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Abstract

:

The maintenance of potholes is a long-standing problem. Previous studies focused on pothole patching materials and methods but not on bonding at the interface joint. In this study, the influence of the patching shape and depth on the bonding at the interface joint using two patching materials: hot mix asphalt (HMA) and hot mix asphalt containing 5% (by volume) steel fiber (HMA+) was investigated. Slabs with circular and square potholes in the middle with different depths (35, 50 and 70 mm) were prepared. The two shapes of potholes were patched with two patching materials: HMA and HMA+, at different depths. The slabs were tested after patching using a rigid steel frame. The experimental results were compared with those obtained from finite element analysis using the ABAQUS software, applying the same model of slabs with the same dimensions and properties of the materials used. The results indicated that the bonding at joint interface for circular-patched potholes slightly improved using HMA+ and this was independent of patching depth. As for the square-patched potholes, the bonding at the interface joint was better than for the circular-patched ones; the bonding increased with increasing depth. Using HMA+ for patching the square-patched potholes, the bonding at the interface joint slightly increased, only for the 3.5 cm depth.
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1. Introduction


Road and highway pavement infrastructure are crucial for national economies and societies as they ease transportation and the connections between communities. Road paving materials like asphalt and concrete are prone to deteriorations due to environmental and traffic factors [1]. The most common form of these deteriorations are potholes, which pose risks to vehicles and people [2]. The maintenance of potholes is an expensive process. Reports from the USA and UK indicate that large budgets are spent on the repair of potholes [3,4]. If potholes are not repaired at early stages of formation, more severe structural failure may occur due to water interaction with the subgrade [5].



The cost of maintenance and pavement durability are influenced by the selection of appropriate method and patching material [6]. Hot mix asphalt (HMA) and cold mix asphalt (CMA) are widely used as patching materials. Although HMA is of a high quality, it is energy-consuming and consequently expensive. On the contrary, CMA has a lower impact on energy consumption and environmental pollution but its mechanical performance is poorer [1,6]. Several properties are taken into consideration when repairing potholes in choosing the patching material, such as workability, cohesion, traffic loading, environmental durability, bonding, freeze–thaw and rutting potential [7]. Kwon et al. investigated reclaimed asphalt pavement as a patching material for pothole repair using the spray injection method, because it showed better stability and adhesion compared to the virgin aggregate [2]. Li et al. produced thermal asphalt mortar and concrete for pothole maintenance with favorable bond strength, rutting and cracking resistance due to higher thermal conductivity [8]. Liu et al. suggested a new polymer-modified asphalt based on microcapsules and polymer reinforcement techniques for cold mixtures, to be used in potholes patching in cold and rainy weather. Tests showed that the polymer-modified asphalt mixtures were better than terpene resin cutback asphalt with respect to cohesion, stability and freeze–thaw resistance [9].



Regarding methods of maintenance, several are used, with varying pros and cons. The throw-and-roll method is a cost-effective, rapid method but is temporary and less durable than other methods [10,11]. Though the semi-permanent method saves time and effort, it needs more equipment and labor [6,11,12]. Other methods, like inlay/overlay or hot-on-hot paving processes are costly, energy-consuming and hazardous for workers and the environment [13]. New methods have been proposed, using the induction heating of asphalt tiles surrounded by metal particles or pellets containing metal particles and an electromagnetic field. The resulting road was more durable than the roads repaired using current techniques [14,15]. The low service life of traditional pothole maintenance methods is a result of the disadvantages of cold joints, the weak bonding between the old and new materials at the joint, the difficult compaction of the new material and large porosity and easy water seepage [16].



The previously mentioned studies issued pothole patching materials and methods rather than the treatment of the interface between the old and new pavement parts in repairing potholes. It was found that the stability of the interface joint between the new and old pavement parts should be guaranteed to ensure the performance of pothole repair [17]. Dry maintenance of interface joints is proven to increase the service life of repaired potholes [18]. It is evident that the joints between old and new pavement parts play the most important role in the durability and service life of repaired potholes. Although the previous studies investigated potholes and interface problem, few studies assessed the performance of the joints between the new and old parts of asphalt pavement in potholes. Li et al. investigated the bond strength and fatigue life of different forms of interface joints for asphalt pavement pothole repair. They found that the bond strength and fatigue life of high viscoelastic emulsified asphalt with an area density of 0.6 kg/m2 in the form of a 30° inclination joint were higher than those of traditional pothole repair [19].



Steel fibers are used as asphalt concrete mixtures additives as they have been demonstrated to bear stresses at the surface and increase stability by decreasing the amount of gaps in the mixture, if used in appropriate amounts and specifications for the fiber [20]. Additionally, they may be used in the binder course to avoid damage from vehicle tires [21]. The purpose of this paper is to investigate the influence of steel fiber additive to the patching material of potholes, and the patching shape (circular and square) on the bond between new and old pavement parts as they affect the service performance and life of pothole repairs. The bond strength and fatigue behavior of joints are used to evaluate the effectiveness of pothole repairs under various conditions. Rigid steel loading frame tests were conducted as laboratory tests and the effects of several parameters, including patching shape and percent of steel fiber were investigated. Moreover, the experiments were complemented by finite element analysis (FEA) using ABAQUS software V.6.14.




2. Materials and Methods


2.1. Materials


The materials used in this research are divided into two types: surface materials and subbase materials.



2.1.1. Surface Materials


As a base for this study, a reference hot asphalt concrete mix was designed. The asphaltic concrete mixes tested in this study are composed of optimum bitumen content (with 20% air void content and composed of optimum bitumen content (5.5%), 55% coarse aggregate, 15% natural sand, 25% crushed sand, and 5.0% lime stone dust as a control mineral filler). The gradation of the reference mixture lies within the limits of Egyptian standard specifications for binder course mix (Mix 4C) [22]. Table 1 presents the gradation of the used mix.



Crushed dolomite stone obtained from Ataka Quarry, Suez Governorate (Suez, Egypt) was used as the coarse aggregate portion in the asphalt concrete mixtures. The properties of the aggregate used, according to the Egyptian specification of asphalt concrete [22], are shown in Table 2.



One type of bituminous materials, Suez asphalt cement with 60–70 penetration grade, is used throughout the study. The properties of the asphalt cement used are presented in Table 3. The table shows that (60–70) penetration grade Suez asphalt cement has acceptable engineering properties for use as a binder according to Egyptian specifications [22]. Table 4 presents the Marshall properties at optimum bitumen content (OBC).



Lime stone dust was used as control mineral filler in the HMA mixture with 2.75 g/cm3 bulk specific gravity. In Table 5, the gradation of the mineral filler and the specification limits are presented.



The steel fiber used in pothole patching of surfaces was obtained from “Nassar Group” Industrial Company, Cairo, Egypt. Table 6 presents the specification of the steel fiber used in pothole patching.




2.1.2. Materials of Subbase Layer


The aggregates that were used as the subbase material were from “ATAKA” quarry, Suez Governorate (Suez, Egypt). Table 7 presents the properties of the aggregate used, according to the Egyptian specifications for subbase layers. Table 8 presents the gradation of aggregates of the subbase layer.





2.2. Experimental Program


In the first stage of this study, slabs were cast to simulate the surface of a road. One of them was without defects (A0) and the other contained potholes made by drilling in the middle of the slab in a circular shape with a 150 mm diameter and different depths (35, 50 and 70 mm); other slabs contained potholes at the same position in a square shape with 150 mm × 150 mm dimension at the same depths, as shown in Figure 1. In the second stage, the potholes were patched with two methods: the first method with hot mix asphalt only and the second method with hot mix asphalt and 5% steel fiber per volume of asphalt mix at different depths. Table 9 summarizes the prepared slabs to simulate the surface of the road. The steps of patching circular potholes are shown in Figure 2.



The compaction process was accomplished using a 200 kg roller (Figure 3) to simulate a real compaction process. This roller was used for the control slab and the other slabs (with the dimensions of 800 mm × 800 mm × 70 mm) to avoid relative errors due to compaction. The asphalt slab roller compactor applies loads that are equivalent to those of full-scale compaction equipment. Thus, this method can produce asphalt samples that are similar to materials used in actual highway pavements.



In the third stage, slabs were tested using the loading frame at the interface joint between the new and old pavement parts at different depths and shapes of patching with and without steel fiber additive.




2.3. Loading Frame Test


The loading frame test was conducted on slabs according to the Egyptian code [22]. The test setup consisted of a rigid steel frame supported on a laboratory rigid floor as shown in Figure 4. The load was applied using a hydraulic jack of 100 t capacity connected to an electrical pump which provided oil pressure. The load was applied and measured using load cells connected to the data acquisition system to measure load and strain. The reading was recorded and saved in a Microsoft Excel spreadsheet. The load was increased linearly until failure. A rigid steel frame was used to distribute a concentrated load at the edge of the contact area (6 cm × 6 cm × 4 cm) at the joint between the repaired pothole and the remaining part of the slab, as shown in Figure 5.



Strain gauges were installed in each specimen to measure the strain during loading at the edge of the contact area of crack and slab. The properties of the strain gauges used are presented in Table 10.



For each test, the specimen was aligned inside the testing frame and strain gauges were connected to the data acquisition system at the joint between the repaired pothole and the remaining part of the slab. During the test, the initiation and propagation of cracks were marked after each load increment up to failure in order to understand the behavior of the tested specimens, as shown in Figure 6. Crack loads, ultimate failure load and strain were recorded.




2.4. Finite Element Analysis Modeling


Numerical analysis has been widely used to predict the behavior of pavement systems using the Finite Element Method (FEM) [23,24,25,26], which does not require a formulation or function of the solution. Stress, strain and displacement calculations were performed using the code ABAQUS [27,28].



The model used here contains two layers. The first layer is a surface with a size of 800 mm × 800 mm × 70 mm and was built from hot mix asphalt. The second layer is a container with a size of 1200 mm × 1200 mm × 650 mm. This container is a simulated subbase of the road and was built from aggregates. The subbase was used to simulate a road layer, fix and support the surface layer and also to study the actual behavior of the subbase. The wire layer had distress in the form of circular and square potholes. Simulated circular potholes were made by cutting 150 mm of asphalt out in the middle of the slabs at different depths (35, 50 and 70 mm). Simulated square potholes were made by cutting 150 mm × 150 mm of asphalt out in the middle of the slabs at the same depths. Figure 7 shows the meshing of the model.



The boundary conditions for the four sides of the base were roller supports, so there was no horizontal displacement. The bottom surface of the base layer was prevented from axial movements in the three directions and was completely fixed, as shown in Figure 8. Table 11 shows the mechanical properties of pavement layers.





3. Results and Discussion


3.1. Different Method of Patching at Different Depths


Hot mix asphalt was used to patch circular and square potholes with steel fiber and without additives at different depths and shapes to identify the effects of these parameters on the bond between the joint of the repaired pothole and the remainder of the slab. Figure 9 shows the relation between load and strain before patching to compare the laboratory and analysis results for circular and square potholes without patching. Generally, there is good agreement between the laboratory and analysis results of the max load and max strain. It can be observed that circular-patched slabs (A1, A2, A3) gave lower max load and max strain than square-patched slabs (B1, B2, B3), and the same as the original slab A0 without defects. Slabs of the same shape have approximately the same max load and max strain. This means that the shape of the pothole has a more pronounced effect on pothole progress than the depth.



Figure 10 shows the relation between load and strain for circular and square potholes patched with asphalt only. It can be observed that circular-patched slabs (A6, A5, A4) gave closer max load and max strain compared to square-patched slabs (B6, B5, B4) but lower than all of them. This means that the depth of patching in case of circular patching shape has no effect on the bonding at the joint between the repaired pothole and the remaining part of the slab. In the case of the square patching shape, the bonding at the interface joint increased with increasing the patching depth, and all of them were higher than the circular-patched slabs. Again, the experimental and numerical results are approximately the same.



Figure 11 illustrates the relation between load and strain to compare the laboratory and analysis results for circular and square pothole patching with asphalt and steel fiber. The addition of 5% steel fiber by volume to the asphalt patching material slightly improved the bonding at the interface joint of the circular-patched slabs but the three studied depths are still close. Regarding the square-patched slabs, bonding at the interface joint of the slab patched at the least depth (3.5 cm) (B4) slightly improved and the one at the depth of 5 cm (B5) was unaffected. The bonding of the slab pathed at 7 cm (B6) decreased. This may be explained by the fact that steel fibers increase the surface stability of the pavement, but as the depth increases, the amount of the used material increases, and the compression level decreases; consequently, the stability decreases [20]. So when the depth of patching decreased in the case of the square-patched slabs, the bonding at the interface joint increased.




3.2. Comparison between Laboratory Max Load and FEA Max Load


A comparison of the max values of load for the nineteen tested specimens obtained experimentally and analytically is presented in Table 12. Generally, there is good agreement between the experimental and numerical maximum loads with a mean value of 4.3% difference. It can be observed that specimens with square potholes (B7, B8, B9) in all cases give closer max load compared to circular potholes (A7, A8, A9). Slab B9 increased the max load compared to slab A0 by a mean value 61.7% for experimental and 61.58% for numerical due to steel fiber, which increases the failure load of slabs.




3.3. Comparison between Laboratory Strain Load and FEA Max Strain


A comparison of max values of strain for the nineteen tested specimens obtained experimentally and analytically are presented in Table 13. Generally, there is a good agreement between the experimental and numerical results.




3.4. Comparison between Max Load and Deflection Using FEA


The max value of a static load and the deflection results of the nineteen tested specimens for patching analytically using the ABAQUS software [28] are presented in Table 14. It can be observed that the specimens with square potholes (B7, B8, B9) in all cases gave closer max load and max deflection compared to circular potholes (A7, A8, A9). The slab that had square patching with asphalt and steel fiber or asphalt only had a max failure load. Figure 12 shows the shape of the deflection.





4. Conclusions


In this study, the load failure at the joint interface of repaired potholes using HMA and HMA + 5% (volume) steel fiber was investigated at different conditions of pathing shape and depth using a rigid steel frame to study the stress strain behavior. The results were confirmed with numerical simulations using the finite element analysis software ABAQUS. The experimental results and numerical simulations were consistent. The results showed that the effect of the pothole’s shape on its progress is more important than its depth. As for circular-patched potholes, the patching depth has no effect on the bonding at the joint interface in both cases of patching material. The use of HMA with 5% (volume) steel fiber slightly increased the bonding at joint interfaces for circular-patched potholes. Regarding the square-patched potholes, increasing the patching depth increased the bonding at the interface joint using HMA, with better results than circular-patched ones. When HMA with 5% (volume) steel fiber was used with square-patched potholes, the bonding at the interface joint slightly improved at the lowest patching depth (3.5 cm) compared to the corresponding HMA-only case. But at deeper patching depths (5 and 7 cm), there was no improvement, and bonding even decreased at the 7 cm depth.
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Figure 1. Shape of defects. 
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Figure 2. Steps of patching circular potholes. 
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Figure 3. Roller compactor. 
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Figure 4. Rigid steel frame. 
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Figure 5. Location of a concentrated load of rigid steel frame. 
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Figure 6. Marked potholes after loading. 
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Figure 7. Meshing of the model. 
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Figure 8. Boundary conditions of the model. 
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Figure 9. Strain comparison for failure load of circular and square potholes without patching. (a): experimental results. (b): numerical simulation results. 
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Figure 10. Strain comparison for failure of circular and square pothole patching with asphalt at the interface joint. (a): Experimental results. (b): Numerical simulation results. 
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Figure 11. Strain comparison for failure load of circular and square pothole patching with asphalt and steel fiber at the interface joint. (a): Experimental results. (b): Numerical simulation results. 
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Figure 12. Shape of deflection. 
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Table 1. The gradation of the used mix and specification limits.
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Sieve Size

	
Gradations of Used Mix

	
Specification Limits (4C)




	
In






	
1

	
100.0

	
100




	
3/4″

	
96.1

	
80–100




	
1/2″

	
83.0

	
-




	
3/8″

	
67.3

	
60–80




	
No. 4

	
59.0

	
48–65




	
No. 8

	
40.7

	
35–50




	
No. 30

	
25.3

	
19–30




	
No. 50

	
15.6

	
23–13




	
No. 100

	
11.5

	
7–15




	
No. 200

	
7.5

	
2–8
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Table 2. Properties of aggregate used.






Table 2. Properties of aggregate used.





	Test No.
	Test
	AASHTO

Designation No.
	Results
	Specification Limits





	1
	Los Angeles abrasion (%)

After 100 revolutions

After washing after 500 revolutions
	T-96
	6.5%

28%
	≤10%

≤40%



	2
	Water absorption (%)
	T-85
	2.4%
	≤5%



	3
	Bulk specific gravity (g/cm3)
	T-85
	2.576 g/cm3
	-
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Table 3. Properties of used bitumen.






Table 3. Properties of used bitumen.





	Test No.
	Test
	AASHTO Designation No.
	Results
	Specification Limits





	1
	Penetration, 0.1 mm
	T-49
	64
	60–70



	2
	Softening point, 25 °C
	T-53
	52
	45–55



	3
	Flash point, 25 °C
	T-48
	+270
	>250



	4
	Kinematic viscosity, cst
	T-201
	+345
	>320



	5
	Ductility, cm
	T-51
	130
	≥95
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Table 4. Marshall properties at optimum bitumen content (OBC).
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	Test No.
	Test
	Results
	Specification Limits





	1
	Stability (kg)
	1120
	900 kg (min)



	2
	Flow (mm)
	3.15
	2–4 mm



	3
	Stiffness (kg/mm)
	389
	300–500 kg/mm



	4
	Bulk specific gravity, Gmb (g/cm3)
	2.311
	-



	5
	%Air voids in total mix (Va)
	4.4
	3–5%
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Table 5. The gradation of mineral filler.
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	Sieve Size
	Gradations of Used Aggregates
	Specification Limits





	No. 30
	100
	100



	No. 50
	100
	-



	No. 100
	92
	85% (min)



	No. 200
	80
	65% (min)
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Table 6. Properties of steel fiber.
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	Diameter (mm)
	Length (mm)
	Aspect Radio
	Tensile Strength (MPa)
	Material





	0.6
	25
	58
	≥1100
	Low carbon steel bar
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Table 7. Aggregates characteristics of subbase layer.






Table 7. Aggregates characteristics of subbase layer.





	Test No.
	Test
	AASHTO Designation No.
	Results
	Specification Limits





	1
	Los Angeles abrasion (%)

After 100 revolutions

After washing after 500 revolutions
	T-96
	7%

29%
	≤10%

≤40%



	2
	Water absorption (%)
	T-85
	2.6%
	≤5%



	3
	Bulk specific gravity (g/cm3)
	T-85
	2.77 g/cm3
	-
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Table 8. Aggregate gradation of subbase layer.






Table 8. Aggregate gradation of subbase layer.





	
Sieve Size

	
Gradations of Used Aggregates

	
Specification Limits (4C)




	
In






	
1

	
100

	
100




	
3/4″

	
100

	
80–100




	
1/2″

	
84

	
-




	
3/8″

	
71

	
60–80




	
No. 4

	
20

	
48–65




	
No. 8

	
2

	
35–50
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Table 9. Experimental program carried out on slabs.






Table 9. Experimental program carried out on slabs.





	Name
	Dimensions (cm)
	Depth of Patching (cm)
	Shape of Patching
	Patching





	A0
	80 × 80 × 7
	-
	Without defects
	-



	A1
	80 × 80 × 7
	3.5
	Circular
	-



	A2
	80 × 80 × 7
	5.0
	Circular
	-



	A3
	80 × 80 × 7
	7.0
	Circular
	-



	A4
	80 × 80 × 7
	3.5
	Circular
	RC + hot mix asphalt



	A5
	80 × 80 × 7
	5.0
	Circular
	RC + hot mix asphalt



	A6
	80 × 80 × 7
	7.0
	Circular
	RC + hot mix asphalt



	A7
	80 × 80 × 7
	3.5
	Circular
	RC + hot mix asphalt + 5% steel fiber



	A8
	80 × 80 × 7
	5.0
	Circular
	RC + hot mix asphalt + 5% steel fiber



	A9
	80 × 80 × 7
	7.0
	Circular
	RC + hot mix asphalt + 5% steel fiber



	B1
	80 × 80 × 7
	3.5
	Square
	-



	B2
	80 × 80 × 7
	5.0
	Square
	-



	B3
	80 × 80 × 7
	7.0
	Square
	-



	B4
	80 × 80 × 7
	3.5
	Square
	RC + hot mix asphalt



	B5
	80 × 80 × 7
	5.0
	Square
	RC + hot mix asphalt



	B6
	80 × 80 × 7
	7.0
	Square
	RC + hot mix asphalt



	B7
	80 × 80 × 7
	3.5
	Square
	RC + hot mix asphalt + 5% steel fiber



	B8
	80 × 80 × 7
	5.0
	Square
	RC + hot mix asphalt + 5% steel fiber



	B9
	80 × 80 × 7
	7.0
	Square
	RC + hot mix asphalt + 5% steel fiber
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Table 10. The properties of strain gauges used.






Table 10. The properties of strain gauges used.





	Gauge length
	6 mm



	Gauge factor
	2.12 ± 1%



	Gauge resistance
	120.3 ± 5 Ω



	Transverse sensitivity
	0.1%
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Table 11. Mechanical properties of pavement layers.






Table 11. Mechanical properties of pavement layers.





	Layer
	Density (N/mm3)
	Modulus of Elasticity (E) (MPa)
	Poisson’s Ratio (υ)



	Wiring layer
	2.24
	2700
	0.35



	Base layer
	2.08
	530
	0.37



	Patching Material
	Density
	Modulus of Elasticity (E)
	Poisson’s Ratio (υ)



	HMA
	2.24
	2700
	0.35



	HMA + steel fiber
	2.47
	3700
	0.33
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Table 12. Comparison between max load results of the nineteen tested specimens.






Table 12. Comparison between max load results of the nineteen tested specimens.





	
Sample

	
Max Load Exp. (kN)

	
Max Load FEA (kN)

	
Difference (%)






	
A0

	
22.70

	
22.00

	
3.08




	
A1

	
14.84

	
14.20

	
4.31




	
A2

	
13.81

	
13.15

	
4.78




	
A3

	
13.20

	
12.99

	
1.61




	
A4

	
25.60

	
24.90

	
2.73




	
A5

	
27.40

	
27.175

	
0.82




	
A6

	
29.77

	
28.25

	
5.11




	
A7

	
29.17

	
27.92

	
4.30




	
A8

	
33.20

	
29.85

	
10.10




	
A9

	
34.00

	
29.92

	
12.00




	
B1

	
22.50

	
21.12

	
6.11




	
B2

	
20.60

	
20.26

	
1.67




	
B3

	
18.40

	
18.88

	
2.59




	
B4

	
29.80

	
28.98

	
2.77




	
B5

	
39.90

	
41.44

	
3.87




	
B6

	
54.56

	
52.34

	
4.06




	
B7

	
33.60

	
31.57

	
6.05




	
B8

	
46.00

	
44.88

	
2.44




	
B9

	
59.20

	
57.27

	
3.26




	
% Mean Difference

	
4.30%
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Table 13. Comparison between max strain results of the nineteen tested specimens.






Table 13. Comparison between max strain results of the nineteen tested specimens.





	Sample
	Max Strain Exp. (μm/mm)
	Max Strain FEA (μm/mm)





	A0
	0.138
	0.114



	A1
	0.024
	0.028



	A2
	0.022
	0.023



	A3
	0.021
	0.021



	A4
	0.026
	0.029



	A5
	0.031
	0.030



	A6
	0.037
	0.034



	A7
	0.029
	0.029



	A8
	0.034
	0.033



	A9
	0.036
	0.035



	B1
	0.137
	0.137



	B2
	0.123
	0.116



	B3
	0.126
	0.107



	B4
	0.146
	0.121



	B5
	0.132
	0.128



	B6
	0.125
	0.129



	B7
	0.143
	0.138



	B8
	0.132
	0.128



	B9
	0.137
	0.141
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Table 14. Comparison between max load and deflection results of the nineteen tested specimens for patching analytically.






Table 14. Comparison between max load and deflection results of the nineteen tested specimens for patching analytically.





	Sample
	Load (kN)
	Deflection (mm)





	A0
	22.00
	0.13



	A1
	14.20
	0.16



	A2
	13.15
	0.18



	A3
	12.99
	0.18



	A4
	24.90
	0.16



	A5
	27.18
	0.15



	A6
	28.25
	0.21



	A7
	27.92
	0.17



	A8
	29.85
	0.19



	A9
	29.92
	0.21



	B1
	21.13
	0.24



	B2
	20.26
	0.29



	B3
	18.88
	0.32



	B4
	28.98
	0.27



	B5
	41.44
	0.28



	B6
	52.35
	0.39



	B7
	31.57
	0.29



	B8
	44.88
	0.30



	B9
	57.27
	0.41
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