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Abstract 7 

Traditional jointed plain concrete pavement (JPCP) systems cannot be reused 8 

after grouting fast-setting materials in the dowel slot. To achieve demountability, 9 

a removable dowel bar connection system is proposed in this paper. The severe 10 

stress concentration occurring in JPCP systems is mitigated by applying a 11 

stainless steel ring at the pavement joint surface. In the monotonic loading tests, 12 

different stainless steel ring thicknesses, lengths and the stainless steel tube 13 

thicknesses were considered. The effect of the stainless steel ring on the 14 

structural performance of the removable dowel bar connection system was 15 

studied in terms of the failure mode, the deflection response, ductility and the 16 

strain distribution and development. Besides, after being validated against 17 

experimental test results, the developed finite element model was used to 18 

conduct the extended parametric analysis, in which a close relationship was 19 

found between the ultimate load and the stainless steel ring length. To prevent 20 

the localised crushing failure, the maximum compressive stress at the joint 21 

surface was compared with the allowable bearing stress under service load. By 22 

using FEA data, an empirical equation was finally proposed to predict the 23 

ultimate loads of specimens with the proposed connection system. 24 
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1. Introduction 28 

Nowadays, well-developed highway systems with high traffic volume gradually call for 29 

urgent pavement maintenance and reconstruction since pavements constructed with less 30 

durable materials such as asphalt and early-strength concrete are susceptible to damage within 31 

5-10 years (Priddy et al. 2013, Tayabji et al. 2013, Smith and Snyder 2019). To repair damaged 32 

pavements, long-time road closures are necessary to ensure concrete to reach a sufficient 33 

strength level. It could be deduced that more than 160 billion Euros economic impacts will be 34 

caused by traffic congestion by 2025 (Cookson 2016). Besides, the Federal Transit 35 

Administration (FTA) within the U.S. Department of Transportation indicated that more than 36 

10 percent traffic jams were attributed to road works (DoT and FHWA 2006). Therefore, fast 37 

pavement maintenance and construction techniques become gradually important. Precast 38 

concrete pavement (PCP), which allows prefabricated units to be fabricated and assembled 39 

off-site, has been developed for nearly 40 years (Tayabji et al. 2013, Smith and Snyder 2019). 40 

Once precast elements reach sufficient strength, they will be transported to the construction 41 

site and installed on prepared subbases (Olidis et al. 2010, Tayabji et al. 2013, Novak et al. 42 

2017, Smith and Snyder 2019). According to traffic data collected by the Missouri Department 43 

of Transportation (DOT), the traffic closure caused user costs have been reduced by 25% after 44 

applications of precast concrete pavements (Gopalaratnam et al. 2006). Compared with cast-45 

in-situ concrete pavements, specific benefits of precast concrete pavement (PCP) technology 46 
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are introduced as follows: 47 

o Better quality and curing condition. Concrete is cast and cured under controlled 48 

temperature and moisture. All casting works are carried out by experienced workers with 49 

advanced equipment (Tsuji 1996, Merritt and Tayabji 2009, Tayabji et al. 2013, Smith and 50 

Snyder 2019, Syed and Sonparote 2020). 51 

o Minimal weather and climate restrictions. Cast-in-situ works cannot be conducted under 52 

low temperatures and with rainfalls. However, as prefabricated pavements are 53 

manufactured in factories, the effects of temperature and weather are minimised (Tayabji 54 

et al. 2013, Novak et al. 2017, Smith and Snyder 2019, Vaitkus et al. 2019). 55 

o Short road closure. Due to no onsite concrete curing, construction and repair works can 56 

be started at midnight and finished in the morning (Schexnayder et al. 2007, Chen and 57 

Chang 2015, Syed and Sonparote 2017, Vaitkus et al. 2019). 58 

o Higher constructability. Advanced equipment and techniques available in precast concrete 59 

pavement (PCP) technology improve construction efficiency (Priddy et al. 2013, Tayabji 60 

et al. 2013). 61 

o Higher concrete durability. Precast concrete units are always equipped with extra 62 

reinforcements to reduce damages during transportation and installation. Longitudinal 63 

and transverse concrete cracks can also be tightened by reinforcements (Priddy et al. 2013, 64 

Tayabji et al. 2013, Smith and Snyder 2019).  65 

In the current pavement industry, PCP technology is generally applied in pavement 66 
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maintenance, reconstruction and new pavement construction (Priddy et al. 2013, Syed and 67 

Sonparote 2020). The high durability of precast units makes them more reusable in different 68 

applications. Regarding widely used jointed precast concrete pavement (JPrCP) systems, their 69 

performances primarily depend on the pavement joint design (Tayabji et al. 2013, Smith and 70 

Snyder 2019). To reduce the stress and deflection induced in the loaded pavement slab, epoxy-71 

coated steel dowel bars are commonly used as load transfer devices to transfer a portion of 72 

load to the unloaded slab (Murison et al. 2005, Porter and Pierson 2007, Shoukry et al. 2007, 73 

Tayabji et al. 2013, Al-Humeidawi and Mandal 2014, El-Maaty et al. 2017, Al-Humeidawi 74 

and Mandal 2018, Keymanesh et al. 2018, Smith and Snyder 2019). However, in spite of 75 

widespread use for nearly a century (Teller and Cashell 1959), there are still critical issues that 76 

deteriorate the joint performance under wheel loads. 77 

o Dowel bar steel corrosion: under fatigue load, thin epoxy coatings are easy to be worn, 78 

which then leads to the chloride ion exchange and the corrosion of steel (Shoukry et al. 79 

2002, Murison 2004, Murison et al. 2005, Al-Humeidawi and Mandal 2014, Hu et al. 80 

2017). 81 

o No free movement: steel corrosion and the dowel bar misalignment will create lock-in 82 

stress in concrete pavements. Therefore, the free sliding of dowel bars is restricted, 83 

resulting in transverse cracks as concrete shrinks due to moisture and temperature changes 84 

(Maitra et al. 2009, Tayabji et al. 2013, Smith and Snyder 2019).   85 

o Higher stress concentration: under vertical load, four critical zones form in concrete in 86 
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the vicinity of the dowel bar. The severe compressive stress concentration at the top and 87 

the bottom of the dowel slot will result in the localised concrete crushing (Harrington 88 

2006, Khazanovich et al. 2006, Porter and Pierson 2007, Al-Humeidawi and Mandal 2014, 89 

Mackiewicz 2015a). Then the significant tensile stress concentration at two sides of the 90 

dowel bar will lead to the initiation of microcracks (Friberg et al. 1939, Shoukry et al. 91 

2002, Riad et al. 2009, Li et al. 2012, Mackiewicz 2015b, Mackiewicz and Szydło 2020).  92 

Figure 1 shows the distributions of compressive and tensile stress within the dowel slot under 93 

vertical load. As the stress distribution is symmetric, only half of the tensile stress distribution 94 

is plotted.  95 

[Figure 1 near here]To avoid the above-mentioned critical issues, pavement joints 96 

should be carefully designed to construct long-life precast concrete pavement systems 97 

(Smith and Snyder 2019). To avoid corrosion-related issues, corrosion-free materials 98 

such as stainless steel and fibre reinforced polymer (FRP) were suggested to fabricate 99 

dowel bars (Eddie et al. 2001, Murison et al. 2005, Khazanovich et al. 2006, Porter and 100 

Pierson 2007, Al-Humeidawi and Mandal 2014, Benmokrane et al. 2014). For relieving 101 

the severe compressive and tensile stress concentrations, pavement connections must 102 

be designed with a large contact area between concrete and steel such as using elliptical 103 

and plate dowel bars (Porter and Center 2006, Porter and Pierson 2007, ACPA 2008).  104 

Additionally, demountability is also a potential requirement especially in the design of 105 

reusable concrete pavement systems. In traditional JPrCP systems, a fast-setting grouting 106 
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material is employed to fill the dowel bar slot (Tayabji et al. 2013, Smith and Snyder 2019). 107 

Once suffering damages within the service life, the hardened fast-setting material is hard to 108 

be removed, which causes difficulties in the pavement slab replacement. Therefore, precast 109 

concrete pavement systems should be designed with demountable pavement connections that 110 

allow for the flexible installation and replacement of individual pavement slabs. 111 

The objective of the paper is to propose a new removable dowel bar connection system that 112 

relieves the severe stress concentration at the joint surface and achieves demountability. Figure 113 

2 introduces the research methodology for the design of the removable dowel bar connection 114 

system. The configuration of the removable dowel bar connection is designed to minimise the 115 

deficiencies of the traditional dowel bar connection and make full use of the merits of precast 116 

concrete pavement technology. Concrete blocks equipped with the removable dowel bar 117 

connection are then evaluated experimentally under the monotonic load in terms of the 118 

ultimate load and the strain development and distribution. Meanwhile, after being validated 119 

against test data, the comprehensive finite element analysis (FEA) is also conducted to further 120 

investigate the effects of the stainless steel ring on the ultimate load improvement and the 121 

mitigation of stress concentration. According to the test results and the FEA data, an analytical 122 

expression in predicting the ultimate load is put forward and the maximum concrete 123 

compressive stress at the joint surface is compared with the allowable bearing stress to prevent 124 

the localised crushing failure.  125 

[Figure 2 is here] 126 
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2. Configuration and materials  127 

2.1. Configuration 128 

The components of the removable dowel bar connection system include the stainless steel 129 

dowel bar, the stainless steel tube and the stainless steel ring. The main role of each part is 130 

introduced as follows: 131 

o Stainless steel dowel bar: Transfer shear forces between the loaded and the unloaded 132 

pavement slabs. 133 

o Stainless steel tube: Create space for the movement of the stainless steel dowel bar and 134 

achieve demountability. 135 

o Stainless steel ring: Increase the contact area between concrete and steel to relieve stress 136 

concentration and improve the ultimate load.   137 

As corrosion-related issues are severe in the application of traditional epoxy-coated steel 138 

dowel bars especially in harsh environments, 304 authentic stainless steel with the high 139 

corrosion-resistance ability was used to manufacture each component of the removable 140 

pavement connection system. Figure 3(a-d) shows the constitutions of the removable dowel 141 

bar connection system. Before concrete casting, the stainless steel tube and the stainless steel 142 

ring were welded together and fixed inside the timber formwork by the stainless steel dowel 143 

bar at the front and by welded rebars at the end. Specific arrangements of the stainless steel 144 

ring and the stainless tube are shown in Figure 3(e,f).  145 

[Figure 3 near here] 2.2 Material properties 146 
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2.2.1. Concrete  147 

The concrete mixing proportion is shown in Table 1, with the water-cement ratio w/c equal to 148 

0.6 and the cement grade CEM I 52.5N. Two types of granite coarse aggregates that had 149 

different maximum aggregate sizes were used in the concrete mixing and the geometric 150 

property of the fine aggregate followed BS EN 933-1 (2012). The target cylinder compressive 151 

strength was 30 MPa to meet the requirement proposed in relevant pavement design codes 152 

(AASHTO 1993, Tayabji et al. 2013, Smith and Snyder 2019). 153 

[Table 1 is near here] 154 

Complying with BS EN 12390-3 (2019), BS EN 12390-4 (2019) and BS EN 12390-5 (2019), 155 

concrete cylinders and prisms were prepared together with test specimens to evaluate concrete 156 

material properties. The workability of the fresh concrete was assessed by implementing the 157 

slump test following BS EN 12350-2 (2009). 120 mm slump showed higher workability of 158 

the fresh concrete. Relevant material properties of the normal strength concrete are 159 

summarised in Table 2.  160 

Figure 4(a) shows the wet concrete after concrete casting. A 4 mm thick plastic sheet was 161 

inserted into the slot of the stainless steel tube before concrete casting to create a top slot in 162 

the concrete block. The plastic sheet was pulled out after curing for approximately 6 h. 163 

Concrete specimens were demoulded after three days and then cured till the test days. The 164 

hardened concrete block with a top slot is displayed in Figure 4(b). 165 

[Figure 4 near here] 166 
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[Table 2 is near here]  167 

2.2.2. Stainless steel 168 

Two types of coupons were prepared and tested to investigate the material properties of the 169 

304 authentic stainless steel. Curved coupons with a width of 5 mm along the 25 mm gauge 170 

length were extracted from stainless steel tubes. The dimensions of the circular coupons milled 171 

from the stainless steel dowel bar were determined according to BS EN ISO 6892-1 (2016) 172 

and ASTM E8M (2021) with a 10 mm diameter along the 50 mm gauge length. 173 

Tensile coupon tests were conducted using Instron 5982 electro-mechanical high force 174 

universal testing system with a capacity of 100 kN. The curved coupon and test setup are 175 

shown in Figure 5(a). Two strain gauges attached at both sides of the coupon were used to 176 

acquire the modulus of elasticity at the initial stage. The video extensometer at the left side 177 

was then used to monitor the change in the distance between two dots and to derive the full-178 

range tensile stress-strain curve. Figure 5(b) shows the circular coupon and the corresponding 179 

test arrangement. The stress-strain relationships of stainless steel are plotted in Figure 6. 180 

Ductile performance was achieved with elongations of more than 45% at fracture. Specific 181 

material properties such as the modulus of elasticity Es, the yield strength fy(0.2), the ultimate 182 

strength fu as well as the elongation at fracture f are summarised in Table 3. For the stainless 183 

steel ring, as it is difficult to manufacture coupons from the ring specimens, the referenced 184 

material properties provided by the manufacturer were adopted. 185 

[Figure 5, 6 near here] 186 
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[Table 3 is near here] 187 

3. Demountability analysis 188 

Since the main aim of proposing the removable dowel bar connection is to achieve 189 

demountability. The individual pavement slab installation and replacement must be achieved. 190 

Regarding the installation procedure, firstly, a stainless steel dowel bar is inserted into one 191 

pavement slab. Then after placing the other pavement slab in the right location, from the top 192 

slot, the installed dowel bar is pushed into the adjacent slab using a long L-shape steel plate. 193 

These specific installation procedures are displayed in Figure 7. When the dowel bar moves 194 

to the target location, the top slot will be covered with a thin plastic sheet which can also be 195 

removed when the pavement slab needs to be replaced.  196 

In terms of the individual pavement slab replacement, firstly removing the thin plastic sheet, 197 

then the L-shape steel plate is utilised to push the dowel bar into the adjacent pavement slab. 198 

After that, the damaged pavement slab is lifted vertically and replaced with a new one. To 199 

clearly describe the removal procedure, Figure 8 is drawn and the detailed layout inside the 200 

concrete block is visualised by adjusting the transparency of the concrete block. 201 

[Figure 7, 8 near here] 202 

4. Test methodology 203 

4.1. Test specimens and setup 204 

To evaluate the structural performance of the proposed removable dowel bar connection 205 

system, the monotonic loading test was conducted in the Structural Engineering Lab of The 206 
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Hong Kong Polytechnic University using a 500 kN hydraulic actuator. The proposed test 207 

matrix, including the specimen ID and the dimension of each component, is listed in Table 4.  208 

In the test matrix, both 10- and 20-mm-thick stainless steel rings were included to evaluate 209 

the effects of stainless steel ring thickness on the alleviation of the stress concentration and 210 

improving the ultimate load. And the length of the stainless steel ring was also studied because 211 

the dowel bar deformed nonuniformly within the dowel slot. While the dimension of the 212 

stainless steel dowel bar in experiments followed the design guides, with a diameter of 32 mm 213 

and a length 460 mm (AASHTO 1993, ACI Committe 325 2002, Tayabji et al. 2013, Smith 214 

and Snyder 2019). To consider the installation-related issues, steel tubes may not be laid 215 

horizontally before concrete casting. Upward and downward misalignments possibly occurred, 216 

as shown in Figure 9. These misalignments could be solved by employing a steel tube with 3 217 

mm thickness and the gap between the dowel bar and the stainless steel tube provided a certain 218 

tolerance for the installation. Therefore, structural performances of specimens with the 3 mm-219 

thick stainless steel tube were also tested and compared with standard specimens with the 4 220 

mm-thick tube.  221 

[Figure 9 near here] 222 

[Table 4 is near here] 223 

Research by others indicated that the shear force distribution in dowel bars along the 224 

transverse joint followed the linear or parabolic relationship (Friberg et al. 1939, Tabatabaie 225 

and Barenberg 1978, Maitra et al. 2009). Transferred shear forces decreased with the increase 226 
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of the distance from the wheel load. The transverse shear force distribution was also 227 

influenced by various parameters including the concrete slab thickness, the concrete 228 

compressive strength, the modulus of dowel support, the dowel bar length and spacing, the 229 

dowel bar load transfer efficiency, the dowel bar looseness and the pavement support reaction 230 

(Guo et al. 1995, Davids et al. 2003, Maitra et al. 2009, Mackiewicz 2015a). Therefore, it was 231 

difficult to comprehensively assess all these aspects and the best way to evaluate the dowel 232 

bar connection is to focus on the most critical case, namely the maximum load transferred 233 

without any damage to an individual connection. Therefore, to determine the critical load, the 234 

AASHTO T253 method, proposed by the American Association of State Highway and 235 

Transportation Officials (AASHTO 1993), was suggested to test epoxy-coated dowel bars. 236 

Since the subbase layer under pavements only affected the load transferred to the adjacent slab 237 

while having less effect on the pavement joint performance under wheel load, there was no 238 

subbase under the loaded concrete block in the AASHTO T253 method as shown in Figure 239 

10. The load transferred by each dowel bar is equal to half of the applied vertical load. To 240 

focus on the shear deformation of the concrete block, the AASHTO T253 method was 241 

improved to the modified AASHTO T253 method as shown in Figure 11. The uniformly 242 

distributed load was replaced by the concentrated forces at joints and no additional bending 243 

deformation was induced in the loaded block, which was more similar to the actual loading 244 

condition (Porter and Pierson 2007). However, in these two test methods, an unexpected 245 

twisting may occur in the loaded block under vertical load. To solve this issue, the elemental 246 

block test was adopted to analyse the individual connection (Li et al. 2012, Al-Humeidawi 247 
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and Mandal 2014). Figure 12 describes the test setup and the dimension of the concrete 248 

specimen was 700 mm × 300 mm × 250 mm. 250 mm was the common thickness of concrete 249 

pavements and 300 mm was the same as the dowel bar spacing proposed in design codes 250 

(AASHTO 1993, Tayabji et al. 2013, Smith and Snyder 2019). The roller support was located 251 

at 100 mm from the concrete block end and the 400 mm × 50 mm × 50 mm rectangular steel 252 

block was placed on the top surface of the block and next to the joint surface to exert vertical 253 

load. To support the dowel bar outside the concrete block, a vertical abutment was used and 254 

tightened to the bottom rigid support by using high-strength bolts. A 13 mm gap was 255 

considered between joint surface and the supporting device following the maximum joint 256 

width in the jointed concrete pavement design (AASHTO 1993, Tayabji et al. 2013). As the 257 

distance between joint and roller support was far larger than that between the loading point 258 

and the joint surface, the induced bending deformation in the concrete block could be ignored. 259 

The monotonic loading test was carried out with the deflection-controlled loading rate of 0.12 260 

mm per minute. A low loading rate could accurately capture the cracks and crushing initiation 261 

and development.  262 

[Figure 10, 11 and 12 near here] 263 

4.2. Data measurement  264 

Under vertical load, the severe stress concentration led to concrete macrocracks and the 265 

localised concrete crushing around the dowel bar (Friberg et al. 1939, Heinrichs et al. 1989, 266 

Guo et al. 1993, Shoukry et al. 2002, Li et al. 2012, Bronuela et al. 2015, Mackiewicz 2015a). 267 
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To evaluate the strain distribution in concrete around the dowel bar, 10 mm strain gauges were 268 

mounted along the hoop direction of the pavement connection and vertically along the 269 

pavement slab middle line as Figure 13 shows. To assess the stress state far from the 270 

connection, 20 mm strain gauges were mounted at 10 mm from the connection side and the 271 

distance between 30 mm strain gauges and the pavement connection side was 30 mm. The 272 

vertical deformation of the concrete and dowel bar was measured by Linear Variable 273 

Displacement Transducers (LVDTs) located at the sides of the concrete block as shown in 274 

Figure 14. The vertical deflection of the concrete pavement was determined as the average of 275 

side deflections. 276 

[Figure 13, 14 near here] 277 

5. Discussion of results 278 

5.1 Failure modes 279 

With the increase of the vertical load, three different failure modes were observed in 280 

experiments: concrete crushing failure, concrete tensile cracks and concrete side shear cracks.  281 

Concrete crushing failure had been pointed out by researchers in previous experimental works 282 

(Guo et al. 1993, Eddie et al. 2001, Murison et al. 2005, Porter and Pierson 2007, Li et al. 283 

2012, Al-Humeidawi and Mandal 2014, Benmokrane et al. 2014, Bronuela et al. 2015, Hu et 284 

al. 2017, Zuzulova et al. 2020). For each specimen, the localised concrete crushing initially 285 

occurred on the top of the pavement connection and then expanded as the load increased. This 286 

type of failure was found in each specimen as displayed in Figure 15. Although the concrete 287 
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crushing failure was severe at the end of the test, it still belonged to a ductile failure as the 288 

load drop in specimens failed by concrete crushing such as 32D, 32D3T and 32D3T10R100L 289 

was not significant.  290 

[Figure 15 near here]  291 

Horizontal tensile cracks initiated in surrounding concrete around the dowel bar were first 292 

mentioned by Friberg et al. (1939). Because of low tensile strength, concrete tensile cracks 293 

occurred at both sides of the pavement connection under a small load. With the increase of the 294 

vertical load, cracks then propagated horizontally and became macrocracks. As stressed by 295 

black lines, Figure 16 captures major tensile cracks generated in specimen 32D and other 296 

specimens.  297 

[Figure 16 near here]  298 

Due to the expanded contact area created by the stainless steel ring, the localised crushing 299 

zone was enlarged and the ultimate load was thus improved. After reaching the peak load, the 300 

expanded crushing zone around the connection impaired the shear resistance of the concrete 301 

and then led to the brittle shear failure. Apart from specimens 32D, 32D3T and 302 

32D3T10R100L, other specimens failed suddenly due to the formation of shear cracks at both 303 

sides as shown in Figure 17, which initiated on the top surface and then propagated 304 

downwards.  305 

[Figure 17 near here]    306 

5.2 Effects of the stainless steel ring on the deflection response 307 
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Figure 18 plots the load-deflection relationships of 3T and 4T specimens and the initial 308 

stiffness of each specimen is summarized in Table 5. It was found that the specimen with the 309 

traditional dowel bar connection had a high initial stiffness because of the direct contact 310 

between concrete and steel. While for specimens 32D4T and 32D3T, the small gap between 311 

the stainless steel dowel bar and the stainless steel tube reduced the modulus of dowel support 312 

and caused a low initial stiffness. However, as the modulus of elasticity of stainless steel was 313 

more than six times larger than that of the normal strength concrete, applying the 10- and 20 314 

mm-thick stainless steel rings could improve the initial stiffness. Due to the large gap between 315 

the dowel bar and the stainless steel tube, the initial stiffnesses of 3T specimens were lower 316 

than those of 4T counterparts in most cases. 317 

As the main role of the stainless steel ring was to expand the contact area between concrete 318 

and steel, the effect of the stainless steel ring on the ultimate load was also investigated. The 319 

ultimate load of each specimen and the load ratio compared with the traditional dowel bar 320 

connection case are summarised in Table 5. For specimen 32D, the maximum load bearing 321 

capacity was 126.97 kN. After employing the stainless steel ring, the maximum load bearing 322 

capacity of specimens had improved significantly. Equipped with the 10 mm-thick stainless 323 

steel ring, the ultimate load was enhanced by more than 40% and up to 100% increment was 324 

achieved once strengthened by the 20 mm thick stainless steel ring. 325 

[Figure 18 near here] 326 

[Table 5 is near here] 327 
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5.3 Ductility evaluation 328 

To assess the ductility of each specimen, all specimens were divided into two categories. As 329 

there was no brittle shear crack found in specimens 32D, 32D3T and 32D3T10R100L at the 330 

end of experiments, the load drop within the post-peak stage of the load deflection curve was 331 

not obvious, thereby leading to the ductile performance. However, to compare the ductile 332 

performance of specimens failed by brittle shear cracks, as defined in Figure 19, the 333 

displacement ductility ratio was considered and determined by the deflection at the peak load 334 

divided by the yield deflection which was corresponding to the vertical deflection at the 335 

intersection of the tangents of the load deflection curve at the initially elastic stage and the 336 

horizontal line passing the ultimate load (Park 1989, Azizinamini et al. 1999), where, O is the 337 

intersection point; y and u are the yield displacement and the displacement at the ultimate 338 

load, respectively; Ny and Nu are the yield and the ultimate load, respectively. The yield 339 

displacement, the displacement at the ultimate load as well as the displacement ductility ratio 340 

for each specimen was listed in Table 6. Compared with specimens with the stainless steel 341 

ring of 50 mm length, the longitudianl distribution of the concrete bearing stress was more 342 

uniform after applying the 100 mm long stainless steel ring. The development of the concrete 343 

crushing zone at the joint surface was thus effectively mitigated.  344 

[Figure 19 near here] 345 

[Table 6 is near here]  346 

5.4 Effects of the stainless steel ring on the strain distribution and development 347 
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The strain distribution and development were assessed under service load. For an individual 348 

dowel bar, as reported by other researchers, the maximum transferred shear forces ranged from 349 

5.85 kN to 20 kN considering different types of subbase layers (Murison et al. 2005, Maitra 350 

et al. 2009, Tayabji et al. 2013, Al-Humeidawi and Mandal 2014, Hu et al. 2017, Mackiewicz 351 

and Szydło 2020, Yin et al. 2020, Zuzulova et al. 2020). Similarly, assuming that half of the 352 

load was transferred by the dowel bar under the wheel, 20 kN load should be transferred by 353 

each dowel bar after considering the 80 kN equivalent single axle load (ESAL) (AASHTO 354 

1993, Tayabji et al. 2013). 355 

5.4.1 Compressive strain 356 

As indicated in the data measurement section, strain gauges CC1-CC3 were attached on the 357 

top of the pavement connection to evaluate the compressive strain distribution and 358 

development. Under 20 kN service load, the distribution of compressive strain of 4T and 3T 359 

specimens is shown in Figure 20. Dash lines indicated the locations of strain gauges CC1, 360 

CC2 and CC3 from the edge of the stainless steel ring, respectively. For specimen 32D, the 361 

compressive strain measured by CC1 was extremely larger than those measured by CC2 and 362 

CC3, resulting in the severe compressive stress concentration at the joint surface under service 363 

load. However, after incorporating the stainless steel ring, for both 3T and 4T cases, the 364 

compressive stress concentration was effectively relieved as verified by the reduced 365 

compressive strain and the linear strain distribution. 366 

[Figure 20 near here]  367 
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As for the compressive strain development, owing to the large contact area, the employment 368 

of the stainless steel ring could slow down the development of compressive strain. Figure 21 369 

plots the development of the compressive strain evaluated by strain gauge CC1 as the vertical 370 

load increased. The rate of the compressive strain development was defined as the slope of 371 

the load compressive strain curve determined through the linear regression analysis as 372 

summarised in Table 7. It was noted that the rate of compressive strain development of 373 

specimen 32D was the highest among all specimens. While after applying the stainless steel 374 

ring, the rate of the compressive strain development had been reduced effectively. The relative 375 

rate listed in the last column of Table 7 evaluated the strain development rate of each specimen 376 

in contrast to specimen 32D. A large relative rate represented the slow development of the 377 

compressive strain. 378 

[Figure 21 near here] 379 

[Table 7 is near here] 380 

5.4.2 Tensile strain 381 

Similar to the compressive strain, tensile strains measured in strain gauges could also be used 382 

to study the tensile strain distribution and development. 10 mm-strain gauges were adopted to 383 

measure the hoop tensile strain and 20 mm and 30 mm-strain gauges to evaluate the horizontal 384 

distribution of tensile strain. Table 8 shows the tensile strain measured in each strain gauge 385 

and the location of the maximum hoop tensile strain under 20 kN service load. 10 mm, 20 mm 386 

as well as 30 mm in the table indicated lengths of strain gauges. It was found that the 387 
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application of the stainless steel ring played an important role in alleviating the tensile stress 388 

concentration. In Figure 22(a), specimen 32D shows a nonlinear tensile strain distribution and 389 

the maximum tensile strain concentrated at the sides of the dowel bar is extremely larger than 390 

the concrete crack strain. While with the application of the stainless steel ring, from Figure 391 

22(c) to (f), more linear strain distributions were observed and maximum tensile strains were 392 

significantly reduced. 393 

[Figure 22 near here]  394 

[Table 8 is near here] 395 

The development of the maximum concrete tensile strain was plotted for each specimen as 396 

shown in Figure 23. The maximum tensile strain considered in the tensile strain development 397 

was 2000  10-6, twice the tensile strain entering the highly inelastic cracking state (Prabhu et 398 

al. 2007). The tensile strain development before 2000  10-6 could be briefly divided into two 399 

stages. The first stage was the uncracked stage with no microcracks initiation and a lower rate 400 

of tensile strain development. The second stage referred to the strain development stage. 401 

Within this stage, some microcracks initiated and then gradually propagated. For specimen 402 

32D, the uncracked stage could be ignored and microcracks initiated under a low load. 403 

However, after employing the stainless steel ring, the uncrack stage became obvious and thus 404 

fewer microcracks appeared under service load. Therefore, the stainless steel ring was 405 

suggested to be adopted to alleviate the propagation of microcracks. 406 

[Figure 23 near here]  407 
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In this section, the effect of the stainless steel ring on strengthening the removable dowel bar 408 

connection was studied from the compressive and tensile strain perspectives. It was concluded 409 

that the stainless steel ring had a significant impact on relieving stress concentration and 410 

creating a linear strain distribution under service load.  411 

6. Finite element analysis 412 

Apart from experiments, FEA was also conducted using the commercial finite element 413 

analysis software ABAQUS to further investigate the structural performance of the stainless 414 

steel ring strengthened removable dowel bar connection system (ABAQUS 6.14 2014). As the 415 

gap between the stainless steel dowel bar and the stainless steel tube may induce convergence 416 

issues, all models were developed with the 4 mm thick stainless steel tube to eliminate gaps. 417 

6.1 Finite element model 418 

The configuration of the finite element model followed the actual specimen dimension in the 419 

tests. Each part of the model was simulated with three-dimensional solid elements with 420 

reduced integration (C3D8R). Figure 24 shows each component and the whole model after 421 

assembly. The interaction between each part was simulated by the surface-to-surface contact 422 

with the normal behaviour modelled by the ‘hard contact’ without penetration allowed. The 423 

tangential behaviour was modelled by the ‘penalty’ friction formulation with a specific 424 

frictional coefficient. According to the FEA conducted by Al-Humeidawi and Mandal et al. 425 

(2022), the friction coefficient between steel and concrete was 0.35. Then to simulate the 426 

tangential contact behaviour between lubricated steel surfaces, the corresponding friction 427 
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coefficient was adjusted to 0.15 as recommended by Velkavrh et al. (2011) and Pijpers et al. 428 

(2020).  429 

[Figure 24 near here]  430 

The boundary conditions of the finite element model followed the real test setting. To simplify 431 

the model and avoid convergence issues, the roller support in the FE model was replaced by 432 

the coupling constraint to the reference point RP-1 as shown in Figure 25(a). The displacement 433 

along Y axis U2, along Z axis U3, and the rotation about X axis UR1 as well as about Z axis 434 

UR3 were restricted. For the fixing device, all degrees of freedom of the bottom surface were 435 

constrained as displayed in Figure 25(b). As shown in Figure 25(c), the displacement-436 

controlled vertical load was exerted to the loading block by the coupling constraint to the 437 

reference point RP-2.  438 

[Figure 25 near here]  439 

6.2 Concrete material modeling 440 

The concrete damaged plasticity (CDP) model, proposed by Lubliner et al (1989) and 441 

modified by Lee and Fenves (1998), available in ABAQUS was used to simulate the complex 442 

behaviour of concrete. In the CDP model, the behaviour of concrete under uniaxial 443 

compression and tension was firstly defined. The uniaxial compressive stress-strain 444 

relationship of concrete could be divided into two stages, namely the linear elastic stage and 445 

the nonlinear plastic stage. For the linear elastic stage, before 0.4fc, compressive stress 446 

increased proportionally to the compressive strain, where fc is the cylinder compressive 447 
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strength of concrete. The corresponding secant modulus of elasticity Ec, determined from the 448 

origin to 0.4fc, was regarded as the modulus of elasticity of concrete in the CDP model. In 449 

terms of the nonlinear plastic stage, Equations (1)-(3) proposed in CEB-FIP Model Code 2010 450 

were adopted (CEB-FIP 2010), where, c is the concrete compressive stress; c is the 451 

compressive strain; cl is the compressive strain at the cylinder compressive strength; Eci is 452 

the tangential modulus of elasticity of concrete at the origin; Ecl is the secant modulus of 453 

elasticity of concrete from the origin to the compressive strength; k is the plasticity number. 454 

The limited compressive strain c,lim was the strain at 0.5fc within the post peak stage. For the 455 

descending stage beyond the limited strain, Equations (4) and (5) suggested in CEB-FIP 456 

Model Code 1990 were used (CEB-FIP 1993). All material parameters related to concrete 457 

under the uniaxial compression are summarised in Table 9 and the full stress-strain curve is 458 

described in Figure 26. 459 
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[Figure 26 near here]  460 

[Table 9 is near here] 461 
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In terms of the uniaxial tensile behaviour of concrete, the stress-crack width independent of 462 

the mesh size was suggested. Before reaching the uniaxial tensile strength, the linear elastic 463 

behaviour was defined. Regarding the descending stage, the bilinear stress versus crack width 464 

relationship in CEB-FIP Model Code 2010 was used as expressed from Equations (6) to (10) 465 

(CEB-FIP 2010), where, ft is the uniaxial tensile strength of concrete; ct is the concrete tensile 466 

stress; w is the crack width; wt is the transition crack width; wc is the crack opening width. 467 

Table 10 lists the material properties of concrete under uniaxial tension and the bilinear stress-468 

crack width curve in the CDP model is depicted in Figure 27. 469 

 𝜎ct = 𝑓t (1.0 − 0.8
𝑤

𝑤1
)  𝑓𝑜𝑟 𝑤 ≤ 𝑤t (6) 

 𝜎ct = 𝑓t (0.25 − 0.05
𝑤

𝑤1
)  𝑓𝑜𝑟 𝑤t < 𝑤 ≤ 𝑤c (7) 

 𝐺F = 0.73𝑓c
0.18 (8) 

 𝑤t =
𝐺F

𝑓t
 (9) 

 𝑤c =
5𝐺F

𝑓t
 (10) 

[Figure 27 near here]  470 

[Table 10 is near here] 471 

Concrete compressive and tensile damage variables dc and dt were also incorporated in FEA 472 

to consider the effect of the concrete crushing and micro-cracks on the reduced stiffness. 473 

Assuming that the concrete compressive damage is accumulated with the concrete plastic 474 

strain 𝜀c
pl

, the compressive damage variable dc is determined by Equation (11) as shown in 475 

Figure 28 (Birtel and Mark 2006). For concrete tensile damage, defined by the dissipated 476 
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energy to form the microcrack, the concrete tensile damage variable dt in the CDP model is 477 

calculated by Equations (12) and (13), which is related to the crack width w, the transition 478 

crack width wt, the crack opening width wc, the uniaxial tensile strength of concrete ft as well 479 

as the fracture energy GF. The evolution of concrete tensile damage variable dt with the 480 

increase of the crack width is plotted in Figure 29. 481 

 𝑑𝑐 = 1 −
𝜎𝑐𝐸𝑐

−1

𝜀𝑐
𝑝𝑙

(
1
𝑏𝑐

− 1) + 𝜎𝑐𝐸𝑐
−1

, 𝑏𝑐 = 0.7  (11) 
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𝑓𝑡 (𝑤 − 0.4
𝑤2

𝑤𝑡
)

𝐺𝐹
, 𝑤 ≤ 𝑤𝑡 

(12) 

 𝑑𝑡 =
[𝑓𝑡 (0.125 − 0.025

𝑤
𝑤𝑡

) (𝑤𝑐 − 𝑤)]

𝐺𝐹
, 𝑤𝑡 < 𝑤 ≤ 𝑤𝑐 (13) 

Other parameters in the CDP model including the dilation angle 𝜓, the biaxial compressive 482 

strength ratio b0/fc0, the ratio of the tensile-to-compressive meridian K, eccentricity 𝜖 and 483 

the viscosity parameter were determined according to the ABAQUS user guide (2014), equal 484 

to 38, 1.16, 0.667, 0.1 and zero, respectively. 485 

[Figure 28, 29 near here] 486 

6.3 Stainless steel material modelling 487 

The nonlinear stress-strain behaviour of stainless steel was modelled using the stress-strain 488 

curves obtained from the coupon tests as plotted in Figure 6. The true stress-strain relationship 489 

was transferred from the nominal stress-strain curve with the converted expressions as 490 

indicated in Equations (14) and (15). The stainless steel ring was treated as the elastic part 491 

with a modulus of elasticity of 190 GPa.     492 
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 𝜎t = 𝜎(1 + 𝜀) (14) 

 𝜀t = 𝑙𝑛(1 + 𝜀) (15) 

6.4 Model validation 493 

Through mesh convergence analysis, the predicted ultimate load performed a convergent trend 494 

when the mesh size of the localised region around the connection was 4 mm. As the typical 495 

concrete crushing failure primarily occurred near the joint surface, to minimise computational 496 

efforts, the global mesh size of 15 mm was applied in regions far from the pavement joint. 497 

The finite element model was then validated against test data in terms of the failure mode and 498 

the load-deflection curve. As shown in Figure 30(a), the severe concrete crushing failure was 499 

displayed by the concrete compressive damage variable dc in models 32D, 32D4T and 500 

32D4T10R100L as stressed in localised red zones. The particular shear crack failure in 501 

specimen 32D4T10R100L was also well simulated by the concrete tensile damage variable dt 502 

as described in Figure 30(b). Regarding the load-deflection relationship, the deflection 503 

responses of model 32D and 32D4T could be well predicted in FEA as plotted in Figure 30(c). 504 

Due to the elimination of gaps between different components in FEA, the stiffness of model 505 

32D4T10R100L was overestimated. However, the high stiffness had a limited impact on the 506 

ultimate limit state (ULS). As depicted in Figure 31 and summarised in Table 11, the 507 

differences between the FE predictions and the test results were lower than 10% in terms of 508 

the ultimate load. 509 

[Figure 30, 31 near here] 510 
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[Table 11 is near here] 511 

6.5 Effect of the stainless steel ring on the ultimate load 512 

To further study the effect of the stainless steel ring on the ultimate load, models with the 513 

stainless steel ring of thickness ranging from 5 mm to 25 mm and the length ranging from 25 514 

mm to 150 mm were developed. The ultimate load of each specimen is summarised in Table 515 

12 and plotted in Figure 32. With the increase of the stainless steel ring thickness, the contact 516 

area between steel and concrete was expanded. Therefore, the bearing resistance of concrete 517 

and the ultimate load of the model had been improved. Moreover, under vertical load, the 518 

distribution of bearing stress along the dowel bar was more uniform when a longer stainless 519 

steel ring is applied. From the dash lines depicted in Figure 32, with a high coefficient of 520 

determinations (R2), the ultimate load increased almost linearly with the stainless steel ring 521 

length. 522 

[Figure 32 near here] 523 

[Table 12 is near here] 524 

6.6 Effect of the stainless steel ring on the maximum compressive stress 525 

Since the compressive stress was concentrated at a localised zone around the pavement 526 

connection, it is hard to determine the maximum compressive stress experimentally. 527 

Accordingly, the normal contact stress of each specimen, which is equal to the maximum 528 

compressive stress at the joint surface, was obtained in FEA and plotted in Figure 33. Although 529 

prolonging the length of the stainless steel ring also reduced the normal contact stress, this 530 
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effect was less significant than increasing the stainless steel ring thickness. As concrete 531 

pavement systems are under cyclic wheel loads in practice, it is necessary to analyse the 532 

maximum compressive stress from the fatigue perspective. Generally, the newly constructed 533 

concrete pavement is suggested to be designed with 40 years of service life (Tayabji et al. 534 

2013, Smith et al. 2014, Smith and Snyder 2019). Within this period, concrete pavement 535 

systems should be designed to bear 106-108 cycles of repetitive wheel loads without any 536 

damage (Lee and Barr 2004, Tayabji et al. 2013, Smith and Snyder 2019). The load transfer 537 

efficiency refers to the ability to transfer the applied load from the loaded slab to the unloaded 538 

slab, which closely depends on the relative deflection between adjacent slabs. Under fatigue 539 

loads, the concentrated compressive stress at the joint surface will induce the localised 540 

concrete crushing around the pavement connection and thus cause the reductions of joint 541 

stiffness and load transfer efficiency (Harrington 2006, Khazanovich et al. 2006, Porter and 542 

Pierson 2007, Al-Humeidawi and Mandal 2014). As a result, to protect the concrete pavement 543 

systems from the localised crushing failure, the allowable bearing stress under fatigue loads 544 

was calculated. 545 

[Figure 33 near here] 546 

According to American Concrete Institute (ACI) subcommittee 325 (1956), the allowable 547 

bearing stress in concrete is determined according to Equation (16). Where fb is the allowable 548 

bearing stress and d is the dowel bar diameter. Considering the dowel bar of 32 mm diameter, 549 

the allowable bearing stress is 29.15 MPa with a concrete compressive strength of 31.92 MPa. 550 
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 𝑓b = 𝑓c(4 − 𝑑/25.4)/3 (16) 

However, this allowable bearing stress is independent of the number of loading cycles and the 551 

concrete age. Therefore, the reliability of this allowable stress should be further assessed. 552 

Equations (17) and (18) proposed in CEB-FIP Model Code 2010 were adopted to calculate 553 

the fatigue compressive strength considering the concrete age (CEB-FIP 2010), where, 554 

cc(t)fck is the concrete compressive strength at various ages; s=0.2 when CEN 52.5 N cement 555 

is used; c,sus(t, t0) is taken as 0.85 for the fatigue loading. As a result, the fatigue compressive 556 

strength after 40 years calculated by Equations (17) and (18) was 30.30 MPa. Then the typical 557 

S-N relationship proposed in CEB-FIP Model Code 2010 was used to calculate the allowable 558 

bearing stress under different loading cycles as expressed in Equations (19)-(23), where, N is 559 

the total number of loading cycles; Sc,max and Sc,min are the maximum and minimum 560 

compressive stress ratios under cyclic loads calculated by Equations (22) and (23), 561 

respectively. This relationship was plotted as the typical S-N curves as shown in Figure 33. 562 

When Sc,min is equal to zero, the maximum allowable bearing stress determined by Equation 563 

(19) was from 13.64 MPa to 17.80 MPa with loading cycles from 106 to 108. The normal 564 

contact stress at the joint surface was then compared with the allowable bearing stress. 565 

According to ACI subcommittee 325, apart from specimens 32D and 32D4T, other specimens 566 

could meet the bearing stress requirement under 20 kN service load. However, after 567 

considering the number of loading cycles and the concrete age by Equations (17) to (23), 568 

employing the stainless steel ring with at least 15 mm thickness could meet the fatigue 569 

requirement under cyclic loads.  570 
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 𝑓ck,fat = 𝛽cc(𝑡)𝑓ck𝛽c,sus(𝑡, 𝑡0) (1 −
𝑓ck

400
) (17) 

 𝛽cc(𝑡) = 𝑒𝑥𝑝 {𝑠 [1 − (
28

𝑡
)

0.5

]} (18) 

 𝑙𝑜𝑔 𝑁 =
8

(𝑌 − 1)
(𝑆c,max − 1) (𝑙𝑜𝑔𝑁 ≤ 8) (19) 

 𝑙𝑜𝑔 𝑁 = 8 +
8 ln(10)

(𝑌 − 1)
(𝑌 − 𝑆c,min) 𝑙𝑜𝑔 (

𝑆c,max − 𝑆c,min

𝑌 − 𝑆c,min
) (𝑙𝑜𝑔𝑁 > 8) (20) 

 𝑌 =
0.45 + 1.8𝑆c,min

1 + 1.8𝑆c,min − 0.3𝑆c,min
2  (21) 

 𝑆c,max = |𝜎c,max|/𝑓ck,fat (22) 

 𝑆c,min = |𝜎c,min|/𝑓ck,fat (23) 

[Figure 34 near here] 571 

7. Design recommendation 572 

According to the test data and the FEA results, the stainless steel ring strengthened removable 573 

dowel bar connection should be designed from two aspects including the design for the 574 

ultimate load and the design for the service load. Considering the stainless steel ring thickness 575 

and length, the following Equation (24) is proposed to predict the ultimate load, where Nu is 576 

the ultimate load, t is the stainless steel ring thickness and l is the stainless steel ring length. 577 

Constant 157.4 in Equation (24) is the peak load of specimen 32D4T predicted in FEA. 578 

 𝑁𝑢 = (0.0134𝑡 + 0.043)𝑙 + 0.0394𝑡2 + 0.905𝑡 + 157.4 (24) 

In terms of the design under 20 kN service load, taking into account the total loading cycles 579 

within the pavement service life, the allowable bearing stress is calculated based on the typical 580 

S-N relationship of concrete under compression. After comparing the allowable bearing stress 581 

with the normal contact stress acquired from FEA, at least the 15 mm thick stainless steel ring 582 
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is suggested to be adopted in the design of the removable dowel bar connection system. 583 

8. Conclusions 584 

This paper introduces an innovative removable dowel bar connection system that achieves the 585 

reusability of the individual pavement unit and ensures effective load transfer. To address 586 

severe stress concentration occurring in the traditional dowel bar application, an additional 587 

stainless steel ring was incorporated and placed at the joint surface. In experiments, specimens 588 

with the removable dowel bar connection were evaluated in terms of the failure mode, the 589 

deflection response, ductility and the concrete strain distribution and development. Through 590 

FEA, the effects of the stainless steel ring on the ultimate load improvement and the mitigation 591 

of the compressive stress concentration were also comprehensively investigated. According 592 

to test data and FEA results, the following conclusions are drawn: 593 

(1) Specimen with the traditional dowel bar connection suffered severe compressive and 594 

tensile stress concentration at the joint surface. The localised concrete crushing and 595 

horizontal tensile cracks significantly developed under service load. 596 

(2) The gap between the stainless steel dowel bar and the stainless steel tube not only provides 597 

tolerances for installation but also improves the ductility of the specimen with the 598 

removable dowel bar connection. 599 

(3) Applying the stainless steel ring improves the bearing resistance of the surrounding 600 

concrete. Therefore, the ultimate load of the specimen enhances as the thickness of the 601 

stainless steel ring increases. 602 
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(4) Based on test results and FEA data, a close linear relationship is observed between the 603 

ultimate load and the length of the stainless steel ring. 604 

(5) The contact area between steel and concrete is expanded with the application of the 605 

stainless steel ring. Therefore, under service load, the maximum concrete compressive 606 

stress at the joint surface is reduced and the compressive stress concentration is alleviated. 607 

(6) Under service load, the strain localisation observed in the specimen with the traditional 608 

dowel bar connection is considerably improved after applying the stainless steel ring. A 609 

linear strain distribution of concrete is achieved around the removable dowel bar 610 

connection. 611 

Based on test results and FEA data, an empirical equation to predict the ultimate load of the 612 

specimen with the removable dowel bar connection is proposed. Under 20 kN service load, 613 

the stainless steel ring with at least 15 mm thickness should be employed to avoid the localised 614 

crushing failure within the pavement service life.   615 
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Table 1 Normal strength concrete mixing proportion (kg/m3). 

Water Cement Sand 
Aggregate 

20mm 10mm 

185 308 667 831 410 

 

Table 2 Material properties of normal strength concrete (MPa). 

Compressive strength  Splitting tensile strength Flexural strength  

31.92 2.98 4.79 

 

Table 3 Material properties of 304 authentic stainless steel.  

Stainless steel 

Modulus of 

elasticity Es 

(GPa) 

Yield strength fy(0.2) 

(MPa) 

Ultimate strength 

fu (MPa) 

Elongation 

f (%) 

Dowel bar 190.3 327.7 748.0 47 

4 mm tube 190.2 269.1 729.0 57 

3 mm tube 193.2 283.4 757.0 55 

Steel ring 190.0 260.0 650.0 43 

 

Table 4 Test matrix for the removable dowel bar connection. 

Specimen ID 

Dowel bar Stainless steel tube Stainless steel ring 

Dowel bar 

diameter 

(mm) 

Tube 

external 

diameter 

(mm) 

Tube 

internal 

diameter 

(mm) 

Ring 

external 

diameter 

(mm) 

Ring 

internal 

diameter 

(mm) 

Ring 

length 

(mm) 

32D 31.97      

32D3T 31.97 40.15 33.89    

32D3T10R50L 31.97 40.20 33.84 60.41 40.47 51.65 

32D3T10R100L 31.97 40.13 33.87 60.42 40.79 106.61 

32D3T20R50L 31.97 40.21 33.79 80.01 40.39 50.97 

32D3T20R100L 31.97 40.26 33.89 79.99 40.47 101.34 

32D4T 31.97 40.17 32.21    

32D4T10R50L 31.97 39.86 32.19 60.34 40.17 51.12 

32D4T10R100L 31.97 40.20 32.16 60.45 40.69 107.58 

32D4T20R50L 31.97 39.91 32.18 80.46 40.10 52.02 

32D4T20R100L 31.97 39.79 32.19 80.33 40.28 101.61 

32D is the 32 mm-diameter stainless steel dowel bar; 

3T and 4T refer to the 3 mm and 4 mm-thick stainless steel tubes, respectively; 

10R and 20R denote the 10 mm and 20 mm-thick stainless steel rings, respectively; 

50L and 100L mean the stainless steel rings with 50 mm and 100 mm length, respectively. 
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Table 5 Initial stiffness and ultimate load (kN). 

Specimen ID Initial stiffness (kN/mm) Ultimate load (kN) Load ratio 

32D 106.7 126.97 1 

32D4T 89.7 166.29 1.31 

32D4T10R50L 102.2 183.68 1.45 

32D4T10R100L 112.8 185.55 1.46 

32D4T20R50L 118.6 195.71 1.54 

32D4T20R100L 125.3 232.59 1.83 

32D3T 77.4 167.14 1.32 

32D3T10R50L 89.8 192.42 1.52 

32D3T10R100L 97.7 195.09 1.54 

32D3T20R50L 121.8 205.30 1.62 

32D3T20R100L 119.5 261.09 2.06 

 

Table 6 Displacement ductility ratio. 

Specimen type 
Yield deflection 

y (mm) 

Peak load 

deflection u 

(mm) 

Displacement ductility 

ratio 

32D 1.19 3.04 2.55 

32D4T 1.85 5.88 3.18 

32D4T10R50L 1.80 4.01 2.23 

32D4T10R100L 1.64 4.68 2.85 

32D4T20R50L 1.65 4.29 2.60 

32D4T20R100L 1.86 5.80 3.12 

32D3T 2.16 5.43 2.51 

32D3T10R50L 2.14 4.80 2.24 

32D3T10R100L 2.00 4.77 2.39 

32D3T20R50L 1.69 5.00 2.96 

32D3T20R100L 2.18 10.07 4.62 

 

Table 7 The rate of compressive strain development. 

Specimen type The compressive strain development rate ( 106 kN) Relative rate 

32D -0.0105 1.00 

32D4T -0.0191 1.82 

32D4T10R50L -0.0262 2.50 

32D4T10R100L -0.0337 3.21 

32D4T20R50L -0.0680 6.48 

32D4T20R100L -0.0747 7.11 

32D3T -0.0144 1.37 

32D3T10R50L -0.0248 2.36 

32D3T10R100L -0.0319 3.04 

32D3T20R50L -0.0691 6.58 

32D3T20R100L -0.0743 7.08 
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Table 8 Tensile strain distribution ( 10-6). 

Specimen type Load (kN) 10mm Location 20mm 30mm 

32D 20.34 1650 CT5 309 20 

32D4T 20.32 1291 CT1 352 33 

32D3T 20.39 1263 CT2 30 12 

32D4T10R50L 20.16 360 CT7 155 13 

32D3T10R50L 20.29 262 CT6 42 9 

32D4T10R100L 20.46 176 CT1 110 15 

32D3T10R100L 20.39 242 CT6 39 8 

32D4T20R50L 20.27 172 CT9 105 17 

32D3T20R50L 20.44 60 CT9 13 5 

32D4T20R100L 20.22 91 CT9 42 10 

32D3T20R100L 20.33 50 CT9 16 3 

 

Table 9 Concrete material parameters (uniaxial compression).  

fc (MPa) cl Eci (GPa) Ecl (GPa) Ec (GPa) 𝑘 

31.92 0.0023 33.6 16.5 29.7 2.04 

 

Table 10 Concrete material parameters (uniaxial tension).  

fct (MPa) GF(N/mm) wt (mm) wc (mm) 

2.98 0.136 0.046 0.229 

 

Table 11 The ultimate load from experiments and finite element analysis.  

Specimen ID Nu,Test (kN) Nu,FE (kN) Nu,Test/Nu,FE 

32D 126.97 121.70 1.04 

32D4T 166.29 157.36 1.06 

32D4T10R50L 183.68 180.62 1.02 

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 

 

Table 12 The ultimate load bearing capacity 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  196.2 210.6 214.8 223.1 231.4 237.6 

25  210.5 226.5 232.8 243.2 252.2 258.5 

 



F-1/16 

 

 

 

(a) 

  

(b) (c) 

Figure 1. Compressive and tensile stress distributions within dowel slot (a) concrete pavement 

under vertical load, (b) compressive stress distribution, (c) tensile stress distribution. 

 

 
Figure 2. Illustration of research methodology. 

 

 

  
(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 3. Constitutions of the removable dowel bar connection system (a) stainless steel dowel 

bar, (b) stainless steel tube, (c) stainless steel ring with 20 mm thickness, (d) stainless steel ring 

with 10 mm thickness, (e) assemble stainless tube and ring in formwork, (f) fix stainless steel 

tube in formwork.  

 

  

(a) (b) 

Figure 4. concrete specimen preparation (a) wet concrete with plastic sheet, (b) hardened 

concrete with top slot. 

 

  

(a) (b) 

Figure 5. Tensile material tests of the curved and the circular coupon (a) curved coupon test 

setup, (b) circular coupon test setup.    
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(a) (b) 

 

(c) 

Figure 6. Typical stress-strain curves of stainless steel (a) 4 mm thick stainless steel tube, (b) 3 

mm thick stainless steel tube, (c) stainless steel dowel bar.   

 

   

(a) 

 
(b) 
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(c) 

Figure 7. Removable dowel bar installation procedure (a) insert the dowel bar into an individual 

pavement slab, (b) push the dowel bar into the adjacent pavement slab and (c) move the dowel 

bar to the target location. 

 

 
 

(a) (b) 

 
(c) 

Figure 8. Removable dowel bar replacement procedure (a) insert L-shape steel plate into the 

slot, (b) push the dowel bar into the adjacent slab and (c) lift the pavement with the dowel bar 

vertically. 

 

  
(a) (b) 

Figure 9. Stainless steel tube misalignment (a) upward misalignment, (b) downward 

misalignment. 
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Figure 10. AASHTO T253 test method. 

 

 

Figure 11. The modified AASHTO T253 test method.  

 

  

(a) (b) 

Figure 12. Schematic diagram of the experimental test setup (a) side view, (b) front view (mm). 

 

  

(a) (b) 



F-6/16 

 

  
(c) (d) 

Figure 13. Strain gauges arrangement in test specimens (a) 32D, (b) 32D4T(3T), (c) 

32D4T(3T)10R and (d) 32D4T(3T)20R. 

 

 

Figure 14. LVDTs arrangement in experiments.  
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Figure 15. Concrete crushing failure.  

 

 
(a) 
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(b) 

Figure 16. Concrete tensile cracks (a) horizontal tensile cracks in specimen 32D, (b) horizontal 

tensile cracks in specimens with the stainless steel tube and the stainless steel ring. 

 

 

Figure 17. Brittle side shear cracks in concrete blocks after experiments. 
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(a) (b) 

Figure 18. Load-deflection relationships of test specimens (a) 4T specimens and (b) 3T 

specimens.  

 

 

Figure 19. Definition of the dispalcement ductility ratio.  

 

  

(a) (b) 

Figure 20. Concrete compressive strain distribution (a) 4T specimens, (b) 3T specimens. 

 

  
(a) (b) 

Figure 21. Compressive strain development in strain gauge CC1 (a) 4T specimens, (b) 3T 

specimens. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 22. Tensile strain distributions of 4T specimens under 20 kN (× 10−6) (a) 32D, (b) 

32D4T, (c) 32D4T10R50L, (d) 32D4T10R100L, (e) 32D4T20R50L, (f) 32D4T20R100L.  

 

  
(a) (b) 

Figure 23. Tensile strain development of 4T and 3T specimens (a) 4T specimens, (b) 3T 

specimens. 
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(a)  

 

(b)  

 

(c)  

 

(d)  

Figure 24. Finite element model (a) removable dowel bar connection system, (b) concrete 

specimen and loading block, (c) fixing device and (d) assembled model  
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(a)  

 
(b)  

 

(c)  

Figure 25. Boundary conditions and loading arrangement in the finite element analysis (a) roller 

support modelling, (b) boundary conditions of the fixing device and (c) loading arrangement. 
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Figure 26. The uniaxial compressive stress-strain curve of concrete. 

 

 

Figure 27. The tensile stress-crack width relationship of concrete. 

 

 

Figure 28. The compressive damage parameter in the finite element analysis. 
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Figure 29. The tensile damage parameter in the finite element analysis. 

 

 
(a) 

 

(b) 
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(c) 

Figure 30. Model validation (a) concrete crushing, (b) side shear cracks and (c) load-

deflection curve. 

 

 

Figure 31. Ultimate load obtained from experiments and predicted in finite element analysis. 

 

 

Figure 32. Effect of the stainless steel ring on the ultimate load. 
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Figure 33. The normal contact stress at the joint surface under 20 kN service load. 

 

 

Figure 34. S-N curves for concrete under compression. 
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