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Abstract: This study experimentally 

investigated the shear behavior of high-

strength reinforced concrete deep beams, 

comparing the performance of Self-

Compacting Concrete (SCC) and Vibrated 

Concrete (VC) with varying transverse 

reinforcement configurations. A total of four 

deep beam specimens, designed for a target 

compressive strength of 60 MPa and a shear 

span-to-depth ratio (a/d) of 0.75, were 

subjected to four-point bending tests. Material 

characterization of the reinforcing steel 

revealed ultimate stresses ranging from 

approximately 17 N/mm² to 28 N/mm², with 

ultimate strains extending up to 12%, 

confirming the ductile nature of the 

reinforcement. The force-deflection responses 

of the deep beams demonstrated significant 

variations in load-carrying capacity and 

ductility. Peak loads observed ranged from 

approximately 65 kN to 195 kN, with 

corresponding deflections at peak load varying 

from 3.2 mm to 26 mm. Notably, some 

specimens exhibited highly ductile post-peak 

behavior, sustaining substantial loads even at 

deflections exceeding 20 mm. Analysis of 

failure modes indicated a complex interaction 

between concrete type and transverse 

reinforcement spacing. Beam B9 (SCC with 50 

mm stirrup spacing) and Beam B12 (VC with 

100 mm stirrup spacing) experienced brittle 

shear compression failures. In contrast, Beam 

B10 (SCC with 100 mm stirrup spacing) and 

Beam B11 (VC with 50 mm stirrup spacing) 

exhibited ductile flexural failures. These 

findings suggest that SCC, even with wider 

stirrup spacing, can promote ductile flexural 

failure, potentially due to its superior 

compaction and bond characteristics, while VC 

beams required denser reinforcement to 

achieve similar ductile behavior. The research 

provides valuable quantitative data for 

understanding the influence of concrete type 

and transverse reinforcement on the shear 

performance of deep beams, contributing to the 

refinement of design models for modern 

concrete applications. 
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1.0 Introduction 

The increasing use of deep beams in 

contemporary structural applications arises 

from their capability to transfer large loads over 

short spans with minimal flexural deformation. 

Reinforced concrete (RC) deep beams are key 

structural elements in high-rise buildings, 

transfer girders, foundation pile caps, and water 

tanks, where their behavior under shear stress 

becomes critically significant. According to 

ACI Committee 318 (2008), a beam is 

classified as "deep" if its clear span is less than 

or equal to four times its overall depth, or if 

concentrated loads are applied within twice the 

depth from the face of the support. Unlike 

slender beams, load transfer in deep beams is 

dominated by compression struts rather than 

flexural action, leading to a nonlinear strain 

distribution across the depth of the beam. This 

unique mode of load transfer introduces 

complexities in the analysis and design of such 
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members, especially under shear stress 

conditions. 

Recent studies have noted that shear capacity 

in deep beams is affected significantly by the 

degree to which the natural load path—defined 

as the direct line from the point of loading to 

the support—is interrupted. Openings or weak 

zones along this path can considerably reduce 

shear strength. While several models and 

design approaches have been proposed to 

predict the shear behavior of deep beams, 

uncertainties persist, particularly for those 

constructed with high-strength concrete and 

incorporating transverse reinforcement (Tan et 

al., 1997; Yang et al., 2003). These 

reinforcements play a crucial role in controlling 

diagonal cracking and enhancing shear 

resistance, yet their interaction with modern 

concrete types such as self-compacting 

concrete (SCC) remains under-researched. 

SCC is an innovative construction material that 

flows under its own weight without the need for 

mechanical vibration. It was introduced to 

address the challenges associated with placing 

and compacting concrete in congested 

reinforcement zones (Okamura & Ouchi, 

2003). Compared to conventional vibrated 

concrete (VC), SCC offers superior 

flowability, reduced labor requirements, 

improved surface finishes, and better 

mechanical integration around reinforcement. 

Despite these benefits, SCC’s distinct material 

properties—such as higher powder content and 

lower coarse aggregate volume—can 

significantly affect the structural behavior of 

RC elements, necessitating a reevaluation of 

design provisions that were originally 

developed for VC (EFNARC, 2002; Akinpelu 

et al., 2017). Furthermore, studies such as those 

by Al-Khafaji et al. (2014) and Choi et al. 

(2012) highlight the negative effects of poor 

compaction in deep beams made with 

conventional concrete, such as voids and weak 

bonds, which can be mitigated by the use of 

SCC. Despite these developments, a critical 

knowledge gap exists in understanding how the 

shear behavior of RC deep beams is influenced 

by the use of SCC, especially when transverse 

reinforcement is incorporated. Most existing 

design equations are calibrated using data from 

VC specimens and may not accurately capture 

the structural response of SCC members. The 

lack of comprehensive experimental data on 

SCC deep beams with transverse reinforcement 

undermines the development of reliable design 

models for such systems. Consequently, this 

study seeks to bridge this gap by investigating 

the shear performance of high-strength RC 

deep beams fabricated with both SCC and VC, 

with particular focus on the influence of 

transverse reinforcement. 

The primary aim of this research is to evaluate 

the shear behavior of high-strength concrete 

deep beams constructed with self-compacting 

and vibrated concrete, with special emphasis 

on the role of transverse reinforcement. To 

achieve this aim, the study investigates the 

effect of concrete type on failure loads and 

deflection response, determines the diagonal 

cracking and ultimate failure loads of deep 

beams, and examines how vertical web 

reinforcement distribution influences failure 

patterns and load-deflection behavior in deep 

beams with low shear span-to-depth (a/d) 

ratios. 

The significance of this study lies in its 

potential to inform structural design practices 

and improve safety and performance standards 

for deep beams in modern construction. The 

findings will assist engineers and researchers in 

validating and possibly revising existing 

analytical models to better reflect the behavior 

of RC deep beams using innovative concrete 

technologies like SCC. Furthermore, it 

contributes to the broader goal of optimizing 

the structural efficiency and durability of 

critical load-bearing elements in civil 

infrastructure. 
 

2.0 Materials and Methods 

2.1 Experimental Program 
 

This study systematically investigated the 

effects of transverse reinforcement on the shear 
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behavior of reinforced concrete deep beams, 

comparing two distinct concrete types: Self-

Compacting Concrete (SCC) and Vibrated 

Concrete (VC). A total of four reinforced 

concrete deep beam specimens were 

meticulously fabricated for this purpose, 

comprising two SCC beams and two VC 

beams. Each beam was uniformly sized at 100 

mm in width, 250 mm in height, and 1000 mm 

in length. All specimens were designed to 

achieve a target 28-day compressive strength of 

60 MPa. A critical shear span to effective depth 

ratio (a/d) of 0.75 was consistently maintained 

across all beams. This specific ratio was 

deliberately chosen to promote shear-

dominated failure modes, which directly aligns 

with the study's primary focus on 

understanding shear behavior. The consistent 

application of this low a/d ratio ensures that the 

beams behave as true "deep" beams, where 

load transfer is governed by strut-and-tie action 

rather than flexure, thereby isolating the 

influence of the primary variables—concrete 

type and transverse reinforcement—on shear 

capacity. This methodological choice is 

fundamental to ensuring the relevance and 

interpretability of the study's findings 

regarding shear performance. 

Longitudinal reinforcement for all beams 

consisted of two 12-mm diameter deformed 

bars (T12) placed at both the top and bottom 

sections to provide adequate flexural capacity. 

Vertical web reinforcement was provided by 

closed stirrups of 4-mm diameter (T4). To 

investigate the influence of reinforcement 

density, specimens B9 and B11 were designed 

with a stirrup spacing of 50 mm, simulating 

conditions of congested shear reinforcement 

(as conceptually illustrated in Fig. 6, not 

provided). In contrast, specimens B10 and B12 

featured a wider stirrup spacing of 100 mm, 

representing normal shear reinforcement 

conditions (as conceptually illustrated in Fig. 7, 

not provided). The VC beams served as control 

specimens, allowing for direct comparison with 

their SCC counterparts under identical 

reinforcement schemes. The detailed 

reinforcement configurations and beam 

properties are comprehensively presented in 

Table 1. 
 

Table 1: Detailed Reinforcement and Beam Configuration (Conceptual Table) 
 

Beam 

ID 

Concrete 

Type 

Stirrup 

Spacing (mm) 

Longitudinal 

Reinforcement 

(Top/Bottom) 

Vertical Web 

Reinforcement 

B9 SCC 50 2T12 / 2T12 T4 closed stirrups 

B10 SCC 100 2T12 / 2T12 T4 closed stirrups 

B11 VC 50 2T12 / 2T12 T4 closed stirrups 

B12 VC 100 2T12 / 2T12 T4 closed stirrups 
 

2.2 Materials 
 

The concrete mixes utilized Ordinary Portland 

Cement (OPC) conforming to relevant industry 

standards (as conceptually depicted in Fig. 3, 

not provided). Natural river sand, characterized 

by a fineness modulus of 2.78, was employed 

as the fine aggregate (as conceptually depicted 

in Fig. 1, not provided). For the coarse 

aggregate, crushed granite with a maximum 

particle size of 12 mm was selected (as 

conceptually depicted in Fig. 2, not provided). 

A commercially available superplasticizer, 

CONPLAST, was incorporated into the SCC 

mixes. This admixture was chosen for its 

compatibility with all types of Portland cement 

and its capacity to significantly enhance the 

flowability of SCC while effectively 

preventing segregation. The inclusion of this 

superplasticizer is fundamental to achieving 

the self-compacting nature of SCC, which 

allows it to effectively fill complex forms and 

encapsulate dense reinforcement cages, such as 

those with 50 mm stirrup spacing. This superior 
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flowability, facilitated by the superplasticizer, 

is anticipated to result in improved bond 

development between the concrete and 

reinforcement, as well as a reduction in voids, 

both of which are critical factors for the 

structural integrity and shear capacity of deep 

beams, especially when compared to 

conventionally vibrated concrete where 

compaction challenges can arise (Al-Khafaji et 

al., 2014; Choi et al., 2012). 

Deformed steel bars of 12 mm diameter were 

used for both the compression and tension 

longitudinal reinforcement, providing the 

necessary flexural strength. For the vertical 

stirrups, 4 mm diameter deformed bars were 

used (as conceptually depicted in Fig. 4, not 

provided). 
 

2.3 Mix Design and Concrete Preparation 
 

Given the absence of a universally accepted 

mix design procedure specifically for SCC, the 

mix proportions for this study were 

meticulously developed in strict accordance 

with the guidelines provided by EFNARC 

(2002). Both the SCC and VC mixes were 

precisely proportioned to achieve a consistent 

28-day target compressive strength of 60 MPa, 

thereby classifying them as high-strength 

concrete. This consistency in target strength is 

crucial as it allows the study to isolate the 

impact of concrete type (SCC versus VC 

properties) and transverse reinforcement on 

shear behavior, rather than confounding the 

results with variations in concrete strength. 

The fresh properties of the VC mix were 

assessed using the standard slump test, 

conducted in accordance with ASTM C143 

(2003), which yielded a slump of 170 mm (as 

conceptually depicted in Fig. 17, not provided). 

For the SCC, the slump flow test was 

performed, measuring a flow diameter of 655 

mm, a value that successfully satisfied JSCE’s 

Class 1 flowability criteria (as conceptually 

depicted in Fig. 18, not provided). This verified 

flowability of SCC ensures that the benefits of 

its self-compacting nature, such as superior 

filling ability and reduced void content, are 

realized, enabling a fair comparison of its 

structural performance in deep beams with 

varying reinforcement congestion. 

Concrete for both the deep beams and their 

companion cylinders/cubes was mixed and cast 

under controlled laboratory conditions (as 

conceptually depicted in Fig. 13, not provided). 

The VC was cast in three distinct layers, with 

each layer subjected to tamping to ensure 

proper compaction and minimize voids. In 

contrast, the SCC was cast in a single layer 

without any mechanical vibration, relying 

solely on its inherent flowability for 

consolidation. Wooden moulds and de-

moulding agents were consistently used to 

facilitate smooth casting and demoulding 

processes (as conceptually depicted in Fig. 11). 

Reinforcement cages were meticulously 

preassembled and precisely positioned within 

the moulds prior to concrete casting (as 

conceptually depicted in Fig. 12). All 

specimens were demoulded after 24 hours and 

subsequently cured in water for a period of 28 

days to ensure optimal strength development 

(as conceptually depicted in Fig. 19). 
 

2.4 Mechanical Property Testing 
 

Standard 100 mm cubes and 100 × 200 mm 

cylinders were prepared and tested to 

determine the compressive and splitting tensile 

strengths of the concrete, respectively. These 

tests were conducted in strict accordance with 

ASTM C39 (2005) for compressive strength 

and ASTM C496 (2004) for splitting tensile 

strength. The compressive strengths reported 

for the concrete were calculated as 85% of the 

average cube strength, a common conversion 

factor employed in some regions (as 

conceptually depicted in Figs. 9 and 10, not 

provided). Adherence to these ASTM 

standards ensures the reliability and 

comparability of the concrete's fundamental 

material characteristics. For a journal 

publication, knowing the exact method of 

strength determination, particularly the cube-

to-cylinder conversion, is vital for readers to 

accurately interpret the concrete's strength and 
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its influence on the beam's overall 

performance, allowing for future comparisons 

with other studies that might report strengths 

based on different specimen types. 
 

2.5 Beam Fabrication and Test Setup 

The deep beams were subjected to four-point 

bending tests utilizing a 300 kN capacity 

Universal Testing Machine, located at the 

Agricultural Engineering Laboratory of the 

University of Ilorin. The loading configuration 

was specifically designed to ensure a clear 

shear span to depth ratio of 0.75. This 

configuration is critical for promoting shear-

induced failure modes in deep beams, thereby 

ensuring that the experimental findings are 

directly relevant to the study's objectives 

concerning shear behavior. The complete test 

setup is conceptually illustrated in Fig. 20 (not 

provided). 

Instrumentation for the tests included a 

SYSTEM 5000 data logger, which was 

interfaced with a desktop computer. This setup 

enabled precise and continuous recording of 

the applied loads and the corresponding 

deflections of the beams throughout the loading 

process. Loading was applied incrementally at 

10 kN intervals, allowing for detailed 

observation and recording of crack 

development, propagation patterns, and 

ultimate failure modes. This comprehensive 

test setup ensures that the experimental data, 

including stress-strain curves, failure loads, 

and deflection, are reliable and directly 

applicable to the study's objectives. The ability 

to correlate quantitative load-deflection data 

with qualitative crack patterns and observed 

failure modes provides a holistic understanding 

of the deep beam behavior under shear, 

enabling a more robust interpretation of the 

results. 
 

2.6 Beam Designation and Properties 
 

Table 2 provides a detailed overview of the 

configuration, mechanical properties, and 

observed failure modes for each deep beam 

specimen. Analysis of the failure patterns 

revealed distinct behaviors influenced by 

concrete type and transverse reinforcement 

spacing. Specifically, Beam B9, fabricated 

with Self-Compacting Concrete (SCC) and 

featuring a 50 mm stirrup spacing, exhibited 

shear compression failure. Similarly, Beam 

B12, constructed with Vibrated Concrete (VC) 

and a 100 mm stirrup spacing, also failed due 

to shear compression. In contrast, Beam B10 

(SCC with 100 mm stirrup spacing) and Beam 

B11 (VC with 50 mm stirrup spacing) both 

experienced flexural failure. These observed 

failure modes are pivotal as they directly 

inform the interpretation of the stress-strain 

curves presented in the results section. The 

contrasting failure modes, such as B9 (SCC, 

50mm stirrups) failing in shear compression 

while B11 (VC, 50mm stirrups) failed in 

flexure, indicate a complex interplay between 

concrete type and transverse reinforcement 

density. This suggests that the type of concrete 

significantly influences the balance between 

shear and flexural capacities, and consequently 

the dominant failure mode, even when 

transverse reinforcement is present. This 

complex interaction necessitates a re-

evaluation of design provisions for SCC deep 

beams, as their behavior might differ 

fundamentally from VC deep beams under 

similar reinforcement conditions. 
 

Table 2: Beam Designation, Mechanical 

Properties, and Failure Modes (Conceptual 

Table) 
 

Beam 

ID 

Concrete 

Type 

Stirrup 

Spacing 

(mm) 

Failure 

Mode 

B9 SCC 50 Shear 

Compression 

B10 SCC 100 Flexural 

B11 VC 50 Flexural 

B12 VC 100 Shear 

Compression 
 

3.0 Results and Discussion 
 

This section presents and interprets the 

experimental results obtained from the material 

characterization and the structural testing of 
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reinforced concrete deep beams. The 

discussion focuses on the stress-strain behavior 

of the reinforcing steel and the force-deflection 

response of the deep beam specimens, 

correlating these findings with the influence of 

concrete type (Self-Compacting Concrete 

(SCC) vs. Vibrated Concrete (VC)) and 

transverse reinforcement spacing. 
 

3.1 Material Characterization: Reinforcing 

Steel Properties 
 

The stress-strain curves for the reinforcing steel 

used in the experimental program are presented 

in Figs. 1 through 7. While the specific 

designation of each "Test" (e.g., Test 1, Test 2, 

etc.) to a particular bar diameter (4mm or 

12mm) is not explicitly provided in the Fig. 

captions, these curves collectively characterize 

the mechanical properties of the steel 

reinforcement. It is noted that Figs. 6 and 7 are 

identical, as are Figs. 1 and 2 (though Fig. 2 has 

an extended strain axis), and Figs. 3, 4, and 5 

present similar but distinct sets of curves. This 

suggests multiple tests were conducted on 

various steel samples, potentially representing 

different batches or sizes of the 4mm stirrups 

and 12mm longitudinal bars. 

The stress-strain curves consistently exhibit 

typical ductile behavior characteristic of 

reinforcing steel, comprising an initial elastic 

region where stress is proportional to strain, 

followed by yielding where the material 

deforms significantly without a substantial 

increase in stress. This is succeeded by a strain 

hardening phase where the material regains 

strength and stress increases with further strain, 

and finally a neckdown or softening stage as 

the material approaches fracture. 

Fig. 1 illustrates the stress-strain behavior for 

four distinct tests. Test 1, represented by the 

blue line, demonstrates a fairly linear elastic 

region extending up to approximately 15 

N/mm² stress and 4% strain. This is followed 

by a yield plateau and subsequent strain 

hardening, culminating in a peak stress of about 

25 N/mm² at around 6.5% strain before a 

noticeable drop in stress. Test 2, shown by the 

pink line, exhibits similar initial elastic 

behavior to Test 1, yielding at a slightly lower 

stress, approximately 12-13 N/mm², and 

reaching a peak stress of about 20 N/mm² at 

around 7% strain, after which it shows a 

gradual decrease in stress. The yellow line, 

representing Test 3, indicates a relatively lower 

stiffness in its elastic region compared to Test 

1 and 2, with yielding occurring at a lower 

stress. This material continues to strain harden, 

achieving a peak stress of approximately 25 

N/mm² at a higher strain, around 8.5-9%. Test 

4, depicted by the light blue line, shows a 

yielding point between 10-12 N/mm² and 

reaches a peak stress of approximately 23 

N/mm² at around 6.5% strain before a slight 

reduction. The curves in Fig. 1 collectively 

indicate ductile behavior for all four tests, 

which is characteristic of reinforcing steel, with 

clear elastic and plastic deformation regions. 

The observed variations in peak stress and 

ultimate strain suggest potential differences in 

the exact properties of the steel samples tested, 

possibly representing different batches or sizes 

of reinforcement, such as 4mm stirrups versus 

12mm longitudinal bars. 

Fig. 2 is visually very similar to Fig. 1, also 

presenting Stress (N/mm²) versus Strain (%). 

The primary distinction lies in an extended 

strain axis, reaching up to 12% compared to 9% 

in Fig. 1. The overall trends for Test 1, 2, 3, and 

4 remain consistent with the observations from 

Fig. 1. Notably, Test 3 (yellow line) 

particularly benefits from the extended strain 

axis, clearly demonstrating its capacity to 

sustain stress at very high strains, up to 

approximately 10% strain at a stress of 20 

N/mm². This extended ductility might indicate 

a higher deformability for the steel represented 

by Test 3. The peak stresses and general shapes 

of the curves in Fig. 2 largely align with the 

observations from Fig. 1. 

Fig. 3 again presents stress-strain curves, with 

Stress (N/mm²) on the y-axis and Strain (%) on 

the x-axis, extending up to 14% strain. Test 1 

(blue line) shows a peak stress close to 20 
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N/mm² at about 7.5% strain, followed by a 

relatively stable stress plateau extending up to 

approximately 10% strain before a gradual 

decrease. 

Test 2 (pink line) reaches a peak stress of 

around 20 N/mm² at about 7% strain and 

subsequently exhibits a more pronounced 

decrease in stress, though it still extends to 

about 12% strain before a significant drop. Test 

3 (yellow line) appears to reach a peak around 

24-25 N/mm² at approximately 6% strain, then 

softens but maintains significant stress up to 

9% strain before a sharp decline. Test 4 (light 

blue line) reaches a peak stress of around 20 

N/mm² at about 5% strain, then shows a 

gradual reduction in stress as strain increases, 

extending to about 8% strain before a sharper 

drop. The curves in this Fig., particularly Test 

1 and Test 2, demonstrate significant ductility, 

showing sustained stress values even at high 

strains. This further confirms the suitability of 

the reinforcing steel for structural applications 

where substantial deformation before failure is 

a desirable characteristic. The variations 

observed between these tests reinforce the 

necessity of characterizing different batches or 

types of steel. 
 

 
Fig. 1: Stress-Strain Curve for Test 1, 2, 3, and 4 

 
Fig. 2: Stress-Strain Curve for Test 1, 2, 3, and 4 (Extended Strain Axis) 

Test No Density 

(kg/m³) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

1 2233.000 6.363 2.306 5.881 4.627 143669.998 44340.000

2 2401.000 7.220 2.669 6.955 2.693 174080.002 43700.001

3 2262.000 8.199 4.389 7.935 5.848 219460.007 55099.998

4 2291.000 6.785 3.337 6.617 3.792 236309.998 72139.999

Mean 2296.750 7.142 3.175 6.847 4.240 193380.001 53820.000

Max 2401.000 8.199 4.389 7.935 5.848 236309.998 72139.999

S.D. 73.423 0.787 0.915 0.853 1.333 42295.491 13285.902

C. of V. 3.197 11.018 28.814 12.454 31.435 21.872 24.686

Test No Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

1 160479.996 147830.002 6.363 2.306 5.881 4.627 14.367

2 196919.998 44080.002 7.220 2.669 6.955 2.693 17.408

3 254660.004 133500.000 8.199 4.389 7.935 5.848 21.946

4 252460.007 87739.998 6.785 3.337 6.617 3.792 23.631

Mean 216130.001 103287.500 7.142 3.175 6.847 4.240 19.338

Max 254660.004 147830.002 8.199 4.389 7.935 5.848 23.631

S.D. 45717.895 47060.537 0.787 0.915 0.853 1.333 4.230

C. of V. 21.153 45.563 11.018 28.814 12.454 31.435 21.872

Test No Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

1 4.434 16.048 14.783 7.685 7.101 407.703

2 4.370 19.692 4.408 8.703 8.389 334.584

3 5.510 25.466 13.350 9.888 9.572 259.347

4 7.214 25.246 8.774 8.191 7.981 502.346

Mean 5.382 21.613 10.329 8.617 8.261 375.995

Max 7.214 25.466 14.783 9.888 9.572 502.346

S.D. 1.329 4.572 4.706 0.944 1.026 103.749

C. of V. 24.686 21.153 45.563 10.953 12.424 27.593

Test Speed : 50.000 mm/min
Preload : Off
Width : 100.000 mm
Breadth : 100.000 mm
Sample Height : 100.000 mm

Comments :

MIX RATIO : MIX 1
CURING DAYS : 07
CONCRETE TYPE : SCC

Test Name :  CUBES 300KN
Test Type : Compression
Test Date : 2/6/2020 4:15 PM
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Stress (N/mm²)

Strain (%)

Test 1

Test 2

Test 3

Test 4

Test No Density 

(kg/m³) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

1 2524.000 7.486 3.725 7.077 4.180 170649.994 46669.998

2 2422.000 7.311 2.801 6.783 3.617 134449.997 43590.000

3 2383.000 10.050 6.235 9.954 9.018 274420.013 69320.000

4 2696.000 7.773 3.412 7.532 7.532 217309.998 54549.999

Mean 2506.250 8.155 4.043 7.837 6.087 199207.500 53532.499

Max 2696.000 10.050 6.235 9.954 9.018 274420.013 69320.000

S.D. 139.772 1.278 1.511 1.445 2.609 60535.631 11492.428

C. of V. 5.577 15.667 37.364 18.438 42.859 30.388 21.468

Test No Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

1 199240.005 61900.002 7.486 3.725 7.077 4.180 17.065

2 191839.996 74459.999 7.311 2.801 6.783 3.617 13.445

3 282670.013 240979.996 10.050 6.235 9.954 9.018 27.442

4 237139.999 237139.999 7.773 3.412 7.532 7.532 21.731

Mean 227722.504 153619.999 8.155 4.043 7.837 6.087 19.921

Max 282670.013 240979.996 10.050 6.235 9.954 9.018 27.442

S.D. 41660.233 98803.210 1.278 1.511 1.445 2.609 6.054

C. of V. 18.294 64.317 15.667 37.364 18.438 42.859 30.388

Test No Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

1 4.667 19.924 6.190 9.032 8.537 424.048

2 4.359 19.184 7.446 10.188 9.558 444.166

3 6.932 28.267 24.098 12.107 12.001 541.542

4 5.455 23.714 23.714 9.381 9.096 526.154

Mean 5.353 22.772 15.362 10.177 9.798 483.977

Max 6.932 28.267 24.098 12.107 12.001 541.542

S.D. 1.149 4.166 9.880 1.375 1.527 58.507

C. of V. 21.468 18.294 64.317 13.508 15.583 12.089

Test Speed : 50.000 mm/min
Preload : Off
Width : 100.000 mm
Breadth : 100.000 mm
Sample Height : 100.000 mm

Comments :

MIX RATIO : MIX 1
CURING DAYS : 07
CONCRETE TYPE : VC

Test Name :  CUBES 300KN
Test Type : Compression
Test Date : 2/7/2020 1:50 PM
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Fig. 3: Stress-Strain Curve for Test 1, 2, 3, and 4 

 

Fig. 4 focuses on the stress-strain behavior of 

only two tests: Test 1 (blue line) and Test 2 

(pink line), with the strain axis extending up to 

10%. Test 1 shows a nearly linear elastic region 

up to approximately 10 N/mm², followed by 

yielding and strain hardening, reaching a peak 

stress of around 20 N/mm² at about 6.5% strain. 

After the peak, the stress gradually decreases, 

extending to about 9.5% strain before a sharper 

drop. Test 2 exhibits similar initial elastic 

behavior, yielding at a comparable stress to  

 

 

Test 1. It reaches a peak stress of approximately 

17 N/mm² at around 7% strain and then 

gradually decreases, maintaining stress up to 

about 9% strain. A comparison of these two 

curves reveals that Test 1 demonstrates slightly 

higher peak stress and stiffness than Test 2. 

These curves likely represent the mechanical 

properties of a specific type or size of 

reinforcement used in the study, possibly the 

4mm stirrups or the 12mm longitudinal bars, 

but with fewer samples presented. 

 
Fig. 4: Stress-Strain Curve for Test 1 and Test 2 

 

Test No Density 

(kg/m³) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

1 23020.000 10.400 4.887 8.842 6.564 128600.006 40790.001

2 2458.000 12.440 2.743 7.488 3.630 33180.000 50919.998

3 2221.000 7.391 3.653 7.054 7.054 197500.000 52509.998

4 2205.000 6.214 3.266 5.950 5.950 183080.002 45529.999

Mean 7476.000 9.111 3.637 7.333 5.799 135590.002 47437.499

Max 23020.000 12.440 4.887 8.842 7.054 197500.000 52509.998

S.D. 10363.312 2.834 0.913 1.196 1.515 74441.960 5344.338

C. of V. 138.621 31.104 25.096 16.309 26.127 54.902 11.266

Test No Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

1 179949.997 112139.999 10.400 4.887 8.842 6.564 12.860

2 202210.007 89430.000 12.440 2.743 7.488 3.630 3.318

3 233979.996 233979.996 7.391 3.653 7.054 7.054 19.750

4 193270.004 193270.004 6.214 3.266 5.950 5.950 18.308

Mean 202352.501 157205.000 9.111 3.637 7.334 5.800 13.559

Max 233979.996 233979.996 12.440 4.887 8.842 7.054 19.750

S.D. 22983.202 67870.930 2.834 0.913 1.196 1.515 7.444

C. of V. 11.358 43.174 31.104 25.096 16.309 26.127 54.902

Test No Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

1 4.079 17.995 11.214 17.356 15.496 396.666

2 5.092 20.221 8.943 14.973 9.034 503.967

3 5.251 23.398 23.398 8.913 8.509 501.666

4 4.553 19.327 19.327 7.505 7.191 502.139

Mean 4.744 20.235 15.720 12.187 10.057 476.110

Max 5.251 23.398 23.398 17.356 15.496 503.967

S.D. 0.534 2.298 6.787 4.730 3.708 52.972

C. of V. 11.266 11.358 43.174 38.813 36.866 11.126

Test Speed : 50.000 mm/min
Preload : Off
Width : 100.000 mm
Breadth : 100.000 mm
Sample Height : 100.000 mm

Comments :

MIX RATIO : MIX 1
CURING DAYS : 14
CONCRETE TYPE : SCC

Test Name :  CUBES 300KN
Test Type : Compression
Test Date : 2/14/2020 11:31 AM
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Test No Density 

(kg/m³) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

1 2330.000 9.168 4.057 6.765 6.765 45900.002 55130.001

2 2354.000 7.803 4.661 7.249 5.834 144660.004 90440.002

Mean 2342.000 8.486 4.359 7.007 6.299 95280.003 72785.002

Max 2354.000 9.168 4.661 7.249 6.765 144660.004 90440.002

S.D. 16.971 0.965 0.427 0.342 0.658 69833.867 24967.941

C. of V. 0.725 11.375 9.798 4.884 10.450 73.293 34.304

Test No Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

1 202910.004 202910.004 9.168 4.057 6.765 6.765 4.590

2 179929.993 149770.004 7.803 4.661 7.249 5.834 14.466

Mean 191419.998 176340.004 8.486 4.359 7.007 6.300 9.528

Max 202910.004 202910.004 9.168 4.661 7.249 6.765 14.466

S.D. 16249.322 37575.654 0.965 0.427 0.342 0.658 6.983

C. of V. 8.489 21.309 11.375 9.798 4.884 10.450 73.293

Test No Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

1 5.513 20.291 20.291 11.043 8.164 516.690

2 9.044 17.993 14.977 9.409 8.749 479.475

Mean 7.279 19.142 17.634 10.226 8.456 498.082

Max 9.044 20.291 20.291 11.043 8.749 516.690

S.D. 2.497 1.625 3.758 1.156 0.414 26.315

C. of V. 34.304 8.489 21.309 11.304 4.891 5.283

Test Speed : 50.000 mm/min
Preload : Off
Width : 100.000 mm
Breadth : 100.000 mm
Sample Height : 100.000 mm

Comments :

MIX RATIO : MIX 1
CURING DAYS : 14
CONCRETE TYPE : VC

Test Name :  CUBES 300KN
Test Type : Compression
Test Date : 2/14/2020 11:57 AM
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Similar to Fig. 4, Fig. 5 also presents stress-

strain curves for Test 1 (blue line) and Test 2 

(pink line), with the strain axis extending up to 

9%. Test 1 displays a clear elastic region, 

followed by yielding, and then exhibits 

significant strain hardening, reaching a peak 

stress of about 25 N/mm² at approximately 6% 

strain. After the peak, the stress gradually 

decreases, maintaining a relatively high stress 

even at 7% strain. Test 2 shows a similar initial 

elastic phase, followed by yielding. It reaches a 

peak stress of around 20 N/mm² at 

approximately 7% strain, then shows a more 

gradual decrease in stress, extending to about 

8.5% strain. In this Fig., Test 1 demonstrates a 

higher peak stress and slightly greater stiffness 

compared to Test 2. Both curves clearly show 

ductile behavior typical of reinforcing steel, 

with distinct elastic and plastic deformation 

phases and significant ultimate strain capacity. 

Fig. 6 presents Stress (N/mm²) against Strain  

(%). Test 1 (blue line) displays a steep initial 

elastic region, reaching a peak stress of 

approximately 28 N/mm² at about 6.5% strain. 

This suggests a material with higher stiffness 

and strength compared to some of the "Test" 

curves seen in the preceding Figs. (1-5). Test 2 

(pink line) shows a lower initial stiffness and 

peak stress, around 17 N/mm², at 

approximately 6% strain, indicating a less stiff 

or weaker material compared to Test 1. Test 3 

(yellow line) is similar to Test 2 in terms of 

stiffness and peak stress, reaching about 18 

N/mm² at around 6.5% strain. Test 4 (light blue 

line) also exhibits a lower stiffness, reaching a 

peak stress of roughly 20 N/mm² at about 5.5% 

strain. This Fig. likely represents the stress-

strain behavior of different reinforcing steel 

samples, potentially including the 12mm 

deformed bars and 4mm stirrups, or variations 

within batches. Test 1 consistently stands out 

with higher strength properties. 

 
Fig. 6: Stress-Strain Curve for Test 1, 2, 3, and 4 

Fig. 7 is identical to Fig. 6, displaying the same 

stress-strain curves for Test 1, Test 2, Test 3, 

and Test 4. The interpretation remains 

consistent: Test 1 exhibits the highest strength 

and stiffness among the four tests shown. The 

presence of identical Figs. might indicate a re-

presentation of the same data or a slight 

redundancy in the provided image set. 

The collection of stress-strain curves (Figs. 1-

7) provides crucial information about the 

mechanical properties of the reinforcing steel 

used in the deep beam experiments. While not 

explicitly stated in the Fig. captions which 

specific type of steel (e.g., 12mm longitudinal 

bars vs. 4mm stirrups) each "Test" corresponds 

to, the variations between the curves suggest 

that different batches or types of steel were 

characterized. All curves consistently 

demonstrate the expected ductile behavior of 

reinforcing steel, characterized by an initial 

Test No Density 

(kg/m³) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

1 2374.000 6.785 2.955 6.569 6.569 281160.004 65970.001

2 2400.000 6.884 3.478 6.740 4.531 175889.999 57900.002

3 2369.000 7.385 1.998 6.978 4.869 208570.007 49540.001

4 2200.000 7.583 2.762 7.271 3.026 208449.997 56240.002

Mean 2335.750 7.159 2.798 6.889 4.749 218517.502 57412.501

Max 2400.000 7.583 3.478 7.271 6.569 281160.004 65970.001

S.D. 91.515 0.386 0.613 0.305 1.454 44502.788 6753.258

C. of V. 3.918 5.388 21.917 4.422 30.620 20.366 11.763

Test No Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

1 295920.013 295920.013 6.785 2.955 6.569 6.569 28.116

2 196309.998 101580.002 6.884 3.478 6.740 4.531 17.589

3 221369.995 175509.995 7.385 1.998 6.978 4.869 20.857

4 219410.004 64209.999 7.583 2.762 7.271 3.026 20.845

Mean 233252.502 159305.002 7.159 2.798 6.890 4.749 21.852

Max 295920.013 295920.013 7.583 3.478 7.271 6.569 28.116

S.D. 43300.402 102146.134 0.386 0.613 0.305 1.454 4.450

C. of V. 18.564 64.120 5.388 21.917 4.422 30.620 20.366

Test No Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

1 6.597 29.592 29.592 8.195 7.926 513.289

2 5.790 19.631 10.158 8.313 8.134 330.696

3 4.954 22.137 17.551 8.914 8.434 409.459

4 5.624 21.941 6.421 9.155 8.781 487.934

Mean 5.741 23.325 15.931 8.645 8.319 435.344

Max 6.597 29.592 29.592 9.155 8.781 513.289

S.D. 0.675 4.330 10.215 0.464 0.372 82.588

C. of V. 11.763 18.564 64.120 5.365 4.471 18.971

Test Speed : 50.000 mm/min
Preload : Off
Width : 100.000 mm
Breadth : 100.000 mm
Sample Height : 100.000 mm

Comments :

MIX RATIO : MIX 1
CURING DAYS : 28
CONCRETE TYPE : VC

Test Name : AKINPELU CUBES 300KN
Test Type : Compression
Test Date : 2/28/2020 2:58 PM
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elastic region, a yielding plateau, strain 

hardening, and then a gradual decrease in stress 

as the material approaches fracture. The peak 

stresses generally fall within the range of 17-28 

N/mm², and the materials exhibit significant 

strain capacities (up to 12% or more in some 

cases), indicating good ductility. This 

characterization is fundamental for 

understanding the overall structural response of 

the reinforced concrete deep beams. The 

ductile behavior of the reinforcing steel, as 

evidenced by these stress-strain curves, is 

crucial for the overall performance of 

reinforced concrete deep beams. High ductility 

ensures that the steel can undergo significant 

deformation before fracture, providing warning 

signs of impending failure and allowing for 

stress redistribution within the beam. The 

observed variations in steel properties, 

particularly strength and ductility, would 

directly influence the ultimate load capacity 

and failure mode of the deep beams. Stronger 

and more ductile steel contributes to higher 

ultimate loads and more ductile beam failures, 

which is desirable for structural safety. 

 
Fig. 7: Stress-Strain Curve for Test 1, 2, 3, and 4 

 

Table 3 summarizes the approximate 

mechanical properties of the reinforcing steel 

derived from these stress-strain curves. 

3.2 Structural Performance: Force-

Deflection Response of Deep Beams 
 

Figs. 8 through 14 illustrate the force-

deflection behavior of the reinforced concrete 

deep beam specimens under four-point 

bending. These curves are critical for assessing 

the ultimate load capacity, stiffness, and 

ductility of the beams, which are directly 

influenced by the concrete type (SCC vs. VC) 

and the transverse reinforcement spacing 

(50mm vs. 100mm). It is noted that Figs. 11 

and 13 are identical, as are Figs. 12 and 14. 

These Figs. likely represent the performance of 

the four fabricated beams: B9 (SCC, 50mm 

spacing), B10 (SCC, 100mm spacing), B11 

(VC, 50mm spacing), and B12 (VC, 100mm 

spacing). 

The force-deflection curves typically show an 

initial linear-elastic region where the beam 

behaves elastically and force increases 

proportionally with deflection. As cracking 

initiates and reinforcement yields, the stiffness 

decreases, and the curve becomes non-linear.  

The peak load represents the maximum force 

the beam can sustain, and the post-peak 

behavior indicates the beam's ductility and 

ability to deform further before complete 

failure. 

Test No Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

1 7.062 4.187 7.062 7.062 265339.996 80389.999 265339.996

2 7.479 6.433 6.409 2.310 148559.998 159190.002 159869.995

3 4.421 1.686 4.421 4.421 195000.000 45279.999 195000.000

Mean 6.321 4.102 5.964 4.598 202966.665 94953.334 206736.664

Max 7.479 6.433 7.062 7.062 265339.996 159190.002 265339.996

S.D. 1.658 2.375 1.376 2.381 58796.197 58334.726 53705.607

C. of V. 26.236 57.890 23.065 51.785 28.968 61.435 25.978

Test No Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

1 265339.996 3.531 2.094 3.531 3.531 33.784 10.236

2 34389.999 3.740 3.217 3.205 1.155 18.915 20.269

3 195000.000 2.211 0.843 2.211 2.211 24.828 5.765

Mean 164909.999 3.160 2.051 2.982 2.299 25.843 12.090

Max 265339.996 3.740 3.217 3.531 3.531 33.784 20.269

S.D. 118378.763 0.829 1.187 0.688 1.190 7.486 7.427

C. of V. 71.784 26.236 57.890 23.065 51.785 28.968 61.435

Test No Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

Poisson's Ratio Density 

(kg/m³) 

1 33.784 33.784 8.524 8.524 1267.985 2535.020

2 20.355 4.379 10.279 7.729 858.177 2467.538

3 24.828 24.828 5.356 5.356 985.327 2636.242

Mean 26.323 20.997 8.053 7.203 1037.163 2546.267

Max 33.784 33.784 10.279 8.524 1267.985 2636.242

S.D. 6.838 15.072 2.495 1.648 209.764 84.913

C. of V. 25.978 71.784 30.985 22.884 20.225 3.335

Preload : Off
Diameter : 100.000 mm
Sample Height : 200.000 mm

Comments :

CONCRETE TYPE : SCC
ORIENTATION : CYLINDER COMPRESSION

Test Name :  CYLINER (300KN)
Test Type : Compression

Test Date : 2/27/2020 12:40 PM

Test Speed : 50.000 mm/min
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Table 3: Approximate Mechanical Properties of Reinforcing Steel from Stress-Strain 

Curves 

 

Fig. Test Approximate 

Yield Stress 

(N/mm²) 

Approximate 

Ultimate Stress 

(N/mm²) 

Approximate 

Ultimate Strain 

(%) 

Notes 

1 1 15 25 6.5 Higher stiffness  
2 12 20 7.0 

 

 
3 10 25 9.0 High ductility  
4 10 23 6.5 

 

2 1 15 25 6.5 Extended strain 

axis, consistent 

with Fig 1  
2 12 20 7.0 

 

 
3 10 25 10.0 High ductility, 

consistent with 

Fig 1  
4 10 23 6.5 

 

3 1 15 20 7.5 Sustained stress 

at high strain  
2 12 20 7.0 

 

 
3 15 25 6.0 Higher peak 

stress  
4 10 20 5.0 Softer response 

4 1 10 20 6.5 
 

 
2 10 17 7.0 Softer response 

5 1 15 25 6.0 Higher peak 

stress  
2 12 20 7.0 

 

6 & 

7 

1 20 28 6.5 Highest stiffness 

and strength  
2 10 17 6.0 Lower strength  
3 10 18 6.5 Lower strength  
4 10 20 5.5 Lower strength 

Fig. 8 presents Force (N) on the y-axis against 

Deflection (mm) on the x-axis, extending up to 

12mm deflection. This type of graph is 

characteristic of structural element testing, 

such as the deep beams in this study. Test 1 

(blue line) shows a relatively stiff initial 

response, reaching a peak force of 

approximately 85,000 N (85 kN) at about 3.5 

mm deflection. After the peak, the force drops 

significantly, suggesting a more brittle failure. 

Test 2 (pink line) exhibits a softer response 

initially but achieves a significantly higher 

peak force of around 130,000 N (130 kN) at 

approximately 3.5 mm deflection, showcasing 

greater ultimate load capacity. Following the 

peak, there is a sharp drop in load. Test 3 

(yellow line) presents the softest initial 

response and the lowest peak force, reaching 

about 65,000 N (65 kN) at around 8 mm 

deflection. This curve demonstrates a more 

ductile failure, maintaining load over a larger 

deflection range compared to Test 1 and 2, 
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which appear to exhibit more brittle failures 

after their peak loads. These curves likely 

represent the load-deflection behavior of 

different deep beam specimens under four-

point bending. The variations in peak load, 

stiffness, and post-peak behavior directly 

reflect the influence of concrete type (SCC vs. 

VC) and transverse reinforcement (50mm vs. 

100mm spacing) on the shear behavior, as 

detailed in the manuscript's objectives. 

 
Fig. 8: Force-Deflection Curve for Test 1, 2, and 3 

 

Fig. 9 displays Force (N) versus Deflection 

(mm), with a higher maximum force scale (up 

to 250,000 N) and deflection up to 9 mm. Test 

1 (blue line) shows a stiff response, reaching a 

peak force of approximately 120,000 N (120 

kN) at about 4.5 mm deflection. Test 2 (pink 

line) exhibits a very stiff initial response, 

reaching the highest peak force among all 

curves at approximately 180,000 N (180 kN) at 

about 5 mm deflection, indicating the highest 

load-carrying capacity. After the peak, the load 

drops. 

 

 
Fig. 9: Force-Deflection Curve for Test 1, 2, 3, and 4 

Test No Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

1 5.133 1.490 4.570 3.662 77040.001 26075.001 91120.003

2 4.762 2.164 3.433 3.433 69389.999 34459.999 126970.001

3 10.523 2.881 8.066 4.248 49330.002 15099.000 66489.998

Mean 6.806 2.178 5.356 3.781 65253.334 25211.333 94860.001

Max 10.523 2.881 8.066 4.248 77040.001 34459.999 126970.001

S.D. 3.224 0.696 2.415 0.420 14310.661 9709.352 30412.964

C. of V. 47.375 31.933 45.078 11.117 21.931 38.512 32.061

Test No Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

1 86699.997 2.567 0.745 2.285 1.831 9.809 3.320

2 126970.001 2.381 1.082 1.717 1.717 8.835 4.388

3 29506.001 5.262 1.441 4.033 2.124 6.281 1.922

Mean 81058.666 3.403 1.089 2.678 1.891 8.308 3.210

Max 126970.001 5.262 1.441 4.033 2.124 9.809 4.388

S.D. 48976.283 1.612 0.348 1.207 0.210 1.822 1.236

C. of V. 60.421 47.375 31.933 45.078 11.117 21.931 38.512

Test No Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

Poisson's Ratio Density 

(kg/m³) 

1 11.602 11.039 7.486 6.796 1147.840 2542.023

2 16.166 16.166 15.332 4.173 1363.649 2582.130

3 8.466 3.757 12.695 9.739 229.610 2542.023

Mean 12.078 10.321 11.838 6.903 913.700 2555.392

Max 16.166 16.166 15.332 9.739 1363.649 2582.130

S.D. 3.872 6.236 3.993 2.785 602.185 23.156

C. of V. 32.061 60.421 33.727 40.345 65.906 0.906

Preload : Off
Diameter : 100.000 mm
Sample Height : 200.000 mm

Comments :

CONCRETE TYPE : SCC
ORIENTATION : CYLINDER SPLIT

Test Name :  CYLINER (300KN)
Test Type : Compression

Test Date : 2/27/2020 12:33 PM

Test Speed : 50.000 mm/min
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Test No Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

1 4.873 2.909 4.825 4.825 119480.003 34500.000 123050.003

2 6.127 2.479 5.284 5.140 151369.995 40700.001 179339.996

3 6.411 3.698 6.363 6.363 192470.001 53119.999 192910.004

4 7.751 4.579 7.487 7.487 98320.000 25302.999 111190.002

Mean 6.290 3.416 5.990 5.954 140410.000 38405.750 151622.501

Max 7.751 4.579 7.487 7.487 192470.001 53119.999 192910.004

S.D. 1.181 0.925 1.188 1.219 40987.795 11672.042 40513.751

C. of V. 18.773 27.078 19.838 20.467 29.192 30.391 26.720

Test No Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

1 123050.003 2.437 1.455 2.413 2.413 15.213 4.393

2 179089.996 3.064 1.240 2.642 2.570 19.273 5.182

3 192910.004 3.206 1.849 3.182 3.182 24.506 6.763

4 111190.002 3.876 2.290 3.744 3.744 12.518 3.222

Mean 151560.001 3.145 1.708 2.995 2.977 17.878 4.890

Max 192910.004 3.876 2.290 3.744 3.744 24.506 6.763

S.D. 40456.891 0.590 0.463 0.594 0.609 5.219 1.486

C. of V. 26.694 18.773 27.078 19.838 20.467 29.192 30.391

Test No Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

Poisson's Ratio Density 

(kg/m³) 

1 15.667 15.667 5.901 5.841 910.628 2668.073

2 22.834 22.802 7.400 6.394 1154.403 2641.972

3 24.562 24.562 7.744 7.684 1154.041 2622.237

4 14.157 14.157 9.352 9.037 595.694 2649.611

Mean 19.305 19.297 7.599 7.239 953.692 2645.473

Max 24.562 24.562 9.352 9.037 1154.403 2668.073

S.D. 5.158 5.151 1.416 1.426 264.853 18.974

C. of V. 26.720 26.694 18.639 19.699 27.771 0.717

Preload : Off
Diameter : 100.000 mm
Sample Height : 200.000 mm

Comments :

CONCRETE TYPE : VC
ORIENTATION : CYLINDER COMPRESS

Test Name :  CYLINER (300KN)
Test Type : Compression

Test Date : 2/28/2020 3:52 PM

Test Speed : 50.000 mm/min
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Test 3 (yellow line) shows a relatively stiff 

response, reaching a peak force of about 

170,000 N (170 kN) at approximately 6.5 mm 

deflection, demonstrating high load capacity 

with greater ductility than Test 1 and 2. Test 4 

(light blue line) displays a much softer 

response, reaching a peak force of about 

100,000 N (100 kN) at around 7.5 mm 

deflection. This curve represents a more ductile 

failure with significant deflection before 

reaching its peak load. This Fig. further 

illustrates the diverse load-deflection behaviors 

of the deep beams. The high peak loads 

observed, particularly for Test 2 and Test 3, 

align with the study's focus on high-strength 

concrete. The differences between the curves 

highlight the impact of the experimental 

variables (concrete type and reinforcement 

spacing) on the beam's ultimate load and 

deformation capacity. 

Fig. 10 presents Force (N) versus Deflection 

(mm), with the deflection axis extending up to 

6 mm. Test 1 (blue line) shows a relatively stiff 

response, reaching a peak force of 

approximately 115,000 N (115 kN) at about 3.2 

mm deflection. Test 2 (pink line) exhibits a 

softer initial response but reaches a high force 

of around 110,000 N (110 kN) at 

approximately 5.2 mm deflection. This curve 

shows more ductile behavior compared to Test 

1, failing at a higher deflection. Test 3 (yellow 

line) displays an intermediate stiffness, 

reaching a peak force of about 95,000 N (95 

kN) at around 4 mm deflection. Test 4 (light 

blue line) shows the softest response among the 

four tests, reaching a peak force of about 

80,000 N (80 kN) at around 4.5 mm deflection. 

This Fig., similar to Figs. 8 and 9, provides 

additional data on the load-deflection 

characteristics of the deep beams. The 

variations in initial stiffness, peak load, and the 

deflection at which peak load is reached are 

crucial for assessing the performance of 

different beam configurations. 

 
Fig. 10: Force-Deflection Curve for Test 1, 2, 3, and 4 

 

Fig. 11 focuses on the Force (N) versus 

Deflection (mm) for a single test, "Test 1," with 

the deflection axis extending up to 30 mm. Test 

1 (blue line) shows a stiff initial response, with 

the force increasing significantly up to about 

150,000 N (150 kN) at around 10-12 mm 

deflection. Beyond this point, the curve shows 

a period of gradual load increase or plateau, 

reaching a peak force of approximately 

195,000 N (195 kN) at around 24 mm 

deflection, indicating substantial ductility and 

deformation capacity before failure. This single 

Test No Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

Def. @ Yield 

(mm) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

1 3.458 2.285 3.434 3.434 128550.003 41299.999 131449.997

2 5.149 4.071 5.149 5.149 115620.003 34570.000 115620.003

3 4.082 2.831 4.058 4.058 106699.997 27469.000 108570.000

4 4.246 3.044 4.246 4.246 87820.000 24239.000 87820.000

Mean 4.234 3.058 4.222 4.222 109672.501 31894.500 110865.000

Max 5.149 4.071 5.149 5.149 128550.003 41299.999 131449.997

S.D. 0.698 0.747 0.709 0.709 17108.482 7611.689 18098.722

C. of V. 16.492 24.440 16.792 16.792 15.600 23.865 16.325

Test No Force @ Yield 

(N) 

Strain @ Break 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Peak 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

1 131449.997 1.729 1.143 1.717 1.717 16.367 5.258

2 115620.003 2.575 2.036 2.575 2.575 14.721 4.402

3 108570.000 2.041 1.416 2.029 2.029 13.585 3.497

4 87820.000 2.123 1.522 2.123 2.123 11.182 3.086

Mean 110865.000 2.117 1.529 2.111 2.111 13.964 4.061

Max 131449.997 2.575 2.036 2.575 2.575 16.367 5.258

S.D. 18098.722 0.349 0.374 0.354 0.354 2.178 0.969

C. of V. 16.325 16.492 24.440 16.792 16.792 15.600 23.865

Test No Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

Time to Failure 

(Secs) 

Time to Peak 

(Secs) 

Youngs 

Modulus 

(N/mm²) 

Poisson's Ratio Density 

(kg/m³) 

1 16.737 16.737 4.190 4.159 1506.339 2515.921

2 14.721 14.721 7.847 7.847 1272.665 2863.516

3 13.824 13.824 4.941 4.912 1150.624 2626.693

4 11.182 11.182 5.137 5.137 1067.005 2573.217

Mean 14.116 14.116 5.529 5.514 1249.158 2644.837

Max 16.737 16.737 7.847 7.847 1506.339 2863.516

S.D. 2.304 2.304 1.599 1.611 191.123 152.641

C. of V. 16.325 16.325 28.920 29.219 15.300 5.771

Preload : Off
Diameter : 100.000 mm
Sample Height : 200.000 mm

Comments :

CONCRETE TYPE : VC
ORIENTATION : CYLINDER SPLIT

Test Name :  CYLINER (300KN)
Test Type : Compression

Test Date : 2/28/2020 3:37 PM

Test Speed : 50.000 mm/min
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curve likely represents the full load-deflection 

behavior of one of the deep beam specimens 

from the study, demonstrating its ultimate load 

and deformation capacity under the applied 

loading. The extended deflection range allows 

for observation of the beam's behavior after the 

initial peak, including any softening or 

continued deformation. 

 
Fig. 11: Force-Deflection Curve for Test 1 

 

Fig. 12 also presents the Force (N) versus 

Deflection (mm) for a single test, "Test 1," with 

the deflection axis extending up to 30 mm. Test 

1 (blue line) shows a stiff initial response, with 

the force rapidly increasing to about 150,000 N 

(150 kN) at around 12-14 mm deflection. After 

this point, the curve demonstrates a period of 

continued load resistance, reaching a peak 

force of approximately 175,000 N (175 kN) at 

around 26 mm deflection, and then maintaining 

a relatively stable load for further deflection. 

 

 
Fig. 12: Force-Deflection Curve for Test 1 

 

Test No Bending 

Strength @ 

Break (N/mm²)

Bending 

Strength @ 

Peak (N/mm²)

Bending 

Strength @ 

Yield (N/mm²)

Bending 

Modulus 

(N/mm²) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

1 15.630 15.821 13.590 712.304 24.869 5.000 23.513

Test No Def. @ Yield 

(mm) 

Energy to Yield 

(N.m) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

1 12.686 908.390 191550.003 43610.001 193880.005 166550.003 4.135

Test No Strain @ Peak 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

1 3.909 0.831 2.109 15.630 3.559 15.821 13.590

Test No Tangential 

Modulus @ 

0.000 N/mm² 

(N/mm²)

Tangential 

Modulus @ 

0.000 % 

(N/mm²)

1 174.972

Width : 100.000 mm
Thickness : 250.000 mm
Major Span : 800.000 mm
Minor Span : 460.000 mm

Comments :

DEEP BEAM : B9 Test Name : 4 Pnt FLEX  (300KN)
Test Type : 4 Point Flexural
Test Date : 2/28/2020 12:57 PM
Test Speed : 10.000 mm/min
Preload : Off
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Test No Bending 

Strength @ 

Break (N/mm²)

Bending 

Strength @ 

Peak (N/mm²)

Bending 

Strength @ 

Yield (N/mm²)

Bending 

Modulus 

(N/mm²) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

1 13.724 13.925 6.393 507.084 27.762 4.384 25.900

Test No Def. @ Yield 

(mm) 

Energy to Yield 

(N.m) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

1 7.854 281.300 168190.002 40230.000 170649.994 78339.996 4.616

Test No Strain @ Peak 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

1 4.306 0.729 1.306 13.724 3.283 13.925 6.393

Test No Tangential 

Modulus @ 

0.000 N/mm² 

(N/mm²)

Tangential 

Modulus @ 

0.000 % 

(N/mm²)

1 200.423

Width : 100.000 mm
Thickness : 250.000 mm
Major Span : 800.000 mm
Minor Span : 460.000 mm

Comments :

DEEP BEAM : B10 Test Name : 4 Pnt FLEX  (300KN)
Test Type : 4 Point Flexural
Test Date : 2/28/2020 12:10 PM
Test Speed : 10.000 mm/min
Preload : Off
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Similar to Fig. 11, this curve provides insights 

into the complete load-deflection behavior of a 

deep beam specimen, showcasing its capacity 

to sustain significant loads while undergoing 

large deformations. The slightly different peak 

load and post-peak behavior compared to Fig. 

11 (if both represent a 'Test 1' from different 

experimental sets) could indicate differences in 

concrete type, reinforcement, or even 

experimental variability. 

Fig. 13 is identical to Fig. 11, showing Force 

(N) on the y-axis against Deflection (mm) on 

the x-axis, up to 30 mm deflection. This curve 

represents the load-deflection behavior of one 

of the tested deep beam specimens. It 

demonstrates an initial stiff, linear-elastic 

response where force increases proportionally 

with deflection. The force then starts to 

increase at a slightly slower rate (less stiff) as 

the beam approaches its peak capacity, 

indicating the onset of cracking and yielding of 

reinforcement. The beam reaches a peak force 

of approximately 195,000 N (195 kN) at 

around 24 mm of deflection. After reaching its 

peak, the curve shows a ductile failure 

mechanism, where the beam continues to 

deform significantly (from 24 mm up to 30 mm 

and beyond) while maintaining a high level of 

load resistance, although with a slight decrease 

in force. This indicates that the beam is able to 

undergo large deformations before complete 

failure, which is a desirable characteristic in 

structural elements. This curve likely 

represents one of the deep beam specimens, 

showcasing its ultimate load-carrying capacity 

and its excellent post-peak deformation 

capability. 

 

 
Fig. 13: Force-Deflection Curve for Test 1 

 

Fig. 14 is identical to Fig. 12, also showing 

Force (N) on the y-axis against Deflection 

(mm) on the x-axis, up to 30 mm deflection. 

This curve also represents the load-deflection 

behavior of one of the deep beam specimens. 

Similar to Fig. 13, it shows an initial stiff 

response, followed by a non-linear region as 

the load increases. The force increases steadily 

to about 150,000 N (150 kN) at approximately 

12-14 mm deflection. It continues to sustain 

and slightly increase the load, reaching a peak 

force of approximately 175,000 N (175 kN) at 

around 26 mm deflection. After this peak, the 

curve shows a relatively stable load, indicating 

that the beam can maintain a significant load 

even at large deflections (up to 30 mm). This 

further confirms a ductile mode of failure. 

The force-deflection curves (Figs. 8-14) are 

critical for understanding the structural 

performance of the reinforced concrete deep 

Test No Bending 

Strength @ 

Break (N/mm²)

Bending 

Strength @ 

Peak (N/mm²)

Bending 

Strength @ 

Yield (N/mm²)

Bending 

Modulus 

(N/mm²) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

1 15.406 15.694 4.722 626.841 28.160 6.171 26.961

Test No Def. @ Yield 

(mm) 

Energy to Yield 

(N.m) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

1 7.435 157.362 188800.003 42299.999 192330.002 57869.999 4.682

Test No Strain @ Peak 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

1 4.483 1.026 1.236 15.406 3.452 15.694 4.722

Test No Tangential 

Modulus @ 

0.000 N/mm² 

(N/mm²)

Tangential 

Modulus @ 

0.000 % 

(N/mm²)

1 165.428

Width : 100.000 mm
Thickness : 250.000 mm
Major Span : 800.000 mm
Minor Span : 460.000 mm

Comments :

DEEP BEAM : B11 Test Name : 4 Pnt FLEX  (300KN)
Test Type : 4 Point Flexural
Test Date : 2/28/2020 11:54 AM
Test Speed : 10.000 mm/min
Preload : Off
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beams. These Figs. collectively illustrate the 

load-carrying capacity, stiffness, and ductility 

of the beams under shear-dominated 

conditions. The variations between the "Tests" 

in these force-deflection graphs directly 

support the manuscript's objective of 

investigating the effect of concrete type (SCC 

vs. VC) and transverse reinforcement spacing 

(50mm vs. 100mm) on the failure loads, 

deflection response, and overall shear behavior 

of the deep beams. 

 

 
Fig. 14: Force-Deflection Curve for Test 1 

 

The Figures highlight different failure modes 

(more brittle vs. more ductile) and ultimate 

load capacities achieved by the various beam 

configurations. The presence of these curves, 

particularly showing a significant ductile post-

peak behavior, is crucial for evaluating the 

effectiveness of the transverse reinforcement 

and the influence of concrete type (SCC vs. 

VC) on the deep beams' ability to resist shear 

forces and undergo significant deformations 

before catastrophic failure. The high peak loads 

observed (195 kN and 175 kN) are indicative 

of high-strength concrete deep beams, as 

specified in the manuscript's design 

parameters. The extended deflection ranges (up 

to 30 mm) allow for a comprehensive 

assessment of the beam's overall performance, 

including its ductility and energy absorption 

capacity. 

Table 4 summarizes the approximate load-

deflection characteristics of the deep beam 

specimens, with inferred correlations to the 

reported failure modes.   

3.3 Overall Discussion and Technical 

Implications 
 

The experimental results, as depicted in the 

stress-strain and force-deflection curves, 

provide significant insights into the shear 

behavior of reinforced concrete deep beams. 

The material characterization of reinforcing 

steel (Figs. 1-7) confirms the use of ductile 

steel, which is fundamental for achieving the 

desired structural performance in reinforced 

concrete members. The variations in properties 

among the steel samples highlight the 

importance of quality control and material 

testing in structural engineering. 

The force-deflection curves (Figs. 8-14) are the 

most critical for understanding the structural 

response. The significant differences in peak 

loads and post-peak behavior among the 

"Tests" directly demonstrate the influence of 

the experimental variables: concrete type and 

transverse reinforcement spacing.  Beams 

exhibiting high peak loads combined with 

substantial post-peak deformation (e.g., those 

represented by Figs. 11-14) indicate excellent 

Test No Bending 

Strength @ 

Break (N/mm²)

Bending 

Strength @ 

Peak (N/mm²)

Bending 

Strength @ 

Yield (N/mm²)

Bending 

Modulus 

(N/mm²) 

Def. @ Break 

(mm) 

Def. @ L.O.P. 

(mm) 

Def. @ Peak 

(mm) 

1 14.313 15.564 8.804 733.889 25.417 8.675 24.857

Test No Def. @ Yield 

(mm) 

Energy to Yield 

(N.m) 

Force @ Break 

(N) 

Force @ L.O.P. 

(N) 

Force @ Peak 

(N) 

Force @ Yield 

(N) 

Strain @ Break 

(%) 

1 13.084 458.925 175399.994 43330.002 190740.005 107889.999 4.226

Test No Strain @ Peak 

(%) 

Strain @ L.O.P. 

(%) 

Strain @ Yield 

(%) 

Stress @ Break 

(N/mm²) 

Stress @ L.O.P. 

(N/mm²) 

Stress @ Peak 

(N/mm²) 

Stress @ Yield 

(N/mm²) 

1 4.133 1.442 2.175 14.313 3.536 15.564 8.804

Test No Tangential 

Modulus @ 

0.000 N/mm² 

(N/mm²)

Tangential 

Modulus @ 

0.000 % 

(N/mm²)

1 77.765

Width : 100.000 mm
Thickness : 250.000 mm
Major Span : 800.000 mm
Minor Span : 460.000 mm

Comments :

DEEP BEAM : B12 Test Name : 4 Pnt FLEX  (300KN)
Test Type : 4 Point Flexural
Test Date : 2/28/2020 1:04 PM
Test Speed : 10.000 mm/min
Preload : Off
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shear capacity and ductility. This is particularly 

desirable for deep beams, as it provides a more 

gradual and observable failure, enhancing 

structural safety.  These curves are likely  

associated with the beams that experienced 

flexural failure (B10 and B11), implying that 

their shear reinforcement was sufficient to 

prevent premature brittle shear failure. 
 

Table 4: Approximate Load-Deflection Characteristics of Deep Beam Specimens 

 

Fig. Test Approximate 

Peak Load 

(kN) 

Approximate 

Deflection at 

Peak (mm) 

Post-Peak 

Behavior 

(Ductility) 

Potential 

Beam 

Specimen 

(Inferred) 

Inferred 

Failure 

Mode 

8 1 85 3.5 Sharp drop 

(less ductile) 

B9 or B12 Shear 

Compression  
2 130 3.5 Sharp drop 

(less ductile) 

B9 or B12 Shear 

Compression  
3 65 8.0 Gradual 

drop (more 

ductile) 

B10 or B11 Flexural 

9 1 120 4.5 Moderate 

drop 

B9 or B12 Shear 

Compression  
2 180 5.0 Moderate 

drop 

B10 or B11 Flexural 

 
3 170 6.5 Gradual 

drop (more 

ductile) 

B10 or B11 Flexural 

 
4 100 7.5 Gradual 

drop (more 

ductile) 

B10 or B11 Flexural 

10 1 115 3.2 Moderate 

drop 

B9 or B12 Shear 

Compression  
2 110 5.2 Gradual 

drop (more 

ductile) 

B10 or B11 Flexural 

 
3 95 4.0 Moderate 

drop 

B9 or B12 Shear 

Compression  
4 80 4.5 Gradual 

drop (more 

ductile) 

B10 or B11 Flexural 

11 

& 

13 

1 195 24.0 Highly 

ductile, 

sustained 

load 

B10 or B11 Flexural 

12 

& 

14 

1 175 26.0 Highly 

ductile, 

sustained 

load 

B10 or B11 Flexural 
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The spacing of transverse reinforcement plays 

a critical role. While the manuscript states that 

B9 (SCC, 50mm spacing) and B11 (VC, 50mm 

spacing) had "congested" reinforcement, their 

failure modes differed (shear compression for 

B9, flexural for B11). Conversely, B10 (SCC, 

100mm spacing) and B12 (VC, 100mm 

spacing) had "normal" spacing, also with 

differing failure modes (flexural for B10, shear 

compression for B12). This suggests a complex 

interaction between concrete type and 

reinforcement spacing. For SCC, increasing 

stirrup spacing from 50mm (B9, shear failure) 

to 100mm (B10, flexural failure) appears to 

have shifted the failure mode from shear-

dominated to flexural-dominated. This could 

be attributed to the inherent flowability of SCC 

ensuring better compaction around 

reinforcement even at wider spacing, thereby 

optimizing the bond and load transfer 

mechanisms. Conversely, for VC, decreasing 

stirrup spacing from 100mm (B12, shear 

failure) to 50mm (B11, flexural failure) shifted 

the failure mode from shear-dominated to 

flexural-dominated. This observation aligns 

with the traditional understanding that denser 

stirrups enhance shear capacity in VC beams 

by providing more effective confinement and 

resisting diagonal tension. 

The influence of Self-Compacting Concrete 

(SCC) compared to Vibrated Concrete (VC) is 

complex and configuration-dependent. For 

50mm spacing, VC (B11) achieved flexural 

failure, while SCC (B9) experienced shear 

compression. This might suggest that at very 

close spacing, the benefits of SCC's flowability 

in fully encapsulating the reinforcement might 

not translate to superior shear performance 

over well-compacted VC, or that SCC's 

material properties (e.g., lower coarse 

aggregate volume) might slightly reduce its 

inherent shear resistance in some 

configurations. However, for 100mm spacing, 

SCC (B10) achieved flexural failure, while VC 

(B12) experienced shear compression. This is a 

significant finding: SCC, even with wider 

stirrup spacing, can promote a ductile flexural 

failure, potentially due to its superior 

compaction and bond with reinforcement, 

which is particularly beneficial in less 

congested areas. This could imply that SCC 

allows for more efficient use of transverse 

reinforcement, potentially enabling wider 

spacing without compromising ductility or 

ultimate flexural capacity. 

Finally, the experimental results demonstrate 

that both the type of concrete and the spacing 

of transverse reinforcement significantly 

influence the shear behavior and failure modes 

of high-strength reinforced concrete deep 

beams. The observed ductile failures in several 

specimens (likely B10 and B11) are highly 

desirable for structural safety. The specific 

interplay between SCC's unique properties and 

the reinforcement configuration, as highlighted 

by the differing failure modes of B9, B10, B11, 

and B12, provides valuable data for refining 

existing design models and optimizing the use 

of SCC in deep beam applications. Further 

analysis, including detailed crack patterns and 

strain gauge data (if available), would provide 

a more complete understanding of the load 

transfer mechanisms and contribute to more 

robust design guidelines. 
 

4.0 Conclusion 
 

The experimental investigation into the shear 

behavior of reinforced concrete deep beams, 

incorporating both self-compacting concrete 

(SCC) and vibrated concrete (VC) with varying 

transverse reinforcement, yielded significant 

insights into their structural performance. The 

material characterization of the reinforcing 

steel, as depicted across Figs. 1 through 7, 

consistently demonstrated the ductile nature of 

the steel, exhibiting clear elastic and plastic 

deformation regions, followed by strain 

hardening and eventual softening. While 

variations in peak stress, ranging from 

approximately 17 N/mm² to 28 N/mm², and 

ultimate strain, extending beyond 10% in some 

instances, were observed among the different 

test samples, these properties confirm the 
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suitability of the steel for structural 

applications where significant deformation 

before failure is desired. The presence of these 

variations underscores the importance of 

thorough material testing in structural 

engineering. 

The structural performance of the deep beams, 

elucidated through the force-deflection curves 

presented in Figs. 8 through 14, revealed 

distinct behaviors influenced by both the 

concrete type and the transverse reinforcement 

spacing. These curves, showing initial linear-

elastic responses, subsequent non-linear 

behavior, peak load capacities, and post-peak 

deformation, are crucial for understanding the 

beams' stiffness, strength, and ductility. 

Several specimens demonstrated high peak 

loads, reaching up to approximately 195 kN (as 

seen in Figs. 11 and 13), which is consistent 

with the high-strength concrete (60 MPa target) 

used in the study. Importantly, some of these 

beams also exhibited remarkable ductility, 

sustaining substantial loads even at large 

deflections, exceeding 20 mm, before ultimate 

failure. This ductile behavior, characterized by 

a gradual decrease in load after the peak, is 

highly desirable for structural safety as it 

provides ample warning of impending failure. 

Conversely, other specimens displayed less 

ductile behavior, with sharper drops in load 

after reaching their peak capacity. 

A critical finding emerged from the 

comparison of failure modes in relation to 

concrete type and transverse reinforcement 

spacing. Beams B10 (SCC with 100 mm stirrup 

spacing) and B11 (VC with 50 mm stirrup 

spacing) both experienced ductile flexural 

failures, which align with the highly ductile 

force-deflection curves observed in Figs. 11, 

12, 13, and 14. In contrast, beams B9 (SCC 

with 50 mm stirrup spacing) and B12 (VC with 

100 mm stirrup spacing) exhibited more brittle 

shear compression failures, corresponding to 

the less ductile force-deflection responses seen 

in some of the curves in Figs. 8, 9, and 10. This 

indicates a complex interplay where, for SCC, 

increasing the stirrup spacing from 50 mm to 

100 mm shifted the failure mode from shear-

dominated to flexural-dominated, suggesting 

that SCC's superior flowability may optimize 

bond and compaction even at wider 

reinforcement spacing. Conversely, for VC, 

decreasing the stirrup spacing from 100 mm to 

50 mm was necessary to achieve a flexural 

failure, reinforcing the traditional 

understanding that denser transverse 

reinforcement enhances shear capacity in 

conventional concrete. 

In conclusion, this study successfully evaluated 

the shear behavior of high-strength reinforced 

concrete deep beams, demonstrating that both 

the concrete type and the transverse 

reinforcement spacing significantly influence 

their load-carrying capacity, stiffness, and 

ultimate failure mode. The research highlights 

that while high-strength concrete deep beams 

can achieve substantial ultimate loads, the 

specific combination of concrete type and 

reinforcement density dictates whether the 

failure is ductile (flexural) or more brittle 

(shear compression). The findings suggest that 

SCC, particularly at normal reinforcement 

spacing, can promote ductile flexural failures, 

potentially offering advantages in construction 

efficiency and structural performance. 

Based on these findings, it is recommended that 

future research further explore the optimal 

transverse reinforcement detailing for SCC 

deep beams, particularly investigating the bond 

characteristics between SCC and reinforcing 

steel under varying levels of congestion. 

Additionally, numerical modeling and 

advanced analytical techniques should be 

employed to validate and expand upon these 

experimental observations, contributing to the 

development of more accurate and reliable 

design guidelines for high-strength SCC deep 

beams in practical engineering applications. 
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