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ARTICLE INFO ABSTRACT

Keywords: Large diameter steel and glass fiber-reinforced polymer (GFRP) dowel bars are commonly used in rigid concrete
Glass fiber-reinforced polymer (GFRP) pavements in highways for load transfer across joints to combat the concrete deterioration due to corrosion of
Dowels

steel dowels. Small-diameter GFRP dowel bars can be used at the expansion joints in slabs-on-ground, walkways,
industrial floors and concrete-lined channels, which are not subjected to heavy traffic loads. This study inves-
tigated the performance and behavior of small-diameter GFRP dowels. GFRP dowels with three diameters (14
mm, 16 mm, and 38 mm) and stainless steel dowels (12 mm dia.) were embedded across a 25 mm-wide joint in a
test slab with overall dimensions of 1500 x 750 x 200 mm?®. The variables of the study were the type of dowel
material (GFRP and stainless steel), the diameter of GFRP dowels, the spacing of the dowels (200 mm and 250
mm c/c), and the type of loading (monotonic and cyclic). The slabs were loaded up to the failure of the joints
under a concentrated load applied at the edge of the joint. The performance of the dowel-jointed slab specimens
was investigated based on the cracking and ultimate loads, modes of failure, and load-displacement response.
The ability of the small-diameter dowel bars to transfer displacements across the joint was quantified using the
quantitative measures of joint effectiveness (E), load transfer efficiency (LTE), and relative deflections (A).
Failure of the specimens with 14 mm and 16 mm diameter dowels occurred predominantly due to shear failure of
the dowels before the cracking of concrete. However, for the specimens with large-diameter GFRP dowels and the
stainless steel dowels, failure was associated with cracking of the concrete. A smaller spacing of the GFRP dowels
and a longer embedment length gave a stiffer load-displacement response. Reducing the spacing from 250 mm to
200 mm resulted in a 4.1-fold reduction in relative deflection under the AASHTO H10 design wheel load (~35.6
kN). Increasing the dowel length had no significant effect on the load-carrying capacity of the dowel-jointed
slabs. Cyclic load tests on the specimens revealed that the joint effectiveness (E) and the load transfer effi-
ciency (LTE) of GFRP dowels were within the AASHTO and ACPA limits up to a concentrated load higher than the
AASHTO HL93 dual tandem-axle wheel load (~55.6 kN).

Design wheel loads

Joint effectiveness (E)

Load transfer efficiency (LTE)
Relative deflection (A)
Stainless steel

1. Introduction

Transverse contraction joints are invariably provided in concrete
pavements primarily to limit random cracking in concrete and to
compensate for the thermal expansion of concrete [1]. The provision of
joints at specific intervals increases the likelihood of uneven settlement
in the slabs when subjected to moving wheel loads, particularly in the
vicinity of the joints. Thus, it is crucial to provide an efficient means to
effectively transfer loads across joints with minimal damage to concrete
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and to ensure a smooth ride. Dowels are the most common form of load
transfer devices used in jointed slabs-on-ground and pavements to pro-
vide smooth transitions across joints, prevent deterioration and
cracking, and control volumetric phenomena such as warping and
curling caused by temperature and moisture gradients across the depth
of the concrete slab-on-ground [2,3]. Durability and performance issues
arising from corrosion of the commonly used steel dowels, including
tensile cracks in the surrounding concrete caused by the accumulation of
corrosion products and loss of dowel cross-section, lead to lower
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Fig. 1. Load transfer dowel-jointed slabs-on-ground: relative deflection.

efficiency in transferring loads and vertical displacements [4]. The
accumulation of corrosion products would also lead to performance is-
sues such as joint lockup leading to cracking of concrete [1,5]. Several
US departments of transportation have reported that the use of
epoxy-coated steel dowels does not always ensure a service life of more
than 50 years, the duration for which highway rigid pavements are
generally built to last, since epoxy coating is susceptible to damage
during various phases of the pavement construction and service [6,7].
Newer alternatives to epoxy-coated steel bars including stainless steel,
are significantly more expensive, resulting in higher project costs [8].

Recent advances in the field of polymer technologies have led to the
emergence of glass fiber-reinforced polymer (GFRP) bars as a suitable
alternative to conventional steel rebars, owing to their higher tensile
strength, lower weight, non-corrosiveness, and ability to withstand
deicing agents [8-11]. Furthermore, the smooth surface of GFRP dowel
bars allows for a lesser bond at the GFRP-concrete interface, negating
the need for a lubricant or bond-breaker mechanism, thereby reducing
joint lockup significantly [12-14]. However, owing to the lower elastic
modulus of GFRP dowels as compared to steel, studies have found that
GFRP dowels should have a 20-30% larger diameter or closer spacing
for comparable performance in terms of deflections, concrete bearing
stresses, and load transfer efficiency in rigid pavements subjected to
heavy truck loads [15,16].

The efficiency of joints in rigid pavements can be quantitatively
assessed by several equations such as joint effectiveness (E), specified by
the American Concrete Pavement Association (ACPA) code [17], load
transfer efficiency (LTE), specified by the American Association of State
Highway and Transportation Officials (AASHTO) code [18], and relative
deflection (A) (Fig. 1). E, LTE, and A can be computed from experi-
mental measurements using Egs. 1, 2, and 3, respectively.

26,
E— u 1 1
Oy + 6 x 100 m
Oy
LTE = * x 100 2
0
A=6-0, 3)

Here, &, is the unloaded slab deflection, and &; is the loaded slab
deflection. For E and LTE, an efficiency of 100% indicates full transfer
and 0% indicates no transfer at the joint between the loaded and
unloaded slabs. The recommended joint effectiveness (E), according to
ACPA is 75% [17], and the load transfer efficiency (LTE) recommended
by AASHTO is 75% [18].

The design of dowels in rigid pavements is governed by the bearing
stresses (op) developed in concrete due to the load transferred by the
dowel through the embedded part, as provided by ACI Committee 325
[19]. The bearing stress, op should not exceed the allowable bearing
stress of concrete (f3), as given in Eq. 4.
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o, = Kyy < {fb = %(4 — db)f(./] 4)
where K is the modulus of dowel support and yy is the deflection of the
dowel at the face of the concrete at the joint proposed by Friberg [20],
assuming the dowel to be a beam and the concrete to be a Winkler
foundation and based on the analysis of beam on elastic foundation
provided by Timoshenko and Lessels [21]. The variable d is the diam-
eter of the dowel bar (in m), fj is the concrete permissible bearing stress
and f.' is the compressive strength of concrete. The value of y, and the
relative stiffness of dowel in concrete () is given by:
P2+ p2)

_ 5
T T4 e )

_ .|Kd,
p= 4E,1 6)

where P, is the load transferred by the critical dowel, z is the joint width,
Eq is the modulus of elasticity, and I is the moment of inertia. The
relative deflection across the joint (A) depends on the shear deformation
of the dowel (6) and yp given by Eq. 7 and Eq. 8.

A=2y+6 (7)
APz

5=
G (8)

where 1 is the shear shape factor, A is the area of the dowel bar and G is
the shear modulus (Fig. 1).

Studies have been conducted on the application of GFRP dowel bars
as load transferring devices at joints in pavements [6,7,14,22,23].
Laboratory and field investigations on the performance of GFRP dowels
conducted by Vijay et al. [22] found that GFRP bars performed satis-
factorily when used as an alternative to steel dowels in jointed plain
concrete pavements (JPCP). Load transfer efficiency (LTE) was found to
exceed AASHTO code [18] and ACPA code [17] recommendations under
static and fatigue load tests when GFRP dowels of larger diameters were
used, which had flexural stiffness comparable with typical steel dowels.
Benmokrane et al. [6] conducted laboratory and field tests to quantify
the load transfer characteristics of 34.9 mm and 38.1 mm GFRP dowels
and compared them with 28.6 mm steel dowels with a comparable
flexural modulus. The flexural modulus (EI) of GFRP dowels with di-
ameters 34.9 mm and 38.1 mm were calculated to be 3.66 x 10° Nmm?
and 5.33 x 10° Nmm?, respectively, while that of the 28.6 mm steel
dowel was 6.57 x 10° Nmm?, which are practically comparable. The
specimens with 34.9 mm and 38.1 mm GFRP dowels exhibited ultimate
capacities of 90.8% and 94.4%, respectively of the capacity of 28.6 mm
steel dowels, while still maintaining similar failure modes and crack
patterns. Upon cyclic loading for 1 million cycles at service loads, the
GFRP dowels did not undergo any cracking,without compromising the
efficiency of load transfer. In the field application, steel and GFRP dowel
bars provided load transfer efficiencies (LTE) of approximately 87.9%
and 88.6%, which is higher than the ACPA [17] recommended LTE value
of 75%. Another research involving field investigations by Anderson
et al. [7], also revealed that LTEs at joints, determined using falling
weight reflectometers (FWD) with GFRP and epoxy-coated steel bars
were very close to each other. Fatigue tests on GFRP dowels were con-
ducted by Porter et al. [14] by applying 40 kN for 5 million cycles to
study the effect of spacing of 38.1 mm GFRP dowel bars. The 40 kN
wheel load corresponds to the ~9000 1b wheel load selected in AASHTO
[18] to determine the joint performance parameters. The specimen with
dowel spacing of 305 mm failed at 582,000 cycles, while the specimen
with 152 mm spacing showed no failure at the end of the cycles. The
study extrapolated that the failure of the latter would take place after
100 million cycles, which was much greater than the cycles expected
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Fig. 2. Dowel bars used in the study.

Table 1

Materials properties.
Dowel bar name PG14 SG16 PG38*  SS12
Material type GFRP Stainless steel
Guaranteed tensile strength (MPa)*  870.9  799.3 517 683 (f,)
Guaranteed transverse shear 152.6  155.8 150 0.6 fy

strength (MPa)* = 410 MPa

Young’s modulus (GPa) 48.4 47 46 199
Diameter (mm) 13.7 16 38 12

Note: *Guaranteed strength for GFRP: Average strength - Thrice the standard
deviation; “from the manufacturer’s technical data sheet

during its service life. The stiffness of the subgrade material has a strong
effect on the load-deflection response and load-transfer characteristics
of a joint. The effect of subgrade material on the joint effectiveness (E) of
GFRP dowels was studied by Eddie et al. [24]. According to the study, on
a weak subgrade, the joint effectiveness ranged between 86% and 100%,
while it varied between 90% and 97% on a stiff subgrade. Several studies
have reported the use of compacted soil subgrade in laboratory experi-
ments. However, with repeated tests on the same subgrade, the studies
were unable to retain the same level of compaction for subsequent tests
[25,26]. To overcome this issue, experimental research works by @verli
[27] and Manfredi et al. [28], extruded polystyrene foams were used to
test the load-carrying capacity of a slab-on-ground specimen by sub-
jecting it to concentrated loads.

Slabs-on-ground reinforced with GFRP bars have recently gained
importance as it has been mandated for use in all grade-supported
concrete structures, as a part of a major initiative in Saudi Arabia and
worldwide towards the implementation of non-metallics in construc-
tion. This initiative led to the construction of a colossal 21.3 km-long

Table 2
Concrete properties.
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flood mitigation channel in Jazan, Saudi Arabia with bed widths of up to
74 m and utilizing more than 10 million linear meters of GFRP bars from
three different manufacturers from around the world [29-31]. All slabs
in the channel are grade-supported with one layer of GFRP bars placed at
75 mm from the top of the 200 mm thick slab with a spacing of 200 mm
center-to-center in both directions. These grade-supported slabs are
distinct as they are not subjected to the same level and frequency of
loads as rigid concrete in highway pavements. In the flood mitigation
channel, stainless steel dowel bars were used at the expansion joints
spaced at 30 m. The joints in the channel are expected to be subjected to
infrequent loadings from maintenance trucks with low wheel loads only.
For many slab-on-ground applications, GFRP dowel bars of smaller
diameter could potentially be used at the joints, if the likelihood of
heavy loads is low.

This paper presents the results of an experimental work conducted to
investigate the effectiveness of small-diameter GFRP dowel bars (14 mm
and 16 mm) in slabs-on-ground and its performance was compared to
large diameter GFRP (38 mm) and stainless steel (12 mm) dowels. The
joints with various dowel types between two plain concrete slabs were
tested under concentrated loads, simulating wheel loads up to failure,
and load-deflection responses at several key locations were captured in
the slab specimens. Extruded polystyrene (XPS) foam was used as the
subbase to simulate compacted soil subgrade. The study investigated the
effect of parameters such as GFRP dowel diameter, material types,
spacing, embedded length, dowel-end fixity, and type of loading. The
performance of the dowel-jointed slab specimens was compared based
on the load-displacement response, joint effectiveness (E), load transfer
efficiency (LTE), relative deflection at joints (A), and dowel bar strains.

2. Experimental program
2.1. Materials

Two types of GFRP dowel bars, designated as PG and SG from two
different manufacturers were selected for the study. The commercially
available PG bars are ribbed, while the SG bars have a sand-coated
surface. However, upon request, the manufacturers provided plain
bars for the present study. Dowel bars are generally plain and smooth to
maintain minimum friction between the dowel bars and concrete during
thermal expansion [14]. Two diameters of GFRP dowel type PG (PG14
with 14 mm dia. and PG38 with 38 mm dia.) along with type SG (SG16

Cement type and content Aggregates (kg/m>)

Admixtures (ml /m®%)

Mixing water (I/m®) 28-day compressive strength (MPa)

20 mm 10 mm Fine PC 314* D10* Comp. Tens.
Sulfate resisting cement (320 kg/m>) 770 330 760 1300 2000 160 34.5 2.6
Note: *PC314: Fluidum PC314 high-efficiency liquid superplasticizer; Arcrete D10: water reducer & set retarder
1500 mm
750 mm
dowel / | |
L 750 mm |
o) ¢ 200 mm

|-;737.5 m+737.5 mm—J
5 mm joint

(a) Plan view

=250 mmj—ZﬁO mmJ

(b) Section-view at joint face

Fig. 3. Schematic diagram of test prototype.
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Fig. 4. Sankey diagram: test matrix.
dowel with 16 mm dia.), were used in the experimental program (see
Table 3 ] Fig. 2). Stainless steel dowel bar of 12 mm dia., SS12, which was used in
Test Matrix. the flood mitigation channel in Jazan was also used in the study for
Sl Specimen Dowel Dowel Dowel Dowel Loading comparative assessment with the GFRP dowels [29]. At the flood miti-
No. ID type spacing length end- scheme gation channel in Jazan, it was initially proposed to use small-diameter
(mm) (mm) fixity GFRP dowels at the expansion joints. However, due to the lack of per-
1 PG14-450- PG14 200 450 X-X Monotonic formance data of small-diameter GFRP dowels, the small-diameter
2008-X-X ) (12 mm) stainless steel dowels were adopted. The current research
2 PG14-450-  PGl4 250 450 F-XL Monotonic o . . )
FXL was primarily motivated by a lack of understanding regarding the
3 PG14-900-  PGl4 250 900 F-XL Monotonic behavior of small-diameter GFRP dowel bars in field applications. The
F-XL properties of the dowel bars are shown in Table 1. The mix design and
4 5G16-450-  5G16 250 450 F-XL Monotonic properties of the concrete used in the study for the construction of slabs
F-XL .
s SG16.450-  SG16 250 450 X Monotonic are presented in Table 2. Th.e target slump of concrete was 25 mm a.nd
XX the target 28-day compressive strength was 25 MPa. The compressive
6 PG38-450-  PG38 250 450 F-XL Monotonic strength of concrete was tested according to ASTM C39M-21 [32], while
F-XL the splitting tensile strength was tested as per ASTM C496-96 [33]. The
7 ;GX38'450‘ PG38 250 450 XX Monotonic dowel-jointed slab specimens were subjected to curing with burlaps and
s sél 2.450- ss12 250 450 FLX Monotonic polythene sheets for seven days after casting. The specimens were tested
FL-X approximately 6 months after the casting.
9 $512-450- $812 250 450 XX Monotonic
X-X
10 S512-450- S$s12 250 450 FXL Monotonic 2.2. Test prototypes and parameters
F-XL
1 18&15'900' sG16 250 900 FXL Cyclie The effectiveness of GFRP dowels was studied by fabricating and
CYCLIC testing slab specimens with a doweled-joint in the laboratory. Twelve
12 $512-900- $s12 250 900 F-XL Cyclic dowel-jointed slabs with various types of dowel bars, dowel end-fixities,
F-XL- dowel length and spacings, and loading types were constructed for load
CycLIC tests up to failure. The width of the joint was not a variable and was kept
constant at 25 mm. According to ACI 325.12R-02 [34], a maximum
width of 32 mm can be used for a doweled transverse expansion joint.
LOAD LOAD LOAD
Unloaded slab | Loaded slab Unloaded slab | Loaded slab Unloaded slab | | Loaded slab
FREE | FIXED FREE | FIXED FIXED | | FIXED
(a) F-XL (b) FL-X (c) X-X

Fig. 5. Dowel end-fixities.
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2o

hooks for lifting, dowel supports for alignment

(c) specimens after de-molding

Fig. 6. Test prototypes.

Table 4
Design wheel loads.

AASHTO highway Wheel load type Design axle load  Design wheel
loading (kN) load (kN)
H10 Single-axle (rear) 71.2 35.6
HS15 Single-axle (rear) 106.8 53.4
HL93 Dual tandem-axle 111.2 55.6

(rear)
HL93 Single-axle (rear) 142.3 71.2

Researchers have been reported to use widths of 19 mm [6] and 21 mm
[1]. Furthermore, in the flood mitigation channel in Jazan, Saudi Ara-
bia, a joint width of 25 mm was used. The schematic diagram of the test
specimen is shown in Fig. 3. The physical dimensions of the
dowel-jointed slabs were determined based on numerical and experi-
mental works in the literature [6,22,24,35]. The test prototype consisted
of two plain concrete slabs each of dimensions 737.5 x 750 x 200 mm?>
jointed with dowels and a joint width of 25 mm, forming a specimen of
size 1500 x 750 x 200 mm°. The dimensions of the test prototypes
were selected based on the experimental works on the evaluation of the
performance of GFRP dowels in dowel-jointed concrete slabs-on-ground
by various researchers. Al-Humeidawi and Mandal [12] tested speci-
mens of dimensions 770 x 300 x 250 mrn3, while Li [25] and Vijay
et al. [22] tested specimens of sizes 1524 x 305 x 279 mm?>. Benmok-
rane et al. [6] conducted experimental investigations on
2440 x 610 x 254 mm® specimens. The standard length of dowels ac-
cording to AASHTO is 457 mm (18") [18], which was adopted by several
researchers [6,12,22,25]. The length of the stainless steel dowels used in
the flood mitigation channel was 900 mm. Hence, 450 mm and 900 mm
dowel lengths were chosen for the study.

The butt-joint at mid-length was created using a high-density EPS
foam board with holes at the locations of dowel bars. Before testing the
specimens, these foams were melted away using petrol at the casting
yard and care was taken to protect the GFRP dowels from petrol. The test
matrix shown as a Sankey diagram in Fig. 4 and Table 3, shows the
variables such as dowel bar materials (PG, SG, and SS), dowel bar

diameters (12 mm, 14 mm, 16 mm, and 38 mm), spacing of dowel bars
(200 mm and 250 mm c/c), length of dowel bars (450 mm and
900 mm), type of fixity of dowel to concrete (fixed-fixed and free-fixed)
and loading scheme (monotonic and cyclic). Eight specimens with GFRP
dowel bars and four specimens with stainless steel dowels were cast for
the experimental program. The nomenclature of specimens is as follows:
the first part indicates the dowel type (PG14, SG16, PG38, or SS12), and
the second part indicates the dowel length (450 mm or 900 mm). In all
specimens with dowel spacing of 250 mm, the third part indicates the
dowel end-fixity (F-XL, FL-X, or X-X), as shown in Fig. 5. The only
specimen with 200 mm spacing was named PG14-450-200S-X-X. Vijay
et al. [22], Benmokrane et al. [6], and Al-Humeidawi and Mandal [1]
used fixed spacings for varying bar diameters in their experimental de-
signs. Also, the flood mitigation channel in Jazan used a spacing of
250 mm. Thus, the authors chose 200 mm and 250 mm dowel spacings
for the present study.

A suffix “CYCLIC” was added to the two specimens which were
subjected to the cyclic loads. The molds for the test specimens and the
slabs with doweled-joints are shown in Fig. 6. Four two-legged hooks
were embedded in each specimen to transport the specimens from the
casting site to the laboratory without disturbing the joint. To benchmark
the load transfer performance of the doweled-joints in the specimens,
the standard design wheel loads provided by AASHTO [36], listed in
Table 4 were used.

2.3. Base material selection and characterization

Tests conducted on dowel-jointed slabs supported on compacted soil
subbase were reported to have varying levels of modulus of subgrade
reaction due to changes in the level of compaction after every test [25,
26]. Thus, a suitable replacement for compacted soil subgrade was
identified based on numerous trials on a variety of polystyrene foams,
including various grades of expanded polystyrene (EPS) and extruded
polystyrene (XPS). To investigate the modulus of subgrade reaction,
foam specimens having dimensions 600 x 600 x 100 mm® were sub-
jected to punching shear loads through a 200 x 200 mm? steel plate, as
shown in Fig. 7.
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(a) Plate load test
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Fig. 7. Plate load test of extruded polystyrene foam.

Table 5
Properties of polystyrene foams.

Name Foam type Density (kg/m®) Bearing capacity (kPa)
EPS-D20 EPS 20 * 87

EPS-D24 24 * 162

EPS-D35 32-35 % 201

XPS-1 XPS 32-35* 383

XPS-2 30.7¢ 480

Note: * provided by manufacturer; ¥ determined experimentally.

The technical properties such as densities and bearing capacities of
the three grades of EPS foams and two types of XPS foams are listed in
Table 5. The load-settlement curves of various types of foams tested in
the experimental program are plotted in Fig. 7(c). The load-bearing
capacities of the foams were determined using the double-tangent
method [37]. The modulus of subgrade reaction of XPS-2 was found to
be approximately 124 MPa/m, which corresponds to very compacted
soils such as compacted sandy clay and stiff clay, which ranges between
100 and 200 MPa/m [38] and dense sandy gravel, which varies from
100 to 150 MPa/m [39]. The load-bearing capacity of XPS-2 was
observed to be approximately 480 kPa, which stands between firm to
compact sand (coarse to medium) which varies from 431 kPa to 575 kPa,
respectively, or between loose to firm gravel, which varies between 383
kPa and 575 kPa, respectively [40]. Fig. 7(d) presents the comparison
between the plate load test results of XPS-2 with dense sand, as reported
by Tabatabaei et al. [41], and dense sand or gravel and soft clay or loose
sand, provided by Smith [42]. The capacity of XPS-2 was also compa-
rable with the granular mixture prepared by Benmokrane et al. [6] to
meet AASHTO Class A specifications, which achieved a subgrade
modulus of 110 MPa/m. The density of XPS-2 was determined experi-
mentally and reported in Table 5.

2.4. Test setup, instrumentation, and loading protocols

The slabs were transported carefully from the casting yard to the
reaction floor in the Heavy Equipment Laboratory Building at the King
Fahd University of Petroleum and Minerals (KFUPM). Extruded poly-
styrene foam XPS-2 of 100 mm-thickness subbase was first prepared on
the reaction floor and the slab specimens were then placed on the foam.
The load was applied to the slab specimens using a hydraulic jack in a
loading frame as shown in Fig. 8(d). A steel column, with an axial load
capacity of 1000 kN, fabricated from two steel tubes was used for the
application of load from the hydraulic jack. The load was applied on one
of the slabs at the edge of the joint through a 25 mm-thick steel plate of
plan dimensions 200 x 200 mm? The 200 x 200 mm? loading plate
was intended to represent the wheel load contact area. The plate chosen
for the study provides the equivalent contact area (40,000 mm?) of a
10 x 20 wheel which has an inflation pressure of 917 kPa and a load of
36 kN, as reported by Park [43] and De Beer et al. [44]. The concen-
trated load was applied mid-way along the joint on one of the two slabs,
away from the slab edges, as done by other researchers [6,12,22,25].
The central loading position will give a more consistent response,
avoiding the risk of non-uniformity of load application and stress con-
centrations from loads at the edge, which may overshadow the effect of
parameters investigated in the study. The instrumentation for measuring
the response of the joint included 16 LVDTs, strain gauges, and a load
cell. Vertical displacements at 16 points on the top surface of the spec-
imens (Fig. 8(a)) were monitored using linear variable differential
transducers (LVDT) along with the corresponding load carried by the
specimen using a load cell of 1000 kN capacity. LVDTs at L1 to L6 and
R1 to R6 were used to plot profiles of vertical displacements at a
particular load, while L3, LM1, RM1, and R3 measured the loaded slab
displacements, and L4, LM2, RM2, and R4 measured unloaded slab
displacements at the joint edges. The load cell was installed above the
hydraulic jack with a load capacity of 1000 kN, resting on top of the
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Fig. 9. Cyclic loading protocol used in the study. Displacement (mm)

loading steel column. A special frame made of GFRP tube sections was Fig. 10. Load-displacement curves of PG38-450-X-X compared with results

fabricated and placed over the specimens, as shown in Fig. 8(d). To
monitor strains in the dowel bars, strain gauges were installed on the top
(L-TOP) and bottom (L-BOT) surfaces of the dowel bars embedded in the
loaded slabs of the specimens, as shown schematically in Fig. 8(c).

from Montaigu [26].
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(d) SS12-450-X-X

(e) SG16-900-F-XL-CYCLIC

(f) SS12-900-F-XL-CYCLIC

Fig. 11. Specimen failure modes (L: loaded slab; and U: unloaded slab).

The monotonic loads were applied at a rate of approximately 2 mm/
min, while the cyclic loads were applied based on the loading protocol
shown in Fig. 9, devised based on in-situ and laboratory cyclic experi-
ments in the literature [45-50] since a standardized loading protocol for
laboratory tests was not available. The one-way cyclic loading scheme
consisted of increasing values of loads every two cycles of load appli-
cation and removal. The load level at each increment was applied twice

with 1-minute and 3-minute durations before increasing the peak for the
subsequent cycles. Based on expected failure loads of 250 kN in the SS12
dowel-jointed slab specimen, and 150 kN in the SG16 dowel-jointed slab
specimens, initial and increment loads of 25 kN and 15 kN were chosen
in SS12 and SG16 dowel-jointed slab specimens, corresponding to 10%
of their ultimate loads, respectively. Beyond the expected peak load,
loading was continued until failure. The minimum load in the protocol
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Fig. 12. Initial and ultimate failure load capacities of specimens.

was chosen as 5 kN to maintain the action of the hydraulic jack. The
total duration of cyclic loading was approximately 3.5 h.

3. Results and discussion
3.1. Validation of XPS-2 representing soil

To validate the response of XPS-2 under load as a simulated subbase
replacing soil, results from tests conducted on a specimen with 38 mm-
diameter dowel bars were compared with the experimental results re-
ported by Montaigu [26] in a test to investigate the performance of a
dowel-jointed slab of dimension 2440 x 610 x 254 mm°®, with two
38 mm-diameter GFRP dowels of 460 mm length, spaced at 306 mm
center-to-center. A granular mixture adhering to AASHTO Class A
specifications was prepared using 50% (0-5 mm) sand, 20% (10 mm)
crushed rock, and 30% (20 mm) crushed rock aggregates, to achieve a
subgrade modulus of 110 MPa/m using a Briaude Compacting Device.
The deflection of the loaded slab near the joint was compared with the
results from tests conducted in the present work on PG38-450-X-X, as
shown in Fig. 10. The close match in the load-displacement responses
between the experimental works conducted on compacted soil and the
XPS-2 subbase used in this study shows that XPS-2 is a suitable
replacement to compacted soil.

3.2. Modes of failure and crack patterns

The mode of failure of the dowel bars used in the experimental
program varied significantly depending on the bar diameter. The
development and generation of cracks in the concrete slab also depend
on the bar diameter. Top views of some of the specimens after failure are
presented in Fig. 11. It may be noted from the figure that failure in
dowel-jointed slabs with smaller diameter GFRP dowel bars (PG14 and
SG16) was mostly governed by the shear failure of the GFRP dowels,
unlike the case of the slabs with the larger diameter dowel (PG38), and
the stainless steel dowel (SS12). In all slabs with PG14 and SG16 dowels
with 250 mm spacing, no apparent cracks in concrete were observed.
However, in PG14-450-200S-X-X, the only PG14 slab with 200 mm
spacing, a crack was developed near the central dowel bar, parallel to
the direction of the dowels (see Fig. 11 (a)). Slabs with PG38 and SS12
dowels exhibited extensive damage in concrete, as shown in Fig. 11 (c
and d). When subjected to cyclic loads, the PG14 doweled specimen
PG14-900-F-XL-CYCLIC, exhibited a single crack running in the longi-
tudinal direction of the specimen from the central dowel in the loaded
slab, as shown in Fig. 11 (e), and SS12 doweled specimen SS12-900-F-
XL-CYCLIC developed two major cracks on the loaded slab. The initial

failure (representing the first change in slope in the load-deflection
response) and the ultimate failure (representing failure of dowels or
concrete failure or combined failure) loads in all specimens plotted in
Fig. 12 were compared with the design wheel loads H10 (~35.6 kN),
HS15 (~53.4 kN), HL93-tandem (~55.6 kN), and HL93 (~72.5 kN),
specified by AASHTO [18]. All 12 specimens exhibited their initial
failure at a load significantly higher than the H10 design wheel load.

3.3. Effect of various parameters on load-deflection response and failure

3.3.1. Effect of dowel diameter and material type

Specimens PG14-450-F-XL (14 mm dowel bar) and PG-38-450-F-XL
(38 mm dowel bar) were used to compare the effect of bar diameter on
the performance of dowels. The reinforcement ratios per dowel bar for
the 14 mm and 38 mm dowels were calculated to be 0.31% and 2.27%,
respectively. The initial and ultimate failure loads in the PG14 specimen
were 82.5 kN and 166.5 kN, which were 6.8% and 13.4% lesser than the
corresponding values in the PG-38-450-F-XL (Fig. 12). The increase in
reinforcement ratio from 0.31% to 2.27% increased the ultimate load
capacity from 166.5 kN to 192.2 kN. Although the cracking and failure
loads were not very different from each other, the modes of failure in
these dowel-jointed slabs were significantly different. The failure in the
PG14-450-F-XL slab, shown in Fig. 13 (a and b), was characterized by
the shear failure of the GFRP dowels without any damage in the concrete
slabs. However, on the other hand, the failure in PG38-450-F-XL was
characterized by extensive damage to concrete with no noticeable fail-
ure in the 38 mm-diameter GFRP dowel (Fig. 13 (c and d)). The load-
displacement curves shown in Fig. 14 (a) show that the PG38 slab
exhibited slightly higher stiffness and strength until failure compared to
the PG14 specimen. At a load of 35.6 kN, the relative deflections in
PG14-450-F-XL and PG38-450-F-XL were calculated to be 2.52 mm and
0.78 mm, respectively (Fig. 14 (b)). When comparing the load transfer
performance of the specimens, the PG38-450-F-XL was more efficient in
transferring the applied loads between the joints. The joint effectiveness
(E) and load transfer efficiency (LTE) of the specimens are presented in
Fig. 14 (c and d), respectively. At 35.6 kN, E and LTE of PG38-450-F-XL
are 84.9% and 73.7%, respectively as compared to 87.1% and 77.1% in
PG14-450-F-XL, and 97.0% and 94.2% in SG16-450-F-XL, calculated
based on the vertical displacements near the joint (Table 6). Both
specimens with smaller diameter dowel bars exhibited slightly better E
and LTE values as compared to the larger diameter dowel bars. While
SG16-450-F-XL. maintained this performance up to larger loads,
PG14-450-F-XL performed satisfactorily up to 60 kN, beyond which the
E and LTE dropped. The vertical deflection profiles in longitudinal and
lateral directions of the specimens at the H10 design wheel load
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(c) PG38-450-F-XL: loaded slab

(g) yielded SS12 dowel bar
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(b) PG-14 dowel failed in shear

(h) PG14-450-200S-X-X: loaded slab

Fig. 13. Failure in specimens under monotonic loads.

(~35.6 kN) are presented in Fig. 14 (e). The vertical deflection in
PG14-450-F-XL on the loaded side of the joint is 11.3 mm, as compared
to 7.1 mm in SG16-450-F-XL and 3.0 mm in PG38-450-F-XL. At the end
of the unloaded slab, the uplifts in PG14-450-F-XL, SG16-450-F-XL, and
PG38-450-F-XL were 16.8 mm, 0.7 mm, and 0.4 mm, respectively. The
lower shear capacity and flexural rigidity of PG14 dowels are the causes
of the large deflection at joints and uplift at the ends. It can be noted here
that SG16 exhibited a performance comparable with the PG38 dowels,
in terms of deflections and load transfer characteristics.

To compare the effect of dowel materials, GFRP dowels (SG16) of
16 mm dia. and stainless steel dowels (SS12) of 12mm dia. of
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comparable flexural rigidity (EI) were used for analysis, in specimens
SG16-450-F-XL and SS12-450-F-XL, respectively. The initial failure
loads in SG16-450-F-XL and SS12-450-F-XL were observed to be
81.2 kN and 92.5 kN, respectively, while the ultimate loads were noted
to be 184 kN and 178.8 kN. The larger deflections in SG16-450-F-XL, as
compared to SS12-450-F-XL at any given load is due to the lower shear
modulus of GFRP bars, which is approximately 3.5 GPa [6,12] as
compared to stainless steel which has a minimum shear modulus of
74 GPa in AISI 316, which is most commonly used for marine environ-
ments [6,51].

The mode of failure in SG16-450-F-XL involved no cracking in
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Table 6
Effect of dowel bar diameter and material type on E, LTE and relative deflection
at 35.6 kN load.

Specimen Loaded Unloaded Joint Load Relative
D slab, & slab, &, effectiveness, transfer deflection,
(mm) (mm) E (%) efficiency, A (mm)
LTE (%)

PG14- 11.00 8.48 87.1 77.1 2.52
450-F-
XL

SG16- 5.86 5.52 97 94.2 0.34
450-F-
XL

PG38- 2.97 2.19 84.9 73.7 0.78
450-F-
XL

SS12-450-  2.80 2.29 90 81.8 0.51
F-XL

concrete, similar to PG14-450-F-XL, where failure was controlled by the
shear failure of the GFRP dowel bars (Fig. 13 (e)). In the case of
SS12-450-F-XL, extensive cracking in the loaded concrete slab was
observed which was parallel to the plane of the joint at the ends of the
embedded dowel bar and along a plane perpendicular to the plane of the
joint, as shown in Fig. 13 (f). All three 12 mm-diameter stainless steel
dowels (SS12) yielded at failure loads with large deformations, accom-
panied by concrete bearing failure (Fig. 13 (g)). Both dowel-jointed slab
specimens were found to transfer loads considerably well beyond the
AASTHO and ACPA limits. At HL93 design wheel load of 71.2 kN, the
joint effectiveness (E) values in SG16-450-F-XL and SS12-450-F-XL
were calculated to be 94.1% and 93.3%, respectively, while the load
transfer efficiency (LTE) values were found to be 88.9% and 87.4%,
respectively (Fig. 14 (c and d)). The vertical deflection profiles in both
specimens were approximately similar, across the joint along L1-L6
(Fig. 14 (e)). At a lower load of H10, the E and LTE values indicate
that both SS12 and SG16 bars could have been used in the Jazan flood
mitigation channel, where only the SS12 dowels were used [29]. Thus, it
can be concluded that SG16 dowel bars are a suitable alternative to SS12
dowels in slabs-on-ground with doweled-joints in industrial facilities,
flood mitigation channels, walkways, and parking lots.

For PG14 and SG16 dowel bars, the bearing stress equation (Eq. 4)
yielded values of approximately 84.8 MPa and 65.3 MPa, respectively,
which are significantly higher than the concrete permissible bearing
stress (fp) of 45.8 MPa, in the present study. It was observed from Fig. 11
and Fig. 13 that failure from bearing was observed only in PG38 and
SS12 dowels, while failure in PG14 and SG16 specimens was associated
with shear failure of bars, without any damage in concrete from bearing
stresses. Since the shear capacity of the GFRP is less compared to steel,
and cross-section of the bar is more susceptible to geometric instabilities
under shear loads and the development of bearing stresses in the con-
crete is not critical, most of the strain energy is dissipated due to the
shear deformation of the bar. The equation for predicting bearing stress
(Eq. 6) from the dowels is valid for bars with larger diameters or with a
higher stiffness.

The experimental results indicate that, for smaller diameter GFRP
dowel bars, the design of the joint is not governed by the bearing stresses
developed in the concrete at the joint, which raises the need for the
development of a numerical model, validated by appropriate experi-
mental results to suggest pavement dowel design modifications for the
application to GFRP dowel bars in jointed rigid pavements.

3.3.2. Effect of dowel spacing

The spacings between the dowels play an important role in the ability
of dowels to transfer loads laterally as the effective number of dowels
participating in load transfer increases [6]. Two different spacings of
PG14 dowels, 200 mm and 250 mm, with the reinforcement ratios per
dowel bar of 0.38% and 0.31%, respectively were used to investigate the
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effect of GFRP dowel bar spacings. The closer spacing of dowel bars
(higher reinforcement ratio per dowel bar) in PG14-450-200S-X-X
resulted in slightly higher initial and ultimate failure loads of 86.8 kN
and 180 kN, respectively, which is approximately 5.2% and 8.1% higher
than the corresponding loads in PG14-450-F-XL (initial: 82.5 kN; ulti-
mate: 166.5 kN). The smaller spacing of dowels (200 mm c/c) also
resulted in a different mode of failure which involved the cracking of
loaded concrete slab, as shown in Fig. 13 (h), unlike PG14-450-F-XL
which involved only the shear failure of dowel bars without any
apparent damage in concrete. However, no bearing failure of concrete at
the joint face was observed (Fig. 13 (h)). The load transfer characteris-
tics of PG14-450-200S-X-X were also found to have improved with a
smaller dowel spacing. The joint effectiveness (E) and load transfer ef-
ficiency (LTE) was found to be 94.5% and 89.6%, respectively in
PG14-450-200S-X-X, as compared to 87.1% and 77.1% in
PG14-450-F-XL, at a load of 35.6 kN, which corresponds to H10 design
wheel load (Fig. 15 (c and d) and Table 7). The load transfer efficiency is
significantly increased when the number of effective dowel bars under
the wheel load increases for 200 mm c/c spacing. At the same load, the
relative deflection in PG14-450-200S-X-X was as low as 0.49 mm, as
compared to 2.52 mm in PG14-450-F-XL. At a higher design wheel load
of HS15 (~53.4 kN),10 H E and LTE in PG14-450-200S-X-X were 92.6%
and 86.2%, respectively, as compared to 87.8% and 78.0%, respectively
in PG14-450-F-XL. This ensures that PG14-450-200S-X-X would offer
better riding comfort and minimal damage to concrete. The vertical
displacement profiles (longitudinal and transverse) of the specimens at
35.6 kN, shown in Fig. 15 (e), indicate large reductions in deflections in
PG14-450-200S-X-X as compared to PG14-450-F-XL, in longitudinal
and transverse directions.

The significantly higher E and LTE at a lower spacing indicate that
GFRP bars could be effectively used in slabs-on-ground. It is evident
from the values of E and LTE that these small-diameter GFRP dowels
have a strong potential for various applications where only low
concentrated loads are expected.

3.3.3. Effect of dowel length

The effect of embedment length on smaller diameter GFRP dowel
bars was investigated in the study. The GFRP dowel specimen with
900 mm embedment length, PG14-900-F-XL was compared with the
load-displacement and load transfer characteristics of PG14-450-F-XL
with 450 mm dowel length. The load-displacement plots indicate that
there was a significant increase in the stiffness of the joint upon
increasing the length of the 14 mm-diameter dowels, as shown in Fig. 15
(a). There was, however, no difference in the mode of failure of the
specimens, which was characterized by the failure of the GFRP dowels
without cracking in concrete.

Although at any given load the absolute displacements and relative
deflections in the PG14-900-F-XL were much lower, and relative de-
flections (Fig. 15 (a and b)) were lower than PG14-450-F-XL, the load
transfer performance values in terms of joint effectiveness (E) and load
transfer efficiency (LTE) were lesser. This is because both E and LTE are
ratios of deflections in the loaded and unloaded slabs. At 35.6 kN, E and
LTE values of PG14-900-F-XL were 80.0% and 66.6%, respectively, as
compared to 87.1% and 77.1% in PG14-450-F-XL (Fig. 15 (c and d) and
Table 7). While PG14-900-F-XL does not qualify for the AASHTO (1993)
requirements, it satisfies the less stringent ACPA (1991) limits of E
(75%) and LTE (60%). At 35.6 kN, the relative deflection in PG14-900-
F-XL was 1.16 mm. The profiles of vertical displacements along the
length and across the joint of the specimens at 35.6 kN show that
PG14-900-F-XL has lower deflection as compared to PG14-450-F-XL
(Fig. 15 (e)).

3.3.4. Effect of dowel end-fixity

In field applications, GFRP dowels are not always provided with
bond-breakers in the concrete-embedded part of the dowel, since GFRP
dowel bars are very smooth and the development of expansive corrosion
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Fig. 15. Effect of dowel length and spacing.

products is not expected, unlike steel dowels. However, the provision of
a bond-breaker and looseness in dowels creates a very different me-
chanical boundary condition (Fig. 5(a and b)) as compared to a fixed-
fixed condition, as shown in Fig. 5(c). A notable effect on the load-
displacement and load transfer characteristics in slabs was observed
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when the dowel end-fixities were varied.

Comparisons of the effect of dowel end-fixity on the load-
displacement curves on either side of the joint, are plotted in Fig. 16
(a and c). Among the seven dowel-jointed slabs compared, it was found
that the dowel-end fixity condition F-XL had significantly lesser



M. Fasil et al.

Table 7
Effect of dowel length and spacing on E, LTE and relative deflection at 35.6 kN
load.

Specimen Loaded Unloaded Joint Load Relative
D slab, & slab, &, effectiveness, transfer deflection,
(mm) (mm) E (%) efficiency, A (mm)
LTE (%)
PG14- 11.00 8.48 87.1 77.1 2.52
450-F-
XL
PG14- 3.47 2.31 80.0 66.6 1.16
900-F-
XL
PG14- 4.71 4.22 84.5 89.6 0.49
450-
200S-X-
X

displacements in most cases. For instance, for a load of 71.2 kN, corre-
sponding to the HL 93 design truck wheel load at LVDT location LM1
(loaded slab deflection near joint), in SG16-450-F-XL (specimen with
fixed-free end condition of SG16 dowels with load acting on fixed end of
the dowel), vertical displacement on the loaded slab was 20.0% lesser
than the corresponding displacement in SG16-450-X-X (specimen with
fixed-fixed end conditions of SG16 dowels). In PG38-450-F-XL, LM1
displacements were 21.7% lower than the corresponding displacements
in PG38-450-X-X. Also, in the case of slabs with stainless steel dowels,
LM1 displacements in SS12-450-F-XL (specimen with fixed-free end-
condition of SS12 dowels with load acting on fixed end of the dowel)
were 23.6% and 49.1% lesser than the corresponding displacements in
S$S12-450-X-X (fixed-fixed dowel end-conditions) and SS12-450-FL-X
(free-fixed dowel end-conditions with load acting on the free side),
respectively for HL 93 design truck wheel load. The load transfer char-
acteristics, in terms of E and LTE of SG16 dowel-jointed slabs (Fig. 16 (e
and f)) show that the X-X dowel-end fixity exhibited high efficiencies
with 91.1% and 83.7% at 35.6 kN (Table 8). Beyond 45 kN, the values of
E and LTE were found to decline. These values, however, were accept-
able according to ACPA 1991 norms, up to HL93 design tandem truck
wheel loads (~55.6 kN). In PG38-450-F-XL and SS-450-F-XL, the load
transfer characteristics were on par with their counterparts with X-X
dowel end-fixity. No variations in relative deflections were observed in
the three comparisons. In all three comparisons, up to approximately
75 kN load, no apparent differences could be identified. At 35.6 kN, the
relative deflections were 0.34 mm, 0.65 mm, 0.78 mm, and 0.18 mm in
SG16-450-F-XL, SG16-450-X-X, PG38-450-F-XL, and PG38-450-X-X,
respectively (Table 8). The vertical displacement profiles in the longi-
tudinal direction of the specimen and along the edges of the joints of the
specimens at 35.6 kN load are plotted in Fig. 16 (g and h), respectively.
Specimens with PG38 dowels, namely PG38-450-F-XL and PG38-450-X-
X, in general, exhibited lower deflections as compared to SG16-450-F-
XL and SG16-450-X-X. In specimens with SS12 dowels, specimens with
F-XL and X-X exhibited lower deflections as compared to FL-X by
approximately 54% (Fig. 5).

3.3.5. Response under cyclic loading

To study the cyclic load response of GFRP and stainless steel dowel-
jointed slabs, two slabs were subjected to cyclic loading schemes as
shown in Fig. 9. The load-displacement responses, the joint load transfer
characteristics, and relative deflections in GFRP and stainless steel
dowel-jointed slabs specimens, namely SG16-900-F-XL-CYCLIC and SS-
900-F-XL-CYCLIC, respectively are compared in Figs. 17 and 18.

The initial failure loads in the specimens subjected to cyclic loads
with SG16 and SS12 were observed to be 55.5 kN and 50.8 kN,
respectively, while the ultimate load capacities were recorded to be
133.2kN and 179.0 kN. The load-displacement curves (Fig. 17 (a))
show that, at loads up to 9 kN, the SG16 GFRP dowel exhibited a mildly
stiffer response as compared to the stainless steel (SS) dowel-jointed slab
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in the loaded slab. In the unloaded slabs, the specimen with SG16 did not
exceed the displacements beyond 6 mm, even at loads of approximately
130 kN. This is due to the initial failure in the SG16 specimen, probably
caused by the initiation of shear failure of the glass fibers. The effect of
the initial failure is also reflected in the comparison of relative de-
flections of the specimens with SG16 and SS12 dowel bars. This resulted
in larger relative deflections in specimens with SG16 as compared to
SS12 dowel-jointed slabs at loads beyond 60 kN (Fig. 18 (a)). The cyclic
load specimens with SG16 and SS12 dowels are compared with the load-
displacement responses from SG16-900-F-XL and SS12-450-F-XL,
respectively, which were subjected to monotonic loads (Fig. 17 (b and
c)). The load transfer characteristics in the GFRP dowel-jointed slab
were found to reduce after every cycle (Fig. 18), beyond the initial
failure load of 55.5 kN. With the progression of every cycle, the E was
found to degrade from an initial value of 92.5% to 88.9%, 84.7%, 82.8%,
67.48%, 52.5%, and 37.48% at the end of 2", 41, 6™, 8" 10™, and 12
cycles, respectively. A proportional trend was also observed in the
degradation of LTE values, rendering an unsatisfactory response as per
AASHTO and ACPA recommendations. In stainless steel dowel-jointed
slab, SS-900-F-XL-CYC, the joint effectiveness (E) was found to
degrade from an initial value of 96.3% to 93.4%, 93.0%, 90.9%, 87.7%,
84.2%, and 80.0% after 2™, 4™ 6™ gt 10 and 12" cycles, respec-
tively. Although, the specimen SS12-900-F-XL-CYC failed to satisfy the
AASHTO limits of E and LTE at higher loads after the 6 cycle, the ACPA
conditions of E and LTE were satisfied. This indicates that until the initial
load capacity of the SG16 GFRP doweled specimen, the load transfer
efficiencies were within the ACPA limits,

3.4. Strains in dowel bars

Strains in dowel bars at L-TOP and L-BOT locations in seven repre-
sentative specimens from the 12 specimens were plotted in Fig. 19. Since
L-TOP and L-BOT were located at diametrically opposite points in the
dowels in the longitudinal direction, strains at these locations were
found to be symmetric, with L-BOT recording tensile strains and L-TOP
recording compressive strains. It can be observed from the figure that
the PG38 dowel exhibited the least strains, followed by SS12, SG16, and
PG14 in the specimens with 250 mm c/c, as expected. The specimen
with 200 mm c/c spacing (PG14-450-200S-X-X), exhibited significantly
lower strains as compared to the 250 mm spacing specimen, PG14-450-
F-XL. Strains in the dowel-jointed slabs subjected to cyclic loads were
only available until approximately 40 kN, beyond which the strain
gauges were not functioning.

4. Conclusions

An experimental work was conducted to study the load transfer
across a transverse joint between adjacent concrete slabs-on-ground by
smaller diameter GFRP dowel bars. The performance of GFRP dowel
types, diameter, spacings, and embedment lengths was investigated by
conducting load tests on 12 dowel-jointed slabs resting on an extruded
polystyrene (XPS) simulated subbase. The following conclusions were
drawn from load tests conducted in the study:

e For the large diameter GFRP and steel dowels used in highway
pavements, the modulus of dowel support (bearing stress in con-
crete) is the principal mechanism of load transfer, and failure results
when the bearing stress of dowels exceeds the allowable bearing
stress of concrete. The failure is dominated by cracking in concrete.
For smaller diameter GFRP dowel bars, however, the bearing stresses
are low and the high tensile strength of the embedded glass fibers
plays a dominant role in the load transfer. The failure in the GFRP
dowel bars takes place due to shear in the transverse direction since
the shear capacity is low.
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Fig. 16. (continued).

Table 8
Effect of dowel end-fixity on E, LTE, and relative deflection at 35.6 kN load.
Specimen Loaded Unloaded Joint Load Relative
D slab, & slab, &, effectiveness, transfer deflection,
(mm) (mm) E (%) efficiency, A (mm)
LTE (%)

SG16- 5.86 5.52 97 94.2 0.34
450-F-
XL

SG16- 3.99 3.34 91.1 83.7 0.65
450-X-X

PG38- 2.97 2.19 84.9 73.7 0.78
450-F-
XL

PG38- 7.83 7.65 98.8 97.7 0.18
450-X-X

SS12-450- 5.06 3.85 86.4 76.1 1.21
FL-X

S$S12-450- 2.80 2.29 90 81.8 0.51
F-XL

SS12-450- 1.68 1.36 89.4 80.9 0.32
X-X
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GFRP dowel bars with diameters above 16 mm were found to be a
feasible replacement to the more expensive stainless steel dowels, for
light design wheel loads such as H10 (~35.6 kN).

All dowel-jointed slabs tested in the study exhibited initial failures
ranging between 50.8 kN and 100.8 kN, which are significantly
higher than the H10 design wheel load of 35.6 kN.

Three major modes of failure were observed: a) dowel bar shear
failure with no bearing failure in concrete in smaller diameter dowels
(PG14 and SG16); b) bearing failure in concrete without damage in
the larger diameter GFRP dowel (PG38); and c¢) combined bearing
and shear yielding in stainless steel dowel (SS12). The mode of
failure in the specimens with smaller diameter dowels indicates that
the design of dowels is not governed by bearing, which raises the
need for a modified design equation for small-diameter GFRP dowels
at joints in slabs-on-ground.

Upon varying the dowel diameter from 14 mm to 38 mm, only an
increase of 6.8% and 13.4% were observed in initial and ultimate
failure loads. At 35.6 kN, the relative deflection in PG14 was 2.2
times that of PG38. Although the E and LTE of PG14 were compa-
rable with PG38 up to 50 kN, at higher loads, the load transfer
characteristics reduced significantly in PG14.

When the spacing of the dowel was decreased from 250 mm to
200 mm, the initial and ultimate failure loads increased by 5.2% and
8.1%, respectively. The smaller spacing caused the relative



M. Fasil et al. Engineering Structures 302 (2024) 117241

250

—— SG16-900-F-XL-CYCLIC (L)
--------- S$G16-900-F-XL-CYCLIC (U)
—8812-900-F-XL-CYCLIC (L) 1 509
--------- $812-900-F-XL-CYCLIC (U)

150

Load (kN)

100

50

Displacement (mm)

(a) SG16-900-F-XL-CYCLIC versus SS-900-F-XL-CYCLIC

160 250
——$G16-900-F-XL-CYCLIC (L) —— S$S12-900-F-XL-CYCLIC (L)
--------- $G16-900-F-XL-CYCLIC (V). 1 140 weens $812-900-F-XL-CYCLIC (U)
—— SG16-450-F-XL (L) ° . —— §512-450-F-XL (L)
+{:+++ SG16-450-F-XL (V) 1 120 P e $512-450-F-XL (U) T 200
1100 = =
g T+ 150 z
1 80 'E T
1e - + 100 §
: 140
T 50
. 20
t ' t p—— 0 ; : % 0
25 -20 -15 -10 -5 0 -30 25 -20 -15 -10 -5 0
Displacement (mm) Displacement (mm)
(b) SG16-900-F-XL-CYCLIC (cyclic) versus SG16- () SS12-900-F-XL-CYCLIC (cyclic) versus SS12-
450-F-XL (static) 450-F-XL (static)
Fig. 17. Load-displacement plots of cyclic-loaded specimens.
160 ——SG16-900-F-XL-CYCLIC
140 £ ----;SS12-900—F-XL-CYCLIC
z
5
°
©
-]
-
15
Relative deflection (mm)
(a) Relative deflection
100 + —— SG16-900-F-XL-CYCLIC 100 + ——SG16-900-F-XL-CYCLIC
reans. | mmee- $512-900-F-XL-CYCLIC Eogdm. | 1 = $812-900-F-XL-CYCLIC
90 A v = b
9 _— w
R~ S 80
' \_‘; z
@ 70 —— 2 70 A
< é 'g 60 -
e ] £
é 50 f ——— _———\\ % 50 A
® 40 £ = — S 40 -
E —— s
S0t HL93 E .
H10 4 20
20
Hs15 > <——{ HLo3T 10 _Hs15 . L .
10 7 + + T + + ] . . . .
0 20 40 60 80 100 120 140
0 20 40 60 80 100 120 140
Load (kN) Load (kN)
(b) Joint load effectiveness (E) (c) Load transfer efficiency (LTE)

Fig. 18. Load transfer characteristics in SG16-900-F-XL and SS-900-F-XL specimens.

17



M. Fasil et al.

Engineering Structures 302 (2024) 117241

25000 2000
: SG16-450-X
20000 i —
£ = - -F-XL- [
16000 f £616450-X:X 5 o0 | G16-900-F-XL-CYCLIC 5
% 10000 + a = - ¥
3 : PG14-450-2008-X-X £}
£ 5000 § :‘é—-— PG38-450-F-XL £ 500¢ $812-450-X-X
3 0"“---=l- _____ o 0 = =
g ) SBOSITTomaQ 150 200 250 ] X 10 TTmm=96.L 30 40 &%
-5000 f R i g 5 s=all
L \\ q_ :e,—'-,:‘Rr PG38-450-F-XL & 500 + N ~~=._S512-450-X-X
= 10000 § AL PG14-450-2008-X-X H - o
= i \| o = N —-— “s~ o
15000 § ¥ e -1000 1 2 w2 sl 2
; : w . $G16-900-F-XL-CYCLIC A
20000 f SG16-450-X-X 800 4
: SG16-450-X%
-25000 5000 :

Load (kN)

(a) Monotonic load tests: representative rebar strains

Load (kN)

(b) Cyclic load tests dowel strains compared with

in PG14, SG16, PG38, and SS12 monotonic
Unloaded slab Loaded slab .
- L-TOP
=
1
e
: L-BOT

(c) position of L-TOP and L-BOT

Fig. 19. Dowel bar strains.

deflection (A) to decrease by 4.1 times, at a load of 35.6 kN. Also, the
E and LTE values were found to increase by 8.5% and 16.2%, at a
load of 35.6 kN.

Increasing the length from 450 mm to 900 mm, caused initial and
ultimate failures to decrease by 7.2% and 3.6%, respectively, while
the relative deflection (A) at 35.6 kN was found to have reduced by
57.4%. However, the E and LTE values of 900 mm-length specimens
were lower than the 450 mm-length specimens, but still within the
ACPA limits.

The dowel end-fixity F-XL showed a slightly higher stiffness, as
compared to X-X and FL-X, in the load-displacement curves.

Under cyclic loads, SG16 and SS12 exhibited initial failure loads of
55.5 kN and 50.8 kN, respectively, and ultimate loads of 133.2 kN
and 179.0 kN, respectively. Up to 60 kN, the SG16 and SS12 showed
similar behavior, and load transfer efficiencies were within AASHTO
and ACPA limits.
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