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Abstract 

In Portland Cement Concrete (PCC) pavement of the roads, dowels bar transfers vehicle loading to the 

unloaded slab. Load Transfer Efficiency (LTE) is used to evaluate dowel bars in PCC pavement. This 

parameter is defined as the vertical displacement ratio of the loaded slab versus the unloaded slab. In 

this study, the impact of effective factors (friction coefficient between dowel and concrete slab, wheel 

loading, dowel diameter and dowel spacing) on load transfer efficiency was studied with modeling by 

using the ABAQUS finite element software. The verification process was presented to increase 

confidence in model results and the response data from the numerical simulation agrees well with 

analytical solution. The results show that with increasing the friction coefficient between slab and 

dowel, load transfer efficiency increases but the failure of concrete around dowel bars was found to 

initiate at the face of joint. Furthermore, if strains remain in elastic range, increasing in wheel loading 

magnitude does not lead to reduce load transfer efficiency but dowel diameter or its spacing have an 

important role on load transfer by dowels. 
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1. Introduction 

Jointed plain concrete pavement (JPCP) is one 

of the most widely used types of pavement. 

This pavement should have joints at regular 

intervals. A dowel is a tool for transferring load 

on a slab to another one in joints. Depending on 

the type of pavement, weather, and 

implementation experience, it is recommended 

a maximum joint spacing of 6.1 m for dowelled 

joints and 4.6 m for non-dowelled joints 

[Azadravesh , 2010]. The moving of traffic 

loads over slabs and the temperature changes 

cause stress in slabs. The main function of 

dowels is to transfer wheel loads from one slab 

to another one in such a way that the loading 

magnitude is equally divided between two 

slabs. Lack of implement dowel bars, leads to 

decrease bearing capacity at one end of the slab 

and if water penetrates into the joint, suction 

take place between slab and base. It causes 

creating ripples in joints [Yu et al. 1993]. Using 

dowels increase PCC pavement life in the long 

term. 

Load transfer is a complicated phenomenon that 

varies with concrete material, the way of 

jointing, friction coefficient between dowel and 

concrete and diameter, spacing and material of 

dowel. Although circular steel dowels are the 

most common types of dowels, other shapes 

and materials may have a better effect on stress 

distribution. Usually, dowels are placed in the 

middle of slabs with a 30cm distance between 

them [Crovetii et al. 2005]. As a general rule, 

dowel diameter should be about one-eighth the 

slab thickness. US Federal Highway 

Administration (FHWA)(1993) suggested 

dowels with the 3.2cm diameter for highways. 

The whole length of dowel is usually 45cm that 

half of which is placed inside each slab [Metin, 

2015]. Dowels are placed inside fresh concrete 

after implementing concrete using special 

machinery or they are ready for concrete 

placement as a set of dowels fixed to the base. 

Although the main role of dowels is to transmit 

the load between two slabs, they should not 

inhibit slabs from moving freely because of 

contractions or expansions [Huang, 1993].  

The main damage in the JPCP usually occurs in 

the joints. Dowel bars connect the slab also 

transfer the applied loading across the joint 

mainly by shear and this is design criteria for 

dowels. Load transition mechanism in joints by 

dowels is a complicated mechanism and at such 

circumstance using finite element (FE) method 

is appropriate [Jankowiak et al. 2005]. 

Strain gauge data from full-scale tests collected 

by the federal aviation administration were 

analyzed to compute the stress-based Load 

transfer efficiency (LTE) of joints under 

moving loads. The effect of static aircraft gear 

loads and slab size on the LTE of joints was 

analyzed by using a two dimensional finite-

element program JSLAB. Fem-calculated 

stress-based LTE under static aircraft loading 

on average was 38% lower than that measured 

under moving loads. LTE values were similar 

under various gear positions, gear 

configurations, and different slab sizes [Wadkar 

et al. 2011].  

Matira employed 3D finite element model the 

mechanism of load transfer by dowel bar 

system. Eight node 3D brick element used to 

model a concrete slab as well as the base 

support layers. The concrete slab and the base 

layers were assumed to be linear, elastic and 

isotropic. Dowel bars were modeled as 3D 

beam elements having six degrees of freedom 

per node. The dowel concrete friction value 

considered was 0.05. [Maitra, 2009]. 

Misalignment problem practice by improved 

anchoring of the basket, more reliable is to 

place the outside dowel 230 mm to 300 from the 

pavement edge and longitudinal joint and can 

be shown to result in only a small increase in 

pavement corner stress [NCHRP 637, 2009]. 

Loosness in dowel is caused by typical 

horizontal pavement joint openings and vertical 

off-set that develop at slab ends. Just a very 

small vertical off-set or fault along a joint line 

can result in significant differences in load 

transfer and deflections of slabs for loading on 

the side of joint compared to the other [NCHRP 

637, 2009]. 

The maximum vertical displacement ratio of 

two slabs is one of the parameters for measuring 

the performance of dowels. The parameter was 

used in this study for evaluating the efficiency 

of dowels, illustrate in equation (1): 

LTE =
𝑈𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑

𝑈𝑙𝑜𝑎𝑑𝑒𝑑
        (1)  
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𝑈𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑 = maximum vertical displacement in 

unloaded slab 

𝑈𝑙𝑜𝑎𝑑𝑒𝑑  = maximum vertical displacement in 

loaded slab 

LTE depends on some factors including dowel 

diameter and distance, friction coefficient, 

wheel loading, and concrete pavement 

thickness. 

This paper evaluates the effectiveness factors, 

including dowel and concrete friction 

coefficient, the applied wheel loading 

magnitude on the slab, dowel position in the 

concrete slab, bar diameter and dowel spacing 

on load transfer efficiency by dowels with using 

FE analysis and ABAQUS software. 

2. Tabatabaie-Barenberg Model  

Tabatabaie and Barenberg (1980) proposed a 

very simple but realistic model for analysis of 

dowel-PCC interaction. They used Friebergʼs 

analysis جFrieberg 1940) of dowels in the rigid 

pavement based on work presented by 

Timoshenko (1925). This model deals dowels 

as beam resting on a spring foundation that 

illustrated in Figure 1. The spring model 

compressibility of the PCC slab which means 

that dowel pressure on the concrete is 

proportional to the dowel deflection within the 

concrete. According to the Tabatabaie-

Barenberg, the dowel is long enough to be 

considered infinite in both directions. This 

assumption does not introduce significant 

discrepancies if dowel deflections with respect 

to concrete vanish close to the PCC joint. 

If the whole action of concrete on the dowel 

from one PCC slab is P as shown in Figure 1 

then deflection of the dowel in the other slab is 

as following (Timoshenko and Lesser 1925): 

y = e-βx [P cos βx -β Mo (cos βx - sin βx)] / 2 

β3 Ed Id    (2) 

Where, 

y= vertical deformation of PCC under the 

dowel 

x= coordinate along dowel from the face of 

concrete 

Mo= bending moment on dowel at face of 

concrete 

β= the relative stiffness of a dowel bar 

embedded in concrete 

Ed= elastic modulus of dowel bar material, psi 

Id= moment of inertia of the dowel 

The relative stiffness of a dowel bar embedded 

in concrete, β, is defined as:  

β= [ K d / 4 Ed ld]^0.25      (3)  

Where, 

K= modulus of dowel support, psi/in  

d= dowel diameter, in  

Id= π d4 / 64  

If the joint wide opening is designated Z, and 

considering that the concrete slabs are much 

stiffer than dowels, the moment at the dowel B 

concrete interface is as follows: 

M=-(P_t Z)/2                   (4) 

 Substituting Eq (4) into Eq (2) leads to the 

following expression for the maximum dowel 

deflection in the concrete:    

y=P_t/(〖4β〗^3 EI)(2+βz)                (5) 

The maximum bearing pressure on the concrete 

is defined by:  

σ=ky.=(kP_t)/(〖4β〗^3 EI)(2+βz)   (6) 

One can see that the maximum bearing pressure 

on concrete depends on the following 

parameters:  

 Total load transferred by the dowel  

 Modulus of dowel support  

 Joint opening  

 Dowel diameter  

 Dowel modulus of elasticity [James 

,2005]. 

 
Figure 1. Pressure exerted on a loaded dowel
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3. FE Model Validation with 

Analytical Solution 

Using ABAQUS software, a simple model was 

developed to compare Tabatabaei-Barenberg 

analysis and FE method. In this model, a PCC 

slab with dimensions of 3.5×3.5m and 

thickness of 25cm was used and bottom of the 

slab was constrained at both directions. A bar 

was placed with a diameter of 32mm and a 

length of 30cm in the middle of the PCC slab. 

The Coulomb friction model was applied in this 

model to create a connection between the bar 

and PCC slab. The friction coefficient between 

the dowel and PCC slab (µ) is variable. Because 

of uniformity between FE model and 

Tabatabaie-Barenberg model, a vertical point 

load was applied to the end of the dowel. The 

load increased from zero to 3.1-tons in linear 

amplitude and vertical deflection of dowel at 

the face of joint (y_0) was recorded. Table 1 

shows a summary of modeling input. 

The Figure 3 shows changes in the applied load 

magnitude on the dowel (p) against bar 

displacement in the joint (𝑦0) at different 

friction coefficients. Due to the limit resources 

and absence of ability to perform a specialized 

test procedure, the verification process was 

done by using Tabatabaie-Barenberg analytical 

model and the 3D FE was validated with 

analytical solution for vertical displacement of 

the dowel. As Figure 3 states, the 3D FE results 

were relatively close to analytical solution and 

with decreasing the friction coefficient between 

the dowel and PCC slab, vertical deflection of 

the dowel and the difference between analytical 

model and FE method results increase. 

 

Table 1. Summary of modeling information of both models (analytical and finite element method) 

k 
Slab 

thickness 

Poisson 

coefficient 

Modulus of 

elasticity of 

dowel(kg/m2) 

Modulus of 

elasticity of 

concrete(kg/m2) 

Joint Bar Diameter 

7.93e+11 25mm 0.19 1.9e+6 1.7e+5 10cm 32mm 

 

 

Figure 2. FE model for validation with analytical solution 
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Figure 3. Validation of 3D FE model with classical solutions 

Table 2. The number of elements whose tension damage parameter rate exceed 0.9 

The number of elements whose tensional 

damage exceed 0.9 

 

The maximum of tension 

damages 
Friction coefficient 

39 1.016 1 

29 9.90e-1 0.6 

21 9.912e-1 0.3 

16 9.920e-1 0.1 

 

The concrete damage plasticity method was 

used to define concrete plastic behavior (Table 

4). In this model, degradation of the elastic 

stiffness is characterized by two damage 

variables, 𝑑𝑡 and 𝑑𝑐, which are assumed to be 

functions of the plastic strains, temperature, and 

field variables. The damage variables can take 

values from zero, representing the undamaged 

material, to one, which represents total loss of 

strength. 

 Initially, with increasing the applied load on 

the dowel, the tensile stress in the elements of 

concrete arises and then the elements around 

the dowel will be damaged. In this section, the 

impact of friction coefficient on damage ratio 

(𝑑𝑡) of slab elements has been examined. The 

friction between dowel and concrete makes 

shear stress increases in dowel surface and it 

will eventuate in applying more tension on the 

elements of PCC slab which surround the 

dowel. Given an above-mentioned modeling 

details and applying the 3.1-tons load on dowel 

end, some of the concrete elements whose 

tensile damage ratio (𝑑𝑡) exceeds 0.9 have been 

shown in the Table 2 in terms of the friction 

coefficient. 
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Figure 4. Tension damages parameter of the elements surrounding PCC slab in the friction coefficient of 

1 

 

Figure 5. Tension damages parameter of the elements surrounding PCC slab in the friction coefficient of 

0.6 

 

Figure 6. Tension damages parameter of the elements surrounding PCC slab in the friction coefficient of 

0.3 
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Figure 7. Tension damages parameter of the elements surrounding PCC slab in the friction coefficient of  

0.1 

According to Figures 4 to 7 and Table 2, 

increase of friction coefficient from 0.6 to 1 

leads to increase in the maximum tensile failure 

and the number of damaged elements. 

The bearing stress in the concrete at the face of 

the joint is critical for proper function of the 

dowel bar. If the bearing stress is too much, the 

concrete will begin to break away where it 

contacts the dowel bar. According to American 

Concrete Institute (ACI) committee 325, the 

allowable bearing stress on the concrete is 

equivalent to equation (7), therefore the impact 

of friction coefficient should be considered. 

𝒇𝒃 = (
𝟒−𝒅

𝟑
)𝒇𝒄                    (7) 

𝒇𝒃= allowable bearing stress 

4. Numerical 3D Modeling for the 

Set of PCC Slabs and Dowels 

ABAQUS software consist of very powerful 

modeling programs based on FE analysis which 

can solve problems from a simple linear 

analysis to the most complicated non-linear 

modeling (such as hyperplastic and viscoelastic 

materials). 

4.1 Model Geometry 

The FE modeling was developed using 

ABAQUS VER 14.1 software. In this 

modeling, two PCC slabs with the dimensions 

of 0.25×3.5×3.5 m were connected by dowels. 

Dowels bars were 32 mm in diameter and 40 cm 

in length which were located at the middle of 

PCC slab with 30cm spacing center to center. 

The base was shaped slightly wider than the 

slab to enable a better distribution of the 

stresses and widened by 0.5 m for each edge of 

the slab. The joint width opening was supposed 

to be 10 mm. In order to study the impact of 

dowel performance, it was assumed that load 

transfer only through dowels to adjacent slab 

[Gauch, 2013]. 

The standard axle (a single axle with a single 

wheel on each side) with 8.2-tons load was 

applied on the center of one PCC slab. The 

rectangular tire imprint with uniform stress and 

dimensions of 0.425× 0.315m was simulated. 

To identify the contact area between the dowel 

and slab, Coulomb method was used and the 

friction coefficient between the dowel and PCC 

slab (µ) was defined. The concrete slab and the 

base layer were assumed to be frictional 

contact, and the slab-base friction value is 

0.05[Li Luoke et al. 2012]. 

ABAQUS consist of two main analysis 

solutions for problems: Standard and Explicit. 

ABAQUS/Standard can solve a wide range of 

linear and nonlinear problems involving the 

static, dynamic and contact response of 

components. In this paper Standard method 

with 1 step and static loading was used. 

4.2 Material 

ABAQUS has three models for identifying 

concrete: Cracking for Concrete, Concrete 

Smeared cracking, and Concrete Damage 

Plasticity. In this study, the third model has 

been used to define strain-stress behaviour and 

the plasticity of concrete, because it is suitable 

for different types of uniform loading including 
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dynamic and cyclic loading.  It can model 

concrete damage in both states of cracking 

under strain and pumping under pressure. 

 

Constitutive behaviour of concrete is very 

difficult to capture by using elastic damage 

models or elastic plastic laws. In elastic damage 

model irreversible stains cannot be captured. 

On the other hand when elastic plastic relation 

is adopted the strain will be overestimated since 

the unloading curve will follow the elastic 

slope. In concrete damage model two main 

failure mechanisms are assumed: tensile 

cracking and compressive crushing of the 

concrete. This model is designed for 

applications in which concrete is subjected to 

cyclic loading with alternating tension and 

compression. In this method, the parameters 

needed to define concrete plastic model include 

ψ ،ɛ ،fb/fc and K which respectively are 38, 1, 

1.12 and 0.666 degrees. Table 3 was listed the 

parameters of material definition and concrete 

damage plasticity constant. The steel dowel 

bars and base were represented using the elastic 

isotropic material models. 
 

Table 3. Material properties 

value parameter material 

19.7 GPa Modulus of elasticity 

concrete 
0.19 Poisson coefficient 

C3D8R Type of element 

7.5 cm The size of smallest element 

200 GPa Modulus of elasticity 

Steel (dowel) 0.3 Poisson coefficient 

C3D8R Type of element 

5cm The size of smallest element 

GPa 7.2 Modulus of elasticity 
base 

0.35 Poisson coefficient 

 

Table 4. Input parameter for concrete damage plasticity [Azadravesh, 2010] 

Concrete compression damage Concrete compression hardening 

Crushing strain  Damage C (𝑑𝑐) Crushing strain Stress [MPa] 

0.0 0.0 0.0 15.0 

0.0000747307 0.0 0.0000747307 20.197804 

0.0000988479 0.0 0.0000988479 30.000609 

0.000154123 0.0 0.000154123 40.303781 

0.000761538 0.0 0.000761538 50.007692 

0.002557559 0.195402 0.002557559 40.236090 
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0.005675431 0.596382 0.005675431 20.236090 

0.011733119 0.894865 0.011733119 5.257557 

Concrete tension damage Concrete tension stiffening 

Crushing strain  Damage T (𝑑𝑡) Cracking strain  Stress [MPa] 

0.0 0.0 0.0 1.99893 

0.00003333 0.0 0.00003333 2.842 

0.000160427 0.406411 0.000160427 1.86981 

0.000279763 0.69638 0.000279763 0.862723 

0.00068459 0.920389 0.00068459 0.226254 

0.00108673 0.980093 0.00108673 0.056576 

 

 

 

Figure 8. View S22 stress in the PCC slab 
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Figure 9. 3D view of the model by ABAQUS software 

 

5. The Impact of Friction 

Coefficient on Dowel Performance 

Friction coefficient between PCC slab and 

dowel is one of the most effective parameters 

on the dowel action because, with increasing 

friction coefficients, bonding increases between 

PCC slab and dowel and loosness does not 

occur. The tangential behavior of the dowel was 

modeled using Coulomb frictional contact 

between the surfaces. The different friction 

coefficients were taken as 1 for the perfectly 

bonded side to 0.1 for the free side of dowel and 

separation was allowed between the surfaces. 

The normal behavior of the load transfer was 

simulated using hard contact pressure definition 

between the two surfaces. For this purpose, 

special surface-to-surface elements were used 

to model hard contact behavior. In this 

modeling, the friction coefficient between PCC 

slab and dowel as variables and its impact on 

the load transfer efficiency of the dowel have 

been studied. Figure 10 plots the impact of the 

friction coefficient between the dowel and 

concrete on the load transfer efficiency of 

dowels. 

It was found that contact shear stress in the 

interface between the concrete slab and dowel 

is intensive to the friction and shear stress 

increases with increasing friction and the 

highest level of LTE occurs when friction 

coefficient is equal to 1. The Figure 11 

illustrates maximum contact shear stress was 

created in the elements between dowel and PCC 

slab. 
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Figure 10. The impact of dowel and concrete friction coefficient on the load transfer by dowels 

 

 

 

 

 

 

Figure 11. Impact of friction coefficient on maximum shear stress in PCC slabs and dowel 
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According to the Figure 11, shear stress in 

adjacent slabs is slightly different in the 

elements of PCC slab which surround the 

dowels (contact shear), and shear stress is 

higher in the unloaded slab. This difference 

increases as friction coefficient increases and 

Shear stress is almost equal in the dowel and 

unloaded PCC slab. 

 

6. The Impact of Wheel Load on 

PCC Slab on Dowel Load Transfer 

Under vehicular loading the structural response 

of concrete pavement was affected by 

magnitude of applied wheel loading. In this 

section, the applied load on a slab (weight of 

axle) increases from zero to 12 tons in linear 

amplitude and its impact on the LTE was 

illustrated in Figure 12. 

According to the figure, although the applied 

load on slab increases, the coefficient of the 

performance does not change significantly. It is 

because all the strain of materials and surfaces 

are in the elastic range. 

7. The Impact of Diameter and 

Dowel Spacing on the Performance 

of Dowel 

In Tabatabaie-Barenberg equation, dowel 

vertical displacement has a negative 

relationship with dowel diameter. 

Consequently, as bar diameter increases, load 

transfer efficiency of dowels increases as well. 

In this section, the impact of dowel diameter 

and spacing has been examined. The diameters 

of bars were taken 22mm, 25mm, 28mm, 32mm 

and 36 mm. Figure 13 states the impact of bar 

diameter on the performance of dowels. 

 

 

Figure 12. Impact of the axle weight increases on the load transfer coefficient of the dowel 
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Figure 13. Impact of dowel diameter on the performance of dowel 

 
Figure 14. Relation between the dowel spacing and load transfer efficiency 

 

Dowel bars transfer the loads across pavement 

joint primarily by shear action. When one panel 

of the pavement is loaded, the panel is deflected 

along with the dowels connecting the loaded 

panel with an adjacent panel and in this process 

the dowels transfer part of the load to the 

unloaded panel. In designing dowel bars by 

analytical method, it is supposed that the ratio 

of vertical displacement of two PCC slabs is 

equal; consequently, load transfer efficiency 

(LTE) equals 1, and each dowel bears shear 

force with an inverse ratio of the distance from 

load point. Therefore, the amount of shear in the 

dowel changes linearly, and the maximum 

shear occurs in the first dowel next to the wheel 

load. The shear of each dowel has a reverse 

relationship with the distance of dowel to wheel 

load place. The higher the number of dowels 

(less distance between dowels) leads to lower 

the amount of shear force on each dowel. Figure 

14 illustrates the impact of distance between 

dowels on LTE. Figure 15 illustrates the impact 

of dowel bar numbers (distance between them) 

on the maximum shear force on dowels. The 
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maximum shear in all plans happened beneath 

one of loading axle wheels (8.2 tons). 

 

Figure 15.  Relation between dowel spacing and maximum shear in dowel 

 

Table 5. Distance and diameter of bars in dowel performance coefficient 

Dowel spacing (mm)(dowel diameter=32mm)   dowel diameter (mm)(dowel spacing=300mm) 

900 750 600 450 300 22 25 28 32 36  

0.00122 0.00132 0.00154 0.00203 0.00292 0.00138 0.00178 0.00224 0.00292 0.0037 As/m(
𝑚2

𝑚
) 

 

As the Figure 15 shows, as the distance between 

dowels increases (their numbers decreases), the 

maximum shear force increases. And the shear 

force has a reverse relation with the distance 

between dowels. For example, if the distance 

between dowel bars is tripled, shear force triple 

in them and the diagram above has almost a 

linear relation. Consequently, as the distance 

between dowels increase, LTE decreases and 

the maximum shear force increases in the 

dowel. 

In this section, considering the impact of bar 

diameter and bar spacing on dowel function, a 

new term as (As/m) in Table 5 and Figure 16 

represents dowel section area per dowel spacing 

of PCC slab. 

According to the Figure 16, there is a proper 

relationship between the impact of dowel area 

and spacing on LTE. In fact, increasing dowel 

area has similar effect on the performance of 

dowels, unlike dowel spacing reduction. 
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Figure 16. Impact of dowel section area and dowel spacing on LTE 

 

Figure 17. Dowel placement point 

 

8. The Impact of Dowel Placement 

on Dowel Performance  

In jointed PCC pavements, the dowel is usually 

located in the center of PCC slab, but 

sometimes it is not placed in ½ of the height of 

PCC slab due to some operational problems 

(such as thermal reinforcement). As Figure 17 

shows, dowels were placed within PCC slab 

and performance of dowels was studied at 

different height. 

According to the Figure 17, the most 

appropriate height for placement of dowels is ½ 

of the height of PCC slab. 

 

9. Conclusion 

The following conclusions were developed 

based on the analysis of 3D FE model that 

representing valuable insight on the behavior of 

the slab-dowel system when subjected to wheel 

loading. The numerical results were validated 

with classical analytical solution of dowel 
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displacement at the face of joint. Conclusions 

from the numerical investigations are 

summarized below: 

 Results obtained from the model shows 

that LTE was intensive to friction 

coefficient where it significantly 

increased as friction changed. On the 

other hand, deflection base LTE 

increase with friction coefficient 

increase. Furthermore, the friction 

between concrete and dowel can cause 

the development of the initial damage 

in the concrete elements near dowel 

bars.  

 It was observed that with friction 

coefficient range increase from 1to 0.1, 

the LTE reduce by around 3% and 

maximum contact shear stress between 

concrete and dowel bars in loaded and 

unloaded slab decrease by around 

225% , 600% respectively.  

 For rang of applied load magnitude, 

when strain of concrete element is in 

the elastic range, the LTE coefficient 

does not change significantly. 

 Results demonstrate that LTE for 300 

mm dowel spacing was computed to be 

about 1.5%, 3.6%, 6.8 and 15% larger 

than for 450 mm, 600 mm, 750 mm and 

900 mm spacing cases respectively. 

 It can be observed that amount of the 

load transfer increases as the dowel 

diameter increases and LTE varies 

from almost 0.965 for 32 mm dowel 

diameter case to approximately 0.91 for 

22 mm dowel diameter. 

  In addition to that, the maximum 

amount of LTE occurs when dowel 

bars are placed in half the height of the 

slab. 
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