and sections
according to the definition of the ASTM D6433. A total of 58 Sample Units (SU) at the network level
and 127 SU at the project level was inspected. A total sample of 109 AC SU (25,711 m?) was considered
in this study, excluding the parking lot areas and those SU related to particular types of pavements
(low traffic, pedestrian roads, etc.). This sampling is considered as representative of an Italian road
network including SU with different construction dates and characteristics.

To accomplish the objectives of this paper, some statistical analyses were performed within the
same sample to determine the distress frequency classified according to ASTM D6433.

The distress density and associated deduct values of each distress type were summed for the entire
sample. Distress types were grouped into distinct categories separating those that have a low distress
density, those that cannot be grouped with other distresses and those with high density. The results
are reported in Table 2.
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Table 2. Distress frequency in an Italian road network.

Distress ASTM D6433 Total Density ~ Density Total Deduct  Deduct value
Category Distress Description Frequency (%) value (DV) (DV) (%)

2. Bleeding; 12. Polished
Aggregate; 14. Railroad crossing;
16. Shoving; 17. Slippage cracking; 0.49 1 168 1

Low frequency

distresses 18. Swell; 20. Weathering
(surface wear)
7. Edge cracking; 8. Joint
. reflection; 9. Lane/shoulder
Cracking drop-off; 10. Longitudinal and 1750 4 3805 z
transverse cracking
Surface 4. Bumps and sags;
deformations 5. Corrugation; 6. Depression 508 14 1917 14
Raveling 19. Raveling 2.80 8 2027 15
Alligator 1. Alligator cracking 3.77 10 958 7
cracking
Block cracking 3. Block cracking 3.28 9 1467 11
Rutting 15. Rutting 1.18 3 102 1
. 11. Patching and
Patching utility cut patching 1.84 5 1492 11
Potholes 13. Potholes 0.32 1 1786 13
Total 36.26 100 13,722 100

As observed, there are 7 distresses whose density quantities associated in the inspected urban
road network has a very low frequency value (1%); other distresses can be grouped under two different
categories by their similar characteristics (4 distresses into category Cracking and 3 distresses into
category Surface deformations). Moreover, there are some distress types that cannot be considered
under the same group due to their characteristics or due to frequencies or total deduct values that
are very high (Raveling, Alligator cracking, Block cracking, Rutting, Patching and Utility Cut Patching
and Potholes). This analysis highlights the influence of weight in the network pavement condition
of certain defects that have reduced density values but a higher percentage of total deduct value as
Potholes. This result agrees with the PCI methodology that assigns a greater weight with respect to
other distresses. In another case, (i.e., rutting), the PCI methodology assigns a lower weight with
respect to other distresses. However, this does not mean that this distress is less important with respect
to other distresses. In fact, the distress rutting appears in the pavement at the end of the degradation
process. The same happens for the distress alligator cracking: it appears in the pavement as the final
stage of the degradation process.

Therefore, the rutting and the alligator cracking distresses are more likely to be found in pavement
with low PCI value.

Those findings have been confirmed in other statistical analyses performed on the same
network. Therefore, distress types had been grouped according to the 4 categories defined
above (cracking, visco-elastic deformations, surface defects and others) plus the 3 individual distresses
(rutting, potholes and alligator cracking).

Considering the results of the statistical analysis of these 7 distresses, grouping the value of the
SU into one of three PCI categories (adequate, medium or unsatisfactory) it is possible to evaluate the
global progressive degradation in all SU inspected.

In this way, deduct values associated with distress type, severity levels and quantities have been
summed and classified under the same PCI category, see Figure 3 and Table 3.
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Figure 3. Road pavement observed distresses distribution by Pavement Condition Index (PCI)
condition in urban areas. Percentage of observed distress in: (a) Adequate PCI sections; (b) Medium
PCI sections; (c) Unsatisfactory PCI sections.

Table 3. Road pavement distress distribution by PCI condition in Urban Areas.

Percentage of Percentage of Percentage of
Distress Category ASTM D6433 Observed Distress  Observed Distress  Observed Distress
Distress Description in Adequate in Medium in Unsatisfactory
Conditions Condition Conditions

3. Block cracking, 7. Edge
cracking, 8. Joint reflection,
Cracking 9. Lane Shoulder Drop-off, 37% 33% 17%
10 longitudinal and transverse
cracking, 17. Slippage cracking

4. Bumps and sags, 5.

Visco-plastic Corrugation, 6. Depression, 33% 24% 10%

deformations 16. Shoving, 18. Swell.
2. Bleeding, 12. Polished
Surface defects Aggregate 19. Raveling, 14% 15% 6%
20. Weathering
Potholes 13. Potholes 8% 10% 16%
11. Patching and utility cut o o o

Other patching, 14. Railroad crossing. 8% 13% 9%
Alligator Cracking 1. Alligator cracking) 0% 5% 27%

Rutting 15. Rutting 0% 0% 15%
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When the PCI value is still high (adequate condition, Figure 3a) the most frequent distresses that
occur in the sections are cracking, visco-plastic deformations and surface defects; accounting for 84% of
total deduct value in SU. The distresses rutting and alligator cracking are still missing in the pavement,
confirming our earlier assumption.

When the pavement degradation is medium (Medium Condition, Figure 3c) the categories
Visco-plastic deformations, Cracking, Surface defects and other are the most frequent distresses that occur
in the sections; accounting for 85% of the total deduct value in the SU. Finally, the typical distresses
associated with the last stages of the degradation progress (potholes and alligator cracking) begin
to appear in some pavement sections. When the PCI value is very low (unsatisfactory condition,
Figure 3c) the most frequent distresses that occur in the sections are rutting, potholes and alligator
cracking. This account for 58% of total deduct value in the SU, along with other distresses from different
stages of the degradation progress.

2.3. Computerization of ASTM D6433 Procedure

To accomplish the objective of this work, the PCI calculation standardized procedure (1) described
in ASTM D6433 was implemented through a VBA language based program to calculate the PCI of
each SU. Figure 4 shows the main program window, which enables data entry for a given SU (distress,
severity level and quantity), the deduct values and overall sample unit PCI is provided.

A mq | CALCULATE
- CALCULATE PCI ’
Distress Severity Quantity Total Density (%) Ratin,
Ammaloramenti Severita - Quandl?fntala uom D!n‘;blé , it Fa Gludizlgu
1 0K
2 oK
3 oK SAVE PCI
a oK Random Sample Unit
5 0K
6 0K
g oK SAVE PCI
d 2% Additional Sample Unit
9 0K
10 oK
11 - - - oK
12 - -- - 0K Cleaner
oK
oK
oK
oK
oK
oK
0K
0K

PCl_UnitaCampione | PCl Sezione | dati | TDV T

Figure 4. Automated PCI calculation procedure Visual Basic for Application (VBA) program interface.

m;
PCI = 100 — i Y _a[T;, S, Djj] - F(t,d) 1)

i=1j=1
where: PCI = pavement condition index; a = deduct weighting value depending on distress type Tj,
level of severity S;, and density of distress Dj;; i = counter for distress types; j = counter for severity
levels; p = total number of distress types of pavement type under consideration; m; = number of
severity levels on the i-th type of distress; and F(t,d) = an adjustment factor for distresses that varies

with total summed deduct value t and number of deducts d.

It is necessary to use an adequate Distress Identification Catalogue reflecting the characteristics of
pavement surveyed and a standardized procedure to make repeatable investigations for the entire
network. To this end, some US highway agencies that apply PMS procedures have developed internal
reference catalogues for pavement distress identification.
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The PCI of each SU is calculated as described in Equation (1), by adding up the total quantity
of each type distress, severity level from inspection data, and recording them in the “total severity”.
The units for the quantities may be square meters, linear meters, or number of occurrences, depending
on the distress type.

PCI calculation involves the determination of the Deduct value to weight each combination of
type, severity and density of distress within each SU. Therefore, it was necessary to digitize each
density/deduct value curve (master curves collected in ASTM D6433 on paper) to accurately determine
the value of the deduct value in an Automated PCI calculation Procedure.

For each distress type (20 in total for AC pavement) and level of severity (generally (L) low,
(M) medium and (H) high), an interpolation curve can be determined using a Hermite Polynomial
Interpolating Curve. For each density/deduct value curve, the coordinates of 10 points Qi were
determined (logjod; = Ld;: logarithm of density, DV;: deduct value) from ASTM D6433 Appendix
X3 [16]. These points were used to obtain a smooth continuous function in which each piecewise
polynomial is a parametric cubic spline specified in Hermite procedure (Figure 5).

Alligator cracking - Low severity

100 —
90 —
80 —
70 —

4 (Ldg.DVy)
60 —

(Ldg,DVg)

50 — (Ld,,DV5)

40 (Ldg,DV)
30 — (Ldg,DV5)
* (Ld,DV,)
20 — (Ld3,DVy)
(Ld,,DV,)

Deduct value - DV

Qo4 (W=[LT, 41 (1), DV 1 (u)]

10 —\(Ldp.DVy) Qj(u)=[Ld;(u).DV;(u)]

(Ld,,DV,)
0 [ IIIIIII| IIIIIII| IIIIIII|

0.1 1 10 100
Distress density - Ld

Figure 5. Logarithm Density—Deduct value Polynomial Interpolating Curve Hermite procedure.

For each segment Q;(u) (Ld;(1),DV;(u)), between each pair of known data points, the parametric
cubic polynomial expressions can be written as follows:

Ldi(u) = apgu® + bpgu® + cpgu +dpg;
DV;(u) = apy u® + bpy ;u* + cpy i + dpy,

@)

withu € [0,1]andi=0,1,2,... 9.

For 10 control points given in the plane (Ld, DV), interpolated by 9 cubic polynomial segments,
4 x 2 = 8 coefficients are needed to define each segment, therefore 8 x 9 = 72 coefficients should be
determined (4 x 9 = 36 coefficients for each Ld(1) and DV (i) parametric function).

The available equations (for each Ld and DV variable) are the following;:

1. 2 x 10 = 20 equations for each polynomial segment passing through each pair of adjacent
control points;

2. 9 equations for first derivative continuity in contact points (C! continuity);
3. 9 equations for second derivative continuity in contact points (C? continuity).
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The total equation count is 4 x 10 — 2 = 38 (76 in total) while the needed equations are 4 x 10 = 40
(80 in total).

To obtain the other 2 equations (4 in total) it was necessary to set tangent and/or curvature
values at the first and at the last control points, through first and/or second parametric derivative
values. The system of equations can be expressed through control point coordinates, first and second
derivatives of the 9 internal and the 2 external control points.

In this way, for the i-th polynomial segment of each curve in the parametric plane (1, Ld or u, DV),
see Figure 6, the equations, for example, consider the variable DV (the same for Ld):

fi(0) = apy,; = DV,_4

3)
fi(1) = apy,+bpy,;+cpv,+dpv,; = DV;

and the equations expressing the first derivative at the beginning (D;_1) and at the end (D;) of i-th
polynomial segments are:

f'i(0) = cpv,i = Di—1
f':(1) =3apy,; +2bpy,i + cpyv,; = D;

4)

DV .y

Figure 6. Parametric plane (1, DV) Polynomial Interpolating Curve Hermite procedure.

In the Equations (3) and (4), DV;_1, DV;, D;_; and D; are respectively the control points
coordinates and the first derivative value (at the beginning and at the end of i-th segment). From
Equations (3) and (4) it is possible to obtain algebraic expressions of coefficients:

dpy,; =DV

cpv,i = Dj1 5)
bpy; =3(DV; —DV;_1) —2D; 1 — D;
apy,; =2(DV;_1 —DV;) + D;_1 + D;

To obtain the C? continuity, it is necessary to impose the following second derivative conditions
in the 9 internal control points (6):

(1) = f":4(0) (6)
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withi=1,2,...,10; obtaining (7):

6apy, +2bpy; = 2bpy i1 )

Then, substituting the algebraic expressions of coefficient (5) in (7) the expressions of second
derivative of curve are obtained (8):

6[2(DV;_1 — DV;) + Dj_1 + D] +2[3(DV; — DV;_1) — 2D; 1 — D;] = 2[3(DV; 1 — DV;) = 2D; = D; 1]  (8)
and simplifying (9):
D; 1 +4D;+ Dj 1 =3(DVi_1 —DV;4) )

If the second derivative at the endpoints is equal to zero, the “natural” cubic spline is obtained.

By imposing the second derivative condition at the first subdomain of the piecewise (i = 0), Equation (10)
is obtained:

2bpy1 =0 (10

Substitute the algebraic expression of coefficient (5) with (10), the following expression (11) is
obtained and simplified (12):
2[3(DVy — DVy) —2Dg — D1] =0 (11)

2Dy + Dy = 3(DV; — DVy) (12)
Similarly, for the last subinterval of the piecewise (i = 9):

D, +2D,_1 = 3(DV, — DV,_1) (13)

The Equations (9), (12) and (13) can be collected in matrix form. The 10 unknowns are grouped in
D =[Dy, Dy, ..., Dg] that can be calculated by inverting the tridiagonal matrix H (and similarly for
Ld variable):

[2 1 Dy 3(DV; — DVp)
1 4 1 Dy 3(DV, — DV)
1 4 1 D, 3(DVs — DV;)
Lad | Ps| — | 3PVa=DV) |y p_pvoD-H1xDV (14)
1 4 1 Ds 3(DVy — DV3)
I 1 2] [ Dy | |3(DVe—DV) |

Knowing the coefficients of each segment of the curve (for all distress and for all levels of severity),
it is possible to calculate, starting by a value of density, the corresponding value of deduct value and
SO on.

The next step is the calculation of maximum Corrected Deduct Value (CDV) that will be subtracted
from 100 obtaining the PCI of the sample unit. The PCI within each section is calculated by averaging
the PCI of each sample unit.

The whole algorithm was implemented writing a code in VBA (see Figure 4) and capable of
calculating the PCI of a section starting from its distress.

2.4. Definition of New Distress Identification Catalogue for Asphalt Concrete Pavements in Urban Areas

One of the objectives of this work is to achieve a simplified new distress identification catalogue
for urban road AC pavements to assess the pavement condition in a PCI based scale. This section is
intended to propose a simplified distresses catalogue comparing that one contained in ASTM D6433
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considering the results of statistical analysis presented in this article (Tables 2 and 3) on a representative
sample of an urban pavement road network.

Although the list of distresses in ASTM D6433 appears complete and exhaustive, the use of
such a catalogue for urban pavements could be difficult to apply for the road network operators and
maintenance agencies have little incentive to adopt a PMS.

In addition, the use of ASTM D6433 catalogue has shown difficulties for some inspectors of urban
pavements due to the widespread presence of pavements distresses that are not listed in ASTM D6433.

Specifically, Manholes and Tree roots. These distresses, before this proposal of integration, were
associated with other distresses respectively as Patching and Swell. However, it was often very difficult
to instruct the inspectors on the choice of the type of distress to be attributed, so much so that often
these distresses were completely neglected during inspections.

For this reason, it was considered appropriate to drastically reduce the number of distresses
(from 20 to 10 distresses) present in the catalogue for the calculation of the PCI and add the two
missing distresses. These adjustments should be made in order to avoid distorting the PCI numerical
significance in its rating scale that appears to be universally accepted.

Consequently, to upgrade the ASTM D6433 catalogue for application on Italian urban roads, some
distress types collected in the ASTM Standard Guide and whose quantities are measured in the same
unit of measurement and belonging to the same group are combined with each other to facilitate
the inspection activity as indicated in Table 4. Four new defects have been defined by combining
others—N_3. Linear and isolated cracking (Figure Al), N_4. Surface deformations (Figure A2), N_6.
Failure surface grip (Figure A3) and N_10. Slippage cracking (Figure A4); and two new distress types are
defined—N_11. Patching (Figure A5) and N_12. Tree Roots (Figure A6); six distresses remain unchanged
(N_1. Alligator cracking, N_2. Block cracking, N_5. Rutting, N_7. Potholes, N_8. Patching and N_9.
Railroad crossing).

Table 4. New distress identification catalogue asphalt concrete pavement for urban areas.

Distress DISt.reS.S Unit of Gr.oup of Cause Combination ASTM D6433 Distress
ID Description Measure Distress
N_1 Alllgu'tor Square meters Cracking Load 1. Alligator Cracking
cracking
N_2 Block cracking Square meters Cracking Climatic 3. Block cracking
Linear and . . Climatic/Poor 7 Edge cr.ackmg; 8. Joint reﬂechon_;
N_3 . . Linear meters Cracking . 10. Longitudinal and transverse cracking,
isolated cracking construction
9. Lane/Shoulder Drop-off
Surface Visco-plastic Subsidence/Poor 4. Bumps and sags; 5. Corrugation,
N4 deformations Square meters deformations construction 6. Depression, 18. Swell
. Visco-plastic .
N_5 Rutting Square meters deformations Load 15. Rutting
Failure Bituminous mixture 2. Bleeding, 12. Polished Aggregate,
N_6 surface grip Square meters  Surface Defects low quality 19. Raveling, 20. Weathering (Surface wear)
N_7 Potholes Number Potholes Traffic, Load 13. Potholes
N_8 Patching Square meters Others Other 11. Patching and Utility Cut
N_9  Railroad crossing ~ Square meters Others Other 14. Railroad crossing
Slippage Visco-plastic Bituminous mixture . . .
N_10 cracking Square meters deformations low quality 16. Shoving, 17. Slippage cracking
6. Depression, 11. Patching and
N_11 Manholes Square meters Others Other Utility Cut Patching
N_12 Tree roots Linear meters Others Other 14. Railroad crossing, 11. Patching and

Utility Cut Patching, 18. Swell

The proposed Distress Identification Catalogue is composed of 12 distress types, listed and
classified in different groups. In the same way, the Distress Identification Catalogue defines for each
distress type, (1) a description of the distress type; (2) a guide to determine the severity levels; (3) how
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to measure and count the distress type and severity; (4) representative photo (s) to help inspectors to
identify the severity level of distress and; (5) the deduct value curve for each distress type.

The deduct value curve of new distresses is obtained as a combination of the ASTM D6433 deduct
value curves of they are composed. The new deduct value curve was written as a continuous function
using the Polynomial Interpolating Curve Hermite for the interpolating of ten pairs of values (density,
DV) obtained by averaging the ten pairs of values (density, DV) of each deduct value curve that has to
be combined (Figure A7). These inspection guidelines for the new distress definitions for urban road
pavements are defined in Table 5 and Appendix A.

Table 5. Severity levels definitions for urban pavement distresses identification catalogue.

No Distress Type Severity Level Description Unit of Measure
Linear and Low Mild non-sealed cracks with a mean amplitude lower than 1 cm
N3 . . Medium Average cracks with a mean amplitude between 1 and 7.5 cm Linear meters.
isolated cracking . . .
b High Cracks with a mean amplitude >7.5 cm
Low Depth of pavement depressions between
Surface 1 and 2.5 cm, with associated high ride quality.
N_4 . . Square meters.
deformations Medium Depth of pavement depressions between
2.5 and 5 cm, with associated medium ride quality.
Hich Depth of pavement depressions > 5 cm, with associated badly ride
& quality.
Sticky surface only a few days a year,
. Low . .
Failure surface aggregates and bitumen begin to be removed.
N_6 . A . Square meters.
grip Medium Sticky surface few weeks a year or erosion level
such as to have moderately wrinkled texture.
High Sticky surface for at least a few weeks a year, or very rough texture.
Slippace Low Good ride quality and/or crack amplitude <1.0 cm.
N_10 ppag . Average ride quality and/or crack amplitude between 1.0 and 4.0 Square meters.
cracking Medium : .
cm with crack surrounding area moderately crushed.
. Low ride quality and/or crack amplitude >4 cm; surrounding area
High hi ; .
ighly cracked into removable pieces.
Low Low influence on ride quality
N_11 Manholes Medium Medium influence on ride quality with an elevation of Square meters.
manhole <5 cm; The surrounding area is slightly cracked.
High High influence on ride quality; Elevation over the roadway
& level >5 cm; the surrounding area is significantly cracked.
The height above road surface is less than
Low / . -
N 12 Tree Root 10 cm with medium traffic influence. Square meters
- fee Roots Medium Height above road surface between 10 to 20 cm and low to medium 1 '
traffic influence, or height <10 cm with high influence on traffic.
High High influence on traffic with an height above road surface >10 cm.

The new distress type N_3. Linear and Isolated Cracking definition was obtained as the combination
of ASTM D6433 7. Edge cracking; 8. Joint reflection; 9. Lane/Shoulder drop-off and 10. Longitudinal and
transverse cracking, all of those distresses classified as cracking and measured in linear meters, allowing
the inspector recording these distresses under the same code.

Likewise, the new distress N_4. Surface deformations is defined as the union of distresses classified
under the same, group Visco-plastic deformations: ASTM D6433 distress 4. Bumps and sags, 5. Please check.
Corrugation, 6. Depression and 18. Swell, measured in square meters, being much simpler to identify.

Distress N_6. Failure surface grip, classified under the Surface defects group is obtained as the
combination of ASTM D6433 distress 2. Bleeding, 12. Polished Aggregate, 19. Raveling and 20. Weathering,
measured in square meters.

Similarly, distress N_10. Slippage cracking is defined as the combination of ASTM D6433 distresses
16. Shoving, 17. Slippage cracking, both distresses are measured in square meters, to consider the traffic
tangential action. These distresses can be found in roadway points where there are repeated braking
and accelerations linked to roadway areas overlays are poorly bonded with the underlying layer.

The main novelty of proposed distress identification catalogue for urban road pavements
assimilates two innovative distress definitions in the catalogue that ASTM D6433 does not consider;
N_11. Manholes and N_12. Tree roots.
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For the first distress, this choice is motivated to catalog the catch basins and manholes in pavement
condition assessment due to their importance as a singular and very common distress in Italian Urban
Roads (Figure A5). This innovative definition allows considerations of the catch basins, manholes.
These features have a strong presence in urban roadways and induce other distresses in surrounding
areas that very negatively affects drive quality and causes damage to the vehicles. These distress are
not currently considered by the ASTM D6433 PCI calculation procedure. The quantities of this distress
are measured in square meters

Another distress that the Standard Practice ASTM D6433 does not include is N_12. Tree roots
distress. This defined on the new distress identification catalogue for urban areas for its importance
and its wide presence in Italian Urban Roads (Figure A6). The appearance of this distress is linked to
the presence of large trees in the roadside of urban streets which may create a raise in the pavement on
the road side and /or a break in the pavement leading to accidents and vehicle damage.

The density-deduct value curve associated with N_12. Tree roots is calculated as the combination
of ASTM D6433 11. Patching and Utility Patching and 18. Swell. The severity level should be considered
by the Table Al. The quantities of this defect are measured in square meters.

3. Results

As mentioned above, the new definition of the catalogue distresses, motivated by simplifying
identification and defining the two new distresses, should not distort the PCI value. In addition,
it is necessary to validate the digitization of density/deduct value curves to verify the correctness of
the calculations.

Therefore, the results analysis was divided into three various different stages. In the first stage,
a comparison between the sample units’ PCI obtained with commercial software PAVER™ and
the sample units” PCI calculated using the proposed procedure is conducted of the total sample of
109 sections of the Italian Road Network.

This comparison was used to validate the procedure adopted to interpolate deduct value curves
for the ASTM D6433 Distress Identification Catalogue.

Next, new analytical density-deduct value curves were generated for the new distresses and a
specified procedure for distress identification and assessment for urban road surfaces was conformed.
In this second stage the two new distresses (N_11. Manholes and N_12. Tree roots) were not considered
to evaluate whether the merging of the various distresses into the distress categories it can work. When
these distresses were found in the sample unit, the calculation of the PCI was replaced by Patching
and Swell. The objective of this second stage is to demonstrate that new deduct value curves can be
obtained by the combination of the deduct value curves collected on ASTM D6433 and can be used to
define new ones without a large variation in terms of PCL

Finally, the last stage consisted of calculating the sample units” PCI using the new distress
identification catalogue proposed by the reduction of the number of distresses from 20 distresses to
12 distresses as presented above. The objective of this third stage is demonstrate that new distress
identification catalogue for urban road pavements can be used without a large variation in terms
of PCL

Considering 109 SU belonging to the urban network, PCI was calculated with both the PAVER™
program and with the VBA program, considering the definition of ASTM D6433 distresses. The results
of this regression are shown in the Figure 7a.

Next, the PCI was calculated with the VBA program following the definition of distresses by the
merging of distress in the categories (in total 10 distresses); the regression with the PCI calculated with
the PAVER™ is shown in the Figure 7b.

Finally, the PCI was calculated with the VBA program and using the definition of the 12 distresses
(including the new ones for a total of 12 distresses); the regression with the PCI calculated with the
PAVER™ is shown in the Figure 7c.
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As observed from the Figure 7, there is a strong correlation with the PAVER™ software PCI value
and calculated PCI through the automated procedure. In fact, the coefficient of determination, R?, is
very close to 1 in all cases, increasing from 0.979 (New distress identification Catalogue including N_11.
Manholes and N_12. Tree roots) to 0.989 (ASTM D6433 PCI—20 distresses). The results of statistics
regression are reported in Tables 6 and 7.
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Figure 7. Cont.
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Figure 7. Regressions on 109 SU between PAVER™ PCI and calculated PCI using VBA program.
(a) ASTM D6433 (20 distresses); (b) New merged distress identification catalogue (10 distresses);
(c) New distress identification catalogue including two new distress definitions (11. Manholes and
12. Tree roots).

Table 6. Statistical parameters of automated procedure PCI calculation (ANOVA F-test).

Mean MS Regression/ s
Sum of Squares (SS) Square (MS) MS Residual (F) Significance F

ASTM D6433 PCI Regr.essmn 58578.94 58578.94 10171.10 6.70E-108
calculation (20 distresses) Residual 616.25 5.76 - -
Total 59195.19 - - -

New distress identification Regr.ession 58032.34 58032.34 5339.83 3.79E-93
catalogue (10 distresses) Residual 1162.86 10.87 - -
& Total ~ 59195.19 - - -

New distress identification Regr.ession 57933.82 57933.82 4914.41 2.94E-91
catalogue (12 distresses) Residual 1261.38 11.79 - -
Total 59195.19 - - -

Table 7. Regression coefficient of the automated procedure for PCI calculation.

. Coefficient of Coefficient of . ) Standard
Regression Model Correlation Determination Adjusted R Error
ASTM D6433 PCI
calculation (20 distresses) 0-995 0.989 0.989 240
New distress identification
catalogue (10 distresses) 0990 0-980 0-981 3.30
New distress identification 0.989 0.979 0.979 343

catalogue (12 distresses)

Table 6 shows the results of the ANOVA-F test performed to test the overall (global) fit of the
regression model, which is used to perform a statistical hypothesis test to compare an idealized null
hypothesis (Hp) that proposes there is no relationship between the two data sets and the alternative
hypothesis (H;) states that there is a linear relationship between both data sets. The best regression
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results are found for the automated procedure for the PCI calculation (20 distresses) for which
the lowest value of unexplained variance is 5.76. For these reasons, the values of the F statistic
(MS Regression/MS Residual) for all the tested automated procedures are higher than 4914 with
a Significance F less than 2.94 x 10~ that is, the observed data are inconsistent with the null
hypothesis. So we can surely reject null hypothesis and state that there is a very good correlation
between commercial software PAVER™ PCI and the SU PCI calculated using VBA language based on
an automated procedure.

The comparison between the results of both analyses showed us that the standard errors calculated
by the two regressions are very close. Certainly, the linear regression has a slope equal almost to 1
for all cases, near the theoretical line which indicates that the automated procedure calculation, and
the PAVER™ PCI can be assumed to be the same, demonstrating the efficiency of the automated
procedure calculation and the reliability of the constructed functions of deduct value curves.

4. Discussion

The proposed new distress identification catalogue can be used in the same scale of the
standardized PCI with several advantages for the assessment of urban road surfaces. The advantages
of the proposed method consist of the simplification of the pavement surveys (12 distresses instead
of 20 distresses) and the identification of pavement distress very frequent in urban roads and others
such tree roots and artificial elements (catch basins and manholes) not considered in the ASTM D6433
distress catalogue.

For example, these artificial elements, in the ASTM 6433 method, could be considered as 11.
Patching and Utility Cut Patching, but this assumption is subjective to the inspector judgement and
it has been found that often the inspectors completely neglected the inclusion of these distresses in
the Pavement Condition Survey Data Sheet or included these as other not appropriate/unsuitable
type of distress. This obviously caused a consequent reduction in the PCI value on the SU with an
underestimation of the general conditions of the network.

Another example is the definition of the tree roots distress that is a very common distress in
Italian Urban roads networks. The ASTM D6433 catalogue does not define this type of distress but
it could be associated with the 18. Swell distress definition, but the deduct value curves associated
with this distress are not defined for values of density <1 and severity level definitions are based only
in the influence of the distress in ride quality. Moreover, the new distress identification catalogue
includes in the definition of N_12. Tree roots distress the influence of the height of tree roots above road
surface and the influence that this distress has on the traffic based on the position of the roots inside
the roadway section; the associated deduct value curve is defined for all range of the density inside
the sample units.

The possibility to define new types of distress allows the manager to define the most appropriate
techniques to use for preventive and corrective maintenance in order to have, in the economic
evaluation stage of the alternatives, the correct quantification of workings.

In fact, considering the case of Manholes, often for this distress type there is no need to provide any
maintenance intervention unless the damage is propagated outside of the manufacturer (see Figure 8).
In this case, it would be appropriate to consider separately the two distresses: the “artificial” due to
the surface discontinuity of the pavement and the “natural” result on the pavement in consequence of
previous distress.

To complement the explanation expressed above, a comparative analysis between both distress
identification catalogue methodologies is included (see Tables 8 and 9). This study compares the
distress identification sheets of two SU of the studied road network.

On the one hand, Table 8 shows a SU with manholes which are considered according to the ASTM
catalogue as 11. Patching and Utility Cut Patching medium severity. The new distress identification
manual allows the inspector to consider the influence of those artificial elements in ride quality when
these create a vertical discontinuity in the pavement so, the inspector should consider the presence
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of manholes in SU as a N_11 Manholes High Severity (See Appendix A). This is reflected in a higher
calculated DV value, this leads to a lower value of overall SU PCI value which causes the rating of the
SU to fail (poor condition).

On the other hand, Table 9 gives an example of a SU with tree roots. As stated above, the tree
roots have to be considered as 18. Swell according the ASTM D6433 catalogue. The position of the root
within the section or its traffic influence is not considered in distress identification. However, since it
is located in the pathway of SU analyzed, the inspector should identify the distress as a N_12. Tree
roots, High level severity according the new distress identification manual for urban roads catalogue.
As a consequence, the associated DV for this type of distress in those sections is significantly higher,
changing the PCI rating scale category from Fair to Poor (see Figure 2). Besides, the use of new
distress identification manual for urban road pavements facilitates the inspection and makes it faster
by grouping various distresses by their similar characteristics, as can be noted at Table 9.

Therefore, the use of the new distress identification manual for urban road pavement allows
us to consider the traffic influence of these common distresses in urban areas, which is reflected
in a correction of overall SU PCI, declining the PCI rating category of sections when any of these
elements arise.

Another significant advantage of this methodology is the reduction of the number of distresses of
the catalogue without causing a substantial change in the PCI value. In general, it can be noted that this
reduction is only applicable in the case in which the contribution of these removed distresses slightly
varies the PCI value. In the present study, this has been verified through the regressions reported
before, but in the future, the applicability of the proposed catalogue should be verified by an extensive
campaign of inspections in urban road that can confirm the results presented here.

This has been verified through the regressions reported before, but in the future, the applicability
should be verified by an extensive campaign of inspections that can confirm the results presented here.

Figure 8. Example of manhole distress identification guidelines.

Table 8. Comparative analysis between ASTM D6433 and New Distress Identification Manual for
Urban Pavements: N_11 Manholes.

No Distress Type Severity Level Distress Quantity Distress Density DV
10 Longitudinal ar.ld transverse L 6.40 210 0.98
cracking

6 Depression L 1.30 0.43 4.46
13 Potholes H 1.00 0.33 33.81
4 Bumps and sags L 1.39 0.45 1.36
11 Patching and Utility Cut Patching M 5.00 1.64 12.78

- PCI Fair 58

N_3 Linear and isolated cracking L 6.40 2.10 1.70
N_4 Surface deformations L 1.30 0.43 2.70
N_7 Potholes H 1.00 0.33 33.81
N_4 Surface deformations L 1.39 0.45 2.71
N_11 Manholes H 5.00 1.64 23.15

PCI Poor 54
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Table 9. Comparative analysis between ASTM D6433 and New Distress Identification Manual for
Urban Pavements: N_12 Tree roots.

No Distress Type Severity Level Distress Quantity Distress Density DV
4 Bumps and sags M 7.90 3.31 23.58
3 Block cracking M 2.21 0.92 222
10 Longitudinal and L 2.00 0.84 2.00

transverse cracking

10 Longitudinal and M 14.40 6.03 13.00

transverse cracking

18 Swell M 3.40 1.42 15.04
7 Edge cracking M 2.10 0.88 4.89
3 Block cracking L 17.09 7.15 6.21
7 Edge cracking L 17.40 7.28 4.29
1 Patching and .Utlhty Cut M 312 131 11.05

Patching

18 Swell L 5.00 2.09 4.32
- - - PCI Fair 59

N_4 Surface deformations M 8.61 3.60 22.31

N_2 Block cracking M 221 0.92 222

N_3 Linear and isolated L 19.40 8.12 5.27

cracking

N3 Linear and. isolated M 16.50 6.90 12.88

cracking

N_2 Block cracking L 17.09 7.15 6.21

N_8 Patching M 3.12 1.31 11.25

N_12 Tree roots H 5.00 2.09 30.62
- - - PCI Poor 52

The N_4 Surface deformations quantity is not the sum of 4. Bumps and sags and 18 Swell because the 4. Bumps and
sags distress is measured in linear meters instead of square meters.

5. Conclusions

This work proposed a methodology based on the definition of new deduct value curves to
complete the ASTM D6433 Distress Identification Catalogue to assess the urban road pavement
surfaces. For this, the authors implemented a procedure for the determination of new distress deduct
value curves to include new distress definitions—manholes and tree roots—which are defects that
are very present in urban areas and have not been collected until now in the distress identification
catalogue (Appendix A).

The algorithm used for the digitalization of existing distress deduct value curves and the
automated procedure for the calculation of the PCI should be a useful tool for pavement engineers and
managers by allowing the implementation and the automatization of pavement agency customized
index for surfaces’ overall condition assessment eliminating time-consuming procedures.

A sample of 109 AC urban pavement surfaces was considered. By the statistical analysis of
detected distresses included in this sample the most recurrent defects, those never encountered
and those not defined with respect to the list collected in ASTM D6433 have been determined by
statistical analysis.

The comparison of the PCI value using the new distress identification catalogue and the values
obtained using the commercial software PAVER™ was performed. The results highlighted the
suitability of the proposed automated distress procedure for the calculation of the PCL

The method implemented using the new distress identification catalogue, therefore, determines
PCI values close to those can be obtained applying the ASTM D6433. Conversely, the method could be
very severe for the SU which presents many distresses like manhole covers and for tree roots. In fact,
these distresses are not considered in ASTM D6433 and the inspectors often do not consider them or
substitute them with another distress.

Moreover, the accuracy in distress identification and pavement condition assessment is always
linked to a mandatory operator training for the correct distress identification in urban roads since the
assessment is always subject to a subjective judgement.
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Finally, from the analysis of the results it is possible to state that specific urban road distress can be
acquired through the definition of new deduct value curve and the results provide strong correlations
with the inspected survey data using the ASTM D6433 distress catalogue and provide to small and
medium agencies of a valid tool for the assessment of their urban road network with reduced costs
implementation. The authors want to clarify that this method is proposed for the assessment of urban
road surfaces and it may not be suitable for the condition assessment of suburban pavement surfaces.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Asphalt Concrete

CDV  Corrected Deduct value

DV Deduct value

Ly Logarithm of density

PCI Pavement Condition Index
PMS Pavement Management System
SU Sample Unit

VBA  Visual Basic for Application
VOC  Vehicle Operating Costs

Appendix A. Distress identification catalogue for Urban Areas

This Appendix includes a list of the new distresses defined in the proposed Distress Identification Catalogue
for urban road pavements. Besides, it includes guidelines for distress identification and severity level assessment
and provide recommendations to conduct the pavement survey. The deduct value curves for new distress are
included in this Appendix.

A.1. N_3. Linear and Isolated Cracking

Description: Linear and isolated cracks are parallel to the pavement or perpendicular of laydown direction.
They may be caused by a poorly constructed paving lane joint, shrinkage of the AC surface due to low temperature
or hardening of the asphalt, or daily temperature cycling, or both. The distress is accelerated by traffic loading.
Transverse cracks extend across the pavement at approximately right angles to the pavement centerline or direction
of laydown. These types of cracks are not usually load associated.

Severity levels:

e  L: mild cracking (if not sealed lower amplitude of 1 cm, if sealed of any amplitude), possibly due to the
opening of a joint, without crumbling (Figure Ala).

e M: Average cracking (they can be unsealed amplitude between 1 and 7.5 cm, or not sealed amplitude <7.5
cm surrounded by cracking read, or still can be sealed of any width surrounded by light cracking), possibly
due to the opening of a joint with little crumbling (Figure Alb).

e  H:any slot, sealed or not, surrounded by medium or high cracking; slot unsealed >7.5 cm; cracking of any
amplitude with about 10 cm of severely damaged surrounding paving. We are in this level even if there is a
considerable crumbling; if there are any joints are completely open.

The linear and isolated cracking is measured in linear meters (Figure Alc).
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Figure A1. Linear and isolated cracking. (a) Low Severity; (b) Medium Severity; and (c) High Severity.

A.2. N _4. Surface Deformations

Description: Swellings, depressions and spaced crests of the road surface that generally are developed
parallel or orthogonal direction of traffic laydown direction. This type of distress can be caused by a surface or
unstable pavement surface combined by tangential actions of the traffic, in other cases, it can be the results of
a failure of the substrate. More generally, the main cause of this distress in urban areas should be the wrong
construction of pavement.

The severity level of this distress is determined by the criterion of driving quality:

L: High ride quality, depth of pavement depressions between 1 and 2.5 cm (Figure A2a).
e M: Medium ride quality, depth of pavement depressions between 2.5 and 5 cm (Figure A2b).
H: badly ride quality, the depth of pavement depressions is more than 5 cm (Figure A2c).

The surface deformations are measured in square meters.

(@) (b) ()

Figure A2. Surface deformations. (a) Low Severity; (b) Medium Severity; and (c) High Severity.

A.3. N_6. Failed Surface Grip

Description: This type of distress can cause alteration in the status of surface conditions with direct
consequences on the supply of skid resistances. This distress includes the loose of coarse aggregate of pavement
surface, in general, these losses are caused by repeated traffic cycles and the formation of a film of bituminous
material on the pavement surface that creates a glossy, reflective and shiny surface. The causes of this distress are
excess of bitumen, low percentage of voids, bad construction or insufficient connection between the upper layer
and the one below that a poor-quality or poor compacted mixture is present.

Note. The ASTM D6433 distress; 20 Weathering represent the surface deterioration by effect of worn out
of asphalt concrete surface, the deduct value of this distress are very low and they can be included on the new
distress definition failed surface grip (206).

Severity level:

o  Low severity. Sticky surface only a few days a year, significant sanding aggregates, aggregates and bitumen
begin to be removed (Figure A3a).

e Medium severity. Sticky surface few weeks a year or erosion level such as to have a moderately wrinkled
texture (Figure A3b).

e  High severity. Sticky surface for at least a few weeks a year, or very rough texture (Figure A3c).

The failed surface grip distress is measured in square meters.
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Figure A3. Failed surface grip. (a) Low Severity; (b) Medium Severity; and (c) High Severity.

A.4. N_10. Slippage Cracking (Sliding Deformations)

Description: This type of distress is characterized by a permanent sliding in the longitudinal direction of a
localized area of road surface, located in areas in which the mixture used is too fluid and unstable.
Severity levels:

e  Low severity. Good ride quality and / or crack amplitude <1.0 cm (Figure A4a).
Medium severity. Average ride quality and/or amplitude of 1.0 to 4.0 cm crack; the surrounding area is
moderately crushed (Figure A4b).

o  High severity. Low ride quality and/or crack amplitude >4 cm; the surrounding area is highly cracked into
removable pieces (Figure A4c).

This type of distress is measured in square meters.

@ (b) | ©

Figure A4. Slippage cracking. (a) Low Severity; (b) Medium Severity; and (c) High Severity.

A.5. N_11. Manholes

Description: This distress definition includes all artificial elements that are on the urban pavement, designed
to collect rain water, or allow access to the area below the roadway. These distress definition includes manholes
and catch basins.

Severity levels:

e  Low severity. Low influence on ride quality (Figure A5a).
Medium severity. Medium influence have medium influence on ride quality with an elevation of the element
less than 5 centimeters over the road level and the surrounding area is slightly cracked (Figure A5b).

e  High severity. High influence in ride quality, the element creates a vertical discontinuity of the roadway,
height over the roadway level > 5 cm and the surrounding area is significantly cracked.

This type of distress is measured in square meters (Figure A5c).
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(a) (b)
Figure A5. Manholes. (a) Low Severity; (b) Medium Severity; and (c) High Severity.

A.6. N_12. Tree Roots

Description: This distress is defined as a localized lifting of the road surface due to the present of large tree
roots at the road side: this type of distress is very common in urban areas. They can quickly degenerate into
cracks, which widen as a result of infiltration of rainwater and the growth of the roots below the road level. The
density-deduct value curve associated with 12. Tree roots is calculated as the combination of ASTM D6433 11.
Patching and Utility Patching and 18. Swell.

Severity levels. The severity level of this distress should be considered by the Table Al:

Table A1l. Tree roots severity levels.

Height (cm) above Low Traffic Medium Traffic High Traffic
Road Surface Influence Influence Influence
0-10 Low Severity Low Severity Medium Severity
10-20 Low Severity Medium Severity High Severity
>20 cm Medium Severity Medium Severity High Severity

The severity level is defined with the table which relates the height difference between the tree root and the
road level and the influence of roots have in the traffic. The definition of severity level is also based on the position
of roots roadway section, to take into account if the roots are present where the vehicles pass transversally or if
they are present on the roadside.

This type of distress is measured in square meters; other type of distress in surrounding area has not to be
consider as tree roots.

(@) (b) " ©

Figure A6. Tree roots. (a) Low Severity; (b) Medium Severity; and (c) High Severity.
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Figure A7. Distress deduct value curves for Urban Distress Identification Catalogue. (a) Linear and
isolated cracking; (b) Surface deformations; (c) Failure surface grip; (d) Slippage cracking; (e) Manholes;
and (f) Tree roots.
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