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INTRODUCTION

The Transportation Research Board’s (TRB’s) “Critical Issues in Transportation
2002” (TRB, 2001) states that congestion in the United States (U.S.) transportation system
is worsening as demand for passenger travel and freight movement outstrips the ability to
add capacity. The Texas Department of Transportation (TxDOT) has responded to this
critical need with the most innovative concept in transportation since the conception of the
interstate highway system. The project is termed the Trans Texas Corridor (TTC) project
(Figure 1) (See _http://www.dot.state.tx.us/ttc/ttc_report summary.pdf).

According to TxDOT (2002), the TTC will be a multi-modal transportation system
that includes separate lanes for passenger vehicles and trucks, high-speed passenger rail,
commuter and freight rail, and a dedicated utility zone for water, petroleum pipelines,
electricity, and data. The futuristic concept of the TTC is to intra-connect Texas by a 4200-
mile network of corridors up to 1200 feet wide with separate lanes for passenger vehicles
(three in each direction) and trucks (two in each direction) (Figure 2). The corridor will
include six rail lines (three in each direction), one for high-speed passenger rail between
cities, one for high-speed freight, and one for conventional commuter and freight. The third
component of the corridor will be a 200-foot wide dedicated utility zone. The estimated
total cost for the TTC ranges from $145 billion to $184 billion. The TTC is the largest
engineering project ever proposed for Texas. It is a world-class concept.

World Highways (2003) reports that the proposed TTC investment over three
decades underpins Texas’s position as a major transport center for North America. As an
example, 79 percent of all US-Mexico trade passes through Texas ports of entry, and this
will increase under the North American Free Trade Agreement (NAFTA). The article
concludes that the TTC will enable Texan infrastructure to meet its increasing trade
requirements and projected population growth from 21 million today to 40 million over the

next 30 years.


http://www.dot.state.tx.us/ttc/ttc_report_summary.pdf
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Figure 1. Planned Locations for Trans Texas Corridor (after TxDOT, 2002).

Figure 2. Conceptual Image of the Trans Texas Corridor (after TxDOT, 2002).



The objective of this research project is to prepare a synthesis of available

worldwide information to support specific areas related to pavements for the safe,
economical development of the TTC. This synthesis is divided into nine sections, each of
which deals with a specific topic. These specific areas include:

Pavement Design for Heavy Vehicles,

Pavement Design for Light Vehicles,

Skid Resistance Issues on High-Speed Corridors

Issues Related to Traffic Characterization,

Smart Pavements for High-Speed Corridors,

Pavement Material Response to Dynamic Loads and Performance Prediction,
Safety Issues Related to Splash and Spray,

Ride Quality for High-Speed Corridors, and

Miscellaneous Pavement Related Issues.

Regarding the above issues, this synthesis recommends state-of-the-art technology to
TxDOT for use during development of the TTC. It provides recommendations for future
research to fill gaps in knowledge and to take emerging technology to the stage where it can
be implemented during the design and construction of the TTC. Further, this is a pilot
synthesis project related to the TTC; therefore, it provides recommendations regarding how
to conduct any future synthesis projects that may be requested by TxDOT.






PAVEMENT DESIGN FOR HEAVY VEHICLES

Introduction

The TTC will have lanes dedicated to trucks only. Designing pavements to
accommodate trucks is nothing new. For practical purposes, most current structural design
procedures disregard the effects of passenger cars because, by comparison, loading from
private cars has a negligible effect (Buiter, 1989). However, heavier and larger trucks than
presently allowed on Texas highways may be permitted for operation on the TTC. The
question arises; do design methods for flexible and rigid pavements exist that are capable of
addressing 100,000 to 150,000-Ib. truck-only pavement designs?

TxDOT 1is already studying the impact of very heavy trucks on the condition of
highway pavements. Due to recent legislative action, trucks with gross vehicle weights
(GVWs) of up to 125,000 Ibs are now routinely permitted to use a portion of SH4/48 near
Brownsville to transport commodities to and from Mexico. The payloads carried by
permitted trucks are mostly coiled metal sheets, oil, and powder mineral (fluorite), which
are transported from the Port of Brownsville to Mexico and vice versa. Figure 3 illustrates
the types of payloads transported along the route, which was established in response to the
need expressed by truckers to haul cargo at the operating capacities of their trucks to
improve operational efficiency. This need meant hauling loads in excess of legal limits,
thus requiring permits to be issued. Table 1 presents the weight limits used along the route.
The permitted weights shown are expected to be similar to the axle weights that will be
applied on dedicated heavy weight truck lanes proposed for the TTC.

Deflection data from asphalt concrete pavements instrumented with multi-depth
deflectometers (MDDs) suggest that these heavy trucks can produce two to four times more
damage than trucks operating within current legal load limits (80,000 Ibs GVW). Further,
evaluation of different models using the MDD deflections suggests the need for considering
the stress and directional dependency of pavement materials in predicting pavement
response to traffic loadings (Ramos et al., 2004). While the data are particularly valid for
the sections tested, these preliminary findings reveal the importance of using a mechanistic
(or analytical) approach rather than empirical approaches to evaluate design requirements

for overweight truck lanes.



Figure 3. Types of Loads Carried by Permitted Trucks on SH4/48 in Brownsville.

In this regard, a number of mechanistic and mechanistic-empirical design
methodologies have already been developed from previous research. These are available
for use in design of the truck-only lanes in the TTC system. The task of designing
pavements for the TTC will involve using existing methodologies to develop pavement
designs that are the most cost-effective for the projected truck loads, available pavement
construction materials, and climatic conditions. Researchers anticipate that all design work
on the TTC will involve new pavements; therefore, this synthesis deals primarily with the

design of new pavements.



Table 1. Weight Limits Used for Permitting Trucks along SH4/48.

Weight Criterion Weight Limit (kips)
Single axle 25
Tandem axle 46
Tridem axle 60
4-axle group 70
5-axle group 81.4
Gross vehicle weight 125

TxDOT currently uses or approves use of FPS-19, 1993 American Association of
State Highway and Transportation Officials (AASHTO) Design Guide, or Modified Texas
Triaxial for design of flexible pavements and AASHTO Rigid Pavement Design Procedure
to design rigid pavements (TxDOT, 2003). The AASHTO design procedures currently
used by TxDOT are empirically based and utilize an equivalent single axle load (ESAL) of
18 kips in the pavement layer thickness design process. Unless data are available to convert
the effects of heavy trucks up to 150,000 Ibs into ESALSs, this limitation may preclude use
of these procedures for rational design of truck-only lanes for the TTC. A fundamental
limitation of any empirical design method is that extrapolation beyond the database used to
calibrate the method cannot be made with confidence (Rodway and Wardle, 1998).

A comprehensive pavement design method should address the following items

(AASHTO, 1993):

e traffic,

e subgrade,

e materials of construction,
e pavement performance,

e environment (climate),

e drainage,

e life-cycle cost,

e reliability, and

e shoulder design.



Some design methods incorporate specific input or calculations of all of these items while
others may only consider some of the items in a cursory manner. The new National
Cooperative Highway Research Program (NCHRP) 2002 Design Guide (hereafter referred
to as the 200X Mechanistic-Empirical Design Guide) considers all of these items plus

several others.

200X Mechanistic-Empirical Design Guide

The most current, practical pavement design methodologies in the U.S. are those
found in the so-called National 200X Mechanistic-Empirical Guide for the Design of
Pavement Structures, which should be completed by NCHRP Project 1-37A and made
available in the summer of 2004. It is anticipated that AASHTO will adopt this new design
guide. These design procedures for both flexible and rigid pavements are based on
mechanistic-empirical principles, and the Guide emphasizes rehabilitation.

The new Guide is not actually a design procedure; it is essentially a design check, as
pavement layer thicknesses are a required input for the design software. That is, once the
pavement layer thicknesses have been determined using the method of choice by the
designer, the Guide can be used to estimate pavement performance under given conditions
of traffic, climate, reliability, etc.

The Guide can accommodate single axles weighing up to 41,000 lbs, tandem axles
up to 82,000 Ibs, and tridem and quad axles up to 102,000 Ibs. Therefore, using the desired
axle configuration, the Guide software can be used to estimate the performance of a
pavement’s structural design exposed to trucks weighing up to 150,000 Ibs. ESALSs do not
serve as input to the new Guide; it is designed to receive data from weigh-in-motion
devices.

The new 200X Design Guide software uses linear layered elastic theory for
pavement design and provides a finite element analysis procedure for detailed
investigations. Ullidtz (2002) explained that linear elastic theory often results in incorrect
moduli when used for backcalculation of layer moduli from deflection testing, and in
questionable stresses and strains when used for forward calculation. He further indicated
that including non-linear materials characteristics may improve the theoretical model, but

no theoretical model has yet been conclusively verified with experimental data. Use of



non-linear or finite element analyses drastically increases computer run time. Furthermore,
the empirical relationships used to predict pavement deterioration from critical stresses or
strains are equally problematic.

The National Highway Institute now offers a Federal Highway Administration
(FHWA) course titled “Introduction to Mechanistic Design of New and Rehabilitated
Pavements” to familiarize users with the new design Guide

(www.tfhre.gov/focus/june02/course.htm).

Advanced Design and Analysis Methods

There are no really new pavement design procedures. However, there are a few
advanced pavement design procedures that can accommodate realistic tire loads, loading
configurations, and pavement responses. Examples of these include Visco-Elastic System
(VESYYS) (http://www.volpe.dot.gov/sbir/sol03/docs/vesys-intro.doc) developed by Dr. Bill
Kenis and Mechano-Lattice developed by Dr. Bill Yandell.

VESYS is a well-developed probabilistic and mechanistic flexible pavement
analysis computer program series (Kenis, 1977). The VESYS series is based on the elastic
model of layered homogeneous material in half infinite space with some viscoelastic-plastic
theory applications. This system uses a mechanistic N-layer elastic probabilistic primary
response model, which can be used to analyze the primary response. It can also predict the
development of distress in flexible pavements based on rutting, roughness, and cracking
criteria. TxDOT is currently making use of VESYS through National Pooled Fund Study
Number 2(205) (and TxDOT Project 9-1502) examining the effects of heavy loads coming
from Mexico and Canada resulting from the North American Free Trade Agreement

(http://tti.tamu.edu/researcher/v38nl/heavier _loads.stm).

Most pavement design methods make no attempt to simulate one directional
translating wheel loads, which may be particularly important in flexible pavements.
According to Yandell (1971), the Mechano-Lattice elastoplastic three-dimensional
sequence dependent stress-strain analysis prediction process does address this issue. In
1979, Mechano-Lattice was further developed into a three-dimensional elastic-energy
absorbing gross stress-strain analysis and mechano-lattice plain strain pavement

performance prediction program (Yandell and Lytton, 1979). The mechano-lattice stress-


www.tfhrc.gov/focus/june02/course.htm
http://www.volpe.dot.gov/sbir/sol03/docs/vesys-intro.doc

strain analysis has been used extensively to solve a variety of problems in pavement
technology, tire-road friction, and geotechnology (Yandell and Behzadi, 1999).

Leonard and Francken (2002), of the Belgium Road Research Center, pointed out
that the present capabilities of computers do not justify the continued use of the ESAL. A
number of these design procedures are available from both the public and private sectors.
Some are capable of designing flexible, rigid, and composite pavement structures within the
same tool.

As mentioned earlier, the 200X Design Guide provides a finite element procedure
for detailed structural analyses. White et al. (2002) proved that finite element analysis is an
effective tool for studying the contributions of flexible pavement layers to rutting. They
stated that, unlike any other analytical approaches, finite element analysis is able to fairly
represent layer and pavement geometry, material characteristics, boundary conditions, and
loading. In particular, failure strains in a layer are promulgated and captured in surface
deformations. They produced a computer program to assist users in calculating surface
distortion parameters and drafted a procedure in AASHTO format. Calculated surface
deformations compared very well with the surface deformations of pavements subjected to

prototype scale truck loading.

International Pavement Design Procedures

According to Sebaaly et al. (2002), the majority of highway agencies in the United
States use the 1993 AASHTO design guide, which is based on the AASHO Road Test and
uses the 18-kip ESAL concept. The AASHTO design guide has the ability to convert
heavier axle loads into ESALs using load equivalency factors that were developed at the
AASHTO Road Test. However, only heavier loads that use standard single, tandem, or tri-
axle configurations can be converted to ESALs using the AASHTO load equivalency
factors. Heavier loads that do not conform to standard axle configurations cannot be
converted to ESALs using the AASHTO factors. They deduced that this presents a
problem to highway agencies that are faced with an increasing use of heavy loads on non-
standard axle configurations such as heavy construction and agricultural equipments.

Nearly every country has adopted a different method for structural design of

pavements, and they are based on methodologies that are likely 20 to 30 or more years old.

10



Several can be traced back to the AASHTO Road Test. Essentially all of the design
procedures use standard design loads (18 kip to 20 kip axle load) similar to the USA
standard ESAL to characterize traffic loadings. This is the case for Canada (He et al.,
1997); United Kingdom (The Highways Agency, 2001); Australia (Austroads, 2001); New
Zealand (Pidwerbesky et al., 1997); South Africa (Theyse, 1996); Finland (Saarelainen et
al., 1999); China (Menyu and Qisen, 1997); and the International Civil Aviation
Association (or ICAO) (Thompson, 2002). Germany (Werkmeister, 2001), Sweden, India
(Bagui, 2002), and Hungary (Andras, 2000) use 22 kips. France uses an ESAL of 29 kips
(Corte and Serfass, 2000). Therefore, these design methods would offer no significant
advantage over those currently in use in the USA for characterizing trucks weighing up to
150,000 Ibs.

He et al. (1997) reported that a new, comprehensive pavement design procedure
(OPAC, 2000) had been developed for Canada’s Ontario Province. The procedure is
mechanistic-empirically based with separate load-associated and environment-associated
performance models. It includes a reliability analysis. The models have been calibrated
from an extensive, long-term performance database incorporating items such as age vs.
pavement condition index (PCI), layer thicknesses, and ESALs, and have been regionally
adjusted and validated. The researchers suggested that, even though the calibration has
been performed using the Ontario database, the approach is generic and could be calibrated

to other regions.

Recent Pertinent Research Findings

Although NCHRP Report 505 (Harwood et al., 2003) provides little regarding
pavement structural design, it presents the latest information on highway geometric design
and characteristics of the U.S. truck fleet.

Flexible Pavements. Hunter (2000) stated that the Directorate for Transport of the
European Commission recognized the need for more comprehensive analytical pavement
design methods and, consequently, is supporting two initiatives (COST 333 and Advanced
Models for Analytical Design of European Pavement Structures [AMADEUS]). These
involve up to 20 countries in an effort to establish an integrated pavement design method.

He explained that COST 333 involves development of a new asphalt pavement design
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method, which deals with information gathering and selection of key parameters
(performance requirements, traffic, climate, materials, and models). COST 333 will take
into account the future uniform maximum axle loads of trucks in European Union countries
and the standardization of requirements for road materials. The main objective of
AMADEUS is the evaluation of existing, advanced, analytical pavement design models by
comparing their predictions using standard inputs. Table 2 lists the methods being
examined and the factors attributable to each (De Lurdes Antunes and Francken, 1999).
Findings from these studies may offer valuable information related to design methods for
truck-only pavements for TTC.

Recent work in the United Kingdom by TRL Limited (Nunn et al., 1997) showed
that the concept of “indeterminate” design life is applicable to thick asphalt pavements with
heavy traffic. Hunter (2000) explained that the term indeterminate life is associated with
flexible composite pavements that have a cement-bound base; they can provide long but
indeterminate design life. Such pavements often experience transverse shrinkage cracking,
but these do not generally have adverse effects on structural performance, as long as the
pavement is protected from the ingress of water. He asserted that many thick pavements
designed to have mid-life strengthening have exhibited very stable structural characteristics
and have not needed the expected treatments and consequent delays associated with major
maintenance activities. Nunn et al. (1997) evaluated four thick pavements between 11 and
23 years old and found that fatigue and structural deformation were not present. They
concluded that, if the pavement is well constructed and has sufficient strength to withstand
structural damage in early life, a structural life of more than 40 years might be expected.

Based on his work in the United Kingdom, Nunn (1997) reported that a longer
design life for flexible pavements, which carry the heaviest volumes of traffic, will yield a
lower life-cycle cost. He demonstrated that the deterioration of thick, well-constructed,
fully flexible pavements is not structural, and that deterioration generally occurs at the
surface in the form of cracking and rutting. His evidence suggested that fatigue and
structural deformation originating deep within the pavement structure are not the prevalent
modes of deterioration. In the USA, these types of pavements are termed perpetual

pavements, and much has been written about them in recent years.

12



el

Table 2. Inventory of Existing Models and Design Software Products (after De Lurdes Antunes and Francken, 1999).

a3 c > £
o S el © )
gl £ | 2 g | 2| & 15
(8] ] (@]
Software Method Used = | S| 2| 8 S| 2|3 2
as Response @ > © = B I o o) @ ° c
Name o) P 2 o) ) ) = = o — g 0]
Model = S o Q Q = o © g o © I ) =
o J | 3 IS} 3 T £ » | 5| £ | x S =) = &
o 3 Tt < 3] 3 &= 2 £
ST - - - - =S - O - - T = - B -
S lz|lz|<|E|0|&|2|F|a|OC|F|O0|L]|
APAS-WIN  |Multi-layer 3 Y Y Y Y Y
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BISAR/SPDM [Multi-layer 3 Y Y Y Y Y
CIRCLY Multi-layer 3 Y Y Y Y Y Y
CAPA-3D 3D-FEM 3 Y Y Y Y Y Y Y Y
CESAR 3D-FEM 3 Y Y Y Y Y Y Y Y Y Y Y Y
ECOROUTE |Multi-layer 1 Y Y Y
ELSYM 5 Multi-layer 1
KENLAYER |Multi-layer 2 Y Y Y Y Y Y Y Y
MICHPAVE |Axisymetric FEM | 1 Y Y
MMOP Multi-layer 2 Y Y Y Y Y Y Y
NOAH Multi-layer 3 Y Y Y Y Y Y Y
ROADENT  |Multi-layer 2 Y Y Y Y
SYSTUS 3D-FEM 2 Y Y Y Y Y Y Y
VAGDIM 95 |Multi-layer 3 Y Y Y Y Y
VEROAD Multi-layer 1 Y Y Y Y
VESYS Multi-layer 3 Y Y Y Y Y Y Y

' FEM = finite element method

2 Type 1, response models (i.e., those that provide results only in terms of stresses and strains); Type 2, response + partial performance (i.e., those
that consider the effects of loading, climate, etc. on rutting, crack initiation, etc. but do not provide a full design procedure); Type 3, full design
procedure (i.e., those that provide a recommended structure (thicknesses, materials) and long-term performance predictions.)



Huang et al. (2001) claimed that a true mechanistic pavement design procedure
should be able to correctly predict pavement response and the development of pavement
distresses (such as rutting and fatigue cracking) under various traffic and environmental
conditions. They developed a three-dimensional (3-D) numerical simulation procedure
with realistic material models and moving wheel loads at the Louisiana Accelerated
Loading Facility. Rate-dependent viscoplastic models were incorporated into the 3-D
finite-element procedure. A creep model was used to predict rutting of the asphalt
pavement. The results indicated that the 3-D finite-element procedure with viscoplastic
models was capable of reflecting the pavement responses and predicting pavement rutting
with reasonable accuracy.

Rigid Pavements. A source of current information on design procedures for
concrete pavements is the American Concrete Institute’s SP-181, “Recent Developments in
the Design and Specification of Concrete Pavement Systems” (Zollinger, 1999). Owusu-
Antwi and Darter (1999) maintained that concrete pavement design is still largely
empirical, although there are instances where analytical methods based on theoretical
principals have been used. Zollinger (1999), the editor of SP-181, anticipated that future
design developments will most notably center on the use of mechanistic concepts and
utilize important material properties that affect the performance of concrete pavement
structures. One of the more widely accepted and used design procedures for rigid pavement
structures is the PCA Thickness Design for Concrete Highway and Street Pavements
(Packard, 1984), which is a mechanistic-empirical procedure.

Ceylan et al. (1999) trained an artificial neural network (ANN) model with results
from the ILLI-SLAB finite element program and used it to predict stresses and deflections
in jointed concrete airfield pavements serving Boeing B-777 aircraft. The trained ANN
model produces stresses and deflections with average errors of less than 0.5 percent of
those obtained directly from the finite element analyses. They found that use of the ANN
model was very effective for correctly predicting ILLI-SLAB stresses and deflections in
less than one second and with no requirements for complicated finite element inputs.
Further, they are using elastic layered programs (ELPs) in mechanistic-based pavement
design procedures for analysis of jointed concrete pavements. Corrections are required to

ELP solutions to account for the effects of finite slab size, load location on the slab, and
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load transfer efficiencies of the joints. They demonstrated that this could be accomplished
by using the ANN model, which is being expanded to handle all possible aircraft gear
configurations with multiple-wheel loading conditions by using the superposition principle.
As demonstrated for the solution of the B-777 aircraft gear loadings, trained neural network
models eventually will enable pavement engineers to easily incorporate current
sophisticated state-of-the-art technology into routine practical designs.

Other Design Issues. According to Salgado and Kim (2002), super-single tires are
gradually replacing conventional dual tires in the trucking industry because of their higher
efficiency and economy. Super-single tires generate much higher vertical contact stresses
than do conventional dual tires, resulting in larger deformations and more severe damage to
the pavement structure. The analyses suggest that current flexible pavement design
methods are not conservative for the increased loads imposed by super-single tires on the
pavement system. They offer load equivalence factors and damage factors for super-single

tires and suggest their use in design practice.

Design Methods for Heavy Duty Pavements

Procedures used for design of runways and aprons that carry heavy aircraft or those
used for design of industrial pavements at intermodal container terminals may have
application for design of truck-only pavements (Rodway, 1997; Knapton and Meletiou,
1996; Nixon, 1996) in the TTC. The Asphalt Institute and others discussed below offer
methods for designing heavy-duty pavements (The Asphalt Institute, 1986).

It is shown at http://www.mincad.com.au/container_BrisbaneCaseStudy.htm that
designs have been produced to handle axle loads up to 154,000 Ibs. Croney and Croney
(1991) wrote a textbook on the design, performance, and maintenance of pavements. Part
six deals with the design of heavy-duty port and industrial pavements operated by
specialized lifting plants such as front-and side-lift trucks, rubber-tired gantry cranes, and
straddle carriers. Part seven, by the way, discusses the riding quality and skid resistance of
pavements and the design of anti-splash surfacings of friction courses.

McGillivray and Laurion (2001) point out that highway standards and specifications
most familiar to engineers are often used when designing pavement systems for seaports.

Yet the heavy loads that are transported and stored using seaport pavements usually require
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more rigorous design methods and construction details, similar to those developed for
applications like major airports. In fact, the ASCE Ports and Harbors Committee is in the
process of developing a pavement design guide tailored for the intensive loading conditions
encountered in container terminals and intermodal yards (Smallridge and Jacob, 2001). The
guide is intended to provide a comprehensive reference of alternative design procedures and
material options available to engineers undertaking the design of heavy-duty pavements.
According to Wardle and Rodway (1996) of Australia, their Airport Pavement
Structural Design System (APSDS) has unique features that will enhance and optimize the
analysis and design of airport pavements. These include improved rational quantification
of the effect of aircraft wander, graphical presentation of the damage profile across the
pavement, and material anisotropy for improved modeling of unbound granular materials
and subgrades. The system's transparency, speed, and flexibility enables design specialists
to readily change all problem inputs including aircraft wander, aircraft numbers and mass,
layer thicknesses and material properties and also the performance models. This allows
rapid assessment of the sensitivity to each component input and for all design assumptions.
APSDS rutting criteria have now been developed from the observed performance of
aircraft test pavements subjected to wheel loads of up to 30 tons (Wardle et al., 2003).
These loads are comparable to those typically applied to heavy-duty pavements used at
docks, container terminals, and on mine haul roads. An engineering firm used APSDS to
estimate the damage caused by a certain mix of aircraft traffic during the 40-year service
period on an airport in The Netherlands (De Bondt, 2002). The owners specified that,
during this period, the pavement would experience about 4 million heavy wheel loads
(between 27 and 33 tons) belonging to the aircraft types B747-400, B777, MD11, and NLA
(new large aircraft such as the A380). He stated that a nice aspect of APSDS is that the
overall influence of the entire mix of aircraft and the effect of the degree of lateral wander
is fully taken into account, thereby saving engineering time and increasing accuracy.
APSDS method may be worth examining for use in designing pavements for heavy trucks.
The computer program (Layered Elastic Design Federal Aviation Administration)
LEDFAA (from U.S. Federal Aviation Administration) is a mechanistic method for
designing pavements exposed to heavy loads (Wardle and Rodway, 1996). Although it

specifically addresses the design of pavements to accommodate the Boeing 777, it is
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capable of designing flexible and rigid pavements and overlays of rigid pavements, and the
concepts may have utility for designing truck-only lanes. The computer program operates

under Microsoft Windows. (See http://ntl.bts.gov/data/5320-16.pdf.)

ILLI-PAVE, a structural axi-symmetric (i.e., single wheel) non-linear finite-element
pavement analysis software with Mohr-Coulomb failure criteria, has been enhanced to
characterize flexible pavement response under multiple wheel-heavy gear load aircraft
using mechanistic-empirical concepts (Thompson et al., 2002). They used two different
analysis techniques that utilize the principal of superposition to extend ILLI-PAVE single-
wheel results to multiple-wheel configurations. ILLI-PAVE generates material moduli that
incorporate the stress dependent characteristics of granular materials and subgrade soils and
are thus considered more realistic than procedures that estimate granular material moduli as
a function of subgrade modulus (Thompson and Garg, 1999). This new program can be
used in a comprehensive flexible pavement design procedure for pavements experiencing
heavy multiple-wheel loads. Elastic layer programs do not account for stress-dependent
behavior.

In the United Kingdom, BAA (1993) identified a need for more onerous failure
criteria and higher reliability than incorporated in previous design methods, primarily to
reduce maintenance requirements. As a result, they developed design methods for rigid and

flexible pavements to provide these criteria with known levels of design reliability.

Potential Solutions for Design or Analysis of Truck-Only Lanes

TxDOT should examine the findings of the European studies COST 333 and
AMADEUS when they become available. Deliverables from these studies may offer
valuable information related to design methods for truck-only pavements for the TTC.

Websites describing these efforts are located at http://www.cordis.lu/cost-transport/src/cost-

333.htm, http://europa.eu.int/comm/transport/extra/amadeusia.html, and

http://europa.eu.int/comm/transport/road/research/2nd_errc/contents/11%20PAVEMENT%
20DESIGN%201/pavement%20design%201.doc. In addition, TxDOT should examine

design procedures used for runways and aprons that carry heavy aircraft and those used for
design of industrial pavements at intermodal container terminals as these may have

application for design of truck-only pavements in the TTC.
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One potential aid in the design of heavy-duty flexible pavements is the use of large-
stone asphalt mixtures (LSAMs). Most so-called LSAMs have historically been
conventional mixtures with a few big rocks that are not designed to attain mutual contact of
the largest stones. Mahboub and Williams (1990) pointed out that high resistance to
deformation in properly designed LSAMs makes them attractive candidates for construction
in heavy-truck traffic routes. They discussed problems often associated with LSAMs,
including segregation, poor compaction, low density, and particle crushing and concluded
that each can be avoided provided that appropriate countermeasures are employed during
construction. Anderson et al. (1991) demonstrated that LSAMs offered better resistance to
rutting than conventional mixtures on Kentucky’s coal-haul roads.

Button et al. (1997) provided detailed design and analysis procedures for LSAMs
along with pertinent laboratory test methods and field construction guidelines. Use of the
Bailey method (Vavrik et al., 2002) is also useful for design of rut-resistant LSAMs. The
South Africans (Verhaeghe et al., 1994) developed a framework for linking mix design
parameters for large stone asphalt mixtures with the structural design process.

FHWA sponsored development of a software analysis tool that can evaluate the
relative performance benefits and costs associated with adding different design features to a
Portland cement concrete (PCC) pavement design (Hoerner et al., 2004) (See also

http://www.tthrc.gov/pavement/pccp/pubs/04045/.) The tool is for pavement designers

who are interested in comparing costs versus performance associated with the selection of
design features during the PCC pavement design process. This software is only a
computational tool. It is not intended to provide absolute answers on the effect of different
design features, but rather to offer insight into general performance and cost trends
associated with the use of different design features.

According to Hoerner et al. (2004), various design features (such as dowel bars, tied
shoulders, or drainable bases) may be added to a PCC pavement design to improve its
overall performance by maintaining a higher level of serviceability or by extending its
service life. However, the addition of these features also increases the initial cost of the
pavement design, in some cases quite significantly. This then raises the question as to
whether the improved performance benefits gained by adding the design features are worth

the increased cost. Furthermore, the effects of adding more design features to a PCC
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pavement design may produce smaller performance gains, while significantly increasing the
overall costs of the structure. Unfortunately, current design practices do not always
consider this trade-off between performance benefits and costs when design features are

added to a PCC pavement design.

Research Needs Related to Truck-Only Lanes

According to Cackler (2003), if Future-Strategic Highway Research Program (F-
SHRP) comes to fruition, it will focus on studies of pavement rehabilitation, not design of
or design methods for new pavements. Therefore, if officials determine that TXDOT needs
new design procedures to accommodate truck lanes in TTC, a research project should be
initiated promptly.

It is evident from Table 2 that a range of options is available for evaluating design
requirements for dedicated overweight truck lanes. Thus, in terms of analysis procedures,
the authors are of the opinion that work has progressed considerably, along with advances
in computing technology, to model the complex behavior of pavements under in-service
load and environmental conditions. The main challenge, in the authors’ opinion, is in
implementing current analysis procedures into a comprehensive methodology for designing
and building dedicated heavy truck lanes to ensure that pavements are built according to the

design. In this regard, the following research and development needs are identified:

e Quality control and assurance testing. The development of rapid, nondestructive,
performance-related test methods is crucial in verifying that the as-built pavement
satisfies design assumptions. Where feasible, these applications should be based on
existing test methods already implemented within TxDOT, such as ground
penetrating radar, (GPR), falling weight deflectometers, (FWD) seismic pavement
analyzers, and inertial profilers. There are a number of research efforts already
conducted or underway in this area. Examples include the use of GPR for
longitudinal joint density testing, infrared sensors for identifying segregated areas
during hot-mix asphalt laydown operations, and equipment instrumentation to
determine effectiveness and uniformity of field compaction methods. Significant
progress has been made in developing these applications, but more work needs to be
done in getting applications implemented through development of standard test
methods and specifications and training of TxDOT engineers and contractors. In
addition to nondestructive in-situ test methods, standard test methods for laboratory
characterizations of material properties are needed for quality control/quality
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assurance (QC/QA) testing based on measurements of material properties used in
pavement design models.

New material specifications. Researchers anticipate that changes in existing
material specifications will be necessary to provide pavements intended to serve
heavy truck traffic. In particular, researchers are of the opinion that the use of
premium base materials will be important in achieving cost effective pavement
designs for heavy truck lanes. In this regard, there are on-going TxDOT projects
with Texas Transportation Institute (TTI) involving field testing of experimental
base sections that are expected to provide useful information for evaluating existing
material specifications. A key requirement is to provide durable materials. Several
districts have already conducted experimental projects in this area. For example, the
Corpus Christi district has constructed test sections to identify the structural benefits
of triaxial class 1 base materials. The initial performance of these sections along US
77 has been excellent, as documented by both GPR and FWD data. In addition, the
Fort Worth and Waco districts have evaluated test sections to evaluate the rut
resistance of large stone asphalt stabilized base layers. It is important to document
the benefits of improved materials and to monitor the performance of these
materials under heavy truck traffic. A critical issue that must be addressed is the
development of laboratory and nondestructive field test procedures that can be used
as reliable predictors of expected pavement performance.

New construction methods. The implementation of new material specifications will
more than likely require changes in the existing practice of placing and compacting
new pavement materials. In view of the possible lack of experience in the use of
these materials, guidelines will have to be developed to assist engineers and
contractors in successfully building pavements under new material specifications.

Accelerated pavement testing. Application of existing models to evaluate the
expected performance of pavements subjected to routine truck traffic and utilizing
new materials will likely require verification and calibration before such models can
be used with confidence to design and build heavy truck routes. In this regard, the
use of accelerated pavement test methods can serve this purpose. In addition,
accelerated pavement testing will be needed to verify potential pavement designs
and evaluate the applicability of new materials for building pavements intended to
serve heavy truck traffic. Through accelerated pavement testing, the authors believe
that TxDOT can accomplish the verification and calibration of existing models, and
the evaluation of suitable materials for heavy truck routes in a cost-effective and
timely manner.
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PAVEMENT DESIGN FOR LIGHT VEHICLES

Introduction

The TTC will be unique in that it will include separate roadways for passenger
vehicles and trucks. Obviously, either flexible or rigid pavements designed for passenger
cars only (i.e., excluding heavy trucks) can be thinner and thus less expensive than those
designed to also carry truck traffic. The primary objective of this section of the synthesis is
to identify methods for designing pavements reserved for light vehicles. Based on typical
comparisons of initial costs as well as cost and speed of maintenance and current trends, it
appears that these pavement structures will almost always be flexible. Nevertheless, this
synthesis addresses both flexible and rigid pavements.

Fundamentally, all highways are designed to accommodate a certain level of
predicted truck traffic with little regard to the effects of passenger cars and light trucks
(Buiter, 1989). Hicks et al. (1998) explain that, although passenger cars make up the
majority of the traffic volume, they do very little damage to the pavement structure
compared to trucks. For example, a typical sport utility vehicle (GVW = 20 kN, [4500 1b])
has a total equivalent axle load of 0.0005. They conclude that nearly 4500 sport utility
vehicles would have to pass over the pavement to do as much damage as one fully loaded
moving van.

Many experts have questioned the accuracy of load equivalency factors in terms of
ESALs for passenger cars and light trucks. Designing pavements dedicated to light
vehicles using traffic input in terms of ESALs may be particularly problematic and may
result in pavements that are too thin to provide adequate service.

During the writing of this synthesis, no new procedures for designing highway
pavements limited to passenger cars were identified. Most light-traffic pavement design
methods were developed for residential streets or parking lots. Therefore, the design of
highway pavements reserved for carrying passenger cars only may offer designers the
greatest opportunity for innovation. Further, development of new methods for designing
such pavements offers significant opportunities for far-reaching research.

It currently appears that, when dealing with pavements dedicated solely to light
vehicles, engineers must change their way of thinking about the structural design process,

mixture design procedures, materials (aggregate, asphalt grade, mixture type) selection,
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materials test protocols and criteria, and construction specifications. Realistic procedures

are needed to optimize performance and cost effectiveness for these light-traffic pavements.

Design Methods for Lightly Trafficked Pavements

Jahren (2000) indicates that Australia and New Zealand have much lower
population densities and thus fewer resources to invest in their infrastructure. (e.g.,
Australia has a land mass 80 percent the size of the United States with a population 7
percent the size of the U.S.) As a result, both countries have developed systems for
economically constructing and maintaining roads. Several of their products will be useful
in designing pavements and selecting materials for lightly trafficked pavements.

According to Mulholland (1986), pavements for light traffic are typically designed
using highway design procedures. His work provided municipal engineers with methods
by which one can rationally design light-traffic pavements. He spelled out procedures for
estimating design California bearing ratio (CBR) and design traffic values. His paper gives
some indication of the quality criteria that should be specified for conventional pavement
bases and subbases for residential street pavements. Schofield (1986) pointed out that
extrapolations of the then current highway pavement design curves to very light traffic
levels might result in under design, particularly for low-strength subgrades. Mulholland
(1987) stated that the six most important phases in street pavement design are (1) subgrade
assessment, (2) traffic assessment, (3) thickness design, (4) pavement materials, (5)
pavement surfacing, and (6) construction standards. This appears to be about the same for
highway pavements except that the base may be more important than the pavement
surfacing, particularly for flexible structures.

Several design methods and guidelines for designing pavements for light traffic are
available. Essentially all of them are based on a maximum number of truck axles (e.g.,
ESALs); however, the pavements in question here will receive almost zero truck axles.
Some examples follow. Flexible pavement design procedures for light-traffic pavements
are available from the National Asphalt Pavement Association (Eason and Shook, 1991),
The Asphalt Institute (TAIL, 1999), and Australian Pavement Association (AAPA, 2002;
Austroads, 1998). Rigid pavement design procedures for light-traffic pavements are

available from the American Concrete Institute (ACI, 2002 and ACI, 1990), Portland
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Cement Association (PCA, 1984), and Canadian Portland Cement Association (CPCA,
1984). A design catalogue published by NCHRP may also provide useful pertinent design
information (NCHRP, 1998).

The NAPA publication (Eason and Shook, 1991) presents a method for designing
hot mix asphalt (HMA) pavements for low-volume roads and other areas that are not
subject to large or frequent heavy loads and for which traffic counts are often estimated. It
describes alternative layer systems and construction strategies that may obtain better
quality, economy, or construction efficiency, depending on the circumstances of the project.
Fundamentals of specifying asphalt mixtures are explained, and recommended tolerances
and construction guidelines are provided as an aid to the specifier. Part One addresses the
selection of materials and construction methods and includes a checklist of items to
consider. Part Two presents the structural design procedure, which covers both multi-layer
systems and full-depth asphalt. Part Three contains technical guidelines for designing and
specifying pavements, based upon concepts introduced in Parts One and Two. AAPA
(2002) provides only general guidelines for very light duty pavements such as residential
streets, parking lots, and even cycle ways and pedestrian paths.

The ACI guide (ACI, 2002) provides a perspective on a balanced combination of
pavement thickness, drainage, and subbase or subgrade materials to achieve an acceptable
pavement system for light-traffic roadways. Such concrete pavements designed for low
volumes of traffic (typically less than 100 trucks per day, one way) have historically
provided satisfactory performance when proper support and drainage conditions exist.
Recommendations are presented for designing a concrete pavement system for a low
volume of traffic and associated joint pattern based upon limiting the stresses in the
concrete or, in the case of reinforced slabs, maintaining the cracks in a tightly closed
condition. Details for designing the distributed reinforcing steel and load transfer devices,
if required, are given. Thickness design is based on principles developed for analyzing an
elastic slab over a dense liquid subgrade, as modified by field observations and extended to
include fatigue concepts.

According to Potter et al. (1987), the U.S. Army Corps of Engineers' pavement
design procedures (Corps of Engineers, 1992) are particularly appropriate for low-volume

road applications because they were developed from traffic tests using relatively low traffic
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volumes and thin pavement sections on low-strength subgrades. The large loads and low
volumes of traffic used in their development are especially analogous to situations
encountered in mining, logging, and similar industrial applications, or in port facilities. The
flexible pavement criteria are most appropriate for thin asphalt concrete pavements on
granular base courses and subbases. Generally, rigid pavements have not been associated
with low-volume roads because of their cost. However, they continue, development of
roller-compacted concrete pavement construction has made rigid low-volume pavements
feasible in many situations, and the Corps design method is capable of addressing roller-
compacted concrete pavement characteristics. They conclude that these design procedures,
published in Army technical manuals, have been computerized; therefore, the Corps of
Engineers' design criteria can be applied quickly and efficiently to design economical
pavements for low-volume facilities, even by pavement engineers unfamiliar with the Corps

criteria or programs.

Structural and Mixture Design Philosophy for Light Vehicle Pavements

AAPA (1990) noted that HMA pavements are generally designed for optimum
performance under medium to heavy loadings and traffic volumes. HMA mixtures
designed in this manner are not necessarily optimal for lightly trafficked pavement surfaces.
They concluded that, in lightly trafficked pavements, factors such as flexibility,
impermeability, workability, and durability are more critical than factors associated with
high strength such as stability, stiffness, and resistance to deformation.

Engineers should develop an atypical philosophy for designing and building
highway pavements for light vehicles. Obviously, any pavement structure must be strong
enough to accommodate the relatively heavy loads of construction traffic and subsequent
maintenance vehicles (Schofield, 1986). Even residential streets must be designed to carry
occasional heavy vehicles (e.g., school bus, garbage truck, and concrete truck), and typical
design methods consider these loads. These loads are particularly critical when the base
and/or subgrade are weak (e.g., when at or near saturation with water or during the spring
thaw). Consequently, the pavement structure must have some minimum strength, which is

greater than that needed for passenger car traffic.
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Foley (2000) predicted that, for pavements limited to light vehicles, the negative
effects of the environment are more likely to produce pavement distresses and ultimate
failure than vehicular loads. Therefore, pavements designed for light vehicles must be
designed for long life in the environment in which it is placed. Fatigue cracking and rutting
should not be the anticipated modes of failure. To address some of these issues, NAPA
(1995) and AAPA (1990) recommended designing HMA for lightly trafficked streets using
a 35-blow Marshall process (i.e., higher asphalt contents than standard 50-blow or 75-blow
mixtures). This is equivalent to using relatively low design gyrations with the Superpave
gyratory compactor.

In the case of asphalt concrete surfaced pavements, mixtures should be designed to
contain more asphalt and lower air voids than historically used on highway pavements.
Lower voids will minimize intrusion of water and air and thus provide improved resistance
to damage by stripping and oxidative hardening. Pavements limited to light vehicles will
experience less densification due to traffic than conventional highways. Higher asphalt
contents and lower voids will provide a more compliant mixture with higher tensile strength
that is resistant to thermal cracking. Since these pavements will not have to accommodate
heavy trucks, softer grades of asphalt than in conventional mixtures can be used. Soft
asphalts will enhance the resistance of these mixtures to aging and thermal cracking.

NAPA (1995) supports this basic philosophy.

Potential Solutions for Design of Pavements for Light Vehicles

Mixture design should be integrated with pavement design. That is, because of the
relatively light loads, HMA mixes could be designed with higher asphalt contents and
possibly lower grades of asphalt and still resist rutting and, further, be more resistant to
moisture damage, cracking (fatigue and thermal), and oxidative aging. Expensive modified
binders will not likely be needed. In a related issue, with no trucks, one may expect less
and/or slower densification of the mat following construction. (Surface mixes are typically
designed at about 4 percent air voids and placed at about 8 percent air voids and depend on
traffic to further densify the mat to about 4 percent in a few years.) Therefore, it may be

necessary to require lower air voids at construction for these types of pavements.
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Due to high volume but light loads, friction and the preservation thereof may be a
significant issue. Due to the relatively light loads, lightweight aggregate should not be
subject to crushing and may provide good wet weather friction.

In western Texas, where climates are dry and subgrades are often of relatively
higher quality, a two-course surface treatment may provide adequate service for these
pavements while minimizing initial construction costs. Although such pavements may
produce more noise than HMA pavement surfaces, most of western Texas is rural, and few
areas will be affected. Surface treatments could be applied in a planned stage-construction
process where the pavements may later receive overlays. However, a combination of loose
stones and high speeds might lead to unacceptable incidents of windshield breakage unless
lightweight aggregate is used. Examples of other potentially more acceptable thin
pavement surfacings include cape seals, microsurfacing, Novachip, and the like.
Incidentally, prime coats and tack coats will be particularly important for thin pavement
surfaces because the horizontal stresses at the interface will be greater than those beneath
thicker layers.

Stabilization of subgrade soils is often a source of cracking in asphalt pavements;
this may be particularly true with thin pavement structures. With the lighter loads, these
types of pavements may not require subgrade stabilization or may suffice with only enough
soil modification to support construction traffic.

Pavements for light vehicles appear to be the logical place to use lower quality local
construction materials, recycled materials, and industrial by-products and save the higher
quality and more expensive materials for the truck-only lanes. NAPA (1995) suggested that
sand asphalt could be used for low and medium traffic categories. Sand asphalt can provide
a highly workable mixture and a smooth, quiet pavement surface with low permeability. Its
disadvantage might be wet weather skid resistance on a high-speed corridor; however, well-
designed sand-asphalt mixtures might provide adequate service in certain dry climates of
western Texas. NAPA (2000) can also assist in mixture type selection for lightly trafficked
roadways.

For current high-traffic corridors, seal coats for pavement preservation and skid
resistance restoration are often avoided due to the potential for flushing during hot weather.

However, for pavements dedicated to passenger car traffic, seal coats may serve quite well
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without the danger of flushing. Again, high speeds might lead to unacceptable incidents of
windshield or headlamp breakage unless lightweight aggregates and/or small stone sizes are
used.

These and other issues need to be studied in a well-designed and sequenced research
program to specifically address issues related to pavements designed to carry passenger cars

only at high speeds.

Research Needs Related to Design of Light Vehicle Pavements

No new design procedures for pavements dedicated to passenger cars were found
during the writing of this synthesis. In recent history, TxDOT has been designing
pavements primarily for heavy vehicles using a certain number of ESALs as the design
input for traffic. Pavements devoted to passenger cars will not be exposed to loads near 18
kips except during construction and maintenance. Research is needed to develop a
completely new overall design strategy for pavements devoted solely to passenger cars.
Researchers need to adopt a new philosophy (as discussed above) during the development
of structural design procedures, mixture design procedures, materials (aggregate, asphalt
grade, mixture type) selection guidelines, materials test methods and criteria, and
construction specifications to optimize performance and cost effectiveness for light-traffic
pavements.

Current tests to evaluate paving materials (e.g., Hamburg for HMA mixes and
flexural strength for concrete mixes) may be too severe for pavements reserved for
passenger cars. These issues need to be studied, and appropriate criteria need to be

developed for the current tests, or new tests and criteria need to be formulated.
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SKID RESISTANCE ISSUES ON HIGH-SPEED CORRIDORS

Introduction

General. Current TxDOT skid testing standards (basically, AASHTO T 242 or
ASTM E 274) recommend 50 mph using a smooth (AASHTO M 286 or ASTM E 524) tire.
It is well known that wet skid resistance decreases as vehicle speed increases and that the
rate of this decrease (or speed gradient) depends on the microtexture (which is a function of
surface roughness of individual aggregate particles) and macrotexture (or texture depth
which is a function of aggregate gradation) of the pavement surface. Macro texture or high
texture depth becomes more important as speed increases because higher macrotextures
typically yield lower speed gradients.

For corridors designed for speeds potentially up to 100 mph, the suitability of skid
testing at 50 mph needs to be reexamined. The main objectives of this portion of the
synthesis are to determine if new technology is available to address skid testing for high-
speed corridors or if testing at 50 mph will be acceptable and to identify any applicable
research needs.

The most recent summary related to wet pavement friction is NCHRP Synthesis
291, “Evaluation of Pavement Friction Characteristics,” (Henry, 2000). This synthesis
reviews the models used for evaluating the results of wet pavement friction testing methods
and discusses the methods used to measure friction and texture. The discussion includes
the International Friction Index (IFI), which consists of two numbers based on friction and
texture measurements. Finally, methods for construction and restoring the surfaces of
pavements to achieve desired levels of skid resistance are presented. The basis of the study
is a questionnaire to determine current practices in the USA and selected other countries.
Henry (2000) concluded that it was important to provide both microtexture and
macrotexture parameters to assure appropriate frictional characteristics on wet pavements.
He did not identify any new test methods, analysis procedures, surface materials, or criteria
for specifically high-speed corridors.

Background. One contributor to wet-pavement crashes is uncontrolled skidding.
Vehicle crashes on wet pavements are a major concern of all U.S. highway agencies. In
1980, the National Transportation Safety Board (1980) reported that fatal crashes occur on

wet pavements at a rate of from 3.9 to 4.5 times the rate of occurrence on dry pavements.
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In a subsequent nationwide study, the Federal Highway Administration (1990) reported that
18.8 percent of almost 25 million reported crashes occurred on wet pavements. Moore and
Humphreys (1973) indicated that surfaces with skid numbers (SNgpeea) below SNyo of 40
had more than the average number of wet pavement accidents, while surfaces with SNy of
40 or above had fewer than the average number of wet pavement accidents. Abrupt
maneuvers will increase the probability of initiating skidding action (Veith, 1983).
Skidding occurs most frequently when the pavement surface does not provide adequate
friction (Luo, 2003). Others have reported similar findings regarding surface friction or
texture depth (Phillips and Kinsey, 2000; Roe et al., 1991; Wambold et al., 1986; Williams,
1975; The Netherlands Institute for Road Safety Research, 1970). Roe (1999) and Cenek et
al. (2000) stated that new pavement surfaces on high-speed roads in the United Kingdom
and New Zealand, respectively, are required to have a minimum texture depth.

These findings were reported for pavements with “normal” highway speed limits
(55 to 70 mph). The question is, how will these findings relate to relate to pavements with
speed limits of 80 mph or possibly higher. Kummer and Meyer (1967) indicated that their
study of driver deceleration patterns during braking and cornering suggested that an SNy of
about 33 apparently satisfies the frictional needs of all normal vehicle maneuvers during
acceleration, driving, cornering, and deceleration, and does so over a wide speed range
(except toward the end of braking maneuvers that lead to a full stop). Gargett (1990)
commented that, no matter how high the skidding resistance, because of the difficulty with
which vehicles stop from high speed without skidding, high-speed roads would usually
have a higher proportion of skidding accidents than low-speed urban roads.

Most of the skidding accident data was collected before mid-1990s and involved a
majority of passenger cars without antilock brakes. Antilock brakes should significantly
reduce wet weather skidding accidents and thus provide safer driving at high speeds,
particularly on wet roads. Cenek et al. (2000) concluded that vehicles fitted with antilock
braking systems negate the influences of pavement texture depth. Of course, when
hydroplaning becomes a factor, the advantage of antilock brakes is severely diminished.
Tubas et al. (1975) evaluated the accident avoidance potential for antilock braking by

analyzing 89 skidding accidents. They estimated that two-wheel antilock brake systems
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would have prevented or reduced the severity of about 2 percent of the accidents. The

corresponding figure for four-wheel antilock braking was 9.3 percent.

Pavement Friction Measurement

The real objective in skid testing is to determine the contribution of the pavement to
tire-pavement friction (Hegmon et al., 1973). Friction on dry pavements varies little
(Moore and Humphreys, 1973) and is normally quite adequate for maneuvers necessary in
normal driving circumstances. Therefore, pavement friction is typically measured on
wetted surfaces. Measurement of pavement friction is a very complex issue that is related
to many variables (Kummer and Meyer, 1967). Some of these variables include water film
thickness, surface cleanliness or contamination (dust, oil film, etc.), type of rubber in the
tire (adhesion and hysteresis), tire tread design and depth, tire inflation pressure, tire contact
area, tire load, ambient temperature, pavement temperature, pavement roughness, macro
texture, micro texture, vehicle speed, uniformity of speed during skid, and, of course, the
device used to make the measurement (e.g., algorithms, calibration, suspension stiffness).
In addition, the skid value will depend on the season of the year or, more specifically, how
long since the last significant rainfall (Wambold et al., 1987).

Many and varied devices have been developed to measure pavement friction. A few
of the more common devices are skid trailers (ASTM E 274), SCRIM (sideway-force
coefficient routine investigation machine) (Hosking and Woodford, 1976), FAA Mu-meter,
NASA DBV (diagonal braking vehicle), Saab friction tester (Sweden), and British
pendulum tester (ASTM E 303) (Sigler, 1943). Henry (1986) described several other
devices. Most researchers report poor correlations between the friction values measured by
the different devices (Yager, 1990; Henry, 1986; Diringer and Barros, 1990).

In the past 20 years, there have been no major developments in the measurement of
friction value or skid number for highway pavements. The device most widely used by
U.S. state highway agencies to measure skid resistance of their pavements is the skid trailer
(ASTM E 274, Skid Resistance of Paved Surfaces Using a Full-Scale Tire) using a ribbed
tire (ASTM E 501). One requirement of this procedure is that “The vehicle with one test

tire locked shall be capable of maintaining test speeds of 40 to 60 mph...during a test on a
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level pavement having a skid number of 50.” TxDOT typically uses this method at a speed
of 50 mph.

In a small wet-weather accident study, Wambold et al. (1986) found that skid
resistance measured using the smooth tire (ASTM E 524) is not only lower than that
measured using the ribbed tire (ASTM E 501), but it is also a better predictor of skidding
accident potential. Wet-weather accident data from Florida that they analyzed reinforced

this conclusion.

Skid Resistance Measurement at High Speed

Hegmon et al. (1973) pointed out that, if skid testing could be accomplished at
higher speeds, this would eliminate the need for extrapolating standard SNs to higher
speeds. It would also reduce sensitivity to speed errors, since SN-speed gradients (slopes of
SN vs. speed curves) generally decrease with speed. They further stated that correlation
between skid testers is usually worse at higher speeds, and the most probable reason is
inadequate pavement wetting. Wind currents at high speeds greatly interfere with the
application of water to the pavement surface.

Moore and Whitehurst (1970) developed a high-speed skid trailer (ASTM E 274)
for Tennessee DOT capable of maintaining a test speed of 80 mph on a level pavement.
However, they conducted skid tests at essentially three speeds (speed limit [maximum of 65
mph], 40 mph, and 30 mph). Based on statistical analyses of the resulting data, Moore and
Humphreys (1973) concluded that the measurement of skid resistance at high speeds does
not add appreciably to the evaluations made at 40 mph. That is, skid numbers at higher
speeds can be accurately predicted from SN at 40 mph using readily available mathematical
models. They recommended that Tennessee DOT confine skid evaluations to 40 mph. On
wet pavements, slide braking and cornering traction coefficients are reduced by increased
speed in an approximately linear manner. The required cornering forces to round a corner
of fixed radius or the distance needed to bring a vehicle to a stop vary as the square of the
vehicle speed. Therefore, Veith (1983) argued that the very strong influence of speed from
both viewpoints dictates that high speeds be used for testing tires; however, high speeds
cause safety problems. He concluded that a testing speed of 60 mph is a reasonable

compromise.
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During preparation of this synthesis, the authors examined several papers and
reports dealing with wet skid resistance measurements on airport runways to determine if
high-speed measurements were used for runways. Although some high-speed
measurements have been made, runway friction measurements are typically made using
methods similar to those used on highway pavements and only at slightly higher speeds. In
fact, ASTM E 2100, “Standard Practice for Calculating the International Runway Friction
Index,” recommends conducting high-speed tests at 60 mph when the surface class allows
(ASTM, 2002). TxDOT does not currently perform skid testing on airports (Oshinski,
2003).

Predicting Wet Friction Values

Many researchers agree that pavement surface friction data suitable for pavement
inventories can be obtained from calculations made using texture depth (Viner et al., 2000;
Lenke and Graul, 1986; Henry, 1986; Yandell et al., 1983; Moore and Humphreys, 1973;
Phillips and Kinsey, 2000) or SN at 40 mph (Wambold et al., 1990). Models are available
that consider speed, pavement texture and wetting condition, tread rubber properties, and
tire condition.

Currently, TxDOT uses skid trailers to annually inventory approximately 50 percent
their interstate highway system and 25 percent of all other highways. They are moving
toward inventorying 100 percent of their pavements using laser-based texture
measurements to predict wet SN at 50 mph. Whenever fully implemented, texture
measurements will provide approximately 10 times more data on a given segment of

highway than typical skid trailer measurements (Bertrand, 2003).

Hydroplaning

Hydroplaning is the separation of a tire from the road surface by a layer of water.
Accidents caused by full dynamic hydroplaning are comparatively rare events (Hayes et al.,
1983; Wambold et al., 1986).

Extensive laboratory and field investigations of hydroplaning have been conducted

(Horne, 1968; Yager, 1974; Gallaway et al., 1975; Gallaway et al., 1979; Horne, 1998;
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Hayes et al., 1983). Balmer and Gallaway (1983) summarized these data to show that

applying the following controls can decrease hydroplaning.

Provide adequate pavement cross slope.

Construct and maintain pavements with a gritty coarse surface texture or finish.
Minimize pavement-surface, water-film thickness by effective drainage.
Minimize pavement-drainage-path length by roadway design and construction.
Provide adequate water removal facilities for sag-vertical curves.

Reduce ponding of water in pavement ruts by proper pavement evaluation and

AN o e

maintenance.

One place where adequate pavement cross slope cannot be maintained is at the
entrance and exit of left curves on a super-elevated highway. When the cross slope
transitions to and from the super elevation in the curve, there will be a flat spot that can
allow water to accumulate in dangerously thick films. These are often the locations of
skidding or “run-off-the-road” accidents.

Researchers (Horne, 1968; Yager, 1974; Gallaway et al., 1975; Gallaway et al.,
1979; Horne, 1998; Gothie et al., 2001) have demonstrated, using different methods, that
the typical minimum speed for dynamic hydroplaning of passenger cars is just over 50 mph.
Therefore, traveling speed should be limited to 50 mph on wet pavement, particularly
where water can accumulate to depths of 0.1 inch or more (Martinez et al., 1972). Hayes et
al. (1983) reported that loss of pavement contact could occur between 40 and 45 mph in
puddles of about 1-inch maximum depth and about 30 feet in length. For trucks with higher
tire inflation pressures and heavier loads, the minimum hydroplaning speed may exceed 60
mph (Horne, 1998).

Page (1993) deduced that, for an economical analysis, the important item to
examine is the additional cost per unit area to provide a pavement surface with desirable
characteristics and concluded that an open-graded friction course is the only means to

reduce high-speed hydroplaning potential.

Recommended Skid Resistance Requirements
Kummer and Meyer (1967) recommended the minimum skid numbers as a function
of traffic speed, as shown in Figure 4. These skid numbers should be measured using an

ASTM E 274 skid trailer during late summer or fall (when skid numbers are lowest) in or
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near the center of the most polished wheel track (usually the left wheel track) in the
direction of traffic. Preferably, skid tests should be performed at the actual mean traffic
speeds to eliminate the uncertainty of selecting speed gradients for projecting the skid
numbers from the speed of testing to higher speeds. Figure 4 indicates that recommended
minimum skid values above 65 mph are essentially a constant value. A United Kingdom
researcher (Roe, 1999) basically supports the findings in Figure 4, stating that friction falls
with speed and reaches its lowest value at about 100 km/hr (or 62 mph). Findings by
Rizenbergs et al. (1973) support these data (Figure 5).

For speeds above 40 mph, Figure 4 also shows minimum skid values calculated
from skid measurements at 40 mph using three different speed gradients (G). According to
Kummer and Meyer (1967), with the exception of very smooth surfaces, gradients of 0.2 to
0.8 will bracket all conceivable surface types, the mean gradient being 0.5. When skid
numbers measured at 50 mph must be projected to 70 mph or higher, this synthesis
recommends testing at two speeds that differ from each other by at least 10 mph, with a
lower speed of at least 40 mph, and use available models to estimate the skid number at the
desired speed.

The Hong Kong Highways Department stated that, while a texture depth of 0.7 mm
is adequate for concrete pavements to ensure high-speed skid resistance, the texture depth
required for a bituminous surface must be almost twice as much to ensure the same degree

of skid resistance (http:// www.hyd.gov.hk/eng/public/publications/road_notes/doc/rn5.doc)

(Hong Kong Highways Department, 1983).

Surface Aggregate Classification

No new aggregate classification methods specifically for high-speed thoroughfares
were identified in this study. TxDOT is well aware of the latest methods for characterizing
and classifying aggregates because they are sponsoring pertinent state-of-the-art research
and thus leading the industry in this area of study.
General program information related to surface aggregates may be found in NCHRP
Synthesis 263, “State DOT Management Techniques for Materials and Construction
Acceptance,” (Smith, 1998). This document describes the state of the practice of state DOT

management techniques for materials and construction acceptance, including approaches to
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inspection and testing. The associated requirements for maintaining adequate qualified
personnel to operate the acceptance and testing programs are considered in the information
reported. The information was collected by surveying state DOTs and by conducting a
literature search. It presents background information on the changing role of specifications,
quality assurance processes, warranties, material certifications, and personnel management
regarding the state of the practice for state DOT management techniques for materials and
construction acceptance.

NCHRP Project 4-20C, “Aggregate Tests Related to Performance of Portland
Cement Concrete Pavements: State of the Knowledge,” provided information on concrete
pavement performance parameters and aggregate properties that affect these parameters and
identified a set of tests that can be used to assess these properties (NCHRP, 2003). Similar
information is available for asphalt pavements in NCHRP Report 405 (Kandhal and Parker,
1998).

Additional pertinent information may be found in research products from ongoing
NCHRP Project 9-35, “Aggregate Properties and Their Relationship to the Performance of
Superpave-Designed HMA: A Critical Review,” which is due to be completed on June 30,
2004. The objective of this project is to conduct a review of the technical literature to
identify consensus, source, and other aggregate properties that significantly impact HMA
performance.

In 2004, TxDOT will complete a major study of aggregates, Project 0-1707, “Long-
Term Research on Bituminous Coarse Aggregate.” Early in the study, Little et al. (2001)
concluded that there is a need to upgrade TxDOT’s existing aggregate quality monitoring

program and the aggregate classification system to improve long-term skid resistance.

Potential Solutions Related to Skid Resistance

Kulakowski and Harwood (1990) reported that as little as 0.05 mm of water on a
pavement surface can reduce tire-pavement friction by 20 to 30 percent of the dry surface
friction and, in special situations, a 0.025-mm water film can reduce friction by 75 percent
of the dry surface value. This level of wetness is likely to be exceeded during any hour in
which there is at least 0.25 mm of rainfall. Their results also indicated that the effect of a

thin water film on tire-pavement friction increases with speed, and it was more pronounced
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on smooth surfaces than on high-texture surfaces. Based on this observation, they
concluded that further limitation of speed on wet roads is the most effective safety measure.

Based on contacts with attorneys by the author, signing to indicate reduced speed
limits when roads are wet can reduce the liability of the state for wet weather accidents on
state-maintained highways. According to the Highway Research Board (1972), fixed
warning signs (e.g., Slippery When Wet) for temporary hazards have low effectiveness;
however, slight improvement may be obtained by posting an advisory speed. They suggest
that variable signs, which display a warning and/or speed restriction only when the
pavement is wet, may be somewhat better.

Adequate pavement texture depth on high-speed corridors is of utmost importance.
Balmer and Gallaway (1983) stated that a pavement texture depth of 1.5 mm or greater will
improve wet-pavement skid resistance and the cornering slip number, decrease
hydroplaning tendencies, reduce splash and spray, and diffuse headlight glare, especially on
high-speed highways. Higher texture depths may be accomplished by using coarse HMA
surface mixtures (e.g., Type C CMHB, Type C or 19-mm Superpave), seal coats, or open-
graded mixtures (e.g., permeable friction course [PFC]). Higher texture on dense-graded
mixtures will normally produce higher traffic noise; however, this can be overcome by
using a PFC. Balmer and Gallaway (1983) further stated that on portland cement concrete
surfaces, transverse finishes or grooves provide better traction as compared to longitudinal
grooves. They also indicated that traffic might decrease large texture depths 25 percent or
more during the first six months.

Balmer and Gallaway (1983) found that the pavement surface-water layer thickness,
which increases hydroplaning and decreases skid resistance, could be minimized by
roadway design, construction quality control, and rehabilitation. Thickness of the water
layer depends upon the pavement cross slope, texture depth, rainfall intensity, and the
pavement surface drainage-path length. The drainage-path length, which should be
minimized, is a function of the number of lanes and other roadway geometrics. They
suggested that drainage facilities be provided to collect and rapidly remove water from sag-

vertical curves to reduce hydroplaning susceptibility and improve traction.
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Balmer and Gallaway (1983) concluded that a pavement cross slope of 2.5 percent
will facilitate surface drainage, reduce tire hydroplaning, and improve traction during wet
weather; yet it is not objectionable for vehicle steering or lane changing.

To maximize wet skid resistance and minimize hydroplaning, highly textured
pavement surfaces are desirable. However, high texture usually comes with high noise.
PFC provide asphalt pavement surfaces with excellent drainage, adequate texture, and low
noise. PFCs produced by TxDOT using asphalt rubber have reportedly exhibited
exceptional performance, reducing traffic noise levels by an average of 8 decibels,
improving surface friction by more than 200 percent, and significantly improving ride
quality (TxDOT, 2003; Kandhal, 2003).

Jackson et al. (2003) made similar observations and found that asphalt rubber (AR)
binder demonstrated less reflective cracking than neat asphalt. The hotter, stickier AR may
also provide better adhesion to concrete pavements. However, in much the same way that
bridges are the first surfaces to ice over, air movement through porous PFC makes it
susceptible to icing during wet freezing weather; therefore, climate must be considered
when PFC is specified.

Further, Kamplade (1994) claims that porous asphalt surfaces soon experience
significant loss of their acoustic efficiency, particularly in urban areas (Isenring, 1990).
Alternative thin asphalt surfacing materials such as Novachip (Estakhri and Button, 1995;
Fort, 1994), Millom Hitex (Nicholls, 1998), and Axoflex (Nicholls, 1997), UL-M
(Parkinson, 1995), and Safepave (Parkinson, 1995) have shown promise in Europe and the
U.S. Products similar to Novachip may be suitable for placement in northern climates
where wet-freeze cycles might preclude the use of PFC. A seal coat may be suitable for
passenger-only roadways, particularly in areas where PFC is not suitable or remote areas
where noise is not an issue

Significant research to provide texture (and thus wet weather traction) and reduce
noise on portland cement concrete pavements has been conducted. Some of the more
promising surfaces include exposed-aggregate concrete (by washing or brushing), use of
premium coarse aggregate in the top 1 inch of concrete, and longitudinal texturing using a
plastic brush (Litzka, 1994 and Rocci, 1994). Exposed-aggregate concrete has been used

on several sections of motorways in Austria. Their developments have solved the problems
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of initial production, and the surface is providing very good skid resistance with significant
reductions in noise (Fuch, 1994 and Stinglhammer and Krenn, 1994). Sommer (1994), also
of Austria, concluded that the exposed-aggregate technique is the cheapest way of building
rigid pavements with a surface that is skid resistant, noise reducing, and durable. Germany
(Kamplade, 1994), the United Kingdom (Franklin et al., 1994), Sweden (Hultqvist, 1994),
and The Netherlands (Jurriaans et al., 1994) are also studying exposed-aggregate concrete
with relatively small top-size aggregate in the top concrete layer, with promising results
regarding friction and noise. In fact, Jones (1999) stated that “whisper concrete,” a
particular type of exposed-aggregate concrete, is the only rigid-surface option now
permitted for all forms of construction on roads, whether high-speed or low-speed,

administered by the UK Highways Agency.

Research Needs Related to Skid Resistance

TxDOT and other state DOTs are presently using laser-based systems to measure
pavement surface texture and relate the findings to skid resistance. These relatively new
technologies offer significant promise for estimating skid resistance at atypical high speeds.
According to Bertrand (2003), TxDOT’s current laser-based estimated skid number
database is based on wet skid values (ASTM E 274) using a smooth tire at 50 mph. If the
laser-based system is applied to high-speed corridors, it will be necessary to conduct
additional testing (skid vs. texture) at higher speeds to recalibrate the algorithm. Skid
testing at speeds much above 50 mph with the current pavement wetting systems may be
impractical. Therefore, it may be practical to conduct skid tests at a speed lower than 50
mph and use the skid data at two speeds to predict skid values at the desired high speed.
Recall that several researchers found that skid values measured on a given pavement at any
speed above about 65 mph are approximately equivalent.

For high-speed corridors, highly textured pavement surface mixtures (e.g., PFC,
stone mastic asphalt (SMA), coarse matrix high binder (CMHB), and exposed aggregate
concrete) and/or new aggregate specifications requiring increased texture and polishing
resistance values may be required to ensure adequate wet skid resistance. Research should

examine the suitability of some of the new pavement surfaces, adequacy of current test
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methods for measuring the physical properties of coarse aggregates, and related aggregate
specifications.

To maximize skid resistance of SMA pavement surfaces, the Germans use a
process called gritting (in the USA, we would call it sanding) (Schreck, 2004). Skid
resistance of SMA or any asphalt pavement is often at its lowest after initial placement, due
to the heavy asphalt coating on the exposed aggregate particles. Gritting is the application
of a uniform coating of 1-3 mm or 2-5 mm sized aggregate particles over the freshly placed
SMA mat in advance of finish rolling. In Germany, most grit is coated hot with about 0.8
percent asphalt binder and stockpiled. The low binder content does not cause clumping, so
it can be stockpiled like clean aggregate. Gritting not only enhances skid resistance but also
reduces surface permeability and (depending on the color of the sand) can even make the
surface white, thus improving night visibility. This promising process appears to deserve

further study to optimize its benefits and develop field guidelines.
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ISSUES RELATED TO TRAFFIC CHARACTERIZATION

Introduction

Design speeds of 100 mph and actual speeds exceeding 80 mph may be common on
the TTC. Truck sizes and weights may also differ significantly from those currently
allowed on Texas pavements. What will be the effects of these heavy, high-speed trucks on
traffic characterizations needed to enforce legal load limits and/or support design and
rehabilitation of pavement structures? As the damage to pavement structures is roughly
proportional to the fourth power of wheel loads, highway agencies must detect vehicles
with overloaded axles that contribute significantly to the expensive consequences of fatigue
in pavements and bridges (Kistler, 2003).

Weigh-in-motion (WIM) is defined in the American Society for Testing and
Materials (ASTM) Standard Specification E 1318-00 as “the process of measuring the
dynamic tire forces of a moving vehicle and estimating the corresponding tire loads of the
static vehicle.” The idea of high-speed WIM systems is to provide continuous unbiased
weighing of practically all vehicles passing over a system. They should be imperceptible,
which means that truckers are not aware of the weighing operation and thus do not avoid
them. Today, there are approximately 1000 working WIM stations around the world:
approximately 450 in the United States, 300 in Europe, 150 in Australia, and others in
South Africa, South Korea, Israel and a few other countries

(http://wim.zag.si/general WIM/).

According to ORNL (2000), approximately 500,000 carriers on U.S. highways are
checked four times each day in the never-ending search for vehicles that are overloaded or
otherwise unsafe. The cost to the motor carrier industry and, subsequently, to consumers of
these mandated truck stops is estimated to be over $15 million/day! In addition, because
weight enforcement activities are slow and cumbersome, weigh stations are often
overcrowded. Law enforcement officials often face two choices that, together, can create
unsafe conditions. They can allow vehicles to back up in long lines near weigh station
entrance ramps. Or, they can let carriers bypass stations without being weighed or
inspected.

According to Jacob and O'Brien (2002), the number of vehicles weighed is still far

too small for enforcement to have a significant dissuasive effect. Furthermore, these
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operations are becoming more and more difficult, cumbersome, and expensive. WIM
seems to be an ideal means of substantially increasing the number of vehicles checked.
However, legal applications require higher accuracy in static weight estimation and a means
of dealing with the dynamic interaction between vehicles and infrastructure.

Mamlouk (1996) pointed out that loads applied by trucks along pavements vary
instantaneously and differently due to road roughness, truck speed, suspension type, tire
pressure, and other factors. Kim et al. (2003) explained that two identical vehicles with the
same weight will generate sensor signals that differ in shape and peak value, depending the
tire pressure, vehicle speed, road roughness, and sensor characteristics.

Jacob et al. (2000) studied the accuracy of WIM systems. They described the

European specification (http://wim.zag.si/reports/specifications/ WIM_specs.pdf) for WIM,

prepared by the COST-323 management committee. The specification gives an indication
of the WIM accuracy that might be achievable from sites with particular characteristics.
They provide a comprehensive review of methods for calibrating and testing WIM systems.
Accuracy classes are defined on the basis of the width of the confidence interval within
which the measured results lie. Confidence interval widths are specified for gross weights
and weights of individual axles, among other things. The percentage of test results, which
are required to fall within the confidence intervals, is a function of the test conditions and
the number of test runs.

Collop et al. (2002) identified three sources of error in WIM measurements:
calibration errors, random sensor error, and dynamic load effect. They reported that the
effect of sensor/dynamic and calibration errors is likely to over-predict the loads by
typically between 15 and 20 percent, which would result in a 5-mm to 15-mm over-design

of pavement thickness for typical flexible pavement structures.

Important Recent Findings on Traffic Characterization

Skszek (2001) stated that, as safety, cost, increased traffic flow, complex road
geometrics, and traffic disruption have become issues of concern, traffic counting
professionals are looking more closely at alternatives to traditional methods of data
collection. Such non-traditional traffic counting devices as video image detection, Doppler

microwave, passive magnetic, passive acoustic, active and passive infrared, and active and
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passive ultrasonic are being considered due to their non-intrusive nature. Her report
addresses information on available technology including cost, installation requirements,
technical specifications, data retrieval, and limitations of the products. Her literature
review indicated “little in the way of new technology.”

ODOT (1998) described an operational test by the Oregon Department of
Transportation of the Port-of-entry Advanced Sorting System (PASS), which uses a two-
way communication automatic vehicle identification system integrated with WIM,
automatic vehicle classification, and over-height detection tied into a heavy vehicle
database. The purpose of this operational test was to demonstrate the feasibility of using
this system to let trucks directly bypass the port and the static scale weighing process, thus
resulting in significant benefits for both the carriers and the State. An additional purpose
was to test the use of “double-threshold” bending plate type WIM scales to improve the
weighing accuracy as compared to single WIM scales. Some problems with PASS caused
interruptions. Most were software problems, which were resolved.

A survey indicated that truckers and trucking firms using the two-way transponders
were pleased with the system. The project proved that the mainline sorting of heavy
vehicles to bypass or enter a port-of-entry is workable with current technology. The
variability of weight measurements using the double-threshold WIM scales was found to be
less than the variability of measurements from the twin WIM scales when taken separately.
Unfortunately, the weights provided by the WIM scales appeared to be biased toward the
mean in spite of careful calibration. The complex dynamic forces at work on moving heavy
vehicles require more study, and the new sensor-based WIM technologies may soon exceed
the accuracy and precision goals of the PASS double-threshold bending-plate system at
reduced cost.

Benekohal and Girianna (2003) conducted a national survey of all state DOTs on
technologies used for truck classification and methodologies used for estimating truck
vehicle miles travelled (VMT). DOTs use different procedures to classify trucks, to adjust
truck data from short-term counts, and to calculate truck VMT. To classify trucks, the
majority of state DOTs followed the FHWA F-13 scheme. The products from two
manufacturers, Peek Traffic and Diamond Traffic Products with a variety of sensors,

dominated the classification devices used by state DOTs. The duration and the number of
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truck classification counts (machine or manually) varied by state DOTs. With machine
classifiers, state DOTs collected short-term (less and 24-hour as well as 48-hour counts)
and continuous truck data for a variety of their highway coverage. Truck data were
collected using machine classifiers unless certain conditions, such as congested highways,
would demand collecting the data manually. To adjust truck data from short-term
classification counts, most state DOTs developed their adjustment factors from continuous
volume counts (not truck counts) and used them for adjusting truck volumes. Some state
DOTs used adjustment factors for trucks that are different from those for cars.

Gonzalez et al. (2003) analyzed the performance of a multi-layer feed-forward
artificial neural network algorithm applied to a multiple-sensor WIM. Unlike conventional
WIM calibration algorithms, neural networks have the ability to identify underlying
relationships, such as the spatial repeatability in axle dynamics, and they can efficiently
remove noise and adapt to changing circumstances (e.g., traffic characteristics, road profile,
or even sensor failure). Numerical simulations of the axle forces applied on a smooth road
profile are used to train, validate, and test the artificial neural network algorithm. The
artificial neural networks approach resulted in higher accuracy than the traditional average-
based calibration method, particularly at high noise levels.

Piezoelectric Sensors. In a HITEC (Highway Innovative Technology Evaluation
Center) activity, Alavi et al. (2001) evaluated piezoelectric sensors for collecting WIM data
under controlled laboratory and field-loading conditions in both asphalt concrete (AC) and
PCC pavements. The AC installation was performed at the WesTrack test facility near
Reno, Nevada, and the PCC installation was performed at a CalTrans Heavy Vehicle
Simulator test site. They conducted a compatibility study of the response of the WIM
sensors with different data acquisition systems for the AC pavements. Various types of
grouts were studied in the WIM installation process. Their results indicated that WIM
sensor performance was most dependent on the ability of the data acquisition systems to
process the raw sensor output accurately.

Quartz Sensors. According to their brochure (Kistler, 2003), the Lineas WIM by
Kistler, which uses a quartz-sensing element, has been successfully used for WIM in

Europe, the USA, and several other countries. It shows excellent stability of electrical and
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mechanical characteristics, exhibits no aging effects, is essentially insensitive to
temperature changes, and accurately measures a wide range of vehicle weights.

Fiber Optic Sensors. Another technology that has received significant attention
(but may not yet be as marketable as quartz systems) is fiber optic sensors for WIM.
Florida DOT has sponsored most of the applied research on this system. Cosentino and
Grossman (1996) reported that a rugged, reliable fiber optic sensor-based traffic
classification system has been developed and successfully deployed in three locations in
Florida. The fiber optic traffic sensors (FOTS) are immune to electromagnetic interference
and do not provide a metallic conductive path to the electronic interface (this minimized the
probability of lightning damage). Data from two field sites demonstrated accurate counts of
vehicle axles and vehicle classifications. More than 250,000 axles were counted within one
month after installation, and the devices gave results similar to those from piezoelectric
loop traffic classifiers.

Cosentino et al. (2003) conducted a series of linear-elastic plane-strain finite
element analyses on a FOTS that could potentially be used for traffic classification and
WIM. These sensors performed well in a pavement when placed in 6-foot long narrow
vertical grooves. Their objective was to determine how the sensor functions in this
configuration. Results from three finite element models were correlated to laboratory and
field results showing that, as tires load the pavement around it, the pavement groove closes,
thereby squeezing the sensor. As the FOTS deforms, the intensity of the light passing
through the fiber decreases, allowing roadside computer systems to use this intensity for
vehicle classification or WIM. Comparison of predicted to measured pavement deflections
agreed to within 5 or 6 percent, indicating the model was properly formulated. Results for
both passenger car and high-pressure truck tires were encouraging, implying that the linear-
elastic approach was suitable for typical applied pressures. They concluded that these
FOTS are ready for implementation into traffic classification systems.

Udd and Kunzler (2003) found that a prototype sensor using the fiber Braggs
gratings (FBG) technology was feasible for use in monitoring light and heavy traffic. They
indicated that, with modification, the FBG strain sensor has potential for long lasting, cost-
effective applications for WIM. The system is sensitive enough to detect adjacent lane

traffic, opening possibilities of shoulder area monitoring for less traffic disruption and
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increased safety. With two sensors, the system can capture speed as well as weight of both
sides of a vehicle.

Schulz et al. (1999) studied fiber optic sensors to monitor the strain state in
structures. This monitoring assesses the health of the structure and provides useful data for
traffic monitoring/control applications. They are working with Oregon DOT to develop a
fiber optic based traffic detection sensor compatible with existing signal controller,
classifier, and counter equipment. This system is expected to be less intrusive, more
sensitive, more accurate, and more robust than conventional traffic loops.

Effects of Winter Weather. The Belgium Road Research Center (Jehaes, 1999)
examined the effects of temperature and salt on different types of sensors, their calibration,
temperature compensation, and the static weighing procedure. In one location, she found
that the system lost accuracy during winter and spring but regained it during the summer;
whereas, in another location, the systems yielded consistent results throughout the year.
Two and three axle buses were measured far more accurately than two/three axle trucks.
(This is likely due to the stiffer suspensions and heavier axle loads on loaded trucks.) Road
surface condition and static behavior of the WIM can change during the year and with time
and affect the calibration. The presence of snow makes the road surface uneven and causes
vehicles to drive in a different transverse position. The presence of sand and snow on the
static weighing area and frozen scales must be considered.

Sensor Selection Guidelines. Martin and Feng (2003) developed a systematic
method to guide professionals in selecting detector technologies. The system leads buyers
through a series of steps that prevents them from overlooking significant issues regarding
any given detector.

WIM data collection devices collect both truck volume and load spectra; however,
WIM devices are significantly more costly to purchase, install, operate, and maintain than
equipment that only counts and classifies vehicles. Typically, highway agencies use a
combination of devices to meet their traffic data collection needs. Their repertoire may
include both permanent and portable, WIM and classification devices. Further, different
technologies have different strengths and weaknesses, may work better in certain
environmental conditions, or provide less accuracy but longer service life under harsh

conditions. Therefore, one must make tradeoffs.
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According to Hallenbeck and Weinblatt (2004), the required areas of knowledge and

necessary decisions and/or actions to make these tradeoffs correctly include the following:

» understanding the equipment’s capabilities and limitations;

» understanding the data collection characteristics of the site;

* choosing locations that optimize the opportunity for collecting accurate data;

» selecting equipment for each site that can operate effectively in the traffic and
environmental conditions present;

» understanding how data collected from two different devices relate to each other
(i.e., are the vehicle classes collected by two different classifiers the same, and if
not, how do those classes relate to each other?);

* installing the equipment correctly;

» understanding how to test the equipment once it is in place to ensure that it is
operating as intended and ensuring that these procedures are followed;

 calibrating the installed equipment properly;

» understanding preventive and corrective overall site maintenance;

» performing quality control checks on the data produced by the devices; and

* repairing, re-calibrating, or otherwise adjusting the equipment and site
conditions if quality assurance checks indicate problems.

Hallenbeck and Weinblatt (2004) further stated that, while the choice of sensor technology
can affect the accuracy of the data collected as well as the cost and longevity of the data
collection installation, a wide body of research shows that technology is only one of many
factors that affect reliability of data collected. In fact, FHWA (1997) concluded that the
differences between devices from different manufacturers were more significant than
differences between technologies and, further, that it is more important to select a well-

designed and highly reliable product than to narrow a selection to a particular technology.

Sources of Current WIM Information Online

A wealth of state-of-the-practice information on traffic characterization devices can
be found online. In 2004, NCHRP produced Report 509, “Equipment for Collecting Traffic
Load Data” (Hallenbeck and Weinblatt, 2004). This report is a valuable and current
resource for those responsible for specifying, installing, operating, and maintaining traffic
characterization devices. Three tables in the report compare the different technologies
available for (1) short-term vehicle classification equipment, (2) permanent vehicle

classification equipment, and (3) WIM equipment. This written report is readily available
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to TxDOT personnel, or it may be accessed at

http://gulliver.trb.org/publications/nchrp/nchrp_rpt_509.pdf.

The single most valuable document related to the items addressed in this synthesis
may be “A Summary of Vehicle Detection and Surveillance Technologies used in
Intelligent Transportation Systems” (Vehicle Detector Clearinghouse, 2003), the latest
version of which can be found at (http://www.nmsu.edu/~traffic/Publications/VC/vdst.pdf).

This almost 300-page booklet addresses over-roadway sensors, sensor technology
comparisons, and their relative costs.

FHWA Demonstration Project 121 on WIM technology 1is located at
http://www.ornl.gov/info/ornlreview/v33_ 3 00/weigh.htm and is maintained by Oak Ridge

National Laboratory (ORNL). They maintain that commercial high-speed WIM systems
are only 80 to 94 percent accurate and that this is not sufficient for law enforcement;
therefore, the use of static scales is typically required at truck weigh stations. ORNL is
addressing WIM-related issues using the latest technology. They are now developing a
“weight enforcement on the fly” technology that they believe will weigh trucks much more
accurately at high speeds. At their website, ORNL (2000) claims an error rate of less than 1
percent. When used with a license plate reader and wireless technology, this system could
electronically identify and ticket overweight trucks passing by without making them stop at
weigh stations.

The Long-Term Pavement Performance (LTPP) program is investigating
verification of scale performance, pavement smoothness requirements, model WIM system
specifications (including accuracy requirements and construction guidelines), and data

collection processing (http://www.tthrc.gov/focus/mar02/pilot.htm). FHWA (2002)

indicated that the quality of the WIM data is highly dependent upon the pavement in which
the system is installed, as smoother pavements provide more accurate and less variable
measurements. The five pilot studies, held in Arizona, Florida, Maryland, Michigan, and
Texas, demonstrated that the protocols were essentially correct as written. The equipment
performance specifications in the protocols were shown to be achievable with current
practice and technology, and the recommended field practices, including speed,

temperature, and vehicle condition, were validated. It was noted, however, that the
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smoothness specification was too restrictive for actual field conditions, and it is now being
revised.

This LTPP study led to NCHRP Project 20-51(3), “LTPP Product Development:
Pavement Smoothness Specification for Approaches to WIM Equipment Sites,” which is
being conducted by FHWA. Current ASTM WIM smoothness specifications require
closure of the traffic lanes. This project will use high-speed profile equipment
measurements to determine acceptable ranges of smoothness that are essentially equivalent
to the ASTM method. The proposed specification is an enhancement to the FHWA “States'
Successful Practices Weigh-In-Motion Handbook™ (McCall and Vodrazka, 1997) and the
ASTM specification. The project will include a review and consideration of new
technologies and measurement devices outside of the LTPP program. Highway agencies
are investing increasing sums in WIM equipment to provide needed information. Existing
smoothness specifications are difficult to implement. Lack of smoothness creates
difficulties in calibrating equipment and is thought to be a leading cause of poor
performance of WIM equipment. Decreasing smoothness may be a contributing factor to
scale drift and increasing variability of load data. The guideline would provide states with a
specification for use when installing equipment and reduce calibration check time. A
description of the project is located online at
http://www4.trb.org/trb/crp.nsf/0/f47c88550b814675852569c9006{fb523?0OpenDocument.

FHWA’s “States' Successful Practices Weigh-In-Motion Handbook” (McCall and

Vodrazka, 1997) is available online at _http://ntl.bts.gov/data/wim.pdf. The purpose of the
handbook is to provide practical advice for users of WIM technology and discuss pertinent
systems, sites, and successful practices by other state DOTs. The handbook suggests the

following guiding principles:

¢ Decide on the “site design life”” and accuracy necessary to support the end user.

e Budget the resources necessary to support the selected “site design life” and
accuracy requirements.

e Develop and maintain a thorough quality assurance program.

e Purchase the WIM equipment with a warranty.

e Manage the equipment installation.

e Conduct preventive and corrective maintenance on the site.
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The National Transportation Research Center (NTRC) at Knoxville, Tennessee,
(http://www.ntrc.gov/labs/photonics.shtml) designed an advanced high-speed WIM system

and installed and tested it on I-75/I-40 near the Knox County, Tennessee, heavy-vehicle
weighing station. The center is testing state-of-the-art technology to evaluate remote
sensing of WIM and other traffic characterizations.

The Vehicle Detector Clearinghouse (VDC) at New Mexico State University

(http://www.nmsu.edu/~traffic/) provides independent, impartial information on evaluations

of new devices and technologies. They provide information to transportation agencies on
the capabilities of commercially available vehicle detectors by gathering, organizing, and
sharing information from research agencies concerning tests and test procedures.
Equipment types included in the VDC database are devices that detect vehicle presence,
speed, axles, classification automatic vehicle classifiers (AVC), and weight (WIM). The
clearinghouse is designed to be a catalyst for developing standard test protocols. This could
provide useful information to TxDOT during future development of related standards.

Researchers at the Minnesota test road (MnRoad, 2003) are collecting dynamic
weight per vehicle axle using WIM devices. Nineteen data collection locations use vehicle
classifiers (Piezo) in conjunction with automated data recording loops to provide vehicle
class data. The loop detects vehicle presence and turns the piezo on/off to determine
vehicle speed and length. A quartz piezoelectric WIM system was installed in 2000 about
1.5 miles upstream of a single load cell WIM system that had been in place since 1989.

The Minnesota Guidestar Non-Intrusive Traffic Detection Tests are described at

http://www.dot.state.mn.us/guidestar/projects/nitd.html. Their original goal was to provide

traffic data collection practitioners with useful information on performance of various non-
intrusive traffic detection, counting, speed measuring, and classification technologies. The
devices were considered non-intrusive if they could be installed, calibrated, and maintained
without closing traffic lanes. Objectives of the research were to develop standardized
evaluation and reporting procedures and conduct extensive field tests of non-intrusive
technologies for use in a variety of applications. The project examined the traffic data
collection capabilities of each device, the application to intelligent transportation systems
(ITS), and traffic control purposes. Engineers evaluated devices in a variety of

environmental and traffic conditions at both intersection and freeway test sites. The
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performance in various overhead and side mounting locations was examined. In addition to
vehicular traffic detection, the detection of bicycles, pedestrians, and trains were
considered.

The WIM of Axles and Vehicles for Europe (WAVE) project is described at

http://wim.zag.si/wave/. WAVE indicates it is essential for road authorities to have at their

disposal up-to-date and online measurements of axle and vehicle weights in order to:

e improve knowledge of the traffic (economic surveys, statistics, management);
o cstablish a technical basis for pavement design and maintenance;
o support legislation relating to road safety and fair competition in transport,
leading to harmonization of enforcement across Europe; and
e provide to government authorities the information necessary for a harmonized
tax system.
For legal purposes, static weigh stations are used at present, but the procedure is expensive
and ineffective. It is the objective of this $1.8 million project to achieve a significant step
forward for those responsible for road networks. It is of particular concern that heavy
trucks are destructive to bridges and pavements and that a significant number of trucks are
illegally overloaded. The WAVE project involves 11 partners and associate partners from a
total of 10 European countries. The group includes research institutes and universities to
assure the highest scientific standards, private industry for development and commercial
exploitation, and transportation authorities to assure an end-result geared toward the needs
of the users. Most of the partners are members of the COST-323 action in progress (i.e.,
WIM-LOAD) who organized, the first European conference on weigh-in-motion of road
vehicles in March 1995. WAVE claims the partnership is well abreast of the latest
developments in WIM techniques. Their executive summary is given at

http://wim.zag.si/wave/.

Finally, a worldwide source of current information is the International WIM Users’

Network (http://wim.zag.si/network.htm#top). At this writing, this organization has 234

members representing 42 countries and many different organizations. Members include
users, producers, researchers, and consultants. The network administrator is Bernard Jacob

of the LCPC in France.
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Ongoing WIM Studies

AASHTO concluded that research is needed to develop guidelines for traffic data
collection and forecasting to ensure state highway agencies' readiness for implementation of
the 200X Design Guide. Therefore, NCHRP Project 1-39, “Traffic Data Collection,
Analysis, and Forecasting for Mechanistic Pavement Design,” was established and is due
for completion in the summer of 2004. The objectives of this half-million dollar study are
to (1) develop guidelines for collecting and forecasting traffic data to formulate load spectra
for use in procedures proposed in the 200X Design Guide and (2) provide guidance on
selecting, installing, and operating traffic data collection equipment and handling traffic
data.

Al-Qadi (2004) indicated that the controlled traffic capabilities of the Virginia
Smart Road allow testing to be conducted without the influence of public traffic and make
this facility ideal to evaluate WIM systems. The facility permits testing using various
simulated traffic loads, some of which would not be permitted on public highways. A fiber
optic network provides transmission of digital data originating from on-site data acquisition
systems and provides real-time monitoring capabilities. The Oy Omni Weight Control Ltd.
Safe Load System™ WIM Dynamic Scale (OWC scale) is being evaluated. This system
was chosen because it offers many unique characteristics aimed to reduce some of the
common problems with existing WIM systems.

The design and construction of the OWC scale and its supporting software are
thought to address the limitations associated with traditional WIM technologies. Among
the advances made by the OWC scale are that the system is completely sealed from the
environment; it is a multiple-sensor WIM system; it can be used in varying geometric
conditions, and it is designed to be accurate for high-speed traffic. On the exterior of the
top of the scale is a steel grid whose purpose is to interlock with the HMA during
installation. On the underside of the top of the scale are four temperature sensors. The
weighing element is attached to its concrete base by welding it to exposed reinforcing steel.

While the idea of a multiple-sensor WIM is not new (Mamlouk, 1996), the OWC
scale and its software have advanced the technology by allowing trucks to pass over the
scale at highway speeds with expected accurate readings. This is ostensibly accomplished

using an array of 20 sensors installed in the scale and a neurological computer software
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system that constantly calibrates the scale. Only 10 sensors are functioning at any time,
while the remaining sensors are spares. If for any reason a sensor malfunctions, one of the
remaining sensors is actuated, which provides increased reliability. The high-speed
accuracy that is offered by the scale’s manufacturer promises to reduce the delay incurred
by truckers at weigh stations. Results of this work should be published in 2004.

New Mexico State University is investigating emerging technologies to establish
criteria for evaluating state-of-the-art fiber optic sensors to collect traffic data and measure
actual dynamic loading of pavements and structures. For more information, see

http://rip.trb.org/browse/dproject.asp?n=7367.

Potential Solutions Related to Traffic Characterization

Speeds above 75 mph will have a negative impact on current WIM scale accuracy,
and the WIM errors will increase as speed increases. The most common way to mitigate
some of these effects is by increasing the smoothness of the pavement before and after the
WIM scale. Typically, a single load cell WIM can still achieve the accuracy required by
ASTM E 1318 for a Type III in-motion scale with speeds as high as 75 mph. With proper
preparation of the pavement surface, including grinding smooth the approach and departure
slabs around the WIM, good performance is possible.

The best way to maximize accuracy is to provide a length of smooth pavement in
front of the scales equal to a distance of 2 seconds travel time and 1 second after the scales.
At 100 mph, smooth pavement to meet the ASTM E 1318 specification must be provided
for distances of 300 feet ahead of and 150 feet after the WIM system. This approach will
equate to an accuracy level in line with the ASTM Type III category.

Capacity of the WIM scales is the second consideration. As an example of the most
accurate WIM scale, the International Road Dynamics, Inc. (IRD) Single Load Cell WIM
scales have a working capacity of 35,000 lbs per axle and a maximum capacity of 55,000 1b
per scale. IRD advertises a 10 to 100 mph speed of operation

(http://www?2.irdinc.com/irdwebapp/system/info/datacol _cvo/slc.asp?system=datacol). The

axle configuration, spacing, and loading of trucks that might use the TTC are unknown, but
researchers anticipate that additional axles will accompany the heavier gross vehicle

weights being considered.
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An example of a vehicle that is being used in Canada is a 135,000-1b GVW B-Train
using 8 axles (12,500 Ib steering and 17,500 Ib singles). A vehicle that was proposed a few
years ago was the so-called “Turner Double,” which would have used slightly longer
double trailers than the current Western Doubles, but would have utilized tandem axles
where the current doubles use single axles — spreading the load applied to the highway
infrastructure. Its gross vehicle weight was increased, but the weight of individual axles
was decreased. If the axles are actually heavier, the negative effect on WIM is on the
fatigue life of the scale. So, instead of lasting 10 or more years (in the case of the IRD
Load Cell), they may only last seven or eight years. But, if the axle weights are lower, then

the durability will likely remain similar to what it is with current loads.

Research Needs Related to Traffic Characterization

This search for information on new traffic characterization devices suitable for use
on the TTC did not reveal any emerging technology or equipment that was not previously
known. Therefore, it appears that those devices to be used on the TTC will be similar to
those that are currently available. So the question remains, what will be the effects of
heavy, high-speed trucks on traffic characterization devices to be placed on the TTC? A
research project is needed to address these issues. It may be possible to perform the
research (or a portion thereof) as a laboratory study using fatigue-type loads on certain
WIMs. A more realistic field study of heavy, high-speed trucks on WIMs will be very
expensive and time consuming. Since this is a national, and even an international issue, it
may be possible and will certainly be efficient to conduct this research as a national
(NCHRP) or a pooled-fund study.

Typically, laboratory testing can be accelerated to examine long-term effects.
Cosentino and Grossman (1996) suggested that better laboratory testing procedures for
WIM devices are needed. Researchers should incorporate tests in their experimental
designs that will yield classical engineering properties such as stress-strain response, elastic
moduli, ultimate compressive strength, and tensile strength. Sinusoidal vibration should be
used to study long-term sensor degradation characteristics. Environmental testing of a
variety of sensors and sensor materials should be performed to determine the most suitable

materials for a variety of climates.
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Because of the potential capabilities of the FBG traffic sensors for WIM, Udd and
Kunzler (2003) suggested further investigation of this leading-edge technology. Work may
include improving the second-generation fiber grating strain sensors and packaging it to
analyze capabilities for WIM by studying same-vehicle repeatability, vehicle calibration,
and axle response/stability. A further effort with interface requirement should also occur,
as an optimal interface for retrofitting with existing equipment would be hardware-
convertible and not require the use of a computer. They should be characterized to
determine any position-dependent effects related to tires crossing over the sensor. Further
studies should include optimal installation depth, speed-related effects, and materials and
procedures for installation.

There is research potential related to commercial vehicle weight and other
enforcement along the TTC. Access points will probably be spaced much farther apart than
existing rural interstate highways. WIM will undoubtedly continue to serve as a screening
mechanism to identify overweight vehicles, but there will still need to be means of
verifying axle and gross weights using static scales. The research would determine the
optimum uses of WIM and static scales along with related technologies that could be used
in scale bypass today such as automatic vehicle identification (AVI) tags. Investigation of
other high-tech means of expediting safety inspections or related aspects of enforcement
might also be included.

The Kistler Lineas piezo-quartz sensors might also be included in high-speed tests,
either in a laboratory setting or in a controlled environment where trucks could exceed
“normal” speeds. Research Project 0-4664, “Develop and Implement Traffic Monitoring
Equipment Evaluation Facility,” will conduct limited tests of the sensors for WIM at two

locations in central Texas, but other supplemental tests should follow.

57






SMART PAVEMENTS FOR HIGH-SPEED CORRIDORS

Introduction

The condition of pavement structures is typically assessed by visual inspection and
limited nondestructive testing. This is accomplished by site investigations and usually
requires expensive, disruptive, and dangerous lane closures. Technology has moved to a
point where reliable, durable sensors are available at a reasonable cost to monitor certain
pavement and bridge conditions (e.g., pavement temperature and moisture content, dew
point, stress, strain, deflection, and fracture) in real time and automatically transmit the
sensor readings to a central management location. Researchers have developed micro-
fabricated sensors for measuring position, acceleration, pressure, force, torque, flow,
magnetic field, temperature, gas composition, humidity, and biological gas/liquid molecular
concentration (Mehregany, 1993). This technology has been termed by some as “structural
health monitoring” (Fuhr and Huston, 1998; Chong et al., 2003).

Additionally, non-pavement related highway environment measurements, such as
wind speed/direction, relative humidity, visibility, and traffic congestion level, are
accessible. Some of these are now in use in various state DOT Roadway Weather
Information Systems (RWIS). Environmental data (pavement temperature/moisture) have
been used to assess the potential for hazardous driving conditions due to icing or to detect
weak and structurally unsound pavement or bridge structures. RWIS can be used in
conjunction with changeable message signs to automatically provide warnings or adjust the
speed limit.

Smart materials studies are being conducted around the U.S. very few of these are
addressing pavements. In the colder regions of the U.S. and Canada, instruments are being
used to monitor spring thaw conditions and to advise highway agencies of when to place
and remove spring-loading restrictions. Perhaps the most relevant project is the Smart
Road project being conducted by the Virginia DOT, where repeatability and durability of a
whole range of sensors is being evaluated. This project will be discussed in some detail.

Infrastructure maintenance is undertaken based on the perceived “health” of the
infrastructure, which is derived from information gathered regarding certain performance

indicators. The need to collect data reflective of the true state of health of the infrastructure
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is therefore crucial for efficient management of the system. Condition-based or on-demand
maintenance are gaining recognition due to the superior advantage they afford. Micro
sensors can be embedded unobtrusively and inconspicuously in structures to monitor
parameters critical to the safe operation and performance (Attoh-Okine and Mensah, 2002).

Note that most of the items referenced in this section of the synthesis are less than
five years old. These describe the state of the practice. Additional information on smart
systems  for  highways, bridges, and structures can be found at

(http://www.spie.org/web/meetings/programs/ss98/3325.html).

The Virginia Smart Road

The Smart Road (www.vtti.vt.edu) in southwest Virginia is a unique, state-of-the-

art, full-scale research facility for pavement research and evaluation of intelligent
transportation systems concepts and products. The construction of the project has been
made possible through a cooperative effort of several federal and state organizations,
including Virginia's Center for Innovative Technology, Virginia Department of
Transportation (VDOT), the Virginia Transportation Research Council (VTRC), the
Federal Highway Administration, and Virginia Tech. The Smart Road is the first facility of
its kind to be built from the ground up, with its infrastructure incorporated into the public
roadway, and will surely produce valuable research products.

The Smart Road is currently a 2.2-mile, two-lane road with a banked turn-around at
one end and a slower speed turn-around at the other end. The latest phase of construction
was completed in May 2001 and includes a 2000-foot bridge and several thousand feet of
concrete pavement. When completed, it will be a 6-mile connector highway between
Blacksburg and ITH-81 in southwest Virginia, with the first 2 miles designated as a
controlled test facility. After construction, provisions will be made to route traffic around
controlled test zones on the Smart Road to facilitate testing.

Roadway infrastructure research is focused on the performance, maintenance, and

life cycle of pavement and bridges. Specific infrastructure research concerns are:

* in-pavement sensors that provide data regarding pavement performance under
real loading conditions;
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* monitoring pavement health and performance by measuring strains, stresses,

deflections, moisture, and temperature on the heavily instrumented Smart Road;

* measuring pavement response to vehicular and environmental loading;

* measuring pavement thickness and performance using ground penetrating radar;

developing and evaluating materials in the laboratory;

* assessing concrete technology in the laboratory;

» evaluating and developing new techniques to increase the efficiency and

effectiveness of snow and ice control operations on public roads; and

» assessing the impact of vehicle weight, tire sizes, materials, and pressures on

pavement damage.

Four miles of magnetic tape were installed to track vehicle location and serve as the
infrastructure portion of an in-vehicle position information system. Two configurations
have been installed, one in the center of a lane and one along the shoulder. The facility is
capable of producing multiple intensities of rain (up to 2 in/hr), snow (up to 4 in/hr), and a
fog-like-mist over a one-half-mile stretch of roadway. In addition, water can be sprayed
onto freezing pavement to create icy conditions. A highway lighting test bed allows for
evaluating different types of lighting systems at spacings of 40, 60, or 80 meters and
different heights. This allows a multitude of visibility conditions to be created, on-demand,
for testing purposes. A specially designed intersection will be useful for a variety of
projects including design, signals, controllers, and driver reactions.

A complete video surveillance system, consisting of several permanently mounted,
low-light color cameras and additional portable cameras, can be used to monitor or record
activities to support roadway research. A visibility sensor and three weather stations
provide data for operational conditions during studies of human reactions. Available data
includes temperature, humidity, wind speed, wind direction, and visibility measured in
miles. An underground conduit network with manhole access every 200 feet houses a fiber
optic data network and interfaces with several on-site data acquisition systems via wireless
communications. The facility has a complement of road weather information system
sensors connected to the data network. The roadway is marked with UV-sensitive
pavement markers and striping to study fixed roadway lighting.

One road section alongside the Smart Road, which will have no arch in the middle

and will be as flat longitudinally as possible, will provide for research on wet visibility.
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Movable pavement markings will be used to study driver response during wet-weather
conditions.

With the vast testing capabilities of this state-of-the-art research facility, there was
no mention of smart materials, extraordinary sensors, or new analysis techniques being
incorporated into any pavement layers. Others, such as MnRoad (Baker and Buth, 1994),
are conducting similar research projects.

According to Elseifi et al. (2001), advancing electromagnetic techniques permit
measuring and monitoring moisture content in pavement systems. Two pavement sections
were instrumented and constructed to quantify the effectiveness of an impermeable
geocomposite membrane as a moisture barrier and as a strain energy absorber. All layers
were instrumented to measure stress, strain, temperature, frost, and moisture. Moisture
variations in the subbase layer under different precipitation rates were continuously
monitored using time domain reflectometry (TDR). Ground penetrating radar was used
periodically to monitor water movement in the pavement sections. Results indicated that
use of the membrane underneath a drainage layer prevented saturation of underlying layers

even in heavy rain and facilitated lateral drainage.

Smart Pavement Research

According to Attoh-Okine and Mensah (2002), researchers from diverse disciplines,
especially electrical, computer, and mechanical engineering, have combined efforts to
develop sensing technologies and nanotechnology in infrastructure condition assessment
(Ansari, 1997), crack detection (Rossi and LeMaou, 1989), and construction monitoring
(Fuhr et al., 1992). Some examples include embedded fiber optic sensors for detection of
faults and cracks, resistivity and dielectric probes for monitoring moisture contents,
piezoelectric stress/strain sensors, and of course, stress/strain gauges and thermocouples.
Micro-electro-mechanical systems (MEMS) involve the integration of mechanical
elements, sensors, actuators, and electronics on a common silicon substrate through micro-
fabrication technology. Attoh-Okine and Mensah (2002) pointed out that application of
MEMS has not reached its full potential in civil infrastructures.

The Virginia Transportation Research Council is conducting a study at the Smart

Road to determine the material properties of paving concrete, to instrument the concrete
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pavement for strain and temperature resulting from environmental effects, to monitor the

construction practices during paving operations, and to monitor the performance of the

pavement over a period of five years (http://rip.trb.org/browse/dproject.asp?n=4380). The
contact is N.J. Garber (804/293-1908).

The Center for Intelligent Materials Systems and Structures at Virginia Tech is
developing wireless sensors that use the energy transmitted from vehicles to a bridge
surface to power active sensors for damage detection (Personal communication with Dr.
Dan Inman, 2004). These, however, are still in the research phase and have not been used
in service.

The Federal Highway Administration is developing a smart sensor system. They
will test it in both the laboratory and field on components of highway bridges to prove the
systems'  ability to  detect and  monitor early signs of  distress

(http://rip.trb.org/browse/dproject.asp?n=692). The contact is A. Lopez (202/202-2222).

Fiber reinforced polymer (FRP) has advantages such as high strength/low weight
ratio and corrosion resistance that makes it a good candidate for use in bridge construction
and retrofits.  Intelligent Sensing for Innovative Structures (ISIS), in Canada

(http://rip.trb.org/browse/dproject.asp?n=4951), plans to develop product specification and

manufacturing guidelines for smart FRP reinforcements incorporating fiber optic sensors.
The product under development and assessment is the smart FRP composite reinforcement,
which incorporates one or a number of fiber optic sensors embedded into the host
composite material during the “pultrusion” process. The program will focus on the design,
manufacturing, testing, and application of the innovative strain gages using composite
materials to encapsulate optical fiber sensors.

Composite materials have the unique ability to be designed and manufactured with a
very wide range of mechanical and thermo-mechanical properties. Embedment of the fiber
optic sensors into the specially tailored composite host material will ensure sensor
protection, thermal compatibility with the host material, and proper integration of the
concrete structures. The smart FRP reinforcements and innovative strain gages will be used
for the monitoring of concrete bridges. The Composite and Intelligent Materials
Laboratory at the University of Nevada’s Department of Mechanical Engineering is

studying FRP to improve the shear connection properties of the cross-section and to
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introduce a novel and effective bonding system

(http://web.me.unr.edu/ciml/compbridge.pdf).

Perkins and Lapeyre (1997) examined the reinforcement role of geosynthetics to
define the mechanisms of base course reinforcement, to define and quantify the effect of
site-specific parameters on the level of improvement observed, and to devise a design tool
that can be readily applied in practice. This program involved the instrumentation of a full-
scale pavement subjected to moving traffic loads. The test section was chosen and
constructed not necessarily to establish geosynthetic performance but rather to evaluate
instrument installation techniques and subsequent instrument performance. Instrumentation
measured strain in the geosynthetics, base course, and asphalt concrete.

The Utah State University Computer Science Department has developed computer
vision and fuzzy logic technologies that can measure and categorize pavement cracking at

highway speeds. According to the researchers, this product is ready to be mounted in a van

for further analysis and implementation (http://rip.trb.org/browse/dproject.asp?n=7943).
The French LCPC (http://www.lcpc.fr/en/recherches/resultats_recents/index7.dml)

is looking for something new to more effectively manage infrastructure projects. They are
now studying new types of high-performance fiber-reinforced concretes for civil
engineering structures and new concretes for road building. Another goal is to further
knowledge on the behavior of more conventional materials, such as granular and porous
materials or complex composite materials, particularly to track changes in their properties
over time.

Sohn et al. (2004) developed and demonstrated the utility of a technique to detect
delamination in composite structures. In particular, a wavelet-based signal processing
technique was developed and combined with an active sensing system to produce a near-
real-time, online monitoring system for composite structures. This technique may have
application in pavements and bridges.

APL, Limited (http://www.jhuapl.edu/programs/trans/surface.htm) has developed

the Smart Aggregate sensor system, which integrates conductivity and temperature sensors
with a low-cost, highly reliable wireless embedded electronics platform. A sensor for
chloride ion concentration in concrete will be integrated in the near term. Smart Aggregate

sensors are attached to the reinforcement bars of the bridge deck during construction and
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later embedded in the concrete (Kuennen, 2004). A reader head on the deck surface
transmits power to the sensor system, which collects and broadcasts the data back to the
reader head. The data are stored for processing and analysis.

Dry (1996) assessed the feasibility of using self-healing concretes for bridges and
pavements that may be damaged by dynamic events such as earthquakes or impacts. Self-
healing concretes have embedded adhesives that are released from hollow fibers inside the
concrete when and where cracking of the matrix and the fibers occur. She later found that
the adhesive improves the strength of the cracked portions of the concrete, increases its
ability to deflect under load, and improves the bond strength in structures (Dry, 1997).
Further, laboratory tests showed the internal adhesive repair system improved the bond
between the reinforcing steel and the concrete to prevent pullout failure or debonding at the
interface. White et al. (2001) explained that autonomic healing is accomplished by
incorporating a microencapsulated healing agent and a catalytic chemical trigger within an
epoxy matrix. An approaching crack ruptures embedded microcapsules, releasing healing
agent into the crack plane through capillary action. Polymerization of the healing agent is
triggered by contact with the embedded catalyst, bonding the crack faces. The damage-
induced triggering mechanism provides site-specific autonomic control of repair and even
multiple healing events.

Chong and Garboczi (2002) reported that the National Science Foundation is
supporting much cutting-edge research on concrete materials. Projects include self-healing
smart concrete, fiber optic sensors in concrete, and automation/robotics related to concrete.
They diagrammed a virtual cement and concrete testing laboratory (Figure 6), which is a
computer-based virtual laboratory designed to reduce the number of physical concrete tests,
whether for quality assurance or for expediting the research and development process.
They indicated that computer models can replace many standard tests right now, and many
more tests can be replaced in the future. These models can now or will soon be able to
predict: degree of hydration, chemical shrinkage, heat release, diffusivity, set point,
strength development, elastic properties, and rheological properties such as slump, yield

stress, and plastic viscosity.
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Figure 6. Schematic Overview of the Structure of a Virtual Cement/Concrete Testing
Laboratory.

An FHWA website (http://www.fhwa.dot.gov/pressroom/nanotech.htm) forecasts

that a future in which cracked bridges and potholes repair on their own, guardrails realign
automatically after impact, bridges adjust their shapes to control movement caused by
winds, and metal structures self clean to avoid corrosion are among the advances in
highway technology. Further, sensors embedded into highways could allow engineers to
continuously and remotely monitor the processes that contribute to deterioration and
cracking without physical intervention. Similarly, sensors in bridges could monitor
vibrations and loads and enable researchers to assess weaknesses and repair them long
before they are apparent to human inspectors. Road sensor networks also could gather and
provide data to transportation operators to manage congestion and incidents better and
detect fast-changing weather conditions.

Kuennen (2004) reported that FHWA is also studying alkali-silicate reactivity
(ASR), delayed ettringite formation (DEF), and cement hydration kinetics using
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nanotechnology and that their findings are advancing the fundamental understanding of the

reaction of physics and chemistry.

Fiber Optics for Health Monitoring of Bridges and Pavements

Measures et al. (1995) described a two-span concrete bridge built in Calgary in 1993
as the first in the world to use carbon fiber composite prestressing tendons in several of its
precast concrete deck support girders. Several of the girders were instrumented with an
array of fiber optic intracore Bragg grating sensors to monitor the changes in the internal
strain over an extended period. They demonstrated the feasibility of building, fiber optic
long-term structural monitoring sensing technology into new bridges which will allow the
use of these advanced composite materials to be monitored in a manner not previously
practical. The strain information available from this type of monitoring system will assist
engineers in their assessment of new materials and innovative design features and has a
potential role in maintenance and repair activities.

In a steel-reinforced bridge, Idriss et al. (1998) reported findings similar those
above. They used a multiplexed Bragg grating optical fiber monitoring system to measure
strain throughout a bridge, with the sensors bonded to the tension steel in the slab and
attached to the bottom flange of the girders. The load path in the structure was obtained
using the built-in sensor system.

Fuhr and Huston (1998) presented multiple-parameter sensing using fiber optic
sensors, which may be imbedded into portland cement concrete roadway or bridge
structures. The sensors can provide internal measurements and assessment of cracking, as
well as intrusion of deicing salts and/or degree of resultant corrosion of reinforcing steel.

Canada is using fiber optics and other techniques to monitor pavement response
during spring thaw (Dore and Dupling, 2002). Specially designed strain gauges and multi-
depth deflectometers were installed in test sections. These gauges were built using fiber-
optic technology.

Pines and Lovell (1998) reported that the remote environment of many highways
and bridges makes condition-based health monitoring for damage assessment difficult in
the event of a natural disaster. During such disasters, electrical power is lost, and cellular

phone lines are under heavy usage, thus limiting retrieval of important sensor data.
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However, recent rulings by the Federal Communication Commission, coupled with
advances in wireless communication products, have now made it possible to circumvent
existing wired and cellular infrastructure to retrieve data from smart sensors remotely and
more economically. They developed a remote health monitoring system using spread
spectrum wireless modems, data communication software, and conventional strain sensors.
Commands from as far as 1 mile away can be issued from a personal computer to instruct
the system to either excite the structure or acquire data from sensors mounted externally to
the structure. Resultant data can be transmitted wirelessly back to the computer for

processing and analysis using damage detection algorithms.

Road Weather Management

Weather affects driver behavior, vehicle performance, pavement friction, and
roadway infrastructure. Weather events and their impacts on roads can be viewed as
predictable, non-recurring incidents that affect safety, mobility, and productivity. An easy-
to-negotiate  FHWA website on road weather management provides very current

information (http://ops.thwa.dot.gov/weather/index.asp). This is an extremely valuable

resource. The site provides best practices with results of recent case studies regarding
snow/ice, rain/flooding, low visibility, high winds, and hurricanes. It describes available
training, equipment, publications, and many additional pertinent links. For example, one
link on technologies available to help mitigate weather impacts on roads also addresses
surveillance, monitoring, and prediction; information dissemination; and decision support,
control, and treatment.

In 2002, Wisconsin DOT conducted a search of major transportation and municipal
websites in the U.S. and Canada and discovered several working methodologies for
measuring the efficiency and effectiveness of winter maintenance operations. Their
synthesis is available online at  the Wisconsin ~ DOT website:

http://www.dot.wisconsin.gov/library/research/docs/tsrs/tsrwinteroperationsmeasures.pdf.

TRB maintains a website on highway operations, which provides significant

information  (http://www4.trb.org/trb/onlinepubs.nsf/web/Highway Operations_Reports)

relevant to roadway weather management.
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Smart Deicing Materials and Methods
A new anti-ice coating termed “Anti-Icing Smart Overlay” is being evaluated

(Stidger, 2002) in Michigan (http://www.sas.it.mtu.edu/urel/breaking/2001/alger.html). A

certain type of crushed limestone is epoxied to the pavement surface. The porous system
absorbs some of the deicing salt during its first application. In subsequent icing situations,
the material releases additional salt, thus minimizing the number of times deicing salt
application is required and reducing the amount dispersed into the environment.
Theoretically, one application of salt could last several weeks. The primary application
would be bridge decks, particularly those in very remote locations. The crushed stone
surface exhibits high-skid resistance, and the epoxy reportedly seals the surface from
chloride intrusion.

A bridge that spans the Mississippi River on U.S. Interstate 35W in Minneapolis,
Minnesota, was experiencing a high incidence of crashes due to icing (Johnson, 2001). The
bridge is more susceptible to slippery conditions because of moisture from nearby
waterfalls, power plants, and industrial facilities as well as heavy vehicle exhaust due to
congestion on the bridge. It was fitted with a computerized system that sprays anti-icing
chemical onto the bridge deck when data from sensors and a road weather information
system determines that hazardous winter driving conditions are imminent.

Charlotte, North Carolina, installed a system that should limit snow and ice removal
costs by identifying those roads and bridges that are likely to need preventive measures
such as salt (Suchetka, 2001). Reduced salting would potentially bring significant savings

to motorists by reducing auto repairs, injuries, and time lost at work.

Automated Distress Survey Methods

According to Bertrand (2005), TxDOT presently owns eight Texas Modular
Vehicles (TMVs) and has plans to purchase eight more. TMVs contain subsystems that
measure and record pavement surface conditions such as ride quality, rut profile, texture (to
estimate skid resistance), and various categories of cracking, and they record synchronized
video of the right-of-way and pinpoint the location using a global positioning system
(GPS). TxDOT’s current plan is to implement all sixteen TMVs in fiscal year 2005 to

conduct statewide distress surveys. They will continue manual distress surveys for
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approximately one year thereafter and compare the results with those from the TMVs.
Based on their findings, they may eliminate further manual surveys.

According to Chung et al. (2003), an automated in situ road surface distress
surveying and management system, AMPIS, has been developed on the basis of video
images within the framework of geographic information system (GIS) software. Video
image processing techniques acquire, process, and analyze the road surface images obtained
from a moving vehicle. This makes it possible to present user-friendly interfaces in GIS
and to provide efficient visualizations of surveyed results. It can be used by transportation
engineers to manage road surveying documentation, data acquisition, and analyses, and by
financial officials to plan maintenance and repair programs and further evaluate the socio-
economic impacts of highway degradation and deterioration. Chung et al. (2003) believe
this technology will reshape pavement management systems (PMS) into a new technology-
based information system providing convenient and efficient pavement inspection and
management.

Wang et al. (2002) reported on the data analysis portion of a new automated system
(University of Arkansas highway data vehicle) capable of collecting and analyzing
pavement surface distress, mainly cracks, in real time through the use of a high-resolution
digital camera; efficient image processing algorithms; and multi-computer, multi-CPU-
based parallel computing. Features and performance of the automated system were
surveyed. Three protocols for generating distress indices incorporated into the automated
system were examined: AASHTO interim distress protocol, World Bank Universal
Cracking Indicator, and the TxXDOT method. They found that distress results from the
automated system were consistent for multiple passes of the same pavement sections, thus
demonstrating that the automated system produces very consistent results when compared
to consistency of manual surveys.

Very soon, NCHRP Synthesis Project 34-04, “Automated Pavement Distress
Collection Techniques,” should be completed. The primary objectives of this study are to
(1) review literature to catalogue methodologies and equipment available to highway
agencies to capture surface feature images, and methods and algorithms used to interpret
distress features from images; and (2) survey highway agencies to determine the current

state of their practice in adopting automated distress collection techniques.
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Smart Work Zone Technology

Tudor et al. (2003) reported on smart work zone technology deployed in Arkansas.
The main goal was to provide a queue-detection system that prevents or reduces rear-end
collisions and provides motorists with real-time information about potential backups caused
by lane closures. The systems used were ADAPTIR from Scientex Corporation and CHIPS
from ASTI Transportation Systems. These systems include all hardware, software, and
other equipment necessary for collecting, displaying, and processing traffic condition data.
A summary of the literature survey conducted by Tudor et al. (2003) is presented below.

The Midwest States Smart Work Zone Deployment Initiative is a pooled-fund study
of new technologies for improving safety and efficiency of traffic operations in work zones.
From this study, McCoy and Pesti (2001) found that a condition-responsive, real-time travel
information system increased traffic diversion during congestion in work zones. Pearce
(2000) described advanced technologies that monitor traffic entering and passing a work
zone and provide pertinent information to local travelers. A smart work zone used in lowa
(Gent, 1998a; Gent, 1998b) was designed to monitor approaching traffic speeds and
volumes, determine when traffic backups occurred, activate the warning devices, and
inform surveillance personnel of problems.

Fontaine (2003) pointed out the need of objective information to make decisions on
installation of portable smart work zone systems and provided guidelines for their

deployment.

Non-Pavements-Related Smart Highway Technology

On certain roads in Finland, speed limits along specific sections are controlled by
data at 5-minute intervals from unmanned road weather stations (Raemae et al., 2001).
Speed limits are lowered automatically during adverse road conditions, and in some cases,
signs for slippery road conditions are displayed as well. It appears that the high normal
speed limit prevented drivers from taking into account the adverse road conditions;
therefore, these advisory signs have demonstrated improved safety. Several state DOTs
have reported similar findings (e.g., Goodwin and Pisano, 2003; Placer, 2001; Blomquist
and Carson, 2001; Zwahlwn et al., 2003).
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West Virginia (Zeyher, 2003) is using sensors to identify poor visibility in foggy
conditions and warn motorists. The fog detector automatically activates beacons or
variable message signs. Personnel at the control center can override the flashers if there is a
malfunction. They installed six wireless traffic detectors into the pavement that employ
vehicle magnetic imaging. In addition to counting vehicles, the detectors can measure
speed and the overall length of the vehicles. Others are using similar technology (Perrin et
al., 2002; Sanders, 2001).

Twenty-nine environmental monitoring stations placed at strategic locations on
Houston freeways, frontage roads, high occupancy vehicle lanes, and arterial streets will
provide advanced warning to government agencies and the traveling public when adverse
weather conditions, especially high water, affect travel conditions (Benz et al., 2002).
When the system fully matures, it will be integrated into the traffic management center's
control room floor. The system is based on proven technology and is working well.

The Finnish National Road Administration uses a mobile monitoring station to
gather information about driving conditions and transmits real time data and video images
of roadway to a control center (Pilli, 2001). The mobile road weather-monitoring vehicle
was developed to improve accuracy of information on weather and driving conditions on
the road network. The vehicle measures temperature and humidity of the air and the
surface temperature, as well as friction of the road surface. Resulting information is tied to
a location using a satellite-based GPS. Measurements take place while the vehicle is driven
in normal traffic.

Finland is testing the effectiveness of the weather-related use of intelligent speed
adaptation (WISA) (Crawford, 2000). Test vehicles will use GPS and digital mapping for
vehicle location and speed limit information, and sensors to register driving speeds, steering
movements, and road surface friction. The vehicles will also have risk displays and haptic
throttles (touch-screen computer) to alert drivers to dangerous road conditions.

Kuennen (2004) reports that existing coatings tend to accumulate grime, which
reduces visibility of signs and contributes to degradation of materials over time. The lotus
leaf, or water lily leaf, exhibits an extraordinary ability to keep itself clean and dry — termed
the Lotus Effect. Nanotechnology is being used to mimic the lotus leaf surface and create

new coatings that outperform existing no-stick products; it is clear that this technology will
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have immediate benefits for traffic and work zone signage. On a Lotus Effect surface, dirt
and grime are collected by rainwater droplets and rinsed off. For more information, see

www.botanik.unibonn.de/system/bionik_en.html.

Safety technology, in the form of automated guidance and warning systems, is

advancing rapidly (http://www.casact.org/coneduc/spring/2000/handouts/bishop.ppt). For

example, Bishop (2000) reported:

e development of automated systems to help the driver drive more safely,
productively, and efficiently;

¢ in-vehicle information systems;

e automated during/after crash notification systems to summon assistance;

e detection of head/body proximity for optimum air bag deployment;

e lane departure warning systems;

e collision avoidance (intervening to avoid a crash; adaptive cruise control
[e.g., controller senses a slower vehicle and automatically adjusts speed then
resumes desired speed];

e radar-based systems to cover forward zone and right blind spot; and

e black boxes to record pre-accident data (available now in trucks).

He further stated that technology exists to monitor driver performance (e.g., lane keeping,
steering wheel movements, blink rate, percent eye closure, head positioning). Work is in
progress to measure driver fatigue, particularly for truck drivers. Liability issues are huge
and must be resolved. Shared control of vehicle operation may increase liability of vehicle
or system manufacturers; however, fewer crashes may reduce the existing litigation load.

The National Highway Traffic Safety Administration also provides information
related to smart safety systems at their ~ website: http://www-
nrd.nhtsa.dot.gov/departments/nrd-12/research _areas.html#HEAVY%20VEHICLE.

Amato (1999) concluded that materials with an unprecedented combination of
strength, toughness, and lightness will make all kinds of land, sea, air, and space vehicles
lighter and more fuel efficient. Fighter aircraft designed with lighter and stronger
nanostructured materials will be able to fly longer missions and carry more payload.
Plastics that wear less because their molecular chains are trapped by ceramic nanoparticles
will lead to materials that last a lifetime. Some long-view researchers are taking steps
toward self-repairing metallic alloys that automatically fill in and reinforce tiny cracks that
can grow and merge into larger ones, including catastrophic ones that have caused human

tragedy. See

73


www.botanik.unibonn.de/system/bionik_en.html
http://www.casact.org/coneduc/spring/2000/handouts/bishop.ppt
http://www-nrd.nhtsa.dot.gov/departments/nrd-12/research_areas.html#HEAVY%20VEHICLE

http://www.wtec.org/loyola/nano/IWGN.Public.Brochure/IWGN.Nanotechnology.Brochure

-pdf.

Research Needs Related to Smart Pavements

Research is needed to conduct field evaluations of the most promising “smart”
materials, devices, and systems, with a particular focus on unique elements of the TTC.
Full-scale implementation of these devices could decrease the cost of pavement and bridge
condition surveys and resultant maintenance, reduce traffic delays, and improve safety.
Smart systems will have particular value in remote areas where urgent conditions can be
rapidly detected and transmitted to the central control group.

As indicated above, application of MEMS has not reached its full potential in civil
infrastructures. Laboratory investigation on the behavior of embedded MEMS in asphalt
materials under dynamic loading needs to be studied. Field and laboratory research is
needed to establish both repeatability and long-term behavior of MEMS embedded in
various types of pavements in different working and environmental conditions.

Clearly, technology is available to automatically detect overloaded trucks, trigger
mechanisms to capture their license plate number, and transmit the data to enforcement
officials (a process similar to that for identifying drivers who avoid tolls by going through
the annual permit booth). Overloaded trucks are particularly destructive during spring
when subgrade layers are wettest and where they may be thawing. The operational

capabilities and legal issues related to this type of system need to be studied.
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PAVEMENT MATERIAL RESPONSE TO LOADS
AND PERFORMANCE PREDICTION

Introduction

For the TTC, it appears desirable to use materials with proven high quality to
construct long-lasting, low-maintenance highways that will perform satisfactorily under the
designated conditions. Once service has begun, minimizing lane closures on this facility
will be imperative. TxDOT needs specifications (including materials and pavement test
protocols and acceptance criteria) that will ensure the use of individual materials, paving
mixtures, and constructed pavements that will provide long-term performance. In addition,
TxDOT needs mathematical models that can use results from laboratory tests and
accurately predict pavement performance. These specifications and tests need to define
acceptable and unacceptable products.

Even with the highly advanced technology of the 21 century, accurate and precise
prediction of pavement performance under the expected operational conditions has been
elusive. The main reason for this is because pavement performance depends on so many
difficult- or impossible-to-control factors (e.g., traffic, subgrade, weather, construction
quality, and vehicle dynamics) and their variability. The latest predictive methods for
pavement performance are included in the new 200X Design Guide (NCHRP Project 1-
37A, “Development of the 2002 Guide for the Design of New and Rehabilitated Pavement
Structures: Phase II”’), but these models have not been fully validated or calibrated.
Further, even these “new” predictive systems incorporate materials evaluation procedures
and mathematical models that have been used by highway engineers for many years. This
is not to say that these procedures are bad; it merely demonstrates that a really new
generation of improved test protocols to characterize pavement materials and models to
predict performance is very difficult to create.

The main objective of this section of the synthesis is to examine and report current
and emerging technology related to the response of materials to dynamic stresses and

conditioning to support accurate prediction of pavement performance during its service life.
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Pertinent Recent/Ongoing Research Projects

National Cooperative Highway Research Program. In addition to Project 1-37A,
NCHRP has sponsored or will sponsor several studies to directly or indirectly support the
forthcoming Mechanistic-Empirical Design Guide. These NCHRP Projects and their status
at this writing are listed below. This multimillion dollar coordinated research effort will
provide a locally calibrated and validated state-of-the-art structural design guide for flexible
and rigid pavements, along with recommended test protocols and criteria control quality of

materials.

e 1-37A(01) - Distribution Plan for the Recommended Mechanistic-Empirical
Pavement Guide and Software (Active)

e 1-38 - Guide on Pavement Rehabilitation Strategies (This study has been
completed, and the report is available as NCHRP Web Document 35 at
http://gulliver.trb.org/publications/nchrp/nchrp_w35-a.pdf.)

e 1-39 - Traffic Data Collection, Analysis, and Forecasting for Mechanistic
Pavement Design (Active: NCHRP Report 509 is available at
http://gulliver.trb.org/publications/nchrp/nchrp_rpt_509.pdf; it describes
equipment for collecting traffic load data.)

e 1-40 - Facilitating the Implementation of the Guide for the Design of New and
Rehabilitated Pavement Structures (Anticipated)

e 1-40A - Independent Review of the Recommended Mechanistic-Empirical
Design Guide and Software (Pending)

e 1-40B - Local Calibration Guidance for the Recommended Guide for
Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures
(Proposal requested)

e 1-41 - Selection, Calibration, and Validation of a Reflective Cracking Model for
Asphalt Concrete Overlays (Anticipated)

e 9-19 - Superpave Support and Performance Models Management (NCHRP
Report 465 is available at
http://gulliver.trb.org/publications/nchrp/nchrp_rpt 465.pdf.)

e 0-22 - Beta Testing and Validation of HMA Performance Related Specifications
(Active)

e 9-23 - Environmental Effects in Pavement Mix and Structural Design Systems
(Active)
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e 0-29 - Simple Performance Tester for Superpave Mix Design (Findings are in
NCHRP Report 513 at
http://gulliver.trb.org/publications/nchrp/nchrp_rpt 513.pdf.)

e 9-30 - Experimental Plan for Calibration and Validation of HMA Performance
Models for Mix and Structural Design (Completed. Results are summarized at
http://trb.org/publications/nchrp/nchrp_rrd 283.pdf and
http://trb.org/publications/nchrp/nchrp_rrd 284.pdf)

e O-30A - Rutting Performance Model for HMA Mix and Structural Design
(Anticipated)

Details of these projects are available at http://www4.trb.org/trb/crp.nsf/NCHRP+projects
and therefore are not discussed here. Current information about the 200X Design Guide is

available at http:/www.2002designguide.com/. Collectively, in these studies, multiple

researchers spent enormous efforts searching for laboratory tests on pavement materials that
could be used to accurately predict their performance. The simple performance tests
recommended for characterizing rutting, fatigue cracking, and low-temperature cracking of
bituminous pavement materials (Witczak et al., 2002) are essentially refinements of tests
that have been commonly used by researchers for more than 30 years. However, state DOT
personnel have not normally used these protocols as specification tests.

In their initial evaluation, Witczak et al. (2002) examined 12 HMA materials
properties and 12 test methods and concluded that there is no perfect test method for all
types of HMA mixtures placed under varying traffic and climatic conditions. The next
phase of this project will involve a field validation of the simple performance tests (SPTs)
and the recommended criteria. A final recommendation will be made of SPT method-
response parameter combinations to estimate the susceptibility of an HMA mix design to
rutting and fracture. Recommendations will include proposed specification criteria
developed with the HMA performance models in the 200X Design Guide (ERES
Consultants, 1999) and recommended test methods in AASHTO standard format for
potential adoption by highway agencies. The objective of additional work on this project

will be to simplify the SPTs and make them as practical as possible (Witczak et al., 2002).

Strategic Highway Research Program (SHRP). In SHRP Project A-005, Lytton

et al. (1993) developed and validated a sophisticated, mechanistic-based pavement
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performance model to define the relationships between asphalt binder and mixture

properties and pavement distress. The objectives of the SHRP Project A-005 were to:

e Establish, on the basis of documented field performance data, criteria that may be
used in support of the asphalt binder specification and for the design of asphalt-
aggregate mixture systems; and

e Develop performance prediction models for asphalt binder and for asphalt-aggregate
mixture systems.

The successful development of performance-based specifications required the validation of
those properties identified as important determinants of pavement performance. SHRP and
FHWA accomplished validation in three steps.

Lytton et al. (1993) developed a comprehensive pavement performance model that
predicts the amount of fatigue cracking, thermal cracking, and rutting in asphalt concrete
pavements with time, using results from certain accelerated laboratory tests. The model
uses detailed environmental data and can be used to optimize the mixture design
(combination of binder and aggregates) for specific conditions. The pavement performance
models for each distress were used to confirm the relevant binder and mixture properties
established by other SHRP contractors using accelerated laboratory tests and laboratory
torture tests, and to establish the degree of correlation between those asphalt binder and
mixture properties. Results from these model studies were used to confirm or make
recommendations for revisions to the asphalt binder specification. In general, these
analytical studies confirmed the material properties and specific limits used in the
performance-based specification.

The model is simple, runs on a microcomputer, and can be used to evaluate or
design asphalt concrete mixtures for particular applications. The model can minimize a
specific distress or combinations of different distresses, or it can set specification limits for
specific materials and environments. The model has three parts: (1) a mixture evaluation
model, (2) a pavement response model, and (3) a pavement distress model. The mixture
evaluation program calculates the relevant binder and mix properties from the accelerated
laboratory tests. These properties are used with the pavement response program to evaluate

the behavior of a mixture subjected to simulated traffic and/or environmental loads.
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This state-of-the-art mixture evaluation program calculates the non-linear elastic,
viscoelastic, plastic, and fracture properties of a paving mixture (Lytton et al., 1993). The
pavement response program calculates the stresses and strains in an asphalt-aggregate
system from applied wheel loads and temperature changes. The pavement distress program
uses the relevant mixture properties and the appropriate stresses and strains to calculate the
amount of cracking (from wheel loads and environmental loads) and rutting with time.

TxDOT Research. Some of the best research related to pavement responses to
loads and predicted performance has been or is being conducted at TTI. According to Dr.
Amy Epps Martin, at TTI, her research team is incorporating calibrated mechanistic surface
energy (CMSE) into the previous SHRP-A-357 model (Lytton et al., 1993) in a study for
TxDOT. Walubita et al. (2005) defines CMSE as a continuum micro mechanics approach
based upon the fundamental theory that HMA is a complex composite material that behaves
in a nonlinear viscoelastic manner, exhibits anisotropic behavior, ages, heals, and requires
that energy be expended to cause load-induced damage in the form of cracking. Similarly,
energy must be expended to close and mend these fractured surfaces, a process called
healing. CMSE utilizes the viscoelastic correspondence principle, Paris’s law fracture
mechanics, and Schapery’s work potential theory (Park et al., 1996) to remove viscous
effects and monitoring of accumulated damage through changes in dissipated pseudo strain
energy (DPSE) under repeated uniaxial tensile tests.

Walubita et al. (2005) indicated that the CMSE approach considers that HMA
micro-fatigue damage consists of two processes that both change over time: resistance to
fracture under repeated loading and the ability to heal during rest periods. The approach
further assumes that resistance to fracture is governed by two processes, namely the number
of repetitive load cycles for micro cracks to coalesce to macro crack initiation (N;) and the
number of repetitive load cycles for macro crack propagation through the HMA layer (Np),
the sum of which yields the number of cycles to failure (N;). HMA material is thus
characterized in terms of fracturing and healing processes. Analysis requires only
relaxation tests in uniaxial tension and compression, strength and repeated load tests in
uniaxial tension, and a catalog of fracture and healing surface energy components of asphalt
binders and aggregates measured separately. In this approach, HMA fatigue behavior is

principally governed by the energy stored on and/or released from crack faces that drive the
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fracture and healing processes, respectively (Kim et al., 1997a; Kim et al., 1997b; Lytton et
al., 1993; Si, 2001).

The computation of the critical design shear strain within HMA pavement structure
for Np analysis constitutes the mechanistic part of this type of approach. This critical design
shear strain is determined at the edge of a loaded tire using a layered linear-elastic or
viscoelastic model of material behavior. The utilization of field calibration constants in
modeling the healing process, N;, and Np, constitute the calibration part of the CMSE
approach. This calibration simulates the field mechanisms of micro crack growth and
propagation in the HMA layer thickness with respect to field traffic loading and
environmental conditions, as well as simulating transfer functions relating mechanistically
determined responses to specific forms of physical distress (Huang, 1993). Walubita et al.
(2005) used the calibration constants developed by Lytton et al. (1993) in their extensive
field calibration study of fatigue cracking through falling weight deflectometer (FWD) tests
in the field and accelerated laboratory tests. These calibration constants were developed
over a wide environmental spectrum of the United States.

Professor Robert Lytton and his team at TTI are improving accuracy of pavement
response assessments from current performance models by addressing the anisotropic
properties of pavement layers. The applicability of the cross-anisotropy model to pavement
engineering originated from soil mechanics. The relevance of this subject is that most
natural soils, as well as rocks, in their response to stresses exhibit some degree of
anisotropy. In general, while an isotropic elastic material is characterized by only two
independent elastic constants (e.g., Young’s modulus [E] and Poisson’s ratio [v]), five
parameters are needed to describe the stress-strain relationships in a cross-anisotropic

material:

¢ Young’s modulus, E,, in the vertical direction;

¢ Young’s modulus, Ej, in the horizontal direction (E, = nEy);

e Poisson’s ratio, vy, for the effect of vertical strain on horizontal strain;

e Poisson’s ratio, vy, for the effect of horizontal strain on complementary horizontal
strain; and

e shear modulus, G, for distortion in any vertical plane, G = mE, (Gazetas, 1982).

Tutumluer and Thompson (1997) stated that an apparent anisotropy is induced due

to aggregate orientation placement and compaction loading. The granular layer, therefore,
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becomes significantly stiffer in the vertical direction than in the horizontal direction, even
before the wheel load on the pavement imposes further anisotropic properties. Adu-Osei
(2000) performed laboratory tests to obtain cross-anisotropy properties of unbound granular
materials with various moisture contents and densities. He modified a finite element
program to incorporate nonlinear cross-anisotropy material behavior and stress dependent
Poisson’s ratio and analyzed different pavement sections using a finite element program.
He observed that nonlinear cross-anisotropy modeling predicted self-confinement within
granular layers.

Oh (2004) performed extensive analyses to model pavement responses due to
overweight truck traffic near Brownsville, Texas. In this study, researchers installed multi-
depth deflectometers in the pavements to obtain layer displacements. Oh compared
measured displacements with predicted displacements using four different constitutive
models: linear isotropic (LI), linear anisotropic (LA), nonlinear isotropic (NI), and
nonlinear anisotropic (NA). In the NA model, granular materials and subgrade layers were
modeled with an anisotropic condition based on anisotropic material properties obtained
from laboratory tests. As anticipated, the NA model showed the least error between
measured and predicted displacements.

Oh (2004) also verified application of the cross-anisotropic model by comparing
measured rut depth and fatigue cracking with their predicted values. In this task, the
application of cross-anisotropy in the asphalt concrete layer was introduced on the basis of
the relationship between static and dynamic backcalculated modulus. The prediction of rut
depth from the cross-anisotropic model was closer to the values determined using TxDOT’s
rut bar profilers. However, the differences in predicted rut depths among different models,
i.e., nonlinear elastic, linear cross-anisotropic, and nonlinear cross-anisotropic were not of
practical significance (< 2 mm).

ICAR Research. Masad et al. (2003) conducted a comprehensive study to evaluate
aggregate characteristics that affect HMA performance. They assessed the sensitivity of
HMA properties to aggregate shape characteristics. Aggregate shape was characterized
through direct detailed measurements of angularity, form, and texture using the Aggregate

Imaging System (AIMS).

81



They developed a microstructure-based viscoplastic continuum model for
permanent deformation. Although the model was developed within the continuum
mechanics framework, microstructure parameters were incorporated in the model to enrich
it with virtues usually monopolized by discrete models. The model accounts for the
anisotropic aggregate structure in the mix, which is related to the shape properties measured
using AIMS, which also accounts for different HMA moduli in the vertical and horizontal
directions. Masad et al. (2003) demonstrated the model capabilities by matching the results
of tests on various mixes from the FHWA Accelerated Loading Facility using triaxial creep
and strength tests. In addition, the model was used to predict the response of mixes that
contain aggregates with different shape characteristics to develop relationships between the
model parameters and aggregate shape characteristics.

Masad et al. (2003) included in the model a damage parameter based on the
effective stress theory to reflect the initiation of cracks and the growth of air voids and
cracks (voids) that cause a reduction in the material load-carrying capacity. A parametric
study of the model response showed sensitivity to strain rate; anisotropy level, which was
captured by the vector magnitude; and crack initiation and growth, which was captured by
the damage parameter. The damage parameter gave the model the capability of predicting
the tertiary creep and capturing the softening behavior of HMA, which occurs as soon as
the damage mechanism overcomes the work hardening, resulting in a drop in the load-
carrying capacity of the material.

As part of the model development, an experiment was conducted to capture and
characterize damage evolution in HMA due to permanent deformation. Using a triaxial
compression setup, HMA specimens were loaded to four predefined strain levels at three
confining pressures. X-ray-computed tomography and image analysis techniques were
used to analyze damage distribution. Results of the damage experiment supported the
damage evolution function proposed by the viscoplastic model. These findings should be
important to TXDOT as they are currently adopting AIMS for characterizing aggregates.

Their damage experiment revealed that the HMA specimens experienced some
dilation due to air void growth (coalescence), particularly in the middle region. This
dilation model was associated with the hardening mechanism described by the viscoplastic

model they developed. As the deformation increased, micro cracks initiated in the critical
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section in the top region of an HMA specimen. These micro cracks grew and propagated to
become macro cracks in the post-peak region, decreasing the load-carrying capacity of the
material and leading ultimately to failure. Meanwhile, the middle region was dominated by
dilation, and the bottom region did not experience significant micro structural change.

The Superpave volumetric mix design is based on bulk volumetric properties such
as average air voids. However, two specimens with the same average air void content
might have completely different air void structures and distributions and, consequently,
exhibit distinct mechanical properties (Masad et al., 2002). Thus, for a composite material
like HMA, which exhibits a complex non-uniform microstructure, a valid constitutive
model has to account for the microstructure distribution. Currently, the effect of the
microstructure is not considered in the mix design. The impact of the proposed model is
contained in a better representation of the material and, hence, in the performance
prediction. As soon as the mechanisms leading to the development of different distresses
like rutting are understood, improved pavement and mix design procedures can be
formulated, with the aim of improving pavement performance and reducing maintenance

costs (Scarpas et al., 1997).

HMA Performance Tests
The national Mechanistic-Empirical Design Guide now being developed (Witczak

et al., 2002) recommends the following so-called simple performance tests to evaluate

HMA:

e Rutting — triaxial dynamic modulus term (E*/sin o), triaxial static creep, and triaxial
repeated load tests, conducted at 100 to 130°F;

e Fatigue Cracking — dynamic complex modulus (E*), determined from dynamic
modulus test conducted at 40 to 60°F; and

o Low-Temperature Cracking — indirect tensile creep compliance [D(t)], determined
at zero, -10, and -20°F.

These tests are being refined, and equipment purchase specifications have been or are being
developed in ongoing NCHRP Project 9-29. Bonaquist et al. (2003) have reported their
initial findings and recommendations from this study.

Probably, the most common torture test presently used to identify rut-susceptible hot

mix asphalt mixtures in the U.S. is the Asphalt Pavement Analyzer (APA). About 35 state
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DOTs have used APA, and several currently specify a minimum rut depth for the device
(Bhasin et al., 2003). Some engineers have recently questioned the ability of the APA to
accurately predict rutting in asphalt pavements. Kandhal and Cooley (2003) concluded that
it is generally not possible to predict pavement rut depths from APA tests on a specific
project using relationships developed on other projects with different geographical locations
and traffic. They also stated that APA compared well with other performance tests,
including the Hamburg wheel tracking device (HWTD), with respect to prediction of
potential pavement rutting.

Colorado DOT, TxDOT, and Utah DOT -currently use the Hamburg as a
specification test to qualify HMA for use in pavements, Some engineers believe the
Hamburg relates well to field performance; others avoid the Hamburg test because it
intermingles rutting and stripping.

Permanent deformation may be the most important performance property to be
controlled during mix design and construction. However, from a structural standpoint,
most experts agree that designing long-life or perpetual pavements to resist fatigue cracking
is more important than designing them to resist rutting (Monismith, 2004). Currently, there
is no practical standard test to evaluate fatigue resistance of HMA pavement materials.
TxDOT is addressing this issue through ongoing Research Project 0-4468 at TTI (Walubita
et al., 2005).

According to Brown et al. (2001), predicting performance of HMA is very difficult
due to the complexity of HMA, the complexity of the underlying unbound layers, and
varying environmental conditions. Add to this list the variability of laboratory-prepared
specimens. Presently, no nationally recognized methods are used to design and control
HMA with regard to rutting, fatigue cracking, low-temperature cracking, and frictional
properties. The HMA industry needs a set of simple performance tests to help ensure that a
quality product is produced. Brown et al. (2001) conducted a study to evaluate available
information on permanent deformation, fatigue cracking, low-temperature cracking,
moisture susceptibility, and friction properties, and recommend performance test(s) that
could be adopted immediately to ensure improved performance. They concluded that, for

predicting permanent deformation, one should consider the APA, Hamburg, and French Rut
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Tester in priority order. Of note, they made no recommendations regarding the other
potential pavement distresses.

The Transportation Research Board is in the process of publishing an electronic
circular on “New Simple Performance Tests for Asphalt Mixes.” The objective of this
circular is to identify practical and reliable laboratory tests that could be used for ranking
the rutting potential of HMA paving mixtures. It will include discussions of field shear
tester, hollow cylinder tensile test indirect tension test, and dynamic shear rheometer as

potential SPTs. According to TRB, this publication should be available on their website by

the end of 2004 (http://www.nationalacademies.org/publications/#newsletters).

Perpetual Pavements

The perpetual or long-life pavement design concept should be considered for TTC
lanes dedicated to passenger cars. In summary, this process designs a strong pavement
structure that should last for, say, 50 or more years with periodic maintenance and
rehabilitation of the surface layer only. A wealth of information is available at no cost from

the Asphalt Pavement Alliance (http://www.asphaltalliance.com/library.asp?MENU=8)

including the Perpetual Pavement Concept Paper, PerRoad 2.4: Flexible Perpetual
Pavement Design and Analysis Software; PerRoad 2.4 Instructional Brochure, Perpetual
Pavements: A Synthesis; TRB Circular on Perpetual Pavements, and more. PerRoad is a
software package developed specifically for designing perpetual pavements (Trimm and
Newcomb, 2004). Selected TxDOT engineers have received training on this procedure.
Additional design maintenance information on long-life pavements is also available
in reports from the FEuropean Long-Life Pavements Group (ELLPG)

http://www.ellpag.com/), which has been formed under the auspices of the Forum of

European National Highway Research Laboratories

(http://www.fehrl.org/projects_fp6.php). One would need to contact the ELLPG chairman

to obtain reports.

Flexible pavement design experts have deduced that 70 micro-strain is the fatigue
endurance limit (Monismith et al., 2004; Thompson and Carpenter, 2004). That is, a
pavement designed to experience a maximum 70 micro-strain under the expected

conditions (loads, climate, and subgrade) will not fail due to fatigue. At the International
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Symposium on Design and Construction of Long-Lasting Asphalt Pavements, Dr. Michael
Nunn, of the United Kingdom, stated that he backcalculated strain in existing pavements
that had exhibited very long, fatigue-free life and found them to exhibit about 67 micro-
strain (Ferne and Nunn, 2004). Therefore, this criterion can essentially be used to define a

perpetual flexible pavement.

Research Needs Related to Pavement Response to Loads and Performance Prediction

This synthesis immediately followed a multi-million dollar concerted NCHRP
research effort in this area of study. In fact, several of these studies are still in progress.
Therefore, much current information related to pavement responses to loads and
environmental conditioning and prediction of pavement performance is readily available to
TxDOT. During preparation of this synthesis, no other relevant emerging technology was
identified. Since pavement response to loads and performance prediction are national and
even international issues and topics that need further work, research supported by national
or international funds may be in order as appropriate projects can be identified.

For both flexible and rigid pavements, a research program should address the use of
locally available materials to keep TTC construction costs to a minimum. For example, the
TTC segments that parallel the Rio Grande and the Gulf coast will require long haul
distances for high-quality quarried aggregate materials. With proper structural and mixture
designs, it should be possible to utilize the local gravel materials in some or all of the
pavement layers, particularly for the dedicated passenger car lanes.

Flexible Pavements. During this reporting period, TxDOT is considering the use of
flexible pavements for the TTC passenger car lanes and portland cement concrete
pavements for the TTC truck lanes. For flexible pavement, TXDOT should examine the
perpetual pavement concept, which is essentially mature technology. The perpetual
pavement concept offers many alternatives. Already, TxDOT has experienced some
problems related to permeability of certain layers in perpetual pavements. Poor
construction quality threatens the anticipated long life of such pavements. Therefore,
design and construction guidelines and specifications are needed to aid the pavement design
engineer in optimizing the structural design for particular combinations of traffic, climate,

and subgrade to ensure the long design life.
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Rigid Pavements. Recent experience in the Houston District has shown that some
continuously reinforced concrete (CRC) pavements develop a distress that is difficult to
repair and that manifests itself in the form of widened longitudinal joints in the vicinity of
the transverse construction joints after a period of 10 to 15 years of service. This widening
results from the pavement system laterally displacing under stresses due to cyclic
temperature changes in the longitudinal axis of the pavement, forcing the longitudinal joint
to widen and, thus allow moisture to corrode the transverse tie bars. One approach to
eliminate this type of distress is to eliminate the need for longitudinal control joints during
the construction process by placing post-tensioned cabling transversely in the pavement and
tensioning the cable prior to the formation of cracking stress. This measure would also
significantly reduce the required pavement thickness for design and possibly eliminate short
cracking intervals in the crack pattern. For the TTC truck lanes, TxDOT should examine
the concept of a post-tensioned, continuously reinforced concrete pavement design. This
process could provide practical construction of thinner (thus less expensive) concrete
pavement, with no concern about longitudinal joint separation and minimal concern about

loss of load transfer at the transverse cracks.
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SAFETY ISSUES RELATED TO SPLASH AND SPRAY

Introduction

General. Many individuals, who are disabled in many ways, routinely drive
vehicles on public highways. However, those with significantly impaired vision cannot
safely operate a vehicle. Sight is perhaps the most important attribute of a vehicle driver,
and anything that detracts from sight creates major hazards. When following other vehicles
during and shortly after periods of rainfall, particularly large vehicles like trucks, splash and
spray can diminish visibility and thus driver safety. To maximize driver safety, the high
speeds that undoubtedly occur must be adequately taken into account during design of
many features of the roadway.

According to Maycock (1966), splash and spray result from a complex interaction
of the airflow, driver, highway, speed, vehicle, and water. Pilkington (1990) defines splash
and spray (S&S) as two separable and identifiable phenomena and discusses the dynamics

involved:

(1) Splash is the mechanical action of a vehicle’s tire forcing water out of its
path. Splash is generally defined as water drops greater than 1.0 mm in
diameter that follow a ballistic path away from the tire. (2) Spray is formed
when water droplets, generally less than 0.5 mm in diameter and suspended
in the air, are formed after water has impacted a smooth surface and been
atomized. Several factors must be present: (a) water in the tire path (the
thicker the water film, the greater the quantity of splash and spray
generated); (b) pavement surface characteristics (thicker water films are
retained on a nonporous surface); and (c) turbulent and high-velocity air
masses generated by the combination of vehicle configuration and speed.

Placement of multiple adjacent wide lanes to accommodate the TTC in concert with
high-speed traffic will create a particular need for rapid pavement surface drainage to avoid
excessive S&S due to high-speed traffic. S&S dangerously diminishes driver visibility and
thus creates a hazard. Trucks, because of their configurations, size, and the diameter of
their wheels, generally create a larger and denser splash and spray pattern than do most
passenger cars (Sherard, 1973). In this regard, a major advantage of the TTC is that trucks

and passenger cars will travel on lanes separated by several feet. Although large trucks will
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produce S&S, trailing truck drivers are seated much higher off the pavement than passenger
car drivers, and thus, under normal circumstances, their visibility is significantly less
affected by S&S. Maycock (1966) deduced that spray density = constant x (speed)®®.
Therefore, at speeds well above 70 mph, truck spray could significantly affect the visibility
of trailing truckers.

Related issues pertain to light reflection and glare principally related to night
visibility, particularly on wet pavement surfaces. Reflected light and resultant glare can be
minimized only by using a coarse-textured pavement that permits surface asperities to
penetrate the water film (Henry and Dahir, 1979). Fortunately, coarse-textured surfaces are
also required to improve S&S and resistance to skidding and hydroplaning. Sabey (1973)
and Maycock (1966) agreed that all evidence points toward the need for macroscopically
rougher textures to improve both visibility and skid resistance and that added benefits could
be obtained from porous surfaces. They found that most of the water that fell onto the
surface drained into the porous pavement very quickly. In summary, these researchers and
others (AASHTO, 1976; Schreuder, 1988) agree that wet-pavement visibility can be
improved and glare reduced by incorporating light-colored, nonshiny (nonglassy)
aggregates in a coarse-textured, porous pavement surface.

Background. Henry and Dahir (1979) suggested that drivers would agree that S&S
constitutes an important problem that impairs visibility, especially at night, and
accordingly, any improvement that reduces S&S contributes to driving safety. On the
contrary, Pilkington (1990) concluded that the adverse effect of S&S on highway safety is a
perceived, rather than a real, hazard since S&S is seen by the driver and can reduce the
driver’s vision of the highway, but it does not cause driver guidance problems.

TxDOT engineers have been concerned about safety issues related to S&S on high-
speed highways for many years. This will be a particular issue on the planned high-speed
roadways of the Trans Texas Corridor. TxDOT has experimented with open-graded
friction courses (OGFCs) and highly textured pavement surfaces for more than 30 years
and, more recently, has investigated improved permeable friction courses. These second-
generation PFCs have demonstrated improved performance (e.g., constructibility [less
asphalt draindown], service life, noise, as well as void capacity and size and thus speed of

surface water drainage) over standard OGFCs.
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Truck Fixtures to Reduce Splash and Spray

Generally, S&S is not measurable until truck speed reaches about 30 mph and does
not become objectionable until speed reaches about 50 mph (WHI, 1973). Henry and Dahir
(1979) indicated that several investigators in the United States, the United Kingdom, and
other countries have studied various types and configurations of mudflaps to alleviate the
problem of vehicle splash and spray on wet surfaces.

About 25 years ago, FHWA’s Federally Coordinated Program of Highway Research
and Development conducted a significant study (Project 1U) of S&S (Weir et al., 1978).
This study included wind-tunnel experiments, driver simulator experiments, full-scale
experiments that included truck component tests and two series of operational tests with
various truck configurations and truck-mounted devices to improve air flow around the
truck and reduce S&S, cost effectiveness analyses, and over-the-road evaluations in
coordination with manufacturers. Henry and Dahir (1979) briefly summarized FHWA’s

work and findings:

(1) the cab-over engine and van semitrailer produced the most critical
truck combination causing the largest truck-induced aerodynamic
disturbance effect and spray cloud;

(2) a mudflap/fender system was the most effective among other effective
truck modifications in reducing S&S;

(3) the change in visibility caused by the various truck-mounted devices
was a reliable indication of the changes in aerodynamic disturbances
and spray;

(4) due to reduced vehicle drag, truck-mounted S&S reduction devices can
result in annual savings of approximately $400 per truck;

(5) there was good correlation between the objective measures of the spray
cloud (using lasers and a photometer) and the subjective observer
ratings, and

(6) truck weight had little effect on S&S and aerodynamic disturbances.

Subsequent research (Sandberg, 1978) by the Swedish National Road and Traffic Institute
essentially provided independent verification of the findings by FHWA.
From more than 100 laser transmissometer measurements of one truck configuration

in a wide variety of wind conditions, Pendleton (1988) developed a regression model to

predict S&S from trucks under several realistic conditions. Many others (Koppa et al.,
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1990; Johnson et al., 1985; Gorte et al., 1986; Mortimer et al., 1986; Tromp, 1985) have
studied the complex relationships between the amount of spray generated and various
vehicle aerodynamic characteristics. Based on all the available information in 1994, the
National Highway Traffic Safety Administration (NHTSA, 1994), in their report to
Congress, concluded that it is not necessary to initiate any new rulemaking action on splash
and spray suppression for large commercial vehicles. Further, Pilkington (1990) had
concluded four years earlier that the most effective and global countermeasures to reduce
S&S are those applied at the pavement surface to reduce the amount of water in the tire

path.

Pavement Surface Drainage

According to most researchers, surface drainage is the most logical and effective
way to address S&S. Good surface drainage, of course, can also minimize skidding,
hydroplaning, and glare. All of these are significant safety concerns. Anderson et al.
(1998) provide the most recent comprehensive examination of pavement surface drainage.

They offered an excellent description of water flow on pavements:

Water films develop on the pavement surface during natural rainfall and tend
to increase in thickness along the water drainage or flow path. At the onset
of rainfall, the water first occupies the macrotexture on the pavement surface
and is contained within the macrotexture of the pavement surface or is
drained from the surface through grooves or internal drainage (e.g., porous
asphalt surfaces). With increasing rainfall, a film of water forms above the
macrotexture. The flow of water on the pavement surface under these
conditions is referred to as sheet flow; the depth of the sheet flow tends to
increase in the direction of the drainage path. The depth of the sheet flow is
of critical importance because the depth of this flow controls the skid
resistance of the pavement, the tendency for hydroplaning, and contributes to
the intensity of S&S.

Anderson et al. (1998) identified models to calculate the depth of sheet flow as a
function of four general pavement characteristics: pavement geometry, location and
capacity of drainage appurtenances, surface texture of the pavement, and any internal
drainage offered by a porous asphalt surface or grooved portland cement concrete

pavements. They used these models and other information to develop an interactive
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computer program, PAVDRN, to predict water film thickness and the potential for
hydroplaning. It may be possible to use this model to examine certain alternative pavement
designs before they are constructed to predict water film thicknesses and avoid those that
may yield hazardous situations regarding splash and spray.

Anderson et al. (1998) listed five broad categories of implementable techniques for

improving surface drainage. These are:

e optimization of geometric design parameters such as cross-slope;

¢ reduction of the distance that the water must flow (flow path) by installing drainage
appurtenances;

e use of internally draining wearing course mixtures;

e use of grooving (per hard cement concrete); and

e maximization of surface texture.

The AASHTO Policy on Geometric Design of Highways and Streets (2001)
provides guidelines to promote safe and efficient movement of highway vehicles. Drainage
capacity of a highway surface is determined primarily by its surface geometry, especially
cross-slope. Geometric design criteria that enhance drainage are often in conflict with the
design criteria for safety and driver comfort (Anderson et al., 1998). For example,
pavement cross-slopes are a compromise between drainage (steep slopes) and driver
comfort and safety (flat slopes). Further, a zone of high water film thickness is always
created at each end of a left horizontal curve (the flat spot) when a normally crowned
pavement is transitioned to a superelevated curve and back to the normal crown. If the
cross-slope is toward the median, the flat spot will occur on a right curve.

According to Anderson et al. (1998), cross-slopes may be formed in a number of
ways (Figure 7). Section 2 removes water from the roadway faster than Section 1, but more
inlets are needed to collect the water at the edge of the pavement. These sections are
recommended if freeze-thaw is common. Drainage can be directed in two ways, sloping
toward the median or sloping toward the shoulder. If a highway slopes toward the median,
more inlets will be needed, but less water will be in the outer travel lane, while more water
will be in the inner, high-speed lane. Figure 7 shows a variety of drainage configurations
including slotted drains located within the traveled way. Placing longitudinal drains
between traveled lanes is especially effective in reducing the flow path length, particularly

for multi-lane pavements.
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Wada et al. 1997 demonstrated that construction of permeable pavements with
infiltration pipes would be one of the most effective methods of storm runoff control for use
in urban areas, particularly during the latter part of the rainfall. They failed to consider the
clogging aspects of porous asphalt (PA) pavement in areas of slow traffic. The highway or
street designer should keep in mind that drainage appurtenances create maintenance issues,
and they must be maintained to function properly.

To supplement highway design and surface drainage specifications and guidelines
provided by TxDOT, AASHTO offers several items including Highway Drainage
Guidelines (Volumes 1 through 14), Model Drainage Manuel, and Guide to Standardized
Highway Drainage Products. In addition, Pennsylvania State University (1998) developed
Proposed Design Guidelines for Improving Pavement Surface Drainage, which is
complemented by the interactive computer program, PAVDRN. However, PAVDRN has
not been field-tested and validated and may need revisions.

Anderson et al. (1998) recommended that AASHTO review its current policy on the
geometric design of highways and streets to consider establishing minimum cross-slope
recommendations for highway pavements. Their findings showed that, as the longitudinal
slope or grade increases, the cross-slope of a pavement section should also be increased to
remove water more rapidly from the pavement. This effectively shortens the distance a
droplet of water must travel to reach the nearest appurtenance of a pavement edge, a critical

design parameter for drainage.

Macrotexture on Pavement Surfaces

It is common knowledge that permeable paving mixtures assist in rapidly draining
water from a pavement surface. However, Henry and Dahir (1979) stated that surface
macrotexture also facilitates drainage of water from the tire-pavement interface.
Macrotexture, which is a function of aggregate gradation, provides passages for water to
escape from the tire-pavement interface. They found that textures that improve skid
resistance on wet surfaces also reduce S&S, glare, and hydroplaning, thereby increasing the
safety of the pavement. High macrotexture or texture depth becomes more important as

speed increases. Intuitively, it would appear that high texture would channel the water to
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the lower levels of the textured surface and thus reduce surface tension and cause the water
to flow off the pavement more rapidly.

Water film thickness is the total thickness of the film of water on the pavement
minus the water trapped in the macrotexture of the pavement surface. Therefore, water film
thickness is reduced in direct proportion to the increase in macrotexture (total macrotexture
volume, not macrotexture depth) (Anderson et al., 1998).

Macrotexture of asphalt surfaces (both dense and permeable) is controlled by
aggregate gradation. Coarser aggregates yield coarser textures. In Europe, thin proprietary
wearing courses of HMA designed to maximize surface texture [(e.g., Novachip [Estakhri
and Button, 1995; Fort, 1994], Millom Hitex [Nicholls, 1998], Axoflex [Nicholls, 1997],
UL-M [Parkinson, 1995], and Safepave [Parkinson, 1995)] are replacing porous asphalt
where its performance has been deficient (Anderson et al., 1998).

In the U.S., the most common highly textured paving surface is the seal coat.
Coarse-graded seal coats can improve safety during wet weather and probably serve
satisfactorily on those TTC corridors dedicated to passenger cars; however, they can be
quite noisy on high-speed thoroughfares.

Macrotexture is also important for portland cement concrete surfaces. The
customary methods of producing macrotexture in concrete pavements are performed during
construction by tining, brooming, burlap drag, and other methods. More recently, exposed-
aggregate concrete, which is accomplished during construction, has shown good results in
producing significant macrotexture. Exposed-aggregate concrete is discussed in the chapter
on skid resistance, and several references are provided. Grooving or diamond grinding
after the concrete hardens has also been used to enhance texture, particularly in areas
considered hazardous. Exposed-aggregate concrete is the newest technology for texturing

concrete pavements.

Porous Pavement Surfaces

Porous Asphalt Pavement. Since porous asphalt surface courses (also called open-
graded friction course, open-graded asphalt concrete, drainage asphalt, permeable asphalt,
or pervious macadam) are usually prepared using coarser aggregates and gradations with

minimal sand-size particles, they typically provide substantial macrotexture. In addition,
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when properly designed and constructed, PA surfaces provide positive internal drainage of
water downward from the pavement surface and laterally to the pavement shoulder. The
pavement layer underlying PA must be impermeable to prevent infiltration of water into the
lower layers, and the underlying layer must have a drainable grade. PA pavements cannot
be placed as an inlay where lateral drainage across the shoulder is blocked.

Benefits of Porous Asphalt. PA pavements are the most effective products on the
market for addressing S&S and thus improving driver visibility (Brown, 1973; Decoene,
1990; Sherard, 1973; Brosseaud et al., 1995; Brosseaud, 1997) and safety. Tappeiner
(1993) indicated there were 20 percent fewer fatalities and injuries by motorists in Europe
while travelling on PA during wet weather than on conventional pavements. Huddleston et
al. (1991) reported similar findings in the U.S. Kam and Lynch (1993) commented that the
Ontario Ministry of Transportation accepts PA pavements as the most suitable surface
course mixtures for freeways and accident “black spots.” Abe and Kishi (2002) predicted
that PA pavement will be widely used in Japan.

PA pavements have also demonstrated excellent noise and vibration reduction as
well as resistance to rutting and fatigue cracking (Ruiz et al., 1990; Berengier, et al., 1990).
Researchers in France and Italy attributed good resistance to rutting and fatigue cracking
under heavy truck traffic to the asphalt rubber, SBS, or other polymers in the binders in
their PA mixtures (Sainton, 1990; Huet et al., 1990; and Perez-Jimenez and Gordillo, 1990).
Other researchers favor modified binders to control draindown, improve low-temperature
rheology, and minimize the effects of age hardening (Page, 1993; Colwill and Daines,
1987). Both mineral and organic (cellulose) fibers have been used successfully to minimize
asphalt draindown (Cooley et al., 2000). It would appear that fibers would also act to
reinforce the binder film and minimize the effects of age hardening.

Huddleston et al. (1991) stated that the first use of PA surfaces in the United States
was in Oregon in the early 1930s. From this early work, OGFCs were developed (NCHRP,
1978), and much later, so-called permeable European mixtures along with acceptance test
and criteria were produced in Europe. These European mixtures contained binders
modified with fibers (Decoene, 1990), polymers, and/or tire rubber (Sainton, 1990); they
were placed in relatively thick lifts (>1 inch), and contained approximately 20 percent air

voids. These mixtures offer high wet skid resistance and contribute to rapid removal of
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water from the pavement surface. TxDOT has adopted this type of mixture and termed it
permeable friction course. However, PA pavements have not been without their problems
(Van der Zwan et al., 1990; Isenring et al., 1990; Heystraeten, 1991; Delanne et al., 1991).

In 2002, TxDOT used PFC to overlay continuously reinforced concrete pavement in
the San Antonio District with overwhelming success (TxDOT, 2003). They reported 61
percent improvement in ride quality, 200 percent improvement in skid resistance, and a
noise reduction of 14 decibels (a 3 to 6 decibel reduction is considered very good).

Limitations of Porous Asphalt. Although PA pavements are generally accepted as
advantageous with respect to reducing S&S and other wet weather safety issues (Sherard,
1973; Colwill et al., 1993), their performance has not been excellent under all conditions
(Camomilla et al., 1990). According to Anderson et al. (1998), several states have
eliminated their use entirely. In contrast, they are used extensively on motorways in
Europe, particularly France and The Netherlands. In fact, in the early 1990s, The
Netherlands planned to surface all their motorways with PA by 2002. Note that Europe is
in the same latitude as the northern U.S. to central Canada. Therefore, PA is being
successfully used in climates much colder and wetter than those in Texas.

Some of the limitations of PA include the following.

¢ In much the same way that bridges are the first surfaces to ice over, air movement
through porous OGFC and poor thermal conductivity from the ground (Greibe,
2002) make it susceptible to icing during wet, freezing weather more quickly than
conventional paving surfaces. Icing can occur suddenly at the onset of light rainfall
(Anderson et al., 1998). For the same reasons, OGFC is also slower to warm and
thaw than conventional pavements, particularly when the pores are packed with ice.

e Loss of permeability in PA can result from clogging with roadway debris and
deicing stone. About one-third of the permeability of PA can be lost due to
plugging during the first year (Brosseaud et al., 1995). As a result, the French and
Spanish concluded that a minimum of about 20 percent voids is required for PA to
perform effectively (Lefebvre, 1993; Ruiz et al., 1990). Therefore, current designs
in France require initial void contents of 27 to 30 percent. Clogging is exacerbated
by slow traffic or where traffic is not intense (Van Heystraeten and Moraux, 1990).
Ruiz et al. (1990) found that despite reduced drainage capacity, even those that had
closed completely showed a dry appearance during light rains or immediately after
heavy rainfall. Further, Nelson and Abbott (1990) reported that the fall in hydraulic
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conductivity did not give rise to a concomitant fall in spray suppression properties
of the surfaces.

PA can ice over or develop “black ice” more quickly than conventional paving
surfaces for the same reason that bridges will do so. It can occur suddenly at the
onset of light rainfall (Anderson et al., 1998). PA is also slower to warm and thaw
than conventional pavements (Camomilla et al., 1990).

At lower speeds, skid resistance of PA is lower than that of conventional asphalt
surfaces because there is less aggregate at the tire-pavement interface for the porous
mixes (Anderson et al., 1998; Isenring et al., 1990).

Deicing salts tend to infiltrate the surface voids thus reducing their effectiveness on
the surface or requiring higher application rates than conventional surfaces. During
a winter storm, almost three times the amount of salt is required to produce the same
deicing effects (Decoene, 1990). However, this three-fold increase is not the case
on an annual basis (Litzka, 2002). Ice removal may be more effective by using
liquid chloride solutions (Camomilla et al., 1990) on OGFC. Tests in Austria with
coarse dry road salt did not produce any longer-term effect on the surface (Litzka,
2002).

Passage of a snowplow blade compresses snow into the pores of PA, and subsequent
traffic brings to the surface part of the snow in the form of semi-liquid slush, which
can easily refreeze. Immediate and rapid snow removal before it can penetrate to
depth is beneficial (Camomilla et al., 1990).

Raveling has been reported (Anderson et al., 1998); however, this may have been
largely eliminated by TxDOT’s PFC specifications or by selecting appropriate
asphalt modifiers (Sainton, 1990) and/or admixtures (Decoene, 1990).

Delamination from underlying layers has been reported. Anderson et al. (1998)
hypothesized that freezing of water in the layer may proceed from the top to the
bottom. The rigid top layer eliminates the outlet for the expanding water as it
freezes, and sufficient force is created to delaminate the surface layer.

Maintenance of PA is different than that for dense-graded mixtures, and ideal
maintenance methods are still being developed (Rogge and Hunt, 1999). Isenring et
al. (1990) and Van der Zwan, et al. (1990) indicate that initial cost and maintenance
cost of PA is typically higher than conventional asphalt mixtures. However, Sainton
(1990) says initial cost of PA pavements is less because of its lower density. Van
der Zwan, et al. (1990) adds that the extra expenditures can be justified by the
potential benefits on Netherlands pavements.

Hand working of PA is very difficult. Therefore, it should not be placed where
significant raking will be necessary (Kandhal, 2002).
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e Current PA pavements are not yet satisfactory for urban situations because of
special drainage requirements and clogging (Isenring et al., 1990).

e In PA, the binder is subjected to oxidative aging throughout the depth of the layer.
Fortunately, however, the binder films are relatively thick and thus self-protecting.
Modifiers are used to reduce the effects of binder hardening (Page, 1993; Colwill
and Daines, 1987).

e At the end of its service life, PA should be milled off prior to replacement with new
PA or any other HMA to avoid a permeable interlayer where water can reside.

e OGFC mixes should be protected from cooling during transportation to minimize
cold lumps or crusting in the haul truck. Long haul distances will compound this
problem. Oregon DOT limits haul distance to 35 miles, with 50 miles as the
absolute upper limit (Kandhal, 2002).

These limitations are not listed herein to discourage the use of PFC mixes but merely to
provide important information for use by engineers during their decision-making process.
NCHRP Project 9-41, “Cold Weather Performance of New Generation Open-

Graded Friction Courses,” should commence in early 2005. The objectives of this research

are to:

(1) develop a synthesis report on the state of the practice in new generation OGFC
design and performance, with a particular focus on winter maintenance issues;

(2) determine if and under what conditions new generation OGFCs will provide
problems, and

(3) recommend what design and maintenance options are available to minimize such
risk.

Clogging/Cleaning of PA Pavements. Research in Spain (Perez-Jimenez and
Calzada-Perez, 1990) concluded “clearly and convincingly” that porous asphalt mixes
provide excellent wearing surfaces for the following reasons: (1) improve road safety and
comfort in wet conditions, (2) high macrotexture enhances tire-road adhesion at high
speeds, (3) quietness, (4) adequate mechanical behavior. Moreover, their test sections
generally maintained their initial qualities of permeability throughout their useful life. The
natural process of filling by dirt and dust was counteracted by the forces of tire suction,

which extracted and cleaned the dirt from the pores in the mix. For traffic to properly

“clean” PA pavements, they must be placed on high-speed roadways.
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Special truck-mounted high-pressure water spraying and vacuum systems have been
developed (Abe and Kishi, 2002) and used to clean debris out of porous pavements and
restore their drainage and noise-reducing capabilities. In Denmark, certain PA pavements
in urban areas are cleaned twice per year using these systems (Bendtsen and Larsen, 2002).

Bendtsen and Larsen (2002) advocated design of porous pavements that do not clog
and thus maintain permeability over their service life. Primarily for noise reduction in
urban areas, they evaluated a two-layer PA apparently designed by Heerkins and Van
Bochove (1998). The top layer has a small aggregate size (5 to 8 mm), and the bottom
layer has a larger aggregate size (16 to 22 mm) (Figure 8). The concept is that the small
holes at the surface prevent large particles from entering the void structure of the lower
layer. Then the bottom layer, with large pores, allows rapid lateral flow of water with
sufficient energy to wash away most accumulated dust. Bendtsen and Larsen (2002)
reported some clogging with the 5-mm aggregate surface and subsequent difficulty in
cleaning using high-pressure water.

Perez-Jimenez and Calzada-Perez (1990) measured in situ “permeability.”
According to Darcy’ Law, permeability is measured only during perpendicular flow of a
fluid through a media. In situ water flow through a porous pavement surface layer is
normally not perpendicular but radiates mostly horizontally away from the so-called
“permeameter.” However, such testing provides valuable information regarding the speed
at which the porous layer can transmit water from the surface. They presented the
Cantabrian (or Cantabro) Abrasion Loss Test as a valid and advisable method for assessing
resistance to disintegration of porous mixes. They found from field and laboratory tests
that proper design of porous mixtures is a compromise between permeability and resistance

to disintegration.
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Figure 8. Two-Layer Porous Asphalt with Small Chips and Pores in Top Layer and
Large Chips and Pores in the Bottom Layer (Bendsten and Larson, 2002).

Porous Concrete Pavements. Although most porous pavement surfaces in use are
asphalt, portland cement concrete can also be used to produce porous pavement surfaces.
They have proven effective in draining water from the surface and are subject to clogging
(Christory, 1994). Porous concrete pavements will likely experience the same clogging

problems as porous asphalt pavements and can likely be cleaned using similar processes.

Probability of Driving in the Rain

When moving from El Paso to Beaumont, Texas, the annual average rainfall rate
increases almost an order of magnitude (Figure 9). Using this data and making some
reasonable assumptions, Ivey et al. (1975) developed information to show the percentage of
time that a vehicle driver will be exposed to rainfall in various cities in Texas (Table 3).
Analysis of other statewide rainfall records by Hankins (1975) supported their
approximation. When it is considered that the accident rate in wet weather can be as great
as 10 times the accident rate in dry weather, it is further emphasized that, even though the

actual driving time exposure is relatively small, the probability of being
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Figure 9. Average Annual Rainfall Rates in the State of Texas.
unable to cope with a driving situation is much higher (Ivey et al., 1975). This type of

information may be useful to determine where the more expensive and difficult-to-

maintain porous pavement surfaces are justified.
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Table 3. Rainfall Exposure in Various Major Cities in Texas.

Total Yearly Exposure to Proportion of
Rainfall (inches) Rainfall Events

46 Houston 8% 1/12
36 Dallas 6% 1/11
57 Beaumont 10% 1/10
36 Ft. Worth 6% 1/17
33 Austin 6% 1/17
30 San Antonio 5% 1/20
8 El Paso 1.4% 1/71
19 Amarillo 3% 1/33
23 Abilene 4% 1/25
50 Texarkana 9% 1/11
32 Corpus Christi 6% 1/17
26 Brownsville 5% 1/20

Findings of International Conference on Winter Maintenance of PA Pavements
According to Litzka (2002), European engineers have expressed strongly
diverging views on performance and maintenance of PA. Some have experienced heavy
damage to PA, particularly during cold winters with heavy precipitation. In 1999, a
workshop attended by experts from Austria, Switzerland, Germany, France, Italy,

Netherlands, and Slovenia addressed the following PA issues based on past experience:

+ letting, acceptance, execution of construction work, construction types;
e structural maintenance;

* winter maintenance, operational maintenance;

» development of acoustical properties;

* development of skid resistance; and

* change in drainage performance/spray plumes.

Findings concerning winter maintenance were:

e Germany: Winter service on porous asphalt is generally more expensive and
slightly more difficult than on dense surfaces;

e ltaly: Safety took precedence, and they changed from coarse mixes (20-mm
maximum size) and a voids content of 20 — 25 percent to a smaller size (16-mm)
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with about 15 percent voids, which led to a significant improvement in winter
road conditions;

e Netherlands: Road salt consumption increased about 25 percent, speed limits are
imposed, and roads may be closed temporarily;

e Slovenia: Salt consumption doubled. Packed snow removal is almost impossible
with salt or by mechanical means;

e Austria: Emphasized anti-icing to preclude ice in the voids.

They reported a 10-15 percent increase in salt consumption, with best results
achieved using wet application (salt/brine ratio of 2:1). Of significance, the Swiss and
French participants did not make any specific comments on problems associated with
winter maintenance. Litzka (2002) pointed out that, both in Austria and abroad,

views on porous asphalt are by no means uniform.

Potential Solutions to Address Splash and Spray

No innovative solutions to reduce splash and spray were identified. The most
effective readily available technology is porous pavement surfaces. Several varieties are
available, and the logical choice will depend on the traffic type, intensity, and speed, and

the climate (freeze-thaw cycles and annual precipitation).

The current Texas Transportation Code, Chapter 547.302 - Duty to Display
Lights, states that:

A vehicle shall display each required lighted lamp and illuminating device
on the vehicle: (1) at nighttime; and (2) when light is insufficient or
atmospheric conditions are unfavorable so that a person or vehicle on the
highway is not clearly discernible at a distance of 1000 feet ahead.

Clearly, most people, including law enforcement officers, cannot accurately determine a
distance of 1000 feet with the unaided eye. Therefore, the law can be neither heeded nor
enforced. In their research report to TXDOT, TTI offered the following recommendation
to increase safety during rainfall and provide an understandable and enforceable statute

(Ivey et al., 1975):

Although this would seem to cover much of a typical rainfall period, the
specification of 1000 feet visibility is not easily understood and is rarely if
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ever enforced. An alternative would be to require that a vehicle display
lighted headlamps whenever the windshield wipers are in use due to
rainfall.

The author believes that the Texas State Legislature should reconsider this easily
understood and enforceable recommendation. In fact, many drivers already observe this
recommendation because of common sense. Incorporation of this wording into the Texas
Transportation Code would not necessarily increase sight distance when driving through
splash and spray, but it would improve conspicuousness of vehicles driving in splash and
spray and possibly warn other vehicles of their presence, particularly during periods of
rainfall in daylight hours.

Use PFC pavement surfaces. Maximize void content and more importantly void
size. Larger voids drain more rapidly and are more easily unclogged by traffic or other
manual cleaning methods (Perez-Jimenez and Gordillo, 1990). The effectiveness of
PFCs can be enhanced if drains are installed internally within the pavement layers.
Currently, these combined pavement drainage techniques appear to be the best means to

minimize splash and spray.

Research Needs Related to Splash and Spray

Justification for installing porous pavements in various portions of Texas needs to
be investigated. For example, if noise is not an issue, the additional cost of installing and
maintaining porous pavements in areas with annual average rainfall rates less than, say,
20 inches per year may not be justified to address S&S only.

Porous paving surfaces need to be evaluated to determine performance and
comparative life-cycle cost and search for innovative ideas to reduce cost and minimize
clogging. The two-layer porous asphalt paving systems appear promising. Porous
concrete pavements constitute fairly new technology and should be examined from the
standpoints of design, constructability, performance, and maintenance. These and other
concepts need to be evaluated and further developed in a well-designed experimental
program to address the particular needs of the TTC.

In wet weather, highly textured pavements are known to provide improved skid
resistance and lower glare at night than lower-textured surfaces. The effects of high

texture are not so clear with regard to splash and spray and should be studied. Highly
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textured pavements are noisy, particularly at high speeds. However, in remote areas such
as western Texas where the population and annual rainfall rates are low, high texture may

be the most logical solution to address the issues related to wet pavements.
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PAVEMENT RIDE QUALITY

Introduction
A recent National Quality Initiative survey of drivers indicated that pavement
smoothness is the most influential element in standard measures of pavement quality

(http://www.thwa.dot.gov/construction/fs98002.htm). = This is true whether measured

objectively by high-tech instruments like pavement profilers or subjectively by vehicle
drivers (Kuennen, 2003). Harrison and Bertrand (1991) found that longitudinal roughness
contributes to undesirable driver discomfort. Smooth roads provide comfort for the driving
public, minimize wear and tear on vehicle components, increase pavement life, and, last but
certainly not least, maximize driver safety. Recognizing these facts, most state DOTs,
worldwide, specify a certain level of pavement smoothness and require verification of ride
quality by measurements using one or more of several available methods. Currently for
TxDOT, deviations from acceptable smoothness levels result in either a bonus to the
contractor for high quality work that exceed standards, or a penalty for sub-standard work.

The importance of pavement smoothness increases with vehicle speed. For the TTC
with design speeds approaching 100 mph, pavement smoothness will be extremely
important. Therefore, rigorous smoothness specifications will be necessary, and the latest
technology will be needed to ensure they are attained. Further, long-term smoothness will
need to be considered during pavement design, particularly for pavements constructed on
subgrade soils with high plasticity indices. Smoothness of the truck-only lanes will help
maintain longer service lives by reducing dynamic loads on the pavements. The purpose of
this section of the synthesis is to identify and elucidate the latest available pertinent
technology.

Since the TTC truck lanes will be constructed first, and since the current plan is to
construct them of portland cement concrete, special attention will be given to concrete

pavements in this section.
Measuring Pavement Smoothness

Several types of devices are now in use to quantify pavement smoothness. A list of

typical devices includes (Kuennen, 2003 and Jones and Omundson, 2004):
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e Profilographs. With the advent of non-contact, lightweight profilers, the
profilograph (e.g., 25-foot California profilograph) may become most suited to
retest short defective pavement sections for verifying correction and for bridge deck
testing, as those jobs require only a short profile distance.

e Ride Meters. This is a response-type road roughness measuring system. The best-
known example is the Mays Ride Meter, utilizing a rotary transducer, pavement
condition recorder, and distance-measuring instrument.

e Inertial Profilers. These newer devices can measure and record network road
surface profiles at speeds between 10 and 70 miles per hour. Most high-speed and
lightweight non-contact profilers will fall under this general category.

e High-Speed Non-Contact Laser Profilers. These are the standard testing equipment
for network level pavement management ride quality testing.

e Lightweight Non-Contact Profilers. These may be considered the next generation
devices for construction quality control and quality acceptance purposes. These
feature state-of-the-art measuring equipment mounted on an all-terrain vehicle. A
non-contact sensor collects data as the profiler travels the pavement surface. The
raw data are stored in an on-board computer for processing. Profile data can be
analyzed under various roughness indices, including the International Roughness
Index (IRI), Profile Index (PI), and Ride Number (RN), and the results can be
viewed on-screen or output to a printer.

Influence of Smoothness on Pavement Performance

Loads imposed on pavements by traveling vehicles are a combination of the static

weight of the vehicle and induced dynamic forces. These dynamic forces influence the
life expectancy of pavements by speeding up the deterioration process. Unevenness or
roughness of road surface is the primary source of dynamic motion in vehicles.
Therefore, one must address the smoothness criteria for pavements not only from the ride
point of view by using ride indices such as IRI or the Present Serviceability Index (PSI)
but also from the induced dynamic load point of view by using an appropriate pavement

damage index.

Dynamic load simulations performed at varying vehicle speeds for pavements
with varying PSI values indicated that, as roughness increases (i.e., as PSI decreases),

dynamic loads on a pavement increase (Figure 10) (Ma and Caprez, 1995). Hence, it is
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essential to consider predicted dynamic loads when evaluating the smoothness of a
pavement. Fernando (1998) proposed a pavement damage index, A, to evaluate
acceptability of inertial overlay smoothness based on predicted pavement life. He related
the variability in applied surface loads to pavement performance. The dynamic load
variability was evaluated by simulating the response of the standard 80 kN single axle to
the measured profile using a two-axle planar model. The pavement damage index was
developed to estimate the predicted change in overlay service life due to departures from
the target profile established in the design stage and the as-built profile. A similar
damage index that can estimate the predicted change in service life of new rigid and
flexible pavements should be developed and used along with ride indices (IRI, PSI, RN,
and others) to evaluate smoothness in pavements. Implementation of the proposed index
in a smoothness specification will require the use of surface profilers and the simulation

of vehicle dynamic loads from measured profiles (Fernando, 2002).
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Figure 10. Variation of Dynamic Loads with Roughness Statistic (PSI) (after Ma
and Caprez, 1995).

Chatti and Lee (2002) developed a dynamic load index (DLI) to identify
pavement profiles that are likely to generate high dynamic truck-axle loads. Two
frequency ranges in the analysis represent truck body bounce and axle bounce. DLI can

differentiate between profiles that generate high dynamic loads and those having the same
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ride quality index but generate low dynamic loads. They claim that use of DLI negates
the need for running a truck simulation program to determine if a particular section of

pavement needs smoothing.

In a study for the Italian Research and University Ministry, La Torre et al. (2002)
developed a roughness index to represent urban streets and identify acceptability
thresholds. They had to use special considerations since standard IRI measurements and

computations are not suitable for short sections of slow-speed urban streets.

The impact of dynamic loads on pavement smoothness is tremendous and steadily
increasing. From 1991 to 2001, travel by large trucks in the U.S. increased by 46 percent,
and from 2003 to 2020, another 42 percent increase is expected (TRIP, 2003). (The Road
Information Program (TRIP) is a nonprofit organization that researches, evaluates, and

distributes economic and technical data on highway transportation issues.)

The National Workshop on Pavement Smoothness

A workshop on pavement smoothness was held in August 2001 in Irvine, California,
as part of NCHRP Project 20-51(01) (Perera and Kohn, 2002) (Report is available at
http://trb.org/publications/nchrp/nchrp_webdoc_42.pdf.) Participants included individuals

from state highway agencies, FHWA, asphalt concrete and portland cement concrete paving
industries, academia, consulting firms, and research organizations. Through their
discussions and a consensus-building process, workshop participants identified and
prioritized the primary issues related to pavement smoothness that require concerted efforts

for advancement. The top nine issues (in order of priority) were:

e accuracy and repeatability of equipment,

e reproducibility of equipment,

e use of profile data for corrective actions,

e knowledge and understanding of equipment and measurements,

¢ relating smoothness to cost and performance,

¢ identifying an appropriate index for smoothness,

e standard guide specification,

e future use of profile data, and

e use of roughness index for monitoring pavement performance during service life.
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Workshop participants then recommended strategies to address each of the nine
issues. These strategies require an extensive effort that involves research, training,
specialized development, and demonstration activities to improve use of profile/smoothness
information. Workshop participants also identified groups within the private and public
sectors that could play an active role in implementing these strategies. The information
provided by Perera and Kohn (2002) should serve as an up-to-date guide to those concerned

with pavement smoothness.

Other Recent Ride Quality Research Findings

Rawool et al. (2002) indicated that there are three basic types of profiling devices.
The three types are used for high-speed (greater than 20 mph), low-speed (10-20 mph) and
very low-speed (0 to 5 mph) measurements. The measurement speeds of profilers dictate
two distinctively different methods for performing measurements. High-speed and low-
speed devices use an accelerometer-laser combination and a distance encoder for profile
measurements. Each wheel path requires a separate laser and accelerometer. Systems
using this method are known as inertial reference profiling devices. The very low-speed
methods include measurement of accumulated slopes and/or elevation changes.

The very low speed devices include, at the slowest end, rod and level measurements,
Dip Stick, Walking Profiler, and other similar methods. The Dip Stick, Walking Profiler,
and, more recently, the new Ames wet profiler use a method of accumulated slope
measurements along the pavement. Using this method, the measurement process can stop
completely and then continue. Even with these methods, however, errors are introduced in
determining the slope and often require some filtering, and filters can introduce other
undesirable effects.

Rawool et al. (2002) listed several factors related to a profile meter that affect
quality of the data collected: calibration and operation of the profiler, environment, and
others. Malfunctioning of profiler components, such as the height sensor, distance encoder,
or accelerometer, affects the profile data. Environmental factors that affect the
measurement of pavement profile include surface contaminants and surface moisture on the
pavement during data collection. Factors related to operation of the profiler include

operating speed, speed changes during profiling, lead-in distance required prior to the
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section, lateral positioning within a section, and correct data information at the start of the
section. Larsen (1999) reported that lateral positioning is the single greatest factor affecting
repeatability. The FHWA report on long-term pavement performance data variability
(Evans and Eltahan, 2000) identified unedited, equipment-related saturation spikes, partial
and complete lost lock (inadequate light for optical sensors), and mis-calibrated distance
measuring instrument as among the major factors that cause data variability. Rawool et al.
(2002) explain these problems in detail.

Jones and Omundson (2004), of Iowa DOT, concluded that lightweight profilers have
many advantages over the California 25-foot profilograph. Despite their advantages, there
is resistance from the contracting industry to replacing the profilograph for construction
ride testing. They documented the comparative advantages of an Ames Engineering
Lightweight Inertial Surface Analyzer (LISA) single laser unit for construction smoothness

quality verification and quality acceptance objects. They concluded:

e For HMA surfaces, LISA correlated well with the contractors’ profilographs.

e LISA results are significantly affected by longitudinal tining on PCC pavements.
(Karamihas [2004] reported similar findings.) Without improvements to the
hardware and software, LISA as well as the International Cybernetics
Corporation (ICC) high-speed profiler will not give accurate results on
longitudinally tined PCC surfaces. A laser system upgrade is needed.

e A significant timesavings was realized by using LISA. Larger projects will
yield greater timesavings. The portability of LISA allowed Iowa DOT to test a
number of locations within a project and to test more than the minimum 10
percent, when the situation warranted.

e Increasing visibility and reducing time in the construction zone improved
safety.

e Much less physical ability was needed to use LISA. One person with limited
lifting capabilities could set up and operate the unit.

e With the current lowa DOT specification, LISA cannot totally replace the
profilograph. Bridges and short segments with no adjoining pavement
would still require a profilograph.

El-Korchi et al. (2002) conducted a study to identify suitable profiling devices with
adequate precision and bias (based on ASTM E 950-94) for implementing construction

quality assurance specifications.  Sixteen profiling devices, including high-speed,
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lightweight, and walking profiling devices, performed 10 repeat runs on each of eight sites.
Repeatability analyses using IRI showed that about 75 percent of all tests had an average
standard deviation below 3 inches/mile. The high-speed devices produced better results
than the lightweight profilers with almost 90 percent of these tests.

As part of the development efforts on profile-based smoothness specifications,
Fernando and Leong (1997) conducted an evaluation of various profilers for TxDOT that
included high-speed and slow-speed inertial profilers, as well as devices that measure
unfiltered profiles. This is the first reported evaluation of surface profilers that included
assessments of profile accuracy using rod and level data collected on the test sections
surveyed, in addition to evaluations of profile repeatability among the different profilers
tested. The findings were later used to develop a specification for evaluating inertial
profilers that is now implemented in TxDOT Test Method Tex-1001S.

Mondal et al. (2000) conducted a field study of lightweight non-contact profilers in
Indiana. They concluded that the data clearly showed that PI with a 0.0 blanking band is a
better index for assessing pavement smoothness than PI with a 0.2 inch blanking band.
However, the analysis revealed poor reproducibility or between-vendor consistency. This
explained the poor IRI and PI reproducibility. Their precision analysis demonstrated that
current lightweight profiler technology needs further refining to develop smoothness
specifications that rely upon their use.

Karamihas (2004) discussed repeatability and reproducibility of simulated PI values
from 11 common profiling devices on four pavement sections. His results showed that
existing profilers do not agree on PI values sufficiently when a zero blanking band is used.

Swan and Karamihas (2003) found that a major drawback to using a ride quality
index (RQI), as cited by the construction industry, is the lack of a method for pinpointing
bad spots in the pavement that should be corrected by a diamond grinder. Their paper
presents a method for locating isolated rough spots on new pavement and a basis for
prioritizing the use of a grinder to improve new pavement smoothness using inertial profiler
output. Fernando and Bertrand (2002) also illustrated a method of using profile data to
detect localized roughness based on deviations from a moving average profile and projected

improvements in surface smoothness from corrections made on rough areas. TxDOT has
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implemented a variation of this method in its new standard smoothness specification based

on inertial profile measurements (Item 585).

Portland Cement Concrete Pavements (PCCP)

Measurement of Smoothness. According to Rawool et al. (2002), the smoothness
of PCCP depends on the base type, vertical and horizontal alignments, grades, pavement
type, paving equipment, and the concrete mix. To achieve smoothness, consistency is
required in concrete delivery, concrete slump and quality, paver movement, mix vibration, a
consistent head in front of the paver, and a very tight and accurately set stringline. If
roughness of a cured PCCP is in excess of the specified limit, expensive remedial measures,
such as surface grinding, are required. If this roughness can be identified before concrete
reaches its initial set, remedial action can be taken by refinishing the entire surface or by
localized refinishing.

A number of different types of equipment are used in construction of PCCP.
However, a slipform paver is typically used to place rural highway pavements such as TTC.
Slipform pavers are self propelled and designed to perform placing, consolidation, and
finishing of PCCP, true to grade, tolerances, and cross section.

TxDOT is conducting research to determine if early detection of inadequate ride or
smoothness in PCCP can be determined and, if so, identify the appropriate correction
procedures needed before the concrete has hardened. As part of this study, the lead
researchers visited several concrete pavement construction sites and found that none of the
contractors were using a device for early bump detection. One contractor suggested that,
since specifications vary between states, it is difficult for equipment manufacturers to
design equipment that meets the criteria for all states. Regarding placement of sensors for
early bump detection, another contractor indicated that the bump meter should be placed
behind the paver and before the finishers, so that they may know when and where to take
remedial action to correct defects. Another contractor stated that the sensors should be
placed behind the finishers to check their work. Researchers emphasized that it may be
difficult to mount the equipment on the paver since the vibrations of the motor may affect
measurements. A dedicated unit behind the paver carrying the sensors for early bump

detection may be more suited.
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Rawool et al. (2002) surveyed several equipment manufacturers and found two
companies that were developing devices to detect defects during concrete placement. One
company (Gomaco) claimed it was developing a piece of equipment, called a wet
profilograph, for this purpose. Although the researchers attempted to gather more details
regarding the product, the company could provide neither information nor a demonstration
of the device.

Ames Engineering in Iowa has developed a wet profiler they call the SmoothPave

RTP® (Real Time Profiler) (http://www.amesengineering.com/ameswet.htm). The device

is a laser-based profiler that can be mounted directly on the rear of a paver or laydown
machine. RTP is capable of measuring and displaying the smoothness of the wet road
surface as you lay it. The system will display IRI, PI, RN, and RQI values, as well as
showing you the filtered profile and California profilograph simulated profile. Multiple
units can be networked together in a single system, to monitor more than one wheel path.
The collected data are displayed on a laptop mounted on the paver. Ames collected data
that show reasonable agreement between the RTP and its Model 6000 lightweight inertial
profiler. Software included with the equipment plots the measured profile in real time.
Additionally, a profilograph simulation may be performed on the measured profile to
produce a profilogram showing the defective locations. The estimated price of $50,000
provides contractors with a real-time profiler to measure one wheel path during paving.
According to Kuennen (2003), Kansas DOT and FHWA recommend the following

to improve pavement smoothness of PCCPs:

e Have precise stringlines.  Stringlines have the greatest effect on pavement
smoothness. Place them carefully; keep them safe, and use aircraft cable instead of
rope; it can be tensioned to eliminate sag without breaking. Conventional supports
are placed 50 feet apart, but Kansas contractors place them 25 feet apart, which
increases labor and material costs.

e Build from the ground, up. Without a solid, stable, smooth foundation, it’s not
possible to get a smooth driving surface.

e Watch paving speed and delivery rate. The paving train should move at a consistent
speed and without stops. Constant batch plant production as well as adequate and
unfettered delivery vehicles is essential.
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Control concrete head. Monitor the size of the head of concrete at the paver; it
should be neither too high nor too low. The paver should finish the surface, not act
as a bulldozer. Hydraulic forces can be imposed in the concrete head that can cause
the finished concrete to surge and swell, creating permanent defects. A
spreader/placer in front of the paver can maximize production while optimizing
smoothness.

Strive for mix consistency. The design should be proportioned for correct
consolidation without excessive vibration, which can cause segregation and vibrator
trails with accompanying rougher surface and lower strength concrete. Test samples
often to track slump and air content.

Use minimal hand finishing. If quality controls and pavements are used, hand
finishing should be needed only for surface sealing, edging, and checking with
straightedges. Use restraint. Know the correct texture or tining to reduce pavement
noise (or whine) while keeping surfaces safe for drivers.

Use good equipment. Clean equipment, in top working order, is necessary.
Equipment is an investment, the benefits of which are realized in the field.

Motivate your workforce. The workforce is the contractor’s most important
resource. Unique steps can be taken to motivate employees and create a sense of
ownership and consistent self-improvement, including education in smoothness
specs, pride programs, and distribution of part of earned smoothness incentives back
to employees as an end-of-year bonus.

Create a smooth base. A smooth base is critical to smooth PCCP. Bases will
benefit from use of a trimmer ahead of the placer/spreader and slipform paver.

Installation of a manual stringline costs time and money in labor and material costs,

especially if supports are spaced more closely for greater accuracy. Stringline also limits

access to the area in front of the slipform paver. Stringless paving technology is available

from Gomaco and Leica Geosystems (http://www.gomaco.com/Resources/leica.html).

Cable et al. (2004) found on a construction project that, due to the speed of paving and

rapid changes in terrain, laser technology was inappropriate. However, total control of the

guidance and elevation controls on the slip-form paver were moved successfully from

stringline to global positioning systems. The results indicated that GPS control is feasible

and approaching the desired goals of guidance and profile control with the use of three

dimensional design models. The Leica system is said to provide control within 3 mm of

plan elevations (Kuennen, 2003). Further enhancements are needed in the physical features
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of the slipform paver oil system controls and in the computer program for controlling
elevation.

Causes of Roughness in PCCP. A report prepared by Perera and Kohn (2001) for
the National Cooperative Highway Research Program relates factors such as pavement
structure, rehabilitation techniques, climatic conditions, traffic levels, layer materials and
properties, and pavement distress to changes in pavement smoothness. Rawool et al. (2002)
stated that PCCP smoothness depends on the base type, vertical and horizontal alignment,
grades, pavement type, and concrete mix. Hossain et al. (2003) added that curing the
compound application can significantly influence the as-constructed smoothness and
subsequent loss of smoothness of PCCP.

When selecting a concrete mixture design, ensure that the aggregate gradation is not
too harsh and unworkable. Harsh mixtures increase load on the paver and create extra work
for the finishing crew, which may also adversely affect the smoothness (Banasiak, 1996).
A steady supply of concrete should be maintained to properly run the paver. Stopping of
the paver causes dips and bumps on the surface. In case of stoppages, the area should be
recorded for later correction of defects. Dalimier and Torrent (2001) observed an inverse
relationship between smoothness and the haul distance from the batch plant. He noted that,
as the project progresses, the later sections exhibited higher smoothness than the earlier
ones. This observation probably reflects the gain in know-how during the construction
period, and an improvement in logistics to suit the particular project. LaCroix and
Schwartz (1975) found that longer projects had better smoothness.

Smith et al. (1997) analyzed the percent change in pavement life as a function of the
percent change in initial smoothness. A 25 percent increase in initial smoothness equated
to a 9 percent increase in life. Target profile indices of 7 inches/mile (0.2 in. blanking
band) for PCCP were considered in this study. A 50 percent increase in smoothness was
found to increase life by about 15 percent.

Perera and Kohn (2001) reported that jointed plain concrete (JPC) pavements
exhibited higher values of International Roughness Index in areas with higher precipitation,
higher freezing index, and higher content of fines in the sub-grade. In the non-freeze
regions, lower IRI values were noted in pavements located in areas having daily

temperatures in excess of 32°C and in pavements having lower elastic modulus values.
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Non-doweled pavements increased in roughness at a higher rate than doweled pavements.
Jointed reinforced concrete pavements (JRCP) exhibited higher values of IRI in areas with
higher precipitation, higher moisture content in subgrade, thicker slabs, longer joint
spacing, lower water cement ratios, and higher PCCP modulus values. JRCP constructed
on coarse-grained soils are found smoother as compared to those on fine-grained soils, but
no significant difference was found for pavements constructed on granular and stabilized
bases. Thicker slabs exhibited higher IRI values as compared to thinner slabs.
Continuously reinforced concrete pavements (CRCP) exhibited lower IRI values with a
higher percentage of longitudinal steel and higher water cement ratio and higher IRI values
with higher PCCP modulus. In non-freezing areas, higher values of IRI were noted in areas
that had a higher number of days above 32°C. They found that 63 percent of pavements
rated poor were constructed over fine-grained subgrade; whereas, 37 percent of the
pavements were rated poor that were constructed on coarse-grained subgrade.

Rawool et al. (2002) concluded that the contribution of curling to measured
roughness is significant. Curling induces stress since the pavement is restrained by its
weight, as well as the reaction from the subgrade, and causes cracking in the pavement.
The curing technique could affect the as-built curling and, in turn, the smoothness of a
newly placed PCCP. Temperature and moisture conditions at the time of paving and
immediately following construction affect curling and warping in PCC pavements. Based
on field data collected from Phoenix, Arizona (where the section was paved at night), and
Mankato, Minnesota (paved during the day), Rao et al. (2001) observed that daytime paving
induced negative gradients that further increased as the pavement underwent drying
shrinkage and creep.

According to Karamihas et al. (2001), roughness of a PCC pavement changes with
time during the day depending on solar radiation and temperature. Changes in IRI of up to

0.40 m/km were observed.

Sources of Current Ride Quality Information Online
According to the FHWA Pavement Smoothness Initiative

(http://www.nhi.thwa.dot.gov/tccc/aashto_soc_2001/pavement_smoothness.doc), the

following agencies are currently or have recently revised their smoothness specifications:
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South Carolina, New Jersey, Maryland, South Dakota, North Dakota, Virginia,
Pennsylvania, Texas, Indiana, Arkansas, West Virginia, Alaska, and the Port Authorities of
New York and New Jersey. These may have information useful to TxDOT.

The FHWA website at http://www.thwa.dot.gov/pavement/rough.htm provides “A

Synopsis on the Current Equipment Used for Measuring Pavement Smoothness.”
According to this website, FHWA has set a performance goal to significantly improve the

quality of measured pavement smoothness of the National Highway System by 2008.

On-Going Ride Quality Studies

Perera and Kohn (2001) analyzed the data available in the LTPP Information
Management System (IMS) database classified as “Level E” for four Special Pavement
Studies (SPS) experiments and seven GPS experiments. This analysis considered the time-
sequence nature of the data at the test sections and used the IRI as the measure of pavement
smoothness. Through this analysis, the factors related to pavement structure and features,
rehabilitation techniques, climatic conditions, traffic levels, layer materials and properties,
and pavement distress variables that contribute to changes in pavement smoothness were
identified for each type of pavement structure. Because limited data were available for
many of the SPS experiments, the findings of this research should be regarded as
preliminary. Additional data have been collected since the conduct of this research, and
more data will be collected in the coming years; thus, a much larger database should be
available in a few years. According to Perera and Kohn (2001), a similar research effort
would be warranted at some time in the future. Such an effort would refine the findings of
this research and contribute to an improved understanding of the factors affecting pavement
smoothness and their relative effects.

Two on-going projects sponsored by the Texas Department of Transportation are
developing tools that engineers and contractors can use to build pavements with good ride
quality. Both projects are joint studies between the University of Texas at Arlington and
the Texas Transportation Institute. In one project, researchers are developing a device
called the sliding profiler for detecting defects on concrete pavements while the concrete is
being placed. This device is intended for use behind the autofloat of a concrete paving

train. The objective is to detect defects so that finishers can perform the necessary
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corrections while the concrete is still plastic. In this way, the need for grinding is
significantly minimized, if not eliminated. A prototype device has been developed for
testing on actual concrete paving projects.

In the other study, a scanning laser is being integrated with an inertial profile system
to develop a device that can provide a three-dimensional profile of the existing surface,
which engineers can use to evaluate potential benefits of different overlay and milling
strategies. A potential application is the location and measurement of areas on paving
projects that require grinding and filling prior to overlaying. Another application is the
evaluation of overlay thickness requirements to reduce the existing surface roughness. The
project is developing software to use data from the 3-D profiler for these applications. The
main goal is to develop a tool that engineers can use to plan an overlay project and provide

the appropriate information to the contractor to achieve the desired smoothness.

Potential Solutions Related to Ride Quality

Based on the findings of this study, it appears that there is no emerging technology
in smoothness specifications, construction techniques, or ride quality measurement methods
that can be used to improve construction of smooth pavements over that currently in use.
TxDOT and its university research partners in this area of study continuously stay current
on relevant issues.

FHWA (2002) concluded that, “All other things being equal, the smoother a
pavement is built, the smoother it will stay over time. The smoother it stays over time, the
longer it will serve the traveling public, thereby benefiting the public in terms of investment
and vehicular wear costs, as well as comfort and safety.” TRIP (2003) added that once a
smooth, new pavement has been built, some agencies are putting greater emphasis on early
preventative maintenance on these pavements to preserve smoothness, extend the lifespan
of roadway surfaces, and delay the need for more significant pavement rehabilitation. For
preservation strategies to be effective, they must be applied while the pavement surface is

still in good condition with no structural damage.
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Research Needs Related to Ride Quality
TRIP (2003) concluded that new materials and techniques offer the opportunity of

building and reconstructing roads and highways that provide a smoother ride to the public
and remain smooth for longer periods, thus delaying the need for road repairs. They
recommended additional research on improved materials and techniques to assist

transportation agencies in providing the public with smoother roads and highways.
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MISCELLANEOUS PAVEMENT-RELATED ISSUES

Web-Based Training Programs

Distance learning involves delivering instruction to locations away from a
classroom by using video, audio, computer, multimedia communications, or some
combination of these with other traditional delivery methods. An increasing number of
distance learning courses are available on the worldwide web. These can typically be
located by using key words with the web browser. Some are free, but most of the
substantive courses are only accessible for a fee. The National Highway Institute (NHI) has
developed a wide variety of courses including pavements-related lessons or modules. The

NHI course catalogue can be accessed at http://www.nhi.fhwa.dot.gov/coursec.asp. Their

registration form offers five options: the Full Semester Course, Certificate Programs,

Instructor-led Web-based Courses, Individual Courses Selections, and Individual Courses

in Spanish.

The American Society for Civil Engineers (ASCE) offers several distance-learning
programs (some of which are videos or CD-ROMSs, which may be purchased). The ASCE
site for transportation courses is located at

http://www.asce.org/conted/distancelearning/transportation.cfm. The Local Technical

Assistance Program (LTAP) (http://www.ltapt2.org/handbook/train-delivery.htm) is

beginning to develop or make available distance learning programs. In addition, several
universities offer transportation or even pavements-related distance learning courses; the
University of Washington is leading a pooled-fund effort in the pavements area.

The Construction Industry Institute offers several non-pavements-related courses

(http://construction-institute.org/services/catalog/cat_ home.cfm) that should be applicable

to a major construction project such as the TTC. Incidentally, the Consortium for ITS
Training and Education (CITE) provides several potentially applicable courses at

http://www.citeconsortium.org/curriculum.html.

Several private companies also offer web-based infrastructure or transportation
training for a fee. Examples of these sites include Regulations Training, Inc.
(http://www.hazardousmaterials.com/), 12, Inc.

(http://education.i2.com/WBTOfferings.asp), Duratek
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(http://www.duratekinc.com/Services/training.asp), and Nichols Consulting Engineers

(http://www.ncenet.com/trainprojects.html).

Intelligent Compaction

Intelligent compaction is a relatively new but fairly mature technology. In fact,
Heinz and Sandstrom (2000) stated that continuous compaction control (CCC) has been
accepted in many countries and even implemented in some national compaction standards.
CCC is recognized as the optimum tool for the roller operator to efficiently achieve
homogeneous compaction in a minimum time and reduce life cycle costs. Weak spots can
be located and corrected. Modern compaction requirements cannot be met by a constant
numbers of passes, constant roller parameters, and spot test methods.

According to Geodynamik (http://www.geodynamik.com/english/sel7.htm), the

basic concept involves recording the compaction history of small area and the reduction of
the history into one value for each area. The size of the area can vary, but is normally of
the order of 1 m?. The history is documented by the time, mix temperature, rolling speed,
and layer thickness when the mix is leaving the paver. Each separate drum pass is
evaluated in terms of the incremental effective compaction it produces. The device
calculates magnitude of the incremental compaction from known or measured parameters
for the particular paving operation. Results are shown to the paver and roller operators in
real time on computer screens and can be printed for documentation.

TRB held a session in January 2004 titled Intelligent Compaction Systems. This
current information should be available in a TRB journal in the fall of 2004.

Oklahoma University is conduction a three-year study of intelligent compaction that
is due for completion in August 2006. The objective is to develop an intelligent asphalt
compaction analyzer for real-time monitoring of the compaction level in the field, which
includes an intelligent asphalt compaction module (IACM) that can be integrated with a
vibratory compactor, and intelligent compaction process guidelines. IACM will primarily
consist of sensors (e.g., accelerometers, temperature, pressure, displacement), an onboard
computer that will process the signals from the sensors, a customized software and

hardware package with pattern recognition and classification capability, and accessories
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including display panels, compaction level indicator and lights, and mounting brackets

(http://hotnsour.ou.edu/commuri/Intelligent Compaction.html).

TxDOT should consider using intelligent compaction or CCC during construction of

asphalt pavements for the TTC.

Ground-Penetrating Radar and Infrared Imaging for Quality Assurance

Segregation and inadequate compaction, particularly near longitudinal joints, are
major detriments to hot mix asphalt pavement service life and maintenance costs (Stroup-
Gardiner and Brown, 2000). The higher permeability of these areas can allow moisture and
air to enter and cause asphalt stripping and oxidation, respectively, and/or allow water to
enter the base layer and cause major structural damage. These potential problems should be
minimized during construction of the TTC. Further, verifying continuous application of the
specified mat thickness is important to TxDOT. Scullion and Chen (1999) have
demonstrated that ground-penetrating radar is capable of real-time data acquisition and
processing to identify low-density areas (due to segregation or poor compaction) and
accurately measure mat thickness.

Sebesta and Scullion (2002) demonstrated the ability of GPR in conjunction with
infrared (IR) imaging to evaluate the uniformity (related to segregation and density) of
newly placed HMA pavements. An advantage of these techniques over nuclear gauge
testing is that they provide coverage of 100 percent of the pavement surface. They
proposed GPR specifications for certain types of HMA mixtures (dense graded, SMA, and
CMHB) and indicated that both GPR and IR could be effective tools for quality control and
quality assurance testing. Their findings were consistent with those of Read (1996), who
proved the IR camera to be highly accurate for measuring surface temperature of an HMA
pavement mat and able to dramatically reveal variations in surface temperatures.

Al-Qadi et al. (2003) also demonstrated successful application of GPR as a QC/QA
tool to measure layer thickness. Accuracy of GPR system results were checked by
comparing thicknesses measured directly from cores taken from the different HMA lifts.
This comparison revealed a mean thickness error of 2.9 percent for HMA layers ranging in
thickness from 4 to 10 inches. This GPR error is similar to that obtained from direct

measurement of core thickness.
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Research is needed to optimize the GPR data acquisition and processing
methodologies; validate measurements of layer thickness, density, permeability, and asphalt
content; develop field operator guidelines; and prepare functional specifications. Sebesta
and Scullion (2002) proposed an implementation scheme for the IR technology. Additional
work is needed, however, to support implementation of both GPR and IR. The GPR and IR
processes need to be integrated and automated to facilitate their application for QC/QA

testing on the TTC.
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FINDINGS AND RECOMMENDATIONS

Findings
Potential solutions and recommended research for each subject area addressed in

this synthesis are presented near the end of each section.

Recommendations for Future Syntheses Related to the TTC

The main objective of this synthesis study was to determine if new or emerging
technology related to specific areas of pavement technology could be identified for
potential implementation during design and construction of the TTC. This objective was
accomplished, and the findings and recommendations for further study are presented in
each section of the synthesis. This is the first synthesis study to address issues related to the
TTC. A secondary objective of this project was to determine if additional synthesis studies
in other areas of transportation related to the TTC should be conducted and how the process
might be improved.

If this type of synthesis study is performed for other functional areas related to the
TTC, the authors believe future studies should be more focused on a specific, maybe
critical, issue(s), and the researcher should be instructed to present only those findings that
are really new and innovative and potentially implementable. One element of the study
should pursue non-transportation-related technology. That is, the study should attempt to
find potentially usable technology in disciplines other than transportation and determine if it
is feasible to adapt the technology to TTC design, construction, and/or operations. The
researcher conducting future TTC synthesis studies should recommend an experimental
plan to adapt any new method or process to transportation. Examples of potential sources
of state-of-the-art relevant information might include National Aeronautics and Space
Administration (NASA), National Science Foundation, FHWA Turner-Fairbanks Highway
Research Center, Army Cold Regions Research and Engineering Laboratory (CRREL),
Materials Research Society, Los Alamos National Laboratory, and many scientific journals.
Successful completion of a study of this nature would likely require an expert team to guide

the research supervisor.
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After conducting this synthesis study on pavements, the authors are convinced that
researchers in a given discipline are generally aware of the latest technology for their
specific discipline. They periodically attend international research forums devoted to their
area of study, and it is in their best interest to stay abreast of the latest findings. For a very
focused item in their broad area of study, the researcher will generally be acquainted with
the agency(s) or person(s) who has the particular expertise. Therefore, the latest technology
is essentially readily available, and the researcher knows where to obtain details of the
process or procedure. To obtain specific information in a given subject area, TxDOT or
Texas Turnpike Authority personnel can contact the university researcher(s) with a specific
question. The researcher can probably very quickly obtain, or help the TxDOT engineer,
obtain the desired information.

Typically, a researcher feels an obligation to produce a written synthesis on the
assigned subject matter to demonstrate that he/she has studied and digested many sources of
pertinent information. The standard technique is to examine the latest research findings in
the selected areas of study and report this to the funding agency along with the references in
a written synthesis. This was the approach used in producing this synthesis. Admittedly,
much of this synthesis has summarized known information. Based on reviews from the
first draft synthesis, it appears that many reviewers are reluctant to read a detailed synthesis
of existing information but desires to see only the new, innovative findings.

Therefore, in subsequent TTC synthesis studies, the authors recommend the
researcher be given the latitude to report only those findings related to new and innovative
methods or processes or those that can potentially be adapted from disciplines other than
transportation. If new technologies are recommended, the researcher should devote
significant time to outlining a research plan to adapt the new technology to safety,
policy/planning, materials testing/analysis, specifications, design, construction, operations,
or management related to the TTC. If the researcher is not expert in the discovered
technology, he/she will likely need help from experts to develop a viable research program

to adapt the new technology to the TTC.
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Summary of Research Needs Related to the TTC

Recommended research to support the specific pavements-related areas of the TTC
addressed in this synthesis are provided at the end of each section. Some of the research
needs have been selected and are briefly highlighted below. Additional details can be
found at the end of each section.

Truck-Only Lanes. The main challenge is in implementing current analysis
procedures into a comprehensive methodology for designing and building dedicated heavy
truck lanes to ensure that pavements are built as per design. In this regard, the following

research and development needs are identified:

e (Quality control and assurance to include state-of-the-art nondestructive testing,

e Investigate laboratory and nondestructive field test procedures as reliable predictors
of pavement performance,

e Continue research on new materials specifications,

e Develop new construction methods to include guidelines to assist inspectors and
contractors in successfully building pavements under new material specifications.

e Accelerated pavement testing to evaluate the performance of pavements utilizing
new materials, verify potential pavement designs, and verify and calibrate models
for design heavy truck routes.

Light Vehicle Pavements. Research is needed to develop a completely new overall
design strategy for pavements devoted solely to passenger vehicles. Researchers need to
adopt a new philosophy during the development of structural design procedures, mixture
design procedures, materials selection guidelines, materials test methods and criteria, and
construction specifications to optimize performance and cost effectiveness for light-traffic
pavements.

Skid Resistance. Laser-based systems accurately measure pavement surface
texture and relate the findings to skid resistance. These relatively new technologies offer
significant promise for estimating skid resistance at atypical high speeds. To apply
TxDOT’s current laser-based system to high-speed corridors, additional research (skid vs.
texture) will be required to recalibrate the algorithm for higher speeds.

For high-speed corridors, highly textured pavement surface mixtures (e.g., PFC,
SMA, CMHB, and exposed aggregate concrete) and/or new aggregate specifications

requiring increased texture and polishing resistance values may be required to ensure
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adequate wet skid resistance. Research should examine the suitability of certain new
pavement surfaces, adequacy of current test methods for measuring skid resistance,
physical properties of coarse aggregates, and related aggregate specifications.

Skid resistance of asphalt pavement is often at its lowest after initial placement,
due to the heavy asphalt coating on the exposed aggregate particles. To maximize skid
resistance of SMA pavement surfaces, the Germans use a process called gritting (Texans
would call it sanding). Gritting is the application of a uniform coating of coarse sand over
freshly placed SMA in advance of finish rolling. Gritting not only enhances skid resistance
but also reduces surface permeability and, depending on the color of the sand, can even
make the surface white, thus improving night visibility. This promising process deserves
further study to optimize its benefits and develop field guidelines.

Traffic Characterization. A research project is needed to determine the effects of
heavy, high-speed trucks on traffic characterization devices used on the TTC. It may be
possible to perform the research (or a portion thereof) as a laboratory study using fatigue-
type loads on certain WIMs. Environmental testing of a variety of sensors and sensor
materials should be performed to determine the most suitable materials for a variety of
climates. A more realistic field study of heavy, high-speed trucks on WIMs will be very
expensive and time consuming. Since this is a national, even an international issue, it may
be possible and will certainly be efficient to conduct this research as a national (NCHRP) or
a pooled-fund study.

Research may include improving the second-generation fiber grating strain sensors
and organizing it to analyze capabilities for WIM by studying same-vehicle repeatability,
vehicle calibration, and axle response/stability. Further studies should include optimal
installation depth, speed-related effects, position-dependent effects, and materials and
procedures for installation.

There is research potential related to commercial vehicle weight and other
enforcement along the TTC. Access points will probably be spaced much farther apart than
existing rural interstate highways. WIM will undoubtedly continue to serve as a screening
mechanism to identify overweight vehicles, but there will still need to be a means of
verifying axle and gross weights using static scales. Research should determine the

optimum uses of WIM and static scales along with related technologies that could be used
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in scale bypass today such as AVI tags. Investigation of other high-tech means of
expediting safety inspections or related aspects of enforcement might also be included.

TxDOT might consider including the Kistler Lineas piezo-quartz sensors in high-
speed tests, either in a laboratory setting or in a controlled environment where trucks could
exceed “normal” speeds.

Smart Pavements. Research is needed to conduct field evaluations of the most
promising “smart” materials, devices, and systems with particular focus on unique elements
of the TTC. Full-scale implementation of these devices could decrease the cost of
pavement and bridge condition surveys and resultant maintenance, reduce traffic delays,
and improve safety. Smart systems will have particular value in remote areas where urgent
conditions can be rapidly detected and transmitted to a central control group.

Application of MEMS has not reached its full potential in civil infrastructures.
Laboratory investigation on the behavior of embedded MEMS in asphalt materials under
dynamic loading needs to be studied. Field and laboratory research is needed to establish
both repeatability and long-term behavior of MEMS embedded in various types of
pavements in different working and environmental conditions.

Clearly, technology is available to automatically detect overloaded trucks, trigger
mechanisms to capture their license plate number, and transmit the data to enforcement
officials (a process similar to that for identifying drivers who avoid tolls by going through
the annual permit booth). Overloaded trucks are particularly destructive during spring
when subgrade layers are wettest and where they may be thawing. The operational

capabilities and legal issues related to this type of system need to be studied.

Pavement Response to Loads and Performance Prediction. This synthesis immediately
followed a multi-million dollar concerted NCHRP research effort in this area of study, with
some studies still in progress. Therefore, much current information related to pavement
responses to loads and environmental conditioning and prediction of pavement performance
is readily available to TxDOT. During preparation of this synthesis, no other relevant
emerging technology was identified. Since pavement response to loads and performance

prediction are national and even international issues and topics that need further work,
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research supported by national or international funds may be in order as appropriate
projects can be identified.

While examining the perpetual pavement concept, TXDOT has experienced some
problems related to permeability of certain pavement layers. The anticipated long life of
such pavements is threatened by poor construction quality. Therefore, design and
construction guidelines and specifications are needed to aid the pavement design engineer
in optimizing the structural design for particular combinations of traffic, climate, and
subgrade to ensure the long design life.

TxDOT experience indicates that some CRC pavements develop a distress that is
difficult to repair and that manifests itself in the form of widened longitudinal joints in the
vicinity of the transverse construction joints after a period of 10 to 15 years. This widening
results from the pavement system laterally displacing under stresses due to cyclic
temperature changes in the longitudinal axis of the pavement, forcing the longitudinal joint
to severely expand. One approach to eliminate this is to eliminate the need for longitudinal
control joints during the construction process by placing post-tensioned cabling transversely
in the pavement and tensioning the cable prior to the formation of cracking stress. This
action would also significantly reduce the required pavement thickness for design and
possibly eliminate short cracking intervals in the crack pattern. For the truck lanes of the
TTC, research should examine the concept of post-tensioned CRC pavement design. This
process could provide practical construction of thinner concrete pavement with no concern
about longitudinal joint separation and minimal concern about load transfer at the
transverse cracks.

Splash and Spray. Justification for installing PFC pavements in various portions
of Texas needs to be investigated. For example, if noise is not an issue, the additional cost
of installing and maintaining PFC in areas with annual average rainfall rates less than, say,
20 inches per year may not be justified only to address S&S and wet friction.

Porous paving surfaces need to be evaluated to determine performance and
comparative life-cycle cost and search for innovative ideas to reduce cost and minimize
clogging. The two-layer porous asphalt paving systems appear promising. Porous concrete

pavements constitute fairly new technology and should be examined from the standpoints
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of design, constructability, performance, and maintenance. Evaluation and development
should address the particular needs of the TTC.

In wet weather, highly textured pavements are known to provide improved skid
resistance and lower glare at night compared to lower textured surfaces. The effects of high
texture are not so clear with regard to splash and spray and should be studied. Highly
textured pavements are noisy, particularly at high speeds. However, in remote areas such
as western Texas where the population and annual rainfall rates are low, high texture may
be the most logical solution to address the issues related to wet pavements.

Current Texas Transportation Code states:

A vehicle shall display each required lighted lamp and illuminating device

on the vehicle: (1) at nighttime; and (2) when light is insufficient or

atmospheric conditions are unfavorable so that a person or vehicle on the
highway is not clearly discernible at a distance of 1000 feet ahead.

Clearly, drivers and law enforcement officers, cannot accurately determine a distance of
1000 feet with the unaided eye. Therefore, the law can be neither heeded nor enforced.
Researchers recommend following revision to the Code to increase safety during rainfall
and provide an understandable and enforceable statute.

...a vehicle display lighted headlamps whenever the windshield wipers are
in use due to rainfall.

The Texas State Legislature should reconsider this easily understood and enforceable
recommendation. In fact, many drivers already observe this recommendation because of
common sense. Incorporation of this wording into the Code would not necessarily increase
sight distance when driving through splash and spray, but it would improve
conspicuousness of vehicles driving in splash and spray and warn other vehicles of their
presence, particularly during periods of rainfall in daylight hours.

Ride Quality. TxDOT is leading the state of the art in specifying and measuring
pavement smoothness and has an ongoing research program. Nevertheless, a national
group has recommended additional research on improved materials and techniques to assist
transportation agencies in providing the public with smoother roads and highways. This
appears particularly appropriate for the TTC which may permit speeds greater than any
other thoroughfares in the U.S.
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Web-Based Training. An increasing number of distance learning courses are
available on the worldwide web. These can typically be located by using key words with
the web browser. Some are free but most of the substantive courses are only accessible for
a fee. A research agency could maintain a catalogue of current information for TxDOT on
available courses and their costs. These could be used to efficiently train individuals by

having immediate access and avoiding travel costs.
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