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Preface 
As a set of structural elements that serve and supports purposeful function, Infrastructure – 
buildings, roads, bridges, ports, power plants, water supply, underground spaces – is vital 
and essential for the development of human society. It supports manufacture of products, 
creates jobs, facilitates mobility of goods and people, helps distribution of water and energy, 
keeps people healthy, and protects communities from natural and man-made hazards. 
Infrastructure drives economic growth in many countries and enables society to thrive and 
have better living condition. People recognise the importance of infrastructure when they 
discover that it fails to serve their needs 

In developing countries there is an obvious demand to build more infrastructures to boost 
the economy, distribute income, and move forward the progress of these countries. Despite 
the careful planning, design, and construction many infrastructures exhibit unsatisfactory 
performance and deteriorates in its operational phase of service life. In developed countries, 
many infrastructures have achieved its end of service life and shows ageing phenomena with 
declining function and performances.  

In the era where our planet is now under severe ecological stress, depletion of natural 
resources, and threat of adverse climate change, it’s not just a matter of building more. We 
must maintain our infrastructure stocks to its adequate level of performances in order to 
sustain our earth life support capabilities and capacities. Building or maintaining, 
infrastructure needs to sustainable. 

The 4th International Conference on Rehabilitation and Maintenance in Civil Engineering 
raise this issue by taking theme of “Smart Rehabilitation and Maintenance in Civil 
Engineering for Sustainable Construction”. Public works professionals, engineers, planners, 
policy makers, researchers, academicians, and students gather together to discuss and share 
ideas on the issues of rehabilitation, repairs, maintenance, and its wide aspect within the field 
of civil engineering. In meeting highly technical specifications, tackling challenging 
problem, and addressing community needs, the conference provides a forum for broad 
spectrum of relevant topics.  

The keynote papers address innovative technology in construction system that to make 
buildings resilient and sustainable, the use of artificial intelligence for managing and 
maintaining large scale, complex and interconnected asset, ingenious rehabilitation 
techniques and waterproofing, and perspectives of maintenance at urban scale. 

All peer reviewed papers published in the proceedings discuss various topics from 
detailed engineering rehabilitation techniques and numerical modelling of service life 
prediction, to the higher abstraction such as maintenance strategies and policies. The papers 
examines multiscale level of infrastructure from material levels to the structural levels to the 
networks of infrastructure at urban level. The papers address testing and inspection procedure 
to the use of new innovative material and techniques for Restoration, preservation, 
rehabilitation and maintenance. The paper covers wide areas of rehabilitation and 
maintenance in the field of Civil Engineering; material, structure, soil mechanics, 
transportation, water resources, and construction management 

The proceedings of the 4th International Conference on Rehabilitation and Maintenance 
in Civil Engineering (ICRMCE) provides wealth of information and ideas for the 
professionals in civil engineering in supporting their day-to-day works of rehabilitation and 
maintenance of infrastructure. 
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Abstract. The use of castellated beams has become more popular in the 
last two decades. The main idea for the use of these types of steel beams is 
to reduce their self-weight by providing openings in the web of wide flange 
(WF) or I sections. Numerous research on castellated beams has been 
conducted, the majority of the studies aimed to optimize the opening size 
and the shape configuration of the openings. A numerical analysis of 
castellated beams with oval openings was performed in this study. The 
sections under investigation had variations in the height-to-length ratios of 
the beam. The Do to D and b to Do ratios were kept at a constant. The D 
value was defined as the height of the beam, while Do is the height of the 
opening, and b is the width of the opening. The numerical analysis was 
performed by the finite element analysis using the STRAND7 software. 
The numerical model was further validated to the experimental data. The 
results showed that the developed finite element model resulted in a very 
good representation to the actual behavior of the sections. 

1 Introduction 
Castellated beam use has shown an increasing pattern worldwide due to its potentials in 
reducing the self-weight of the member by adjusting the configuration of voids or openings 
throughout the length of the members. This technique is mostly applied on wide-flange 
(WF) and I sections in bending. The use of castellated beams has become more popular in 
the last two decades. The main idea for the use of these types of steel beams is to reduce the 
self-weight by providing openings in the web of wide flange (WF), or I sections and re-
arranging the cut section so that it result in an increase of height. The castellated beam’s 
theoretical background lies in the attempt of increasing the profile height of the beam while 
creating openings in the web of the profile, thus enhancing its moment of inertia, but 
reducing its self-weight. Modifications applied on the castellated beam have an impact on 
the failure mode of the structure. The modes of failure that can occur included the 
formation of a vierendeel mechanism, lateral torsional buckling of the web post, rupture of 
a welded joint in a web post, lateral torsional buckling of the entire span, formation of a 
flexure mechanism, and buckling of the web post [1, 2]. 
                                        
*Corresponding author: yanuar.setiawan@uii.ac.id 
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Numerous research on castellated beams has been conducted, the majority of the studies 
aimed to optimize the opening size and the shape configuration of the openings. Suharjanto 
[3] conducted a study on the horizontal shear strength of circular castellated beams with 
and without adding plates. Bedi and Pachpor [4] examined the moment and shear analysis 
of castellated beams with various openings, i.e., square, hexagonal, and circular. 
Wakchaure and Sagade [5] undertook numerical studies using the finite element analysis 
method on hexagonal castellated beams with height variations of the castellated beam. 
Jamadar and Khumbar [6] carried out a review on the finite element analysis of castellated 
beams with hexagonal openings, while Jamadar and Khumbar [7] performed a parametric 
study of castellated beams with circular and diamond openings. 

The accomplished studies indicated that the stress concentration occurs in the corners of 
the openings leading to initial yielding in the section at the hexagonal opening. Continuing 
research work was focused on the circular openings by adjusting the angular orientation of 
the openings to minimize the formation of cracks [8]. The modification of these oval 
openings for castellated beams certainly requires further study on the stress concentration 
and failure mechanism due to the presence of the openings. It is expected that the 
development can provide structural optimization for the castellated beams itself. The 
optimization techniques could be implemented experimentally [9] or by numerical 
modeling of the specimen. The second option is far less more economical and fast. To 
ensure that the numerical or finite element model is accurate, a validation process should be 
performed. 

Previous research on oval openings indicate that this form provides a greater load 
capacity compared to the hexagonal forms [7]. The shape manufacturing of an oval 
castellated beam can be seen in Fig.1. 

 
Fig.1. Manufacturing of castellated beam with oval openings. 

2 Experimental programme and results 
The experimental tests conducted in the laboratory were utilized to examine the material 
properties of the steel material used for assembling the beam-sections. The full-scale beam 
specimens were tested for validation purposes to substantiate the numerical model using the 
finite element analysis (FEM). 
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2.1 Steel properties test 

As data input for the FEM, it was necessary to perform the tensile tests on the steel material 
to obtain the values of the elastic modulus (E), Poisson’s ratio (υ), yield strength (Fy), and 
the ultimate strength of the steel (Fu). These tests were conducted at the Materials and 
Construction Laboratory of Diponegoro University. The steel tensile testing procedure was 
carried out in accordance with the ASTM E 8M-04 “Standard Test Method for Tension 
Testing of Metallic Materials.” The test samples were taken from the web and flange parts 
of the WF and I section. For every section, two specimens were prepared. The WF sections 
were distinguished into two types based on their section dimension, being the WF 200x100 
and WF 350x175. The stress-strain behaviors of the specimens in uniaxial tension are 
shown in Fig. 2. and Fig. 3. For analyses purposes, the average was taken and 
simultaneously presented in the graphs. 

Fig. 2. Stress-strain in tension of the WF 200x100.  

Fig. 3. Stress-strain in tension of the WF 350x175. 

2.2 Validation specimen 

The specimen used for validation purposes was the castellated beam with oval opening 
shapes [8]. The specimens under investigation had variations in the height-to-length ratios 
of the beam. In this study, the Do to D and b to Do ratios were kept at a constant. The D 
values are designated as the overall height of the beams, while Do is the height of the 
opening, and b is the width of the opening [8]. Details of the specimen’s geometric 
variations can be seen in Table 1 and Fig. 4. 
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Table 1. Specification of specimen’s geometric variations. 

Parameter 
Dimension (mm) 

CB - 1 CB - 2 CB - 3 CB - 4 

Beam length (L) 515 900 900 1600 

Beam width (B) 100 100 175 175 

Beam height (D) 277 277 485 485 

Ratio D/L 0,54 0,30 0,54 0,30 

Height of the opening (Do) 180 180 315 315 

Ratio Do/D 0,65 0,65 0,65 0,65 

Width of the opening (b) 83 83 145 145 

Ratio b/Do 0,46 0,46 0,46 0,46 

Distance between opening (S) 113 113 206 206 
 

Fig.4. Specimen designation. 

The beam was configurated as a simply supported element, using a pin and roller on the 
far ends of the member. The loading chosen was a two-point centralized load, creating a 
state of pure bending in between the loads. The positions of the two loads were located at a 
distance of 1/3L from the supports. The test was limited to determine the load capacity and 
its deflections. The test set-up can be seen in Fig. 5. 
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Fig. 5. Experimental setup. 

3 Numerical analysis 

3.1 Material behavior and failure criteria 

Strand 7 nonlinear software [10] was used to model and analyze the members based on the 
finite elements of the tested specimens. The numerical model was further validated by the 
experimental load-displacement curves. The created model was a three-dimensional model 
using the plate element for the web as well as the flange parts of the castellated beams. The 
material of the castellated beams was assumed to be isotropic, and the stress-strain 
relationship obtained from the steel tensile test was used to accommodate the nonlinear 
steel material behavior. The steel material failure criteria used in the analyses were based 
on the Von Misses failure envelope Fig. 6.  

Fig. 6. Von Misses failure criterion. 

Von Misses failure is one of the criteria used in determining yield criteria on ductile 
structures. This criterion states that a structure fails when the strain energy in the material 
exceeds the strain energy value from the tensile test in yield conditions [11]. A Gauss point 
is considered as failed when the principal stresses exceed the boundaries of the Von Misses 
envelope. The material is considered isotropic and homogeneous. The meridians are 
distinguished by compression and tension as can be seen in Fig. 6. 
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3.2 Finite element model 

The plate element used in this work was a six-node triangular plate element. The elements 
have quadratic shape functions. The quadratic element has the ability to accommodate 
curved edges, as a quadratic curve is fitted through the three nodes along the edges. This 
element type is very suitable for modelling the castellated beam with oval-shaped openings 
[12, 13]. The mesh size was set at 10 mm to ensure a good meshing and enhance the 
convergence rate. The finite element model of the castellated beam can be seen in Fig. 7. 

 
Fig. 7. FEM of the castellated beam. 

4 Test result and numerical model validation 
The finite element model of the castellated beam in Fig. 7. was validated with the load-
displacement response of the experimentally tested beams [8]. The material properties of 
the steel determined, based on experimental data, were functioning as input to the model. 
The load increment was adjusted to increase the loading in the experimental test specimen. 
During the loading stage of the FE model, a direct iteration technique was used to obtain a 
convergence state between external and internal forces of the model. The load and 
displacement data at convergent load levels were recorded. The resulting load-displacement 
response was plotted against the data obtained from the experimental test results as viewed 
in Fig. 8.  

In Fig. 8. the straight line indicates the load-displacement response as predicted by the 
FEM, whereas the dots represent the experimentally recorded data. The curves showed that 
the behavior as predicted by the FEM is in good agreement with the load-displacement 
response generated from the result of the experimental tests [8]. The model gave a good 
representation for all ratios of D/L and represented the load-displacement path with great 
accuracy for all section members regardless of the failure behavior.  
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Validation was also conducted by observing the predicted deformed shape of the beam. 

The result of deformation behavior from the FEM was compared to the result of the beam’s 
deformation from the experimental testing (Fig. 9. and Fig. 10.). The deformation 
comparison between the finite element model and the results of experimental tests showed a 
very close resemblance. The member failed due to local buckling, and the deformation of 
the web in between the oval openings is clearly seen in the FEM. The horizontal deflections 
of the top flanges were also detected in the model. 

Fig. 9. Comparison deformation of finite element model with deformation of the tested specimen. 
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A deviation in the bottom flange’s behavior between the actual and FEM was detected. 
While the experimentally tested specimen reflected no vertical deformations, the FEM 
unmistakably showed a flexural deformation at the bottom flange between the supports. 
This implies that in the FEM, the web is sufficiently stiff in transferring the stresses from 
the top flange to the bottom flange before buckling.  

Fig. 10. Deviation in bottom flange behavior between the FEM and the experimental specimen. 

The process of experimental testing is subjected to a range of factors that could lead to a 
false data outcome. A method to overcome this problem is to increase the number of 
specimens in the laboratory so that statistical analysis could be conducted, and the true 
average representing the outcome of the tests, obtained. A major disadvantage of this 
approach is that the sequence will generally yield in a lengthy, time-consuming procedure. 
The cost for multiple conduction tests will also increase significantly due to the number of 
specimens that have to be prepared and tested.  

A method to reduce the time and to save money is by constructing a numerical or finite 
element model. When a basic model has been developed and validated, this model can 
further function as a sophisticated tool to analyze the behavior of all typical specimens 
within the research program. The advantage of such a model is that all stress and strain 
responses at any place within the specimen could be evaluated with ease. In the case of an 
experimental test, only places or spots where precision instruments such as strain gauges or 
LVDTs (linear vertical displacement transducer) are placed could be observed and 
evaluated. The risk of malfunction of the precision instrument or deviation in predicted 
yield points makes the readings even more difficult. An FEM is, therefore, the chosen tool 
for in-depth analyses. 

To ensure that the model is valid, the responses should be compared to actual, 
laboratory tested members. These members should have the same dimensions and material 
properties as the FEM or numerical model. To provide the material data, the material needs 
to be tested, and all basic information such as the stress-strain behavior should be 
implemented into the model. The most straightforward validation method is to compare the 
load-displacement response of the specimen to the predicted load-displacement response 
resulted from the FEM.  

5 Conclusions 
The performed validation procedure to the load-displacement response of the Castellated 
steel beam, as well as the visual evaluation of the failure mechanism, showed that the 
constructed FEM could properly represent the specimen. The FEM predicts the load-
displacement response and deformation behavior of the Castellated beam accurately, and in 
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A deviation in the bottom flange’s behavior between the actual and FEM was detected. 
While the experimentally tested specimen reflected no vertical deformations, the FEM 
unmistakably showed a flexural deformation at the bottom flange between the supports. 
This implies that in the FEM, the web is sufficiently stiff in transferring the stresses from 
the top flange to the bottom flange before buckling.  

Fig. 10. Deviation in bottom flange behavior between the FEM and the experimental specimen. 

The process of experimental testing is subjected to a range of factors that could lead to a 
false data outcome. A method to overcome this problem is to increase the number of 
specimens in the laboratory so that statistical analysis could be conducted, and the true 
average representing the outcome of the tests, obtained. A major disadvantage of this 
approach is that the sequence will generally yield in a lengthy, time-consuming procedure. 
The cost for multiple conduction tests will also increase significantly due to the number of 
specimens that have to be prepared and tested.  

A method to reduce the time and to save money is by constructing a numerical or finite 
element model. When a basic model has been developed and validated, this model can 
further function as a sophisticated tool to analyze the behavior of all typical specimens 
within the research program. The advantage of such a model is that all stress and strain 
responses at any place within the specimen could be evaluated with ease. In the case of an 
experimental test, only places or spots where precision instruments such as strain gauges or 
LVDTs (linear vertical displacement transducer) are placed could be observed and 
evaluated. The risk of malfunction of the precision instrument or deviation in predicted 
yield points makes the readings even more difficult. An FEM is, therefore, the chosen tool 
for in-depth analyses. 

To ensure that the model is valid, the responses should be compared to actual, 
laboratory tested members. These members should have the same dimensions and material 
properties as the FEM or numerical model. To provide the material data, the material needs 
to be tested, and all basic information such as the stress-strain behavior should be 
implemented into the model. The most straightforward validation method is to compare the 
load-displacement response of the specimen to the predicted load-displacement response 
resulted from the FEM.  

5 Conclusions 
The performed validation procedure to the load-displacement response of the Castellated 
steel beam, as well as the visual evaluation of the failure mechanism, showed that the 
constructed FEM could properly represent the specimen. The FEM predicts the load-
displacement response and deformation behavior of the Castellated beam accurately, and in 

great detail. The post-peak, as well as the progress of the non-linear stiffness behavior, was 
very closely foreseen by the FEM as shown by the comparison of results in the load-
displacement curves.  

A deviation between the FEM and the experimentally tested specimen was 
distinguished at the bottom flange. The cause of this deviation probably originates from 
imperfections of the welding between the web sections during fabrication. The cutting and 
welding of the assembled section resulted in a less stiff web. In the FEM, a perfectly 
straight and homogeneously solid web was assumed. This hypothesis allowed the stresses 
from the top flanges to reach the bottom flange, before buckling of the web between the 
oval openings took place. Due to the imperfections, the buckling of the web occurred prior 
to the stress flow reaching the bottom part of the beam. The ultimate load carrying capacity 
however, remained unchanged since the member failed due to local buckling for both the 
FEM and the experimentally tested section. 

This highlights the importance of finite element analyses in complimenting a research 
work into the behavior of structural elements. A FEM model could easily be modified 
based on the observation of the laboratory tested specimens. Adjustments to the model 
could then be applied, and the result of these modifications compared to the actual 
behavior. At further stages, this FEM will function to optimize the opening’s configuration, 
size and distance as well as be used to evaluate the principal stress flow and strain 
responses at every loading stage. The model will also be used to evaluate stress 
concentrations in the web. 
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