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Experimental Study and Numerical Modeling of the Lap Strength of Reinforcing Steel Bars Milled From Recycled Scrap Metals

ABSTRACT
The study aimed to assess the lap strength of reinforcing bars milled from scrap metals in beams. The study explored the influence of different lap lengths on structural performance, considering variables such as rebar diameter and spliced length. Experimental work was carried out involving both four-point load bending (4PB) and three-point load bending (3PB) on twelve (12) reinforced concrete beams with varying lap lengths. The reinforcing steel bars ranged from 10mm to 20mm in diameter. The experimental setup included measurements and testing of the bars' yield and ultimate stresses, as well as the preparation and curing of concrete specimens. Findings indicated that larger reinforcing bars and longer lap lengths had enhanced load-carrying capacity and stiffness, and also longer lap lengths reduced deflections. The research contributes insights into suitable lap strength, crack behavior, and failure modes in reinforced concrete beams, offering valuable recommendations for improved design practices. Finite Element Analysis of the beams was conducted by modeling them into ABACUS and validated with the experimental results. The findings from FEM confirm that longer lap lengths enhance load transfer and stiffness, and larger diameter bars improve load-carrying capacity and stiffness. The study concludes with recommendations for good design option, highlighting on longer lap lengths and the use of larger diameter bars for lapping. Additional recommendations include ensuring adequate shear reinforcement (stirrups) to prevent premature shear failure. 
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1. INTRODUCTION
Reinforced concrete is a widely used construction material and is a composite of reinforcing bars, embedded in a matrix of hardened concrete, which is highly strong in compression. Thus, concrete’s low tensile capacity necessitates the use of steel, which is globally recognized as the most effective reinforcing material in structural concrete. Reinforcing steel bars are critical components of concrete structures, enhancing their tensile strength and durability [1]. Additionally, reinforcing steel bars have  high tensile strength, similar thermal coefficient, and Poisson’s ratio to concrete [2]. Commercially available conventional  reinforcing steel bars are widely used as reinforcement in concrete, however, locally manufactured reinforcing bars milled from recycled  metals have been gaining attention due to their potential cost-effectiveness and sustainability [3] .
In many developing countries, the high cost of imported steel has led to the production of reinforcing steel bars from recycled scrap metal from obsolete vehicles and machinery. For instance, in Ghana, about 80% of the estimated 80,000 tonnes of steel scrap produced annually is recycled [4]. Steel bars made from scrapped metal were commonly categorized as mild steel by manufacturers.  For example, Connor [5] found steel reinforcing bar produced from local scrapped metals with yield strength of 250MPa, which is classified as mild steel. They usually possess surface grooves, much like regular high-strength deformed bars, to boost their ability to resist cracking when mixed with concrete [6]. Yet, it was observed that the chemical profile of these bars, produced locally, did not align with the typical requirements for mild steel, leading to a greater risk of brittle failures [4]. 
Previous studies have shown the potential of the use of recycled steel materials that are locally milled into reinforcing steel bars for use as structural reinforcement. These studies have considered varying properties of these locally milled  reinforcing steel bars, which include their physical and chemical properties [3], strength and ductility characteristics [3], and their bonding behavior with concrete materials [4, 7, 8]. For effective stress distribution from one bar to  another, lapping of reinforcing bars  is necessitated, and the lap may be provided by various means which include, lap splices, welded splices and mechanical couplers [9]. To ensure the structural integrity of the use of these locally milled steel reinforcing bars when lapped in concrete members, their lap strength is of great importance [9]. Where lap splices are used, proper splicing provides continuity and strength in the reinforcement [10]. Interestingly, where the lap splice length is adequately given, the quantity of steel bars may be reduced and still meet the strength requirements of the reinforcement [9]. Lap splice’s influence on the lap strength also varies under different loading conditions, which in turn influences the performance of steel reinforced concrete elements [8, 10]. Therefore, a wide range of factors which influence the lap strength have been explored in the past by researchers. These factors include geometry of reinforcing bars [4, 9], lap length [7, 9], compressive strength of concrete [4, 9], and confinement effect of concrete and steel stirrups [9]. 
The specific gap that this study seeks to fill is to explore the lap strength of locally milled reinforcing steel bars. The influence of different loading orientations, diameter of reinforcing bars and lap length and on the lap strength is considered. Reinforcing bar diameters (D) of 12 mm, 16 mm and 20 mm were considered, and the lap length of multiples of the reinforcing diameters of 10, 15 and 20 times the reinforcing bar diameters (10D, 15D and 20D) were investigated. By focusing on the deformation and load-carrying capacity of lap splices of the reinforced concrete beams, this study determines the viability of the locally milled reinforcing bars in maintaining the structural integrity. Ultimately, this research study was aimed at sustainable construction practices.
2. MATERIALS AND METHODS
2.1 Description of beams
A total of 12 concrete beams reinforced with steel bars milled from scrap metals were cast. The variables studied were the influence of the bar size, lap splice length and loading orientation on the structural behaviour of the beam. The reinforcing bar diameters (D) were 12 mm. 16 mm and 20 mm. The lap splice lengths were 10D, 15D and 20D. All the beams were reinforced in the compression zone with two 12 mm mild steel reinforcing bars. The longitudinal tension reinforcement bars were lapped at the midspan with the reinforcing bar of variable diameters and their respective lap splice lengths. The control beam on the other hand was designed without lapping of the longitudinal tension reinforcement. Each beam had constant dimensions of 150 mm wide, 300 mm deep and 2100 mm total length. A clear concrete cover of 25 mm was provided in all the beams. To ensure no shear failure, all beams were reinforced with transverse steel stirrups of diameter 10mm mild steel at 200mm spacing (2R10 @ 200mm c/c). The beam details are illustrated in Figure 1. The beams were identified with numbers, symbols and letters, the first two numbers followed with the symbol D represented the lap length. The numbers following the symbol also represented the reinforcing bar diameter. For example, C25/15D/16 represented the beam with concrete grade 25, lap length of 15 times bar diameter and reinforcing bar diameter of 16mm. The beams with their respective characteristics are presented in Table 1. 
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Figure 1: Schematic representation of the beam
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Table 1: Beam characteristics
	
Beam ID
	Cross section
 b x h
(mm x mm)
	Span length
(mm)
	Effective depth
(mm)
	Lap length
(mm)

	C25/B1/D12 
	150 x 300
	2100
	259
	0

	C25/10D/12*
	150 x 300
	2100
	259
	120

	C25/15D/12*
	150 x 300
	2100
	259
	180

	C25/20D/12
	150 x 300
	2100
	256
	240

	C25/B1/D16 
	150 x 300
	2100
	257
	0

	C25/10D/16
	150 x 300
	2100
	257
	160

	C25/15D/16
	150 x 300
	2100
	257
	240

	C25/20D/16
	150 x 300
	2100
	257
	320

	C25/B1/D20 
	150 x 300
	2100
	255
	0

	C25/10D/20*
	150 x 300
	2100
	255
	200

	C25/15D/20*
	150 x 300
	2100
	255
	300

	C25/20D/20*
	150 x 300
	2100
	255
	400



* Indicates beams tested under three-point loading.


2.2 Materials 
2.2.1 Reinforcements 
All the reinforcing steel bars used in this study were mild steel produced from locally milled recycled metals. The characteristics of the steel bars used in the experimental work are presented in Table 2. These characteristics include the actual bar diameter, yield strength and tensile strength of the steel. 
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	Specimen ID
	Actual diameter (mm)
	Minimum Yield load 
 (kN)
	Maximum Yield load
(kN)
	Ultimate load 
(kN)
	Yeild strength  
(N/mm2)
	Ultimate  strength 
(N/mm2)

	10 mm
	9.81
	48.07
	48.46
	53.82
	636.0
	712.1

	10 mm
	9.81
	48.78
	49.06
	54.51
	645.4
	721.2

	12 mm
	11.36
	38.23
	38.74
	52.07
	430.0
	585.6

	12 mm
	11.36
	38.58
	39.47
	52.82
	430.7
	589.6

	16 mm
	15.96
	61.67
	62.66
	87.74
	398.9
	567.5

	16 mm
	15.96
	60.49
	62.19
	85.59
	389.6
	551.3

	20 mm
	19.68
	101.3
	104.06
	130.2
	415.1
	533.4

	20 mm
	19.68
	102.57
	104.43
	130.66
	417.8
	532.2



2.2.2 Concrete 
The same concrete mix ratio of 1:1.5:3 (cement: sand: aggregates) with a water-cement ratio of 0.55 was used for all beams. This was designed for concrete with target grade of C25. The fresh concrete mix was evaluated for workability using the slump test as per BS EN 12350-2 [11]. The concrete cubes and 150mm x 300mm cylinders concrete specimens were prepared to evaluate the compressive strength and the split tensile strength of the concrete respectively. The compressive and splitting tensile strength of the concrete were evaluated in accordance with the BS EN 12390-3 [11] and BS EN 12390-5 [11]. All concrete specimens were cured for 28 days under continuous moist conditions and ambient temperature of approximately 280C – 310C. The 28th day compressive strength and splitting tensile strength were 23.2N/mm2 and 4.1N/mm2, respectively for all beams. The splitting tensile strength was found to exceed slightly the conventional 8-15 percent of the compressive strength [12].
2.3 Methods
2.3.1 Testing of beams
The beams were subjected to 3-point (3PD) and 4-point (4PD) bending test, with their supports set 150mm from the beams' end. The specific test for each beam under both 3PD and 4PD is presented in Table 1. They were simply supported with a clear span of 1800mm in a rigid steel frame. The supports, dial gauge, and loading positions were indicated and marked on the beams before loading. For the 3-point bending test, the load was centrally applied to the beams and was spaced 900mm from the supports. Alternatively for the 4-point bending test, the load points were spaced at 600 mm apart. A dial gauge was centrally mounted under the beam to measure the central deflection. The schematic representations of the test set-up for the 3PD and 4PD are illustrated in Figures 2a and 2b respectively. The beams were loaded using a hydraulic jack at a controlled rate of (2kN/s). Various parameters such as mid-span deflection, initial crack load, and crack characteristics were recorded during the test.  
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Figure 2(a): 3-point loading
[image: ]
Figure 2(b): 4-point loading
Figure 2: Test setup for beams

3.0 THEORETICAL ANALYSIS
3.1 Flexural Theory of beams
The split tensile strength of the concrete calculated from the average applied load to the concrete cylinder using the formula:
 ​ 
where  and  represent the diameter and length of the cylinder, respectively. Based on an average applied load of 288 kN, the tensile strength is determined to be 4.07 N/mm².




3.1.1 Cracking Moments and Loads
Cracking Moments
For the R.C. beam, cracking initiated as the concrete tensile strength was exceeded. Using a section of 150 mm by 300 mm, the cracking moment estimated from the formula: 
​
 where  is cracking moment, split tensile strength of concrete, I = second moment of area of beam cross-section , b = beam width and D = overall beam depth. 
3.1.2 Cracking Loads
Using a section of 150 mm by 300 mm, the cracking moment is  ​  for 3-point loading; and  for 4-point loading, where  = cracking load and L = span of beam (1800mm). The corresponding cracking loads were 20.4 kN for 3-point loading, and 30.5 kN for 4-point loading. 
3.2 Flexural Theory of beams
3.2.1 Failure loads
In examining the theoretical failure load of the beam, three possible failure modes are considered: steel yielding, concrete crushing, and shear failure. 
3.2.1.1 Theoretical failure load on the assumption that the steel yields first. 
When steel yields first, the moment of resistance  is calculated using

where   represents the tensile steel yield strength,  is the area of steel reinforcement and  is the effective depth. The governing failure loads based on steel yielding first resulted in failure loads of 35.78 kN and 53.67 kN for 3-point and 4-point loading, respectively.
3.2.1.2 Theoretical failure load on the assumption that concrete crushes first (or beam fails in compression). 
The moment of resistance ) of concrete in compression is calculated using
 
where  = compressive strength of concrete, b = width of beam, d = effective depth of beam, d1 = depth of the compression steel bar. 
Under this failure condition, the failure loads are 121.82 kN for 3-point loading and 182.73 kN for 4-point loading.
3.2.1.3 Theoretical failure load on the assumption that shear failure occurs first.
Shear failure is evaluated based on the shear strength of concrete, calculated using [14]:
 
where ​ = cross-sectional area of links,  = yield strength, ​ = spacing of the links, and  = concrete shear strength, b = width of beam, d = effective depth of beam. The governing failure mode results in a maximum shear force of 192.72 kN.
4.0 TEST RESULTS
4.1 Cracking loads of Beams
Table 3 shows the theoretical and experimental cracking loads of beam subjected to monotonic loading for beams reinforced with mild steel bars milled from scrap metals. The theoretical cracking load for the beams averaged 5.30 times the experimental cracking load. It is observed from Table 3 that beam C25/10D/20 produced the lowest cracking load of 2kN, followed by beams C25/10D/16, C25/15D/16, C25/15D/20 and C25/20D/20 with 4kN. The largest cracking load in the beams with lapped bars was 8kN in beams C25/10D/12, C25/15D/12 and this was the same in the control beams C25/B1/12, and C25/B1/20. With this observation it can be concluded that the reinforcing bar with diameter 12mm in beams C25/10D/12 and C25/15D/12 could sustain relatively high load before the initial crack appeared when subjected to loading, followed closely by C25/20D/12 and C25/20D/16 and their cracking loads were similar to beams without lapped bars. Beams with lapped bars C25/20D/12 and C25/20D/16 produced the same second highest cracking load of 6kN as control beam C25/B1/16. The trend appeared to indicate that smaller bar sizes lapped arrangement produced higher cracking load. 
4.2 Crack Pattern and Failure Modes
In a simply supported beam subject to four-point loading, the middle third section of the span is subjected to equal magnitude of maximum bending and zero shear forces. In the case of three-point loading the beams experienced varying bending moments and constant shear from the support to the mid-span where maximum bending moment occurs.  The first crack for all the test beams was found to appear within the middle third span where the maximum strain is occurred. 
The general crack behavior of the R.C. beams with varying lap lengths under four-point (4PB) and three-point (3PB) loading is illustrated in Figure 3. The initial cracks for all the beams specimens appeared within the middle third span in the four-point loading and occurred near the central point of loading in the three-point loading where the maximum strain occurred. All three control beams (C25/B1/12, C25/B1/16 and C25/B1/ 20) had flexural-shear cracks that progressed at an angle due to the involvement of shear stress and propagated toward the load point as illustrated in Figure 3.  The other beams that had varying lap lengths on the other hand developed few cracks (mostly two main vertical cracks with branches) that remained vertical and located closed to the loading points. Although all the beams had different crack lengths and crack numbers as presented in Tables 3 and 4, there was no significant difference of the influence of the reinforcement bar diameter and loading orientation on the cracking characteristics. The only significant difference in crack development and characteristics was the type of cracks which was different in the control beams without lapping and the other beams with lapping at varying lap lengths. While the control beams developed several cracks as both pure and flexural-shear only in the beams with lapped bars developed few cracks that are located near the applied constant moment region of the beams. In situations where the cracks in concrete were inclined, they were due to both shear and bending stresses and as a result they were classified as flexural-shear. Where the cracks were vertical, close to the loading points, and lapping section, even in the three-point loading beams, they could be described as pure bending cracks. In spite of the presence of shear and bending stresses, these few cracks under the load points in the beams with lapped bars propagated fast into the compression zone and led to concrete crushing and compression failure [15].
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4.3 Load-Deflection Curves
Figure 4 shows the load-deflection curves of the test beams that were reinforced with mild steel bars milled from scrap metals. Beams: C25/10D/12, C25/15D/12, C25/10D/20, C25/15D/20 and C25/20D/20 were subjected to a three-point loading while beams C25/B1/12, C25/20D/12, C25/B1/16, C25/10D/16, C25/15D/16, C25/20D/16 and C25/B1/20 were subjected to a four-point loading and their details are presented in Table 1. Each beam was subjected to monotonic loading of 2kN increments and the mid-span-deflection at each load increment with the first crack load was recorded.  As observed in the load-deflection curves prior to the cracking of the concrete beam, the slope of the curve was steep and approximately linear, characterizing elastic behaviour of the beam at this stage of early loading. Once flexural cracks developed, a change in the slope of the curves was observed and the curves remained fairly linear until the steel yielded in some of beams which was followed by inelastic and near plastic response before failure by yielding of steel followed by crushing of the concrete or diagonal shear (Figure 4).
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4.4 LAP STRENGTH 
In terms of the failure loads of the beams, it was observed that the lapping of the reinforcing bars using different lap lengths had significant influence of the beam. From the test results shown in Table 3, the control beams without rebar lapping exhibited higher failure loads than beams reinforced with lapped bars. For example, considering the concrete beams reinforced with bars of diameter 20 mm, the failure load of beams C25/10D/20, C25/15D/20 and C25/20D/20, decreased when compared to control beam C25/B1/20. This also showed that as the lap length increased the lap strength increased as the decrease in the failure load relative to the control beam decreased with increase in lap length from 10D to 20D in beams C25/10D/20 and C25/20D/20 respectively. As it was also observed in previous studies [14,15], with the increase in the lap length there was better continuity in the tensile reinforcement and enhanced transfer of tensile stresses/forces between the lapped bars that helped improve the load carrying capacity of the beam. 
With regard to the effect at varying diameters on the lap strength it can be observed from the experimental results that as the diameter of the reinforcing bars increased from 12 mm to 16 mm the load carrying capacity of the beams increased, but as the bar size increased from 16 mm to 20 mm, the load capacity decreased. Therefore, the best bar size for high load carrying capacity of the beams capacity among the three sizes is 16 mm. This might be due to increased brittleness in the steel bar from 16mm to 20mm as a result of the residual stresses on the bar ribs that locked into the steel bar [16]. 
The flexural strength of the beams evaluated on the basis of their stiffness as exhibited by their load-deflection curves shows that the control beams with no lapping were much stiffer than their counterpart lapped beams. In terms of the influence of the different lap lengths on the flexural strength it was observed that although the beam with lap length of 10D20 had the lowest value of maximum deflection among the beams with reinforcing bar diameter of 20 mm and expected to be the stiffest, it was the least stiff beam with stiffness value of 0.954KN/mm. Thus, in terms of the influence of the lapping lengths the stiffness of the C25/10D/20, C25/15D/20, and C25/20D/20 the stiffness values were 0.954KN/mm, 1.17KN/mm and 2.14KN/mm, respectively. In comparison to the control beam C25/B1/20, these values were 85.41%, 82.11% and 67.28% for the C25/10D/20, C25/15D/20, and C25/20D/20, respectively. This shows that increasing the lap length resulted in increased stiffness. This is because a longer lap length provided better anchorage and load transfer between the bars and concrete, enhancing the beam's stiffness and resistance to bending. 
In terms of the reinforcing bar diameters, it was observed that there was no significant influence of the varying reinforcement diameters on the flexural strengths of the beams. This is consistent with observation in the previous studies [17].
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	 Beam ID
	Theoretical cracking load, Pcr (kN)
	Experimental cracking load, P'cr (kN)
	Theoretical failure load (Pult) based on
	Experimental failure load P'ult (kN)
	P'cr/Pcr
	P'ult/Pult
	Number of cracks obtained at failure

	
	
	
	Steel Yielding (kN)
	Concrete Crushing (kN)
	Shear Failure (kN)
	
	
	
	

	C25/B1/12 ^
	30.5
	8
	*53.67
	182.73
	192.72
	42
	0.30
	0.783
	22

	C25/10D/12
	20.4
	8
	*35.78
	121.82
	192.72
	14
	0.39
	0.391
	15

	C25/15D/12
	20.4
	8
	*35.78
	121.82
	192.72
	14
	0.39
	0.391
	13

	C25/20D/12
	30.5
	6
	*53.67
	182.73
	192.72
	28
	0.20
	0.523
	8

	C25/B1/16 ^
	30.5
	6
	*91.57
	217.70
	178.56
	54
	0.20
	0.589
	17

	C25/10D/16
	30.5
	4
	*91.57
	217.70
	178.56
	36
	0.13
	0.393
	7

	C25/15D/16
	30.5
	4
	*91.57
	217.70
	178.56
	36
	0.13
	0.393
	10

	C25/20D/16
	30.5
	6
	*91.57
	217.70
	178.56
	20
	0.20
	0.218
	7

	C25/B1/20 ^
	30.5
	8
	*149.97
	276.83
	186
	50
	0.30
	0.333
	13

	C25/10D/20
	20.4
	2
	*99.98
	184.56
	186
	14
	0.10
	0.140
	7

	C25/15D/20
	20.4
	4
	*99.98
	184.56
	186
	18
	0.20
	0.180
	8

	C25/20D/20
	20.4
	4
	*99.98
	184.56
	186
	32
	0.20
	0.320
	13


[bookmark: _Toc111581992][bookmark: _Toc159333161][bookmark: _Toc159074042][bookmark: _Toc166500317][bookmark: _Toc158913096]Table 3: Experimental vs Theoretical properties
*Governing failure mean on beam        ^ Control Beams
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	Beam ID
	Longest Crack Length (mm)
	Average Crack Length(mm)
	Maximum Deflection(mm)

	C25/B1/12
	340
	134.20
	9.42

	C25/10D/12
	230
	73.54
	10.28

	C25/15D/12
	270
	79.75
	12.32

	C25/20D/12
	235
	115.71
	7.80

	C25/B1/16
	435
	147.89
	12.76

	C25/10D/16
	265
	129.43
	5.63

	C25/15D/16
	290
	121.88
	9.36

	C25/20D/16
	255
	106.67
	11.27

	C25/B1/20
	475
	146.72
	7.65

	C25/10D/20
	284
	154
	14.66

	C25/15D/20
	255
	130.44
	15.44

	C25/20D/20
	315
	126.25
	14.96



Table 5: Experimental versus FEM results
	Experimental Beam ID
	FEM Beam ID
	Experimental Cracking Load
(kN)
	FEM Cracking Load
(kN) 
	Experimental Ultimate Load
(kN)
	FEM Ultimate Load(kN)
	Experimental Deflection
(mm)
	FEM Deflection
(mm)

	C25/B1/12
	B1/12
	22
	33
	42
	42
	9.42
	9.42

	C25/B1/16
	B1/16
	24
	29
	54
	63
	12.76
	7.65

	C25/B1/20
	B1/20
	26
	33.97
	50
	60
	7.65
	7.65




4.4 Failure Loads
Table 3 shows the theoretical and experimental failure loads of the beams under monotonic loading.  The theoretical failure loads for beams C25/B1/D12, C25/10D/12, C25/15D/12, C25/20D/12, C25/B1/D16, C25/10D/16, C25/15D/16, C25/20D/16, C25/B1/D20, C25/10D/20, C25/15D/20, C25/20D/20 exceeded the experimental failure loads by 21.7%, 60.9%, 60.9%, 47.8%, 41%, 60.7%, 60.7%, 78.2%, 66.7%, 82%, 86%, and 68% respectively. The ratio of the experimental failure loads to the theoretical loads averaged 0.328 for the beams with lapped bars and 0.568 for beams without lapped bars. The difference in ratios between the two group of beams could be attributed to the effect of lapping. It is also observed from table 5 that the beams C25/10D/12, C25/15D/12, C25/10D/20 and C25/15D/20 had the failure load values appearing at a lower load value than the rest of the beams. At failure, all beams failed at different maximum load values ranging from 14kN to 54kN. From the table 3 it can be seen that lapping decreases the failure load, that is the capacity of the beam at the lapped position. For instance, C25/B1/12(control beam) had a higher load capacity than C25/10D/12, C25/15D/12 and C25/20D/12. With this observation it can be concluded that failure loads for all beams with laps were below the control beams. Again, the maximum deflection for all the beams with laps were observed to be lower than the control. Those with shorter lap length (10D) had the least deflection for all beams followed by (15D) and finally (20D).

5.0 FINITE ELEMENT ANALYSIS
The beams were modeled in ABAQUS using various theoretical approaches to simulate both three-point and four-point bending analysis of the behavior of reinforcing steel bars, ensuring reliable outcomes. The material models were developed based on their properties and the adopted theories, divided into two key components. The nonlinear behavior of concrete was modeled using the Concrete Damaged Plasticity Model (CDPM) available in the ABAQUS material library. In this study, the uniaxial compressive stress–strain relationship of concrete was modeled using as existing constitutive model adopted by Kent and Park [18] as shown in Fig.5 and presented in Eq 1. 
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Fig 5: Constitutive model [17].
      		  (1)
where    are compressive stress, ultimate compressive stress, compressive strain and ultimate compressive strain respectively.
Apart from the uniaxial stress–strain data, the CDPM also required the damage variables dc and dt, which characterize the degradation of the elastic stiffness in compression and tension respectively. For simplicity, the model proposed by Lubliner et al. [19] as shown in Fig.6 is presented in Eq. 2 as follows:
 
           	 (2)
where  tensile stress and ultimate tensile stress respectively
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a) Compression					b) tension
Fig 6: uniaxial behavior of concrete
[bookmark: _Hlk201049801]The other CDPM parameters required to complete the model are dilation angle (ψ), eccentricity (ε), the ratio of initial equi biaxial compressive yield stress to initial compressive yield stress ) and the ratio of second stress invariant on the tensile meridian (k) and ultimate tensile strain. In this study, the values considered for ψ, ε, ), k and μ were 30◦, 0.1, 1.16, 0.67 and 0.0005 respectively. The beam components included steel, stirrups, and bearing plates, with material properties such as elastic and plastic behavior specified in the property field. For steel, the density, modulus of elasticity (E) and Poisson’s ratio (v) were taken as 7800 kg/m3, 200 GPa and 0.3 respectively. For concrete, the density and Poisson’s ratio (v) were taken as 2400 kg/m3 and 0.2 respectively.
The geometric and material properties of the FE models are the same as in the test. The 3D 8–node brick elements with reduced integration (C3D8R) was used to model both the steel tube and concrete components. The steel reinforcement bars were modeled using the 2–node truss element (T3D2). The embedded constraint was used to ensure perfect bond between the steel reinforcement bars and the concrete. Finer mesh sizes were used in the contact zones between the steel and concrete components as shown in Fig.7. the beams were subjected to four point bending test. The crack patterns are shown in Fig.8.
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Fig 7b: Interactions of parts
Fig 7a: Assembled parts
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Fig 7d: Loads applied

Fig 7c: Mesh




Figure 7(a-d): Illustration of test beams modelled using ABAQUS software
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Figure 8: Experimental and FEM load-deflection curves of beams
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Fig 9: Crack patterns of the beams by FEM

5.1 Theoretical Results

Clearly, there is a high degree of consistency of the numerical results with the experimental data, namely ultimate deflection, load bearing capacity and first crack load. The load-deflective curves of the numerical models are confirmed and validated by the experimental results. For the finite element method (FEM), B1/12 and B1/16 represent three-point load control beam (solid) and B1/20 represents the four-point load control beam (solid). The ultimate load for B1/12 and B1/16 subjected to the four-point load were 42kN and 54kN compared to 42kN and 63kN predicted by their corresponding FEM respectively. Their theoretical analysis was based on limit state design, that resulted to a failure load of 53.67kN and 91.57kN respectively and was governed by the yielding of the steel rebars (Table 3). Again, the maximum experimental test deflection of 9.42mm recorded for C25/B1/12, was the same as from FEM, but the 12.76mm recorded by beam C25/B1/16 was slightly larger in contrast to the 7.85mm predicted by the FEM.

As shown in Figure 8, the load-deflection curves in the FEM exhibit cracking loads of 33kN, 29kN and 33.97kN for beams B1/12, B1/16 and B1/20 respectively and are presented in Table 5. On the other hand, cracking loads of 8kN, 6kN and 8kN were obtained experimentally for the same beams. A noticeable trend is that, the FEM predicted higher cracking load values. 

With reference to the ultimate loads that are shown in Table 5, the FEM predicted 42kN, 63kN and 60kN compared to 42kN, 54kN and 50kN from the experimental tests. Furthermore, from Table 5 the deflection values predicted by the FEM were slightly larger than values yielded by the experimental tests. These differences fell within an acceptable range, supporting the dependency of the FEM for further studies involving parameter adjustment. The cohesion between the experimental and numerical load-displacement results was quite impressive observing the curves.

The results of the finite element analysis using ABACUS, based on numerous theoretical considerations and iterative refinements have shown the accuracy and consistency between the numerical and experimental outcomes of load-deflection responses (Figure 8) and crack patterns in the beams (Figure 9).

[bookmark: _Toc159333144][bookmark: _Toc166499222][bookmark: _Toc158913081]6.0 CONCLUSION 
The focus of this research was on assessing the lap strength of locally manufactured reinforcing bars milled from scrap metals in beam. The methodology was designed to take into account elements that influence the performance of lap strength, such as the lengths of lap and size of reinforcing bars. The test results showed that longer lap lengths result in greater lap strength, leading to an increased failure load. For instance, lap lengths of C25/10D/20, C25/15D/20, and C25/20D/20 corresponded to failure load values of 14 kN, 18 kN, and 32 kN, respectively. Beams with larger diameter bars, such as 16 mm and 20 mm, generally demonstrated higher ultimate loads and lower deflections when compared to beams with smaller 12 mm diameter bars under identical loading conditions and lap lengths. This increase in load-carrying capacity and stiffness of the larger reinforcing bars is attributed to the larger cross-sectional area and moment of inertia.
Failure modes observed in all beams were predominantly either flexural or shear failures. Flexural failures were the most frequent, often marked by visible flexural cracks and concrete crushing within the compression zone. Shear failures, while less common, were noticeable in some beams, which showed long, visible shear cracks before ultimately failing. Overall, ensuring an adequate lap length is essential for the smooth transfer of stress within the beam, allowing for a more gradual failure at the ultimate load. Smaller and insufficient lap lengths can lead to a premature and brittle failure.
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