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1 INTRODUCTION
1.1 Background

America’s roadways are in serious need of repair. According to the American Society of
Civil Engineers (ASCE), one-third of the nation’s roads are in poor or mediocre condition ().
ASCE has estimated that under these circumstances American drivers will sacrifice $5.8 billion
and as many as 13,800 fatalities a year from 1999 to 2001 ( /). A large factor in the deterioration
of these roads is a result of how well the steel reinforcement transfers loads across the concrete
slabs. Fabricating this reinforcement using a shape conducive to transferring these loads will help
to aid in minimizing roadway damage.

Load transfer within a series of concrete slabs takes place across the joints. For a typical
concrete paved road, these joints are approximately 1/8-inch gaps between two adjacent slabs.
Dowel bars are located at these joints and used to transfer load from one slab to its adjacent
slabs. As long as the dowel bar is completely surrounded by concrete no problems will occur.
However, when the hole starts to oblong a void space is created and difficulties can arise. This
void space is formed due to a stress concentration where the dowel contacts the concrete. Over
time, the repeated process of traffic traveling over the joint crushes the concrete surrounding the
dowel bar and causes a void in the concrete. This void inhibits the dowel’s ability to effectively
transfer load across the joint. Furthermore, this void gives water and other particles a place to
collect that will eventually corrode and potentially bind or lock the joint so that no thermal
expansion is allowed. Once there is no longer load transferred across the joint, the load is

transferred to the foundation and differential settlement of the adjacent slabs will occur.



Differential settlement of the slabs creates a roughness at the joints, making vehicle travel
uncomfortable and requiring that the slab be repaired or replaced.

As was mentioned in the previous paragraph, a void around a dowel bar is formed by
stress concentrations crushing the concrete directly in contact with the dowel. When a shear load
is applied to the concrete slab, the force is supported only by the top or bottom of the dowel bar,
not the sides. Since the stress concentration region lies on the top or bottom of the dowel bar, the
smaller the dowel the higher the stress concentration. The sides of the dowel bar do not aid in the
distribution of the shear load from the concrete. Therefore, the size of the top and bottom of the
dowel bar is where the stress concentration is located and is directly related to the width and/or
shape of the dowel bar. While round dowel bars handle these stress concentrations relatively

well, elliptical bars provide more area for the stresses to distribute onto.

1.2 Experimental and Analytical Investigation

Before a change can even be considered, contractors, engineers, owners, and manufacturers
want to be certain that a new product or procedure will yield beneficial results when compared to
the current method of construction. The following research was conducted in order to compare
the static performance of steel elliptical dowel bars to that of epoxy-coated dowel bars, which are
currently in use today. Research was also done on the effect that dowel bar spacing has on the
performance of concrete pavements.

1.2.1 Objective
The objectives of Phases I and II were
1. to investigate the static behavior of steel elliptical and round epoxy-coated dowel bars,

2. toinvestigate the failure modes of steel elliptical and round epoxy-coated dowel bars,



to evaluate the benefits and drawbacks of elliptically shaped dowels bars for load
transfer,

to determine the effect of dowel bar spacing and projected load transfer efficiency, and

to evaluate if variable spacing in combination with shape factor and bar size can optimize

costs and constructability.

The main objective of this research was to determine which dowel bar and spacing should be

used for the testing during Phase III, a full-scale accelerated laboratory test.

1.2.2 Scope
The scope of Phases I and II included

L.

construction of elemental specimens for static direct shear testing of steel elliptical and
round epoxy-coated dowel bars,

testing of elemental specimens under direct shear loading,

analyzing results from direct shear tests to determine the modulus of dowel support, K,
analyzing results using K, to determine the concrete bearing stress at the face of the joint,
Oy,

compiling all available information on dowel bar spacing, and

analyzing the effect of dowel bar spacing on concrete pavements.

1.3 Literature Review

The literature review included theoretical modeling of dowel bars, highway pavement

dowel bars, and bar spacing. A discussion and use of the references can be found throughout the

report. The appropriate references can be found under the discussion of the associated topic. The

references section at the end of this report contains the significant references used in this report.

A more complete list of references is contained in reports prepared for the Iowa Department of



Transportation; see HR-325 from May 1992 (2), HR-343 from November 1993 (3), and TR-408

from January 1999 (4).



2 ACCOMPLISHMENTS TO DATE

2.1 Phase I: Elemental Static Direct Shear Testing

2.1.1 Introduction
The elemental direct shear test provides a means to monitor the deflection across a joint

of a dowel bar embedded in concrete. The purpose of this research is to determine the modulus
of dowel support, K,, for the steel elliptical and round epoxy-coated dowel bars. Once K, is
determined it will be used to determine the concrete bearing stress at the face of the joint, oy,.
Once the bearing stress is known the dowel bars can be compared to determine which type of
dowel bar applies the lowest stress to the concrete. In this project there were five different types
of dowel bars tested. Ten dowel bars of each dowel bar type were used. Two dowel bars were
placed in each specimen, which required the construction of 25 concrete specimens. The
different types of dowel bars were as follows:
e 1-1/4”¢ epoxy-coated steel
o area= 1227 in®
e 1-1/2”¢ epoxy-coated steel
o area= 1767 in’
e large elliptical steel (major axis = 1.98 in., minor axis = 1.34 in.)
o area =2.084 in’
e medium elliptical steel (major axis = 1.66 in., minor axis = 1.13 in.)
o area=1473in’
e small elliptical steel (major axis = 1.41 in., minor axis = 0.88 in.)
o area=0.975 in’

See Table 2.1 for a test matrix of the specimens tested.



Table 2.1 Test Matrix of AASHTO T253 Specimens

Description of Dowel Bar | Number of Test Specimens | Number of Dowel Bars
1-1/4”¢ epoxy-coated steel 5 10
1-1/2”¢ epoxy-coated steel 5 10
Large elliptical steel 5 10
Medium elliptical steel 5 10
Small elliptical steel 5 10

The specimens were formed using prefabricated steel forms. The elemental specimens

were constructed as a modified American Association of State Highway and Transportation

Officials (AASHTO) T253 specimen (5) with the same dimensions as the specimen shown in

Figure 2.1. This specimen size was used to represent a 12-inch thick slab. A 1/8-inch gap was

used to simulate a field pavement as well as aid in the reduction of flexure across the joint.
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Figure 2.1 Elemental Fatigue Specimen (4)

As can be seen in Figure 2.1, the dowel bars were placed at midheight of the specimen.
The elliptical dowel bars were oriented with the long dimension, or major axis, parallel to the

ground. This orientation was chosen so the elliptical dowel bars provided a larger width for the



concrete to bear against than that of a round bar with a similar cross-sectional area. The benefits

of the larger bearing width will be explained in greater detail in the next section.

2.1.2 Analytical Theory of Dowel Bars

2.1.2.1 Analytical Model
Timoshenko and Lessels worked on the first model of a beam on an elastic foundation that

could be applied to a dowel bar system (6). According to Timoshenko, the deflection of a beam

on an elastic foundation is found using Equation 2.1:

EI 3% = -ky 2.1)
where k is a constant usually called the modulus of foundation and y is the deflection. The
modulus of foundation denotes the reaction per unit length when the deflection is set equal to
one.

The solution to Timoshenko’s differential equation is found in Equation 2.2.
y= eP*(A cos Bx + B sin Bx) + eP(C cos Bx + D sin Bx) 2.2)

where

B = Yk/4EI = relative stiffness of the beam on the elastic foundation (in™")
k = modulus of foundation (psi)

E = modulus of elasticity of the dowel (psi)
I = moment of inertia of the dowel (in*)
By applying the appropriate boundary conditions for the problem the constants A, B, C,

and D can be solved. For a semi-infinite beam with a moment, M,, and a point load, P, Equation

2.2 is equivalent to Equation 2.3.



B

4 - —si 2.3)
2B EI [P cos Bx — BM , (cos Px —sin fBx)]

y=

Friberg applied Timoshenko’s elastic foundation theory to a beam of semi-infinite length

(7). When trying to calculate the deflection at the face of the joint, it can be determined by

setting x = 0 in Equation 2.3. This equation then becomes Equation 2 4.

where

P
y —(2+Bz) (2.4)

]K
B=4 E—‘E—IE = relative stiffness of the dowel bar encased in concrete (in.”) (2.5)

K, = modulus of dowel support (pci)

b = dowel bar width (in.)

E = modulus of elasticity of the dowel bar (psi)
I = moment of inertia of the dowel bar (in")

P, =load transferred through the dowel bar (Ib.)
z = joint width (in.)

Friberg used the modulus of dowel support, K,, in his equation. The modulus of dowel

support is the reaction per unit area causing a deflection equal to one. Friberg used the

expression Kb to replace the modulus of foundation, k, from Timoshenko’s model. Friberg’s

equation was developed using a semi-infinite dowel length. Dowel bars have a finite length so

this equation would not apply to dowel bars used in practice today. However, Porter et al. have

shown that Friberg’s equation can be used with little to no error if the fL value is greater than

two (2, 8). Where the length, L, is taken to be the length of the dowel bar embedded in concrete,

or approximately one-half the dowel bar length.



2.1.2.2 Relative Deflection across a Pavement Joint
The relative deflection across a pavement joint consists of four separate components.

These components, as shown in Figure 2.2, consist of the deflection of the dowel at each joint
face, the deflection due to the slope of the dowel bar, shear deflection, and flexural deflection.
When considering all possible components for relative deflection the following expression in

Equation 2.6 is found.

dy Pz’
A=2y +z| L2 |[+6+
Yo ( dx ) 12E1 (2.6)

where

Yo = deflection at the face of the joint

5= APz
AG

P, = load transferred by dowel bar (Ib.)

A = form factor, equal to 10/9 for solid circular sections and ellipses

A = cross-sectional area of the dowel bar (inz)

G = shear modulus (psi)

=shear deflection 2.7

In this research a joint width of 1/8 inches was used for the specimens. Using such a
small joint width allows the deflection due to the slope of the dowel bar to be approximately
equal to zero, which is the case in the authors’ research since the width and the slope of the joint
are small. This small joint width also means that the flexural deflection is approximately equal to
zero since the joint width term is cubed. After removing both the slope and flexural deflections

from Equation 2.6, Equation 2.8 remains.

A=2y,+0 (2.8)



Solving Equation 2.8 for y, yields Equation 2.9,

Yo="5 2.9)

Centerline of
undeformed dowel \

L Centerline of

/ deformed dowel

Figure 2.2 Relative Deflection Between Adjacent Pavement Slabs (9)

2.1.2.3 Bearing Stress of Dowel Bars in Concrete
The bearing stress on the concrete at the face of the joint is critical for proper function of

the dowel bar in the concrete. If the bearing stress on the concrete becomes too large the concrete
will begin to break away where it contacts the dowel bar. Repetitive high-stress loadings of the
dowel bar-concrete interface will create a void. This void creates an additional amount of

deflection in the system before the dowel bar will begin to take on the load applied. This

10



additional deflection creates a loss in the efficiency of the dowel bar to transfer load across the
joint. This loss in efficiency must now be carried by the subgrade, which puts additional stress on
the subgrade and creates the possibility for differential settlement of adjacent slabs.

If the dowel behaves as a beam on an elastic foundation, the bearing stress at the face of
the joint, oy, is proportional to the deflection at the face of the joint. This relationship is
expressed using Equation 2.10.

oy = KoYo (2.10)

The bearing stress on the concrete needs to be kept low to make certain that no crushing

of the concrete occurs. According to the American Concrete Institute’s (ACI) Committee 325,

the allowable bearing stress on the concrete is equivalent to Equation 2.11 (10).

Gn:(ﬂ}._ 2.11)
3 <

o, = allowable bearing stress (psi)
b = dowel bar width (in.)
. = compressive strength of concrete (psi)

where

This equation provides a factor of safety of approximately three.
2.1.3 Direct Shear Testing Procedure

The testing of the specimens was conducted on a 400-kip capacity SATEC 400HVL
universal testing machine at the Iowa State University structures laboratory. A modified
AASHTO T253-76 test was used for testing the elemental direct shear specimens. This
procedure requires that the end blocks of the specimens be clamped so that no rotation is
allowed. With the end blocks restrained from rotation, a load of 2000 1b./min. was applied to the
middle section of the specimen while deflections were measured. Figure 2.3 shows how the load

was applied to the center section of the specimen. The deflections that were measured were the

11



relative deflections across the joint, or rather the deflections from the stationary end blocks to the
deflecting center block. The deflections were measured by using Direct Current Displacement
Transducers (DCDTs). Measurements of deflection and corresponding load were taken every
two seconds. Before testing began, the specimens were preloaded. The preloading procedure
consisted of loading the specimens five times at a rate of 2000 1b./min. until 5,000 Ib. was
reached. This procedure was used to help settle the specimens so that more accurate results
would be obtained. The tests were carried out on all specimens until a load of 10,000 Ib. was
reached. This data were then used to create a load versus deflection diagram, as seen in Figure
2.4. This procedure has been tested and validated as an acceptable approach by Rohner (11).

Load versus deflection diagrams for all the dowel bars are displayed in Appendix A.

Figure 2.3 Location of Load on Specimen (11)

12
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6000

5000

4000

3000

Load, Ibs

2000 -
O East Dowel Bar

1000 O West Dowel Bar

0.0010  0.0015 0.0020 0.0025 0.0030 0.0035 0.0040

Deflection, inches

0.0000  0.0005

Figure 2.4 Deflection versus Load Diagram for the 1-1/2”¢ Epoxy-Coated Steel Dowel Bars
in Specimen 3

While testing the first two specimens, a problem was encountered. While preparing the
initial specimens for testing, the authors observed that the specimens were not sitting level in the
testing apparatus. The decision was made to conduct the first tests and attach two DCDTs to the
rear of both end blocks. The end block DCDTs were mounted to measure the movement of the
end blocks opposite the dowel bars, or to check the end blocks for rotation. After performing
tests on the first two specimens, the DCDTs revealed that there was a significant amount of
rotation occurring on the end blocks.

This rotation was due to the unevenness of the bottom of the specimens. The forms used
to cast the specimens were not perfectly flat, which created unevenness along the bottom of the
specimen. This unevenness on the bottom of the specimens caused them to sit unevenly. As load
was applied movement of the end blocks would occur. The solution to this problem was to cast
the bottom of the end blocks in dental plaster. The plaster that was used for this procedure was

Labstone, which had a compressive strength of 8000 psi. Upon retests of the two initial

13



specimens the rotation was again monitored and no measurable amount of rotation was seen. All
the remaining specimens were cast in the Labstone to be sure that the bottoms remained level
during testing. As a precaution rotation readings were taking for all the specimens to ensure that

no rotation occurred on any of the remaining specimen.

2.2 Phase II: Bar Spacing

2.2.1 Introduction
When slabs are of the same dimensions and are subjected to equal loads, the spacing of

the dowel bars will determine how much load each dowel bar is subjected to. The larger the
spacing between the dowel bars, the greater the loads applied to the dowel bars will be due to the
distribution of loads through the concrete and subgrade.
2.2.2 Dowel Bar Load Distribution

In an ideal situation, when a load is placed near a joint, the dowel bars would assume half
the load and the remaining load is transferred to subgrade. However, no joint will behave in this
ideal manner because of the repeated loadings seen by a pavement joint. This repetitive loading
will create a small void and some load transfer efficiency of the dowel bar will be lost.
According to Ioannides and Korovesis this efficiency can be determined by calculating the

transferred load efficiency (TLE) in Equation 2.12 (12).

TLE = Pi x100% 2.12)

w

where
TLE = transferred load efficiency (%)
P, =load transferred across the joint (Ib.)
Py, = applied wheel load (Ib.)
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The maximum value for the transferred load efficiency is 50 percent. Brown and Bartholomew
stated that for heavy truck traffic, a TLE ranging from 35 to 40 percent is considered acceptable
(I13).

Yoder and Witczak suggested a 5—10 percent decrease in load transfer across a joint due
to the void that appears after repetitive loadings (14). Allowing a conservative five percent
decrease in load transfer yields Equation 2.13.

P =0.45P,, (2.13)
where
P =load transferred across the joint (Ib.)
Py, = applied wheel load (Ib.)

When a wheel load is applied near a joint, not all dowel bars at the joint aid in
transferring the load. The dowel bars closest to the applied wheel load transfer more of the load
than the dowel bars furthest away from the applied load. Friberg was the first to investigate the
load distribution to the dowel bars across a joint (7). Based on an analysis by Westergaard,

Friberg proposed that dowel bars contained outside 1.81, from the applied load were ineffective

in transferring any additional load, where 1, is the radius of relative stiffness as shown in

1 =t E h’® (2.14)
© V120 -pHK

l; = radius of relative stiffness (in.)

E. = modulus of elasticity of the pavement concrete (psi)
h = pavement thickness (in.)

U = Poisson’s ratio for the concrete pavement

K = modulus of subgrade reaction (pci)

Equation 2.14 (15).

where

Friberg also believed that a linear distribution of load occurred inside the radius of relative

stiffness as shown in Figure 2.5. Friberg’s analysis was based on dowel bars having a diameter of

15



0.75 or 0.875 inches and with dowel bar spacing ranging from 12 to 20 inches. If a larger dowel
bar is used or the bar spacing is less than 12 inches, then Friberg’s model no longer applies.

Since Friberg’s model is not useful for the construction practices used today, another
model was required. Tabatabaie et al. modeled a doweled joint using finite element and were
able to show that an effective length of 1.0l is more appropriate for today’s construction
practices (/6). Tabatabaie was also able to show that a linear approximation does exist with the
maximum shear occurring beneath the applied load itself. For dowel bar design, a calculation of
the maximum shear load is useful and will be referred to as the load seen by the critical dowel
bar, P.

Since Tabatabaie was able to show a linear relationship with the load distribution along
the joint, the load seen by the critical dowel bar, P, can now be calculated. The first step is to
draw a triangle with a base that extends out a distance 1.0l in both directions from where the
load is applied and has a peak height directly below the applied load, as shown in Figure 2.5. For
simplicity, set the height of the triangle below the load equal to one P.. Using the linear
relationship of the load distribution along the joint, calculate the height of the triangle below
each dowel bar. Sum up the heights below all of the dowel bars to determine the number of
effective dowels, N, that are used in transferring the applied load. The shear force that is

directly beneath the applied load can now be calculated using Equation 2.15.

p = b (2.15)

c
N eff
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3 RESULTS

3.1 Introduction

All the specimens listed in Section 2.1.1 were tested using the elemental direct shear test
that was outlined in Section 2.1.3. The elemental direct shear tests provide a way to
experimentally determine a deflection versus load diagram. With the deflection versus load
diagram, the modulus of dowel support, K, can be determined using the theoretical formulas
outlined previously by Friberg. Once a value for the modulus of dowel support has been
determined, the concrete bearing stress, oy, can be calculated. The concrete bearing stress is the
measure of the stress applied at the dowel bar-concrete interface and is a good indicator to the
longevity of the concrete system. The method for determining the modulus of dowel support and

the concrete bearing stress will be outlined in greater detail later.

3.2 Specimen Failure

After all 25 specimens had been tested and a deflection versus load diagram was
constructed for each dowel bar, 10 of the specimens were tested to failure. The 10 specimens
tested to failure consisted of two specimens of each type of dowel bar. Two of the five specimens
from each dowel bar type were chosen at random for the testing. Table 3.1 lists the test matrix of

the specimens taken to failure.

Table 3.1 Test Matrix of the Specimens Taken to Failure

Description of Dowel Bar | Number of Test Specimens Number of Dowel Bars

1-1/4”¢ epoxy-coated steel 2 4

1-1/2”¢ epoxy-coated steel

Large elliptical steel

Medium elliptical steel

NN

4
4
4
4

Small elliptical steel
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Each specimen was placed into the SATEC test machine and a load of 2000 1b./min. was applied
until failure of the specimen. Table 3.2 lists each specimen type and the average load at which

failure occurred.

Table 3.2 Load at Which Failure Occurred for Specimen

Description of Dowel Bar inside Specimen | Average Failure Load of Specimen (1b.)
1-1/4”¢ epoxy-coated steel 35,795
1-1/2”¢ epoxy-coated steel 43,315
Large elliptical steel 45,760
Medium elliptical steel 38,775
Small elliptical steel 38,545

As can be seen in Table 3.2, the failures occurred following a trend. As the cross-
sectional area of the dowel bar increases so does the applied failure load. However, the small
elliptical dowel bars do not properly follow this trend. This difference is attributable to only
having tested two specimens. It is possible to have one beam skew the results, as appears to be
the case with the small elliptical dowel bars. One of the small elliptical dowel bar specimens
failed at a load that would have followed the trend. However, the second specimen did not fail
until a much greater load. The second specimen skewed the average upward and forced the small
elliptical dowel bars away from the trend. The authors believe that if more specimens were tested
and used in the determination of the average failure load the trend would become even more

pronounced.

3.3 Determination of K,

As mentioned previously, the first step in determining the modulus of dowel support, K,
was to develop a load-deflection relationship for each specimen. This was done with the data
collected during the elemental direct shear test using linear regression to develop a direct

relationship between load and deflection. With this relationship determined the total relative
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deflection for a given load could then be calculated. The load that was chosen in this research
was 2000 Ib. This load was chosen for two reasons:
1. This would be approximately the highest load that a dowel bar could see with any
regularity, according to our highest dowel bar spacing.
2. Since there is a linear relationship between load and deflection the results for the
modulus of dowel support do not depend on the load (/1).
With the relative deflection calculated for the specified load, the next step is to calculate the
deflection at the face of the joint using Equation 2.7 and Equation 2.9 for shear deflection, J, and

deflection at the face of the joint, y,, respectively. Both of these equations are repeated here for

convenience.
5 bz 2.7)
AG
_A-3
Yo & ‘—2 2.9

The average relative deflection, shear deflection, and average deflection at the face of the joint

are shown in Table 3.3.

Table 3.3 Average Relative, Shear, and Face of the Joint Deflections

Dowel Bar Description Average Rela.tive Shear Deflection, | Average D.eflection at
Deflection, A (in.)* o (in.)* Face of Joint, y, (in.)*

1-1/4”¢ epoxy-coated steel 0.002642 0.000020 0.001311

1-1/2”¢ epoxy-coated steel 0.001642 0.000014 0.000814

Large elliptical steel 0.001968 0.000012 0.000978

Medium elliptical steel 0.002432 0.000017 0.001207

Small elliptical steel 0.002383 0.000025 0.001179

*Note: The deflections cannot be measured this accurately but are needed to display the effects of shear deflection,
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The last step required to calculate the modulus of dowel support was to create a graph of
the modulus of dowel support versus deflection at the face of the joint. By imputing the
geometric properties for the dowel bar and substituting multiple values of K, into the theoretical
equation the deflection at the face of the joint was determined. Equations 2.4 and 2.5 are required

to complete the K, versus y, graph as discussed earlier and are repeated here for convenience.

P
__P (2.4)
Yo BEl (2+Bz)
_ Kb 2.5)
p= 4El

As can be seen in Equation 2.4, listed above, the value of y, is dependant on the shape of the
dowel bar. Therefore, for every dowel bar type a separate K, versus y, graph must be generated.
In Figure 3.1 a sample K, versus y, graph is shown, the graph shown is for a 1-1/2”¢ round
epoxy-coated steel dowel bar calculated at a 2,000-1b. load. The K, versus y, graphs for all the

dowel bar types are displayed in Appendix B.

1-1/2" Diameter Round Epoxy Coated Dowel Bar

0.0120 \
0.0100 \ -

0.0080

0.0060 1

yo, inches

0.0040 T

0.0020

0.0000 . . ‘ : : - -
0 200000 400000 600000 800000 1000000 1200000 1400000 1600000

Ko Value, pci

Figure 3.1 K, versus y, for the 1-1/2”¢ Round Epoxy-Coated Steel Dowel Bar
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Using the modulus of dowel support and the deflection at the face of the joint, the
concrete bearing stress can be calculated. Again, this equation is repeated here for convenience.
o = Koyo (2.10)
Table 3.4 is a listing of each specimen type and its associated average modulus of dowel support

and average concrete bearing stress at a load of 2,000 Ib.

Table 3.4 Average Modulus of Dowel Support and Concrete Bearing Stress

Dowel Bar Description Modulus of Dowel Concrete Bearing
Support, K, (pci) Stress, gy, (psi)

1-1/4”¢ epoxy-coated steel 1,796,654 2,084

1-1/2”¢ epoxy-coated steel 2,092,820 1,568

Large elliptical steel 1,319,621 1,147

Medium elliptical steel 1,492,246 1,611

Small elliptical steel 2,473,999 2,637

3.4 Dowel Bar Spacing

There are two approaches that can be followed to arrive at the appropriate dowel bar
spacing. The design approach differs on the determining factor that is used to calculate the dowel
bar spacing. The two options for designing dowel bar spacing are as follows:

1. The bearing stress on the concrete can be set equal to the allowable bearing stress.

2. The relative deflection of the joint can be set not to exceed to a maximum value.

When using the allowable bearing stress method to determine the bar spacing, the bearing
stress was not the controlling factor in the design of spacing with steel bars. Designing using the
allowable bearing stress allowed the spacing of the bars to become larger than that which would
be practical. In this case, the bearing stress not being the controlling factor makes sense due to
the fact that the allowable bearing stress is for the crushing of the concrete. The allowable

bearing stress should not be approached if the dowel bars are to have useful field life.
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For the reasons above the choice was made to design the dowel bar spacing based on the
acceptable relative deflection. To simplify the discussion of relative deflection, Table 3.5 was
created to compare several dowel bars spacings and the associated relative deflection for a 12-
inch-thick slab.

Note that the spacing was calculated by determining the worst possible load case for P,.
P. was calculated using Equation 2.15 as discussed previously, which is repeated here for

convenience.

P

P=—L
N, (2.15)

The worst load case for P, is when the wheel load of the car is placed directly over the outermost
dowel bar in the pavement. In this particular load case there are only dowel bars located on one
side of the wheel load; see Figure 3.2. This situation significantly reduces the number of dowel
bars that can effectively transmit load; in other words N is decreased to its smallest possible
value. As can be seen by Equation 2.15, with N at its minimum value, then P, would be at its

maximum value.

101,

1

ea@@@a\
! D.UEH

Figure 3.2 Worst Possible Load Case for Dowel Bar Spacing
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Table 3.6 lists the bearing stress along with the allowable bearing stress for a 12 -inch-
thick slab with the same load and dowel bar spacing that was used in Table 3.5.

As can be seen in Tables 3.5 and 3.6, in every spacing situation the elliptical dowel bars
reduce the bearing stress when they are compared to a round dowel bar with a similar cross-
sectional area. When comparing the 1-1/2”¢ round epoxy-coated steel dowel bars to the large
elliptical steel dowel bars, the large elliptical steel dowel bars produce bearing stresses on the
concrete that are greatly reduced while the increase in relative deflection is minimal. The large
elliptical steel dowel bars have an increase in cross-sectional area of nearly 18 percent but
provide a reduction in bearing stress of 26 percent. In contrast, the 1-1/2”¢ round epoxy-coated
steel dowel bars have a 44 percent increase in cross-sectional area yet only provide a 25 percent

reduction in bearing stress when compared to the 1-1/4”¢ round epoxy-coated steel dowel bars.
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4 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

The results of this research indicated that the elliptical dowel bars behaved as predicted.
When comparing the 1-1/2”¢ round epoxy-coated steel dowel bars to the large elliptical steel
dowel bars, the large elliptical steel dowel bars produce bearing stresses on the concrete that are
greatly reduced while the increase in relative deflection is minimal. The large elliptical steel
dowel bars have an increase in cross-sectional area of nearly 18 percent but provide a reduction
in bearing stress of over 26 percent. In contrast, the 1-1/2”¢ round epoxy-coated steel dowel bars
have a 44 percent increase in cross-sectional area over the smaller 1-1/4”¢ round epoxy-coated
steel dowel bars yet only provide a 25 percent reduction in bearing stress. The round dowel bars
did retain a slight advantage in the stiffness over elliptical dowel bars of a similar cross-sectional
area due to their shape. However, this difference in stiffness is insignificant based on the small
variance in the deflection of the slabs. The difference in magnitude of the deflections is so small
that the dowel bars could be considered as having roughly the same deflection.

This research has shown that the 1.5”¢ round epoxy-coated steel dowel bars have roughly
same bearing stress as the medium elliptical dowel steel bars. This occurrence could be
beneficial if the load transfer efficiency was determined.

Dowel bar spacing is a method to distribute load to the dowel bars. The smaller the
spacing of the dowel bars the smaller the load on the dowel bars. A decrease in pavement
thickness will lower the number of bars available for load transfer, and a smaller spacing may be
required. Poor subgrade material will also decrease the number of dowel bars available for load

transfer, and therefore a smaller spacing may also be needed.
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4.2 Recommendations

4.2.1 Load Transfer Efficiency
The authors recommend that a series of tests be conducted to determine the load transfer

efficiency of the dowel bars. Past research has indicated that the lower the bearing stresses on the
concrete the less efficient the dowel bars were at transferring load. In the load transfer testing the
large and medium elliptical steel dowel bars should be compared with the 1-1/2”¢ round epoxy-
coated steel dowel bars. The medium elliptical steel dowel bar would be ideal to compare to the
1-1/2”¢ round epoxy-coated steel dowel bars since both bars have approximately the same
bearing stress on the concrete. By comparing these two bars it may be possible to make a
determination of which dowel bar shape transfers load better. The large elliptical steel dowel
bars should also be included in the comparison to see how they relate in load transfer efficiency.

The dowel bar spacing is dependant on the thickness of the pavement if similar subgrade
and loading conditions exist. For most pavements a 12-inch spacing would be sufficient for
today’s traffic loads. If the pavement thickness is reduced or an unsuitable subgrade is used then
the spacing may need to be decreased to compensate.

The three dowel bars listed above should be used in the Phase III full-scale testing. The
results of Phase III will be used to make a determination as to the bar that will be used in Phase
IV. The best dowel bar for Phase IV would have the best load transfer efficiency combined with
the lowest bearing stress. Phase III and IV should also be done with the elliptical bars having an
epoxy coating since this is how they would be manufactured when released to the market for
corrosion protection.

4.2.2 AASHTO Test Modifications
The authors believe that modifications to the current Load-Deflection Test Procedure

portion of the AASHTO T253 test should be made. Many methods and qualifications for the
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current test procedure are outdated or inadequate for today’s standards. The following are
proposed modifications to the Load-Deflection Test Procedure portion of AASHTO T253:

e The specimens should be molded with a 1/8-inch gap in between sections, as in
accordance with standard practice, as opposed to the test methods recommended 3/8-inch
gap. Provisions are needed (as well as parameter studies) for the effects of various gap
widths.

* Specimen dimensions should be changed according to pavement thickness.

® The ends of the specimen should be held down well enough in order to prevent rotation
and instrumentation should be stipulated to monitor possible rotation.

e The bottom sides of the specimen need to be cast in plaster in order to be flush with the
testing machine.

® An amount of allowable end rotation needs to be determined as to not void the test
results.

® A new applied load rate and higher applied load need to be determined in order to
construct better deflection versus load diagrams.

* A new maximum allowable deflection across the joint should be determined for design.

e The specimen should be loaded using point loads located at the ends of the interior
section and not uniformly, pending inflection point investigation.

Updating this test will yield results more suitable to field application and allow different dowel
bars to be compared. By modifying this test, a universal procedure may be used in order to

determine and evaluate K, and the concrete bearing stress underneath any dowel bar.
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5 CONTINUING WORK: PHASES III AND 1V

5.1 Phase III: Full-Scale Laboratory Setup

The next step in this research is to perform accelerated tests on pavement sections in a
laboratory setting. The results found herein, from Phases I and II, will help provide guidance on
many decisions in the next phase of research. The primary purpose of the full-scale laboratory
testing is to determine how efficient the dowel bars recommended in this research are at
transferring load. Phase III will also allow researchers to check the fatigue behavior of the
elliptically shaped dowel bars, since this was not in the scope of the work in Phases I or II.

The results of Phase III will be used to recommend the optimum dowel bar shape, size,

and spacing that will be used in the field test, Phase IV.

5.2 Phase IV: Field Test

The final phase in this research will be to place an agreed upon dowel bar in a roadway
around central Jowa. This will be the first opportunity to try out these elliptically shaped dowel

bars in a field situation. The dowel bars will be monitored over a predetermined length of time
and their performance will be evaluated and compared to a control group of 1-1/2”¢ epoxy-

coated steel dowel bars that will simultaneously be placed in the field.
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Horrell, Susan

From: Horrell, Susan
Sent: Thursday, November 16, 2006 8:47 AM
To: Kaler, Mark K.
Subject: RE: tritsch files

Will be in your next day air package to your home. I printed everything that referenced
"elliptical”, except the ppt presentations he did.

From: Kaler, Mark K.

Sent: Thursday, November 16, 2006 7:16 AM
To: Horrell, Susan
Subject: tritsch files
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AMERICAN HIGHWAY TECHNOLOGY

A Dayton Superior Company

April 22, 2005

Tim Cadden
Carter-Waters Corporation
2440 W. Pennway

PO Box 412676

Kansas City, MO 64141

SUBJECT: Nall Avenue
Project # 281-01
APAC Kansas

Dear Tim,

American Highway Technology (AHT) proposes a no cost change order for the above subject
project in regard to KDOT standard detail RD 682 SI. We would substitute a medium elliptical
dowel with our EpCoat epoxy that meets ASTM A934 at 450 mm c-c in lieu of the 1” round
diameter dowel as listed in the project documents.

Justification for the change order is based on the corner bearing stress of approximately 2980 psi
for a 1" round dowel bar at 300 mm spacing for a 9" pavement vs approximately 1875 psi for a
medium elliptical bar at 450 mm spacing for a 9" pavement. This is a significant reduction in the
fully loaded bearing stress levels. AHT has the coated elliptical bar in stock and can supply the
contraction baskets for the entire project in a timely manner.

We anticipate three basket lengths unless otherwise notified: a 9 bar basket for the commonly
called 13 foot lanes, an 8 bar basket for the 11 and 12 foot lanes, and a 7 bar basket for the 10 foot
lanes. This will allow all of the baskets to be centered in their respective lanes and still provide
clearance for the paving equipment.

We believe reducing the corner bearing stress levels utilizing the elliptical dowels is in the best
interest of the City of Overland Park.

Please do not hesitate to call if you have any questions.

Sincerely,
Steven L. Tritsch, P.E.

Chief Engineer

cc: Matt Taylor

11523 South Lennox, Olathe, KS 66061 e Phone 913-599-3772 ¢ Fax 913-859-0823
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1 INTRODUCTION
1.1 Background

America’s roadways are in serious need of repair. According to the American Society of
Civil Engineers (ASCE), one-third of the nation’s roads are in poor or mediocre condition (7).
ASCE has estimated that under these circumstances American drivers will sacrifice $5.8 billion
and as many as 13,800 fatalities a year from 1999 to 2001 (/). A large factor in the deterioration
of these roads is a result of how well the steel reinforcement transfers loads across the concrete
slabs. Fabricating this reinforcement using a shape conducive to transferring these loads will help
to aid in minimizing roadway damage.

Load transfer within a series of concrete slabs takes place across the joints. For a typical
concrete paved road, these joints are approximately 1/8-inch gaps between two adjacent slabs.
Dowel bars are located at these joints and used to transfer load from one slab to its adjacent
slabs. As long as the dowel bar is completely surrounded by concrete no problems will occur.
However, when the hole starts to oblong a void space is created and difficulties can arise. This
void space is formed due to a stress concentration where the dowel contacts the concrete. Over
time, the repeated process of traffic traveling over the joint crushes the concrete surrounding the
dowel bar and causes a void in the concrete. This void inhibits the dowel’s ability to effectively
transfer load across the joint. Furthermore, this void gives water and other particles a place to
collect that will eventually corrode and potentially bind or lock the joint so that no thermal
expansion is allowed. Once there is no longer load transferred across the joint, the load is

transferred to the foundation and differential settlement of the adjacent slabs will occur.



Differential settlement of the slabs creates a roughness at the joints, making vehicle travel
uncomfortable and requiring that the slab be repaired or replaced.

As was mentioned in the previous paragraph, a void around a dowel bar is formed by
stress concentrations crushing the concrete directly in contact with the dowel. When a shear load
is applied to the concrete slab, the force is supported only by the top or bottom of the dowel bar,
not the sides. Since the stress concentration region lies on the top or bottom of the dowel bar, the
smaller the dowel the higher the stress concentration. The sides of the dowel bar do not aid in the
distribution of the shear load from the concrete. Therefore, the size of the top and bottom of the
dowel bar is where the stress concentration is located and is directly related to the width and/or
shape of the dowel bar. While round dowel bars handle these stress concentrations relatively

well, elliptical bars provide more area for the stresses to distribute onto.

1.2 Experimental and Analytical Investigation

Before a change can even be considered, contractors, engineers, owners, and manufacturers
want to be certain that a new product or procedure will yield beneficial results when compared to
the current method of construction. The following research was conducted in order to compare
the static performance of steel elliptical dowel bars to that of epoxy-coated dowel bars, which are
currently in use today. Research was also done on the effect that dowel bar spacing has on the
performance of concrete pavements.

1.2.1 Objective
The objectives of Phases I and II were
1. to investigate the static behavior of steel elliptical and round epoxy-coated dowel bars,

2. to investigate the failure modes of steel elliptical and round epoxy-coated dowel bars,



3. to evaluate the benefits and drawbacks of elliptically shaped dowels bars for load
transfer,
4. to determine the effect of dowel bar spacing and projected load transfer efficiency, and
5. to evaluate if variable spacing in combination with shape factor and bar size can optimize
costs and constructability.
The main objective of this research was to determine which dowel bar and spacing should be
used for the testing during Phase I11, a full-scale accelerated laboratory test.
1.2.2 Scope
The scope of Phases I and II included
1. construction of elemental specimens for static direct shear testing of steel elliptical and
round epoxy-coated dowel bars,
2. testing of elemental specimens under direct shear loading,
3. analyzing results from direct shear tests to determine the modulus of dowel support, Ko,
4. analyzing results using K, to determine the concrete bearing stress at the face of the joint,
Oy,
5. compiling all available information on dowel bar spacing, and

6. analyzing the effect of dowel bar spacing on concrete pavements.

1.3 Literature Review

The literature review included theoretical modeling of dowel bars, highway pavement
dowel bars, and bar spacing. A discussion and use of the references can be found throughout the
report. The appropriate references can be found under the discussion of the associated topic. The
references section at the end of this report contains the significant references used in this report.

A more complete list of references is contained in reports prepared for the Towa Department of



Transportation; see HR-325 from May 1992 (2), HR-343 from November 1993 (3), and TR-408

from January 1999 (4).



2 ACCOMPLISHMENTS TO DATE

2.1 Phase I: Elemental Static Direct Shear Testing

2.1.1 Introduction
The elemental direct shear test provides a means to monitor the deflection across a joint

of a dowel bar embedded in concrete. The purpose of this research is to determine the modulus
of dowel support, K,, for the steel elliptical and round epoxy-coated dowel bars. Once K, is
determined it will be used to determine the concrete bearing stress at the face of the joint, @y.
Once the bearing stress is known the dowel bars can be compared to determine which type of
dowel bar applies the lowest stress to the concrete. In this project there were five different types
of dowel bars tested. Ten dowel bars of each dowel bar type were used. Two dowel bars were
placed in each specimen, which required the construction of 25 concrete specimens. The
different types of dowel bars were as follows:
o 1-1/4”¢ epoxy-coated steel
o area=1.227in’
e 1-1/2”¢ epoxy-coated steel
o area=1.767 in®
e large elliptical steel (major axis = 1.98 in., minor axis = 1.34 in.)
o area=2.084 in’
e medium elliptical steel (major axis = 1.66 in., minor axis = 1.13 in.)
o area=1.473in’
e small elliptical steel (major axis = 1.41 in., minor axis = 0.88 in.)
o area=0.975 in’

See Table 2.1 for a test matrix of the specimens tested.



Table 2.1 Test Matrix of AASHTO T253 Specimens

Description of Dowel Bar | Number of Test Specimens | Number of Dowel Bars

1-1/4”¢ epoxy-coated steel 5 10

1-1/2”¢ epoxy-coated steel 5 10
Large elliptical steel 5 10
Medium elliptical steel 5 10
Small elliptical steel 5 10

The specimens were formed using prefabricated steel forms. The elemental specimens
were constructed as a modified American Association of State Highway and Transportation
Officials (AASHTO) T253 specimen (5) with the same dimensions as the specimen shown in
Figure 2.1. This specimen size was used to represent a 12-inch thick slab. A 1/8-inch gap was

used to simulate a field pavement as well as aid in the reduction of flexure across the joint.

8" /8

12" 21" 12"

TOP VIEW

Dowels Centered
in Concrete

SIDE VIEW
Figure 2.1 Elemental Fatigue Specimen (4)
As can be seen in Figure 2.1, the dowel bars were placed at midheight of the specimen.
The elliptical dowel bars were oriented with the long dimension, or major axis, parallel to the

ground. This orientation was chosen so the elliptical dowel bars provided a larger width for the



concrete to bear against than that of a round bar with a similar cross-sectional area. The benefits

of the larger bearing width will be explained in greater detail in the next section.

2.1.2 Analytical Theory of Dowel Bars

2.1.2.1 Analytical Model
Timoshenko and Lessels worked on the first model of a beam on an elastic foundation that

could be applied to a dowel bar system (6). According to Timoshenko, the deflection of a beam
on an elastic foundation is found using Equation 2.1:

dil
EI ﬁ - ky @.1)

where k is a constant usually called the modulus of foundation and vy is the deflection. The
modulus of foundation denotes the reaction per unit length when the deflection is set equal to
one.
The solution to Timoshenko’s differential equation is found in Equation 2.2.
y = e"*(A cos Bx + B sin px) + eP*(C cos px + D sin px) (2.2)

where

B =4K/4EI = relative stiffness of the beam on the elastic foundation (in™)
k = modulus of foundation (psi)

E = modulus of elasticity of the dowel (psi) .
I = moment of inertia of the dowel (in*)
By applying the appropriate boundary conditions for the problem the constants A, B, C,

and D can be solved. For a semi-infinite beam with a moment, M,,, and a point load, P, Equation

2.2 is equivalent to Equation 2.3.



e ™
= - —gj 2.3)
y 2 % [P cos px — M ,(cos fx —sin fx)]

Friberg applied Timoshenko’s elastic foundation theory to a beam of semi-infinite length

(7). When trying to calculate the deflection at the face of the joint, it can be determined by

setting x = 0 in Equation 2.3. This equation then becomes Equation 2.4.

where

P
=—'—(2+pz
Yo 4P EI (2+P2) (2.4)
K. b . i A .
F=1 B relative stiffness of the dowel bar encased in concrete (in.”) (2.5)

K, = modulus of dowel support (pci)

b = dowel bar width (in.)

E = modulus of elasticity of the dowel bar (psi)
[ = moment of inertia of the dowel bar (in*)

P; = load transferred through the dowel bar (1b.)
z = joint width (in.)

Friberg used the modulus of dowel support, K, in his equation. The modulus of dowel

support is the reaction per unit area causing a deflection equal to one. Friberg used the

expression Kyb to replace the modulus of foundation, k, from Timoshenko’s model. Friberg’s

equation was developed using a semi-infinite dowel length. Dowel bars have a finite length so

this equation would not apply to dowel bars used in practice today. However, Porter et al. have

shown that Friberg’s equation can be used with little to no error if the L value is greater than

two (2, 8). Where the length, L, is taken to be the length of the dowel bar embedded in concrete,

or approximately one-half the dowel bar length.



2.1.2.2 Relative Deflection across a Pavement Joint
The relative deflection across a pavement joint consists of four separate components.

These components, as shown in Figure 2.2, consist of the deflection of the dowel at each joint
face, the deflection due to the slope of the dowel bar, shear deflection, and flexural deflection.

When considering all possible components for relative deflection the following expression in

Equation 2.6 is found.

dy Pz’
A=2y +7 = |+0+——
Yo ( dx j 12EI (2.6)
where
yo = deflection at the face of the joint

APz

0 = — =shear deflection (2.7)
AG

P; = load transferred by dowel bar (Ib.)
® = form factor, equal to 10/9 for solid circular sections and ellipses

A = cross-sectional area of the dowel bar (in%)

G = shear modulus (psi)

In this research a joint width of 1/8 inches was used for the specimens. Using such a
small joint width allows the deflection due to the slope of the dowel bar to be approximately
equal to zero, which is the case in the authors’ research since the width and the slope of the joint
are small. This small joint width also means that the flexural deflection is approximately equal to
zero since the joint width term is cubed. After removing both the slope and flexural deflections
from Equation 2.6, Equation 2.8 remains.

2 =2y, t &R (2.8)



Solving Equation 2.8 for y, yields Equation 2.9.

Yo B (2.9)

Centerline of
undeformed dowel

A
L
yo ; ,/
Zd}'o /
/ 2 dx .7
! |
Pz3 "
12EI I
- z dy, \

o I 2 dx

Y e _\/
z z
Centerline of
/ deformed dowel

Figure 2.2 Relative Deflection Between Adjacent Pavement Slabs (9)

2.1.2.3 Bearing Stress of Dowel Bars in Concrete
The bearing stress on the concrete at the face of the joint is critical for proper function of

the dowel bar in the concrete. If the bearing stress on the concrete becomes too large the concrete
will begin to break away where it contacts the dowel bar. Repetitive high-stress loadings of the
dowel bar-concrete interface will create a void. This void creates an additional amount of

deflection in the system before the dowel bar will begin to take on the load applied. This
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additional deflection creates a loss in the efficiency of the dowel bar to transfer load across the
joint. This loss in efficiency must now be carried by the subgrade, which puts additional stress on
the subgrade and creates the possibility for differential settlement of adjacent slabs.

If the dowel behaves as a beam on an elastic foundation, the bearing stress at the face of
the joint, @y, is proportional to the deflection at the face of the joint. This relationship is
expressed using Equation 2.10.

@y = Koyo (2.10)

The bearing stress on the concrete needs to be kept low to make certain that no crushing
of the concrete occurs. According to the American Concrete Institute’s (ACI) Committee 325,
the allowable bearing stress on the concrete is equivalent to Equation 2.11 (/0).

. =(4_bjf'c @.11)
3

where

©, = allowable bearing stress (psi)

b = dowel bar width (in.)

f’. = compressive strength of concrete (psi)
This equation provides a factor of safety of approximately three.
2.1.3 Direct Shear Testing Procedure

The testing of the specimens was conducted on a 400-kip capacity SATEC 400HVL

universal testing machine at the Iowa State University structures laboratory. A modified
AASHTO T253-76 test was used for testing the elemental direct shear specimens. This
procedure requires that the end blocks of the specimens be clamped so that no rotation is
allowed. With the end blocks restrained from rotation, a load of 2000 Ib./min. was applied to the

middle section of the specimen while deflections were measured. Figure 2.3 shows how the load

was applied to the center section of the specimen. The deflections that were measured were the

11



relative deflections across the joint, or rather the deflections from the stationary end blocks to the
deflecting center block. The deflections were measured by using Direct Current Displacement
Transducers (DCDTs). Measurements of deflection and corresponding load were taken every
two seconds. Before testing began, the specimens were preloaded. The preloading procedure
consisted of loading the specimens five times at a rate of 2000 1b./min. until 5,000 Ib. was
reached. This procedure was used to help settle the specimens so that more accurate results
would be obtained. The tests were carried out on all specimens until a load of 10,000 Ib. was
reached. This data were then used to create a load versus deflection diagram, as seen in Figure
2.4. This procedure has been tested and validated as an acceptable approach by Rohner (/7).

Load versus deflection diagrams for all the dowel bars are displayed in Appendix A.

NN N LA LT AT L LT L

a

/04 0,

as A
< - X *

T7777777 AL R LR R G

Figure 2.3 Location of Load on Specimen (/1)
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Figure 2.4 Deflection versus Load Diagram for the 1-1/2”¢ Epoxy-Coated Steel Dowel Bars
in Specimen 3

While testing the first two specimens, a problem was encountered. While preparing the
initial specimens for testing, the authors observed that the specimens were not sitting level in the
testing apparatus. The decision was made to conduct the first tests and attach two DCDTs to the
rear of both end blocks. The end block DCDTs were mounted to measure the movement of the
end blocks opposite the dowel bars, or to check the end blocks for rotation. After performing
tests on the first two specimens, the DCDTs revealed that there was a significant amount of
rotation occurring on the end blocks.

This rotation was due to the unevenness of the bottom of the specimens. The forms used
to cast the specimens were not perfectly flat, which created unevenness along the bottom of the
specimen. This unevenness on the bottom of the specimens caused them to sit unevenly. As load
was applied movement of the end blocks would occur. The solution to this problem was to cast
the bottom of the end blocks in dental plaster. The plaster that was used for this procedure was

Labstone, which had a compressive strength of 8000 psi. Upon retests of the two initial

13



specimens the rotation was again monitored and no measurable amount of rotation was seen. All
the remaining specimens were cast in the Labstone to be sure that the bottoms remained level
during testing. As a precaution rotation readings were taking for all the specimens to ensure that

no rotation occurred on any of the remaining specimen.

2.2 Phase II: Bar Spacing

2.2.1 Introduction
When slabs are of the same dimensions and are subjected to equal loads, the spacing of

the dowel bars will determine how much load each dowel bar is subjected to. The larger the
spacing between the dowel bars, the greater the loads applied to the dowel bars will be due to the
distribution of loads through the concrete and subgrade.
2.2.2 Dowel Bar Load Distribution

In an ideal situation, when a load is placed near a joint, the dowel bars would assume half
the load and the remaining load is transferred to subgrade. However, no joint will behave in this
ideal manner because of the repeated loadings seen by a pavement joint. This repetitive loading
will create a small void and some load transfer efficiency of the dowel bar will be lost.
According to Ioannides and Korovesis this efficiency can be determined by calculating the
transferred load efficiency (TLE) in Equation 2.12 (12).

TLE =II:—‘><100% (2.12)

w

where
TLE = transferred load efficiency (%)
P; = load transferred across the joint (Ib.)
Py, = applied wheel load (Ib.)
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The maximum value for the transferred load efficiency is 50 percent. Brown and Bartholomew
stated that for heavy truck traffic, a TLE ranging from 35 to 40 percent is considered acceptable
(13).

Yoder and Witczak suggested a 5—10 percent decrease in load transfer across a joint due
to the void that appears after repetitive loadings (/4). Allowing a conservative five percent
decrease in load transfer yields Equation 2.13.

P =0.45P, (2.13)
where
P; = load transferred across the joint (Ib.)
Py, = applied wheel load (Ib.)

When a wheel load is applied near a joint, not all dowel bars at the joint aid in
transferring the load. The dowel bars closest to the applied wheel load transfer more of the load
than the dowel bars furthest away from the applied load. Friberg was the first to investigate the
load distribution to the dowel bars across a joint (7). Based on an analysis by Westergaard,

Friberg proposed that dowel bars contained outside 1.8, from the applied load were ineffective

in transferring any additional load, where I; is the radius of relative stiffness as shown in

Lo E h’ (2.14)
V120 -pHK

l; = radius of relative stiffness (in.)

E. = modulus of elasticity of the pavement concrete (psi)
h = pavement thickness (in.)

p = Poisson’s ratio for the concrete pavement

K = modulus of subgrade reaction (pci)

Equation 2.14 (15).

where

Friberg also believed that a linear distribution of load occurred inside the radius of relative

stiftness as shown in Figure 2.5. Friberg’s analysis was based on dowel bars having a diameter of
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0.75 or 0.875 inches and with dowel bar spacing ranging from 12 to 20 inches. If a larger dowel
bar is used or the bar spacing is less than 12 inches, then Friberg’s model no longer applies.

Since Friberg’s model is not useful for the construction practices used today, another
model was required. Tabatabaie et al. modeled a doweled joint using finite element and were
able to show that an effective length of 1.0l; is more appropriate for today’s construction
practices (/6). Tabatabaie was also able to show that a linear approximation does exist with the
maximum shear occurring beneath the applied load itself. For dowel bar design, a calculation of
the maximum shear load is useful and will be referred to as the load seen by the critical dowel
bar, P..

Since Tabatabaie was able to show a linear relationship with the load distribution along
the joint, the load seen by the critical dowel bar, P, can now be calculated. The first step is to
draw a triangle with a base that extends out a distance 1.0, in both directions from where the
load is applied and has a peak height directly below the applied load, as shown in Figure 2.5. For
simplicity, set the height of the triangle below the load equal to one P,. Using the linear
relationship of the load distribution along the joint, calculate the height of the triangle below
cach dowel bar. Sum up the heights below all of the dowel bars to determine the number of
effective dowels, Negy, that are used in transferring the applied load. The shear force that is

directly beneath the applied load can now be calculated using Equation 2.15.

p - D (2.15)
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Figure 2.5 Load Transfer Distribution Proposed by (a) Friberg and (b) Tabatabaie et al.
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3 RESULTS

3.1 Introduction

All the specimens listed in Section 2.1.1 were tested using the elemental direct shear test
that was outlined in Section 2.1.3. The elemental direct shear tests provide a way to
experimentally determine a deflection versus load diagram. With the deflection versus load
diagram, the modulus of dowel support, K, can be determined using the theoretical formulas
outlined previously by Friberg. Once a value for the modulus of dowel support has been
determined, the concrete bearing stress, @y, can be calculated. The concrete bearing stress is the
measure of the stress applied at the dowel bar-concrete interface and is a good indicator to the
longevity of the concrete system. The method for determining the modulus of dowel support and

the concrete bearing stress will be outlined in greater detail later.

3.2 Specimen Failure

After all 25 specimens had been tested and a deflection versus load diagram was
constructed for each dowel bar, 10 of the specimens were tested to failure. The 10 specimens
tested to failure consisted of two specimens of each type of dowel bar. Two of the five specimens
from each dowel bar type were chosen at random for the testing. Table 3.1 lists the test matrix of

the specimens taken to failure.

Table 3.1 Test Matrix of the Specimens Taken to Failure

Description of Dowel Bar | Number of Test Specimens Number of Dowel Bars

1-1/4”¢ epoxy-coated steel 2 4

1-1/2”¢ epoxy-coated steel

Large elliptical steel

Medium elliptical steel

4
4
4
4

NN N

Small elliptical steel
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Each specimen was placed into the SATEC test machine and a load of 2000 1b./min. was applied
until failure of the specimen. Table 3.2 lists each specimen type and the average load at which

failure occurred.

Table 3.2 Load at Which Failure Occurred for Specimen

Description of Dowel Bar inside Specimen | Average Failure Load of Specimen (Ib.)
1-1/4”¢ epoxy-coated steel 35,795
1-1/2”¢ epoxy-coated steel 43,315
Large elliptical steel 45,760
Medium elliptical steel 38,775
Small elliptical steel 38,545

As can be seen in Table 3.2, the failures occurred following a trend. As the cross-
sectional area of the dowel bar increases so does the applied failure load. However, the small
elliptical dowel bars do not properly follow this trend. This difference is attributable to only
having tested two specimens. It is possible to have one beam skew the results, as appears to be
the case with the small elliptical dowel bars. One of the small elliptical dowel bar specimens
failed at a load that would have followed the trend. However, the second specimen did not fail
until a much greater load. The second specimen skewed the average upward and forced the small
elliptical dowel bars away from the trend. The authors believe that if more specimens were tested
and used in the determination of the average failure load the trend would become even more

pronounced.

3.3 Determination of K,

As mentioned previously, the first step in determining the modulus of dowel support, K,
was to develop a load-deflection relationship for each specimen. This was done with the data
collected during the elemental direct shear test using linear regression to develop a direct

relationship between load and deflection. With this relationship determined the total relative
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deflection for a given load could then be calculated. The load that was chosen in this research
was 2000 lb. This load was chosen for two reasons:
1. This would be approximately the highest load that a dowel bar could see with any
regularity, according to our highest dowel bar spacing.
2. Since there is a linear relationship between load and deflection the results for the
modulus of dowel support do not depend on the load (11).
With the relative deflection calculated for the specified load, the next step is to calculate the
deflection at the face of the joint using Equation 2.7 and Equation 2.9 for shear deflection, R,
and deflection at the face of the joint, y,, respectively. Both of these equations are repeated here

for convenience.

5 Mz 2.7)
AG
_A-3

Yo =5~ (2.9)

The average relative deflection, shear deflection, and average deflection at the face of the joint

are shown in Table 3.3.

Table 3.3 Average Relative, Shear, and Face of the Joint Deflections

Dowel Bar Description Average Relative | Shear Deflection, | Average Deflection at
Deflection, A (in.)* o (in.)* Face of Joint, y, (in.)*

1-1/4”¢ epoxy-coated steel 0.002642 0.000020 0.001311

1-1/2”¢ epoxy-coated steel 0.001642 0.000014 0.000814

Large elliptical steel 0.001968 0.000012 0.000978

Medium elliptical steel 0.002432 0.000017 0.001207

Small elliptical steel 0.002383 0.000025 0.001179

*Note: The deflections cannot be measured this accurately but are needed to display the effects of shear deflection.
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The last step required to calculate the modulus of dowel support was to create a graph of
the modulus of dowel support versus deflection at the face of the joint. By imputing the
geometric properties for the dowel bar and substituting multiple values of K, into the theoretical
equation the deflection at the face of the joint was determined. Equations 2.4 and 2.5 are required

to complete the K, versus y, graph as discussed earlier and are repeated here for convenience.

I’)
__PR (2.4)
Yo 4P°E] (2+PBz)
_— Kub (2'5)
b= 4EI

As can be seen in Equation 2.4, listed above, the value of y, is dependant on the shape of the
dowel bar. Therefore, for every dowel bar type a separate K, versus y, graph must be generated.
In Figure 3.1 a sample K, versus y, graph is shown, the graph shown is for a 1-1/2”¢ round
epoxy-coated steel dowel bar calculated at a 2,000-1b. load. The K, versus y, graphs for all the

dowel bar types are displayed in Appendix B.

1-1/2" Diameter Round Epoxy Coated Dowel Bar
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Figure 3.1 K, versus y, for the 1-1/2”¢ Round Epoxy-Coated Steel Dowel Bar
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Using the modulus of dowel support and the deflection at the face of the joint, the
concrete bearing stress can be calculated. Again, this equation is repeated here for convenience.
©y = KoYo (2.10)
Table 3.4 is a listing of each specimen type and its associated average modulus of dowel support

and average concrete bearing stress at a load of 2,000 1b.

Table 3.4 Average Modulus of Dowel Support and Concrete Bearing Stress

Dowel Bar Description Modulus of Dowel Concrete Bearing
Support, K, (pci) Stress, @y, (psi)

1-1/4”¢ epoxy-coated steel 1,796,654 2,084

1-1/2”¢ epoxy-coated steel 2,092,820 1,568

Large elliptical steel 1,319,621 1,147

Medium elliptical steel 1,492,246 1,611

Small elliptical steel 2,473,999 2,637

3.4 Dowel Bar Spacing

There are two approaches that can be followed to arrive at the appropriate dowel bar
spacing. The design approach differs on the determining factor that is used to calculate the dowel
bar spacing. The two options for designing dowel bar spacing are as follows:

1. The bearing stress on the concrete can be set equal to the allowable bearing stress.

2. The relative deflection of the joint can be set not to exceed to a maximum value.

When using the allowable bearing stress method to determine the bar spacing, the bearing
stress was not the controlling factor in the design of spacing with steel bars. Designing using the
allowable bearing stress allowed the spacing of the bars to become larger than that which would
be practical. In this case, the bearing stress not being the controlling factor makes sense due to
the fact that the allowable bearing stress is for the crushing of the concrete. The allowable

bearing stress should not be approached if the dowel bars are to have useful field life.
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For the reasons above the choice was made to design the dowel bar spacing based on the
acceptable relative deflection. To simplify the discussion of relative deflection, Table 3.5 was
created to compare several dowel bars spacings and the associated relative deflection for a 12-
inch-thick slab.

Note that the spacing was calculated by determining the worst possible load case for P.
P was calculated using Equation 2.15 as discussed previously, which is repeated here for

convenience.

P =ht
Neff

The worst load case for P, is when the wheel load of the car is placed directly over the outermost

(2.15)

dowel bar in the pavement. In this particular load case there are only dowel bars located on one
side of the wheel load; see Figure 3.2. This situation significantly reduces the number of dowel
bars that can effectively transmit load; in other words Neg is decreased to its smallest possible

value. As can be seen by Equation 2.15, with N at its minimum value, then P, would be at its

maximum value.

Figure 3.2 Worst Possible Load Case for Dowel Bar Spacing
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Table 3.6 lists the bearing stress along with the allowable bearing stress for a 12-inch-
thick slab with the same load and dowel bar spacing that was used in Table 3.5.

As can be seen in Tables 3.5 and 3.6, in every spacing situation the elliptical dowel bars
reduce the bearing stress when they are compared to a round dowel bar with a similar cross-
sectional area. When comparing the 1-1/2”¢ round epoxy-coated steel dowel bars to the large
elliptical steel dowel bars, the large elliptical steel dowel bars produce bearing stresses on the
concrete that are greatly reduced while the increase in relative deflection is minimal. The large
elliptical steel dowel bars have an increase in cross-sectional area of nearly 18 percent but
provide a reduction in bearing stress of 26 percent. In contrast, the 1-1/2”¢ round epoxy-coated
steel dowel bars have a 44 percent increase in cross-sectional area yet only provide a 25 percent

reduction in bearing stress when compared to the 1-1/4”¢ round epoxy-coated steel dowel bars.
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4 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions
The results of this research indicated that the elliptical dowel bars behaved as predicted.

When comparing the 1-1/2”¢ round epoxy-coated steel dowel bars to the large elliptical steel
dowel bars, the large elliptical steel dowel bars produce bearing stresses on the concrete that are
greatly reduced while the increase in relative deflection is minimal. The large elliptical steel
dowel bars have an increase in cross-sectional area of nearly 18 percent but provide a reduction
in bearing stress of over 26 percent. In contrast, the 1-1/2”¢ round epoxy-coated steel dowel bars
have a 44 percent increase in cross-sectional area over the smaller 1-1/4”¢ round epoxy-coated
steel dowel bars yet only provide a 25 percent reduction in bearing stress. The round dowel bars
did retain a slight advantage in the stiffness over elliptical dowel bars of a similar cross-sectional
area due to their shape. However, this difference in stiffness is insignificant based on the small
variance in the deflection of the slabs. The difference in magnitude of the deflections is so small
that the dowel bars could be considered as having roughly the same deflection.

This research has shown that the 1.5”¢ round epoxy-coated steel dowel bars have roughly
same bearing stress as the medium elliptical dowel steel bars. This occurrence could be
beneficial if the load transfer efficiency was determined.

Dowel bar spacing is a method to distribute load to the dowel bars. The smaller the
spacing of the dowel bars the smaller the load on the dowel bars. A decrease in pavement
thickness will lower the number of bars available for load transfer, and a smaller spacing may be
required. Poor subgrade material will also decrease the number of dowel bars available for load

transfer, and therefore a smaller spacing may also be needed.
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4.2 Recommendations

4.2.1 Load Transfer Efficiency
The authors recommend that a series of tests be conducted to determine the load transfer

efficiency of the dowel bars. Past research has indicated that the lower the bearing stresses on the
concrete the less efficient the dowel bars were at transferring load. In the load transfer testing the
large and medium elliptical steel dowel bars should be compared with the 1-1/2”¢ round epoxy-
coated steel dowel bars. The medium elliptical steel dowel bar would be ideal to compare to the
1-1/2”¢ round epoxy-coated steel dowel bars since both bars have approximately the same
bearing stress on the concrete. By comparing these two bars it may be possible to make a
determination of which dowel bar shape transfers load better. The large elliptical steel dowel
bars should also be included in the comparison to see how they relate in load transfer efficiency.

The dowel bar spacing is dependant on the thickness of the pavement if similar subgrade
and loading conditions exist. For most pavements a 12-inch spacing would be sufficient for
today’s traffic loads. If the pavement thickness is reduced or an unsuitable subgrade is used then
the spacing may need to be decreased to compensate.

The three dowel bars listed above should be used in the Phase III full-scale testing. The
results of Phase III will be used to make a determination as to the bar that will be used in Phase
IV. The best dowel bar for Phase IV would have the best load transfer efficiency combined with
the lowest bearing stress. Phase III and IV should also be done with the elliptical bars having an
epoxy coating since this is how they would be manufactured when released to the market for
corrosion protection.

4.2.2 AASHTO Test Modifications
The authors believe that modifications to the current Load-Deflection Test Procedure

portion of the AASHTO T253 test should be made. Many methods and qualifications for the
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current test procedure are outdated or inadequate for today’s standards. The following are
proposed modifications to the Load-Deflection Test Procedure portion of AASHTO T253:

e The specimens should be molded with a 1/8-inch gap in between sections, as in
accordance with standard practice, as opposed to the test methods recommended 3/8-inch
gap. Provisions are needed (as well as parameter studies) for the effects of various gap
widths.

e Specimen dimensions should be changed according to pavement thickness.

e The ends of the specimen should be held down well enough in order to prevent rotation
and instrumentation should be stipulated to monitor possible rotation.

e The bottom sides of the specimen need to be cast in plaster in order to be flush with the
testing machine.

e An amount of allowable end rotation needs to be determined as to not void the test
results.

e A new applied load rate and higher applied load need to be determined in order to
construct better deflection versus load diagrams.

e A new maximum allowable deflection across the joint should be determined for design.

e The specimen should be loaded using point loads located at the ends of the interior
section and not uniformly, pending inflection point investigation.

Updating this test will yield results more suitable to field application and allow different dowel
bars to be compared. By modifying this test, a universal procedure may be used in order to

determine and evaluate K, and the concrete bearing stress underneath any dowel bar.
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5 CONTINUING WORK: PHASES III AND IV

5.1 Phase III: Full-Scale Laboratory Setup

The next step in this research is to perform accelerated tests on pavement sections in a
laboratory setting. The results found herein, from Phases I and II, will help provide guidance on
many decisions in the next phase of research. The primary purpose of the full-scale laboratory
testing is to determine how efficient the dowel bars recommended in this research are at
transferring load. Phase III will also allow researchers to check the fatigue behavior of the
elliptically shaped dowel bars, since this was not in the scope of the work in Phases I or II.

The results of Phase III will be used to recommend the optimum dowel bar shape, size,

and spacing that will be used in the field test, Phase IV.

5.2 Phase IV: Field Test

The final phase in this research will be to place an agreed upon dowel bar in a roadway
around central lowa. This will be the first opportunity to try out these elliptically shaped dowel

bars in a field situation. The dowel bars will be monitored over a predetermined length of time
and their performance will be evaluated and compared to a control group of 1-1/2”¢ epoxy-

coated steel dowel bars that will simultaneously be placed in the field.
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