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Abstract: 6 

Jointed precast concrete pavement systems (JPrCP) are hard to be reused after installing steel dowel 7 

bars. To improve the reusability of precast pavement units, a demountable steel connection system is 8 

proposed. This paper presents a comprehensive finite element analysis (FEA) on models equipped with 9 

this connection system under vertical load. Parameters including the thickness, width, end distance and 10 

length of the steel plate, the height of the steel bar connection and the grade of high-strength bolts were 11 

studied. The FEA results indicated that the steel plate end distance, the height of the steel bar connection 12 

and the grade of high-strength bolts affected the ultimate load of the connection system. The prying 13 

force between the steel bar connection and plate was lowered by increasing the steel plate length, the 14 

steel bar connection height and reducing the steel plate end distance. For preventing the necking of 15 

high-strength bolts which impaired the reusability of precast units, analytical solutions were derived to 16 

predict the design load of the steel connection system. Finally, according to the obtained data, design 17 

recommendations were proposed to improve the demountable connection design. 18 

Keywords: demountable steel connection system, parametric analysis, failure mode, ultimate load, 19 

analytical solutions, design recommendations. 20 
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With the rapid growth of national economy, the acceleration of urbanisation gained a widespread 22 

concern around the world [1]. As one of the primary branches of urban infrastructure, current municipal 23 

road systems always suffer unavoidable damages due to the dramatic increase in traffic volume [1-5]. 24 

However, because of long-time traffic closure, existing pavement maintenance and rehabilitation have 25 

brought huge challenges for traffic agencies [1, 2, 6, 7]. Cookson [8] carried out a statistical analysis 26 

among European countries and stated that the overall expense caused by traffic congestion was 27 

expected to exceed 160 billion Euros by 2025. Although the application of fast-maintenance materials 28 

like asphalt and early-strength concrete can reduce the period of traffic closure, repaired pavements are 29 

often subjected to premature damages [9]. Therefore, to balance the contradiction between high 30 

durability and fast construction, precast concrete pavement (PCP) technology is recommended and has 31 

been widely applied in pavement rehabilitation and new pavement construction [9-11]. According to 32 

the traffic data collected by the Missouri Department of Transport, the application of precast concrete 33 

pavement (PCP) technology could reduce the traffic closure-related cost by 25 percent [12, 13]. 34 

Compared with cast-in-situ concrete, the advantages of PCP technology are introduced as follows: 35 

 High quality of PCP panel: well-graded aggregates and the controlled water-to-cement 36 

ratio ensure sound workability and homogeneity of concrete [1, 7, 9];  37 

 Better curing condition: after concrete casting, PCP units are cured under controlled 38 

temperature and moisture [2, 14, 15]; 39 

 Less weather and climate restrictions: onsite concrete casting is hard to be carried out in 40 

cold and rainy environments. While PCP units are cast in fabrication plants which are not 41 

affected by temperature and climate changes [1, 6, 7, 11]; 42 
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 Short traffic closure: onsite concrete curing is not required after applying PCP technology. 43 

The fast installation of PCP units minimises the duration of traffic closure [11, 16, 17]; 44 

 Low maintenance cost and high durability: due to great wear resistance and excellent 45 

quality, the service life of PCP systems is extended, thereby reducing the maintenance cost 46 

[1, 7, 16, 18]. 47 

 Low safety risks: road users and construction workers are less exposed to construction 48 

sites. Therefore, construction related safety risks are reduced [19-21]. 49 

In addition, the design of pavement joints also requires a significant consideration because of the 50 

discontinuity at joint locations. Epoxy-coated steel dowel bars are installed along transverse joints of 51 

jointed precast concrete pavement (JPrCP) systems to connect pavement slabs and achieve an effective 52 

load transfer. However, after millions of load repetitions, epoxy coating on dowel bars can easily 53 

deteriorate, thereby leading to corrosion-related issues. Fig. 1 shows corroded dowel bars observed 54 

from field applications [1, 22]. To protect dowel bars from corrosion, corrosion-free materials such as 55 

stainless steel and fibre reinforced polymer (FRP) were adopted to fabricate dowel bars [23-27].  56 

  
(a) (b) 

Fig. 1. Dowel bar corrosion (a) corroded dowel bars embedded in concrete [22], (b) corroded dowel bars [1].  

To investigate the complex behaviour of dowel bars embedded into concrete under vertical load, finite 57 

element analysis (FEA) is always adopted. The load transferred characteristic between pavement slabs 58 

can be simulated by two-dimensional and three-dimensional modelling techniques as introduced below:  59 
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Two-dimensional finite element analysis 60 

 Discrete dowel bars and concrete pavement slabs are modelled by beam elements and two-61 

dimensional plate elements, respectively. The interaction between dowel bars and concrete 62 

is simulated via contact elements [28]. 63 

 Concrete pavements are modelled by two-dimensional plate elements. Spring elements are 64 

placed between pavement slabs to simulate the pavement load transfer [29-31].  65 

 Two-dimensional plate elements and beam elements are used to model concrete pavements 66 

and dowel bars, respectively. Vertical spring elements with a stiffness equal to the modulus 67 

of dowel support are adopted to model the dowel-concrete contact behaviour [32-35]. 68 

Three-dimensional finite element analysis 69 

 Three-dimensional solid elements are used to model concrete pavements and beam 70 

elements are optioned to model dowel bars. Separated spring elements are set between 71 

dowel bars and concrete pavement to simulate the dowel-concrete interaction [36-39]. 72 

 Both concrete pavements and dowel bars are modelled by three-dimensional solid 73 

elements. The surface-to-surface contact modelling technique is applied to model the 74 

interaction between dowel bars and surrounding concrete [27, 40-45]. 75 

Although two-dimensional FEA requires less computational efforts, the accuracy of this approach 76 

cannot match that of three-dimensional FEA. Components modelled by three-dimensional solid 77 

elements together with the surface-to-surface contact modelling are the most accurate way to reproduce 78 

the load transfer between pavement slabs [40, 44, 45]. 79 

Although steel dowel bars are widely used in practice, they are difficult to be dismantled after 80 
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installation. To address this issue, a demountable steel connection system which consists of a steel bar 81 

connection and embedded steel plates connected by high-strength bolts was developed. In comparison 82 

with traditional pavement connections, this steel bar connection can be flexibly installed and 83 

dismantled, thereby allowing it to be applied in different scenarios and further improving the reusability 84 

of PCP slabs. As a result, the excellent durability of precast concrete components can be maximised, 85 

and the production of construction waste can be minimised [46]. However, because only a limited 86 

number of specimens were tested, it was impossible to comprehensively evaluate parameters that 87 

influenced the structural performance of this demountable steel connection system. The main objective 88 

of this research is to implement a comprehensive parametric analysis on this novel connection system 89 

through FEA. Based on the deformation of each steel component, the analytical models to predict the 90 

design load of the connection system are derived and verified. By using the obtained FEA data, design 91 

recommendations are finally proposed to instruct the design of this demountable steel connection 92 

system. 93 

2. Finite element analysis 94 

2.1. Test specimens 95 

The configuration of the demountable steel connection system is shown Fig. 2(a), including the steel 96 

bar connection and the steel plates connected by high-strength bolts. Both the steel bar connection and 97 

plates were made of austenitic stainless steel to improve their corrosion resistance. Once high-strength 98 

bolts are removed, individual pavement units and the steel bar connection can be directly reused for 99 

different applications. To evaluate the structural behaviour of the proposed demountable steel 100 

connection system, monotonic loading tests were conducted [46]. Fig. 2(b) introduces the test specimen 101 
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that consists of the loaded block and the reaction block with a embeded steel plate. The steel bar 102 

connection is connected to the embedded steel plates via slots on the top surface of concrete blocks. 103 

These slots are then filled with asphalt material to prevent water from penetrating into the embedded 104 

steel plates and the corrosion of high-strength bolts. When precast cocnrete units need to be reused, 105 

asphalt material is firstly melted by heat and then the steel bar connection can be disassmebled. 106 

 
(a) 

 
(b) 

Fig. 2. Demountable steel connection system (a) components, (b) test specimen. 

Among discrete pavement connections installed along the transverse joint, the critical connections 107 

under wheels transfer the largest vertical load and always suffer premature damages within pavement 108 

service life. As a result, to investigate the structural performance of the proposed steel connection 109 

system, it is reasonable to focus on the behaviour of an individual connection and identify its load 110 

transfer characteristic. Furthermore, the presence of pavement subbase only influences the magnitude 111 
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of the transferred load rather than affects the load transfer capacity of the connection. Therefore, in the 112 

test method recommended in AASHTO T253 [47], pavement subbase is not included, and the vertical 113 

load transferred by the connection can be directly obtained. Fig. 3(a) introduces the width and thickness 114 

of the concrete blocks, which is determined according to the common concrete pavement thickness and 115 

dowel bar spacing after considering the scale factor of 0.6 [48]. As displayed in Fig. 3(b), the length of 116 

the 10 mm thick steel plate was the same as the embedded depth of scaled dowel bars and equal to 140 117 

mm. Locations of high-strength bolts could also be identified, in which the first two bolts B1 and B2 118 

were designed to transfer the vertical load, while the third bolt B3 was installed to fix the steel bar 119 

connection. The end distance e1 of the steel plate, namely the distance between the position of the first 120 

bolt and the joint surface, was designed to be 15 mm or 30 mm in experiments. Two different types of 121 

steel bar connections with a “narrow” section (16 mm  18 mm) or “wide” section (22 mm  13 mm) 122 

were adopted. Fig. 3(c) shows the setup for testing this demountable connection system. To prevent 123 

unexpected upward deformations, the reaction block was clamped to the rigid block via a fixing device. 124 

The loaded block was supported by a roller located 500 mm from the joint surface. A displacement-125 

controlled vertical load was applied to a steel block placed next to the joint surface to minimise the 126 

induced flexural deformation of the loaded block.  127 

 

 
(a) (b) 
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(c) 

Fig. 3. Specimen configuration and test setup (a) concrete block, (b) steel bar connection and plate, (c) test setup. 

2.2. Finite element model 128 

The finite element modelling of concrete pavement blocks with the demountable steel connection 129 

system was carried out by ABAQUS [49]. Fig. 4(a) to (d) introduces the components of the developed 130 

model which were modelled by three-dimensional solid elements with reduced integration (C3D8R). 131 

After carrying out the mesh sensitivity analysis, 4 mm sized elements were adopted to model the steel 132 

plate and steel bar connection. Because localised concrete failure primarily happened at the joint 133 

surface of concrete blocks, the refined mesh with a size of 4 mm was also assigned in the part concrete 134 

blocks near the joint surface. While in the region away from the joint, 15 mm sized elements were used 135 

to reduce the total number of elements and minimise the computational time. Because high-strength 136 

bolts are critical components that governed the ultimate load of the steel connection system, the mesh 137 

size along the bolt shank was set to 1 mm to reproduce the typical failure. To simplify the developed 138 

finite element model, the role of the fixing device was achieved by restraining the bottom surface of 139 

the reaction block as described in Fig. 5(a). In terms of the roller support modelling, as shown in Fig. 140 

5(b), a coupling constraint was assigned to the reference point RP-1 in an elastic plate which was 141 

attached to the bottom surface of the loaded block. Fig. 5(c) displays the vertical load arrangement 142 

applied via a coupling constraint to the reference point RP-2 in the steel block near the joint surface. 143 
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Since thread stripping failure was not observed in experimental tests and could be prevented when the 144 

thickness of the stainless steel plate was greater than the bolt diameter [50], the grip effect between the 145 

high-strength bolts and the steel plate was simulated by a tie constraint as shown in Fig. 6 [51]. The 146 

threaded bolt shank was simplified with a reduced section area determined according to EN ISO 898-147 

1 [52]. 148 

 
 

(a) (b) 

 
 

(c) (d) 

Fig. 4. Finite element model (a) concrete block, (b) steel plate, (c) steel bar connection, (d) high-strength bolt. 

 149 

  
(a) (b) 

 
(c) 
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Fig. 5. Boundary conditions and load arrangement (a) fixing device simulation, (b) roller support simulation, (c) 

vertical load arrangement. 

 150 

 
Fig. 6. Thread grip effect simulation. 

Regarding the contact simulation, the interaction between different components was defined by 151 

establishing contact pairs. With the application of the surface-to-surface contact modelling technique, 152 

the normal contact behaviour was defined by the ‘hard’ contact and the tangential behaviour was 153 

modelled by the ‘penalty’ friction formulation. The frictional coefficient between steel and concrete 154 

was set to 0.35 as recommended by Al-Humeidawi et al. [44]. Because the steel components were 155 

lubricated by oil before installation, the frictional coefficient between these components was calibrated 156 

to 0.2 after fitting to test results. 157 

2.3. Materials 158 

2.3.1. Concrete 159 

The concrete damaged plasticity (CDP) model available in ABAQUS was used to capture the 160 

compressive and tensile behaviour of concrete [53, 54]. For the uniaxial compressive behaviour, a 161 

linear stress-strain relationship was defined before 0.4fc and followed by a nonlinear stage as expressed 162 

by Eqs. (1) to (3) recommended in CEB-FIP Model Code 2010 [55], where, c is the compressive 163 

stress; fc refers to the cylinder compressive strength; c is the compressive strain; cl denotes the 164 
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compressive strain at the cylinder compressive strength; c,lim is the limited compressive strain at 0.5fc 165 

within the post-peak stage; Eci represents the tangential modulus of elasticity at the origin; Ecl indicates 166 

the secant modulus of elasticity at fc; k is the plasticity number. For the descending stage beyond c,lim, 167 

the stress-strain relationship proposed in CEB-FIP Model Code 1990 [56] was considered as indicated 168 

in Eqs. (4) and (5). Material properties collected from uniaxial compression tests are summarised in 169 

Table 1, in which Ec is the secant modulus of elasticity at 0.4fc. 170 

 
( )

2

c
c c,lim

c

   ( )
1 2

k

f k

  
 



 −
=  

+ −  
 (1) 171 

 c

cl






 
=  
 

 (2) 172 

 ci

cl

E
k

E

 
=  
 

 (3) 173 

 

1

2

c c
c c c,lim

c,lim c,lim c,lim2 cl cl

cl cl l

c

c

1 2 4
 ( )

(

 

)

f
 

    
   

  

−

    
       
    = − + −    
       
    
    

 (4) 174 

 

c,lim c,lim2 ci ci

cl cl cl cl

2

c,lim ci

cl cl

4 ( ) 2 2

2 1

E E

E E

E

E

 

 






  
− + −  

  =
  

− +  
  

 (5) 175 

Table 1 Material properties of concrete (uniaxial compression). 176 

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

34.45 0.0024 29.6 14.4 26.2 2.06 

In terms of the uniaxial tensile behaviour of concrete, CEB-FIP Model Code 2010 [55] recommended 177 

a tensile stress-crack width relationship as expressed by Eqs. (6) to (10), where, ct and ft refer to tensile 178 

stress and uniaxial tensile strength of concrete; w, wt and wc represent the crack width, the transition 179 

crack width and the crack opening width, respectively; GF is the fracture energy of concrete. After 180 
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obtaining the splitting tensile strength ft, other parameters were computed as listed in Table 2. 181 
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Table 2 Material properties of concrete (uniaxial tension). 187 

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

3.49 0.138 0.0396 0.198 

Additionally, to account for the effects of concrete crushing and tensile cracks on stiffness reduction, 188 

both the compressive damage and tensile damage variables were incorporated. For the compressive 189 

damage variable dc, it was determined by compressive stress c, plastic strain 
pl

c  and inelastic strain 190 

in

c  as expressed by Eqs. (11) and (12) [57]. The tensile damage variable dt increased as tensile cracks 191 

propagated and was determined by Eqs. (13) and (14). Additional parameters of the CDP model 192 

including the dilation angle 𝜓, the equibiaxial compressive stress to uniaxial compressive stress fb0/fc, 193 

the tensile meridian to compressive meridian K, eccentricity and viscosity parameter were obtained 194 

from ABAQUS user guide [49], equal to 38, 1.16, 0.667, 0.1 and zero, respectively. 195 
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2.3.2. Steel 200 

304 austenitic stainless steel was utilised to fabricate the steel plate and the steel bar connection. To 201 

acquire the corresponding material properties, tensile coupons extracted from these two components 202 

were tested [46]. Fig. 7 plots the stress-strain curves of stainless steel and the obtained material 203 

properties are summarised in Table 3. The true stress-strain curve was obtained through the converting 204 

equations as indicated in Eqs. (15) and (16), where n and n are nominal stress and nominal strain, 205 

respectively; t and t are true stress and true strain, respectively. 206 

 ( )t n n1  = +  (15) 207 

 ( )t nln 1 = +  (16) 208 

  
(a) (b) 

Fig. 7. Stress-strain relationship (a) steel bar connection, (b) steel plate [46]. 

Table 3 Material properties of stainless steel.  209 

Stainless steel 
Modulus of 

elasticity E (GPa) 

Yield strength fy 

(MPa) 

Ultimate tensile 

strength fu (MPa) 

Fracture 

strain f  

Steel plate 192.5 405 790 0.53 

Steel bar connection 190.9 394 821 0.59 
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2.3.3. High-strength bolt 210 

In experimental tests, 12.9 grade high-strength bolts were used to connect the steel plate and steel bar 211 

connection. The stress-strain relationship of the high-strength bolts was obtained through uniaxial 212 

tension tests. In the parametric study, 8.8 grade and 10.9 grade high-strength bolts were also involved 213 

to further investigate the effect of bolt grades on the structural performance of the proposed connection 214 

system. Fig. 8 plots the stress-strain relationships of high-strength bolts and detailed material properies 215 

of high-sterngth bolts can be found in Table 4. The stress-strain curves of 8.8 grade and 10.9 grade 216 

high-strength bolts were obtained from the research conducted by Song et al. [58] and Li et al. [59], 217 

respectively. Because of the non-uniform axial deformation within the necking zone, the post-necking 218 

true stress-strain relationship of high-strength bolts were difficult to be plotted. Therefore, on the basis 219 

of the FEA conducted by Yang et al. [60], the post-necking true stress-strain curve could be predicted 220 

by a power law relationship as expressed by Eq. (17), where, K=t,u/nn; n=t,u; t,u and t,u are the true 221 

stress and true strain at the initiation of necking, respectively. Fig. 9 plots the pre-necking and post-222 

necking true stress-strain curves of high-strength bolts. 223 

 
n

t tK =  (17) 224 

  
Fig. 8. Stress-strain relationship of high-strength 

bolts. 

Fig. 9. True stress-strain relationship of high-strength bolts. 

Table 4 Material properties of high-strength bolts.  225 
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Bolt grade 
Modulus of elasticity 

E (GPa) 

Yield strength fy 

(MPa) 

Ultimate tensile 

strength fub (MPa) 

8.8 211.1 726 871 

10.9 210.0 1013 1102 

12.9 211.3 1318 1408 

2.4. Model validation 226 

FEA was implemented by the ABAQUS explicit solver that was suggested in the analysis of complex 227 

structures to reduce convergent issues. However, owing to the small time increment, FEA with the 228 

explicit solver generally required high computational efforts. Therefore, the mass scaling factor (MSF) 229 

was incorporated to expand the weight of elements and increase the critical time increment. After 230 

comparing the kinetic energy (ALLKE) and internal energy (ALLIE) generated from the ABAQUS 231 

history output, the target time increment was adjusted to 110-5 to minimise the dynamic effect and 232 

keep a relatively low computational effort. 233 

Developed finite element models were validated against test results in terms of the failure mode and 234 

deflection response. A total of four specimens were tested and each specimen was labelled by the 235 

section of the steel bar connection, the width and the end distance of the steel plate [46]. For example, 236 

“N60E15” represents the specimen equipped with the “narrow” section connection and the steel plate 237 

of 60 mm width and 15 mm end distance. In FEA, as shown in Fig. 10, localised concrete crushing 238 

under the steel plate in the reaction block and the bolt necking before fracture in the loaded block were 239 

precisely reproduced by the concrete compressive damage variable dc and the equivalent plastic strain 240 

(PEEQ), respectively. In terms of the deflection response, the load-deflection relationships recorded in 241 

experimental tests and those generated from FEA are compared in Fig. 11. Because there were small 242 

gaps between the steel bar connection and plate during the installation of high-strength bolts, the initial 243 

stiffness of test specimens was lower than that of finite element models. However, as summarised in 244 
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Table 5, the ultimate loads predicted from FEA are in close agreement with those recorded in 245 

experimental tests, with a mean value of 1.02 and a coefficient of variation (CoV) of 0.02. 246 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10. Localised concrete crushing and bolt necking (fracture) in FEA and tests (a) N60E15-concrete crushing, 

(b) N60E15-bolt necking and fracture, (c) W60E15-concrete crushing, (d) W60E15 bolt necking and fracture.  

 247 
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Fig. 11. Load-deflection curves from tests and FEA. 

Table 5 Ultimate load comparison between test and FEA. 248 

Specimen ID Nu,Test Nu,FE Nu,FE/Nu,Test 

N60E15 43.16 43.69 1.01 

N60E30 34.25 35.69 1.04 

W60E15 37.73 38.09 1.01 

W60E30 30.85 30.72 1.00 

  Average 1.02 

  CoV 0.02 

3. Parametric analysis 249 

After conducting the model validation, a comprehensive parametric analysis was conducted with 189 250 

developed models. Parameters including the steel plate thickness (T), width (W), end distance (E), 251 

length (L), the height of the steel bar connection (H) and the grade of high-strength bolts were 252 

investigated in terms of the failure mode, ultimate load of the demountable connection system and the 253 

evolution of the prying force between the steel bar connection and plate. The dimensions of each 254 

component and the full-scale model are displayed in Fig. 12, in which the joint width between the 255 

loaded and the reaction blocks is 12.5 mm as recommended in design codes [1, 48, 61]. In the 256 

parametric analysis, all models were specified by the height of the steel bar connection, the dimension 257 

of the steel plate and the grade of high-strength bolts.  258 
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(a) 

 
(b) 

 
(c) 

Fig. 12. Dimensions of components and the full-scale model (a) steel plate, (b) steel bar connection, (c) full-scale 

model. 

3.1. Steel plate thickness 259 

In FEA, steel plates with a thickness of 10 mm to 20 mm were involved. Parametric analysis results 260 

indicated that the thickness of the steel plate influenced the failure mode of the loaded block. For 261 

models equipped with steel plates of a small thickness and flexural stiffness, vertical compressive stress 262 

primarily concentrated at the joint surface of the loaded block. This might result in localised concrete 263 
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crushing with an increased vertical load as displayed in Fig. 13(a). However, after increasing the plate 264 

thickness to 20 mm, the high flexural rigidity of the plate promoted a uniform distribution of contact 265 

stress. As a result, the failure of the loaded block was transferred to bolt fracture as shown in Fig. 13(b).  266 

 

 

(a) (b) 

Fig. 13. Failure modes of models H30-W100T15(20)L230E15-12.9 (a) H30-W100T15L230E15-12.9-concrete 

crushing, (b) H30-W100T20L230E15-12.9-bolt fracture. 

In addition, according to the load-deflection curves plotted in Fig. 14(a), the initial stiffness and 267 

ultimate load of the demountable connection system enhanced with an increased steel plate thickness. 268 

This might be due to the reduced flexural deformation of the steel plate and the increased axial force 269 

generated in high-strength bolts. For the prying force created between the steel plate and connection, 270 

it caused the total bolt load to exceed the applied vertical load and could be determined by subtracting 271 

the applied vertical load from the sum of the bolt load and the support reaction force. Fig. 14(b) plots 272 

the prying force evolutions in models H20-W120T10(15)(20)L230E25-12.9. It is observed that the 273 

thickness of the steel plate has limited influence on the development of prying force within the initial 274 

elastic stage.  275 
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(a) (b) 

Fig. 14. Load-deflection curves and prying force evolutions of models H20-W120T10(15)(20)L230E25-12.9 (a) 

load-deflection curves, (b) prying force evolutions.   

3.2. Steel plate width 276 

Increasing the width of the steel plate expanded the contact area between steel and concrete, thereby 277 

resulting in the reduced contact stress at the joint surface. As shown in Fig. 15, after increasing the 278 

width of the steel plate from 80 mm to 120 mm, localised concrete crushing found in the loaded block 279 

of the model H30-W80T20L230E15-12.9 was replaced by bolt fracture in the models H30-280 

W100(120)T20L230E15-12.9. However, for models that fail by bolt fracture, the load-deflection 281 

curves plotted in Fig. 16 suggest that the width of the steel plate does not influence the deflection 282 

response of the connection system and the prying force evolution between the steel bar connection and 283 

plate.  284 

  
(a) (b) 

Fig. 15. Failure modes of models H30-W80(100)(230)T20L230E15-12.9 (a) H30-W80T20L230E15-12.9-

concrete crushing, (b) H30-W100(120)T20L230E15-12.9-bolt fracture. 
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(a) (b) 

Fig. 16. Load-deflection curves and prying force evolutions of models H40-W80(100)(120)T20L170E25-12.9 (a) 

load-deflection curves, (b) prying force evolutions. 

3.3. Steel plate end distance 285 

The end distance of the steel plate influenced the axial load development of high-strength bolts and the 286 

ultimate load of the proposed connection system. In the parametric analysis, the end distance between 287 

the first bolt and the joint surface was 15 mm (1.5d) or 25 mm (2.5d). Fig. 17(a) plots the generated 288 

load-deflection curves of models H30-W120T20L230E15(25)-12.9, respectively. It is found that 289 

reducing the steel plate end distance improves both the ultimate load and initial stiffness of models 290 

with the demountable connection system. As the steel plate end distance increased, an additional 291 

flexural deformation was created in the steel bar connection. Therefore, as shown in Fig. 17(b) and (c), 292 

the axial force development of the second bolt was restricted and the evolution of the prying force 293 

created between the steel bar connection and plate was accelerated. Fig. 18 describes the failure modes 294 

and load-deflection curves of the models H30-W100T15L230E15(25)-12.9. Despite the increased 295 

initial stiffness, reducing the end distance of the steel plate might lead to severe concrete crushing at 296 

the joint surface and result in a reduction in the ultimate load of the demountable connection system. 297 
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(a) (b) (c) 

Fig. 17. Load-deflection curves, bolt force developments and prying force evolutions of models H30-

W120T20L230E15(25)-12.9 (a) deflection responses, (b) bolt force developments, (c) prying force evolutions. 

 298 

 
(a) 

Fig. 18. Failure modes and load-deflection curves of models H30-W100T15L230E15(25)-12.9. 

3.4. Steel plate length 299 

To improve the structural performance of the demountable connection system and optimise the use of 300 

materials, steel plates with lengths of 110 mm, 170 mm and 230 mm were studied. For the model H40-301 

W80T15L110E25-12.9, because of a limited contact area between steel and concrete, high compressive 302 

stress was created at the joint surface of the loaded block and led to severe concrete crushing as shown 303 

in Fig. 19(a). However, after increasing the steel plate length to 170 mm or 230 mm, the contact area 304 

between steel and concrete was expanded, which led to bolt fracture failure in the loaded block as 305 

found in Fig. 19(b). In addition, the length of the steel plate also affected the deflection response of 306 

models failed by bolt fracture. From the load-deflection curves plotted in Fig. 20(a), the model H40-307 
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W120T20L110E25-12.9 exhibited the lowest initial stiffness compared with models equipped with 170 308 

mm or 230 mm long steel plates. Fig. 20(b) plots the evolutions of prying force in these models, which 309 

indicates that the induced prying force increases as the length of the steel plate reduces. Under the same 310 

vertical load, high-strength bolts in the model H40-W120T20L110E25-12.9 were subjected to higher 311 

axial loads to take this increased prying force. Fig. 21 plots the developments of bolt load in models 312 

H40-W120T20L110(170)(230)E25-12.9. Because the third bolt in the model H40-W120T20L110-E25 313 

experienced a rapid axial load development, the model H40-W120T20L110E25-12.9 could sustain a 314 

comparable ultimate load as other models despite being subjected to the highest prying force. 315 

  

(a) (b) 

Fig. 19. Failure modes of models H40-W80T15L110(170)(230)E25-12.9 (a) H40-W80T15L110E25-12.9, (b) 

H40-W80T15L170(230)E25-12.9. 

  
(a) (b) 

Fig. 20. Load-deflection curves and prying force evolutions of models H40-W120T20L110(170)(230)E25-12.9 

(a) load-deflection curves, (b) prying force evolutions. 
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(a) (b) (c) 

Fig. 21. Bolt forces developments of models H40-W120T20L110(170)(230)E25-12.9 (a) H40-

W120T20L110E25-12.9, (b) H40-W120T20L170E25-12.9, (c) H40-W120T20L230E25-12.9 

3.5. Steel bar connection height 316 

In the parametric analysis, steel bar connections with a height of 10 mm (1d) to 40 mm (4d) were 317 

adopted. Under vertical load, the relative deformation between the steel bar connection and plate 318 

expanded as the height of the connection increased. As a result, as shown in Fig. 22, high-strength bolts 319 

in the model H40-W100T15L230E25-12.9 were subjected to the greatest axial forces, thereby resulting 320 

in an increased ultimate load and initial stiffness as verified in Fig. 23. The height of the steel bar 321 

connection also affected the evolution of prying force between contacted steel components. Under the 322 

same vertical load, the contact area between the steel bar connection and plate reduced as the height of 323 

the connection increased. Therefore, the evolution of the induced prying force was effectively lowered 324 

as plotted in Fig. 24. In addition, the failure mode of models with the demountable connection system 325 

was also influenced by the height of the steel bar connection. For the model H20-W100T15L230E15-326 

12.9, the loaded block failed due to bolt fracture as the vertical load increased as shown in Fig. 25. 327 

However, as the connection height increased, the enhanced ultimate load resulted in high compressive 328 

stress of concrete and then led to localised concrete crushing at the joint surface.  329 
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(a) (b) (c) 

Fig. 22. Bolt force developments of models H20(30)(40)-W100T15L230E25-12.9 (a) H20-W100T15L230E25-

12.9, (b) H30-W100T15L230E25-12.9, (c) H40-W100T15L230E25-12.9.   

  
Fig. 23. Load-deflection curves of models 

H10(20)(30)(40)-W100T15L230E25-12.9. 

Fig. 24. Prying force evolutions of models 

H20(30)(40)-W100T15L230E25-12.9. 

 

 
(a) (b) 

Fig. 25. Failure modes of models H20(30)(40)-W100T15L230E15-12.9 (a) H20-W100T15L230E15-12.9-bolt 

fracture, (b) H30-W100T15L230E15-12.9-concrete crushing.  

3.6. Bolt grade 330 

Apart from 12.9 grade high-strength bolts, both 8.8 and 10.9 grade bolts were also investigated in the 331 

parametric analysis. Fig. 26 compares the failure modes of models H30-W100T15L110E15-12.9(10.9). 332 

Due to the superior tensile resistance of 12.9 grade high-strength bolts, brittle concrete crushing failure 333 

happened in the model H30-W100T15L110E15-12.9 before bolt fracture that was observed in the 334 
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model with 10.9 grade bolts. In terms of the deflection response, Fig. 27(a) plots the load-deflection 335 

curves of models with different high-strength bolts. It is found that bolt grade is a key parameter that 336 

influences the ultimate load of models with the demountable connection system. As the moduli of 337 

elasticity of high-strength bolts were almost identical, each model exhibited similar initial stiffness as 338 

the vertical load increased. Similarly, the effect of bolt grade on the prying force evolution in the initial 339 

elastic stage was also negligible as depicted in Fig. 27(b). 340 

 

 

(a) (b) 

Fig. 26. Failure modes of models H30-W100T15L110E15-12.9(10.9) (a) H30-W100T15L110E15-12.9-concrete 

crushing, (b) H30-W100T15L110E15-10.9-bolt fracture. 

  
(a) (b) 

Fig. 27. Load-deflection curves and prying forces evolutions of models H30-W100T15L230E25-12.9(10.9)(8.8) 

(a) load-deflection curves, (b) prying forces evolutions. 

4. Assessment of parameters 341 

Through the comprehensive parametric analysis, the effects of the steel plate thickness, width, end 342 

distance, length, the steel bar connection height and high-strength bolt grade on the prying force 343 

evolution between the steel plate and connection, the failure mode and the ultimate load of models with 344 
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the demountable connection system were studied. In contrast to the localised concrete crushing in the 345 

loaded block, bolt fracture failure was preferred because high-strength bolts were commercially 346 

available and replaceable. The ultimate load of models that failed due to bolt fracture was primarily 347 

affected by the end distance of the steel plate, the height of the steel bar connection and high-strength 348 

bolt grade. Among these parameters, the steel bar connection height and the steel plate end distance 349 

also influenced the initial stiffness of models employing the demountable connection system. The 350 

prying force between the steel plate and connection reduced by increasing the connection height and 351 

reducing the plate end distance. As the length of the steel plate had little influence on the ultimate load 352 

and initial stiffness of developed models, it could be optimised to 110 mm to achieve a reliable 353 

structural performance with low material costs.  354 

5. Design load prediction 355 

The main objective of proposing the demountable steel connection system was to achieve the flexible 356 

installation and disassembly of PCP units. Therefore, to prevent the necking of bolt shank that might 357 

hinder the disassembly process, the design load of the connection system was defined as the transferred 358 

vertical load when the first bolt reached the ultimate load as introduced in Fig. 28, where Fd is the 359 

design load of the connection system; B1, B2 and B3 are axial loads developed in high-strength bolts, 360 

respectively. Following this definition, three typical failure mechanisms were observed in the 361 

parametric analysis as shown in Fig. 29. 362 
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Fig. 28. Defination of design load Fd. 

 
Fig. 29. Failure mechanisms observed in parametric analysis. 

5.1. Failure mechanism 1 363 

The failure mechanism 1 was the formation of two plastic hinges in the steel bar connection at the first 364 

high-strength bolt and at the joint surface of the reaction block, respectively. Since no bolt fracture 365 

failure happened as the vertical load increased, the steel bar connection experienced a large flexural 366 

deformation, from which the strain hardening characteristic of stainless steel was fully developed. Fig. 367 

30 describes the failure mechanism 1 and the analytical model of this mechanism is established based 368 
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on the corresponding moment equilibrium as expressed by Eqs. (18) to (20), where ws and hs refer to 369 

the width and height of the steel bar connection, m is the distance between the first bolt and the joint 370 

surface of the reaction block, Mu denotes the ultimate moment resistance of the steel bar connection, 371 

Fd is the design load transferred by the steel bar connection.  372 

 2
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Fig. 30. Failure mechanism 1. 

Under vertical load, the free body diagrams of the steel bar connection and the concrete block with the 376 

embedded plate are shown in Fig. 31, from which the corresponding force equilibriums are derived as 377 

expressed by Eqs. (21) and (22), where, Fv is the applied vertical load; Fb1, Fb2 and Fb3 refer to the 378 

developed bolt loads in the high-strength bolts B1, B2 and B3, respectively; Fs and Fp are the support 379 

reaction force and the prying force, respectively; Ft denotes the shear force transferred by the steel 380 

connection; M is the moment of the steel bar connection at the joint surface of the reaction block. After 381 

computing the transferred load by acquiring the applied vertical load, bolt loads and the support 382 

reaction force from FEA, Table 6 compares the design loads predicted by the analytical solution and 383 



30 

 

generated in FEA. The accuracy of the prediction is confirmed by the mean value of 1.00 and the 384 

coefficient of variation (CoV) of 0.03.  385 

 v b1 b2 b3 s p+F F F F F F= + + −  (21) 386 

 t b1 b2 b3 p+F F F F F= + −  (22) 387 

 
Fig. 31. Free body diagrams of concrete block and steel bar connection. 

Table 6 Predicted design load (failure mechanism 1). 388 

Model ID Mu (kNm) Fd,pred (kN) Fd,FE (kN) Fd,pred/Fd,FE 

H10-W100T15L110E15-12.9 0.62 44.73 46.70 0.96 

H10-W100T15L110E25-12.9 0.62 32.80 33.32 0.98 

H10-W100T15L170E15-12.9 0.62 44.73 46.85 0.95 

H10-W100T15L170E25-12.9 0.62 32.80 33.41 0.98 

H10-W100T15L230E15-12.9 0.62 44.73 46.54 0.96 

H10-W100T15L230E25-12.9 0.62 32.80 33.40 0.98 

H10-W100T15L110E25-8.8 0.62 32.80 32.62 1.01 

H10-W100T15L170E25-8.8 0.62 32.80 32.63 1.01 

H10-W100T15L230E25-8.8 0.62 32.80 32.66 1.00 

H10-W100T15L110E15-10.9 0.62 44.73 43.30 1.03 

H10-W100T15L110E25-10.9 0.62 32.80 33.39 0.98 

H10-W100T15L170E15-10.9 0.62 44.73 42.76 1.05 

H10-W100T15L170E25-10.9 0.62 32.80 33.31 0.98 

H10-W100T15L230E15-10.9 0.62 44.73 43.04 1.04 

H10-W100T15L230E25-10.9 0.62 32.80 33.52 0.98 

   Average  1.00 

   CoV 0.03 

5.2. Failure mechanism 2 389 

Failure mechanism 2 happened in the models with a steel bar connection of 20 mm or 30 mm heights. 390 
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When the first bolt reached the ultimate load, as displayed in Fig. 32, two plastic hinges formed in the 391 

steel bar connection at the locations of the second bolt and the joint surface of the reaction block, 392 

respectively. The moment equilibrium about the plastic hinge at the second bolt are expressed by Eqs. 393 

(23) to (25), where e1 is the spacing between the first bolt and the second bolt equal to 30 mm (3d); A0 394 

represents the net section area of high-strength bolts; Mpl is the plastic moment resistance of the steel 395 

bar connection. As the strain hardening behaviour of stainless steel was not completely developed when 396 

the first bolt reached the ultimate load, the plastic moment resistance Mpl was determined by the yield 397 

strength of the connection as indicated in Eq. (26). Table 7 summarises the design loads generated from 398 

the FEA data and computed by the analytical approach. Close agreements are achieved with the mean 399 

value of 1.01 and the coefficient of variation (CoV) of 0.04. 400 

 
Fig. 32. Failure mechanism 2.  
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Table 7 Predicted design load (failure mechanism 2). 405 

Model ID Mpl (kNm) Fd,pred (kN) Fd,FE (kN) Fd,pred/Fd,FE 
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H20-W80T15L110E25-12.9 1.18 71.35 72.59 0.98 

H20-W80T15L170E25-12.9 1.18 71.35 73.45 0.97 

H20-W80T15L230E25-12.9 1.18 71.35 73.59 0.97 

H20-W80T20L110E25-12.9 1.18 71.35 72.55 0.98 

H20-W80T20L170E25-12.9 1.18 71.35 72.57 0.98 

H20-W80T20L230E25-12.9 1.18 71.35 71.65 1.00 

H30-W80T15L170E25-12.9 2.66 115.13 110.47 1.04 

H30-W80T15L230E25-12.9 2.66 115.13 110.53 1.04 

H30-W80T20L110E25-12.9 2.66 115.13 108.51 1.06 

H30-W80T20L170E25-12.9 2.66 115.13 110.83 1.04 

H30-W80T20L230E25-12.9 2.66 115.13 110.7 1.04 

H20-W100T15L110E25-12.9 1.18 71.35 72.52 0.98 

H20-W100T15L170E15-12.9 1.18 83.76 83.55 1.00 

H20-W100T15L170E25-12.9 1.18 71.35 73.58 0.97 

H20-W100T15L230E15-12.9 1.18 83.76 82.45 1.02 

H20-W100T15L230E25-12.9 1.18 71.35 70.66 1.01 

H20-W100T20L110E15-12.9 1.18 83.76 85.8 0.98 

H20-W100T20L110E25-12.9 1.18 71.35 72.63 0.98 

H20-W100T20L170E15-12.9 1.18 83.76 83.11 1.01 

H20-W100T20L170E25-12.9 1.18 71.35 73.43 0.97 

H20-W100T20L230E15-12.9 1.18 83.76 83.61 1.00 

H20-W100T20L230E25-12.9 1.18 71.35 74.92 0.95 

H30-W100T15L110E25-12.9 2.66 115.13 106.07 1.09 

H30-W100T15L170E25-12.9 2.66 115.13 108.07 1.07 

H30-W100T15L230E25-12.9 2.66 115.13 108.88 1.06 

H30-W100T20L170E15-12.9 2.66 135.15 127.74 1.06 

H30-W100T20L170E25-12.9 2.66 115.13 110.72 1.04 

H30-W100T20L230E15-12.9 2.66 135.15 128.01 1.06 

H30-W100T20L230E25-12.9 2.66 115.13 116.95 0.98 

H20-W120T10L170E25-12.9 1.18 71.35 72.82 0.98 

H20-W120T10L230E25-12.9 1.18 71.35 72.6 0.98 

H20-W120T15L110E15-12.9 1.18 83.76 81.39 1.03 

H20-W120T15L110E25-12.9 1.18 71.35 74.07 0.96 

H20-W120T15L170E15-12.9 1.18 83.76 85.41 0.98 

H20-W120T15L170E25-12.9 1.18 71.35 71.25 1.00 

H20-W120T15L230E15-12.9 1.18 83.76 84.69 0.99 

H20-W120T15L230E25-12.9 1.18 71.35 71.65 1.00 

H20-W120T20L110E15-12.9 1.18 83.76 87.9 0.95 

H20-W120T20L110E25-12.9 1.18 71.35 75.66 0.94 

H20-W120T20L170E15-12.9 1.18 83.76 86.25 0.97 

H20-W120T20L170E25-12.9 1.18 71.35 74.09 0.96 

H20-W120T20L230E15-12.9 1.18 83.76 83.32 1.01 

H20-W120T20L230E25-12.9 1.18 71.35 73.77 0.97 

H30-W120T15L110E25-12.9 2.66 115.13 106.01 1.09 

H30-W120T15L170E25-12.9 2.66 115.13 111.74 1.03 

H30-W120T15L230E25-12.9 2.66 115.13 110.96 1.04 

H30-W120T20L110E25-12.9 2.66 115.13 111.02 1.04 

H30-W120T20L170E15-12.9 2.66 135.15 126.81 1.07 

H30-W120T20L170E25-12.9 2.66 115.13 116.02 0.99 

H30-W120T20L230E15-12.9 2.66 135.15 127.61 1.06 

H30-W120T20L230E25-12.9 2.66 115.13 115.28 1.00 

H30-W100T15L110E25-10.9 2.66 107.24 97.79 1.10 

H30-W100T15L170E25-10.9 2.66 107.24 100.04 1.07 

H30-W100T15L230E25-10.9 2.66 107.24 102.53 1.05 

   Average  1.01 

   CoV 0.04 
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5.3. Failure mechanism 3 406 

When the first high-strength bolt reached the ultimate load, models equipped with a steel bar 407 

connection of 30 mm or 40 mm height failed due to the failure mechanism 3, in which a plastic hinge 408 

developed at the joint surface of the reaction block as described in Fig. 33. Taking into account the 409 

assumption of rigid-plastic deformation for the steel bar connection, the axial deformation of high-410 

strength bolts is proportional to the distance between the bolt position and the end of the connection. 411 

For high-strength bolts simplified by elastic components, the developed axial loads can be calculated 412 

by Eqs. (27) to (29), where e2 is the spacing between the second and the third bolts; e3 is the distance 413 

between the third bolt and the end of the steel bar connection. As a result, the moment equilibrium 414 

about the connection end is established as expressed by Eq. (30), from which the design load can be 415 

derived through Eq. (31). Table 8 compares the designed loads of models dominated by the failure 416 

mechanism 3. The slight difference of the design load prediction possibly comes from the 417 

overestimation of the bending moment of the steel bar connection at the joint surface of the reaction 418 

block. The high flexural stiffness of the steel bar connection makes the plastic hinge less developed 419 

under the design load.  420 
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Fig. 33. Failure mechanism 3.  

Table 8 Predicted design load (failure mechanism 3). 426 

Model ID Mpl (kNm) Fd,pred (kN) Fd,FE (kN) Fd,pred/Fd,FE 

H40-W80T15L170E25-12.9 4.73 133.64 122.76 1.09 

H40-W80T15L230E25-12.9 4.73 139.99 129.11 1.08 

H40-W80T20L110E25-12.9 4.73 123.97 115.71 1.07 

H40-W80T20L170E25-12.9 4.73 133.64 125.94 1.06 

H40-W80T20L230E25-12.9 4.73 139.99 130.61 1.07 

H40-W100T15L110E25-12.9 4.73 123.97 115.17 1.08 

H40-W100T15L170E25-12.9 4.73 133.64 125.67 1.06 

H40-W100T15L230E25-12.9 4.73 139.99 129.69 1.08 

H40-W100T20L110E25-12.9 4.73 123.97 117.19 1.06 

H40-W100T20L170E15-12.9 4.73 142.30 135.47 1.05 

H40-W100T20L170E25-12.9 4.73 133.64 127.32 1.05 

H40-W100T20L230E15-12.9 4.73 146.61 138.95 1.06 

H40-W100T20L230E25-12.9 4.73 139.99 133.22 1.05 

H40-W120T15L110E25-12.9 4.73 123.97 117.07 1.06 

H40-W120T15L170E25-12.9 4.73 133.64 125.51 1.06 

H40-W120T15L230E25-12.9 4.73 139.99 129.63 1.08 

H40-W120T20L110E25-12.9 4.73 123.97 117.02 1.06 

H40-W120T20L170E15-12.9 4.73 142.30 134.11 1.06 

H40-W120T20L170E25-12.9 4.73 133.64 125.98 1.06 

H40-W120T20L230E15-12.9 4.73 146.61 136.94 1.07 

H40-W120T20L230E25-12.9 4.73 139.99 132.33 1.06 

H30-W100T15L110E15-8.8 2.66 81.08 85.39 0.95 

H30-W100T15L110E25-8.8 2.66 74.46 79.78 0.93 

H30-W100T15L170E15-8.8 2.66 86.49 87.49 0.99 

H30-W100T15L170E25-8.8 2.66 81.14 83.24 0.97 

H30-W100T15L230E15-8.8 2.66 89.51 86.44 1.04 

H30-W100T15L230E25-8.8 2.66 85.42 83.95 1.02 

H30-W100T15L110E15-10.9 2.66 97.99 100.47 0.98 

H30-W100T15L110E25-10.9 2.66 88.53 93.87 0.94 

H30-W100T15L170E15-10.9 2.66 105.67 103.55 1.02 

H30-W100T15L230E15-10.9 2.66 110.46 106.08 1.04 

   Average  1.04 

   CoV 0.04 
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6. Design recommendations 427 

According to the parametric analysis results and the proposed analytical models, the following design 428 

recommendations can be drawn to instruct the design of the demountable steel connection system: 429 

1. Compared with brittle concrete crushing failure in the loaded concrete block, bolt fracture is 430 

expected because high-strength bolts are available in the market and are easy to replace.  431 

2. The thickness of the steel plate should be as least 15 mm to prevent localised concrete crushing in 432 

the loaded block. 433 

3. Reducing the length of the steel bar connection does not impair the ultimate load of the 434 

demountable connection system. Therefore, the length of the steel plate can be minimised to reduce 435 

the material cost. By carrying out the parametric analysis, the steel plate with a length of 110 mm 436 

is suggested. 437 

4. According to the derived analytical models, failure mechanism 1 is not expected because of a large 438 

flexural deformation created in the steel bar connection. The steel bar connection with a height of 439 

at least 20 mm is recommended to prevent this failure and improve the reusability of the proposed 440 

connection system. 441 

5. The demountable steel connection system with high initial stiffness is suggested to reduce the 442 

relative deflection between pavement slabs under vertical load. Following this principle, the models 443 

H40-W100T15L110E25-12.9, H30-W100T15L110E15-10.9 and H30-W100T15L110E15-8.8 are 444 

recommended in terms of different grades of high-strength bolts. 445 

7. Conclusions 446 

In this paper, the structural performance of concrete blocks with the demountable steel connection 447 
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system under vertical load was investigated through FEA. After being validated against test results, a 448 

comprehensive parametric analysis was conducted to study the effects of the steel plate thickness, width, 449 

end distance, length, the steel bar connection height and high-strength bolt grade on the failure mode 450 

and ultimate load of the connection system, and the evolution of prying force between the steel bar 451 

connection and plate. The following conclusions are put forward on the basis of the obtained FEA 452 

results: 453 

1. For models that fail due to bolt fracture, the width of the steel plate has little influence on the 454 

structural performance of models with the demountable steel connection system. 455 

2. Reducing the steel plate end distance and increasing the height of the steel bar connection can 456 

effectively improve the ultimate load and initial stiffness of the demountable steel connection 457 

system. 458 

3. Increasing the grade of high-strength bolts significantly enhances the ultimate load of the models 459 

that fail due to bolt fracture. However, the initial stiffness of these models is almost the same for 460 

different bolt grades. 461 

4. The evolution of prying force between the steel bar connection and plate reduces with the increase 462 

of the height and length of the steel bar connection, while accelerates as the steel plate end distance 463 

increases. 464 

5. To prevent the necking of high-strength bolts, the design load of the demountable steel connection 465 

system is specified when the first bolt reaches its ultimate load. According to three failure 466 

mechanisms observed in the parametric analysis, the corresponding analytical models are proposed 467 

to predict the design load of the connection system. 468 
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