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Abstract  

 

Composite materials, which have been used especially in the construction sector to strength beams and columns, have been 

produced in pultruded GFRP profiles with different geometries with the pultrusion method. Pultruded GFRP profiles are an 

alternative to traditional building elements in many construction applications thanks to their superior properties such as high 

strength, chemical resistance, thermal and electrical insulation. Pultruded GFRP profiles are exposed to various loads and change 

shapes due to the effect of these loads. It is very important to determine the load and deformation capacities as structural 

members. These profiles are often exposed to bending while serving as beams. In this study, a multiscale analysis of the deflection 

and stress behavior of pultruded GFRP composite beam is presented. The proposed formulations are verified using the results of 

experimental and numerical studies. The comparison of the analytical results to both experimental and finite element results 

revealed that the differences between analytical results and the experimental and numerical findings are less than 1%, which 

indicates an excellent agreement.  
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1. INTRODUCTION  

 

Pultruded composite profiles particularly made of glass fiber 

reinforced polymer (GFRP) are widely used as critical 

elements in civil engineering applications due to their 

superior mechanical strength such as high strength/density 

ratio, lightness, low density, corrosion resistance and high 

resistance to chemicals and electrical insulation [1-5].  

 

Besides its superior mechanical performance on the 

production techniques of these materials, increasing 

technological developments can also be shown in recent 

years. The pultrusion method has been developed to produce 

profile type materials economically. Pultrusion requiring 

one-way mechanical property is a preferred continuous 

production method for the production of special materials 

such as rebar, profile and small diameter pipes [6-8]. It is the 

fastest improving composite production method, thanks to its 

economics and usage by many markets [9]. Continuous 

roving, woven roving, felt or a combination of these, which 

are used as glass fiber reinforcement in pultrusion, are 

preferred through thermoset resin bath and then through a 

series of shaping guides. It is passed through the heated steel 

mold and it is hardened in the determined section. Forming 

guides are used to ensure the highest level of penetration of 

the resin into the glass reinforcement material. The product 

coming out of the mold is cut to desired lengths by means of 

cutting apparatus. Pultrusion method requires low labor. 

Methods of the production of pultruded profile, machine 

configurations, pultrusion composite diagram and general 

configuration of structural fibers distributed throughout the 

thermoset resin are given in Fig. 1. 

 

The static, stability and vibration analyses play a significant 

role under various types of loading conditions in the design 

of composite structures. The research and studies on 

composite structures are divided into two groups as 

experimental and theoretical in the literature [13-17]. A 

number of investigations on theoretical or experimental 

studies of pultruded GFRP composite structures can be 

found in the literature [18-22]. A comprehensive study was 

conducted by Madenci et al. [23]. They investigated the 

flexure performances of pultruded GFRP composite beams 

with experimentally and theoretically. Theoretical 

approaches for flexural analysis of pultruded GFRP 

composite beams were developed with the help of variational 
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methods, classical finite element modeling (FEM) was 

performed with the help of ABAQUS program and three-

point bending test was utilized to investigate flexure 

performance. 

 

 
 

Fig. 1. Pultrusion molding method a) pultrusion machine 

configurations b) pultrusion composite diagram c) general 

configuration of structural fibers distributed throughout the 

thermoset resin [10-12].  

 

The studies related to mechanic behavior analysis of 

pultruded GFRP composite beams with experimental and 

theoretical are very limited. This study aims to analyze the 

behavior of pultruded GFRP composite structures under 

external loads using a theoretical approach. The deflection 

and stress behaviors of pultruded GFRP composite beams 

were examined by using multiscale analysis. The results of  

the theoretical approach were verified using findings of the 

experimental study, where the pultruded GFRP beams were 

tested under three-point bending, and numerical analysis, 

where finite element modeling using ABAQUS were 

conducted. In the theoretical analysis section of the [23], 

field equations were obtained with the help of variational 

methods and analyzes were carried out with the help of the 

mixed finite element method, which is a specific 

approximate solution method. In the theoretical analysis part 

of this study, an analytical solution was made using simple 

body equations. In addition, in the study conducted by [23], 

a macro-mechanical model was used for the material 

properties, and the results were compared with the results 

obtained from the experimental analysis. In this study, 

without any macro-mechanical model for the theoretical 

solution, the material properties were determined by 

experimental analysis and used in the theoretical solution. 

 

2. BASIC EQUATIONS 

 

The deflection and stress behavior of pultruded GFRP 

composite beam are summarized according to the classical 

laminated plate theory in this section. If the in-plane forces 

and displacements are zero the problem is reduced to one of 

solving for bending deflection and stresses. 

 

The constitutive relations for laminated beam under bending 

loads are given by Reddy [24] as 

                          (1) 

 

We can write Eq. (1) in inverse form as 

 

                          (2) 

 

where “ ” the elements of the inverse matrix of “ ”. In 

deriving the laminated beam theory we assume that 

 

                                                                   (3) 

 

The differential equation governing the deflection of the 

beam with along the x-axis can be written as 

 

                                                                                (4a) 

 

                                                                         (4b) 

                                                                     (4c) 
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where “ ” are given by 

 

                                                               (5a) 

 

                                                                     (5b) 

 

                                                                  (5c) 

 

with “ ” being the determinant of the “ ” matrix can 

be expressed as 

 

                           (6) 

 

In Eqs. (4) indicate that the transverse deflection “ ” isn’t 

independent of the y-axis while the Poisson effect “ ” and 

anisotropic shear coupling “ ” independent of the y-axis. 

These effects can be neglected only when the length-to-

width ratio of beam is large. We assume that the laminated 

beam under consideration is long enough to make the effects 

of the Poisson ratio “ ” and shear coupling “ ” on the 

deflection negligible. In the familiar form used in the Euler-

Bernoulli beam theory, the differential Eq.(4a) can be written 

in terms of the effective Young’s modulus “ ”, moment 

of inertia “ ” defined as 

 

                                                                     (7) 

 

For static bending without axial force, the general solutions 

are obtained by direct integration by [25] 

 

                          (8) 

 

where the constants are evaluated using boundary conditions 

for simply supported beam and three point bending 

 

                                                              (9) 

 

The in-plane stress in the nth layer computed as 

 

      (10) 

 

The components of the matrix in Eq. (10) in terms of the 

stiffness coefficients in the direction of principal axes of 

material orthotropy can be written as Eq. (11) 

 

         (11) 

 

where “c” is “ ” and “s” is “ ” and “ ” is the angle 

between material orientation and x-axis. The terms of 

engineering constants of the kth orthotropic lamina are 

 

 (12) 

 

The laminate material stiffnesses “ ” are given based on 

transformed rigidity 

 

                                                     (13) 

 

3. EXPERIMENTAL STUDY 

 

In order to verify theoretical results, the experimental study 

which was conducted by the Authors [23] was utilized. For 

the sake of completeness, the details of the experimental 

study are explained herein. According to burnout test the 

volume fraction of fiber and matrix were determined as 54% 

and 46%, respectively. Interested readers can refer to 

Madenci et al [23] for more detail. In the experimental study, 

three different type of specimens were tested under three 

point loading using SHIMAZDZU universal test machine 
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shown in Fig. 2. The specimens were taken from the 

pultruded GFRP profile. Specimens CB1 and CB2 were 

taken from longitudinal direction while CB3 specimen was 

taken from the transverse direction. Dimension and fiber 

orientation of specimens are given in Table 1. 

 

 
Fig. 2. Test setup 

 

Table 1. Properties of the specimens 

Specimen Fiber 

Orientation 

Thickness 

(mm) 

Width 

(mm) 

Span 

Length 

CB1 0˚ 6 25 190 

CB2 0˚ 6 13 96 

CB3 90˚ 6 150 100 

 

Tensile tests were performed in order to measure tensile 

strength and elasticity modulus for longitudinal and 

transverse directions. Modulus of elasticities were measured 

as 23 GPa and 7 GPa for longitudinal and transverse 

directions, respectively. Stress and strain curves of the 

results of tensile test for the longitudinal and transverse 

directions are given in Fig. 3.  For more details, Özkiliç et al 

[26] can be referred.  

 
Fig. 3. The tensile test results of longitudinal direction (LD) 

and transverse direction (TD) 

 

4. NUMERICAL STUDY 

 

In the content of the study [23], the numerical study was also 

conducted to further verify the theoretical formulation. In 

this present study, the results of numerical study were also 

included herein. The numerical study was carried out using 

a commercial finite element (FE) software, ABAQUS. 

ABAQUS is a powerful and reliable tool used by many 

researchers to solve civil engineering problems [27]. The 

specimen was modeled using S4R shell elements. The 

supports and loading nose were modeled using C3D8R solid 

elements. Mesh size was determined after the convergence 

analyses. 5 mm mesh size was utilized to model the beams. 

Lamina type of material model was considered for modelling 

the beams. Elastic modulus of 23 GPa and 7 GPa was used 

for the longitudinal and transverse directions. Numerical 

model is shown in Fig. 4. More detail related to numerical 

model can be found in the study conducted by Madenci et al. 

[23].  

 
 

Fig. 4. Numerical model 

5. RESULTS 

 

In the results, 3 replicates were made for each sample 

combination. Load and displacement measurements were 

carried out 3 replicates for each sample and these values are 

given in Table 2. The obtained results are compared in terms 

of maximum displacement and maximum normal stress. 

Maximum displacements of the specimens are compared in 

Table 3. It is seen that the results of the analytical and FEM 

match very closely each other. On the other hand, 

experimental results are slightly higher than those of the 

calculated results which are analytical and FEM results. The 

differences between experimental findings and the 

calculated results are less than 1% which indicates an 

excellent agreement between experimental and the 

calculated results. 

 

Table 2. Standard deviation (SD) of specimens 

Specimen Load (N) SD Disp. (mm) SD 

CB1-1 945.3045 

13.78 

10.8512 

0.64 CB1-2 973.4536 11.9744 

CB1-3 975.5137 12.3642 

CB2-1 930.3281 

18.39 

3.5642 

0.16 CB2-2 942.1822 3.8998 

CB2-3 973.9020 3.9059 

CB3-1 372.5171 

13.39 

2.7421 

0.27 CB3-2 342.3757 2.1765 

CB3-3 368.6370 2.7613 

 

Table 3. Maximum displacements of specimens 

 Maximum displacement (mm) 

Specimen Experimentally Analytical FEM 

CB1 11.73 11.71 11.70 

CB2 3.79 3.76 3.75 

CB3 2.56 2.45 2.46 
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Table 4 demonstrates maximum normal stress occurred at 

the specimens. Similar to previous results, herein very close 

results from analytical and FEM studies are obtained 

whereas experimental results are slightly lower than the 

calculated results. Again the difference between 

experimental findings and the calculated results are less than 

1%.  

 

Table 4. Maximum normal stresses of specimens 

 Maximum normal stress (MPa) 

Specimen Experimentally Analytical FEM 

CB1 362 363 363.06 

CB2 422 421.3 421.24 

CB3 68 68.5 68.42 

 

The values obtained as a result of the analytical solution were 

very close to each other with the results of the theoretical 

solution in the study conducted by Madenci et. al. [23]. In 

the study conducted by the [23], the material properties were 

obtained by establishing a detailed mechanical model, while 

the material properties were obtained experimentally in this 

study. Thus, the results of the analytical solution and the 

results of the theoretical solution used in the study conducted 

by the Madenci et. al. [23] came close. 

 

The comparison of the load-displacement curves for CB1, 

CB2 and CB3 are given in Figs. 5, 6 and 7, respectively. It is 

seen that, all repeat tests give similar results in terms of 

maximum loading and corresponding displacement. It can 

seen from these figures that both analytical and finite 

element (FE) results can successful predict the elastic region 

of the pultruded GFRP. 

 

 
Fig. 5. The comparison of the load-displacement curves for 

CB1 

 

The composite structures produced in different production 

methods and geometries are subjected to damage analysis 

after the experimental study [28-33]. Each type of composite 

materials has their own unique damages. It is very important 

to provide feedback through the composite production 

method stage in order to determine the damage modes and to 

minimize these losses by developing the production method 

[34-46].  

 

 
Fig. 6. The comparison of the load-displacement curves for 

CB2 

 

 
Fig. 7. The comparison of the load-displacement curves for 

CB3 

 

 

Fig. 8 demonstrates damage analyses for this present study. 

For CB1 and CB2, a slight reduction in loading after 

reaching maximum loading was observed. This reduction 

was occurred due to the cracks formed in the first glass mat 

layer. With the first damage occurring and displacement 

continues to increase, interlaminar cracks (delamination) 

damages gradually occur between the glass mat and glass 

roving layers. Glass mat layers with different fiber 

configuration (multidirectional) started to be damaged 

before glass roving layers. As the increase in displacement 

continues, intralaminar cracks began to form between the 

glass roving layers. With the formation of fiber breakages 

starting in the first glass roving layer under ongoing loading 

conditions, sudden drops in the load were observed. After 

this drop in the load, the result damage occurred as a result 

of similar damages gradually occurring in other layers. 
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On the other hand, CB3 which is different from CB1 and 

CB2 suddenly failed at averagely at 361 kN due to matrix 

cracks in the fiber direction of 90˚ (glass roving). Due to the 

direction of the extraction of this specimen, the fiber 

orientations in the glass roving layer were not able to carry 

the load since they were parallel to the applied load. In this 

specimen, the load carriage was carried out through glass 

mat layers. The glass roving layer behaved like a filling 

material; therefore, it caused a low load carrying capacity. 

 

 
 

Fig. 8. Damages occurred during the experiments 

 

6. CONCLUSION 

 

This paper presents a classical laminated plate theory to 

solve bending deflection and stress. The presented analytical 

study was verified with the experimental study as well as 

numerical study. The comparisons of these studies revealed 

that the presented theoretical study can be used successfully 

to predict bending deflection and stress. The numerical 

results were also compared with the results obtained with the 

experiments and ABAQUS simulation results, and the 

results were found to be very similar. 

 

The results of the study by Madenci et. al. [23] were very 

close to the results in this article. A simpler solution method 

was used in this study by using basic equations instead of the 

complex solution used in [23] article. No mechanical model 

was used in analytical calculations and the values obtained 

from the experimental results were used. Thanks to the 

common use of experimental and analytical work, there is no 

need for complex equation solutions. 

 

In the CB1 and CB2 specimens, the glass roving and glass 

mat layers moved together and reached an average load 

capacity of 464 kN and 448 kN, respectively. Unlike the 

other specimens, only the glass mat layer carried a load and 

reached an average load capacity of 361 kN in specimen 

CB3. While damage development was observed in the CB1 

and CB2 specimens as interlaminar (delamination) and 

intralaminar cracks damage modes, in the CB3 specimen, the 

initiation of the damage was observed in the glass roving 

layer in the form of dense matrix cracks in the direction of 

fiber. 
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