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1. INTRODUCTION

1.1 Background

Load transfer across transverse joints has always been a factor contributing to the useful
life of concrete pavements. For many years, round steel dowels have been the
conventional load transfer mechanism. Many problems have been associated with the
round steel dowels.

The most detrimental effect of the steel dowel is corrosion. Repeated loading over time
also damages joints. When a dowel is repeatedly loaded over a long period of time, the
high bearing stresses found at the top and bottom edge of a bar erode the surrounding
concrete. This oblonging creates multiple problems in the joint. The void spaces caused
by the repetitive loading reduce the ability of the bar to adequately transfer load. If the
load is not transferred by the bar, it is carried into the subgrade. Over time, the subgrade
is eroded and the pavement eventually cracks. The void spaces also allow greater
infiltration of water and alkali solutions, increasing the rate of steel dowel corrosion. The
corroded steel increases in volume and loses strength over time. The corroded dowel may
also bind the joint and prevent proper lateral movement caused by freeze-thaw pavement
expansion.

Over the past decade, lowa State University (ISU) has performed extensive research (/-
18) on new dowel shapes and materials to mitigate the effects of oblonging and
corrosion. This report evaluates the bearing stress performance (/2-16) of six different
dowel bar types subjected to two different shear load laboratory test methods. The first
load test is the AASHTO T253 method. The second procedure is an experimental
cantilevered dowel test.

1.2 Research Objective

The objective of this study was to investigate and improve the current AASHTO T253
test method for determining the modulus of dowel support, ky. The constant ky measures
the pressure intensity on the elastic foundation required to cause a unit settlement into the
foundation by the dowel bar at the face of the joint. The bearing stress is directly related
to ky and bar deflection within the concrete. The ability to easily determine k, for a dowel
aids in the selection of the optimal bar shape and material in the design of new concrete
pavements. The investigation also included analysis of a new simplified cantilever dowel
test to be used as a verification of the AASHTO procedure.

1.3 Research Approach
A literature review was conducted in order to study the theory regarding the behavior of a

beam on an elastic foundation. This theory was applied to the behavior of dowel bars in
concrete pavements. Laboratory specimens were built to simulate the application of shear



forces to the dowels and to determine the modulus of dowel support, kg, for six different
bar types.

1.4 Scope

The scope of this project involved the testing of 78 different dowel specimens, including
the following tasks:

Performing the modified AASHTO test on 54 specimens containing six different
dowel shapes and three separate gap widths

Implementing six fatigue tests on the modified AASHTO specimens in order to
observe long-term damage to pavement joints caused by dowel bearing stresses
Applying cantilever dowel tests on 18 specimens (six shapes with three
specimens per shape)

Determining the resin content of the glass fiber reinforced polymer (GFRP)
dowels by using a loss on ignition test

Evaluating the results obtained by both the AASHTO and cantilever tests
Comparing laboratory results to field results calculated in past research
Deciding if the cantilever test is a viable alternative to the AASHTO test
Recommending changes to the test procedures used in this investigation for future
tests



2. TESTING PROGRAM

2.1 Test Descriptions

2.1.1 Modified AASHTO T253

The aim of this study was to test a modified version of the current AASHTO T253 test
procedure. The modified AASHTO test was implemented to replace the losipescu (2)
shear dowel test. The losipescu was very effective at creating a pure shear condition at
the joint of the test specimen. The problems associated with the losipescu test were
constructability issues. It was difficult and time-consuming to build the load apparatus to
create this pure shear. A diagram of the losipescu test is shown below in Figure 2.1.
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Figure 2.1. losipescu shear test

To eliminate the difficulties associated with the execution of the losipescu test, the
modified AASHTO test was implemented and recommended as the preferred dowel test
method. The aim of the modified AASHTO test was to create a shear condition at the
concrete joint without the complicated test frame, as shown above in Figure 2.1. The
current AASHTO standard is shown below in Figure 2.2. The modified version of the
AASHTO test is shown in Figure 2.3.
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Figure 2.3. Modified AASHTO T253 test (15)

Although the modified version of the AASHTO test was very similar to the current
standard, there were key differences between the two tests. The first and most clear
difference was the method of load application. The original test applied a uniform load
along the center block parallel to the dowel bars. This load application created flexural
behavior in the center block. The application of linear loads parallel to the joints, as
shown in Figure 2.3, greatly reduced the effects of flexure within the center block. This
was implemented even though past ISU research (29) recommended two-point loads
instead. The two-point load method increased the risk of load eccentricity in the center
block. This eccentricity would have made the center block more vulnerable to rotation
about the dowels. Even if rotation was kept to a minimum, the point loads would have
also added more uncertainty to the results because it would have been very difficult to
place them exactly the same for every specimen. There would have been slight,
unaccountable differences in the load location between tests. The investigators believed
that the load would be more consistently applied as two linear loads placed at three



inches inside the joints. This distance of three inches allowed the placement of
instrumentation to measure block deflection.

The modified dowel tests were performed at ISU in the structures laboratory located in
Town Engineering Building. The new tests evaluated round, elliptical, and rectangular
bar cross sections. The tests also evaluated dowel bars made of epoxy-coated steel,
stainless steel, and glass fiber reinforced polymer (GFRP). The specimens were placed
into a load frame shown in Figure 2.4.
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Figure 2.4. Load test frame

The ductile iron structural tubes supporting the top cross beam were post-tensioned to the
test floor with a force of 3,000 pounds in each tube. The post-tensioning was done to
ensure smooth load transfer from the hydraulic actuator to the concrete test specimen.
Downward load was transferred from the hydraulic jack to the concrete by using a
stiffened rolled shape steel beam section. Two 1.25-inch diameter solid steel bars were
placed 3 inches from each end of the center block in order to transfer the downward load
from the beam to the concrete. Thin sheets of neoprene were placed beneath the loaded
rollers to allow for an even, transverse load application along each bar.

The end blocks of the specimen were clamped down to the lower steel support plates
using high strength Dywidag steel rods. The goal of each end support was to create a
fixed-end condition on each side of the specimen. The bars were tightened to prevent
end-block rotation and minimize flexural behavior of the dowel bars. The clamping
mechanisms were tightened by hand with wrenches. A hydraulic jack was not used to
tension the clamping rods because outside stresses acting on the dowels would affect the
deflection behavior of the bar under a load. The goal of the fixed-end conditions is to
promote shear behavior in the dowel bars.

The specimens were instrumented with direct current deflection transducers (DCDTs).
There were a total of eight DCDTs used. Four were used to measure relative deflections



on the right and left ends of the specimen. The placement of the DCDTs on the test
specimen is shown below in Figure 2.5.

Top View
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Figure 2.5. Locations of DCDT’s

Two DCDTs were placed at the far ends of the end blocks to monitor the movement in
the restrained ends. Two more were placed on the base plates that support the specimen
in order to monitor movement of the entire testing surface.

The procedure used to calculate &y with field data from previous ISU dowel research was
implemented to analyze the lab data from the modified test procedures. The force acting
on each dowel was assumed to be half the total load acting on the apparatus. All
deflections not pertaining to the relative deflection of the middle block indicated
negligible rotations at the end blocks and test apparatus.

2.1.2 Cantilever Test

The cantilever test was a new experimental dowel test procedure. The aim of the new test
was to eliminate some of the unknown parameters involved with the modified AASHTO
test. The two main unknowns were the exact deflection of the dowel bar at the face of the
joint and the exact shear load carried by the dowel. The cantilever test specimen allowed
direct placement of instrumentation in order to directly measure dowel deflection at the
joint. It also allowed the investigators to observe the dowel joint and check for concrete
abnormalities or debris within the joint. The cantilever test consisted of a 12-inch
concrete cube and a single 18-inch dowel. The dowel bar was placed with 9 inches
embedded in the concrete. The cantilever test specimen is shown below in Figure 2.6.
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Figure 2.6. Cantilever test specimen

The new test allowed for placement of instrumentation to directly measure dowel
deflection at the face of the concrete block.

2.1.3 Fatigue Test

Oblonging of pavement slabs occurs after years of repetitive loading. A small-scale
fatigue test was assembled in an attempt to simulate the damage caused by the millions of
load cycles applied to a pavement slab. Because a much smaller number of cycles was
used, the applied load was much higher than the load applied to a dowel in a real
pavement slab. The fatigue test required a load that was large enough to cause visible
oblonging after a small number of cycles. The load magnitude also needed to be small
enough to avoid breaking the test specimen. Using a trial and error method, the block was
loaded with 22,000 pounds at a frequency of 1 Hz for 10,000 cycles.

The dowel specimen was placed on the same base beam used in the previous test
methods. The fatigue actuator used was much larger than the 50,000-pound manual
actuator. The larger actuator required the use of a much larger loading frame. The frame
was post-tensioned to the tie-down floor with a stress of 3000 psi in each Dywidag bar.

All measurements were taken with the internal deflection transducers in the actuator. A
true value of &y could not be found using the fatigue test. The constant &y was calculated
under the assumption that the beam is in complete contact with the elastic foundation.
The oblonged or damaged dowel hole violates this basic assumption. The main goal of
the fatigue test in this study was to determine if a qualitative observation could be made
to see which dowels will fatigue less over an extended period of time. While this did not
give a value of ky, it allowed one to reasonably compare the actual performance of a bar
with its predicted performance. If a bar had a lower kj value, it would have undergone the
least deflection increase over time.



2.2 Construction

2.2.1 Modified AASHTO T253

The modified AASHTO T253 specimen was constructed using prefabricated steel forms
by EFCO Manufacturing. The steel forms were fabricated into twelve-inch-wide by
twelve-inch-tall troughs. Each trough was twelve-feet-long and fit three specimens per
trough.

The joints were formed using 1/8-inch polyvinyl chloride (PVC) sheets. The sheets were
held into place with 1/2-inch plywood strips applied to the steel forms with clear silicon
adhesive. The dowels were placed across the PVC bulkheads and supported with steel
chairs at each end. Each specimen was separated by a plywood bulkhead. Figure 2.7
shows some of the troughs with dowels and bulkheads placed.

Figure 2.7. Troughs for constructing modified AASHTO specimens

The concrete was a Class-C Portland Cement mix with a target compressive strength of
4000 psi. The concrete was delivered to the laboratory in mixer trucks from Ames Ready
Mix.

Concrete was placed by hand using wheelbarrows, shovels, and hand scoops. Special
care was taken to not disturb the alignment of the two dowels. A vibrator was used to
properly consolidate the concrete.



Previous research (29) recommended the use of high-strength plaster to be placed below
the two end blocks to promote a more uniform contact with the beam support structure.
The investigators experimented with the application of a high-strength dental plaster to
the modified AASHTO specimens. The application of the plaster proved to be costly with
respect to both time and money. It also did not improve the end support conditions.
Because the steel forms were placed on a level laboratory floor during construction, they
were already level and smooth at the base. The addition of plaster did not improve this
condition and thus was not implemented for the series of laboratory tests.

2.2.2 Cantilever

The individual cantilevered dowels were built using the same steel troughs used in the
construction of the modified AASHTO test specimens. Plywood bulkheads were used to
separate the individual twelve-inch blocks. The dowels were placed vertically with one
end supported by a 2.5-inch chair at the center of the bottom surface. The dowel was
secured with a plywood strip cut to fit the dowel’s shape. The cantilever dowel concrete
forms are shown below in Figure 2.8.

Figure 2.8. Cantilever dowel forms

The bar was positioned with a hand level and then secured within the strip. The concrete
used was the same 4000 psi Class-C mix used in the modified AASHTO test specimens.
Concrete was placed entirely by hand with scoops due to the small open spaces in the
tops of the forms.



2.2.3 Strain Gages

Strain gages were applied to nine of the 54 modified AASHTO specimens. Specimens
chosen to have strain gages covered a variety of dowel types and joint widths. Both
dowels in each of the nine specimens were each equipped with twelve strain gages—six
on the top and six on the bottom of the dowel located at 1.5, 5.5, and 7 inches from the
center of the dowel, as shown in Figure 2.9.

7.0" 9.0" 7.0" 9.0"

5.5"— 5.5"—
o o

Dimensions are symmetric.

Strain gage locations (Typ.)

Figure 2.9. Strain Gage Placement

The strain gages measured the strains on the surface of the dowel while the specimens
were being loaded. The strains were measured simultaneously with deflection
measurements and load. The strains were be used to determine the dowel behavior along
the length of the dowel. The measured behavior could have been compared to the
theoretical behavior or used to verify observed behavior.
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2.3 Test Matrices

The specimens constructed for the previously described laboratory tests are shown in the
following tables.

Table 2.1. Modified AASHTO T253
Dowel Material Dowel Shape Dowel Size, in. Gap Width, in.  Quantity

Steel (epoxy coated) Circular 1.5 0 3%
Steel (epoxy coated) Circular 1.5 1/8 3
Steel (epoxy coated) Circular 1.5 12 3%
Steel (epoxy coated) Elliptical 2.00 x 1.375 0 3
Steel (epoxy coated) Elliptical 2.00x 1.375 1/8 3
Steel (epoxy coated) Elliptical 2.00x 1.375 12 3*
Steel (epoxy coated) Elliptical 1.66x 1.13 0 3%
Steel (epoxy coated) Elliptical 1.66x 1.13 1/8 3
Steel (epoxy coated) Elliptical 1.66x 1.13 12 3%
Stainless Steel Circular 1.5 0 3
Stainless Steel Circular 1.5 1/8 3%
Stainless Steel Circular 1.5 172 3
GFRP Circular 1.875 0 3

GFRP Circular 1.875 1/8 3*

GFRP Circular 1.875 172 3
GFRP Elliptical 2.25x1.25 0 3*
GFRP Elliptical 2.25x1.26 1/8 3%

GFRP Elliptical 2.25x1.27 1/2 3

* Indicates one specimen in test series of three specimens has strain gages
Note: The dimension for circular dowels is diameter and the dimensions for elliptical
dowels is strong axis diameter (width) x weak axis diameter (height)

Table 2.2. Cantilever test

Dowel Material Dowel Shape Dowel Size, in.  Quantity
Steel (epoxy coated) Circular 1.5 3
Steel (epoxy coated) Elliptical 2.00x 1.375 3
Steel (epoxy coated) Elliptical 1.66 x 1.13 3

Stainless Steel Circular 1.5 3
GFRP Circular 1.875 3
GFRP Elliptical 2.25x1.25 3

Table 2.3. Fatigue test (modified AASHTO specimens)
Dowel Material Dowel Shape Dowel Size, in. Gap Width, in.  Quantity

Steel (epoxy coated) Elliptical 1.66 x 1.13 0 2
Stainless Steel Circular 1.5 1/8 2
GFRP Circular 1.875 172 2

11



3. THEORY

3.1 Modulus of Dowel Support

Several researchers have utilized Timoshenko’s (20) model of beam on an elastic
foundation to investigate the performance of dowel bars in pavement structures. The
following briefly describes the analytical model of an infinite beam that is resting on a
concrete foundation. This model, which is a Winkler model, assumes a linear force-
deflection relationship, so that if the dowel imposes a deflection y on the foundation, the
dowel will be resisted with a pressure ky, where £ is the foundation modulus (see Figure
3.1). When analyzing the dowel in pavement structures, the modulus & will be replaced
by kod, where d is the diameter of a circular dowel bar, or by kyb, where b is the width of
other than circular dowel bar, and £ is referred to as the modulus of dowel support. The
units of ky are psi/in.

!
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Figure 3.1. Reactions along a deflected beam on an elastic foundation

Following Timoshenko’s model, one can write the following relationship:

d4
EI dxf = —(kyd)y (3.1)

where EI is the rigidity of the dowel and y is the deflection of the dowel.

The general solution of the above differential equation is

e ™

2B°EI

y= [P cos fx — M ,(cos fPx —sin ,Hx)] (3.2)
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k,d . . .
where S =4|—"— and is referred to as the relative stiffness of the dowel on the concrete.
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Figure 3.2. Semi-infinite beam on an elastic foundation

Friberg (21) applied the approach outlined above to a dowel with semi-infinite length
embedded in concrete. To find the deflection of the dowel at the face of the concrete

joint, Friberg setx=0and M, = % (i.e., the moment from the shear load applied at the

center of the joint) in Equation 3.2, which becomes

P
Yo = 15 El 2+ ) (3.3)
where
kb
p= AE] (3-4)

ko = modulus of dowel support, pounds per cubic inch (pci)
b = dowel bar width, in.

P = load transferred by the dowel, lbs

Z = joint width, in.

E = modulus of elasticity of the dowel, psi

I = moment of inertia of the dowel cross section, in.

13



3.2 Relative Deflection

The modified AASHTO and cantilever tests were used to obtain y,. For a given load, yy
was used to solve fusing Equation 3.3 and £ can be used to solve for kj using Equation
3.4. For the cantilever tests, yy was directly measured. For the modified AASHTO test, yy
is determined using the equation

3

A:2y0+z%+ LG (3.5)
dx

12E1

where A is the relative displacement in inches between slabs at the joint and consists of
the following components (see Figure 3.3):

e deflection at each joint face, yy

zdy,
X

e deflection due to the slope of the dowel,

3

e moment deflection,
12E1

e shear deflection, &

where

A = shear shape factor = 10/9 for round and elliptical dowels (22)
A = cross-sectional area of the dowel
G = shear modulus of the dowel material

14
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Figure 3.3. Relative deflection between slab sections

In addition to the shear shape factor of 10/9 that was based on geometry, Cowper (23)
developed a shear coefficient for Timoshenko’s beam theory based on Poisson’s ratio so
that material properties factor in to shear deflection. Cowper’s shear coefficients were
slightly greater than 10/9, but 10/9 was used here for convenience and because the
resulting changes to ky were insignificant. The deflections due to flexural effects in
Equation 3.5 were assumed to be negligible due to small joint widths. (For example, even
for joint widths of up to 1/2 inch, the moment deflection is on the order of hundred
thousandths of an inch). Neglecting the moment deflection and slope deflection leaves

A=2y,+0
Or, solving for yy,

Vo = @ (3.6)

Once the load and deflection data were obtained from testing, a spreadsheet was used to
calculate yy and k; for each data point. To do this, an initial value for &y was given so that
J could be determined and applied to Equation 3.3. The solver function was used to set
Equation 3.3 equal to Equation 3.6 by changing ky, thus giving the representative k, for a
given data point.

15



3.3 Bearing Stress

Ultimately, the modulus of dowel support, &y, is used to determine the bearing stress of
the dowel on the concrete at the joint face. Since Timoshenko’s model assumed that the
intensity of the reaction continuously distributed at every section is proportion to the
deflection at a given section, then the bearing stress can be found by multiplying the
modulus of dowel support by the deflection at the face of the joint:

o, = kYo (3.7)

The bearing stress must be kept at a minimum to prevent crushing of concrete above and
below the dowel. Equation 3.8 shows an allowable bearing stress given by the American
Concrete Institute’s Committee 325 (24).

- :[43;”) 7 (3.8)

where
o, = allowable bearing stress, psi
b = dowel bar diameter for circles or major axis for ellipses, in.
f. = compressive strength of concrete, psi

Equation 3.8 provides a factor of safety of three. The bearing stress calculated for a given
data point load was compared to the allowable stress for a given dowel. The load at
which the calculated bearing stress equaled the allowable bearing stress was recorded to
compare the six dowel types.

3.4 Strain Gages

Moment along a dowel bar can be found using measured strain values obtained with
strain gages. Nine modified AASHTO specimens (18 dowel bars) were installed with 12
strain gages per dowel. Equation 3.9 (based on Equation 3.2) was used to find the
deflected shape of the dowel (where x = 0 at the face of the slab joint).

B e )
p(x) = Y5 [Pcos fix — M, (cos fAx —sin fix )| (3.9)
d? y e ™ )
M (x) = —El—5 = -——[2(P - M B)sin fx —2M , B cos fx] (3.10)
dx 243
V(x)=—EI d:y __e” [2(P - M, B)cos fx —sin Bx)+ 2M , B(2sin Bx + cos Bx)] (3.11)
X
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where
B Pz

M02

The strain reading from the strain gages can be used to find moment by o = % ,

where o = ¢F , therefore,

M) :% (3.12)

where,
&= strain reading from strain gage at x
o = stress at x determined from strain gage reading at x, psi
¢ = half the vertical diameter of the dowel, in.
E= modulus of elasticity of the dowel bar material, psi
I= flexural moment of inertia for the dowel bar, in

3.5 Load Distribution and Transfer

Although this study did not include the analysis of actual pavement slabs, the
methodology for determining wheel load distribution across a doweled joint was still
relevant to this investigation. The determination of wheel load distribution was used to
calculate the maximum shear force transferred by a dowel bar in a given transverse joint.
These maximum shear forces in actual pavements were compared to the loads applied to
laboratory specimens. The comparison of theoretical versus laboratory dowel shear
forces was used to determine the load transfer adequacy of the six dowel types included
in this study.

In highway applications, wheel loads are transferred through multiple dowels in such a
way that no dowel sees a full wheel load. The number of dowels actively transferring a
wheel load can be found by determining the radius of relative stiffness, /,, defined by
Westergaard (25) as,

3
] =4 Lz (3.13)
12(1- )’ K

where
E. = modulus of elasticity of the pavement concrete, psi
h = pavement thickness, in.
1= Poisson’s ratio for pavement concrete
K =modulus of subgrade reaction, pci

Tabatabaie’s (26) finite element modeling shows that 1.0/, is a better approximation for
dowels currently in use. Figure 3.4 shows Tabatabaie’s load distribution model.

17
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Figure 3.4. Tabatabaie’s load distribution model

The variable P, is determined by dividing P,, by the number of effective dowels, where

P,, = wheel load, 1bs
P.=load applied to dowel directly beneath wheel load, 1bs

The number of effective dowels is found by summing the height of the load distribution
model (in terms of P.) at each dowel within 1.0/, of the wheel load.

Assuming dowels have 100 percent load transfer efficiency, half of a wheel load should
be transferred to the soil subgrade and half should be transferred to the adjacent slab by
the dowels (2). The 100 percent load transfer efficiency can no longer be achieved once
repetitive loading of the joint creates voids in the slab directly above and below a dowel
at the face of the joint. To account for the voids, Yoder and Witczak (27) suggesta 5 to
10 percent reduction in load transfer. Therefore, the design transfer load should be about
45 percent of the design wheel load.

P,=0.45P,, (3.14)

where
P, = load transferred across the joint
P,, = applied wheel load

3.6 Dowel Embedment Length

Timoshenko’s (Equation 3.2) and Friberg’s (Equation 3.3) theories apply to a beam
(dowel) of semi-infinite length. However, dowels are of measurable finite length.
Albertson and others (28, 29) have shown that the theory can be applied to dowel bars
given that 8L, is greater than or equal to 2 (where L. is the embedment length of the

dowel within the slab).
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4. ANALYSIS AND RESULTS

4.1 Modified AASHTO T253

4.1.1 Load Adjustments

The load applied to the center block of the modified AASHTO T253 specimens was
assumed to be distributed evenly between the two dowels. Analysis of load-deflection
data for the test showed inconsistencies between the relative deflections measured on
either joint. Many factors could have caused the inconsistencies. One inconsistency was
that the load was not necessarily distributed equally between dowels. Because of this, the
data were analyzed two ways:

1. Load was distributed evenly between the two dowels

2. Load was distributed proportionally between the two dowels based on the relative
deflection measurements

The difference in &y values determined using the unadjusted loads and the adjusted loads
was usually within ten percent.

4.1.2 Modulus of Dowel Support
Tables 4.1 and 4.2 show the average ky value (see Section 2.1) for the tested dowels

broken down by dowel type, joint width, and load adjustment. Appendix A shows ky
versus load graphs for all specimens tested.

Table 4.1. Average ko (pci) values—equal load distribution

Joint Width
Dowel Type Dowel Size 0"* 1/8" 1/2"
Round Steel 1.5 2,770,000 1,280,000 610,000

Large Elliptical Steel 2.00x 1.375 1,280,000 510,000 540,000
Small Elliptical Steel  1.66x 1.13 3,410,000 520,000 510,000

Round Stainless Steel 1.5 3,590,000 710,000 790,000
Round GFRP 1.875 1,100,000 340,000 400,000
Elliptical GFRP 2.25x1.25 1,240,000 640,000 500,000
*Cold joint
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Table 4.2. Average ko (pci) values—adjusted loads

Joint Width
Dowel Type Dowel Size 0"* 1/8" 1/2"
Round Steel 1.5 2,980,000 1,220,000 620,000

Large Elliptical Steel 2.00x 1.375 1,280,000 640,000 560,000
Small Elliptical Steel  1.66x 1.13 3,690,000 530,000 560,000

Round Stainless Steel 1.5 3,840,000 790,000 810,000
Round GFRP 1.875 1,190,000 360,000 410,000
Elliptical GFRP 2.25x1.25 1,260,000 690,000 520,000
*Cold joint

4.1.3 Effects of Joint Width

Neglecting the cold joint specimens, Tables 4.1 and 4.2 show that joint width had some
effect on the value of ky. The values for the 0-inch joint (i.e. cold joint) are significantly
greater than for the 1/8-inch and 1/2-inch joints. This difference in &y can be attributed to
the absence of a gap. The cold joint specimens were affected by arching action taking
place within the center block. The center block did not undergo an ideal vertical
translation. Each end of the center block experienced a different downward deflection,
causing a slight rotation within the block. The 1/2-inch and 1/8-inch gap specimens
allowed enough clear space to avoid contact between the center block and the end blocks.
The cold-jointed specimens resisted this rotation and contributed to large normal forces
between the middle and end blocks. These normal forces caused significant frictional
forces between the blocks. The addition of these unknown frictional forces reduced the
amount of shear force being transferred through the dowel bars. The significantly higher
values of &y supported the assertion that large normal forces were present in the
specimens. The high normal forces would greatly reduce the deflection of the center
block at a given load. When comparing two dowel specimens at equal loading, the dowel
experiencing a smaller deflection has a higher &, value. Thus, the dowel loads measured
for a given relative deflection are exaggerated and significantly increase the ky value.
Because of this, all comparisons herein are based on 1/8-inch and 1/2-inch joints only.

The ky values calculated for the 1/8-inch and 1/2-inch joints were similar except for the
1.5-inch round epoxy-coated steel dowels, which exhibited much greater &, values for the
1/8-inch specimens than for the 1/2-inch specimens. The “ky vs. load” plots (in Appendix
A) for the round steel specimens also had the largest data spreads. The data did not
provide hard evidence for significant differences in ky for 1/8-inch and 1/2-inch joint
widths in terms of dowel material or shape.

There was a greater tendency for specimens with larger gaps to rotate about the dowel

(i.e., for the unrestrained center block to twist while the end blocks remained restrained)
during testing at higher loads and during handling of specimens after testing.
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4.1.4 Effects of Dowel Shape

Of the six dowel types tested, three had circular cross sections and three had elliptical
cross sections. The theory behind using elliptically shaped dowel bars is to provide a
greater bearing area for the dowel on the concrete to reduce bearing stresses and more
effectively transfer loads without crushing the concrete above and below the dowel.
However, providing the greater bearing width of the dowel places the dowel in weak axis
flexural bending.

The elliptically shaped dowel bars exhibited lower &, values than the circular dowels. The
exception to this is the 1.875-inch diameter GFRP dowel, which exhibited lower &
values than any other dowel tested. The reason for this is more a matter of material
properties rather than dowel shape, as will be discussed shortly.

The data show that both sizes of elliptical steel (2.00 X 1.375 and 1.66 X 1.13 inches)
performed similarly in terms of k.

Although the elliptically shaped dowel bars provided smaller &, values, they also had
smaller allowable bearing stresses since they are oriented in such a way that load is
transferred by weak axis bending. That is, increasing the theoretical bearing area of the
dowel on the concrete by using an elliptical shape comes with the cost of using a larger
dowel to provide the same flexural strength as an equivalent round dowel.

4.1.5 Effects of Dowel Material

The GFRP dowels produced lower kj values than the epoxy-coated steel dowels and the
stainless steel dowels. This is expected since GFRP is a softer material than steel and
because the GFRP dowels tested were of larger sizes than the steel dowels, providing a
greater dowel—concrete bearing area to distribute the reaction. Steel has greater &y values
for 1/8-inch joints than stainless steel, and stainless steel has greater &, values for 1/2-
inch joints than steel because of the inconsistencies between 1/8-inch and 1/2-inch joints
for the steel dowels. However, others (2) have demonstrated that steel exhibits a higher &
value than stainless steel.

The three steel dowel types were all epoxy coated, while the stainless steel dowel
naturally was not. This soft (relative to the steel) coating around the perimeter of the
dowels provides for more initial displacement at lower loads than the non-coated
stainless steel dowel. The softness of the epoxy coating explains why lower relative
deflections were observed for stainless steel than for a similar-sized epoxy-coated steel,
even though steel has a slightly greater flexural rigidity than stainless steel. The dowel
stiffness and relative deflections will be discussed in the next two sections.

4.1.6 Effects of Dowel Flexural Rigidity

Table 4.3 breaks down modulus of elasticity, the moment of inertia about the horizontal
axis, and the dowel flexural rigidity, £/, for the six dowel types.
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Table 4.3. Dowel properties

Dowel Modulus of Moment of  Flexural Rigidity
Dowel Type Size, (in.)  Elasticity, E (psi) Inertia, / (in.*) EI (Ib-in.’x10°)
Round Steel 1.5 29 x 10° 0.2485 7.21
Large Elliptical Steel 2.00 x 1.375 29x 10° 0.2552 7.40
Small Elliptical Steel 1.66x 1.13 29x 10° 0.1176 341
Stainless Steel 1.5 28 x 10° 0.2485 6.96
Round GFRP 1.875 6.51 x 10° 0.6067 3.95
Elliptical GFRP 2.25x1.25 8.66 x 10° 0.2157 1.87

Table 4.4. Dowel flexural rigidity and ko comparison

Dowel Type ko* (pci)  EI (Ib-in.x10%)
Round GFRP 400,000 3.95
Elliptical GFRP 500,000 1.87
Small Elliptical Steel 510,000 3.41
Large Elliptical Steel 540,000 7.4
Round Steel 610,000 7.21
Stainless Steel 790,000 6.96

*For 1/2" joint unadjusted loading

Table 4.4 suggests that as EI of the dowel bar increases, kj increases. The discrepancies
in Table 4.4 were assumed to be caused by external factors. The first issue is the softness
of the GFRP material compared to steel. The GFRP was more likely to experience small
localized deformation at the location of the joint due to the high stresses caused by the
concrete edge of the joint. The epoxy coating on the round steel bars is another example
of softer materials undergoing localized deflections. This table is for 1/2-inch joint width
so that flexural activity across the joint is maximized for the comparison of stiffness.

4.1.7 Dowel Deflection

Tables 4.5 through 4.8 show the average relative deflections (measured), shear
deflections (Equation 3.5), and displacements (Equation 3.6) at the joint face for the six
dowel types. Tables are shown for both 1/8-inch and 1/2-inch joints and for a small (2
kip) and large (10 kip) loads.

Tables 4.5 through 4.8 show that the stainless steel and large elliptical steel dowels were
better at limiting overall displacement. However, the additional flexural rigidity leads to
greater bearing stresses between the dowel and concrete, especially for round dowels like
the stainless steel dowels. Round FRP and small elliptical steel dowels did not perform as
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well as the others in limiting displacement because they have lower dowel flexural
rigidity and narrower bearing areas.

Table 4.5. Average deflections—2 kip loading, 1/8-inch joint

Dowel Bar Average A, in.  Average d, in  Average Yy, in.
Round GFRP 0.005794 0.000039 0.002877
Elliptical GFRP 0.005118 0.000037 0.002541
Large Elliptical Steel ~ 0.006573 0.000012 0.003281
Small Elliptical Steel ~ 0.006441 0.000017 0.003212
Round Steel 0.003534 0.000015 0.001760
Stainless Steel 0.004502 0.000015 0.002243

Table 4.6. Average deflections—2 Kip loading, 1/2-inch joint

Dowel Bar Average A, in.  Average d, in. Average yj, in.
Round GFRP 0.006965 0.000162 0.003401
Elliptical GFRP 0.006340 0.000146 0.003097
Large Elliptical Steel ~ 0.005274 0.000045 0.002615
Small Elliptical Steel ~ 0.008616 0.000065 0.004276
Round Steel 0.004368 0.000055 0.002157
Stainless Steel 0.003314 0.000058 0.001628

Table 4.7. Average deflections—10 kip loading, 1/8-inch joint

Dowel Bar Average A, in.  Average 9, in. Average y,, in.
Round GFRP 0.032065 0.000195 0.015935
Elliptical GFRP 0.019268 0.000182 0.009543
Large Elliptical Steel ~ 0.016194 0.000057 0.008068
Small Elliptical Steel ~ 0.022264 0.000084 0.011090
Round Steel 0.022447 0.000070 0.011188
Stainless Steel 0.018396 0.000073 0.009162

Table 4.8. Average deflections—10 kip loading, 1/2-inch joint

Dowel Bar Average A, in. Average 6, in.  Average y,, in.
Round GFRP 0.028660 0.000773 0.013944
Elliptical GFRP 0.026095 0.000733 0.012681
Large Elliptical Steel 0.016064 0.000229 0.007918
Small Elliptical Steel 0.032607 0.000337 0.016135
Round Steel 0.022575 0.000267 0.011154
Stainless Steel 0.018402 0.000297 0.009052
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4.1.8 Bearing Stress

The bearing stress at the face of a joint is the product of &y and y,. The allowable stresses
(see Section 3.3) for each dowel bar type are presented in Table 4.9.

Table 4.9. Allowable stress and load at which allowable stress is exceeded

Dowel Type Allowable Stress, psi* Load (1bs)
Round Steel 4583 6000-8500
Large Elliptical Steel 3666 7000-8000
Small Elliptical Steel 4290 6500-8500
Stainless Steel 4583 6000-8000
Round GFRP 3895 6500-8000
Elliptical GFRP 3208 5000-6000

*Per ACI Committee 325 [24]
Note: fc'=5500 psi

The last column in Table 4.9 shows the range of loads for each dowel type when the
allowable bearing stress was reached during testing, that is, when o3 (Equation 3.7)
equals o, (Table 4.9).

Tabatabaie’s load distribution model (see Section 2.5) for a 18 kip axle load (9 kip wheel
load) can be used to determine the maximum load a dowel will see in a slab joint by
assuming the following extreme conditions:

e Wheel load is applied directly over dowel at edge of slab (reducing the number of
effective dowels)

e Relatively large spacing (18 inches)

e Concrete strength .= 4000 psi and slab thickness of 8 inches

e Load transfer efficiency of 100% (i.e., no load distributed to subgrade)

In this case (see Figure 4.1), the maximum dowel load F,, ,is about 7000 pounds.
Therefore, all six dowel types should perform adequately in terms of bearing stress in
normal conditions. Moreover, even for this extreme case, the assumption that no load is
distributed to the subgrade more than doubles the maximum dowel load.
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Figure 4.1. Tabatabaie load distribution for extreme case

4.1.9 Concurrent Dowel Research

In addition to the round and elliptical dowels of steel, stainless steel, and GFRP studied
in this project, there was research being conducted concurrently (30) on dowels with
building floor-slab application. These dowels were of much smaller sizes and of no
application to highway joint-load transfer. They do, however, provide information on
rectangular-shaped dowels. Three different rectangular cross sections (4.50 X 0.25, 6.36 X
0.25, and 2.00 x 0.375 inches) and one round cross section (0.75-inch diameter)—all
made of steel—were analyzed. Although all four dowels exhibited similar load-deflection
data, the rectangular dowels had lower bearing stresses than the round dowel.

Achieving good concrete consolidation beneath the flat surface of the rectangular dowels
is more difficult than beneath the round dowels. Rectangular dowels require much more
cross-sectional area than round dowels (although not as much embedment length is
required to meet the L,=fL>2 requirement). Just as stress concentrations occur at the
bottom and top of round dowels, stress concentrations also occur at the corners of
rectangular dowels (2).

Using rectangular dowels as an alternative to round dowels does provide similar
displacement resistance and reduces bearing stresses. However, stress concentration (2)
and concrete consolidation issues exist. Even when concrete consolidation under dowels
was addressed during test specimen construction, there were still instances of voids under
rectangular dowels accounting for up to 40% of the dowel footprint. Even more voids
should be expected in actual construction where the problem is not addressed like it is in
the lab.
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4.2 Strain Gages

Nine of the modified AASHTO T253 test specimens were equipped with strain gages.
Both dowels in each specimen were installed with twelve strain gages each. Figure 4.2
shows the placement of the strain gages. Figure 4.3 shows two dowels with strain gages
prior to concrete placement.

The following is a list of specimens with strain gages:

e 1.5-inch diameter steel with 0-inch joint

e 1.5-inch diameter steel with 1/2-inch joint

e Large elliptical steel with 1/2-inch joint

e Small elliptical steel with 1/2-inch joint

e 1.5-inch diameter stainless steel with 1/8-inch joint

e 1.875-inch diameter FRP with 0-inch joint

e 1.875-inch diameter FRP with 1/8-inch joint

e Elliptical FRP with 1/8-inch joint

(Note: there was also one small elliptical steel with 0-inch joint specimen that had
strain gages installed but provided unusable data.)

7.0" 9.0" 7.0" 9.0"

TTEIT TTEZZT

Dimensions are symmetric.

Strain gage locations (Typ.)

Figure 4.2. Strain gage placement
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Figure 4.3. Two stainless steel dowels with strain gages set in concrete forms

The strain gages are wired into the same data acquisition system as the DCDTs so that
load, deflections, and strains are read simultaneously. The strain readings are used to
determine the moment using Equation 3.12. These moments can be plotted and compared
to the theoretical moments based on Equation 3.10.

The strain gage moment plots are created assuming zero moments at the ends of the
dowels and a moment, M), at the face of the joint. Figures 4.4 and 4.5 show plots of
strain-gage-measured moment versus theoretical moment along a 1.5-inch diameter
epoxy-coated steel dowel specimen with 1/2-inch joints. Both the measured and the
theoretical plots are determined using the measured k value for each specimen.
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Figure 4.4. Moment diagram, 1.5-inch diameter steel, 1/2-inch joint, east dowel

2000

-4000

-6000

-8000

Moment (inch-pounds)

-10000

-12000

-14000

1.5" Diameter Steel - 1/2" Joint - West Dowel

-2000
C

Distance along dowel (inches)

‘—O—Measured Moment —O— Theoretical Moment‘

Figure 4.5. Moment diagram, 1.5-inch diameter steel, 1/2-inch joint, west dowel
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Figure 4.6 shows a dowel displacement diagram based on Equation 3.9 for the 1.5-inch
diameter steel specimen with 1/2-inch joint.

1.5" Diameter Steel - 1/2" Joint

0.0020

0.0000 ; ; ; ; — ; ;
1 2 3 / 5 6 7 8 9

-0.0020

-0.0040 /

-0.0060 \

/ Theoretical

-0.0080 /

-0.0100 /

-0.0120

-0.0140

Displacement (in)

-0.0160

Observed y, = -0.0168

-0.0180

Distance along dowel (in)

Figure 4.6. Dowel displacement diagram, 1.5-inch diameter steel, 1/2-inch joint

Appendix B contains representative moment diagrams for all the strain-gage-equipped
specimens. The moment diagrams are for various arbitrary loads that occur within the

linear region of the load-deflection plot. Typically, 10 kip loads are used to maximize

moment action in the dowel for the strain gage readings.

The strain gage readings for the different dowels show that the actual moment diagram
follows a similar shape as the theoretical moment diagram. The following observations
were also made:

e The moments observed from the gages 1.5 inches from the center of the dowel
were less than the theoretical moments for 13 of the 16 dowels.

e The gages furthest from the center of the dowel (7 inches) usually read values
close to zero and were closer to zero than the theoretical for 11 of 16 dowels.

¢ Reviewing the moment diagrams for each specimen does not show any pattern for
or against the theoretical moments (i.e., the actual moment diagrams are not
collectively similar to each other while being different from theoretical).

There are many factors that could influence the slight discrepancies between the observed
and theoretical moments. The moments in the dowel at the face of the joint and the end of
the dowel are assumed to be M, and zero, respectively, when developing the moment
diagram using the strain gages. These moment value assumptions are based on the

29



assumption that an inflection point occurs at the center of the dowel (and center of the
joint). The strain gage data from gages closest to either side of the joint show that the
moments are not symmetrical about the center of the dowel. Thus, the value M) at the
face of the joint is incorrect. Finite element analysis has also shown that the assumption
that the inflection point is located at the center of the joint is incorrect (/8).

Since the moments at opposite faces of a joint are not equal, then it is likely that y, at
either face is not equal either. But as far as the modified AASHTO test goes, this is not a
major concern because ) is determined from the relative deflection, which takes into
account two ), terms that are essentially averaged to find a representative y, value to use
to determine k.

The theoretical yy for the 1.5-inch diameter steel dowel with 1/2-inch joints shown in
Figures 4.4 and 4.5 is 0.014 inch. The observed yy determined from the relative deflection
and averaged for the two dowels was 0.017 inch. Table 4.10 shows the observed and
theoretical yy values for each of the strain gage specimens (typically for a 10 kip load).

Table 4.10. Observed and theoretical y, values

Dowel Type Joint Width, in. Observed y, in.  Theoretical* y ,, in.
Round Steel 0 0.004 0.004
Round Steel 1/2 0.014 0.017
Large Elliptical Steel 172 0.006 0.008
Small Elliptical Steel 12 0.020 0.027
Round Steel 1/8 0.005 0.006
Round GFRP 0 0.006 0.006
Round GFRP 1/8 0.022 0.023
Elliptical GFRP 1/8 0.015 0.010

*Equation 3.9

The observed yy values were similar to the theoretical y, values. The largest differences
occurred for the small elliptical steel and elliptical GFRP specimens, which both
exhibited significantly unsymmetrical loading.

Appendix C shows the theoretical displacement diagrams for the eight strain gage
specimens with the observed joint face displacement.
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4.3 Cantilever Test

The results of the cantilever test were expected to be more consistent than those obtained
during the modified AASHTO test. The reasons for the positive prediction were as
follows:

1. Instrumentation was used to directly measure yy at the face of the block. This was
supposed to eliminate the potential errors caused by calculating it relative to
measured block displacements.

2. Only one bar was used. The presence of only one bar allowed the investigators to

know the exact load being carried by the dowel bar. The single bar also took out

the possibility of a rotating load caused by an unstable middle block like in the
modified AASHTO test. The two-bar construction of the modified AASHTO
specimens required the bars to be perfectly collinear to avoid load eccentricity.

Fewer instruments were needed to measure block displacement.

4. The bar was placed more consistently during construction. Leveling the dowel bar
was made easier because half of it was exposed.

5. The bar was positioned vertically during concrete placement. This placement
ensured uniform concrete consolidation around all surfaces of the bar.
Consolidation was initially a concern with the elliptical bars but later proven not
to be a problem.

6. The specimens were smaller, lighter, and contained fewer components. The
specimens were less vulnerable to damage during storage and transport. The
lighter blocks also eliminated the need for a crane to move and set the blocks.

(98]

The cantilever test was not an effective alternative to the modified AASHTO test. The &y
results obtained from the cantilever test were inconsistent and not accurate with respect
to the current accepted ranges of &y values. There are many reasons why the cantilever
test was not as effective as the modified AASHTO test.

The first variable was the length of the block. A short clamping distance from the block’s
point of rotation allowed the block to be vulnerable to unwanted movement during the
test. The large moment produced by the increased distance from the joint face to the
applied load required larger clamping forces to restrain the block. Lack of uniform tensile
forces among the four Dywidag rods caused greater vulnerability to eccentric rotation.
The increased clamping forces required to restrain the block created indeterminate
normal forces on the dowel within the concrete, thus changing the expected behavior of
the dowel.

The next issue was the precision of the instrumentation. A string transducer was used and
wrapped around the base of the dowel. This was done in order to gauge the deflection of
the bottom surface because the top of the dowel would theoretically deflect more due to
shear deformation. The bottom deflection was measured rather than the top deflection
because the aim of this experiment was to directly measure y, instead of calculating it
relative to other deflections. The initial test was run with the string transducer and gave
optimistic results. The load-deflection curve was linear and the deflections appeared to be
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consistent with other specimens of the same dowel type. The remaining tests were run
under the assumption that results would be consistent.

Displacement of the bottom beam supporting the steel base plates was also an unknown
factor. There were movements within the beam, although small, that could have had a
confounding effect on the results obtained. The beam did not appear to have an effect on
the results of the modified AASHTO test, so it was assumed that the beam would be
adequate for the cantilever test since the load used in the modified AASHTO test was
reduced by more than half for the cantilever test. Both steel base plates were checked
with a level before the cantilever test was conducted. The plates were both level in the
parallel and perpendicular direction of the test dowel.

The placement of the load on the dowels did not appear to be a negative factor in the
cantilever test. The load was applied to each dowel through a steel bracket machined to
its specific shape.

Because of the highly erratic nature of the data obtained, the precision of the
instrumentation and the increased clamping force demand appear to have been the main
reasons why the results are not satisfactory.

A slightly modified version of the theory used in the modified AASHTO test was used in
the cantilever test. The main modification was that the load was applied directly to the
dowel 2.5 inches from the concrete face. This load distance replaced the gap width
parameter in Equation 3.3. It also included the vertical displacement due to flexural
effects because of the significant moment applied to the dowel bar. This width was the
distance from the face of the concrete to the inside face of the loading bracket. The k&
results from the cantilever procedure were significantly different than those obtained
from the modified AASHTO test. Plots showing &y versus load are displayed in Appendix
D.

4.4 Fatigue Tests

The fatigue test yielded largely inconclusive results. The goal of the fatigue test was to
qualitatively observe the long-term deterioration of the concrete surrounding the dowel
bar. Because time and budget were constraining factors with regard to this test, the loads
were much higher than those normally seen in concrete pavements. The number of cycles
was also greatly reduced from the millions applied to a pavement over an extended
period of time.

Initially, the block was set and loaded with 5000 cycles at 20,000 pounds with a
frequency of 1Hz. The data output file was plotted and observed. There did not appear to
be any increased deterioration of the dowel hole. The number of cycles was doubled to
10,000. This showed only slightly larger deformations. The load was then increased to
22,000 pounds. This increased the deflections, but the block experienced shear failure at
the dowel long before the 10,000 cycles were reached. The load was then dropped back
down to 20,000 pounds. The specimens were tested and their minimum and maximum
deflections were plotted. These plots are shown below in Figure 4.10.
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Figure 4.7. Fatigue test minimum and maximum deflections

The slope of each linear-fit equation in Figure 4.7 shows the increase in deflection over
time. The results show different outcomes than the ones expected. The stainless steel bar
was expected to apply the most damage on the concrete after the cyclical loading.
Stainless steel has the highest value of &y and should inflict the greatest amount of
bearing stress on the surrounding concrete. The slope values of round GFRP and small
elliptical steel are very close to one another. This result appears reasonable because there
is not a large difference in the &, values between the two bar shapes.

Because of the limited number of cycles and exaggerated load values, this fatigue test
does not allow an accurate comparison to the millions of wheel loads seen by an actual
concrete slab. The blocks were dismantled following the fatigue tests to observe the
surrounding concrete after the repeated loading. While a fine white powder was found in
the dowel holes, there were no visible elongations in the dowel holes.

A specimen containing old strain gauges was also tested to observe fatigue behavior. The
strain gauges were covered in foil tape and a thin layer of butyl rubber, so their results are
not comparable to the ones obtained from the other tests. The gauged specimen was
loaded at the higher value of 22,000 pounds because the butyl rubber around the gauges
acted as a cushion between the bar and concrete. The reason for using the gauged
specimen was to elongate a dowel hole without causing a shear concrete failure. The
presence of the gauges and surrounding material allowed greater dowel deflections and
yielded localized spalling and elongation of concrete holes around the dowel.
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The results of this test were limited to a small-scale qualitative assessment. A future
dowel project should focus on the fatigue behavior of the dowel bars on concrete. The
test should involve a more compact dowel specimen to allow the use of a more
sophisticated fatigue test machine. It should also apply a load more comparable to a
wheel load. The load should be applied in millions of cycles in order to more accurately
model the performance of a dowel over the useful life of a pavement.

4.5 Loss on Ignition Results for GFRP Dowels

The ignition loss of cured reinforced resins (ASTM D 2584-02 (31)) results for the two
GFRP dowel specimens were

o Elliptical-24.83% weight loss
e Round-31.75% weight loss

This test determines the ratio of resin to fiber by weight of the GFRP dowels.
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5. SUMMARY OF PERFORMANCE

The laboratory tests yielded mixed results. General bearing stress behavior was
demonstrated with the modified AASHTO test and the trends obtained were similar to
those expected.

5.1 Modified AASHTO T253

The modified AASHTO test specimens yielded scattered results but were more consistent
than those numbers obtained during the cantilever test. On some specimens, the middle
block experienced rotation about the dowels at higher loads.

The modified AASHTO specimens also contained strain gages on some of the specimens.
The gages were placed inches away from the joint, but had an effect on the bearing
behavior of the bar within the concrete. The presence of the gage wires, butyl rubber, and
foil tape within the specimen presented confounding variables that were not quantifiable.
Each strain-gaged dowel had a different amount of butyl rubber and foil tape. The gage
wires were also varied among the specimens.

5.2 Cantilever Test

The cantilever test was less reliable than the modified AASHTO test and less reliable
than predicted. Although y, was measured directly, other factors had an effect on the test
results. The base support beam experienced small deflections. The large moments
increased the demand for a more sophisticated clamping mechanism. The clamping
method applied to this test allowed undesirable effects such as large normal forces on the
dowel and small, unpredictable rotations.

5.3 Fatigue Test

The fatigue test was inconclusive in demonstrating which dowel bar will cause the least
deterioration after a long period of time. The scope and budget of this project did not
allow for an adequate number of cycles to be applied to the specimens. The use of the
modified AASHTO specimens presented difficulties regarding a proper test apparatus.
Both the modified AASHTO and cantilever specimens were too large or eccentric for the
optimal fatigue test machine. The procedure used for this test allowed only for a
qualitative observation of fatigue over time. The test recorded deflections from the test
specimen and the load frame as well. The base beam which supported the blocks also
experienced some movement.
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6. FUTURE NEEDS AND IMPLEMENTATIONS

Whereas tests conducted during this experiment provided good information resulting
from the modified AASHTO test, improvements are still desired in order to obtain more
precise results for calculation of ky. After performing the modified AASHTO, cantilever,
and fatigue tests, certain observations were made in order to improve future dowel test
procedures.

6.1 Modified AASHTO T253

A revised version of the modified AASHTO T253 specimen is recommended for future
testing of dowel bar bearing stresses. The proposed modified specimen is shown below in
Figure 6.1. All units shown below are in inches.
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Figure 6.1. Proposed revised modified AASHTO specimen

The possibility of block rotation would be reduced with the addition of at least one more
line of dowels. For greater ease of load calculation per dowel, a four-bar specimen is
recommended for future tests. This configuration would be much more economical and
simple than a full-scale slab test. Although the three-block model still poses the
possibility of uneven deflections at each joint, the researchers found that simply dividing
the load in half did not significantly affect & results, provided that the possibility of
uneven deflection was controlled.

The joint width should be kept at 1/8 inch for a modified test. The 1/2-inch joint yielded
the most consistent results, but as Table 4.1 and Appendix A show, they were not
significantly different from the 1/8-inch gap. The 1/8-inch gap specimen provides for a
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closer proximity to actual pavement joint widths. The cold joint did not allow the dowels
to carry all of the applied load in shear. As mentioned earlier, the cold joints experienced
significant “arching action” and carried high compressive stresses while the center block
was loaded. The cold joint specimen is not recommended for future study. In addition to
the 1/8-inch gap, a wider gap of one inch or greater should be investigated to observe
dowel behavior within a control joint.

The load shall be applied as two linear loads spanning perpendicular to the dowel bars at
the joint locations. This application method produced limited rotation effects and allowed
for adequate load distribution estimation.

A staggered block design (Figure 6.1) would eliminate the need for steel baseplates to be
used on the testing surface. The staggered block would allow direct placement and post-
tensioning on the reaction floor or test frame. The new proposed block design will be
larger than the current blocks used in this report. At each joint, the two dowel bars shall
be placed 12 inches apart on center. The bars will have additional 6 inches of concrete on
their outside edges in order to simulate an incremental piece of a full highway slab.

The new test will also need to include tension ties between the two end blocks. The
tension ties will serve two purposes. The first use is to protect the specimen from damage
while moving with an overhead crane. The second purpose of the tension ties is to
restrain end block rotation during the load test. The block shown previously in Figure 6.1
is designed to be post-tensioned to a floor with 3-foot spaces between tie-down holes.

The tension tie must only be tightened to a nominal force of roughly 200 pounds. The
bars need only act as regular reinforcement and not as a prestressed tendon. Any reverse
moment effect of the tension ties due to excessive tensioning will distort results.

The end blocks shall be post-tensioned to the load floor or test frame with a force of 4000
pounds in each end block. A rough analysis performed on the proposed block found that
the force of 4000 pounds per side would be more than adequate to support the middle
block loading.

6.2 Cantilever Test

The cantilever test was much more vulnerable to block rotation due to the large couple
produced when the dowel bar was loaded directly. Verification of this test is required
before it can be accepted as an adequate tool to test for ky. A possible solution to this is to
cast a longer cantilever specimen with a hole at the end of the block in order to allow the
block to be post-tensioned down to the loading floor. Post tensioning would greatly
reduce the chances of block rotation during the test. The location of the tie-down hole
allows the post-tensioning without adding excess compressive stresses on the embedded
dowel. An example of this proposed test specimen is shown below in Figure 6.2.
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Figure 6.2. Proposed cantilever dowel specimen

The specimens would be better suited to be cast horizontally instead of vertically because
of the addition of the tie-down hole. The vertical casting ensured more optimal concrete
consolidation, but consolidation is not a concern with the round and elliptical dowel
shapes used in the modified AASHTO specimens.

6.3 Fatigue Test

The fatigue test requires significant modification to yield more conclusive results. The
first problem with using the modified AASHTO specimens was the size. The test
specimens were too long to place in the MTS machine shown below in Figure 6.3.

The length of the specimens would have caused too much eccentricity during the fatigue
test. The eccentricity causes a risk of damaging the testing machine.

The frame used during the fatigue test described in this report allowed many deflections
during the test. The transducer used to measure deflection during the test was located
within the load actuator. Because of its location, the transducer measured the deflection
of the test specimen and the upward deflection of its suspension beam.

The test would be more suited for the MTS machine. The apparatus allows the specimen
to be bolted down securely. The MTS machine output would record only the deflection of
the center block of the specimen. In order to use the MTS machine, a different elemental
fatigue specimen needs to be designed.
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Figure 6.3. MTS fatigue testing machine

The fatigue specimen shall consist of three concrete panels connected with two dowel
bars. The dowel bars are located parallel to one another. The recommended fatigue
specimen is shown below in Figure 6.4.

Figure 6.4 shows a specimen that will be used for a qualitative analysis of joint fatigue
and not a quantitative analysis of ky. A fatigued, damaged joint violates the necessary
initial conditions in the determination of ky. The equations used to calculate k are based
on the fact that the beam is resting perfectly on an elastic foundation. When the
surrounding concrete is eroded away, the bar is no longer supported uniformly by the
concrete. Although specific values of k) cannot be correctly determined from this
procedure, it offers valuable information. The reason to calculate 4 is to determine the
bearing stress a bar will produce when deflected. The initial &y values shall be calculated
and the fatigue test will serve as a verification of each value. Specimens undergoing
greater deflection and oblonging over time will theoretically have a higher &y value.

This specimen eliminates the excessive eccentricity associated with the modified
AASHTO test. With the use of the MTS machine, the specimen can be bolted down
securely to a fabricated steel plate apparatus. The steel plate is secured to the MTS
machine and a quantitative fatigue analysis can be executed in order to see how much a
dowel hole is elongating. The fatigue test will involve cyclical shear deformations
controlled by the amount of shear force placed on the dowel. This will cause increased
deflections as the number of load cycles increases given a fixed load. The clamping and
shear forces applied by the MTS machine are illustrated below in Figure 6.5.
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Figure 6.4. Recommended revised fatigue specimen
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This machine would provide more reliable results than simply observing incremental
changes in deflection during a consistent load cycle. The deflections will be accurately
quantified with their corresponding shear loads.

6.4 Full Slab Test

The modified AASHTO test is a relatively economical method for determining a value of
ko, but does not accurately replicate actual roadway conditions. Another future
recommendation is to build a replica of an actual pavement over a soil subbase in a
controlled environment in order to observe and closely monitor dowel behavior in a more
realistic setting.
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7. SUMMARY AND CONCLUSIONS

Altogether, 78 full-sized dowels were tested in this study. The major objective was to
investigate and improve the current AASHTO T253 test method for determining the
modulus of dowel support, ky. The modified AASHTO test procedure was examined
alongside an experimental cantilever dowel test. The modified AASHTO specimens were
also subjected to a small-scale fatigue test in order to simulate long-term dowel behavior
with respect to concrete joint damage. Loss on ignition tests were also performed on the
GFRP dowel specimens to determine the resin content percentage.

The modified version of the AASHTO test used in this study was an improvement over
the current standard. The replacement of one linear load parallel to the dowels with two
linear loads parallel to the joint allowed for greater direct shear behavior. The modified
loading condition also allowed for a simpler, more reliable application of shear forces to
the dowels. The end block support used in the modified test was more reliable than in the
standard test which was implemented in the previous ISU laboratory study (2). The
previous test method allowed too much end block rotation due to the orientation of the
support beams. The new test transferred the end block couples about the major axis of the
support beam. The AASHTO standard needs to be modified in order to specify the
support conditions at the end blocks of the test specimen to mitigate unwanted end block
rotation.

Though it needs further improvement, the modified AASHTO test procedure yielded the
best results for determining the modulus of dowel support, &y, using Timoshenko’s model
of a beam on an elastic foundation (20). The ky values obtained from the modified
AASHTO procedure were consistent with the predicted behavior of each dowel bar.
Although some differences are apparent in the calculated 4y values, the bars are not
significantly different from one another in terms of performance. This conclusion is
consistent with the field study conducted recently at ISU (/6). All bars performed
adequately under the loading conditions.

Even though the data obtained from the modified AASHTO test were scattered, the
overall performance of the modified test is an improvement over the older methods used
in previous research.

The cantilever specimen test did not adequately produce results that would make it a
viable alternative to the modified AASHTO test. The cantilever test requires extensive
revisions in order to be used as a verification tool to determine k.

Future studies need to be conducted to determine the long-term performance of GFRP
while exposed to salt solutions. Static tests have shown that, although there are some
differences among steel, stainless steel, and GFRP and between circular and elliptical
dowels, the dowels tested all perform adequately. Hygroscopic testing of GFRP dowels
should be used to determine the effects of swelling on joint behavior. In addition, the
long-term performance of GFRP should be compared to epoxy-coated steel with respect
to repeated exposure to alkali deicing solutions and stormwater.
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APPENDIX A. MODIFIED AASHTO T253 TEST: MODULUS OF DOWEL
SUPPORT VS. LOAD DIAGRAMS



Figures A.1 through A.36 show ky vs. load plots for all 18 modified AASHTO T253
series of specimens where ky is determined as described in Chapter 3. There are three
specimens for each series (54 specimens total) and two dowels per specimen for a total of
six plots per figure. Each series has two plots: one with unadjusted loading and one with
adjusted loading (see Section 4.1.1). The dowels are broken down by specimen number
and specimen orientation (east or west).
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Figure A.1. ko plots, round steel, 0-inch joint, unadjusted loads
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Figure A.2. ko plots, round steel, 0-inch joint, adjusted loads




ko vs. Load (Unadjusted) - 1.5" Diameter Steel - 1/8" Joint
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Figure A.3. ko plots, round steel, 1/8-inch joint, unadjusted loads
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Figure A.4. ko plots, round steel, 1/8-inch joint, adjusted loads
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ko vs. Load (Unadjusted) - 1.5" Diameter Steel - 1/2" Joint
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Figure A.5. ko plots, round steel, 1/2-inch joint, unadjusted loads
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Figure A.6. ko plots, round steel, 1/2-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Large Elliptical Steel - 0" Joint
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Figure A.7. ko plots, large elliptical steel, 0-inch joint, unadjusted loads
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Figure A.8. ko plots, large elliptical steel, 0-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Large Elliptical Steel - 1/8" Joint
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Figure A.9. ko plots, large elliptical steel, 1/8-inch joint, unadjusted loads
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Figure A.10. ko plots, large ellipcial steel, 1/8-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Large Elliptical Steel - 1/2" Joint
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Figure A.11. ko plots, large elliptical steel, 1/2-inch joint, unadjusted loads
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Figure A.12. ko plots, large elliptical steel, 1/2-inch joint, adjusted loads
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Figure A.13. ko plots, small elliptical steel, 0-inch joint, unadjusted loads
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Figure A.14. ko plots, small elliptical steel, 0-inch joint, adjusted loads
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Figure A.15. ko plots, small elliptical steel, 1/8-inch joint, unadjusted loads
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ko vs. Load (Unadjusted) - Small Elliptical Steel - 1/2" Joint
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Figure A.17. ko plots, small elliptical steel, 1/2-inch joint, unadjusted loads
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Figure A.18. ko plots, small elliptical steel, 1/2-inch joint, adjusted loads
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Figure A.19. ko plots, round stainless steel, 0-inch joint, unadjusted loads
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Figure A.20. ko plots, round stainless steel, 0-inch joint, adjusted loads
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Figure A.21. ko plots, round stainless steel, 1/8-inch joint, unadjusted loads
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Figure A.22. ko plots, round stainless steel, 1/8-inch joint, adjusted loads
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Figure A.23. ko plots, round stainless steel, 1/2-inch joint, unadjusted loads
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Figure A.24. ko plots, round stainless steel, 1/2-inch joint, adjusted loads




ko vs. Load (Unadjusted) - 1.875" Diameter FRP - 0" Joint
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Figure A.25. kq plots, round GFRP, 0-inch joint, unadjusted loads
ko vs. Load (Adjusted) - 1.875" Diameter FRP - 0" Joint
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Figure A.26. ko plots, round GFRP, 0-inch joint, adjusted loads




ko vs. Load (Unadjusted) - 1.875" Diameter FRP - 1/8" Joint
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Figure A.27. ky plots, round GFRP, 1/8-inch joint, unadjusted loads
ko vs. Load (Adjusted) - 1.875" Diameter FRP - 1/8" Joint
500,000
150000 A\w
400,000 -
350,000 -
300,000 o Eastl
_ —{—Westl
5 —— East2
£ 250,000
o \ O\o\ —¢—West2
—%— East3
200,000
Sk F——S0=——0C%—0_ O —O—West3
150,000
100,000
50,000
0 : : : : : : :
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Load (Ibs)

Figure A.28. kg plots, round GFRP, 1/8-inch joint, adjusted loads
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Figure A.29. k plots, round GFRP, 1/2-inch joint, unadjusted loads
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Figure A.30. ko plots, round GFRP, 1/2-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Elliptical FRP - 0" Joint
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Figure A.31. kg plots, elliptical GFRP, 0-inch joint, unadjusted loads
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Figure A.32. kg plots, elliptical GFRP, 0-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Elliptical FRP - 1/8" Joint
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Figure A.33. kg plots, elliptical GFRP, 1/8-inch joint, unadjusted loads
ko vs. Load (Adjusted) - Elliptical FRP - 1/8" Joint
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Figure A.34. ko plots, elliptical GFRP, 1/8-inch joint, adjusted loads




ko vs. Load (Unadjusted) - Elliptical FRP - 1/2" Joint
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Figure A.35. kg plots, elliptical GFRP, 1/2-inch joint, unadjusted loads
ko vs. Load (Adjusted) - Elliptical FRP - 1/2" Joint
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Figure A.36. ko plots, elliptical GFRP, 1/2-inch joint, adjusted loads

A-20




APPENDIX B. DOWEL MOMENT DIAGRAMS: THEORETICAL AND STRAIN-
GAGE MEASURED



Figures B.1 through B.16 show moments along the length of the dowel. Each figure
contains two moment graphs: the measured moment and the theoretical moment. The
measured moment is the moment calculated from the strain gages (see Section 3.4) where
the magnitude of the strains at the top and bottom of the dowel at a point are averaged
and the average strain is used to compute the moment. The theoretical moment is the
moment from Timoshenko’s theory (/9) shown in Equation 3.10. All the moment curves’
signs (positive or negative moment) have been adjusted to show uniformity among the
figures.

B-2
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Figure B.1. Theoretical and measured moments, round steel specimen, east dowel,
1/2-inch joint
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Figure B.2. Theoretical and measured moments, round steel specimen, west dowel,
1/2-inch joint
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1.5" Diameter Steel - 0" Joint - East Dowel
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Figure B.3. Theoretical and measured moments, round steel specimen, east dowel,
0-inch joint
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Figure B.4. Theoretical and measured moments, round steel specimen, west dowel,
0-inch joint
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Large Elliptical Steel - 1/2" Joint - East Dowel
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Figure B.5. Theoretical and measured moments, large elliptical steel specimen, east
dowel, 1/2-inch joint
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Figure B.6. Theoretical and measured moments, large elliptical steel specimen, west
dowel, 1/2-inch joint
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Figure B.7. Theoretical and measured moments, small elliptical steel specimen, east
dowel, 1/2-inch joint
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Figure B.8. Theoretical and measured moments, small elliptical steel specimen, west
dowel, 1/2-inch joint
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Figure B.9. Theoretical and measured moments, round stainless steel specimen, east
dowel, 1/8-inch joint
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Figure B.10. Theoretical and measured moments, round stainless steel specimen,
west dowel, 1/8-inch joint
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Figure B.11. Theoretical and measured moments, round GFRP specimen, east
dowel, O-inch joint
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Figure B.12. Theoretical and measured moments, round GFRP specimen, west
dowel, O-inch joint
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Figure B.13. Theoretical and measured moments, round GFRP specimen, east
dowel, 1/8-inch joint
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Figure B.14. Theoretical and measured moments, round GFRP specimen, west
dowel, 1/8-inch joint




Elliptical FRP - 1/8" Joint - East Dowel
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Figure B.15. Theoretical and measured moments, elliptical GFRP specimen, east
dowel, 1/8-inch joint
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Figure B.16. Theoretical and measured moments, elliptical GFRP specimen, west
dowel, 1/8-inch joint



APPENDIX C. DOWEL DISPLACEMENT DIAGRAMS: THEORETICAL AND
OBSERVED



Figures C.1 through C.8 show the theoretical displacement of the dowel along the length
of the dowel and the observed displacement at the face of the joint, y,. The theoretical
displacement is from Timoshenko’s theory (20), as shown in Equation 3.9. The observed
Vo 1s the yy calculated for the same load used to plot the theoretical displacement curve.



0.0005

0.0000

-0.0005 -

-0.0010 4

-0.0025

Displacement (inches)

-0.0030 +

-0.0035

-0.0040 -

-0.0045

1.5" Diameter Steel - 0" Joint

-0.0015 -

-0.0020 -

Theoretical

Observed y, =-0.0037

//

Distance along dowel (inches)

Figure C.1. Theoretical displacement of round steel dowel, 0-inch joint
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Figure C.2. Theoretical displacement of round steel dowel, 1/2-inch joint
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Figure C.3. Theoretical displacement of large elliptical steel dowel, 1/2-inch joint
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Figure C.4. Theoretical displacement of small elliptical steel dowel, 1/2-inch joint
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1.5" Diameter Stainless Steel - 1/8" Joint
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Figure C.5. Theoretical displacement of round stainless steel dowel, 1/8-inch joint
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Figure C.6. Theoretical displacement of round GFRP dowel, 0-inch joint
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Figure C.7. Theoretical displacement of round GFRP dowel, 1/8-inch joint
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Figure C.8. Theoretical displacement of elliptical GFRP dowel, 1/8-inch joint




APPENDIX D. CANTILEVER TEST MODULUS OF DOWEL SUPPORT VS. LOAD
DIAGRAMS



Figures D.1 through D.6 show load vs. &y plots for all 18 cantilever specimens. Each figure
shows all three specimens tested per dowel bar type.
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Figure D.1. ko vs. load plots for round steel cantilever specimens
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Figure D.2. ko vs. load plots for large elliptical steel cantilever specimens
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Figure D.3. ko vs. load plots for small elliptical steel cantilever specimens
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Figure D.4. ko vs. load plots for round stainless steel cantilever specimens
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Figure D.5. ko vs. load plots for round GFRP cantilever specimens
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Figure D.6. ko vs. load plots for elliptical GFRP cantilever specimens






