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Evaluation of carbon grid reinforcement in asphalt pavement 
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A B S T R A C T   

This study aims to analyze the advantages of carbon grid reinforcement in asphalt pavement based on perfor
mance tests, pavement design, and life cycle cost analysis (LCCA). The improvement in mechanical property was 
examined by overlay tester (OT), four-point bending, Hamburg wheel tracking, and shear bond strength test. 
Grid efficiency factor (GEF) was computed to evaluate the enhancement of cracking resistance. Based on the OT 
results, the performance year was quantified by a mechanical-empirical model of reflective cracking rate. Then, 
the outcomes from the performance year analysis were used to determine the economic effect through 20-year 
service by life cycle cost analysis (LCCA). Overall, carbon grid reinforcement not only enhances the performance 
of asphalt mixture but also prolongs service life, thus beneficial in cost-effectiveness. For instance, the resistance 
to reflection cracking was improved; deformation and rutting velocity was reduced due to the presence of a grid 
layer; GEFs of grid reinforced mixtures ranged from 1.5 to 2.5. Finally, the asphalt mixture containing grid would 
increase performance year by 2–4 times than that of conventional asphalt mixture. Therefore, the total cost of the 
grid reinforced alternative was reduced by approximately 43% through a 20-year service.   

1. Introduction 

Asphalt pavement is widely used on roads due to its essential char
acteristics such as fast construction, reusability, smoothness, and noise 
absorption. The demand for use of asphalt mixture for paved roads has 
significantly increased over time. In South Korea, over 90 % of roadways 
were paved by asphalt mixture, this number in the United States 
exceeded 94 % [1]. The fast-growing demand use of asphalt mixture 
causes more pressure on the natural aggregate resources. In addition, 
asphalt pavement is vulnerable during service life due to being directly 
subjected to the environment and bearing traffic loads. Therefore, an 
improvement in asphalt mixture performance not only prolongs the 
service life but also reduces the pressure on natural resources. Nowa
days, a lot of studies have been conducted to improve the properties of 
asphalt mixture. For instance, the utilization of coated fiber to enhance 
mechanical properties [2], using phase change material to mitigate the 
negative effect of environmental temperature [3,4]. Several studies 
aimed to prolong the service life of asphalt pavement by using induction 
or microwave heating to heal micro-cracks in the asphalt mixture [5,6], 
and using grid reinforcement to lessen the negative effect of reflection 
cracking [7,8]. Nevertheless, prolonging pavement service life is 
considered as an effective solution due to the environmental and cost- 

effectiveness. 
Reflection cracking is one of the most common distresses that dete

riorate asphalt pavement properties. Reflection cracking damages the 
structural strength of the pavement system from the bottom to the sur
face. Once it happens, the permeable property of pavement is increased, 
thus water easily penetrates, resulting in deterioration of pavement 
structure [9]. Based on the propagation of reflection cracking, several 
methods have been developed to prevent it, consisting of paving a thin 
layer at the interface between old and new pavement [10], using a 
special asphalt concrete [11]. However, utilizing grid is considered an 
effective method [12–14]. For past decades, grid reinforcement in 
asphalt pavement has been widely used such as roadways, railroads, and 
airports [15]. Especially, using grid in the flexible pavement is a hot 
topic that attracts many researchers. The grid presence in asphalt 
pavement has an essential effect during crack propagation. The grid also 
has been effective in reducing permanent deformation and distributing 
traffic loads with pavement foundation layers [16–18]. The Gonzalez- 
Torre’s study reported that fiber grid presented the best cracking resis
tance. In addition, the reinforced carbon fiber grid could improve cyclic 
as well as monotonic loading [19]. Besides grid types, the interlayer 
system plays an important role that affects the adhesive of the top and 
the bottom layer. The interface bond could affect the stress and strain of 
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the pavement structure. Several studies have proved that the adhesive 
strength of two layers should be adequate to ensure the proper working 
of pavement structure [7,20,21]. The research from Walubita et al. 
recommended shear bond strength should be higher than 225 kPa [7]. 

Besides research on the improved performances of geogrid, Zofka 

et al. recommended a procedure to quantify the benefit of grid on the 
service life of asphalt pavement. This procedure was developed based on 
an empirical and mechanical method [19]. The empirical-mechanical 
model could estimate the performance year of asphalt pavement based 
on the input of traffic, weather conditions, and asphalt geogrid pave
ment. Furthermore, the estimation of the performance year may be 
beneficial for the decision of maintenance or reconstruction of asphalt 
pavement. Life cycle cost analysis (LCCA) was firstly introduced by the 
American Association of State Highway and Transportation Officials 
(AASHTO) in 1986. Afterward, Life Cycle Cost Analysis software named 
RealCost has been developed by the Federal Highway Administration 
[22]. In the LCCA process, the cost efficiency of alternatives was 
determined based on Net Present Value (NPV). The analysis from LCCA 
could help highway agencies to decide on pavement rehabilitation 
strategies. 

The current research aims to analyze the advantages of grid 

Fig. 1. Research flowchart.  

Fig. 2. G17 grid and G20 grid.  

Table 1 
Size gradation of aggregate.  

Sieve size (mm) 19 12.5 9.5 4.75 2.36 0.6 0.3 0.15 0.075 

Percent passing (%) 100 98 86 60 45 23 14 8 3  

Table 2 
Mixture configurations.  

Description Thickness Mixture   

C00 G17 G20 

Top layer 30 mm AC-13 AC-13 AC-13 
Grid 1 mm No G17-grid G20-grid 
Tack coat N/A Yes Yes Yes 
Bottom layer 30 mm AC-13 AC-13 AC-13  
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reinforcement on the performance properties as well as cost benefits of 
asphalt mixtures. In addition, two types of carbon grids, named G17 and 
G20 were considered, to evaluate the effect of grid characteristics. 
Several laboratory performance tests were conducted. Fatigue cracking 
and reflection cracking resistance were evaluated using the four-point 
bending test and OT test. Hamburg wheel tracking test was employed 
to determine the rutting resistance of grid reinforced mixtures. The 

adhesive strength between two layers of asphalt mixture was examined 
by a shear bond strength test. The effect of grid improvement on 
cracking resistance was computed by grid efficiency factor (GEF). The 
results of the OT test were utilized to analyze the pavement performance 
year of different asphalt mixtures through an empirical-mechanical 
reflective cracking model. Finally, a life cycle cost analysis of three 
different asphalt mixtures was conducted based on the outcomes from 

Fig. 3. OT sample preparation process (a) and OT test set up (b).  
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the pavement performance year analysis. The research flowchart is 
displayed in Fig. 1. 

2. Materials 

Two carbon grids were considered in this study, named G17 and G20. 
As shown in Fig. 2, both grids present a bare structure. The G17 and G20 
grid form a square aperture with a size of 17 mm and 20 mm, respec
tively. Rib thickness ranged from 0.3 to 0.5 mm at the junction. The 
tensile modulus and tensile force of the grid were 73 GPa and 120 kN/m, 
respectively. 

Dense grade hot mix asphalt with the nominal maximum aggregate 
size of 13 mm was used to fabricate samples. Aggregate size gradation is 

shown in Table 1. The PG 64-22 asphalt binder was used in this study. 
The binder has a penetration of 70 (25 ◦C, 0.1 mm), a melting point of 
48 ◦C, and a density of 1.02 g/cm3. The presence of grid layer could 
reduce the interface shear strength between two layers. Therefore, a 
modified asphalt emulsion tack coat, named BD tack coat was used to 
ensure adhesion between layers [23]. The polymer-modified tack coat 
has ductility, and penetration of 100 cm and 60 ◦C, respectively. For 
each mixture at least three samples were prepared. Mixture configura
tions are displayed in Table 2. 

3. Test - analysis methods 

3.1. Performance tests 

3.1.1. OT test 
The overlay tester (OT) test provides an excellent correlation to the 

propagation of reflection cracking. Fig. 3 illustrates the sample prepa
ration process. Hot mix asphalt 13 mm was used to prepare samples. The 
bottom layer having a size of 150 mm in diameter and 50 mm in height 
was firstly compacted with the air void of 7 ± 1 %. Then, this layer was 
stabilized at room condition for 24 h before applying the tack coat layer. 
In this study, a polymer-modified tack coat was applied on the top of the 
bottom layer with a dosage of 0.45 litter/m2. To dry the tack coat layer, 
sample was conditioned at ambient temperature for at least 4 h before 
applying grid. The sample was delivered to a 150 mm cylindrical mold 

Fig. 4. Preparation of beam sample (a) and test set up (b).  

Table 3 
Four-point bending test specifications.  

Item Specification 

Loading mode Load-controlled 
Input load magnitude (Pmax) 0.70 kN 
Contact sitting load 0.035 kN (5 % of Pmax) 
HMA beam sample dimensions 380 mm × 50 mm × 50 mm 
HMA beam notch at the bottom 5 mm in depth, 3 mm in width 
Target AV 7 ± 1 % 
HMA beam sample replicates ≥3 
Test termination 20 mm or 10,000 cycles  

Fig. 5. Preparation of HWTT sample and (b) HWTT test set up.  
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to compact the top layer. The final height of the sample was controlled at 
80 ± 1 mm including grid layer. The top and direction of compaction 
were also marked in white coloring and red (after cutting) so as to keep 
track of the top and bottom of the samples. White lines were marked at 
75 mm apart in the middle zone of the molded samples to define the 
cutting width of the final OT specimens. Only the bottom side of the 
samples was trimmed at 20 mm to ensure a smooth surface for gluing to 

the OT plates. All the samples were notched to 12.5 mm depth from the 
bottom to simulate existing cracks on an existing pavement structure. 
After notching, samples were dried in room condition for 48 h before 
gluing on OT plates. In order to glue the sample to the OT plate, the high- 
strength 2-part epoxy (14 ± 2 g) was used. The epoxy was allowed to set 
and cure for a minimum period of 12 h with a 4.5 kg curing weight at 
room temperature (i.e., 25 ◦C). 

In this study, the overlay test was performed based on the test pro
cedure Tex-248-F [24]. The OT test was conducted with a testing tem
perature of 25 ± 1 ◦C. Glued samples were conditioned in a temperature 
incubator for three hours before testing. This test was conducted under 
control-strain mode with a maximum opening displacement of 0.63 mm 
as shown in Fig. 3b. One OT cycle consists of 5 s of opening and 5 s of 
closing. The test was terminated at 83 % of reduction peak load or 
reaching 1200 cycles, whichever is first. Each mixture was tested with 
four samples for average. Load versus the number of OT cycles were 
recorded during OT test. In general, a mixture with a higher OT cycle 
indicated a better cracking resistance. 

In addition, the result of different grid reinforced mixtures was 
compared by Tukey-Kramer (T-K) Post Hoc test. To perform T-K anal
ysis, one-way ANOVA (Analysis of Variance) was firstly used to deter
mine whether or not there is a statistically significant difference 
between mixtures. Then, the T-K was employed to find which mixtures 
are different from each other [2]. In the current study, the T-K test was 
completed in Python programming language using available packages, 
named SciPy and StatsModels [25]. 

3.1.2. Four-point bending test 
The four-point bending test aims to analyze the fatigue cracking 

resistance of asphalt mixture under repeated load. The air void of the 
beam sample was 7 ± 1 %. To achieve the target air void, the weight of 
the mixture was controlled by the sample’s volume and density of the 
slab sample. As shown in Fig. 4a, a slab mold has a dimension of 250 mm 
in width, 500 mm in length, and 50 mm in thickness. The bottom layer 
was firstly compacted with a height of 25 mm using a hand compactor. 
This layer was conditioned at room temperature for 24 h before applying 
the tack-coat layer. The tack-coat layer was brushed on the surface with 
a content of 0.45 L/m2. After drying for three hours, a grid layer, which 
has a size of 250 × 500 mm was applied to the tack-coat layer. Then, the 
asphalt mixture was filled in the mold and compacted to reach 50 mm 
height. The slab sample was conditioned for 24 h prior to cutting. A slab 
sample was cut into three beam samples. The final size of the beam 
sample was 50 mm in width, 50 mm in wide, and 380 mm in length. To 
emulate cracking, a notch having 3 mm wide and 5 mm depth, was 
firstly applied from front to back of the sample at the middle of the beam 
sample. Finally, beam samples were let dry for 72 h before testing. 

Fig. 6. Shear-bond test set up front view (a) and top view (b).  

Table 4 
Summary of input data for pavement performance year analysis.  

Asphalt overlay information Input data 

Type AC/PCC 
RCR termination criteria 50 %  

Traffic data ADT 50,000 per day  
Operation speed 80 kph  
Climate data (10-year period) From − 5 ◦C to 38 ◦C  

HMA overlay Thickness 50 mm  
Mix type Dense grade, PG 64-22  
Load cycles From OT test  
Coefficient of thermal expansion 2.43 × 10-6 mm/◦C  
Dynamic modulus Following AASHTO T324  
Poisson ratio’s 0.35  

PCC layer Thickness 200 mm  
Mix type JPCP  
Coefficient of thermal expansion 9.9 × 10-6 mm/◦C  
Poisson ratio’s 0.15  
Modulus 27,560 MPa  
Load transfer efficiency 50 %  

Base layer Thickness 200 mm  
Type Granular base  
Poisson ratio’s 0.35  
Typical modulus 1035 MPa  

Subgrade Poisson ratio’s 0.4   

Typical modulus 70 MPa  

Table 5 
1-km cost for single operation (Million Korean Won).  

Solution C00 G17 G20 

Construction 179 288 258 
Maintenance 51 86 77  

S.-Y. Lee et al.                                                                                                                                                                                                                                   



Construction and Building Materials 351 (2022) 128954

6

Fig. 7. OT cycles (a) and OT cycles-load drop (b).  
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To reach the equivalent temperature distribution, beam samples 
were conditioned in a temperature incubator at 20 ± 1 ◦C for three 
hours. The test is conducted based on AASHTO T 321 under control 
stress mode [26]. The test setup is shown in Fig. 4b. The loading 
waveform was a haversine load with a magnitude of 0.7 kN and a fre
quency of 5 Hz. The contact sitting load was 0.035 kN. The specification 
of the four-point bending test is shown in Table 3. This test was termi
nated at complete crack failure or 10,000 loading cycles, whichever is 
first. Finally, the Turkey-Kramer statistical analysis was employed to 
find the difference between mixtures in terms of the loading cycle. 

3.1.3. Hamburg wheel tracking test 
Hamburg wheel tracking (HWTT) test provides an evaluation of the 

moisture effect as well as rutting resistance of asphalt mixture. The 
sample preparation process of the HWTT test was similar to the process 
of the OT test. Samples were compacted by Superpave Gyration 
Compactor with the target air void of 7 ± 1 %. Based on the AASHTO 
T324-11 [27], the cylindrical sample was cut along a secant line such 
that when joined together in the molds there is no space between the cut 
edges as shown in Fig. 5a. After cutting, samples were conditioned at 
room temperature for 48 h before testing. Three samples were prepared 
for each mixture. In the current study, the test was conducted under the 
submerged condition as shown in Fig. 5b. The testing temperature was 
controlled at 50 ± 1 ◦C. The Hamburg Wheel Tracking load was 705 ± 5 
N. A 203 mm steel wheel made 52 ± 2 passes across the specimen per 
minute, at approximately 0.305 m/s. The number of wheel passes and 
rut depth were recorded during the test. This test was terminated when 
the number of passes reach 20,000 or rut depth is 12.5 mm, whichever is 
first. Finally, the T-K statistical analysis was employed to find the dif
ference between mixtures in terms of the HWT cycle. 

3.1.4. Shear bond strength test 
Shear bond strength test is used to evaluate the bonding strength of 

two layers. This test applies a constant shear displacement rate across 
the interface of two layers. This test was performed on the 150 mm two- 
layer sample. The sample preparation process was similar to the OT 
process; however, the final height of the sample was 100 mm, which is 
50 mm for each layer. Three samples were prepared for each mixture. 
The samples were conditioned in a temperature incubator at 20 ± 1 ◦C 
for three hours prior to testing. Based on TEX-249-F, the shear bond 
strength test was adopted with a loading rate of 5 mm/min at 20 ± 1 ◦C 
[23]. The sample was covered by tape to prevent sticking to the jig. The 
interlayer should be in the middle of the jig. The test setup is shown in 
Fig. 6. During the test, load displacement was recorded. The shear bond 
strength was calculated by equation (1). Finally, the Turkey-Kramer 
statistical analysis was employed to find the difference between mix
tures in terms of shear bond strength. 

Smax =
4Pmax

πD2 (1)  

where 

Smax: shear bond strength (MPa), 
Pmax: maximum load (kN), 

D: diameter of sample (mm). 

3.2. Grid efficiency factor 

The grid efficiency factor (GEF) is used to compare the relative 
performance of grid reinforced mixture and conventional mixture 
without grid. The grid efficiency factor is developed based on the idea of 
traffic benefit ratio (TBR), which followed the AASHTO R 50-09 [28]. 
The TBR is calculated by the ratio of the number of load cycles a rein
forced pavement structure required to reach a defined failure state to the 
number of loads the same unreinforced section required to reach the 
same defined failure state [28]. The traffic benefit ratio calculation is 
displayed in Eq. (2). 

TBR =
Ngrid
Ncontrol

(2)  

where 

TBR: traffic benefit ratio, 
Ngrid: number of cycles to reach failure condition of grid reinforced 
mixture, 
Ncontrol: number of cycles to reach failure condition of control 
mixture. 

In this study, two grid efficiency factors were determined based on 
the result of the overlay test and four-point bending test. The defined 
failure state was 83 % load drop and 10 mm deformation for the OT test 
and four-point bending test, respectively. The GEF is calculated by the 
following Eq. (3). Because the OT test and four-point bending test were 
conducted on the laboratory samples, the lab-fired shift factor was used 
to reflect the behavior of the mixture under field conditions. Based on 
the recommendation from Walubita’s research, the SFIR of 0.41 was 
selected [29]. 

GEF = TBR× SFIR (3)  

where 

TBR: traffic benefit ratio, 
SFir: lab-fired shift factor from the literature. 

3.3. Life cycle cost analysis 

3.3.1. Performance year based on OT cycles 
Reflective cracking rate (RCR) is one of the most important factors to 

consider when designing the thickness of the HMA overlay. The me
chanical empirical reflective cracking rate (ME-RCR) prediction algo
rithm was introduced in the Zhou and Hu studies [30–33]. Following 
these research, an Excel VBA program was developed to predict the 
reflective cracking rate as well as predict the performance year of 
asphalt overlay on plain cement concrete (AC/PCC) [8]. The daily crack 
propagation (ΔC) is shown in Eq. (4). 

ΔC = k1(Kb)nΔN+ k2A(Ks)n+ k3A(Kth)n (4)  

where 

ΔC: daily crack length increasement, 
ΔN: daily load repetitions, 
Kb, Ks, Kth: stress intensity factor (SIF) caused by bending, shearing, 
and thermal loading, respectively, 
k1, k2, k3: calibration factors. 

A and n parameters are fracture properties obtained from the power 
regression curve defining the relationship of crack length per OT cycle. 
Zhou et al, recommended the calculation of two parameters in Eq. (5) 
[32]. 

Table 6 
Tukey-Kramer multiple comparison (studentized q = 0.05).  

group1 group2 Diff Lower Upper p- 
value 

Conclusion 

C00 G17  547.3  385.4  709.2  0.001 Significantly 
different 

C00 G20  316.7  154.8  478.6  0.002 Significantly 
different 

G17 G20  230.7  68.8  392.6  0.011 Significantly 
different  
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Fig. 8. Loading cycles (a) and load cycle-deformation (b).  
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A = 0.0044(nOT)− 1.91  

n = 0.524ln(nOT)+ 2.047 (5)  

where 

nOT: number of OT cycles obtained from the OT test. 

Finally, the reflection cracking rate was computed in an empirical 
sigmoidal function as shown in Eq. (6). 

RCR =
100

1 + e
C1log

(
ΔC
H0

) (6)  

where 

RCR: reflective cracking rate, 
C1: relationship between fatigue distress versus damage, 
H0: is HMA overlay thickness. 

The analysis of pavement performance year requires the input data, 
consisting of climate data, traffic, material properties, and the number of 
OT cycles. The summary of input data is shown in Table 4. The main 
objective is to calculate the performance year of asphalt overlay with 
grid reinforcement. In the previous study, the performance year was 
defined as the duration of acceptable service life wherein the RCR was 
less than 50 % [8]. The performance years from this analysis were uti
lized to select alternatives in the life cycle cost analysis. 

3.3.2. Life cycle cost analysis 
In this study, the Excel VBA Program named RealCost 2.5 was used to 

analyze the life cycle cost [22]. It is a program developed by Federal 
Highway Administration (FHWA) based on Microsoft Excel with Visual 
Basic for Application code. The main result from RealCost was NPV (Net 
Present Value), which represented the economic efficiency indicator of 
the alternative. The NPV is calculated using the following Eq. (7). 

NPV =
∑N

k=1
(AC + OC)k

1
(1 + i)k

(7)  

where 

NPV: net present value, 
AC: Agency Cost, 
OC: Operation cost, 
i: discount rate (%), 
N: year of expenditure, 
k: is estimated for year kth. 

Three alternatives are considered to analyze the life cycle cost, 
including C00, G17, and G20 corresponding to dense grade asphalt 
mixture without grid reinforcement, dense grade asphalt mixture with 
G17 grid, and dense grade asphalt mixture with G20 grid. In order to 
decide on construction or maintenance alternatives, the outcomes from 
the performance year analysis were considered. Construction cost and 
maintenance cost for a single operation is shown in Table 5. Finally, the 
salvaged cost was ignored in this analysis. 

4. Results and discussion 

4.1. Performance tests 

4.1.1. Overlay test 
The result of the OT test under cyclic fatigue loading is displayed in 

Fig. 7a. Overall, reinforced grid mixtures gained a higher number of OT 
cycles than that without grid reinforcement. The G17 mixture acquired 
the highest OT cycle among the three mixtures. At 83 % load drop, G17 
gained 748 cycles while that of the control mixture and the G20 mixture 
were 201 and 517 cycles, respectively. Using G17 grid reinforcement 
increases the number of OT cycles by more than four times compared to 
a conventional mixture. 

In addition, the relationship between the number of OT cycles and 
load drop is shown in Fig. 7b. Grid reinforced asphalt mixture presented 
a lower reduction in load drop than that of the control mixture. This 
phenomenon can be explained by the grid layer potentially disappearing 
as a part of reflection cracking. The grid at the interlayer could mitigate 
crack propagation from the bottom to the top of the sample, thus 
resulting in a decrease in the load drop of the sample. Tukey-Kramer 
analysis was employed to consider the difference between mixtures in 
terms of the number of OT cycles. As shown in Table 6, the p-values of 
the three comparisons were less than 0.05, which confirmed that there 
was a significant difference between grid mixtures and the control 
mixture. In other words, the grid reinforcement could increase resis
tance to reflection cracking of asphalt mixture. 

Fig. 9. Cracks in beam sample without grid reinforcement (a) and with grid reinforcement (b, c).  

Table 7 
Tukey-Kramer multiple comparison (studentized q = 0.05).  

group1 group2 Diff Lower Upper p- 
value 

Conclusion 

C00 G17  5098.6  3968.5  6228.1  0.001 Significantly 
different 

C00 G20  3638.7  2508.9  4768.5  0.001 Significantly 
different 

G17 G20  1549.7  329.9  2589.5  0.017 Significantly 
different  
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4.1.2. Four points bending test 
Fig. 8 displays the number of loading cycles of three asphalt mix

tures. In general, mixtures with grid gained higher loading cycles than 
conventional mixtures at the same level of deformation. For example, 

the loading cycles of the C00, G17, and G20 mixture were 605, 3449, 
and 1706 cycles at 10 mm deformation, respectively. The deformation- 
loading cycle behavior of mixtures in this test was similar to the result 
from the OT test. The grid reinforced mixtures presented a lower 

Fig. 10. Hamburg wheel tracking result (a) and relationship between rut depth and HWTT cycles (b).  
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deformation velocity that than of control mixture, which indicated 
better fatigue cracking resistance. 

Regarding mixture without grid reinforcement, cracks propagated 
from the bottom to the top layer as shown in Fig. 9a. This phenomenon 
led to high deformation. In contrast, there were no cracks above the 
interlayer layer of grid reinforced mixtures. The cracks only existed at 
the bottom layer (Fig. 9b). This may be due to the grid layer being able to 
prevent crack propagation from the bottom. When the cracks propa
gated to the grid interlayer, a horizontal direction change in the crack 
propagation was observed as displayed in Fig. 9c. This is because the 
debonding is located between the top and bottom layers. The direction 
change in crack propagation may be beneficial in delaying the appear
ance of a reflective crack in the top layer [34]. In addition, the multiple 
comparisons from the T-K analysis showed that there was a significantly 
different between grid reinforced mixture and conventional mixture as 
displayed in Table 7. 

4.1.3. Hamburg wheel tracking test 
The number of Hamburg wheel tracking cycles at several rut depths 

is displayed in Fig. 10a. Overall, the grid reinforced mixtures gained an 
enhancement in rutting resistance compared to the control mixture. 
Especially, the G17 grid reinforced mixture presented the best resistance 

to rutting among three asphalt mixtures. The G17 mixture acquired 
2215 cycles compared to 1480 and 1358 that of G20 and C00 mixture, 
respectively. Noted that the samples in this test were two-layer samples 
and the height of each layer was 30 mm to meet the requirement of 
HWTT specifications. Therefore, the number of HWTT cycles could be 
lower than that of the single-layer sample [35]. 

In addition, the behavior of rut depth under HWTT load is illustrated 
in Fig. 10b. In general, grid reinforcement could delay the rutting ve
locity under repeated loading. The grid layer could alter a part of the 
applied vertical load to the horizontal direction during the loading 
process. Hence, the rutting effect could be mitigated. Table 8 indicated 
that there was a significant difference between G17 and other mixtures, 
meanwhile there was little differences between C00 and G20 mixture. It 
can be concluded that the reinforcement of the G17 grid could signifi
cantly improve the rutting resistance of the asphalt mixture. 

4.1.4. Shear bond test 
The shear bond strengths of asphalt mixtures are shown in Fig. 11. 

Overall, mixtures with a grid layer showed lower shear bond strength 
than that of the conventional mixture. The shear bond strength of the 
control mixture was 964 kPa compared to 833 and 759 kPa of the G17 
and G20 mixture, respectively. The reinforced grid interlayer may 
reduce the contact area between two asphalt layers, thus resulting 
decrease in shear bond strength. However, both reinforced mixtures met 
the requirement of 225 kPa shear bond strength [7]. 

Considering shear bond strength of the G17 and G20 mixture, there 
was an insignificant difference between G17 and G20 in terms of shear 
bond strength. The reason may be due to both G17 and G20 grids con
sisting of the same material. In addition, statistical analysis was 
employed to compare the effect of grid layer on the shear bond strength. 
The result from Table 9 again confirmed that there was an insignificant 

Table 8 
Tukey-Kramer multiple comparison (studentized q = 0.05).  

group1 group2 Diff Lower Upper p- 
value 

Conclusion 

C00 G17  856.3  236.6  1476.1  0.013 Significantly 
different 

C00 G20  122.0  − 497.7  741.7  0.81 Not significantly 
different 

G17 G20  734.3  114.6  1354.1  0.025 Significantly 
different  

Fig. 11. Shear bond strength.  

Table 9 
Tukey-Kramer multiple comparison (studentized q = 0.05).  

group1 group2 Diff Lower Upper p- 
value 

Conclusion 

C00 G17  128.3  11.3  245.4  0.035 Significantly 
different 

C00 G20  202.3  85.3  319.4  0.004 Significantly 
different 

G17 G20  74.0  − 43.1  191.1  0.208 Not significantly 
different  

Table 10 
Data variability and statistical analysis.  

Test Mixture Data Average Stdev. COV 
(%) 

T-K 
analysis 

OT C00 219; 205; 
178 

201 21  10.4 C00-G17 
= YES  

G17 689; 715; 
840 

748 81  10.8 C00-G20 
= YES  

G20 434; 539; 
579 

517 75  14.5 G17-G20 
= YES  

Four-point 
bending 

C00 1,501; 
1,994; 
1,955 

1,816 274  15.1 C00-G17 
= YES  

G17 6,230; 
7,002; 
7,513 

6,915 646  9.3 C00-G20 
= YES  

G20 5,261; 
5,855; 
5,521 

5,452 346  6.3 G17-G20 
= YES  

HWTT C00 1,501; 
1,373; 
1,201 

1,358 151  11.1 C00-G17 
= YES  

G17 1,922; 
2,232; 
2,490 

2,215 284  12.8 C00-G20 
= NO  

G20 1,492; 
1,758; 
1,191 

1,480 284  19.2 G17-G20 
= YES  

Shear bond 
strength 

C00 983; 920; 
981 

964 36  3.7 C00-G17 
= YES  

G17 836; 878; 
784 

833 47  5.7 C00-G20 
= YES  

G20 698; 771; 
807 

759 56  7.3 G17-G20 
= NO  
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difference between G17 and G20. Meanwhile, the shear bond strength of 
the control mixture was significantly different from the two grid rein
forced mixtures. 

4.1.5. Test data quality and statistical variability 
Table 10 shows the data quality and statistical variability of perfor

mance tests. Overall, the collected data met COV (coefficient of varia
tion) requirement [17]. Except for C00 and G20 mixture in Hamburg 

Fig. 12. Grid efficiency factor.  

Fig. 13. Performance year analysis result.  

Table 11 
Construction and maintenance strategies through 20 years LCCA.  

Year 0 2 4 6 8 10 12 14 16 18 20 

C00 Δ * * * Δ * * * Δ * * 
G17 Δ    *    *   
G20 Δ  *  *  *  Δ  * 

Note: “*” is maintenance strategy; “Δ” is construction strategy. 
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wheel tracking test, the Tukey-Kramer analysis indicated that all carbon 
grid reinforcement mixtures were statistically different from the control 
(without grid reinforcement). The insignificant difference between C00 

and G20 in terms of HWTT can be traced to the standard error bar as 
shown in Fig. 10. 

Fig. 14. Life cycle cost analysis (20 years).  

Fig. 15. Comparison between alternatives.  
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4.2. Grid efficiency factor 

The results of grid efficiency factor are displayed in Fig. 12. The 
average number of cycles at the 83 % load drop of the OT test, and 10 
mm deformation of the four-point bending test were selected to calcu
late grid efficiency factor. In general, the GEF of both mixtures was 
higher than 1.1, which implied an improvement in the performance of 
asphalt pavement. The GEF values from this study satisfied the 
requirement from the previous research, which was higher than 1.1 
[36,37]. The grid efficiency factor of the G17 reinforced mixture out
performed G20 reinforced mixture, which was 1.78 compared to 1.15 in 
the OT test and 2.32 compared to 1.16 in the four-point bending test. 
The GEF value of 2.32 indicated that the G17 mixture can improve crack 
resistance by 2.32 times in service life [9]. The higher crack resistance 
may be beneficial in prolonging the service life. 

4.3. Life cycle cost analysis 

The performance year analysis of different grid reinforced asphalt 
mixtures is shown in Fig. 13. The performance year is defined as the 
duration of acceptable service life wherein the reflection cracking rate is 
less than 50 % [8]. From the analysis, the C00 mixture (201 OT cycles), 
G17 mixture (748 OT cycles), and G20 mixture (517 OT cycles) obtained 
a pavement performance year of 24 months, 48 months, and 96 months 
respectively. Overall, the grid reinforcement could increase the perfor
mance year of the asphalt mixture. This is because a grid could improve 
resistance to reflection cracking, which is displayed by the number of OT 
cycles. The outcomes from this analysis were consistent with the results 
from the performance test. The grid reinforcement could enhance the 
reflective cracking, thus prolonging the service life of asphalt pavement. 

In addition, the outcomes from the performance year analysis were 
utilized to select construction and maintenance strategies. The alterna
tive strategies designed for life cycle cost analysis are presented in 
Table 11. With the C00 alternative, maintenance is required every-two 
years to ensure a reflective cracking rate (RCR) of less than 50 %. This 
value for G17 and G20 alternatives is eight and four years respectively. 
Besides, after three maintenance works, the construction is conducted. 

The life cycle cost analysis of the 20 years is shown in Fig. 14. Overall 
grid reinforcement required less maintenance and reconstruction than 
that of the control mixture. Therefore, the net present value of the two 
grid reinforced alternatives was extremely lower than that of the control 
alternative. Especially, the G17 alternative presented a 60 % saving in 
maintenance cost, and 30 % in construction cost compared to the control 
mixture, respectively. This is because the G17 alternative requires only 
two maintenances and zero reconstruction through 20-year service life. 
Meanwhile, the C00 alternative requires three reconstructions and eight 
maintenances. Finally, G17 and G20 acquired the lower total cost, which 
was 43 % and 13 % respectively (Fig. 15). 

5. Conclusions 

The current research aims to evaluate the advantages of grid rein
forcement in asphalt mixtures. Two different grid types were considered, 
including G17 and G20. Asphalt mixture performances were examined 
by OT test, four-point bending test, Hamburg wheel tracking test, and 
shear bond strength test. In addition, the grid efficient factor was 
computed to reflect the improvement of grid reinforcement. The per
formance year of grid reinforced asphalt mixtures was estimated by the 
empirical-mechanical model. Then, the cost-benefit was analyzed by life 
cycle cost analysis. The following key findings can be drawn: 

• Grid reinforcement mixtures exhibited a higher performance on fa
tigue cracking resistance. The OT cycles of the G17 reinforced 
mixture were approximately-four times than the mixture without 
grid.  

• Using grid not only prevented cracks propagation to the top layer but 
also reduced deformation velocity. This is due to the transverse crack 
direction; grid reinforced mixture presented a better resistance to 
fatigue cracking.  

• Carbon grid reinforced mixtures gained an enhancement in rutting 
resistance compared to the control mixture. Besides, grid interlayer 
could reduce shear bonding strength between two layers. However, 
both grid mixtures met the minimum shear bonding strength 
requirement of 225 kPa.  

• The grid efficiency of the G17 mixture outperforms the G20 mixture, 
which was 2.5 compared to 1.16. The performance year of grid 
mixtures was 2–4 times than the control mixture.  

• The economic efficiency conducted by LCCA showed that the G17 
and G20 alternatives presented the best economical alternatives, 
which reduced 43 % and 13 % total cost respectively compared to 
C00 alternative through 20-year service. 

In general, the current study provides an overview of carbon grid 
reinforced asphalt pavement. The addition of a carbon grid could 
improve the performance properties of asphalt pavement such as resis
tance to reflection cracking, reducing permanent deformation, and 
prolonging service life. It should be noted that more analysis (e.g., 
multiple testing temperatures) should be considered in further research. 
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