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Abstract 

The durability of reinforced concrete buildings is vulnerable to several 

threats, severe environmental damage, and other external stresses. To 

increase the service life of buildings, strengthening and repair methods are 

often utilized to improve their strength and durability. This research looked 

at the effect of adding a UHPC overlay to exiting reinforced concrete beam, 

both with and without construction joints in the UHPC overlay. In the present 

experimental program, nineteen reinforced concrete beams were tested. The 

factors included the continuity of the UHPC overlay, the kind of 

reinforcement in the UHPC overlay, the location of the construction joint in 

the UHPC overlay, and the shape of the construction joint. According to the 

findings, adding UHPC layers to the RC beams' tensile side greatly enhanced 

their stiffness (20–132%) and postponed the crack's onset. At the same time, 

the UHPC overlay's construction joint reduced the effectiveness of the 

strengthening technique. The performance of the strengthened beams is 

greatly affected by the reinforcement ratio in the UHPC overlay. The results 

showed that compared to the control specimen, the UHPC that had been 

reinforced with 2∅ 10 mm steel bar had a higher   ultimate load (17.5-23.1%) 

and stiffness (78%). Moreover, utilizing GFRP as reinforcement for UHPC 

overlay improves the load-bearing capacity, stiffness, and delays the 

emergence of flexural cracks in reinforced specimens. Results showed that 

the UHPC overlay had a strong enough connection to the concrete that the 

load-bearing capacity increased by 40% and the stiffness increased by 30%. 

The effect of the construction joint is mitigated by the use of steel or GFRP 

bar to reinforce the UHPC overlay. As a result, neither the form nor the 

position of the construction joint had any effect on the behavior of the 

strengthened specimens created by the reinforced UHPC overlay. Thus, it is 

advised to employ vertical joints in the UHPC overlay if necessary. Before 
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the enhanced beams can perform to their full potential, concrete cover 

separation at the ends of the UHPC overlay causes the steel bar/GFRP bar 

reinforced beams that were strengthened by UHPC to fail. This is a 

significant problem, thus caution should be used while using this procedure 

to reinforce the beams. 
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Chapter One 

 Introduction 

 

1.1 Introduction 

Due to its strength, durability, and cost-effectiveness, concrete is a popular 

construction material. Nevertheless, concrete structures are prone to damage 

and deterioration, despite their benefits. The reasons for concrete 

deterioration can be diverse and numerous, leading to damage ranging from 

minor cracks to severe structural collapse. 

One of the primary reasons for concrete deterioration is aging. Over time, 

concrete can become weaker due to environmental factors such as exposure 

to moisture, freeze-thaw cycles, and chemical attacks. Another factor that 

can lead to concrete deterioration is exposure to severe environments. For 

example, the steel reinforcement within a concrete structure can corrode 

when exposed to saltwater, acidic chemicals, or high humidity levels.  

Natural and human-made extreme events, such as earthquakes or vehicular 

impacts, can also cause significant damage to concrete structures.  

Finally, changes in design codes or usage can also lead to concrete 

deterioration. For example, a building that was designed for one purpose 

may be repurposed for another use, placing different demands on the 

structure. Similarly, changes in design codes may require modifications to 

the building to ensure compliance with new standards. 
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In summary, concrete structures are vulnerable to deterioration due to 

various factors, and rehabilitation may be necessary to ensure the continued 

safety and stability of the building.  

Overall, it is essential to address any issues with RC buildings promptly and 

effectively to avoid potential safety risks and economic costs associated with 

reconstruction. By using the appropriate methods to strengthen or 

rehabilitate the structure, it is possible to extend its lifespan and maintain its 

functionality in a cost-effective and sustainable manner [1][2][3]. 

There are various situations that may require the strengthening of RC 

buildings. For instance, if a mistake was made during the initial design, the 

structure may need to be reinforced to ensure its safety and longevity. 

Additionally, if the building's purpose or usage changes, it may need to be 

modified to support different loads or functions. Similarly, if a specific 

component is needed to bear a greater weight, the structure may require 

reinforcement [4]. 

In recent decades, various techniques have been developed to strengthen 

existing RC structures, including epoxy-bonded steel plates, external post-

tensioning, and externally bonded carbon fiber-reinforced polymer [5]. 

While these methods have the potential to achieve strengthening goals and 

enhance the strength and durability of RC structures, they also have certain 

drawbacks. 

For example, concrete jacketing, which involves adding a new layer of 

concrete to an existing structure, can increase the mass of the building and 

produce a larger structural member [6][7]. This can be problematic for 

buildings with limited space or capacity. Additionally, steel bonding 

strengthening can be vulnerable to corrosion, fire resistance issues, length 
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limits, and debonding of the steel plate as the adhesion component 

deteriorates over time [8]. 

Similarly, fiber-reinforced polymer (FRP) bar and laminate strengthening 

methods lack fire resistance and may lose their adherence over time, 

potentially leading to reduced effectiveness [9][10]. It is essential to consider 

these drawbacks and challenges when selecting the appropriate 

strengthening technique for a specific RC structure. By understanding the 

benefits and limitations of each method, engineers can determine the most 

effective and sustainable solution to strengthen the RC structure and ensure 

its long-term safety and durability. 

Ultra high-performance concrete (UHPC) is a type of cement-based material 

that has gained popularity in recent years for its use in the repair and 

strengthening of existing reinforced concrete structures. UHPC is 

characterized by its exceptionally high compressive and tensile strength, 

remarkable ductility, and low permeability, making it an ideal material for 

repairing and retrofitting deteriorating RC structures [11]. 

UHPC is defined as a cementitious composite material with a low 

water/binder ratio, reinforced with a high volume fraction of fiber, and an 

optimal gradation of granular materials  [12]. Its compressive strength ranges 

from 120 to 250 MPa, and its tensile strength exceeds 5 Mpa  [13][14]. These 

exceptional mechanical and durability properties make UHPC a promising 

solution for strengthening and repairing RC structures. 

By using UHPC, engineers can increase the strength and durability of RC 

structures while minimizing the need for bulky reinforcements. This can lead 

to cost savings and a more sustainable solution for maintaining the structural 

integrity of buildings. 
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1.2  Ultra High-Performance Concrete (UHPC) 

UHPC is a relatively new construction material that has exceptional 

durability, significant compressive and tensile strength and thus it perfect for 

strengthening/rehabilitation [15]. One of UHPC's exceptional mechanical 

properties is its compressive strength, which is at least 120 MPa [16][17], 

tensile strength exceeding 5 MPa [18][17][19], a high capacity for absorbing 

energy as well as little permeability, shrinkage, and creep [20], [21][19]. 

UHPC has gained popularity in the construction industry because of its 

distinct features, such as exceptional durability, high compressive and tensile 

strength, and resistance to environmental factors like a chemical attack. 

Additionally, its high strength-to-weight ratio and affordable cost make it a 

desirable choice for retrofitting RC structures. Rehabilitation and retrofitting 

of concrete structures using UHPC have proven to enhance their load-

carrying capacity, ductility, and durability [22]–[25]  

Using UHPC for strengthening flexural RC structures offers several benefits, 

including a significant increase in load-carrying capacity and durability. 

Additionally, this method allows for rapid construction through 

prefabrication and assembly, with minimal change in section size and 

minimal disruption to traffic service. This material is increasingly being used 

for bridge decks, beams, columns, and other structural elements in the 

construction industry due to its unique properties. Furthermore, the use of 

UHPC has been shown to reduce the need for maintenance and repair, 

making it a cost-effective solution in the long term [26][27]. 

Although UHPC is a pricier material than NSC, using it to strengthen the 

existing buildings is a more cost-effective solution than using traditional 

retrofitting techniques. In many countries, the cost of materials is much 

lower than the cost of labor. Furthermore, UHPC technology enables a 

significant reduction in the duration of the construction process, which 
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subsequently leads to a reduction in indirect expenses and maintenance fees 

due to the material's excellent durability [28]. 

The Swiss Society of Engineers and Architects released a technical 

document in 2016 which includes concepts for applying a reinforced layer 

of UHPC to existing RC structures. The information presented in the 

document is the outcome of 20 years of research and has been validated 

through controlled experiments as well as real-life applications [28]. 

1.3 Properties of UHPC make it a good solution for strengthening or 

repairing RC structures. 

In 2018 Al-Osta [29] investigated in detail the properties of UHPC that 

make it a promising material for strengthening and repairing RC buildings. 

The conclusion that may be derived from the above is as follows: 

1. First, as seen in Figure 1.1, the UHPC has a strain-hardening response 

and high tensile strength that are comparable to steel. 

Figure 1.1 Idealized tensile mechanical response of UHPC [30]. 
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2. UHPC is highly dense, making it difficult for foreign substances to 

penetrate it. As a result, UHPC is impervious to carbonation, sulfate 

attack, and chloride penetration. Experimental testing showed that UHPC 

is highly resistant to scaling, abrasion, freeze-thaw, and alkali-aggregate 

reactions, as shown in Figure 1.2. 

3. The coefficient of thermal expansion of UHPC was found to be slightly 

higher than that of NSC. As the coefficients of thermal expansion of 

UHPC and NSC are extremely similar, UHPC may be utilized as a repair 

material without causing differential thermal expansion between the 

UHPC and the host concrete [31].  

4. Fire testing indicated that UHPC spalls explosively at 790 degrees 

Celsius, which is 100 degrees Celsius and 190 degrees Celsius higher 

than the corresponding temperatures for HPC and NSC, respectively 

[32]. 

 

 

 

 

 

 

 

Figure 1.2 Experimental tests revealed that UHPC has a significant resistance [33]. 

In comparison to alternative methods, using UHPC as a repair and 

strengthening material might provide a number of advantages [34]:   
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1. Extremely low permeability, which improves the durability and service 

life of the repaired or strengthened part and will have a stronger resistance 

to additional damage or vandalism of the element. 

2. Compared to FRP wrapping, it is less sensitive to concrete surface 

preparation. 

3. May serve as a replacement for patching materials in the process of 

repairing the loss in a concrete section. 

4. Strong resistance to shear stress, which may reduce the need for extra 

transverse reinforcement. 

5. Very flowable and self-consolidating, making it suitable for crowded 

areas. 

6. Comparatively less of an increase in section dimensions as compared to 

concrete jacketing. 

1.4 Application of UHPC 

There are two main uses for UHPC: repairing and strengthening existing 

buildings, and constructing new one, frequently precast buildings  [35]. 

UHPC is most often used in the construction or rehabilitation of bridge parts 

like decks and piers[36], [37], and joining prefabricated RC elements [38]. 

Figure 1.3 presents selected applications of UHPC in the country. 

Figure 1.3 Timeline for selected application of UHPC in strengthening and new 

structures [39]. 
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Switzerland has been using the UHPC overlay since 2004 as a practical 

solution to strengthen its buildings. The first attempt was made in 2004 by 

repairing and enlarging the existing short-span bridge across the river la 

Morge at Chateauneuf, as shown in Plate 1.1   [40]. Since then, several other 

bridges of historical significance have undergone restoration work, including 

the 1925-built Dalvazza Bridge and the 1920-built Guillermaux Bridge, both 

of which were identified as National Historic Landmarks. These restoration 

efforts have allowed the bridges to retain their historic appearance while 

being upgraded to accommodate modern traffic [41]. 

 

 

 

 

 

 

Plate 1.1  La Morge Bridge, a) scheme of the strengthening using UHPC,  b) the bridge 

after 18 years of strengthening [41]. 

 

(a) 

(b) 
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As shown in Plate 1.2a, in 2015, a UHPC overlay was used to repair the 

Chillon Viaduct, which connects the Swiss towns of Chillon and Montreux. 

Although being constructed in 1969, the viaduct structures had begun to 

deteriorate due to the increased weight of trucks. As can be seen in Plate 

1.2b, the UHPC was used to increase capacity utilizing a UHPC overlay [42]. 

Recently (In 2020), three long-span bridges in the US were repaired utilizing 

UHPC overlay. UHPC overlays were applied to extensive parts of the bridge 

deck in these test projects [41]. These bridges included; 

• Commander Barry Bridge: UHPC application has the potential to save 

over $200 million in construction costs and add another 30 years to 

the service life of the bridge deck (Plate 1.3). 

• Delaware Memorial Bridge: the application of UHPC overlay save 

$60 million compared with the removal and replacement (Plate 1.4).  

• Claiborne Pell Bridge (Plate 1.5). 

 

 

 

 

 

 

 

 

Plate 1.2 Strengthening of Chillon Viaduct, a) Chillon Viaduct during UHPC deck 

overlay construction, b) pouring UHPC overlay [41]. 

(a) (b) 
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Plate 1.3 UHPC overlay installation over Barry Bridge [41]. 

 

 

 

 

 

 

Plate 1.4 Application of UHPC over the duck of Delaware Memorial Bridge [41]. 

 

 

 

 

 

 

Plate 1.5 Pell Bridge with Strengthening Claiborne UHPC overlay [41]. 
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1.5 Problem statement  

One significant challenge in using UHPC is that it is a new strengthening 

technique compared to other methods. There have been no recorded 

instances of using UHPC for strengthening concrete beams, and only bridge 

deck slabs have been commonly strengthened using UHPC. Limited studies 

have focused on the behavior of beams strengthened with UHPC overlay, 

and several factors must be considered, such as UHPC properties, 

reinforcement of the UHPC strengthening layer, thickness of the UHPC 

layer, surface condition of the strengthened element, and bonding between 

UHPC and NSC. Further studies are required to support this strengthening 

technique. 

In construction projects, it is sometimes necessary to create construction 

joints due to the nature of working conditions, supply shortages, project 

timelines, or unexpected malfunctions. In these situations, it is crucial to 

design and detail phased construction joints that are waterproof while also 

allowing for stress transmission. Surface preparation of the hardened UHPC 

is crucial for enhancing bonding between the hardened UHPC and fresh 

UHPC, and the use of reinforcing bar dowels may also be necessary between 

phases [34]. 

1.6  Amis and objectives 

The current study aims to enhance the flexural strength of RC beams by 

applying a UHPC overlay at the tension side. The objectives of this study 

are as follows: 

1 An experimental investigation is being conducted to strengthen the RC 

beams utilizing a UHPC overlay. 

2 Experimentally investigate the effect of different types of reinforcement 

used in UHPC overlay. 
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3 Experimentally investigate the effect of the presence of construction joint 

in the UHPC overlay on the efficiency of this strengthening technique.  

4 Also, studying the effect of the construction joint's location and shape on 

this strengthening technique's efficiency. 

5 Try to improve the bonding between NSC and UHPC by roughing the 

NSC surface with water jetting and using epoxy adhesion. 

1.7  Thesis outline  

This thesis is structured into five chapters that aim to provide a 

comprehensive study on the behavior of RC beams strengthened with an 

UHPC overlay. The following is an overview of each chapter: 

Chapter One presents an introduction to the research and provides a brief 

background on the strengthening techniques, problem statement, and amis 

of study.  

Chapter Two reviews the existing literature on the use of UHPC in 

strengthening RC structures, focusing on its properties, advantages, and 

limitations. It also discusses other strengthening techniques and their 

drawbacks. 

Chapter Three describes the experimental program carried out at the 

University of Babylon. It includes details of the tested specimens, materials 

properties, construction method and the testing procedure. 

Chapter Four presents the results of the experimental program and analyzes 

the behavior of the RC beams strengthened with UHPC overlay. It includes 

graphs, tables, and figures to illustrate the data obtained and draws 

conclusions on the effectiveness of the UHPC overlay technique. 

Chapter Five summarizes the research findings and draws conclusions on 

the use of UHPC overlay in strengthening RC beams. It also makes 

recommendations for future research in this area, based on the limitations 

and gaps identified in the current study. 

 



 

 

Chapter Two 

 Literature Review 

 

2.1 Introduction  

In this chapter, an overview is provided of the different methods that can be 

employed to improve the strength and restore reinforced concrete structures. 

The chapter summarizes the results of strengthening beams, and then goes 

on to detail the effectiveness, advantages, and disadvantages of each repair 

or strengthening technique, taking into account the specific application, the 

amount of effort required, and the extent to which it can be applied. 

2.2 Repair and strengthening techniques 

RC constructions are a popular choice for a wide range of buildings and 

infrastructure projects around the world, due to their durability and strength. 

However, these structures require ongoing maintenance and repair to ensure 

their continued safety and functionality [43]. As reinforced concrete 

buildings age, they are prone to developing issues with serviceability, 

sustainability, and durability, which can result from environmental changes 

and heavy mechanical loading [2][3]. To extend the useful life of these 

buildings and minimize costly maintenance, it is crucial to strengthen them. 

In recent years, several methods and materials have been used to rehabilitate 

existing RC buildings, including epoxy repair, removal and replacement, 

fiber-reinforced polymer, external wrapping, and near-surface mounted 

[46][47][48]. While these methods can effectively enhance strength and 

durability, they may also have drawbacks such as an increase in building 
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weight due to concrete jacketing, corrosion, and fire resistance issues when 

using the steel plate approach, and aging of adhesion materials at the 

interface when reinforcing with FRP [49]. The following sections will 

provide an overview of the most commonly used strengthening techniques 

worldwide. 

2.2.1 Concrete jacketing 

One of the most widely used and long-standing methods for rehabilitating 

concrete frames is adding concrete jackets with additional longitudinal and 

transverse reinforcement. This method requires more time and effort as new 

reinforcement needs to be added. Unlike other strengthening techniques that 

use steel elements, this method does not require specialized work demands. 

An advantage of this technique is that the increased stiffness of the structure 

is uniformly distributed, which is beneficial for the overall stability of the 

structure [50][51]. 

Adding joint transverse reinforcement to a concrete structure requires many 

labour-intensive steps, such as perforating the floor slab, drilling through the 

beams, and occasionally bending the reinforcement in place. The mass and 

volume are both increased while living space is diminished due to jacketing's 

effect on the size of the members. In addition to raising the total expense of 

the renovation, the construction operations themselves are disruptive to the 

building's tenants [50]. 

2.2.2 Steel jacketing 

During the 1960s, engineers attempted to strengthen RC beams for the first 

time by connecting steel plates to the tension side of the beam from the 

outside [52]. While attaching steel plates to a beam did increase its flexural 

strength, this method had drawbacks, such as leaving the plate vulnerable to 
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environmental degradation mechanisms like corrosion. The weight of the 

steel plates also made it difficult and costly to install them [53][54][50]. 

2.2.3 Strengthening RC beams with FRP  

The FRP laminate flexural strengthening technology became widely used. In 

the 1980s, the concept of using FRP laminates to repair and reinforce beams 

and slabs was introduced [55]. The basic idea behind the FRP strengthening 

method is to use the laminates on the tension side of the beam as an extra 

layer of reinforcement[56], [57][58]. FRP composite systems have proven to 

be a practical and cost-effective solution for strengthening structures due to 

their low cost, high strength-to-weight ratio, and resistance to corrosion [59]. 

Toutanji et al. in 2005 [60]used three, four, five, and six layers of CFRP 

sheet to strengthen the RC beam. The ultimate moment capacity was found 

to rise by 42.6%, 49.2%, 67.8%, and 70.2% over the control beam. When 

comparing the reinforcement with five and six layers of carbon fiber sheets, 

it is clear that there is no noticeable gain in strength. 

Attari et al. in 2012 [58] discovered that a composite material made of glass 

fibers and carbon fibers worked well for strengthening concrete beams. 

While comparing the strengthened beam specimen to the control specimen, 

the strength capacity was shown to enhance by 114%. 

The underside of a beam is often inaccessible due to obstructions such the 

suppression system, electrical cables, and ventilation ducts, making the 

implementation of retrofit solutions difficult and time-consuming. This 

means that it might be challenging to get the well-prepared concrete surface 

for the FRP application at the bottom of the structural element, or that access 

could be impossible due to logistical constraints. Applying FRP to the 

bottom might be especially challenging since it may need extra anchoring or 

equipment to support FRP laminates while an adhesive cure [61]. Moreover, 
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when a composite laminate is subjected to compression, there are specific 

possible problems, such as fiber micro-buckling, that need to be addressed 

[62]. 

Gunes et al . [63] revealed that wet conditions might significantly weaken 

the FRP-concrete connection over time. In only two weeks of exposure to 

moisture, more than half of the initial bond strength might be lost.  

The temperature has a significant impact on the physical and mechanical 

characteristics of the resin components of FRP systems, and these qualities 

deteriorate at temperatures near and above their glass-transition temperature 

(Tg). Standard commercially available FRP systems have a (Tg) temperature 

between 60°C and 82°C [56]. Unfortunately, the use of FRP systems will not 

arrest the continued corrosion of existing reinforcing steel. FRP 

reinforcement should not be installed if steel corrosion is occurring or if the 

concrete substrate is being degraded [56]. 

2.3 Strengthening the RC element by UHPC overlay  

This section presents the recent study of strengthening the RC element by 

UHPC. 

Genedy in 2014 [53] conducted a study in which four RC beams were cast 

and subjected to four-point bending until failure. The purpose of the study 

was to investigate the flexural performance of a strengthening system for T-

beams. Plate 2.1 illustrates the procedure, which includes removing the top 

51 mm of the beam cover before attaching CFRP laminates to the existing 

concrete surface and casting UHPC overlay over the laminates. The load-

bearing capability increased by 9.2 % after using the recommended 

strengthening method. In addition, the T-flexural beam's failure mode shifted 

to a shear failure mode. Nevertheless, the load capacity of the beam was not 

noticeably improved by using only the UHPC overlay to strengthen it. 
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 As can be seen in Plate 2.2, the failure of the beam occurred at both loading 

locations because of debonding between the UHPC overlay and the 

conventional concrete surface. The UHPC overlay eventually became totally 

isolated from the base concrete portion as this debonding process spread 

laterally. Based on these findings, the suggested method may be useful for 

low- and medium-depth T-beams and slabs. 

 

 

 

 

 

 

Plate 2.1: CFRP sheets and shear dowels installed [53]. 

Plate 2.2: Debonding of UHPC overlay [53]. 

Prem et al. in 2016 [27] UHPC overlays of 10, 15, and 20 mm in thickness 

were used to strengthen RC beams with reinforcement ratios of 0.57%, 

0.89%, and 1.30%, respectively. Without deboning, the composite 

retrofitting beams are performed as a single unit under bending. With 10 mm 

of overlay, the damaged beams were restored to their original flexural 

capacity. For beams with 15 mm UHPC overlay reinforced with steel bars 
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of 0.57%,0.89%, and 1.3% increases load bearing capacity by 24%, 11.57%, 

and 10.60%. 

Hussein and Amleh in 2015 [64] developed composite members consisting 

of UHPC/NSC and NSC/HSC RC beams without web reinforcement, as 

shown in Figure 2.1. The UHPC was placed on the tension side of the beam, 

surrounding the tension reinforcement, while the NSC/HSC was used on the 

compression side. To enhance the bond between the UHPC and the existing 

RC beam, stud connections or dowels were employed. According to the 

study, the shear strength of composite beams was 1.6 to 2.0 times higher than 

that of control beams. The addition of studs did not result in a significant 

increase in the shear strength of the composite beams because of the robust 

covalent bonds between the existing RC and UHPC layers.   

Figure 2.1. UHPC layers detail (a) Effective tension area (b) stud connection (c) shear 

connections [64]. 

Hor et al. [65] conducted an experimental study in 2017 to strengthen an 

RC slab using UHPC. Two different UHPC arrangements were used to 

reinforce the RC slab. In the first arrangement, the deteriorated concrete was 

removed, and UHPC of varying thickness was applied as a patch to repair 

the RC members. In the second arrangement, an additional UHPC overlay 

of 25-50 mm thickness was added to reinforce the RC members. Although 

the use of UHPC patch did not enhance the load-bearing capacity of the RC 

slab, all of the reinforced slabs demonstrated remarkable energy absorption 
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and ductility. Moreover, it was noticed that when the thickness of the UHPC 

layer is increased, the mechanism of failure transitions from shear failure to 

flexure failure. According to the data, the UHPC layer increased the total 

stiffness and delayed the onset of shear fractures. Plate 2.3 illustrates the 

failure mechanism of the patch and the overlay technique for strengthening. 

In 2017 Murthy et al. [66] conducted a study where they used a UHPC 

laminate to repair a damaged RC beam. The main aim of this study was to 

examine how the addition of a thin UHPC laminate improves the pre 

damaged. The researchers strengthened the beams using a 10mm UHPC 

layer and subjected them to variations in pre-loading of 70%, 80%, and 90%, 

respectively. It was found that all pre-loaded and retrofitted RC beams had a 

maximum load-bearing capacity that was somewhat greater than the average 

maximum load of the control beam. Additionally, it was determined that the 

pre-loaded and retrofitted beams only required a 10mm UHPC laminate 

thickness to revert back to their behavior before pre-loading and retrofitting. 

Tanarslan et al. [67] in 2017 did experimental work to investigate the 

performance of RC beams reinforced with UHPC laminate. There were two 

types of bonding used in the UHPC laminates' strengthening. Both methods 

of bonding UHPC laminate are depicted on Plate 2.4, with the first using 

epoxy glue and the second using mechanical anchoring. Also, the use of 

reinforcing bar in UHPC laminate was studied. The findings shown that 

using UHPC laminates, especially in the context of anchoring, is an efficient 

method for raising the RC beams' load bearing capability. The load-bearing 

capability of the UHPC-enhanced specimens was found to rise by at least 

7% and by as much as 118%. The ultimate load of the laminate was increased 

by 73% when internal reinforcement was added in comparison to the load 

that was recorded when the laminate was not reinforced internally.  
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Plate. 2.3 Failure mode and cracking pattern of the tested specimens [65]. 

Plate 2.4. Bonding application for UHPC laminate [67]. 
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Paschalis in 2018 [68], conducted an experimental and theoretical 

investigation of the structural behavior of a full-scale RC beam strengthened 

by UHPC. This study used six RC beams; the first two beams served as 

control, whereas the second two strengthened with the UHPC layer at the 

tension side. The others specimens were similar to the second one with a 

steel bar added to the UHPC layer. Before this method can be used in the 

real world, the interface between the new layer and the existing beam has to 

be roughened so that the aggregates can be seen. As shown in Figure 2.2, 

connecting bars were used to join the old and new reinforcement in this 

investigation. The test results showed that additional UHPC at the tension 

side resulted in a large increase of stiffness with a slight increase in the 

ultimate load However, adding a steel bar to the UHPC layer significantly 

increases the load carrying capacity (90% compared with the control 

specimen). Numerical findings show that the amount of layer reinforcement 

is a crucial factor in determining the enhanced beams' performance. 

Moreover, it seems that the quantity of reinforcement of the layer is more 

essential than the depth of the layer in terms of the maximum resistance to 

the applied stresses. Thus, the performance of the strengthened RC beam 

with a 30 mm layer and 16 mm steel bars is superior than the performance 

attained for strengthening with UHPC layers of 50 mm and 70 mm depths 

using 10 mm steel bars. 

 

 

 

 

 

Figure 2.2  Application of UHPC layers in real practice [68]. 
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The study conducted by Zhang et al. in 2019 [69] provides valuable insight 

into the use of UHPC as a repairing material for damaged bridge decks. The 

experimental results demonstrated a significant improve the cracking and 

ultimate capacities of composites when placed UHPC at the tension face. 

This finding is particularly relevant for bridge decks, which are often 

subjected to heavy loads and harsh environmental conditions. By increasing 

the load-bearing capacity of the damaged deck, UHPC can help to extend 

the lifespan of the bridge and reduce the risk of catastrophic failure. 

Interestingly, the study also found that UHPC placed at the compression face 

did not improve the cracking capacity of the composite, but still increased 

the ultimate capacity by 30%. Another significant finding of the study was 

the delayed and restricted crack propagation in RC slabs that had been 

strengthened with UHPC.  

Zhang et al. in 2020 [70]conducted a study to enhance the performance of 

damaged RC beams strengthened in flexural by adding a UHPC overlay. 

Thirteen RC beams were constructed in section and details shown in Figure 

2.3, and various parameters were tested, including the degree of pre-damage 

of the tested specimens, and the improvement of the toughness of UHPC by 

a different method. The study found that the ultimate and cracking loads of 

strengthened specimens improved by 1.57 to 3.32 and 1.72 to 2.21 times, 

respectively. The reinforced UHPC layer successfully restricted cracks 

propagation. However, the degree of improvement in the flexural 

performance of UHPC-reinforced beams decreased with the severity of the 

RC beam's pre-damage. Moreover, the addition of steel wire mesh produced 

the most significant improvement. 
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Figure 2.3 Detailed scheme for the test specimen [70]. 

Ismail and Hassan 2021 [71] conducted a study to investigate the response 

of a full-scale RC beam after being repaired with UHPC. The UHPC was 

used to replace a layer of NSC on the tension side of the beam. The study 

included the repair procedure with typical dimensions and compression 

pattern, as well as the reinforcement details, test apparatus, and results, as 

shown in Figure 2.4. According to the findings, the repaired beam exhibited 

enhanced ultimate load, ductility, and energy absorption when compared to 

the control beam. Despite the implementation of a substantial number of 

stirrups and surface roughening techniques to connect the original member 

with the repair material UHPC, the repaired beam failed rapidly due to shear-

interface debonding, as depicted in Figure 2.4. These results demonstrate 

that while UHPC can effectively enhance the strength and durability of 

reinforced concrete structures, additional research is necessary to address 

challenges related to the bonding of UHPC with the existing concrete 

surface. Such findings highlight the need for continued research efforts to 

improve the effectiveness and long-term durability of UHPC-based repairs 

for concrete structures. 
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Figure 2.4 Test setup, reinforcement details, and typical cracking pattern [71]. 

To further elaborate on the study conducted by Wei et al. (2022) [72], the 

research aimed to investigate the potential for flexural cracking in a 

reinforced UHPC overlay on a bridge deck. The study was carried out under 

both static and fatigue loading conditions, which are common scenarios 

experienced by bridge decks in service. Despite the use of reinforcement in 

the UHPC overlay, the experimental findings showed that the failure of the 

overlay cannot be completely avoided, indicating the need for ongoing 

maintenance and repair. It is important to note that this study provides 

valuable insights into the limitations and challenges associated with the use 

of UHPC overlays for bridge deck rehabilitation, which can help inform 

future research and development efforts in this area 

2.4 Debonding   

2.4.1 Interfacial preparation 

The interfacial behavior between the existing structure and the repair 

material has emerged as a critical factor in ensuring the structural integrity 

of the repaired structure. Recent research has highlighted the importance of 
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interfacial debonding in UHPC repairs, which can be minimized through 

proper surface preparation of the concrete substrate and quality control 

measures during UHPC application. Achieving an in-depth understanding of 

interfacial behavior is critical to ensuring effective interface preparation and 

reducing the risk of interface failure. Through an improved understanding of 

how interfaces behave, it may be possible to enhance the effectiveness of 

UHPC repairs and promote the long-term durability of reinforced structures 

[52][53]. The interface between two materials experiences both tensile and 

shear stresses that can lead to the sliding or splitting of the materials [75]. 

When replacing or strengthening existing concrete, it's best to use a 

comparable material. Unfortunately, that is not always the case and is seldom 

the best option. The two concretes are too far apart in age to be fully 

compatible for strengthening and restoration [76]. 

The researchers evaluated seven different approaches to preparing the 

interface for UHPC strengthening. These approaches included no 

preparation, rough preparation, rough preparation with epoxy adhesion, 

sandblasting, epoxy adhesion alone, rough preparation with studs, and studs 

alone [77].  

Sandblasting and shot blasting are two surface preparation techniques with 

a reduced potential for microcracking, studies have shown that this bond is 

possible with a roughened, prepared amplitude of 0.125 inches or less in the 

concrete substrate Sandblasting and shot blasting are two surface preparation 

techniques with a reduced potential for microcracking, studies have shown 

that this bond is possible with a roughened, prepared amplitude of 0.125 

inches or less in the concrete substrate [57][79][80]. 

According to many researchers in this field, there are three primary modes 

of failure observed in UHPC/NSC structures: cohesive failure within the 
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concrete substrate, adhesive failure at the interface, or a combination of both 

parts [81]. 

 

Plate 2.5. Debonding at the interface [67][82]. 

 

The bond between UHPC and the existing concrete can be evaluated using 

splitting tensile and slant shear tests. Tests conducted on smooth-surfaced 

cast-in-situ specimens revealed the lowest bond strength. Nonetheless, the 

slant shear test indicated the greatest bond strength when the concrete was 

prepared through sandblasting. On the other hand, the splitting tensile test 

indicated that the use of epoxy adhesives provided the strongest bond on a 

smooth surface of existing concrete. Conversely, the sandblasting of the 

concrete surface improved its roughness, enhancing its capacity to endure 

shear stress, and consequently yielding the highest bond strength during the 

slant shear test [81]. 

Recently, Hydrodemolition techniques are used in numerous UHPC overlay-

strengthening projects.  Hydrodemolition is the preferred removal method  

for UHPC Overlays, and roughened surfaces with no microfractures create 

an ideal bonding surface with UHPC [83]. Plate 2.6 present the surface of 

the deck slab for NJ 57 over Hances Brook Bridge. 
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Plate 2.6 Hydrodilimiation of deck slab in practical [83]. 

2.4.2 Phased Construction Joints 

UHPC overlays are often constructed in stages. An overlay is often put in 

place to keep traffic moving on a section of the bridge or because of the 

restrictions of the construction equipment. The transitions between stages of 

construction are marked by longitudinal joints as a consequence of this 

method. In addition, transverse construction joints may be required when 

there are large gaps between expansion joints. In such situations, it is 

essential to plan for and specify phased construction joints that are not only 

waterproof but also transmit stress. In order to achieve a strong link between 

the two UHPC phases, the hardened UHPC's surface must be properly 

prepared. As illustrated in Plate 2.7, one method for creating a strong link 

between hardened UHPC and fresh UHPC is to remove the solidified surface 

cement paste from the hardened UHPC and expose the fiber reinforcement. 

This outcome is attainable with the use of a set retarder and subsequent 

pressure washing or sandblasting [84]. 
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Plate 2.7 Photo. Exposed fiber finish on a UHPC overlay construction joint [84]. 

2.5 Summary 

1- One obvious drawback of concrete jacketing methods is the amount 

of effort required to complete the many steps involved. The mass and 

volume are both increased while living space is diminished due to 

jacketing's effect on the size of the members. Construction methods 

are disruptive to tenants, which might drive up the final cost of the 

renovation. 

2-  Steel plates attached externally to the beam were shown to be 

successful in flexural Strengthening, however, this method leaves the 

steel plate vulnerable to environmental degradation mechanisms like 

corrosion. The steel weight made it difficult and costly to set up these 

plates. 

3- Logistically, it may be impossible to get access to the bottom of the 

structural member, where the concrete surface must be well-prepared 

for the FRP application. It was also discovered that extended exposure 

to moisture condition may result in considerable deterioration of the 

FRP-concrete bond strength and other issues when working with 

composite laminates subjected to compression. The resin components 

of FRP systems have physical and mechanical qualities that are 

affected by temperature and deteriorate at temperatures near and 

above their glass-transition temperature. 
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4- Strengthening flexural RC structures using UHPC has been a focus of 

research and development over the last years. The UHPC matrix is 

very dense and compact, which leads to great physical performance 

like reduced permeability and enhanced durability. Using UHPC to 

reinforce or repair RC structures has shown to be a successful and 

promising technology because of these qualities, especially when 

compared to more conventional methods. 

5- Much attention must be paid to the debonding of the NC and UHPC 

layer, which may be prevented by roughening the beam and applying 

adhesives (epoxy). 

6- As a consequence, it is important to undertake experimental 

investigations of the operation of the joints in the UHPC layer forced 

by the reality of the job (for instance, in roads, bridges, et.) 

The present study aimed to enhance the flexural performance of RC beams 

by utilizing a thin UHPC overlay. A significant effort was dedicated to 

investigating the effects of construction joints in the UHPC overlay, which 

sets it apart from other studies. Additionally, the UHPC overlay was applied 

along the clear span of the beam to simulate the practical strengthening of 

the distance between the two supports. This differs from previous studies 

that applied the UHPC overlay along the beam. Moreover, the study 

examined the impact of UHPC reinforcement, including steel bars, GFRP 

bars, and steel mesh. 

 

 

 



 

 

Chapter Three 

Experimental Work 

 

3.1 Introduction 

The experimental program are described in this chapter. The materials, mix 

proportions, specimen preparation and curing, UHPC layer casting, and 

testing process are all described in depth, as well as the research methods 

utilized to achieve the goals outlined in chapter one. 

Nineteen identical RC beams were tested under a four-point bending load; 

fifteen were strengthened with a UHPC overlay. Two specimens were made 

of NSC used as control specimens, and the other two, strengthened by 50 

mm UHPC overlay, also served as control specimens, while the remind 

strengthened with 50 mm UHPC and investigated different factors, as 

discussed in the next sections. In the present study, two specimens were used 

as control specimens to know the accuracy of the results.  

3.2 Identification of Specimens 

Each strengthened specimen is designated in four parts to allow comparison 

and account. The first part (OS) refers to Overlay Strengthening. The second 

part represents the type of reinforcement in UHPC overlay (N=No 

reinforcement, G=GFRP reinforcement, R= steel rebar reinforcement, M= 

steel mesh reinforcement). While a third part represents the location of the 

construction joint in the UHPC layer (0 =No joint, 1/2=joint located at mid-

span of overlay, and 1/3=joint located at the third span of overlay) 
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respectively. Finaly, fourth part represents the shape of the construction joint 

in the UHPC layer (K=Key joint, V=Vertical joint). While the NSC 

specimens (control specimens) identified by C. Figure 3.1 illustrate the 

identification of the specimen. 

 

Figure 3.1 Specimens identification  
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3.3 Test matrix 

The NSC beams were constructed according to  ACI 318-19 [85], as shown 

in Appendix A, with a rectangular cross-section of 150 mm width, 200 mm 

total depth, and a total length of 2000 mm. 2Ø12mm was used as top and 

bottom reinforcement. However, Figure 3.2 illustrate the specimen details of 

the NSC beam (all dimensions are in mm). 

Figure 3.2 Reinforcement and geometrical details of NSC specimens. 

As mentioned previously, two NSC beams served as control specimens, 

while the other two specimens were strengthened with a 50mm UHPC 

overlay to serve as control specimens also. In the present study, the UHPC 

overlay extended from face to face of supports to represent a practical case, 

as shown in Figure 3.3. Whereas most previous research utilized the UHPC 



Chapter Three                                                                                       Experimental Work  

33 
 

along the beam and extended throughout the supports, this is not true in 

practice.  

The rest specimens were classified into two groups based on the shape of the 

construction joint in the UHPC overlay.  

Figure 3.3. Strengthened specimen details. 

3.3.1 K- Group  

 Seven specimens with a 50 mm UHPC overlay compensate the first group. 

The construction joint's position (middle of the span or the third span), the 

inclusion or absence of reinforcement in the UHPC overlay, and the kind of 

reinforcement were the independent factors. In this group, the key joint was 

used to limit shear flow and strengthen the bond. All the fine details of these 

specimens are shown in Figure 3.4. 
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Figure 3.4 Geometry and reinforcement detail of specimens in K-group 
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Figure 3.4 Continued, geometry and reinforcement detail of specimens in K-group 

 

3.3.2 V-Group  

Seven RC beams were strengthened with a 50 mm UHPC overlay, and the 

strengthening layer included vertical construction joints. The main variables 

were whether or not there was a construction joint in the UHPC overlay, 

whether or not reinforcement was used, what kind of reinforcement was 

used, where the construction joint was located (mid-span/third-span). Detail 

of the specimens in this group is shown in Figure 3.5. 

Table 3.1 summarises the details and variables of tested RC beams in the 

present study.  

 

100X100 



Chapter Three                                                                                       Experimental Work  

36 
 

 

Figure 3.5 Continoud, Geometrical and reinforcement detail of specimens in V-group. 

 

 

 

 

 

100X100 

100X100 



Chapter Three                                                                                       Experimental Work  

37 
 

 

3.4 Selection of materials and its fundamental characteristics 

To ensure the production of adequate RC specimens, appropriate guidelines 

were followed during material selection, control, and ingredient 

proportioning processes. The experimental study thoroughly documented 

the materials used, including their sources, chemical composition, and 

physical properties. The study investigated two types of concrete: UHPC and 

NSC, and the properties of both fresh and hardened concrete, as well as the 

component mix and material quality, are detailed in the following sections.  

3.4.1 Mix proportion of UHPC 

The UHPC's exceptional strength is primarily caused by the high cement 

content, low water/cement ratio, silica fume, and well-graded components. 

Silica fume serves as a filler and a pozzolanic material in the UHPC mixture. 

Table 3.1 presents a summary of details and variables of tested RC beams examined 

No. Designation UHPC 

strengthening 

Shape of 

joint 

Location of 

joint 

Type of UHPC 

reinforcement  

1 C1 No No No No 

2 C2 No No No No 

3 OSN0 Yes No No No 

4 OSN0 Yes No No No 

5 OSM0 Yes No No Mesh 

6 OSN0.5K Yes Key 1/2 No 

7 OSM0.5K Yes Key 1/2 Mesh 

8 OSR0.5K Yes Key 1/2 Rebar 

9 OSG0.5K Yes Key 1/2 GFRP 

10 OSM0.33K Yes Key 1/3 Mesh 

11 OSR0.33K Yes Key 1/3 Rebar 

12 OSG0.33K Yes Key 1/3 GFRP 

13 OSN0.5V Yes Vertical 1/2 No 

14 OSM0.5V Yes Vertical 1/2 Mesh 

15 OSR0.5V Yes Vertical 1/2 Rebar 

16 OSG0.5V Yes Vertical 1/2 GFRP 

17 OSR0.33V Yes Vertical 1/3 Rebar 

18 OSG0.33V Yes Vertical 1/3 GFRP 

19 OSM0.33V Yes Vertical 1/3 Mesh 
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Micro steel fibers are added to reinforced the UHPC matrix. The addition of 

micro steel fibers to UHPC creates a composite material with improved 

properties, including increased tensile strength, ductility, and toughness. 

UHPC mixtures typically have a water/binder ratio of less than 0.2 [86]. 

With such a low water/binder ratio, however, UHPC needs a lot of 

superplasticizers to be practical. 

In order to attain the required fresh and mechanical characteristics of UHPC, 

multiple trail mixes were conducted in the Engineering College laboratory 

at Al-Qasim Green University. The mixed percentage of UHPC shown in 

Table 3.2 was adopted in the current investigation based on many trail mix. 

Because of its low water content, UHPC cannot be mixed using the same 

technique and time as NSC. It takes an average of 15 minutes to generate a 

homogenous UHPC mix, however, this might vary depending on the mixer 

type and the energy available to the mixer [86][87]. 

Table 3.2 The mix proportion of UHPC 

Cement 

(kg m3⁄ ) 

Sand* 

(kg m3⁄ ) 

Silica fume 

(kg m3⁄ ) 

water binder⁄  

(%) 

SP binder⁄  

(%) 

Steel fiber 

(kg m3⁄ ) 

950 1050 190 15 3.5 157 (2%/m3) 

*Sand pass from sieve 0.6 mm 

 

Plate 3.1. shows the preparation of material and mixing procedures. First, 

the dray material (cement, sand, and silica fume) was combined for 1-2 

minutes. The liquid (water combined with superplasticizer) was 

progressively added and allowed for 12-15 minutes until the UHPC paste 

was flowable. The steel fiber was then progressively added to the UHPC 

paste and constantly mixed for 3-5 minutes until it was evenly dispersed 

throughout the paste. The UHPC is then ready to pour. The same procedure 

was used to cast the UHPC overlay of the full-scale RC beams with a high 
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shear mixer of 325 Liter capacity. Simultaneously, the flow test was 

conducted to ensure acceptable workability. The flow was examined based 

on ASTM 230 [88],[89]. It was found that the flow ranged between 230-240 

mm. Plate3.2. illustrate the test procedure. 

 

 

 

 

 

  

  

  

  

 

Pate 3.1  Preparation of material and mixing procedures. 

 

Preparing raw 
matrail 

Mixing dry material 

for 1-2 min. 
Adding the liquid consituant 

and mix for12-15 min. 

Adding the steel fiber 
gradually and mix for3-5 min. 

The mixing will be ready 
to pour 
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Plate 3.2 Illustrate the flow test 

3.4.1.1 UHPC constituent's material  

3.4.1.1.1 Cement 

Sulfate-resistant cement produced by the Lavarge Company in Iraq was 

utilized for this study. This cement is utilized in both UHPC and NSC. Tables 

3.3 and 3.4 show the test result of the chemical analysis and physical 

conducted on the cement. This cement met I.Q.S.[90]. 

Table 3.3: Main components and chemical composition of AL-Jesr cement. 

Chemical Composition Percentage by Weight Limit of IQSNo.5/1984 

Lime (CaO) 61.25 - 

Silica (SiO2) 19.78 - 

Alumina (Al2O3) 3.41 - 

Iron Oxide (Fe2O3) 4.8 - 

Magnesia (MgO) 1.72 5.0  

Sulfate (SO3) 2.29 2.8  

Free Lime (free CaO) 0.914 - 

Loss on Ignition (L.O.I.) 2.42 4.0  

Insoluble Residue (I.R.) 0.85 1.5  

Lime Saturation Factor 

(L.S.F.) 

0.953 (0.66-1.02)% 

Placed the 1st  layer 
about 25 mm 

Damp the 1st 
layer 20 times 

Damp the 2nd  
layer 20 times 

Placed the 2nd   
layer to surface 

Left the mold away and 
drop the table 25 times 

in 15 sec. 

The avarage flow diameter 
was 230-240 mm   
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Table 3.4: Physical properties of AL-Jesr cement 

Physical Properties Test 

Result 

Limit of IQS NO. 

5/1984 

Specific Surface Area (Blaine Method) m2/kg 303 ≥ 230 

Initial Setting, (min) 1:10 ≥ 45 min 

The final setting, (min) 3:13 ≤ 10 hrs 

Compressive Strength at 3 Days (MPa) 17.39 >15 

Compressive Strength at 7 Days (MPa) 27.06 >23 

 

3.4.1.1.2 Fine sand 

UHPC made with fine sand (passing 600 µm) has a sulfate concentration 

shown in Table 3.5. The sulfate levels complied with the specification (I.Q.S. 

No.45/1984) [91]. 

Table 3.5: The chemical properties of fine aggregate. 

Properties Test Results 
Iraqi Specification 

No.45/1984 

Sulfate Content 0.26 Max ≤ 5.0% 

 

3.4.1.1.3 Micro Silica Fume (SF) 

The ACI explains that silica fume is a form of silica that has undergone a 

thorough refining process, resulting in a non-crystalline structure. It is 

produced as a byproduct when manufacturing elemental silicon or silicon 

alloys using electric arc furnaces. It typically appears as a fine grey powder, 

resembling Portland cement or certain types of fly ash. Due to its highly 

reactive nature, silica fume is commonly used as a supplementary 

cementitious material in the production of high-performance concrete. Its 

addition to concrete mixes can improve the strength, durability, and 

resistance to various environmental factors such as freeze-thaw cycles and 

chemical attacks. Moreover, the use of silica fume in concrete production 

also contributes to sustainable development by reducing waste and carbon 

emissions associated with other industrial processes.There are two functions 
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for silica fume in the UHPC mixture. It may be used as a filler or pozzolanic 

material [22]. In the present study, a high-quality SF was used commercially 

named MasterRoc® MS 610 [21].  

3.4.1.1.4 High Range Water Reducing Admixture  

Master Glenium 54 [92] was used to develop the UHPC mix due to the high 

cementitious material content and low water to binder ratio. Master Glenium 

54 is differentiated from conventional superplasticizers. This greatly 

improves cement dispersion. Produces steric hindrance at the outset of 

mixing, which controls the cement particle's ability to scatter and separate. 

Because of this technique, water use may be drastically cut down while early 

strength is increased in flowable concrete. Table 3.6 is taken from the 

manufacturer datasheet and details the product's physical and chemical 

characteristics. 

Table 3.6 Typical properties High Range Water Reducing Admixture (HRWRA). 

Form 
Whitish to straw coloured liquid 

 

Color Grey 

Density 0.55 - 0.7 kg/l 

Chloride content <0.1% 

 

3.4.1.1.5 Micro Steel Fibers  

In the current study, copper coated micro steel fibers were utilized as shown 

in Plate 3.3. These specific micro steel fibers were manufactured by Hebei 

YuSen Metal Wire Mesh, a company based in China [93]. Table 3.7 provides 

information on the characteristics of the steel fibers used, which conforms 

to the ASTM A820-96 standard [94]. 
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Table 3.7: Properties of Micro steel fiber. 

Detected items Diameter mm Length mm Tensile Strength  L/D 

Standard Values (0.2-0.25) 13± 10% ≥2850 30-100 

Detected Values 0.2 13.1 3005 59 

 

3.4.1.1.6 Water 

In this study, all concrete mixes were prepared and cured using potable water 

sourced from the local water supply. The water used was free from organic 

matter, turbidity, and salts, ensuring that it did not contain any impurities that 

could negatively affect the properties of the concrete. 

3.4.2 Normal Strength Concrete (NSC) 

Ready NSC was supplied from a local concrete batching plant with a target 

compressive strength (𝑓𝑐
`) equal to 30 MPa and slump of 15 mm. The cement 

used in NSC was the same type that was used in UHPC. While the other 

constituent materials were tested according to the Iraqi Standard 

Specification (IQS), as shown in tables 3.8, 3.9,3.10 and 3.11. The tables 

contain information regarding the various constituent materials used in the 

NSC, including their chemical properties, physical characteristics, and 

allowable limits. 

 

Plate 3.3. photo of copper coated micro steel fiper 
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Table 3.8 The physical properties of fine aggregate 

Size of The Sieve(mm) Cumulative Passing 
Limits of IQSNo.45/1984 

(Zone 2) 

9.5 100 100 

4.75 91.2 100-90 

2.38 82.2 100-75 

1.18 73.6 90-55 

0.6 55.6 59-35 

0.3 17.6 30-8 

0.15 3.6 10-0 

 

Table 3.9: The chemical properties of fine aggregate. 

Properties Test Results 
Iraqi Specification 

No.45/1984 

Fine Material Passing 

from Sieve (75 µm) 
3.2 Max ≤ 5.0% 

Sulfate Content 0.27 Max ≤ 5.0% 

 

Table 3.10 The physical properties of coarse aggregate 

Size of the Sieve (mm) Cumulative Passing Limits of IQ No.45/1984 a 

37.5 100 100 

20 97 100-95 

9.5 39.4 60-30 

5 3.4 10-0 

 

Table 3.11: The chemical properties of coarse aggregate. 

Properties Test Results 
Iraqi Specification 

No.45/1984 

Fine Material Passing 

from Sieve (75 µm) 
1 Max ≤ 3.0% 

Sulfate Content 0.04 Max ≤ 0.1% 
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Plate 3.4 Insert pic for slump test and truck mixer. 

 

3.4.3 Mechanical Properties of Reinforcement Bars 

NSC beams and the UHPC overlay were reinforced using deformed steel 

bars of 10 mm in diameter for longitudinal reinforcement and 6 mm in 

diameter for transvers reinforcement. However, GFRP bars and steel mesh 

were used for reinforcing the UHPC overlay. The mechanical properties of 

these bars are listed in Table 3.12, based on test results and manufacturer 

datasheet value.  

Table 3.12: Specifications and test results of steel reinforcing bars according to [95] 

Material Diameter (mm) fy (MPa) fu (MPa) 

Steel 12 493 663 

Steel 10 501 687 

Steel 6 400 620 

Steel mesh 2.7 (100X100) 277 277 

GFRP1 10 …. 827 

1 as per the manufacture datasheet  
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3.5 Casting Specimens 

Before casting the specimens, the steel reinforcement was prepared based on 

section 3.3. Plate 3.5 illustrate the cast process. The following stages 

describe the process of casting:  

1) Prepare the steel reinforcement of all specimens. 

2)  The twelve wooden molds were oiled on their inner side faces and laid 

flat on the ground. 

3)  A plastic spacer was used to position the reinforcement inside the molds 

such that all sides would be covered by 20 mm. 

4) A modified hydrodelimination technique mentioned in section 2.4.1, was 

used to roughen the tension surface of specimens [83]. The modification 

was by coating the bottom of the mold with a plasticizer before pouring 

the normal concrete into the molds, to delay the hardening of the 

concrete. Resulting in saving time and roughening the surface with less 

water pressure. 

5) After that, concrete was poured into molds and vibrated well. 

6) At the same time, the samples of concrete were taken in the form of cubes, 

cylinders, and prisms to evaluate the mechanical properties.  

7) A day after casting, the specimens were taken out of their wooden molds 

and reversed so that the tension side was facing outward. Washing away 

the concrete with a high-pressure water jet exposed the aggregate, which 

roughened the tension side and strengthened the connection between the 

UHPC and NSC. 

8)  The samples were cured in a water tank, while beams were covered with 

damp burlap and let to dry out. Casting prose is shown in Plate 3.6. 
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20mm 

b) Mold manufacturing and oiling 

c)Preparing models for casting 

d)Cover concrete 

a)steel bar reinforcement detail  

e) Concrete pouring 

Plate 3.5 illustrate the casting prosses. 

c) preparing models for casting 

b) paint the mold by oil 

molds 

d) ensure concrete cover 
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3.6 Strengthening the specimens with UHPC overlay 

Following their casting, the specimens underwent a curing process for a total 

of 28 days under carefully controlled conditions. Once the curing process 

was completed, the tension surface of the specimens was subjected to a water 

jetting treatment to clean the surface and remove any contaminants that may 

have accumulated during the curing process. Afterward, the surface was 

dried using a vacuum air system to ensure that it was completely free of 

a) Water-jetting b) Rough surface 

c ) Casting the sample d) Curing the sample 

Plate 3.6 Illustrate rough surface and curing. 
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moisture, which could compromise the bond between the NSC and UHPC 

layers.  

Before casting the UHPC layer, a commercially available epoxy bonding 

agent called Netbond EP [96] was used as per the manufacturer's 

recommendations. The bonding agent was left to set for approximately 2 

hours. The first UHPC layer, which had a thickness of 50 mm, was then cast 

according to the configuration specified in the previous section. After 

waiting for 24 hours, the second UHPC layer was cast in the same way. The 

specimens were then left to cure for approximately 28 days. It is noteworthy 

that UHPC samples in cube, prism, and cylinder shapes were all cast at the 

same time. Plate 3.6 provides an illustration of the strengthening procedure 

that was carried out using the UHPC overlay. 
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a) Clean surface  b) install mold   c) Preparation epoxy d) Coating epoxy  

g) casting UHPC layer 

h) casting part 2 i)Casing cubic &cylinder j)shape joint 

Plate 3.7 Illustrates the strengthening procedure using the UHPC overlay. 
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3.7 Testing Procedure  

3.7.1 Test setups  

On the day preceding the test, the surface of the beam specimen was 

thoroughly cleaned and coated with light-colored paint. Next, the beam was 

positioned in the testing location and checked for levelness before securing 

the LVDT in place. During the testing process, the primary characteristics of 

the structural behavior of the specimens were recognized at each stage of 

loading. Each test recorded important information such as the initial 

occurrence of a crack, the amount of displacement at the midpoint of the 

span, the rate of crack growth, the maximum load applied, and the type of 

failure that ultimately occurred. 

In Plate 3.8, the configuration of the tested specimens is shown. For all tests, 

a four-point bending test configuration was used. The two supports of the 

beams were separated by 2000 mm. Two concentrated loads spaced 400 mm 

apart were applied to each beam until it collapsed. When the applied load 

decreased below 80% of the test peak load, the test ended. The load was 

applied using a 500 kN hydraulic actuator with a 0.5 kN/sec loading rate. To 

measure the applied load, a load cell with a 300 kN capacity was used. A 

vertical linear variable differential transducer was used to measure the 

vertical mid-span displacement (LVDT). In order to monitor the relative slip 

between the UHPC layer and the NSC, three horizontal LVDT were also 

mounted to the sides of both the normal concrete beam and the UHPC layer. 

In order to monitor the specimen's deformation using a digital image 

correlation (DIC), half of one side of the specimen was also marked with 

black ink as illustrated in Plate 3.9. 
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plate 3.9 the digital image correlation (DIC) 

 

 

 

 

 

 

 

 

 

 

Plate 3.8 Test setup and loading condition 

The area 

monitored by 

DIC 

Plate 3.9 A digital image correlation (DIC). 
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3.8 Mechanical Properties of Concrete  

3.8.1 Mechanical properties of UHPC 

3.8.1.1 Compressive Strength (𝒇𝒄
` ) 

One of the key technical characteristics of concrete that may provide a 

general idea of its quality is its compressive strength. Based on references 

[97]–[101]  the compressive strength of the UHPC cube is very close to that 

resulted from testing the cylinder sample, therefore a cube with sides of 50 

mm was utilized to assess the compressive strength of UHPC According to 

ASTM C109 [102]. A universal testing device with a 1900 kN capacity was 

used to determine the compressive strength with loading rate loading rate of 

0.75 MPa/sec as suggested by ASTM C1856 [103]. The average 

compressive strength of 60 samples was 138.18 MPa, the standard deviation 

was 4.55MPa. Plate 3.10 presents the test method and failure mode of the 

tested cube. 

 

 

 

 

 

 

 

Plate 3.10 The test method and failure mode of the tested cube  

3.8.1.2 Splitting Tensile Strength 

ASTM C496 [104] was used to assess the splitting tensile strength of UHPC. 

Six cylindrical UHPC specimens measuring 100x200 mm were fabricated 
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for the testing process. The testing machine was set up by placing the 

specimens between its bearing blocks, with two bearing wooden strips. 

universal testing machine of 1900 kN capacity was used to examine the 

specimen as depicted in Plate 3.11. The splitting tensile strength was 13.82 

MPa, with a standard deviation of 0.99 MPa. 

 

 

 

 

 

 

 

 

 

 

Plate 3.11 Splitting tensile strength test. 

3.8.1.3 Modulus of Rupture 

Nine samples of UHPC prisms (100×100×400 mm) were tested according 

to ASTM C78 [105] to calculate the modulus of rupture. Four-point loading 

was applied to the prisms in a testing machine with a 1900 kN capacity (as 

seen in Plate 3.12). The standard variation in the modulus of rupture was 

1.43 MPa, with a strength of 18.23 MPa. 
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Plate 3.12: Flexural strength test and machine  

3.8.1.4 Direct Tensile Test 

To estimate the direct tensile strength of UHPC, recommended dog-bone-

shaped specimens outlined by Qiao et al. [106] were utilized. To maintain a 

quasi-static condition during testing, a low loading rate was employed, as 

suggested by Qiao et al. [106]. A universal testing machine with 1000 kN 

capacity was used to conduct the test at AL-Mustaqbal College. LVDT has 

been installed at the center of the dog-bone specimen along the loading path 

to record the change in length. The applied load and change in length were 

recorded simultaneously by two cameras. Plate 3.13 illustrates the test 

preparation. The average value direct tensile test of three specimens was 9.86 

MPa. Figure 3.6 present the tensile strength vs strain of UHPC. Table 3.13. 

summarizes the average value of mechanical properties of UHPC. 
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Plate 3.13 Illustrates the test preparation 

 

 

 

 

 

 

 

Figure 3.6 Present the tensile strength vs strain of UHPC. 

LVDT 

Steel fiber 

pullout 
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Table 3. 13 Test results of UHPC Mechanical properties  

Type of test Test method Value 

Compressive strength ASTM C109 [107] 

ASTM C1856 [103] 

138.31MPa 

 

Modulus of rupture (𝑓𝑟) ASTM C78 [105] 18.23MPa 

Splitting tensile strength  (𝑓𝑡) ASTM C496 [104] 13.82 MPa 

Direct tensile test (𝑓𝐷) Zhou and Qiao [106] 9.86 MPa 

 

3.9 Mechanical properties of NSC  

3.9.1 Compressive strength  

To create the NSC sample, molds with dimensions of 150 × 150 × 150 mm 

were utilized. The tests were conducted in the laboratories of the University 

of Babylon's Department of Civil Engineering using 2000 kN universal 

machine, as demonstrated in Plate 3.14. The results of the concrete cube 

compressive strength test are presented in Table 3.13. The average 

compressive strength of 24  sample was 38.28 MPa with a standard deviation 

of 2.39 MPa. These values indicate that the NSC models were able to achieve 

the expected strength requirements for their intended use.  

 

 

 

 

 

 

 

 

Plate 3.14 Compressive strength testing machine  
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3.9.2 Splitting tensile strength 

The splitting tensile strength is a crucial mechanical characteristic that is 

considered in structural design. In order to estimate the splitting strength of 

cylindrical concrete specimens with dimensions of 150 × 300 mm baced on 

ASTM C496 [104], as illustrated in Figure 3.15. The test results revealed an 

average splitting tensile strength of six samples was 3.22 MPa, with a standard 

deviation of 0.45 MPa.  

 

 

 

 

 

 

 

 

Plate 3.15 The test result of splitting tensile strength  

3.9.3 Flexural strength (modulus of rupture) 

The modulus of rupture test is a method to estimate the flexural strength of 

concrete. In this test, a three-point bending setup is used to evaluate the 

specimen's ability to withstand bending stress. The specimens used in this 

study were12 samples of  100mm × 100mm × 400mm in size, and the test 

was conducted using a universal testing machine, as shown in Plate 3.16. 

The results of the modulus of rupture test are presented in Table 3.14, with 

an average value of 5.14 MPa and a standard deviation of 0.4 MPa. 
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Plate 3.16 The modulus of rupture test. 

 

Table 3. 14 Test results of NSC Mechanical properties  

Type of test Test method Value 

Compressive strength (cube) BS EN 12390-3[108] 38.28 MPa 

Modulus of rupture (𝑓𝑟) ASTM C78/C78M[105] 5.14 MP 

Splitting tensile strength  (𝑓𝑡) ASTM C 496 [104] 3.22 MPa 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter Four 

 Results and Discussions 

 

4.1 Introduction  

This chapter discusses the results of tests performed on 19 RC beam 

specimens. The specimens were classified as either K-group or V-group, 

based on the construction joint shape. 

The importance of the various experimental factors was explored by 

comparing the results of the various experiments. Maximum load-bearing 

capacity, crack and failure mechanism, bond slip between the existing 

concrete and UHPC overlay, and load-displacement relationships were the 

key value used for assessment. Ductility, stiffness, and energy absorption 

were estimated using the predicted load-displacement relationships and 

compared. 

4.2 Failure mode and cracking pattern 

4.2.1 Crack pattern and failure mode of control specimens 

The first visible crack appeared in the control specimen (C) at load 12 kN 

under the point load. As the load increased, new flexural cracks developed 

along the beam. When the load level reached 25 kN, the cracks propagate 

along the depth of the section and widened. Finally, the area between the 

two-point load was crushed at 63 kN, and the load dropped slowly. As 
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expected, the failure mode was a pure flexural failure. This is exactly what 

happened for the second control specimen. Plate 4.1 present the Failure 

mode and cracking pattern of control specimens (C1 and C2). 

 Also, two specimens OSN0 were also examined, and the results showed a 

similarity in the behavior and failure mode. Strengthening the specimen 

using unreinforced UHPC layer (OSN0) delays the appearance of the first 

crack, increases the stiffens, and increases the ultimate load by about 11%. 

The first visible crack appears at load level 25 kN. As the load increases, an 

additional crack is generated but less than what was observed in normal 

strength control specimens. The UHPC overlay shows multi-hairline cracks 

along with the UHPC layer. Finally, the specimens failed in flexural mode. 

Plate 4.2 presents the failure mode and cracking pattern of UHPC control 

specimens. 

 

 

Plate 4.1 the crack pattern and failure mode of both NSC beams (C1 and C2) 

C1 

C2 
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Plate 4.2 the crack pattern and failure mode of both strengthened beams OSN0. 

 

The load-deflection response of specimens C1 and C2 are shown in Figure 

4.1. The average response to load-deflection is shown by the dashed line. 

The selection of two specimens with the same features allows researchers to 

assess the validity of their study, and it is evident from Figure 4.1 that both 

specimens exhibit the same behavior. 

Figure 4.1 Load-deflection response of control specimen (C). 
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The load-deflection response of the control specimen can be divided into 

three parts. The first part behaves in linear responses till yield at 

approximately 55 kN; after that, the specimens show strain hardening till the 

ultimate load of 63 kN. Then the compression zone is crushed and the load 

drop slowly.   

Although the failure of control specimen (C) is similar to OSN0, the load-

displacement response differs from NSC specimens, as shown in Figure 4.2. 

The behavior of OSN0 was stiffer than the NSC specimen due to the UHPC 

strengthening layer. In addition, the yield point was not observed clearly as 

in NSC specimens. 

Figure 4.2 Comparison of the OSN0 specimen's load-deflection response to that of the 

control specimen. 

 

4.2.2 Crack pattern and failure mode of the K-group  

Figure 4.3 presents the failure prosses of the tested specimens that were 

monitored by the DIC technique. The tested specimens exhibited two types 

of failure modes. The first type was a pure flexural failure, which controlled 
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the behavior of the control beam, as well as the specimens that were 

strengthened with an unreinforced UHPC layer or reinforced with steel 

mesh. In this mode of failure, the beam developed multiple flexural cracks 

at the maximum tension stress zone, which extended throughout the depth 

of the beam as the load increased, as depicted in Figures 4.3(a),(b), and(c). 

Another failure mode was observed in the beams that were strengthened with 

a UHPC overlay reinforced by steel bars/GFRP bars, which was concrete 

cover separation. In this mode of failure, flexural cracks appeared along the 

beam, and a diagonal crack was formed at the corner of the support just 

before the sudden cover separation occurred. It is noteworthy that concrete 

cover separation occurred away from the UHPC-NSC interface due to the 

strong bond that exists between the two materials. 

The presence of a joint in the UHPC overlay diminished the effectiveness of 

the strengthening method even with using a key joint. due to the crack 

opening at the interface of the joint and propagating upward rabidly. 

The specimen OSN0.5K shows similar behavior to NSC specimens (control 

specimens), with significantly improving the stiffness. The first crack was 

noted at 9 kN in the interface of the construction joint. No significant cracks 

were observed in the UHPC overlay until the final stage, this indicates that 

the UHPC overlay work effectively. With increasing the applied load, the 

first crack propagates horizontally 20 mm away from the interface between 

the UHPC and normal concrete and then behaves similarly to the control 

specimen, as shown in Plate 4.3. 
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Figure 4.3 Failure process of selected specimens in K-group. 
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Figure 4.3 continued 

 

 

 

 

 

 

 

Plate 4.3 The crack pattern and failure mode of specimen OSN0.5K. 

Adding steel mesh to the UHPC overlay with the key joint shows a slight 

improvement as shown in the behavior of the specimen OSM0.5K. This may 

be due to insufficient reinforcement used in the UHPC overlay. The first 

crack appeared at the key joint interface at 17.5 kN. As the loading prosses, 

the crack at the joint interface propagates and extends horizontally to the left 

c)OSG0.5K d)OSR0.5K 
25 kN 

50 kN 

Ultimate load 

collapse 

crashing 

Horizontal crack away from 

the UHPC-NSC interface 

OSN0.5K 
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and right side. After that, the flexural cracks generated along the beam and 

started from the horizontal cracks. Finally, the specimen failed in flexural 

mode after the load reached 66.64 kN. Plate 4.4 show the crack pattern of 

specimen OSM0.5K. 

 

 

 

 

 

 

 Plate 4.4 The crack pattern and failure mode of specimen OSM0.5K. 

However, utilizing a steel bar or GFRP bar to reinforce the UHPC overlay 

even with the construction joint in the middle and third span of the specimens 

(OSR0.5K, OSR0.33K, OSG0.5K and OSG0.33K) improves the 

performance of the strengthening technique by increasing the load-bearing 

capacity, stiffness and eliminating the cracking width as well as the flexural 

crack distributed along the span. It was noted that the specimens reinforced 

GFRP had a higher ultimate load than the specimens reinforced steel rebar, 

and the load-bearing capacity was higher when the construction joint moved 

away to the third span. 

Generally, the first crack was observed at the joint interface. The flexural 

crack was generated along the UHPC overlay and distributed at a distance 

equal to 100 mm. The result indicated that reinforcing the UHPC overlay by 

crashing 

 

Horizontal crack away from 

the UHPC-NSC interface 

OSM0.5K 
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both steel bar/GFRP diminishes the effect of the construction joint in the 

UHPC overlay. It is clearly shown that a sudden failure mode controls the 

specimens strengthened with reinforced UHPC overlay through a concrete 

cover separation due to the high bond stress concentration at the ends of the 

UHPC layer. The separation was generated 20 mm away from the bonding 

interface due to the perfect bond between the NSC and UHPC overlay. 

However, most previous research extended the overlay over the support, and 

this would provide anchorage and prevent the concrete form separation. In 

practice, this is not true. Thus, care should be taken when using this 

technique in strengthening by providing mechanical anchorage at the ends 

of UHPC overlay or using a CFRP warp to prevent brittle failure. Plate 4.5 

shows the failure mode and cracking pattern of OSG0.5K, OSG0.33K, 

OSR0.5K, and OSR0.33K. 
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Plate 4.5 Shows the failure mode and cracking pattern of the tested specimens 

OSG0.5K, OSG0.33K, OSR0.5K, and OSR0.33K. 
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Constructing the joint in the third span showed better performance than that 

in the mid-span  ,despite it being under the combined effect of shear and 

moment. The specimens with a construction joint at the third show increase 

in load-bearing capacity by about 11 % compared with that of mid-span 

construction joint for both steel bar and GFRP reinforcing cases. Moreover, 

utilizing GFRP in reinforcing UHPC overlay shows an increase in the load-

bearing capacity of about 7.8 % with respect to that reinforced with a steel 

bar for both mid-span and third-span construction joint cases. This is may be 

due to the compatibility between the UHPC and GFRP because they have an 

approximately similar modulus of elasticity. However, specimens with 

UHPC overlay reinforced by steel bar show more rapid failure than others. 

Finally, Table 4.1 presents the main experimental results. The percentage of 

increase in ultimate load (Pu) compared to the control specimen is 

represented by the value between the brackets in the column of ultimate load 

(Pu).   

4.2.3 Crack pattern and failure mode of the V-group  

In this group, the variables were similar to that in the K-group, except the 

joint shape was vertical rather than key construction joint in the K-group. 

Figure 4.4 illustrates the failure proses of selected tested specimens in this 

group. The tested specimens show approximately similar behavior to that in 

K-group. 
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Figure  4.4 Failure process of selected specimens in V-group 
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The specimen OSN0.5V shows similar behavior to the OSN0.5K specimen, 

and this means the increase of shear flow area during the key joint shape did 

not improve the behavior significantly compared with the vertical joint.  

The first cracking occurred at 9 kN in the joint interface of the OSN0.5V 

specimen. Then, the crack propagates to 10-20 mm through the NSC and 

extends horizontally, as shown in Plate 4.6. 

 

 

Plate 4.6 presents the failure mode and cracking pattern of specimens OSN0.5V. 

Its clear from Plate 4.6 that very few cracks were noted in the UHPC overlay, 

indicating that the UHPC overlay did not contribute to resisting the tension 

force due to the crack localization at the joint interface. Finally, the 

specimens failed by flexural mode after crashing the loading area. Adding 

steel mesh to the UHPC overlay, as in OSM0.5V shows similar behavior to 

that strengthened with unreinforced UHPC overlay, as shown in Plate 4.7. 

 

 

Plate 4.7 present the failure mode and cracking pattern of specimens OSM0.5V. 

Reinforced the UHPC overlay by steel bar/GFRP bar shows better load-

bearing capacity and stiffness behavior. The flexural cracks developed along 

the UHPC overlay. The effect of the construction joint was diminished. No 

horizontal cracks were observed as in the previous strengthened specimens 

Crashing of concrete 
Horizontal cracks OSN0.5V 
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in this group. A diagonal crack was generated at the edge of the strengthening 

overlay immediately before sudden failure due to concrete cover separation. 

The crack pattern and failure mode were similar to than in k-group, as shown 

in Plate 4.8. 

Table 4.1 present the experimental result in term of first crack load, ultimate 

load and failure mode. Comparing the V groups, it is clear that the cracks 

generated in the vertical joint earlier than that generated in specimens with 

key joints, as illustrated in Table 4.1. However, the strengthened specimens 

with construction joints both key/vertical collapsed in similar failure mode 

at approximately similar ultimate load. 

Table 4.1 present the experimental result in term of first crack load, ultimate load and failure 

mode 

Group K Group V 

Specimens 

ID 

First 

crack 

load 

(kN) 

Pu 

(kN) 

Failure 

mode 

Specimens 

ID 

First 

crack 

load 

(kN) 

Pu 

(kN) 

Failure 

mode 

C 12 
63.437 

(Nill) 
Flexural     

OSN0 25 
70.431 

(11) 
Flexural     

OSM0 45 
77.68 

(22.5) 
Flexural     

OSN0.5K 9 
62.45 

(-) 
Flexural 0SN0.5V 9 

66.772 

(5.25) 
Flexural 

OSM0.5K 
17.5 

 

66.641 

(5) 
Flexural OSM0.5V 12.5 

63.128 

(Nill) 
Flexural 

OSR0.5K 24.6 
83.559 

(31) 

Concrete 

cover 

separation 

OSR0.5V 15 
74.32 

(17.15) 

Concrete 

cover 

separation 

OSG0.5K 23 
89.87 

(41.6) 

Concrete 

cover 

separation 

OSG0.5V 13 
80.171 

(26.4) 

Concrete 

cover 

separation 

OSM0.33K 
 

23.5 

68.818 

(8.5) 
Flexural OSM0.33V 8 

70.37 

(11%) 
Flexural 

OSR0.33K 35 
78.137 

(23%) 

Concrete 

cover 

separation 

OSR0.33V 25 
83.05 

(30.92) 

Concrete 

cover 

separation 

OSG0.33K 18 
88.697 

(40) 

Concrete 

cover 

separation 

OSG0.33V 17.7 
89.506 

(41.1) 

Concrete 

cover 

separation 

The value between two bracts represents the increase/decrease in ultimate load concerning 

the control specimen. 
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Plate 4.8 present the failure mode and cracking pattern of specimens OSG0.5V, 

OSG0.33V, OSR0.5V, and OSR0.33V. 
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4.3 Load-deflection response  

4.3.1 Load-deflection response of the K-group 

Figures 4.5 to 4.9 present the load-midspan displacement for the tested 

specimens in the k-group. Two different behavior are noted based on the 

load-deflection response. The first behavior governed the specimens C, 

OSN0.5K, and OSM0.5K. In this case, the load-deflection response is 

divided into three stages. The first stage was approximately linear up to 

yielding at 55 kN as shown in Figure 4.5, followed by strain hardening up to 

ultimate. After that, the load dropped slowly.  

The second response governed the OSR0.5K and OSG0.5K. In this case, 

they behaved appropriately linearly till the ultimate load followed a sudden 

drop in the ultimate load due to sudden failure; one can note this clearly in 

Figures 4.7 and 4.8. 

At the first stage, the specimens OSN0.5K, and OSM0.5K show stiffer 

behavior to control specimens (C( till yield; after that, these specimens 

behave similarly to control specimens. The presence of construction joint in 

the UHPC overlay diminishes the benefit of the UHPC overlay. 

However, reinforcing the UHPC overlay by steel bar/GFRP bar show 

significant improvement in the stiffness, ultimate load and diminish the 

effect of the construction joint, as shown in Figure 4.8 to 4.9. 
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Figure 4.5 Load − deflection curve for specimen OSN0.5K 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Load-deflection curve for specimen OSM0.5K. 
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Figure 4.7 Load − deflection curve for specimen OSM0. 

Figure 4.8 Load − deflection curve for specimen OSR0.5K. 
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Figure 4.9 Load-deflection curve for specimen OSG 0.5K. 

 

Figures 4.10 and 4.11 present a comparison between the beam strengthed by 

UHPC with a construction joint at midspan and that moved the construction 

joint to the third span. 

The specimens (OSG0.5K and OSR0.5K) with a construction joint at the 

third span show similar behavior to that with a construction joint at the third 

span. This may be due to the presence of steel/GFRP bars diminishing the 

effect of the construction joint and changing the location of the joint show 

no significant effect.  

However, moving the joint away from the beam center for the beam-

strengthened UHPC layer reinforced with steel mesh show enhancement in 

term of initial stiffness and ultimate load. As shown in Figure 4.12. 
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Figure 4.10 Present a comparison between the Load-deflection curve for specimens 

OSR0.5K, OSR0.33K, and C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Present a comparison between the Load-deflection curve for specimens 

OSG0.5K, OSG0.33K, and C. 
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Figure 4.12 Present a comparison between the Load-deflection curve for specimens 

OSM0.5K, OSM0.33K, and C. 

4.3.2 Load-deflection response of the V-group 

Similar to the k-group, two load-deflection responses were observed. The 

first one is similar to the control specimen, which behaves linearly up to 

yielding, followed by strain hardening till the ultimate load, and then the 

load drops slowly. This response governs the behavior of specimens 

OSN0.5V, OSM0.5V and OSM0.33V, as shown in Figures 4.13 to 4.15. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Load-deflection curve for specimens OSN0.5V. 
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Figure 4.14 Load − deflection curve for specimen OSM0.5V. 

 

 

 

Figure 4.15 Load − deflection curve for specimen OSM0.33V. 

 

The other load-deflection response behaves approximately linear up to the 

ultimate load, followed by sudden failure due to concrete cover separation. 

This response governed the behavior of specimens with overlay reinforced 

with GFRP/Steel bar as shown in Figures 4.16 to 4.18. 
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Figure 4.16 Load − deflection curve for specimen OSRO. 5V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 load-deflection curve for specimen OSR0.33V 
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Figure 4.18 Load − deflection curve for specimen OSG0.33V. 

The specimens OSN0.5V and OSM0.5V show a significant increase in initial 

stiffness with a slight increase in ultimate load. Moving the construction joint 

to the third span rather than the mid-span show 11% increase in ultimate 

load.  

Reinforcing the UHPC overlay by GFRP/steel bar show improvement in 

stiffness compared with the control specimen and shows a 17.15 % and 26.4 

% increase in the ultimate load for specimens OSG0.5V and OSR0.5V, 

respectively, compared with the control specimen. 
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Figures 4.19 and 4.20 present a comparison between the strengthened 

specimens with mid-span construction joint and third-span construction joint 

for a different type of UHPC reinforcement. One can note that moving the 

construction joint away from the mid-span shows a slight increase in the 

stiffens and ultimate load. While the ultimate load for specimens 0SM0.33V, 

OSG0.33V and OSR0.33V increased about 11%,13.77%, and 14.7%, 

respectively, in comparison with specimens that have a joint in the middle. 

Figure 4.19  Compares the load-deflection curve for tested specimens OSG0.5V, 

OSG0.33V, and C. 
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Figure 4.20 Compares the load-deflection curve for tested specimens OSR0.5V,  

SR0.33V, and C. 

 

Again, GFRP shows better performance than steel bar in reinforcing UHPC 

overlay in terms of ductility and ultimate load, as shown in Figures 4.21 and 

4.22. The specimens OSG0.5V and OSG0.33V shows ultimate load of about 

9.25% and 10.18% greater than OSR0.5V and OSR0.33V, respectively. 
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Figure 4.21 Comparison of the Load-deflection curves for the OSR0.5V, OSG0.5V, and 

C specimens. 

 

Figure 4.22 compares the load-deflection curves of the tested specimens OSR0.33V, 

OSG0.33V, and C. 

 

 

4.3.3 Comparison between the k-group and the V-group 

Figures 4.23 to 4.28 show a comparison between the load-deflection 

response of K-group and V-group. Both groups show similar behavior, and 

the difference in ultimate load did not exceed 10%. This is may be due to the 



Chapter Four                                                          Experimental Results and Discussions  

87 
 

effect of reinforcement in the UHPC overlay. It was found that the presence 

of GFRP/steel bar diminishes the effect of construction joints in the UHPC 

overlay. Therefore, it is practical to use V-joint rather than K-joint. 

 

 

 

 

 

 

 

 

 

Figure 4.23 compares the Load-deflection curves for the tested specimens OSM0.5K 

and OSM0.5V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.24 compares the Load-deflection curves for the tested specimens OSM0.33K and 

OSM0.33V. 
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Figure 4.25 compares the load-deflection curves of the tested specimens OSR0.5K and 

OSR0.5V. 

Figure 4.26 compares the Load-deflection curves for the tested specimens OSR0.33K 

and OSR0.33V. 
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Figure 4.27 Load-deflection curve for tested specimens (OSG0.5VandOSG0.5K) 

 

 

 

 

 

 

 

 

 

Figure 4.28 Load-deflection curve for tested specimens (OSG0.33VandOSG0.33K). 
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4.4 Discussions 

4.4.1Ductility  

Ductility is defined as the capacity to undergo inelastic deformation before 

failure [109]. Also, it can be defined as the reserved load-carrying capacity 

from the yield point to the ultimate load-carrying capacity. The ductility 

index is defined as the ratio of ultimate displacement to yielding 

displacement [110]. The ultimate displacement (∆𝑢) corresponding to the 

ultimate load. However, (∆𝑦) was calculated based on Park [111]. Figure 

4.29 presents the component of the ductility index.  

 

 

 

 

 

 

 

 

Figure 4.29 Determination procedures of ductility component and initial stiffness [111]. 

 

Figure 4.30 illustrates the ductility index of all tested specimens in this group 

compared to the control specimen (c). Its observed that specimens OSN0.5K, 

OSM0.5K and OSM0.33K show a ductility index higher than control 

specimens by about (22, 36 and 33) % respectively. In comparison, the other 

strengthened specimens show less ductility index.  

The ductility index of strengthened specimens in the V-group was similar to 

that in the k-group. Figure 4.31 shows the ductility index of the tested 

specimens in the V-group. 

In the present study, most of the strengthened specimens by UHPC overlay 

show less ductility index than normal strength concrete beams. There are 

∆𝑢 
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mainly two reasons behind this; first, the generation of multiple main cracks 

in the tensile zone of the control specimen (as shown in Plate 4.1), making 

the deflection at the ultimate load higher, thus giving a high ductility index. 

The strengthened beams have a higher tensile strength at the tension face, 

and only one main crack developed in the UHPC overlay resulting in less 

deformation. The second reason is that the strengthened specimens with 

reinforced UHPC overlay failed suddenly by concrete cover separation at 

the ends of the layer due to high stress concentration before reaching its full 

capacity. 

 

 

 

 

 

 

 

 

 

 

Figure 4.30 The ductility index of the tested specimens in K-group. 
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Figure 4.31 The ductility index of the tested specimens in K-group. 

 

 

4.4.2 stiffness   

The present study calculated the initial stiffness for the strengthened beams 

and compared with the control specimen. The initial stiffness was estimated 

by using the secant of the force versus displacement passing through the 

point at which the applied force reaches 75% of the ultimate load [112], as 

shown in Figure 4.29. 

Figures 4.32 and 4.33 present the initial stiffness for both groups compared 

with the control specimen. It's clear from the Figures that the type and 

percentage of reinforcement. As compared to the control specimen, using a 

plain UHPC overlay enhances the initial stiffness by roughly (80)%. The 

presence of the construction joint (K/V) decreases the initial stiffness by 

about (33) % compared to that without the construction joint. Reinforcing 

the UHPC overlay by steel mesh show similar behaviour to that strengthened 

with plain UHPC overlay. 



Chapter Four                                                          Experimental Results and Discussions  

93 
 

Reinforcing the UHPC overlay with a steel bar improves the initial stiffness 

significantly, even with the presence of a construction joint. In this case, the 

initial stiffness show (78) % higher than the control specimen for both types 

of joint. However, utilising the GFRP bar in reinforcing the UHPC overlay 

shows an initial stiffness of about (30%) higher than the control specimen. 

One can note that the initial stiffness for the case of utilising GFRP bar is 

less than the case of utilizing steel bar by about (38%). This is mainly due to 

the modules of elasticity for steel bars about four times that of GFRP. It's 

clear that utilize steel bar/GFRP bar diminishes the effect of construction 

joint and shows no effect on stiffness. Therefore, the shape and location of 

the construction joint do not affect the behaviour of strengthened specimens 

in term of initial stiffness. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.32 The initial stiffness of the tested specimens in K-group. 
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Figure 4.33 The initial stiffness of the tested specimens in V-group. 

 

4.4.3 UHPC overlay slippage at the NSC interface 

One of the most issues in this strengthening technique is the debonding 

between the UHPC overlay and the NSC beam. Epoxy resin was used to 

increase the contact between the two surfaces after roughing the NSC surface 

by water jetting under high pressure. As mentioned in section 3.5 and 3.6, 

two LVDTs were used to record the slip between the NSC and UHPC 

overlay. No significant slip was recorded at the interface between the normal 

concrete and UHPC. Figures 4.34 and 4.35 presents the relation between the 

slip and the applied load it's clear that no displacements are recoding by 

LVDT and the reading shown in Figures represents a noise. Based on the 

Figures 4.34 and 4.35, and experimental observation, it is fair to say the bond 

between the two types of concrete is perfect.  

 



Chapter Four                                                          Experimental Results and Discussions  

95 
 

 

Figure 4.34 presents the relation between the slip and the load in the K group. 

 

Figure 4.35 Presents the relation between the slip and the load in the V group. 
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4.5 Theoretical Modeling of a UHPC-Overlaid Reinforced Concrete 

Beam 

Shirai et al. [113] in 2020 employed force equilibrium to calculate the 

moment capacity of an RC beam strengthened with UHPC overlay. Figure 

4.36 shows the methodology used, which involves determining the forces 

and moments acting on the beam and ensuring that they are in equilibrium. 

This approach allows for an accurate determination of the moment capacity 

of the strengthened beam and can be used to optimize the design of UHPC 

strengthening systems for RC beams. 

 

Figure 4.36 The force and strain distribution in a section of a reinforced 

UHPC-overlaid RC beam [113]. 

𝑀𝑛 =  𝐴𝑠𝜎𝑠 (𝑑 −
𝑎

2
) + 𝐴𝑢𝜎𝑡 (𝑑𝑢 −

𝑎

2
) + 𝐴𝑟𝑢𝜎𝑟𝑢 (𝑑𝑟𝑢 −

𝑎

2
)

+ 𝐴′𝑠𝜎′𝑠 (
𝑎

2
− 𝑑′) … … … … … … … … … . . … (𝐸𝑞. 4.1)  

And     

𝑎 =
𝐴𝑠𝜎𝑠 + 𝐴𝑢𝜎𝑡 + 𝐴𝑟𝑢𝜎𝑟𝑢 − 𝐴′𝑠𝜎′𝑠

0.85 𝑓′𝑐𝑏𝑤
… … … … … (𝐸𝑞. 4.2)  
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To ensure the applicability of Eq.4.1, Majid et al. [114] plot a relation 

between the predicted (Pu) from Eq. 4.1 and those found from finite 

elements (FE), as shown in Figure 4.37. Different types of reinforcement 

were used in the UHPC overlay. It shows good agreement with the mean 

(PFE/ Predicted) equal to 1.104 and a standard deviation of 0.2. 

Table 4.2 presents a comparison between the predicted values and 

experimental data collected from various scientific studies presented in the 

literature. The comparison showed a good agreement between the two, with 

an average ratio of predicted to experimental values of 1.07 and a standard 

deviation of 0.15. It is worth noting that the experimental data available at 

the time of the study were limited. 

 

 

 

 

 

 

 

 

Figure.4.37 Predicted load vs. corresponding FE [114]. 
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Table 4.2 Predicated beam flexural capacity based on Eq. 4.1 vs experimental results 

(Predicted/ PExp.). 

NO. Refenes Predicted PExp. (Predicted/ 

PExp.) 

1  

Paschalis [68] 

 

93.93 103.5 0.9 

2 
63.61 55.3 

1.15 

3 Lampropoulos 

[115]  

86.76 84 1.03 

4 142.23 126 1.12 

5 Yin hor  [116] 73.17 73.47 0.99 

6 105 77.97 1.34 

7 Tanarsla[117] 59.53 52.58 1.13 

8 81.12 94.27 0.86 

 

Table 4.3 compares the experimental result found in the present study and 

that predicted by Eq. 4.1. It was found that the estimated value by equation 

4.1. shows good agreement for specimens strengthened by plain UHPC 

overlay/UHPC overlay with mesh reinforcement. Whereas the equation 

shows overestimate value for specimens strengthened by UHPC overlay 

reinforced by steel bar/GFRP bar. This is may be due to the strengthened 

beams failed by concrete cover separation without reaching their full flexural 

capacity and the reinforcement bar in the UHPC overlay didn’t reach yield. 

Therefore, it is fair to estimate the beam flexural capacity of specimens 

strengthened by UHPC overlay based on Eq. 4.1 after ensuring no concrete 

cover separation will occur. 

Table 4.3 Compares the experimental result found in the present study and that 

predicted by Eq. 4.1. 

NO. Specimens Predicted PExp. (Predicted/ PExp.) Failure mode 

1 OSR 131.63 79.76 1.65 Concrete cover 

separation  2 OSG 146.43 87.06 1.68 

3 OSN0 85.026 70.43 1.2 Flexural  

4 OSM0 89.091 77.68 1.15 

 



 

 

 

 

 

Chapter Five  

Conclusions and Recommendations 

 

5.1 Conclusions 

The aim of this study was to examine the effectiveness of using ultra-high-

performance concrete (UHPC) overlays for strengthening reinforced 

concrete (RC) beams. The experiment was extensive in scope and involved 

applying the UHPC overlay to the tension side of the RC beams along the 

clear span. The UHPC was applied in two stages to simulate actual 

construction practices and create a construction joint. Several key variables 

were taken into account during the experiment, including the type of UHPC 

reinforcement (steel mesh, steel bar, and GFRP bar), the shape of the 

construction joint (key joint/V-joint), and the location of the construction 

joint (third span and mid-span). Based on the results of the experiment, the 

following conclusions can be made: 

1. To further elaborate, the use of UHPC overlay demonstrated a remarkable 

improvement in the stiffness of the RC beams. The enhancement in 

stiffness of around 75% highlights the effectiveness of UHPC overlay as 

a strengthening method for RC beams.  
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2. It can be concluded that there was an excellent bond between the two 

materials, i.e., the pre-existing NSC and UHPC, as there were no 

instances of slip observed at the interface until the point of failure. 

3. The existence of a construction joint in the UHPC overlay diminishes the 

effectiveness of the strengthening techniques utilized. 

4.  Although the addition of a steel mesh layer to the UHPC overlay resulted 

in a slight improvement in the performance of the strengthened beams, 

with a marginal increase in ultimate load and a delay in the appearance 

of flexural cracks, the percentage of steel reinforcement was insufficient 

to improve the behavior of the RC strengthened beam when compared to 

using an unreinforced UHPC overlay. 

5. The reinforcement ratio in the UHPC overlay is an important parameter 

that has considerable importance on the performance of the strengthened 

beams. The result indicated that reinforcing the UHPC by 2Ø10 mm steel 

bar increases the load-bearing capacity by a range between (17.5-31%) 

and stiffness by about (78%) compared with the control specimen. 

6. The thinness of the UHPC overlay leads to a minimal UHPC cover 

thickness, which can result in less protection for the reinforcement. To 

address this issue, the present study utilized GFRP bars as reinforcement 

for the UHPC overlay due to their high resistance to environmental 

conditions. The results indicate that the use of GFRP as reinforcement for 

the UHPC overlay led to an improvement in the performance of the 

strengthened specimens, as evidenced by an increase in load bearing 

capacity by approximately 40% and stiffness by approximately 30%. 

Additionally, the appearance of flexural cracks was delayed, further 

indicating the positive impact of using GFRP bars as reinforcement for 

the UHPC overlay. 

7. The inclusion of steel or GFRP bars to reinforce the UHPC overlay 

reduces the impact of construction joints, which means that the behavior 
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of the strengthened specimens using reinforced UHPC overlay is not 

affected by the shape or location of the construction joint. Therefore, if a 

construction joint is required in the UHPC overlay, it is recommended to 

use a vertical joint. 

8. The beams strengthened by UHPC reinforced by steel bar/GFRP bar 

failure due to concrete cover separation at the ends of UHPC overlay 

before the strengthened beams reach their full capacity. This represents a 

big issue; therefore, care should be taken when using this technique in 

strengthening the beams. 

 

5.2 Recommendation 

1. Its recommended to anchorage the ends of UHPC overlay throughout full 

warp by CFRP laminate or mechanical anchorages. 

2. Experimentally investigate the optimum thickness of the UHPC overlay 

corresponding to the optimum reinforcement ratio in the UHPC overlay. 

3. Application of this technique of strengthening on the pre-damaged beams 

and investigation if this technique improves the performance of beam 

exposed to a high degree of damage. 

4. Numerically simulate the behavior of the strengthened beam by finite 

element model. 
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Appendix A 
Design of reference specimen based on ACI 318-19  

No. 
Calculation and discussion  Code 

Ref. 

1.  

Specimen Dimension  

• Assume the section and dimension as shown in Figure 1. 

 
 

 

 

  

a) Beam dimension   

Use 150mm in width and 200 mm in total depth  

2.  Design of beam  

 

b) Flexural strength of the specimen  

𝑏 = 150 𝑚𝑚, ℎ = 200 𝑚𝑚,   𝑓𝑦 = 400𝑀𝑝𝑎 𝑎𝑛𝑑 𝑓𝑐
` = 30 𝑀𝑝𝑎 

𝑑 = 200 − 20 − 6 − 6 = 168𝑚𝑚 
𝑠ℎ𝑒𝑎𝑟𝑠𝑝𝑎𝑛(800𝑚𝑚)

𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑡ℎ (200𝑚𝑚)
 = 4.0 > 2.0 (𝑠ℎ𝑎𝑙𝑙𝑜𝑤 𝑏𝑒𝑎𝑚) … . ACI 9.9.1.1  b 

𝐴𝑠 = 2∅12𝑚𝑚 𝑎𝑛𝑑 𝐴𝑠
` = 2∅12𝑚𝑚 

𝜌 =
𝐴𝑠

𝑏𝑑
= 0.009,           →             𝜌𝑚𝑖𝑛. < 𝜌 < 𝜌𝑚𝑎𝑥. 

𝑎 =
𝐴𝑠𝑓𝑦

0.85𝑓𝑐
`𝑏

=
2 × 113.1 × 400

0.85 × 30 × 150
= 23.65 𝑚𝑚 

𝑀𝑛 = 𝐴𝑠𝑓𝑦(𝑑 − 𝑎 2⁄ ) = 14.13 𝑘𝑁. 𝑚 

→ 𝑃 = 35.32 𝑘𝑁   𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

 

 

 

 

 

 

 

 

 

 

 

 

 

C) strength of the specimen Shear   

𝑉𝑐 = 0.17√𝑓𝑐
` 𝑏𝑤 𝑑 

𝑉𝑐 = 0.17 × √30 × 150 × 168 × 10−3 = 23.46𝑘𝑁 

𝑉𝑠 =
𝐴𝑣 × 𝑓𝑦𝑡 × 𝑑

𝑠
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Appendix A 

A-2 
 

No. 
Calculation and discussion  Code 

Ref. 

𝑉𝑠 =
2 × (𝜋 4⁄ ) × 62 × 400 × 168

85 × 1000
= 44.7 kN <  𝑉𝑠,𝑚𝑎𝑥. = 2 3⁄  √𝑓𝑐

` 𝑏𝑤 𝑑

= 92𝑘𝑁 

𝑉𝑠 ≤   
1

3
√𝑓𝑐

′𝑏𝑤𝑑 →  𝑆𝑚𝑎𝑥.

= min. 𝑜𝑓 {
𝑑

2⁄ = 84𝑚𝑚 ≈ 85𝑚𝑚

600𝑚𝑚
  𝐴𝐶𝐼9.7.6.2.2 

𝑉𝑛 = (𝑉𝑐 + 𝑉𝑠) 

→  𝑃 2⁄ = (44.7 + 23.46)     → P = 136.32 kN 

→  𝑑𝑖𝑓𝑓. 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑎𝑛𝑑 𝑠ℎ𝑒𝑎𝑟 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑠 
136.32 − 35.32

35.32
= 2.86 

 

If use Ø8 mm @85 mm then, 

𝑉𝑠 =
2 × (𝜋 4⁄ ) × 82 × 400 × 164

85 × 1000
= 77.58 kN <  𝑉𝑠,𝑚𝑎𝑥. = 2 3⁄  √𝑓𝑐

` 𝑏𝑤 𝑑

= 89.8𝑘𝑁 

𝑉𝑠 >   
1

3
√𝑓𝑐

′𝑏𝑤𝑑       →  𝑆𝑚𝑎𝑥. = min. 𝑜𝑓 {
𝑑

4⁄ = 41𝑚𝑚 < 85𝑚𝑚 𝑛𝑜𝑡 𝑜𝑘

300𝑚𝑚
 

𝑉𝑛 = (𝑉𝑐 + 𝑉𝑠) 

→  𝑃 2⁄ = (87.93 + 22.9)     → P = 221.66 kN 

 

→  𝑑𝑖𝑓𝑓. 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑎𝑛𝑑 𝑠ℎ𝑒𝑎𝑟 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑠 
221.66 − 34.42

34.42
= 5.44 
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∆𝑐𝑒𝑛𝑡𝑒𝑟=
(𝑃 2⁄ )𝑎

24 𝐸𝑐𝐼𝑒
(3𝑙2 − 4𝑎2)                                       

𝑓𝑐
` = 30𝑀𝑃𝑎, 𝑑 = 168 𝑚𝑚, 𝐸𝑐

= 25743𝑀𝑃𝑎,   𝑛
= 7.7, 𝐼𝑔

= 100 × 106𝑚𝑚4 

𝑓𝑟 = 0.62√𝑓𝑐
` = 3.4𝑘𝑁,    𝑀𝑐𝑟

=
𝑓𝑟 × 𝐼𝑔

𝑦𝑡
= 3.4𝑘𝑁. 𝑚 

𝑦𝑐𝑟 = 47.4𝑚𝑚, 𝐼𝑐𝑟

= 31.8 × 106𝑚𝑚4 

𝑀𝑎 = 0.4𝑃 = 14.13𝑘𝑁. 𝑚
>  𝑀𝑐𝑟(3.4𝑘𝑁. 𝑚) 

𝐼𝑒 =  𝐼𝑐𝑟 + (
𝑀𝑐𝑟

𝑀𝑎
)

3

× (𝐼𝑔 − 𝐼𝑐𝑟)

= 32.75 × 106𝑚𝑚4 
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Appendix A 

A-3 
 

No. 
Calculation and discussion  Code 

Ref. 

∆𝑐𝑒𝑛𝑡𝑒𝑟=
(17.66 × 103) × 800

24 × 25743 × 32.75 × 106
× (3 × 20002 − 4 × 8002)

= 6.6 𝑚𝑚 

< 𝑙 180⁄ (11.11𝑚𝑚) 

 

e)Check crack width  
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𝑤𝑚𝑎𝑥. = 0.0132 × 10−3 × 𝑓𝑠 × √𝐴 𝑐𝑒

3
 

𝑓𝑠 = 0.6𝑓𝑦 = 240𝑀𝑃𝑎,   𝐴 = 3000𝑚𝑚2, 𝑐𝑒 = 52𝑚𝑚 

𝑤𝑚𝑎𝑥. = 0.124𝑚𝑚 < 0.33𝑚𝑚 

f ) Check the development length  

ACI 

318  

𝑙𝑑 = (
𝑓𝑦

1.1𝜆√𝑓𝑐
′

𝜓𝑒𝜓𝑡𝜓𝑠

(
𝑐𝑏 + 𝑘𝑡𝑟

𝑑𝑏
)

) 𝑑𝑏 ≥ 300 𝑚𝑚 

 

Where: 

𝜆=1.0 for normal weight concrete 

1. 𝝍𝒕 =bar location factor 

𝛹𝑡 =1.3 for top bars defined as horizontal reinforcement, placed so that more 

than 300mm of fresh concrete is below the development length, or splice 

𝛹𝑡 =1.0 for all other reinforcement 

2. 𝝍𝒆 =coating factor 

𝜓𝑒 =1.5 for epoxy-coated bars or wires with cover less than 3db or clear 

spacing less than 6db 

𝜓𝑒=1.2 for all other epoxy coated bars or wires 

𝜓𝑒 =1.0 for uncoated and zinc-coated (galvanized) reinforcement (However, 

the value of the 𝜓𝑡𝜓𝑒 product should not exceed 1.7.) 

3. 𝝍𝒔 =bar size factor 

𝜓𝑠 =0.8 for ∅19 or smaller bars and deformed wires 

𝜓𝑠 =1.0 for ∅20 and larger bars 

(
𝑐𝑏 + 𝑘𝑡𝑟

𝑑𝑏
) ≤ 2.5 𝑠𝑎𝑦 = 2.5 

𝑙𝑑 = (
400

1.1 × 1 × √30

1 × 1 × 0.8

2.5
) × 12 = 255𝑚𝑚 < 300 𝑚𝑚  

𝑢𝑠𝑒 𝑙𝑑 = 300𝑚𝑚  
The provide development length = 1.0 m > required (0.3m) ok 

 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 

 

عن تصرف الاعتاب الخرسانية المسلحة و المقواة   مخبريةدراسة  

 بطبقة من الخرسانة فائقة الأداء 
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 خلاصةال

إن متانة المباني الخرسانية المسلحة عرضة للعديد من التهديدات والأضرار البيئية الشديدة وغيرها  

الخارجية. لزيادة العمر التشغيلي للمباني ، غالبًا ما يتم استخدام طرق التقوية والإصلاح    الاجهادات من  

 الاعتاب الخرسانية المسلحةإلى    UHPC  طبقةلتحسين قوتها ومتانتها. نظر هذا البحث في تأثير إضافة  

عشر    اختبار تسعة  العمليالبرنامج    تضمن.  UHPC  مفاصل انشائية في طبقة، سواء مع أو بدون  

، ونوع   UHPC  طبقةاستمرارية    هيالعوامل التي تم دراستها    و كانت   الخرسانة المسلحة   عتب من

. الانشائيمفصل  ال ، وشكل    UHPC  المفصل الانشائي في طبقة، وموقع    UHPC  التسليح في طبقة  

للنتائج ، فإن إضافة طبق الخرساني المسلحإلى جانب الشد    UHPC  ةوفقًا  عزز بشكل كبير    للعتب 

)ال وأ   132- 20صلابة  ال  خر٪(  قلل  تشققات ظهور   ، نفسه  الوقت  في  طبقة .  في  الانشائي   المفصل 

UHPC  فا أداء  عمن  يتأثر  التقوية.  بنسبة    العتب لية  .  UHPC  التسليح في طبقةالمقواة بشكل كبير 

  ة فولاذي  ضبانبق  اتسليحهالذي تم    UHPC  طبقة  ، فإن  مرجعيةعينة الالأظهرت النتائج أنه بالمقارنة مع  

له  ل م  10×    2 )  تحمل اقصىم كان  فإن 78٪( وصلابة )23.1- 17.5أعلى  ذلك ،  ٪(. علاوة على 

، والصلابة ، ويؤخر ظهور شقوق    التحمليحسن من قدرة    UHPC  كتسليح لطبقة  GFRPاستخدام  

ما يكفي بالخرسانة  ب  ترابط ممتاز   ا له  UHPC  طبقة الانحناء في العينات المقواة. أظهرت النتائج أن  

بنسبة   الأحمال  تحمل  قدرة  إلى زيادة  أدى  بنسبة  40مما  الصلابة  تأثير  30٪ وزيادة  تخفيف  يتم   .٪

. نتيجة لذلك ، لم يكن UHPC  كتسليح لطبقة  GFRPعن طريق استخدام الفولاذ أو    المفصل الانشائي

. وبالتالي ،  UHPC  بطبقةالمقواة  أي تأثير على سلوك العينات    نشائيمفصل الااللشكل أو موضع  

بكامل   الاعتاب المقواةإذا لزم الأمر. قبل أن تعمل    UHPC  طبقةينُصح باستخدام وصلات عمودية في  

  GFRPإلى فشل الحزم الفولاذية /  و ادى    UHPC  طبقةطاقتها ، فصل الغطاء الخرساني في نهايات  

. هذه مشكلة كبيرة ، لذلك يجب توخي الحذر أثناء استخدام هذا UHPCالمقوى الذي تم تقويته بواسطة  

 .عتاب الإجراء لتقوية الا 
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