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Abstract

Due to the brittleness and volume sensitivity, segmentation is necessary for the cement
concrete pavement slabs currently in widespread use to mitigate thermal stress and defor-
mation. The dimensions of segmented pavement slabs are typically constrained to 4∼6 m,
which results in a large number of joints. These joints cause damages such as corner spalling
and fracture under the impact of repeated loads and environmental factors. In addition,
maintenance costs are significantly increased due to the numerous joints. To enhance pave-
ment performance and extend service lifespan, this paper proposes a design methodology
for large pavement slabs. This method breaks the dimensional constraint and significantly
reduces the number of joints, thereby improving comfort and durability, lowering mainte-
nance costs, and meeting the operational requirements of new aircraft types. In this paper,
pavement slab thermal stress is divided into curling stress and thermal expansion stress
according to different deformation types. The diurnal and annual distributions of these
two types of stresses are also investigated. Moreover, the maximum dimension design of
pavement slabs comprehensively considers aircraft loads, thermal stresses, and fatigue
characteristics. The results indicate that the diurnal and annual distributions of curling
and thermal expansion stresses exhibit sinusoidal patterns. Under different temperature
gradients and slab thicknesses, the allowable maximum slab dimension is presented. It is
feasible to break the 4∼6 m limit for the maximum dimension of the pavement slab, which
provides a new reference for improving pavement performance and lifespan.

Keywords: large cement concrete slab; thermal stress; aircraft load; load transfer coefficient

1. Introduction
Structures, materials, and segmentation of airport pavement, which depend on prop-

erties of pavement materials, directly determine the comfort, durability, and economic
efficiency of the pavement. Nowadays, airport pavement structures are in forms of flexible
pavement (asphalt concrete) [1], rigid pavement (cement concrete) [2], and special pave-
ments (metal or polymer materials) [3–6]. Asphalt pavement is comfortable but short-lived
with a service life of approximately 15 years [7], while cement pavement is better than
asphalt pavement where durability is concerned and has a longer lifespan, lasting 30 years
and requiring less maintenance [8]. Therefore, cement concrete pavements are broadly used
in most airports. However, segmentation of cement concrete pavement is necessary due
to the brittleness and volumetric sensitivity of cement concrete, which requires numerous
pavement joints to reduce temperature stress and deformation and to control cracking
damage. Simultaneously, pavement joints are the weakest part of the cement concrete
pavement slab. Affected by repeated loads and climatic conditions, joints cyclically expand
and contract with seasonal temperature fluctuations. This cyclic movement makes surface
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water and solid particles easier to infiltrate into the pavement and thereby reduce pavement
strength, affecting the normal function of joints, and even leading to corner spalling, slab
detachment, fragmentation, hollowing, misalignment, arching, and fracture [9]. These dam-
ages affect aircraft operation and worsen the flight safety. Moreover, due to a large number
of joints, resonance or vibration occurs when aircraft taxi on the pavement, shortening the
service life of aircraft, reducing ride comfort, and increasing maintenance costs.

The first concrete pavement design theory based on temperature stress was established
by Westergaard [10]. He published two papers dealing with stress computation in concrete
pavement. The first paper involves stress and deflection due to loads, whereas the second
involves stress and deflection due to variations of temperature [11,12]. The typical slab
dimensions for concrete pavement are 12 ft wide by 15 ft long with slab thicknesses ranging
from 6 to 14 inches depending on the level of traffic. Cervantes et al. optimized the slab
dimension 6 ft by 6 ft panel sizes, decreasing the tensile stress in the slab [13]. These
pavement slabs are prone to defects such as chipping, slab detachment, misalignment,
arching, hollowing, mud pumping, and slab fracture under aircraft loads and natural
environment factors. The issues stem from small slab sizes, excessive joints, corner spalling,
and poor surface performance, which shorten pavement service life and consume substan-
tial resources [14]. Hexagonal slabs were once used in cement concrete pavements [15].
The reason why hexagonal slabs were obsolete in the 80s of the last century is substantial
joints. Currently, modern aircraft equipped with sophisticated electronic systems are ad-
vanced and costly, imposing rigorous demands on pavements: no aggregate loss or slab
detachment, superior quality, and excellent flatness. Relevant practitioners often reflect that
airport cement concrete pavements with an excessive number of joints can easily produce
debris and blocks, endangering flight safety and increasing maintenance cost. Moreover,
loud noise and considerable vibration caused by aircraft taxiing affect the operation of
precision instruments. According to 10 years of statistics from a specific airport, there
were 76 failures such as tire bursts, landing gear damage, and engine damage caused by
pavement quality distresses, as shown in Figure 1. Among them, five cases were caused by
crack distresses, accounting for 6.6%; nine failures were caused by deformation distresses,
accounting for 11.8%; 52 failures were caused by joint distresses, accounting for 68%; and
10 failures were caused by surface distresses, accounting for 13.2%. The direct economic
loss was up to CNY 120 million.

Figure 1. Diagram of disease proportion.
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The calculation method of the International Civil Aviation Organization (ICAO) for
concrete pavement stress was established on Westergaard’s analysis of slab edge loading [12].
The Portland Cement Association (PCA) adopts the permissible stress method for the concrete
pavement slab, which is also established on Westergaard’s analysis of slab edge loading.
The Federal Aviation Administration (FAA) proposed a stress chart based on the PCA calcu-
lation program to design the pavement slab [16]. There are common characteristics in these
methods: (1) The slab thickness is determined by aircraft loads while the determination of slab
dimensions is empirical. The dimension is limited to 4∼6 m on the assumption that reinforce-
ments are necessary for a 6 m or longer slab in length, otherwise the slab will fracture. (2) The
determination of slab dimensions only considers the effects caused by the aircraft load while
the temperature stress is ignored for 4∼6 m slabs in length. However, the temperature curling
stress of the pavement slab has been extensively studied. Since Westergaard’s introduction of
the Winkler foundation slab in 1927 [10], which provided an analytical and computational
approach for determining temperature curling stress in concrete pavements, Bradbury later
developed temperature stress coefficient curves [17,18]. In 1993, thin plate theory was applied
to obtain the temperature stress solution for cement concrete slabs on a Pasternak foundation
(the 1927 solution represents a particular solution), offering a more accurate reflection of real
scenarios [19]. The current Advisory Circular (AC) 150/5320–6G released by FAA adopted the
concept of CDF for considering mixed traffic and the FEM model to design rigid pavement
thickness. As shown in Figure 2, the FAA design process focuses on thickness design and does
not consider temperature effects in slab dimension. Temperature stress can be categorized
into curling stress and expansion stress. The current pavement design methods just select
curling stress at the slab bottom as the design parameter due to the 4∼6 m dimension limit in
which situation expansion stress is much smaller than curling stress. However, temperature
expansion stress increases as the slab dimension grows and becomes a critical part in tem-
perature stress. In the large slab design method, curling stress and expansion stress are both
determining factors and simultaneously considered. Nonetheless, these methodologies have
predominantly neglected the validation of slab dimensions and inadequately investigated
thermal expansion stress. It is evident that the concrete pavement dimensions have been
established purely based on empirical evidence, lacking a computational design basis.

Figure 2. Process for estimating airport pavement layer thickness in FAARFIELD. Adapted from
Sun [20].

In this research, a new design methodology for large cement concrete pavement slabs
is proposed, which incorporates temperature stress, including curling stress and thermal ex-
pansion stress. The methodology aims to achieve large slab size, fewer joints, high strength
and durability, extended service life, improved ride comfort for aircraft taxiing, and low
cost and maintenance requirements, ultimately overcoming the dimensional limitations
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specified in the current standards. This solution is more effective and durable than tradi-
tional methods. It is characterized by a lack of necessary maintenance compared to radially
expanded surfaces and is more durable. This paper starts with a theoretical analysis of
temperature stress, followed by an investigation into the diurnal and annual distribution of
temperature stress. It then presents the pavement fatigue equation, designs the dimensions
of concrete slabs based on the equal loss principle, and conducts experimental verification
for the proposed method.

2. Temperature Curling Stress
2.1. Calculation of Curling Stress

On the Winkler base, formulas of the curling stress of a finite-sized rectangular slab
are as follows [21]:

σtqx =
Eα∆T

2
Cx + µCy

1 − µ2 (1)

σtqy =
Eα∆T

2
µCx + Cy

1 − µ2 (2)

The maximum curling stress at the middle of the slab edge:

σtqx =
Eα∆T

2
Cx (3)

σtqy =
Eα∆T

2
Cy (4)

where

• x—Longitudinal direction;
• y—Transverse direction;
• σtq—Curling stress (MPa);
• σtqx—Curling stress in the x-axis (MPa);
• σtqy—Curling stress in the y-axis (MPa);
• E—Elastic modulus of cement concrete (MPa);
• α—Coefficient of linear thermal expansion for cement concrete, generally taking 0.00001/◦C;
• ∆T—Thermal gradient across the slab, calculated by multiplying the temperature

gradient by the slab thickness;
• µ—Poisson’s ratio of cement concrete;
• Cx and Cy—Curling stress coefficient, with calculation formulas as follows below.

Cx =1 − 2cos(Al)ch(Al)

sin(2Al) + sh(2Al)
[(tg(Al) + th(Al))cos

x√
2l

ch
x√
2l

+ (tg(Al)− th(Al))sin
x√
2l

sh
x√
2l
] (5)

Cy =1 − 2cos(Bl)ch(Bl)

sin(2Bl) + sh(2Bl)
[(tg(Bl) + th(Bl))cos

y√
2l

ch
y√
2l

+ (tg(Bl)− th(Bl))sin
y√
2l

sh
y√
2l
] (6)

When calculating maximum curling stress:

Cx = 1 − 2cos(Al)ch(Al)

sin(2Al) + sh(2Al)
(tg(Al) + th(Al)) (7)
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Cy = 1 − 2cos(Bl)ch(Bl)

sin(2Bl) + sh(2Bl)
(tg(Bl) + th(Bl)) (8)

Al =
L

l
√

8
(9)

Bl =
B

l
√

8
(10)

where

• L—Slab length (m);
• B—Slab width (m);
• l—The relative stiffness radius of the slab (m), calculation formulas as follows below.

On the Winkler base:

l = 4

√
Eh3

12(1 − µ)k
(11)

where

• k—Subgrade reaction modulus (MN/m3);
• h—The thickness of pavement slabs (m).

The calculation formulas for the maximum curling stress at the center and edge of
an elastic half-space foundation slab are similar to Equations (1)–(3). The curling stress
coefficient is adopted in Figure 3 [17]. The l referring to the relative stiffness radius of the
elastic half-space foundation slab is calculated by the formula below:

l = h3

√
E(1 − µ2

0)

6E′
0(1 − µ2)

(12)

where

• E′
0—The comprehensive calculated rebound modulus of the top surface of the founda-

tion (MPa);
• µ0—The Poisson’s ratio of the soil base.

As shown in Figure 3, the curling stress coefficient at the center of an elastic half-space
foundation slab (Cx or Cy) can be fitted using the following formulas:

Cx = 1 − 1.55
cos(Al)ch(Al)

sin( Al
2 ) + sh(2.2Al)

[tg(Al) + th(1.07Al)] (13)

Cy = 1 − 1.55
cos(Bl)ch(Bl)

sin( Bl
2 ) + sh(2.2Bl)

[tg(Bl) + th(1.07Bl)] (14)

where

• Al =
L

l
√

8
.

• Bl =
B

l
√

8
.

• L, B are the length and width of slabs.
• l is calculated by Equation (12).

The temperature distribution along with the slab thickness is nonlinear and the material
deformations in different depths tend to exhibit a nonlinear distribution [22]. However, due to
the mutual constraints between cross-sections, the cross-section remains a plane perpendicular to
the middle plane after deformation under the influence of a nonlinear temperature distribution.
Consequently, the material layers in different depths are subjected to internal stresses.
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Figure 3. Curling stress coefficient of elastic foundation slab (1: center of elastic half-space foundation
slab; 2: edge middle of elastic half-space foundation slab; 3: Winkler foundation).

Considering internal stress, the formulas for the maximum curling stress of pavement
slabs on the elastic foundation are shown below:

At the slab center:

σtqx =
Eα∆T

2(1 − µ2)

Dx + µDy

1 + µ
(15)

In the middle of the slab edge:

σtqx =
Eα∆T

2
Dx (16)

where

• Dx(Dy)—The temperature stress coefficient which is a function of Cx(Cy) and h.
The calculation formula is as follows:

Dx = 0.28Cxe−0.0448h − 0.154(1 − Cx) (17)

where

• h—Slab thickness (m). The subscript x means the direction along the length of the
slab, which changes to y if it is along the width of the slab.

The curling stresses at different locations of slabs in ranging lengths on the elastic
foundation are calculated and shown in Table 1. It can be concluded that the position of
the maximum curling stress changes with increasing slab length. When the slab length is
8 m, the maximum curling stress occurs at the slab midpoint. With a further increase in
length, the position of the maximum curling stress gradually shifts toward the slab edge.
When the length reaches 15 m, the position of the maximum curling stress is 4 m away
from the slab midpoint. Moreover, the curling stress does not rise infinitely as the slab
dimension increases.
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Table 1. Curling stress variations in different slab lengths.

Slab Length (m) X (m) Y (m)
Curling Stress (MPa)

σx σy

8

0
0 1.570 1.442
1 1.506 1.035
2 1.355 0.121

1
0 1.525 1.414
1 1.461 1.310
2 1.310 0.113

2
0 1.253 1.370
1 1.189 0.983
2 1.039 0.068

3
0 0.529 1.250
1 0.465 0.863
2 0.314 0.051

10

0
0 1.495 1.410
1 1.431 1.023
2 1.280 0.108

1
0 1.512 1.412
1 1.448 1.026
2 1.297 0.111

2
0 1.500 1.410
1 1.436 1.024
2 1.285 0.109

3
0 1.250 1.369
1 1.186 0.982
2 1.035 0.068

4
0 0.530 1.250
1 0.466 0.863
2 0.315 −0.051

12

0
0 1.454 1.403
1 1.390 1.016
2 1.239 0.101

1
0 1.470 1.405
1 1.407 1.019
2 1.256 0.104

2
0 1.509 1.412
1 1.446 1.025
2 1.295 0.111

3
0 1.503 1.411
1 1.439 1.024
2 1.228 0.109

4
0 1.252 1.369
1 1.188 0.983
2 1.037 0.068

5
0 0.530 1.250
1 0.466 0.864
2 0.315 −0.051

https://doi.org/10.3390/app16041894

https://doi.org/10.3390/app16041894


Appl. Sci. 2026, 16, 1894 8 of 32

Table 1. Cont.

Slab Length (m) X (m) Y (m)
Curling Stress (MPa)

σx σy

15

0
0 1.447 1.402
1 1.383 1.015
2 1.232 0.100

1
0 1.449 1.402
1 1.385 1.015
2 1.234 0.101

2
0 1.460 1.404
1 1.397 1.017
2 1.246 0.102

3
0 1.492 1.409
1 1.428 1.022
2 1.277 0.108

4
0 1.522 1.414
1 1.458 1.027
2 1.307 0.113

5
0 1.425 1.398
1 1.362 1.011
2 1.211 0.097

6
0 0.951 1.320
1 0.887 0.933
2 0.736 0.018

7
0 0.079 1.176
1 0.015 0.789
2 −0.136 −0.125

The calculation conditions are as follows: E = 30,000 MPa, h = 0.30 m, E′
0 = 250 MPa, ∆t = 0.5 ◦C/cm,

α = 1 × 10−5/◦C. The slab length in the y-axis is 5 m, and lengths in the x-axis are shown in the table. The center
of the slab is selected as the coordinate origin. X (m) and Y (m) represent the distance from the coordinate origin.
σx and σy represent curling stress in the x-axis and y-axis, respectively.

2.2. Distribution of Curling Stress

The temperature field of the pavement system is determined by the one-dimensional
heat conduction partial differential equation, assuming that heat transfers only in the
depth direction.

∂2T(z, t)
∂z2 =

ρs
k

∂T(z, t)
∂t

(18)

where

• T(z, t)—The temperature at depth z from the pavement surface and at time t;
• k—Thermal conductivity of pavement materials (W/m ◦C);
• ρ—Density of surface layer materials (kg/m3);
• s—Specific heat capacity of surface layer materials (J/kg ◦C).

The temperature field within the pavement system can be obtained as follows [23]:

T = Tm + Tv
H√

(C + H)2 + C2
e−zCsin(

πt
12

− zC − arctg
C

C + H
) (19)

where

• Tm—Average effective temperature (◦C).

Tm = T̄a + R (20)
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• T̄a—Average daily air temperature;
• R—The average increment by which daily radiant heat increases the average air

temperature to the mean temperature (◦C), estimating the average net loss of long-
wave re-radiation (effective radiation) to be approximately 1/3, then

R =
0.67bQ

24hc
(21)

• b—Capacity of the pavement to absorb radiant heat (%);
• Q—Daily solar radiant heat;
• hc—Surface coefficient (convection coefficient) considering convection and re-radiation

(W/m2 ◦C), approximately calculated by the formula below:

hc = 7.37 + 2.46v0.75 (22)

• v—Average wind speed (km/h);
• Tv—Maximum deviation from the average effective temperature (◦C), approximately

determined using the following formula:

Tv = 0.5TR + 3R (23)

• TR—Daily variation range of air temperature (◦C);
• H—The ratio of the convection coefficient to the thermal conductivity of the surface

layer material, determined using the following formula:

H =
hc

k
(24)

• C—Comprehensive parameter of pavement material characteristics, determined using
the following formula:

C =

√
πsρ

24k
(25)

• t—Time from the start of the temperature cycle (h).

2.2.1. Daily Distribution of Curling Stress

In Equation (19), the temperature variation of the pavement shares the same period as
air temperature. The pavement temperature gradient also exhibits same periodic variations
with air temperature. Figure 4 shows the daily temperature gradient variation of a selected
airport. The feasibility of using the sinusoidal-approximated air temperature was well
described and validated in [24]. Daily variation of the temperature gradient is also fitted
through a sinusoidal curve. Since the curling stress is linear to the temperature gradient, it
is also expressed using a sinusoidal function.

σtq = σtqmaxsin(
πt
12

− t0) (26)

where

• σtq—Curling stress at a specific moment during a day (MPa);
• σtqmax—Curling stress generated by daily maximum temperature gradient (MPa);
• t—Time;
• t0—The moment when the pavement temperature gradient is 0, determined by local

air temperature conditions. Generally, 6 a.m. can be set as the origin of the coordinate
system and namely t0 = 6.
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Figure 4. Daily variation of the temperature gradient in the pavement slab.

2.2.2. Annual Distribution of Curling Stress

Table 2 shows annual variations of the daily measured maximum temperature gradient.
Figure 5 is plotted from the data in Table 2 and indicates that the annual trend of the
daily measured maximum temperature gradient can also be a sinusoidal approximation.
Equation (27) is the sinusoidal calculation expression for the daily maximum temperature
gradient. Figure 6 shows the sinusoidal approximation for the annual distribution of the
maximum temperature gradient and Figure 7 evaluates its fitting effect. The sinusoidal
method slightly overestimates the temperature gradient in all three airports, which leads to
a relatively conservative pavement thickness design, but it is notable that a conservative
result is beneficial for operation safety. The measured and calculated temperature gradient
demonstrate a good linear correlation, with R2 = 0.832, 0.907, and 0.912 for Nanyuan,
Linhai, and Shanghai, respectively. MAE, MSE, and RMSE have also been used to describe
the fitness effect, as shown in Table 3. All the three fitting lines approximate the 1:1 line,
which also validates the feasibility of sinusoidal fitting.

Tyd = T1,12 + Tddsin(
πtd
12

) (27)

where

• Tyd—Daily maximum temperature gradient in a specific month within a year (◦C);
• T1,12—Average daily maximum temperature gradients of January and December (◦C);
• Tdd—Difference between the daily maximum temperature gradient in a year and

T1,12 (◦C);
• td—Time (month).

Table 2. Variation of daily maximum temperature gradients of different locations in a year.

Location Thickness
Months

1 2 3 4 5 6 7 8 9 10 11 12

Nanyuan 0.34 m 0.17 0.36 0.39 0.46 0.43 0.35 0.29 0.32 0.16 0.17
Shanghai 0.22 m 0.48 0.50 0.68 0.75 0.89 0.88 0.88 0.77 0.70 0.55 0.55 0.40

Linhai 0.18 m 0.61 0.66 0.83 0.90 0.97 1.02 0.97 0.85 0.90 0.76 0.71 0.54
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Table 3. R2, MAE, MSE, and RMSE of sinusoidal approximation.

Location R2 MAE MSE RMSE

Nanyuan 0.832 0.042 0.0028 0.053
Shanghai 0.912 0.056 0.0051 0.071

Linhai 0.907 0.052 0.0042 0.065

Figure 5. Annual variations of daily measured maximum temperature gradient.

Figure 6. Sinusoidal approximation for annual distribution of daily measured maximum tempera-
ture gradient.

For the cement concrete pavement in a specific airport, the curling stress is proportional
to the temperature gradient. Therefore, the annual distribution of curling stress of pavement
slabs is expressed as follows:

σqy = σq1,12 + σqdsin(
πtd
12

) (28)

https://doi.org/10.3390/app16041894
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where

• σqy—Daily maximum temperature curling stress in a specific month within a
year (MPa);

• σq1,12—Average daily maximum temperature curling stress of January and Decem-
ber (MPa);

• σqd—Difference between the daily maximum temperature curling stress within a year
and σq1,12 (MPa);

• td—Time (month).

Figure 7. Fitting effect of sinusoidal approximation.

Calculations demonstrate the following: (1) The curling stress is generated from the
nonlinear temperature gradient along the slab thickness and the internal stress caused
by the nonlinear distribution needs to be considered. (2) The maximum curling stress in
the pavement slab occurs in the slab middle and varies with the slab dimension. In the
small dimension condition (generally less than 6 m), the maximum curling stress is in
the slab center. As the slab size increases, the location shifts towards the slab edge. This
indicates that the influence of slab boundary conditions (such as joints, etc.) on the slab
center gradually decreases. The value develops in reverse to the slab thickness with a
maximum threshold. (3) The temperature gradient of the pavement changes periodically
with the air temperature and the daily trend is basically consistent with the air temperature
curve. Both of them are expressed in sinusoidal functions. Since the curling stress is linear
to the temperature gradient, it is also expressed using a sinusoidal function. (4) The annual
distribution of the daily maximum temperature gradient is approximately expressed to be
a sinusoidal function and the daily maximum curling stress can also be expressed using a
sinusoidal function.

3. Thermal Expansion Stress
Pavement thermal expansion stress is determined by constraints, which consists of

two parts. (1) Temperature-induced deformation restrained by the friction between the
pavement slab and base. (2) Temperature-induced deformation restrained by adjacent
slabs. Chang Wei-gao et al. proposed the calculation and distribution of the pavement
thermal expansion stress [25]. The frictional coefficient f is related to the base material,
slab misplacement, and repeated expansion/contraction behavior. fmax is measured by
field tests and selected from Table 4. w0 is the displacement when producing the maximum
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friction. Let the slab temperature decrease ∆T and the linear expansion coefficient be α, then
the contraction displacement ∆u at a position x0 from the starting point of displacement
change will be: ∆u = α ∗ ∆T ∗ x0. When the ∆T reaches its peak value, w0 = α ∗ ∆Tmax ∗ x0.
The starting point of displacement change is measured by a surface-mounted strain gauge.
When the slab expands, the subgrade resists its expansion and produces compressive stress
and vice versa.

The maximum thermal expansion stress:

σtsmax = 4r fmax(
L
2
− w0

α∆T
) +

8rw2
0

3α∆T
(29)

The daily distribution of thermal expansion stress:

σts =4r fmax(
L
2
− w0

αT′
max{1 − sin[ π

12 (t − t′0)]}
)

+
8rw2

0
3αT′

max{1 − sin[ π
12 (t − t′0)]}

(30)

The annual distribution of thermal expansion stress:

σts =4r fmax(
L
2
− w0

α(Ts1,12 + Tsddsin πt
365 ){1 − sin[ π

12 (t − t′0)]}
)

+
8rw2

0

3α(Ts1,12 + Tsddsin πt
365 ){1 − sin[ π

12 (t − t′0)]}
(31)

where

• σtsmax—The maximum pavement thermal expansion stress (MPa);
• r—Density of the cement concrete (MN/m3);
• fmax—The maximum frictional coefficient;
• L—Length of the slab (m);
• w0—Displacement of the maximum friction (m);
• α—Linear expansion coefficient;
• ∆T—Pavement temperature reduction (◦C);
• T′

max—Maximum difference between average pavement temperature at a specific
moment and the average pavement temperature (◦C);

• t—Origin of the temperature period (h);
• t′0—Moment of the average pavement temperature to the daily average air tempera-

ture (h);
• Ts1,12—Average value of daily maximum pavement temperature variations in January

and December (◦C);
• Tsdd—Difference between annual maximum pavement temperature variation and

Ts1,12 (◦C).

Table 4. Measured value of the frictional coefficient. Adapted from [26].

Displacement Direction Asphalt Sand-Gravel Base Asphalt Sand Base Cement-Reinforced Base Sand Base

Forward 1.20∼1.15 1.80∼0.30 1.40∼1.10 1.00∼0.87
Reverse 0.75∼0.70 0.90∼0.84 0.70∼0.65 0.6

According to Equation (30), the daily distributions of thermal expansion stresses are
calculated and shown in Table 5 and Figure 8.
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Table 5. Daily distribution of thermal expansion stresses.

Time (h) 12 13 14 15 16 17 18 19 20 21 22 23 24

x0 (m) 0 22.1 5.6 5.6 1.5 1.01 0.75 0.60 0.50 0.44 0.40 0.38 0.38
σts1 (MPa) 0 0.23 0.45 0.60 0.65 0.68 0.69 0.70 0.70 0.70 0.70 0.70 0.70
σts2 (MPa) 0 0.30 0.60 0.74 0.79 0.82 0.83 0.84 0.84 0.84 0.85 0.85 0.85
σts3 (MPa) 0 0.41 0.81 0.96 1.01 1.03 1.04 1.05 1.06 1.06 1.06 1.06 1.06

σts1, σts2, σts3 are calculated in the conditions that fmax = 15, T′
max = 4 ◦C, t0 = 6, r = 0.024 MN/m3, and

L = 10 m, 12 m, 15 m, respectively.

Figure 8. Daily distribution of thermal expansion stresses. Adapted from Chang [25].

4. Determination of the Slab Dimension
Temperature stresses consist of curling stress and thermal expansion stress. The critical

location for aircraft traffic load in the slab is chosen as the calculation point of temperature
stresses. The combination of aircraft load and temperature determines the slab size.

4.1. Aircraft Load

The aircraft load is currently adopted to design the pavement structure, which is
represented by the design aircraft load. The design aircraft is the aircraft with the maximum
operation number and main landing gear wheel load. One wheel load on the main landing
gear of the design aircraft is selected as the design load. The operation number means
the times of taking off and landing. When the aircraft takes off, the operation number is
set as 1 and when the aircraft lands, the operation number is set as 0.75 since the landing
weight is usually less than the takeoff weight. The other types of aircraft are converted to
the design aircraft according to Equation (32). The annual average calculated operation
times of the design aircraft is as shown in Equation (33). The repeated operation number
means the number when every point of the pavement width is loaded by the aircraft.
The annual repeated operation times of the design aircraft is shown in Equation (34).
Then the cumulative repeated operation times of the design aircraft during the design
life is as shown in Equation (35). The aircraft load sigma p is calculated in Equation (36).
The pavement slab thickness is mainly determined by the design aircraft load and the
traffic volume. Referring to the current design specifications, only the effect of design
aircraft load is considered while that of the temperature stress is ignored, which leads
to the same slab thickness designed as the design aircraft load being unchanged. This
indicates that for different design aircraft, the pavement slabs of varying thicknesses
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have the same stress. It can be considered from Equation (36) that, according to current
design specifications, the stress generated by the design aircraft load is independent of the
pavement slab thickness.

lg Ndi = (
Pi
Ps
)0.5 lg δNi (32)

where

• Ndi—Convert to the annual average equivalent operation times of the design aircraft;
• Ni—Annual average operation times of the aircraft to be converted;
• Ps—Dynamic load on a main wheel of the design aircraft (kN);
• Pi—Dynamic load on a main wheel of the aircraft to be converted (kN);
• δ—Gear configuration conversion coefficient, adapted from Table 6.

Table 6. Gear configuration conversion coefficient.

Gear Configuration of the Aircraft to Be Converted Gear Configuration of the Design Aircraft Conversion Coefficient δ

Single wheel Single wheel 1.0
Tandem wheel Single wheel 1.3
Twin-axle tandem wheel Single wheel 2.0
Single wheel Tandem wheel 0.8
Tandem wheel Tandem wheel 1.0
Twin-axle tandem wheel Tandem wheel 1.7

Nj = Ns + ∑ Ndi (33)

where

• Nj—The annual average calculated operation times of the design aircraft;
• Ns—The annual average operation times of the design aircraft;
• Ndi—The sum of the annual average operation times of all aircraft types other than

the design aircraft, converted into the average equivalent operation times of the
design aircraft.

Nc =
NjηNWt

100T
(34)

where

• Nc—The annual repeated operation times of the design aircraft;
• η—Traffic percentage of the design aircraft within the traffic width, usually taking 0.9;
• Wt—Width of a single tire (cm);
• T—Traffic width (m).

Ne = Nct (35)

where

• Ne—The cumulative repeated operation times of the design aircraft during the de-
sign life;

• t—The design life.

σp = σs(0.944 − 0.077 lg Ne) (36)

where

• σp—The aircraft load;
• σs—The design flexural tensile strength of cement concrete.
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4.2. Expansion Stress

The thermal expansion stress of the pavement slab can be calculated using Equation (29).
Equation (29) shows that the thermal expansion stress is related to the length, the overall
temperature range of the pavement slab, and the friction force between the base and the
slab, not to the pavement slab thickness.

4.3. Curling Stress

Regarding a specific airport pavement, the elastic modulus, expansion coefficient,
and Poisson’s ratio of cement concrete are consistent. Based on Equations (1) and (2),
the curling stress is just related to L (the length), h (the thickness), and ∆T (the temperature
difference between the top and bottom of the slab). The relationship between the curling
stress and L is shown in Table 7 (calculation conditions: E = 20,000 MPa, E0 = 250 MPa,
α = 1 × 105/◦C, h = 0.26 m). When the length of the pavement slab is relatively short,
the curling stress adversely changes with the slab length. But when the length reaches a
specific value (usually 6∼8 m), the curling stress stops increasing but slightly decreasing.
Therefore, regarding the large pavement slab, although the curling stress is greater than the
thermal expansion stress, it cannot determine the slab size individually for the fact that it
does not continuously increase with the slab length.

Table 7. The distribution of the maximum curling stress along the length of the pavement slab.

L (m) 4 6 8 10 12 15

σqb (MPa) 1.241 1.323 1.236 1.211 1.214 1.217

If E = 20,000 MPa, E0 = 250 MPa, α = 1 × 10−5/◦C, the maximum curling stresses
of the slab edge with different thicknesses are shown in Table 8. It manifests that the
maximum curling stress decreases with increasing slab thicknesses. That is to say, in the
same pavement structure and environment conditions, the thicker the slab, the less the
curling stress. Since the thermal expansion stress has nothing to do with the slab thickness;
it can be inferred that the thicker the slab, the smaller the temperature stress under the
same slab size condition.

Table 8. Values of the curling stress of different slab thicknesses.

h (m) 0.18 0.20 0.22 0.24 0.26 0.28 0.30

σqb (MPa) 1.571 1.519 1.460 1.397 1.323 1.237 1.144

4.4. Superposition of Curling and Thermal Expansion Stress

Once the design aircraft and traffic volume are established, the slab thickness can be
computed using the pavement design parameters. Should the slab thickness be ascertained,
dimensions of the pavement slab ought to be governed by temperature-induced stresses,
encompassing both curling and thermal expansion stress. The combination of curling and
thermal expansion stresses dictates the slab dimension. The moment that both curling
and thermal expansion stresses simultaneously manifest as positive values is due to the
pavement temperature peaking between 12:00 and 18:00, specifically during the latter phase
of curling stress [27]. Conversely, during the initial phase of curling stress, the thermal
expansion stress is assumed as negative values. Let the curling stress be σtq and thermal
expansion stress be σts; the superposition of curling stress and thermal expansion stress at
the slab bottom is illustrated in Equation (37).
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σt =

{
σtq t1 ≤ t ≤ t2

σtq + σts t2 ≤ t ≤ t3
(37)

where

• σt—Temperature stress (MPa);
• t1—The moment that the curling stress of the pavement slab turns from negative to

positive (h);
• t2—The moment that the thermal expansion stress of the pavement slab turns from

negative to positive (h);
• t3—The moment that the curling stress of the pavement slab turns from positive to

negative (h).

Table 9 lists the measured temperatures in 0.14 m and 0.24 m depths of the cement
concrete slab in Chongqing airport. Temperature monitoring points were installed at a
distance of 7.5 m from the runway center line and the monitoring duration was 10 days
in November. As shown in Figures 9 and 10, the curling stress becomes positive in 14∼17
for the negative temperature gradient and expansion stress becomes positive in 16∼24 for
the decreasing slab temperature. Additionally, 16∼17 is the time window that the curling
stress and expansion stress both become positive.

Table 9. Temperature variation of cement concrete slab in Chongqing.

Time (h)
Temperature in Different Depths (◦C)

∆T
0.14 m 0.24 m

0 17.2802 18.9581 1.6779
1 17.2802 18.9581 1.6779
2 16.9727 18.7542 1.7815
3 16.8575 18.6523 1.7948
4 16.8190 18.6183 1.7993
5 16.7037 18.5504 1.8467
6 16.5885 18.4484 1.8599
7 16.5116 18.3805 1.8689
8 16.4347 18.3465 1.9118
9 16.3963 18.2786 1.8823

10 16.7037 18.2786 1.5749
11 17.2802 18.4484 1.1682
12 17.8566 18.6863 0.8297
13 18.5867 18.9920 0.4053
14 19.3553 19.2978 −0.0575
15 19.8549 19.7055 −0.1494
16 20.0854 19.9773 −0.1081
17 20.0854 20.1472 0.0618
18 19.9702 20.2151 0.2449
19 19.7780 20.2151 0.4371
20 19.4706 20.1812 0.7106
21 19.0863 20.0453 0.9590
22 18.7020 19.9094 1.2074
23 18.2793 19.7055 1.4262

Regarding how to select the critical temperature stress position, the weakest part of the
pavement slab that acted based on the aircraft load is the main factor considered. Table 1
shows that the curling stress shifts with slab longitudinal length, which is impacted by the
temperature effect. However, the critical location is selected comprehensively considering
temperature and aircraft load. The midpoints of transverse and longitudinal edges are
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the weakest parts in aircraft load. Due to the large size of the slab mainly increasing the
longitudinal length, the midpoint of the longitudinal edge is selected as the critical position.

Figure 9. Daily temperature variation of the pavement slab at different depths.

Figure 10. Daily temperature gradient variation of the pavement slab.

Equation (38) is the fatigue equation for an elastic foundation slab that takes into
account the modulus of the subgrade reaction and the load transfer coefficient at the slab
joints. The fatigue equation is derived from laboratory fatigue tests. Tw is the ratio of the
unloaded slab deflection to the loaded slab deflection. E0 is the modulus of the subgrade
reaction measured by the plate load test. R is the ratio of the minimum load to the maximum
load. n is the ratio of the maximum load to the flexural strength of cement concrete. The
cement concrete pavement slab fatigue test is conducted in the large pavement test tank
(6 m × 18 m). The fatigue testing machine adopted was the PME-50A model manufactured
by Jinan Testing Machine General Factory, Jinan city, Shandong Province, China, with a
maximum static and dynamic load of 500 kN and an operating frequency range of 1∼8 Hz.
During the operation of the testing machine, high-pressure oil output from the high-
pressure oil pump flows through the pulsator and is connected to the jack and the oil
pressure gauge in the control system, filling the pulsator and the oil pressure gauge with

https://doi.org/10.3390/app16041894

https://doi.org/10.3390/app16041894


Appl. Sci. 2026, 16, 1894 19 of 32

pressure oil. The flywheel drives the crank to make the pulsator move up and down,
generating pulsating oil pressure that is transmitted to the jack, and a sinusoidal pulsating
load is thus applied to the pavement slab. The cement used was Grade 32.5 Portland
cement produced by Yaoxian Cement Plant in Tongchuan city, Shaanxi Province, China,
and the fine aggregate was medium sand from the Bahe River with a fineness modulus of
2.08 and a density of 1.34 g/cm3. The mix proportion of cement concrete was determined in
accordance with the C30 strength grade of cement concrete, with a designed flexural tensile
strength of 4.5 MPa. After the casting and construction of cement concrete pavement slabs
were completed, the curing measure of sand covering combined with water sprinkling was
adopted. Four types of pavement slabs were prepared to reflect the influence of different
joint load transfer capacities on the fatigue strength of pavement slabs, including single
slabs, multi-slab specimens with dummy joints at all edges, multi-slab specimens with
tongue-and-groove joints at all edges, and multi-slab specimens with tongue-and-groove
longitudinal joints and dummy transverse joints. The base materials of the pavement
slabs included lime soil, sand, undisturbed loess, and lime–fly ash macadam. Different
base materials correspond to different moduli of subgrade reactions, thereby reflecting
the influence of the modulus of subgrade reaction on the fatigue strength of pavement
slabs. The fatigue equation is comprehensively considering both the modulus of subgrade
reaction and the load transfer coefficient according to the test results.

lg N =
0.94801 + 0.07308(1 − R)(8.17728Tw − 0.33170 × 10−2E0 − 4.10047)− n

0.07308(1 − R)
(38)

where

• N—The fatigue amount of the pavement slab;
• R—The ratio of minimum stress to maximum stress;
• Tw—The load transfer coefficient;
• E0—The modulus of subgrade reaction;
• n—The ratio of maximum stress to the concrete flexural strength.

Let

c =
0.94801 + 0.07308(1 − R)(8.17728Tw − 0.33170 × 10−2E0 − 4.10047)− n

0.07308(1 − R)
(39)

Then

N = 10c (40)

The fatigue damage D1 caused by a single design aircraft load coverage is

D1 =
1
N

=
1

10c (41)

The fatigue damage of the pavement slab is related to the number of aircraft appli-
cations. The number of repeated aircraft load applications is uniformly distributed over
the pavement service life. Due to the influence of some factors (climate, etc.) on the an-
nual distribution of the repeated aircraft load applications, the distribution within a day
is generally non-uniform. However, to simplify the calculation, the annual and diurnal
distributions of the repeated aircraft load applications is assumed uniform. This uniform
assumption of repeated aircraft loads is made according to the flight plan. The number of
the repeated aircraft load applications within a day Nd can be calculated using equation
Equation (42).
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Nd =
Ne

365ty
=

1
10c (42)

where

• Ne—The cumulative number of repetitive applications of the design aircraft load over
the design lifespan;

• ty—The design lifespan (year).

The distribution of the number of repeated aircraft load applications within a day is
divided in two parts: daytime and nighttime. The thermal expansion stress is generated in
the daytime and the compressive stress is generated in the nighttime at the pavement slab
bottom. The compressive stress is beneficial to the aircraft load. Therefore, the temperature
stress is considered just in the daytime. In addition, the flights are usually arranged in the
daytime. The number of repeated aircraft load applications in the daytime is more than
that in the nighttime. Statistically, the applications carried out in the daytime account for
70∼80% of the total number within a day. If the day/night ratio becomes larger, the max-
imum size will decrease for the bigger daily damage to the slab. If the repeated aircraft
load applications in the daytime (Nd) are uniformly distributed, they can be calculated by
Equation (43).

Nb = Ndq (43)

where

• q—The ratio of the number of design aircraft load applications under positive temper-
ature gradients to the daily number of design aircraft load applications.

The fatigue damage caused by the aircraft load within a day can be calculated using
Equation (44):

Dd =
∫ t2

t1

D1Nb1dt +
∫ t3

t2

D1Nb2dt (44)

where

• Nb1—The number of repeated aircraft load applications during the time period from
t1 to t2;

• Nb2—The number of repeated aircraft load applications during the time period from
t2 to t3.

Assuming that the repeated aircraft load applications are uniformly distributed in the
daytime and if the time period from t1 to t2 equals that from t2 to t3, the number of the
repeated aircraft load applications of the two time periods is equal.

The fatigue damage caused by the aircraft load within a year can be calculated by
Equation (45).

Dy =
∫ 365

0
Dddt (45)

The temperature fatigue equation is also in the form of Equation (38). R in the
temperature fatigue equation is as follows:

R =
σtp

σtp + σp
(46)

where

• σp—The design aircraft load (MPa);
• σtp—The equivalent temperature fatigue stress (MPa).
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Then the temperature fatigue amount N′ is

N′ = 10c (47)

The annual fatigue damage D′
y will be

D′
y =

Ny

N′ (48)

Let

Dy = D′
y (49)

Then the equivalent temperature fatigue stress σtp can be back-calculated in the
above procedure.

4.5. Design Steps

1. Data collection: (1) Collect the types of aircraft and decide the design aircraft. Calculate
the annual and diurnal number of repeated aircraft load applications. Based on the
flight schedule, determine the number of repeated aircraft load applications during the
daytime. (2) Collect meteorological data and pavement slab temperature information:
(1) Gather daily temperature fluctuation records from the last three decades, compute
the mean daily temperature and the diurnal temperature variation amplitude for each
day, plot the daily temperature changes within each year, and determine the annual
trend of daily temperature variations. (2) Gather daily solar radiation fluctuation
records from the last three decades, plot the daily solar changes within each year,
and determine the annual trend of daily solar radiation variations. (3) In the presence
of measured data involving pavement slab temperatures, it is feasible to ascertain the
temperature gradient of the pavement slab by the diurnal and annual temperature
profiles of the slab. In the absence of such measured pavement slab temperature
data, the temperature gradient of the pavement slab and the diurnal and annual
temperature profiles of the slab can be alternatively computed with Equation (19)
based on the collected meteorological data.

2. Preliminary pavement structure design: Preliminarily determine the structure, mate-
rial, and thickness of pavement layers according to the design aircraft, transportation
volume, climate (ambient temperature and precipitation), and soil.

3. Design parameters of pavement structures: Establish the design flexural strength and
modulus of elasticity for the cement concrete, ascertain the computed modulus of
subgrade reaction at the upper surface of the base, and choose the joint configuration
with the load transfer coefficient at the joints.

4. Pavement slab thickness calculation: Calculate the slab thickness according to the
method in the specification.

5. Pavement slab dimension calculation: Preliminarily determine the pavement slab
dimension. Referring to Equation (49), the equivalent temperature fatigue stress σtp

can be back-calculated.
If Equation (50) is satisfied, the preliminarily chosen size is just the allowed maximum
size of the pavement slab ( fr represents the flexural strength of cement concrete
pavement (MPa)). Otherwise, the assumed size of the slab should be revised and the
calculations should be repeated until the requirements are satisfied.

| fr − (σp + σtp)|
fr

≤ 2% (50)

Figure 11 demonstrates the design steps.
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Figure 11. Flowchart of the design steps.

4.6. Verification of the Large Concrete Pavement Slab Theory

To verify the design method of the airport large cement concrete pavement slab
established above, a test section was paved with large cement concrete slabs.

4.6.1. Calculation of Large Pavement Slab Dimension

The pavement structure consists of a dynamic compaction treated soil subgrade,
with 0.30 m thick semi-rigid base course made of lime–fly ash-stabilized aggregate (cement
and fly ash). The flexural design strength of the cement concrete pavement slab is 5.0 MPa.
Referring to the method provided in the specification, the pavement slab thickness is
0.30 m as calculated. Firstly, the collected local annual and diurnal climate distribution
of the airport is prepared for calculating the temperature distribution of the pavement
slab. The annual repeated load of the design aircraft is adopted to be 4000/year. The com-
prehensive resilient modulus designed for the top surface of the base layer is 280 MPa.
The maximum pavement slab sizes of different thicknesses are calculated and shown in
Table 10.

Table 10. The maximum pavement slab sizes of different slab thicknesses.

Slab thickness (m) 0.18 0.20 0.22 0.24 0.26 0.28 0.30

Maximum size (m) 8 10 12 13 14 15 18

To verify the results shown in Table 6, 0.3 m thick large slab tests were conducted on
the apron of a certain airport. The dimension of the test area was 130 m × 100 m and the
pavement slab was divided into panels of 5 m × 15 m, 5 m × 12 m, 5 m × 10 m, 6 m × 15 m,
6 m × 12 m, and 6 m × 10 m, as shown in Figure 12. A total of 12,220 m2 (3666 m3) of
cement concrete pavement was paved. Additionally, mix proportion tests were conducted
for seven different admixtures, which are as follows:

1. Fly ash, fiber; 2. Fly ash, fiber, water-reducing agent; 3. Fly ash, fiber, expanding
agent; 4. Fly ash, fiber, water-reducing agent, expanding agent; 5. Fly ash, expanding agent;
6. Fly ash, water-reducing agent, expanding agent; 7. No additional admixture materials.

4.6.2. Performance Evaluation of the Concrete Slab

To evaluate the performance of the pavement slab, tests consisting of pavement bearing
capacity and pavement smoothness were conducted.
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Figure 12. Schematic diagram of the test section panel layout.

Pavement Bearing Capacity

To determine the bearing capacity of the large pavement slab, the deflection of the
pavement was measured, and the Pavement Classification Number (PCN) of the pavement
was calculated. The selection of parameters was as follows:

As shown in Table 11, the elastic modulus of the cement concrete in different propor-
tions was measured through cement concrete trabecular specimens.

Table 11. Elastic modulus of cement concrete in different proportions.

Cement Concrete in Different Proportions Elastic Modulus (MPa)

no admixtures 38,050
fly ash + fiber 38,900

fly ash + water-reducing agent + expanding agent 39,000
fly ash + fiber + expanding agent 37,700

The flexural strength of the cement concrete was taken as the design strength, which
was 5.0 MPa. The subgrade reaction modulus was back-calculated through measuring
the actual deflection curve of the pavement slab, which was applied by a bearing plate
load. The entire test section underwent deflection testing at a total of 12 points. Specific
locations were selected on strip 4, strip 6, strip 13, and strip 16, each with one slab of 10 m,
12 m, and 15 m. Among them, two strips were paved with plastic cloth on top of the
lime–fly ash-stabilized macadam, while the other two were not. The PCNs of each point
were calculated and are shown in Table 12. It demonstrated that beside one point being
classified as a medium strength foundation, the other points were classified as high strength
foundations. The minimum PCN was 39.9 and the maximum PCN was 49.2. Judging from
the evaluation of the pavement structure strength, the pavement slab strength did not
decrease with the slab dimension expansion, which illustrated that the slab dimension
expansion had no impact on the pavement structure strength.

Pavement Smoothness

The pavement smoothness was measured by 3 m pavement straightedge. The 3 m
pavement straightedge is made of hardwood, aluminum alloy, or steel, with a flat bottom
surface and a total length of 3 m. During the construction inspection, place the 3 m
straightedge on the pavement at the test location along the direction determined as required.
Visually inspect the gap between the bottom surface of the 3 m straightedge and the
pavement to identify the position with the maximum gap. Insert a feeler gauge with
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height markings into the gap and measure and record the height of the maximum gap,
accurate to 0.2 mm. Total 165 points were under inspection and 151 points were qualified.
The qualification rate was 92%; the adjacent slab difference was tested at 138 points, with all
138 points passing, resulting in a 100% pass rate. The average maximum gap measured
by 3 m straight rulers was 2.1 mm, with none of them exceeding 5 mm. The pavement
smoothness was qualified and classified as excellent, showing that the adopted construction
methods and techniques satisfied the demand of the large slab for pavement smoothness.
The dimension expansion of the pavement slab had no impact on the pavement smoothness.
The texture depth of the pavement slab was not evaluated because it was independent of
the size of the slab.

Table 12. Parameters and PCNs of the measured points.

Location Size Elastic Modulus of
Concrete

Ground Reaction
Modulus

Flexural Thermal
Expansion Strength PCN

(m) (MPa) (MN/m3) (MPa)

Strip 4, Slab 1 10 38,050 143 5.0 44.4
Strip 4, Slab 3 12 38,050 71 5.0 39.9
Strip 4, Slab 7 15 38,050 225 5.0 45.3
Strip 6, Slab 1 10 38,900 273 5.0 48.7
Strip 6, Slab 3 12 38,900 202 5.0 46.1
Strip 6, Slab 7 15 38,900 179 5.0 45.2

Strip 13, Slab 1 10 39,000 225 5.0 47.0
Strip 13, Slab 4 12 39,000 303 5.0 49.6
Strip 13, Slab 7 15 39,000 289 5.0 49.2
Strip 16, Slab 1 10 37,700 151 5.0 44.1
Strip 16, Slab 3 12 37,700 216 5.0 46.9
Strip 16, Slab 7 15 37,700 178 5.0 45.4

4.6.3. Measurement of Joint Load Transfer Efficiency

Due to the longitudinal expansion of the cement concrete pavement slab, the width
variation of the pavement transverse joint was larger than that of the currently used slab.
Most of the transverse joints in airport cement concrete pavement slabs are dummy joints,
and their load transfer efficiency mainly relies on the irregular through-fracture surfaces
formed in the cross-section of the slabs, which transfer loads through interlocking effects.
Therefore, the width variation of the pavement transverse joints influences the load transfer
efficiency of the dummy joints.

To investigate the variation of the joint width of large cement concrete slabs under
different environmental conditions, observations on joint width changes were carried out
on the test section of large cement concrete slabs. Two continuously cast construction
segments were selected as the observation sections on the test section (the construction
segments run across the entire test section with a length of 130 m), and three measuring
points were arranged on each joint; the average value of the three measuring points was
taken as the width of the corresponding joint. The joint width was measured by a vernier
caliper with an accuracy of 0.02 mm. The slab joint width was measured at four fixed time
points every day (6:00, 13:00, 17:00 and 24:00, respectively). Measurements were conducted
for two seasons, autumn and winter, with continuous monitoring for 10 to 15 days in each
season. The diurnal variation of pavement slab joint width ranges from 0.009 mm/◦C to
0.014 mm/◦C [28]. The variation law of slab joint width is consistent in different seasons,
which mainly changes with the variation of the internal temperature of the slabs. The joint
width narrows as the slab temperature rises, and vice versa.
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The measurement of joint load transfer efficiency involves setting up dial gauges on
adjacent sides in the middle of a transverse joint in the slab. A heavy truck is used to
apply a load at the edge of the slab on one side, causing deflection of the pavement slab.
The readings on the dial gauges on both sides of the slab are recorded. Then, the truck is
driven away from the loaded slab, and the pavement slab undergoes resilient deformation.
After the deformation stabilizes (approximately 1 to 2 min), the readings on the dial gauges
on both sides of the slab are recorded again. The difference between the two sets of dial
gauge readings represents the resilient deformation of the edges of the pavement slab on
both sides of the joint. w1 and w2 represent deflections of the unloaded slab and the loaded
slab, respectively. The joint load transfer efficiency can be expressed with the joint load
transfer coefficient. The greater the joint load transfer coefficient, the higher the joint load
transfer efficiency. The definition of the joint load transfer coefficient is as follows:

tw =
w1

w2
(51)

where

• tw—The joint load transfer coefficient;
• w1—Deflection of the unloaded slab;
• w2—Deflection of the loaded slab.

The load transfer efficiencies of every transverse joint were tested three times, with a
total of 11 pavement strips tested. As shown in Figure 13, the measured joint load transfer
efficiencies were divided at an interval of 0.1 for acquiring distributions of different intervals
for the values of load transfer efficiency. By conducting statistical analysis under different
guaranteed rates, the joint load transfer efficiency for different slab lengths can be obtained
as shown in Table 13. When the average value represents the load transfer efficiency of
the joint, the load transfer efficiencies for different slab lengths are as follows: 0.63 for a
10 m slab length, 0.60 for a 12 m slab length, and 0.52 for a 15 m slab length. According to
the specification, the load transfer efficiency of dummy joints is in the range of 0.55∼0.65.
Therefore, the average value is qualified to represent the load transfer coefficient except
that 0.52 for a 15 m slab length is slightly low. The load transfer coefficient of the pavement
slab decreases with the ascent of the guaranteed rates. When the guaranteed rate is 85%,
the joint load transfer coefficients decrease to 59%, 62%, and 52% of the coefficient values
for 10 m slab length, 12 m slab length, and 15 m slab length, respectively. The decrease
degrees of joints for different slab lengths are similar and do not change dramatically with
the increase in slab length.

Figure 13. Interval distribution of the load transfer coefficients.

By performing numerical fitting on the values in Table 13, the calculation formula for
the joint load transfer coefficient as a function of slab length at different guaranteed rates
can be obtained, as shown in Table 14. Comparing the data in Tables 13 and 14, it can be
asserted that the fitted results are consistent with the measured values. The fitting curve
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is shown in Figure 14. Formulas shown in Table 14 provide reference for determining the
joint load transfer coefficient of large pavement slab.

Table 13. The load transfer coefficients of pavement slabs for different lengths under multiple
guaranteed rates.

Load Transfer Coefficient
Slab Lengths (m)

10 12 15

Mean value 0.63 0.60 0.52
Guaranteed rate: 60% 0.57 0.54 0.47
Guaranteed rate: 70% 0.50 0.48 0.42
Guaranteed rate: 80% 0.42 0.42 0.35
Guaranteed rate: 85% 0.37 0.37 0.32
Guaranteed rate: 90% 0.31 0.32 0.27

Table 14. Fitting of load transfer coefficients for different slab lengths under multiple guaranteed rates.

Guaranteed Rate Fitting of the Load Transfer Coefficient
Fitting Results of Different Lengths

10 m 12 m 15 m

60% −0.0017x2 + 0.0217x + 0.5200 0.567 0.536 0.463
70% −0.0020x2 + 0.0340x + 0.3600 0.500 0.480 0.420
80% −0.0047x2 + 0.1027x − 0.1400 0.417 0.416 0.343
85% −0.0033x2 + 0.0733x − 0.0300 0.373 0.374 0.327
90% −0.0043x2 + 0.1003x − 0.2600 0.313 0.324 0.277

Mean value −0.0023x2 + 0.0363x + 0.5000 0.633 0.604 0.527

Figure 14. Fitting curves of the load transfer coefficients for different slab lengths under multiple
guaranteed rates.

4.7. Determination of the Maximum Dimension for the Pavement Slab

To facilitate the determination of airport cement concrete pavement slab dimensions in
engineering applications, the calculation method for pavement slab dimensions developed
in this study was applied to compute the maximum dimensions of airport cement concrete
pavement slabs in different regions.

The interval temperature distribution of the pavement slab is mainly influenced by
the surrounding environment. The temperature change, solar radiation, and air convection
directly determine the interval temperature distribution and variation of the pavement slab.
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Additionally, the heat sensitivity of the concrete itself also has an impact on the temperature
distribution and variation. However, the heat sensitivities of the concrete in different areas
are basically consistent so that it is feasible to ignore the impact of material differences
across various regions when studying the temperature distribution and variation of the
cement concrete pavement slab. Therefore, the temperature condition is mainly decided by
the surrounding environment.

The interval temperature distribution and variation of the pavement slab can be
expressed by the temperature gradient, which indicates the linear distribution of the
temperature inside the pavement slab. Its value reflects the temperature variation condition
of the pavement slab. The annual and diurnal distribution along with the maximum
value of the temperature gradient directly determine the dimension of the pavement slab.
The maximum temperature gradient reflects the effect of the surrounding environment on
the pavement slab. Therefore, the temperature characteristics of pavement slabs in different
regions are represented by the maximum temperature gradient.

Table 15 shows the results of the achievable maximum dimensions calculated using
the method studied in this paper under different temperature gradients of the pavement
slab. The values from Table 15 are represented graphically in Figure 15 (TG represents the
temperature gradient between the top and bottom of the pavement slab). The temperature
gradients in the table represent the maximum temperature gradients under the condition
that the thickness of the pavement slab is 22 cm. The choice range of the maximum
temperature gradients covers the pavement temperature characteristics for most regions
in China. The determination of the maximum dimension for the pavement slab should
be combined with the local climate to rationally determine the maximum temperature
gradients for the pavement slab.

Table 15. The maximum dimension of cement concrete slabs under different temperature gradients
and thicknesses.

Gradient (◦C · cm−1)
Thickness (m)

0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40

0.60 7.2 8.1 9.2 10.6 12.0 13.4 14.9 16.3 17.6 18.8 20.0 21.2 22.2
0.65 4.0 5.5 7.2 8.8 10.3 12.0 13.5 15.0 16.4 17.8 19.1 20.3 21.4
0.70 3.0 3.6 4.4 6.1 8.3 10.2 11.9 13.6 15.2 16.7 18.1 19.4 20.6
0.75 2.7 3.1 3.7 4.5 5.9 8.2 10.4 12.2 14.0 15.6 17.0 18.5 19.8
0.80 2.4 2.8 3.3 3.9 4.8 6.1 8.5 10.7 12.8 14.5 16.0 17.6 18.9
0.85 2.3 2.6 3.0 3.7 4.2 5.1 6.6 8.9 11.3 13.2 15.0 16.6 18.1
0.90 2.1 2.5 2.9 3.3 3.9 4.6 5.6 7.2 9.8 12.1 14.0 15.7 17.3
0.95 2.0 2.4 2.7 3.1 3.7 4.3 5.1 6.2 8.2 10.7 12.9 14.8 16.5
1.00 2.0 2.3 2.6 3.0 3.5 4.0 4.7 5.6 7.0 9.2 11.7 13.8 15.6

Table 15 and Figure 15 show that the effects on the slab dimension increase when the
temperature gradients decrease. With the increment of the temperature gradient, the influence
on the maximum dimension of the pavement slab becomes progressively smaller. In the
condition that the temperature gradient reaches 0.8 or more, the maximum dimensions almost
remain consistent. A relatively large change range for the maximum slab dimensions exists
at a specific thickness range of the pavement slab. This thickness range is mainly relative
to the maximum temperature gradients. The greater the maximum temperature gradient,
the higher the initial thickness of this range. For example, with a temperature gradient of
0.8, the slab’s maximum dimensions increase sharply at a thickness of 0.26 m, and the rate of
increase only begins to decelerate upon reaching a thickness of 0.38 m. At a slab thickness
of 0.40 m, a linear relationship emerges between the maximum dimensions of the pavement
slab and the maximum temperature gradient, signifying that the variation in the maximum
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dimensions with thickness is unaffected by the temperature gradient. Table 15 shows the
maximum dimensions of the pavement slab for different temperature gradients (reflecting
different regions). These dimensions can be referred to while designing the airport pavement
structures. The pavement dimensions should be determined comprehensively considering
the structures, working conditions, and load transfer efficiencies.

Figure 15. Variations in the maximum dimensions for different slab thicknesses.

5. Discussions
In current design specifications for cement concrete pavements of civil airports, there

is no dedicated section for calculating the planned dimensions of pavement slabs. Civil
airports generally select pavement slabs with dimensions of 4.5 m × 5 m or 5 m × 5 m based
on engineering experience. The existing specifications stipulate that slab division must
ensure the main landing gear of key aircraft passes through the center of the pavement
slabs. The main landing gear spacing of common civil airliners ranges from 5 to 10 m,
and lateral deviation occurs during aircraft taxiing. Adopting pavement slabs with a width
of 4.5 m or 5 m thus results in more aircraft wheel loads acting on slab joints. For common
cement concrete runways with widths of 45 m and 60 m, at least ten pavement slabs are
typically arranged transversely, leading to a large number of slab joints and an increased
risk of faulting. Consequently, the edges and corners of slabs are also the positions most
vulnerable to damage in cement concrete pavements [29].

The most direct method to reduce the number of joints is to increase the slab dimensions.
Figure 15 illustrates the maximum allowable dimensions for different slab thicknesses. Large
cement concrete slabs generally adopt dimensions of 5 m × 10 m and 5 m × 15 m. Their
transverse length remains consistent with the 5 m specified in current specifications, while
their width is 2 to 3 times the longitudinal length of existing pavement slabs.

The dimensions of large slabs are constrained by curling stress and expansion stress.
When the longitudinal length exceeds 10 m, expansion stress becomes non-negligible, as it
reaches approximately half the magnitude of curling stress. Transverse joints of large slabs are
mainly dummy joints. Saw cutting of cement concrete slabs performed in the early stage of
concrete setting allows the joint width to expand with the subsequent setting and hardening of
concrete, resulting in a narrower joint width compared to the secondary saw cutting method.
Meanwhile, saw cutting during the early setting and hardening stage is more operable than
that conducted after concrete has fully set and hardened, thereby reducing project costs.
Therefore, the saw cut width of cement concrete pavement slabs should be achieved in a single
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cutting operation. This approach not only lowers costs but also does not compromise the effect
of joint width on joint sealants. For this reason, a 4 mm saw cut is adopted for the dummy
joints of large slabs, and joint sealants are poured under relatively low ambient temperatures.

Concrete shrinkage phenomena, including drying shrinkage, autogenous shrinkage,
and plastic shrinkage, predominantly occur at the early age of concrete and exert a pro-
nounced effect on its dimensional stability. The magnitude of shrinkage deformation varies
with mix design parameters such as cement content, aggregate volume fraction, coarse-to-
fine aggregate volume ratio, and water-reducing admixture dosage, with typical values
ranging from 0 to 120 × 10−6 m [30]. Notably, the shrinkage deformation is in the same
order of magnitude (10−6 m) as temperature-induced deformation [31]. However the effects
of shrinkage are primarily confined to the early-age stage of concrete and can be mitigated
by implementing timely curing measures immediately after pavement construction, such
as sprinkling water and cleaning the surface to maintain a moist and clean condition of the
concrete. In contrast, the temperature exerts a persistent influence throughout the entire
service life of pavement slabs. This is the reason why the design methodology prioritizes
temperature and aircraft loads.

This study is based on meteorological data collection and lacks an analysis of extreme
weather conditions. The dimensions of large slabs vary with the climatic conditions of
different regions, and a universal dimension standard for large slabs has not yet been
established. The research results are intended solely as a reference for the design of large
cement concrete slab dimensions.

6. Conclusions
The determination of the pavement slab dimension depends on aircraft loads and climate

conditions. Under the design aircraft load, load stress remains consistent in slabs of different
thicknesses. However, heavier load stress requires thicker pavement slabs. Increasing slab
thickness with unchanged dimensions reduces temperature stress. Therefore, it is feasible to
expand the slab dimension while maintaining temperature stress within acceptable limits.

Based on the annual and diurnal distribution of the curling stress and thermal expan-
sion stress, as well as the fatigue characteristics of pavement slabs, a design method for
slab dimensions was established using the principle of fatigue equivalence. This method
was adopted for slab dimension design at a specific airport. The test section has been in
service for 3 years, and the pavement structure remains intact, verifying the rationality and
correctness of the proposed design method.

Load bearing capacity, roughness, and transverse joint load transfer efficiency were
measured for the large slabs in the test section. The first two indexes showed no decrease
with expanded slab dimensions, while transverse joint load transfer efficiency decreased
as slab length increased. Using the average of the measured values to represent joint load
transfer efficiency, the coefficients for different slab lengths are obtained as follows: 0.63 for
10 m, 0.60 for 12 m, and 0.52 for 15 m.

The maximum dimensions under different temperature gradients in Table 11 serve as
references for pavement structure design. The final slab dimensions should be determined
by comprehensively considering the pavement structure, construction conditions, and joint
load transfer capacity.

For future work, continuous monitoring of the internal slab temperature, joint move-
ment, and service performance of cement concrete pavement slabs is required.
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Nomenclatures
The following abbreviations are used in this manuscript:

Symbol Definition Unit
x Longitudinal direction —
y Transverse direction —
σtq Curling stress MPa
σtqx Curling stress in the x-axis MPa
σtqy Curling stress in the y-axis MPa
E Elastic modulus of cement concrete MPa
α Coefficient of linear thermal expansion for cement concrete, generally taking 0.00001/◦C —
∆T Thermal gradient across the slab, calculated by multiplying the temperature gradient by the slab thickness —
µ Poisson’s ratio of cement concrete —
Cx(Cy) Curling stress coefficient —
L Slab length m
B Slab width m
l The relative stiffness radius of the slab m
E′

0 The comprehensive calculated rebound modulus of the top surface of the foundation MPa
µ0 The Poisson’s ratio of the soil base —
Al

L
l
√

8
—

Bl
B

l
√

8
—

Dx(Dy) The temperature stress coefficient —
h Slab thickness m
T(z, t) The temperature at depth z from the pavement surface at time t —
k Thermal conductivity of pavement materials W/(m·◦C)
ρ Density of surface layer materials kg/m3

s Specific heat capacity of surface layer materials J/(kg·◦C)
T̄a Average daily air temperature —

R
The average increment by which daily radiant heat increases the average air temperature to the ◦C
mean temperature

b Capacity of the pavement to absorb radiant heat %
Q Daily solar radiant heat —
hc Surface coefficient (convection coefficient) considering convection and re-radiation W/(m2·◦C)
v Average wind speed km/h
Tv Maximum deviation from the average effective temperature ◦C
TR Daily variation range of air temperature ◦C
H The ratio of the convection coefficient to the thermal conductivity of the surface layer material —
C Comprehensive parameter of pavement material characteristics —
σtq Curling stress at a specific moment during a day MPa
σtqmax Curling stress generated by daily maximum temperature gradient MPa
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t Time —
t0 The moment when the pavement temperature gradient is 0 —
Tyd Daily maximum temperature gradient in a specific month within a year ◦C
T1,12 Average daily maximum temperature gradients of January and December ◦C
Tdd Difference between the daily maximum temperature gradient in a year and T1,12

◦C
td Time month
σqy Daily maximum temperature curling stress in a specific month within a year MPa
σq1,12 Average daily maximum temperature curling stress of January and December MPa
σqd Difference between the daily maximum temperature curling stress within a year and σq1,12 MPa
td Time month
σtsmax The maximum pavement thermal expansion stress MPa
r Density of the cement concrete MN/m3

fmax The maximum frictional coefficient —
w0 Displacement of the maximum friction m
α Linear expansion coefficient —
∆T Pavement temperature reduction ◦C

T′
max

Maximum difference between average pavement temperature at a specific moment and the average ◦C
pavement temperature

t′0 Moment of the average pavement temperature to the daily average air temperature h
Ts1,12 Average value of daily maximum pavement temperature variations in January and December ◦C
Tsdd Difference between annual maximum pavement temperature variation and Ts1,12

◦C
t1 The moment that the curling stress of the pavement slab turns from negative to positive h
t2 The moment that the thermal expansion stress of the pavement slab turns from negative to positive h
t3 The moment that the curling stress of the pavement slab turns from positive to negative h
N The fatigue amount of the pavement slab —
R The ratio of minimum stress to maximum stress —
Tw The load transfer coefficient —
E0 The modulus of subgrade reaction —
n The ratio of maximum stress to the concrete flexural strength —
Ne The cumulative number of repetitive applications of the design aircraft load over the design lifespan —
ty The design lifespan year

q
The ratio of the number of design aircraft load applications under positive temperature gradients to the

—
daily number of design aircraft load applications

Nb1 The number of repeated aircraft load applications during the time period from t1 to t2 —
Nb2 The number of repeated aircraft load applications during the time period from t2 to t3 —
σp The design aircraft load MPa
σtp The equivalent temperature fatigue stress MPa
tw The joint load transfer coefficient —
w1 Deflection of the unloaded slab —
w2 Deflection of the loaded slab —
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