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GLOSSARY
Terms

Aspect Ratio - The ratio of length to diameter of the fiber. Diameter may be
equivalent diameter.

Endurance limit - The fatigue stress level at which the concrete beams tested can
withstand two-million cycles of non-reversed fatigue loading, expressed as a

percentage of the static flexural strength.

Equivalent Diameter - Diameter of a circle with an area equal to the cross-
sectional area of the fiber.

Fiber Content - The weight of fibers in a unit volume of concrete.
Fatigue Stress - The extreme bending stress under repetitive loading.
Fatigue Stress Ratio - The ratio of fatigue stress to static flexural strength.

Fatigue S-N Curve or S-N Curve - The curve presenting a function of fatigue stress
ratio and number of load repetitions.

First Crack - The point on the flexural load-deflection curve at which the form of
the curve first becomes nonlinear.

First Crack Deflection - The deflection value on the load deflection curve at the
first crack.

First Crack Strength - The stress obtained when the load corresponding to the first
crack is inserted in the formula for modulus of rupture given in ASTM Test
Method C78.

Flexural Toughness - The area under the flexural load-deflection curve obtained
from a static test of a specimen up to a specified deflection. It is an indication of
the energy absorption capacity of a material.

Modulus of Rupture - The static flexural strength of concrete determined in
accordance with ASTM C78.

Static Modulus - the value of Young’s modulus of elasticity obtained from
measuring stress-strain relationships under static loading.

Toughness Indices - The number obtained by dividing the area under the load-

deflection curve up to a specified deflection by the area under the load-deflection
curve up to the first crack.
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Toughness Index, I; - The number obtained by dividing the area up to 3.0 times the

]

first crack deflection by the area up to the first crack of the load deflection curve.

Toughness Index, I,, - The number obtained by dividing the area up to 5.5 times the
first crack deflection by the area up to the first crack of the load deflection curve.

Toughness Index, I,, - The number obtained by dividing the area up to 10.5 times the first
crack deflection by the area up to the first crack of the load deflection curve.

Abbreviations

AASHO - American Association of State Highway Officials

AASHTO - American Association of State Highway and Transportation Officials
ACI - American Concrete Institute

ADT - Average daily traffic in both directions (all vehicles)

ADTT - Average daily truck traffic in both directions (excluding two-axle, four-tire
trucks)

ASTM - American Society for Testing and Materials
CRCP - Continuous reinforced concrete pavement
JPCP - Jointed plain concrete pavement

LSF - Load safety factor

FRC - Fiber reinforced concrete

FHWA - Federal Highway Administration

PCA - Portland Cement Association

PCC - Portland cement concrete

SD DOT - South Dakota Department of Transportation

SFRC - Steel fiber reinforced concrete
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Standards and Specifications

ACI 544.2R. - Measurement of Properties of Fiber Reinforced Concrete

ACI 544.3R. - Guide for Specifying, Proportioning, Mixing, Placing, and Finishing
Steel Fiber Reinforced Concrete

ASTM A820 - Specification for Steel Fibers for Fiber Reinforced Concrete

ASTM C31 - Practices for Making and Curing Concrete Test Specimens in the Field
ASTM C33 - Specification for Concrete Aggregates

ASTM C39 - Test Method for Compressive Strength of Cylindrical Concrete Specimens

ASTM C78 - Test Method for Flexural Strength of Concrete (Using Simple Beam with
Third-Point Loading)

ASTM C150 - Specification for Portland Cement

ASTM C231 - Test Method for Air Content of Freshly Mixed Concrete by the Pressure
Method

ASTM C469 - Test method for Static Modulus of Elasticity and Poisson’s Ratio of
Concrete in Compression

ASTM C618 - Specification for Fly Ash and Raw or Calcined Natural Pozzolan for Use
as a Mineral Admixture in Portland Cement concrete.

ASTM C1018 - Test Method for Flexural Toughness and First Crack Strength of Fiber
Reinforced Concrete (Using Beam with Third-Point Loading)

Notations

a - Radius of contact area

A,B,C = Constants or coefficients

Cy = Drainage coefficient

Ccv = Coefficient of variation

D. = The fatigue damage ratio accumulated over the design period due to all

groups of traffic loads




MR
MR
MR,

MR,

Elastic modulus of concrete

The wheel load

Ratio of the modulus of rupture at time T to the modulus of rupture at
28 days

The thickness of the slab

Load transfer coefficient used to adjust for the load transfer characteristics
of a specific design

The modulus of subgrade reaction
Radius of relative stiffness

The total number of load groups
Modulus of rupture

Mean modulus of rupture at 28 days
Mean modulus of rupture at 60 days
Design modulus of rupture at 28 days

The predicted number of repetitions in the design period for the ith load
group

Number of load applications

The allowable number of repetitions for ith load group

The allowable number of load applications for pavement design
Power with which an axle load deflects the slab

Initial serviceability

Terminal serviceability

Pressure under the slab

Overall standard deviation for rigid pavement




Static flexural strength of concrete (It can be different from modulus of
rupture determined by ASTM C78 when the variation in concrete
strength and the strength gain with age are considered.)

Time since slab construction in years

Predicted number of 18-kip (80-kN) equivalent single axle load
applications,

Standard normal deviation corresponding to selected level of reliability
Poisson’s ratio of concrete

Fatigue stress

The maximum bending stress due to corner loading

The maximum bending stress due to edge loading

The maximum bending stress due to interior loading

Xi




1. INTRODUCTION

Tasks 1& 2: The tasks of this chapter are to state the problem, review the literature
in rigid pavement design, and summarize the current jointed concrete pavement design
theories and design methods. The material presented provides insight into the fatigue
design criterion, erosion design criterion (PCA design method), and how they are
used in the current design procedures.

1.1 Problem Statement

Significant improvement in mechanical properties of tension-weak concrete can be
achieved by the incorporation of fibers. These properties include static flexural
strength, flexural fatigue strength, flexural toughness, ductility, and impact strength.
Continuing research, product development and marketing are steering the application
of fiber reinforced concrete (FRC). Numerous papers on the topic are published every
year; new fiber products made of different materials and in different shapes are
emerging; and many FRC pavements have been built in the USA on streets, highways
and airports in the last 20 years [29]. For pavement structures, the major benefit from
fiber reinforcement is its ability to prevent fatigue cracking which is a principle
distress in concrete pavements. Most current mechanistic design methods use flexural
strength and fatigue strength of plain concrete as the basic material design factors for
plain concrete pavement design because they are directly related to the actual
pavement performance. For FRC pavements, the fatigue property has been improved
and the existing design methods have to be modified to reflect the change. How the
other material properties of plain concrete or FRC (flexural toughness, ductility, and

impact strength) affect pavement performance and how they should be used in the

pavement design are unknown.




1.2 Literature Review

Pavement design has gradually evolved from art to science. Prior to the early 1920s,
the thickness of pavement was based purely on experience. As experience was gained
throughout the years, various analysis theories and design methods were developed by
different agencies for determining the thickness of Portland cement concrete (PCC)
pavements. Both mechanistic design procedures based on analytical solutions and
empirical design methods based on pavement performance in road tests have been
used. The current trend is to combine the two with the help of computer technology
which can give sophisticated finite element solutions and statistical analyses of

pavement performance data.

1.2.1 Analytical Solutions

Methods from simple formulas to complex derivations are available for determining

the stresses and deflections in concrete pavements.

Goldbeck’s Formula
By assuming the pavement as a cantilever beam with a concentrated load acting at the
corner, Goldbeck (1919) developed a simple equation for the design of rigid pavement
[15]:
o, = 3F/h’ (1.1)
where o, = the maximum bending stress due to corner loading,
F = the concentrated wheel load,

h = the thickness of the slab.



The same equation was applied by Older (1924) in the Bates Road Test [22].

Westergaard’s Analysis Based on Liquid Foundations

The most extensive theoretical studies on the stresses and deflections in concrete

pavements were made by Westergaard [37], who developed equations for three cases

of loading: load applied near the corner of a large slab, load applied near the edge of

a large slab but at a considerable distance from any corner, and load applied at the

interior of a large slab at a considerable distance from any edge. The analysis wa

S

based on the assumption that the reactive pressure between the slab and the subbase at

any given point is proportional to the deflection at that point, independent of the

deflections at any other points. This type of foundation is called a liquid foundati

on or

Winkler foundation. The load was applied on a circle (radius = a). The equations are

given as follows:

Corner Loading: 0. = (3F/h*)[1-(2% a/ 1 )"
where [ = radius of relative stiffness defined as:
[ = {(ER*)/[12k(1-v* )]3°*
where E = elastic modulus of concrete,
v = Poisson’s ratio of concrete,

k = the modulus of subgrade reaction.

Edge Loading: o, = [3(1+Vv)F/7(3+v)h*|[In(Eh’*/100ka* ) + 1.84 - 4v/3
+(1-v)/2 + 1.18a(1+2v)/ 1]

(1.2)

(1.3)

(1.4)




[3F(1+v)/2xh* ][In(I/B) +0.6519] (1.5)

Interior Loading: 0;

where B =a , whena = 1.72h

B = (1.6a*> + h* )™ - 0.675h when a < 1.724h

Pickett’s Analysis on Solid Foundations

In view of the fact that the actual subgrade behaved more like an elastic solid than a
dense liquid, Pikett et al. developed theoretical solutions for concrete slabs on an
elastic half space and a simple influence chart based on solid foundations for

determining the edge stresses [28].

1. 2. 2 Finite Element Solutions

With the development of the powerful finite element method, a breakthrough was
made in the analysis of rigid pavements. There are numerous computer programs
available such as JSLAB, ILLISLAB, KENSLABS, WESTLIQUID, WESTLAYER,
CRCP-2, RISC, just to name a few. Heinrichs [16] compared several computer
models for rigid pavements and concluded that both JSLAB [36] and ILLISLAB [35]
were efficient to use. The programs allows considerations of slabs with finite
dimensions, variable axle-load placement, and modeling of load transfer at transverse
joints or at the joint between pavement and concrete shoulder. For doweled joints,
dowel properties such as diameter and modulus of dowel-concrete reaction are used
directly. For aggregate interlock, a shear spring stiffness constant is used to present
the load-deflection characteristics of such joints. The programs can calculate many

key structural design factors such as critical stresses and critical deflections.



Assumptions in the development of JSLAB and ILLISLAB are identical and
summarized as follows:

1. Small deformation theory of an elastic, homogeneous medium-thick plate is
employed for the concrete slab, stabilized base and overlay. Such a plate is thick
enough to carry transverse load by flexure, rather than in-plane force (as would be the
case for a thin member), yet is not so thick that transverse shear deformation becomes
important.

2. In the case of a bonded stabilized base or overlay, full strain compatibility is
assumed at the interface. For the unbonded case, shear stresses at the interface are
neglected.

3. When aggregate interlock is specified for load transfer, load is transferred from
one slab to an adjacent slab by shear. However, with dowel bars some moment as
well as shear may be transferred across joints.

4. Dowel bars at joints are linearly elastic, and are located at the neutral axis of the
slab.

5. Three different types of foundations can be assumed: liquid, solid, and layer. Only

two layers can be used in layer foundation.

The stiffness matrix in both JSLAB and ILLISLAB for the subgrade considered is

based on the work of Tabatabaie [34]. As expected, both programs yield practically
the same results. There are some technical differences between the two programs in
calculation procedures, and some details of input and output. For example, JSLAB

output provides nodal bending stresses along X and Y axes; ILLISLASB prints out




nodal principal stresses.

The input of program JSLAB includes: 1) Geometry of the slab or slabs, and mesh
configuration. 2) Load transfer system at the joints. 3) Elastic properties and
thickness of PCC slab, stabilized base or overlay. 4) Subgrade stiffness. 5) Unit
weight of concrete and temperature gradient through slab. 6) Initial slab
displacements (if not zero). 7) Applied loads. The output produced by JSLAB
includes: 1) Dowel shear and moment at each node along joint. 2) Nodal deflections
and rotations. 3) Nodal bending stresses along X and Y axes. 4) Nodal shear
stresses in XY plane. 5) Nodal vertical component of applied load. 6) Nodal

moment component of applied load along X and Y axes.

1. 2. 3 Design Criteria

Structural analysis of rigid PCC pavements with an output of critical stresses and
deflections under given static loads is only one part of pavement design. Street and
highway pavements are subjected to repetitive traffic loads over a design period.
Design is not simply a matter of applying static loads one time. The concrete static
flexural strength (modulus of rupture) can not be directly compared with the stresses
calculated by finite element methods without considering the frequency of loading,
different axle-distributions of the truck traffic, and design life. The design criteria
must also be related to major types of distress of jointed concrete pavements such as

fatigue cracking and erosion.




Fatigue

Fatigue is a process of progressive, permanent internal damage in a structure
subjected to repetitive loading. Fatigue cracking is one of the principle distresses in
PCC pavement. An extensive study was made by the Illinois Division of Highways
during the Bates Road Test on the fatigue properties of plain concrete [12]. It was
found that if the intensity of extreme bending stress did not exceed approximately 50
% of the modulus of rupture, the flexural stress could be repeated indefinitely without
causing rupture, and that, if the stress ratio was above 50 %, the allowable number of
stress repetitions to cause failures decreased drastically as the stress ratio increased.
Although the arbitrary use of 50 % stress ratio as a dividing line was not actually
proved, the latter research [13] revealed that the average fatigue strength of plain
concrete under two million cycles is about 50 % to 55% of its static flexural strength.
Because of the logarithmic nature of the function, little loss in fatigue strength
actually occurs with continued repetitions of loads after two million cycles. The 50
% stress ratio has been used most frequently in later mechanistic design methods. To
obtain a smoother fatigue curve, the current PCA method assumed a stress ratio of
45% [25], below which no fatigue damage need be considered. The fatigue design
factors are endurance limit, S-N function, critical fatigue location in slab, and traffic
data in design period. A cumulative fatigue damage theory is used for the final
judgement of fatigue failure.

Endurance Limit

The endurance limit of concrete, as defined in this report, is the fatigue stress level

at which the concrete beams tested can withstand two million cycles of non-reversed




fatigue loading, expressed as a percentage of its static flexural strength [4]. Adding
steel fibers in concrete can significantly improve fatigue properties. Steel fiber
reinforced concrete (SFRC) has endurance limits ranging from 55% to 90%
depending on quality and quantity of fibers used and the properties of the concrete
mix [3,5,20].
S-N Curve
When the fatigue stress due to applied loads is greater than the endurance limit, the
allowable number of repetitions is a function of the fatigue stress, usually expressed
as a ratio of the fatigue stress to the static flexural strength. The classical approach to
fatigue design has focused on establishment of the S-N function. The number of
repetitions can be predicted by an equation:

logN = A - B (¢/S,) (1.6)

where N = number of load applications,

S. = static flexural strength of concrete,

o fatigue stress,
A and B = coefficients determined from fatigue test data.
Fatigue data of plain concrete beams from three studies were processed and a
regression curve was fit to the data base, which produced A = 17.61, B = 17.61
[13]:
logN = 17.61 - 17.61 (a/S,) (1.7)
This equation is a mean regression curve which presents a failure probability of 50

percent. A design equation usually uses a smaller allowable number of repetitions to

lower the probability of failure. In the "Design of Zero-Maintenance Plain Jointed



Concrete Pavement", Darter and Barenberg [13] recommended a reduction by one
order of magnitude. The design curve (Eq. 1.8) presents a failure probability of 24
percent:

log N, = 16.61 - 17.61 (0/S,) (1.8)
The fatigue S-N equations recommended by the PCA Thickness Design Method are
expressed as Eq. 1.9a through 1.9c [25]. These equations were developed on a similar
test data base but a much lower failure probability was used (The actual failure
probability is not given but the graphic curve of PCA equations shows that it is lower

than the 5 % failure probability curve established by Hilsdorf and Kesler [13]).

For (0/S.) = 0.55: log N, = 11.737 - 12.077 (0/S,) (1.9a)
For 0.45 < (/S < 0.55: N, ={4.2577 /[(0/S,)-0.4325]}**8 (1.9b)
For (0/S,) = 0.45: N, = unlimited (1.9¢)

Fatigue Criterion and Miner’s Damage Hypothesis

The classic hypothesis for determining the degree of fatigue damage due to random
stresses 1s Miner’s hypothesis, which assumes that fatigue resistance not consumed by
repetitions of one group of loads is available for repetitions of other groups of loads.

m

=3 (n/N) (1.10)

i=1

Df
Where D, is the damage ratio accumulated over the design period due to all groups of
traffic loads, m is the total number of load groups, n, is the predicted number of

repetitions in the design period for the ith load group, and N, is the allowable number

of repetitions for ith load group, which can be determined from Eqgs. 1.9a through
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1.9¢ for PCA method or from Eq. 1.8 for the Design of Zero-Maintenance Plain

Jointed Concrete Pavements.

The fatigue design criterion is based on both the S-N curve established from the
tested data and the damage ratio. The PCA method, which is conservative in Egs.
1.9a through 1.9c, requires that the accumulated damage ratio at the end of the design
period should be smaller than 1.0 [25]. The Design of Zero-Maintenance Pavement
method, which is not so conservative in its S-N equation, sets the limit of the

accumulated damage ratio not greater than 0.0001 [13].

Critical Fatigue Location in Slab and Truck Load Placement

Location of the critical point at which cracking initiates in the PCC slab is vital to the
development of a fatigue analysis with an objective of preventing slab cracking. All
the calculations of current finite computer models [13,16,24] indicate that the most
critical fatigue stress occurs at the edge of the slab, midway between transverse joints,
when the outside wheels of a truck are placed at the mid-slab edge of slab (Fig. 1.1a,
page 10). The conclusion has been proved by the performance of jointed PCC
pavements: most fatigue cracks were found initiated at mid-slab edge of slabs in the
AASHO Road Test, the Michigan Road Test and in-service pavements [16,32]. The
mid-slab edge position has a higher fatigue damage than the locations near joints or
any other locations when the pavements were subject to the same average lane traffic.
Since the joints are at some distance from this location, transverse joint spacing and

type of load transfer have very little effect on the magnitude of fatigue stresses.
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The lateral distribution of wheel loads also plays an important role in the fatigue
analysis. The highest stress occurs when the outside truck wheels are running at the
edge of slabs. As the truck placement moves inward a few inches from the edge, the
stress decreases significantly. At increasing distance inward from the edge, the
frequency of load applications increases but the magnitude of edge stress decreases.
Theoretically, the distribution of wheel placement across the traffic lane must be
known, so that the damage ratio at the pavement edge caused by each load placement
can be calculated and summed up to obtain the total damage. This procedure is too
cumbersome for design purposes but was analyzed by the PCA to develop a more
easily applied method . In the PCA method, fatigue at the pavement edge was
computed by placing the load incrementally at distances inward from the slab edge for
typical distribution of truck placement. It was found that the same fatigue damage can
be obtained by considering the edge loading only and placing 6% of the total number
of load repetitions at the pavement edge. If the total number of repetitions are used
for the design, the edge stress must be reduced to obtain the equivalent fatigue
consumption. For 6% truck encroachment, the edge stress must be multiplied by an
adjusting factor of 0.894. This factor was used in preparing the equivalent stress

tables (Tables 9.2a & 9.2b) [23].

Pumping and Erosion

Another important type of distress, which needs to be addressed in the design of
jointed PCC pavements, is the pumping and erosion of material beneath and beside

the slab. Many repetitions of heavy axle loads at slab corners and edges may cause

12



pumping and ercsion, corner breaking, and faulting of pavement joints. In fact, most
of the failures in the Maryland and AASHO road tests were the results of pumping [7,

8, 13, 16, 19].

Pumping is defined as the ejection of water and subbase material through joints,
cracks, and along the edge of pavements caused by slab deflection due to heavy axle
loads. The sequence of events leading to pumping erosion includes the creation of
void space under the pavement caused by temperature curling of the slab and plastic
deformation of the subgrade, entrance of water, ejection of muddy water, enlargement
of void space, and finally the faulting and cracking of the leading slab ahead of
traffic. Pumping occurs under the leading slab when the trailing slab rebounds, which
creates a vacuum and sucks the fine material from underneath the leading slab, as
shown in Figure 1.2. It should be emphasized that pumping occurs only when the
materials under the concrete slabs are saturated with free water. Other factors that
influence pumping and erosion include stiffness of concrete slab, magnitude and
number of repeated loads, efficiency of load transfer at the joints, amount of
deflection, water pressure under slab, and permeability or drainability of subbase.
No mechanistic models currently available take all of the above factors into
consideration. The only practical model used by current design methods is the one

developed by the Portland Cement Association (PCA) [25].

Erosion Criterion (PCA Method)

Pumping and erosion are more directly related to pavement deflection than to flexural

13




stresses. The PCA method of analyzing erosion is a mechanistic-empirical method that
establishes correlations between finite-element calculated results (deflection of slab
and pressure under slab) and AASHO Road Test performance data. The first attempt
to directly relate deflection to performance was not successful because a thinner slab
has a shorter deflection basin and receives faster load punches than a thicker slab with
the same deflection. A more useful correlation was obtained from the power, or the
rate of work done by an axle load on a unit area of a slab. The power was expressed
as:

pwC

P - - 268.7p w k"7 / h = 268.7 p*/ K%/ h (1.11)
I K%% / (truck speed)

where: P = power with which an axle load deflects the slab,

p = pressure under the slab,

C = a constant,

w = corner deflection,

h = slab thickness,

[ = radius of relative stiffness, (See Eq. 1.3)

k = modulus of subgrade reaction.
The development of the erosion criterion was also correlated to the joint faulting of
PCC pavement performance. The allowable number of repetitions is expressed as:

log Ny, = 14.524 - 6.777 (C, XP - 9.0)*13 (1.12)
where : Ny = allowable load repetitions for an axle load to end of design period,

P = power as defined above,

C, = 1.00 for normal, untreated subbase, 0.90 for stabilized subbase.
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The equation for erosion damage is:

Percent erosion damage = 100 £ n, (C, / N; ) (1.13)
where: n; = expected number of axle-load repetition for axle-group i,
N, = allowable number of repetition for axle-group i,

1

C, = truck encroaching coefficient, 0.06 for pavements without concrete
shoulders, 0.94 for pavements with concrete shoulders. With a concrete
shoulder, the corner deflection is not significantly affected by the truck
placement, so a large C, is used. The value of 0.06 for the pavements without
concrete shoulder is also conservative because it is based on a study of
pavements with paved shoulders [23]. Gravel, asphalt and blotter shoulders are
treated as without concrete shoulder.
The total erosion damage at the end of design period should be less than 100 percent.
Because the calculation of critical corner deflection involves complicated finite
element analysis, equations 1.11 through 1.13 are not used in the thickness design
procedure. They are used to create the design tables and design charts. The PCA
method gives erosion factors (Tables 9.3a-9.3d, page 68-69), which depend on
thickness of slab, subgrade-subbase k value, with or without concrete shoulder, and

doweled or aggregate-interlock joints. Design charts (9.2a and 9.2b, page 70-71)

show allowable N values as N, /C, to save a calculation step. [23]

Critical Deflection Location for Erosion Analysis

The most critical pavement deflections occur at the slab corner when axle loads are
placed at the joint with the wheels at the corner (Fig. 1.1b on page 10). A 160 kN
(36 kip) tandem axle load usually causes more deflection than a 18-kip single axle
load in contrast with that the latter induces higher stresses at mid-slab edge than the

former. In this situation, transverse joint spacing has no effect on the magnitude of
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corner deflections but the type of load transfer mechanism and concrete shoulder have

substantial effects.

1. 2. 4 Current Design Methods for Jointed PCC Pavements

AASHTO Design Guide

The "AASHTO Guide for Design of Pavement Structures" was originally developed
from the results of the AASHO Road Test conducted in Illinois from 1958 to 1960.
The Interim Guide was published in 1962 and revised in 1972, 1981, 1986, and 1993
[7, 8]. The nature of the design method is empirical. The governing equation for

rigid pavements is given as (in English units):

log[(P-P)) / (P-1.50)]

log(Wye) = Zg XS, +7.35 log(h+1) - 0.06 +
1+[1.624 %107 / (h+1)%* ]

MR X C, X (h"™ - 1.132)
+(4.22 - 0.32P, ) x log{ } (1.14)
215.53 J [h%75 - 18.24 / (E/K)*® ]

where: W,; = predicted number of 18-kip equivalent single axle load applications,
Z, = standard normal deviation corresponding to selected level of reliability,
S, = overall standard deviation for rigid pavement,
h = thickness (inches) of pavement slab,
P; = initial serviceability,
P, = terminal serviceability,

MR = modulus of rupture (psi) for portland cement concrete used on a
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specific project,
J = load transfer coefficient used to adjust for the load transfer characteristics
of a specific design,

C, = drainage coefficient,

E = modulus of elasticity (psi) for portland cement concrete, and

k = modulus of subgrade reaction (pci).
A serious limitation of the AASHTO design method is that the equation can be
applied only to the conditions that are the same or similar to the road test site. In the
AASHO Road Test, the construction quality was highly controlled, but a typical
highway project may contain much greater construction and material variability. The
AASHTO design nomograph was developed based on a slab thickness of 10 in (254
mm) and a terminal serviceability of 2.5. A correction term was then developed to
approximately account for the effects of different terminal serviceability. It was
reported that there was no error in predicting Wi for slab thickness of 10 in (254
mm), while there was a potential error of up to 1 in (25 mm) in predicting W, for

extreme slab thicknesses such as 6 in (152 mm) or 14 in (356 mm) [8].

Design of Zero-Maintenance Plain Jointed Concrete Pavement

The Zero-Maintenance Design procedure for JPCP was developed in 1977 [13]. The
method is for the design of heavily trafficked highway pavement which will perform
relatively maintenance-free over a selected design period. The term "Zero-
maintenance” refers only to structural maintenance such as patching, crack filling,

slab replacement, and overlay.
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The first design approach was to modify the existing AASHTO Design Guide. The
revised regression equations were based on both the AASHO Road Test and 10
additional field surveys from nationwide locations. The terminal serviceability was
raised to meet the zero-maintenance requirement; new equations were developed;
and a climatic regional factor was introduced into the design procedure. The detailed

regression equations [13] are not listed here.

The second parallel approach was to add a structural design based on fatigue analysis.
Finite element programs were used to compute the critical edge stresses due to both
traffic loads and temperature curling. The modulus of rupture of the concrete used in
a highway project varies from point to point and this variation has a significant
effect on pavement performance [13, 32]. The coefficient of variation is defined as
follows:
CV = standard deviation / mean modulus of rupture (1.15)
Many transportation agencies have studied the quality control of concrete. Field data
indicate that the coefficient of variation ranges from 5 to 25 percent for excellent to
poor quality control, respectively. It is recommended that construction control should
be adequate to limit the coefficient of variation to 15 percent or less. The design PCC
modulus of rupture adjusted for concrete variability is obtained from the following
expression:
MR,y = MRy (1 - CXCV) (1.16)
where MR, = mean modulus of rupture at 28 days,

MR,q; = design modulus of rupture at 28 days,
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CV = coefficient of variation,

C = 1.03, a constant representing a confidence level of 85 %.
The concrete strength gain with age was also considered in the fatigue analysis. The
static flexural strength at given time is given as:

S. = F4, X MRy, (1.17)

where F, = 1.22 + 0.17 log T - 0.05 (log T)*

T = time since the pavement slab was constructed, years,

MRy, = design modulus of rupture at 28 days.
The allowable axle load applications used in the design is given as Eq. (1.8) on page
8. The final design must satisfy both the serviceability criterion and the fatigue
criterion. With the additional field survey data, a new design approach, and
narrowed subject (zero-maintenance JPCP only), the design procedure reaches higher
reliability than the AASHTO Design Guide. It is important to keep in mind that the
Zero-Maintenance Design Procedure for JPCP is for heavy truck traffic, and concrete
slabs with thicknesses ranging from 203 mm (8 in) to 356 mm (14 in). Any concrete
pavement slab less than 203 mm (8 in) thick should not be designed by this method.
Another limitation of the method is that pumping and erosion of subbase material are

not directly considered in the design.

PCA Thickness Design for Concrete Highway & Street Pavements
The well known version of the PCA thickness design procedure for concrete
pavements was first published in 1966 [24]. The current revised version [23, 25] was

released in 1984 with a new pavement foundation erosion criterion and the
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conventional fatigue criterion for thickness design. A finite element computer program
called JSLAB was employed to calculate the critical stresses and deflections, which
were then used in conjunction with the design criteria to develop the design tables and
charts. The design procedure is based on theoretical studies, research experience, and
observations of performance of pavements including both the AASHO Road Test
results and studies of pavement faulting. The fatigue and erosion criteria of the PCA
method have been discussed in section 1.2.3. The other features are summarized as
follows:

1. Concrete Properties - The only material property input required is the average
modulus of rupture of concrete determined at 28 days using the method specified by
ASTM C78 standard test. In view of the fact that variations in modulus of rupture
have a significant effect on pavement performance, the modulus of rupture is reduced
by one standard deviation ( a coefficient of variation of 15 % is assumed). The
strength gain with age is also considered but the amount of the adjustment is not
known. The designer simply inputs the average 28-day flexural strength because both
reduction due to variation and gain due to age has been incorporated in the design
charts and tables.

2. Transverse Joints - The following values are used for the computer program
input: dowel bar diameter = 1/8 of slab thickness; modulus of dowel-concrete
reaction = 2,000,000 pci (543 GN/m?®); shear spring constant for aggregate interlock
= 5000 Ib/in/in (34.5 GN/m/m).

3. Subgrade and Subbase Support - Three types of subbase (untreated, cement-

treated, and lean concrete) are suggested in the procedure. The effective modulus of
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subgrade reaction k-value at the top of subbase is estimated from information of the
k-value of subgrade soil, and the thickness and type of subbase. Average k-value in
normal summer and fall is used without considering the variation over the year.

4. Traffic - The data on average daily truck traffic (ADTT), direction distribution
factor, lane distribution factor, and axle-load distribution are used to calculate the
repetitions for each group of single-axle or tandem-axle loads. The design procedure
also provides several typical axle-load distributions when actual axle-load data are not
available.

5. Load Safety Factor (LSF) - The axle loads are multiplied by a load safety factor
to compensate for the possibility of unprotected heavy truck overloads and normal
construction variations in material properties and slab thickness. For interstate and
other multilane projects where there will be uninterrupted traffic and high volume of
truck traffic, LSF = 1.2; for highways and arterial streets with moderate volumes of
truck traffic, LSF = 1.1; and for roads and streets with low volumes of truck traffic,
LSF = 1.0.

6. Temperature Curling and Moisture Warping - Curling stresses are not
considered in the fatigue analysis for several reasons: a) Joints are used to relieve
curling stresses The procedure recommends that the maximum joint spacing is 4.6 m
(15 ft) for nondoweled plain concrete pavements, and 6.1 m (20 ft) for plain-doweled
pavements. b) Curling stress may be added to or subtracted from loading stresses to
obtain combined stresses. ¢) When the fatigue principle is used for design, it is not
practical to directly combine loading and curling stresses. A pavement may be

subjected to millions of load repetitions during the design period, but the number of
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stress reversals due to curling is quite limited. d) Furthermore, the thermal gradient

varies daily, monthly and annually. Detailed data are not available in most cases.

Other researchers believe the curling stresses should be included in the fatigue
analysis and consider the issue as one of the limitations of the PCA method [16].
Another major limitation is that climate and drainage factors are not included in the
design procedure. The procedure suggests that the erosion criterion be modified by

local experience.

1. 2. 5 Design Methods for Pavements with Fiber Reinforced Concrete

Many pioneer projects of FRC were airport related pavements (runway, taxiway and
terminal apron). Parker (1974) developed a pavement thickness design method for
steel fiber reinforced concrete similar to the methods for conventional concrete. The
allowable working stress of SFRC aircraft pavements was set at 80 percent of the
modulus of rupture obtained from the laboratory SFRC specimens [27]. Ernest
Schrader (1984) considered the improved fatigue strength and strength gain due to age
into his design method for SFRC with an illustrative example of airfield pavement
[31]. Pumping or erosion was not taken into account by either case simply because it
is not a major distress of airport pavements. Aircraft pavements are usually much
thicker than highway pavements and they are built on stabilized subbases. It is also an
important fact that the loads are applied far away from the edge of airport pavements
but near the edge of highway pavements, which results in different stresses,

deflections, and distress models.
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2. OBJECTIVES

1. To identify the most important mechanical properties of fiber reinforced concrete
through discussing the test results from compressive strength tests, static elasticity
tests, static flexural tests and fatigue flexural tests, and establish the equations
required for fatigue analysis.

This objective is accomplished through chapters 5, 6, and 7, which discuss the test
results, compare the differences between plain concrete and FRC, and explain why
flexural toughness is not used as a design factor and why flexural fatigue strength is

considered important.

2. To develop a thickness design method for jointed FRC highway and street
pavements, adapting the current PCA design method and incorporating the distinctive
fatigue properties of FRC.

This objective is accomplished through chapters 8 and 9. The PCA "Thickness Design
for Highway and Street Pavements" is modified by changing the fatigue endurance
limit and fatigue S-N function based on the test results of the SFRC. Because the
SFRC studied has practically the same stiffness as plain concrete, the erosion design
criterion, which is controlled by slab deflection and pressure under the slab, is used
without change except the steel fiber reinforcement is assumed to have load transfer
capacity similar to conventional dowels in the thin (less than 180 mm or 7 in.)

pavements.
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3. To evaluate the performance of jointed FRC pavements constructed on Haines
Avenue, Rapid City, South Dakota, in 1988.

After seven-year service, the SFRC test sections on Haines Avenue was inspected on
May 21, 1995, in accordance with " Distress Identification Manual for the Long-Term

Pavement Performance Project” [30]. The findings are reported in chapter 10.
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3. RESEARCH SIGNIFICANCE

A modified design method based on experimental investigation and field application of
FRC was developed. The method provides an alternative pavement design and also
reveals that the utilization of FRC is most beneficial in preventing fatigue cracking of

pavements.

4. EXPERIMENTAL PROGRAM AND FIELD APPLICATIONS

Task 3: The task of this chapter is to summarize the experimental program and field
applications. The following information is provided: 1) The location and geometrical
dimensions of the field test sections of SFRC pavements. 2) The SFRC mix
proportions and material description. 3) Test specimens made and curing conditions.
This research is the continuation of two research projects under the leadership of
Professor Ramakrishnan (Dept. of Civil Engineering, South Dakota School of Mines
and Technology) and sponsored by the South Dakota Department of Transportation
[1, 2]. Steel fiber reinforced concrete with 0.5 percent fiber content by volume was
used in the construction of pavements on Haines Avenue and Sheridan Lake Road,

Rapid City, South Dakota. A large number of test specimens were made from the

field concrete mixes and their basic properties were evaluated.

4.1 Field Applications
Haines Avenue from I-90 to E. North Street in Rapid City - This was a federal aid

urban systems reconstruction project, 737.3 meters (2419 ft) long, 14.6 meters (48 ft)
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wide roadway plus curb and gutter. It was designed with a 190 mm (7.5 in) plain
concrete slab without dowels at transverse joints (The original design was based on
the AASHTO design method and then modified by local experience). The steel fiber
reinforced concrete pavements, which are located between intersecting Custer Street
and Van Buren Street, consist of two sections: one is 27.4 m (90 ft) with 152 mm (6
in) thickness and the other is 22.9 m (75 ft) with 127 mm (5 in) thickness. There are
three transition sections each of 4.6 m (15 ft) between the two sections and between
plain concrete and SFRC sections. Transverse joint spacing is 4.6 m (15 ft) and
longitudinal joint spacing is 3.7 m (12 ft), center to center. The concrete was supplied
by a central ready mix plant. Both plain concrete and FRC pavements were
conventionally placed and finished using a concrete paving machine. The project was

constructed in June 1988 [2].

Sheridan Lake Road from Corral Drive to South City Limits, Rapid City -

The road is 14.6 m (48 ft) wide plus curb and gutter. Plain, steel fiber (hooked end
steel fiber and corrugated steel fiber) reinforced concrete and polyolefin fiber
reinforced concrete pavements were cast in different sections along the road. The
concrete mix design, the joint spacing, and the mixing and placing procedures were
the same as in the Haines Avenue project. The SFRC with the same 0.5 % hooked
end steel fibers was used at the intersection of Corral Drive and Sheridan Lake Road.

The intersection was constructed with 140 mm (5.5 inch) SFRC slabs in 1994 [1].
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4.2 Mix Design and Materials

Fiber reinforced concrete is a composite material. The performance of FRC pavement
is a consequence of its composite materials, the mix design and the quality of the
construction. The mechanism of how fibers strengthen concrete is related to the fiber
properties (elastic modulus, strength, fiber end anchorage features, aspect ratio, and
fiber content), concrete properties (strength, elastic modulus, and shrinkage
parameters), and the properties of the interface between the fibers and concrete
matrix. To achieve desirable workability of FRC and create enough cement paste to
coat all aggregate and fiber surfaces, higher cement content than plain concrete was
usually used in the past. However, higher cement content makes FRC more sensitive
to drying shrinkage and differential temperatures, which results in curling of FRC
slabs. It was reported that instead of fatigue failure, corner cracking became a major
distress of FRC pavements due to curling and lost support of subbase [29, 31].
Continuing research and field practice led to the incorporation of fly ash in FRC
technology. There are four advantages of replacing cement with fly ash. First, it is
more economical. Fly ash is less costly than Portland cement and is readily available
as a by-product of combustion of coal for power generation. Second, fly ash enhances
workability of FRC mix. One of the principal ingredients of fly ash is silicon oxide
that has a sphere-like molecular structure and affords the FRC a "ball-bearing" action.
Third, it produces less hydration heat than cement and helps to control the curling

effect of FRC pavements. Lastly, it increases long-term strength gain of FRC.

Based on the research experience of Professor Ramakrishnan, the mix proportion listed
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in table 4.1 was selected to give a minimum compressive strength of 38 MPa (5500 psi).

Table 4.1 Basic Mix Proportions for The SFRC

Cement 311 kg /m’ 525 1b /cu. yd
Fly Ash 67 kg /m? 113 1b /cu. yd.
Coarse Aggregate 969 kg /m’ 1634 1b /cu. yd
Fine Aggregate 790 kg /m’ 1331 1b /cu. yd.
Fibers 39 kg /m’ 66 Ib /cu. yd.
Water/(Cement + Fly Ash) Ratio 0.39 - 0.41

Water/Cement Ratio 0.48 - 0.50

The fibers used were hook end steel fibers designated as ZC 60/.80, i.e. 60 mm
(2.36 in) long and 0.80 mm (0.031 in) in diameter. They were bundled with water
soluble glue and distributed uniformly in concrete during the normal mixing
procedure. The minimum tensile strength of the fibers is 1172 MPa (170,000 psi)
and the aspect ratio is 75. Two kinds of coarse aggregates were blended, which have
the maximum sizes of 19 mm (3/4 in) and 38mm (1.5 in), respectively. The fine
aggregate used was natural sand from Birdsall Sand & Gravel Co., Rapid City. Both
the coarse and the fine aggregates satisfied grading requirements in accordance with
the ASTM C33. Cement used was type I/II cement and conformed to the
requirements of ASTM C150. Fly ash conformed to ASTM C618. Air entraining
agent (Neutralized Vensol Resin produced by Master Builders) was used to improve

concrete durability and workability.
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Two trial SFRC mixes were made before the road construction and designated as SDI
and SDII. The field mixes were designated as SDPI and SDPII. The control plain
concrete was taken from field mix SDPI before adding steel fibers and named as

SDPI-P.

4.3 Test Specimens

Test specimens were made for compressive strength, static modulus of elasticity,
static flexural, and flexural fatigue tests. All specimens were cast in steel molds
using a mechanical vibrator for proper compaction of the concrete. After casting was
over, the specimens were covered with plastic sheets until the next day when they
were demolded and placed in lime saturated water for curing. The specimens were
taken out of the tanks at the specific age for testing. The beams for fatigue testing
were taken out of the tanks at the age of 28 days and painted with a curing compound

(Protex Promulsion).
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5. COMPRESSIVE STRENGTH AND STATIC MODULUS OF ELASTICITY

Task 4: Identify the most important properties of FRC to be used for the FRC
pavement design, compare the differences between plain concrete and FRC in design
factors, and establish the equations for fatigue analysis of FRC pavements. Task 4 is
accomplished through chapters 5, 6 and 7. The task of chapter 5 is to summarize and
discuss the test results from compressive strength test and static modulus of elasticity
test. Comparison between plain concrete and SFRC is also made through table and
figure.

The 28-day compressive strength is an important quality control property because the
concrete with higher compressive strength is more durable and has better resistance to
the surface wear from studded tires. The static modulus of elasticity test for both

plain concrete and SFRC justify that the elastic plate theory used for the analysis of

plain concrete pavements is still valid for SFRC pavements.

The 152 x 305 mm (6 X 12 in) cylinders were tested for static modulus of elasticity
(ASTM C469) and then for compressive strength (ASTM C39). The average values

obtained from 28-day tests are given in Table 5.1 on page 32.

It was observed that 0.5 % fibers by volume had no significant effect on either
compressive strength or static modulus of elasticity. When all the mixes had the same
mix proportions and water/cement ratio, the air content (tested in the field in
accordance with the ASTM C231) became the major factor of compressive strength.
Figure 5.1 shows the relationship between the compressive strength and air content of
concrete. For the compressive strength, the coefficient of variation within-batch varied

from 3 percent to 9 percent. The average strength of the four SFRC mixes was 40.96
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MPa (5940 psi), exceeding the minimum compressive strength of 38 MPa (5500 psi)
required. The overall coefficient of variation for all SFRC was 10.8 %. This value
presents not an excellent but a good quality control, which is close to a field situation
rather than strictly controlled laboratory conditions. The average modulus of elasticity
of SFRC mixes was 3.65 X 10* MPa (5.30 x 10° psi) with a coefficient of variation
of 4 %. If the plain concrete was included, the overall average became 3.68 x 10*
MPa (5.34 X 10° psi) with the same coefficient of variation of 4 %. The test results
indicate that when the volume percentage of steel fibers is only 0.5 %, the elasticity
of SFRC is practically the same as the plain concrete. The previous research also
reported that the effect of steel fibers on elasticity of concrete is negligible if fiber
content is less than 2 percent [2-6, 10]. This conclusion means that the stiffness of
SFRC is the same as plain concrete and all structural analysis methods based on small
deformation theory of an elastic medium-thick plate are valid for both plain concrete

and SFRC pavements.

Table 5.1 - Compressive Strength, Static Modulus and Air Content

Mix Type, Compressive CV = Static Modulus Cy * Air

and Mix Strength Content
Number MPa (psi) (%) 10* MPa (10° psi) | (%) (%)

SFRC, SDI 45.9 (6650) 5 3.72 (5.40) 2 3.5
SFRC, SDII 35.5 (5150) 3 3.45 (5.00) 2 6.9
SFRC, SDPI 40.0 (5800) - 3.72 (5.40) 2 5.8
SFRC, SDPII 42.5 (6170) 9 3.66 (5.31) 0.4 43
Plain, SDPI-P 39.6 (5740) - 3.86 (5.60) 1 5.8

* CV = Coefficient of Variation
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6. FLEXURAL TESTS UNDER STATIC LOADING

Task 4 (Continued): The task of this chapter is to discuss the test results from
flexural test under static loading and identify the important material properties for
FRC pavement design. Explanation is given why flexural toughness is not used as a
design factor and why flexural strength, its variation and its growth with age are
important for FRC pavement thickness design.

When plain concrete is used, flexural strength, termed as modulus of rupture, is often
the only concrete material property input for pavement thickness design. Plain
concrete is a brittle material that fails simultaneously with the appearance of a crack.
The main difference in behavior between SFRC and plain concrete under static
loading is SFRC’s ability to support loads even after the formation of cracks. The
fiber reinforcing effect varies from substantial to subtle depending upon a large

number of variables. The fibers with high modulus of elasticity and high degree of

surface bonding and end anchorage generally perform better.

Load-Deflection Curve - The different load-deflection curves are shown in Fig. 6.1.
For many practical applications with fiber content about 1.5 % or less by volume,
the matrix first-crack strength is not changed much by the introduction of fibers. The
first crack occurs at the point on the load-deflection curve at which the form of the
curve first departs the elastic linear behavior. Under static loading, a FRC beam fails
in one of the three models following first cracking (Fig. 6.1):

Model 1. - The FRC composite continues to carry increasing loads after matrix
cracking. The peak load-carrying capacity and the corresponding deformation are

greater than those of plain concrete. During the inelastic range of this ductile failure
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model, progressive debonding, frictional slippage at fiber-matrix interface, and some
additional matrix cracking occur. If the fibers used have sufficient bond strength and
end anchorage, fiber fracture also occurs, which indicates the high level of fiber
efficiency. Curve 1 shown in Fig. 6.1 is an actual test curve of beam No. SDP1-Al
(hooked end steel FRC).

Model 2. - The FRC composite continues to carry decreasing loads after matrix
cracking. The drop occurs either at the first crack or right after it. The post-cracking
resistance is primarily attributed to fiber pull-out. While considerable enhancement of
fracture energy is obtained, no significant increase in flexural strength is observed.
Curve 2 shown in Fig. 6.1 is an actual test curve of beam SDSP-B5 with 0.5 %
corrugated steel fibers. SFRC with 0.5 % -1.0% straight steel fiber content has
similar load-deflection curve [3, 6, 10].

Model 3. - Similar to plain concrete, shown in Fig. 6.1, the FRC composite may
fracture immediately after first cracking. This type of brittle failure results from
inadequate fiber content at the critical section. It was reported that FRC with 0.1 %

polypropylene fibers often failed this way [21].

It was observed that if the concrete mix design was the same, the stiffness of plain
concrete and FRC is about the same under static flexural loading until the first crack
point. This conclusion was also confirmed by previous literature [3-6, 10, 21]. The
region from the origin to the first crack point is called the elastic region in which the
performance of both plain concrete and FRC practically depend on concrete matrix

only and the load-deflection relationship is linear. For design of concrete pavement,
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the traffic loads are not allowed to exceed the first crack point regardless of whether
concrete is plain or fiber reinforced. It is obvious that plain concrete and FRC without
adequate fibers at the critical section fail immediately with the first cracking. For
FRC with model 1 or model 2 failure under static loading, traffic loads are not
allowed to be greater than first crack load either. The reason is that traffic loads are
not static but repetitive fatigue loading. Both magnitude of loads and number of
repetitions must be taken into account in pavement design. If the magnitude of a load
is great enough to cause the first crack at the first cycle of loading, the number of
repetitions to failure will be very low, typically less than 100. Concrete reinforced by
discontinuous,random distributed fibers with fiber content ranging from 0.5 % to 1.5
% by volume cannot allow cracks in the same way as continuous reinforced concrete
pavements (CRCP), which was a lesson learned from early applications of FRC [29].
Because all traffic loads are limited below the first crack load, the analysis of
stresses and deflections for plain concrete based on elastic medium-thick plate theory

should also be valid for FRC.

Toughness - Toughness is generally accepted as a measure of energy absorption
capacity of a material. Nevertheless, the debate on how it should be measured,
interpreted, and used in design is still inconclusive [38]. In many cases the toughness
properties tested by different methods are not only material dependent but also
influenced by many testing factors such as specimen size (depth, width, span), loading
configuration (mid point or third point loading), load rate and control, accuracy of

measurement of first crack deflection, test machine stiffness, and so on. A great deal
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of research interest has been shown in the development of a test standard to evaluate
toughness performance. A static third-point bending configuration is used in the
"Standard Test Method for Flexural Toughness and First-Crack Strength of Fiber-
Reinforced Concrete” (ASTM C1018). The preparation of the specimen and the
loading system are the same as in the "Standard Test Method for Flexural Strength of
Concrete" (ASTM C78). The toughness or the energy absorbed by the specimen is
computed from the area under the load-deflection curve. To minimize the effects of
specimen size and the other testing factors, the energy absorbed by a specimen up to a
certain deflection level can be normalized by dividing it by the energy absorbed up to
first crack, which produces a dimensionless parameter called toughness index.
According to ASTM C1018, the toughness indexes I, I, and I,, are calculated ratios
of the area of the load-deflection curve up to the deflections of 3, 5.5, an 10.5 times
the first-crack deflection divided by the area under the same load-deflection curve up
to the first crack, respectively. Toughness indexes are not used in this thickness
design for several reasons:

1. The toughness indexes are based on the value of the first-crack deflection that is
very small and too sensitive to testing errors. Any extraneous deformations may
introduce significant error up to more than 100 %, making the test value of first-crack
deflection useless. The specimens made from the same mix but tested in different
laboratories yielded different results especially in the values of first-crack deflections
[38].

2. Toughness indexes were observed to be relatively insensitive to fiber type, and

fiber content [10, 38].
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3. The toughness test is conducted under static loading. The major portion of the
energy is absorbed by FRC after the first cracking. Because cracks are not allowed
under the first cycle of loading as mentioned before, toughness indexes calculated by

ASTM C1018 do not present the failure style of rigid pavements under traffic loads.

First-Crack Strength and Modulus of Rupture - The beams were tested for first-crack
strength and modulus of rupture at 28 days in accordance with the ASTM C1018 and the
ASTM C78. Both 365 %102 %102 mm (14 X4 X4 in) and 533 X152 X152 (21 X6 X6 in)
beams were tested. First-crack strength is defined as the stress corresponding to the load
at first crack which occurs when the load-deflection curve first becomes nonlinear.
Modulus of rupture is the ultimate flexural stress based on the maximum load. The 28-
day test results of flexural strength for the Haines Avenue project are summarized in
Table 6.1. The values shown are the average for each mix. The grand average of
modulus of rupture for the SFRC is 5.34 MPa (775 psi) with a coefficient of variation
of 9.1 % between the average values of four mixes. The average ultimate strength is only
slightly greater (3.3 %) than the that of plain concrete (5.17 MPa or 750 psi). Compared

to the coefficient of variation, this increase is not significant.

The average modulus of rupture of the SFRC in the Haines Avenue project is 5.4 %
greater than the average first-crack strength. Although the ultimate strength of the SFRC
is only slightly greater than the first-crack strength, it characterizes a ductile failure like
model 1 shown in Figure 6.1. Because it is easer and more accurate to determine the
modulus of rupture (measurement of deflection of test beam not involved) and the

increase of the ultimate strength is a good indicator of fiber-reinforcing effect, the 28-day
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modulus of rupture is chosen as the basic design factor with the consideration of variation

of concrete strength and strength gain with age.

Table 6.1 First-Crack Strength and Modulus of Rupture

Mix Type, First-Crack Strength Modulus of Rupture
and Mix Number MPa > MPa -
SFRC, SDI 5.08 737 5.14 745
SFRC, SDII 4.29 622 4.83 700
SFRC, SDPI 5.67 822 5.96 865
SFRC, SDPII 5.22 758 5.45 790
Average of SFRC Mixes 5.19 735 5.34 775
Plain, SDPI-P 5:17 750 517 750

Variation in Modulus of Rupture - Variations in flexural strength of SFRC have

greater effect on thickness design than variations in other material factors such as

modulus of elasticity and modulus of subgrade reaction. Under normal construction

practice, concrete strength has a coefficient of variation of 10 % to 12 % for good

quality control, which can go up to 20 % or more for poor quality control. In the

PCA thickness design [25], a coefficient of variation of 15 % is assumed, which

presents fair-to-good quality control. The same value is used for this FRC pavement

design. The variations in concrete strength are taken into account by selecting a

design modulus of rupture 15 % lower than the mean. The design flexural strength at

28 days can be expressed by the equation:

MR,y = MRy (1- CV) = MRy (1- 0.15) = 0.85 MRy, (6-1)
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where MR, is the mean modulus of rupture at 28 days determined by ASTM C78,
and CV is the coefficient of variation. It should be noticed that the specimens for the
ASTM C78 test are usually made from one or a few batches, which may produce
lower variation of test results. The coefficient of variation of 15 % assumed here is

for concrete throughout a pavement project.

Concrete Strength Gain with Age - It is well accepted that concrete strength
continuously increases with age because of continued hydration. Both the PCA
Thickness Design [25] and the Design of Zero-Maintenance Plain Jointed Concrete
Pavement [13] consider the strength gain with age. After analyzing the data from the
PCA and additional data from five projects in different states, Darter proposed a

regression equation for the strength gain of plain concrete as follows [13]:

F, = 1.22 + 0.17 logT -0.05 (logT)* (6.2)

where F, = ratio of the modulus of rupture at time T to the modulus of rupture at
28 days,

T = time since slab construction in years.
Previous research on FRC has reported that FRC gains more strength with age than
similar concrete without fibers [1-6, 14]. For the FRC used in this research, the
average modulus of rupture tested at different ages are shown in Table 6.2 and Figure
6.2. The average flexural strength at 60 days was 7.38 MPa (1070 psi), which was
38 % greater than the 28-day strength of 5.34 MPa (775 psi). The presence of fly ash

apparently contributed to this substantial increase. In addition to gaining strength
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through the concrete matrix in the same way as plain concrete, FRC may gain extra
flexural strength through the increase of bonding strength between concrete and
fibers. The average 60-day strength can be used to estimate the major strength gain
with age.

F, = MR, / MRy (6.3)
This approach is conservative because the 60-day strength is used for the entire design
period (usually 20 years). It should be realized that the rate of strength gain depends
on type of cement, use of fly ash, mix design of concrete, and other factors. Adding
different types of fibers with different fiber content makes it even more difficult to
predict the flexural strength gain factor. For any specific FRC, the estimate of the

strength gain factor should be based upon the test data of the FRC.

The design flexural strength used in fatigue analysis can be obtained from the

combination of Equations 6.1 and 6.3.

S, = Fy (MR )(1- CV) (6.4)

Table 6.2 Change in Modulus of Rupture with Age

Age of Concrete (day) 28 36 43 60

Average Modulus of Rupture MPa 5.34 5.62 6.96 7.38

psi 775 815 1010 1070
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7. FLEXURAL TESTS UNDER FATIGUE LOADING
Task 4 (Continued): The task of this chapter is to discuss the test results from
flexural test under fatigue loading, identify the unique fatigue property of the SFRC
used in this project, and establish the equations for fatigue design criterion of the
SFRC pavements. The equations are derived from the fatigue test data and statistical
analysis.
One of the greatest benefits to be gained by adding fiber reinforcement in PCC
pavements is the increased fatigue strength, which prevents slabs from cracking under
repetitive traffic loads. Similar to flexural strength under static loading, the
performance of FRC under fatigue loading varies substantially depending on
numerous factors. The fatigue properties of steel FRC are different from those of
synthetic FRC. Even within the SFRC category, fiber aspect ratio, fiber content, fiber
end anchorage mechanism, fiber-concrete bond strength and mix design of SFRC have
significant influence on the performance of the final composite products. For any

specific FRC, the design factors such as endurance limit and fatigue S-N relationship

have to be determined by material tests.

In this investigation, after the 28-day static flexural tests, the remaining beams were
tested under fatigue loading at ages between 36 to 60 days. The test configuration was
the same as the static flexural test (ASTM C78) with third point loading. At beginning
of the test, three beams from each group (same mix, same size) were tested under
static loading to obtain the modulus of rupture at the same age as the reference of
fatigue stress ratio for the rest beams in the group. An MTS testing machine was used
for both static and fatigue tests. Non-reversing fatigue loading was applied by an

electrohydraulic system operating in a load-control mode. The loading cycles had a
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sine-wave shape and a frequency of 20 cycles per second. The lower limit for the
dynamic loading was set at 10 % of the average maximum load from the static
flexural test to prevent horizontal movements of the beams during testing. The upper
limit varied from 60 % to 95 % to find the fatigue endurance limit (stress ratio with
no failure after two-million-cycle loading) and S-N relationship. Fatigue test data were
collected from both Haines Avenue and Sheridan Lake Road projects. A total of 62

beams from different mixes, but the same composition of SFRC, were tested.

The fatigue test results are listed in Table 7.1 and plotted in Figure 7.1. The plot
shows a large scatter of data, which is typical for fatigue test results. It is observed
that the percentage of survival increases as the stress ratio decreases. At a stress ratio
of 95%, only 1 beam (17 % of 6 beams) survived two-million-cycle loading, while at
a stress ratio of 70 %, 8 beams (75 % of 12 beams) survived. When the fatigue stress
ratio was below 65 %, no failures occurred up to two-million-cycle loading. A least
square regression curve (mean curve) was fit to the data as shown in Figure 7.1, and
expressed as :
log N =44.65-48.73 (0 / S,) (7.1)

where N = number of load applications,

(¢ / S, ) = fatigue stress ratio,

o = upper limit of fatigue stress,

S, = static flexural strength.
Because no failure occurred at the stress ratio equal to or less than 65 %, the test data

at a stress ratio of 65 % and below were neither included in the regression process
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Table 7.1 Fatigue Stress Ratio (¢/S.)) and Number of Cycles to Failure (N)

oS, N olS, N o/S, N oS, N
(%) (%) (%) | (%)
95 100 || 85 50 75 600 || 65 | 2000000
400 100 1200
1800 1000 1214100
2200 113800 2000000
1207500 118500 2000000
2000000 802600 2308600
1151900 2327800
2000000 2352400
2000000 2309500
90 700 | 80 200 70 2200 | 60 | 2000000
1000 2100 70200 2000000
2500 4700 655700 2000000
74400 842900 2000000 2000000
84100 2000000 2000000 2000000
49500 2000000 2000000 2000000
2000000 2000000 2000000
2000000 2000000 2000000
2000000 2000000
2000000 2000000
2000000 2000000
2024300

Note: The beams subjected two-million-cycle loading or more did not fail.
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nor plotted in Figure 7.1. Some beams sustained more than two-million cycles, but
they were treated the same as the beams that were stopped from the fatigue test after
two million cycles. Equation 7.1 is a mean regression curve that represents a failure
probability of 50 percent. According to this mean S-N curve, the fatigue stress ratio
corresponding to two million cycles is 78.7 %. In other words, at the stress level of
78.7 % of the static flexural strength, probably 50 % of the beams may fail before
the two-million-cycle loading and 50 % may survive. For design purposes, the mean
curve has to be lowered to increase the reliability. To obtain the similar degree of
conservatism for the SFRC as the PCA method for conventional concrete, a design

curve (Fig. 7.1) was selected by dividing the left side of equation 7.1 by two:

log Ny = 22.33-24.37 (6 / S, ). for (6 / S.) = 0.658 (7.2)
This expression represents a failure probability of 3.4 percent. The design endurance
limit at two million cycles is 65.8 %. If the stress level is bellow 65.8 %, the number

of repetitions of loading is considered unlimited:

Ny = unlimited, for (o /S.) < 0.658 (7.3)
It should be mentioned that equations 7.1 through 7.3 are valid only within the data
base from which it was derived. In this case, they are for the SFRC with 0.5 %
hooked end steel fibers and the mix design shown in table 4.1. Only the SFRC with
the same fiber type, fiber content, and similar mix design can be designed using these

equations.
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8. PCA EROSION CRITERION FOR FRC PAVEMENTS
Task 5: Adapt the PCA design method by incorporating the special FRC properties,
summarize the design procedure, and give design examples to illustrate the design
method in detail. Task 5 is accomplished through chapters 8 and 9. The task of
chapter 8 is to adapt the PCA erosion criterion for FRC pavement design. The steel
fiber reinforcement is assumed to have the load transfer capacity similar to
conventional dowels in thin slabs (less than 180 mm or 7 in.).
In the 1984 edition of the PCA Thickness Design method [23, 25], an erosion
criterion was established by correlating the pavement performance with critical corner
deflections and pressure under concrete slabs. Because FRC has practically the same
stiffness as plain concrete, the calculation and the erosion analysis of the PCA method
should also be valid for FRC. The PCA method gives erosion factors (see Tables
9.3a-9.3d, page 68-69) that depend on slab thickness, subgrade-subbase k value, with
or without concrete shoulder, and doweled or aggregate interlock joints. Gravel,
asphalt and blotter shoulders are treated as without concrete shoulder. If full-depth
concrete shoulders are used, either tied to concrete pavement or with only keyway

and sawed joint, the concrete pavement is considered having concrete shoulders in

the thickness design. However, it is recommended to use tie bars in practice.

In this investigation, contraction joints were formed by saw cutting the concrete after
placement. No dowels were used for either plain concrete or SFRC slabs because the
truck traffic volume is low and the slab thickness is less than 8 inches. For plain
concrete slabs, the load transfer depends solely on aggregate interlock. Aggregate
size and joint opening are critical to the load transfer. It is reported that large

aggregates (greater than 25 mm or 1 in ) have better interlock than small aggregates
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(13 mm or 0.5 in) [19). For the SFRC used, the 60 mm (2.4 in ) long steel fibers
surely have advantage over normal size aggregates. They act like thousands of small
dowels across the contraction joints. The fiber reinforcement may enhance load
transfer in two ways. First, the steel fibers across joints have their own moment and
shear resistance. Second, the steel fibers form a kind of bridge over the joints,
holding the adjacent slabs together and making aggregate interlock more effective than
without fibers. The steel fiber reinforcement (0.5 % by volume) is assumed to have
the load transfer capacity similar to conventional dowels in the thin slabs (180 mm or
7 inches in depth). The assumption is restricted to thin slabs because dowels in thin
slabs do not perform very well and the enhancement due to fibers will not be
overestimated. It is well known that excessive bearing stresses can develop in the
concrete immediately around the dowels and cause the pavements to crack and
deteriorate if concrete slabs are thinner than 180 mm (7 in.). The PCA method
assumes dowel size as 1/8 of slab thickness. It also recognizes that the dowels in thin
slabs are not as effective as those in thick slabs. The erosion factor for 14-inch slab
with concrete shoulders and aggregate-interlock joints (k = 100, single axle, table
9.3b, page 68) is 2.04. The factor is reduced to 1.76 (table 9.3a, page 68) when
dowels are used, which presents a 14 % decrease. The erosion factors for 4-inch slab
without dowels and with dowels (k=100, single axle, with concrete shoulder) are

3.42 and 3.24, respectively (page 68). The decrease is only 5 %.

To accurately address the effect of fibers on load transfer over joints, further

research is needed.
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9. DESIGN PROCEDURE

Task 5 (Continued): The task of this chapter is to modify the PCA design method
by using the unique fatigue property of the FRC and summarize the design procedure
for FRC pavement thickness design. Design examples are given to illustrate the
method in detail, and comparison is made between FRC and plain concrete pavement
design.

The PCA "Thickness Design for Concrete Highway and Street Pavements" [15] is

adapted by incorporating the unique fatigue properties of FRC. The general steps to

determine pavement thickness are summarized as follows:

1. Collect traffic data in the design period.

2. Select type of joint and shoulder.

3. Determine the subgrade-subbase support (k value).

4. Determine the FRC properties (MR,5, F,, fatigue S-N curve, and endurance
limit).

5. Select a trial slab thickness.

6. Perform fatigue analysis.

7. Perform erosion analysis.

8. Check both accumulated fatigue and erosion damage ratios. If any one of them
does not satisfy design criterion or both leave too much reserve capacity, return
to step 5 or justify other design factors.

The major differences between plain concrete pavement design and FRC pavement

design are in steps 4 and 6. For plain concrete pavement design, an engineer

normally specifies certain compressive and flexural strengths and the contractor is

expected to furnish a concrete design mix which must meet these specifications. The
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average modulus of rupture at 28 days (MR 4 ) is the only material property input for
the original PCA design method. Other material properties such as strength gain
factor, S-N curve, and endurance limit are assumed to be the same regardless of the
concrete mix design. For FRC pavement design, the procedure is somewhat
reversed. The properties of FRC vary substantially. They cannot be assumed before
the specific fiber type, fiber content, and mix design of FRC are realized. Although
the elasticity of FRC with low fiber content remains practically the same as plain
concrete, the other properties especially the fatigue S-N curve and endurance limit
have to be determined before the thickness design of FRC pavements. The study
presented here illustrates an example of how these properties are determined. If the
same FRC mix design is to be used in the future, the equations established here are
valid for the thickness design. If different FRC is to be used, strength gain factor,
fatigue S-N curve and endurance limit must be determined by analyzing test data of

the FRC.

The fatigue analysis is based on stresses under traffic loads and FRC fatigue
properties. The nomograph provided by the PCA method cannot be used because of
the change in S-N curve and endurance limit, but the slab stress analysis results can
be used because the elasticity of FRC is about the same as plain concrete. The
equivalent stresses shown in Table 9.2a and 9.2b on page 67 are the edge stresses
multiplied by a truck encroachment factor of 0.894 [23, 25]. Theses stresses are
caused by an 18 kip (80 kN) single axle load or a 36 kip (160 kN) tandem axle load.

Tire sizes and dual wheel spacing are usually greater for larger trucks and heavier
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axle loads. Stresses do not vary proportionally to axle loads. For traffic loads
different from the 18 kip (80 kN) single axle and the 36 kip (160 kN) tandem axle,
the PCA method [23] suggested that the stresses are proportional to the exponent
0.94. For example, Table 9.2b (for slabs with concrete shoulders) gives an equivalent
stress of 327 psi (2.25 MPa) based on a slab thickness of 6 in (152 mm) and k value
of 100 pci (27.1 MPa/m) under an 18 kip (80 kN) single axle load. For a 28 kip
(125 kN) single axle loads, the equivalent stress is (28/18)"* X 327 = 495 psi (3.41
MPa). The allowable number of load applications for each group of axle loads is

calculated according to the new S-N curve and endurance limit.

The erosion analysis remains the same as the PCA method except that the effect of
fiber reinforcement on load transfer across joints is estimated to be the same as

doweled joints.

Design example (English units in calculations and design tables)
The SFRC pavements in the Haines Avenue project are analyzed to illustrate the steps
in the design procedure.

1. Traffic Data (Information from Data Inventory Program, SD DOT)

Four-lane urban arterial street

Design period = 20 years

Average daily traffic in 1988, ADT, = 9176 (all vehicles in both directions)
Traffic growth projection factor, G = 1.85

Directional distribution factor, D = 0.55
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Table 9.1 Axle-load Distribution Data*

1 2 3 -
Axle load Axles per Axles per Axles in
(kips) 1000 trucks 1000 trucks, design period
including pickups | excluding pickups

Single axles
26 - 28 0.91 1.50 2040
24 - 26 1.81 2.99 4080
22 - 24 2.27 3.75 5110
20 - 22 3.63 6.00 8180
18 - 20 4.99 8.25 11240
16 -18 5.44 8.99 12250
14 - 16 17.70 29.27 39900
12 - 14 19.96 33.00 44980
9-12 70.78 117.03 159500

6 -9 146.55 242.31 330300
Tandem axles
50 -52 0.45 0.74 1010
46 - 50 0.00 0.00 0
44 - 46 2.72 4.50 6130
42 - 44 4.08 6.75 9200
40 - 42 5.90 9.76 13300
38 - 40 3.18 5.26 7170
36 - 38 6.35 10.50 14310
34 - 36 6.35 10.50 14310
32 - 34 8.17 13.51 18410
30 - 32 7.26 12.00 16360
28 - 30 9.53 15.76 21480
22 - 28 24.05 39.77 54200
16- 22 44.92 74.27 101200
10 - 16 80.31 132.78 181000

* The numbers in column 2 are from a study conducted by the Data Inventory

Program, SD DOT. The total number of all trucks counted is 8639 including 3414

two-axle, four-tire trucks.
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Lane distribution factor, L = 0.80

Truck traffic ADTT = 2.5 % of ADT (excluding two-axle, four-tire trucks)
Axle-load distribution of all truck traffic is given in Table 9.1 columns 1 and 2 (page
56).

Traffic Calculations:

Design ADT = G (ADT, ) = 1.85 X 9176 = 16976 (The design ADT is
the predicted ADT at the middle of the design life.)

Design ADTT = 0.025 x 16976 = 424.4
Daily truck traffic on the most critical driving lane = (D)(L)(Design ADTT)
= 0.55 X 0.80 X 424.4 = 186.7

Total number of trucks in the 20-year design period is:

186.7 x 365 x 20 = 1,363,000 (trucks)
To calculate the total axle-load repetitions for each group of loads, the axles per 1000
trucks in Table 9.1, column 2 should be adjusted because it includes 39.52 %
(3414/8639 = 0.3952) two-axle four-tire trucks. The adjusted axles per 1000 trucks
listed in Table 9.1, column 3 is obtained by dividing the data in column 2 by (1-
0.3952). Column 4 is the total axle-load repetition for each load group and is
calculated by the following formula:

Column 4 = Column 3 X (Total number of trucks in design period / 1000)
In this example, column 4 equals column 3 times 1363.

2. Type of Joint and Shoulder

Joints are saw cut without dowels but steel fibers are assumed to enhance load

transfer over the joints. Tied concrete curb and gutter are used.
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3. Subbase-Subgrade Support (k value)

The subgrade soils are heavy clay. Subbase is 3 in (76 mm) untreated gravel. The
effective subbase-subgrade k value is estimated as 134 pci (36.4 MPa/m).

4. FRC Properties

MR, = 775 psi (5.34 MPa)

MR, = 1070 psi (7.38 MPa)
Equation 6.3 is used to calculate strength gain factor:
F, = MRy / MRy, = 1070 / 775 = 1.38
Equation 6.4 is used to calculate the static flexural strength, considering both the
variation in concrete strength (CV =15 %) and the strength gain with age:

S. = FA (MR,y)(1- CV) = 1.38 X 775 X (1-0.15) = 909 psi (6.27 MPa)
The fatigue properties of the SFRC used are governed by equations 7.2 and 7.3 on

page 49.

5. Slab Thickness

h =6in (152 mm)

6. Fatigue Analysis

Figure 9.1a on page 62 is a worksheet for fatigue and erosion analysis. The data in
columns 1 and 3 are copied from columns 1 and 4 of Table 9.1 (page 56), respectively.
To be on the conservative side, the upper limit of the load in the range is used to
represent the range. The axle loads in column 1 are multiplied by a load safety factor
of 1.1 for arterial streets (PCA recommendation [25]) and the results are listed in
column 2. The equivalent stresses (items 10 & 12) are obtained from Table 9.2b (page

67) based on a slab thickness of 6 in (152 mm) and k value of 134 pci (36.4 MPa). The
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edge stresses in column 4 are calculated by the following equations:

Edge stress = (Equivalent stress)(Factored axle load / 18)°* for single axles,

Edge stress = (Equivalent stress)(Factored axle load / 36)°* for tandem axles.

The stress ratios in column 5 are the ratios of the edge stresses over the static flexural
strength (S.). The allowable repetitions (column 6) in fatigue analysis are obtained
from Equations 7.2 and 7.3:

log Ny = 22.33-2437 (0 / S, ), for (o / S.) = 0.658

N, = unlimited, for(c/S.) < 0.658
The fatigue percentages (column 7) are obtained by dividing column 3 with column 6
and multiplying by 100. The sum of fatigue percentages over all single-axle and

tandem-axle loads is entered at the bottom of column 7.

7.Erosion Analysis

The erosion factors in items 11 and 13 are obtained from Table 9.3a on page 68. The
steel fiber reinforcement is estimated to have the same load transfer capacity as
conventional dowels. The allowable repetitions listed in column 8 (page 62) in erosion
analysis are obtained from Figure 9.2a (Page 70) based on an erosion factor of 2.73
for single axles and 2.78 for tandem axles. The erosion damage percentages (column
9, page 62) are obtained by dividing column 3 with column 8 and multiplying by 100.
The sum of erosion percentages over all single-axle and tandem-axle loads is entered

at the bottom of column 9 (page 62).
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8. Check Both Accumulated Fatigue and Erosion Damage Ratios

The fatigue analysis shows that none of the fatigue ratio exceeds the endurance limit
of 65.8 percent, and the total fatigue damage is zero. The erosion analysis shows that
the total erosion damage is 29.5 percent. Because both are less than 100 percent, the
use of a 6 in (152 mm) slab is quite adequate. Separate calculations (Fig. 9.1b on
page 63) shows that a slab of 5 in (127 mm) is not adequate since the erosion damage
is 133.6 percent. If calculated backward, the 5 in (140 mm) SFRC pavements are
predicted having a service life of 15 years. (The pavements have been in service for 7
years since 1988. Some minor distresses appear in the 5 in (127 mm) SFRC section,
which will be discussed in the next chapter.) The third trial with slab thickness of 5.5
in (140 mm) yields the fatigue damage of zero and erosion damage of 62.8 percent

(Fig. 9.1 C on page 64), which is an adequate design, too.

The fatigue analysis indicates that the SFRC used in the Haines Avenue project has
very strong capacity against fatigue cracking. Even for the 5 in (127 mm) slabs, the
fatigue damage in the design period is only 4.7 percent (page 63). On the other hand,
thinner FRC sections have greater elastic deformation. The increased flexibility due
to reduction of thickness makes the FRC pavements vulnerable to erosion, and other

distresses near transverse joints, which control the FRC pavement design.

9. Comparison of SFRC with Plain Concrete in Thickness Design
If the original PCA method is used to design a plain PCC pavement under the same

traffic loads, the only difference in the design procedure is the fatigue analysis.
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Figure 9.1d on page 65 shows a worksheet of calculations. Columns 1 and 2 are the
same as those in Fig. 9.1a. The equivalent stresses (items 8 & 11) are obtained from
Table 9.2b (page 67) based on a slab thickness of 7 in (178 mm) and k value of 134
pci (36.4 MPa/m). The stress ratio factors (items 9 & 12) are obtained by dividing
the equivalent stresses with the 28-day modulus of rupture which is estimated as 650
psi (4.48 MPa) for the normal pavement concrete in South Dakota (office practice of
Materials and Surfacing, SD DOT). The allowable repetitions (column 4) are directly
determined from a PCA design chart (Fig. 9.2c on page 72). The fatigue percentages
(column 5) are obtained by dividing column 3 with column 4 and multiplying by 100.
The sum of fatigue percentages of all single-axle and tandem-axle loads is entered at
the bottom of column 5. The erosion factors (items 10 and 13) are obtained from
Table 9.3b on page 68 and the allowable repetitions for erosion analysis (column 6)
from Fig. 9.2a on page 70. The erosion damage percentages (column 7) are
obtained by dividing column 3 with column 6 and multiplying by 100. The total

erosion damage is summed up at the bottom of column 7.

The calculation shows that 7.0 in (178 mm) normal plain concrete pavement is
adequate for the design conditions with fatigue and erosion damage ratios of 56.7 %
and 47.3 %, respectively. The calculations in Fig. 9.1e on page 66 indicate that 6.5
in. is not adequate because of excessive fatigue consumption (253 %). The plain
concrete pavement design is controlled by the fatigue cracking in contrast with the
SFRC pavement design which is controlled by erosion. If dowels are used for the
plain concrete pavement, the required thickness remains the same because the dowels
added can only reduce the erosion damage which does not control the design. For
the traffic condition of this example, the design thickness of concrete pavement is
reduced about 20 % from 7.0 in (178 mm) to 5.5 in (140 mm) due to the fiber

reinforcement.

61



_ _ Calculation of FRC Pavement Thickness
Project: Haines Ave. from I-90 to E. North St. in Rapid City. four-lane arterial street

Trial thickness: 6.0 in. Doweled joint: No *
Subbase-subgrade: k = 134 pci Concrete shoulder: Yes
Modulus of rupture: MR,; = 775 psi Design period: 20 years
Strength gain factor: F, = 1.38 Loatdg Safety factor: LSIE = 1.1
Static flexural strength: S, = 0.85F,(MR,5) = 909 psi
Axle | multiplied | Expected Fatigue analysis Erosion analysis
load by Repetitions
kips LSF edge stress | allowable | fatigue | allowable damage
stress | ratio repetitions | percent | repetitions | percent
1 2 3 4 5 6 7 8 9
Single Axles 10. Equivalent stress = 311 psi  11. Erosion factor = 2.73
28 30.8 2040 | 515 0.567 | unlimited 0.0 88000 2.3
26 28.6 4080 | 481 0.529 | unlimited 0.0 140000 2.9
24 26.4 5110 210000 2.4
22 24.2 8180 380000 2.2
20 22.0 11240 730000 1.5
18 19.8 12250 1800000 0.7
16 17.6 39900 7000000 0.6
14 15.4 44980 unlimited 0.0
12 13.2 159500
9 9:9 330300
Tandem Axles 12. Equivalent stress = 262 psi__13. Erosion factor = 2.78
52 57.2 1010 | 405 | 0.445 | unlimited 0.0 100000 1.0
46 50.6 6130 210000 2.9
44 48.4 9200 270000 3.4
42 46.2 13300 390000 3.4
40 44.0 7170 530000 1.4
38 41.8 14310 800000 1.8
36 39.6 14310 1300000 1.1
34 37.4 18410 2000000 0.9
32 35.2 16360 3500000 0.5
30 33.0 21480 7000000 0.3
28 30.8 54200 28000000 0.2
22 24.2 101200 unlimited 0.0
16 17.6 181000
Total 0.0 Total 29,3

* Joints are saw cut without dowels but steel fibers enhance load transfer over the joints.

Figure 9.1a Worksheet for Sample Problem (h = 6 in )
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Calculation of FRC Pavement Thickness
Project: Haines Ave. from [-90 to E. North St. in Rapid City. four-lane arterial street

Trial thickness: 5.0 in.
Subbase-subgrade: k = 134 pci

Modulus of rupture: MR, = 775 psi

Strength gain factor: F, = 1.38
Static flexural strength: S, = 0.85F,(MR,;) = 909 psi

Doweled joint: No *

Concrete shoulder:
Design period:

Yes

20 years
Load Safety factor: LSF = 1.1

Axle | Multiplied | Expected Fatigue analysis Erosion analysis
load by Repetitions
kips LSF edge stress | allowable | fatigue | allowable damage
stress | ratio repetitions | percent | repetitions | percent
1 2 3 4 5 6 7 8 9
Single Axles 10. Equivalent stress = 397 psi _11. Erosion factor = 2.96
28 30.8 2040 658 | 0.724 48540 4.2 21000 9.7
26 28.6 4080 614 | 0.675 | 759000 0.5 30000 13.6
24 26.4 5110 569 | 0.626 | unlimited 0.0 48000 10.6
22 24.2 8180 79000 10.4
20 22.0 11240 140000 8.0
18 19.8 12250 260000 4.7
16 17.6 39900 600000 6.7
14 15.4 44980 1800000 2.5
12 13.2 159500 10000000 1.6
9 9.9 330300 unlimited 0.0
Tandem Axles 12. Equivalent stress = 331 psi __13. Erosion factor = 2.95
52 X2 1010 512 | 0.563 unlimited 0.0 30000 3.4
46 50.6 6130 64000 9.6
44 48.4 9200 82000 11.2
42 46.2 13300 110000 12.1
40 44.0 7170 150000 4.8
38 41.8 14310 200000 T
36 39.6 14310 270000 53
34 37.4 18410 420000 4.4
32 35.2 16360 650000 2.5
30 33.0 21480 1000000 2.1
28 30.8 54200 1800000 3.0
22 24.2 101200 50000000 0.2
16 17.6 181000 unlimited 0.0
Total 4.7 Total 133.6

* Joints are saw cut without dowels but steel fibers enhance load transfer over the joints.

Figure 9.1b Worksheet for Sample Problem (h = 5in )
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. . Calculation of FRC Pavement Thickness .
Project: Haines Ave. from [-90 to E. North St. in Rapid City, four-lane arterial street

Trial thickness: 5.5 in. Doweled joint: No *

Subbase-subgrade: k = 134 pci Concrete shoulder: Yes
Modulus of rupture: MR,y = 775 psi Design period: 20 years
Strength gain factor: F, = 1.38 Load Safety factor: LSF = 1.1

Static flexural strength: S,

= 0.85F,(MR,) = 909 psi

Axle | Multiplied | Expected Fatigue analysis Erosion analysis
load by Repetitions
kips LSF edge stress | allowable | fatigue | allowable | damage
stress | ratio repetitions | percent | repetitions | percent
1 2 3 4 5 6 7 8 9
Single Axles 10. Equivalent stress = 350 psi__11. Erosion factor = 2.84
28 30.8 2040 580 | 0.638 | unlimited 0.0 42000 4.9
26 28.6 4080 541 | 0.595 | unlimited 0.0 64000 6.4
24 26.4 5110 101000 5.1
22 24.2 8180 170000 4.8
20 22.0 11240 310000 3.6
18 19.8 12250 640000 1.9
16 17.6 39900 1700000 2.3
14 15.4 44980 6500000 0.7
12 13:2 159500 unlimited 0.0
9 9.5 330300
Tandem Axles 12. Equivalent stress = 293 psi  13. Erosion factor = 2.86
52 57.2 1010 453 | 0.498 | unlimited 0.0 59000 1.7
46 50.6 6130 120000 5.1
44 48.4 9200 150000 6.1
42 46.2 13300 200000 6.7
40 44.0 7170 280000 2.6
38 41.8 14310 420000 3.4
36 39.6 14310 550000 2.6
34 37.4 18410 900000 2.0
32 35.2 16360 1500000 11
30 33.0 21480 2600000 0.8
28 30.8 54200 5500000 1.0
22 24.2 101200 unlimited 0.0
16 17.6 181000
Total 0.0 Total 62.8

* Joints are saw cut without dowels but steel fibers enhance load transfer over the joints.

Figure 9.1¢ Worksheet for Sample Problem (h = 5.5in)
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Calculation of Plain Concrete Undoweled Pavement Thickness *

Project: Haines Ave. from [-90 to E. North St. in Rapid City. four-lane arterial street
Trial thickness: 7.0 in. Doweled joint: No
Subbase-subgrade: k = 134 pci Concrete shoulder: Yes

Modulus of rupture: MR,; = 650 psi Design period: 20 years

Load Safety factor: LSF = 1.1

* Original PCA method

Axle | multiplied | Expected Fatigue analysis Erosion analysis
load by Repetitions
kips LSF allowable fatigue aJIovggble damage
repetitions percent repetitions percent
1 2 3 4 5 6 7
8. Equivalent stress = 254 10. Erosion factor = 2.76
Single Axles 9. Stress ratio factor = 0.391
28 30.8 2040 7000 29.1 75000 2.7
26 28.6 4080 23000 17:7 120000 3.4
24 26.4 5110 80000 6.4 190000 2.7
22 24.2 8180 300000 2.7 320000 2.6
20 22.0 11240 3000000 0.4 630000 1.8
18 19.8 12250 unlimited 0.0 1500000 0.8
16 17.6 39900 4300000 0.9
14 15.4 44980 41000000 0.1
12 13.2 159500 unlimited 0.0
9 9.9 330300
11. Equivalent stress = 216 13. Erosion factor = 2.86
Tandem Axles 12. Stress ratio factor = 0.332
52 57.2 1010 350000 0.3 57000 1.8
46 50.6 6130 10000000 0.1 130000 4.7
44 48.4 9200 unlimited 0.0 170000 5.4
42 46.2 13300 200000 6.7
40 44.0 7170 280000 2.6
38 41.8 14310 400000 3.6
36 39.6 14310 580000 2.5
34 37.4 18410 900000 2.0
32 35.2 16360 1500000 1.1
30 33.0 21480 2500000 0.9
28 30.8 54200 5500000 1.0
22 24.2 101200 unlimited 0.0
16 17.6 181000
Total 56.7 Total 47.3

Figure 9.1d Worksheet for Sample Problem (h = 7 in)
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Calculation of Plain Concrete Undoweled Pavement Thickness *

Project: Haines Ave. from I-90 to E. North St. in Rapid City. four-lane arterial street
Trial thickness: 6.5 in. Doweled joint: No
Subbase-subgrade: k = 134 pci Concrete shoulder: Yes

Modulus of rupture: MR,; = 650 psi Design period: 20 years

Load Safety factor: LSF = 1.1

Axle | multiplied | Expected Fatigue analysis Erosion analysis
load by Repetitions
kips LSF allowable fatigue allowable damage
repetitions percent repetitions percent
1 2 3 4 5 6 7
8. Equivalent stress = 280 10. Erosion factor = 2.84
Single Axles 9. Stress ratio factor = 0.431
28 30.8 2040 1600 127.5 43000 4.7
26 28.6 4080 5000 81.6 64000 6.4
24 26.4 5110 20000 25.6 100000 5.1
22 24.2 8180 70000 117 170000 4.8
20 22.0 11240 300000 3.7 320000 3i5
18 19.8 12250 3600000 0.3 650000 1.9
16 17.6 39900 unlimited 0.0 1700000 2.3
14 15.4 44980 7000000 0.6
12 13.2 159500 unlimited 0.0
9 9.9 330300

11. Equivalent stress = 237

13. Erosion factor = 2.92

* Original PCA method
Figure 9.1e Worksheet for Sample Problem ( h =6.5 in )

Tandem Axles 12. Stress ratio factor = 0.365

52 57.2 1010 85000 12 40000 2.5
46 50.6 6130 700000 0.9 82000 7.5
44 48.4 9200 2000000 0.5 105000 8.8
42 46.2 13300 unlimited 0.0 140000 9.5
40 44.0 7170 190000 3.8
38 41.8 14310 280000 5.1
36 39.6 14310 380000 3.8
34 37.4 18410 550000 3.3
32 35.2 16360 850000 1.9
30 33.0 21480 1500000 1.4
28 30.8 54200 2600000 2.1
22 24.2 101200 unlimited 0.0
16 17.6 181000

Total 253.0 Total 79.0
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Table 9.3a Erosion Factors for Slabs with Doweled Joints & Concrete
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Table 9.3b Erosion Factors for Slabs with Aggregate-Interlock Joints
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Table 9.3¢ Erosion Factors for Slabs with Doweled Joints & No
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Figure 9.2a Allowable load repetitions based on erosion factor
(with concrete shoulder), (After PCA 1984)
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10. FIELD INSPECTION OF SFRC PAVEMENT (HAINES AVENUE)

Task 6: The task of this chapter is to report a field survey of the SFRC pavements
on Haines Avenue. The survey was conducted in accordance with "Distress
Identification Manual for the Long-Term Pavement Performance Project" [30] after
the SFRC test sections had been in service for seven years.

10.1 Construction Condition and Previous Inspections [2]

The south-bound lanes of the project were constructed on June 1, 1988, when the
weather conditions were excellent for concreting (62° F or 18.3° C and 55 % relative
humidity). Unfortunately, the north-bound lanes were placed under a hot and dry
weather condition (40.6° C or 105° F and 10 % relative humidity) on June 7, 1988.
Several inspections were conducted after the construction on June 23, June 30, July 7,
and July 25 in 1988. A total of 30 cracks were reported on the north-bound lanes
from station 36+00 to station 50+00 which were constructed after 11 am, when the
temperature exceeded 37.8° C (100° F). The length of theses cracks varied from 127
mm to 1524 mm (5 to 60 in) and the width varied from 0.20 to 0.40 mm (0.008 to
0.016 in). Most cracks occurred near intersections of longitudinal construction joints
(center line of roadway) and transverse contraction joints. Twenty-nine cracks were in

the plain concrete section. Only one crack was in the 5-inch SFRC section near

station 36+30.

These cracks were originally repaired with small patches about 50 to 100 mm (2 to 4
in) wide and 305 to 1830 mm (1 to 6 ft) long in 1988. Because these small patches

had been debonding, they were replaced by 27 full-depth concrete patches during
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March-April 1990. Only one concrete patch was in the SFRC section (Figure 10.1a)

During the inspection on September 4, 1992, three new cracks were found in the
SFRC section on the north bound driving lane (Figure 10.1c, cracks No.1, No. 2 &
No.3). On a subsequent inspection on March 4, 1993, crack No. 4 was reported at

the same station but on the south bound lane.

10.2 Recent Inspection of SFRC Pavement

The SFRC pavement was inspected again on may 21, 1995. Crack No. 5 was found
in the 127 mm (5 in) SFRC section. It was found that the length of crack No. 3 had
increased from previous reported 1525 mm (5 ft) to 2440 (8 ft). However, there was
no widening of the old cracks and most of them were well-sealed. The concrete patch
on the north bound passing lane is in good condition. A spall was found at transverse
joint on the south bond passing lane opposite the patch. Visible faulting of transverse
joint was found on the north bound lanes adjacent to slab thickness transition section
(Figures 10.1a and 10.1d). It should be noticed that the SFRC was used actually
beyond the designated sections on the north bound lanes, passing the transition section
and extending to about station 37+00. The distresses in the SFRC pavement were
measured in accordance with the "Distress Identification Manual for the Long-Term
Pavement Performance Project" [30] as follows:

Patch - The plain concrete patch is in good condition without cracking or faulting.
The patch is 914 mm (3°- 0") wide and 2159 mm (7°- 1") long. The location of the

patch is shown in Figures 10.1a and 10.1b.
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Spalling of transverse joint - The spall is categorized as at "low severity level"
because it is less than 75 mm (3 in) wide. The length of the spall is 330 mm (13 in),
which is less 10 % of the total length of the joint. The location of the spall is shown
in Figures 10.1a and 10.1b.

Cracking near joints - The dimensions of the cracks are listed in Table 10.1. The
locations are shown in Figures 10.1a and 10.1c. Only crack No. 1 can be measured
by a plug gage. The severity level of these cracks is "low" because the crack widths
are less than 3 mm (0.125 in) or well-sealed. There is no spalling or faulting in

association with the cracks.

Table 10.1 Crack Dimensions

Crack Number Crack Length Crack Width
mm in mm n
1 940 37 0.25 0.01
2 635 25 . *
3 2438 96 " *
+ 762 30 ¥ *
5 1067 42 o *

* Well-sealed crack and the width cannot be measured.

Faulting of transverse joint - A visible fault occurs at the north bound driving lane
and passing lane. The leading slab is 0.5 inch (13 mm) lower than the approach slab
(positive faulting). The location and a section view of the fault are shown in Figures

10.1a and 10.1d.

No distresses have been found in the 6-inch SFRC section either on the north bound
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or south bound lanes. No transverse fatigue cracks have appeared in any section of

SFRC pavement so far.

Both the theoretical analysis and the field inspection indicate that the SFRC used in
the Haines Avenue project is very strong against transverse fatigue cracking, one of
common distresses of rigid pavements. However, when the thickness of slab is
reduced, the deflection at joints becomes the major concern of FRC pavement
design. Excessive deflection at joints can cause plastic deformation of the subgrade
which in turn result in faulting or voids under the slab near the joints. The vertical
movement at joints creates chances for infiltration of incompressible material into
joints, which causes compressive stresses and leads to spalling and cracking near
joints. Because the PCA erosion criterion is based on the critical deflection and
pressure under concrete slabs near joints, it also provides a control over the other

distresses in association with joints.
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11. CONCLUSIONS AND RECOMMENDATIONS

Conclusions:

1. Fiber reinforced concrete technology can produced a new kind of rigid concrete
pavement which possesses fatigue properties different from those assumed in design
procedures for conventional concrete pavements.

2. A thickness design method for jointed fiber reinforced concrete pavements 1s
presented. The method is developed by modifying the current PCA "Thickness
Design for Concrete Highway and Street Pavements". The modification is based on
the fact that the fatigue properties of FRC are different but the elastic properties and
stiffness of FRC remain practically the same as plain concrete (the steel fiber content
used in this study is 0.5 % by volume). This means the stress and deflection analysis
of normal concrete pavements based on small deformation theory of an elastic,
medium-thick plate should be also valid for FRC pavements.

3. To recognize the unique fatigue properties of FRC, new endurance limit and
fatigue S-N curves must be established from test data of the FRC. It is impractical or
impossible to develop a uniform endurance limit and S-N function for all kinds of
FRC because the fatigue properties of FRC vary significantly with fiber type, fiber
content, aspect ratio, bonding and anchorage features, and mix design. However, test
procedures to establish the endurance limit and S-N function of a specific FRC are
presented in this study, and the modified design procedure demonstrates how they are

used in thickness design of FRC pavements.
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4. Both the theoretical analysis and the field inspection of the SFRC pavements on
Haines Avenue indicate that the FRC with 0.5 % hooked-end steel fibers is very
strong against transverse fatigue cracking. On the other hand, the deflection at joints
becomes the major concern of FRC pavement design because of the reduced slab
thickness and increased flexibility. The PCA erosion criterion, which is based on
critical deflection and subgrade pressure near joints, provide a useful control over

erosion and other distresses in association with slab joints.

Recommendations:

1. The thickness design for jointed FRC pavements documented herein is ready for
trial implementation. It should be used for the future projects of jointed FRC
pavements. The design procedure accounts for the unique fatigue properties of FRC
which are different from those assumed in the current design methods for
conventional concrete pavements. It is also recommended to keep a good record of
traffic data and field inspections of the FRC pavements, so the design method can be
improved and calibrated by the actual performance of the FRC pavements when a
large collection of performance data are available.

2. For any specific FRC, the material properties such as fatigue endurance limit,
fatigue S-N curve, and strength gain factor should be determined from test data
before the thickness design. The properties of FRC vary significantly with fiber
type, fiber content, aspect ratio, bonding and anchorage features, and mix design.

3. Some measures should be taken to prevent pumping and faulting, because FRC

pavements are very strong against transverse fatigue cracking but becomes more
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flexible when the thickness is reduced. An asphalt or cement treated open-graded
permeable subbase, sufficient load transfer devices at joints, and tied concrete
shoulder or widened outer lanes should be considered.

4. Further research is needed to address the effectiveness of load transfer across joints

due to fiber reinforcement.
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