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Abstract

This paper numerically studies key parameters which affect the structural performance of the stainless steel
ring strengthened removable dowel bar connection system. Finite element models were firstly validated
against experimental test results in terms of the failure mode and load-deflection relationship. Then validated
models were used to carry out the parametric investigation. The dowel bar diameter, the stainless steel ring
length as well as the stainless steel ring thickness were studied with 90 generated models. According to the
finite element analysis results, it was found that the vertical stiffness and ultimate load were enhanced with
the increase of the dowel bar diameter. And the application of the stainless steel ring significantly relieved the
compressive stress concentration at joint surface due to the expanded contact area. Close relationships were
then observed between the ultimate load and the stainless steel ring thickness and length, respectively.
Empirical equations were also derived to predict the ultimate load under the ultimate limit state (ULS).
Meanwhile, under 20 kN service limit state (SLS), a close relationship was also found between the maximum
compressive stress of concrete and the external diameter of the stainless steel ring. Through this two-stage
design, the stainless steel ring strengthened removable dowel bar connection system will be more durable and

reliable.

M-1/37

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.


mailto:tak-ming.chan@polyu.edu.hk

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Keywords

Removable dowel bar connection system, dowel bar diameter, stainless steel ring length, stainless steel ring
thickness, design recommendations.

1. Introduction

In jointed plain concrete pavement (JPCP) systems, the joint design has a significant impact on the structural
performance of the whole system [1-4]. Generally, there are three main types of pavement joints including the
contraction joint to relieve concrete tensile stress, expansion joint to create space for concrete expansion as
well as construction joint to facilitate the pavement construction [1]. Among these joints, the contraction joint
is the most important as the concrete is an anisotropic material which is strong in compression while weak in
tension. Tensile cracks are easy to occur and propagate if the shrinkage of concrete is restricted. Therefore,
pavement joints should be designed with the pavement slab free to expand and shrink without inducing any
internal stress [5].

The traditional epoxy-coated dowel bar, as a commonly used pavement connection, is often designed with the
diameter from 25 mm (1 in.) to 38 mm (1.5 in.) under different wheel loads [1, 2, 6, 7]. The main role of the
dowel bar is to transfer the wheel load from one pavement slab to the adjacent panel through the bearing stress
between dowel bar and concrete [8-10]. However, there are also critical issues in the dowel bar application
including the severe stress concentration and steel corrosion.

Fig. 1(a) introduces the loading transfer mechanism of JPCP systems which is achieved by the relative
deflection between adjacent pavement slabs. During the load transfer, as shown in Fig. 1(b), high bearing
stresses are concentrated on the top and bottom of the dowel slot and concentrated tensile stresses were located

at both sides. The severe compressive stress concentration will lead to the localised concrete crushing which
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then deteriorates the joint effectiveness and reduce the loading transfer efficiency [11-14]. Regarding the
tensile stress concentration, although Friberg et al. [15] firstly observed horizontal tensile cracks at dowel bar
sides in 1930s. This type of joint distress was not comprehensively analysed until the development of the three-
dimensional finite element analysis (FEA). Through the detailed contact modelling between the dowel bar and
concrete, the tensile stress distribution around pavement connection was able to be visualised [9, 16-19]. To
relieve the compressive stress concentration induced joint distresses, the shape of dowel bar was updated. Hu
et al. [20] studied elliptical and rectangular dowel bars with large contact surfaces and test results showed that

the bearing stress at the joint surface was effectively reduced under cyclic loads.

N P =

-
/ %ﬁ o, : Tensile stress
- - o, : Compressive stress
z Deformed dowel bar ‘J
I O.C

A, Relative deflection Stress distribution in dowel slot

Z: Joint width
(a) (b)

Fig. 1. The load transfer in jointed plain concrete pavement system (a) load transfer mechanism, (b) stress distribution

within the dowel slot.

To improve the corrosion resistance, a thin epoxy coating is attached on the surface of the steel dowel bar
before installation. However, under fatigue loads, this thin coating is easy to be abraded, which results in the
localised steel corrosion after water penetration and chloride ion exchange [21, 22]. Because of corrosion, the
volume of the dowel bar is expanded and the effective section is reduced. As a result, the serious concrete
crushing and oblonging, namely a void space around the dowel bar in concrete, will occur at pavement joint
surface. The flow chart in Fig. 2 concludes the stress concentration and corrosion induced joint distresses. To
avoid the corrosion related issues, non-corrosion materials like stainless steel and fibre reinforced polymer

(FRP) were used by other researchers to replace the traditional structural steel [11, 14, 23-26].
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Fig. 2. The stress concentration and steel corrosion induced joint distress.

Over the last few decades, FEA had been adopted to model the jointed plain concrete pavement (JPCP) systems.
Generally, developed finite element models could be divided into two types, including two-dimensional (2D)
models and three-dimensional (3D) models. Regarding two-dimensional models, to simplify modelling
process, a specific loading transfer efficiency was firstly incorporated to consider the role of dowel bar between
pavement slabs [27-29]. To simulate the dowel-concrete interaction, vertical spring elements and contact
elements were then employed to simulate the dowel bar load transfer [30-36]. Although these spring elements
were also preferred in three-dimensional finite element models [37-44], this contact simulation was challenged
by most of researchers and then replaced by the surface-to-surface contact modelling technique [9, 10, 16, 17,
19, 45-55].

To alleviate the stress concentration and corrosion related issues and achieve demountability, the stainless steel
ring strengthened removable dowel bar connection was proposed and tested under monotonic load [56]. The
objective of this paper is to further analyse the removable dowel bar connection system through FEA. The

extended parametric analysis is conducted with the validated models to analyse the effects of key parameters
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on the structural performance of the removable dowel bar connection system. Empirical equations to predict
the ultimate load and the maximum compressive stress under service load are also derived based on FEA
results.

2. Finite element analysis

Since only a limited number of specimens were tested experimentally, key parameters that influence the
structural performance of the removable dowel bar connection system were further investigated through FEA.
ABAQUS [57], a general-purpose software package, was used to develop the model of the removable dowel
bar connection system. Then the extensive parametric analysis was conducted to assess the effects of key
parameters.

2.1 Finite element model

As the removable dowel bar connection system consisted of several parts, in FEA, each part was developed
separately and then assembled together. Fig. 3(a) shows the constitution of the concrete block with the
removable dowel bar connection. The stainless steel ring and tube were cast into concrete during the pavement
slab fabrication while the stainless steel dowel bar was removable and inserted into stainless steel tube on site.
With the application of the L-shape steel plate, as shown in Fig. 3(b), the individual pavement block can be
lifted to achieve demountability after moving the dowel bar into one pavement block. Components of the
stainless steel ring strengthened removable dowel bar connection system were modelled by three-dimensional
eight-node solid elements with reduced integration (C3D8R) available in ABAQUS [57]. Fig. 4 shows
components of the removable dowel bar connection in FEA including the stainless steel dowel bar, the stainless
steel tube with slot as well as the stainless steel ring. The developed finite element model followed the

monotonic loading test arrangement which is shown in Fig. 5 [56]. The concrete block with the proposed

M-5/37



92

93

94

95

96

97

98

99

100

101

102

connection system was supported by a roller support at bottom and the other side of the dowel bar was
supported by the fixing device. A thick steel plate and high-strength bolts were placed on the top to tighten the
fixing device to the rigid block and avoid the unnecessary upward deformation. Regarding load arrangement,
a rectangular steel block with 50 mm width was put on the top of concrete block at the joint to exert the vertical
load and reduce the flexural deformation in concrete. The whole model displayed in Fig. 6 consists of the
concrete block with the top loading block, removable dowel bar connection and fixing device. Based on
experimental test results, most of specimens failed because of the severe concrete crushing at the joint surface
and brittle shear cracks initiated near the loading block [56]. Therefore, as noted in Fig. 6(d), refined meshes

were assigned in the concrete block at joint surface and near the loading block to capture typical failure modes.

Concrete with top slot

Stainless steel
dowel bar

(b)

Fig. 3. Details of the removable dowel bar connection system (a) removable dowel bar connection system, (b) pavement

replacement procedure.
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The removable dowel bar connection system

Stainless steel dowel bar

Fig. 4. Components of the removable dowel bar connection system.

 Conerete block | T .
------------- ! 1 Vertical load 1 Fmmm———m——
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I | ] |
100 600 13 150
(a) (b)

(d)
Fig. 6. Finite element model (a) concrete block with the loading block, (b) removable dowel bar connection, (c) fixing
device, (d) assembled model.

105 In addition to the element type as well as the mesh size, another important aspect in FEA is the interaction
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simulation between different components. In this model, the surface-to-surface contact modelling technique
was adopted to simulate the actual contact behaviour and two different interaction properties were considered
including IP1 and IP2. The interaction property IP1 was determined as “hard contact” along the normal
direction and allowed separation after contact. The tangential behaviour was modelled by “penalty” type
friction with a specific frictional coefficient. The interaction property IP1 was adopted to simulate the
tangential behaviour between steel contacts with the frictional coefficient equal to 0.15. To model the contact
between concrete and steel, the interaction property IP2 was developed and the frictional coefficient was equal
to 0.35 which was same as the that adopted by Al-Humeidawi and Mandal [58]. In the surface-to-surface
contact modelling, both master surface and slave surface should be defined. The master surface was stiffer
than the slave surface and the mesh size of that was coarser at the contact surface to avoid convergence issues
[57]. Following this principle, contact surface assignments in FEA are shown in Fig. 7 including the dowel to

tube, dowel to fixing device, tube to concrete, tube to ring, ring to concrete and the loading block to concrete.

‘\Sa‘e e -

Master surface

Master surface

\
(b)

@

Master surface
Slave surface

Master surface

(c) (d)
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Fig. 7. Contact surface assignments in finite element model (a) dowel to tube and dowel to fixing device, (b) tube to ring

and tube to concrete, (c) ring to concrete, (d) loading block to concrete block.

Boundary conditions of the finite element model also followed the experimental test settings [56]. As the
contact between concrete and the roller support led to some convergence problems in FEA, to simplify the
finite element model, the roller support under concrete block was replaced by a coupling constraint with the
reference point RP-1 placed at bottom as Fig. 8(a) shows. The distance between RP-1 and joint surface is 600
mm which is the same as that in experimental tests [56]. The concrete block beyond the roller support was
removed as it had no effect on the performance of the whole model. Displacements along the Y axis U2, along
Z axis U3, rotation about X axis UR1 and along Z axis UR3 were restricted to simulate the roller support. In
terms of the fixing device, the top steel plate and high-strength bolts were simplified to the fixed condition at
the bottom which is displaced in Fig. 8(b). The displacement-type vertical load was exerted to the loading

block through the reference point RP-2 and the coupling constraint as shown in Fig. 9.

z

A

(a) (b)
Fig. 8. Boundary conditions of the finite element model (a) coupling constraint modelled roller support, (b) fixing device

simulation.
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Fig. 9. Load arrangement in finite element analysis (FEA).

2.2 Material properties

2.2.1 Concrete material model

In FEA, the Concrete Damaged Plasticity (CDP) model, proposed by Lubliner et al. [59] and then modified
by Lee and Fenves [60], was adopted to model the non-linear behaviour of concrete. The Concrete Damaged
Plasticity model available in ABAQUS not only considers the unrecoverable plastic deformation stressed in
plasticity model, but also involves the reduced elastic stiffness emphasised in damaged model [61, 62]. In the
CDP model, the concrete uniaxial compressive stress-strain relationship was defined according to CEB Model
Code 2010 [63] which is expressed in Egs. (1) to (3), where o, is the concrete compressive stress; fc is the
concrete compressive strength; & is the concrete compressive strain; & is the compressive strain at the
compressive strength; & 1im 1s the limited compressive strain corresponding to 0.5/c within the post peak stage;
E.iis the tangential modulus of elasticity of concrete at the origin; E¢ is the scant modulus of elasticity at the
peak stress; k is the plasticity number. The descending branch beyond the limited compressive strain was
determined by Egs. (4) and (5) from CEB Model Code 1990 [64]. Relevant material parameters listed in Table
1 were obtained from the uniaxial compressive strength test and CEB Model Code 2010 [63]. And the uniaxial
compressive stress-strain curve of concrete is shown in Fig. 10 with the elastic stage from zero to 0.4fc. The

scant modulus of elasticity at the end of the elastic stage E. was equal to 29.7 GPa as shown in Table 1. Other
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parameters in CDP model such as the dilation angle 1, equibiaxial compressive stress to uniaxial compressive
stress owo/fc0, tensile meridian to compressive meridian K, eccentricity € and viscosity parameter were equal

to 38°, 1.16, 0.667, 0.1 as well as zero, respectively [65].

o [ kn-—n?
o [1 + (k — Z)n] M
SC
n= (e_cl) )
k = Eci
= (E_d) 3)
-1
1 2 £c\? 4 &
ac=[(gﬂf— gﬂz)(g—l) +(gﬂ—a(€—d)] f. 4)
Ecl ( €l ) €l
gc, im Eci gc, im Eci
4| (FE-g) g -
= B, 2 (%)

e (7 -2) +1]

The uniaxial tensile behaviour of concrete was modelled through the tensile stress versus crack width
relationship in the CDP model. Before reaching the uniaxial tensile strength, the linear tensile stress-strain
relationship was defined. Then for the post peak stage, Fig. 11 displays the mesh-independent tensile stress-
crack width curve expressed as Egs. (6) to (10) [63]. The uniaxial tensile strength f;, fracture energy of concrete

Gr, transition crack width wy, crack opening width we are summarised in Table 2.

w
or = f; (1.0 — O.8W—) forw < wy (6)

1

w

or = ft (0.25 —0.05 E) forw, <w < w, (7
Gp = 0.73f0-18 ®)

G
we = TF ©

t

5Gg

We = T (10)

t
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Fig. 10. Uniaxial compressive stress strain curve of

concrete

Table 1 Concrete material parameters (uniaxial compression).
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Fig. 11. Tensile stress-crack width relationship of concrete

in finite element model

fc (MPa) &l E (GPa) E (GPa) E. (GPa) k
31.92 0.0023 33.6 16.5 29.7 2.04
Table 2 Concrete material parameters (uniaxial tension).
fi (MPa) Gr (N/mm) wi (mm) Wwe (mm)
2.98 0.136 0.046 0.229

To consider the effects of concrete crushing and tensile microcracks on the reduced stiffness, damaged

variables were incorporated in the CDP model to simulate the actual concrete behaviour. The reduced modulus

of elasticity of concrete induced by the compressive damage could be found in Fig. 12(a) with the damaged

modulus of elasticity equal to Ec(1-dc). €’ ! and €M in Fig. 12(a) are the plastic strain and inelastic strain,

respectively. The compressive damage variable dc was determined with the concrete compressive stress o: and

plastic strain & : following Eq. (11) [66]. Fig. 12(b) plots the concrete compressive damage variable d. in

FEA. The concrete tensile damage variable was defined proportionally to the energy dissipated by forming

cracks, which was calculated by 4s/4: as shown in Fig. 13(a), where, 45 is the shade area when tensile stress is

equal to ot A is the total area under the tensile stress-crack width curve which is equal to the fracture energy

Gr. Therefore, the tensile damage variable di was calculated following Eqs. (12) and (13) as plotted in Fig.

13(b).
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Fig. 12. Concrete compressive damage (a) uniaxial concrete compressive behaviour with compressive damage, (b)
compressive damage variable d. in FEA.
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Fig. 13. Concrete tensile damage (a) determination of the tensile damage variable d,, (b) tensile damage variable in FEA.
167  2.2.2 Stainless steel material model
168  Stainless steel has been gradually used as the construction material in different structural applications due to
169 its higher corrosion resistance and excellent mechanical properties [67-69]. Significant strain hardening
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179

behaviour could be observed in stainless steel material tests [70-72]. To accurately model the 304 authentic
stainless steel material in FEA, as shown in Fig. 14, circular coupons milled from the stainless steel dowel bar
and curved coupons extracted from the stainless steel tube were tested together with experimental tests. After
obtaining the nominal stress-strain curves from coupon tests [56], the true stress-strain curves were then
derived through Eqgs. (14) and (15). Where ot and & are true stress and true strain, respectively. The nominal
and true stress-strain curves of the stainless steel dowel bar and tube are plotted in Fig. 15. Since the
deformation of steel ring is relatively small, it was modelled as the elastic part to simplify the finite element
model. The modulus of elasticity was determined from the material certificate provided from by the
manufacturer. Relevant material parameters are summarised in Table 3.
o =0d(1+¢) (14)

g=InA+¢) (15)

(a) (b)
Fig. 14. Stainless steel coupons (a) circular coupon milled from stainless steel dowel bar, (b) curved coupon cut from

stainless steel tube.
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Fig. 15. Stress-strain curves (a) stainless steel dowel bar, (b) stainless steel tube.

Table 3 Material properties of 304 authentic stainless steel.

Stainless steel Modulus of elasticity Yield strength f (MPa) Ultimate strength f Elongation
Es (GPa) y(0-2) (MPa) g (%)
Ring 190.0 N.A. N.A. N.A.
Dowel bar 190.3 327.7 748.0 47
Tube 190.2 269.1 729.0 57

2.3 Model validation

The finite element models were validated with the experimental test results in terms of the failure mode as
well as load-deflection relationship [56]. Fig. 16 shows the load deflection curves of specimens 32D and
32DAT as well as 32D4T10R100L from experimental tests and FEA, where 32D, 4T and 10R100L refer to the
32 mm dowel bar, 4 mm thickness stainless steel tube and 10 mm thickness stainless steel ring with 100 mm
length, respectively. It was found that a close match was achieved in terms of load-deflection curves from
experimental tests and FEA. Except for the load-deflection relationship, failure modes in FEA were also
similar to those observed in experimental tests. For the localised concrete crushing, it initiated on the top of
the dowel slot and then propagated with the increase of the vertical load. While brittle shear cracks occurred
at the end of experimental tests once reaching the concrete shear strength. The concrete crushing failure in

FEA was described by concrete compressive damage variables dc shown in Fig. 17. Shear cracks in model
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32D4T10R100L were simulated by concrete tensile damage variables d; as displayed in Fig. 18. Table 4 lists
the ultimate load of each specimen from both the numerical simulation and experimental test. The low
Coefticient of Variation (CoV) indicates the accuracy of numerical simulation. The difference between the

predicted and test load was lower than 10 percent as shown in Fig. 19.
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Fig. 16. Load-deflection curves of 32D, 32D4T and

Fig. 17. Localised concrete crushing failure in tests and FEA.
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Fig. 19. Ultimate load of each specimen from the

Fig. 18. Brittle shear cracks in 32D4T10R100L.

experimental test and FEA.

Table 4 Ultimate loads obtained from experimental tests and finite element analysis.

Specimen ID Experimental test, Ny test (kN) Finite element analysis, Ny re (kN) Ny, Test/ Nu FE
32D 126.97 121.70 1.04
32D4T 166.29 157.36 1.06
32D4T10R50L 183.68 180.62 1.02

M-16/37



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

32D4T10R100L 185.55 187.28 0.99

32D4T20R50L 195.71 210.64 0.93
32D4T20R100L 232.59 223.10 1.04
Mean 1.01
CoV 0.043

3. Parametric investigation

To comprehensively analyse factors which have significant influences on the structural behaviour of the
removable dowel bar connection system, the parametric study was conducted with the validated finite element
model. In the design of jointed plain concrete pavement (JPCP) systems, the diameter of the epoxy coated
steel dowel bar ranges from 25 mm (1 in.) to 38 mm (1.5 in.) [1, 2, 6, 7]. Therefore, 25 mm, 32 mm as well as
38 mm diameter dowel bars were incorporated in the parametric analysis. The stainless steel ring thickness as
well as length were also studied to analyse the effect of the stainless steel ring on improving the ultimate load
and relieving the compressive stress concentration. A total of 90 numerical models were developed and
analysed.

3.1 Stainless steel ring thickness

Stainless steel ring can expand the contact area between connection and steel and therefore improve the
ultimate load and relieve the compressive stress concentration. As can be seen in each column of Table 5, Table
6 and Table 7, the ultimate load of the specimen increased with the thickness of the stainless steel ring.
Specifically, a relationship based on regression analysis was observed in Fig. 20 between the ultimate load and
steel ring thickness. In experimental tests, nonlinear load-deflection relationships indicated the occurrence of
the severe localised concrete crushing at joint surface. To evaluate the deflection response, the yield
displacement Ay was defined at the intersection of the tangent of the load-deflection curve and the horizontal
line passing the ultimate load. The corresponding vertical load at the yield deflection was regarded as the yield

load Ny [73, 74]. The initial stiffness, namely the slope of the tangent of the load-deflection relationship, was
M-17/37



217  determined by the linear regression analysis. Table 8 summarises the yield load and initial stiffness of each
218  model with the 32 mm diameter dowel bar and the stainless steel ring with different thicknesses. As found in
219  Fig. 21, the initial stiffness and yield load increased with the thickness of the stainless steel ring.
220  Table 5 Ultimate loads of models with 25 mm diameter dowel bar (kN).
Length (mm)
. 25 50 75 100 125 150
Thickness (mm)
5 121.5 132.8 141.1 146.7 151.4 156
10 133.9 144.5 154.6 161.5 167.4 173.4
15 150.5 160.7 170.1 178.1 186.2 194.3
20 165.5 178.6 187.5 195.7 204.1 215.5
25 180.1 195.3 205.2 2133 227.6 240.2
221
222 Table 6 Ultimate loads of models with 32 mm diameter dowel bar (kN).
Length (mm)
. 25 50 75 100 125 150
Thickness (mm)
5 166.3 168.2 170.6 172.8 176.7 179.6
10 174.5 180.6 182.2 187.3 192.8 197.6
15 185.3 194.5 197.1 204.1 211.1 217.0
20 196.2 210.6 214.8 223.1 2314 237.6
25 210.5 226.5 232.8 2432 252.2 258.5
223
224 Table 7 Ultimate loads of models with 38 mm diameter dowel bar (kN).
Length (mm)
. 25 50 75 100 125 150
Thickness (mm)
5 184.2 189.8 194.9 198.4 202.7 206.9
10 197.1 202.4 207.7 214.3 219.4 2234
15 205.6 213.5 218.8 225.5 234.4 243.7
20 213.0 225.9 235.7 2442 254.6 265.0
25 227.4 241.8 254.9 265.7 279.0 291.2
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Fig. 20. Relationship between ultimate load bearing capacity and steel ring thickness (a) 50 mm-length stainless steel

ring, (b) 100 mm-length stainless steel ring, (¢) 150 mm-length stainless steel ring.
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Fig. 21. Load-deflection relationship of specimens with a 32 mm dowel bar.

Table 8 Yield loads and initial stiffnesses of models with the stainless steel ring.

Specimen ID Yield load Ny (kN) Initial stiffness & (kN/mm)
32D4T5R50L 1343 116.85
32D4T10RS50L 149.4 121.33
32D4T15R50L 161.1 126.58
32D4T20RS50L 168.2 132.28
32D4T25R50L 172.2 139.89

As reported by other researchers, the maximum shear force transferred by the individual dowel bar ranging
from 5.85 kN to 20 kN with different subbase layers [2, 8, 14, 20, 22, 40, 46, 75]. Therefore, considering the
most critical case, 20 kN was regarded as the service load to evaluate the compressive stress. The maximum
normal contact stress in the concrete block, namely the peak compressive stress at joint surface, was obtained
from FEA and shown in Fig. 22. The range separated by dash lines is the stainless steel ring thickness. It should
be noted that contact stresses of specimen 25D, 32D as well as 38D exceed the concrete compressive strength,
which may induce the concrete bearing failure under repeated loads. However, after the application of the

stainless steel ring, the contact stress was reduced effectively and lower than the concrete compressive strength.
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Fig. 22. Maximum normal contact stress predicted from FEA under 20 kN. (a) models with 25 mm diameter dowel bar,

(b) models with 32 mm diameter dowel bar, (¢) models with 38 mm diameter dowel bar.

3.2 Stainless steel ring length

Apart from the stainless steel ring thickness, the length of the ring part also influences the ultimate load and
maximum compressive stress. With the long stainless steel ring, as shown in Fig. 23, the distribution of contact
stress within the dowel slot became more uniform. Thus, the concentrated compressive stress in concrete at
joint surface was reduced. Meanwhile, a close linear relationship was also observed between the ultimate load

and steel ring length with a higher coefficient of determination (R?) as can be seen from Fig. 24.
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Fig. 23. Longitudinal distribution of the normal contact stress along dowel slot (32 mm dowel bar).
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Fig. 24. Relationship between ultimate load bearing capacity and steel ring length (a) 25 mm dowel bar, (b) 32 mm dowel

bar, (¢) 38 mm dowel bar.

Furthermore, from Fig. 25, it is clearly found that the ultimate load displacement 4. increases with the stainless
steel ring length. Table 9 summarises the initial stiffness &, yield load Ny and displacement Ay as well as
ultimate load N, and the corresponding displacement 4, of models with the 25 mm thickness stainless steel
ring. Although comparable ultimate loads were achieved in specimens with different diameter dowel bars,
ultimate displacements 4. and ratios A./4y were totally different. The low initial stiffness and large A, and
Av/ Ay indicate the ultimate load is hard to be fully utilised unless with the large relative deflection between
adjacent slabs. As a result, to improve the driving comfortability and achieve an effective load transfer, 25 mm

diameter dowel bar is not suggested under heavy wheel loads.
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Fig. 25. Load-deflection relationship related to different dowel bar diameters and steel ring length.

Table 9 Deflection responses of specimens with the 25 mm thickness stainless steel ring.

Specimen ID k (kN/mm) Ny, (kN) A, (mm) N, (kN) A, (mm) A, /A,
50L 10031 115.1 1.92 192.4 13.55 7.06
25D25R 100L ' 120.3 2.18 218.3 16.75 7.68
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150L 123.9 245 245.6 20.99 8.57

50L 171.2 1.60 226.6 5.54 3.46
32D25R 100L 141.27 177.0 1.72 243.2 6.30 3.66
150L 181.3 1.83 258.5 7.76 4.24
50L 220.9 1.48 251.8 2.56 1.73
38D25R 100L 169.66 229.9 1.56 264.7 2.79 1.79
150L 243.7 1.72 291.2 3.54 2.06

3.3 Dowel bar diameter

The diameter of the dowel bar not only influences the ultimate load, but also has a huge impact on the joint
stiffness. Using large diameter dowel bars can increase the contact area between the steel and concrete and
therefore enhance the ultimate load. In addition, with the large flexural rigidity, models with the 38 mm
diameter dowel bar have high initial stiffnesses as displayed in Figs. 25 and 26. Although applying the stainless
steel ring can also improve the initial stiffness, this effect is not significant compared with increasing the dowel
bar diameter. Increasing the stainless steel ring thickness five times (from 5 mm to 25 mm) can enhance the
vertical stiffness by 19 percent while enlarging the dowel bar diameter by 50 percent (from 25 mm to 38) mm
increases the stiffness by near 70 percent. Besides, the failure mode of the model is also changed with the
dowel bar diameter. Compared with the model 25D and 32D, an obvious load drop was observed in model

38D which was caused by the initiation of the brittle shear cracks.
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Fig. 26. Load-deflection relationship of specimens with different dowel bar diameters.
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4. Evaluation of key parameters
Through the comprehensive FEA, key parameters affecting the structural behaviour of the stainless steel ring
strengthened removable dowel bar connection are assessed and compared. For the dowel bar diameter, this
factor has a significant impact on the improving the stiffness of the whole connection system. In terms of
stainless steel ring, this part is applied to improve the ultimate load and relieve the compressive concentration.
After applying the stainless steel ring, the contact area between concrete and steel is expanded and the induced
contact stress is reduced. Additionally, increasing the length of the stainless steel ring also promotes the
uniform distribution of contact stress within dowel slot and further reduces the normal contact stress at joint
surface.
5. Design recommendations
From both experimental tests as well as the comprehensive FEA, the structural behaviour of the stainless steel
ring strengthened removable dowel bar connection system has been thoroughly analysed. To instruct the design
of the stainless steel ring strengthened removable dowel bar connection system, Eqgs. (16) to (18) based on
close relationships between the stainless steel ring length, thickness and the ultimate load were derived to
predict ultimate loads of specimens with the stainless steel ring. The ultimate loads of specimens 25DA4T,
32D4T as well as 38D4T were also incorporated as constants in design equations, respectively. Close
predictions achieved by proposed equations are shown in dash lines of Fig. 24.
For specimens with 25 mm dowel bar,

N, = (0.00926t + 0.2155)1 + 0.0357t* + 1.498t + 111.4 (16)
For specimens with 32 mm dowel bar,

N, = (0.0134t + 0.043)L + 0.0394t% + 0.905¢t + 157.4 (17)
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For specimens with 38 mm dowel bar,
N, = (0.0169t + 0.0673)L + 0.0241t* + 0.88t + 178.4 (18)

where ¢ and / are the thickness and length of the stainless steel ring, respectively.

In addition to the ultimate load, the structural performance of the stainless steel ring strengthened removable
dowel bar connection under the service load also needs to be analysed. As plotted in Fig. 22, the normal contact
stress at joint surface was reduced with the stainless steel ring thickness. Normal contact stresses of models
with the stainless steel ring under 20 kN service load are summarised in Tables 10 to 12. To simplify the design,
average contact stresses of models with the same thickness stainless steel ring were adopted. As a result, a
power relationship was found between the normal contact stress and the diameter ratio d/do as expressed by
Eq. (19) and shown in Fig. 27, where oo,max 1s the referenced normal contact stress of the model with the dowel
bar; oy, max 1s the normal contact stress of the model strengthened by stainless steel ring; do and d are the dowel
bar diameter and the external diameter of the stainless steel ring, respectively. After obtaining normal contact
stresses of models 25D, 32D and 38D, it is possible to calculate the contact stresses of models with the stainless

steel ring following the power relationship proposed in Eq. (19).

_ 00,max

Jmax -

d
(d_o 15 (19)

Table 10 Normal contact stress of models with 25 mm diameter dowel bar (MPa).

Thickness (mm)

5 10 15 20 25
Length (mm)
25 33.43 24.34 18.74 14.96 12.73
50 33.09 23.98 18.39 14.49 12.00
75 32.64 23.74 17.81 14.05 11.14
100 32.30 23.23 16.96 13.20 10.45
125 32.14 22.69 16.54 12.72 9.94
150 31.98 22.49 16.36 12.38 9.83
Average 32.60 23.40 17.47 13.63 11.02
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294  Table 11 Normal contact stress of models with 32 mm diameter dowel bar (MPa).
Thickness (mm)

Length (mm) 5 10 15 20 25
25 24.02 18.67 15.73 12.55 10.62
50 23.81 18.37 15.14 12.37 10.45
75 23.68 18.17 14.74 12.18 10.23
100 23.55 17.88 14.19 11.52 9.62
125 23.46 17.73 13.82 11.13 9.23
150 23.35 17.66 13.56 10.87 9.04
Average 23.65 18.08 14.53 11.77 9.87
295
296  Table 12 Normal contact stress of models with 38 mm diameter dowel bar (MPa).
Thickness (mm)
Length (mim) 5 10 15 20 25
25 18.87 15.40 13.17 11.48 10.15
50 18.66 15.11 12.79 10.81 9.35
75 18.51 14.87 12.57 10.67 9.24
100 18.38 14.74 12.23 10.39 8.91
125 18.29 14.54 11.89 9.94 8.57
150 18.17 14.45 11.59 9.65 8.30
Average 18.48 14.86 12.37 10.49 9.09
297
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Fig. 27. Relationship between the normal contact stress and the diameter ratio.

298  To avoid the localised concrete bearing failure, the thickness of the stainless steel ring could be determined by
299  Egs. (19) after considering the allowable bearing stress. According to American Concrete Institute (ACI)

300  subcommittee 325 [76], the allowable bearing stress is related to the dowel bar diameter and expressed as Eq.
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(20). Where fy is the allowable bearing stress, fc is the concrete compressive strength, d is the dowel bar
diameter. In the finite element model, the concrete compressive strength is 31.92 MPa. Therefore, the
allowable bearing stress of models with the 25 mm, 32 mm as well as 38 mm diameter dowel bar are 31.92
MPa, 29.15 MPa and 26.64 MPa, respectively.
fo = fe(4—do/25.4)/3 (20)

However, the effects of concrete age as well as the number of loading cycles are not considered in Eq. (20).
To comprehensively analyse all factors, the allowable bearing stress proposed in CEB-FIP Model Code 2010
were used [63]. Firstly, the fatigue compressive strength of concrete f. f.« was calculated by Egs. (21) and (22)
considering the concrete age and cement type, where, fec(t)fc is the concrete compressive strength at different
age; s=0.2 when CEN 52.5 N cement is used; [ sus(t, to) is taken as 0.85 under fatigue loads. According to the
design codes, the new constructed rigid concrete pavement should be designed with 40 years’ service life and
to bear 10° to 10® cycles of wheel loads [2, 3, 77, 78]. Therefore, the corresponding fatigue concrete
compressive strength is 30.30 MPa. To ensure no concrete bearing failure after millions of cyclic wheel loads,
the allowable bearing stress was then determined by the typical S-N relationship of concrete under
compression as expressed from Egs. (23) to (27) and shown in Fig. 28. Where, N is the total number of loading
cycles; Scmax 18 the maximum compressive stress ratio which is determined by the maximum compressive
stress at joint surface under 20 kN and Se.min is equal to 0. Therefore, considering 10° to 10® loading cycles, the
allowable bearing stress ranges from 13.64 MPa to 17.80 MPa. Then the corresponding stainless steel ring

thickness is calculated following Egs. (19).

_ fe
fc,fat - ﬁcc(t)fcﬁc,sus (t: to) (1 - m) (21)

0.5
e =enfs|1-(3) |} )

M-26/37



8
log N = m(sc,max —1) (logN < 8) (23)

8 ln(lo) Sc max ~ Sc min
logN =8+ ———(Y — S, 4in ) log| —————— ] (logN > 8 24
g 7D (Y = Scmin) g( Y —Somn (log ) (24)
0.45 + 1.8S. i
_ c,mln2 (25)
1+ 1.85. min — O'BSc,min
Sc,max = |Gc,max|/fc,fat (26)
Sc,min = |Gc,min|/fc,fat (27)
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Fig. 28. Typical S-N relationship of concrete under compression.

320 6. Conclusion

321  Inthis paper, detailed FEA of the stainless steel ring strengthened removable dowel bar connection system has
322 been conducted. Finite element models were validated against the experimental results in terms of failure
323 modes and load-deflection relationships. After validation, a total 90 models were developed and parameters
324  including the stainless steel ring thickness, length as well as the dowel bar diameter were comprehensively
325  analysed. From the parametric analysis, some conclusions could be summarised as follows.

326 1. The large diameter dowel bar (38 mm) could improve the vertical stiffness and ultimate load of the
327 connection system. While a different failure mode, namely brittle shear cracks, are observed in specimen

328 with the 38 mm diameter dowel bar.
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2. The stainless steel ring expands the contact area between steel and concrete and effectively relieves the
compressive stress concentration. Therefore, the ultimate load is increased and the maximum compressive
stress under service load is reduced.

3. Close relationships are found between the ultimate load and the stainless steel ring length and thickness,
respectively.

4. The ultimate load of specimens with the 25 mm diameter dowel bar and the stainless steel ring cannot be
fully utilised in practice due to the large ultimate displacement Ay and the ultimate to yield displacement
ratio Au/Ay.

5. A close relationship is found between the maximum concrete compressive stress and stainless steel ring
thickness under 20 kN service load.

According to the observations from the parametric analysis, equations to predict the ultimate load and the

maximum compressive stress under service load are proposed. The design of removable dowel bar connection

system could follow these equations to evaluate the ultimate load of specimen under ultimate limit state (ULS)
and assess the concrete compressive behaviour under 20 kN service limit state (SLS). Through this two-stage
design, the design of removable dowel bar connection systems will be more durable.
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