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Abstract 

This study  concerned with investigating experimentally and numerically 

the performance of filled steel tube composite beams consisting of a filled steel 

tube and reinforced concrete slab connected by a perfobond connector as a 

shear connector. Six composite beams were tested, the main parameter in this 

investigation was the type of filling materials that used to fill the steel tube. All 

specimens were tested as simply supported beams; the specimens tested using 

a four-point load. The deflection at mid-span and slips were recorded with 

corresponding loads. The experimental results showed that all tested specimens 

failed by flexural mode with similar behavior during the test, the first crack 

appeared in the concrete slab at the final stages of loading after applying 90% 

of failure load. It was found that the highest ultimate load of the composite 

beam obtained when using normal concrete as a filling material. The other 

filling material (wood, aggregate, and lightweight concrete) were less density 

and ultimate load. Wood is the best filling material as an alternative to normal 

concrete about 94.7% of the ultimate load. All these filling materials gave 

higher ultimate strength of the composite beam compared with a hollow steel 

tube composite beam about 23.2%, 16.8%, 12.9%, and 6.5% for normal 

concrete, wood, aggregate, and lightweight concrete respectively. The test 

demonstrated that the gypsum is unuseful as a filling material.  

The numerical study included a simulation by the ABAQUS program, the 

numerical results showed reasonable compatibility and acceptable agreement 

in the load-deflection curves that resulted from the experimental test with a 

maximum difference of nearly 20.81% in the ultimate load. The Filled Steel 

Tube (FST) composite beam ultimate load capacity improved by increasing the 

tube thickness, and by increasing the concrete strength of the deck slab whereas 

there is a slight increase in it when the strength of filling material increased 
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whether it was normal concrete or wood. Also, it was concluded that the type 

of bond has an effect on the strength of the composite beam, like when cohesive 

bond used between the inner surfaces of the steel tube and the wood section 

that filled it gives ultimate load capacity about (22.65%) lower than the full 

bond. 
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Chapter One 

Introduction 

1.1 Introduction 

The composite beam has higher load capacity, ductility, stiffness and more 

economical than non-composite or steel equivalent beam because it utilizes the 

advantage, properties of both combined materials for example, steel section is a 

good in tension strength and concrete is a good in compression strength [1]–[3]. 

The concrete that filles the steel tube in Concrete Filled Steel Tube (CFST) has 

less drying shrinkage and creep compared with ordinary reinforced concrete 

member [4]. The steel tube in CFST is provided at outer periphery of the filling 

concrete to perform as a permanent formwork which provide confinement to the 

inner concrete and prevents spalling and bulging that mean increase the strength 

of the concrete, while the in-filling concrete delays the local buckling in the steel 

tube [4], [5]. The use of CFST girder in bridges is compatible with restrictions on 

girder height and it is relatively easy to build also, it has good durability and 

deformability to resist the seismic forces [5], therefore the performance of the 

CFST member under loading is better than hollow steel tubes, so CFST member 

has a wide use in bridge such as arch bridge, cable-stayed bridge and suspension 

bridge also as main girders, in addition the CFST member is used in multi-story 

buildings as columns and beams [6]. Figure (1-1) displays the use of CFST 

composite members in the structure.   
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Figure(1-1) CFST composite members [6]. 

1.2 Composite Member 

When two or more dissimilar materials (having different moduli of elasticity) 

are joined together, a new member is formed from them known as the composite 

member, this composite member often having better properties than each material 

individually. However, the original materials should be constructed with 

equivalent materials in order to take advantage of their properties to resist the 

external loads [1]. There are other common types of composite members such as 

composite members of two different types of concrete (normal concrete and 

prestressed concrete) or composite members of the wood and steel section. Figure 

(1-2) displays some types of composite beams. The most commonly used type of 

structural composite member is composite from steel section and reinforced 

concrete connected together by a shear connector.  

Recently, new structural forms (CFST) were used instead of steel sections in 

the common composite beam, it is worth noting that there is little research for this 

type of structural member [7]–[10].  Figure (1-3) shows the composite CFST beam 

composite with a concrete slab. 
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Figure (1-2) Some types of the composite beam. 

 

Figure(1-3) CFST composite girder.[5]  

1.3 Concrete Filled Steel Tubes (CFST) 

CFST is a composite member consisting of a steel tube filled with concrete. 

CFST has numerous structural benefits and has been widely used in the past 

decades as columns in tall buildings. CFST members show excellent structural 

performance, taking advantage of the combined effect of steel and concrete 
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working together, the steel tube provides confinement to the concrete core, 

resulting in increased compressive strength, while the concrete core restricts 

inward deformation of the steel tube thus enhancing local buckling resistance and 

enabling the use of thinner cross-sections [6]. The tri-axial confinement of CFST 

reduce the amount of steel to support the loading condition, hence the dimensions 

of the CFST column are smaller than those of the reinforced column by reducing 

about (60%) and (5-10%) of concrete and steel used respectively which led to 

increasing the space of the floor [15]. The hollow steel tubes can serve as the 

formwork for casting the concrete which significantly reduces the cost and time 

of construction, also make the construction site cleaner. The steel tube reinforces 

the concrete to resist any bending moment, tensile, and shear force applied on the 

composite member. Using CFST composite girder in bridges reduces the noise 

and vibration induced by cars and trains therefore, CFST is environmentally 

friendly [16]. The creep and shrinkage of ordinary reinforced concrete are more 

than in concrete of CFST. Figure (1- 5) shows the typical cross-section of CFST. 

Particularly when the CFST is exerted to flexural or cyclic loading conditions the 

steel tube remains to confine the crushed concrete which provides high ductility 

and energy dissipation with delayed degradation of resistance [17]. 

For the purpose of reducing the self-weight of CFST, Lightweight Aggregate 

Concrete is used as a filling material to fill the steel tube (LACFST) [18]. It is 

necessary to note that the performance of CFST members is different because of 

the difference between the performance of the components, these difference result 

due to different stress-strain curves and the interaction between the filling material 

and steel tube make a problem in the calculation of mutual characteristics such as 

the second moment and elastic modulus, also the performance of CFST influences 

by the dimensions and shape  of the steel tube, the strength of filling material and 

the steel tube, and type of loading [19]. Most previous researches were about 



Chapter One                             Introduction 

5 
 

concrete-filled steel tube beam composite with concrete slab so, there is a lack of 

studies about the effect and performance of filled steel tube beam FST composite 

with concrete slab using different types of material as a filling material that fills 

the steel tube.  

 

Figure(1-4) Typical cross-section of CFST members [6]. 

1.4 Shear Connectors   

For the construction of composite member, the shear connectors that 

connected the materials as the steel beam and concrete slab are important. Shear 

connectors play a vital role in seismic response of the composite structure by 

provide the shear connection that is necessary for composite action in flexure, and 

they distributes the large horizontal forces in the deck slab to the essential lateral 

load resisting components of the structure, shear connectors are subjected to cyclic 

loading during the earthquake  [11]. When the composite member has an efficient 

connection between steel and concrete the main advantage of composite was 

achieved[12]. In general use shear connector in composite beams is potentially 

economical because they strengthen the floor systems by providing development 
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in composite action.[13]. Several types of shear connectors were developed such 

as headed studs, perfobond rips, waveform strips, oscillating perfobond strips, T-

connectors, and channel connectors, as shown in Figure (1-4) [14]. 

 

Figure (1-5) Types of shear connector [14]. 

 

1.5 Objectives Of The Study 

The main objective of the current study is to test the filled steel tube (FST) 

composite beam with concrete slab connected by perfobond plate as a shear 

connector of different types of material that filled the steel tube. The general goal 

is divided into the following objectives: 
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1. this study focuses on the effect of using different types of filling material on the 

behavior of filled steel tubes in composite beams. Whereas, Dead loads are one 

of the major loads to which a structure is exposed, so one of the important things 

to compare these materials is to study the density of each of them to find suitable 

materials to fill the steel tube. 

2. Experimentally investigated the performance of perfobond connection by using 

the push-out test; for this purpose, one specimen was tested. 

3. Experimentally investigation of the performance for the slip at the end and one-

sixth of the span, as well as, the deflection of a simple supported filled steel tube 

beam composite with concrete slab; six composite beams are tested until failed 

under a concentrated two-point load. 

4.  Theoretically, investigation to solve this problem numerically from testing the 

finite element model that simulated by using the ABAQUS package and 

compare the results with the data of the experimental work. 

5. The parametric studies that adopted to show the effect of filling the steel tube 

in composite beams by different types of filling materials are the compressive 

strength of concrete slab and the filling concrete, tube thickness, the effect of 

the bond between tube and filling material. 

1.6 Thesis Layouts 

This thesis consists of six chapters, a brief summary of each chapter is as 

follow: 

Chapter One: A general introduction about the composite member, shear 

connectors, advantage concrete-filled steel tubes, objectives, and scope of the 

work was shown. 

Chapter two: Chapter two treats with previous studies about the CFST and wood-

filled steel beam that composite with the concrete slab. 
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Chapter Three: This chapter describes the experimental work, item 

characteristics of steel, concrete, and filling materials, specimen numbers, and 

types. 

Chapter Four: The experimental work results and discussions are shown in 

Chapter Four. 

Chapter Five: The finite element method was used to analyze the composite FST 

beam with the deck slab by the ABAQUS program. The results of the analytical 

study were compared to the results of the experimental work. Also, some 

parametric studies were conducted in this chapter. 

Chapter Six: Several conclusions and recommendations for the study are given 

in Chapter Six. 

 



 

 

 

Chapter Two 
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Chapter Two 

Literature review 

2.1 General 

The aim of this chapter is to present a summary of previous studies and 

researches on structural members consisting of filled steel tubes, more precisely 

the composite FST beam with deck slab members. The CFST has been used as the 

columns in building firstly in china in 1950 in order to avoid the large size of the 

ordinary columns that had been used before [20].  

It can be said that there were three stages summarize the appearance of FST 

member, the first stage (before 1980) CFST columns were used in subway 

stations, industrial workshops, electricity pylori, and buildings. In the second stage 

(1990-2000), there were some applications of using high strength CFST like 

bridges and high-rise building. Finally, the third stage (after 2000), CFST with 

high-performance materials and industrialization was found such as large-span 

structures and super high-rise buildings like Haukang, Zhuhai, Macao in China.  

The CFST composite girder is a new approach that appeared in the last 

decade that used in bridges construction. This type of member was suggested 

firstly in 2002 by Nakamura et al. [21]. There are many earned advantages of this 

system such as concrete prevent local buckling of the steel tube and improves the 

fire resistance performance, the steel tube confines the concrete and enhance the 

concrete strength, reduce the drying shrinkage and creep of the concrete compared 

with the ordinary reinforced concrete and saving manpower and lower the time 

and cost of the construction because of omitting the formwork and reinforcing bars 

as well as, it keeps the construction site clean. In spite of these important benefits, 
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the use of this system is still limited due to the lack of studies, research, and 

scarcity of design methods presented for such bridges adherence [22].  

This chapter is divided into three main headings. The first one is the flexural 

behavior of filled steel tubes. The second part has presented the performance of 

concrete-filled steel tube beam composite with deck slab under flexural effect. The 

last part shows the performance of the shear connector in the push-out test. 

2.2 Flexural behavior of FST Beam. 

2.2.1 CFST Beams 

Han [23] tested sixteen specimens of CFST (HHS) beams made from four 

plates welded together at corners with 1000 mm effective length experimentally 

also suggested a mechanical model in order to compare the results (moment 

capacity and load vs lateral and mid-span deflections) with some international 

codes predictions. Figure (2-1) shows the details of the specimen.  The ratio of 

depth to width (1 to 2) and the depth to thickness ratio (20 to 50) were the main 

parameters in this study. The auther concluded that the ductility of the CFST beam 

is more than the hollow HSS tube and there was a good agreement between the 

predicted load-deflection curves and test results. In addition, the auther found that 

the existed code recommendations (AIJ, LRFD-AISC, BS5400) to calculate the 

moment capacity predict ultimate moment capacity lower than the test results. 

Therefore, Han developed a new suggested method that gives a better prediction.  

Han et al. presented a new study on the CFST [24]. This study is a 

continuation of the previous study [23] and adopted the same details of its samples 

and the same proposed formula. The authors tested thirty-six CFST composite 

beams filled with self-compacted concrete (SCC) experimentally and with a 

mechanical model in order to compare the results (moment capacity) with some 
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international codes methods of prediction (AIJ, LRFD-AISC, BS5400, and EC4). 

The studied parameter was the steel tubular section (square and circular), the steel 

yield strength, the "D/t" ratio of the steel tube, and the shear span- depth ratio. The 

authors concluded that the CFST beam filled with SCC and CFST beam filled with 

normal concrete has similar behavior, the shear -span ratio has no effect on the 

behavior of the CFST beam and the suggested method to predict the ultimate 

moment in [23] and EC4 was the best method. 

 

Figure (2-1) The specimens details. [23] 

 

Lu et al. [25] studied theoretically the performance of the CFST beam 

(circular section) by FEM modeling on ABAQUS. The concrete damage plasticity 

model is used for concrete description.  Normal and tangential resistance are used 

to represent the interface between the steel tube and concrete. The C3D8R element 

is used to represent concrete, while the S4R is used to represent the steel tube. 

They used the specimens tested by [24] to verificate the FE results of the CFST 

beam. The modeling results (load-deflection curves, the moment capacity, and 

failure mode) showed a reasonable agreement with those results obtained from the 
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test. In addition, they found that using the strut-tie model to represent the stress 

transfer in the CFST beam (circular section) is possible. Figure (2-2) shows the 

strut-tie model and maximum compressive stress distribution in the CFST beam. 

 

 

A- Strut-tie model. 

 

B- Maximum compressive stress in CFST beam. 

Figure (2-2) Strut-tie model and maximum compressive stress in CFST 

beam.[25] 

Flor et al. [26] studied the CFST in two parts. The first part concerned the 

defects of concrete inside the steel tube resulting from the pouring of concrete, 

while the second part represented an investigation of the behavior of CFST beam 

samples under the influence of flexural. To investigate concrete defects, two 

samples were used, 12 meters in length with dimensions of 250 x 150 mm with a 

thickness of 6.3 mm. The preparation of the sample included cutting the tube 

longitudinally so that each piece became a U- shape and then two angles at the top 

and bottom of the specimen were welded to restore the closed shape of these tube 

pieces. These angles were repeated every meter of the length of the sample. The 

ends of the sample were closed by welding a steel plate and two holes with a 
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diameter of 100 mm were opened above the steel tube near the ends of the samples 

for the purpose of pouring concrete through them. The concrete used in this study 

is self-compacting concrete. During the casting of concrete, the specimens were 

placed horizontally.  Pouring the concrete inside the steel tube of the first specimen 

was without pressure while the second one was with pressure. Both specimens 

were opened after eight months.  many gaps in different shapes and depth were 

found on the top surface of the steel tube the average depth of the gaps were 2.99 

mm and 1.97 mm for specimen with pressure and without pressure respectively. 

Figure (2-3 A to C) show the specimen details with the mechanism of placing the 

fresh concrete inside the tube. The second part of this study included testing 6 

specimens of beams with the same characteristics as the section used in the first 

part, but with a length of 6 meters. Four of them were CFST, while the remaining 

two were empty for the purpose of studying the effect of filling the steel tube with 

concrete and finding the maximum moment according to the plastic theory for this 

type of CFST beams. The results showed that CFST had a maximum flexural 

moment of 15% higher than the empty steel tube and had a higher ductility as well. 

In addition, the maximum moment capacity resulting from the experimental test 

was 2% less than the amount calculated from the plastics theory. Figure (2-3 D) 

shows the plastic stress distribution of the CFST specimens. 

Shallal [27] studied the CFST, this study aimed to determine the maximum 

load capacity of CFST beams under the influence of bending. It included an 

experimental test of twelve specimens of CFST beams. The basic variables in them 

were section shape (square and circular), section size (100 * 100 * 3 mm and 75 * 

75 * 2 mm), the compressive strength of the filler concrete for the tube (22.9 and 

31.9 MPa), and the ratio of depth to thickness D/t (33.34 and 37.5 ). The specimens 

were tested under concentrated load at the mid-span with an effective length of 
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850 mm. The most important conclusion of this study was that the loading capacity 

and ductility of CFST beams are greater than the hollow steel tube beam, the 

square section has ultimate load capacity higher than the circular section, and 

when the compressive strength of filler concrete increases, the maximum load of 

CFST beam increases slightly.  

Figure (2-3) (A) CFST test specimen cross-section, (B) CFST test specimens 

before casting, (C) filling apparatus, (D) Plastic stress distribution for CFST 

beam specimens. [26] 

 

(A) 
 

(B) 

 

(C) 

 

(D) 
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Gunawaredena and Aslani [28] studied experimentally the behavior of 

concrete-filled -stainless- steel tube (CFSST), more precisely the spiral-welded 

stainless-steel tube under flexural. Eighteen specimens were tested under the four-

point bending test, twelve of them were filled by self-compacted concrete and the 

other six specimens were hollow, which is considered as a reference specimen. 

The main studied parameters were the outside diameter to wall thickness ratio 

(D/t) and the strength of infill concrete. Figure (2-4) shows a schematic of typical 

experimental setup and instrumentation locations. The test results showed that the 

ultimate load state deformation modes of the hollow and concrete-filled tubes can 

be considered the same regardless of the method of the tube fabrication, although 

the hollow tube tends to have a local buckling higher than the concrete-filled tube. 

By adopting the same dimensions and considerations, in addition to the mode of 

deformation, it has been found that the flexural behavior of CF-SWSSTs is 

equivalent to that of CFSSTs of other types of tube, so it is possible to use spiral-

welded stainless-steel tube as an alternative to ordinarily filled steel tube or 

longitudinally welded tubes in concrete-filled steel tube. farthermore, this study 

showed that the compact slenderness limits specified in some standards are very 

conservative.   

 

Figure (2- 4) Schematic of typical experimental setup.[28] 
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2.2.2 Wood filled steel tube beams (WFST) 

Danawade et al. [29] used three groups of beams; steel tubes, wood, and 

wood reinforced steel composite beams (WRST). The specimens have a constant 

size of steel tube and various sizes of a wooden section filled inside the steel tubes 

trying to control the flexural strength of WRST which depends on the mechanical 

bond between the interfaces of steel and wood. The authors modeled these 

specimens using the finite element method by ANSIS, subjecting them to a three-

point bending test with 700 mm effective length to investigate their behavior, 

flexural strength, mechanical bending resistance, and finding modulus of bending 

under specific levels of strain, as well as, conducting manual calculations for them, 

and studying the contrast between the two methods. The results showed that the 

wood section improved the flexural strength of the steel tube and reduced the 

deformation. Also, the authors concluded from calculations that there was no 

effect of tolerance on the flexural strength of the WRST beam.  

Danawade et al. [30] presented a study on flexural members. This study 

included an experimental and analytical test of specimens of rectangular beams 

consisting of teak wood only (RTWB), a hollow steel tube with thin walls only 

(RHSTWST), and a composite beam consisting of a thin-walled steel tube filled 

with teak wood (WFT). Then comparing the experimental results with the 

numerical data, as well as noting the discrepancy between the experimental results 

with the results of the analytical study of modeling the specimens by the ANSYS 

program. It was found that the variation in the results is within reasonable limits. 

in addition, WFT has higher stiffness and flexural strength and has been showed 

less deformation compared to hollow tube beams or only wood beams. Figure (2-

5) shows the test specimen's failure mode. 
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Figure (2-5) the test specimen’s failure mode. [30] 

Malagi and Danawade [31] worked on determining the interfacial shear stress 

in teak wood-filled steel tubes. The authors investigated the interfacial shear stress 

behavior under flexural to discuss how can the bonding be can influence the 

moment capacity of this composite beam. This investigation included an 

experimental test of twelve teak wood filled steel tube beam specimens with 

variable span/depth ratio under three-point bending test, six of them were simple 

mechanically bonded without adhesive by driving fit wooden section inside the 

steel tube (the coefficient of friction is 0.7) while other six specimens were with 

adhesive bonding interference by applying structural epoxy adhesive (Fevitite 

superfast adhesive). The test results showed that in specimens without adhesive, 

the teakwood was pushed out from the steel tube due to slip unlike the specimens 

 

(A) RTWB failure mode 

 

(B) RHSTWST failure mode 

 

(C) WFT failure mode  
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with the adhesive bond no pushing out occurred of teak wood, the use of adhesive 

bond improved the shear stress and interfacial shear stress, on both cases the 

mechanically and adhesively bonded teak wood filled steel tubes the shear stress 

and the interfacial stress reduced with the increase of the span/depth ratio and the 

long adhesively bonded beams fail in compression at the top face but the short 

adhesively bonded beam fails in tension at bottom face, finally, the rise of moment 

capacity of specimens with mechanical bond in long beams is higher than in short 

beams and the adhesively bonded beams show large enhancement in moment and 

stiffness of long beams due to the higher gripping stress.  Figure (2-6) shows the 

nature of the failure mode of the tested specimens.  

 

(A) wood filled steel tube without adhesive bonding. 

 

(B) wood filled steel tube with adhesive bonding. 

Figure (2-6) Nature of failure mode. [31] 
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2.3 Composite concrete filled steel tube with deck slab 

Hosaka et al. [16] developed a new type of railway bridge consist of concrete-

filled steel pipes. The authors made three types of experiments: bending test, shear 

connector test, and noise test. The bending test was used to study the performance 

and the flexural strength of CFST. In this test, two groups of specimens were 

tested, the first group called T consist of three specimens, T1 was a double steel 

pipe girder with filling the space between the two pipes, T2 was like T1 but it was 

composite with concrete slab, whereas T3 was hollow steel pipe composite with 

the concrete slab. The second group called M consist of six specimens, M1 was a 

steel tube only, M2, M3, M4 were air mortar-filled steel tubes with compressive 

strength of 0.7,1.4,5.7 MPa, respectively. M5, M6 were lightweight concrete-filled 

steel tubes with compressive strength of 32.5,46 MPa, respectively. Figure (2-7) 

shows the test specimens details. The test setup of specimens is shown in Figure 

(2-8). The results showed that the ultimate moment capacity and ductility of 

concrete-filled steel tube were higher also if the compressive strength of the air 

mortar is larger than 5 MPa the girder ductility improves. Figure (2-9) shows the 

moment deflection curves of the two groups of specimens.  The investigation of 

the time and cost of construction of this type of railway bridge also was included 

in this study. Therefore, the authors concluded that this type of bridge is more 

economical and favorable. The noise and vibration that induced by trains are lower 

compared with the steel bridges. 
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Figure (2-7) Specimens details. [16] 

 

Figure (2-8) Test setup of two (T & M) groups. [16]  

 

Figure (2-9) Moment-deflection curves of the two T and M test groups. [16] 
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Nakamura et al. [21] made a comparison between three different types of 

steel/concrete composite bridges in Japan. The first type of bridge was a concrete-

filled steel pipe composite girder (as a bridge of Shinkansen, which was completed 

in 2000), the second type was a concrete box girder connected with cables attached 

to this port only (cable-stayed system) with a steel girder in the mid-span (as the 

Bridge of Kiso River), the third type was a concrete-steel composite girder. The 

first and the second type of bridges are shown in Figure (2-10-A, B). The essential 

conclusions from this study were, the flexural capacity of the section had been 

improved in concrete-filled steel tube girder because the concrete prevents the 

local buckling of the steel tube in the compression zone and the steel tube work as 

a framework for concrete also, the vibration and noise in CFST were less than 

other types of bridges. This study suggested a new type of bridge (cable-stayed 

bridge with CFST girders) as shown in Figure (2-10-C) to get the benefits of each 

type. The authors after analysis of this type concluded that the additional weight 

due to the use of the concrete that filled the steel tube made an additional weight 

which is useful to resistance the uplift at the first and last supports and improve 

the balance of the cable-stayed bridge.      
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A- CFST composite bridge (bridge of Shinkansen). 

 

B- Kiso river bridge. 

 

 
 

C- CFST girder cable-stayed bridge 

Figure (2-10) Type of study bridges. [21] 

 

Mossahebi et al. [1] studied the composite steel tubes filled with concrete that 

was composite with a concrete deck slab, the authors were considered this member 

as a suitable type to be used in bridge construction.  Also, the authors pointed out 

that there are limited provisions for designing this type of bridge system in 



Chapter two                  literature review 

 

23 
 

AASHTO LRFD, and these limited provisions in CFST with no deck slab and can 

say to be a very conservative limitation. This study consisted of two parts; 

experimental and analytical study. The experimental study included testing one 

specimen of circular concreate-filled steel tube composite with a reinforced 

concrete deck slab bonded by a shear stud connector. The concrete inside the tube 

included a hollow void made by a smaller PVC pipe containing a group of 

reinforcing steel bars. Figure (2-11) shows the specimen details. The test result 

showed that at the ultimate load (783.4 kN), the deflection was 95.5 mm and the 

concrete deck slab was crushed. After the ultimate load, the load was dropped and 

the specimen was able to endure external loads as long as the load is lower than 

the ultimate load level. The test set-up is shown in Figure (2-12). The analytical 

study included determining the ultimate capacity and the failure mode of this 

specimen. While the slip between the concrete deck slab and CFST was not 

recorded, this study relied on a fully composite section. 

 

Figure (2-11) The specimen section and loading. [1] 
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Figure (2-12) Test setup. [1] 

Kang et al. [5] studied experimentally the flexural behavior of concrete-filled 

steel tubes that purpose to be used as a bridge girder and its application as a 

continuous girder. The study consisted of using two groups of tests the first group 

contained five specimens of the circular concrete-filled tube that have been tested 

included many parameters: the type of the filling material is the most important 

one (normal concrete, air mortar), and how could the friction between the steel 

tube and filling concrete be effective. The loading and mechanical interlocks that 

are used in specimens are shown in Figure (2-13). Table (2-1) shows the details of 

the specimens. The second group which shown in Figure (2-14) contained three 

specimens of CFST composite with a concrete slab, the specimens test as a 

continuous beam of two spans with a long 14.4m. The zone of mid-support in all 

specimens was filled about 4.8 m in length but the filling type of the positive 

moment zone differs. The first specimen was hollow (VOID) whereas the other 

two specimens were filled with air mortar but the second one (MORT) was without 

interlocking while the third specimen (MORP) was with adding interlocking 

between steel tube and air mortar as a perfobond ribs inside the steel tube. The 



Chapter two                  literature review 

 

25 
 

most important conclusions of this study were filling the steel tube with concrete 

lead to increase the flexural strength and stiffness of the member, the use of “ꓶ”-

shaped perfobond shear connecter gives perfect bond between the steel tube and 

filling concrete as well as more ductility and strength then other types of shear 

connectors, Finally the study found CFST girder is very conventional in negative 

moment section multiple support. 

 

Figure (2-13) Loading and mechanical interlocks that used in specimens. [5] 

Table (2-1) Specimens details of the first group. [5] 
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Figure (2-14) Loading and specimen details of CFST two-span continuous beam 

bridge. [5] 

Chin et al. [32] studied the composite CFST with concrete slab. The goal of 

this study was to evaluate the effect of the connection method of CFST girders 

under flexural behavior. Figure (2-15) shows the structural and sectional shapes 

of the CFST girder bridge. This experimental study consisted of testing four 

specimens of steel tubes filled with concrete have a circular section composite 

with a concrete deck slab. The specimen length was 6 meters consist of two parts 

of steel tubes connected together by two types of connection (bolts and welding) 

to reach the full specimen’s length, filled the support zone about 1.6m length of 

filling. One of these specimens was made without connection between two parts 

of the tube whereas welding is used to connect the parts of the second specimen 
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but, bolt connections are used between the other two specimens.  Figure (2-16) 

displays a view of bolted connection. One of the bolted specimens was without 

filling the connection zone whereas the other bolt connected specimen was with 

filling the connection zone. Figure (2-17) shows a view of the no-connection 

specimen and bolted-connection specimen test. The results show that the initial 

stiffness and ultimate moment capacity are similar in weld and bolt connection 

compared with the specimen without connection, the ductility of the specimen 

with bolt connection is more than the other, The noise and vibration are less in 

specimen with filled connection zone. The result of fatigue tests for the CFST 

girder bridge shows the maximum displacement increases are not clear until 2 

million loading cycles in all specimens regardless of the connection type used. 

 

Figure (2-15) Structural and sectional shapes of CFST girder bridge.[32] 

 

Figure (2-16) bolted connection view. [32] 
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Figure (2-17) no-connection specimen and bolted-connection specimen test 

view. [32] 

Cho et al. [22]. investigated the flexural strength of the concrete-filled steel 

tube (CFST), also this study included the proposition of a simple equation to 

evaluate the flexural strength for bending moment (positive and negative), an 

experimental study used to examine the validation of the proposed equations. The 

theoretical study was done by finite element analysis for the specimens of the test 

specimen. The main investigated parameters of this study were the "D/T" ratio, 

compressive strength of the filling concrete, and the slab dimension. Three 

specimens were tested, the details of the specimens are shown in Figure (2-18), 

the first and second specimens were subjected to positive bending moment, while 

the third one was subjected to negative bending moment. An internal shear 

connector was used in the first specimen (SC-P) while the other specimen depends 

on the friction between the internal wall and concrete only. The specimens were 

used as a simply supported subjected to a concentrated load at the mid-span. Figure 

(2-19) displays the test setup for specimens. The authors concluded that if the ratio 

of compressive strength of filling concrete to deck slab concrete is larger than 0.25 

the compressive strength of filling concrete considered has a little effect on the 
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CFST composite girder capacity. The presence of the internal shear connectors 

between infill concrete and the steel tube has no effect on the flexural behavior.  

 

Figure (2-18) The details of the test specimen. [22] 

 

Figure (2-19) Test setup: (a) SC-P and FC-P, and (b) FC-N. [22] 

 Fu et al. [18] studied the behavior of composite CFST with concrete slab. 

This study included an experimental and theoretical study, the experimental study 

consisted of testing one specimen of lightweight concrete (47 MPa) that filled the 

steel tube which composite with reinforced normal concrete slab, the perfobond 

strip used as a shear connection. The test specimen details are shown in Table (2-

2) and Figure (2-20). The theoretical study included providing a calculation 

method for the design of this type of composite beam by changing the dimension 

of the cross-section of the specimen and the most important changes that were 

examined were the thickness of the steel tube and the thickness of concrete deck 
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slab. The conclusions of this study were the lightweight CFST composite with 

concrete slab has good ductility and bearing capacity. Also, the internal slip 

between the steel tube and the lightweight concrete that filling it can be ignored. 

The position of the natural axis was suggested to being located in the zone of the 

interface between the steel tube and concrete deck slab to get the optimal section. 
 

Table (2-2) the specimen details. [18] 

 

 

 

Figure (2-20) the specimen details (a) graphical diagram, (b) cross-section. [18] 
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Farhan and Shallal [19] studied the performance of lightweight concrete-

filled steel tube (circular and square) composite with reinforced concrete slab 

bonded by using perfobond as a shear connector. Nine specimens were tested as a 

simply supported beam exposed to a concentrated load at mid-span. The major 

investigated parameters were the effect of the steel tube section type, slab 

compressive strength, the effect of filling concrete, and the specimen’s length. 

Figure (2-21) shows the cross-section of the investigated specimens. The results 

show that the empty steel tube beam has an ultimate load capacity and stiffness 

lower than the CSFT specimen, the shorter beam had more stiffness whereas its 

ductility is lesser than longer beams, the square section shows higher stiffness and 

ultimate load than the circular CFST and the ultimate load is decreased with 

decreasing the compression strength of the deck slab concrete. 

 

 

Figure (2-21) Specimens cross-section. [19] 

Tahir and Shallal [33] studied the behavior of CFST beam composite with a 

reinforced concrete slab under the influence of negative moment by conducting an 

experimental test on seven specimens. Lightweight concrete was filled the steel 

tube and the shear connector between the tube and slab was perfobond connector. 

Figure (2-22) shows the test setup. The studied parameters were the specimen 
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length, the compressive strength of filling concrete, and the existence of filling 

and slab concrete. As the result, the short specimen has a higher ultimate load 

compared to the other specimens, on the other hand, it has a lower bending 

moment. The appearance of the steel tube local buckling was in the range of 83.7% 

to 96.7% of the ultimate load, the absence of filler concrete in steel tube reduced 

about 75.69% of the ultimate load of the reference specimen, also the higher 

compressive strength of concrete gives a higher ultimate load of CFST composite 

specimen.  

 

Figure (2-22) the test set up.[33] 
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2.4 Push-out test of Perfobond Shear connector 

     Oguejiofor and Hosain [34] focused on establishing a suitable expression 

to predict the capacity of the perfobond rib as a shear connector depends on 

numerically generated data. Four push-out test specimens were simulated 

numerically by ANSYS software, the applied load was uniform load on the top of 

the steel section. Many variables were conducted analytically such as the 

compressive and tensile strength of concrete, the yield strength of the reinforcing 

steel bars, the dimension of the perfobond plate (thickness and height), and the 

number and diameter of holes. In addition, eighteen push-out specimens were 

tested experimentally using the same variables studied in the analytical study. The 

analytical results showed that the ultimate capacity of the specimens is 17% lower 

than the experimental results, so there was a good agreement between the 

numerical and the experimental studies but there was some conservative.  

Ahn et al. [35] tested push-out test specimens and compared the conducted 

result with the shear load capacity equations depends on many variables in the 

arrangement of perfobond ribs such as spacing and height. The result showed there 

is the possibility of using the perfobond rib as a shear connector in composite 

member while it has a suitable ductility and height capacity, also the twin 

perfobond rib reduces about 20% of the load capacity of the single perfobond rib.  

Su and Wang [36] suggested a new type of shear connector (corrugated 

connector). Push-out specimens were tested experimentally and compared their 

performance with perfobond connector. The authors found that the corrugated 

connector has an excellent mechanical property, its shear strength is higher about 

24% than the perfobond rib connector and its shear stiffness and ductility are larger 

under the service state and ultimate bearing capacity.  
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Zheng et al. [37] tested twenty-one push-out specimens experimentally and 

eighty-seven models were simulated numerically to study the shape of failure, slip 

and shear capacity of the perfobond rib connectors as well as the effect of the 

strength concrete and the geometry of the holes (circular and long hole). Then 

evaluated the available shear capacity equations from generated results to propose 

an analytical formula to forecast the shear strength of connectors. Figure (2-23) 

shows the circular and long hole perfobond connector. The most important results 

summarize by: (i) for both studies, the failure modes were characterized by the 

failure of concrete. (ii) The hole shape and direction are not effective on shear 

strength. (iii) The shear stiffness is directly proportional to the hole area.   

 

Figure (2-23) Circular and long hole perfobond connector. [37] 

Li et al. [38] investigated the performance of the load-slip and failure 

characteristics of the corrugated connector using push-out test and finite element 

analysis. They found that there were several factors such as the compressive 

strength of the concrete, the yield strength of the perfobond, the open area on the 

steel plate, the cross-section area and the projection area of the corrugated plate 

connector and the stiffness of concrete bars are effective factors on the overall 

corrugated connector shear stiffness in the elastic stage. 



Chapter two                  literature review 

 

35 
 

Ibrahim et al. [39] studied experimentally the behavior of twelve push-out 

test specimens using different types of shear connectors (stud, angle, and 

perfobond connector) and get an indication about the shear strength and stiffness 

of these types of shear connectors. The results like load-slip curve failure mode, 

load capacity, and stiffness showed that shear resistance and stiffness of the I-

shape and circular tubes were very close when studs were used in two sections but, 

the perfobond connector gives higher shear capacity than studs and angle 

connectors.  

Zheng et al. [40] tested experimentally six push-out test specimens with 

alternative notched perfobond connector which used to make the installation of 

perforating reinforcement bars easily because the perforating of the rebar inside 

the holes of the classic perfobond connector with multi-rib in bridges is difficult. 

Figure (2-24) shows the notched perfobond connector. The major goal of the study 

is to make a comparison between the test results (failure mode, shear capacity, and 

slip behavior) of the two types of perfobond connectors (with circular holes and 

with notched holes). Forty-three nonlinear finite element simulations were done 

in order to study the effect of various variables on the shear strength such as holes’ 

details (diameter, distance, and number), rebar diameter, perfobond thickness, and 

the strength of both concrete and steel bars. Also, an analytical model was done to 

predict the shear strength of the notched perfobond connector. 
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Figure (2-24) the notched perfobond connector. [40] 

 

Zheng et al. [41] studied three types of shear connectors in two parts, the first 

part was an experimental study by testing nine push-out test specimens in object 

to make a compression between the behavior of headed studs, perfobond rib and 

a new type of shear connector (mixed of headed studs with perfobond rib) like 

failure mode and the load-slip curves. Figure (2-25) shows the type of the studied 

shear connectors. The second part was a simulation of nineteen nonlinear finite 

element models to study the effects of material properties and the dimension of 

the connectors on the mixed shear connector behavior. Then an analytical equation 

to evaluate the shear capacity of the mixed shear connector was offered depends 

on the experimental and parametric studies results. The authors concluded that the 

increase of diameters of stud, the rebar, and the hole as well as the increase of the 

strength of the stud, rebar, and concrete, led to an increase in the shear capacity of 

the mixed shear connector. 
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(a) headed stud 

connector 

(b) perfobond rib 

connector 

(c) Mixed shear 

connector 

Figure (2-25) Type of the studied shear connecters. [41] 

Farhan and Shallal [42] tested experimentally five push-out test specimens 

with continuous perfobond plate connector, two steel tube sections were used 

(square and circular) filled with lightweight concrete. The authors concluded that 

the square steel tube section gives higher shear capacity and stiffness than the 

circular section. also, the increase of the compressive strength of the concrete 

blocks increases the stiffness and shear capacity but decreases the slip value. 
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2.5 Concluding Remarks 

Table (2-3) displays the available and collected published references that 

conducted a study on concrete-filled steel tube beam composite with a concrete 

slab. The first study in this field was in 1997, followed by eight studies, 

successively, eight of these researches presented an experimental study and three 

of them concluded an analytical study. 

Table (2-3) Previous published researches of CFST beam composite with 

concrete slab 

Researchers Year 
No. of 

specimens 
Notes 

Hosaka et al. [16]  1997 2 Four-point load test 

Nakamura et al. [21] 2002 - 
Experimental study based on 

Hosaka et al.[16]  

Mossahebi et al. [1] 2005 1 Three-point load test 

Kang et al. [5] 2007 3 
Continuous beam with a single 

concentrated force at mid -span 

Chin et al. [32] 2008 4 Three-point load test 

Cho et al. [22] 2018 3 

Three-point load test (two 

specimens were tested under 

positive moment and the third one 

was under negative moment) 

Fu et al. [18] 2018 1 Four-point load test 

Farhan and Shallal [19] 2020 8 Three-point load test 

Tahir and Shallal [33] 2021 11 
Three-point load test (negative 

moment) 

  



Chapter two                  literature review 

 

39 
 

There was just a few numbers of the experimentally tested specimens. As a 

result, this number of studies is not feasible to give a clear and complete 

description of this type of structural member and understand its behavior under 

flexural, so it is necessary to complete other studies on this topic. Therefore, the 

current study was prepared for the purpose of testing experimentally and 

numerically the effect of the type of filling materials that filled the steel tube in 

FST girder composite with a reinforced concrete slab.
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Chapter Three 

EXEPREMENTEL STUDY 

3.1. General 

This chapter deals with the experimental work such as the properties of 

materials include the properties of steel tube, steel bar, perfobond steel plate, 

gravel, sand, cement, gypsum, wood, and lightweight aggregate (LECA). As well, 

the details of composite filled steel tube with the slab and the method of test that 

has been used to investigate the samples are also shown in this chapter. 

3.2. Experimental program 

Six specimens were tested, each specimen consisted of two main parts, the 

filled steel tube, and the concrete slab. The summary of specimens is listed in 

Table (3-1). The nomenclature of the specimen contains two parts the first is S, 

which refers to the section of the steel tube which means square, the second part 

refers to the name of the infill material inside the steel tube. Five materials were 

used to fill the steel tube (normal concrete NC, lightweight concrete LC, Gypsum 

GY, wood section WO, and Aggregate AG). The last specimen is constructed 

without filling material (hollow section HO). The dimensions of the steel tube 

were 100*100*3 mm. Figure (3-1) shows the details of the specimens. The 

dimensions of the concrete slab were 450*75*1660 mm (the effective length of 

the span was 1500 mm). The steel tube and the slab were connected by perfobond 

shear connector with dimensions 50*5 *1600 mm. The bottom layer of transverse 

steel reinforcement passed through the perfobond plate by a hole of 9.5 mm. The 

concrete slab was constructed from normal concrete. All reinforcement bars were 

with 8 mm diameter. 
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One specimen was prepared for the push-out test, the specimen consists of a 

filled steel tube with the normal concrete inside the steel tube. The specimen test 

with 500 mm length of steel tube and two reinforcement concrete blocks of 

500*450*75 mm. The perfobond connector with dimension 450*50*5 mm and 

has holes with a diameter of 9.5 mm which is used to pass the steel reinforcement 

bar for each section, the details of the specimen are shown in Figure (3-2). 
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Figure (3-1) Specimen details. 
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Figure (3-2) Push-out specimen details. 
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Table (3 -1) Summary of beam specimens 

Filled Material    Specimen  

    Normal Concrete S-NC 1 

Lightweight   Concrete S-LC 2 

     Hollow Section S-HO 3 

     Gypsum S-GY 4 

     Wood S-WO 5 

     Aggregates S-AG 6 

3.3. Specimen’s Preparation  

3.3.1. Steel tubes  

The steel tubes preparation was started by cutting the tubes in a specific 

length, four specimens were closed at one end by welding a steel plate to fill the 

specimens and the fifth specimen (S-AG) was closed by welding a steel plate at 

two ends after putting the aggregate inside the steel tube, whereas the sixth one 

(S-HO) kept without closed end. 

Perfobond connector was used as a shear connector between the steel tube 

and concrete slab. For all specimens, the cross-section of the perfobond connector 

is 50* 5 mm, it was cutwith the same length of the specimens minus 6 cm for each 

side is 3cm. The holes with a diameter of 9.5 mm were made on perfobond steel 

plate spaced at 150 mm where the reinforcement bar can pass in, then a (V) shape 

was made at one edge of the connector and weld the perfobond connector on the 

steel tube from the side of the (V) shape so, it can be welded very well with the 
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steel tube. This process of using perfobond plate connector does make a very 

strong bond between the filled steel tube beam and concrete slab. Figure (3-3) 

shows the specimens after steelwork. 

The push out specimen was done by cutting the steel tube and welding a steel 

plates at one end of the steel tubes to keep the concrete inside the steel tube. Two 

perfobond steel plates welded in opposite sides of steel tube, the perfobond steel 

plates were cut with the same length of the specimens minus 5 cm for each side 

2.5 cm (45 cm), then the (V) shape were made at one side of the plate where finally 

the perfobond plates were welded at the tube.   

  

Figure (3-3) Specimens after steel work. 

3.3.2. Plywood framework 

Two types of wooden frameworks were used (concrete slab and push-out 

specimen frameworks). After pouring the tube filler from normal concrete, 

lightweight concrete and gypsum, these tubes were left for a period of two weeks, 

so that the filling concrete was allowed to gain hardening. These frameworks give 



Chapter three             Experimental Study  

 

45 

 

clear dimensions for the slab and the two blocks of concrete for push-out 

specimen.  The plywood framework edges were fixed by bolts. After finishing 

making the wooden frameworks, the reinforcing steel bars were cut and placed in 

the framework according to the dimensions and details set for them. Finally, the 

concrete of slab in the FST composite beam specimens and the blocks in the push 

-out test specimens were cast. Figure (3-4) shows the wooden frameworks and 

steel reinforcement details of the specimens.  

  

Figure (3-4) Plywood frameworks with the steel reinforcement. 

3.4. Material Properties  

The typical tests were done according to the ASTM or Iraqi specification in 

the concrete laboratory at Al-Qadisiyah university. 
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3.4.1. Cement  

The cement used in this work was local and cement tests were carried out 

according to Iraqi Standard No. 5/1984 C [43]. As a result of these tests, Table 

(3.2) and Table (3.3) show the chemical compounds and the physical properties of 

this cement, respectively. 

Table (3-2) Cement chemical compounds. 

Compound composition 
Result (%) 

     Iraqi Specification 

     No. 5/1984 C  [43] 

Magnesium oxide [MgO %] 0.876 ≤ 0.05 

Sulfate content [So3%] 1.059 

≤ 0.025 when C3A 

less than or equal to 0.05 

≤ 0.028 when C3A 

greater than 0.05 

Lime saturation factor 0.878  1.02-0.66 

Loss of ignition [L.O.I %] 2.501 ≤ 0.04 

Tricalcium aluminates [C3A %] 3.271 - 

Non soluble substance % 1.12 ≤ 0.015 

Table (3-3) Cement physical properties. 

Physical properties Result of test 
   Iraqi specification 

   No. 5/1984 C  [43] 

   Setting time 
Initial, minute 191 ≥45 

Final, hours 5 ≤10 

  Compressive 

Strength,    MPa 

3days 16.9 ≥15 

7days 26 ≥23 
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3.4.2. Fine aggregate  

A natural sand was used in this study as a fine aggregate. It was compatible 

with the Iraqi Specification limits (IQS 45-1984) [44]. The results of tests 

(physical and chemical properties) are shown in Tables (3-4), (3-4) respectively. 

Figure (3-5) shows the curve of passing percentage of sand verse sieve size. The 

sand was in the third zone 

Table (3-4) Passing percentage of fine aggregate. 

Sieve size (mm) 

Passing percentage (%) 

gravel 
  Limitations 

  IQS 45-1984 [44] 

9.5 100 100 

4.75 95 90-100 

2.36 91 85-100 

1.18 85 75-100 

0.6 72 60-79 

0.3 40 12-40 

0.15 8 0-10 
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Figure (3-5) passing percentage of sand verse sieve size curve. 

Table (3-5) Fine aggregate chemical properties. 

 

3.4.3. Coarse aggregate 

A crushed gravel was used in this study as a coarse aggregate. It was washed 

to clean from dust and stored in saturated surface dry case. The gravel was 

compatible with the limits of Iraqi Specification (IQS 45-1984) [44], test results 

of chemical and physical properties are shown in Tables (3-6) and (3-7) 

    Chemical property Test result 
Limit of Iraqi Standard 

IQS 45-1984 [44] 

   Sulfate content SO3 % 0.34 ≤ 0.5 

  Clay content % 

(Passing through sieve 0.075mm) 
4.11 ≤ 5 
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respectively. Figure (3-6) shows the curve of passing percentage of gravel versus 

sieve size compared with the limits of Iraqi specification of gravel type 20-5 mm. 

The coarse aggregate that used to fill the tube of the specimen S-AG of one 

size range from 4.75-9.5mm (gravel that passed through sieve size 9.5 mm and 

remain on the sieve number 4 (4.47 mm)). Figure (3-7) shows aggregate that used 

as filling material. 

Table (3-6) Coarse aggregate chemical properties 

 

Table (3-7) Grading test results of gravel. 

Sieve size 

(mm) 

Passing percentage (%) 

gravel 
   Limitations 

   IQS 45-1984  [44] 

75 100 - 

63 100 - 

37.5 100 100 

20 95 95-100 

10 31 30-60 

5 4 0-10 

2.36 - - 

The chemical property    Result 
  Limit of Iraqi Standard 

  IQS 45-1984 [44] 

Clay content % 

(passing through sieve 0.075mm) 
0.85 ≤ 3 

Sulfate content [SO3 %] 0.08 ≤ 0.1 
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Figure (3-6) Gravel sieve analysis. 

 

Figure (3-7) Filling aggregate. 



Chapter three             Experimental Study  

 

51 

 

3.4.4. Lightweight coarse aggregate 

The type of lightweight coarse aggregate that used in this study was 

Lightweight Expanded Clay Aggregate which is known as LECA. it is a 

lightweight aggregates product from expanded clay with a structure containing 

pores and closed cells and a densely sintered, firm outer surface. It is manufactured 

by preparing, molding the raw materials which essentially contain clay minerals 

then firing them in a rotary kiln with high temperatures between 1100 and 1200 

ºC, resulting in expanded grains with thousands of internal air-filled cavities that 

give thermal and sound insulation, fire-resistant, lightness properties, also LECA 

is characterized by being a natural product having natural PH value and 

sustainable, unchangeable resistant, natural environment-friendly, and have 

excellent workability. Figure (3-8) shows the shape of lightweight coarse 

aggregate LECA.  

 

 

Figure (3-8) Lightweight expanded clay aggregate (LECA). 
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3.4.5. Superplasticizer  

Admixture is defined as a substance that is added to the concrete batch 

whether before or during mixing other than cement, aggregates, and water in order 

to improve or modify one or more properties of fresh or hardened concrete. In this 

study admixture   Hyperplast PC200 (Formerly known as Flocrete PC200) from 

DCP company products was used in producing the concrete of slab. Hyperplast 

PC200 is a high-performance super plasticizing admixture used to achieve the 

highest concrete durability and performance. The standard properties of 

Hyperplast PC200 are shown in Appendix [A]. It was added to the concrete with 

the mixing water to achieve optimum performance.  

3.4.6. Gypsum 

The gypsum used in this work was local prodect. It is compatible with Iraqi 

Standards No. 27 / 1988 C.[45]. Figure (3-9) shows the compressive strength test 

set up and the gypsum cubic before and after the test. 
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Figure (3- 9) Compressive strength test setup of gypsum cubes. 

3.4.7. Wood section  

The specimen S-WO was prepared from a steel tube filled with a section of 

benzoin wood with the same internal dimensions as the tube cavity. Two-

component epoxy paste (Quickmast 341) was used that was free of solvents and 

had a high load resistance, density (1.5 ± 0.05 g/cm3), and an adhesion strength 

greater than 3.5 MPa at seven days as a bonding material between the wood and 

the inner surface of the tube where the faces of the wood section were painted with 

it then knocked inside the tube. The standard properties of Quickmast 341 are 

shown in Appendix A. The wood tests were within the British Standard [46]. 

Figure (3-10) shows the wood specimens that used in tests and the filling wood 

section. 
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A. Wood tensile strength test 

specimens 

B. Wood compressive strength        

test specimens 

 

  C.The specimen of the      

density calculation 

 

      D. The wood section that filled the steel tube 

E. The wood filled steel tube      

Figure (3- 10) Wood specimens that were used in tests and filling the steel tube. 

3.4.8. Steel reinforcement bar 

Only one size of the steel reinforcement bar (8 mm) was used in all specimens 

in specimens for both longitudinal and transverse directions. According to ASTM 

996M-05 [47], the test method was done. the test setup and specimen with the 

result are displayed in Appendix A. The yield stress (fy) of this bar is (495 MPa) 

and the maximum stress (fu) is (653.72 MPa). 
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3.4.9. Steel tubes and Perfobond connector 

According to ASTM 996M-05 [47], the test method was done. The yield 

stress (fy) of the steel tube was (210 MPa), while the maximum stress (fu)was 

(256.3MPa). whereas for the perfobond plate the test values were (268 MPa) and 

(400.11 MPa) for the yield stress (fy) and the maximum stress (fu) respectively. 

The test details are shown in Figure (3-11). 

3.5. Mixing Ratio  

3.5.1. Mixing of lightweight concrete 

The lightweight concrete is containing lightweight expanded clay aggregate 

(LECA) instead of normal gravel. The mix was designed according to ACI 

Committee 211.2-98 [48]. The weights of the materials of the LWC mix are shown 

in Table (3-8). 

 

 

Figure (3-11) Steel tube and perfobond plate test. 
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Table (3-8) Details of lightweight concrete mix design. 

Material M1 (kg/m3) 

Cement 643 

Sand 1125.25 

(LECA) 321.5 

Water (w/c=0.32) 205.76 

3.5.2. Mixing of normal concrete 

 According to ACI Committee 211.2-98 [49], the normal concrete mixes 

(NWC) were designed. Two mixes of normal concrete were used in this study (M2 

used to fill the steel tube while M3 was used to construct the concrete slab) the 

design strength (fcu)of these mixes at 28 days is 38.27 MPa and 53.22 MPa 

respectively. The quantities of materials used in these mixes are shown in Table 

(3-9). 

                   Table (3-9) Normal concrete mixtures details. 

Material 
M2 M3 

Cement (kg/m3) 380 523 

sand(kg/m3) 570 523 

gravel(kg/m3) 1140 1046 

Water (kg/m3) 133 156.9 

SP(L/m3) - 5.23 
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3.6 Mixing Procedures 

3.6.1. Lightweight concrete 

Before starting the mixing process, the mixing drum should be clean and wet. 

Figure (3-12) shows the mixer used in this work. The mixing procedure that was 

used for the LWC mixture was according to (ACI committee 211.2-98) [48] . With 

the following steps: 

(i). Lightweight aggregate was added to the durm. 

(ii). Fine aggregate was added to the mixer. 

(iii). Cement was added to the mixer. 

(iv). The dry materials were mixed for 2 minutes. 

(v). Water was added to the materials in the mixing drum during rotary the drum  

(vi). Mixed for 2 to 3 minutes.    

  

Figure (3-12) The mixer that used in the experimental work.  
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3.6.2. Normal concrete 

The normal concrete was mixed according to  [50]. The mixing drum should 

be clean and wet before starting the mixing process. the following steps are 

summarizing the mixing procedure: 

(i). Gravel was added to the mixer. 

(ii). Fine aggregate was added to the mixer. 

(iii). Mixed the dry materials (gravel and sand) for 2 minutes 

(iv). Cement was added to the mixer. 

(v). Superplasticizer was added to water for mixture M3 then added to the 

materials in the mixing drum during rotary the drum while for the mixture 

M2 only water was added. 

(vi). Mixed for 2 to 3 minutes.    

3.7. Casting and curing process  

3.7.1. Casting concrete (M1and M2) inside steel tubes 

Steel tubes are fixed vertically and then filled with concrete from the upper 

end, after completing the casting concrete, the top surface was made smooth by 

using a hand trowel. 

From each mix six cubes (150*150*150) mm were taken to test the 

compressive strength (fcu) of concrete according to (BS1881-part 1) [51], three 

prisms (0.1*0.1*0.5) m were cast to evaluate the flexural strength of concrete and 

three cylinders (100*200) mm were cast to evaluate the splitting tensile strength. 

All molds were prepared by putting oil on the inside surfaces to prevent adhesion 

with concrete after hardening. After 24 hours all the specimens of cubes, cylinders, 

and prisms were taken off from their molds and submerged in the water basin for 
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twenty-eight days, Figure (3-13) shows casting concrete in molds. All these 

processes casting, curing, and testing were carried out at the University of Al-

Qadisiyah Engineering Collage Structural Laboratory. 

   

Figure (3-13) Concrete during and after casting in molds and when removed 

from them. 

3.7.2. Casting and curing of decks slab 

For casting the deck slab of the composite beam the formwork was placed 

horizontally, and then the concrete was gradually placed in the formwork, a 

vibrator was used to remove the voids in the concrete slab, the surface of the 

concrete was leveled by hand trowel. Figures (3-14) show the casting and leveling 

of the surface. 

After 24 hours, the exposed surface of the concrete was covered with pieces 

of fabric then they moisten with water inside the wood formwork, and the water 

was added every day for ensuring that the concrete is curing as required. Figure 

(3-15) shows the concrete slab curing process. Twelve cubes (150*150*150) mm 

were taken to test the compressive strength (fcu) of concrete according to 

(BS1881-part 1) [51], three prisms (100*100*500) mm were cast to evaluate the 
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flexural strength of concrete also six  cylinders (100*200) mm were cast to 

evaluate the splitting tensile strength. 

   

Figure (3-14) Casting and leveling the concrete in the specimens. 

 

Figure (3-15) Curing the concrete slab. 

3.8. Fresh Concrete Test 

The slump test as shown in Figure (3-16) has been done according to the 

ASTM C 143/C 143M-2015 [52] to determine the fresh properties of normal and 

lightweight concrete. 
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Figure (3-16) Slump test. 

3.9. Tests of Hardened Concrete  

3.9.1. Compressive strength test 

According to (BS 1881-Part 1) [51] the cube compressive concrete strength 

test was done. Six cubes (150*150*150) mm for each mixture M1and M2 were 

tested whereas twelve cubes were tested for mixture M3. The instrument test is 

shown in Figure (3-17). 

3.9.2. Splitting tensile strength test 

The tensile strength test was done in the same machine of compression test 

according to ASTM C496 [53]. Three cylinders (100*200mm) for each mixture 

M1and M2 were tested whereas six cylinders were tested for mixture M3, the 

instrument test is shown in Figure (3-18). 
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Figure (3-17) Instrument of compressive strength test. 

3.9.3. Modulus of rupture test 

Modulus of rupture is the flexural strength  of concrete, it was done according 

to (ASTM C 78) [54] Three prisms with dimensions (100*100*500 mm) for each 

concrete mixture M1, M2, and M3 are used in the test, the instrument test is shown 

in Figure (3-19). 

3.10. Instrument and Test Procedure  

All composite FST beam specimens used in this study were tested as simply 

supported beams with a four-point load. A hydraulic testing machine with (1000 

kN) capacity was used in the test. The upper part of the testing device was the 

moving part with a hydraulic jack. Whereas the lower part was fixed to a large 

stiff steel section. Three digital dial gauges were put during the test. Figure (3-20) 

shows the test machine and the locations of the digital dial gauges, where dial 

gauges No. 1 was used to measure the deflection at mid-span while the other two 

were used to measure the slip at the end of the span and one-sixth of the span. 
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The load was gradually applied to the specimens by the hydraulic testing 

machine until the specimens reached failure. The values of the applied load, the 

deflection, and slips corresponding to each increment of the gradual load were 

recorded.  

The push-out test was done by the same hydraulic testing machine that was 

used in the FST composite beam test. Two digital dial gages were used by putting 

one on each concrete block and fixed on the steel tube in order to record the slip 

between the steel tube and the concrete blocks. The load also was gradually 

applied and the corresponding slips were recorded until failure. Figure (3-21) 

shows the push-out test arrangement. 

 

Figure (3-18) Splitting tensile strength test. 
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Figure (3-19) Flexural strength test. 
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Figure (3-20) Test arrangement of composite specimen beam. 

 

Figure (3-21) Push-out test.
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Chapter Four 

Experimental Results and Discussions 

4.1. General 

The main objective of this chapter is to display the experimental results and 

their discussion of the studied experimental perimeter. Six specimens of composite 

beams were tested to investigate the performance of the composite structural 

member consisting of filled steel tube beam composite with reinforced concrete 

slab connecting together by using perfobond connector. The type of filling 

material inside the steel tube is the main parameter studied. To study the behavior 

of the perfobond connector one specimen was tested by the push-out test method. 

This chapter consists of two sections, the first one is concerned with the 

results of the tests for the materials involved in the formation of the studied 

composite member (concrete, steel tube, steel perfobond plate, steel 

reinforcement, gypsum, wood), while the other includes the presentation of the 

results of the major specimen’s test. 

4.2. Concrete test results  

Three concrete mixes are used in this study, lightweight M1 and normal M2 

which are used to fill the steel tube, while the last mix is normal concrete M3 that 

is used to cast the concrete slab. Table (4-1) shows the slump test result of fresh 

concrete. The results of the hardened concrete tests for normal concrete and 

lightweight concrete are displayed in Tables (4-2) to (4-4). Table (4-2) show the 

cube compressive strength for each concrete mix M1, M2, and M3, respectively. 
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Splitting tensile strength and modulus of rupture for all the concrete mix M1 

(lightweight), M2, and M3 (normal) are shown in Tables (4-3) and (4-4) 

respectively.  

Table (4-1) Slump test results. 

    Mix 
Lightweight 

concrete (M1) 

Normal 

concrete (M2) 

Normal 

concrete(M3) 

Limitation 

ASTM C 143/c 

Slump (cm) 12 10.5 8    2.5 - 17.5  

Table (4-2) Cube compressive strength of M1, M2 and M3 mixes.  

cube 
compression strength (MPa) 

L.W (M1) N.C (M2) N.C (M3) 

1 17.8 40.4 50.6 

2 15.3 38.9 48.9 

3 15.6 37.7 47.4 

4 19.4 36.5 51.7 

5 19.6 39.6 49.3 

6 16.6 36.5 62.7 

7 - - 63.4 

8 - - 47.0 

9 - - 59.8 

10 - - 55.0 

11 - - 48.8 

12 - - 54.0 

Average (fcu) 17.38 38.27 53.22 

f’c = 0.8*fcu 13.91 30.61 42.57 
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Table (4-3) Tensile strength results. 

   cylinder 

splitting tensile strength (MPa) 

 L.W(M1)  N.C (M2)  N.C(M3) 

1 2.6 5.5 5.0 

2 2.9 5.3 4.4 

3 3.0 5.4 4.9 

4 - - 3.9 

5 - - 4.8 

6 - - 4.2 

 Average 2.83 5.4 4.53 

Table (4-4) Flexural strength test results. 

    prism 

modulus of rupture (MPa) 

L.W(M1) N.C(M2) N.C(M3) 

1 2.98 4.11 6.39 

2 2.46 4.40 5.61 

3 2.72 3.53 5.87 

 Average 2.72 4.01 5.96 

4.3. Steel test results  

In this study, three types of steel sections (The steel tube (3mm) thick, 

perfobond plate (5mm thick), and steel reinforcement bar (8mm in diameter) are 

tested according to ASTM 996M-05[47] Standard. The results of the test are 
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shown in Table (4-5). The stress strain curves resulting from the steel tests are 

shown in appendix A 

Table (4-5) Steel test results. 

4.4. Wood and Gypsum test results 

Wood tests included compressive strength test and tensile strength according 

to the British standard [46]. The tests details are displayed in appendix [A]. The 

test results were 32.51 and 50.82 MPa for compressive strength and tensile 

strength respectively. Whereas, only a compressive strength test was done for 

gypsum for (50*50*50) mm specimens’ dimensions and the average result was 

4.65 MPa.  

 

4.5      material densities  

One of the important factors in choosing the filling material for the steel tube 

is the density. It is preferable that the density be as low as possible to reflect on 

the production of the light specimen and thus reduce the dead weight. The densities 

of the used materials are shown in Table (4-6).  

    Component 
Yelid stress 

  fy (MPa) 

ultimate tensile 

strength  fu (MPa) 
Elongation (%) 

  Steel tube 210 256.3 11.67 

Reinforcement bars 495 653.72 4 

 Perfobond plate 

  connector 
268 400.11 43.33 
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Table (4-6) Material densities. 

Material density (kg/m3) 

Lightweight concrete (M1) 1669.2 

Normal concrete (M2) 2432.7 

Normal concrete (M3) 2438.2 

Aggregate 1497.8 

Wood 500.0 

Gypsum 1482.7 

4.6 push out test results 

Just one specimen (P-NC) was tested under the push-out test. the test was 

continued by applying the load until the specimen reach failure. In the final stages 

of failure, a longitudinal crack appeared parallel to the perfobond plate (shear 

connector), with some cracks close to it, they appeared as a result of the movement 

of the perfobond plate. The goal of the push-out test is to represent the intersection 

relationship between the steel tube and the concrete slab. Figure (4-1) shows the 

specimen under test and the failure mode. The load slip relation for the spacemen 

was recorded as shown in Figure (4-2). The initial elastic stiffness of the specimen 

was also calculated. Table (4-7) displays the initial stiffness of the test (in the 

elastic stage).     
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Figure (4-1)  Push-out specimen failure mode. 

 

Table (4-7) Push-out test result 

 

 

 

Specimen Load (kN) Slip (mm) Ks (kN/mm) 

P-NC 552 6.39 1115.385 
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Figure (4-2) Load slip relation of push-out specimen. 

 

4.7 Results of composite filled steel tube 

The results obtained from the tests showed that all the tested specimens failed 

due to the bending effect. Figure (4-3) shows one of the specimens in the failure 

stage. The most important results obtained from this test are the maximum load, 

cracks, and deflection during the loading stage, as well as the amount of slip at the 

first sixth and the ends of the FST beam. The test results of the FST composite 

specimen are displayed in Table (4-8). Dead loads are one of the major loads to 

which a structure is exposed, so designers strive to reduce this type of load.  
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Figure (4-3) Failure mode of S-LC specimens. 

This study aims to find suitable materials to fill the steel tube, so one of the 

important things to compare these materials is to study the density of each of them. 

The density of wood was the lowest among the materials, as it was equal to 500 

kg/m3, then it was followed by gypsum, gravel, lightweight concrete, and finally 

normal concrete. Table (4-8) shows the weights of the tested specimens. When 

comparing the weights of these specimens with the specimen that was filled with 

normal concrete, it can be found that the weight decreased by 21%, 16.7%, 8.2%, 

8.1%, and 6.6% for the specimens S-HO, S-WO, S-GY, S-AG, and S-LC 

respectively. 

4.7.1. Cracks 

During the test, the visible cracks to the eye are the cracks in the concrete 

slab only. Table (4-8) shows the crack load (the load corresponding to the 

occurrence of the first cracks in the concrete slab), also the ratio of crack load to 

ultimate load for the specimens. The reason for the appearance of cracks in the 

concrete slab of composite FST is due to the natural axis located at the steel tube 
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zone but during loading, the natural axis moves upwards so it is within the concrete 

slab.  

Generally, in all specimens, the appearance of the first crack was with a 

percentage higher than 90% of the ultimate load whereas the lower percentage was 

90.61% of the ultimate load for the specimen S-WO. The minimum value of 

cracked load was 66.1 kN for specimen S-GY followed by the specimens S-HO, 

S-LC, S-WO, S-AG, and S-NC at 73.5, 75, 82, 84.5, and 95.5 kN respectively. All 

cracks were flexural cracks, these cracks were distributed between the two-point 

load and some time under the applied loads. Figure (4-4) shows the cracks in the 

concrete slab of the specimens. 

Table (4-8) FST composite beam test results 

Specimen 

ID 

Specimen 

Weight 

(kg)  

Ultimate 

load  

Pu (kN) 

Deflection 

 (mm) 

Pcrack 

(kN) 

Pcrack/Pu 

(%) 

S-NC  185.58  95.5  23.7  95  99.48 

S-WO  154.65  90.5  25.93  82  90.61 

S-AG  170.62  87.5  19.26 84.5  96.57 

S-LC  173.36  82.5  20.93  75  90.91 

S-HO  146.65  77.5  33.82 73.5  94.84 

S-GY  170.37  72.9  21.61 66.1  90.67 

    Pcrack: the load at first crack appearance in the concrete slab. 
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Figure (4-4) Cracks in the concrete slab of the tested specimens. 

4.7.2. Ultimate load and Load-Deflection Curve 

Table (4-8) shows the ultimate load and corresponding mid-span deflection 

of tested specimen. The ultimate load was 95.5 kN for the specimen S-NC, the 

other specimens show a decrease in the ultimate load when compared with the 

S-GY 

S-AG 

S-HO 

S-WO 

S-LC S-NC 
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reference specimen (S-NC). The best filling material used as an alternative to 

normal concrete was wood, as its ultimate load was 90.5 kN, with a decrease of 

94.7%, followed by gravel, lightweight concrete, hollow steel tube, and then 

gypsum, at a reducing percent of 91.6%, 86.6%, 79% and, 76.3% respectively. In 

general, the filling materials used in this study increased the strength of the FST 

composite beam compared with the hollow steel tube (HST) composite beam with 

the exception of the specimen (S-GY) that was filled with gypsum. Where the 

ultimate load decreased by 3.44% compared to the hollow steel tube specimen, 

this percentage is considered low and it can be concluded that the use of gypsum 

material as filling material is considered unhelpful. This conclusion was consistent 

with the findings of some studies, where they recommended that the lowest 

compressive strength of the filler material should be more than 5.0 MPa to be 

useful [[16], [21]], while the compressive strength of gypsum is 4.65 MPa. Figure 

(4-5) shows the load-mid span deflection curves of tested specimens. All the 

specimens have the same behavior during the test where they failed by flexural 

mode. 
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Figure (4-5)  Load-deflection curves of the tested specimens. 

4.7.3. Slip 

The slip means the horizontal movement differentiation between two 

different materials such as the difference in horizontal movement between the 

filled steel tube and the concrete slab. Two types of slip were demonstrated in this 

study. The first type is between the steel tube and the filling material, but this type 

is demonstrated in one specimen only (S-WO). Figure (4-6) shows the slip 

between the steel tube and wood section, from this figure, the failure occurs in the 

zone of the interface layer but in some time in the layers of the wood section, this 

failure appeared in the final stage of loading.  
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Figure (4-6) internal slip between steel tube and the wood section of S-WO 

specimen. 

The second types of slip occur between the concrete slab and steel tube, two 

dial gauges were used to measure the slip the first one was put at the end of 

specimens while the second was put at one-six of the span. Table (4-9) shows the 

values of the loads that were recorded when the slip appeared at the end and at 

one-sixth of the composite beam. Figures (4-7) to (4-12) show the load-slip 

relation and Figure (4-13) shows the slip through the span at different stages of 

the loading. Slip values were more evident in the final stages of loading when 

reaching 90% of the final load. The specimens that recorded the largest slip were 

S-WO, and S-HO these specimens were considered as less moment of inertia in 

the final stages of loading, the moment of inertia of the specimen S-WO was 

reduced because of loss of the bond between the steel tube and wood section. 
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Table (4-9) FST composite beam test results 

Specimen 

Ultimate 

load 

Pu (kN) 

Deflection 

(mm) 

Pslip1 

(kN) 

Pslip1/Pu 

(%) 

Pslip 2 

(kN) 

Pslip2/Pu 

(%) 

S-NC 95.5 23.7 26.5 27.749 15.5 16.23 

S-WO 90.5 25.93 17.5 19.337 8 8.84 

S-AG 87.5 19.26 7.5 8.5714 34.5 39.43 

S-LC 82.5 20.93 25 30.303 42.5 51.52 

S-HO 77.5 33.82 27.5 35.484 3 3.87 

S-GY 72.9 21.61 15 20.578 25 34.29 

Pslip1: load at first slip between the concrete deck slab and steel tube at one sixth 

of the span.  

Pslip2: load at first slip between the concrete deck slab and steel tube at the end of 

the specimen.  
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Figure (4-7) Slip-load relation of specimen S-NC. 

 

Figure (4-8) Slip-load relation of specimen S-LC. 
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Figure (4-9) Slip-load relation of specimen S-AG. 

 

Figure (4-10) Slip-load relation of specimen S-WO. 
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Figure (4-11) Slip-load relation of specimen S-HO. 

 

Figure (4-12) Slip-load relation of specimen S-GY. 
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S-NC S-LC 

S-AG S-WO 

Figure (4-13) Slip-span curves during loading stages of tested specimens. 
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S-HO S-GY 

Figure (4-13) Continue
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Chapter Five 

Finite Element Modeling Results 

5.1. General 

The finite element modeling (FEM) is one of the most important and 

beneficial ways to study issues and problems that are difficult to study and 

implement experimentally, as it is characterized by the fact that it requires less 

time and cost. There are many types of finite element programs, but the program 

used in this study is Abacus Release 6.14, which is considered one of the best, 

most effective and useful programs, as it can simulate all engineering problems, 

whether the simulation is in the state of 2D or 3D and also it is a program that 

performs structural analysis for both types of static and dynamic cases. 

In this chapter, five of the tested specimens during this study were simulated 

by nonlinear finite element analysis. Also, the results of the numerical analysis 

were compared with the results obtained from the experimental test to ensure the 

accuracy of the simulation of the FST beam composite with a concrete slab in the 

Abaqus program. In addition, this chapter includes conducting several parametric 

studies, including the thickness of the steel tube, the compressive strength of both 

filler and deck slab, and the method of connecting the components of the 

composite beam. 

5.2. Modeling of Finite Element 

Five of the experimentally tested specimens of the FST beam composite with 

reinforced concrete slab were simulated numerically by the ABAQUS program. 

Three dimensional with eight nodes brick element (C3D8) was used for the 
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simulation of all elements of concrete, wood, steel tubes, and perfobond connector. 

Whereas a truss element with two nodes (T3D2) was used to simulate the 

reinforcement bars in the concrete slab. Appendix B gives more details about the 

types of elements for the simulation. To simulate the specimens by the finite 

element it is important to use a suitable mesh size that gives accurate results with 

an acceptable time of analysis. For the purpose of choosing the appropriate mesh 

size of the model, a convergence study was conducted.  The Mesh sizes that were 

used to simulate one specimen(S-NC) were 50, 40, 30, 25, and 10 mm. the results 

of them are shown in Figure (5-1). 

 

A. Load–Deflection curve of the composite FST beam (S-NC) using 

different mesh sizes. 
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B. Ultimate deflection versus mesh size for (S-NC) Specimen. 

Figure (5-1) The results of the mesh size convergence study. 

It can be concluded that the mesh size of 25 mm for all parts of the specimen 

gives close results compared with the experimental result so it was adopted in the 

simulation of the specimens in this study. The trial mesh sizes models are shown 

in Figure (5-2). 

5.3. Parts and Assembly 

To simulate the FST composite beam that used in this study, many parts were 

used including concrete slab, steel tube, the filling materials (normal concrete, 

lightweight concrete, wood, gypsum), the steel reinforcement bars (8 mm 

diameter), and the steel perfobond connector, Figure (5-3) displays these parts. 
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i. Mesh size 10 mm 

 

ii. Mesh size 25 mm 

 

iii. Mesh size 30 mm 

 

iv. Mesh size 40 mm 

 

Mesh size 50 mm 

Figure (5-2) The trial mesh size models. 
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A. The perfobond steel connector 

 

B. The steel tube 

 

C. The filling material 
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Figure (5- 3) Schematic illustration of the parts and their assembly of the 

composite FST beam. 

 

D. The steel reinforcement bars of concrete slab 

 

E. The concrete slab 

 

F. The FST composite beam 

Figure (5- 3) Continue. 
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The specimens’ parts were assembly together with a suitable interaction 

between them. Tie interaction was used to interact the steel tube and the filling 

material, also the same type of interaction was used between the perfobond plate 

and the external surface of the steel tube, whereas the interaction between the 

perfobond plate (embedded) and the concrete deck slab (host region) was 

embedded region. It is worth mentioning that an embedded region type of 

interaction was used also between the steel reinforcement bars and the concrete 

slab similar to its predecessor. As for the connection between the steel tube and 

the deck slab, it is a special type of interaction, which is springs with an initial 

stiffness of 1115.385 kN/mm, the load-slip curve of pushout test used to define 

the spring behavior. 

5.4. Finite Element Simulation Confirmation 

The specimens were modeled using finite element simulation by the 

ABAQUS program for the purpose of extracting the results and comparing them 

with the experimental test results to ensure compatibility between them. The 

comparison between the experimental and the numerical results (the ultimate 

applied force and the maximum deflection) is displayed in Table (5-1). Where it 

appears that The highest (PuExp/PuNum) ratio is (92.59%) for the specimen S-NC, 

while the lowest (PuExp/PuNum) ratio is for the specimen S-WO  and its value 

(79.19%), which is a reasonable indicator because the specimen that was simulated 

consists of a group of different materials with characteristics and specification, 

namely steel tube, normal concrete, steel perfobond connector, reinforcement bars, 

and finally wood in addition to the presence of several types of interactions 

between these materials in the simulation.  
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Table (5-1) The numerical and experimental results comparison. 

specimen 

Pu (PuExp/PuNum) 

ratio % 

∆u(mm) (∆uExp/∆uNum) 

% 
Exp. Num. Exp. Num. 

S-NC 95.5 103.14 92.59 23.70 39.14 60.55 

S-LC 82.5 91.08 90.58 20.93 36.13 57.93 

S-WO 90.5 114.28 79.19 25.93 41.45 62.56 

S-GY 72.9 86.81 83.98 21.61 36.28 59.56 

S-HO 77.5 86.86 89.22 33.35 36.22 92.08 

The results of the ultimate load are inserted in Table (5-1). In general, the 

ultimate load of FE results is higher than the ultimate load of experimental results, 

and this is likely due to several reasons, including that the simulation programs 

represent concrete as a homogeneous material in all direction, and this is not 

reality, since concrete is actually a container of microcracks and voids within its 

microscopic structure, and this is not available in analysis model with the finite 

elements. The program also considers the steel reinforcement bars and concrete as 

a full interconnected ignoring the slip between the steel reinforcement bar and the 

surrounding concrete that occurs in reality. Therefore, the finite element programs 

do not represent the actual reality of the model depicted in an accurate way. So it 

is important to compare the load-deflection for all specimens to find the validity 

of the numerical finite element models. The numerical and experimental behavior 

of each specimen is presented below individually:  
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5.4.1. Load-Deflection Relation 

Specimen S-NC 

The FEM results for the specimen S-NC showed that the ultimate load was 

(103.14 kN) which is higher than the ultimate load resulting from the experimental 

test (95.5 kN) by about (7.41%). While the deflection corresponding to the 

ultimate load was (39.14 mm) and it is higher than the deflection that resulted 

experimentally (23.7 mm). The experimental and numerical relationship between 

load-deflection is displayed in Figure (5-4) and the failure mode of the specimen 

is shown in Figure (5-5), Figure (5-4) shows a good agreement between the results 

of experimental and numerical simulation before and after elastic zone. 

 

Figure (5- 4) load-deflection relation for S-NC specimen. 
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Figure (5- 5) Failure mode of S-NC specimen. 

Specimen S-LC 

The load-deflection shape for the numerical and experimental results is 

displayed in Figure (5-6). Where it is clear that the ultimate load resulting from 

the FEM was (91.08 kN), which is higher than the experimental value (82.5 kN) 

by (9.42%), while the maximum deflection obtained by the FEM (36.13 mm) is 

higher than the experimental (20.93 mm), Figure (5-6) shows a good agreement 

between the results of experimental and numerical simulation before and after 

elastic zone. The shape of the final deformation of the model at the ultimate load 

is shown in Figure (5-7). 

Specimen S-HO 

From the analysis of FEM, it was found that the maximum load reached by 

the specimen S-HO is (86.86 kN), which is higher by (10.78 %) than the 

experimental result (77.5 kN), and besides that, the deflection corresponding to 

the maximum load in FEM results is (36.22 mm) is also greater than the 

experimental value (33.35 mm). The Load-deflection curves of the specimen and 

the final deformation are shown in Figures (5-8) and (5-9) respectively, Figure (5-
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8) shows a good agreement between the results of experimental and numerical 

simulation before and after elastic zone. 

 

Figure (5-6) Load-deflection curves of S-LC specimen. 

 

Figure (5-7) The final deformation shape of S-LC specimen. 
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Figure (5-8) Load-deflection curves of the specimen S-HO. 

 

Figure (5-9) The final deformation shape of the specimen S-HO. 
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Specimen S-GY 

The curve of the relationships between the load and the resulting deflection 

from the experimental and the numerical is shown in Figure (5-10). The maximum 

load of the specimen that results from the analysis of FEM is (86.81 kN) which is 

approximately (16.03%) higher than the value generated by the experimental test 

(72.9 kN). As for the deflection that occurs in the model, its value in FEM results 

is (36.28 mm) also greater than the experimental value (21.61 mm). Figure (5-10) 

shows a good agreement between the results of experimental and numerical 

simulation. The final form of the deformation of the S-GY specimen is shown in 

Figure (5-11). 

 

Figure (5-10)  Load-deflection curves of S-GY specimen. 
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Figure (5-11) The final deformation shape of the S-GY specimen. 

Specimen S-WO 

As a result of the numerical analysis in FEM, the maximum load reached by 

specimen S-WO is (114.28 kN) which is (20.81 %) higher than the maximum load 

recorded from the experimental test (90.5 kN), and the value of the deflection 

corresponding to the maximum load in the analyzed of FEM is (41.45 mm) higher 

than that recorded from the experimental test (25.93 mm). Figures (5-12) and (5-

13) display the load-deflection curves and the final deformation shape of the 

specimen S-WO respectively. Figure (5-12) shows a good agreement between the 

results of experimental and numerical simulation. 
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Figure (5-12)  Load-deflection curves of the S-WO specimen. 

 

 

Figure (5-13) The final deformation shape of the specimen S-WO. 
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5.4.2. Slip 

A comparison was done between the numerical and the experimental slip 

values at the same points (at the first sixth of the span and at the end of it). Figure 

(5-14) displays this comparison as the load-slip relation for all specimens tested. 

Figure (5-14) it was found that the load-slip curve for all specimens has the same 

behaviors at the elastic stage and the difference accrues at the plastic stage, the 

slip values from the experimental test are higher than the values conducted from 

the numerical analyses, the maximum difference is (3.08 mm) for the specimen 

(S-WO). The reason for this difference may be due to the representation of the 

load-slip relationship that was used to represent the spring element, as it is 

inaccurate in the final stages of specimen failure (at the plastic stage).  

 

A. Specimen S-NC. 

Figure (5-14) Comparison between the theoretical and experimental load-slip 

relation of specimens tested. 
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B. Specimen S-LC 

 

C. Specimen S-HO 

Figure (5-14) Continue.  
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D. Specimen S-GY 

 

E. Specimen S-WO 

Figure (5-14) Continue. 
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5.5. Parametric Study 

The parametric study is intended to study the extent to which the behavior of 

the FST composite beam with a concrete slab is affected when certain changes are 

made. The parametric study here included a change in the thickness of a steel 

section used, changes in the concrete compressive strength, whether it used to fill 

the steel tube or it used to construct the deck slab is formed, in addition to changing 

the strength of the wood used as a filler, and finally the type of bonding between 

the wood and the steel tube. Figure (5-15) shows the studied parameters. 

 

Figure (5-15) The schematic diagram of the studied parameters. 
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5.5.1. Effect of Changing Thickness of Steel Tube  

To study a steel tube thickness effect on the behavior of a composite beam, 

thicknesses of 2, 4, and 8 mm were used. Two types of specimens adopted are the 

hollow steel tube (S-HO) and the FST that is filled by normal concrete (S-NC). 

For the specimen S-HO, the resulted of ultimate loads were (66.3 kN), (106.9 kN) 

and (169.9 kN) for thicknesses 2, 4, and 8 mm respectively. This means that the 

ultimate load of the beam increased by (61.2%) and (156.3%) for 4 and 8 mm 

respectively, compared with specimen of steel tube thickness of 2 mm. Whereas 

for specimen S-NC the result of the ultimate load is (81.8 kN), (127.6 kN), and 

(204.8 kN) for the 2, 4, and 8mm tube thicknesses respectively, which clarified 

that the specimen ultimate loads of thickness 4 and 8 mm were higher than the 

specimen ultimate loads of thickness 2 mm by (56.0 %) and (150.4%) respectively. 

These increases are due to the fact that the moment of inertia of the specimen 

increases with the increase in the steel tube thickness. Figure (5-16) displays the 

load-deflection curves resulting from changing the tube thickness of the specimens 

S-HO and S-NC and the final failure modes, Figure (5-16) shows the same 

behavior of the load-deflection curve and failure mode due to a change in the steel 

tube thickness. where for both specimens S-HO and S-NC for each values of the 

Tube Thickness 2,4,8 mm it was found that the stress that the model is exposed to 

during loading is greater than the ultimate tensile strength of the steel tube, so the 

failure of the model was a result of the failure of the steel tube not the concrete 

slab.   

5.5.2. Effect of Concrete Compressive Strength  

Compressive strength of the concrete slab 
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This part included changing the compressive strength of the concrete slab by 

taking three values of the compressive strength 20, 50, and 80 MPa. Figure (5-17) 

displays the load-deflection curves of the composite beam that result from these 

values of compressive strength with the modes of failure.  

 

 

  

2mm 4mm 
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(A)  Specimen S-HO 

 

  

8mm 
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(B) Specimen S-NC 

Figure (5- 16) Load-deflection curves and failure modes due to change a steel 

tube thickness. 

Where it becomes clear that the ultimate load capacity of the composite beam 

increases about (7.76%) and (21.23%) because of the change in the concrete slab 

compressive strength of 50 MPa and 80 MPa respectively compared with the 20 

MPa compressive strength. Also, the deflection at ultimate load decreases with an 

increase in the compressive strength of concrete because the stiffness of the 

specimen will be increase with increasing the compressive strength of the concrete 

slab. Also, for each value of the concrete slab compressive strength of 20 MPa, 50 

MPa and 80 MPa the specimens failed due to the steel tube failure because the 

stress that the model is exposed to during loading is greater than the ultimate 

tensile strength of the steel tube.  

8mm 
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  Figure (5-17) Effect of slab compressive strength on the load-deflection curve 

and the failure mode of specimen S-NC. 

80 MPa 

20 MPa 50 MPa 
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Concrete strength that put inside the steel tube 

To study the effect of changing the concrete strength that filled the steel tube 

four values were used (5, 10, 30, and 50 MPa). From Figure (5-18) which show 

the load-deflection relation that resulted from changing the concrete strength that 

filled the steel section, it was found that there is a slight increase in the maximum 

capacity of specimen as a result of changing a concrete compressive strength about 

(1.55%), (5.47%) and (6.86%) for compressive strength 10, 30, and 50 MPa 

respectively when compared with the specimen of 5 MPa compressive strength.  

 

Figure (5-18) Effect of the concrete grade that filled the steel tube on a load-

deflection curve of the specimen S-NC. 
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5.5.3. Effect of Wood Strength 

To study the effect of wood strength on the behavior of wood-filled steel tube 

beam composite with concrete slab, five values of wood strength were used (5, 10, 

20, 30, and 40 MPa). Figure (5-19) shows the resulting load-deflection curves, the 

ultimate load increases with the increase in the strength of wood in percentage 

(7.79%), (16.87%), (17.93%), and (22.93%) for 10, 20, 30, and 40 MPa, 

respectively, compared with the strength of 5 MPa. Figure (5-19) shows the same 

behavior of the load-deflection curve due to a change in the wood strength. 

 

Figure (5-19) Effect of wood strength on the load-deflection curve of the 

specimen S-WO. 
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5.5.4. Effect of Bond Type between the Steel Tube and the Wood 

Two types of bonding were used between the wood section that is put inside 

a steel tube and the inner surfaces of it. A first type is full bonding (Tie), as in the 

case of placing an epoxy material between the wood and the tube, which is the 

type used in the experimental study of this thesis, and the second type used was a 

cohesive bond with normal direction and tangential friction factor of 0.4, which 

represent the case of the wooden placed directly in the steel tube. Figure (5-20) 

displays the load-deflection relation, where it is clear that the cohesive bond gives 

ultimate load (88.39 kN) which is (22.65%) lower than the full bond (114.28 kN). 

 

Figure (5-20) Effect of the bond type between wood and the steel tube on the 

load-deflection curve of the specimen S-WO. 
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Chapter Six 

Conclusions and Recommendations 

6.1. Introduction 

This work aims to study the effect of filling a steel tube with different filling 

materials in a composite beam that consists of a filled steel tube and reinforced 

concrete deck slab. The conclusions drawn from this study from both experimental 

work and numerical by the finite element method (FEM) are mentioned in this 

chapter, in addition to some recommendations for future studies on this subject. 

6.2. Conclusions 

Several results have been extracted from both sides of this study the 

experimental work and the numerical study, from which several conclusions are 

drawn that can be summarized as follows: 

6.2.1 Experimental Conclusions 

1. The load-slip relationship of the pushout specimen test is nonlinear. The first 

stage was linear (elastic), this stage lasts up to approximately 40% of the final 

load. While the plastic stage was evident after the elastic stage especially at 

the last 30% of the maximum load. 

2. All visible cracks which occurred in the concrete deck slab were flexural 

cracks and they appeared at the final stage of loading after 90% of the 

ultimate loads for the specimens tested. 

3. The behavior of the specimens during the loading stages was similar in 

deflections and slips, also all specimens failed by flexural where the cracks 
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were approximate perpendicular and the concrete slab was crashing occurs 

under applied load at failure load. 

4. The filling materials used in this study increased the strength of the composite 

beam when compared with the specimen of the hollow steel tube section. The 

increased percentage of the maximum load was 6.5%, 12.9%, 16.8%, and 

23.2% for specimens with the steel tube that filled with lightweight concrete, 

aggregate, wood, and normal concrete respectively. The specimen S-GY (the 

steel tube filled by gypsum) shows a decrease in the load capacity of about 

5.9% when making a comparison with the composite beam that has a hollow 

steel tube section, this is due to the low strength of gypsum. 

5. The best material used to fill a steel tube as an alternative to normal concrete 

is wood, as it showed the highest strength between the specimens when 

making a comparison with a specimen containing a steel tube filled with 

normal concrete about 94.8% from it. In addition, the density of wood is the 

lowest among the materials used, which leads to a reduction of dead loads, 

as the use of wood as filler reduced about 16.7% of the weight of the FST 

composite beam filled with normal concrete (S-NC).  

6. The strength of the specimen that was filled by the wood was influenced by 

the bond between the wood section and the inner surface of the steel tube 

therefore slip between them occurs at the final stage of loading if this does 

not occur the separation between wood fibers occur near the steel tube. 

7. The slips between the steel tube and the concrete slab at the end of the span 

or at one-sixth of the span showed similar behavior in the different loading 

stages.  
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6.2.2 Numerical Conclusions 

1. The numerical extracted results of the FST composite beam simulation in the 

ABAQUS package were represented by the load-deflection (mid-span) curve 

to describe the behavior of the model. It was found that the numerical 

behavior resulting from the simulation shows an acceptable agreement and 

convergence with the behavior resulting from the experimental test of the 

FST composite beam, as it was noted that the maximum difference between 

the experimental and numerical results of the ultimate load is 20.81% for S-

WO specimen, while the minimum difference of ultimate load is 7.41% for 

S-NC specimen. 

2. The maximum capacity of applied force for the specimen that used the 

normal concrete to fill a steel tube of the FST composite with deck slab 

increased by (61.2%) and (156.3%) when increased the steel tube thickness 

from 2 mm to 4, and 8 mm respectively, while the maximum capacity of a 

specimen that used a hollow steel tube increased by (50.0%) and (150.4%) 

when increased the steel tube thickness from 2 mm to 4, and 8 mm 

respectively. 

3. The maximum load capacity of the specimen that used the normal concrete 

to fill a steel tube of the FST composite with deck slab increased by (7.76%) 

and (21.23%) when increased the compressive strength of the deck slab from 

20 MPa to 50, and 80 MPa respectively, while when changing the concrete 

strength that was used as a filler to the steel tube from 5 MPa to 10, 30, and 

50 MPa the maximum load of a specimen became higher by about (1.55%), 

(5.47%), and (6.86%) respectively. 
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4. For the specimen consisting of a concrete deck slab and composite with steel 

tube filled by wood, an increase in the ratios (7.79%), (16.87%), (17.93%), 

and (22.93%) of the ultimate load occurred when changing the wood strength 

from 5 MPa to 10, 20, 30, and 40 MPa respectively. 

5. The effect of the bond type between the composite beam component was 

studied. It was concluded that the cohesive bond between the inner surfaces 

of the steel tube and the wood section that filled it gives the ultimate load 

(88.392 kN) which is (22.65%) lower than the full bond (114.28 kN). 

6.3. Recommendations for Future Work 

1. Studying experimentally and numerically the structural behavior of the FST 

composite beam under impact loads or dynamic loads. 

2. Experimental and numerical investigation of the beam consisting of a wood-

filled steel tube and composite with a deck slab that exposure to high 

temperatures.  

3. Investigating the performance of the composite beam consisting of a wood-

filled steel tube and deck slab under the influence of negative moment 

experimentally and numerically. 

4. Studying experimentally and numerically the effect of using other filler 

materials filled the steel tube in FST composite beam on the structural 

behavior such as plastic or polymers. 

5. Investigating experimentally the performance of the composite beam 

contains aggregate filled steel tube with deck slab using a different gradation 

of gravel or sand under flexural.  
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Appendix  [A] 

Materials properties and tests details  

A.1  Cement test results 

 

 

A.2  Superplasticizer (Hyperplast PC200) 
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A.3  Steel plate tensile strength test 
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A.4  Steel tube tensile strength test 
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A.5  Steel reinforcement bar  tensile strength test 
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A.6  Wood tensile strength test 
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A.7  Wood compressive strength test 
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A.8  The cohesive material between wood and steel tube 
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Appendix-B 

    Finite Element Modeling 

B.1 General 

The FEM is a numerical technique for finding approximate solutions of 

partial differential equations (PDE) through a discretization of a complex problem 

domain into small simple parts (elements) and an assemblage of simple element 

equations in each element into a set of global finite element equations. The global 

finite element equations govern the whole domain by applying nodal continuity 

conditions and boundary conditions. This method eliminates the partial 

differential equations by transforming them into a set of approximate ordinary 

differential equations (ODE) which can be solved by standard numerical 

techniques for simultaneous linear algebraic equations[1]. 

filled steel tube can usually be simulated by considering the constitutive 

relations of its constituents independently, because each of the concrete core and 

the steel tube has very different material properties. In the past, analytical studies 

of composite steel-concrete structures have been mostly focused, on the behavior 

of its simple elements. Although large-scale finite element software packages 

nowadays have a wide range of application in many areas of stress analysis, 

inadequate material models are often one of the major factors limiting the 

structural analysis. Using this technique, especially true for composite structures, 

were generally accepted constitutive equations adequately describing their basic 

material characteristics do not exist. Nevertheless, a large variety of models have 

been proposed in recent years to characterize the stress-strain and failure criteria 

of concrete under multidimensional stress states. All these models have certain 
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advantages and disadvantages, which depend to a large degree on their particular 

application. 

B.2 Behavior of Concrete-Filled Steel Tubes 

Typical load-deformation relationship of concrete-filled steel tube member is 

shown in Figure (B-1), which illustrates the characteristic stages of the behavior. 

The load-deformation response can roughly be divided into three stages, the 

uncracked stage, crack propagation stage and the plastic stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (B-1): Typical load-deformation relationship for a concrete-filled 

steel tube 

B.3 Material modeling 

As stated before the performance of any member under load depends to a 

large extent on the behavior and the type of materials used to construct the 

members. Concrete-filled steel tube girder consist of (concrete and steel). The steel 

can be considered as a homogeneous material that exhibits a similar stress-strain 

relationship in tension and compression. But, the behavior of concrete is very 

much dependent on the properties of each of its components; namely, cement 
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mortar, aggregates and air voids. Therefore, it is a material with a grossly 

heterogeneous internal structure. 

B.4 Non-linear Behavior of Concrete 

Concrete is a material with a grossly heterogeneous internal structure. It 

consists of inert aggregate particles embedded within a binding paste made of 

cement and water. The presence of bond micro-cracks at interfaces between the 

cement paste (and mortar) and especially the coarse aggregate prior to any load 

application can be viewed as a source of weakness in the structure of concrete. 

Many of these micro-cracks are caused by segregation, shrinkage and thermal 

movements in the mortar. Some micro-cracks may develop during loading because 

of the difference in stiffness between the aggregate and the mortar. The gradual 

growth of these micro-cracks with further loading contributes to the nonlinear 

behavior of concrete. Concrete can behave as either a linear or nonlinear material 

depending on the nature and the level of the induced stresses. Many experimental 

studies of the behavior of concrete under uniaxial and multiaxial loading 

conditions have been performed. The aims of such investigations have been to 

understand the complex response of concrete for various imposed stress conditions 

and to provide the necessary data required to develop accurate numerical models 

for use in nonlinear finite element analysis of concrete structures[2]. 

B.4.1 Uniaxial Compressive Behavior 

Axial stress vs. strain, the stress-strain behavior of concrete is primarily 

influenced by the relative stiffness of the paste and aggregates, and the bond 

strength at the interfacial transition zone. All else equal, higher interfacial bond 

strength is achieved using rough as opposed to smooth textured aggregate. 

Therefore, for two coarse aggregates of the same size, shape, mineralogy, and 
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stiffness, higher strength (and corresponding strain capacity) would be achieved 

using crushed stone compared to smooth gravel. Various investigators[3][4], have 

reported higher strain capacities at maximum stress for high-strength compared to 

normal-strength concretes. Curves representing typical stress-strain relationships 

for high, moderate, and normal-strength concretes are shown in Figure (B-2)[5].As 

strength increases, the slope of both the ascending and descending portions of the 

stress-strain curve becomes steeper and ultimate failure in compression becomes 

increasingly more explosive. 

 

Figure (B-2): Uniaxial compressive stress-strain curves for concrete of 

different strength levels. 
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Modulus of elasticity, the modulus of elasticity of conventional-strength 

concrete generally increases proportionally to the square root of the compressive 

strength. While many empirical equations for predicting modulus of elasticity 

have been proposed, few equations predict the modulus of elasticity of high-

strength concrete as accurately as they do for conventional-strength concrete. ACI 

Committee 363[6] reports that the following equation has generally proven to be 

a reliable lower bound expression for normal density high-strength concrete based 

on most high-strength concrete data collected[7]. 

For 21 MPa ≤ fc'≤ 83 MPa 

 

Where:  

EC = Modulus of elasticity of concrete in MPa. 

f
c

 = Ultimate strength of concrete in MPa (cylinder test). 

And also: 

 

 

Poisson's ratio, Poisson's ratio under uniaxial loading conditions is defined 

as the ratio of transverse strain to the corresponding axial strain resulting from 

uniformly distributed axial stress below the proportional limit of the material. 

Based on the limited data on values for high-strength concrete, the Poisson's ratio 

of light weight concrete in the elastic range of strain seems less than the values for 

conventional-strength concretes. Perenchio reported values for Poisson' s ratio of 

0.20 to 0.28 for normal-weight high-strength concretes with compressive strengths 

Ec=3320 √ fc'+6900 (MPa) • ………..(B-1) 

 

Ec = 4700                          √fc (in MPa) 
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ranging from 55 to 80[7].In the present work Poisson's ratio assumed to be 0.2 for 

NWC and 0.11 for LWC. 

B.4.2 Uniaxial Tensile Behavior 

    Concrete exhibits a linear response in uniaxial tension up to stresses about 

60-80% of the tensile strength when micro-cracks form and then concrete behaves 

softer and highly non-linear[8]. As shown in Figure (B-3), beyond the tensile 

strength, the tensile stress does not suddenly drop to zero due to the quasi brittle 

nature of concrete. On the contrary, in the weakest regions damage initiates during 

unloading of the other parts. Due to interlocking of aggregates, stress can be 

transferred in the fracture zone across the crack opening direction, until a complete 

crack is formed which cannot transfer any stress and then complete tensile failure 

occurs. The concrete during this process undergoes tension softening[9]. 

 

Figure (B-3): Uniaxial tensile behavior and macro crack development in concrete. 

      The strain in the specimen increases from the effect of the fracture zone 

and decreases in the rest of specimen that are under elastic unloading. Thus, 
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to evaluate the accurate cracking pattern in concrete, in addition to the 

strength criterion, energy dissipation in concrete cracking should also be taken into 

consideration using of fracture mechanics[9].    

The ratio between uniaxial tensile strength ft and compressive strength ( fc ) 

may vary considerably but usually ranges between (0.05 to 0.1). The tensile 

strength of concrete can be estimated using either the modulus of rupture test, split 

cylinder test or direct tension test. The following expression is given to estimate 

the tensile strength of concrete as a function of its compressive strength: 

 

 

where: 

 fc and ft are in MPa. 

Also ,   the modulus of rupture fr is given by : 

 

 
 

 

B.4.3 Biaxial Stress Behavior 

Biaxial behavior of concrete is completely different compared to its uniaxial 

behavior. Different studies have been carried out in this subject, e.g. Kupfer et al. 

found that the biaxial strength envelope is enclosed by the proportion of the 

orthogonally applied stress and the compressive strength, as shown in Figure (B-

4). Biaxial stress can be achieved through three different loading forms, biaxial 

tension, biaxial compression and tension-compression[10][55]. Under biaxial 

compression, the stress-strain curve is the same as under uniaxial tension, but 

ft=0.33√fc  ………..(B-2) 

fr=0.7√fc  ………..(B-3) 
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compressive strength is up to 25% greater due to the lateral compressive stress. 

Under tension-compression, compressive strength significantly decreases with a 

slight increase in transverse tension, as can be seen in the second and fourth 

quadrant of Figure (B-4). 

Figure (B-4): Biaxial concrete strength envelope. 

B.4.4 Tension Stiffening 

The conventional models for concrete behavior presents a higher value for 

deformation due to assuming reinforcements as the only parts to carry the tensile 

stresses and so underestimating the stiffness of the reinforced concrete member. 

However, due to the bond between reinforcing bars and concrete, stresses can be 

transferred and concrete can carry tensile stress, so the stiffness of the cracked 

reinforced concrete is higher than bare steel and this phenomenon is called 

"tension stiffening"[9]. 

B.4.5 Cracking Models 
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     The Finite Element Method is one reliable numerical tool to simulate non-

linear behavior of RC structures. To accurately evaluate the structural behavior of 

concrete structures, the FE method should be coupled with precise representation 

of concrete cracking. For modeling of concrete cracking, the two major methods 

are the discrete crack approach and the smeared crack approach[9]. 

• Discrete crack model 

 
This model is based on propagation of discontinuities in the structure with 

either an inter-element crack approach or an intra-element crack approach. The 

inter-element crack approach, as shown in Figure (B-5a), means modeling of 

cracks by disjunction of element edges. This approach has two drawbacks; crack 

path is limited because it has to follow the predefined boundaries of inter-elements 

and also, when cracks open, separated nodes make extra degree of freedom, which 

increases the computation time and cost and decreases the efficiency. 

In the intra-element crack approach the cracks can propagate through the 

finite elements, as shown in Figure (B-5b). This approach has two available types. 

First type is embedded discontinuity model which early was used for strain 

localization problems like shear band in metal and then developed for cohesive 

material like concrete, and the second type based on partition-of-unity concept 

which uses discontinuous shape function and with adding degrees of freedom in 

nodes represents the displacement appears across the crack. The discrete crack 

method is useful in structures which suffer large localized cracking but in other 

cases the smeared crack method is more efficient[8]. 
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Figure (B-5): Concrete cracking model: (a) Discrete inter-element crack 

approach, (b) Discrete intra-element crack approach. 

• Smeared crack model 
To overcome the drawbacks of the early discrete crack model, Rashid 

[11]presented the smeared crack method which assumes cracks smeared in a 

certain volume of the material, as shown in Figure (B-6), which reduces the 

average material stiffness in the direction of the major principal stresses. The 

advantage of this method is that when cracks are developed and propagated, it 

does not need a new mesh which simplifies numerical implementation[12]. 
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                       Figure (B-6): Smeared crack model 

Nevertheless, this model has its deficiencies especially for localized 

cracking. In fracture problems, the smeared crack model localizes the cracks into 

a single row of elements, which causes mesh sensitivity and leads to inappropriate 

results beyond the ultimate tensile strength. In addition, the smeared crack 

approach predicts the cracks propagation in alignment with mesh direction due to 

its mesh directional bias. Three approaches are available for smeared cracking 

depending on the development of the crack planes; fixed crack model, rotating 

crack model and multi-directional fixed crack model. In the fixed crack model the 

crack forms in the direction normal to the major principal stresses and keeps its 

fixed direction during the loading process. In the rotating crack model the crack 

forms normal to the major principal stress, but its direction rotates if the principal 

stress direction changes during the loading process and it always coincides with 

the principal stress direction. Multi-directional fixed crack model is an improved 

version of the fixed crack model which that assumes the crack forms normal to the 

major principal stress and is not allowed to rotate. But, if the angle between two 

sequent cracks exceeds a threshold angle, new cracks can form at different 

directions. 
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 B.5 ABAQUS 

  B.5.1 Introduction to ABAQUS 

The most reliable method to evaluate accurate behavior of concrete structural 

elements is to experimentally study on actual structures, but because of being 

expensive and time consuming, usually experiments are not always possible to 

perform. Therefore, other methods, which take into account the anisotropic 

behavior of concrete including the effect from tensile cracks are required. One 

method is Finite Element Modeling (FEM), which needs less cost and time to be 

implemented. Different commercial FEM software has been developed during 

years and one of them is ABAQUS[13], which was used in this study. 

       ABAQUS is a finite element program to evaluate the behavior of 

structures and solids under external loads. This program can analyze both static 

and dynamic problems and it is capable of modeling a wide range of 2D and 3D 

shapes and contacts between solids. It has an advanced and extensive library for 

elements and materials. ABAQUS is one of the most trustworthy FEM programs 

and different industries including the aircraft and automobile manufacturing 

industry, microelectronics, oil industry and many research universities and 

institutes are using this program. ABAQUS has been developed by Hibbitt, 

Karlsson and Sorensen, Inc (HKS) through their company established in 1978[14]. 

B.6 Material Models 

A.6.1 Constitutive Concrete Material Model 

Three different constitutive models are offered in ABAQUS for the analysis 

of concrete at low confining pressures: the smeared crack concrete model in 

ABAQUS/Standard; the brittle cracking model in ABAQUS/Explicit; and the 

concrete damaged plasticity model in both ABAQUS/Standard and 

ABAQUS/Explicit. Each model is designed to provide a general capability for 
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modeling plain and reinforced concrete (as well as other similar quasi-brittle 

materials) in all types of structures: beams, trusses, shells, and solids[14]. 

The smeared crack concrete is intended for applications in which the concrete 

is subjected to essentially monotonic straining and a material point exhibits either 

tensile cracking or compressive crushing. Plastic straining in compression is 

controlled by a compression yield surface. Cracking is assumed to be the most 

important aspect of the behavior and the representation of cracking and post 

cracking anisotropic behavior dominates the modeling. 

The brittle cracking is intended for applications in which the concrete 

behavior is dominated by tensile cracking and compressive failure is not 

important. The model includes consideration of the anisotropy induced by 

cracking. In compression, the model assumes elastic behavior. A simple brittle 

failure criterion is available to allow the removal of elements from a mesh. 

 The concrete damaged plasticity is based on the assumption of scalar 

(isotropic) damage and is designed for applications in which the concrete is 

subjected to arbitrary loading conditions, including cyclic loading. The model 

takes into consideration the degradation of the elastic stiffness induced by plastic 

straining both in tension and compression. It also accounts for stiffness recovery 

effects under cyclic loading[14].It has higher potential for convergence compared 

to the smeared crack model;It can consider different yield strength in tension and 

compression;It counts true post yield (plastic) response like softening behavior in 

tension as opposed to initial hardening followed by softening in compression; 

Different degradation of the elastic stiffness in tension and compression can be 

considered in this model. 

     B.6.2 Concrete Damaged Plasticity 
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Concrete damaged plasticity is capable of modeling all structural types of 

reinforced or unreinforced concrete or other quasi-brittle materials subjected to 

monotonic, cyclic or dynamic loads. This model is based on a coupled damage 

plasticity theory and the multi-axial behavior of concrete in damaged plasticity 

model governs by a yield surface which proposed by Lubliner et al. and was 

modified later by Lee and Fenves. Tensile cracking and compressive crushing of 

concrete are two assumed main failure mechanisms in this model. Furthermore, 

the degradation of material for both tension and compression behavior have been 

considered in this model[9]. 

B.6.3 Uniaxial and Multi-axial Behavior 

Under uniaxial tension, as can be seen in Figure (B-7), the stress increases 

with a linear elastic relationship with strain up to the ultimate tensile strength, ft 

and then micro-cracks form microscopically with a tension softening response. 

There are three different methods to define tension softening response in 

ABAQUS: stress-strain, stress-displacement or by use of fracture energy, Gf [14]. 

Figure (B-7): Uniaxial tensile behavior of concrete. 
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In addition, under uniaxial compression, there is a linear elastic relationship 

between stress-strain until initial yield, fco. After losing stiffness due to bond 

failure between the aggregates and the cement paste, the behavior becomes non-

linear. In stresses greater than ultimate strength, plastic response is defined by 

stress hardening and strain softening. In other words, compressive stress decreases 

while the corresponding strain increases[14]. The uniaxial compressive behavior 

of concrete is depicted in Figure (B-8). 

Figure (B-8): Uniaxial compressive behavior of concrete. 

B.6.4 Concrete Damaged Plasticity Definition 

Different input data, which should be defined in concrete damaged plasticity, 

are: 

Ψ is the dilation angle, measured in p-q plane and should be defined to 

calculate the inclination of the plastic flow potential in high confining pressures, 

Figure (8). The dilation angle is equal to the friction angle in low stresses. In higher 

level of confinement stress and plastic strain, dilation angle is decreased. 

Maximum value of is Ψ max = 56.3o and minimum value is close to 0o. Upper 

values represent a more ductile behavior and lower values show a more brittle 

behavior. According to Malm the effect of the dilation angle in values between 

30o≤ Ψ ≤40o in some cases can be neglected and for normal concrete Ψ =30o is 
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acceptable. Є is the flow potential eccentricity. It is a small positive number, which 

defines the range that the plastic potential function closes to the asymptote as 

shown in Figure (B-9). The default value in ABAQUS is 0.1 and indicates that the 

dilation angle is almost constant in a wide range of confining pressure. In higher 

value of Є, with reduction of confining pressure, the dilation angle increases more 

rapidly. Very small values of . in comparison with the default value make cause 

convergence problems in cases with low confining pressure, due to very tight 

flow-potential curvature at the point of intersection with the p-axis[14]. 

Figure (B-9): Hyperbolic plastic flow rule. 

fb0/fc0 is the ratio of initial equibiaxial compressive yield stress to initial 

uniaxial compressive yield stress. The default value is 1.16. 

Kc  is the ratio of the second stress invariant on the tensile meridian to that 

on the compressive meridian at initial yield for any given value of the pressure 

invariant, such that the maximum principal stress is negative it must satisfy the 

condition 0.5 < Kc < 1. The default value is 2/3. 

 

Viscosity parameter, μ, used for the visco-plastic regularization of the 

concrete constitutive equations in ABAQUS/Standard analyses. This parameter is 
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ignored in ABAQUS/Explicit. The default value is 0.0. According to Malm μ = 

10-7 is recommended because in comparison with characteristic time increment it 

should be small [15] 

The compressive behavior of concrete can be simulated accurately using an 

elasto-plastic and strain-hardening model. Compressive stress data can be 

provided as a function of plastic strain. The stress-strain curve can be defined 

beyond the ultimate stress, into the strain-softening regime. In order to simulate 

concrete with high compressive strength, the stress-strain relationship as proposed 

by Thorenfeldt et al[16]. Figure (B-10), combined with the Hognestad's 

assumption on the elastic modulus of concrete was adopted. This applied a factor 

to increase the post-peak decay, which closely related to the real behavior of high 

strength concrete. This relationship was based on the concrete cylinder strength, 

as described in Eq. (B-4). In this model, the stress-strain curve is assumed to be 

linear up to 0.3 fc' for normal strength concrete (fc' < 60 MPa) and 0.5fc' for high 

strength concrete[17]. 

 

 

n=0.8+ fc'/17 

k=0.67+(fc'/62) 

Єo=fc'/Ec (n/n-1) 

Where: 

               Fc' = peak stress obtained from a cylinder test (MPa) 

Єo = strain when fc reaches fc' 

n = a curve-fitting factor. 

fc/fc' =n(Єc/ Єo)/n-1+( Єc/ Єo)nk •………………… (B.4) 
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Ec = modulus of elasticity (MPa) 

k = factor to control the slopes of the ascending and descending            

branches of the stress-strain curve, taken equal to 1.0 for Єc/Єo less 

than 1.0 and taken greater than 1.0 for Єc/ Єo greater than 1.0. 

 

Figure (B-10): Stress-strain relationship for concrete under uniaxial 

compression 

In order to model the concrete filled steel tube must be considered, concrete 

is confined inside the steel tube from all sides which Improving the strength and 

ductility of concrete as shown in Figure( B-11). The stress-strain relationship was 

calculated by the equations[18]. 

𝜉 =
 𝐴𝑠𝑡. 𝑓𝑦

𝐴𝑐. 𝑓𝑐𝑢
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Figure B-11 The stress-strain curve of confined fill-in concrete 

(B-5) 

(B-6) 

(B-7) 
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Tension stiffening is defined in the present study using stress-strain data. The 

stress-strain relationship as shown in Figure (B-12) assumes that the tensile stress 

increases linearly with an increase in tensile strain up to concrete cracking. After 

concrete cracking, the tensile stress decreases linearly to zero as the concrete 

softens. Is assume that the strain softening after failure reduces the stress linearly 

to zero at a total strain of about 10 times the strain at failure. The strain at failure 

in standard concretes is typically 10.4, which suggests that tension stiffening that 

reduces the stress to zero at a total strain of about 10.3 is reasonable. This 

parameter should be calibrated to a particular case [14]. 

Figure (B-12): Stress-strain curve for concrete in tension 

B.6.5 Reinforcement 

In this study the behavior of steel constitutive model for structural steel in 

Han et al. [6] is utilized for uniaxial stress–strain relation of steel. In this steel 

material model, deformation of steel includes elastic is considered, elastic–plastic, 

plastic, hardening and fracture, as shown in Fig (B-13), where fp, fy, and fu 

represent the proportional limit, yield, and ultimate strength of steel, and εe = 

0.8fy/Es , εe1= ¼1.5 εe , εe2 = 10 εe 1 , εe3 = 100 εe1.  
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Figure (B-13): Schematic diagram of uniaxial stress–strain relation for steel. 

B.6.6 Elements type 

In the modeling of the concrete and steel plates a three-dimensional eight-

node element C3D8 with three degree of freedom at each node is used as shown 

in Figure (B-14).. 

Figure (B-14): 8-node 3-D element. 

The reinforcement bars are modeled with three-dimension two-nodes truss 

element T3D2 with three degree of freedom at each node is used as shown in 

Figure (B-15). 
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Figure (B-15): 2-node 3-D truss element. 

The FRP plates are modeled with 4-node general-purpose shell S4R, reduced 

integration with hourglass control, finite membrane strains as shown in Figure (B-

16). 

Figure (B-16): 4-node shell element. 

B.6.7 Nonlinear Numerical Procedures in ABAQUS  

The final aim of non-linear analyses is to evaluate a realistic response, up to 

failure, of structures under generic loads, taking into account the physical reality 

of the material constitutive laws and of the geometric characteristics Figure (B-

17). 
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Figure (B-17): Non-linear response example[14]. 

Since the problem is non-linear, an incremental and iterative procedure is 

required. "Incremental" means that the external load is divided into small parts 

gradually added one by one and the equilibrium configuration is searched for each 

increment. "Iterative" means that several iterations are usually required to find the 

solution. The non-linear problem is solved as a repeated linear problem. 

Figure(B-18): External and internal forces. 

The simulation time history consists of steps. In each step, different loads, 

boundary conditions and solving procedures can be defined. Each step is divided 

into increments in order to follow the non-linear response. The size of the 

increment can be fixed as well as automatically determined. At the end of each 

increment the structure is in approximate equilibrium. An iteration is an attempt 

at finding an equilibrium solution within an increment. 

If the convergence criteria are not satisfied, another increment is required. 

Figure (B-18) shows the external and internal forces acting on a body. The internal 
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forces at a node are caused by the stresses in the elements connected to the node. 

The equilibrium is satisfied when external forces P and internal forces I balance 

each other at every node: 

P-I=0 •-------------- 
 

 

Starting from the configuration u0, a load increment ΔP is applied. In the first 

iteration, the structure stiffness matrix K0, related to the configuration u0, and the 

increment ΔP are used to compute a displacement correction ca. The structure 

configuration is updated to ua by using ca Figure (B-19). 

Figure (B-19): First iteration [14] 

Then, ABAQUS computes the internal forces Ia in this new configuration and 

subsequently, the force residue for the iteration, which is the difference between 

the external and the internal forces: 

 

Ra=P-Ia---------- (B.6) 
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If Ra is zero for every degree of freedom and for every node in the model, 

the point a is an equilibrium point laying on the curve. Since the problem is non-

linear, the residue is never zero but it is compared with a tolerance value, the 

default value is 0.005. Therefore, if the residue is lower than a specified value, the 

equilibrium is considered achieved and the point is accepted as an equilibrium 

point. However, ABAQUS performs a convergence check also on the 

displacement correction ca which should be small compared to the total 

displacement increment. 

 

Δua=ua-u0------------ (B.7) 

 

Figure (B-20): Second iteration [14] 

On the contrary, if the convergence is not attained, another iteration is carried 

out in order to reduce the residue Figure (B-20). Starting from the current structure 

configuration ua, the stiffness Ka is assembled. Afterwards, by using Ka and the 

residue Ra, a new displacement correction cb is computed determining the new 

point b which is closer to the equilibrium point. A new residue is calculated by 

using the internal force Ib related to the configuration ub: 
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Rb=P- Ib •------------------ (B.8) 

 

Then, a new convergence check is performed on the residue Rb and on the 

displacement correction 

Δub=ub-u0 ------------------(B.9) 

If necessary, a further iteration is performed with the same procedure. It can 

be concluded that for every increment a global system of equations is assembled 

and solved. Therefore, the computational cost of each iteration is close to the cost 

of a complete linear analysis. For this reason, the computational expense of a non-

linear analysis is potentially many times greater than the cost of a linear analysis 
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 الخالصة 

تهتم هذه الدراسة بالتحقيق التجريبي والعددي ألداء عوارض األنابيب الفوالذية المعبأة المكونة 

من أنبوب فوالذي مملوء وبالطة خرسانية مسلحة متصلة بواسطة موصل بيرفوبوند كوصلة قص. تم 

التعبئة التي تم المتغير الرئيسي في هذة الدراسة هو نوع مواد   اختبار ستة عوارض مركبة ، وكان

استخدامها لملء األنبوب الفوالذي. تم اختبار جميع العينات على أنها عوارض ذات اسناد بسيط؛ تم 

اختبار العينات باستخدام احمال مركزة من أربع نقاط. تم تسجيل النزول في منتصف الفضاء واالنزالق 

ن جميع العينات المختبرة فشلت في وضع االفقي مع األحمال المقابلة لهما. أظهرت النتائج التجريبية أ

االنحناء بسلوك مماثل أثناء االختبار، يظهر الشق األول في البالطة الخرسانية في مراحل التحميل 

٪ من حمل الفشل النهائي. وجد أنه تم الحصول على أعلى حمولة نهائية 90النهائية بعد الوصول الى 

عادية كمادة ملئ. كانت المواد المالئة األخرى (الخشب والركام للعارضة المركبة عند استخدام الخرسانة ال

والخرسانة خفيفة الوزن) أقل كثافة وقابلية تحمل. يعتبر الخشب أفضل مادة للملئ كبديل للخرسانة العادية 

٪ من الحمل النهائي. كل مواد الملئ تعطي تحمل نهائي أعلى للعارضة المركبة مقارنة 94.7بحوالي 

٪ 6.5٪ ، 12.9٪ ، 16.8٪ ، 23.2المركبة ذات األنبوب الفوالذي المجوف حوالي  مع العارضة

للخرسانة العادية والخشب والركام والخرسانة خفيفة الوزن على التوالي. أظهر االختبار أن الجبس غير 

 مفيد كمادة ملئ. 

عددية ، وأظهرت النتائج الABAQUSاشتملت الدراسة العددية على محاكاة بواسطة برنامج 

الحمل الناتجة عن االختبار التجريبي بفارق أقصى -توافق معقول واتفاق مقبول في منحنيات النزول

٪ من الحمل النهائي. تم تحسين سعة الحمولة القصوى للعارضة االنابيب الفوالذية 20.81يصل الى 

ة للسطح الخرساني المملوءة المركبة عن طريق زيادة سماكة األنبوب الفوالذي، وزيادة قوة الخرسان

بينما توجد زيادة طفيفة فيها عندما تزداد قوة مادة الملئ سواء كانت خرسانية عادية أو خشبًا.باإلضافة 

الى ذلك فقد وجد ان نوع الية الربط المستخدمة بين السطح الداخلي لألنبوب الفوالذي ومقطع الخشب 

بأستخدام نوع الربط ( تالصق )اعطى مقدار تحمل ايضاً على مقاومة تحمل العتب اذ  تأثير المالئ له

 %.22,65اقل من الربط الكامل بمقدار 
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