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ABSTRACT 

Bridge inspections typically involve complex measurement criteria and take a long time. This study 

proposes a simpler inspection method that assesses the performance of reinforced concrete bridge girder 

beams. The method relies on crack length correlation with beam performance using theoretical 

approaches, Finite Element Model (FEM) simulations, and experimental testing. A reinforced concrete 

beam model is used to simulate similar flexural behavior to that of actual bridge girders. The results show 

that cracks form when concrete stress exceeds rupture stress, usually at 8%-12% of the ultimate capacity. 

Cracks grow until the steel reinforcement yields, which happens around 80%-90% of the ultimate 

capacity. Experimental crack length data at ultimate capacity align closely with FEM simulations, with a 

ratio of 0.92. In contrast, the results differ significantly from the theoretical predictions, with a ratio of 

1.54. The study introduces six performance levels for reinforced concrete beams, linking crack length to 

beam performance. These parameters will help estimate bridge girder performance through visual crack 

assessments. 

Keywords-reinforced concrete beam; crack length; cracking; flexural performance; inspection; maintenance 

I. INTRODUCTION  

Reinforced concrete bridges are widely used for short- to 
medium-span applications due to the complementary behavior 
of concrete in compression and steel reinforcement in tension 
[1, 2]. Accordingly, several design standards have been 
established for reinforced concrete beams and bridge girders, 
including AASHTO LRFD, Eurocode 2, and related studies 
such as [3]. The development of reinforced concrete bridge 

infrastructure has increased the demand for systematic 
performance evaluation through regular inspections. However, 
in countries with extensive infrastructure growth, such as 
Indonesia, comprehensive inspections of all reinforced concrete 
bridges remain challenging due to limited resources, complex 
assessment criteria, and time-consuming procedures. 
Conventional bridge inspection methods often require detailed 
measurements and extensive fieldwork, which reduces their 
practical efficiency. Therefore, this study proposes a simplified 
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inspection approach to assess the performance of reinforced 
concrete bridge girder beams. The proposed method correlates 
crack length with structural performance levels, based on 
theoretical analysis, Finite Element Method (FEM) 
simulations, and experimental testing. A reinforced concrete 
beam model is adopted to represent the flexural behavior of 
reinforced concrete bridge girders, providing a practical basis 
for performance evaluation. The analysis method assumes a 
linear stress distribution and defines the ultimate strength once 
the section is fully cracked, thus failing to capture strain 
redistribution and progressive cracking [4, 5]. The FEM is a 
numerical method used to examine the behavior of structures 
and materials under various conditions in greater detail and 
more efficiently [5-7]. 

The FEM plays a crucial role in modeling, predicting, and 
validating the behavior of structures under both laboratory and 
field conditions. Through numerical simulation, FEM enables 
the identification of potential structural deficiencies prior to 
physical testing, thereby supporting more efficient and well-
informed experimental design [8–11]. Furthermore, FEM 
results can be directly compared with experimental data to 
evaluate model accuracy and to better understand the influence 
of field conditions on structural performance [12, 13]. This 
research is significant because it provides a comprehensive 
framework for evaluating reinforced concrete beams by 
integrating theoretical analysis, FEM-based numerical 
simulation, and experimental testing. The primary objective of 
this study is to develop alternative performance indicators for 
reinforced concrete bridge girders. The combined use of 
manual calculations, laboratory experiments, and FEM analysis 
allows for a thorough understanding of the mechanical 
behavior of reinforced concrete beams throughout their loading 
stages. Based on this integrated approach, six distinct structural 
performance levels were defined, ranging from the initial 
elastic stage to cracking, yielding, and ultimate failure, thereby 
establishing a new evaluation framework applicable to both 
academic research and field-based monitoring. The relevance 
of the proposed performance parameters is further strengthened 
through verification against the design provisions of [14]. 
Consequently, the findings of this study contribute not only to 
academic advancement but also to practical applications, 
including the maintenance, rehabilitation, and safety 
enhancement of reinforced concrete infrastructure. This 
approach improves the accuracy of ultimate capacity 
estimation, enables detailed assessment of crack development 
under varying load levels, and provides insight into elastic–
inelastic transitions and strain redistribution. As a result, it 
enhances model validation and supports more reliable 
performance-based assessment of reinforced concrete bridge 
girders under flexural loading. 

II. THEORETICAL APPROACH 

Reinforced concrete beams exhibit progressive changes in 
flexural behavior as the applied load increases, beginning with 
the occurrence of initial cracking, followed by the yielding of 
steel reinforcement, and continuing until ultimate capacity is 
reached. This behavior is illustrated in Figure 1. The stress–
strain response of reinforced concrete beams can be divided 
into three distinct stages. Point A represents the initial cracking 

stage, which occurs when the tensile stress exceeds the tensile 
strength of concrete. Point B corresponds to the yielding of the 
steel reinforcement, characterized by a rapid increase in 
deformation with limited additional load. Point C denotes the 
crushing of concrete in the compression zone, leading to 
ultimate flexural failure. These stages correspond, respectively, 
to the cracking moment (Mcr), yield moment (My), and 
ultimate moment (Mu), as depicted in Figure 2. 

 

 

Fig. 1.  Stress-strain curve. 

 

Fig. 2.  Strain and stress distribution model at the crack, yield, and ultimate 

capacity. 

Based on the strain distribution diagram, the flexural 
moment capacity of a reinforced concrete beam can be derived 
from the relationship between material strain parameters and 
crack length (lcr). The mathematical expressions for the yield 
moment (My) and the ultimate moment (Mu) are: 
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For the condition at yielding moment ��, the strain in the 

tensile reinforcement reaches the yield strain such that �� � ��. 

At the ultimate moment ��, the behavior of the reinforcement 
continues in the plastic region where �� � �� . The term 

� ! represents the crack length that develops in the tension zone 
of the beam owing to the flexural loading. The fracture strain of 

concrete is defined as �! � "�
#�

, where �!  is the modulus of 

rupture and $  is the modulus of elasticity of concrete, 
indicating the strain at cracking (rupture). The ultimate 
compressive strain of concrete was assumed to be � � � 0.003 
according to [14]. These equations are consistent with the 
stress-strain relationship shown in Figures 1 and 2. To validate 
the theoretical approach, calculations were performed to 
evaluate the flexural response considering the cracking, yield, 
and ultimate stages. The beam had dimensions of 150 mm × 
200 mm with a span of 3000 mm reinforced by 3 D13 bars as 
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tensile reinforcement. The yield strength and concrete strength 
were 400 MPa and 25 MPa, respectively. The moment capacity 
and crack length ratio to effective depth d for the theoretical 
calculations are summarized in Table I. 

TABLE I.  THEORETICAL CALCULATION ANALYSIS 
RESULTS 

Load 

level 
Moment Deflection 

Steel 

strain 

Concrete 

strain 

Crack 

length 

(lcr)/d 

 kN.m mm μεεεε μεεεε - 

First 

crack 
6.49 2.69 208 134 0 

Yield 33.65 16.05 1573 1086 0.5 

Ultimate 34.31 40.23 3390 3000 0.65 

III. SPECIMEN AND METHODS 

A. Specimens 

The specimen was a 150 mm × 200 mm × 3300 mm 
concrete beam reinforced with 2D8 top bars, 3D13 bottom 
bars, and D8 stirrups, as detailed in [14-16], with proper cover 
ensured by spacers. The reinforcement layout and beam 
geometry are illustrated in Figure 3. 

 

 

Fig. 3.  Details of specimen beam. 

B. Methods 

This study comprised three stages: a theoretical analysis 
based on [14] to predict performance parameters, laboratory 
testing to obtain load–deflection behavior and crack patterns, 
and FEM simulations to model stress–deformation. This 
integrated approach aligns with the analytical, experimental, 
and numerical results. The laboratory test was performed using 
a hydraulic jack, as shown in Figure 4. Loading was applied 
incrementally under displacement control at a mid-span 
deflection rate of 0.2 mm/s, while the applied load was 
measured using a load cell. Force and displacement data were 
continuously recorded by a data logger, and the mid-span 
deflection was monitored using a Linear Variable Differential 
Transformer (LVDT). 

 

\  

Fig. 4.  Test specimen setup. 

For comparison, FEM simulations were also conducted. 
Material properties were defined with a concrete elastic 
modulus of 21.5 GPa and a steel modulus of 200 GPa by 
applying a concrete cracking model and an Elastoplastic steel 
model to assess the effect of reinforcement on beam 
performance. The finite element mesh of the reinforced 
concrete beam model is shown in Figure 5. 

 

 

Fig. 5.  Finite element mesh of the reinforced concrete beam model. 

IV. RESULTS AND DISCUSSION  

A. Material Test 

The compressive and splitting tests of concrete, as well as 
the tensile tests of steel rebar, were conducted to identify the 
mechanical properties used in this study, as portrayed in Figure 
6. According to [15], the ∅8 and D13 bars were classified as 
BjTP 280 and BjTS 420B, respectively. The concrete achieved 
an average compressive strength of 23.48 MPa and a splitting 
tensile strength of 2.2 MPa, respectively. The yield tensile 
strength of steel rebar was 408 MPa. 

 

 

Fig. 6.  Material strength tests. 

B. Experimental Results 

The results of a series of bending test specimens show a 
typical bending behavior of a reinforced concrete beam. Figure 
7 presents a typical crack pattern of the tested beams. When the 
load is still relatively low, where the concrete's rupture stress 
has not been exceeded, no cracks are visible yet. When the load 
is applied such that the rupture stress is exceeded, cracks begin 
to appear, as illustrated in Figure 7(a). Based on the test results, 



Engineering, Technology & Applied Science Research Vol. 16, No. 1, 2026, 32074-32080 32077  
 

www.etasr.com Djamaluddin et al.: Development of Performance Parameters for the Assessment of Reinforced … 

 

initial cracks start to emerge when the moment reaches 
approximately 8.5% of the ultimate moment. Under further 
loading, these cracks propagate lengthwise, extending upwards, 
accompanied by the appearance of new cracks. Based on 
observations, the cracks propagate rapidly until the steel 
reinforcement reaches its yield stress, as shown in Figure 7(b), 
while the reinforcement's yield stress occurs at approximately 
90% of the ultimate capacity. Under further loading, the cracks 
do not develop significantly until they end with crushing of 
concrete in the compression zone (Figure 7(c)). The longest 
crack is the main crack that actively propagates upwards. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7.  Crack patterns at crack, yield, and ultimate load. 

A summary of the average experimental test results, 
including the moment due to load, deflection, concrete strain, 
steel reinforcement strain, and crack length, is presented in 
Table II. The results indicate that cracks began to appear when 
the occurring moment was 3.1 kN·m, or 8.5% of the ultimate 
moment. The steel reinforcement reached yield strain when the 
moment acting on the beam was 33.3 kN·m, or approximately 
91% of the ultimate moment capacity. At this point, the crack 
length was 160 mm, which is larger compared to the theoretical 
crack length, with a ratio of 1.9. This can be understood by the 
fact that theoretical calculations are performed based on 
assumptions such as the linearity of the strain diagram and the 
simplification of the stress diagram for reinforced concrete 
sections. 

TABLE II.  EXPERIMENTAL DATA RESULTS 

Load 

level 
Moment Deflection 

Steel 

strain 

Concrete 

strain 

Crack 

length 

()*Exp/

()*Cal 

 kN.m mm μεεεε μεεεε mm - 

First 

crack 
3.1 1.06 73 86 0 0 

Yield 33.3 18.80 2014 1307 160 1.9 

Ultimate 36.4 49.04 >2014 3186 170 1.55 

C. FEM 

To perform a comparison with the experimental tests, a 
FEM-based model of the reinforced concrete beam was also 
conducted. The modeling of the concrete and steel 
reinforcement materials references common and widely used 
models, utilizing a non-linear analysis basis [17, 18]. The 

material properties used in the modeling refer to the material 
properties obtained from the experimental tests. Figure 8 shows 
the stress contours and crack indications at each concrete level: 
at the first cracking load, the load at reinforcement yield, and at 
the ultimate load. As can be observed, the FEM shows cracks 
developing from the initial cracking stage until the yielding of 
the reinforcement, accompanied by changes in stress within the 
beam model's cross-section. This aligns with the experimental 
test results. 

 

 

Fig. 8.  Stress contour of the beam. 

A summary of the reinforced concrete beam FEM results is 
presented in Table III. The results indicate that cracks began to 
appear when the occurring moment was 7.2 kN·m. The steel 
reinforcement reached yield strain when the moment acting on 
the beam was 28.3 kN·m, or approximately 89% of the 
ultimate moment capacity. The comparison of the FEM crack 
length with the experimental results at the point of 
reinforcement yield is 0.97, and at ultimate capacity is 0.92. 
This indicates a good agreement and confirms FEM as a 
reliable tool for predicting flexural behavior [19]. 

TABLE III.  FEM ANALYSIS RESULTS 

Load 

level 
Moment Deflection 

Steel 

strain 

Concrete 

strain 

Crack 

length 

+,-Exp/+,-F

EM 

 kN.m mm μεεεε μεεεε mm - 

First 

crack 
7.2 3.59 174 127 0 0 

Yield 28.3 17.62 1813 1940 165 0.97 

Ultimate 31.9 46.05 2499 3296 184 0.92 

 

D. Flexural Crack Behavior 

Based on the discussion that has been carried out, it may be 
concluded that there is a relationship between the crack length 
and the moment occurring in a reinforced concrete beam cross-
section as a representative example of a reinforced concrete 
beam in a bridge. When the moment is still relatively small, 
cracks are not yet apparent. Initial cracks begin to appear if the 
concrete rupture stress has been reached, which can occur when 
the moment reaches the range of 8%-12% of the ultimate 
moment. The addition of load will increase the moment, 
causing the cracks to propagate longitudinally upward, 
accompanied by the appearance of new cracks. The cracks 
propagate rapidly until the steel reinforcement reaches its yield 
stress, which occurs in the range of 80%-90% of the ultimate 



Engineering, Technology & Applied Science Research Vol. 16, No. 1, 2026, 32074-32080 32078  
 

www.etasr.com Djamaluddin et al.: Development of Performance Parameters for the Assessment of Reinforced … 

 

capacity. Table IV summarizes the comparison of crack lengths 
at initial cracking, reinforcement yielding, and ultimate 
conditions. 

TABLE IV.  CRACK PROPAGATION RESULTS 

Load level +,-Cal +,-Exp +,-FEM 
+,-Exp/

+,-Cal 

+,-Exp/

+,-FEM 

 mm mm mm - - 
Crack 0 0 0 0 0 

Yield 84 160 165 1.9 0.97 

Ultimate 110 170 184 1.55 0.92 

 

E. Comparison of Experimental, FEM, and Theoretical 

Results 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 9.  Comparison of experimental, FEM, and theoretical results. 

To evaluate the consistency among the experimental, FEM, 
and theoretical results, several key mechanical parameters 
governing the flexural behavior of reinforced concrete beams 
were examined. Figure 9 presents comparisons of ultimate 
capacity, deflection, steel tensile strain, and concrete 
compressive strain. Figure 9(a) shows that the ultimate capacity 
obtained from the experimental tests and FEM analysis agrees 
well with the theoretical predictions, with ratios of 1.06 and 
0.93, respectively. Figures 9(b-d) display the load–deflection 
and load–strain relationships. These results show close 
agreement among all approaches within the elastic range. 
Minor discrepancies appear in the post-yield region, primarily 
due to idealized material assumptions in the numerical and 
theoretical models. Figure 9(e) illustrates the relationship 
between load and crack length and shows a similar progression 
across the experimental, FEM, and theoretical results. This 
confirms that both FEM simulations and theoretical 
calculations can capture the essential flexural response of 
reinforced concrete beams, despite some differences. A 
comparative assessment indicates that each approach exhibits 
distinct characteristics in predicting flexural behavior. 
Experimental results are used as the primary reference because 
they reflect actual beam behavior, including material variability 
and natural crack development. FEM modeling demonstrates 
excellent agreement with experimental data, particularly in 
predicting ultimate load capacity, deflection response, and 
crack propagation. However, the FEM response appears 
smoother due to the smeared crack representation. The 
theoretical analysis remains useful as a conservative estimation 
method but is less representative of the beam behavior in the 
post-cracking stage. 

F. Proposed Performance Parameters 

Based on the theoretical study, experimental results, and 
FEM simulations, the load–deflection behavior of reinforced 
concrete beams can be classified into six distinct performance 
levels, ranging from the initial service load to the ultimate 
stage. These levels capture the transition from elastic response 
and crack initiation to progressive cracking, yielding, and final 
failure, as depicted in Figure 10.  
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Fig. 10.  Load level curve of reinforced concrete beam. 

Each performance level is characterized by observable 
structural responses, such as deflection and crack development. 
Reinforced concrete beams typically remain uncracked when 
subjected to relatively low loads within the service load range. 
As the applied load increases and exceeds the tensile rupture 
strength of concrete, visible cracks begin to form, with crack 
length being the most readily observable indicator. With further 
loading, these cracks progressively propagate and increase in 
length until the beam reaches its ultimate capacity. Based on 
this behavior, the structural performance of reinforced concrete 
beams can be classified into six distinct performance levels. In 
general, these loading levels are described as follows: 

• Initial Service Load I (Pre-linear Service): The structure 
remains elastic; reinforcement begins to carry load, with no 
visible damage and minimal deformation. 

• Initial Service Load II (Crack Initiation): Microcracks 
initiated in the tensile zone as concrete tensile strength is 

exceeded, while the shear zone remains effective. It is 
assumed that concrete behaves in a linear elastic manner 
right up to this point for service load. 

• Initial Cracking Load I (Progressive Cracking): Cracks 
propagate upward, stiffness decreases, deflection increases, 
and minor shear deformations appear. 

• Initial Cracking Load II (Pre-Yield Transition): Stiffness 
decreases; reinforcement is fully engaged, stirrup shear 
strain rises, and nonlinear behavior emerges. 

• Yield Plateau: Stiffness decreases significantly, and Plastic 
deformations dominate; shear cracks develop near supports, 
indicating strong flexural–shear interaction. 

• Ultimate Load: Maximum capacity is reached; flexural and 
shear cracks merge, concrete crushing occurs, and failure 
becomes irreversible. 

It should be noted that the proposed performance 
parameters are derived from analyses of the simulated beams, 
which are intended to represent the general behavior of 
reinforced concrete beams. Nevertheless, these parameters can 
be used as a practical reference for evaluating the performance 
of reinforced concrete beams in field applications. To support 
performance assessment based on visual inspection, 
particularly through observation of crack length, the 
mechanical performance parameters are organized into 
quantitative indicators. These indicators describe structural 
performance in terms of applied load level, crack length, and 
the extent of the cracked area, as summarized in Table V. 

 

TABLE V.  MECHANICAL PERFORMANCE PARAMETERS 

Loading level 
Applied load 

(%) 

Crack 

length (%) 

Crack zone (%) Structural 

performance 

parameters 

Material response (steel and 

concrete) 

Combined structural 

evaluation Vertical Diagonal 

Initial Service 

Load I (Prelinear 

Service) 

0 – 9 0 – 3 0 – 2 – 

Structure is still 

uncracked and in 

elastic behavior 

Strain begins to appear in tensile 

reinforcement; concrete remains 

within elastic limits 

Flexural and shear members 

are still functioning; no visual 

damage 

Initial Service 

Load II (Crack 

Initiation) 

10 – 19 4 – 22 3 – 4 – Initial cracks appear 

Initial cracks appear in the bottom 

tensile zone; concrete in the shear 

zone remains active 

Early flexural damage signs; 

shear beams do not yet show 

structural symptoms 

Initial Cracking 

Load I 

(Progressive 

Cracking) 

20 – 40 23 – 30 5 – 12 – 
Measured crack 

development 

Tensile strain in the bottom 

reinforcement increases; the shear 

concrete begins to exhibit slight 

deformation 

Cracks propagate upward; 

deformation becomes visible in 

the web 

Initial Cracking 

Load II (Pre-Yield 

Transition) 

41 – 96 31 – 50 13 – 35 – 
Reduction in structural 

stiffness 

Tensile reinforcement is fully 

engaged; shear strain increases; 

concrete weakens in tensile and 

web zones 

Structure exhibits nonlinear 

behavior; weak regions begin 

to spread 

Yield Plateau 91 – 99 73 – 93 42 – 54 0 – 28 
Significant 

deformation is visible 

Plastic strain is predominantly 

observed in the bottom tensile 

reinforcement; shear strain is 

mainly concentrated in the stirrups 

(shear reinforcement); the concrete 

and web experience damage due to 

shear forces 

Vertical and shear cracks 

develop simultaneously; 

deformation in the web; 

support becomes integrated 

Ultimate 100 100 >60 >28 Structural collapse 

Maximum strain occurs in the 

bottom tensile reinforcement and 

shear reinforcement; failure due to 

the combined action of shear and 

flexure is inevitable 

The structure reaches the 

threshold of local collapse; 

deformation becomes 

irreversible; the shear zone is 

crushed 
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V. CONCLUSIONS 

Based on the above results, it can be concluded that crack 
length development under different loading levels provides a 
clear and measurable representation of the structural 
performance of reinforced concrete beams. As the applied load 
increases, cracks propagate progressively, reflecting the 
successive stages of structural response from service conditions 
to ultimate failure. These results confirm that crack 
characteristics, particularly crack length and propagation, can 
serve as reliable indicators of structural performance. The 
novelty of this research lies in the development of crack-based 
performance parameters classified into six distinct performance 
levels. This approach offers a practical alternative to 
conventional evaluation methods, which typically rely 
primarily on strength capacity or deflection criteria. The main 
contribution of this study is the introduction of a simple, 
visually based, and potentially field-applicable framework for 
assessing the performance of reinforced concrete beams during 
structural inspections. Nevertheless, to enhance the reliability 
and general applicability of the proposed performance 
parameters, further studies involving larger-scale specimens 
and validation through field investigations are required. 
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