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ABSTRACT 

Title: Evaluation of Bond Properties Between Fiber Reinforced Concrete Overlay 

and Substrate Concrete 

Author: Emad Okrush Alshammari 

Advisor: Nakin Suksawang, Ph.D., PE Associate Professor  

 

Bonded concrete overlay is the most economical and quick option in concrete 

rehabilitation methods to provide strength for the existing structure. Bonded 

concrete overlay strength rely on properties of both layers (substrate and new 

layers). Poor bonding in interface zone leads to two main failures of concrete 

overlays; debonding and cracks. There are several traditional factors affect bond 

strength such as water to cement (w/c) ratio, moisture condition, and surface 

roughness for substrate layer. However, the effect of using fiber consider a new 

variable affecting bond strength.                                                                          

Fiber reinforced concrete (FRC) is one type of overlay system which has been used 

for applications such as pavements, slope stabilization, arches, and domes. Adding 

discrete fibers in the mortar or concrete mixture significantly enhance the bond 

strength between substrate layer and overlay by increasing the cohesion at the 

interface, decreasing curling strain, restraining the development of cracks and 

spread them into several finer cracks.                                                                                

The objective of this study is to investigate how the bond strength between the 

existing and overlay layer under two loading conditions (indirect tension and direct 

shear) is influenced by adding Polyvinyl alcohol fiber (PVA) fiber and 

Polypropylene fiber.                                                                                               

This study was performed by using two bond tests: splitting prism tensile test and 

direct double shear test. The splitting prism test form indirect tensile stress on the 
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interface zone while the direct double shear test form direct shear stress on 

interface zone. The substrate surfaces were roughened by wire brush and the 

specimens were cured for 28 days of curing. Both layers use a 0.46 (w/c) ratio. 

Two types of fiber were added to overlay layer with different volume fraction 

dosages. Analysis of study results found that the bond strength (tension and shear) 

significantly increases when using fiber reinforced concrete (FRC) as an overlay 

layer. A relation was found between increasing fiber content and increasing bond 

strength. However, there is no relation found between bond strength and fiber type. 

In most FRC cases, the bond strength was greater than the control case, and the 

improvement was more than 600% in some cases. Adding higher fiber volume 

fraction dosage leads to higher bond strength. However, volume fraction dosage 

more than 1.5% causes less workability for the concrete mixture which leads to a 

decrease in bond strength. Low volume fraction dosage (≤ 0.5%) did not show a 

significant improvement in tensile and shear bond strength. Strong correlation was 

found between shear bond strength and tensile bond strength.  
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1) Introduction 
 

1.1) Background  

Concrete has been used for more than a century in many applications around the 

world. However, many existing concrete structures need repair or retrofitting 

because they show extensive damages and lack of load carrying capacity due to 

poor design, construction, and environmental considerations. There is a huge 

demand for rehabilitation and repair work to maintain the quality of existing 

concrete structures for the duration of their service lives. Over 500 million cubic 

yards of concrete are placed every year in the U.S., growth in the repair and 

strengthening industry is needed for improvements in material, design practice, 

installation procedures, and more. (Bissonnette, 2012; Alexander et al., 2008). 

Removing the concrete and replacing it with new concrete was predominate 

method of repair in the past. It was used when there were damages such as cracks, 

corrosion or imperfections. Today, there are mulriple methods to repair the 

concrete, such as injection into cracks or voids areas, surface treatment, and 

replacing the defective material/area (overlay). 

Among concrete rehabilitation methods, bonded concrete overlays are often the 

most economical and quick option to provide strength to the existing structures. 
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The main purpose of overlays is to increase the life of the distressed concrete 

structures by restoring the load carrying capacity and protection of the structure 

against deleterious environmental effects (ACI 546R, 1996; Bissonnette, 2012). 

Overlay types traditionally used by state and federal transportation agencies 

include: low slump dense concrete (LSDC), latex modified concrete (LMC), silica 

fume concrete (SFMC), high-performance concrete overlays (HPC), polymer 

concrete (PC), hot-mix asphalt (HMA) concrete, Portland cement concrete (PCC), 

and fiber reinforced concrete (FRC), (Halvorsen 1993; Gillum et al. 2001; Luo 

2002; Sun 2004; Krauss et al. 2009; ACI 345 2011). 

Fiber-reinforced concrete (FRC) is conventional concrete with either metallic or 

polymeric fibers, which has been used for overlay applications such as pavements, 

slope stabilization, and reinforcement of structures, such as columns, arches, or 

domes. Little information is available on the performance characteristics of repair 

systems utilizing fiber-reinforced concrete (ACI 546R, 2001). 

Adding discrete fibers in the mortar or concrete significantly enhances the bond 

(tensile and shear) strength between the substrate layer and overlay by increasing 

the cohesion at the interface, decreasing curling strain, restraining the development 

of cracks and spreading them into several finer cracks (Granju, 1996; Song, 2005; 

Shann, 2012; Banthia, 2014; Zanotti, 2014; Kim, & Bordelon, 2016; and Jiang, 

2016). 
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1.2) Objectives 

This study covers the following topics: 

➢ Investigate the bond strength between the existing layer and overlay layer 

under two loading conditions: indirect tension and direct shear. 

➢ Evaluation of fiber on tensile bond properties of overlay applications  

➢ Evaluation of fiber on shear bond properties of overlay applications  

➢ Investigate the influence of four different types of fiber on the interface bond 

strength  

➢ Determine fiber content that achieve the minimum bond strength  

➢ Discussions and comparison of test methods 

➢ Determine a relation between tensile test and shear test results  

 

1.3) Scope 

Tensile and shear bond strength of forty-four cases were measured with one w/c 

ratio (0.46) was chosen for both existing and overlay concrete. Different fibers 

were included in the overlay mixtures: Polyvinyl Alcohol (PVA) type I and II; and 

Polypropylene with type I and II. Duplicate samples were made to minimize 

variation in results. 
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1.4) Organization 

This thesis report is divided into five main chapters, including this introductory 

chapter. Chapter 2 presents an inclusive literature review of n studies related to 

bonded concrete overlays strength. Fiber usage in concrete (FRC) and its 

advantages on the different strength of concrete is discussed. Also, several fiber 

materials and their properties are presented in this chapter. Chapter 3 describes 

experimental laboratory methodology and the tensile, shear, and compression tests 

methods used.  The concrete and fiber specifications used are also discussed. 

Chapter 4 shows the results and discussions of this experimental program 

methodology. Tensile and shear strength results were obtained with various volume 

percentages of fiber. Results of each fiber volume percentage and its effect on 

bonding enhancement are presented. Finally, Chapter 5 includes a summary of 

conclusions and recommendations for further research in bonding improvement 

using fibers in concrete. 
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2) Literature Review 
 

 

Many reports and journals have been published about overlay system and the effect 

of fibers on concrete improvement and the bond strength between existing and 

overlay concrete. In this chapter, rehabilitation of concrete structures with historical 

background is presented. Next, Fiber-Reinforced Concrete Properties and types of 

fibers are discussed. The final part explains how bonding is formed in concrete 

overlay.   

 

2.1) Rehabilitation of Concrete Structures 

Removing the concrete and replacing it with new concrete was the only common 

method repair in the past. It was used when there are damages such as cracks, or 

imperfections. Nowadays, there are plentiful methods to repair the concrete, such as 

injection into cracks or voids areas, surface treatment and replacing the defective 

material/area (overlay). 

2.1.1) Cracks 

Cracks occur for many reasons in concrete. Cracks may lead to other types of 

damage, after concrete is cracked.  
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Figure 2-1  Cracking. 

 

Figure 2-2  Types of Cracks in Concrete (Concrete Society, 1992). 

Usual repairing procedures include six main steps: 

1. Identify the crack limits.  

2. Remove deteriorated concrete.  

3. Clean the repair surfaces 

4. Place the repair material into cracks.  

5. Finish the surface. 

6. Cure for a couple of days 

Cracks

Early age 

Plastic
Early 

Movement
Eraly 

Freezing

Long age

Physical Thermal Structural Chemical

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjY-OmCrvLbAhVSJFAKHXfBCysQjRx6BAgBEAU&url=http://homeguides.sfgate.com/fix-concrete-cracks-resurfacing-81145.html&psig=AOvVaw2K6z1UHwIOWiPB0XN0-vFd&ust=1530137878658085
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2.1.2) Causes of Damage for Concrete 

There are many causes leading to damage in concrete. However, the essential 

causes are classified as: 

• Corrosion of Reinforcing Steel 

Corrosion of the steel in concrete is one of the biggest issues in repairs. As known, 

reinforcing steel function is to hold loads on the concrete structure. Corrosion 

happens when some cracks or voids let moisture, air, or water reach concrete bars 

which means corrosion could be a reason for or symptom of concrete defect. As a 

result, corrosion has a negative impact on bonding between concrete and steel. 

Digging damaged concrete until reaching the bars, protecting the bar surface and 

covering it again with new concrete is the best way to solve this problem (Perkins, 

1997). 

 

        Figure 2-3 Corrosion in Reinforcing Steel. 

https://www.google.com/search?q=concrete+cracks&source=lnms&tbm=isch&sa=X&ved=0ahUKEwiftZr1rfLbAhUPYlAKHdyYACUQ_AUICigB&biw=1366&bih=651#imgrc=-udu4bvt_AbS7M:
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• Design or Construction Errors  

Different types of concrete damage occur because of design and construction 

errors. For instance, bad estimating for insufficient concrete is one of these errors. 

Inadequate joints, putting bars in the wrong direction, dimensions mistakes, curing 

time, and problems in finishing, also could lead to concrete structure damage over 

time. 

• Excess Water / Cement Mix 

Excessive water (W/C) is one of the oldest damage causes because workers want to 

place concrete easily. Studies showed high water content reduces concrete strength 

and abrasion resistance (Glenn, 2002). Excessive water content also increases raises 

shrinkage, porosity, and creep. High water-cement ratio makes it difficult to make 

strong concrete because of these factors, see Figure 2-4. 

 

Figure 2-4  Water-Cement Ratio Relation. 
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• Deterioration Caused by Cyclic Freezing and Thawing 

Freezing and thawing damages occur for three reasons: 

▪ Not enough air voids in the concrete 

▪ Change of freezing and thawing temperatures 

▪ Concrete with high water saturation  

Expansion is observed in about 10% of concrete when water freezes to become ice, 

which leads to cracks in concrete. On the other hand, the thawing process 

completes what freezing caused. Water fills gaps and cracks, waiting for the next 

freezing cycle, and so on. Repairing freezing and thawing damages are mostly 

unsuccessful and debonding happens unless it is made thicker to decrease the 

Freezing-Thawing cycle between old and new concrete layers. 

• Structural Loads 

Damages caused by permanent high loads are easy to notice and detect. This 

damage usually happens once which means less chance of failure. 

2.1.3) Compatibility between New and Existing Concrete  

Most of the failure in repairs are due to differences between new and old concretes, 

usually leading to overlay failure for a repair concrete (Decter, 1997). There are 

some fundamental factors for repair material to decide and for the best way of 

rehabilitation. Bond strength at the interface is one of the most critical factors 



10 
 

affecting directly to repair concrete. Exact bond must be strong enough to hold 

different strength loadings in both the old and new concrete. Bond at the interface 

must endure the stresses caused by volume changes or loads. 

The curing duration needs to be considered for the repair layer to get hardened to 

decrease the maintenance time. Differences in measurement could cause stresses in 

interface zone and cracks, which lead eventually to debonding. 

The final judgment for most projects, including repair parts, is the cost. However, it 

must not affect the quality of repair material. Estimating costs have to be related to 

implementation factors of repair material. The modulus of elasticity should be 

comparable between old and new concrete layer. Otherwise, stresses ensue from 

differences. Similar modulus of elasticity between two layers are needed to avoid 

improper distribution of stress (Morgan,1996). 

2.1.4) Popular Repair Materials 

According to ACI 546R-14, there are 17 repair concrete types. Some rehabilitation 

types are shown below in Table 2-1. 
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Table 2-1  Common Repair Materials, From ACI 546R-14. 

Repair 

Materials 

Advantages Limitations Applications Standards 

Conventional 

concrete 

Easy to make and 

placed. Cheap. 

Shrinkage problems. 

Not adequate in a hard 

environment. 

Thick sections 

and large volumes 

of materials. 

ASTM 

C94 

Conventional 

mortar 

Easy to make and 

placed. Cheap. 

Getting more drying 

shrinkage. Not 

adequate in a hard 

environment. 

Thick sections and 

large volumes of 

materials for small 

repairs. 

ASTM 

C387 

Proprietary 

concrete and 

mortars 

 

Suitability to use. 

Quick curing. 

Propensity for high 

shrinkage. 

Use for thin repairs.  ASTM 

C928 

Cement 

grouts 

Easy to make and 

placed. Cheap. 

Small cracks.  

Used in injection 

repairs with 0.25 in 

crack width. 

 

Fill large dormant 

cracks. Fill voids. 

USACE 

1993 

Polymer-

portland-

cement 

concrete and 

mortar 

Long-term 

performance. 

Resistant to 

freezing and 

thawing 

Placed with small 

range of 45 to 85 F. 

Overlays of bridge 

decks, parking, 

floors. 

ASTM 

C685 

Polymer 

concrete and 

mortar 

Quick curing, 

strong strength 

repair. 

Organic dissolvent 

needed to clean 

equipment 

Repair for thin floors 

and decks (0.1-0.75) 

in. 

ACI 

503.4 

Magnesium 

phosphate 

concrete and 

mortar 

Quick strength 

gain. Short 

setting time. 

weak strength against 

impacts. Carbonation 

problems. 

 

Use when less time 

needed in highways, 

airports, cold 

weather  

------- 



12 
 

Silica-Fume 

Concrete 

High Strength, 

high bond, high 

durability, 

permeability 

reduction.  

 

Shrinkage problems. 

Special curing for 7 

days. Hard finishing. 

 

Hydraulic structures 

Exposed to abrasion-

erosion. Overlays 

and 

parking subjected 

to chloride 

penetration. 

ASTM 

C1240 

Shrinkage-

compensating 

concrete 

Lower shrinkage 

Cracking. 

Reduce joints to 

control 

Shrinkage.  

not inadequate hard 

environment. Skilled 

labor for placing and 

curing. 

Small shrinkage in 

slabs, pavements, 

bridge decks.  

 

ASTM 

C845 

Fiber-

reinforced 

Concrete 

(FRC) 

Reinforcing in 

thin overlays. 

Increase 

durability. 

Reduction of 

plastic shrinkage 

cracking. 

 

Reduce slump and 

workability.  

Corrosion occurs in 

steel fiber type. 

Used for slabs on 

ground. Concrete 

pavements overlays, 

slope stabilization.  

Repair of structures 

subjected to 

vibration loading. 

ASTM 

C1116 

 

2.2) Fiber-Reinforced Concrete (FRC) 

Steel reinforcing bars are placed in concrete to control the low tensile strength and 

low strain capacity of unreinforced concrete. Using any fiber can improve these 

strengths and other properties of concrete. The main advantage of using fibers in 

concrete is that they can be placed and sdistributed anywhere in concrete which is 

the disadvantage of using bars that must be in specific places. Improvement of 

plain concrete properties, rehabilitation, and retrofits; fiber reinforced concrete used 



13 
 

to (ACI Committee 544, 1993; Banthia and Sheng 1996; Banthia et al. 2014; 

Gilbert et al. 2012; Grzybowski and Shah 1990; Jenq and Shah 1986; Kim and 

Bordelon, 2016; Li, Stang and Krenchel 1993; Song et al. 2005; Zollo 1997). 

Fiber in concrete have influence because of fiber properties, type and orientation of 

fibers, and fiber bonding. FRC bonding depends on the chemical properties of each 

fiber used in concrete. Bonding characteristics of FRC increase toughness strength 

and reduce post cracks in the concrete mix. Compared with concrete without fiber 

(plain concrete), fiber reinforcement concrete shows resistance to flexural strength. 

Plain concrete presents almost no flexural strength. Figure 2-5 shows plain concrete 

and FRC under bending stress. 

 

Figure 2-5 Plain Concrete and FRC Under Bending Stress. 
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2.2.1) Properties of Fiber Reinforced Concrete (Advantages) 

• Toughness 

Fiber-reinforced concrete (FRC) has been shown to improve toughness in many 

studies (Song et al., 2005; Banthia and Sheng, 1996; Jenq and Shah, 1986; Kim and 

Bordelon, 2015; Li et al., 1993; Wang et al., 1990). (Mehta and Monteiro, 2006; 

Johnson, 2001) made a toughness compering between fiber reinforced concrete and 

plain concrete, check Figure 2-6 and Figure 2-7. 

 

Figure 2-6 Plain Concrete and FRC Patterns Under Deflection Load. 
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Figure 2-7 Flexure Toughness of Concrete with Fibers. 

• Shrinkage 

Shrinkage cracks cause different problems in a concrete structure, such as slab 

curling, gaps in joints, and debonding between two layers. Fibers with less 

percentages of volume show significant improvement in reducing shrinkage 

cracking (Mehta and Monteiro, 2006). Some studies found no effectss on reducing 

shrinkage when using fiber (Balaguru and Ramakrishnan, 1988; Mangat and Azari, 

1988; Swamy and Stavrides,1979). However, showing no effects could be a result 

of using different types of fiber, or of different placing and curing situations. 
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• Overlay Interfacial Bond 

Debonding in concrete overlays comes from different stresses starting from edges, 

joints, or cracks (Delatte et al., 2000). Steel fibers have been shown to have no 

direct effect on bond strength, but to retard cracks rate when crack start to show 

(Granju, 1996). 

• Age-Effect 

It is important to know how cracking and debonding formed based on age, 

especially at early ages. Researchers found that the size of cracks shown after 

placing concrete increases at a rate larger than crack size at later-ages (McCullough 

and Dossey, 1999). An earlier study by Bernard, which tested FRC at different 

ages, from 7 to 365 days, found that SFRC exhibited a constant residual strength 

ratio between 7 and 90 days, while PRC showed a decreasing residual strength ratio 

from 7 to 90 days (Bernard, 2015). 

2.2.2) Fiber Types 

Fibers are divided into six main types: metallic, polymeric, glass, asbestos, carbon, 

and natural fiber. Metallic fibers (steel fiber) and polymeric fiber (Polypropylene, 

Polyvinyl Alcohol fiber) are explained below. 
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2.2.2.1) Steel Fiber  

Steel fiber reinforced concrete (SFRC) is a composite material made with cement, 

aggregate, and discrete discontinuous steel fibers. SFRC has been used over the last 

forty years in varied areas and it’s one of the most widespread used. Usual 

applications for SFRC are structures, pavements, tunnel linings, shotcrete, airport 

pavements, bridge decks, and repairs. According to ACI Committee 544, SFRC is 

only used to reduce cracks in order to enhance impact resistance, dynamic loading, 

and to resist material abrasion. SFRC has a problem that is not found in other types 

of fibers: corrosion occurs over time. This issue leads to a reduction of concrete 

strength. In SFRC, observed flexural or tensile cracking could lead to hazardous 

structural conditions, so more consideration must be shown for the possibility of 

corrosion at cracks (ACI 544.1R, 1996).  

 

Figure 2-8 Hooked Steel Fiber. 

 

 

 

https://www.google.com/url?sa=i&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiw5-bu0Z3bAhUFa1AKHT5UDQIQjRx6BAgBEAU&url=http://www.steelwools.net/steel-fibre.html&psig=AOvVaw2z_afKVwCOVS52DTgBEvu9&ust=1527226934223270
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2.2.2.2) Polypropylene Fiber 

Polypropylene fiber has been used in concrete since the early 1960’ s (Goldfein, 

1963). Since then, Polypropylene fibers developed to a variety of shapes and sizes. 

With each new type of Polypropylene fibers, there are new properties used in 

different applications. Polypropylene showed some advantages to researchers, 

which make it used widely in concrete applications (Krenchel and Jensen, 1980; 

Larsen and Krenchel, 1991). 

Advantages of Polypropylene fibers: 

✓ High strength after extension 

✓ Excellent chemical resistance to acids  

✓ Excellent chemical resistance to alkalis 

✓ Easy to use in mix concrete and placing 

✓ Less cost compared with some other fibers 

A small amount of volume fraction of Polypropylene fibers (0.1%) reduce plastic 

shrinkage cracking and large amounts (0.7%) could enhance concrete toughness 

(Johnston, 2001). Polypropylene fibers in mixing concrete are not in full merge 

because of the industry nature of polypropylene. It is hydrophobic material, which 

means it is resistant against water. however, Polypropylene fiber bonding has been 

shown to occur by mechanical interaction (Rice et al., 1988). 
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2.2.2.3) Polyvinyl Alcohol (PVA) Fiber 

Polyvinyl alcohol fiber (PVA) is one of the best types of fiber which has been used 

recently in many studies and applications. Alkali and weather resistance are the 

main advantages for PVA, and it can be used in applications such as building 

construction, roads, bridges, dams, and slope reinforcement. 

Advantages of Polypropylene fibers: 

✓ Vibration and impact resistance. 

✓ Crack and permeability resistance. 

✓ Toughness enhancement. 

✓ Corrosion resistance. 

 

Figure 2-9 Polyvinyl Alcohol Fiber (PVA). 
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2.2.3) Fibers Shape and Orientation 

Shapes of fibers have a significant effect in concrete properties. For example, fibers 

with a long length are effective in enhancing post-peak performance because there 

have more bonding contact surfaces between the fiber and cement mix, but longer 

fiber length could cause a balling problem (ACI 544.1R, 1996). The diameter of 

fibers is classified with length in fiber ratio aspect (length-diameter) ratio. Fibers 

with large fiber aspect, called whiskers, normally show high strength. Ductility and 

toughness are increased by using larger aspect ratio for the same volume fraction 

(Zheng and Feldman, 1996). This type of fiber usually is not used in reinforcement 

concrete applications because it has poor bonding and it is expensive. On the other 

hand, wires are fibers with low fiber aspect ratio because they have a longer 

diameter, and wires used in concrete are based on the good bonding it has. 

Majumdar and Laws, 1991, studied the effect of fiber shape, (see Figure 2-10). 

 

Figure 2-10  Length effect (Aspect Ratio) on Tensile Stress-Strain relation.  
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2.3) Bonding in Concrete 

 

The bond strength in the concrete area means the contact area between the existing 

layer (old, substrate) and overlay layer (new, repair). The bond area is typically the 

weakest part in the repair system. (Silfwerbrand et al., 2012) have determined that: 

“Good bond is a key factor for providing monolithic action in bonded concrete 

Overlays.” Poor bonding leads to two main failures of concrete overlays; 

debonding and cracks of overlay. Bond strength depends on the properties of both 

layers (substrate and new layers). Bond in concrete is categorized into three forms: 

full bond, uncertain bond, and poor bond. These forms are shown in Figure 2-11. 

 

Figure 2-11 Forms of Bonding in Concrete. 

 

Bond in concrete is under two kinds of stresses: shear resistance or tensile 

resistance. It could contain both shear and tensile resistance. In concrete overlays, 

tensile strength is considered for bond strength perpendicular to the bond zone. 

Shear strength also reflects bond and is considered, based on its relations with a 

tensile bond (Silfwerbrand, 2003). Bond strength typically determine by coring and 

pull-off tests. Calculating failure stress by dividing highest force resulted in the 
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interface zone, only in the case of completed failure at the interface zone. 

Otherwise, if failure occures in an existing layer, it means that the bond strength is 

stronger than tensile strength in the existing layer, and if failure happened in a new 

layer, this indicates that bond strength is stronger than the tensile strength in the 

new layer (Bonaldo et al., 2005). 

 

2.3.1) Basic Bond Mechanisms 

There are two main mechanisms that create bond strength between two-layer 

materials: cohesion and adhesive bond (Espeche and Leon, 2011). The adhesive 

means the process of how two layers are attached together (bonded), that some 

forces are needed to disconnect this bond (Silfwerbrand, et al.2011). Adhesive 

strength will count on energy used to create the bond and interaction found in the 

interface area (Courard, 2000). Adhesive mechanisms are divided into two parts to 

get a strong bond: mechanical adhesion and specific adhesion. Bond mechanisms 

are based on surface area terrains in layers. A good surface area is called the true 

surface, and poor surface (geometrical) could lead to poor bond strength (Figure 2-

12). There are some techniques that can increase the true surface area and create 

more interaction areas. However, it is not easy to measure true surface because the 

measurement scale needs to be fineness. 
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Mechanical adhesion, which is tensile, and shear are different from each other 

based on the surface bond. Shear strength improves when the bond surface grows 

rougher. On the other hand, tensile strength depends on which hooks form 

vertically to made pores and voids (Figure 2-13). 

 

 

Figure 2-12 Types of Surfaces between Different Layers. 

 

Figure 2-13 Tensile and Shear Strength between Two Layers. 
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2.3.2) Factors affecting bond 

2.3.2.1) Concrete Properties 

Selection of cementitious material in the overlay material influences the bond 

condition of the interface zone. Cementitious material has a direct impact on bond 

between two layers. For example, silica fume shows significant improvement in 

increasing bond strength in shotcrete. (Austin et al., 1995; Momayez et al., 2005). 

Fresh material properties are essential to improve early age bond strength and bond 

durability. Using concrete vibrator and compaction for freshly placed overlay to fill 

open cavities and voids on existing concrete prevents honeycombs in the concrete. 

Self-consolidating materials have high workability and result in high bond strength 

because it has high effective contact.  

For hardened material properties, repair compressive strength does not normally 

affect on bond strength. Tensile strength is remarkable in affecting crack 

development. Increasing early concrete strength leads to improve both tensile and 

shear bond strength (Delatte et al., 2000). 

Permeability of overlay also can enhance durability if the overlay surface is very 

airtight to prevent moisture from existing layers moving through the overlay 

(Schrader, 1992). Adding fibers to overlay cementitious showed significant 

improvement in bond strength over wide temperature environment conditions 

(Beushausen et al., 2004). Fibers have an indirect effect in minimizing drying 
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shrinkage which leads to reducing interface stress. Fibers improve bond durability 

by delaying cracks in the bond surface (Scott et al., 2003). 

The dimensions of the overlay concrete can have an impact on bond durability. For 

example, area and thickness of the repair overlay can affect bond strength based on 

stresses made from different properties between the existing layer and the overlay. 

More contact area in repairs usually have more ability to perform crack, contrary 

with less area contact. Small thickness overlay is more exposed to debonding than 

an overlay with bigger thickness (Beushausen & Alexander, 2006) 

2.3.2.2) Removal of Deteriorated Concrete 

Removal methods have an impact for both repair and the existing layer surface. 

However, not all removal methods could improve bond strength; some methods 

may cause small cracks to the interface zone. As a result, it is essesntial to select 

the right method to avoid failure problems. Several methods can remove small 

thickness from layers of concrete, while other methods can remove higher depth. 

When using vigorous methods it should be considered that micro cracks are 

developing even though the surface shows a rough shape (Talbot et al. 1994). Some 

methods used mostly for removing concrete are presented in Table 2-2 by 

(Silfwerbrand et al., 2012). In addition, other methods such as hand-held tools, 

concrete crushers, drills, saws, and jet-flame cutting are explained by ACI 

committee 555.  
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For a good bond, the surface of the existing concrete must be minimized from 

micro cracking or the existing concrete surface will be considered as a weakness 

area. In general, mechanical methods such as hummers and concrete crushers 

probably cause micro cracks, but the water jetting method shows a smooth 

preparing, but efficient with limited cracks (Silfwerbrand, 1990). (Wells et al., 

1999), achieved good bond strength on surfaces using sandblasting and wire brush 

preparation without cracks development. 

  

Figure 2-14 On Left, Substrate Surface Prepared with Steel Brush; On Right, Drill Method for 

Existing Surface Partially Chipped.  
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Table 2-2 Removal Methods for Concrete.  

Removal method Principle behavior Important 

advantages 

Important 

disadvantages 

Sand-blasting Blasting with sands. No microcracking. Not selective leaves 

considerable sand. 

Scrabbling Pneumatically driven 

bits impaction. 

No microcracking, 

no dust. 

Not selective. 

Shot blasting Blasting with steel 

balls 

No microcracking, 

no dust. 

Not selective. 

Grinding 

(planning) 

Grinding with 

rotating lamella. 

Removes uneven 

parts. 

Dust development, 

not selective. 

Milling 

(scarifying) 

Longitudinal tracks 

are introduced by 

rotating metal 

lamellas. 

Suitable for huge 

volume work, 

good bond with 

water flushing. 

Microcracking is 

likely; reinforcement 

may be damaged, 

dust development, 

noisy, not selective. 

Pneumatic (jack) 

hammers 

(chipping), hand-

held or boom-

mounted 

Compressed-air-

operated chipping 

Simple and 

flexible use, large 

ones are effective 

Microcracking, 

damages 

reinforcement, poor 

working 

environment, slow 

production rate, not 

selective 

Explosive 

blasting 

Controlled blasting 

using small, densely 

spaced blasting 

charges. 

Effective for large 

removal volumes. 

Difficult to limit to 

solely damaged 

concrete, safety, and 

environmental 

regulations limit use, 

not selective. 
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Water-jetting/ 

hydro demolition 

High-pressure water 

jet from a unit with a 

movable nozzle. 

Effective 

(especially on 

horizontal 

surfaces), 

selective, does not 

damage 

reinforcement or 

concrete, 

improved working 

environment 

Water handling, 

removal in frost 

degrees, costs for 

establishment. 

 

Based on experimental works done by (Wells et al., 1999), the wire brush method 

showed significant results. Other tests done by Julio et al.,( 2004) presented 

promising results using sand-blasting and wire-brush methods based on slant shear 

test results. Bond strength in Julio study increased remarkably which leads to the 

importance of surface preparations, see Figure 2-14 and Table 2-3. 
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 Table 2-3 Slant Shear Test Results Using Different Surface Treatment Methods. 

 

 

 

 

 

 

 

 

 

2.3.2.3) Cleaning After Removal 

Surface cleanliness is an important part of preparing a repair that influences 

bonding. An interface zone without cleaning can produce weak bond strength. 

Cleaning must be done before placing the overlay layer to remove anything that 

could affect bond characteristics such as sand, oil, dust, glue or other particles from 

the surrounding environment. Recommended methods for cleaning are high-

pressure water and vacuum cleaners (Silfwerbrand et al., 2012). 

2.3.2.4) Surface Properties 

Mechanical removal methods of concrete usually produce a rougher surface than 

blast or water jet methods. Roughness on concrete layer can be measured in mm. 

Situations 

considered 

Substrate surface 

treatment 

Bond strength 

in shear (MPa) 

Variation coefficient 

(%) 

1 As-cast against 

steel formwork 

1.30 33.85 

2 Wire-brushing 10.67 8.90 

3 Partially chipped 6.24 20.67 

4 Partially chipped 

and pre-wetted 

6.64 13.10 

5 Sand-blasting 14.13 8.56 
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One of the ways to measure surface roughness is the sand area method (Kaufmann, 

1971), check Figure 2-15. 

 

Figure 2-15 Surface Roughness Measurement Using the Sand Area Method. 

 

Known sand volume (V) is spread over the concrete surface to make a circle shape 

until all sand enters surface voids and holes. Surface roughness expressed as (Rt) 

found from the diameter (d) of the circle, using the following equation: 

Rt [mm] =
4 ∗ 𝑉[𝑚𝑚3]

𝜋 ∗ (𝑑[𝑚𝑚])2
 

 

Laitance is a layer of weak and nondurable material including cement and fines 

from the aggregates, made from bleed water to the concrete surface. Laitance can 

reduce bond if it is not removed before placing the overlay. For the new overlay 

layer for a repair concrete, laitance should have already removed together with the 
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deteriorated concrete. On the other hand, removing laitance needed if the overlay is 

placed on unaltered concrete. One of the ways to remove the laitance completely is 

sandblasting. 

The temperature of existing layer when the overlay is placed can have a remarkable 

effect on shear bond strength. The existing layer shows differences with a low-

temperature degree that present less initial bond strength but higher bond strength 

in long term, compared with higher temperature (Delatte et al., 2000).  

2.3.2.5) Moisture Condition 

Moisture condition has an influence on bonding strength between existing and new 

concrete. If the substrate (existing) layer is too dry, the fresh overlay concrete mix 

can lose its water and eventually produce debonding. On the contrary, a substrate 

with saturated surface results in an interface zone with high cement ratio (w/c) 

which reduces bond strength. Experimental work by Austin et al., (1995) showed 

that the most favorable condition is saturated surface dry (SSD). He concluded that 

the effect of moisture on bonding of the cement is like unmodified cementitious 

mortar. Finally, drier or more wet surface always have a negative influence on bond 

strength.  

2.3.2.6) Bonding Agents 

Bond agents could be Portland cement grout, modified latex grout, or epoxy resins. 

Bond agents may enhance bond strength in special conditions, for instance, it used 
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when an overlay mortar cannot exactly fill holes and pores of the interface. 

Bonding agents must not be used as a solution for poor substrate surface 

preparation. Also, bonding agents may act as a bond breaker if it is used 

inappropriately (Pigeon and Saucier, 1992; Schrader, 1992). Silfwerbrand et al., 

(2012), recommended not to use bond agents because of two reasons. First, there 

will be two interfaces which lead to two possible weakness planes. Second, since 

bond agents are grouts the high-water cement ratio leads to reduction in bond 

strength and cohesive failure at the interface with the bonding agent.  

2.3.2.7) Mechanical Device Crossing the Interface 

In some cases, when there is a poor bond, high shear stress, high tensile stress or 

more safety against debonding is needed; installing reinforcement between two 

layers may be necessary, see Figure 2-16. Reinforcement used must cross the 

interface zone and be sufficiently anchored in existing and overlay layer. These 

reinforcements do not work and carry the load until the bond is broken, like 

ordinary reinforcement, that start working when concrete cracking appears. 

 

Figure 2-16 Dowel Bars Including Plate and Bent Bars Crossing the Interface. 
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2.3.2.8) Concrete Placement (Compaction) 

Compaction is a process which basically ejects air voids from fresh concrete mix 

and distributes concrete materials equally. Benefits of using compaction are 

increases in the density, general strength, bond strength, durability of concrete. 

Also, it reduces permeability, shrinkage, and creep. Compaction during concrete 

placement is essential to gain a dense and homogeneous overlay as well as a good 

and distributed bond. This process is needed more in overlays with rough surfaces 

to cover cavities and voids in the surface. Swedish National Road Administration, 

2002 recommends using two types of compaction; vibration pokers and vibration 

platforms, see Figure 2-17. 

Vibration poker, named as immersion vibrator, is a mechanical device that has a 

tubular housing with a rotating eccentric weight. There are different sizes for 

immersion vibrators and are used based on the capacity of concrete placement. The 

methods of using this vibrator are by immersion it counted times quickly in either 

with clockwise or counterclockwise, each time should be hold for few seconds. Use 

a small immersion vibrator in conditions such as thin concrete parts and high slump 

concrete, while major concrete parts or low slump concrete should use a vibrator 

with larger immersion type. Vibration platforms known as surface vibrators are 

used on the concrete surface. This vibrator applications are compacting slabs, 

surfaces, floors, road pavements, etc. 
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Figure 2-17  Types of Compaction; Vibration Poker on Left, And Vibration Platform on Right. 

 

According to Cement Concrete and Aggregates Australia, (2006), there is a relation 

between the influence of imperfect compaction and air voids percentage in 

concrete, see Figure 2-18. Incomplete compaction leads to increasing air voids 

which results at the end in a reduction in relative strength.  

 

Figure 2-18 Relation Between the Influence of Imperfect Compaction and Air Voids Percentage.  
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2.3.2.9) Concrete Curing 

Shrinkage might have occurred at an early age and caused cracks. As a result, 

cracks may initiate debonding. Curing is a very important factor in preventing or 

reducing early age overlay stresses. Curing is a process of compensating moisture 

loss from concrete during cement hydration. This process reduces early age 

shrinkage which leads to higher tensile strength when shrinkage start to appear. 

Curing also has other benefits beside shrinkage reduction, such as a decrease of 

plastic cracking, higher relative strength, and increased durability. Silfwerbrand and 

Paulsson, (1998) suggest at least five days curing for bridge deck overlays. There is 

a damage effect on shear bond strength for concrete when exposed to sunlight even 

if it is covered with wet burlap or plastic (Delatte et al.,2000). Concrete strength 

improves with time if moisture and appropriate temperature are present for 

hydration of cement. Figure 2-19 shows the effect of water curing duration on 

compressive strength improvement (Kosmatka et al., 2002). The temperature of 

curing is important because of low-temperature slow concrete hydration. In a high-

temperature case, the concrete hydration develops too fast which makes cement 

molecules unable to evolve to strengthen concrete. 
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Figure 2-19 Effect of Water Curing Duration on Compressive Strength Improvement. 

 

2.3.2.10) Short-Term Bond Properties 

Early age bond strength development is a significant requirement for structure 

endurance of interface stresses resulting from early differential movement between 

the old and the new layer. Early bond strength is normally needed in transportations 

projects such as bridge deck overlays and rigid pavement for roads. Bond strength 

develops quickly after placement, comparable to compressive strength development 

(Delatte et al.,2000). They recommend the increase of early bond strength 

depending on overlay hydration rather than its age. Laboratory tests done by 

Silfwerbrand, (1998) concluded that bond strength development is much faster than 

the development of compressive strength rate of the concrete overlay, see Figure 2-

20. 
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Figure 2-20 Tensile Bond Strength Development. 

 

Increasing of shear bond strength was closely correlated with rising of compressive 

strength with a constant ratio about 0.10- 0.12 (Silfwerbrand, 1990). Figure 2-21 

shows interface Shear bond strength development. 

 

Figure 2-21 Interface Shear Bond Strength Results in Different Ages and Different Compressive 

Strengths. 
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2.3.2.11) Long-Term Bond Properties 

Differential movement between the old concrete and the new overlay is controlled 

by two main factors impacting long-term bond properties: differential shrinkage 

and thermal expansion and contraction. High early age bond strength does not 

necessarily improve bond durability. Bond durability depends more on substrate 

preparation, material used in the concrete mix and curing time. According to Carter 

et al., (2002) perfect designed bridge deck overlays can have a service life of more 

than 30 years if they are placed and cured correctly. Repaired concrete bridge decks 

with steel fiber reinforced concrete were tested and showed a small improvement in 

bond strength after 9 years (Paulsson and Silfwerbrand, 1998). 

2.3.2.12) Traffic Vibrations 

Usually, traffic vibrations do not result in damages of the bond surface between old 

and new concrete. Continuous and limited vibrations can enhance bond strength 

and overlay strength (Silfwerbrand, 1992). Heavy vibrations, can cause harm to 

bond strength if it starts in a few hours, after overlay placement. Manning, (1981) 

suggests preparing and maintaining a smooth riding surface and a smooth transition 

at the expansion joints of the bridge to avoid heavy vibration. 
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2.3.3) Bond Tests 

Bond features in an interface zone is one of the most difficult areas to find because 

of differences in surface preparation, materials used in concrete, applications, and 

curing procedure. Plentiful tests have been developed to estimate bond strength in 

interface zone. Bond tests results relied to a large extent on the test method used. 

Bond tests are classified into three basic categories based on the type of stress 

loaded to interface zone: tension tests, shear tests, and compression-shear tests. 

 

Figure 2-22 Different Test Methods to Evaluate Bond Strength at The Interface Zone (Bissonnette, 

2012) 
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2.3.3.1) Tension Tests 

There are two types of tension tests: direct and indirect tension tests. In a direct 

tension test, tensile force is applied perpendicular to the bonded interface by glued 

metal or by special grips. A small misalignment could lead a direct tension sample 

to cause large errors (Geissert et at., 1999) so, it is a big challenge to perform a 

perfect direct tension test. The pull-off test is one of the most common direct tensile 

tests which can be accomplished in-situ. see Figure 2-22A. One of the benefits of 

this test is that it is done on a construction site which makes it easier and faster. 

However, eccentricity needs to be avoided in this test, or it will make test results 

unreliable (Delatte et al., 2000). Laboratory tensile strength test is easier to do, see 

Figure 2-22B. This test can offer trusted results when the test is prepared with low 

eccentricity and no hinge in the loading chain.  

Indirect tension tests (flexural tests and splitting tests) show only indirect amounts 

of tensile capacity. In the flexure test, loading is subjected to a small bond surface 

which presents low efficiency. On the other hand, the splitting test is more 

efficient. The splitting tensile test is used as an indicator of the tensile strength of 

concrete (Geissert et at., 1999). This test was presented by Akazawa, (1943) as a 

homogenous cylinder sample. In 1962, the splitting test was adopted by American 

Society for Testing and Materials ASTM as a standard test (ASTM C496, 2017). In 

general, tensile bond strength is difficult to determine on properly placed overlays, 
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but easy to find in situations where tensile strength in interface strength is less than 

material strength.  

 

Figure 2-23 Tension Test Types. 

2.3.3.2) Shear Tests 

Some types of tests have been developed where shear force is subjected parallel to 

the bonded surface (Figure 2-22G, F, E, D, L, K, J). In most cases, shear test 

methods have an occurrence of shear force and small bending moment stress which 

is a disadvantage. The shear test type in Figure 2-22K was developed by FIP, 

(1978) in which the interface zone is subjected to pure shear force. Tests (Figures 

2-22L and 2-22M) were presented by Robins and Austin, (1995) to find both 

interface shear and tensile bond strength. Modified shear bond methods (Figure 2-

22F) was developed by El-Rakib et al., (2003). In mono surface shear test (Figure 

2-22D), forces are subjected parallel interface zone in order to meet interface 

failure. Moment stress can be found in this test because of shear forces and the 

presence of eccentricity. The push-out specimen (Figure 2-22G) was presented by 

Chen et al., (1995). It was formed to avoid the effect of moment stress that are 



42 
 

performed in Mono surface shear test. However, two interface surfaces in this test 

do not represent the real condition in the site (Chen et al., 1995). The main issue 

with shear tests explained above is that test samples should be prepared in the 

laboratory and cannot be used as an in-situ test method. 

 

2.3.3.3) Compression-Shear Tests 

Compression-shear test means that the test sample is under compression stress on 

the interface zone. Slant Shear Test (Figure 2-22H) is a test in which the interface 

zone is subjected to a combination of compression and shear stresses to measure 

bond strength. First, this test was introduced by Kreigh, (1976) and he named it 

Arizona Slant Shear Test. After eight years, the slant shear test was standardized in 

British Standard (BS 6319, 1984). Later in 1999, it was adopted by ASTM (ASTM 

C882-99). Because this test has shear and compression stresses, it is representing 

the real situation closer to the construction site. This test method is subjected to a 

compression load as same as a standard compression test. Wall and Shrive, (1988), 

Presented the slant shear test in a prism shape with a length three times the width 

dimension, check Figure 2-24. 
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Figure 2-24 Slant Shear Test Divided into Prism and Cylinder. 
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3)     Methodology 

 

This chapter explains how the laboratory tests were performed to study the 

interface bond characteristics between fiber reinforced concrete (FRC) and plain 

concrete (PC) by using two bond tests: splitting prism tensile test and direct double 

shear test. The splitting prism test forms indirect tensile stress on the interface zone, 

and the direct double shear test forms direct shear stress on the interface zone. Test 

specimens in the splitting prism test were composite parts made up of half substrate 

material (normal concrete) and half overlay material (FRC). The indirect shear test, 

specimens were composite parts made up of two-thirds substrate material (normal 

concrete) and one third overlay material (FRC). 

The key factors in this experimental study were the type and percentage of fiber 

used. There were two types of fiber: polypropylene fiber and Polyvinyl Alcohol 

(PVA) fiber. Each fiber has two different kinds, depending on length and tensile 

strength of the fiber. For fiber percentage, three to six volume fractions of fiber 

were chosen, based on previous studies in this area.  

Details on the materials used in this experiment including cement, aggregates, sand, 

W/C ratio, superplasticizer (high range water reducing admixture), and fibers are 

also presented.Details of the concrete placement methods are also shown. 

Preparation of substrate (plain concrete) layers are shown including with the degree 
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of surface roughness and treatment method. Preparation of the overlay (FRC) layer 

above the substrate layer are shown. Finally, tests used in this experiment and their 

procedures were explained. 

 

3.1) Materials  

The concrete mix in this experiment is divided into two kinds: plain concrete mix 

for the substrate layer and fiber concrete mix for the overly layer. However, both 

concrete mixes contain the same materials, except fiber is added in the overlay mix. 

Concrete strength in the overlay layer is slightly more than the substrate layer, by 

increasing cement content to make specimens close to real repair situations. All 

materials used in the experiment are described below: 

• Portland Cement 

Portland cement Type I was used with a specific gravity of 3.15 (ASTM C 150-18). 

Cement content of the substrate mix was 12.5 Ib, and 15 Ib for the overlay mix, see 

Table 3-1. 

• Coarse Aggregate 

Limestone coarse aggregates of 0.375 in (9.5 mm) maximum aggregate size was 

used to meet (ASTM C 33, 11) standard specification. Coarse aggregate’s specific 

gravity was 2; absorption capacity was 1.27%. 
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• Fine Aggregate 

The type of fine aggregate used in the concrete mix was natural sand. Specific 

gravity was 2.2; absorption capacity was 0.2%. 

• Concrete Mix Design 

The mixing design for plain concrete was recommended by Suksawang et al., 

(2018). This mixing design was calculated based on total mixture volume of 0.225 

ft3. See Table 3-1.  

• Fiber 

As explained above, there are two types of fiber: Polypropylene and Polyvinyl 

Alcohol (PVA) fiber. Each fiber has two different kinds, depending on length and 

diameter of the fiber. There are three to six volume fraction dosages for each fiber 

type, as shown in Table 3-2; they were chosen based on previous studies in the 

bond area. Physical properties of each fiber are presented in Table 3-3. 

• Superplasticizer (high range water reducing admixture) 

This liquid admixture was used only when it was needed, especially with high 

dosages of fiber volume fraction. 
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Table 3-1 Concrete Mix Design for Substrate and Overlay. 

Materials used Substrate Concrete Mix 

(Ib) 

Overly Concrete 

Mix (Ib) 

Portland cement Type I 15 16 

Coarse Aggregate 11.5 11.5 

Fine Aggregate 14 14 

Water 7 7.5 

 

Table 3-2 Fibers Weight Used in Concrete Mix Design. 

 

Fiber Type 

volume fraction dosage % 

0.1% 0.5% 0.8% 1% 1.5% 2% 

Polypropylene type I 

(Ib) 

0.019 0.1 0.16 0.2 0.3 0.4 

Polypropylene type II 

(Ib) 

0.019 0.1 0.16 0.2 0.3 0.4 

PVA type I (Ib) 0.028 0.14 

 

0.23 0.28 0.42 0.57 

PVA type II (Ib) 0.28 0.14 0.23 0.28 0.42 0.57 
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Table 3-3 Physical Properties of Used Fibers. 

Fiber Type Polypropylene 

type I 

Polypropylene 

type II 

PVA type I PVA type II 

Specific Gravity 0.91 0.91 1.3 1.3 

Tensile Strength 44 ksi (300 MPa) 70 ksi (480 MPa) 240 ksi (1600 

MPa) 

150 ksi (1000 

MPa) 

Flexural Strength 700 ksi (4.9GPa) ------------------ 5500 ksi (39 

GPa) 

4200 ksi (29 

GPa) 

Length 0.75 in. (19mm) 0.5 in. (13 mm)    0.25 in. (6 mm) 0.75 in. (19 mm) 

Equivalent 

Diameter 

0.03 in. (762 

Microns) 

0.00047 in. (12 

Microns) 

5 Denier (24 

Microns) 

40 Denier (200 

Microns) 

Melting Point 320 °F (160 C) 320 °F (160 °C) 435 °F (225 C) 435 °F (225 C) 

Manufactured by NYCON Master Builders 

Solutions by 

BASF 

NYCON NYCON 

Market name ProCon-F-E MasterFiber® M 

100 

NYCON-PVA 

RMS702 

NYCON-PVA 

RFS400 
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Figure 3-1 Polypropylene Type I on Left and Polypropylene Type II on Right. 

 

 

Figure 3-2  PVA Type I on Left and PVA Type II on Right. 
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Table 3-4 Key Factors (Variables) For Splitting Prism Test Cases and Direct Double Shear Test 

Cases. 

 

 

 

 

 

 

 

 

# Case 
 

Volume 

fraction 

percentage % 

 

Fiber Type 

 

# Case 

Volume 

fraction 

percentage % 

 

Fiber Type 

Control None None 13 0.1  

 

Polypropylene 

type I 

1 0.1  

 

PVA type I 

14 0.5 

2 0.5 15 0.8 

3 0.8 16 1 

4 1 17 1.5 

5 1.5 18 2 

6 2 19 0.5  

 

Polypropylene 

type II 

7 0.1  

 

PVA type II 

20 0.8 

8 0.5 21 1.5 

9 0.8 22 2 

10 1 

11 1.5 

12 2 
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3.2) Placing Concrete 

Concrete properties are influenced by placement condations, such as mixing, 

casting, curing, and sampling of the specimens. According to ASTM C 192-16a, 

there are standard requirements for materials preparations, mixing, curing and 

equipment used to place concrete in laboratory conditions. 

Based on following this standard, the following steps were applied, as shown 

below. 

• Prism and cylinder molds are made of nonreactive materials (timber and 

plastic), see Figure 3-3. 

• A Silicone product was used as a suitable sealant to prevent water leakage 

through the joints and sides. 

• Molds were lightly coated with oil to make it easy to open molds after 

casting. 

• A small internal vibrator was used once in each prism and cylinder to 

produce concrete and to prevent air voids. 

• A concrete mixer was used to mix plain concrete(substrate), while a cord 

drill with a 30 inch steel spiral mixer was used for mixing FRC 

concrete(overlay) in a 5-gallon bucket. 

• Specimens were covered with a plastic sheet after placing the concrete to 

reduce the loss of water evaporation while curing, see Figure 3-5. 
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3.3) Preparation of Substrate Concrete 

Forty-four plain concrete prism cases plus two control concrete cases were cast for 

splitting and shear test at the beginning of this experiment with dimensions of (3 in 

width, 6 in high, 6 in depth). Also, plain concrete cylinders (4x8 inch) were cast to 

determine concrete strength. Prisms were cast in a timber mold, while cylinders 

were cast in plastic molds (ASTM, C470-15). The compaction process was applied 

by using a small immersion vibrator concrete. Next, all concrete prisms were set for 

24-hours and covered with a plastic sheet. After that, all prisms were cured for 28 

days in a water tank and then were taken out the tank for one week. 

Mixing plain concrete procedure is divided into five steps: 

1) All mix equipment were all wetted. 

2) Start mixing coarse aggregate plus one-third of the required water. 

3) Fine aggregate was added to the mixer. 

4) Portland cement was added with the remaining two-thirds of the required water 

while the concrete mixer was working. 

5) Mixing was stopped when the concrete showed full homogeneous mix and it was 

left for one minute to rest before casting. 
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Figure 3-3 Timber Molds for Prism Layers on Left, Plastic Mold for Compressive Cylinder Samples 

on Right. 

 

• Surface Treatment 

The goal of surface treatment is to achieve a clean surface, free of contaminants 

such as laitance, dust, and dirt. Surface treatment helps to obtain a good bond 

between the substrate and the overlay layer. There are many methods for surface 

treatment, such as sand-blasting, water-jetting, wire-brushing, etc. In this 

experiment, the wire-brushing method was chosen because it showed significant 

results (Wells et al., 1999). After 28 days of curing and one week out of the water 

tank, the surface treatment was done for all substrate prisms by a cordless drill with 

steel brush. See Figure 3-4. 
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Figure 3-4 Cordless Drill with A Steel Brushed to Prepare Substrate Surface. 

 

Figure 3-5 Keep All Substrate Prisms in Clean Area After Wire-Brushing Treatment. 

 

3.4) Preparation of Overlay Concrete 

After substrate prisms were cast, cured, and treated, dust removal was done by 

using a high air pressure pump. Substrate prisms with dimensions of (3 in width, 6 

in high, 6 in depth) were prepared to be cast with overlay layers. For the splitting 
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tensile test, half of the sample was substrate prism, and another half was overlay 

prism. See Figure 3-6. The direct double shear test had two substrate prisms in the 

left and right parts; one overlay prism was in the middle of the sample. See Figure 

3-6. Overlay prisms were cast in a timber mold. A small immersion vibrator was 

used in order to have a good and distributed bond. After casting, all specimens 

were set for 24-hours and covered with a plastic sheet before curing for 28 days in a 

water tank and then taken outside the tank for one week. The mixing overlay 

concrete procedure was similar to the substrate concrete procedure, except for 

adding fiber at the end. The overlay concrete procedure was done separately for 

each specimen case because every case has different fiber type and volume fraction 

dosage. 

 

Figure 3-6 Substrate Prisms for Splitting Tensile Test on Left, and Direct Double Shear Test on 

Right 
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3.5) Tests 

A brief description of tests and their procedures applied in this study are explained 

in this part. Tests covered in this experiment were the splitting prism tensile test, 

direct double shear test (Push-Out), and compression strength test. Both the 

compression test and the splitting tensile test methods were described by ASTM 

standard and ACI Materials. The direct shear test method is still not standardized in 

ASTM, but it was found and adopted by Japan Society of Civil Engineering (JSCE) 

which was modified by others in dimensions and materials for improved results in 

fiber bond applications. 

3.5.1) Splitting Tensile Prism Test 

The splitting tensile test is known as the Brazilian test and is categorized under the 

indirect tension tests section. It was presented first by Akazawa, (1943) as a 

homogeneous cylindrical sample. Later in 1962, the splitting test was adopted by 

American Society for Testing and Materials and standardized as ASTM 

C496/C496M. The ASTM splitting standard test is used for homogeneous 

cylindrical specimens. However, some researchers used this standard to perform a 

composite specimen to evaluate tensile bond strength between layers. Also, they 

change the shape of samples from cylinder to prism. Ramey and Strickland, (1984), 

followed the ASTM C496 standard test method by performing composite cylinders 

divided into 50% concrete and 50% repair material and calculated bond tensile 
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strength by using the same equation that is used in ASTM C496. They found that 

that composite cylinder splitting tensile result shows consistent values. Geissert et 

al., (1999), used a prism splitting test method to find bond strength between old and 

new layer concrete using the dimensions (3 in wide x 3 in high x 4 in long) for each 

prism and contact area of (3 in x4 in). They concluded that this test is a convenient 

method to find tensile bond strength between old and repair layers. Another 

researcher ,Momayez et al., 2005), presented composite splitting tensile test 

samples, but with prism shape of (75 mm wide x 150 mm high x 150 mm long) 

with contact area (150 mmx150 mm) to find bond strength between two layers. 

Their results using a wire brush as surface treatment presented consistent values.  

• Splitting Prism Tensile Test Procedure 

This procedure used the ASTM C496, (2017) standard as a general guide to 

make a composite prism specimen. 

1) Composite prism specimens (6 in width, 6 in high, 6 in depth) were placed 

and cured for 28 days (explained in 3.3 and 3.4 sections). 

2) Since this experiment focused on the bond strength between two layers, 

there was no need to draw a line in the middle of the prism, because there is 

a clear interface line in every specimen. 

3) Two thin plywood bearing strips with dimensions ½ in thick x 1 in width x 

6 in long were placed at the center of the upper and lower side of the 

specimen. 
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4) Testing machine performed a rate at a loading of 170 psi/min splitting 

tensile stress over the bond interface between two layers. 

5) Report maximum applied load specified by testing machine. 

6) Report the failure type and concrete appearance.  

7) Calculated splitting tensile strength by using equation 3.1 

𝑇 =
2 𝑃

𝐴 𝜋 
     Equation 3.1 

 

 

Where 

 T is the splitting tensile strength, MPa [psi] 

 P is the maximum applied load, KN [Ibf] 

 A is the contact area (bond area), cm2 [in2] 

 

Figure 3-7 Splitting Prism Tensile Test Specimen Dimensions. 
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Figure 3-8 Splitting Prism Tensile Test Sample. 

3.5.2) Direct Double Shear Test (Push-out Test) 

The direct double shear test is one of the methods to calculate interfacial shear bond 

strength in double sides. It was presented by the Japan Society of Civil Engineering 

as a standard procedure (JSCE- SF6) in 1990, see Figure 3-10. It was proposed to 

avoid some problems in other direct shear test methods, such as Z-type push-off 

test and FIP shear test, see Figure 3-9. The direct double shear test performs 

significant pure shear stress more than other tests and avoids bending moment. 

Mirsayah and Banthia, (2002), explained that the Z- type push-off test has no pure 

shear stress between two layers and stress conditions deviate significantly. They 

followed JSCE-SF6, (1990) standard in their experiment to investigate Shear 

Strength of Steel Fiber-Reinforced Concrete, (See Figure 3-10). Wang et al., (2018) 

in their study used symmetrical samples and loads to avoid bending moment 
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occurring in the interface bond zone and to achieve pure shear stress in order to 

investigate shear bond strength between ultra-high toughness cementitious 

composite (UHTCC) and concrete. Currently, there is no standardized test method 

in ASTM for direct shear test for concrete applications. However, some studies 

used the direct double shear test to check shear bond strength using different types 

of concrete such as plain concrete or fiber reinforced concrete. Even though studies 

followed the JSCE standard, researchers used different dimensions for specimens 

that they used. 

 

Figure 3-9  (A) Z Type Shear Test, (B) FIP Shear Test. 
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Figure 3-10 JSCE Direct Double Shear Test. 

 

 

 

 

• Direct Double Shear Test Procedure 

This procedure used the JSCE-SF6, (1990) standard as a general guide to 

prepare a composite shear specimen. 

1) Composite specimens (9 in width, 6 in high, 6 in depth) were placed and 

cured for 28 days (explained in Sections 3.3 and 3.4). 

2) The testing machine performed a rate of loading from 20 % to 100 % full 

capacity. 

3) Applied load was continuous with no impact. 

4) Accepted failure was checked on two sides only.   
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5) Report maximum applied load with three significant digits. 

6) Calculated direct shear strength by using Equation 3.2 

 

𝜏 =
 𝑃

2 𝐴 
     Equation 3.2 

Where 

 τ is the shear strength, MPa [psi] 

 P is the maximum applied load, KN [Ibf] 

 A is the contact area (bond area). cm2 [in2] 

 

 

Figure 3-11 Direct Double Shear Test Specimen Dimensions. 
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Figure 3-12 Direct Double Shear Test Specimen. 

 

 

 

3.5.3) Compression Strength Test 
 

The compression strength test is one of the most well-known tests in concrete 

applications. It could be applied in the FRC area even though there are many 

studies that showed no significant improvement for the strength of the concrete 

when adding fibers. The main effect of fibers in concrete is improving tensile 

strength. However, fibers could improve cracking in concrete and first crack in 

compression strength. Fanella and Naaman, (1985), showed in their study that fiber 
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has a direct effect on first crack. This test method has a standard test method in 

ASTM (C39 ,2018) which is used as a guide in this experiment.    

In this experiment, the goal was to determine fc’ (concrete compressive strength) 

and elastic modulus for control (plain concrete) and fiber concrete with different 

types and volume fraction. All cylinder specimens were cured at 28 days with w/c 

ratio of 0.46. Cylinder specimens were tested between upper and lower steel 

bearing caps. Between the cylinder and cap, there is a thick plastic cover to 

distribute the load applied to the specimen evenly. The testing machine, according 

to ASTM C39, (2018), recommended a rate of 1mm/min. 

 

 

 

Concrete compressive strength fc’ was calculated using Equation 3.3. 

 Inch-pound units:                                       𝑓𝑐′ =
4 𝑃

𝜋 𝐷2      Equation 3.3 

Where 

fc’ is the concrete compressive strength, MPa [psi] 

P is the maximum applied load, KN [Ibf] 

D is the average measured diameter, mm [in] 
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Figure 3-13 Compression Strength Test Sample. 
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4)     Results and Discussion 
 

 

In this chapter, experimental results acquired from compression strength test, 

splitting tensile prism test, and direct double shear test are discussed. Variables in 

the tests were the type and the dosage of fiber added to the concrete mix. In this 

experimental work, 28 days of curing, one method of surface treatment (wire-

brushing), and w/c ratio of 0.46 were used only to focus the exact effect of the main 

variables.  

• Accuracy of Test Results Cases 

The case study for each test is 22 cases for four fiber types + control case. 

However, some cases weren’t added to results analysis because of: 

1. Some samples were weak and collapse before testing, because of low 

workability or had a high permeability during curing process. 

2. The load of testing machine was not applied at the interface bond area in 

some samples. This leads to a failure at substrate layer or overlay layer, 

which means the failure load cannot be use to calculate the bond strength 

according to tests producer. 

3. Duplicated samples were made for every case. Some cases were eliminated 

in results because one of the duplicate samples is not completed.  
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• Minimum Bond Strength 

According to (Bissonnette, 2012), few available and limited minimum bond 

strength values still not in agreement. The author suggested a minimum required 

tensile bond strength of 0.75 MPa (109 psi) and required minimum shear bond 

strength of 1.5 MPa (217 psi), based on some bond researches.  

 

4.1) Compressive Strength Test Results 
 

Compressive strength with elastic modulus of control and some FRC specimens 

were measured and presented in Table 4-1. Cylinders were cured for 28 days and 

w/c ratio was 0.45. Based on compression results, fiber does not have significant 

improvement in compression strength. Some volume fraction dosages produced 

values less than the control specimen, see Figure 4-1. To calculate elastic modulus 

with the effect of adding fibers, fiber factor was added to elastic modulus equation 

focusing on volume fraction of fiber based on Suksawang et al., (2018). However, 

there was no need for more examinination, because compressive test results are not 

the main purpose for this study. 
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Table 4-1  Compressive Strength Test Results. 

# 

Specimen 

Volume 

fraction 

dosage % 

Compressive 

Strength Fc’ 

(Psi) 

Elastic 

modulus 

(Ib/in2) 

Control none 5692.5 4300574 

1 PVA 1, 0.1% 4582.8 3791092 

2 PVA 1, 1% 5873.7 3713211 

3 PVA 2, 0.1% 4820 3887965 

4 PVA 2, 0.5% 5053.8 3721271 

5 PVA 2, 0.8% 5627.8 3745382 

6 PVA 2, 1% 4336.7 3190719 

7 PVA 2, 2% 6627.6 3457079 

8 Polypropylene 

1, 0.1% 

5529 4164486 

9 Polypropylene 

1, 1% 

4760 3342699 

10 Polypropylene 

1, 1.5% 

4555 3049999 

 

 

Figure 4-1 Elastic Modulus Results Based on Volume Fraction Dosage %. 
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Figure 4-2 Compressive Strength Test Samples. 

 

 

 

4.2) Splitting Prism Test Results 

As explained above, splitting prism test specimens were prepared based with foure 

fiber types; PVA types I and II, and Polypropylene types I and II. Table 4-2 shows 

the results of the splitting prism test for all cases used in this experimental work. 

By assuming uniform tensile stress across the bond zone, the splitting tensile bond 

strength was calculated based on Equation 3.1 in the ASTM C496 standard test 

method. Because fiber reinforced concrete (FRC) has higher toughness than the 

plain concrete (PC), most of specimen failures occurred in interface area with some 

breaks in the edge of the plain concrete. In the splitting tensile test, the interface 

area undergoes tensile stress in the sample. Failure occurring in the concrete 

substrate indicates that bond strength is greater than tensile stress in this test. In this 
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experimental work, failures occurring in the interface area can be considered as 

bond strength. 

Adding fiber to concrete restrains crack development by prevalence them into 

smaller finer cracks (Granju, 1996; Song, 2005; and Banthia, 2014). Based on 

results found, increasing the amount of fiber leads to an increase in tensile bond 

strength. 

Table 4-2 Splitting Prism Test Results. 

 

Case*= these only the cases were ready for analysis out of 22 cases.                     

B* = Failure at interface bond area.  

 

# Case* 

Volume 

fraction 

dosage 

% 

Fiber 

Type 

Failure 

load 

(lbf) 

Tensile 

bond 

strength 

(psi) 

Coefficient 

of 

variation 

(%) 

Failure 

mode 

Control 0.0 None 1723 43 7.2   B* 

1 0.1  

 

PVA 

type 

I 

2502 53 6.1 B 

2 0.5 3013 70 10.3 B 

3 0.8 4092 86 9.7 B 

4 1 5493 127 8.9 B 

5 2 4333 100 13.4 B 

6 0.1  

 

PVA 

type 

II 

1507 52 9.6 B 

7 0.5 5316 117 11.2 B 

8 1 8502 164 8.7 B 

9 2 7898 152 10.6 B 

10 0.5  

 

Polypropylene 

type I 

3224 77 8.4 B 

11 0.8 4998 113 10.5 B 

12 1 6922 148 6.7 B 

13 1.5 8873 185 7.5 B 

14 2 7177 144 5.8 B 

15 0.8 Polypropylene 

type II 

6400 148 10.1 B 

16 1 7784 156 14.2 B 



71 
 

4.2.1) Polyvinyl Alcohol (PVA) type I 
 

Based on results from the splitting prism test, significant bond strength results were 

found when using PVA I in concrete for overlay applications compared with the 

control case, as shown in Figure 4-3. To find bond strength for this test, Equation 

3.1 was used. Control specimen (plain concrete in both layers) showed an average 

of tensile bond strength of 43 psi. Volume fraction dosage 0.1% provided a small 

increase of tensile bond strength of 53 psi. This amount of fiber showed a slight 

improvement in bond compared with the control specimen because it is a very 

small percentage that does not affect the workability of the concrete mix. When the 

samples of 0.1% were checked after failure, the fiber was almost nihilistic in 

interface area. 

Adding 0.5% and 0.8% of fiber presented a great improvement in bond strength 

compared with the control case, respectively (70 psi and 86 psi). The highest value 

of bond strength for this type of fiber was adding 1% which was 127 psi. Added 

1% was the percentage to reach the peak value of tensile bond strength in this 

study. This result is close to what had been investigated by (Sahmaran et al.,2014). 

Finally, high volume fraction dosage of 2% showed a tensile bond strength of 100 

psi which is less than 1% bond strength. Nevertheless, 2% still has better results 

than the low amounts of fiber as what done with researchers (Zhang and Li, 2002). 
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When casting PVA I in this study, it had an absorbed behavior against water 

because the industry nature of this fiber. This became a problem with volume 

fraction dosages larger than 1%. High amount of PVA I such as 2%, leads to less 

workability in the concrete mix even with the addition of superplasticizer liquid. As 

observed, samples with volume fraction dosage of 2% have outside holes on the 

sample surface (check Figure 4-4). After failure, there were small holes in the 

interface zone which leads to a reduced bond contact area and makes it weaker 

against load applied from the splitting test.  

In general, adding amounts between (0.8 % to 2%) of PVA I in reinforced concrete 

presented promising results in tensile bond strength compared with reinforced 

concrete without PVA I. The main issue with this fiber is less workability with 

volume fraction dosage over 1%. To solve this issue with 2% or higher, increasing 

the w/c ration and cement content leads to more workability.  
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Figure 4-3 Polyvinyl Alcohol (PVA) Type 1 Tensile Bond Strength for Different Volume Fraction 

Dosage %. 

 

 

 

Figure 4-4 Effect of PVA Type I on Interface Area, Small Gaps Can Be Seen in Red Circles with 

fiber content 2%. 
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4.2.2) Polyvinyl Alcohol (PVA) type II 
 

When using this fiber, the volume fraction of 0.1% showed 52 psi tensile bond 

strength, which is higher than the control case (see Figure 4-5). Fiber with 0.5% 

leads to 117 psi. PVA II showed significant development in tensile bond strength 

comparable with PVA I when adding volume fraction 1% (164 psi). Results for two 

volume fraction dosages (0.5%, 1%) presented enhancement in tensile bond 

strength same as (Zanotti et al.,2014). Percentage of 2% for this fiber does not 

result in a larger tensile bond value than 1% (only 152 psi).  

PVA II results gave a general impression for bond strength. It was easier to mix 

with concrete, which leads high volume fraction (2%) to perform a good result 

close to (1%). Percentages ≥ 0.5% ≤ 2% are recommended to use in the concrete 

mix.  
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Figure 4-5 Polyvinyl Alcohol (PVA) Type 2 Tensile Bond Strength for Different Volume Fraction 

Dosage %. 

 

4.2.3) Polypropylene type I 
 

Polypropylene fiber can be seen to have hydrophobic heavier in the concrete mix. 

This fiber does not absorb water and does not make a full merge with concrete mix. 

However, this fiber showed sequential results compared with all other fibers, (see 

Figure 4-6). In 0.5% of volume fraction, tensile bond strength was 77 psi, which is 

greater than the control case 43 psi. Adding 0.8%, 1%, and 1.5% leads to respective 

increases in tensile bond strength (113 psi, 148 psi, and 185 psi) compared with the 

control case. The highest volume fraction used in this fiber was 2% showed 

improvement in tensile bond strength (144 psi) with an increase of 200% of control 

case.  
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Polypropylene fiber type I enhances tensile bond for all volume dosages were 

added, even in high volume dosages. This type of fiber seems to be the best fiber in 

this study to gain sequential tensile bond strength results by using the splitting 

tensile test. 

 

 

Figure 4-6 Polypropylene Type 1 Tensile Bond Strength for Different Volume Fraction Dosage%. 
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added to the concrete mix. More effort was made to produce the concrete mixture 

when added this fiber. 

  

 

Figure 4-7 Polypropylene Type 2 Tensile Bond Strength for Different Volume Fraction Dosage %. 

 

 

4.2.5) Comparison between Fibers Content and Fibers Type 
 

A simple comparison between fiber types in cases of (0.5%) volume fraction 

dosage showed that PVA 2 has the highest result in tensile bond, (see Figure 4-8). 

Volume fraction of 0.8% results concluded to use Polypropylene 2 when adding 

this percentage to concrete, (see Figure 4-9). Volume fraction of (1%) for all four 
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PVA 2, (see Figure 4-10). Also, PVA 2 was the fiber with the highest tensile bond 

strength result in case of 2%, (see Figure 4-11). 

In this test results, there were some observations for adding fiber to the concrete 

mix and test it were found (summary of results): 

1) Volume fraction dosage of 0.1% did not show improvement in tensile bond 

strength because this percentage is not enough to distribute cracks in the 

interface area. 

2) Fiber percentage between 0.5% to 2% for all four types, showed promising 

results in tensile bond comparing with control case. 

3) Results for fiber percentage of 2% were less than lower percentages for all 

four types because the concrete mix had low workability when adding this 

high amount of fiber. 

4) There were different results for all four fibers; some fiber percentages 

results show tensile bond strength increase of more than 20 % of control 

case, while some results showed more than 400% improvement over the  

control case in tensile bond strength. This happened due to many reasons, 

such as concrete mix design, or surface of samples which affect the tensile 

load applied to interface zone, or physical properties of fibers. 

5) PVA 2 which has low fiber ratio aspect (length/diameter) showed a higher 

tensile strength bond compared with PVA 1 that has higher fiber ratio 
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aspect. In case of Polypropylene fibers, there is no trend between type 1 and 

type 2 for a relation between fiber ratio aspect and bond strength. 

6) Based on suggested minimum required tensile bond strength of 0.75 MPa 

(109 psi), fiber volume fraction dosages that match the required is shown in 

Table 4-3 below. 

Table 4-3 Fiber Volume Fraction Dosages Match Required Tensile Bond Strength. 

 Fiber type Volume 

fraction 

dosage % 

Fiber type Volume 

fraction 

dosage % 

PVA  

type I 

1  

Polypropylene 

type I 

0.8 

1 

 

PVA 

type II 

0.5 1.5 

1 2 

2 Polypropylene 

type II 

0.8 

1 

 

 

Figure 4-8 Volume Fraction Dosage 0.5% For Fiber Types. 
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Figure 4-9 Volume Fraction Dosage 0.8% For Fiber Types. 

 

Figure 4-10 Volume Fraction Dosage 1% For Fiber Types. 
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Figure 4-11 Volume Fraction Dosage 2% For Fiber Types. 

 

 

Figure 4-12 Comparing Between Fiber Types. 
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4.3) Direct double shear test results 
 

Direct double shear test (push-out) specimens in this study were divided based on 

two fiber types; PVA types I and II, and Polypropylene types I and II. Table 4-4 

shows the results of the direct double shear test for all cases used in this 

experimental work. By assuming uniform clear direct shear stress across the bond 

zone, the direct double shear test was calculated based on Equation 3.2 in JSCE- 

SF6, (1990). As in the splitting prism test, most of specimen failures occurred in the 

interface area with some breaks in the edge of plain concrete because fiber 

reinforced concrete (FRC) is stronger than the plain concrete (PC). In this test, the 

bond interface is subject to direct shear stress in the sample.  
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Table 4-4 Results of The Direct Double Shear Test. 

 

Case*= these only the cases were ready for analysis out of 22 cases.                     

B* = Failure at interface bond area.  

 

4.3.1) Polyvinyl Alcohol (PVA) type I 
 

Variation values were found when using PVA I in overlay concrete, as shown in 

Figure 4-13. Equation 3.2 was used to calculate bond shear strength. The control 

specimen was made to compare it with other fiber specimens. It showed an average 

of shear bond strength of 33 psi. Volume fraction dosage 0.5% provided almost a 

 

# Case* 

Volume 

fraction 

dosage 

% 

Fiber 

Type 

Failure 

load 

(lbf) 

Shear 

bond 

strength 

(psi) 

Coefficient 

of 

variation 

(%) 

Failure 

mode 

Control 0.0 None 805 33 9.4  B* 

1 0.5  

 

PVA 

type 

I 

2715 100 12.3 B 

2 0.8 2522 101 7.1 B 

3 1 6535 257 10.6 B 

4 1.5 6136 233 9.8 B 

5 2 4822 174 11.3 B 

6 0.1  

 

PVA 

type 

II 

1171 47 6.5 B 

7 0.8 2431 97 10.3 B 

8 1 3407 133 11.7 B 

9 1.5 8753 325 7.5 B 

10 2 8036 304 9.4 B 

11 0.5  

Polypropylene 

type I 

859 35 10.6 B 

12 0.8 1575 64 13.4 B 

13 1.5 4160 154 10.7 B 

14 2 4552 172 7.7 B 

15 0.8  

Polypropylene 

type II 

5437 201 8.3 B 

16 1.5 6920 235 6.2 B 

17 2 4457 161 7.5 B 



84 
 

200% increase of shear bond strength 100 psi compared with control case. This 

amount of fiber showed a great improvement in bond compared with the control 

specimen. However, adding 0.8% presented 101 psi, which is almost the same as 

the shear bond strength result of 0.5%. This result can be explained because of the 

test nature. Direct shear test assumed to apply a pure shear load, but sometimes it 

also has small bending moment stress based on how symmetric the specimen shape 

is. The significant value of shear bond strength for this fiber type was adding 1% 

which was 257 psi. Like the splitting tensile test, PVA 1 with 1% was the 

percentage to reach the peak value of shear bond strength in this test. The last two 

percentages showed a reduction in shear bond compared with 1%. Volume fraction 

dosage 1.5% had a 233 psi, and 2% showed a shear bond strength of 174 psi. 

Nevertheless, both percentages still have shear bond strength results greater than 

the low amount of fiber. As explained before, with the same fiber type in the 

splitting tensile test, adding high volume fraction dosages leads to less workability 

in the concrete mix. PVA I results were comparable to those investigated by 

(Mirsayah and Banthia, 2002). Recommendations for volume fraction dosages 

larger than 1%: increasing w/c ration and cement content leads to more workability. 
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Figure 4-13 PVA Type 1 Shear Bond Strength for Different Volume Fraction Dosage%. 

 

4.3.2) Polyvinyl Alcohol (PVA) type II 
 

Shear bond strength in PVA II had some variation in results, (see Figure 4-14). 

Volume fraction dosage of 0.1% showed (47 psi) shear bond strength, more than 

50% the control case. Fiber with volume fraction dosage 0.8% leads to 97 psi. PVA 

II did not show significant development in shear bond strength comparable with 

PVA I when adding volume fraction 1% at 133 Psi. Results for two volume fraction 

dosages of0.5% and 1% showed enhancement in tensile bond strength similar to 

(Kim and Bordelon, 2016). Percentage of 1.5% for this fiber showed a great shear 

bond result (325 psi). Highest volume fraction 2% in this fiber had a 304 psi which 

is less than 1.5% result. Percentages with ≤1% showed improvement in shear bond, 
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but they were still less than the 1.5% result with big difference, which is an 

unexpected result based on previous explanations of fibers used in the splitting test.  

 

Figure 4-14 PVA Type 2 Shear Bond Strength for Different Volume Fraction Dosage%. 
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this fiber was 2% and showed improvement compared with all other percentages 

(172 psi). By using direct shear test, these fiber results were the only type that shear 

bond strength improved with each increase of volume fraction dosage. 

Polypropylene fiber type I enhance tensile bond in sequential increase, which is 

identical results with (Kim and Bordelon,2016). This fiber was an excellent choice 

to improve tensile bond strength but did not show significant enhancement in shear 

bond strength comparing with PVA types. 

 

Figure 4-15 Polypropylene Fiber Type 1 Shear Bond Strength for Different Volume Fraction 

Dosage%. 
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4.3.4) Polypropylene type II 
 

For this fiber, three-volume fraction dosages were tested, (see Figure 4-16). All 

dosages had an enhancement in shear bond results compared with control case. 

Adding 0.8% leads to 201 psi of shear bond strength, and 1.5% continued to 

increase the shear bond to 235 psi. Volume fraction dosage 2% had a reduction of 

the shear bond (161 psi) compared with previous two percentages, probably 

because of the low workability of this case. 

 

Figure 4-16 Polypropylene Fiber Type 2 Shear Bond Strength for Different Volume Fraction 

Dosage%. 
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4.3.5) Comparison between Fibers Content and Fibers Type 
 

In the case of 0.8% volume fraction dosage when comparing between fiber types, 

we can explain that Polypropylene type 2 has the highest result in shear bond, (see 

Figure 4-17). Volume fraction dosage of 1.5% results concluded that PVA type 2 

when adding this percentage to concrete is the best percentage of fiber to use for 

shear strength bond, check Figure 4-18. The highest amount of fiber 2%, presented 

to choose PVA type 2 as the best type of fiber to use, (see Figure 4-19). 

Below are some results observed for a direct shear test when adding these types of 

fiber to the concrete mix: 

1) Volume fraction dosage of 0.1% did nots how improvement in shear bond 

strength. 

2) Fiber percentage between 0.8% to 1.5% for all four types showed promising 

results in shear strength bond comparing with control case. 

3) Polypropylene type 1 with volume fraction dosage of 2% was the only type 

to gain higher shear bond than lower percentages because this type has 

hydrophobic behavior, and it has the lowest fiber ratio aspect 

(length/dimeter) comapred with other types. 

4) There were different results for all four fibers; some fiber percentages 

results show tensile bond strength more than 10 % of control case, while 

some results showed more than 600% improvement in tensile bond strength. 
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This occurred for many reasons, such as concrete mix design, or the surface 

of samples which effect tensile load applied to interface zone, or the 

physical properties of fibers. Also, the direct shear test does not always 

apply a pure shear force to the bond zone, and in some cases bending 

moment stress could be applied. 

5) PVA 2 which has low fiber ratio aspect (length/diameter) showed a higher 

tensile strength bond compared with PVA 1 that has higher fiber ratio 

aspect. In case of Polypropylene fibers, there is no trend between type 1 and 

type 2 for a relation between fiber ratio aspect and bond strength. 

6) Based on suggested minimum required shear bond strength of 1.5 MPa (217 

psi), fiber volume fraction dosages that match this required is shown in 

Table 4-5 below.   

Table 4-5 Fiber Volume Fraction Dosages Match Required shear Bond Strength. 

Fiber type Volume 

fraction 

dosage % 

Fiber type Volume 

fraction 

dosage % 

PVA  

type I 

1 Polypropylene 

type I 

 

None 1.5 

PVA 

type II 

1.5 

2 Polypropylene 

type II 

1.5 
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Figure 4-17 Volume Fraction Dosage 0.8% For Fiber Types. 

 

Figure 4-18 Volume Fraction Dosage 1.5% For Fiber Types. 
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Figure 4-19 Volume fraction dosage 2% for fiber types. 

 

Figure 4-20 Comparing Between Fiber Types. 
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4.4) Relation between Splitting Test and Direct Shear Test in 

Bond Strength.  
 

As described in Chapter three, the splitting tensile test under Indirect tension tests 

section was adopted by the American Society for Testing and Materials and 

standardized as ASTM C496/C496M, and was explained briefly for bond 

applications (Bissonnette, 2012). The main idea in this study was to investigate if 

fiber could improve bond properties. Splitting tensile prism results showed a 

significant enhancement in tensile bond strength when adding fiber to reinforced 

concrete. This test created an overall understanding to the tensile bond between the 

fiber reinforced concrete (FRC) layer and the reinforced concrete (RC) layer.   

Direct double shear test, named the push-out test, was presented first by the Japan 

Society of Civil Engineering as a standard procedure (JSCE- SF6). Direct shear test 

results presented a significant improvement in shear bond strength if fiber is added 

to the overlay layer. In general, these tests produced an overall assumption about 

the behavior of fibers used in this study. 

An investigation was made to check the relation between these two tests in bond 

strength. Experimental work results for shear and tensile bond strength showed a 

model that can be applied to find shear bond strength because it is difficult to 

perform a direct double shear test experimentally. This model was divided base of 

fiber type to four equations shown below. 
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4.4.1) Polyvinyl Alcohol (PVA) Type I 
 

 

Figure 4-21 Proposal Model Equation for PVA 1 Based on Experimental Work Results 

 

Shear bond strength τ can be calculated using proposal model Equation 4.1. 

𝜏 = 3 𝑇 − 125       Equation 4.1 

Where 

 τ is the shear bond strength, MPa [psi] 

 T is the tensile bond strength, MPa [psi] 
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4.4.2) Polyvinyl Alcohol (PVA) Type II 
 

 

Figure 4-22 Proposal Model Equation for PVA 2 Based on Experimental Work Results 

 

Shear bond strength τ can be calculated using proposal model Equation 4.2. 

𝜏 = 1.5 𝑇 − 22       Equation 4.2 

Where 

 τ is the shear bond strength, MPa [psi] 

 T is the tensile bond strength, MPa [psi] 
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4.4.3) Polypropylene Type I 
 

 

Figure 4-23 Proposal Model Equation for Polypropylene 1 Based on Experimental Work Results 

 

Shear bond strength τ can be calculated using proposal model Equation 4.3. 

𝜏 = 1.1 𝑇 − 27       Equation 4.3 

Where 

 τ is the shear bond strength, MPa [psi] 

 T is the tensile bond strength, MPa [psi] 
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4.4.4) Polypropylene Type II 
 

 

Figure 4-24 Proposal Model Equation for Polypropylene 2 Based on Experimental Work Results 

 

Shear bond strength τ can be calculated using proposal model Equation 4.4. 

𝜏 = 1.7 𝑇 − 41       Equation 4.4 

Where 

 τ is the shear bond strength, MPa [psi] 

 T is the tensile bond strength, MPa [psi] 
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 In general, all four equations were merging to produce general equation for all 

work experimental work results, see Figure 4-25.  

Shear bond strength τ can be calculated using proposal model Equation 4.5. 

𝜏 = 1.8 𝑇 − 50       Equation 4.5 

For T ≥ 47 psi 

Where 

 τ is the shear bond strength, MPa [psi] 

 T is the tensile bond strength, MPa [psi] 

 

 

Figure 4-25 Proposal Model Equation Based on Experimental Work Results 
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5)    Conclusions and Recommendations 
 

 

5.1) Conclusions 
 

This study focused on investigating bond properties (tensile and shear) between 

FRC Overlay and substrate concrete by examining how fibers affect cracking and 

debonding in the interface area. The interface zone was measured for different fiber 

types with various volume fraction dosages.  

Based on the results of experimental work, the following conclusions were drawn: 

 

➢ The compressive strength of fiber concrete did not show promised 

improvement when adding fiber, it only changes compression collapse from 

brittle to ductile. This consequence matches literature review in Chapter 2. 

➢ Bond strength in the interface area between the existing layer and the FRC 

layer presented higher results more than the control case, and some FRC 

cases had enhancement in bond strength more than 600% of the control 

cases. 

➢ Improvement of the tensile and shear bond strength depends on the strong 

bond between existing and overlay layers, and adding fiber with a volume 

fraction dosage between 0.8 % to 2 % leads to a strong bond. 
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➢ The splitting prism tensile test produced consistency fiber percentage results 

better than the direct double shear test. 

➢ Best tensile bond strength results in the splitting tensile test which were 

more sequential are the Polypropylene type I results. This occurred because 

it has hydrophobic heavier in the concrete mix. Also, it has low fiber ratio 

aspect (length/diameter) compared with other fibers. 

➢ Fiber volume fraction dosages between 0.8% to 2% showed excellent 

results in tensile bond for all four types compared with the control case. 

➢ Some volume fraction dosages between 0.8% to 2% for four types exceeded 

the minimum required tensile bond strength, but all types exceeded it for 

volume fraction dosage 1%. 

➢ The direct double shear test showed variation in outcomes when adding 

different volume fraction dosages for all four fibers. This occurred for many 

reasons such as concrete mix design, or the surface of the sample which 

affect the tensile load applied to interface zone. Also, the direct shear test 

does not always apply a pure shear force to the interface area, and in some 

cases, bending moment stress could be applied. 

➢ Best shear bond strength results in the direct double shear test were 

achieved with Polyvinyl Alcohol (PVA) type II. 

➢ Volume fraction dosages between 1.5% to 2% showed significant 

improvement in shear bond compared with the control case result. 
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➢ All types except Polypropylene type I exceeded the minimum tensile bond 

strength at a volume fraction dosage 1.5%. 

➢ There is no clearly relation found between bond strength and fiber type.  

➢ A relation found between bond strength and fiber type showed that 

increasing fiber content leads to increasing bond strength.  

➢ Low volume fraction dosage (0.1%) for all four fibers in splitting and shear 

tests did not show a vast improvement in tensile and shear bond strength 

because fibers reduce cracks and spread it to tiny cracks in the interface 

area, and 0.1% not sufficient volume to distribute cracks in the interface 

zone. As a result, (0.1 %) is not recommended to use in bond overlay 

applications 

➢ High volume fraction dosage (2%) is not recommended to use in bond 

overlay applications, because with volume fraction dosage less than 2%, 

higher bond strength could be gained.  

➢ The splitting prism tensile test and the direct double shear test generally 

showed a significant enhancement in interface bond between the fiber 

reinforced concrete (FRC) layer and the reinforced concrete (RC) layer. 

➢ Prediction of a relation between shear bond and tensile bond was found.  
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5.2) Recommendations for Future Work 
 

This study included limited investigations on bond properties between FRC overlay 

and substrate conventional concrete. Further research is needed to inspect the 

influence of other parameters in order to make a better understanding of bonding 

behavior of fiber added to concrete. 

Some investigations are recommended below to improve the performance bond 

strength in FRC overlay applications: 

➢ Investigations on different specimen size and contact bond area of test 

specimen to determine if there is any effect of changing dimensions on 

bond strength. 

➢ Use other types of fiber to check the influence of length and equivalent 

diameter of fiber on the bond strength of interface zone. 

➢ Add different volume fraction dosage of fibers to investigate more effects of 

dosage for each fiber. 

➢ Choose different surface treatment methods than wire- brushing such as the 

Sand-blasting and Water-jetting method. The fiber restrains cracks 

development and prevalence them into smaller finer cracks and using these 

surface treatment methods could help fiber to restrain cracks. 

 



103 
 

➢ Using finite element to simulate bond properties of fiber reinforced concrete 

overlays  

 

➢ Slant shear test is an ASTM standard test which measures bond strength 

under two forces (shear and compression), and using this test could bring a 

better understanding of fiber behavior on bond strength under these two 

forces. 
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