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ABSTRACT

Title: Development of a Design Method for Bonded

Concrete Pavement Overlays

Author: Ahmed Alsabbagh

Major Advisor: Nakin Suksawang, Ph.D.

Several asphalt pavements prematurely reached the end of their design life due

to wheel loading has dramatically increased on highways. Therefore, transporta-

tion and highways agencies often endeavor to provide high-performance pavement

to ensure the longest life with low maintenance required. Although asphalt pave-

ment overlay (APO) can provide a quick and low-cost option for pavements reha-

bilitation, it frequently exhibits excessive rutting especially at highway pavement

subjected to stop-and-go traffic conditions. Hence, concrete pavement overlays

(CPO) is one of the alternative options for rehabilitating deteriorated pavements.

The ultra-thin whitetopping (UTW) is one type of concrete overlay types and is

considered a relatively new technique that extends the service life of distressed

asphalt pavements (DAP). The UTW is a fully bonded, short, and thin concrete

slab with a thickness ranging from 50 to 100 mm (2.0 to 4.0 in.), which is placed

over a DAP. Last three decades, the use of discrete fibers (DF) within UTW has

become increasingly popular in pavement restoration to reduce cracks width and

required slab thickness. DF are uniformly distributed within a concrete mass and

provides bridging forces across initial cracks after the elastic stage. Design meth-

ods of UTW depend on the stress ratio (SR) concept to determine the required

thickness of UTW, which defines the ratio of total stresses during design life to the
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UTW capacity. Several cases of UTW exhibited premature failure due to over or

under design. Therefore, to achieve a more accurate design and better predict the

required thickness, total UTW capacity, and applied stresses should be accurately

calculated. There are two main problems related to current UTW design meth-

ods; the accuracy of UTW capacity and stresses design during pavement service.

The elastic formula of the American Society for Testing and Materials (ASTM)

(C78) [22] has been used to determine the UTW capacity (i.e. Modulus of rupture

(MOR)), which is determined from the flexural test of the concrete beam. MOR

reflects the maximum concrete capacity within the elastic stage before cracks ap-

pear in the concrete matrix. DF in the concrete mix plays a significant role after

the elastic stage, therefore using the elastic formula of ASTM C78 [22] to deter-

mine the flexural capacity of fiber-reinforced concrete (FRC) structures would not

capture the fiber’s benefits and recommend the same thickness for unreinforced

concrete. On the other hand, these design methods depend on the thin-plate the-

ory (TNPT) to calculate the design stresses. The main criticism about TNPT

is that a transverse deformation cannot be considered, especially for small slabs

such as UTW, which leads to overestimated stresses and more required thickness.

Hence, thick-plate theory (TKPT) with free four edges should be adopted to in-

clude the effects of a transverse deformation in stress calculation. Therefore, there

were three main objectives of this dissertation were investigated. Firstly, propos-

ing a test method and procedure to investigate the benefits of DF testing on the

flexural capacity of UTW. Secondly, developing the analytical thick-plate model to

determine the critical bending stresses in UTW. Finally, determining the required

thicknesses of UTW based on the first and second objectives. Recently, an effective

MOR (MOReff.) has been proposed, which depend on proportionally increasing
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the MOR by the post-cracking strength (PCS) to characterize the advantages of

DF to flexural capacity. The main shortcoming of these procedures is that the

MOReff. is determined depending on testing the concrete layer only, not for FR-

C/asphalt composite layers, even though the design assumptions of UTW depends

on its behavior as a monolithic section. Hence, pavement capacity should be de-

termined depending on both layers (FRC/asphalt). On the other hand, to include

the effects of a transverse deformation in pavement analysis, Shi at al. [273] mod-

ified Reissner’s origin work [249] and proposed a theoretical solution for a single

rectangular thick-plate with four free edges under the vertical load applied. Their

solution cannot be used to analyze composite pavements such as UTW since it

adopted single thick-plate resting on the foundation. Therefore, composite pave-

ments should be converted to an equivalent, homogeneous, and individual layer to

be analyzed by TKPT. To accomplish the first objective of this study, the labo-

ratory experimental investigations included two different phases. The first phase

involved four different tests to determine the mechanical properties of concrete lay-

ers. While the second phase involved two different tests to determine the flexural

properties of the FRC/asphalt composite layers. Three main parameters have been

taken into consideration; DF content, UTW thickness, and failure mode. Then,

using a PCS concept to determine the actual flexural capacity of the UTW for

the critical failure mode. To evaluate the proposed test method, a comparison was

made between the current and proposed flexural capacity of the UTW and previous

experimental results. Further, the proposed method is verified by comparing the

required UTW thickness depending on the current and proposed methods. The

results showed that the flexural capacity of the composite beam was higher than

the capacity of the concrete layer. Besides, the concept of MOReff. reflects the
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benefits of DF and takes into account increasing flexural capacity after cracking

occurs. Using the elastic formula of ASTM C78 [22] did not reflect the benefits

of the inclusion of DF in FRC/asphalt composite layers. The proposed flexural

capacity of the composite beam reduced the required UTW thickness compared

to the current methods. To accomplish the second objective of this study, the

equivalent plate concept (EQPC) was used to convert two bonded layers of the

UTW to an equivalent, homogeneous and individual layer to use by the thick-

plate model. Two comparisons were made to confirm the accuracy of the proposed

analytical solution with data of two previous experimental works. Further, the

proposed model has been verified by a comparison with two other analytical thin-

plate solutions. Moreover, the proposed model was used to perform a parametric

analysis to determine the effects of six different parameters on the critical bending

stresses in UTW. The comparison with previous data showed that the proposed

analytical model to determine the critical stresses in UTW provided accurate and

safe results. Further, the proposed model was generally more reliable than the

two other analytical thin-plate solutions. The analysis concluded that the elastic

modulus and the thickness of the existing pavement and overlay thickness had

a significant effect on critical stresses in a UTW. Furthermore, slab dimensions

played an important role in UTW behavior for small slabs-on-ground. Finally, the

required thicknesses of UTW for most five design parameters were provided based

on the proposed flexural capacity and proposed analytical stresses model.
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Chapter 1

Introduction

1.1 Problem Statement and Research

Motivation

All countries around the world spend millions of dollars annually on pavement reha-

bilitation due to dramatically increasing traffic wheel loading on pavements, leading

early deterioration of pavements. Therefore, transportation and highways agencies

often endeavor to provide high-performance pavement to ensure the longest life for

the least cost and maintenance. Traditionally, asphalt pavement overlays (APO)

have been widely utilized to rehabilitate distresses pavements and can be used

to resurface both asphalt pavements (AP) as well as concrete pavements (CP).

Although APO can provide a quick, low cost, and easy option for pavements re-

habilitation, it frequently exhibits excessive rutting especially at bus areas, ramps,

intersections, and other highway sections subjected to stop-and-go traffic condi-

tions. Hence, concrete pavement overlays (CPO) is one of the alternative options
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for rehabilitating deteriorated pavements. Ultra-thin whitetopping (UTW) is one

type of CPO and is a relatively new option, which extends the distressed asphalt

pavements (DAP) life. UTW is a short, thin, and fully bonded concrete pavement

with a thickness ranging from 50 to 100 mm (2.0 to 4.0 in.), which is placed over

a DAP.

Last three decades, the utilize of discrete fibers (DF) within UTW has become

increasingly popular in pavement rehabilitation to reduce cracks width, required

slab thickness, deflection between adjacent slabs, and surface spalling, and im-

prove wear resistance and load transfer efficiencies at the joints. Bridging forces

between initial cracks can be provide due to random distribution of DF within a

concrete matrix. A review of previous studies indicates that all the UTW design

methods based on the concept of stress ratio (SR) to calculate the design thick-

ness of the pavement, which defined the ratio of total stresses during design life

to the UTW capacity. Under or over design leads to premature failure for most

UTW cases. Therefore, to achieve a more accurate design and better predict the

required thickness, total applied stresses, and UTW capacity should be accurately

determined.

Pavement capacity is determined from the modulus of rupture (MOR) of rep-

resentative concrete beams that calculated by the elastic form of the American

Society for Testing and Materials (ASTM) C78 [22]. MOR presents the concrete

capacity within the elastic stage before cracks appear in the concrete matrix. DF in

the concrete matrix plays a significant role within the inelastic stage and after the

appearance of the initial crack. Therefore, using the elastic formula of ASTM C78

[22] to determine the flexural capacity of fiber-reinforced concrete (FRC) struc-

tures would not capture the fiber’s benefits and recommend the same thickness for
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unreinforced (plain) concrete. On the other hand, the conventional design meth-

ods of UTW depend on thin-plate theory (TNPT) to calculate the design stresses.

The main criticism of TNPT is a transverse deformation cannot be considered,

especially for small slabs such as UTW, which leads to overestimation. Therefore,

to include the effects of a transverse deformation in stresses calculation, thick-plate

theory (TKPT) with free four edges should be adopted.

These two problems are direct reasons for initiating this research study. The

main issues that were investigated in this study include proposing an effective

method and procedure to determine the actual UTW capacity and compute ac-

curate total applied stresses during the design life of UTW. The toughness (or

post-cracking strength (PCS)) of FRC, which contributes to the improved flexural

capacity has been proposed to account for the added benefit of DF in concrete. The

improvement in the PCS of FRC can be characterized by two concepts; the equiv-

alent flexural strength (fe,3), and residual strength (fD
e,150). Several researchers

proposed an effective modulus of rupture (MOReff.), which depends on propor-

tionally increasing the MOR by the fe,3 or fD
e,150 to characterize the advantages

of DF to flexural capacity. The main shortcoming of that procedure is that the

MOReff. is determined depending on testing the concrete layer only, not for FR-

C/asphalt composite layers, even though the design assumptions of UTW depends

on its behavior as a monolithic section. Hence, pavement capacity should be deter-

mined depending on both layers (FRC/asphalt). On the other hand, to include the

effects of a transverse deformation in pavement analysis, Shi at al. [273] modified

Reissner’s origin work [249] and proposed the theoretical method for a four free

edges single concrete thick-plate due to vertical load. The solution of Shi et al.

[273] cannot be used to analyze composite pavements such as a UTW or CP over
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a base layer since it adopted single thick-plate resting on the foundation. There-

fore, composite pavements should be converted to an equivalent, homogeneous,

and individual layer to be analyzed by the TKPT.

1.2 Objectives of Study

Based on the above, the following two main objectives of this dissertation:

• Developing an analytical thick-plate model to determine the critical bending

stresses in UTW.

• Proposing a test method and procedure to investigate the benefits of DF

testing on the flexural capacity of UTW.

To accomplish the objectives of this dissertation, the following main tasks were to

be achieved:

• A literature review on the state-of-the-art of the UTW.

• Laboratory experimental investigations including two different phases. The

first phase involved four different tests to determine the mechanical proper-

ties of concrete layers (unreinforced and FRC). The second phase involved

two different tests to determine the flexural properties of the FRC/asphalt

composite specimens.

• Using PCS criteria to determine the actual flexural capacity of the UTW

for the critical failure mode by taking account of the benefits of DF in the

concrete layer.
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• Evaluation of the effectiveness of the proposed test method by comparing

the current and proposed flexural capacity of the UTW with previous exper-

imental work.

• Verify the proposed method by comparing the required UTW thickness de-

pending on the current and proposed methods.

• Using the equivalent plate concept (EQPC) to convert two bonded layers of

the UTW to an equivalent, homogeneous and individual layer to use in the

TKPT.

• Confirm the accuracy of the proposed analytical solution by comparing the

predicted stresses by the proposed solution with experimental results.

• The proposed model has been further verified by a comparison with two other

analytical thin-plate solutions.

• Evaluation of the potential performance of the UTW pavement for the most

common six parameters on the maximum bending stresses.

• Determine the design thickness of the UTW based on the proposed flexural

capacity and proposed analytical stresses model.

1.3 Thesis Structure

This study includes six chapters. Chapter 1 includes the problem statement and re-

search motivation, objectives of the study, and thesis structure. Chapter 2 presents

the literature review for types of CPO, materials and construction procedure of

UTW, failure mode and capacity of UTW, FRC applications, design methods of
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UTW, and CP analysis. Chapter 3 outlines the TKPT and the proposed analytical

model of UTW analysis. Chapter 4 presents the proposed test method and exper-

imental works. Chapter 5 presents the design charts for UTW. The last chapter

summarizes the conclusions and future recommendations.
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Chapter 2

Literature Review

2.1 Introduction

In the last three decades, traffic loading has significantly increased on pavements,

resulting in early deterioration. Therefore, several asphalt pavements (AP) prema-

turely reached the end of their design life, while others had high levels of distress.

A concrete pavement overlay (CPO) is one of the available options for rehabilitat-

ing distressed pavement [293]. The technique of resurfacing distressed pavements

using CPO dates back to 1918. Over the years, CPO has improved as the con-

crete paving technology has improved, and concrete mixtures have been modified

[141]. CPO is one technique of pavement preservation or rehabilitation solutions

that include three types, CPO over AP, CPO over concrete pavements (CP), and

CPO over composite pavement (over CP-AP or AP-CP). CPO provides several

advantages over asphalt pavement overlays (APO) in that is stiffer and stronger

and thus is more resistant to initiate cracking. Further, a CPO can significantly

decrease traffic delays due to the required frequent maintenance of AP since it
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better durability and long-term performance characteristics. Besides, the CPO

provides better skid resistance and safety than APO, especially in the rain, wet, or

curved areas. Last two decades, CPO is becoming more competitive in cost with

that of APO due to the sky-rocketing price of asphalt. Therefore, using COP is

more effective rehabilitation option for distressed asphalt pavements (DAP) [313].

2.2 Types of Concrete Pavement Overlays

CPO over AP is called whitetopping (WT), which is classified into three types

based on overlay thickness, conventional whitetopping (CWT), thin whitetopping

(TWT), and UTW. The CWT includes construction unbonded, long, and thick

concrete slab over DAP with a thickness of more than 200 mm (8.0 in.). CWT is

generally constructed for pavements subjected to a high weight of traffic loading or

that has a weak condition of existing pavements. CWT has been designed based

on an assumption that an existing AP (EAP) does not participate in carrying and

a portion of applied wheel loading and these EAP are considered to play as a

base layer for the CPO. On the other hand, the TWT is a middle slab and has a

thickness ranging from 100 (4.0) to 200 mm (8.0 in.) with partially bonded with

DAP. A few states have constructed a TWT; Colorado is the state with the most

TWT. Beside, the UTW is a short, thin, and fully bonded concrete plate with a

thickness ranging from 50 (2.0) to 100 mm (4.0 in.) [15, 54, 77, 79, 89, 118, 121,

122, 145, 181, 182, 185, 191, 206, 211, 247, 313].

UTW is considered a new option, which extends the DAP service life. DAP

should have a low level of distress such as rutting, fatigue cracking, shoving, wash

boarding, slippage, and low-temperature cracking. The reduction of thickness of

8



CPO is achieved by using high quality concrete layer, short pavement dimensions,

and excellent interface bond between CPO and EAP [13, 15, 77, 79, 89, 90, 117,

118, 121, 174, 122, 182, 242, 257, 281, 313]. Previous studies showed the UTW

is an economical, quick, and excellent technique for DAP rehabilitation, which

has medium to low traffic volumes such as low-volume roads, rest areas, ramps,

bus stops, parking, and intersections. Whilst using UTW in highways or heavy

truck stations is inadequate rehabilitation options. UTW provides high durability

and long-term performance more than traditional APO that leads significantly

to reduce traffic delays related to the required frequent maintenance processes of

APO. Also, UTW supplies excellent skid resistance and safety level that decrease

traffic accidents. Therefore, using UTW is more economically rehabilitation option

than APO [66, 77, 118, 242, 313].

In September 1991, the first project of UTW in the United States was con-

structed in Louisville, Kentucky [78, 252]. The concrete mixture was designed to

achieve high early compressive strength (fc’) (24.0 MPa (3480 psi)) at 24 hours and

a low water-cement ratio (w/c ratio) of 0.33 was selected to provide high strength

and low drying shrinkage. Two pavement dimensions, 0.6 m (2.0 ft.) and 1.8 m (6.0

ft.), and two CP thicknesses, 50 mm (2.0 in.) and 90 mm (3.5 in.) were utilized.

The performance of the Louisville project was good and service life was more than

the design period. Following the success of the Louisville project, several other

states such as Tennessee, Georgia, Kansas, Iowa, Colorado, Missouri, Mississippi,

and Florida have constructed many UTW projects. More than 200 UTW projects

have been built in the 1990s [15, 192, 352].
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2.3 Materials of Ultra-thin Whitetopping

Plain concrete and FRC have been utilized as a UTW to resurfacing DAP [141,

201]. Plain concrete mixes were mainly mixed type, which used in CPO during

the 1940s and 1950s, and pavement thicknesses were ranged from 200 (8.0) to

450 mm (18.0 in.). During the 1960s, FRC pavement overlays have been used in

several states but still plain concrete contributed to the main UTW type [118].

The UTW concrete mix is selected based on the requirements for an early opening

to traffic. Proportions of normal concrete mix design, a normal concrete mix

design, which includes cement, water, coarse and fine aggregates, air-entraining

agent, admixtures, and a lower w/c ratio have been used for a UTW with little

changing. Because a UTW has a thin thickness and high early concrete strength

required, smaller aggregates size, high amount of hydraulic cement, and low w/c

ratio have been utilized. A high amount of cement was required to coat all DF in

the concrete mix, which led to increasing the concrete workability and cement-fiber

bond [56, 257].

Further, high cement content in a UTW leads to excessive drying shrinkage,

which causes debonding between an EAP and a CPO. The result of laboratory

shrinkage tests of Roesler et al. [257] showed that a concrete mixture, which was

containing a low w/c ratio and a high cement content exhibited high free drying

shrinkage. Table (2.1) shows some examples of mix proportions and materials

properties selected for different UTW projects in the United States. For example,

project (A) is a project of Louisville in Kentucky and the concrete mixture was

designed to provide high strength at first 36 hours (24 MPa (3500 psi)). A low w/c

ratio of 0.46 was selected to decrease drying shrinkage and provide higher strength.

Synthetic DF (SYDF) was utilized to improve the flexural, impact, and freeze-thaw
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resistance and reduce drying and plastic shrinkage cracking, especially at an early

age. Choosing any material proportions and properties to achieve specific prop-

erty can affect other properties. For example, using a concrete mix includes high

cement contents or low w/c ratio to improve a fc’ or tensile strengths (ft), tend to

increase shrinkage cracks within the concrete [257]. Therefore, selecting materials

proportions and properties for UTW should be provided control for all mix pro-

portions and properties.

Table 2.1: Examples of UTW Mix Proportions and Materials Properties

Project Aggregate, Sand, Cement, % Discrete w/c
Ib./yd3 Ib./yd3 Ib./yd3 Fibers w/c ratio

A 1814 1286 534 3 0.46
B 1805 1008 755 3 0.36
C 1847 959 755 3 0.39
D 1704 1035 755 0 0.34
E 1713 1210 705 0 0.34
F 1805 1008 755 3 0.36
G 1836 1256 575 0 0.34
H 1957 1220 534 0 0.34
I 1972 1001 515 4 0.41

2.4 Construction Procedure of Ultra-thin

Whitetopping

Slip-form or fixed form paving is used for UTW construction, which is the same

procedure as CP with some specific steps. The UTW construction procedure in-

cludes; preparing a surface of EAP, placing a concrete layer, finishing, surface

texturing, curing, and sawing required joints [118, 313]. Surface preparation of
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EAP before CPO casting is a very important step to provide excellent interface

bond, which sure a good short and long performance of UTW. The milling process

and cleaning with high compressed air to remove all dust, grit, laitance, and all

foreign materials is an effective way to prepare an EAP surface. All guides and

procedures recommend that a minimum thickness of AP after the milling process

is 75 mm (3.0 in.) [103, 181, 184, 235, 257, 322, 325, 345, 346]. Most concrete

mixtures used in UTW projects are produced at a ready-mix plant and delivered

to a project site by ready-mix trucks. Slip-form paving uses to spread, screed, and

efficiently consolidate the concrete. CPO surface is finished, textured, and curing

sheets are sprayed on a surface to provide adequate curing process. The curing

step is immediately applied after the texturing step to avoid any rapid loss of water

from CPO [15]. When the concrete layer of UTW can support the equipment, a

joint sawing process should be performed. Most UTW joints are not sealed since

their opening widths are very small due to a short joint spacing [118, 313].

2.5 Failure Mode of Ultra-thin Whitetopping

The CP failure type is a function of a thickness and dimensions of the concrete

slab. Based on more than 100 UTW projects results, the most common failure

UTW type is corner break due to debonding and/or vertical lift-off at slab edges

[7, 11, 12, 15, 122, 166, 181, 191, 257, 322, 324, 325, 326, 351, 352]. Debonding

layers is a phenomenon generated due to two reasons, shrinkage of the concrete

layer at early-age and curling and warping action of CP due to daily temperature

variations. Debonding is created at the boundaries of CP such as cracks, edges, and

12



Figure 2.1: Vertical lift-off and debonding of UTW.

joints because stresses due to differential expansion and contraction are highest at

these points [91, 164, 247, 257, 322]. Daily and seasonal humidity and temperature

variations create unequal expansion and contraction between the top and bottom

layers of the CP due to restraint provided by the bottom layer with EAP. These

actions lead to curling and warping CPO that create shear and tensile stresses

at the interface between both layers. Repeating that phenomena may result in

exceeding interface stresses to interface strength leads to generate debonding failure

[176].

On the other hand, the vertical lift-off is created due to permanent deforma-

tions of pavement foundations (asphalt, base, or subgrade layers) resulting from

repetitive applied loading as shown in Figure (2.1). The permanent deformations

create cavities underneath UTW’s; thus, a CPO acts as a cantilever beam lead-

ing to a top-down corner crack [246, 247, 322]. Corner cracks (top-down cracks)

happen when the SR reaches to 100% in the UWT, and the capacity of the pave-
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ment structure will reduce, and surface water will penetrate under layers. On the

other hand, it causes the pumping of fine particles through it that leads to losing

the bond between layers and decreases the serviceability [172, 200, 233, 234, 358].

There is no way to prevent shrinkage cracking, but the best technique to reduces

it is delaying the water loss from the concrete surface during early age. Although

temperature controlling of casting or increasing curing duration lead to reduce wa-

ter bleeding from the overlay mix, using DF in concrete is significantly decreasing

bleeding that contributes to reduce shrinkage cracking [270, 335].

2.6 Success Requirements of Ultra-thin

Whitetopping

A properly designed and constructed UTW can be added considerable life to a

DAP by taking the remaining structural capacity of the original pavement [89].

Four significant factors affect the performance of UTW; a pavement dimensions

(L), a thickness of CPO (t1), an interface bond between layers, and a thickness

of EAP (t2) [13, 66, 118, 174, 191, 257, 312, 313]. The first factor is the L value,

which is the most dominant factor controlling the behavior and performance of

UWT since it controls the wheel loading path during design life. Short pavement

dimensions contribute to reduce the stresses resulting from traffic loading and

temperature variation [122, 174, 257, 313]. The experimental work of Gutierrez

and Enrique [118] showed that small slabs had lower maximum shear stresses at

an interface than long slabs, which reduced debonding risk. Further, they found

that the maximum tensile stresses due to wheel load in the UTW decreased as

a joint spacing decreased. And at a critical loading condition, maximum tensile
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stresses was low for UTW with 1.2 m (4.0 ft.) joint spacing comparing than those

with 1.8 m (6.0 ft.) joint spacing. The guide of the American Concrete Pavement

Association (ACPA) [15] suggested that joint spacing of concrete pavement should

be about 12 to 15 times of t1. For example, L value for UTW of 50 mm (2.0 in.)

of t1 should be between 0.6 (2.0) and 0.9 m (3.0 ft.). Since a UTW has a thin

concrete slab, it is not practical to install keyway, tie bars, or dowel bars in slab

joints. Therefore, load transfer between adjacent UTW is provided by aggregate

interlock, which is very good due to the short dimensions and the support provided

by the existing asphalt layer [118, 313].

The second factor is a t1 value, which is a minor factor since a UTW already has

a thin concrete layer, and the thickness range is limited between 50 (2.0) and 100

mm (4.0 in.). The reduction in a concrete slab thickness is justified by the use of

small slab dimensions, high-quality concrete with high flexural property, and good

interface bond between layers [118, 257, 313]. The required t1 is strongly dependent

on a t2 and stiffness of EAP, properties and dimensions of concrete slab, and volume

of traffic loading [15]. The third factor is an interface bond between an EAP and a

CPO, which is a significant key factor ensuring a UTW performance. An interface

bond between layers ensures both layers behave as a monolithic layer, which leads

to shifting down a neutral axis (N.A) of a UWT and tensile stresses at an interface

will reduce as shown in Figure (??). Therefore, the debonding risk of a UTW

decreases and long-term service can be achieve with low frequent maintenance

[73, 79, 87, 118, 122, 181, 191, 206, 242, 247, 252, 313, 314, 322]. Losing interface

bond leads to a change in pavement type from bonded CPO to unbonded CPO,

which requires more thickness since an EAP does not share carrying applied loads

with overlay but just supports overlay as a stiff foundation. Therefore, a CPO
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will immediately break under applied loading and is no more benefit from a UWT

application. Two strength types at interface bond, shear, and tensile strengths.

The milling process for the surface of an EAP before overlay casting can provide a

strong interface bond strength. Nishiyama et al. [219] evaluated an interface bond

strength for field and laboratory testing at different ages after a concrete layer

casting. They concluded that an interface bond strength between an CPO and

EAP gradually increases over time [12, 65, 73, 79, 87, 288, 299, 353]. Because of a

large surface to volume ratio of a UTW, high shear stresses occur at an interface,

which requires providing adequate interface bond resistance, especially in an early

age [192].

The fourth factor is a value of t2 that ensures to shift down a neutral axis of

a composite pavement enough distance to carry some of the applied stress. Ac-

cording to experimental works, a minimum t2 required is 75 (3.0) to 100 mm (4.0

in.) [103, 181, 184, 235, 257, 322, 325, 345, 346]. The long-term performance of a

UWT depends highly on early-age performance and when cracking or debonding

appear at an early age, the long-term behavior will be poor.

2.7 Fiber-reinforced Concrete

2.7.1 Background

Fiber-reinforced concrete (FRC) has been widely utilized to improve the perfor-

mance of plain concrete and used in an application of new infrastructure, reha-

bilitation, repair, and retrofits. FRC is a composite mixture composed of DF

that interact with concrete (or cement) matrix to change concrete behavior from
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brittle to ductile behavior. DF can significantly improve tensile strength, impact

resistance, toughness characteristics, fatigue properties, and ductility, and reduce

cracks width, cracks propagation rate, and shrinkage cracking [24, 49, 84, 110, 116,

120, 122, 146, 150, 154, 161, 162, 163, 164, 165, 179, 243, 265, 282, 332, 362]. DF

distributes and orientates randomly within the concrete mix that leads to provid-

ing bridging forces across initiated cracks and makes it close together [27, 84, 86,

116, 241, 332]. Roesler et al. [257] concluded that using DF in concrete signifi-

cantly improves fracture energy and toughness properties. They also found that

increasing the volume content of DF for the same concrete mixture and fiber type

increases the post-cracking performance of concrete.

DF has been used in construction materials for several centuries, but the last

three decades have been an increasing interest in the use of them in concrete appli-

cations. DF is made from steel, plastic, glass, or natural materials and available in

a variety of shapes, sizes, and thicknesses. DF is round, flat, crimped, or deformed

with typical lengths of 6.25 (0.25) to 150 mm (6.0 in.) and thicknesses ranging

from 0.0051 (0.0002) to 0.76 mm (0.03 in.). The main characteristic differences

between conventional reinforcement (steel bars or wires mesh) and DF system are;

DF have been distributed randomly within the concrete matrix, while reinforcing

bars or wires have been placed within specific layers, and DF are relatively short

and very closely spaced as compared with continuous reinforcing bars or wires.

The volume of fibers added to a concrete mix is expressed as a percentage of total

volume (Vf ) that it typically ranges from 0.01 to 3.0%. The aspect ratio is cal-

culated by dividing fiber length (l) by its diameter (d) [121]. In general, DF is

classed into two types; macro and micro DF based on the length and diameter of

the fiber. Macro DF is more commonly accepted for CP applications to improve
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the flexural and toughness properties [11, 55, 257]. Micro DF is traditionally added

to concrete to control a width of plastic shrinkage cracks. Besides, micro DF have

been used to improve fresh concrete mixture properties, segregation resistance, and

post-cracking performance [25, 245, 329].

Three main parameters control the quality of FRC performance, type and

amount content of DF, concrete mixture properties and proportions, and inter-

action between them, especially for thin concrete layers. Each fiber kind with

specific content has a specific behavior within a concrete matrix that is different

from other concrete matrix or fiber kind. The fiber amount contributes to de-

termining fiber’s role within a concrete matrix that is ranged from few amounts

(0.01%) to a high amount (3.0%) [257, 122]. High volume content (more than

3.0%) of DF in concrete can lead to reduce workability, increase fibers clumping,

non-uniform dispersion, and poor consolidation. Although steel DF (SDF) has a

long successful history in applications of slab-on-ground (SOG) and CP, in the

last three decades, synthetic discrete fibers (SYDF) have become predominant due

to their ease of handling, better dispersion characteristics (i.e. less balling), and

robust resistance to rust. There are several types of SYDF such as polypropylene

(PPDF), polyvinyl alcohol (PVADF), polyethylene (PEDF), polyolefin (PODF),

acrylic (ACRDF), aramid (ARMDF), carbon (CRB), nylon (NYL), and polyester

(PLS) DF [102, 76, 122]. SYDF are human-made fibers resulting from several

processes and development in the petrochemical field and textile industries. Table

(2.2) summarizes some physical and mechanical properties of selected SYDF types.

SYDF significantly reduce plastic shrinkage of a concrete matrix and improve a

toughness characterizes after first crack appearance. The main disadvantaged of

using SYDF in concrete are; low interface bonding between fibers and concrete
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matrix, low modulus of elasticity, and high cost of some types of synthetic fiber

such as carbon and aramid [171].

Table 2.2: Properties of Selected Synthetic Discrete Fibers Types

Fibers Specific Diameter, Tensile Strength, Elastic
Type Gravity µm kPa Modulus, kPa
Acrylic 1.18 5-17 0.2-1 17-19
Aramid 1.44 10-12 2-3.1 62-120
Carbon 1.90 8-10 1.8-2.6 230-380
Nylon 1.14 23 1.0 5.2

Polyester 1.38 10-80 0.28-1.2 10-18
Polyethylene 0.96 25-1000 0.08-0.6 5
Polypropylene 0.90 2-200 0.45-0.7 3.5-5.2

2.7.2 Fiber-reinforced Concrete Pavements

In SOG or CP applications, adding DF increases and improves flexural capacity,

toughness characterizes, reflective cracking resistance, load transfer efficiency at

cracks and joints, and allowable joint spacing, and reduce cracks width and required

slab thickness. Over time, there was a variety kind and geometries of DF that have

been used in SOG and CP [42, 43, 45, 95, 254, 256, 257]. The results of accelerated

pavement testing of small concrete SOG showed that adding low content volume

(less than 0.4%) of SYDF reduces slab deflection, amount of cracks, and crack

deterioration rates compared to unreinforced concrete [54, 67]. Zhang and Li [358]

concluded similar results, which included increasing flexural capacity and reduction

in deflection for unbonded overlay bridge decks, which behaves as SOG. Further,

adding macro DF in concrete improves a flexural capacity of SOG and reduces

required slab thickness [11, 257, 280]. For CPO applications, using DF improves
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a concrete toughness and flexural capacity and reduces the spalling of joints and

cracks and the rate of cracks growth [95, 178, 254, 257].

Last three decades, the utilize of discrete fibers (DF) within UTW has become

increasingly popular in pavement rehabilitation to reduce cracks width, required

slab thickness, deflection between adjacent slabs, and surface spalling, and improve

wear resistance and load transfer efficiencies at the joints. Bridging forces between

initial cracks can be provide due to random distribution of DF within a concrete

matrix [26, 66, 67, 121, 122, 145, 175, 181, 257, 358]. The experimental work of

Granju [114] showed that DF in UTW did not increase the interface bond strength

between an overlay and existing layer, but it delays the rate of cracks opening after

crack initiation. Besides, field and analytical studies indicated that DF reduced

the curling action of slabs that leads to a decrease in the debonding areas between

both layers [164]. According to several research experiences [53, 55, 257] using

SYDF in concrete, implementation adequate performance of CPO for more than

10 years requires a residual strength ratio more than 50% by adding fibers more

than 0.5%. Based on the standard toughness test, Adding a 0.5% volume fraction

of macro SYDF to a concrete mix provides two times the post-cracking strength

comparing with plain concrete [56]. For thin CPO over bridge deck application,

[358, 175] found adding higher volume content of PVADF (more than 2.0%) has

been successfully utilized in the repair process of bridge structures. Carlswärd

[66] concluded that adding DF to CPO decreased the width of a crack and crack

spacing and improve the resistance of a concrete layer to debonding risk. According

to several experimental works of CP and SOG, high fiber content (more than 1.0%)

significantly improves the ultimate capacity of slabs and reduces a required slab

thickness [230, 259].
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2.7.3 Polyvinyl Alcohol Discrete Fibers

The SYDF properties vary widely, especially for the elastic modulus, which low

compared to the concrete matrix or SDF. Therefore, developing SYDS with a

high elastic modulus has been studied during the last two decades in the last

century [180]. PVADF has been introduced as a relatively new inclusion. By

treating an alcoholic solution with aqueous acid or alkali to hydrolyzed, PVADF is

produced from polyvinyl acetate as the structure formation shown in Figure(2.3)

[97]. PVADF includes hydroxyl groups (OH) that have the potential to form

hydrogen bonds between molecules creating an important change in interface bond

strength between concrete matrix and PVADF [354]. PVADF is very stable and

durable in the alkaline condition of a concrete matrix. Advantages of PVADF are;

high elastic modulus and tensile strength, high aspect ratio, excellent chemical

compatibility with concrete matrix, quick drainage rate, high affinity with water,

and no side effect on the environment. PVADF has a good effect on the flexural

strength of the matrix because of its adequate interfacial bond with the cement

matrix. This good interfacial bond is accredited to the non-circular cross-section

of the fibers, and hydrogen bonds between the fibers and the cement matrix [359]

and the general properties of PVADF are shown in Table (2.3). The hydrophilic

surface of PVADF provides a very strong chemical interface bond with a concrete

matrix. Generally, adding PVADF in concrete improves the mechanical properties

since PVADF is stiffer than the concrete matrix. The high tensile strength of

PVADF provides resisting pull-out force after the elastic stage [109].

Noushini et al. [222] presented an experimental study to investigate the PVADF

effect on the FRC properties. Their study included two different fiber lengths and

three fiber content. The test results showed that using high volume content of
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Figure 2.2: Polyvinyl Alcohol Discrete Fibers Structure.

PVADF in concrete reduced the workability of the mix, especially for long PVADF.

Therefore, the mass per unit volume of concrete mix reduced by using PVADF

by 1-6% compared with the plain concrete mix. Compressive strength slightly

increased with adding long PVADF, while adding short PVADF led to a greater

increase in compressive strength. Besides, adding PVADF provided more ductility

at the failure stage, which led to reduce the modulus of elasticity. On the other

hand, the test results showed that splitting tensile, residual, and flexural strengths

improved by adding PVADF to the concrete mix. Beaudoin [40] evaluated the

effect of PVADF on the mechanical properties of FRC with different volume content

of PVADF. He concluded that the compressive strength of concrete little increase

with increasing PVADF content. The same trend for flexural strength and splitting

tensile strength is also observed with increasing PVADF content. Besides, adding

PVADF in concrete significantly enhanced flexural toughness and ductility.

Furthermore, Said et al. [261] investigated the effect of PVADF on the flexural

behavior of FRC beams and plates. The test results showed that the first crack

strength reduced and peak strength slightly increased by increasing the PVADF

volume content. And there was a significant improvement in the deflection at the

ultimate and failure stage with increasing PVADF volume content. Pan et al. [229]
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evaluated the effect of mixed properties on the flexural performance of concrete mix

included PVADF. The test results showed that the increment in PVADF signifi-

cantly improved flexural toughness, flexural strength, and ductility. On the other

hand, Joo et al. [152] presented an experimental work to investigate the influence

of DF type and volume content on the flexural behavior of concrete mix. The

four DF used in their study, which was high strength twisted SDF, high strength

hooked SDF, high molecular weight polyethylene spectra, and PVADF. The test

results confirmed that adding more than 1% of PVADF in concrete provided multi-

ple cracking modes during flexural behavior. According to the study of Yang [355],

FRC specimens included SDF and PVADF were tested to evaluate the influence of

length and volume content of DF on the various mechanical properties of concrete.

The mix slump reduced and compressive strength was little increase with increas-

ing PVADF volume content. The increase of PVADF content played a significant

effect in improving the flexural strength and energy absorption of concrete. Ong

et al. [226] presented an experimental work to investigate the effectiveness of FRC

slab containing various DF types subjected to low-velocity impact loading. The

DF types were PFDF, PVADF, and SDF with three different DF content, 0, 1,

and 2%. The test results indicate that the energy absorption capacities of PVADF

slabs were higher than the PFDF or SDF slabs for the same DF volume content.

Beside, PFDF and SDF slabs failed by pull-out mode, while PFDF failed by both

rupture and pull-out modes.

2.7.4 Evaluation Methods of Fiber-reinforced Concrete

Many standardized testing methods have been used to characterize FRC properties,

which include compressive, tensile, and bending tests. Most concrete structures
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Table 2.3: The Properties of Polyvinyl Alcohol Discrete Fibers.

Properties Quantities
Specific Gravity 0.91
Length, mm (in.) 19 (0.75)
Diameter, mm (in.) 0.76 (0.03)

Tensile strength, MPa (psi) 800-1600 (116030-232060)
Modulus of Elasticity, GPa (ksi) 23-40 (3336-5802)

include flexure or bending elements such as slabs, beams, cladding panels, indus-

trial slabs, and pavements. Therefore, flexure or bending tests have been adopted

extensively to evaluate concrete structures due to easy and quick implementation.

Flexural tests have been recommended in the most standards, guides, and methods

to evaluate FRC such as American, European, Japanese, Canadian, and Chinese

methods [266, 207, 149, 69, 113, 32, 36, 302, 28, 30, 92, 212]. Several methods and

standards have been utilized to evaluate the flexural performance of concrete (plain

or FRC), with different parameters for each one [31, 215, 152]. Although general

testing procedures are similar in all these methods, there are specific considera-

tions for each method when interpreting test results [36]. The common methods

are; the American Society for Testing and Materials (ASTM) C78 method [22],

ASTM C1609 method [290], ASTM C1018 method [21], the Japan Society of Civil

Engineers (JSCE) method [153], the post-crack strength (PCS) method [32], the

American Concrete Institute (ACI) Committee 544 [82], the Norwegian concrete

association (NCA) method [291], the Ductility Index (DI) method [213], the per-

sistence of strength/toughness (PST) method [361]. The following sections discuss

the most common methods that were implemented to evaluate the plain concrete

and FRC.
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Figure 2.3: Typical Load-deflection Curve for FRC under Flexural Test.

2.7.4.1 ASTM C78 Method

The four-point standard MOR (or flexural) test configuration ASTM C78 [22] is

considered one of the most common type tests and is used to determine a flexural

capacity of concrete. This method includes rigorous calculations and the link

between the empirically chosen deflection-based indices. MOR is the maximum

bending stress on the tension face of a concrete beam at the point of failure, which

is calculated depending on Equation (2.1). The sample size and type of loading

have a significant effect on the measured flexural strength.

MOR =
Pp.S

w.h2
(2.1)
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Where;

MOR: is the elastic modulus of rupture, MPa or psi.

Pp: is the maximum flexural load recorded as shown in Figure (2.3, N or Ib..

S: is the span of the test beam, mm, or in..

w: is the width of the test beam, mm or in..

h: is the depth of the test beam, mm or in..

2.7.4.2 ASTM C1018 Method

The ASTM C1018 method [21] ) includes determining two parameters, toughness

index (IT ) and residual strength factor (RT1,T2), which determined based on Equa-

tions (2.2, 2.3, 2.4, 2.5, and 2.6). Toughness indices express a flexural performance

and indicate a degree of ductility and energy absorption capacity, and an ability

of FRC to deflect freely without any sudden failure. On the other hand, RT1,T2

reflects a strength remaining in cracked material after a first crack stage within a

specific interval as a percentage of the first-crack strength (ffc) and it is derived

from the IT [26, 261, 147]. For brittle materials, such as glass rods, a IT and RT1,T2

equal 1.0 and zero, respectively. Whereas, for elastic-perfectly plastic materials

such as steel bars, a residual strength factor equals 100; the values between them

demonstrate inferior behavior. Both IT and RT1,T2 provide information about the

shape of the load-deflection curve.

I5 =
Areaunderload− deflectioncurveupto3.δ

Areaunderload− deflectioncurveuptoδ
(2.2)

I10 =
Areaunderload− deflectioncurveupto5.5.δ

Areaunderload− deflectioncurveuptoδ
(2.3)
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I20 =
Areaunderload− deflectioncurveupto10.5.δ

Areaunderload− deflectioncurveuptoδ
(2.4)

R5,10 = 20.(I10 − I5) (2.5)

R10,20 = 10.(I20 − I10) (2.6)

Where δ is a deflection at first-crack on the load-deflection curve as shown in

Figure (2.3).

2.7.4.3 ASTM C1609 Method

The ASTM C1609 method [290] uses to evaluate a flexural performance of FRC

by using parameters derived from the load-deflection curve. This method involves

determining five different parameters; (ffc), peak strength (fp), flexural toughness

(T 150
150 ), residual strength (fD

e ) and equivalent flexural strength ratio (RD
T ), which

are calculated according Equations (2.7, 2.8, 2.9, 2.10, 2.11, 2.12, and 2.12). The

ffc is a stress at the first point on load-deflection curve where the slope is zero and

it present the last point in elastic stage. The fp is a stress value at the point on

the load-deflection curve that corresponds to the greatest value of load obtained

prior to reaching the end-point deflection. The fp is a same value of MOR, which

calculated based on Equation (2.1). Beside, The T 150
150 is a flexural toughness, which

is an area of the load-deflection curve up to deflection of S/150 (3.0 mm (0.12 in.)

for S value equal 450 mm (18.0 in.)). On the other hand, the fD
e is two types; f 600

600

and f 150
150 that present a stress value at deflection values of 1/600 and 1/150 of the

S value, respectively. Finally, the R600
600 and R150

150 proposed to normalized residual

strength and is calculated as the ratio of the weighted equivalent load up to a net

deflection of L/600 and L/150, respectively over the Pfc multiplied by 100.
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ffc =
Pfc.S

w.h2
(2.7)

fp =
Pp.S

w.h2
(2.8)

f 600
600 =

P 600
600 .S

w.h2
(2.9)

f 150
150 =

P 150
150 .S

w.h2
(2.10)

R600
600 =

f 600
600

ffc
.100% (2.11)

R150
150 =

f 150
150

ffc
.100% (2.12)

Where;

Pfc: is the first-crack flexural load recorded as shown in Figure (2.3, N or Ib..

2.7.4.4 Japan Society of Civil Engineers Method

The JSCE method [153] uses to determine a flexural strength and flexural tough-

ness of FRC, which includes calculating four parameters; flexural strength (σb),

flexural toughness (TJCI), flexural toughness factor (fe), which also called an equiv-

alent flexural strength, and the equivalent residual strength ratio (Re,3). The σb is
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the maximum stress obtained during a flexural bending test and is calculated by

equation (2.13). The TJCI is an area under the load-deflection curve until a mea-

sured deflection of L/150. In addition, the FT indicates the post-matrix residual

strength of the materials when loaded to an arbitrary deflection of L/150. The

fe reflects the residual strength values of FRC after a crack appearance, which is

calculated depending on Equation (2.15). While, the Re,3 is defined as the ratio

between the fe,3 and the σb of concrete beams, which calculated depend on Equa-

tion (2.16). The RD
T,150 is analogous to the Re,3 value. The fe,3 and the f 150

150 are

similar in that they both determine residual strength values of FRC after crack

appearance. The main difference is that f 150
150 is computed depending on the load

value at a deflection of L/150 while the fe,3 is determined as the average load value

up to the same value [293].

σb =
Pp.S

w.h2
(2.13)

TJCI = Areaunderload− deflectioncurveuptoS/10.5. (2.14)

fe,3 =
TJCI .S

3.w.h2
(2.15)

Re,3 =
fe,3
σb

(2.16)
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2.7.5 Selection of Toughness Testing

As previously monitored, there are several test methods and sample geometries

that exist to determine the toughness characteristics of FRC [63, 113, 290]. The

role of DF on the overall performance of the concrete structure can be predicted by

calculating the post-cracking properties. Standard flexural beam tests are utilized

to calculate the post-cracking performance of concrete depend on either a 100

or 150 mm (4.0 or 6.0 in.) beam height sample [290]. These standard tests are

proper for concrete applications, which have similar or greater design thicknesses.

Nevertheless, as the required thickness of the UTW is ranged between 50 (2.0) and

100 mm (4.0 in.), the beam sample with the same design thickness should be used

in calculating the post-cracking performance of UTW. Previous studies [107, 254]

found the computed Re,3 from the notched flexural beam test has been correlated

with the performance of full-scale concrete slab. Further, the notched beam test

used a 150 mm (6.0 in.) height beam to determine the post-cracking performance

of FRC use in UTW [63, 257].

2.8 Behaviour of Uultra-thin Whitetopping

Long concrete SOG (such as CP or CWT) is designed to transfer applied loads

via a bending behavior, so it is made thick enough to resist these stresses. While,

small concrete SOG (such as UTW) is designed to resist applied loads by either

deflecting and bending behavior, which depends on the position of wheel loading.

A small SOG behaves as a compression bearing or cantilever slab when the position

of the wheel load is at mid-edge (or center) and corner of the slab, respectively.

Hence, cantilever slab behavior creates tensile and compressive stresses at the top
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Figure 2.4: Mechanism of load transfer in (a) short slab and (b) long slab ([293]).

and bottom of the UTW, respectively [15, 118, 191, 242]. Figure (2.4) shows the

load transfer mechanism within short and long pavements. Many experimental

works showed that the critical case for short concrete SOG is corner applied wheel

loading, which creates stresses higher than the interior and mid-edge conditions

[8, 9, 93, 303, 305, 306], hence, why corner cracks are the primarily presented

failure mode for UTW.
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2.9 Analysis of Concrete Pavement

2.9.1 Thin-plate Theory

Over the times, CP is analyzed as thin-plates since the deflection due to traffic

loading is small comparing with pavement thickness [262]. The two main assump-

tions, which adopted by thin-plate theory (TNPT) are:

1. The middle plane of a CP remains without deformation after bending.

2. The normal stresses in a transverse direction of a CP are ignored.

Harold Malcolm Westergaard is the first researcher who presented closed-form

equations for CP analysis based on classical TNPT. These equations are used to

determine the stresses and deflections in CP under the vertical load situated at

three different positions, which were assumed to be critical. These three loading

positions are interior (or center), mid-edge, and corner. In the first case, the wheel

load is at a center of CP, and the critical flexural tensile stress occurs is at the

bottom layer of the CP under the center of the wheel load. In the second case, the

wheel load is at the mid-edge and the critical flexural stress is tensile at the bottom

layer of the CP under the center of the wheel load. In the third case, the wheel

load is close to a rectangular corner of a CP and tends to produce a corner break.

The critical flexural stress is tensile at the top layer of the CP. The resultant of

the wheel pressure was assumed to be acting on the bisector of the corner angle.

The simplifying assumptions, which used in the development of the Westergaard’s

equations are ([3, 81, 143, 173, 357]:

1. The CP behaves as a homogeneous, isotropic, elastic, and thin solid slab on

a dense liquid foundation (Winkler foundation) in an equilibrium state.
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2. The thickness of CP is constant along pavement dimensions, and the N.A is

at its mid-depth.

3. The subgrade reaction on the base of CP acts like a spring bed and is vertical

and proportional to pavement deflection.

4. The subgrade reaction at any point is equal to the slab deflection at the same

point multiplied by the k value.

5. The wheel load is distributed uniformly over a circular, semicircular, and

circumference at the center, mid-edge, and corner of the CP, respectively.

6. The wheel load is applied to the CP as a static load condition.

7. There are no voids between CP and subgrade (full contact area).

8. All forces on the pavement are normal to the surface and shear, and frictional

forces are ignored.

9. CP foundation is a semi-finite depth and has no rigid bottom.

Therefore, Westergaard’s solution has the following limitations:

1. Determine stresses and deflections for single infinite slab (i.e., joints, cracks,

and transfer load do not account).

2. Frictional and shear forces on the CP are ignored.

3. CP analysis includes only a single axle load for three positions (center, mid-

edge, and corner).
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4. The solution does not account under beneath voids due to warping or curling

slab action.

The origin Westergaard’s equations [336, 341] are:

σc =
3P

t21

[
1−

(
a

ℓ

)0.6
]

(2.17)

δc =
P

kℓ2

(
1.1− 0.88

a

ℓ

)
(2.18)

σi =
3P (1 + µ1)

2πt21

(
log10

ℓ

b
+ 0.6159

)
(2.19)

b =
√
1.6a2 + t21 − 0.675t1fora < 1.724t1orb = afora ≥ 1.724t1 (2.20)

δi =
P

8kℓ2
(2.21)

σe = 0.572
P

t21

[
log10 t

3
1 − 4 log10

(√
1.6a2 + t21 − 0.675t1

)
− log10 k + 5.767

]
(2.22)

δe = 0.433
P

kℓ2
(2.23)

ℓ =

[
E1t

3
1

12(1− µ2
1)k

]0.25
(2.24)

Where σc, σe, and σi are maximum bending stresses at corner, mid-edge, and
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center load position, respectively. δc, δe, and δi are maximum bending deflections

at corner, mid-edge, and center load position, respectively. P is a uniformly dis-

tributed pressure of wheel load in Ib., t1 is a concrete slab thickness, E1 is an elastic

modulus of concrete slab, µ1 is a Poisson’s ratio of concrete slab, a is the radius of

applied load, and ℓ is the radius of relative stiffness. Westergaard’s equations have

been widely used for many years in their original forms. Over the years, he contin-

ued to modify, refine, and improve his original equations and recommended further

research to take into account several parameters such as the effect of moisture and

temperature variations, loose of contact between the CP and subgrade, friction

forces between layers, and dynamic loads. In 1927, Westergaard [338] extended

his work to calculate the stresses and deflections that induced in the CP due to

temperature gradients. He assumed an infinitely long strip of a slab with finite

width. Six years later, Westergaard [342] improved his origin formula for internal

and edge loading cases to apply for any value of E1 and µ1. The equation for the

maximum internal and edge tensile stress become:

σi = 0.275
P (1 + µ1)

t21
log10

(
E1t

3
1

kb4

)
(2.25)

σe = 0.529
P (1 + 0.54µ1)

t21

[
log10

(
E1t

3
1

kb4

)
− 0.71

]
(2.26)

Beside, Westergaard [344] extended his interior load formula for different shapes

of the loaded area and different distributions of the load over these areas. These

load distributed included a uniformly or non uniformly over a circle, a square,

an ellipse, a triangle, or a polygon loaded area. The equation for the maximum

internal and edge tensile stress become:
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σi =

[
0.275

P (1 + µ1)

t21
log10

(
E1t

3
1

kb4

)]
+

[
3P (1 + µ1)

64h2

(
4

ℓ

)2
]

(2.27)

δi =
P

8kℓ2

[
1 + (0.3665 log10

(
a

ℓ

)
− 0.2174)(

(
a

ℓ

)2

)

]
(2.28)

Later on, Westergaard [343] extended his interior load formula for different

shapes of the loaded area and different distributions of the load over these areas.

These included a load distributed, uniformly or non uniformly over a circle, a

square, an ellipse, a triangle, or a polygon loaded area. Six years later, Westergaard

[337] developed a new formula for airfields to permit the effect of the load transfer

between pavements joints of the airfield. He mentioned that the footprint of the

tire is a curve that lies between an ellipse and a circumscribed rectangle. Therefore,

he assumed the wheel load to be distributed uniformly over a semi-ellipse at the

slab edge and an ellipse at the edge and center of the slab. Also, he developed a

relation between the stresses and deflections on both sides of pavement joints. The

tensile stress and deflection for a semi-ellipse wheel loading case at the bottom of

the slab were expressed as follow:

σe =

⎡⎢⎣2.2P (1 + µ1)

(3 + µ1)t21
log10

E1t
3
1

100k
(
a+b
2

)4
⎤⎥⎦+ [

3P (1 + µ1)

π(3 + µ1)t21
i

(
3.84− 1.3µ1 − (1− µ1)

a− b

a+ b
+ (1 + 2µ1)

b

2ℓ

)]
(2.29)
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δe =

⎡⎣P√
2 + 1.2µ1√
E1kt31

⎤⎦ [1− (0.323 + 0.17µ1)
b

ℓ

] [
1− (0.76 + 0.4µ1)

y

ℓ

]
(2.30)

Where y is the distance from the edge to any point on the axis of symmetry

perpendicular to the edge. And the tensile stress and deflection for an ellipse wheel

loading case at the slab edge at bottom of the slab were expressed as follow:

δe =

⎡⎣P√
2 + 1.2µ1√
E1kt31

⎤⎦ [1− (0.76 + 0.4µ1)
b

ℓ

] [
1− (0.76 + 0.4µ1)

y

ℓ

]
(2.31)

While, the principal tensile stress at the bottom of the slab under the centre

of the elliptical load is:

σi =
P

t21

⎡⎢⎣0.275(1 + µ1) log10

⎛⎜⎝ E1t
3
1

k
(
a+b
2

)4
⎞⎟⎠∓ 0.239(1− µ1)

a− b

a+ b

⎤⎥⎦ (2.32)

δi =
P

8kℓ2

⎡⎢⎣1−
⎛⎜⎝a2 + b2 + 4x2 + 4y2

16πℓ2
log10

E1t
3
1

k
(
a+b
2

)4
⎞⎟⎠−

(
a2 + 4ab+ b2

16πℓ2

)
+

(
(a− b)(x2 − y2

2πℓ2(a+ b)

)]
(2.33)

On the other hand, several researchers have been modified and improved West-

ergaard’s equations to take account of many factors such as the area of applied

load, load transfer mechanism across the adjacent pavements, and temperature
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and moisture variation. Teller and Sutherland [304] compared the test results of

their previous works [303, 305, 306] with the Westergaard’s solutions [336, 341, 342,

343, 344]. They conducted that Westergaard’s solutions simulate the CP behavior

accurately. Further, Spangler [285] made comparisons between his experimental

work and the origin Westergaard’s formula for corner loading case [336, 341]. His

experimental work included measuring the tensile flexural strains at the top of

the slab for the corner load case. He proposed a new formula for the path of a

corner break depends on the strain measurements. He found that Westergaard’s

assumption [336, 341] of uniform moments along a line that is perpendicular to

the corner bisector was not accurate. He found that the moment is non-uniformly

distributed along the locus, being greater near the bisector than at the pavement

edges. He also conducted that Westergaard’s formula [336, 341] agreed with the

test results for the maximum stress location.

Three years later, Spangler [287] improved his origin work [285] and conducted

that the maximum moment for corner loading case is independent on the distribu-

tion shape of corner load while is dependent upon the magnitude and the position

of the load. He also conducted that Westergaard’s formula [336, 341] is adequate

for any shape of the corner load area as long as the wheel load is symmetrically

distributed about bisector of the pavement corner. Hogg and Hall [132] proposed

an analytical solution depending on the assumption of a subgrade as a semi-infinite

elastic layer to calculate deflections and stresses of a concrete pavement under a

single wheel load. They adopted the concrete pavement as an infinite thin slab

since their model derivation considered a center load far away from pavement

joints. Beside, Bradbury [58] proposed equations for determining warping stresses

at the center, mid-edge, and corner slab due to temperature variation. Bradbury
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[58] also studied the effect of joints or cracks in concrete pavements and improved

Westergaard’s solution [342] by proposing an analytical model to determine the

pavement response under center, mid-edge, and corner loading cases as following:

σi = 0.31625
P

t21

[
4 log10

ℓ

b
+ 0.633

]
(2.34)

σe = 0.57185
P

t21

[
4 log10

ℓ

b
+ 0.3593

]
(2.35)

σc =
3P

t21

[
1−

(
a

ℓ

)0.6
]

(2.36)

Kelley [156] studied the effect of the redistribution of the applied load when the

wheel moved with half the tire hanging over the pavement edge. He pointed the

radius of the remaining half circle area is longer than the radius of the circle when

the whole wheel tire is resting on the slab. Besides, he modified the origin West-

ergaard’s formula and Bradbury [58] equations. Kelley [156, 156, 156] conducted

empirical formula to modify the Westergaard [336, 341, 342] and Bradbury [58] so-

lutions based on the test results of Teller and Sutherland works [305, 306, 303, 304].

Kelley [156] modified the Bradbury formula [58] for the edge loading case and can

be expressed as follows:

σe = 0.57185
P

t21

[
4 log10

ℓ

b
+ log10 b

]
(2.37)

For the corner wheel loading case, the empirical equation proposed by Kelley [156]

to modify Westergaard’s formula [336, 341] was:

39



σc =
3P

t21

[
1−

(
a

ℓ

)1.2
]

(2.38)

While, Kelley [156] modified Bradbury formula [58] for center loading case as:

σi = 0.31625
P

t21

[
4 log10

ℓ

b
+ 0.1788

]
(2.39)

Reissner [249, 250] studied the effect of torsion of an infinite rectangular plate

with a circular hole by developing a thick-plate theory (TKPT). Reissner’s theory

adopted stress variation through the thickness of the plate. Further, Pickett [236]

developed the following formula for the bending stress due to a corner circular

loaded area of radius a, which takes into account the effect of partial subgrade

support:

σc =
4.2P

h2

[
1−

(
(a/ℓ)0.5

0.925 + 0.22 (a/ℓ)

)]
(2.40)

Further, Pickett and Ray [237] proposed influence charts by modifying West-

ergaard’s equations [336, 341] for the center and edge loading cases to an analysis

of CP and their charts did not receive much attention due to the complexities

to use it. Mindlin [208] investigated the shear deformation and proposed an an-

alytical model based on field deflections. Childs et al. [70] evaluated the effect

of the sub-base layer on CP behavior by carried out experimental work, which

included concrete testing pavement with free edges and corners and there were no

curling and warping considerations. Comparisons made between the experimental

test results and Westergaard’s [336, 341], Kelly’s [156], and Pickett’s [236] models.

Also, He developed a numerical model to convert stresses into strains. In the other
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study, Childs and Kapernick [71] investigated the effect of flat and curled CP, and

they compared the test results with the Westergaard [336, 341, 337], Kelley [156],

and Pickett [236] equations. They concluded the Westergaard’s model agreed well

with the experimental results for flat slab only, while Kelley [156], and Pickett

[236] equations are close to the experimental results for curled CP.

Further, Leonards and Harr [177] improved a theory to determine stresses and

deflections for warped finite and circular CP on full or partial subgrade support due

to center wheel load and/or temperature and moisture gradients. While, Sebastyan

and Penner [264] made a comparison between experimental work of CP under loads

at the center, and free and dowelled corner and the Meyerhof’s solutions [204], and

Westergaard’s origin formula. They conducted that the first-crack loads of slabs

tests were greater than the estimated load by both solutions. loannides et al.

[142] developed a linear finite element analysis (FEA) to reexamine Westergaard’s

formula for the interior, edge, and corner wheel loading cases. They adopted the

Kirchhoff theory to model the CP, which is a TNPT and the transverse shear

deformations are neglected. According to the results of FEA, loannides et al. [142]

suggested to use the Westergaard origin formula [336, 341] for the interior loading

case and the Westergaard [337] revised formula for edge loading case instead of

the original formula. Moreover, loannides et al. [142] improved the Westergaard’s

origin formula [336, 341] for corner loading case as a following:

σc =
3P

t21

[
1−

(
c

ℓ

)0.72
]

(2.41)

Where c is the side length of the square loaded area. They concluded the

Westergaard’s formula is applicable for infinite CP dimensions, which is achieved

when the minimum slab dimension ratio (L/ℓ) for bending stresses is 3.5, 5.0, and
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4.0 for internal, edge, and corner wheel loading case, respectively.

2.9.2 Numerical Analysis Methods

Due to the impossibility to get a solution from closed-form formula for several

pavement structures because of complexities related to material properties, pave-

ment geometry, load feature, and boundary conditions and with the evolution of

high-speed computers, CP analysis by numerical technique was available [101].

There are three types of numerical techniques, which have been used to analyze

CP; discrete element method (DEM), finite difference method (FDM), and finite

element methods (FEM). In the 1960s, the University of Texas presents the first

application DEM to an analysis of CP [275, 334]. Due to the difficulties in handling

pavement edges, DEM has rarely been used, and FEM preferred instead it [262].

The significant disadvantages of DEM formulations are difficultly incorporated of

varying sizes of elements into the analysis process and consideration, which are

needed at a free edge cannot be determined uniquely. Hudson and Matlock [138]

was the first researcher who used DEM for CP analysis. They took account of the

effect of pavement joints on the response of CP, and the subgrade simulated as a

Winkler foundation. Vora and Matlock [331] modified the model of Hudson and

Matlock [138] by including an element of different sizes, anisotropic skew slabs,

and semi-infinite elastic solid subgrade.

On the other hand, the first researcher who developed a concept of FEA was

Hrenikoff [133]. He used truss and beam elements to analysis of aircraft. three

different kinds have been utilized for FEM modeling of CP; plane-strain, axisym-

metric, and three-dimensional (3D) formulation. The accuracy level of the FEM de-

pends upon many factors such as degree of mesh refinement, element type, and lo-
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cation of evaluation [101]. With the evolution of capabilities and high-performance

computers, FEM is extensively utilized to simulate and model complex engineer-

ing problems in many fields such as civil, electrical, mechanical engineering. The

solution of FEM has been divided into two kinds, general and specific programs.

General programs have been used to general problems such as ANSYS [251] and

ABAQUS [129]. While, specific programs have been used to analysis concrete

pavement such as EVERFE [85], ISLAB2000 [159], ILLI-SLAB [296], J-SLAB

[300], KENSLABS [136], FEACONS [310], ADINA [6], WESLAYER [137], and

WESLIQID [137].

EverFE [85] is a 3D FEA program, which was initially developed by the uni-

versities of Washington and Maine to emulate the response of a jointed plain CP

subjected to various traffic loads and temperature gradient effects. EVERFE [85]

and ILLI-SLAB [296] are the most two common software utilized to model CP.

EverFE is one of the few 3D FEA software specifically designed to analyze CP.

Previous studies showed a good agreement between the results of EVERFE anal-

ysis experimental works [4, 5, 39, 68, 239].

2.9.3 Yield Line Method

Most analysis methods of CP or SOG are based on the theory of elasticity, which

presents elastic slab bearing on an elastic solid or a dense liquid foundation. The

theory of elasticity is a useful method to analyze engineering structures within

stages before initial cracks and it becomes non-applicable for within the inelastic

stage. The yield line method (YLM) or plastic method, which proposed by Jo-

hansen [57, 94, 148, 284] uses to analyze structures within the inelastic stage. The

YLM considers large and plastic rotation’s incidence along yield lines. The slab

43



parts between yield lines deform elastically and are ignored in analysis; thus, these

parts can be assumed as a rigid body. The yield lines are cracks in a concrete

slab and should pass through the intersection points of axes of rotation. The yield

lines pattern determines the rotation axes and the ratio of the rotation between

the rigid bodies, which are related to the magnitude of the virtual displacement

of the slab. When a load is applied to a concrete slab, the slab behavior is elastic

and after increasing load, certain sections suffer bending moments, which equal to

the plastic moment capacity of the slab. Increasing the applied load further results

in plastifying more sections and eventually, through several yield lines, a collapse

failure occurs at the ultimate limit state. Positive and negative bending moments

create due to applied loads. The positive bending moment develops sagging yield

lines on the bottom layer of a concrete slab and the steel reinforcement ductil-

ity provides additional strength to the slab. While for FRC, the DF bridge these

cracks and provides ductility to the slab. And negative moment (hogging moment)

develops stresses on the top layer of a concrete slab and cracks will develop due to

these stresses exceed the slab capacity, then a concrete slab will fail. The hogging

resistance of a slab determines to depend on the capacity of unreinforced concrete

[57].

There are two methods to accomplish the yield line analysis, the equilibrium

method, and the collapse mechanisms method. The collapse mechanisms method

is based on the principle of virtual work (external and internal virtual work), which

is performed when a structure in static equilibrium under an applied load. The

external work is the result of applied load going through some displacement. The

internal virtual work is performed in a yielding slab by moments acting through

virtual rotations. The YLM simulates just a flexural failure of slab and soil bearing
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or punching shear failure should be considered separately [38]. The advantages

of the YLM are simplicity, economy, and versatility. The YLM deals with the

ultimate limit state, not the serviceability stage and it determines just ultimate

load capacity (not deflection or strain) [157].

Meyerhof [204] developed a formula to determine the collapse load of large

floating ice sheets represented as plates on an elastic foundation. He adopted

an elastic-plastic model to simulate the ice material, which presents as a brittle

material. He applied a circular, semi-circular, and quarter concentrated load for

a center, edge, and corner case, respectively. Sebastyan and Penner [264] made a

comparison between experimental work of CP under loads at the center, and a free

and dowelled corner and the Meyerhof’s origin work [204] and Westergaard’s origin

formula ([336, 341, 338, 339]). They concluded the test results agree fairly well

with the Meyerhof’s predicted results [204] for the undowelled corner of CP, while

the field failure load is higher than the predicted load for the center wheel loading

case. Meyerhof [205] extended his origin work [204] to simulate concrete SOG

under center, edge, or corner wheel loading. He used the plastic theory to develop

a semi-empirical model for collapse loads of infinitely large SOG (unreinforced or

fabric-reinforced). His model was based on a circular failure shape around the

center point load due to negative and positive curvature on opposite sides of the

failure interface. His model did not account for shear stresses along and outside the

failure cracks as well as the stresses due to shrinkage and moisture and temperature

gradients. The following equations can estimate the collapse load for the central

loading (Poi), which is uniformly distributed over a circle:

Poi = 2πMofora = 0 (2.42)
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Poi =
4πMo

1−
(

a
3ℓ

)fora/ℓp > 0.2 (2.43)

Where Mo is a moment of resistance of a pavement per unit length due to the

central applied loading. As no moment redistribution is allowed in the unreinforced

CP case, Mo was taken as the maximum elastic (i. e. yield) moment, i.e.:

Mo =
MOR.t21

6
(2.44)

While for a FRC pavement:

Mo = Mp +Mn (2.45)

Where MP and Mn are the positive and negative moments of resistance of the

CP for equal two-way reinforcement, respectively. Meyerhof adopted the ℓp value

for or a fully elastic semi-infinite solid as a:

ℓp =

[
E1t

3
1(1− µ2

s)

6(1− µ2
s)Es

]1/3
(2.46)

Where ES and µs are the modulus of elasticity and Poisson’s ratio of the sub-

grade, respectively. For the edge loading, Meyerhof [205] adopted a yield line as

a quarter circle in the middle sector, surrounded by two triangles on both sides.

The following equations can estimate the collapse load of unreinforced concrete

pavement for edge loading condition (Poe), which is uniformly distributed over a

semi-circle:

Poe = (0.5π + 2)Mofora = 0 (2.47)
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Poe =
(π + 4)Mo

1−
(

2a
3ℓp

) fora/ℓp > 0.2 (2.48)

While for reinforced concrete pavement is:

Poe = 0.5πMo + 2Mnfora = 0 (2.49)

Poe =
πMo + 4Mn

1−
(

2a
3ℓp

) fora/ℓp > 0.2 (2.50)

For the corner loading, Meyerhof [205] assumed a yield line as a triangle; the

load was uniformly distributed over a quarter circle. The following equations can

estimate the collapse load of concrete pavement for the corner loading condition

(Poc):

Poc = 2Mofora = 0 (2.51)

Poc =
4Mo

1−
(

a
ℓp

)fora/ℓP > 0.2 (2.52)

Beside, Meyerhof [205] proposed formula to determine the collapse punching

load for center wheel loading case (Pui) as following:

Pui = (2a+ t1)π.t1.ftfora = 0 (2.53)

Moreover, Meyerhof [205] suggested that the Pui is approximately one-half and

one-quarter for the edge and corner wheel load case, respectively. He also in-

troduced a transform equation to convert elliptical or a short strip with semi-
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circular ends shape of the single or dual wheels load to a circle area. Losberg

[187, 188, 186, 189] used the equilibrium method and the Johansen work [148] to

develop a yield line analysis to calculate the capacity of CP under edge and center

loading cases. A circular loaded area and a circular crack pattern were adopted

for the single-center loading case Pisin and the following equation:

(MP +Mn) ∗
1

Pisin = f
(

a
ℓp

) (2.54)

While for twin-center loading case semi-circular (Pitw), the following equation

was:

m+m′

Pitw

= f

(
c

ℓp
;
d

ℓp

)
(2.55)

Where d is the distance between the centres of the twin loads. For the single

edge load case, he developed formula for both semi-circular and circular edge loaded

areas depends on an assumed triangular crack pattern (circumscribed by a semi-

circle) and the equations were:

(MP +Mn) ∗ Pesem = f.

(
c

ℓp
;
me +m′

e

m′

)
(2.56)

MP +Mn ∗
1

Pecir = f
(

c
ℓp
; m

′

P

) (2.57)

The main difference between the Meyerhof and Losberg works that Meyerhof

assumed a crack pattern is more realistic for the edge load case than Losberg’s

assumption. Baumenn and Weisgerber [38] used the virtual-work method of Jo-

hanson [148] and developed a YLM to analyze infinite reinforced concrete SOG

to calculate collapse loads. Three different load positions were considered; in the
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center, at a free edge, and a free corner. External and internal virtual work is

performed when a structure in static equilibrium under an applied load, which is

given a virtual displacement. The external work is the result of applied loads going

through some displacement. The internal virtual work is performed in a yielding

slab by moments acting through virtual rotations. The equality of external and

internal forms the basis for an analysis of SOG by the YLM. They adopted a quar-

ter circle loaded area along with a triangular crack pattern for the center load case

and a semi-circular loaded area and a quarter-circle with two triangular ends was

assumed for the edge load case. While a quarter circle was assumed for the loaded

area along with a triangular crack pattern that was adopted for the corner load

case. The following equations for a center, edge, and corner loading cases were:

Pi =
2πMo

1−
(

a
3ℓp

)
⎡⎣1 + 16γiπ

3
(
1− a

3ℓp

)
⎤⎦ (2.58)

Pe =
πMo

1−
(
4(2a)0.5

9ℓp

)
⎡⎢⎣1 + 0.844γeπ

1−
(
4(2a)0.5

9ℓp

)
⎤⎥⎦ (2.59)

Pc =
2Mn

1−
(

(a/ℓp)
0.5

1.8

)
⎡⎢⎢⎣1 + 11γc (a/ℓp)

2

1−
(

(a/ℓp)
0.5

1.8

)
⎤⎥⎥⎦ (2.60)

They compared their analysis results with Meyerhof [205] and Losberg [189]

results and found their equations for all three cases were conservative. Rao and

Singh [244] used a YLM to calculate the collapse load of a rigid-plastic slab resting

on a subgrade. Load carrying capacity was predicted at the center, edge, and

corner. They adopted two modes of collapse; rigid and semi-rigid collapses. The

rigid collapse was assumed as a rigid load such as a column cast with the slab, and
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a plastic hinge was formed at the bottom of the slab around the column. Semi-rigid

collapse was assumed as a flexible loading such as a wheel load on a pavement and

a plastic hinge was formed at the pavement bottom inside the loaded area. The

collapse rigid (Pir) and semi-rigid (Pis) loads for center loading case are given by:

Pir = Mo

[
2π(1 + 2β3 − 3β4)

1− 2β + 2β3 − β4

]
(2.61)

Pis =
6Moπ

3−

⎡⎣2(1−β3)

(
2α+ β3

α2

)
1+2β3−3β4

⎤⎦ (2.62)

In which α = a/b and β = c/b. For edge loading case, the collapse rigid (Per)

and semi-rigid (Pes) loads are given by:

Per = Mo

[
(1 + i)π(1 + 4(2)0.5β3 − 12β4)

1− 2(2)0.5β + 4(2)0.5β3 − 4β4
− π

4

]
(2.63)

Per = Mo

⎡⎢⎢⎢⎢⎢⎢⎣
3(1 + i)π

3−

⎡⎣2(1−2(2)0.5β3)

(
2(2)0.5α+(2)0.5 β3

α2

)
1+4(2)0.5β3−12β4

⎤⎦ − π

4

⎤⎥⎥⎥⎥⎥⎥⎦ (2.64)

For corner loading case, the collapse rigid (Per) and semi-rigid (Pes) loads are given

by:

Pcr = Mo

[
0.5π(1 + i)(1 + 16β3 − 48β4)

1− 4β + 16β3 − 16β4
− π

8

]
(2.65)
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Pcr = Mo

⎡⎢⎢⎢⎢⎢⎢⎣
1.5(1 + i)π

3−

⎡⎣2(1−8β3)

(
4α+2 β3

α2

)
1+16β3−48β4

⎤⎦ − π

8

⎤⎥⎥⎥⎥⎥⎥⎦ (2.66)

Adding DF in concrete plays a significant role within the inelastic stage (af-

ter cracks initiation) and several studies adopted different ways to consider these

benefits by YLM. Meda [203] developed the work of Bauman and Weisgorber [38]

to propose the YLM for steel FRC SOG. He adopted the fe to calculate the plas-

tic bending moment along the yield lines, which is a parameter characterizing the

post-cracking of FRC. The center load position is only considered for three different

boundary conditions; free, simply supported, and full continuity. The free edges

boundary is present expansion joints of CP or concrete SOG. The simply sup-

ported edges boundary is present dowel or tie bars across the edges of pavements

or slab. While full continuity is reflected when the pavement tends to behave axial

symmetrical close to the applied load and several cracks develop radially. On the

other hand, Technical Report No.34 by the Concrete Society UK [280] adopted the

Re,3 to take account of the ductility provided by DF in the YLM. Technical Report

No.34 adopted no shear failure due to the ductility provided. Positive and nega-

tive moments can be determined by the following equations, While load capacity

calculates by Equation (2.45).

Mp =
MOR.Re,3.t

2
1

6λc

(2.67)

Mn =
MOR.t21

6λc

(2.68)

Further, Bothma [57] investigated the use of SYDF in the design of a concrete
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SOG. He evaluated two different design methods, Westergaard’s formula and the

YLM for their prediction accuracy. Large scale tests were performed on concrete

slabs and beams to determine the flexural capacity as well as ductility provided

by the addition of SYDF. The study results showed that the YLM gives more

accurate results than Westergaard’s formula and it recommends thinner required

slab thicknesses.

2.9.4 Thick Plate Theory

Since thick-plate theory (TKPT) will be adopted in this study, all details about it

will be discussion in the next chapter.

2.10 Bending Capacity of Ultra-thin

Whitetopping

The current UTW design procedures, guides, and methods have been adopted the

SR concept to calculate the required t1 [2, 191, 352]. The flexural strength is an

essential parameter to design SOG and CP, which is calculated from determining

the MOR of concrete beam test according to the standardized specification of

ASTM C78 [22] [265, 171, 257]. ASTM C78 [22] uses an elastic formula (Equation

2.1) to determining MOR, which presents the capacity of a concrete beam test

before crack happen in the concrete beam. SYDF in concrete play a significant

role in the concrete matrix after the elastic stage (during cracks appearance) [3,

57, 60, 140, 283]. Hence, using the elastic formula of ASTM C78 [22] to calculate

the FRC capacity would not capture the fiber’s benefits and recommend the same

thickness for plain concrete [11, 107, 283]. Further, DF improves the dynamic
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properties of plain concrete such as fatigue resistance, impact characterizes, and

toughness. Thus, understanding the post-cracking behavior of FRC is much more

valuable than attempting to determine the FRC capacity depends on an elastic

formula [102].

Altoubat et al. [11] proposed using the Re,3 to determine the added flexural

capacity of DF to FRC. They proposed an effective modulus of rupture (MOR′,

Equation (2.69)) that depend on proportionally increasing the MOR by the Re,3

value, which calculated by Equation (2.16) to account the discrete fiber’s benefits

to capacity. Hence, Bordelon and Roesler [54] used the procedure of Altoubat

et al. [11] to modify the UTW design method. They suggested that using the

MOReff. calculation (Equation 2.70) depends on the R150
150, which calculated by

Equation (2.12) rather than the Re,3 to quantify the fiber’s benefits in concrete.

The fe,3 and the f 150
150 are similar in that they both determine residual strength

values of FRC after crack appearance. The point about the procedure of Bordelon

and Roesler [54] is a determination of the MOReff. depends on testing just the

concrete layer, not composite layers (FRC/asphalt), even though all UTW design

methods have adopted monolithic section behavior. Therefore, pavement capacity

should be determined depending on both layers (FRC/asphalt).

MOR′ = MOR.(1 +Re,3) (2.69)

MOReff. = MOR.(1 +R150
150) (2.70)

Where MOR′ and MOReff. are the effective modulus of rupture, which pro-

posed by Altoubat et al. [11] and Bordelon and Roesler [54], respectively, MPa or
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psi.

2.11 Composite Beam Testing

Although there are several studies proposed a post-cracking strength in order to

evaluate the benefits of DF in the concrete mix, the point about these studies is

the calculation of the PCS for the concrete layer only, not for composite layers

(FRC/asphalt), even though the design of all UTW depends on its behavior as a

monolithic section. The initial idea of testing of a composite beam began in 2006

as a two different class project at the University of Illinois by Tursun [316] and

Braham [59]. They investigated the effects of concrete mixture characterizes on

composite beam behavior.

The Tursun’s [316] work included a concrete layer over the asphalt layer. An

asphalt mix was mixed, compacted, and cut to the desired dimensions (75x75x375

mm (3.0x3.0x15.0 in.)). To simulate a crack in the asphalt layer, the asphalt com-

pacted beams had an aluminum bar placed vertically in the center of the beam and

then removed. The concrete panel was cast using 150x150x525 mm (6.0x6.0x21.0

in.) and then cut to the beam dimensions of 75x75x375 mm (3.0x3.0x15.0 in.).

Plain and FRC mixtures were utilized in his work. The composite beams were

tested on a 25 mm (1.0 in.) rubber base thickness and a center load was applied

on the surface of the concrete layer (i.e. the concrete layer was under compressive

stress and the asphalt layer was under tensile stress). Tursun [316] conducted that

FRC and plain concrete had a close value of MOR, but the FRC mix had lower

load dropping than the plain concrete mix.

On the other hand, the work of Braham [59] included testing a composite

54



beam, which consisted of three layers, two concrete layers separated by 25 mm

(1.0 in.) of the asphalt layer. Both the concrete layers were cast using wooden

molds and then cut to the dimensions of 63x10x375 mm (2.5x4.0x15.0 in.) and

one of them was saw-cut in half to simulate a joint at mid-span of the samples.

The asphalt mixture was mixed and compacted directly on the one concrete beam.

Then, the second concrete layer was placed on the composite beam as an unbonded

condition. The whole composite beams were tested on a rubber base under center

loading and the vertical displacements were measured. The bonded concrete layer

was under compressive stress and the middle asphalt layer was under tensile stress,

while the top surface of the unbonded concrete layer was under compressive stress

and the bottom surface was under tensile stress. Braham [59] found that adding

DF in concrete has no effect on the MOR of composite beams but using FRC

improves the crack mouth opening displacement (CMOD) and the load reduction

after cracking compared with plain concrete.

Since both procedures of Tursun [316] and Braham [59] included test concrete

layer under compressive stresses and the role and benefits of DF in concrete under

compressive stress is slight [294, 10], testing of the composite beam with a concrete

layer under compressive stress (a concrete layer on the top) provides inaccurate

results for the flexural capacity of composite beams and this procedure does not

reflect the real critical case of UTW in the field. Therefore, Tursun [316] and Bra-

ham [59] conducted that using DF in concrete has no effect on the flexural capacity

of composite beams. Therefore, UTW capacity should be calculated depending on

composite layers in the state, which reflect the critical case of the UTW in the

field.
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2.12 Design Methods of Ultra-thin

Whitetopping

The most common method types of CP are the American Association of State

Highway Transportation Officials (AASHTO) design method [2] and the Portland

Cement Association (PCA) design method [19], which both them do not apply to

UTW design. The AASHTO method [2] does not take account of the interface

bond between layers and the overlay thickness is considered as the new CPO and

EAP is adopted as part of a pavement foundation. The PCA method [19] does

not apply to the CP, which has a thickness of less than 125 mm (5 in.). Therefore,

design methods developed after the first UTW project constructed, which include

selecting the UTW thickness and joint spacing subjected to anticipated environ-

mental and traffic loading. Consequently, design procedures, guides, or methods

for UTW have been developed and improved over many years. Most of these

procedures are empirical and valid only for the conditions for which they were

developed [33, 118, 313]. The most common types of design methods of CPO are

the PCA method [352], the New Jersey (NJ) method [328], the American Concrete

Pavement Association (ACPA) method [15], the Colorado Department of Trans-

portation (CDT) procedure [297, 268], and the Federal Highway Administration

(FHA) [75] design method. The following sections will be discussing the first two

design methods, which adopted by this study to verify the proposed method.

2.12.1 The Portland Cement Association Method

The PCA started comprehensive research in 1994 and spent three years developing

a mechanistic based design procedure for UTW. The PCA’s project included an
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overall literature review of previous UTW projects, the current condition of UTW

sites in Tennessee and Georgia, instrumentation and load testing of many projects,

development of a 3D FEM; and development of a design method and construction

guidelines. Development of the PCA method included the following steps:

• Verification of the 3D FE Model Strain data collected from the project were

utilized to verify and calibrate the model, which developed in the PCA

project and was used as an analytical tool to analyze the performance of

UTW and to develop the design method. To verify the model, computed

stresses, which were calculated from strains data collected, were compared

with predicted stresses obtained from the model.

• Identification of degree of interface bond The project results have shown

that UTW behaves as a partially bonded CPO although the design and

construction a fully bonded.

• Correlation between stresses calculated from ILSL2 and the model Using of

the 3D FE model was not workable and feasible due to the time required

for each run and instead, correlations were developed between stresses com-

puted by the ILSL2 program and the 3D FE model and were used in the

development of the design method.

• Development of design guidelines The following steps are the processes of

PCA design method: • Stresses induced by applied loads and temperature

conditions were separately determined for bonded UTW using the ILSL2

model. A wide range of UTW parameters and material properties were cov-

ered. • The 2D model stresses were converted to 3D model stresses using

the conversion equations derived in the previous step. • The converted 3D
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model stresses were increased by 36% to account for the partially bonded

condition, as observed in the field testing. • Equations were developed to

correlate the converted and adjusted stresses to different pavement param-

eters. Stresses and strains were then calculated for typical parameters for

UTW pavements under different loading and temperature conditions and

were tabulated. • UTW pavement thickness design was accomplished by

limiting both the concrete and asphalt strains within safe limits under an-

ticipated traffic and environmental loadings in the pavement’s design life.

2.12.2 New Jersey Method

The NJ procedure for UTW is based on field testing data and FEA. The NJ project

was conduction a UTW ramp in 1994 in New Jersey and using data from Heavy

Weight Deflectometer, Falling Weight Deflectometer, Dynamic Cone Penetrometer,

visual survey, and pavement cores to calibrated the 3D FE model. Depend on

these experiences, a complete UTW design method was recommended, which takes

account of the following parameters.

• Traffic Loading

Axle load spectra data are gained from the NJ project and converted into

a number of equivalent 18-kip single axle loads (ESALs). Load equivalency

factors, which developed from the finite element analysis (FEA) used for

the conversion. The NJ procedure utilized the Asphalt Institute’s fatigue

algorithm as the criterion for establishing load equivalencies rather than in

the concrete overlay to sure the failure of the existing asphalt layer should

not fail before the concrete overlay.
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• Environmental Condition

The maximum stresses in UTW are determined as the sum of the correspond-

ing stresses due to the traffic loading and the temperature variations. The

formula of the NJ procedure was obtained from the results of the FEA, which

depends on the linear temperature differential between the top and bottom

of the concrete overlay and the coefficient of linear thermal expansion and

the E1.

• Characterization of Pavement Foundation

The modulus of elasticity (E2), and effective thickness (t2) of the existing

asphalt layer required, and k value are required in the design equations. The

minimum value of t2 is 100 mm (4 in.) is required to depend on FEA. Using

DF or other additives materials in the concrete overlay is not considered in

the design process. The t2 is the existing asphalt thickness after subtracting

the depth of the milling process.

• Slab Dimensions

The NJ procedure takes accounts only 0.9 and 1.2 m (3.0 and 4.0 ft.) square

slab dimensions depend on FEA.

• Interface Bond

Although the UTW have constructed as a full bonded layer, both unbonded

and bonded cases were considered in the NJ procedure and the partial bonded

case was not simulated.

• UTW Structural Analysis

The structural analysis software SAP2000 was utilized to build 3D FEM for
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UTW. Statistical algorithms were used to fit the results of several software

running, and the average error was around 2.5 percent.

• Performance Criteria

The allowable tensile stress in the existing asphalt pavement is derived from

the fatigue algorithm of the Asphalt Institute, which limits cracking to 10%.

On the other hand, the maximum allowable of load repetitions for the con-

crete overlay is determined according to the fatigue equation of the Portland

Cement Association. The NJ procedure includes an assuming trial t1 and

the maximum tensile stresses in each layer are determined based on the NJ

equations. These predicted stresses are compared with the allowable stresses

for certain design conditions. Then, the trial t1 is modified as needed until

achieving the predicted stresses lower than the allowable stresses.

• Reliability Analysis

The number of ESALs estimated using the FEA is adjusted to account for

reliability. This task uses the AASHTO design method [2] that incorporates

the overall standard deviation, S0, and the standard normal deviate, ZR.
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Chapter 3

The Proposed Analytical

Thick-plate Model

3.1 Thick Plate Theory

The plates structure are indicated all structures, which are loaded in or perpendic-

ularly to their plane and transfer of forces in two directions, such as floors, walls,

deep beams, or slabs-on-ground (SOG) [51]. Concrete SOG such as concrete pave-

ments (CP) of roads and airports, nuclear plants, industrial floors, and foundations

are an extremely common technical problem in civil engineering. There are sev-

eral analytical and numerical solutions to resolve these structures which adopt a

thick-plate theory (TNPT). The two primary assumptions adopted by TNPT are

infinite plate dimensions and a Winkler foundation type. A major shortcoming

in the assumption of the infinite plate dimensions is that the joints effect cannot

be considered, especially for small SOG under the mid-edge or corner loading. In

terms of the Winkler foundation, a minor shortcoming is that there is no ability
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to consider the transverse shear deformation by plate foundation, and errors are

involved in the results [51, 273, 360]. Furthermore, Fwa et al. [105] conducted that

the analysis a CP by TNPT gives an underestimated value of the maximum corner

deflection, and an underestimated or overestimated value of the maximum corner

stress, depending on the pavement dimensions (L) and radius of relative stiffness

(ℓ) values. Therefore, to include both of these effects in an analysis of SOG or CP,

thick-plate theory (TKPT) with free four edges should be adopted [273].

The TKPT was proposed in the 1930s by Woinowsky-Krieger [348]. After

14 years, Reissner [249] developed his theory and considered the effects of shear

deformation and normal pressure for three different boundary conditions of plate

edges under the Winkler foundation. There were limited solutions derived for free

edges rectangular thick-plate on an elastic foundation because of the difficulty of

the free-edge boundary condition. Along with the computer’s development, some

researchers developed the solution of Reissner [249]. Henwood et al. [126, 127]

proposed solutions for thick-plate with free edges on the Winkler foundation based

on three different methods, namely the finite difference method (FDM), finite

element methods (FEM), and a Fourier series methods. Furthermore, Shi and Yao

[271] used a superposition method to develop an analytical solution for a thick-

plate with four free edges on the Winkler foundation. All these solutions only

adopted a thick elastic foundation (Winkler foundation), which just overcame the

major shortcoming (infinite plate dimensions) of TNPT.

Winkler model [347] and the elastic half-space model [136] are the most common

models used to describe the foundations of SOG. The Winkler model only considers

normal stresses and ignores the shear interaction of the foundation, whilst the

elastic half-space model simulates the foundation with a higher degree of shear
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interaction than is observed in reality [52, 273]. Yao [356] and Chou [74] found that

the analysis of the foundation of SOG under the previous assumptions provides

inaccurate results. Therefore, the real state of the transverse connection in an

actual foundation of SOG or CP is between these both cases [273]. Over the years,

various foundation models have been proposed to include the shear resistance of

foundations and to achieve accurate predictions of stresses and deflections with field

observations [100, 128, 158, 231]. Amongst these models, the Pasternak’s model

[231] is the most appropriate and is widely adopted by researchers to simulate

SOG foundations. The Pasternak’s model allows the transverse connection in the

structure foundation (subgrade or subbase layers) to be considered and assumes

the shear contributions of the foundation are incorporated by using the vertical

elastic springs to simulate an elastic shear layer connection. Pasternak’s model

is based on two parameters to simulate the pavement foundation; the modulus of

subgrade reaction (k) and the foundation shear modulus (Gb). The Pasternak’s

model provides accurate predictions of stresses and deflections of CP [106]. Hence,

various researchers [106, 232, 272, 317, 318] have adopted Pasternak’s model to

simulate the foundations of the CP.

Shi at al. [273] modified Reissner’s work [249] to include the Pasternak’s model

and proposed the theoretical solution for a single rectangular thick-plate with four

free edges under the vertical load applied at any position on the plate. The solution

of Shi at al. [273] was compared with that of Henwood et al. [126, 127] and there

was an adequate correlation between the results. Moreover, Shi at al. [273] made

a comparison between their solution and the solution of the thin-plate on the

Pasternak foundation. The results demonstrated that TNPT gave an accurate

result for all loading positions except the corner position (which is a critical case)
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because of neglect of the transverse shear deformation in the plate.

The main goal of the present study is to modify the analytical thick-plate model

(TKPM) of Shi et al. [273] to cover a UTW using the equivalent plate concept

(EQPC). Two comparisons were made to verify the accuracy of the proposed so-

lution. The first comparison was made with experimental results to verify the

proposed solution. The comparison evaluation included comparing the predicted

stresses by the proposed solution and two different analytical solutions, the Port-

land Cement Association (PCA) and New Jersey (NJ) formulas. Moreover, the

proposed model was used to perform a parametric analysis to evaluate the effects

of the most common important parameters on the maximum bending stresses in a

UTW.

3.2 Equivalent Plate Concept

As a result of the solution of Shi et al. [273] adopting a single thick-plate case,

composite pavements such as a concrete pavement overlay (CPO) over an existing

pavement or CP over a base layer cannot be analyzed and must be converted to

an equivalent, homogeneous and individual layer to be analyzed by the TKPM of

Shi et al. [273]. The mechanical behavior of composite pavements is extremely

complicated and it is difficult to predict their mechanical response under the ap-

plied loading in consideration of the design parameters such as the stiffness and

thickness of each layer [220]. Some analysis methods have been proposed to predict

the mechanical behavior of composite pavements that are comprised of layers of

different materials. Ioannides et al. [142] proposed the EQPC to convert the com-

posite pavement to a single layer. Their assumption was that both the two layers
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deform identically and only one neutral plane forms for both layers as following:

De = D1 +D2 (3.1)

Where De,1 ,2 is the flexural stiffness of the composite, overlay, existing layers,

respectively. Therefore, the thickness of the equivalent layer (te) calculated by:

te =
[
t31 +

E2

E1

t32 + 12
[
(x− 0.5t1)

2 t1 +
E2

E1

(t1 − x+ 0.5t2)
2 t2

]]0.333
(3.2)

Where:

- E1: Elastic modulus of concrete slab.

- E2: Elastic modulus of existing pavement.

- t1: Thickness of concrete slab.

- t2: Thickness of existing pavement.

- x: Distance from the top layer to neutral axis (N.A) of the equivalent layer as

shown in the Figure (3.1) and can be determined from the following Equation:

x =
0.5E1t1t2 + E2t2 (t1 + 0.5t2)

E1t1 + E2t2
(3.3)

3.3 The Proposed Analytical Model

One of this study’s goals is to present an analytical model to determine critical

bending stresses (σc) due to corner wheel loading on UTW by modifying the rect-

65



Figure 3.1: Stress distribution in the UTW, (a) original two layers; (b) equivalent
layer.

angular TKPM derived by Shi et al. [273] using EQPC. The proposed analytical

model depends on all equations of Shi et al. [273] work appropriately except the

following equations (plate parameters), which include properties of an equivalent

section instead of only the properties of a concrete overlay:

c2 =

[
t2e(2− µe)

(1− µe)

]
/10 (3.4)

De =

[
Eet

3
e

(1− µ2
e)

]
/12 (3.5)

Gc =

[
Ee

(1− µe)

]
/2 (3.6)

D1 = De + c2Gb (3.7)

D2 =

[
De +

Gbt
2
e

(1− µe)

]
/10 (3.8)
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G1 = 1 +

[
3µeGb

(Gcte)

]
/5 (3.9)

G2 = µe +

[
3µeGb

(Gcte)

]
/5 (3.10)

Ee and µe are the elastic modulus and the Poisson’s ratio of the equivalent

plate, respectively. The same assumptions, boundary conditions, procedure, and

steps of Shi et al. [273] were followed in this study.

3.4 Verification and Implications of the

Proposed Model

A convergence of the proposed analytical model for the σc occurring at the top of

the CPO was examined by comparison with three different field data of Tia et al.

[313], Sheehan et al. [268], and Newbolds and Olek [218]. All studies conducted

a series of loading experiments on test pavements to evaluate the performance

of UTW on DAP. The features and properties of the test sections of Tia et al.

[313], Sheehan et al. [268], and Newbolds and Olek [218] are displayed in Tables

3.1, 3.2, and 3.3, respectively. All field data were strains of data and converted to

stresses for comparison with predicted stresses using Hooke’s law. Furthermore, the

predicted σc of the proposed model was also compared with the calculated σc from

two different methods (PCA and NJ methods). In order to identify parameters

that significantly affect the UTW performance, an extensive parametric study was

conducted and their ranges were investigated (as depicted in Table (3.4)). For all

cases, the following material properties were kept constant:
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1. Poisson’s ratio of CP, µ1: 0.2.

2. Poisson’s ratio of distressed asphalt pavements (DAP), µ2: 0.35.

3. Corner wheel loading, Pc: 40 kN (9.0 kip).

Table 3.1: The Features and Properties of Field Test Sections of Tia et al. [313]

Case S1 S2 S3 S4 S5 S6
Pavement Dimensions, 1.2 1.2 1.2 1.8 1.8 1.8

m (ft.) (4.0) (4.0) (4.0) (6.0) (6.0) (6.0)
Corner Load, kN (kip) 53.4 (12.0)
Overlay Thickness, 100 125 150 100 125 150

mm (in.) (4.0) (5.0) (6.0) (4.0) (5.0) (6.0)
Elastic Modulus of 30000
Overlay, MPa (ksi) (4350)

Thickness of Existing 100
Pavement, mm (in.) (4.0)

Elastic Modulus of Existing 4825
Pavement, MPa (ksi) (700)
Thickness of Base 300
Layer, mm (in.) (12.0)

Elastic Modulus of Base Layer 1100
Pavement, MPa (ksi) (160)
Elastic Modulus of 30
Subgrade, MPa (psi) (315)

3.5 Results of the Model Verification

Figures 3.2, 3.3, and 3.4 show the comparison of the predicted stresses by the pro-

posed model with the measured stresses in the three test sections under a corner

loading condition. When they are equal, the distribution of the data points along

the line of equality is expected. The tendencies of the predicted stresses distri-

butions were close and higher than the measured stresses. Therefore, that clearly
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Table 3.2: The Features and Properties of Field Test Sections of Sheehan et al.
[268].

Cell 60 61 62 63 91 95 96
Pavement Dimensions, 1.8

m (ft.) (6.0)
Corner Load, kN (kip) 80.1 (18.0)
Overlay Thickness, 125 125 100 100 75 75 150

mm (in.) (5.0) (5.0) (4.0) (4.0) (3.0) (3.0) (6.0)
Elastic Modulus of 32000
Overlay, MPa (ksi) (4650)

Thickness of Existing 125 175 175 200 75 250 150
Pavement, mm (in.) (7.0) (7.0) (8.0) (8.0) (3.0) (10.0) (6.0)

Elastic Modulus of Existing 2400
Pavement, MPa (ksi) (350)
Modulus of Subgrade 0.0855

Reaction, MPa/mm (pci) (315)

Table 3.3: The Features and Properties of Field Test Sections of Newbolds and
Olek [218].

Case A1 A2 A3 A4 A5 A6 A7
Pavement Dimensions, 1.2

m (ft.) (4.0)
Corner Load, kN (kip) 80.1 (18.0)
Overlay Thickness, 62 62 62 100 75 50 75

mm (in.) (2.5) (2.5) (2.5) (4.0) (3.0) (2.0) (3.0)
Elastic Modulus of 30450 39300 30450 32900 32900 32900 32900
Overlay, MPa (ksi) 4425 5700 4425 (4775) 4775 4775

Thickness of Existing 300 250 300 125 125 125 100
Pavement, mm (in.) (12.0) (10.0) (12.0) (5.0) (5.0) (5.0) (4.0)

Elastic Modulus of Existing 1725 2760 1725 3450 3450 3450 3450
Pavement, MPa (ksi) 250 400 250 (500) 500 500 500
Modulus of Subgrade 0.05

Reaction, MPa/mm (pci) (200)

indicated that the proposed analytical model to determine the critical stresses in

UTW provided accurate and safe results. In contrast, the results of the compar-

isons between predicted stresses by the proposed model and calculated stresses by

the PCA or NJ formula are shown in Figures (3.5 and 3.6), respectively. It can be

observed from Figure 3.5 that calculated stresses by the PCA method were higher
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Table 3.4: Parametric Study and Ranges.

Parametric study Volume ranges
L, m (in.) 1.2 (4.0), 1.8 (6.0), 2.4 (8.0), and 3.0 (10.0)
t1, mm (in.) 50 (2.0), 75 (3.0), 100 (4.0),
t2, mm (in.) 100 (4.0), 125 (5.0), 150 (6.0),
E1, MPa (ksi) 27580 (4000), 34475 (5000), 41365 (6000), 48260
E2, MPa (ksi) 1380 (200), 2070 (300), 2760 (400), 3450 (500), 4140
k, N/mm3 (pci) 0.03 (100), 0.05 (200), 0.08 (400), 0.11 (500),

than predicted stresses by the proposed model. Moreover, it can be observed from

Figure 3.6 that the NJ model demonstrated prediction stresses higher than the

proposed model. It is observed from both figures that the proposed model was

generally more reliable than the PCA and NJ models. In contrast, both of these

figures demonstrated how the few stress values of PCA or the NJ models were ex-

tremely close and lower than the values of the proposed model, which were rounded

by the red curves. All these values were related to the slab ratio value (L/ℓ) of a

UTW, which was conducted by Ioannides et al. [143]. For composite pavement,

the radius of the relative stiffness of equivalent section (ℓe) uses instead of ℓ. It is

defined as a minimum value required to provide SOG and behaves as an infinite

slab, which can be analyzed by TNPT such as the PCA or NJ models. Therefore,

the PCA and NJ models provided accurate results when UTW is considered as an

infinite slab (L/ℓe ratio >4.0). The discrepancy between the proposed model and

the PCA or NJ models for UTW ranged between 122% and -3%, depending on the

L/ℓe value and the difference of increase with a decrease in the L/ℓe value.
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Figure 3.2: Validation of the proposed models with field data of Tia ea al. [313]
and predicted stresses by the proposed model.

3.6 Evaluation of Potential Performance of UTW

In order to evaluate the proposed analytical TKPM, a sensitivity analysis of the

design input on the σc was performed. Six different parameters have been used to

evaluate the potential performance of UTW, which included the t1, E1, t2, E2, k,

and L as stated in Table (3.4).
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Figure 3.3: Validation of the proposed models with field data of Sheehan et al.
[268] and predicted stresses by the proposed model.

3.6.1 The Effect of the Thickness of the Overlay

Four different values of t1 value were considered in the performance analysis of a

UTW. Figure (3.7) shows the effect of the t1 on the σc in the UTW caused by an

40 kN (9.0 kip) single load applied at a corner for different values of t2 and E2 with

1.2 m (4.0 ft.) joint spacing. It can be observed that at the following conditions,

when of E2 is 1725 MPa (250 ksi), t2 is 100 mm (4.0 in.), k is 0.027 N/mm3 (100

pci) and E1 is 27580 MPa (4000 ksi), a significant decrease of 69% in the σc (from

3.6 (527) to 1.1 MPa (162 psi)) was obtained when the t1 increased from 50 (2.0)
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Figure 3.4: Validation of the proposed models with field data of Newbolds and
Olek [218] and predicted stresses by the proposed model.

to 125 mm (5.0 in.). Furthermore, using stiff an existing pavement by increasing

the E2 from 1725 (250) to 2450 MPa (500 ksi) under the same previous conditions,

also led to a significant reduction in the σc by 64% (from 2.4 (350) to 0.9 MPa

(126 psi)). In contrast, using thick an existing pavement by increasing the t2 from

100 (4.0) to 200 mm (8.0 in.) under the same previous conditions also caused the

σc to reduce by 51% (from 1.3 (183) to 0.6 MPa (90 psi)). Therefore, σc exhibited

sensitivity to t1 and it reduced by increasing the t1.

Moreover, using high strength concrete overlay by increasing the E1 from 27580

73



Figure 3.5: Comparison of calculated stresses by the proposed model and PCA
method.

(4000) to 55160 MPa (8000 ksi) led to the reduction of the σc when the t1 increased

from 50 (2.0) to 125 mm (6.0 in.), as shown in Figure (3.8). Contrariwise, using

a stiff subgrade with a k of 0.135 N/mm3 (500 pci) led to little reduction in the

value of σc especially the UWT construction over stiff or thick DAP as shown in

Figure (3.9). The contribution of a t1 was high and shifted to low whenever a

UTW was constructed over stiff, strong existing pavement or a subgrade. A study

conducted by Mack et al. [190], Li et al. [183], Satishkumar and Krishna [263],

Mampearachchi et al. [195], Kumara et al. [174], Newbolds and Olek [218], Bar-

man et al. [35], Tia et al. [313], and Li and Vandenbossche [182], also analytically
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Figure 3.6: Comparison of calculated stresses by the proposed model and NJ
method.

verified that fact.

The phenomenon of decreasing values of σc when t1 values increased can be

explained by confirming the location of the N.A of UTW with respect to the top

of a concrete overlay. Figure (3.15) demonstrates that the N.A values increased as

values of t1 became thicker. For example, the N.A shifted down when the t1 value

increased from 50 (2.0) to 125 mm (5.0 in.) (as shown in Figure (3.11)). Both

cases in the figure carried the same total applied load but the shifting of the N.A

changed the amount of the load carried by each layer of UTW. As an N.A shifted

down, more and fewer loads were carried by an existing pavement and a concrete
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Figure 3.7: The effect of the thickness of the overlay on the critical bending
stresses in the UTW.

overlay, respectively.

3.6.2 The Effect of the Thickness of the Existing Pavement

Six different values of t2 were considered in the performance analysis of a UTW.

Figure (3.12) shows the effects of t2 values on σc in the UTW caused by an 40 kN

(9.0 kip) single corner load for different values of t1 and E1 with 1.2 m (4.0 ft.)

joint spacing. It can be observed that at the following conditions, where E2 is 1725
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Figure 3.8: The effect of the thickness of the high strength concrete overlay on
the critical bending stresses in the UTW.

MPa (250 ksi), k is 0.027 N/mm3 (100 pci), E1 is 27580 MPa (4000 ksi), and t1

is 50 mm (2.0 in.), a significant 78% decrease in the σc from 3.6 (527) to 0.8 MPa

(118 psi) was gained when the t2 increased from 100 (4.0) to 250 mm (10.0 in.).

It can also be observed that increasing the t1 from 50 (2.0) to 100 mm (4.0 in.)

in the same conditions led to a reduction in σc by 66% from 1.6 (239) to 0.6 MPa

(81 psi). Furthermore, increasing the value of E1 from 27580 (4000) to 41365 MPa

(6000 ksi) caused a reduction in the σc when the t2 increased from 100 (4.0) to 250

mm (10.0 in.), as shown in Figure (3.12).

In contrast, using a stiff existing pavement with an E2 of 3450 MPa (500 ksi)
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Figure 3.9: The effect of the thickness of of the overlay on the critical bending
stresses in the UTW on stiff subgrade.

or a stiff subgrade with a k of 0.135 N/mm3 (500 pci) led to the same trend

of σc when the t2 increased as shown in Figures (3.13) and (3.14), respectively.

Therefore, a σc exhibited high sensitivity to a t2 and it reduced by increasing a

t2. A study conducted by Mack et al. [190], Li et al. [183], Satishkumar and

Krishna [263], Mampearachchi et al. [195], Kumara et al. [174], Newbolds and

Olek [218], Barman et al. [35], Tia et al. [313], and Li and Vandenbossche [182],

also analytically verified that fact. The phenomenon of decreasing σc values when

t2 values increased can also be explained by checking the location of the N.A.

Figure (??) shows that the N.A value increased as the t2 increased. For example,

78



Figure 3.10: The effect of the overlay thickness on the neutral axis in the UTW.

the N.A reduced by 760 mm (30.0 in.) when the t2 increased from 100 (4.0) to 250

mm (10.0 in.), as shown in Figure (3.16).

3.6.3 The effect of the modulus of elasticity of the overlay

Seven different values of E1 were considered to evaluate the effect on values of σc.

Figure (3.17) indicates a relationship between the σc and the E1 for a UTW under

a corner caused by an 40 kN (9.0 kip) axle load with 1.2 m (4.0 ft.) joint spacing

at the conditions where E2 is 1725 MPa (250 ksi), t1 is 50 mm (2.0 in.), k is 0.027

N/mm3 (100 pci), and t2 is 100 mm (4.0 in.). An increase of 50% in the σc (from
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Figure 3.11: The effect of the neutral axis on the critical bending stresses in the
UTW.

3.6 (527) to 5.5 MPa (792 psi)) was obtained when the E1 increased from 27580

(4000) to 68950 MPa (10000 ksi). Furthermore, using a thick existing pavement

by increasing the t2 from 100 (4.0) to 200 mm (8.0 in.) under the aforementioned

conditions caused a significant increase of the σc by 63% (from 1.3 (183) to 2.1

MPa (298 psi)). In contrast, using a stiff existing pavement by increasing the E2

from 1725 (250) to 3450 MPa (500 ksi) under the aforementioned conditions led

a significant increase the σc by 67% (from 2.4 (350) to 4.0 MPa (584 psi)). In

contrast, using a thick a concrete overlay by increasing value of the t1 from 50

(2.0) to 100 mm (4.0 in.) under the same conditions ensured that the σc was not
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Figure 3.12: The effect of the thickness of the existing pavement on the critical
bending stresses in the UTW.

changed by E1 variation, as shown in Figure (3.18). Furthermore, Figure (3.19)

shows that σc values were not sensitive to E1 values when using a stiff subgrade

by increasing k from 0.027 (100) to 0.135 N/mm3 (500 pci). Therefore, σc values

were highly sensitive to E1 values just for UTW, which had a t1 of 50 mm (2.0 in.),

whilst they were not sensitive in all the other conditions. A study conducted by

Mack et al. [190], Li et al. [183], Satishkumar and Krishna [263], Mampearachchi

et al. [195], Kumara et al. [174], Newbolds and Olek [218], Barman et al. [35], Tia

et al. [313], and Li and Vandenbossche [182], also analytically verified that fact.
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Figure 3.13: The effect of the thickness of the existing pavement on the critical
bending stresses in the UTW on stiff existing pavement.

3.6.4 The Effect of the Modulus of Elasticity of the Exist-

ing Pavement

Nine different values of E2 were considered to describe the effect of E2 on values

of σc. As shown in Figure (3.20), the σc reduced considerably by 71% (from 4.0

(582) to 1.2 MPa (171 psi)) when the E2 increased from 1380 (200) to 6900 MPa

(1000 ksi) for a 50 mm (2.0 in.) concrete overlay over 100 mm (4.0 in.) of existing

pavement and under specific conditions; namely where the E1 is 27580 MPa (4000

ksi), k is 0.027 N/mm3 (100 pci), and L is 1.2 m (4.0 ft.). Moreover, increasing the
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Figure 3.14: The effect of the thickness of the existing pavement on the critical
bending stresses in the UTW on stiff subgrede.

t1 from 50 (2.0) to 75 (3.0) or 100 mm (4.0 in.) under the same previous conditions

provided a reduction in the σc by 66% or 61%, respectively. Meanwhile, a similar

trend was observed when the E1 increased from 27580 (4000) to 41365 MPa (6000

ksi) for the same conditions (as shown in Figure (3.20)). In contrast, similar trends

were obtained when using a 200 mm (8.0 in.) thick existing pavement or a stiff

subgrade with k of 0.135 N/mm3 (500 pci) under the same previous conditions (as

shown in Figure (3.21) and Figure (3.22), respectively). Therefore, σc values were

highly sensitive to E2 values and this conclusion coincides with previous studies

[190, 183, 263, 195, 174, 218, 35, 182, 325, 313].
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Figure 3.15: The effect of the thickness of the existing pavement on the neutral
axis in the UTW.

3.6.5 The Effect of the Modulus of Subgrade Reaction

The effect of seven different values of k on σc values was also analyzed in this

section. Figure (3.23) demonstrates the relationship between σc and k values for

a UTW under a corner 40 kN (9.0 kip) single load for different values of t1 and E1

with 1.2 m (4.0 ft.) joint spacing. It can be observed that at the conditions of E2

at 1725 MPa (250 ksi), t2 at 100 mm (4.0 in.), E1 at 27580 MPa (4000 ksi), and t1

at 50 mm (2.0 in.), a decrease of 51% in the σc from 3.6 (527) to 1.8 MPa (259 psi)

was obtained when the k increased from 0.027 (100) to 0.27 N/mm3 (1000 pci).
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Figure 3.16: The effect of the neutral axis on the critical bending stresses in the
UTW.

By using 75 (3.0) or 100 mm (4.0 in.) concrete overlay under the same conditions,

the σc was not sensitive to K variation. Meanwhile, a similar trend was observed

when the E1 increased from 27580 (4000) to 41365 MPa (6000 ksi) under the same

conditions (as shown in Figure (3.23)). In contrast, there was no effect on the σc

values with increasing k values when using stiff (E2=3450 MPa (500 ksi)) or thick

(t2=200 mm (8.0 in.)) existing pavement under the same conditions (as shown in

Figures (3.24) and (3.25)), respectively. Hence, the σc was not sensitive to the k

value for all the UTW, which had a t1 value higher than 75 mm (3.0 in.). The

study conducted by Li and Vandenbossche [183] supported this fact.
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Figure 3.17: The effect of the elastic modulus of the concrete overlay on the critical
bending stresses in the UTW.

3.6.6 The Effect of UTW Dimensions

Figure (3.26) illustrates the relationship between σc values and UTW dimensions

for variable values of t1 and E1 for a UTW under 40 kN (9.0 kip) single load

applied at the corner. For example, at conditions when the E2 is 1725 MPa (250

ksi) and t2 is 100 mm (4.0 in.), 2.4 m (8.0 ft.) UTW dimensions with a t1 of 50

mm (2.0 in.) and E1 at 27580 (4000) or 41365 MPa (6000 ksi), it exhibited higher

σc by 30 or 33% than 1.2 m (4.0 ft.), respectively. In addition, increasing the t1

from 50 (2.0) to 125 mm (3.0 in.) under the same previous conditions led to a
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Figure 3.18: The effect of the elastic modulus of the 100 mm (4.0 in.) concrete
overlay on the critical bending stresses in the UTW.

considerable increase in the σc value by 46 or 53% for an E1 of 27580 (4000) or

41365 MPa (6000 ksi), respectively, whilst the percentage reductions of the σc value

are 65 or 75% for UTW under the same conditions with an E1 of 27580 (4000) or

41365 MPa (6000 ksi) when the t1 increased from 50 (2.0 in.) to 150 mm (4.0 in.),

respectively. Moreover, a similar trend was observed when a using stiff existing

pavement (E2=3450 MPa (500 ksi)), as shown in Figure (3.27). Nevertheless, using

a stiff subgrade with a k of 0.135 N/mm3 (500 pci) led to no significant change in

the σc with an increase of the UTW square dimensions as shown in Figure (3.28).

For all the previous cases, there was no change in the σc when UTW dimensions
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Figure 3.19: The effect of the elastic modulus of the concrete overlay on the critical
bending stresses in the UTW on stiff subgrade.

increased more than 2.4 m (8.0 ft.). Although N.A values did not change with an

increase of the UTW dimensions from 1.2 (4.0) to 1.8 m (8.0 ft.), the behavior of

σc can be explained by the effect of the thick-plate theory, which took into account

the influence of the plate plane sizes by a value of L/ℓe in the analysis of SOG.

Thus, all cases, which included UTW dimensions more than 2.4 m (8.0 ft.) had

L/ℓe more than 4.0. Therefore, these cases behaved as a long slab and a thin plate

can be applied in order to analyze them under an applied loading.
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Figure 3.20: The effect of elastic modulus of the existing pavement on the critical
bending stress in the UTW.
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Figure 3.21: The effect of the elastic modulus of the existing pavement on the
critical bending stress in the UTW on thick existing pavement.
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Figure 3.22: The effect of the elastic modulus of the existing pavement on the
critical bending stress in the UTW on stiff subgrade. —
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Figure 3.23: The effect of the modulus of subgrade reaction on the critical bending
stress in the UTW.
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Figure 3.24: The effect of the modulus of subgrade reaction on the critical bending
stress in the UTW on thick existing pavement.
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Figure 3.25: The effect of the elastic modulus of the existing pavement on the
critical bending stress in the UTW on stiff existing pavement.
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Figure 3.26: The effect of the UTW dimensions on the critical bending stress in
the UTW.
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Figure 3.27: The effect of UTW dimensions on the critical bending stress in the
UTW on thick existing pavement.
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Figure 3.28: The effect of the UTW dimensions on the critical bending stress in
the UTW on stiff existing pavement.
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Chapter 4

Proposed Test Method and The

Experimental Works

4.1 Proposed Test Method

As mentioned in chapter two, the critical loading case of Ultra-thin whitetopping

(UTW) is the corner wheel position under that a UTW acts as a cantilever beam.

Therefore, all design parameters, which are calculated from the lab test should re-

flect the critical case of UTW in the field. On the other hand, testing the composite

beam with a concrete layer under compressive stress lead to inaccurate results for

the UTW capacity since it does not show the discrete fibers (DF) benefits and

reflect the real critical case of UTW in the field. Therefore, a cantilever compos-

ite beam should be adopted to determine the UTW flexural capacity. Further, a

cantilever beam test is a difficult test and complicated to install in a lab to test

concrete overlay under tensile stresses. Thus, the simply supported flexural test

of the composite beam can simulate the cantilever stress state when the concrete
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layer is at the bottom (under tensile stresses) and the asphalt layer at the top,

which is adopted in this study.

Experimental works, which adopt composite beams with a concrete layer under

tensile stress are scarce. Isla et al. [145] investigated the effect of DF on the

flexural behavior of composite beams with a concrete layer under tensile stress.

Their study involved three cases; 0.5% steel fibers, 0.33% macro-synthetic fibers,

and plain concrete. Prismatic composite specimens used in their study measured

350 mm (14.0 in.) for beam span and 100 mm (4.0 in.) for width and depth.

The beam depth consists of two layers (50 mm (2.0 in.) asphalt layer and 50 mm

(2.0 in.) concrete layer). The test results showed that added DF lead to little

improvement in the capacity of the composite beams. Moreover, the added DF

provides a significant increase in the residual strength of the composite beams,

which was not taken into account to determine the flexural capacity. Hence, there

are three points about the study of Isla et al. [145]; a low DF content used and

a thin asphalt layer used (50 mm (2.0 in.)), which do not present the minimum

required asphalt thickness. And the main point is they used an elastic formula

of American Society for Testing and Materials (ASTM) C78 [22] to calculate the

composite beam capacity and the results did not show the fiber’s benefits in the

UTW. Therefore, the procedure of Altoubat et al. [11] was adopted for the simply

supported composite beams test to determine the flexural capacity in this study.

As a first step to check the effectiveness of the proposed method to calculate the

UTW capacity by using the concept of effective modulus of rupture (MOReff.),

experimental works made to investigate the benefits of testing the composite beams

included six different cases of polypropylene synthetic fibers (PPDF).

PPDF is the most common types used for a UTW [242, 91] and used as a
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SYDF for concrete applications [196]. Several studies proved that adding PPDF

to concrete reduced a Compressive strength (fc’) and static modulus of elasticity

(E), whereas a compressive failure mode of PPDF samples changed greatly from

brittle to ductile due to PPDF bridging effect after crack development [265, 82,

363, 213]. Besides, the test results of several studies showed that using PPDF in

unreinforced concrete caused no effect or decrease in an elastic modulus of rupture

(MOR). That is in contrast to the prevailing impression of the role of SYDF in

improving the static properties of concrete, such as a fc’, E, or MOR [18, 194, 48,

24, 330]. On the other hand, flexural toughness significantly improved with adding

PPDF to unreinforced concrete especially at higher DF content [274, 82, 330, 102].

Therefore, the difference between the previous work, which has been published in

the Journal of Construction and Building Materials, and the experimental work

of this study is the DF type. The previous study [293] included PPDF, which

has no or adverse effect on the mechanical properties of fiber-reinforced concrete

(FRC). While, the experimental work of this study included using Polyvinyl alcohol

discrete fibers (PVADF), which has a positive effect on the mechanical properties

of FRC.

4.2 Experimental Works

A comprehensive literature review was conducted to evaluate the benefits of test-

ing the FRC/asphalt composite beams on the UTW flexural capacity, which is

determined based on post-cracking strength (PCS) (i.e. toughness characterizes).

Three main parameters were evaluated in this study; PVADF content, thickness

of concrete layer, and failure mode. Moreover, two comparisons were presented to
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confirm the effectiveness of proposed test method to determine the UTW flexural

capacity. The first evaluation determined the MOReff. for concrete and composite

layers of previous experimental work. The second evaluation included determine

the required thickness of concrete overlay based on the MOReff. for concrete layer

and composite beam.

Table 4.1: Summary of Mix Proportions (% by volume).

Case No. Phase No. Cement Water Aggregate Sand PVADF
1 1+2 12.8 18.1 40.1 28.0 0.0
2 1+2 12.8 18.1 40.1 28.0 0.05
3 1+2 12.8 18.1 40.0 28.0 0.1
4 1+2 12.75 18.05 40.0 28.0 0.3
5 1+2 12.7 18.0 39.9 27.9 0.5
6 1+2 12.7 18.0 39.8 27.9 0.8
7 1+2 12.7 18.0 39.7 27.8 1.0
8 1+2 12.6 17.9 39.6 27.8 1.3
9 1+2 12.6 17.9 39.4 27.8 1.5
10 1+2 12.6 17.9 39.4 27.8 1.8
11 1+2 12.5 17.8 39.2 27.7 2.0
12 2 12.5 17.8 39.2 27.7 2.0
13 2 12.5 17.8 39.2 27.7 2.0
14 2 12.5 17.8 39.2 27.7 2.0
15 2 12.7 18.0 39.7 27.8 1.0
16 2 12.5 17.8 39.2 27.7 2.0

4.2.1 Materials Selection and Proportion

The plain and FRC mixtures, which are shown in Table (4.1), were originally based

on a previous study presented by [294] but modified to achieve more workability

adjusting the coarse and fine aggregate blending and High range water reducers

(HRWR) amount. HRWR has been added to decrease viscosity and increase the

flow of the paste without affecting strength, setting time, or segregation of the con-

crete mixture [134]. A well-graded aggregate blend (9.5 mm (0.37 in.) maximum
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size of coarse aggregate and natural sand was utilized to achieve the desired flow

at the minimum cement content. Both coarse aggregates with a relative density of

2.48 and natural sand with a relative density of 2.63 conformed to the ASTM C33

[80]. Typical, FRC mixtures designs include higher cementitious contents, more

than 500 kg/m3 (31.2 Ib./ft.3) to provide the desired workability and a better bond

between DF and cement paste [169, 14, 217, 66]. Adding DF to plain concrete re-

quires more amount of cement paste to coat all these fibers and more external

vibration energy to achieve the finishing level of the concrete. The PVADF were

added to the plain concrete mixtures to improve the flexural characteristics of the

control mixture and provide long performance life of the UTW. The physical and

mechanical properties of PVADF summarized in Table (4.2). PVADF fibers has

a low flexural strength comparing with SDF, which lead to curling and bending

around coarse aggregate within the concrete mixture. On the other hand, this

flexibility of PVADF fibers increases the yield stress and reduces mixture slump

[217, 245, 198, 25]. The asphalt mix of an existing layer was brought from NASA

Boulevard in Melbourne, Florida, the United States, which was removed to be

rehabilitated during the summer of 2016.

Table 4.2: The Properties of Polyvinyl Alcohol Discrete Fibers.

Properties Quantities
Specific Gravity 1.3
Length, mm (in.) 6.35 (0.25)
Diameter, mm (in.) 0.25 (0.001)

Tensile strength, MPa (ksi) 1655 (240)
Flexural strength, GPa (psi) 38 (5500)
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4.2.2 Preparation of Tests Specimens

All preparing and casting steps of this work carried out in the structural laboratory

of Florida Institute of Technology during 2018. Firstly, the removed pieces of

asphalt mixtures were preheated in an electric oven under 225 C◦ (425 F◦) and

remolded in a steel prism mold with dimensions of 100x150x560 mm (4.0x4.0x22.0

in.). The asphalt mixtures remained in the oven for 30 minutes to gain the desired

temperature and transferred in steel molds to compact by compressive machine

under 110 C◦ (230 F◦) to achieve the desired beam thickness (100 mm (4.0 in.)).

Then, hot asphalt samples left to cool for 4.0 hours and removed from steel mold to

storage under plastic sheet covers until casting concrete overlays. Most researchers

[277, 121] have agreed that the existing asphalt layer surface should be cleaned prior

to casting concrete layer for improved interface bond between layers. Therefore,

all asphalt samples were cleaned very well using high-pressure water to remove

loose asphalt pieces and dust, then allowed to dry for 12 hours before casting the

concrete layers.

To produce concrete mixtures, coarse and fine aggregates were added to the

mixer and mixed for approximately 1 minute. Cement was mixed in a dry state for

1 minute, and a superplasticizer with water was added to the cement-aggregates

mixture and mixed for 2 minutes. Finally, PVADF were added to the concrete for 5

minutes to allow good dispersion of the fibers in the concrete. During the mixing of

concrete, the increase of the PVADF fibers content led to decrease the workability

of FRC mixture. During the concrete casting in molds, the material was spread

efficiently using the garden hand trowel. A portable electric concrete vibrator was

used to consolidate the concrete layer for less than 10 seconds. The visible PVADF

clumps were removed by hand prior to concrete finishing. A hand concrete float
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was used for finishing followed by the application of a curing compound.

For the first phase, a typical plastic cylinder molds of 100x200 mm (4.0x8.0 in.)

in dimensions were used for the compressive strength and elastic modulus tests.

Prism specimens of 150x150x560 mm (6.0x6.0x22.0 in.) dimensions were prepared

for the flexural tests of the concrete specimens. The cylinders and prisms speci-

mens were cast in two layers. All concrete specimens were covered with a plastic

sheet to maintain moist conditions for 48 hours, and then the concrete specimens

were cured underwater for 4 weeks. For the second phase (FRC/asphalt composite

beams), only prism specimens of 200x150x560 mm (8.0x6.0x22.0 in.) dimensions

were prepared for the flexural tests and the same steps were followed, except only

the concrete layers of composites was submerged under the water to avoid any

weakening of the asphalt layers.

Table 4.3: Summary of Experimental Testing Methods and Specimens (C: cylinder
and P: prism).

First phase (Concrete specimens)
Testing method Dimensions, mm
ASTM C39, fc’ C: 100x200
ASTM C469, E C: 100x200

ASTM C78, MOR P: 150x200x560
ASTM C1609, fe,3, Re,3 P: 150x200x560

Second phase (Composite specimens)
Testing method Dimensions, mm
ASTM C78, MOR P: 150x200x560

ASTM C1609, fe,3, Re,3 P: 150x200x560
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4.3 Test Procedures

To achieve the study objective of experimental work, the experimental testing

program was carried out in two consecutive phases. The first phase involve four

different tests (five different parameters calculated) to determine the mechanical

properties of concrete layers (plain and FRC), including ASTM C39 compressive

strength [289], ASTM C469 static modulus of elasticity [225], ASTM C78 elas-

tic modulus of rupture [22], and ASTM C1609 flexural performance of FRC (to

determine the equivalent flexural strength (fe,3) and equivalent residual strength

ratio (Re,3)) [22]. The second phase involved two different tests in determining the

flexural properties of the FRC/asphalt composite specimens, including ASTM C78

elastic modulus of rupture [22], and ASTM C1609 flexural performance of FRC

(to determine the fe and Re,3) [22]. Table (4.3) summarizes laboratory testing

methods and specimens dimensions, which were utilized in the experimental work.

The compressive strength and elastic modulus tests were performed using a 270

KN (15.7 kip) compression testing machine, and the axial load was applied at a

constant loading rate of 150 N/sec. (34 Ib./sec.). For flexural test of the first and

second phases under third-point loading, the notches beam was centered on simple

support frame. The beams were tested on their side in relation to the as-cast

position. A Closed-Loop Material Testing System was utilized in displacement

control to apply the compressive load with loading rate of O.02 mm/sec (0.0008

in./sec.) until the failure of the sample. The vertical displacement of the beams

was measured using a mid-span linear variable differential transformer (LVDT),

and the load-deflection relation was recorded using an XY plotter.

Twenty seven different prisms of concrete beams and FRC/asphalt composite

beams were divided into two phases. The first phase included the testing of eleven
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cases of concrete beams, while the second phase included testing of sixteen cases

of FRC/asphalt composite beams, which were divided into three groups. The first

group included eleven cases of different PVADF’s volume contents. The second

group included three cases of varying UTW thickness with the same PVADF con-

tent (2.0%). Finally, the third group involved two cases of composite specimens

tested under a noncritical failure mode. For the first and second groups, the com-

posite beams were placed with the asphalt layer in the compressive zone and the

concrete layer in the tensile zone. In the third group, composite specimens in-

cluded the concrete layer as the top layer (i.e., under compressive stress) and the

asphalt layer as the bottom layer, as shown in Figure (4.1). A 125 mm (0.5 in.)

notch was cut in the concrete layer in the middle of the span to localize the failure.

Cases 15 and 16 included the concrete layer as a top layer (i.e., under compressive

stresses), while the asphalt layer was a bottom layer.

Figure 4.1: Flexural test of FRC/asphalt composite beams with UTW under, (a)
tensile stress and (b) Compressive stress.
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4.4 Results of Experimental Works

The results of the experimental works were summarized and discussed in two sec-

tions, according to the two indicated phases of the experimental testing program

of this study. The first section presents the results of the mechanical properties of

the concrete layer (single layer, plain or FRC), while the second section presents

the results of the flexural characterizes of the FRC/asphalt composite specimens.

4.4.1 Results of The First Phase

Figure (4.2) shows the effects of the PVADF content on the fc’ of the concrete

layer. Compared to plain concrete, adding PVADF at volume 0.05, 0.1, 0.3, 0.5,

0.8, 1.0, 1.3, 1.5, 1.8, and 2.0% little increased fc’ by 2, 3, 4, 7, 9, 12, 16, 18,

21, and 23%, respectively. Figure (4.3) indicates a relationship between the E of

the concrete layer and PVADF content. It can be seen from the figure that E of

concrete specimens reduced by 1, 2, 4, 6, 8, 9, 11, 13, 15, and 17%, respectively,

at the same PVADF content. The general trend of these results corresponds with

the results of many previous results [294, 222, 223, 295, 261, 152].

On the other hand, Figure (4.4) illustrates the effect of adding PVADF in

concrete on MOR. It is clear from the figure, PVADF had a little improve effect

on the MOR of about 6, 10, 16, 20, 24, 28, 34, 40, 46, and 52% when adding 0.05,

0.1, 0.3, 0.5, 0.8, 1.0, 1.3, 1.5, 1.8, and 2.0% of PVADF, respectively. The general

trend of these results agrees with the results of previous results that included the

use of PVADF [294, 222, 295, 261, 152].
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Figure 4.2: Effect of Polyvinyl Alcohol Discrete Fibers on Compressive Strength
of Concrete Beams.

4.4.2 Results of The Second Phase

The second section presents the results of the flexural properties of the FRC/as-

phalt composite specimens, where three parameters were determined from two

tests to characterize the flexural performance of sixteen cases of composite beams.

Figure (4.5) shows the effect of the PVADF dosage on the Re,3 values of the com-

posite beams. From the figure, it is noticeable that the addition of the PVADF

to concrete significantly improved the Re,3 by more than 4, 10, 20, 30, 40, 48,

60, 70, 80, and 90% at PVADF contents 0.05, 0.1, 0.3, 0.5, 0.8, 1.0, 1.3, 1.5, 1.8,

and 2.0%, respectively. On the other hand, the effect of the t1 of 2% PVADF on

108



Figure 4.3: Effect of Polyvinyl Alcohol Discrete Fibers on Modulus of Elasticity
of Concrete Beams.

Re,3 is displayed in Figure (4.6). It was found that reducing t1 values from 100

(4.0) to 75 (3.0) or 50 mm (2.0 in.) had little effect on Re,3, while using an ultra-

thin layer (25 mm (1.0 in.)) led to a significant improvement Re,3 by more than

80%. Further, Figure (4.7) shows the effect of the applied stress type on Re,3 of the

composite section. It demonstrates that testing a concrete layer under compressive

stresses reduced the Re,3 by more than 60% compared to being under tensile stress.

Figure (4.8) shows the flexural capacity of the composite specimens, which are

calculated depending on the concept of MOR or MOReff. (Equation (2.69) and

(2.70)). The results indicated that addition of PVADF to concrete increased the

MOR by 5, 8, 14, 18, 22, 26, 32, 38, 44, and 50% at PVADF contents 0.05, 0.1, 0.3,

0.5, 0.8, 1.0, 1.3, 1.5, 1.8, and 2.0%, respectively. On the other hand, determining
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Figure 4.4: Effect of Polyvinyl Alcohol Discrete Fibers Content on Modulus of
Rupture of Concrete Beams.

the flexural capacity of composite beams depending on the concept of PCS gave

more capacity compared to the elastic form. For instance, adding 2.0%, PVADF

increased flexural capacity hence, requires less UTW thickness.

Figure (4.9) illustrates the effect of t1 values on MOR and MOReff . The re-

duction of t1 from 100 (4.0) to 75 (3.0), 50 (2.0), or 25 mm (1.0 in.) using the

same PVADF content resulted in a slight decrease in both parameters, although

the MOR was affected more than the MOReff . On the other hand, the effect of

the critical failure case of UTW on the flexural capacity is illustrated in Figure

(4.10). Clearly, testing the concrete layer of the FRC/asphalt specimen under
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Figure 4.5: Effect of Polyvinyl Alcohol Discrete Fibers Content on Equivalent
Flexural Strength Ratio of FRC/asphalt Composite Beams.

compressive stress exhibited a lower capacity than a concrete layer under tensile

stress. Flexural capacity, which is calculated depending on a effective modulus of

rupture concept, was significantly reduced by 27% when more than 1.0% PVADF

was added. Consequently, testing the FRC layer under compressive stress to de-

termine the flexural capacity of the composite section gave inaccurate value and

required more UTW thickness.
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Figure 4.6: Effect of Overlay Thickness on Equivalent Flexural Strength Ratio of
FRC/asphalt Composite Beams.

4.5 Advantages of the Proposed Method

Figure (4.11) illustrates the difference between the MOReff. of the concrete and

composite beams. As indicated each composite beam had a flexural capacity higher

than the concrete layer for the same PVADF content. To confirm this conclusion,

the same comparison was made with the results of the study of Isla et al. [145],

which is shown in Figure (4.12). The figure shows that the flexural capacity of the

composite beam was higher than the capacity of the concrete layer even for unre-

inforced concrete. Therefore, testing the composite beam to calculate the flexural

capacity of UTW provides accurate capacity and less required UTW thickness.
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Figure 4.7: Effect of applied stress type on the flexural capacity of FRC/asphalt
composite beams.

Moreover, to explain how the proposed method affects the t1 values, a design ex-

ample was presented based on the PCA design method [352]. The key factors

influencing the required UTW thickness, which were taken into account in the de-

sign example were; k, E1, t1, E2, t2, L, 18-kip equivalent single axle load (ESAL),

and flexural capacity (MOR or MOReff.). Three different values of k were 15

(0.055), 20 (0.0736), and 50 MN/m3 (0.184 pci). Two values of t2 were 100 (4.0)

and 150 mm (6.0 in.) and and two values of E2 were 1.5 (215) and 2.0 GPa (300

ksi). The E1 values were 21 (3050) and 28 GPa (4050 ksi). The UTW assumed a

square slab with three variable L values of 1.2 (4.0), 1.8 (6.0), and 2.4 m (8.0 ft.).
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Figure 4.8: Effect of Polyvinyl Alcohol Discrete Fibers Content on Flexural Ca-
pacity of FRC/asphalt Composite Beams.

The design ESAL range for the UTW was between 50,000 and 5,000,000. Even-

tually, the results of this study took as a flexural capacity in the design example,

which is shown in Figure (4.11. Figure (4.13) shows that the required UTW thick-

ness depends on proposed and current flexural capacity. Noticeably, the proposed

flexural capacity of the composite layer reduced the required UTW thickness com-

pared to the current methods. An alternative view is that the proposed capacity

also increases the allowable annual traffic if the UTW thickness is maintained.
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Figure 4.9: Effect of Overlay Thickness on Flexural Capacity of FRC/asphalt
Composite Beams.
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Figure 4.10: Effect of Stress State on Flexural Capacity of FRC/asphalt Compos-
ite Beams.
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Figure 4.11: The Different Between Effective MOR of Concrete and Composite
Beams.
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Figure 4.12: Flexural Capacity of Concrete and Composite Beams.
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Figure 4.13: The required UTW thickness based on proposed and current flexural
capacity.
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Chapter 5

Design Charts of UTW

5.1 Parametric Study

Sensitivity analyses were conducted for required thickness of concrete slab (t1).

Five different parameters studied have been used to determine the required thick-

ness of UTW, which included the expected number of 18-kip equivalent single axle

loads (ESALs), elastic modulus of concrete slab (E1), thickness of existing pave-

ment (t2), elastic modulus of existing pavement (E2), modulus of subgrade reaction

(k), and pavement dimensions (L) as stated in Table (2.68)). For all cases, the

following material properties were kept constant:

1. Poisson’s ratio of concrete overlays (µ1): 0.2.

2. Poisson’s ratio of existing pavements (µ2): 0.35.

3. Corner wheel loading (Pc): 40 kN (9.0 kip).

4. Square dimensions of wheel loading contact area (c): 265 mm (100 in.).
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1. effective modulus of rupture (MOReff,, MPa (psi): 3.4 (500), 4.1 (600), 4.8

(700), 5.5 (800), 6.2 (900), and 6.9 (1000).

2. L, m (in.): 1.2 (4.0), 1.8 (6.0), and 2.4 (8.0).

3. t2, mm (in.): 75 (3.0), 100 (4.0), and 150 (6.0).

4. E1, MPa (ksi): 27580 (4000) and 41365 (6000).

5. E2, MPa (ksi): 690 (100), 2070 (300), and 4140 (600).

6. k, N/N/mm3 (pci): 0.03 (100) and 0.08 (400).

7. ESALs: 50000, 100000, 200000, 500000, 1000000, 2000000, and 5000000.

Figure 5.1: The effect of the flexural capacity the UTW on the required thickness
in the conrete layer.
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5.1.1 The effect of the flexural capacity of the UTW

Four different values of MOReff, were considered to evaluate the effect of them on

the t1 required. Figure (5.1) indicates a relationship between the ESALs and the

t1 for different values of MOReff, for the UTW under an 40 kN (9.0 kip) corner

single at the following conditions, when of E2 is 680 MPa (100 ksi), t2 is 100 mm

(4.0 in.), k is 0.027 N/mm3 (100 pci), L is 1.2 m (4.0 ft.), and E1 is 27580 MPa

(4000 ksi). The figure indicated that the UTW, which had low flexural capacity

(MOReff, was 3.5 (500) or 4.3 MPa (625 psi)) requires the t1 more than 125 mm

(5.0 in.), thus unbonded concrete overlay was recommended. For MOReff, was

greater than 4.3 MPa (625 psi), bonded concrete overlay was possible for UTW

under ESALs less than 0.65x106. Whilst a significant decrease in the t1 was ob-

tained when theMOReff, increased from 6.0 (875) to 7.0 MPa (1000 psi) under the

same conditions. Therefore, t1 exhibited sensitivity to MOReff, and it reduced by

increasing the MOReff,. A study conducted by Mack et al. [190], Li et al. [183],

Satishkumar and Krishna [263], Mampearachchi et al. [195], Kumara et al. [174],

Newbolds and Olek [218], Barman et al. [35], Tia et al. [313], and Li and Vanden-

bossche [182], also analytically verified that fact.

5.1.2 The effect of the thickness of the existing pavement

Two different values of t2 were considered to evaluate the effect on values of t1 of

concrete layers. Figure (5.2) shows the effects of t2 values on t1 of the UTW for

different values of ESALs and MOReff. under the following conditions, where E2

is 680 MPa (100 ksi), k is 0.027 N/mm3 (100 pci), E1 is 27580 MPa (4000 ksi),
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Figure 5.2: The effect of the thickness of the existing pavement on the required
thickness of the UTW.

L is 1.2 m (4.0 ft.), and P is 40 kN (9.0 kip). It can be observed that the UTW,

which had low flexural capacity (MOReff, was 3.5 MPa (500 psi)) requires the t1

more than 125 mm (5.0 in.), thus unbonded concrete overlay was recommended.

On the other hand, using UTW had moderate flexural capacity (MOReff, was 5.2

MPa (750 psi) required limit values of ESALs under same previous conditions. The

figure can also be observed that a significant decrease in the t1 was obtained when

the t2 increased from 100 (4.0) to 150 mm (6.0 in.) under MOReff, more than 5.2

MPa (750 psi). Furthermore, it can also be observed that increasing the t2 from

100 (4.0) to 150 mm (6.0 in.) for UTW had 7.0 MPa (1000 psi) of MOReff, under

the same conditions and led to a reduction in t1. Therefore, a t1 exhibited high

sensitivity to a t2 and it reduced by increasing a t2. A study conducted by Mack

et al. [190], Li et al. [183], Satishkumar and Krishna [263], Mampearachchi et al.

[195], Kumara et al. [174], Newbolds and Olek [218], Barman et al. [35], Tia et al.
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[313], and Li and Vandenbossche [182], also analytically verified that fact.

Figure 5.3: The effect of the elastic modulus of the concrete overlay on the required
thickness of the concrete layer.

5.1.3 The effect of the modulus of elasticity of the overlay

Two different values of E1 were considered to evaluate the effect of E1 on values of

t1. Figure (5.3) indicates a relationship between the t1 and the ESAL for different

values of MOReff. for a UTW under a corner caused by an 40 kN (9.0 kip) single

load with 1.2 m (4.0 ft.) joint spacing at the conditions where E2 is 680 MPa (100

ksi), k is 0.027 N/mm3 (100 pci), and t2 is 100 mm (4.0 in.). It can be observed

that the UTW, which had low flexural capacity (MOReff, was 3.5 MPa (500 psi))

requires the t1 more than 125 mm (5.0 in.), thus unbonded concrete overlay was

recommended. On the other hand, an increase in the t1 was obtained when the

E1 increased from 27580 (4000) to 41370 MPa (6000 ksi) for UTW, which had

MOReff, more than 5.2 MPa (750 psi) under same previos conditions. Therefore,
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t1 values were sensitive to E1 and a study conducted by Mack et al. [190], Li et al.

[183], Satishkumar and Krishna [263], Mampearachchi et al. [195], Kumara et al.

[174], Newbolds and Olek [218], Barman et al. [35], Tia et al. [313], and Li and

Vandenbossche [182], also analytically verified that fact.

Figure 5.4: The effect of elastic modulus of the existing pavement on the required
thickness of the concrete layer.

5.1.4 The effect of the modulus of elasticity of the existing

pavement

Two different values of E2 were considered to describe the effect of E2 on values of

t1 as shown in Figure (5.4).Under specific conditions; namely where the E1 is 27580

MPa (4000 ksi), k is 0.027 N/mm3 (100 pci), t2 is 100 mm (4.0 in.), and L is 1.2 m

(4.0 ft.), the UTW, which had low flexural capacity (MOReff, was 3.5 MPa (500

psi)) requires the t1 more than 125 mm (5.0 in.), thus unbonded concrete overlay

was recommended. Whilst, increasing the MOReff, from 3.5 (500) to 5.2 (750) or

125



7.0 MPa (1000 psi) under the same previous conditions provided a reduction in the

t1 when the t2 increased from 100 (4.0) to 150 mm (6.0 mm). Meanwhile, a similar

trend was observed when the E2 increased from 1725 (250) to 1340 MPa (500 ksi)

for the same conditions (as shown in Figure (3.20)). Therefore, t1 values were

highly sensitive to E2 values and this conclusion coincides with previous studies

[190, 183, 263, 195, 174, 218, 35, 182, 325, 313].

Figure 5.5: The effect of the modulus of subgrade reaction on the required thick-
ness of the concrete layer.

5.1.5 The effect of the modulus of subgrade Reaction

The effect of two different values of k on t1 values was also evaluated in this section.

Figure (5.5) demonstrates the relationship between t1 and ESAL values for a UTW

under a corner 40 kN (9.0 kip) single load for different values of MOReff. with 1.2

m (4.0 ft.) joint spacing. It can be observed that at the conditions of E2 at 680

MPa (100 ksi), t2 at 100 mm (4.0 in.), E1 at 27580 MPa (4000 ksi), andMOReff. at
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3.5 MPa (500 psi), the required t1 was more than 125 mm (5.0 in.), thus unbonded

concrete overlay was recommended. whilst, increasing the value of k from 0.027

(100) to 0.135 N/mm3 (500 pci) caused a reduction in the t1 when the MOReff.

increased from 3.5 (500) to 5.2 (750) or 7.0 MPa (1000 psi) and under the same

conditions. The study conducted by Li and Vandenbossche [183] supported this

fact.

Figure 5.6: The effect of the UTW dimensions on the required thickness of the
UTW.

5.1.6 The effect of UTW dimensions

Figure (5.6) illustrates the relationship between t1 values and ESAL for variable

values of L for a UTW under 40 kN (9.0 kip) axle load applied at the corner.

At conditions when the E2 is 680 MPa (1050 ksi), t2 is 100 mm (4.0 in.), E1 is

27580 (4000), and MOReff. is 3.5 MPa (500 psi), the required t1 was more than

125 mm (5.0 in.), thus unbonded concrete overlay was recommended. In addition,
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increasing the MOReff. from 3.5 (500) to 7.0 MPa (1000 psi) under the same

previous conditions led to a considerable increase in the t1 value when L value

increased from 1.2 to (4.0) to 1.8 m (6.0 ft.).
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Chapter 6

Conclusions and

Recommendations

The general conclusions and recommendations are given in this chapter.

6.1 Conclusions

The following conclusions and recommendations are made based on the findings of

this study:

1. Using FPP fibers as a concrete additive has negative effects on the static

mechanical characteristics of a concrete layer, including MOR, fc’, and E.

2. The concept of effective MOR reflects the fiber’s benefits and takes into

account increasing flexural capacity after cracking occurs. Using the elastic

formula of ASTM C78 does not reflect the benefits of the inclusion of discrete

fibers in FRC/asphalt composite layers.
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3. The flexural capacity of the composite beam, which was calculated based on

post-cracking strength was higher than the capacity of the concrete layer,

even for plain concrete.

4. FRC/asphalt composite beams have a potentially elevated equivalent flexural

strength ratio and effective MOR with increased FPP content in the concrete.

5. The reduction of overlay thickness at the same FPP content decreased both

elastic MOR and effective MOR of UTW.

6. Determining the flexural capacity of the composite section depends on testing

concrete layer under compressive stress gave low capacity compared with a

concrete layer under tensile stress.

7. The proposed flexural capacity of the composite beam reduced the required

UTW thickness compared to the current methods.

8. The free edges thick-plate model resting on the Pasternak foundation de-

veloped by Shi et al. [273], which takes into account the effects of shear

deformation and normal pressure can be used to analyze composite pave-

ments.

9. A verification analysis of the proposed analytical with field data confirmed

the validity of the proposed model and satisfactory results can be obtained.

10. A comparison of the proposed model with two analytical solutions, which was

developed based on thin-plate theory, were made for common parameters and

indicated that the proposed model is more reliable.
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11. Differences between the results of thick and thin plate solutions ranged be-

tween 122 and -3%, and decreased as slab ratio (L/ℓe) increased more than

4.0.

12. The critical stresses in a UTW were observed to decrease significantly as the

thickness or stiffness of an existing pavement and overlay thickness increased.

13. The critical bending stresses in a UTW were not significantly affected by a

change in the modulus of a subgrade reaction or elastic modulus of overlay.

14. Slab dimensions had a significant effect on the critical bending stresses when

the slab ratio (L/ℓe) of the UTW was higher than 4.0.

6.2 Recommendations and Future Work

Since the scope of this study was limited, the following recommendations are made

to provide some guidance to researchers:

• Determine the minimum requirements of FRC toughness for an UTW to have

a 15 years service life.

• Development of laboratory tests to estimate both the tensile and shear in-

terface capacity of a UTW.

• Development of experimental works to consider other discrete fibers type

such as steel fibers or polyethylene.

• Development of the analytical model to consider the dynamic effect of the

wheel traveling at typical speeds in highways.
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• Analysis of mixed mode loading scenarios on individual and multiple slabs.

• Development of full-scale UTW tests to estimate slab capacity and provide

correction between simply support beam capacity and slab-on-ground capac-

ity.
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