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Abstract: Carbon fibre pultruded rods are used in structural applications across a wide range of 

industries due to their lightweight, corrosion/fatigue resistance and outstanding properties in 

the axial direction. While there is available literature on the mechanical characterisation of 

pultruded rods under tension and bending, very little has been reported about their compression 

response. The characterisation of the mechanical performance of pultruded rods under uniaxial 

direct compression is challenging due to the high sensitivity to alignment, stress concentrations 

in the gripping zone, and the complexity of specimen manufacturing, especially when the rods 

can be of small diameter (~1mm). 

Existing literature reports the use of the compression side of a beam under bending to test 

materials with high axial stiffness and strength such as carbon fibre laminates. In this work, we 

show the applicability of such idea on pultruded rods. We report on the design of a novel bending 

experiment to characterise the compression behaviour of pultruded rods, ensuring low strain 

gradient and consistent failure within the gauge section.  
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1. Introduction 

Continuous fibre non-crimped composite materials usually display their maximum strength and 

modulus in the direction of the fibre, in particular, under tensile loads. However, in compression, 

due to various factors such as fibre waviness and pre-existing defects, instabilities such as micro 

buckling, lead to premature failure, and a poorer compression performance [1-4]. Literature 

reports compressive strengths in the fibre direction below 60% the tensile strength [1]. 

Composite pultruded rods tend to exhibit a better fibre alignment than laminates; therefore, 

they stand as an alternative to improve the compression performance of fibre composites [2]. 

However, measuring the improved compression performance poses a challenge from the 

experimental point of view. Materials with high axial stiffness like composites tend to fail in the 

gripping areas due to stress concentrations caused by system applying the load. 

Direct compression experiments have been previously reported in literature. For example, 

Soutis [2] and Clarke [3] made use of direct compression to measure the strength and strain to 

failure of carbon fibre pultruded rods. Both studies reported that failure would sometimes take 

place in the vicinity of the loading endcaps, due to stress concentrations. In addition, sample 

preparation was costly and time consuming, and the system would be highly sensitive to the 

final alignment of the assembly.  
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An alternative method to introduce compression in a specimen is via bending. In a beam 

subjected to bending, one side would be in tension while the opposite side would be loaded in 

compression. This approach has been used in composite laminates and sandwich beams [5]. In 

this work, we extend that approach to design a novel four-point bending test to conduct 

compression tests in pultruded rods that can provide with consistent failure within the gauge 

section.  

2. Experiment design 

2.1 Material and specimen concept 

The concept is shown in Figure 1a. It consists of a pultruded rod glued on top a channelled beam 

under bending. The beam is loaded symmetrically in four-point bending mode with a total force 

𝑃. The span length is 𝐿 and distance between loading pins of 𝐷 (Figure 1b). The rod will be loaded 

in compression due to bending of the assembly, while the bottom side of the beam will be in 

tension. The beam also has a through thickness cut to allow direct view of the composite 

pultruded rod. 

The material considered for this design exercise was a 0.8mm diameter carbon fibre pultruded 

rod, commercially available from Easy Composites (Easy Composites Ltd, UK).  The beam was 

made of Poly (methyl methacrylate) (PMMA).  

 

Figure 1. Beam: a) Concept; b) Geometric parameters. 

 

Figure 2. CFRP Pultruded rods used in the study. 

2.2 Design criteria 

Six design criteria/guidelines were followed for the design of the experiment. 

a. Beam theory 

From beam theory, a beam under symmetric four-point bending will have a maximum flexural 

stress 𝜎𝑓 of:  

𝜎𝑓 =  
3𝑃𝐿

2𝑏ℎ2 (1 −
𝐷

𝐿
)            (1) 
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Keeping the total load 𝑃 constant, a smaller ratio 
𝐷

𝐿
 will be required to obtain a higher maximum 

flexural stress. A ratio D/L=1/4 was chosen for this design exercise. 

b. Buckling of rod free length 

The exposed free length of the pultruded rod is at risk of buckling as it can be considered a 

slender structure. Analytically, the critical length for Eulerian buckling was calculated to be 7.4 

mm, for the extreme case of pinned ends. A free length of 5mm was selected. 

c. Total load 

The total load P required to introduce a compressive stress in the pultruded rod high enough to 

trigger compressive failure, should be within the limits of available testing equipment. 

d. Beam structural integrity 

The beam material should not fail in tension or compression before the pultruded rod has 

reached a stress equal to its compressive strength.  

e. Bending percent in the rod 

Under direct compression of a rectangular laminate specimen, the standard ASTM D6641 

recommends the use of 2 strain gauges. Even though the specimens do not buckle, opposite 

sides of the coupons will exhibit different strains due to a certain degree of bending.  The strain 

measured with the two strain gauges 𝜀1 and 𝜀2 define the bending percent 𝐵𝑦 as in Eq. (2). 

According to the standard, the bending percent is acceptable when it is under 10%. 

𝐵𝑦 =
𝜀1−𝜀2

𝜀1+𝜀2
× 100%                  (2) 

Similarly, in our proposed experiment, the strains in opposite ends of the specimen will not be 

the same. Fig. 3 shows the detail of the exposed free length of the pultruded rod. Following the 

definition of bending percent, the strain 𝜀1 was measured in the “orange” dot, while 𝜀2 was 

measured in the “green” point, in the axial direction in both cases.  

 

Figure 3. Detail of the exposed free length of the pultruded rod. The “orange” side will be at a 

higher compressive strain than the “green side” 

f. Maximum stresses in rod 

The final design should yield a maximum stress within the gauge length of the pultruded rod. 

Criteria c, d, e, and f were verified via the virtual experiment described in the next section. 
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2.4 Geometry optimisation and virtual experiment 

A virtual experiment (see Fig. 4) was setup using Abaqus 2017 (Dassault Systèmes Simulia Corp, 

USA). The rods and beam were meshed with linear brick solid elements C3D8R. The behaviour 

of the composite pultruded rod and the beam were assumed linear elastic. The loading pins and 

roller supports were modelled as rigid parts. The material properties assigned to all parts in the 

FE model are summarised in Table 1. 

Table 1: Material properties used for the PMMA beam and the CFRP rod within the FE model. 

 𝐸, 𝐸11(𝐺𝑃𝑎) 𝐸22(𝐺𝑃𝑎) 𝜈 (𝜈12) 𝐺12(𝐺𝑃𝑎)  𝐺23(𝐺𝑃𝑎) 

PMMA 3.2  0.33   

CFRP 174 8.34 0.31 4.55 2.6 

Loading pins/ 

Roller supports 
Rigid     

 

 

Figure 4. Meshed model of the experiment. 

The geometry of the beam was modified by trial and error to minimise the bend percent on the 

pultruded rod specimen defined in Eq. 2. A manual iteration of the various geometric 

parameters ℎ, 𝐷, 𝐿 was conducted to ensure that the resulting 𝐵𝑦 is within the acceptable range. 

The results of the various values of bending percent for 3 different combinations of geometric 

parameters, with the rod loaded at the same compressive stress of 1.2 GPa are shown in Table 

2. 

Table 2: Iteration of geometric parameters. 

Iteration ℎ (𝑚𝑚) 𝐷 (𝑚𝑚) 𝐿 (𝑚𝑚) 𝐵𝑦(%) 

1 20 20 60 10.8 

2 20 20 80 11.1 

3 30 20 80 3.0 
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The values of ℎ = 30𝑚𝑚, 𝐷 = 20𝑚𝑚, 𝐿 = 80𝑚𝑚 was chosen for the final design. For that 

case, the axial stresses along 40 mm of the central section of the pultruded rod (Fig. 5a) is 

displayed in Fig. 5b. It is observed that the higher stresses are within the gauge section. The 

simulation results also showed strains under 2% in the PMMA beam, ensuring that it will not fail 

during the test. 

 

Figure 5. Axial stress along the centreline of the rod: a) Centreline path, b) Axial stress along 

path. 

3. Experimental 

The experiment was conducted in quasi-static regime in the servo-hydraulic machine Instron 

8872. The load was acquired with a 25 kN load cell. The pultruded rod was prepared with black 

speckle over a white background to obtain the history of strains via digital image correlation. 

Fig. 6 shows a snapshot of the free length of the pultruded rod specimen, right after fracture. 

The fracture took place within the gauge length suggesting that the design process successfully 

minimised stress concentration at the ends. 

 

Figure 6. Compressive failure of the pultruded rod. 
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4. Conclusions and future work 

The proposed methodology provides with compression fracture within the gauge length and 

stands as an advantageous alternative to direct compression due to the simpler specimen 

preparation, and the reduction of stress concentrations. The method will be used for a complete 

series of specimens of various composite rod systems obtained by pultrusion. 
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