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Abstract: A composite separator layer in Portland cement concrete pavement, formed by a lower 

bearing layer and micro surfacing, was seldom used in airport pavement, but it has great application 

potential. This paper studied the properties of the composite separator layer and its benefits for 

pavement. The basic properties investigated in the study were resilient modulus and interlayer 

property between the separator layer and concrete. The resilient modulus of the micro surfacing 

was tested to calculate the modulus of the whole separation layer. The interlayer shearing test was 

done on core specimens using a self-developed facility that can apply load in the normal direction. 

Shearing test results show that temperature affects the shape of the shearing curve and normal stress 

linearly affects the stable shear force. Additionally, an in-situ erosion test was carried out to prove 

the anti-scouring property of the separator layer. Furthermore, a finite element model (FEM) model 

was established to study the influence of the composite separator layer. The FEM employed the 

modulus test results and the measured interlayer characteristic. The interlayer characteristic was 

simplified into a two-stage constitutional model. Monitored data on the mechanical response of the 

pavement structure in an airport validated the FEM model. Results show that the separator layer 

reduces the chance of contraction crack under the sudden temperature drop in the concrete slab 

before sawing. FEM results show that though the separator layer slightly increases the tensile stress 

of concrete, the tensile stress is greatly reduced if the slab develops voids in the future. The most 

significant benefit of the separation layer is it reduces the chance of void occurrence so that the 

lifespan of pavement with a separator layer is improved compared to regular pavements which 

frequently have voids beneath the slab. With the finite element model results and cumulative fa-

tigue life equations, the separator layer was estimated to elongate the pavement service life for 

years, depending on the time voids appear. 

Keywords: composite separator layer; Portland concrete pavement; interlayer bonding; finite ele-

ment model; cumulative fatigue life 

 

1. Introduction 

The separator layer is placed between the pavement structural layers as a functional 

layer to separate the surface layer from the base course or between the overlay layer and 

the old pavement surface. It can reduce the interlayer constraint and improve the capabil-

ity of flushing resistance of the base layer and the long-term performance of pavement 

structure. 

In the United States, the separator layer was used in the construction of the base layer 

of lean concrete pavement earlier to reduce the binding force between structural layers. 

AASHTO’s Pavement Design Guide in 1993 gives the recommended values for the 
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interlayer friction coefficient for treating poor concrete pavements and applying wax-

based curing agents [1]. From 2006 to 2007, under funding from organizations such as the 

U.S. Federal Highway Administration, researchers conducted a thorough investigation of 

cement pavements in Europe and Canada, and the results showed that there are separator 

layers in many countries’ cement pavements, including Canada, Austria, and the Nether-

lands. The effect is good, and the pavement can reach a service life of 30~40 years [2]. 

Currently, the United States International airports which have the capacity for large air-

craft landing and taking off tend to have separator layers under concrete slabs. The U.S. 

Federal Aviation Administration proposed in the airport construction standard AC 

150/5370-10G that a separator layer should be provided when paving cement concrete on 

a cement-stabilized base layer [3]. 

As the primary function of the separation layer is to reduce interlayer constraint and 

prevent erosion, scholars did lots of research on the interlayer contact property between 

the separation layer and the upper layer. The interlayer treatment method included set-

ting cement slurry, oil, wax, sand, stone, asphalt, paper, geomembrane, etc. was studied 

by Stott [4] through sliding experiment. Furthermore, the base layer treated with a double-

layer geomembrane was studied [5]. Later the slip-friction curve of regular interlayers was 

studied under dry and wet conditions [6], and the sliding-friction curve was obtained un-

der sheering of a different number of times [7]. The influence of the separator layer on the 

mechanical response of concrete was studied as well. The strain and deflection of different 

parts of the pavement were studied with a separator layer of geomembrane, wax curing 

agent, emulsified asphalt, and asphalt concrete [8]. A team from Changsha University of 

Science and Technology researched the impact of the two separator layers on the cement 

pavement, namely the wax-made separator layer and slurry seal [9,10]. Chang’an Univer-

sity’s team studied the influence of asphalt mixture separator layers on the mechanical 

response of the pavement structure through numerical calculation [11,12]. The effect of a 

5 cm asphalt concrete separator layer on temperature displacement was studied by Han 

[13]. 

However, in literature, the composite separator layer was seldom studied. The com-

posite separator layer proposed in this paper consists of a lower bearing layer and micro 

surfacing. It is also known as Cape Seal because it first appeared in Cape, South Africa, in 

the 1950s. The 5 mm bearing layer consists of a very sticky modified emulsified asphalt 

and macadam. The transition layer and upper layer both have a thickness of 7–8 mm, 

made up of a less sticky modified emulsified asphalt mixture. The structure of the com-

posite separator layer is shown in Figure 1. 

Portland cement concrete slab

Cement stabilized macadam

Modified emulsified asphalt
synchronous macadam

Micro surfacing

Lower bearing layer (5mm)

Micro surfacing
Transition layer (7-8mm)

Upper layer (7-8mm)

 

Figure 1. Structure of composite separator layer. 

The emulsified asphalt and the single-size macadam are uniformly spread onto the 

base course. They form the lower bearing layer or the synchronous macadam layer. For-

mer research shows that a synchronous macadam layer can improve the resistance of 

pavement to water seepage and wear [14]. The double micro-surfacing structure ensures 

the micro-surfacing completely covers the macadam layer and the interconnected pores 

were eliminated in the separation layer. The double micro-surfacing structure also ensures 
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the waterproof and anti-scouring performance of the pavement. Furthermore, the micro-

surfacing provides a smooth interlayer for the cement concrete. 

Because of its good performance and low construction cost, the composite separator 

layer is widely used in the maintenance and construction of highways [15]. The cape seal 

treatments with either a slurry seal or a micro surfacing were proven to extend pavement 

life at the least cost [16,17]. The Texas Department of Transportation concluded that un-

derlying chip seal in terms of aggregate loss or insufficient chip seal-pavement bond affect 

the performance of the cape seals [18]. The same study also found that for cape seals bleed-

ing and shoving were the most significant distresses, so the bond between the chip seal 

and the underlying layer must be strong enough. It can be concluded that previous Inves-

tigations on the cape seal focus on its use as a pavement surface treatment, but almost no 

previous study was found on its use as a separator layer between concrete and base 

course. The separator layer undergoes very different loads beneath the concrete layer be-

cause it does not directly bear the shearing force of wheels. Therefore, the cape seal used 

as separator layer should be thoroughly studied. Besides, it is seldom used in airports, 

and the traffic load in airports is quite different from the regular highway load. Due to its 

great potential for airport application, in 2018, the composite separator layer was applied 

in the construction of a new airport in Qingdao, China, hoping to save the maintenance 

cost by 1.5 million dollars per year. However, the properties and the influence of the com-

posite separator layer lack investigation as theoretical support. 

In this paper, the properties and the benefits of the composite separator layer on air-

port concrete pavement were studied. Firstly, tests were carried out to get the properties 

such as modulus and bonding characteristics with concrete. Secondly, the measured mod-

ulus and contact characteristic were used in the finite element model (FEM) as input data. 

Through FEM the effect of reducing contraction stress in concrete was confirmed. Also, 

the benefit of extending pavement longevity was quantitatively estimated. 

2. Materials and Experiments 

2.1. Micro-Surfacing Ingredients 

2.1.1. Emulsified Asphalt 

The emulsified asphalt used in different layers of Cape Seal has different properties 

to satisfy different application requirements. The tests were done per Standard Test Meth-

ods of Bitumen and Bituminous Mixtures for Highway Engineering in China, and the re-

sults are shown in Table 1. 

Table 1. Properties of emulsified asphalt in the upper layer and transition layer. 

Properties 
Test Results 

Micro Surfacing Synchronous Macadam 

Demulsification Speed Slow-Breaking Rapid-Breaking 

Remaining percentage on the sieve (1.18 mm sieve) 0.45% 0 

Particle charge Cationic Cationic 

Engler viscosity 5.4 17.6 

5d storage stability 7.40% 0.20% 

Evaporation residue content 60% 65% 

Evaporation residue 

properties 

Penetration (100 g, 25 °C, 5 s) 55 62 

Ductility (5 °C) 14.7 23.1 

Table 1 shows that the emulsified asphalt is cationic, contributing to its adherence to 

negatively charged aggregates. The micro surfacing asphalt is slow-breaking so that as-

phalt has enough time to flow into the voids in the aggregate layer before demulsification 

and formation of strength. The asphalt in synchronous macadam is rapid-breaking, sup-

porting adherence formation immediately after spraying. 
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2.1.2. Aggregates 

The aggregate properties were tested per Test Methods of Aggregate for Highway 

Engineering (JTG E42-2005, Beijing, China). The tested items and the results are shown in 

Table 2. 

Table 2. Properties of aggregates. 

Properties Requirements Tested Value 

Coarse aggregate apparent relative density (g/cm3) ≥2.5 2.8 

Water absorption (%) ≤3 1.4 

Needle-like particle content (%) ≤20 4.5 

Fine aggregate apparent relative density (g/cm3) ≥2.5 2.67 

The gradation curve of aggregates for the Synchronous macadam and micro surfac-

ing is shown in Figures 2 and 3. The gradation design of micro surfacing is controlled by 

an upper and lower limit per Technical Specifications for Construction of Highway As-

phalt Pavements (JTG F40-2004, Beijing, China). The proportion design of micro surfacing 

is shown in Table 3. 

 

Figure 2. Aggregate gradation of synchronous macadam. 

 

Figure 3. Aggregate gradation of micro surfacing.  
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Table 3. Mixing proportion of micro surfacing material. 

Ingredients Wt/% 

Emulsified asphalt 11.0 

Aggregates 84.7 

Water 3.4 

Cement (PO32.5) 0.9 

2.2. Resilient Modulus Test 

Resilient modulus is a crucial input parameter in airport pavement structure design. 

While no test results of the resilient modulus of the composite separator layer were found 

in the literature, in this study, the resilient modulus was tested in the laboratory at Tongji 

University. 

Unlike ordinary uniform asphalt mixture, the Cape Seal consists of a synchronous 

macadam layer and a micro surfacing layer. Therefore, its resilient modulus is an equiva-

lent modulus of the two layers. As the resilient modulus of macadam is far larger than the 

asphalt mixture, resilient deformation is mainly provided by micro-surfacing under traffic 

load. In contrast, the deformation of the macadam is negligible. Therefore, the resilient 

modulus of the micro-surfacing was tested. 

The micro-surfacing material was mixed according to the proportion in Table 3, and 

then specimens were prepared as cylinders of Φ100 mm × 100 mm (as shown in Figure 4). 

Specimens were tested under a vertical sine force of frequency 0.1 Hz, 0.5 Hz, 1.0 Hz, 5 

Hz, 10 Hz, and 20 Hz with the cycle number 15, 15, 20, 100, 200, and 200, respectively. The 

unconfined compression deformation of the specimens was controlled in the range of 

300~600με. The system recorded real-time force and displacement. The material testing 

system includes an environment box (as shown in Figure 5) so that the test temperature 

was controlled. Five temperatures were chosen, which were 0 °C, 10 °C, 20 °C, 30 °C, and 

40 °C. 

 

Figure 4. Micro surfacing material specimen. 

 

Figure 5. Material testing system with an environment box. 
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2.3. Shearing Test 

The push-off test on the full-sized slabs was recorded in the literature [5,6]. However, 

the ability to push off a large slab and take real-time measurement make the test facility 

expensive and not accessible to everyone. Instead, this study employed the shearing test, 

a more convenient method to measure the interlayer friction characteristic. As the shear-

ing test uses much smaller specimens, a larger number of specimens could be obtained. 

In this study, a self-developed shearing tester device was employed to look into the inter-

layer mechanical characteristic of Cape Seal and slab. 

The shearing tester includes a specimen container consisting of a movable ring and a 

U-shaped pit (Figure 6) to hold a 150 mm diameter cylinder specimen. The ring vertically 

shears the specimen when force is applied on the shearing force loading plane. The 

normal-direction force was applied using a hydraulic driving device monitored by a pres-

sure sensor. 

Shearing force loading plane

Specimen container Pressure display

Frictionless bearing
Pressure sensor

Hydraulic driving device

 

Figure 6. Interlayer shear tester. 

The shearing tester worked together with the Material Testing System (MTS), which 

provided the shearing force. MTS has an environmental chamber that controlled the test 

temperature. The specimens of diameter 150 mm were put in the tester, followed by the 

activation of a hydraulic driving device to apply a normal pressure, and then MTS applied 

force on the shearing force loading plane. The shearing rate was 2.5 mm/min. Three test 

temperatures were set at 0 °C, 20 °C, and 40 °C, representing low temperature, room tem-

perature, and high temperature, respectively. In the shear test, the normal pressure was 

set at 0 MPa, 0.1 MPa, 0.3 MPa, 0.4 MPa, or 0.5 MPa. The shearing was done at the interface 

of concrete and Cape Seal, which has weaker shear strength than the interface of Cape 

Seal and base course. 

A 1.0 × 1.7 m pavement structure was built to get the samples for the shearing test. 

Cement (5% wt.) stabilized macadam 5 cm thick was laid and compacted by a handy mini 

roller, and then it was covered by a plastic film during curing. Water was sprayed to assist 

in the curing. Seven days later, the separator layer was laid on the cement-stabilized 

macadam. The amount of micro surfacing laid is 12 kg/m2. In the synchronous macadam 

layer, the amount of emulsified asphalt used was 1.0 kg/m2. The total coverage rate of 

macadam in the synchronous macadam layer is 60%. The total thickness of the separator 

layer was about 20 mm. As soon as the separator layer was finished, a 5 cm thick concrete 

layer was constructed. Core samples of diameter 150 mm were obtained after 28 days to 

use as the objects of the shearing test. 



Buildings 2022, 12, 2190 7 of 19 
 

2.4. In Situ Erosion Test 

The anti-erosion property is one of the essential properties of the pavement base layer 

because a good base layer should be able to resist the repetitive scouring of water without 

losing any materials. While most of the tests on the anti-erosion property of the base layer 

were done in the laboratory with self-developed equipment [19], this study carried out an 

in situ scouring test on a newly built separator layer and a base layer without a separator 

layer at an airport under construction in China. 

The water source was provided by a runway cleaner truck, which could produce a 

pressure of 0–10 MPa through a high-pressure water pipe. The pressure of scouring water 

is related to the deflection of the concrete slab, and literature [20] shows the deflection of 

the slab can reach 5000 μm. According to [3], the interlayer dynamic water pressure can 

get around 2.5 MPa. As there can be other negative factors in real scourings, such as super 

heavy aircraft load, the erosion test used the 10 MPa water pressure. 

The scouring time T is calculated by Equation (1): 

b
T Q

v
 =     (1) 

where: α is the maximum frequency of wheel track horizontal distribution; 

β is the local rainfall days percentage; 

Q is the total number of takeoffs and landings; 

b is the longitudinal length of the airplane wheel path (m); 

v is the taxiing speed of an airplane (m/s). 

Based on the statistical database of the airport, the total number of takeoffs and land-

ings is approximately 100,000. History climate database shows the rainfall days percent-

age of a year is about 0.4; the maximum wheel track horizontal distribution is 0.23 based 

on literature [21]; the airplane wheel path is 0.5 m; the taxiing speed is 250 km/h, or 70 

m/s. From Equation (1), the scouring time is calculated as 65 s. 

Water was sprayed to the surface of the separator layer and the cement stabilized 

base layer to soak them 30 min before the scouring test. 

3. Numerical Simulations 

3.1. Model Description 

Two FEMs was employed to investigate the two major mechanical influence at-

tributed to the separator layer. 

The first influence is the contraction stress caused by the drop in temperature in long 

slabs. In the early stage of concrete paving, the cumulative deformation caused by water-

loss shrinkage is less than the deformation caused by the sudden drop in temperature. 

Therefore, the contraction stress caused by the sudden drop in temperature was studied. 

According to an investigation, the daily temperature difference in East China varies be-

tween 0 and 15 °C. A sudden temperature drop of 10 °C was considered in the FEM model. 

The test results of elastic modulus and the contact property at 20 °C were used. 

The second influence is the stress in concrete under aircraft load. The difference with 

or without Cape Seal was compared. Besides, a void beneath the slab was set up to show 

the advantage of using Cape Seal. The simplified rectangular void was employed at the 

slab edge, whose length and width are 5 m and 0.3 m. The square void was employed at 

the slab corner, whose edge length is 1.5 m. The depth of voids was neglected. 

The basic pavement structure and properties of materials are shown in Table 4. In the 

first model, a single slab was used to investigate the influence of temperature on long 

slabs. In the second model, 3 × 3 = 9 slabs were used to study the mechanical characteristics 

of pavement, and B737-800 was employed as the representative aircraft. The ground con-

tact pressure of the wheels was set as the tire pressure of the main landing gear 1.47 MPa, 

and the loading area for each wheel was simplified to a rectangle of 0.431 × 0.297 m. Figure 

7 shows the distribution of B737-800 wheels and also shows the loading location at the 
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middle slab. The loading location was proved to cause the greatest maximum principal 

stress at the bottom of the concrete slab in our trial simulations. In both of the FEM models, 

two input parameters, the elastic modulus of the separator layer and the contact proper-

ties with the concrete slab, were obtained from experiments in 2.1 and 2.2, respectively. 

Joints were simulated by spring unit to keep the joint at a certain stiffness [22], and the 

joint stiffness is distributed among nodes at joints. The mesh type in the simulation is 

incompatible mode eight-node brick element (C3D8I) under the element size of 0.1 m. The 

boundary condition is zero displacements at the side of each layer. The structure of the 

pavement for the second model is shown in Figure 7. The structure of the first model is a 

simplified form of the second model because it involves one long slab instead of nine 

square slabs, and the airplane load is not applied, so the model is not shown here. 

Table 4. FEM structure and material properties for each layer. 

Components Dimensions Properties 

Portland cement concrete slab 

Regular slab: 5 m × 5 m 

Length of long slab: 5 m × 50 m~150 m 

Thickness: 0.36 m 

Elastic modulus: 42 GPa 

Poisson’s ratio: 0.15 

Linear expansion coefficient: 10 × 10−6/°C 

Cement stabilized macadam 

Horizontal dimension: the same as all slabs 

and joints all together 

Thickness: 0.36 m 

Elastic modulus: 7 GPa 

Poisson’s ratio: 0.20 

Subgrade Elastic foundation (dimension not needed) Foundation reaction modulus: 70 MN/m3 

Joint 
8 mm wide 

Spring unit (dimension not needed) 

Joint stiffness:  1000 MN/m3 (distributed among 

nodes) 

Separator layer 

Horizontal dimension: the same as all slabs 

and joints all together 

Thickness: 0.02 m 

Elastic modulus: from results of 2.2 

Bond to concrete slab: from results of 2.3 

Bond to base layer 

0.41m

15.60m

5.72m

0.86m

Middle slab

Joint

Load

Middle slab

Elastic foundation

Concrete slab

Separator Layer

Stabilized base

 

Figure 7. Loading of B737-800 airplane wheels and FEM pavement structure (second model). 

3.2. Resilient modulus of Separator Layer 

The stress and strain were calculated by the difference of peak and valley of the force-

time curve and displacement-time curve. Then the resilient modulus of micro-surfacing 

was calculated. 

The deformation of the separator layer consists of the deformation of the 

synchronous macadam layer and the micro-surfacing layer. In this study, the strain of the 

micro-surfacing is regarded as the strain of the whole separator layer because the lime-

stone macadam has a modulus greater than 20 GPa, and the synchronous macadam layer 

is only 1/4 of the separator layer. Therefore, the modulus of the separator layer was 

calculated based on the modulus of micro-surfacing (Table 5). 
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Table 5. The resilience modulus of the separator layer (MPa). 

Temperature 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 20 Hz 

0 °C 748 826 878 944 978 1010 

10 °C 491 561 596 665 685 714 

20 °C 383 439 460 517 549 585 

30 °C 280 312 355 391 433 460 

40 °C 176 203 221 260 281 303 

It can be seen in Table 5 that the modulus varies between 176 MPa and 1010 MPa, 

less than the regular asphalt mixture. The separator layer show more plasticity at high 

temperature and low frequency, and more elasticity at low temperature and high 

frequency. 

3.3. Contact Characteristic 

The results of the shearing test without normal pressure are shown in Figure 8. It can 

be seen that at 0 °C, the curve has a peak shearing force, while at 20 °C and 40 °C, there is 

no peak. The shear force-relative slide relationship under normal stress at 20 °C when the 

separator layer is present is shown in Figure 9. The normal stress does not obviously in-

fluence the slope in the elastic range but has a great influence on the maximum shear force. 

The shearing characteristic without a separator layer is shown in Figure 10. It can also be 

seen that the slope of the curves is not affected much by normal stress, but the shear force 

at the peak and ultimate state is influenced. By comparison of Figures 9 and 10, it is con-

cluded that the separator layer greatly weakens the bond between the concrete and the 

underlying layer. 

If only considering the shearing relationship’s last stage (stable status) in Figure 9, 

the shear stress shows a linear increase with the increase of normal stress, which is a typ-

ical Mohr-Coulomb constitutive characteristic [23]. The relationship between shear stress 

(S.S.) and normal stress (S.N.) is shown in Equations (2) and (3). The equations show the 

shear force between the separator layer and concrete consists of two parts. One part is the 

Coulomb friction proportional to normal pressure. The other part is considered provided 

by the tension of asphalt. The picture of the fracture interface (Figure 11) shows the con-

tribution of asphalt coherence to the total shear force. 

SS = 171.44 SN + 51.70, R2 = 0.99 (without separator layer. Unit: MPa) (2) 

SS = 96.02 SN + 27.34, R2 = 0.99 (with separator layer. Unit: MPa) (3) 

 

Figure 8. Shear force-relative slide relationship of with separator layer at different temperature. 
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Figure 9. Shear force-relative slide relationship with separator layer. 

 

Figure 10. Shear force-relative slide relationship without separator layer. 

 

Figure 11. The interface of fracture after the shearing test. 
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to two groups, “with peak” or “without peak,” shown in Figure 12 (the dash lines are the 

measured curves). The “with peak” group is simplified to Form 1, and the “without peak” 

group is simplified to Form 2, represented by the solid line. 
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Figure 12. Simplified forms of interlayer shear force-relative slide curves. 

It can be seen in Figure 12 that the two forms of curves both consist of two stages, the 

“elastic stage” and the “stable stage.” The ks in the elastic stage can be obtained from the 

slope of the tested curves. In the stable stage, the ks is 0, and the shear stress is a fixed 

number. Another important parameter is the turning point determining whether the 

shearing relationship has reached a stable state. For Form 1, the turning point is the shear-

ing force of the peak, while for Form 2, the turning point is the relative slide at the inter-

section of the elastic state and stable stage. Overall, the constitutional relationship was 

established using ks, turning point values, and stable shear force. To simplify the model, 

the ks in the elastic stage under different normal stress is taken as the same value. 

The simplified shearing constitutional model was defined and input with a ‘FRIC’ 

subroutine provided by ABAQUS. The interaction of shear stress in X and Y directions in 

one plane is neglected. Its constitutional relation is shown in Equation (4). 
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where Δτ is the interlayer shear stress increment (Pa); ks is the interlayer shear stiffness; 

Δγ interlayer relative displacement increment. 

FRIC subroutine enables the determination of the stage while calculating. When the 

turning point is not reached, the shearing properties at the elastic stage are employed, but 

when the turning point is reached, the shearing properties are switched to the stable stage. 

4. Validation of FEM Simulation 

The mechanical response of the pavement structure under load was monitored in an 

airport in East China during a flight area expansion project to validate the simulation in 

this study. 

The structures under test include two cement pavements, one with the composite 

separator layer and the other with no separator layer. The size of the slab is 5 m × 5 m. The 

elastic modulus of concrete and base course and the reaction modulus of subgrade were 

obtained from the airport’s test report, which are 34 GPa, 8.5 GPa, and 87.4 MN/m3. 

The air temperature during the in-situ test was 32 °C. The temperature at the bottom 

of the pavement slab is closer to 20 °C, so the modulus value of the separator at 20 °C was 

used. The Poisson ratios of the materials were the same as stated earlier in this paper. The 
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contact properties were also modeled with the method previously stated. The joint stiff 

was set as 1000 MN/m2. 

A number of BGK-FBG-4200T fiber grating strain sensors were embedded in the con-

crete to get the strain along the longitudinal direction. The sensors were embedded at the 

center of the longitudinal joint and the corner of the slabs. The vertical position of the 

sensors was 3.5 cm to the top or bottom due to the size of the sensors. A paving truck was 

used to apply load on the slab. The rear axial of the biaxial double wheel was employed, 

weighing 94 kN. The wheel load was applied right above the strain gauges. The size of 

the wheel mark was measured and approximated to a square of 0.2 m × 0.2 m (seen in 

Figure 13). 

 

Figure 13. Measurement of wheel track. 

The FEM results were also obtained based on the load and pavement parameters. 

Strains at 3.5 cm from the top and bottom were extracted as the strain of the slab top and 

bottom to be consistent with the position of the embedded strain gauges. 

A comparison of the measured and calculated strain is shown in Table 6. It can be 

seen that the FEM results are close to the measured values. The maximum relative error 

with the existence of Cape Seal is within 7.5%, and that without the layer is within 8.5%. 

Therefore, the modeling method can be considered reasonable and feasible. Table 6 also 

shows that the separator layer will not significantly affect the mechanical response of the 

concrete slab. Both measured data and simulated data prove this point. The benefit of the 

separator layer is not to improve the mechanical response of a normal-functioning pave-

ment structure but to ensure the life of pavement when the pavement has some defects, 

such as voids beneath the slab or weakened load transfer at joints. Furthermore, the re-

duction of deterioration under temperature variation is another advantage. 

Table 6. Comparison of measured and simulated strain in concrete slab. 

Interlayer Load Location 
Measurement 

Location 

Strain from Meas-

urement (με) 

Strain from Simu-

lation (με) 

Error 

(%) 

With separa-

tor layer 

Middle of longitu-

dinal joint 

Slab top 6.5 6.97 7.2 

Slab bottom −8.0 −8.47 5.9 

Corner of slab 
Slab top 4.5 4.78 6.2 

Slab bottom −6.0 −6.10 1.7 

No separator 

layer 

Middle of longitu-

dinal joint 

Slab top 6.5 6.31 2.9 

Slab bottom −8.0 −7.78 2.8 

Corner of slab 
Slab top 5.0 4.66 6.8 

Slab bottom −6.5 −5.96 8.3 

Note: the precision of the strain sensor is 1 με, so the decile digit is the last digit, using 0.5με as the 

minimum measurement. 
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5. Results and Analysis 

5.1. Influence of Separator Layer on the Contraction Stress before Joint Sawing 

The contraction stress in long concrete slabs attributed to a sudden drop of 10 °C in 

temperature was calculated, shown in Figure 14. The one-time paving length of the slab 

was set as 50 m~150 m. The structure is symmetrical, so only half was used in FEM. The 

mechanical properties at 20 °C were used. 

  

(a) Without the separator layer (b) With the separator layer  

Figure 14. Contraction stress of concrete with different paving lengths. 

Yuan [26] measured the strength of the pavement of 35 airports in China, showing 

that the average tensile strength of concrete is 4.07 MPa. It can be seen in Figure 14a that 

when the separator layer is not laid, the maximum contraction stress of the concrete is 

greater than 4.07 MPa, no matter how long the slab is. Meanwhile, the greater the paving 

length is, the more possible is concrete getting crack. When the separator layer is present, 

as seen in (b), the maximum tensile stress in the concrete is less than 4 MPa when the 

length of the surface layer is less than 80 m, which can eliminate the risk of concrete crack-

ing. 

It is known in 3.3 that the shearing characteristic between concrete and the separator 

layer is quite different when the temperature changes. The influence of temperature was 

investigated on the mechanical response of concrete under a sudden temperature drop of 

10 °C. The result is shown in Figure 15. 

 

Figure 15. Maximum contraction in concrete slab with separator layer before sawing joints. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 10 20 30 40 50 60 70

S
tr

es
s 

in
 c

o
n
cr

et
e 

(M
P

a)

Distance to transverse center line (m)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 10 20 30 40 50 60 70
S

tr
es

s 
in

 c
o
n
cr

et
e 

(M
P

a)

Distance to transverse center line (m)

2.0

2.5

3.0

3.5

4.0

4.5

50 70 90 110 130 150

M
ax

im
u
m

 c
o
n
tr

ac
ti

o
n
 s

tr
es

s 
(M

P
a)

One-time construction length of concrete slab (m)

Winter (0℃)

Spring (20℃)

Summer (40℃)



Buildings 2022, 12, 2190 14 of 19 
 

Figure 15 shows lower temperatures cause a stronger interlayer bond between the 

separator layer and concrete and a more significant influence by paving length. At low a 

temperature in winter (0 °C), the risk of cracking appears when the construction length is 

greater than 50 m; in spring/autumn, the risk occurs at 80 m; in summer, the risk shows 

when the length is larger than 130 m. In summary, if the concrete joints cannot be sawed 

in a timely manner, the maximum paving length should be adjusted based on seasons to 

avoid the premature cracking of concrete. 

5.2. Results of in Situ Erosion Test 

The results of in situ erosion test are shown in Figure 16. After scouring, the separator 

layer’s surface does not show any sign of material loosening or being lost. On the contrary, 

the cement-stabilized base has an apparent pothole of about 5 mm deep. This comparison 

indicates that the separator layer can withstand dynamic water pressure, while the surface 

of the cement-stabilized base will get exfoliated. Applying a separator layer on cement 

stabilized base can make the whole pavement structure more resistant to pumping or 

more severe failure. 

  

(a) Surface of separator layer after scouring (b) Surface of cement stabilized base after scouring 

Figure 16. Erosion test results. 

5.3. Benefit of Separator Layer when Voids Occur 

Overall, the FEM results show that the separator layer makes the tensile stress at the 

bottom of the slab increase only by 2.1–3.4%, indicating that the layer produces very 

limited influence on the stress of the slab when there is no void beneath the slab. However, 

if there are voids beneath the slab, the stress in the slab increases significantly. Voids be-

neath the slab are very common in airports. According to a survey on the pavement con-

dition of 56 airports in China [27], only 5.36% of airports have a void rate of less than 10%; 

69.64% of airports have a void rate of greater than 30%; 28.57% of airports have void rate 

larger than 60%. 

A comparison between the stress in a pavement with voids and another pavement 

without voids because of the separator layer was made to show the difference. The void 

beneath the concrete slab is simulated by a 1.5 m × 1.5 m square at the corner of the slab 

or by a 5 m × 0.3 m rectangle, both with a thickness of 2 cm. The maximum tensile stress 

of the slab when the void exists was compared with that of no void because of the sepa-

rator layer, shown in Table 7. The difference percentage was calculated based on Table 7 

to reflect the influence of the separator layer, as shown in Figure 17a,b. 
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Table 7. Maximum tensile stress in concrete with/without separator layer. 

Void Loca-

tion 
Load Transfer Ability (Joint Stiffness) 

Maximum Tensile Stress (MPa) 

(Without Separator Layer-Void) 

Maximum Tensile Stress (MPa) 

(With Separator Layer-No Void) 

Slab edge 

Good (1500 MN/m2) 2.702 2.610 

Fair (1000 MN/m2) 2.981 2.857 

Poor (250 MN/m2) 3.236 3.089 

Very bad (25 MN/m2) 3.301 3.154 

Slab corner 

Good (1500 MN/m2) 1.746 1.543 

Fair (1000 MN/m2) 1.986 1.560 

Poor (250 MN/m2) 2.750 1.584 

Very bad (25 MN/m2) 3.371 1.590 

Figure 17a shows that the separator layer makes the tensile stress in the slab decrease 

by 3.4–4.5%. Figure 17b shows that the stress difference is greater than 10% even under 

the best load transfer ability; when the load transfer ability is weak, the difference in stress 

in concrete can be greater than 50%. Therefore, the void at the corner generates much more 

negative influence. It is counterintuitive in (a) that the separator layer’s effect does not 

grow when joint load transfer is “very bad.” This is because when the joint stiffness is very 

good, the airplane load is like applying on a simply supported beam so that the stress at 

the bottom of the slab is greater than the slab supported by the separator layer. The simply 

supported beam transforms into a cantilever beam when the joint stiffness worsens. The 

cantilever beam has a different stress mode, for its bottom undergoes compression stress 

while its top undergoes tensile stress. As a result of the counteraction effect, the tensile 

stress in the slab decreases. By contrast, in (b), the transformation from simply supported 

beam to cantilever beam happens much earlier, so the maximum tensile stress keeps in-

creasing on the cantilever beam status. 

 

(a) void occurs at slab edge 
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(b) void occurs at the slab corner 

Figure 17. Maximum tensile stress difference between the “without separator layer-void” condition 

and “with separator layer-no void” condition. 

6. Benefits on Pavement Longevity 

As the composite separator layer prevents the common disease of erosion and voids 

beneath the slab, the maximum tensile stress in concrete is reduced. In engineering prac-

tice, it is more meaningful to discuss the fatigue life than the tensile stress so that the ad-

vantage of extra life of pavement attributed to the separator layer was calculated in the 

study. A 4E-level airport was used to perform the calculation. The total takeoffs and land-

ings in the initial year are presumed to be 70,000, with an annual growth rate of 4%. Type 

C aircraft (B737-800 as the representative) takes account for 80% of the traffic; type D 

(B767-300 as the representative) 10%; type E (B777-20 as the representative) 10%. FEM 

calculated the stress in concrete under the three types of aircraft. B767 and B777 airplane 

has more wheels in the landing gear than B737, and their respective wheel number and 

dimension were used in the calculation. The single tire pressure is 1.38 MPa and 1.28 MPa, 

smaller than B737’s 1.47 MPa. 

The damage of concrete under extreme load is caused by large inelastic strain [28,29]. 

Still, for concrete under aircraft load, the stress usually does not exceed 50% of concrete 

capacity, so the inelastic strain slowly accumulates until the concrete fails [30]. The per-

missible loading time of an aircraft [31] is calculated by the following fatigue equation 

(Equation (5)), recommended by Specifications for Airport Cement Concrete Pavement 

Design in China (MH/T5004-2010). 

(14.048 15.1117 / )
10 p cmf

Ne
−

=  (5) 

where Ne is the permissible airplane loading times; fcm is the flexural strength of concrete; 

σp is the calculated concrete tensile stress. 

Based on Miner Law [32], fatigue damage can accumulate through linear superposi-

tion. That is to say, the total damage of the concrete results from damage accumulation of 

different airplane types which produce different levels of tensile stress in the concrete. 

Therefore, adding fatigue damage caused by type C, D, and E aircraft can get the final 

cumulative fatigue damage FD. Thus, the cumulant of the damage is calculated by Equa-

tion (6). Once the FD = 1, the pavement is considered to have fatigue cracks. 
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where FD is cumulative fatigue damage; nei is the cumulative loading times of a certain 

type of aircraft; Nei is the permissible loading times of a certain type of aircraft. 

Based on the tensile stress in concrete and Equation (5), the permissible loading times 

of each aircraft type are shown in Table 8. Table 8 indicates that the separator layer can 

effectively increase airplane loading times. 

Table 8. Permissible loading times for different airplane types under different scenarios. 

Airplane Type Scenario Permissible Loading Times 

B737-800 

No separator layer + no voids 5760521 

No separator layer + voids 1776803 

Separator layer + no voids 3274549 

B767-300 

No separator layer + no voids 95138211 

No separator layer + voids 25018911 

Separator layer + no voids 44012764 

B777-200 

No separator layer + no voids 2272068 

No separator layer + voids 617682 

Separator layer + no voids 1086613 

Using the results in Table 8 and Equation (6), combined with the airport’s airplane 

combination, one can calculate the extra life (years) the separator layer causes. The fatigue 

life increase is also influenced by the time void occurs. The earlier voids arise, the more 

benefit the separator layer brings, as shown in Table 9. 

Table 9. Fatigue life increase of pavement because of the composite separator layer. 

 
With Separator 

Layer 

Without a Separator Layer—Assume Voids Appear Beneath the Slab in a Specific Year af-

ter the Pavement Construction 

2nd year  10th year 11th year  15th year 20th year 22nd year 25th year 

Pavement Life (years) 35 29 30 31 32 33 34 35 

Extra life - 6 5 4 3 2 1 0 

It can be seen in Table 9 that the separator layer effectively increases the service life 

of the pavement. The earlier void appears the more pronounced the separator layer plays 

its role. It should be noted that the load transfer ability used in life estimation is ‘good,’ so 

the extra life attributed to the separator layer is the minimum value. The actual life exten-

sion will be greater than in Table 9 because the load transfer deteriorates in service. 

7. Conclusions 

In this paper, the composite separator layer for Portland cement concrete pavement, 

formed by modified emulsified asphalt synchronous macadam and micro surfacing, was 

studied comprehensively, including its basic properties and benefits for the pavement. 

Though similar composite layer as pavement surface treatment was studied previously 

by engineers, the composite layer working as separator layer beneath the concrete was 

seldom studied before. Hence, a thorough investigation of the characteristics of the com-

posite separator layer is essential for its application in airports. 

The resilient modulus of micro-surfacing was measured, and the modulus of the sep-

arator layer was calculated. The modulus of the separator layer was found to be less than 

the regular asphalt mixture. The interlayer characteristic between the separator layer and 

concrete was studied by a self-developed facility. Temperature was found to affect the 

shape of the shear force-relative slide curve. The normal stress does not significantly in-

fluence the slope in the elastic range but greatly influences the maximum shear force. With 

the increase of normal stress, the shear stress shows a linear increase, which is a typical 

Mohr-Coulomb constitutive characteristic. The shearing curves were simplified based on 

the shape of the shearing curves and were further programmed with the FRIC subroutine 
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to use as parameter input in FEM. In situ erosion test directly proved the anti-scouring 

effect of the composite separator layer compared to the regular cement stabilized base. 

The measured modulus of the composite separator layer and interlayer characteristic 

was inputted in FEM, which was validated by monitored data of mechanical response of 

the pavement structure under load in an airport. FEM calculated the contraction stress 

and the stress of concrete under aircraft load. When the separator layer is present, the 

maximum tensile stress in the concrete is less than 4 MPa when the length of the surface 

layer is less than 80 m, which can eliminate the risk of concrete cracking. 

The FEM simulation also shows that the separator layer has a minimal influence on 

the stress of slab when there is no void beneath the slab. However, if the void exists be-

neath the slab, the stress difference is greater than 10%, even under the best load transfer 

ability. When the load transfer ability is weak, the difference of stress in concrete can be 

greater than 50%. Considering the frequency of voids occurring beneath the airports’ 

slabs, the separator layer can play an essential role in preventing too much stress in con-

crete. 

Based on the FEM results and cumulative fatigue life equations, the separator layer 

was estimated to elongate the service life for years, depending on the time voids occur. 

Under a conservative calculation, the separator layer can counteract the earliest void ten-

dency to increase pavement service life for 6 years. In situ pavement data with the com-

posite separator layer will be available in some airports in China after years of service to 

show the effect of longevity elongation. 
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