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1. Introduction

The term "functional” generally refers to the idea of being practical
and useful. In road engineering, functional performance is defined
as a pavement"s ability to provide a safe and smooth riding surface
[1]. Thenoux and Gaete [2] expand this definition to the general
condition of pavements taking into account the serviceability,
safety, and user costs.

The client satisfaction is a goal toward which any service or product
provider should strive [3]. In terms of quality, this basically involves
application of the customer focus principle as specified in 1SO
9000:2005 [4]. Although structural capacity seems to be a major
concern of many pavement engineers, road users primarily judge
road quality based on its roughness or riding quality [5], i.e. based
on the functional condition of pavement. Together with road users,
the owners or agents acting on their behalf (such as transport
agencies) are the largest groups of clients for pavements [3], and
they both assign priority to riding quality. In addition, the transport
agencies also assign priority to the life-cycle cost effectiveness [3].
The Road Infrastructure Maintenance Evaluation Study (RIMES)
defines maintenance standard as a standard according to which
it is necessary to "carry out a specified maintenance action at
specified condition levels for specified pavement and bridge
classes" [6]. A maintenance standard has a treatment type,
defect type, and intervention level based on the defect type
[7]. Considering the priority assigned by pavement clients to
riding quality, an intervention level (threshold) must be defined
on the basis of riding comfort. Riding comfort depends on road
roughness, vehicle response to road, and human response
to vibration. The International Roughness Index (IRI) was
developed [8] in 1982 as a standardized, objective measure
of the drivers" perceptions of road roughness. Since then the
IRl has become widely accepted as a measure of roughness on
interurban pavements, and it is also being used for establishing
maintenance and rehabilitation priorities. In fact, the IRl is an
indicator of the global condition of pavement, because it is
actually affected by other deteriorations [9-11]. However, urban
roadways have different characteristics compared to interurban
ones, i.e. they are characterized by features such as manhole
covers, frequent intersections, shorter sections, traffic signals,
and stop signs. Functional maintenance thresholds have
traditionally been defined on urban roads based on subjective
rating or indices such as the PSR (Pavement Serviceability
Rating) and PCl (Pavement Condition Index). Nevertheless,
the data collected in this way vary in reliability, repeatability,
portability, precision, comparability, etc. Thus, there is a
clear necessity for an objective, repeatable, reliable, precise,
portable, cost-effective, and functional urban maintenance
threshold, which incorporates measures relevant to pavement
clients, road users, and municipal transport agencies. In effect,
maintenance interventions need to be made in an optimal way
not only because of the municipal Pavement Management
System (PMS), but also due to current trends favouring the use
of integral design that includes functional analysis throughout
the life-cycle of road pavements. In both cases, the objectivity is

of crucial significance. But, in order to be useful, the functional
threshold needs to be based on practical performance indicators.
New possibilities for correlating pavement condition with driving
comfort are currently available. These possibilities include the
Whole Body Vibration (WBV) [12-15], the Heart Rate Variability
(HRV) [16] and different technology advances that make field
measurements more cost-effective, adaptable, reliable, easy, and
practical. The aim of the present study is to propose functional
thresholds for maintenance of urban pavements in order to facilitate
objective design-maintenance of municipal pavement networks.
Correlations between the pavement condition, driver comfort, and
factors normally applied on urban roadways, are evaluated for that
purpose. Furthermore, a PC-O (Pavements Clients-Oriented) integral
perspective is defined in order to explicitly include the needs of
pavement clients in the proposal. This integral perspective includes
inter alia the Highway Development and Management system
HDM-4 [17] as a means to respond to the life-cycle effectiveness
requirements of clients (municipal transport agencies).

2. Methodology to propose the functional
maintenance threshold

The riding comfort is particularly difficult to evaluate objectively
because it needs to consider the user"s perception of dynamic
effects transmitted to the vehicle [15]. There are numerous
studies with measurement of pavement profiles, simulations,
and evaluations of vehicle vibration, all this in order to correlate
the pavement condition and driver comfort in the presence
of factors that can be encountered on urban roadways. The
methodology used in the present work includes an analysis
of these correlations and the application of a PC-O integral
perspective for the definition of functional threshold.

2.1. Correlations between pavement condition and
driver comfort for urban roadways

2.1.1. Subjective evaluation

Functional urban maintenance thresholds have traditionally
been defined using the PCl or PSR, and are therefore dependent
on particular human judgment. When a relationship is made
with pavement deterioration modalities, the slope variance,
associated to the pavement surface irregularity, is the most
influential deterioration [18]. This means that the surface
irregularity has the greatest effect on the user"s evaluation.
Some authors, such as Shafizadeh and Mannering[19] and Rens
and Staley [20], have checked this in the presence of factors
that can be found on urban roadways, relating the subjective
evaluation with an objective index.

2.1.2. International roughness index (IRI)
The IRl is based on the simulation of the roughness response

of a generic user car, the so-called quarter-car, travelling at 80
km/h. It was proposed in 1982 as a statistic indicator of surface
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irregularity and as a reference scale that can be used to compare
riding quality of pavements throughout the world [8]. Nowadays,
the IRl is a widely known and used measure in numerous countries
and an acceptable standard for road profile measurements [5]
allowing engineers to make objective and consistent comparisons
with regard to other regions [21]. Hence, although roads may
have different names and visual characteristics around the
world, researchers can compare vibration analyses results for
roads with similar IRl [22]. In addition, the IRl is defined as a
mathematical transform of the longitudinal profile, which makes
the measurement independent of the device and stable over
time [23]. These particularities make the IRI a unique parameter
compared to different ones related to riding quality, such as the
RN (Ride Number), RI (Ride Index), MRN (Mays Ride Number)
and RQI (Ride Quality Index). However there are some concerns
regarding the use of IRI for urban pavements because such
pavements usually exhibit speeds lower than 80 km/hr, and they
have some specific features (manhole covers, speed reducers,
etc.). In addition, the available length of homogeneous sections in
urban roadways is often shorter than the 320 m typically used in
the International Road Roughness Experiment IRRE [24].

2.1.3. Whole body vibration (WBV)

The 1SO 2631-1 [13] "Mechanical vibrations - Evaluation
of human exposure to whole-body vibration - Part 1:
General requirements" specifies how to determine the
vertical acceleration in a vehicle (a,,,, vertical weighted RMS
acceleration), and gives reference limits for approximate
evaluation of the effects of vehicle vibration on human comfort.
The o, can be calculated for different speeds, including the
ones occurring on urban roadways.

2.1.4. Heart rate variability (HRV)

HRV is the key parameter for describing the balance state of
sympathetic-parasympathetic tension, representing a cyclical
phenomenon of heart rate within a certain time period [16].
By measuring the HRV, it is possible to evaluate physiological
response of a driver, as a result of pavement condition at
different speeds, including those occurring on urban roadways.
Zhang et al [16] use an electrocardiogram tester to determine
HRV parameters, such as RMSSD, the square root of the mean
squared difference of successive R-R (heartbeat) intervals.

2.2. PC-0 integral perspective

The term functional generally refers to the idea of being
practical and useful. In particular, in road engineering a
functional pavement condition is directly related to the road
user. But the definition of a functional threshold based on
riding comfort is complex due to the need to relate pavement
condition, vehicles dynamic response, and human physiological
reaction in the presence of factors that can be encountered on
urban roadways. In addition, the functional threshold needs to

be objective in order to be useful for the purposes of municipal
PMSs and integral design of urban pavements.

In summary, the functional urban maintenance threshold needs
to be relevant for pavement clients, i.e. for road users and
municipal transport agencies. An integral PC-O perspective is
applied in the present work taking into account requirements
of pavement clients, problem complexity and limitations, and
assumptions and simplifications of correlations given in Section
2.1.In order to explicitly include the life-cycle cost effectiveness,
as relevant for the clients (municipal transport agencies), a
Pavement Management (PM) perspective is defined as a part of
the PC-0O integral approach.

The application of the PC-O integral perspective includes an
analysis of the relevance of correlations presented in Section
2.1. The PM perspective results are obtained by modelling the
pavement deterioration and the Road Users Costs (RUC) from
typical roads using the Highway Development and Management
system HDM-4 [17]. Finally, the functional threshold value
is defined after adequate interpretation of the results of the
components of the integral perspective.

3. Pavement management perspective

The PM perspective allows explicit inclusion of the needs of life-
cycle cost effectiveness of the municipal transport agencies in
the PC-0 integral perspective. To define an optimum moment
of maintenance intervention, one must identify the "critical
phase" or "critical point" where the rate of deterioration of
pavement rapidly increases, together with the associated
road expenditures and user costs. Accordingly, the "critical
phase" or “critical point" in the curves that describe pavement
deterioration (Figure 1) or RUC is a good candidate for the
proposal of functional threshold.
"optimum”
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Figure 1. Optimum and less optimum intervention options - road
agency costs [25]

GRADEVINAR 68 (2016) 6, 485-492

487

Gradevinar 6/2016



Gradevinar 6/2016

Mauricio Pradena, Lambert Houben

Lee and Chatti [26] use the "critical point" of distress
accumulation due to higher dynamic axle loads to establish
RQI thresholds for highways. Fernandez and Neves [27] use
the sharp increase in accident risk to define thresholds values
of the international friction index, coefficient of friction, and
texture depth. Finally, Papageorgiou and Mouratidis [28] define
the IRI threshold from the inflection point of the curve that
correlates IRl with Travel Time Costs (TTC), where the TTCs
were calculated using a simplified model based on the HDM-4
speed model, i.e. the effects of Vehicle Operation Costs (VOC)
are not considered. In the PC-0 integral procedure, the HDM-4
management system is used (not a simplification) for calculating
pavement deterioration and RUC (VOC + TTC). Hence, the
functional threshold is defined from the curve that describes
pavement deterioration, i.e. it is associated to financial costs of
maintenance activities (as in Figure 1) and the curve of the RUC,
associated to economic costs for the society.

4. Proposal of maintenance functional threshold

4.1. Performance parameter for definition of
functional threshold

Under a PC-O integral perspective, the functional threshold
needs to be based on a parameter relevant to the necessities of
urban pavement clients. Pavement roughness is strongly related
to pavement performance providing a good, overall measure
of pavement condition, and correlating well with subjective
assessments of the users [5, 29]. In effect, the IR is the single
best predictor of driver-perceived road roughness and driver
acceptability [30]. Various types of equipment are nowadays
available for making economical, adaptable and practical IRI
measurements. Haas et al [31] stated at the conference on
"Best Practices in Urban Transport Planning: Measuring Change"
that the misuse of the IRI for PM implications can cause a loss
of its objectivity, even when the IRl is an objective parameter.
Still, to improve driving conditions on roadway systems,
pavement roughness should be addressed with priority [32].
This contributes to rational PM, decreasing the maintenance
expenditures of urban road networks [33].

Since its creation in 1982, the IRl has been widely accepted as
an objective measure of roughness on interurban pavements,
and it has been used on urban pavements of Canada [34, 35],
Poland [36], Brazil [37], Chile [38], Colombia [39], China [40],
India [41, 42] and in many other countries. According to Tighe
et al [34] 60 % of Canadian cities, consulted for development
of the Canadian pavement asset design and management
guide, prescribe the use of the IRl in their municipal PMS. In
the US.A., aside from the use of the IRI in Denver [20], Utah
[43], Wisconsin [32], Louisiana [44] and New York [45], Dewan
and Smith [10] developed a model to determine the IRI from
pavement distresses in order to calculate the VOC in streets for
the agencies’ PMS of the cities of the San Francisco Bay Area. In
effect, other pavement deteriorations affect the IRI, and the IRI

is directly related to the RUC. For instance, the Eqg. 1 is used by
HDM-4 to calculate the IRI'in Jointed Plain Concrete Pavements
(JPCPs) [9]. It is possible to observe how other deteriorations
affect the IRI (it is similar for asphalt pavements), as the IRl is
also an indicator of global condition of a pavement.

IRI = IRI, + 0,00265 - (TFAULT) + 0,0291 - (SPALL) + 0,15 - 10 - (TRACKY® (1)

where:
IRI - International Roughness Index [m/km]
IRI, - initial roughness at construction [m/km]

TFAULT - transverse joint faulting [mm/km]
SPALL - spalled joints [ %]
TCRACK - transverse cracks [No/km].

For the reasons explained in this section (and the following
ones), in this paper the IRl is the performance indicator used
for the proposal of the functional maintenance threshold for
urban pavements. The singularities present on urban roadways
(manhole covers, frequent intersections, speed reducers, etc.)
can be either eliminated or incorporated in the IRI evaluation.
The elimination is possible with the currently available
equipment and software. The incorporation of singularities
requires their quantification as proposed by Rens and Staley
[20], Caro and Pena [46], and Reggin et al [47]. Similarly, the
effects of geometric design can also be either eliminated or
incorporated in the IRl evaluation. This geometric effect can be
isolated, for instance, in the manner proposed by Pradena et
al [48]. The decision to incorporate or eliminate the effects of
singularities and geometric design is however at the discretion
of individual municipal transport agencies. In any case, the
basis for the IRI evaluation presented in this paper is the same.
Individual municipal transport agencies are also responsible for
deciding on the length of the representative section for the IRI
evaluation in the city (for instance 100 m). Again, the basis for
the IRl evaluation presented in this paper is the same.
According to objection made by La Torre et al [24], the 320 m
used in the IRRE is conservative for the equipment used; current
inertial profilers can produce valid results with as little as 94 m
(or 50 m with filter lead-in pre-processing) [47].

4.2, Performance parameter for definition of
functional threshold

4.2.1. Relevance of WBV and HRV correlations and
subjective evaluation

Because the IRl is an objective, practical, easily collectable,
time stable, reliable, accurate, transportable, and cost-
effective performance indicator, used widely all over the world,
various studies of WBV, HRV and subjective evaluation include
correlations with the IRI [14-16, 19, 201.

However, the subjective evaluation depends on the perception
of particular users. Nevertheless, this perception can be different
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Table 1. Critical IRI points for different roads according to PM (Pavement management) perspective

Road - Region Latitude Climate EEH:;‘JEZZT; [Inr:I/:rl\:]
A-Metropolitan 33°27'S Mediterranean. dry-summer 7.66 2.76
B-Metropolitan 33°27'S Mediterranean. dry-summer 1.88 2.63
A-Bio Bio 36°47'S Mediterranean with oceanic influence 4.91 2.87
B-Bio Bio 36°47'S Mediterranean with oceanic influence 1.36 2.72
A-Magallanes 53°8'S Oceanic 0.62 2.73
B-Magallanes 53°8'S Oceanic 0.31 2.67

depending on the environment, experience and expectations
of specific users. For instance, Shafizadeh and Mannering [19]
provide empirical support to the IRI thresholds of the US Federal
Highway Administration based on drivers" perceptions on urban
highways at Washington State. However, these results are not
necessarily valid for other users. Therefore, even when it is
fundamental that the IRl has a strong correlation with the drivers"
perception in different parts of the world, the IRIthreshold defined
using the PC-O integral perspective has a necessary objective
character, with possibilities of (objective) adjustment to realities
present at various road networks. The WBV and HRV correlations
with the IRI fulfil these objective requirements.

Ahlin and Granlund [14] indicate that the WBV calculations
include several simplifications with respect to real riding
conditions. One of these simplifications is the application of
the quarter car model that does not necessarily represent the
current extensive and variable automotive park. According to
Shafizadeh and Mannering [19], it "is important to recognize
that our understanding of these assessments is still developing".
In addition, the former version of ISO 2631-1 [12] included
limits for evaluation of riding comfort based on o, However,
due to improved understanding of the complexity of the
problem, the present version of ISO 2631-1 [13] presents, in
its annex, "approximate indications of likely reactions to various
magnitudes of overall vibrations values in public transport"
In effect, the problem is complex and every correlation has
limitations, simplifications and assumptions that differ from
real ride conditions. In addition, the parameter to define a
threshold needs to be objective, practical, useable, cost-effective
(measurements) and client-oriented. Hence, in the present work
it is recognized that one approach is insufficient for this complex
phenomenon, and that an integral perspective is necessary.
Therefore, for an objective definition of the IRI threshold from a
PC-0 integral perspective, it is necessary to use WBV and HRV
correlations with the IRI, together with the PM perspective.

4.2.2. IRl threshold from PM perspective

From the PM perspective, the IRI threshold can be objectively
defined as a single value or a range of values, depending on
whether the definition is made from a critical phase (conceptually
as shown in Figure 1) or a critical point [26-28]. The decision

will depend on each municipal transport agency, taking into
account its reality and/or preferences between having different
IRI thresholds levels (as alert, intervention, critical) or a single
IRI threshold value. In any case, the PM perspective is basically
the same and useful to particular preferences. For illustration
purposes, a critical point is defined in this paper with the HDM-
4 default calibration factors for typical cases of JPCPs. They
correspond to usual characteristics of Chilean roads [4S] where
there are important differences in climatic conditions and traffic
(expressed in Equivalent Single Axle Loads, ESALs). Table 1
shows similarities of the IRI-values, where a sharp increase of
the IRl curve is produced.

For every case presented in Table 1 the change in the RUC curve
coincides exactly with the change in the IRI curve. This can be
explained by the fact that the IRl is a global pavement condition
indicator that affects the road users.

4.2.3. IRIcity threshold from a PC-0 integral perspective

Riding qualities will not likely be the same when a vehicle
travels at 40 km/h on an urban street with IRl of 2 m/km, and
when another vehicle travels at 120 km/h on a highway with
the same IRI [50]. The correlations presented by Cantisani
and Loprencipe [15] and Zhang et a/ [16] allow IRI calculation
at different speeds, as the ones occurring at urban roadways.
Both correlations present similar equations for the a,,, which
are based on the limits proposed in ISO 2631-1[13]. In addition,
Zhang et a/ [16] obtained a relationship with HRV in terms of
RMSSD. The results obtained by Zhang et a/[16] are presented
in Egs. 2 and 3.

a,,=0,121 - IRI+ 0,006 - V - 0,189 (2)

RMSSD = 6,7967 - o, %1% (3)

where:

a,, -vertical  frequency-weighted  root-mean-square
acceleration [m/s?]

% - vehicle travel speed [km/h]

IRI - International Roughness Index [m/km]

RMSSD - square root of the mean squared difference of
successive R-R (heartbeat) intervals [ms].
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The calculation of IRI for speeds different from the original 80
km/h is designated as IRl in this paper. The a,, limit that
defines the end of a little uncomfortable zone for road users
according to I1SO 2631-1 is 0.63 m/s% The IRl associated
with this o, limit is 2.84 m/km (obtained using the WBV-IRI
correlations presented by Cantisani and Loprencipe [15] and
Zhang et al [16]), which is very similar to the values obtained
from the PM perspective. In addition, using equation 3, the
RMSSD associated to the a,,, limit of 0.63 m/s? corresponds to
8.22 ms, which is very close to 9.26 ms that is the RMSSD limit
defined by Liu et a/[51] as the limit when the driver begins to
feel uncomfortable according to medical literature. Therefore,
the IRI threshold obtained by the PC-O integral perspective
(WBV, HRV and PM perspectives) can be established as 2.8 m/
km, at the vehicle speed of 80 km/h.

The functional threshold based on IRl can be calculated using
the Eq. 2, with the o, limit of 0.63 m/s? and different speeds
found on urban roadways (Figure 2).

6 58

[m/km]

eity
w

IRI

20 30 40 50 60 70 80
Speed [km/h]

Figure 2. IRl threshold for different speeds

As could have been expected, the results show thatis possible to
accept higher values of IRl for streets with lower operational
speed.

5. Practical relevance and potential applications
The IRl ~allows objective and practical decision-making
concerning intervention planning on pavement networks, even

without the knowledge of the exact pavement condition. For
instance, in British Columbia, Canada, the funding for pavement

REFERENCES

[11 CALTRANS: Glossary of terms Caltrans division of maintenance
- Appendix A-1, California, USA.: California Department of
Transportation, 2003.

[2] Thenoux, G. Gaete, R. Technical pavement evaluation and
comparison of design method for reinforcement of asphalt
layers, Revista Ingenieria de Construccion, 14, pp. 56-72, 1995., (in
Spanish).

maintenance is tied to the IRI. In effect, the IRI limit is 3.5 m/
km and the municipalities are allowed to have 15 % of their
major pavement network fail this criterion. This performance
based funding mechanism has changed the way roadways are
managed in these municipalities [47]. But, even more, there is
nowadays an increase in public private partnership, performance
based specifications, contracts for specific level of service, DBFM
(Design, Build, Finance and Maintain), different types of roadway
concessions, etc. In this context, the proposed IRl thresholds
allow the planning, integral design, control and payment for
investments in urban pavements in an objective way.

Currently there are wider equipment-related possibilities for a
cost-effective determination of the IRI . Even equipment class
3in the World Bank classification can be used, if well calibrated,
for pavement network maintenance purposes [6, 46].

Although a practical application of the PC-0 integral perspective
for JPCPs is shown in this paper, the perspective can be applied
to different types of pavements. In effect, even small-element
pavements are included in the last version of HDM-4.

6. Conclusion

A functional maintenance threshold based on IRl has been
defined from a PC-0 integral perspective. This means that the
needs of pavement clients, urban roadway users, and municipal
transport agencies, have been considered from different
perspectives, such as the WBV, HRV and PM. The WBV was
calculated according to ISO 2631-1, the HRV was determined
using the RMSSD, and the IRI threshold from a PM perspective
was determined using the HDM-4 system.

From a PC-O integral perspective, the IRl was found to be an
optimal practical parameter for facilitating fulfilment of design/
maintenance objectives of municipal road networks (integral
design and PMS). In effect, the IRI is an objective, relevant to
urban pavements clients, practical, easily collectable, time
stable, reliable, accurate, transportable, and cost-effective
performance indicator applicable to urban roadways. Thus,
IRI,,, maintenance thresholds have been proposed for speeds
applicable on urban roadways, using a correlation between the
IRI threshold at 80 km/h (2.8 m/km) and the o, defined by ISO
2631-1. For instance, the proposed IRI , is 4.3 m/kmin a street
with the posted speed limit of 50 km/h.

[3] Haas, R, Hudson, W.R.: Defining and serving clients for pavements,
Transportation Research Record, 1524, pp. 1-9, 1996., http:/dx.doi.
org/10.3141/1524-01

[4] ISO 9000: Quality management systems - Fundamentals and
vocabulary, International Organization for Standardization,
Switzerland, 2005.

490

GRADEVINAR 68 (2016) 6, 485-492



Functional thresholds for design-maintenance of urban pavements

Gradevinar 6/2016

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Loizos, A, Plati, C.: An alternative approach to pavement roughness
evaluation, International Journal of Pavement Engineering, 9(1), pp.
69-78, 2008, http:/dx.doi.org/10.1080/10298430600949894

Feighan, K.: Maintenance Standards and Strategies, RIMES Report
No. RO-97-5C 1085/1189 for EC-DG-VII RTD Programme, 1999.

Feighan, K. Maintenance Standards - The Interface Between
PMS and Maintenance Programs, 5% International Conference on
Managing Pavements, Seattle, pp. 13, 2001.

Sayers, M\W., Gillespie, T.D., Paterson, W.D.O.: Guidelines for the
conduct and calibration of road roughness measurements, \Norld
Bank Technical Paper N° 46, 1986.

ERES: Performance of Concrete Pavements, Volume lll: Improving
Concrete Pavement Performance, FHWA-RD-95-111, Federal
Highway Administration, 1995.

Dewan S.A., Smith R.E.: Estimating International Roughness Index
from Pavement Distresses to Calculate Vehicle Operating Costs
for the San Francisco Bay Area, Transportation Research Record,
1816, pp. 65-72, 2002., http:/dx.doi.org/10.3141/1816-08

Mactutis, J.A., Alavi, S.H., Ott, W.C.: Investigation of Relationship
Between Roughness and Pavement Surface Distress Based on
WesTrack Project, Transportation Research Record, 1699, pp. 107-
113, 2000., http:/dx.doi.org/10.3141/1699-15

ISO 2631-1: Mechanical vibration and shock-Evaluation of human
exposure to whole-body vibration-Part 1: General requirements,
International Organization for Standardization, Switzerland,
1987.

ISO 2631-1: Mechanical vibration and shock-Evaluation of human
exposure to whole-body vibration-Part 1: General requirements,
International Organization for Standardization, Switzerland,
1997.

Ahlin, K., Granlund, J.N.O.: Relating Road Roughness and Vehicle
Speeds to Human Whole Body Vibration and Exposure Limits,
International Journal of Pavement Engineering, 3 (&), pp. 207-216,
2002., http:/dx.doi.org/10.1080/10298430210001701

Cantisani, G., Loprencipe, G. Road Roughness and Whole
Body Vibration: Evaluation Tools and Comfort Limits, Journal of
Transportation Engineering, 136(9), pp. 818-826, 2010., http:/
dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000143

Zhang, J., Du, Y., Su, R.: Investigating the relationship between
pavement roughness and heart rate variability by road driving
test, 37 International Conference on Road Safety and Simulation,
Indianapolis, pp. 13, 2001.

Kerali, H.: HDM-4 Highway Development & Management - Volume 1
Overview of HDM-4, Paris: World Road Association, 2000.

AASHTO: Guide for design of pavement structures, American
Association of State Highway and Transportation Officials,
Washington DC, 1993.

Shafizadeh, K., Mannering, F. Acceptability of Pavement
Roughness on Urban Highways by the Driving Public,
Transportation Research Record, 1860, pp. 187-193, 2003., http:/
dx.doi.org/10.3141/1860-21

Rens, K.L, Staley, B.: Rating City and County of Denver Urban
Pavement Constructability Using a Profiler, Practice Periodical on
Structural Design and Construction, 15(1), pp. 44-49, 2010., http:/
dx.doi.org/10.1061/(ASCE)SC.1943-5576.0000031

Haas, R.: Reinventing the (pavement management) wheel, 5t
International Conference on Managing Pavements, Seattle, 2001.

Nahvi, H. Nor, M.J., Fouladi, M.H., Abdullah, S.. Evaluating
Automobile Road Vibrations Using BS 6841 and ISO 2631 Comfort
Criteria, 7°* Regional Conference on Vehicle Engineering & Technology,
Kuala Lumpur, 2006.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Thébeau, D., Delisle, M.C., Cormier, B.: Québec's Experience
with Smoothness Specifications on Concrete Pavements, &"
International Conference on Concrete Pavements, Colorado Springs,
pp. 718-732, 2005,

La Torre, F., Ballerini, L, Di Volo, N.. Correlation between
longitudinal roughness and user perception in urban areas.,
Transportation Research Record, 1806, pp. 131-139, 2002.. http:/
dx.doi.org/10.3141/1806-15

Schliessler, A., Bull, A.: Roads - a new approach for road network
management and conservation, 1993, http:/hdl.handle.
net/11362/29995, 31.12.2015.

Lee, D., Chatti, K. Development of Roughness Thresholds
for Preventive Maintenance Using PMS Data from In-Service
Pavements, 5% International Conference on Managing Pavements,
Seattle, pp. 15, 2001.

Fernandes, A., Neves, J.: Threshold values of pavement surface
properties for maintenance purposes based on accidents
modelling, International Journal of Pavement Engineering, 15(10),
pp. 917-924, 2014., http:/dx.doi.org/10.1080/10298436.2014.
893324

Papageorgioua, G.P., Mouratidis A.: A mathematical approach to
define threshold values of pavement characteristics, Journal of
Structure and Infrastructure Engineering: Maintenance, Management,
Life-Cycle Design and Performance, 10(5), pp. 568-576, 2014.

Loizos, A., Plati, C.: Road roughness measured by profilograph in
relation to user’s perception and the need for repair: A case study,
International Conference on Pavement Evaluation, Roanoke, pp. 16,
2002.

Shafizadeh, K., Mannering, F., Pierce, L.: A statistical analysis of
factors associated with driver-perceived road roughness on urban
highways, Research Report. Project T1803, Task 28 Highway
Roughness, 2002.

Haas, R., Felio, G., Lounis, Z., Falls, L.C.: Measurable Performance
Indicators for Roads: Canadian and International Practice, 2009
Annual Conference of the Transportation Association of Canada,
Otawa, pp. 22, 2009.

Wen, H., Chen, C.: Factors Affecting Initial Roughness of Concrete
Pavement, Journal of Performance of Constructed Facilities, 21(6),
pp. 459-464, 2007. http:/dx.doi.org/10.1061/(ASCE)0887-
3828(2007)21:6(459)

Lakusic, S., Br¢i¢, D., Tkalcevic V.. Analysis of Vehicle Vibrations
- New Approach to Rating Pavement Condition of Urban Roads,
Journal Promet - Traffic&Transportation, 23(6), pp. 485-494, 2011.

Tighe, S.L., McLeod, N.W., Juhasz, M.: Development of the new
2011 Canadian pavement asset design and management guide: a
brief summary of Canadian state-of-the practice, 8" International
Conference on Managing Pavement Assets, Santiago, pp 16, 2011.

Québec: Intervention plan in local infrastructures - Guide of elaboration
(in French). Gouvernement du Québec, Canada, 2014.

Sztukiewicz, R.J., Rydzewski, PM.: The method of pavement
sufficiency rating used in Poznan, 4% International Conference on
Managing Pavements, Dourban, pp. 542-551, 1998.

De Sa, S.A., Goretti, L.M., Barbosa, J.: Correlation between
performance models in function of the irregularity in roadways
of the state of Ceara (in Portuguese), 77 national encounter of
roadway conservation, Goiania, 2006.

De Solminihac, H., Lobo, E., Jimenez, N., Altamira, A.: Evaluation
of a mechanism for urban road maintenance by level of service,
Proceedings of the Institution of Civil Engineers - Transport, 156(1),
pp. 9-15, 2003, http:/dx.doi.org/10.1680/tran.2003.156.1.9

GRADEVINAR 68 (2016) 6, 485-492

491




Gradevinar 6/2016

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Mauricio Pradena, Lambert Houben

Arguelles, G., Velasquez, O.M., Fuentes, L.G., Celis, L.: A review
of Bogota's pavement management system, &" International
Conference on Managing Pavement Assets, Santiago, pp. 13, 2011.

Li, S., Yuan, G., Xiao, Z.: Experimental Research on the Relation
between Motor Vehicle Noise and Pavement Roughness of
Urban Road, Journal of Highway and Transportation Research and
Development, 06, 2007.

Kumar, R.: Model Development of Urban Road Maintenance,
International Journal of Applied Engineering and Technology, 2(2), pp.
83-98, 2012.

Girimath, S.B., Chilukuri, V., Sitharam, T.G., Krishnamurthy, D.:
Pavement management system for urban roads, International
Journal for Scientific Research & Development, 2(3), pp. 282-284,
2014.

Cottrell, W.D., Lee, H., Nepstad, J., Crandall, M.: Efforts Toward
Developing a Regional Pavement Management System in Utah,
Transportation Research Record, 1524, pp. 48-57, 1996., http:/
dx.doi.org/10.3141/1524-06

Khattak, M.J., Baladi, GY., Zhang, Z., Said, |.: A review of the
pavement management system of the state of Louisiana-Phase
|, Transportation Research Record, 2084, pp. 18-27, 2008

FCNY: How Smooth Are New York City's Streets?, Fund for the City of
New York: Centre on Municipal Government Performance, 2001.,
http:/dx.doi.org/10.3141/2084-03

[46]

[47]

[48]

[49]

[50]

[51]

Caro, F.,, Pefa, G.: Analysis and criteria to calculate the International
Roughness Index (IRI) in Colombian urban roads which lead the
development of a technical specification (in Spanish), Revista
Intekhnia, 7(1), pp. 57-72, 2012.

Reggin, A, Shalaby, A, Emanuels, R. Michel, G.S. Urban
Considerations for Using Road Roughness to Manage Road
Networks, 7% International Conference on Managing Pavement
Assets, Calgary, pp. 8, 2008.

Pradena, M., Roco, V., Torres, S., Echaverugen, T, Guinez, M.:
Verification of the isolation of the effects of the geometric design
in the measurement of IRI (in Spanish), 75% Argentinian Congress of
Roads and Traffic, Mar del Plata, pp. 37, 2009.

Barrera, E., de Solminihac, H. Hidalgo, P, Miranda, J.C:
Recommendations for the use of HDM-4 (Highway Development and
Management System) in Chile (in Spanish). Chilean Highway Agency,
2003.

Yu, J, Chou, EYJ., Yau, JT. Development of speed-related
ride quality thresholds using International Roughness Index,
Transportation Research Record, 1974, pp. 47-53, 2006., http:/
dx.doi.org/10.3141/1974-08

Liu, J., Cao, H., Zhan, Z, et al.: Heart rate variability (HRV) spectral
analysis in healthy volunteers with different age, and the
influence of lunch and mental arithmetic, Chinese Journal of Applied
Physiology, 14(1), pp. 74-76, 1998.

492

GRADEVINAR 68 (2016) 6, 485-492



