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Abstract. Mitigating the effects of thermal stress and shrinkage in airfield concrete
pavements typically involves dividing the pavement into individual slabs of appropriate
dimensions. Under aircraft wheel loading, the slab edges and corners are subjected to the
most critical and unfavorable stress states. To reduce these disadvantages, dowel bars must
be placed along both the longitudinal and transverse joints to transfer part of the applied load
from the loaded slab to the adjacent one. Improper selection of dowel diameter or spacing
can significantly diminish the pavement’s load-bearing capacity and shorten its service life.
In this study, the finite element software ABAQUS was used to examine the influence of
dowel bar diameter and spacing on the stress and deflection responses of airfield concrete
slabs subjected to B737-500 aircraft loading. The numerical model considered two
commonly used slab thicknesses: 0.30 m and 0.40 m. The results indicate that, for a constant
dowel diameter, the deflection and stress increase sharply as dowel spacing increases from
0.1 mto 0.4 m, while changes become negligible beyond 0.40 m. Conversely, when spacing
is kept constant, increasing the dowel diameter from 20 mm to 40 mm substantially reduces
stress and deflection, with further increases yielding minimal additional benefit. These
findings provide useful guidance for selecting appropriate dowel dimensions in the design
of airfield concrete pavements.
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1. INTRODUCTION

In airfield concrete pavement structures, joints reinforced with dowel bars constitute
critical elements that govern load transfer efficiency between slabs, thereby influencing the local
stress-strain response at slab edges. Unlike conventional highway pavements, airfield pavement
systems operate under particularly harsh conditions, characterized by high intensity loads,
frequent repetition cycles, and the need for long-term operational stability. Modern airports must
accommodate wide-body aircraft, which impose large wheel loads, high operating frequency,
and surface flatness requirements that are much more stringent than those of highways.
Therefore, finding the structurally optimal diameter and spacing of dowel bars becomes a key
technical issue in the design and rehabilitation of airport rigid pavements.

If the dowel bars across the joints are ineffective, the loads are not properly transferred
between slabs, leading to increased local bending and shear stresses, reduced structural service
life, and cracking at slab edges. When an aircraft wheel acts near a joint, a slab with poorly
performing dowels behaves similarly to one with a free edge, resulting in significantly increased
stress and deflection that may compromise operational stability.

The first calculations of compressive stresses induced by dowel bars were performed by
Bradbury, who assumed that each dowel bar behaved as an infinite beam resting on a Winkler
foundation. Based on his analysis, he derived formulas for the dowel bar length required to resist
allowable shear, bending, and bearing stresses [1]. However, the effects of dowel diameter and
spacing were not analyzed in detail and were mainly inferred from empirical observations and
practical assumptions of that time. Although these results had fundamental significance, they did
not fully reflect the spatial behavior of the slab-joint-foundation system under load.

Subsequently, the two-dimensional finite element method (FEM) was used to analyze the
response of rigid pavements [2, 3]. However, 2D models have inherent limitations because they
assume plane strain or plane stress conditions, which do not allow accurate evaluation of the
three-dimensional interaction between dowel bars, surface layers, and the foundation. In recent
years, the rapid development of computing technology and the advantages of three-dimensional
FEM have enabled more detailed analyses of rigid pavement responses, making this method
increasingly popular in pavement studies [4, 5, 6, 7, 8]. Most of these studies, however, have
focused on highway pavements with relatively thin slabs or on evaluating pavement performance
to propose design optimizations.

Various standards and guidelines worldwide specify dowel bar dimensions and spacing
based on slab thickness and load level, emphasizing the importance of dowel placement to ensure
load transfer efficiency and prevent slab cracking. Some standards also include adjustment
factors based on aircraft type, climatic conditions, foundation strength, and joint length.
However, most of these parameters have been developed primarily under European and North
American airport conditions [9, 10, 11].

Several researchers from Vietnam and many other countries, including Nguyen Quoc Van,
Tran Nam Hung, Hoang Khac Tuan, Qiao Meng, and Jagadeesh A., [8, 12, 13, 14, 15] have
applied FEM to analyze rigid pavements. These studies mainly focused on pavement condition
evaluation to propose design optimizations and improve operational performance. However, few
in-depth studies have examined the combined influence of dowel diameter and spacing on stress-
strain responses at slab edges; consequently, most domestic design references still rely on foreign
standards and recommendations. This situation highlights the need to develop representative
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numerical models as well as laboratory and field experiments suited to local airport conditions,
thereby improving national rigid pavement design standards and operational reliability.

Based on these considerations, the authors employed a three-dimensional finite element
approach using ABAQUS to investigate the combined effects of dowel diameter and spacing on
the stress-strain response at the edges of airport cement concrete slabs. This study contributes
through a detailed numerical simulation model of the contact mechanism between the dowel bars
and the concrete, specifically parameterized for aircraft loading conditions and the range of
airfield concrete slab thicknesses common in Vietnam. Results from the model provide a
quantitative database that contributes to strengthening the scientific basis for the design and
improvement of airport rigid pavements in Vietnam.

2. THEORETICAL BASIS FOR STRUCTURAL CAPACITY ANALYSIS OF RIGID
PAVEMENTS

Rigid pavements began to be calculated in the 1920s of the last century, when a number
of researchers proposed approximate methods to determine the required thickness of concrete
slabs, typically the formulas of Goldbeck [16] and Older [17]. The formulas were based on a
concentrated load P applied at the corner of the slab. In deriving their formulas, Goldbeck and
Older assumed that, under loading, the foundation would settle and separate from the slab, so
that only the concrete slab itself responded to the load, without considering the influence of the
base layer.

The main shortcomings of this approach include neglecting the reaction of the foundation
and deriving the calculation formulas from beam bending theory rather than plate theory.

The method for calculating the strength of rigid pavements of airports according to
ICAQO, based on the approximate solution to the problem of calculating the stress in the plate
on the elastic base of Winkler, was carried out by H. M. Westergaard in 1926 [18]. To solve
this problem, Westergaard studied a thin plate on the elastic base of Winkler and proposed the
following approximate formulas for calculating the stress for different loading positions:

a. Loading at the corner of the slab (c)
P|

P, h, K, a.
J Gcz?,Acz?

A
\

Figure 1. Loading at the corner of the slab.

Westergaard applied a successive approximation method and obtained the formula Eqg.
(1) for calculating stress and deflection [18]:
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where:¢ is the radius of relative stiffness; h is the thickness of the concrete slab; a is the

circular radius with an area equivalent to the contact area of the wheel load; k is the foundation
coefficient.

In 1985, loannides et al. applied the finite element method to evaluate Westergaard
solutions, they proposed to use the following relationships [19]:

o, = 2{1—(%01, A, = 12[1.205—0.69(3]} . @)
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b. Loading at the center of the slab (i)
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Figure 2. Loading at the center of the slab

The formula developed by Westergaard for the internal stress in a plate under a circular
loading zone of radius is a as follows [18]:

o =M(ln£+0.6159j, (3)
2rzh b

o {\/1.6&2 +h? —0.675h, ifa<1.724h;

a, in all other cases.

(4)

For the Poisson ratio of 0.15 and in terms of base-10 logarithms, Eq. (3) can be written as:

o :ﬁﬁ(m%u.%gj. 5)

2
The deflection equation is: A; = PZ 1+i In(ij—0.673 (Ej :
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c. Loading at the edge of the slab (e)
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Figure 3. Loading at the edge of the slab

The stresses induced by edge loads were presented by Westergaard in several
publications in 1926, 1933, and 1948 [18, 20, 21]. In his 1948 article, he provided general
solutions for the maximum stress and deflection caused by circular and semi-circular loading

46



Transport and Communications Science Journal, Vol.77, Issue 01 (01/2026), 43-57

areas applied at the slab edge. These solutions were later extended and reformulated by
loannides et al. [19] as follows:

3+ u)P {In( Eh? ]+1'84_4/4+1—/,z+1.18(1+2/,z)a] ®)

(circeie) - 7Z'(3+ ,Ll)hz 100ka’ ? 2 14

Ae
(circle) \/Ekh3

301+ u)P {In( Eh? j+3.84_4_,u+(1+2/u)a]

_P2+iou [1_ (0.76+0.4y>a] (7)

14

(semiceigcle) - 72'(3+ ,u)h2 100ka* 3 2/

A, = PJy2+1.2u [1_ (0.323+0.17,u)a]
(semicircle) m l

Currently, design standards in several countries, including Vietnam and Russia,
calculate the edge moment of concrete slabs by applying a conversion factor to the moment at

the slab center. Depending on whether the slab edge is free or connected, the corresponding
factor is 1.5 or 1.2, respectively [22, 23].

3. RESEARCH ON THE EFFECT OF DISTANCE AND DIAMETER OF DOWEL
BARS ON STRESS AND DEFLECTION OF AIRFIELD CONCRETE SLABS

3.1. Characteristics of pavement structure layers, aircraft loads and research model

This study developed the simulation model based on the taxiway structure S of Tan Son
Nhat International Airport [24]. The characteristics of the structure are shown in Table 1.

Table 1. Concrete, base, and dowel bar properties used for the finite element model [24].

Layer Cases Thickness | Modulus of elasticity Poisson’s
(m) (MPa) ratio
1 Concrete M350 0.40 31000 0.15
2 Concrete M150 0.38 16000 0.20
3 Crushed stone aggregate 0.18 450 0.35
4 Sand 0.50 180 0.35
5 Subgrade 2.50 130 0.40

The dowel CT3 has alength of L =0.60m, elastic modulus E =210000MPa and Poisson's
ratio ©=0.3.

The contact stress at the wheel-road interface is taken as the tire pressure and is evenly
distributed in the contact area. The contact area used in this study is taken according to the
Portland Cement Association method [25]. According to this method, the tire-road contact area
is a rectangle with a length of 0.8712L and a width of 0.6L, L is calculated according to the formula:
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Iy
0.5227q

where: P, is the load on one tire;
q is the tire pressure.

The payload of B737-500 aircraft was used in the simulation. The main characteristics
of the aircraft are shown in Table 2 [10, 26].

(8)

Table 2. Characteristics of the airplanes (FAARFIELD 2.1.1)

Aircraft Tire pressure | Footprint | Tire contact | Tire contact | Dual spacing| Tandem
(MPa) area (mm?) | length (mm) | width (mm) (mm) spacing (mm)
B737-500 1.338 105836 464 290 774.7 0

Consider the case where the aircraft wheel load being placed centrally next to the plate,
lying entirely on the slab edge.

For this research, a model with the following parameters was developed: It consists of
two 5.0 x 5.0 m concrete slabs connected by dowel bars. The dimensions of the other structural
layers are shown in Figure 4.

This study is limited to the linear elastic response of the structure under operational
loading. Accordingly, the materials are represented as isotropic, elastic. The contact between
the material layers is modeled by tangential and normal contact behavior to the contact surface.

This model does not consider time-dependent effects or damage mechanisms, including
cracking, creep, or material degradation.
dowel bar L P Pl dowel bar
LU LU
IEREEEEEE concrecte M350 I 0.40m
concrecte M150 0.38m
crushed stone aggregate 0.18m
sand 0.50m
subgrade
2.50M
5.00M 5.00M | 5.00M
ll
X ) \ ) X /\’X } k /\’X /\/k /\/k /\/,\'\\ K /\/X /\’,\\/\’X /\’X\/\’/ \/\// \/\// \/\// \/\// \/\/> \\/\// \/ /> \\;\/>\ //> \\> >

cross section longitudinal section

Figure 4. Research concrete pavement structure.

In the AASHTO 1993 pavement design manual, the coefficient of friction between the
concrete slab and the base layer is determined through the characteristics of each type of base
material. Accordingly, the coefficient of friction between the concrete slab and the base surface
ranges from 0.9 to 2.2 [27]. At the location where there is an insulating layer between the two
layers of material, the coefficient of friction is significantly reduced, so it is chosen to be 0.5.
For the remaining layers, depending on the properties of the material, the coefficient of friction
Is chosen to be 1.5. The interface between half of the dowel bar in a slab and concrete modeled
as a perfect bond and the other half in the neighboring slab could move along the dowel bar’s
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axial direction. The tangential behavior of the dowel modeled using Coulomb frictional contact
between the surfaces. Separation was allowed between the surfaces. The tangential behaviour
of surface between the slab and base was modelled as Isotropic Coulomb friction. Loss of
contact between slab and base modeled using normal hard contact that allows the surfaces to
separate after coming in contact. No separation was permitted between foundation layers. The
sides between the two neighboring slabs at the joint were considered to have a zero gap with a
Coulomb friction of 1.5 [28, 29].

All translational degrees of freedom were restricted at the lower surface of the subgrade
layer. The sides of subgrade boundaries were constrained in their Y-direction and were applied
to the sides of the base as well as all side surfaces of the subbase. As portions of the concrete
slab may lose contact with the base. Therefore, No exterior restrictions are used at the slabs
whose stability is preserved by its interaction with the base and the slab own weight. The dowel
bars were connected to the slab by the interaction properties and stabilized by their weight.

To ensure the continuity of the joint between two consecutive layers, the model uses only
one type of element (C3D8R). The areas with important stresses (around the dowel bars, the
contact area between the concrete slabs) are meshed more finely. Depending on the
convergence of the calculation results, the calculation time, as well as depending on the
problem, in this study, the number of model elements ranges from 90629 to 202101.

. pavement
structural layers

Figure 5. Finite element model in Abaqus.

This model has been proven to be highly reliable through comparison with experimental
results and has been used by the author to publish some previous studies [4, 30]. In addition,
some authors in the world have also used similar models for studies on rigid pavements
subjected to static loads [6, 28].

3.2. Effect of spacing between dowel bars

The spacing between dowel bars is an important factor affecting the performance of
concrete pavement structures, especially in controlling stress and deflection at the junction
between two concrete slabs. When the spacing between dowel bars is too large, the dowel bars
capacity is reduced, leading to increased local stress at the edge of the concrete slab. This can
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cause cracking or reduce the life of the structure due to uneven load distribution. Conversely,
if the spacing between dowel bars is too small, it not only increases construction costs but also
reduces overall efficiency, due to the risk of force concentration in the areas around the dowel bars.

To study this problem, a model was built using 32 mm-diameter, 0.6 m-long dowel bars
to connect 2 concrete slabs, the spacing between the dowel bars was changed from 0.1 m to
1.0m. With two cases: concrete slab thickness 0.3mand 0.4m (corresponding to the common
thickness range at current Vietnamese airports).

Figures 6 and 7 show the dependence of deflection and stress on the spacing between

the dowel bars (along the edge of the slab with dowel bars) for a concrete slab with a
thickness h=0.4 m.
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Figure 6. Moment and deflection at the bottom edge of the concrete slab according to the
spacing between the dowel bars L.

The dependence of the deflection and the maximum bending moment on the spacing
between the dowel bars and the thickness of the concrete slab is shown in Fig. 6. From there,
we can see that when the spacing between the dowel bars increases from 0.20 m to 0.30 m, the
moment and deflection increase rapidly (about 32%), when the distance is 0.40 m or more, the
change is insignificant (about 8%).
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Figure 7. Dependence of deflection on spacing between dowel bars.

Data in Fig. 7 show that when increasing the thickness of the concrete slab from 0.30m
to 0.40 m, the deflection will decrease and the bending moment will increase. At the same time,
when the spacing between dowel bars is from 0.40 m or more, the moment and deflection are
relatively stable.

Visualize the results of deflection and bending moment at the bottom edge of the concrete
slab, depending on the spacing between dowel bars and the slab thickness in the form of a 3D

graph (Fig. 8).

o
0‘2?_ o
S

=> 2,

Figure 8. Relationship between deflection, moment along the thickness of the concrete slab
and the spacing between the dowel bars.

The simulation results show that whether the concrete slab has a thickness of h = 0.30 m
or h = 0.40 m, when the distance between the dowel bars increases to 0.40 m, the deflection

and stress at the bottom of the slab increase rapidly, when the distance is 0.40 m or more, the
deflection and stress are relatively stable.

3.3. Effect of the diameter of the dowel bars
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The diameter of the dowel bars is an important factor affecting the load-bearing capacity
and load distribution between concrete slabs in a pavement structure. Large diameter dowel
bars generally increase the effective load-transfer capacity, helping to reduce tensile stress at
the edge of the slab and limit deflection at the joints, which is critical for preventing cracking
or deterioration under heavy loads. However, excessively large diameters can also lead to stress
concentration around the bars, increasing the risk of local failure if not properly designed. By
contrast, smaller diameter dowel bars will increase the steel density but may not ensure
sufficient load-bearing capacity.

To study this problem, the model uses 14 dowel bars with dowel diameters varying from
20mm to 60mm, 0.6m-long.

Figure 9 shows the dependence of deflection and moment on the diameter of the dowel

bars (along the edge of the slab there are dowel bars) for a concrete slab with a thickness of
h = 0.40m.
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Figure 9. Deflection and moment at the edge of the slab depending on the diameter of the dowel bars.

The variation of deflection and moment at the slab edge according to the dowel bars
diameter is shown in Fig. 10 (for concrete slabs with thicknesses of 0.30 m and 0.40 m).
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Figure 10. Variation of deflection and moment at the edge of the slab according to the
diameter of the dowel bars.

Data in Fig. 9 and Fig. 10 show that the deflection is inversely proportional to the
diameter of the dowel bars and the thickness of the slab. The moment is inversely proportional
to the diameter of the dowel bars but directly proportional to the thickness of the concrete slab.

Visualize the results of deflection and moment at the bottom edge of the concrete slab,
depending on the diameter of the dowel bars and the thickness of the slab in the form of a 3D

diagram (Fig. 11).

deflection (m)

300

oot
by
B %

ta
-~
o

Lasu ) aaons

LN
o
=1

47®

Figure 11. Deflection and moment at the edge of the slab according to the thickness of the slab
and the diameter of the dowel bars.
The simulation results show that when the diameter of the dowel bars increases to 40mm,
both the deflection and moment decrease rapidly, and when the diameter is 40 mm or more,
the deflection and moment are relatively stable. This result is true for both 0.30 mand 0.40 m

thick concrete slabs.

Table 3 presents the results of slab-edge deflection and moment from both analytical and
finite element simulations for slabs 0.30 mand 0.40 m thick, with 0.6 m long dowel bars spaced

0.35 m apart.
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Table 3. Comparison of results calculated by analytical and simulation methods.

] ) . Moment
Thickness slab | Diameter of dowel | Deflection (mm) | Error (N.m/m) Error
(cm) bar (mm) (%) (%)
1) ) (1) )

h = 40 32 0.292 0.325 11.3 520.7 455 12.6

- 40 0292 | 0318 | 89 | 5207 | 445 | 145
h=30 32 0.331 0.376 13.6 362.2 321 11.4

- 40 0.331 0.374 13.0 362.2 302 16.6

Notes: (1) - calculated using the method of Westergaard and loannides, Eq. (6) and Eq. (7);
(2) - calculated using the finite element method.

Table 3 shows that the deflection calculated by the Westergaard and loannides method is
smaller than that from the finite element simulation, while the edge moment of the slab is larger.
It indicates that the Westergaard and loannides method tends to underestimate deflection,
suggesting a safer evaluation of the structure in terms of serviceability, but is more conservative
regarding internal forces, as it predicts larger edge moments. Such a finding may cause the
designer to choose a thicker structure or arrange larger dowel bars, leading to a design that is
biased towards safety but potentially has the risk of economic redundancy. The finite element
method provides more realistic results on the distribution of the plate's behavior, clearly
reflecting the overall performance of the plate - foundation - dowel bars. However, the results
may be sensitive to modeling assumptions, requiring the designer to have experience and
accurate input data (base elastic modulus, boundary conditions, friction, etc.).

In addition, the results also show that the deflection and moment of the concrete slab
when using the Westergaard and loannides method do not depend on the diameter or spacing
between the dowel bars. This reflects the oversimplification of the traditional method, which
assumes the slab to work in a single state on an elastic foundation and does not consider the
force interaction between neighboring slabs. Meanwhile, the finite element method allows
detailed simulation of the influence of the dowel bars, thereby more accurately assessing the
load transfer efficiency, especially at airports operating heavy aircraft.

4. DISCUSSION

Calculations of the three-dimensional finite element model were performed for concrete
slab under static load of B737-500 aircraft with different cases of spacing (0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.8, 1.0m), diameter (20, 25, 28, 32, 36, 40, 50, 60mm), 0.6m length of the dowel bars
and thickness of the concrete slab (0.30, 0.40m). Other parameters, such as modulus, connection
of the concrete slab to the sub-layers, loads, and boundary conditions, remained unchanged.

Figures 6 and 7 show that, for a constant dowel bar diameter, both deflection and stress
increase rapidly as the spacing between dowel bars grows from 0.10 m to 0.40 m (deflection
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increases by 2.2 times and stress by 1.4 times). Beyond 0.40 m, deflection and stress remain
almost unchanged.

Figures 9 and 10 show that, when the diameter of the dowel bars increases from 20 mm
to 40 mm, deflection and stress decrease by 1.1 times, while further increases beyond 40 mm
result in minimal changes. The 3D diagrams in Fig. 8 and Fig. 11 illustrate this variation more
intuitively.

When calculated using Westergaard’s and loannides’s method, the deflection will be
smaller than the finite element simulation method (from 8.9% to 13.6%), and the moment at
the edge of the plate will be larger (from 11.4% to 16.6%). This deviation has many reasons,
such as: boundary conditions, interaction between the plate and the foundation, and
assumptions when calculating.

Table 4 compares the calculation results from this study with the regulations ondiameter and
spacing between the dowel bars in current standards of Vietham and some countries in the world.

Table 4. Dimensions and spacing of dowel bars.

Method Thickness of slab (cm) Diameter (mm) | Spacing (cm)
According to research 30-40 30-40 30-40
TCVN 10907-2015 [22] 31-45 30-40 30
Russia [23] 31-40 32 30
China [31] 30-40 30-32 35
FAA (America) [10] 32-41 (12.5-16.0 In) 30 38

The results in Table 4 have strongly confirmed the findings of this study. The determined
reasonable parameter range (diameter: 30-40 mm, spacing: 0.30-0.40 m) shows a strong
agreement with the main international standards (Russia, China, USA) and the Vietnamese
standard. More importantly, the study has identified a selection range, providing engineers with
more flexibility in choosing the diameter and spacing between the dowel bars while ensuring
structural performance.

On that basis, it is recommended to configure the design and arrangement of the dowel
bars with the current parameters. Future studies will expand onthis investigation by exploring
a broader range of influencing factors, including thermal and dynamic loads of different aircraft
types, as well as taking into account the nonlinear properties of concrete.

5. CONCLUSION

Reasonable spacing and diameter when arranging dowel bars helps to distribute force
evenly, reduce tensile stress at the edge of the slab and limit adverse deflection. In addition, it
also ensures synchronous operation between concrete slabs under the impact of aircraft loads.
Research on this influence plays an important role in the design of concrete pavements, to
ensure sustainability and economic efficiency in the construction of airport works.

Using the three-dimensional finite element method, the authors studied the influence of
diameter and spacing between dowel bars on stress and deflection of airport pavement concrete
slabs. The research results show that:

- This method can take into account the influence of many factors affecting deflection
and stress in the concrete slab that the analytical method has not taken into account.
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- Deflection is inversely proportional to the thickness of the concrete slab, while stress is
directly proportional to the thickness. At the same time, when the spacing between the dowel
bars exceeds 0.40 m, the deflection and stress do not change much.

- When arranged at the same distance, if the diameter of the dowel bars increases, it will
lead to a decrease in deflection and stress. However, when the dowel bar diameter exceeds 40
mm, both deflection and stress remain largely unchanged.

Based on the results presented, it is recommended that airport cement concrete
pavements employ dowel bars with diameters of 30 - 40 mm, spaced 0.30 - 0.40 m apart, for
concrete slabs 0.30-0.40 m thick.
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