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ABSTRACT 
 

Composite materials are becoming the commonly used material for high 
performance structural load-carrying components because of its high strength to 
weight ratio, corrosion resistance, and durability. Beams, based upon polymer matrix 
fiber-composites, have many applications as supporting members in the wings of 
aircraft, cores of rotors, and in civil engineering structures like bridge deck and girders. 
Analyzing composite laminated beams and plates is more complex than any other 
conventional material such as, concrete and steel due to the high number of parameters 
involved in analysis such as, fiber orientation, stacking sequences, and laminate 
thickness. This paper presents a review of composite laminates manufacturing,      
composite laminates applications in civil engineering, and finite element programs 
which could solve the composite laminate complicated problems. The paper also sheds 
light on previous researches which dealt with composite laminate beams and discussed 
their results. 
 
KEYWORDS: FRP, Composite Laminates, Composite Beams, Composite Bridge. 

 
 
1. INTRODUCTION 

 
The phrase composite material refers to a material that is formed by combining 

two or more materials, which remain independent and not soluble in each other on a 

macroscopic scale. Structures made of such materials are called composite structures. 

Composite materials are fabricated to have better engineering properties than the 

conventional materials, for example, concrete and metals. Some of the properties that 

can be improved by forming a composite material are; stiffness, strength, corrosion 

resistance, thermal properties, fatigue life and wear resistance with light weight [3]. 
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 The use of composite materials’ products has increased in the industry of 

aviation and construction fields between other areas. In aviation, a transition has been 

seen of the use of isotropic materials in the past to use of composite materials. For 

example, the airplane main frames of the wing and fuselage structures are now made 

of composites. This is because composite materials offer the same capabilities as 

isotropic materials with a significant reduction in weight. Besides this, laminated 

composites can be tailored to meet the required mechanical properties in the structural 

application because their material property is directional dependence [3]. 

Recently, composite materials are increasingly finding use in the area of civil 

infrastructure and construction especially in bridges. In bridge construction, 

composites are considered the better alternative to concrete and steel due to its light 

weight, high durability and, high resistance to corrosion. The design of fiber-reinforced 

polymeric (FRB) structures in infrastructure applications is typically stiffness-

controlled, since large deflections can pose problems for overlay and connection 

durability [1].  

In structural applications, beam is one of the most common structural members 

that have been considered in design in structural analysis. Although most beams are 

often analyzed as one-dimensional structural members, laminated composite beams are 

of two dimensional properties. In composite laminated beams we can obtain specific 

stiffness and strength in more than direction because of the ability to change the layer 

stacking sequence. Most man-made composite materials are made from two materials: 

a reinforcement material and a matrix material. Composites are classified by the 

geometry of reinforcement-particulate, flake and fibers or by the type of matrix-

polymer, metal and ceramic. The most common advanced composites are polymer 

matrix composites consisting of a polymer like, epoxy, polyester and urethane 

reinforced by thin diameter fibers such as, graphite, aramids, boron. For example, 

graphite/epoxy and glass/epoxy are approximately five times stronger than steel on a 

weight-for-weight basis. The combination of polymers and fibers is called a lamina 

which is a thin layer and it has higher mechanical properties in the direction of fiber 

than other directions. When more than one lamina is put on each other and each lamina 
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has different direction this is called a laminate, which gives high mechanical properties 

in more than one direction [3]. 

 

2. FIBER REINFORCED POLYMER COMPOSITE 
 

A Fiber Reinforced Polymer (FRP) composite is a two phased material with 

anisotropic properties. It is composed of fiber and matrix, which are bonded at 

interface as shown in Fig. 1. Each of these different phases has to perform its required 

function based on its mechanical properties, so that the composite performs 

satisfactory as a whole. In this case, the reinforcing fiber provides FRP composite with 

strength and stiffness, while the matrix gives rigidity and environmental protection [1].  

 

 

Fig. 1. Formation of Fiber Reinforced Polymer Composite [1]. 
 
2.1 Fibers 
      

A fiber is a material made into a long filament with a diameter generally in the 

order of 10 µm. The main functions of the fibers are to carry the load and provide 

stiffness, strength, thermal stability, and other structural properties in the FRP [1]. In 

order to carry out these functions, the fibers in FRP composite must have: 

i) High ultimate strength. 

ii)  Low variation of strength among fibers. 

iii)  High modulus of elasticity for use as reinforcement. 

In civil engineering industry, there are three types of fibers are used; carbon 

fiber, glass fiber and, armid fiber. Each of them has its own advantages and 
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disadvantages. The material properties and strengths of the commonly used types are 

shown in Table 1. 

 
Table. 1. Properties of Fibers [1]. 

 
2.2 Matrix 

Matrix material is a polymer composed of molecules made from many simpler 

and smaller units called monomer. Without the presence of matrix material, fiber in 

and of themselves are of little use. The matrix must have a lower modulus and greater 

elongation than those of fibers, so that fibers can carry maximum load. The important 

functions of matrix material in FRP composite include: 

i) Binding the fibers together and transferring the load to the fibers by adhesion 

and / or friction. 

ii)  Providing rigidity and shape to the structural member. 

iii)  Providing protection to the fibers against chemical and mechanical damages. 

iv) Providing finish color and surface finish for connections. 

There are various types of matrix materials, which can be used in civil 

engineering construction. Categorized by manufacturing method and properties, two 

major types of polymers are thermoplastics and thermosetting polymers [1]. 

 

2.3 Interface 

Interface is where the fibers and matrix are chemically and physically bonded 

together. Material with anisotropic properties gradation is exhibited in this region. To 
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ensure that FRP composite performs satisfactorily, this region has to provide adequate 

bonding stability. In analysis of composite materials, it is generally assumed that bond 

between the fibers and matrix material is perfect and therefore no strain discontinuity 

occurs across the interface [1]. 

 

2.4 Composite Lamina, Laminate, and Beam 

 

2.4.1 Lamina  

It is a single flat layer of unidirectional fibers or woven fibers arranged in a 

matrix (also called a ply or layer). A lamina coordinates system and fiber orientation is 

shown in Fig. 2. Fiber and matrix are isotropic and homogenous, but lamina is 

anisotropic, non-homogenous, and linearly elastic until failure in the direction of fiber. 

The stress-strain relationship of a lamina is illustrated in Fig. 3. 

 

2.4.2 Laminate 

A laminate is a stack of plies of composites. Each ply can laid at various 

orientations and can be made up of different materials’ systems. The process for 

ceramics matrix composite laminates is illustrated in Fig. 4. 

 

 

Fig. 2. Lamina Coordinates’ system and Fiber Orientation [6]. 
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Fig. 3. Stress-Strain Curve for Composite Lamina in the Fiber Direction [3]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Process For Fiber Glass Composite Laminates [3]. 
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2.4.3 Composite laminated beam  

A composite laminated beam is a structural element that consists of one 

laminate or more than one laminate joined together to form the beam cross section. 

Several shapes of cross sections are formed such as rectangular sections, T-sections, I 

sections… etc. A composite laminated I-beam cross section is shown in Fig. 5. 

 

 
 

Fig. 5. Composite Laminated I-beam. 
 
 

2.5 Composite Materials Advantages and Drawbacks 

Composite materials have many advantages such as: 

i) Its specific strength is higher than steel. 

ii)  Ability to withstand high temperatures. 

iii)  High corrosion resistance. 

iv) High fatigue resistance. 

v) High stiffness. 

The drawbacks of composite material can be summarized as follows: 

i) High cost of fabrication of composites.  

ii)  Mechanical characterization of a composite structure is more complex 

than that of metals. Unlike metals, composite materials are not isotropic. 

iii)  Repair of composites is not a simple process compared to metals.  
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3. COMPOSITE MATERIALS IN CIVIL ENGINEERING 
 

Composites present immense opportunities to play increasing role as an 

alternate material to replace timber, steel, aluminum and concrete in buildings. Their  

applications range from non-structural gratings and claddings to full structural systems 

for industrial supports, buildings, long span roof structures, tanks, bridge components 

and complete bridge systems. Their benefits of corrosion resistance and low weight 

have proven attractive in many low stress applications. Other critical applications of 

composites in the civil engineering area are: 

•   Tunnel supports 

•   Supports for storage containers 

•   Airport facilities such as runways and aprons 

•   Roads and bridge structures 

•   Marine and offshore structures 

•   Concrete slabs 

•   Power plant facilities 

•   Architectural features and structures such as exterior walls, handrails, etc. 

 

3.1 Composite Laminated Bridges 

Bridges account for a major sector of the construction industry and have 

attracted strong interest for the utilization of high performance FRP. FRP has been 

found quite suitable for repair, seismic retrofitting and upgrading of concrete bridges 

as a way to extend the service life of existing structures. FRP is also being considered 

as an economic solution for new bridge structures. Composites are seen to offer 

advantages that are lacking in the traditional materials, particularly for their resistance 

to corrosive attack in those areas that rely on the application of de-icing salts to 

maintain road access. The lightweight  of  composites  is  especially  valuable  for  the  

construction  of  waterway  bridges incorporating a lift-up section to permit the 

passage of boats, and for ease of transportation and erection in remote areas without 

access to heavy lifting equipment [1]. 
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Decks for both pedestrian and vehicle bridges across waterways, railways and 

roadways are now a commercial reality; with some pedestrian bridges being built 

entirely from composites. The first use of FRP in construction of pedestrian bridges 

occurred in the early 1980s in the USA and Canada. These bridges have a maximum 

span of 25m. To date, more than 200 bridges have been built. The first all-composite 

foot bridge in Europe was built in 1992 in Berfeldy, Scotland, and was a cable-stayed 

bridge. The term "All-Composite" applied to this bridge is literally true, since all 

components (pylons, Cables, Beams, Bridge deck, Railing) are made of FRP [5]. 

Photos of some composite bridges are shown in Figs. 6-7.  

 

 
 

  Fig. 6. All-Composite Footbridge in Kolding, Denmark, Erected in 1997 [5]. 
 

 
 

Fig. 7. Bridge over Woodington Run (1999), Dark Country [5]. 
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3.3. Cost Estimation 

When comparing costs of two alternatives using FRP composite and 

conventional material, it is important to take into account basic material cost, 

construction cost, and long-term cost. Taking into account only material and 

construction costs, the hybrid FRP bridge is 60% more expensive than the traditional 

one, but using FRP composite will help reduce some indirect costs, such as less 

construction time, and the long-term cost, such as maintenance, because FRP 

composites have a high environmental, chemical, and mechanical resistance [1]. 

 
4. FINITE ELEMENT ANALYSIS OF COMPOSITE LAMINATES 

 
The analytical study and design of composite materials requires knowledge of 

anisotropic elasticity, structural theories and failure/damage criteria. Unlike isotropic 

materials, anisotropic materials exhibit complicated mechanical behavior. Most real 

world problems involving composite structures do not admit exact solutions, requiring 

one to find approximate method of obtaining numerical solutions to boundary-value, 

initial-value and, Eigen-value problems. The finite element method is the most 

powerful numerical tool available today for predicting the response of composite 

structures. Most of the allowable finite element programs solve composite laminates 

using two main theories; the classical laminated plate theory and, the first order shear 

deformation theory. 

 

4.1 Finite Element Software Used in Composite Studies 
 

There are several conventional Finite Element (FE) software that could solve 

many of the complicated structural problems specially the composite laminates 

problems like, ANSYS [15], NISA [2], COSMOS/M [4], ABAQUS [14], MATLAB 

[8], etc. Each software allows the designer to select a suitable element which 

represents the problem case. ANSYS is the most conventional finite element program 

which offers some of these elements which deal with the analysis of composite 

laminates like, SHELL99, SHELL91 and, SOLID46.  
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SHELL99 is a structural element which is used for linear layered application of 

structural shell model providing up to 250 layers. The element has 8 nodes; each node 

has six degree of freedom. Its geometry and coordinates’ system are shown in Fig. 8. 

Furthermore, SHELL91 is a structural element which is used for nonlinear layered 

application of structural shell model with up to 100 layers. The element has 8 nodes; 

each node has six degree of freedom. Its geometry and coordinates’ system are shown 

in Fig. 9. 

 

 

Fig.8. Shell99 Linear Layered Structural Element Geometry. 
 

 

 
Fig.9. Shell91 Nonlinear Layered Structural Element Geometry. 
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On the other hand, if it is required to model layered thick shells or solids, 

SOLID46 is the most suitable element. It is an eight-node structural solid allows up to 

250 different material layers. Each node has 3 degree of freedom. 

 

 
 

Fig. 10. Solid46 Layered Structural Solid Geometry 
 
 
5. COMPOSITE LAMINATED BEAMS AND PLATES BEHAVIOR 

 

In 1995, an experimental evaluation of stiffness of laminated composite 

rectangular beam under flexure was carried out [16]. Three point bending tests were 

performed on lay-up angle ply [±45]s beam elements made of AS-4/3501-6 carbon-

epoxy. The load-deflection response as a function of the length to width aspect ratio 

(L/b) was investigated. It was found that the effective beam moduli obtained from 

plane stress-resultant assumptions as laminate engineering constant represented the 

actual beam stiffness for aspect ratios L/b ≥ 6 and for aspect ratios L/b < 6. The actual 

stiffness was presented by a combination of the plane stress-resultant and the strain 

approaches. 

A combined analytical and experimental study of fiber-reinforced plastic 

composite bridges consisting of cellular box decks and wide flange I-beam as stringer 

was presented in 1998 [2]. The study included design, modeling, and 

experimental/numerical study of fiber reinforced composite decks and deck-and-

stringer bridge systems. The design covered: (1) ply stiffness and strength; (2) 

laminate engineering stiffness; (3) apparent stiffness properties for composite decks; 
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(4) stringer stiffness properties. It was observed that the obtained theoretical results 

were in a good agreement with the experimental and finite element model results, see 

Figs. 11-12. 

 

 
Fig. 11. Deflection of Bridge System with Three Stringers [2]. 

 

 
 

Fig. 12. Deflection of Bridge System with Four Stringers [2]. 
 

In 2001, a deflection function of an orthotropic cantilever beam subjected to 

point and distributed load using anisotropic elasticity was introduced [18]. The 

deflections at the free end of the beam were calculated numerically using the obtained 

formulations for different fiber directions. It was found that the free end deflection of 

the beam increased for angles ranging from 0º to 90º for both load cases due to 

decreasing of stiffness. 



H.A. ELGHAZALY, M.S. GOMAA, M. ABOELMAATY, AND E. OMAR 
 

14 
 

In 2002, a systematic analysis procedure to investigate stiffness and strength 

characteristics of the multi-cellular FRP bridge deck systems consisted of pultruded 

FRP shapes was developed [7]. This procedure used the method of elastic equivalence 

to model the cellular deck as an equivalent orthotropic plate and provided a practical 

method to predict the equivalent orthotropic plate properties of cellular FRP decks. 

Analytical solutions for the bending analysis of single span decks were developed 

using the classical laminated plate theory. It was found that the used method gives 

reasonable bending deflection predictions for uniformly distributed load and 

rectangular patch loading using classical laminated plate theory. While, the deck’s 

deflection under point load could not be accurately predicted using this method 

because of the local bending behavior of the cellular components under point load.  

In 2004, a general solution for a fixed composite thin-walled beam under tip 

torsional loads was developed [13]. The effect of warping-torsion on the torsional 

stiffness of the beam was investigated. Finite element and experimental results were 

obtained to measure the composite beam in torsion, the angle of twist, and shear strain. 

The general solution presented a good agreement with the experimental results and the 

finite element results. 

In 2004, a flexural-torsional analysis of I-shaped laminated composite beams 

was presented [14]. A general analytical model was developed to thin-walled I-section 

beams subjected to vertical and torsional load. The model was based on the classical 

lamination theory, and accounted for the coupling of flexural and torsional responses 

for arbitrary laminate stacking sequence configuration, i.e. asymmetric, as well as, 

symmetric. Numerical results were obtained for thin-walled composites under vertical 

and torsional loading, addressing the effects of fiber angle, and laminate stacking 

sequence. It was found that for laminates with stacking [θ/-θ]4s, the minimum 

deflection of a simply supported I-section beam under uniformly distributed load 

occurred when the orientation angle of laminate; θ, equals zero and the minimum angle 

of twist for the same beam under concentrated torque occurred when the angle θ equals 

45°, as shown in Fig. 13.  
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Fig. 13. Relation between Torsional Displacements and Fiber Angle of a Cantilever 
Beam under Torque at Free End [14]. 

 

In 2005, a finite element modeling of a composite bridge deck using ANSYS 

was developed [15]. The bridge deck was made of E-glass fiber and polyester resin. 

The bridge deck was subjected to a patch load at the center and the finite element 

results obtained in the form of deflections, strains, and equivalent flexural rigidity were 

compared with the experimental results. It was observed that the obtained results from 

the finite element model had a good agreement with those obtained from the 

experimental results. 

In 2006, an analytical study was conducted on the structural section properties 

and failure prediction of composite laminated beams [8]. The analysis covered; (1) 

beam with solid rectangular cross-section subjected to a transverse load, (2) beam with 

I-section under bending, (3) beam with a squared tubular section under bending and, 

(4) beam with truss section under bending. A finite element models were created to 

verify the results and it was found an excellent agreement with the analytical results. 

In 2006, clamped cross-ply plates were analyzed using a higher-order theory 

[11]. Numerical results for square homogenous and three-layer plates under uniform 

and central point loads were compared with those based on the classical and first-order 

theories. It was observed that the errors of classical lamination theory were more 

significant for clamped plates than for simply supported plates and for plates with a 
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concentrated load than for those with uniform load. While the first-order shears 

deformation theory presented good results with the higher-order theory.  

In 2007, a general analytical model applicable to thin-walled box section 

composite beams subjected to vertical and torsional load was developed [9]. This 

model was based on the classical lamination theory, and accounts for the coupling of 

flexural and torsional responses for arbitrary laminate stacking sequence 

configurations, i.e. asymmetric as well as symmetric. Numerical results were obtained 

for a cantilever beam under vertical and torsional loading, addressing the effects of 

fiber angle and laminate stacking sequence. It was found that for laminates [θ/-θ] in the 

flanges and webs, the minimum vertical displacement occurs at angle θ equals 25º and 

the minimum angle of twist occurs at angle θ equals 0º as shown in Figs. 14-15. 

In 2010, a geometrically non-linear model for general thin-walled open-section 

composite beams with arbitrary lay-ups under various types of loading based on the 

classical lamination theory was developed [10]. It accounted for all structural coupling 

coming from the material anisotropy and geometric non linearity. Numerical results 

were obtained for simply supported thin-walled composite I-beam with eccentric load 

to investigate effects of geometric non linearity and fiber orientation on the flexural-

torsional response. It was found that for laminates [θ/-θ] for the bottom flange [0]4 for 

the top flange and web, the minimum vertical displacement and the minimum angle of 

twist occurred at angle θ equals 0º as shown in Figs. 16-17. 
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Fig. 14. Relation between Vertical Displacements at Mid-Span and Fiber Angle for 

Clamped Composite Box Beams under an Eccentric Uniform Load [9]. 
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Fig. 15. Relation between Angle of Twist at Mid-Span and Fiber Angle for Clamped 
Composite Box Beams under an Eccentric Uniform Load [9]. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16. Relation between Vertical and Lateral Displacements at Mid-Span and Fiber 
Angle for a Pinned-Hinged Composite I-Beam under an Eccentric Uniform Load [9]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17. Relation between Angle of Twist at Mid-Span and Fiber Angle in the bottom 
flange for a Pinned-Hinged Composite I-Beam under an Eccentric Uniform Load [9]. 

 
 

In 2010, the response of an orthotropic composite rectangular beam [12]. The 

beam was consisting of four layers. The fiber in the two outer layers varied while the 

fibers in the two inner layers remained constant at 90º. A finite element model was 

created using ANSYS to study the response of the beam, specially stress, strain, and 
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displacement. It was found that the beam has a maximum stiffness when the fibers in 

the outer layers were oriented perpendicular to the fibers of the inner layers. 

In 2010, an analytical method for stress analysis of composite I-beam was 

developed [6]. This method included the structural response due to unsymmetrical of 

laminates as well as unsymmetrical I-beam cross section. The analytical closed-form 

expressions for the sectional properties such as centroid, axial and bending stiffness of 

composite I-beam were derived. A finite element model was created using ANSYS to 

verify the results and it was found an excellent agreement with analytical results. 

In 2011, a trigonometric shear deformation theory taking into account the effect 

of transverse shear deformation, as well as, the transverse normal strain on the static 

flexure of symmetric and anti-symmetric cross-ply laminated beams was presented 

[17]. Results obtained for static flexure of symmetric and anti-symmetric cross-ply 

laminated beams subjected to various loading cases were compared with those of the 

other refined theories and elasticity solution wherever applicable. It was observed that 

the presented theory results were in a good agreement with the other refined theories. 

 

6. CONCLUSIONS 
 

Fiber Reinforced Polymer (FRP) Composites are gaining greater acceptance as 

the materials of choices for civil and infrastructure applications. FRP composite 

material having advantages over the conventional engineering materials (concrete and 

steel) should help engineers to arrive at more efficient and cost effective structural 

systems. Over than 30 years, many researches have studied and developed FRP 

composite beams, plates, bridge decks, and bridge girders. This paper reviews on the 

composite laminates manufacturing, applications in civil engineering, finite element 

programs which could solve complicated problems, and sheds light on previous 

researches which dealt with composite laminated beams and plates.  
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 مراجعة على الصفائح والكمرات المركبة

:ملخص البحث   

نشـائية نتيجـة النسـبة العاليـة بـين ستخداما للعناصر الحاملة اإلإكثر المواد أصبحت أالمركبة المواد 

الكمرات المصنوعة من المواد المركبة . ةالمقاومة و الوزن و كذلك مقاومة التاكل و الظروف البيئي

الــب جنحــة الطــائرات و قو أفــى  ةناصــر مدعمــعليــاف لهــا العديــد مــن التطبيقــات وتســتخدم كذات األ

نشــائى للكمــرات و الصــفائح التحليــل اإل. و كــذلك فــى مجــال الهندســة المدنيــة مثــل الكبــارى المــواتير

خـرى مثـل الخرسـانة والمعـادن و ذلـك أنشـائية إنشائى ألى مـاده كثر تعقيدا من التحليل اإلأالمركبة 

ليـــاف و ترتيـــب نشـــائى مثـــل اتجـــاه األنتيجـــة عـــدد المتغيـــرات الكثيـــرة المـــؤثرة فـــى نتيجـــة التحليـــل اإل

علــى كيفيــة تصــنيع المــواد المركبــة و  ةهــذه الورقــه البحثيــة تمثــل مراجعــ. الطبقــات وتخانــة الطبقــات

نشـائى نشـائيه التـى تسـتخدم فـى التحليـل اإلكـذلك البـرامج اإل وتطبيقاتها فى مجال الهندسه المدنيه 

التـى  ةبحـاث السـابقذلك علـى األى الضـوء كـقـتل ةالبحثي ةهذه الورق. ةللمواد المركب ةللمسائل المعقد

  .مع مناقشة نتائج هذه االبحاث ةتعاملت مع الكمرات المركب


