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ABSTRACT 

A quasi-static indentation behavior of continuous carbon/basalt fiber reinforced epoxy hybrid composites have 

been experimentally investigated. Quasi-static testing gives a primary assessment of composites required to be 

tested under low velocity impact response. Hybrid composites were fabricated by filament winding technique at 

five different hybrid configurations consist of carbon layers and basalt layers with constant thickness. Quasi-static 

experiments were conducted utilizing two different indenter shapes through quasi-static testing machine at a 

constant loading rate of 2 mm/min. The tested samples were carefully examined with visual inspection to predict 

failure modes. Results showed the effect of hybridization in terms of force–displacement curves, energy 

dissipation and damage occurred due to quasi-static test. The indentation resistance of carbon/epoxy composites 

was significantly higher than for basalt/epoxy for both indenters used. The hybrid configurations having many 

ductile basalt fiber layers on the exterior side (i.e., samples No. 3 and 5) showed the highest maximum indentation 

force and energy absorption compared to other hybrid configurations and base composites. Furthermore, a positive 

effect of flat indenter shape in terms of indentation force and energy absorption was observed compared to the 

cylindrical indenter shape for all the tested specimens. 
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INTRODUCTION 

The use of polymer matrix composites have gradually developed as a new class of composite materials which 

have been extensively used in the engineering design of structural components. The significant properties such as 

high strength and stiffness to weight ratios, together with their good energy dissipation capabilities, fatigue 

resistance and light weight, have made a strong candidate for many structural applications including aircraft, 

automobiles and spacecraft etc. In particular, the fiber-hybrid composites have been acquired special attention to 

improve the drawbacks of single fiber composites. These hybrid components exhibit improved mechanical 

properties, possess higher toughness, greater flexibility, and are produced at relatively low cost and/or weight [1, 

2]. In this regard, basalt fibers are relatively newcomer fibers specifically, in the fiber-reinforced polymer 

composites. Besides, the promising thermal and mechanical properties of basalt fibers, ease of manufacturing as 

well as its availability and cost effectiveness make it a successful alternative to the synthetic fibers. Based on 

performance under low velocity impact conditions, several studies confirmed that the incorporation of high-

strength, low-elongation fibers (such as carbon fiber reinforced polymers) with low-strength fibers but have high 

ductility and/or high toughness (such as glass or basalt FRP) improved the impact resistance, energy absorption 

capability and damage modes compared to the primary fiber composites [3, 4].  

The quasi-static test is described as the energy absorption capability of composites when they are crushed under 

the axial loads without dynamic and rate effect. Quasi-static tests are considered the input design of impact 

resistance under low velocity impact which in turn can give valuable information of composites. It can also well 

predicts the onset of delamination damage and initial behavior of the impact. Consequently, quasi-static testing 

gives a significant analysis for the primary assessment of composite structures required to be tested under low 

velocity impact response [5]. Erkendirci et al. [6] studied the penetration resistance behavior of hybrid composite 

systems of S-2 glass/HDPE and E-glass/HDPE compared to S-2 glass/SC-15 as the baseline through the quasi-

static indentation loading. The results presented the penetration resistance behavior through a series of force–
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displacement charts in which the energy dissipated by the composites can be determined. The results showed that 

penetration energy is highly influenced by the specimens’ thickness and the diameter of support span which is 

usually higher than the punch diameter. Sutherland and Guedes Soares [5] investigated both quasi-static and 

dynamic impact testing of E-glass/polyester laminated composite to predict the validity of using more economical 

quasi-static testing to analyze the dynamic impact behaviour.  

The results showed a very good approximation of the delamination onset by the quasi-static tests with the force-

displacement response of impact tests at low to medium impact energies for all material systems considered. Thus, 

it would provide a valid method of predicting the significant initial impact damage resistance. Further research 

efforts have been done on hybrid composites to reduce the synthetic fibres utilization in polymer composites. The 

using of natural fiber polymeric composites is mainly due to their positive response to impact loading as well as 

the other factors described previously [7]. The behaviour of quasi-static penetration and ballistic impacts was 

experimentally investigated by Yahaya et al. [8]. Non-woven kenaf/Kevlar hybrid composites of three different 

configurations with varying thickness were fabricated by hand lay-up technique. The penetration resistance was 

higher in hybrid composites compared to the reference kenaf and Kevlar reinforced epoxy composites as it was 

represented by maximum force to initiate penetration. Furthermore, hybridization of kenaf/Kevlar resulted in a 

positive effect in terms of energy absorbed (penetration) and maximum load.  

Recently, Polnikorn et al. [9] studied quasi-static indentation damage of sandwich structures specifically those 

used in aeronautics as a secondary structures. Different locations of damage were analysed using a spherical 

indentor, and post-damage behaviour then investigated using pull-through until the final failure. The results 

confirmed that there is no effect on the residual strength under damage produced due to quasi-static loading. As 

such, several studies are investigated the behaviour of the composite laminates made of synthetic fibers under 

quasi-static loading. However, there is still lack of studies focused on the quasi-static response of carbon/basalt 

hybrid composites especially with cylindrical structures. The present work is aimed to investigate experimentally 

the quasi-static indentation test through the knowledge of indentation resistance and the damage mechanisms for 

the different tested samples of carbon-basalt hybrid composites. 

EXPERIMENTAL PROCEDURE 

Materials  

The continuous filament of both basalt and carbon roving fibers were used in this study as reinforced materials in 

the epoxy resin. The carbon fiber used in this study is a roving continuous wrapped-up, unidirectional, un-twisted 

filaments T-700 carbon. The properties of T-700 carbon fiber are monofilament diameter of 13 μm, linear density 

of roving 1200 tex (g/km) and the density of 1.80 g/cm3 as received from the supplier’s data sheet. Basalt rovings 

in the form of continuous filaments were used with a filament diameter of 15 μm, linear density of roving 2400 

tex (g/km) and the density of 2.65 g/m3. The composite fibers used are reinforced in a matrix made of liquid epoxy 

resin D.E.R.TM 331 with a density of 1.16 g/cm3 mixed with a specific hardener type used in the curing process. 

Specimens fabrication and preparation process 

The composite cylindrical pipes used in this study were fabricated through filament winding technology. In the 

filament winding (FW) process, the fiber filaments are wetted with the resin and then wound around a rotating 

mandrel at selected design angles to achieve the design requirements. Then, the structure is cured to produce the 

composite part and the mandrel is removed. This method is normally used with fiber reinforced polymer 

composites. A multiple of carbon and basalt fiber layers was arranged together to form the hybrid composite 

specimen. Different stacking sequences were selected and arranged based on the positioning of fiber in the 

laminates and the fiber content ratios. Two fiber content ratios were considered namely, 50:50 and 75:25 of 

carbon/basalt fibers. The characterization of cylindrical samples is reported in detail in Table 1. Constant winding 

angles of [±55°/90°2/±55°/90°2] layup with combined helical and hoop winding were utilized for both composite 

samples. The selection was adopted to compromise between winding angle of ±55° which is the best angle under 

internal pressure loading and 90° hoop angle which provides consolidation for cylindrical part in the conventional 

filament winding and also resists internal/external loading [10, 11]. This combination of winding pattern (helical 

and hoop) in turn will fill the analysis gap for the composite cylindrical structures under low velocity impact 
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loadings [12]. All the composite cylindrical pipe configurations were produced using eight layers with a similar 

fiber volume fraction of around 45-48%. The manufactured filament wound rings have an internal diameter of 85 

mm and an average thickness ranging from 3.0-3.25 mm. The curing process was carried out at 80°C for 2 h and 

post cured at 120°C for 2 h.  

Table 1. Stacking sequence arrangement of carbon-basalt hybrid specimens 

Spec. 

Code 
Specimen Details 

Stacking 

Sequence 
Fiber Content 

Thickness 

(mm) 

No. 1 All carbon fibers C8 100 % C 3.13 

No. 2 All basalt fibers B8 100 % B 3.23 

No. 3 Basalt fibers at outermost layers C4 B4 

50 % C 

50 % B 

 

3.26 

No. 4 Carbon fibers at outermost layers B4 C4 3.15 

No. 5 
Alternate layers of carbon and 

basalt fibers 
C2 B4 C2 3.22 

No. 6 
Specimens of carbon fibers at 

exterior  
B2 C6 75 % C 

25 % B 

 

3.14 

No. 7 
Alternate layers of carbon and 

basalt fibers 
C2 B2 C4 3.21 

 C is the carbon fiber, B is the basalt fiber, and the sequence is from the inside to the outside of the pipe.  

Quasi-static indentation resistance test 

Quasi-static indentation test was conducted to study the indentation resistance of composites. The study was 

focused on the indentation process including indentation resistance, energy absorption as well as the damages 

obtained by cylindrical composite specimens. All specimens were tested by universal testing machine (UTM) 

system, WDW-200E model as shown in Fig. 1(a-b), with the setup test of specimens. The machine is supplied 

with a 200 KN load cell which used in this test. All the tests were carried out at room temperature under the 

standard laboratory situation. A collection of quasi-static tests (QST) was carried out utilizing a smooth surface 

consolidated steel indenters with two different shapes namely, flat tip and cylindrical shape tip. Each indenter was 

attached with the testing machine tightly from the top. Both projectiles' shapes were used with a custom clamping 

fixture for this test as shown in Fig. 1(a-b). The static tests were performed with displacement control of cross-

head movement at a constant loading rate of 2 mm/min. The Load and displacement of indenters data were 

obtained, so that the force–displacement charts were announced. Finally, after the tests were achieved, some of 

the specimens were cut along the damaged area using a diamond saw to predict the surface damage.  

 

(a) 
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(b) 

Figure 1. Quasi-static indentation equipment (a) flat indenter (b) cylindrical indenter 

RESULTS AND DISCUSSION 

Quasi-static indentation test 

In order to predict the indentation process of selected fiber-reinforced polymer composites, a quasi-static 

indentation test was performed. The results of the test were presented and analyzed in terms of force–displacement 

curves, energy absorption (indentation energy) and damage mechanisms. The resulting curves from quasi-static 

indentation test presented in this work are generally consisted of three main regimes, which are elastic (initial 

failure), damage (indentation region) and friction regions. These regions have also been observed in similar 

previous work by Yahaya et al. [8] for hybrid laminated composites. Firstly, the initial failure was occurred on 

the loaded side of specimens as demonstrated in the initial linear segment, indicating the onset of indentation 

region occurrence. This is due to the initial elastic bending rigidity which results in matrix cracking and initiation 

of delamination on the specimens. Then load fluctuations were observed after initial indentation as a result of the 

indenter moving through the thickness of composites which led to push the fibers aside until matrix failure was 

observed [8].  

As a result of continuous loading of indenter, a fiber breakage occurred as part of the composites failure 

mechanism causing an incidental increase in the force observed in some of the samples. Consequently, a decrease 

in the maximum indentation force was observed after the fluctuations region as a result of the specimen final 

failure indicating the initiation of fiber–matrix failure, followed by fiber breakage. The third zone was the 

descending area of load which was represented by the residual frictional force as reported by Ursenbach et al. 

[13], which described the force–displacement charts of carbon fiber reinforced polymer composites during 

penetration process. The quasi-static indentation tests of reference composites are shown in Fig. 2 (a-b). Figure 

2-a shows the force-displacement curves (F-D) of carbon fiber reinforced polymer (CFRP) while Fig. 2-b for 

basalt fiber reinforced polymer (BFRP) for different indenter shapes. The indentation force resistance of carbon 

FRP was significantly higher than for basalt FRP for both indenter shapes. This is due to the higher mechanical 

properties of carbon FRP compared to the basalt FRP especially, for tensile and compressive strength. 

  

(a)                                                                        (b) 

Figure 2. Force-displacement curves under quasi-static loading for different penetrators (a) CFRP (b) BFRP 
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Specifically, carbon fiber reinforced polymer composites was observed to have higher compression performance 

than the basalt and glass FRPs as reported by Farhood et al. [1, 2], respectively. Meanwhile, the basalt sample 

showed the final failure and maximum indentation force with a higher maximum displacement compared to the 

carbon sample for both indenters used. This behaviour confirmed the low strain to failure property of carbon fibers 

compared to the basalt fibers as reported by previous studies [4, 14]. Table 2 summarized the main features of 

quasi-static test such as maximum indentation force, displacement at maximum force and indentation energy for 

each of the indenters used. On the other aspect, Figures 3-5 showed the force-displacement charts for all the hybrid 

configurations of carbon-basalt fiber reinforced polymer composites captured from quasi-static equipment used. 

Although the carbon sample exhibited better indentation resistance compared to the pure basalt sample, the hybrid 

samples specifically No. 3 and No. 5 showed a significant improvement in the indentation resistance and energy 

dissipation capability compared to the carbon sample for each of flat and cylindrical indenters (see Figs. 3-4). The 

presence of basalt fibers having more ductility with plenty layers on the exterior side of cylindrical specimens 

together with carbon fiber layers was behind this improved response.  

Table 2. Main features of carbon-basalt hybrid specimens under quasi-static testing 

Spec. 

Code 

Max. Indentation Force (KN) 
Displacement at  

Max. Force (mm) 
Indentation energy (J) 

Flat 

Indenter 

Cylindrical 

Indenter 

Flat 

Indenter 

Cylindrical 

Indenter 

Flat 

Indenter 

Cylindrical 

Indenter 

No. 1 1.96 1.76 8.64 3.80 20.12 15.08 

No. 2 1.12 0.68 27.98 7.78 23.90 10.01 

No. 3 4.04 3.96 7.17 2.66 47.83 25.85 

No. 4 1.24 0.48 4.93 7.97 8.72 4.69 

No. 5 3.04 3.02 7.76 2.36 27.27 22.35 

No. 6 1.12 0.92 12.02 12.54 20.55 14.26 

No. 7 2.04 1.16 7.30 5.76  21.09 14.86 

This behavior has also been confirmed on the preference of basalt fibers on exterior layers of carbon-basalt hybrid 

composite pipes compared to the other configurations under low velocity impact response as indicated by Farhood 

et al. [4]. Similarly, the same scenario was also observed with a best configuration when Kevlar fiber was existed 

in the exterior layers on the kenaf–Kevlar hybrid composites under quasi-static loading as reported by Yahaya et 

al. [8]. For the hybrid samples No. 6 and 7 having high carbon fiber content, a better response has been observed 

under quasi-static loading on the samples using flat indenter compared to the cylindrical indenter (see Fig. 5). 

Furthermore, the indentation resistance is still low by these specimens despite of increasing in the carbon fiber 

layers with a slightly improvement on the sample No. 7 because of alternating layering sequence. Consequently, 

there is no appreciable effect of increased carbon fiber layers at the exterior side of samples on the indentation 

resistance. 
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Figure 3. Force-displacement curves for hybrid samples No. 3, 4 and 5 under quasi-static loading with flat 

penetrator shape 

 

Figure 4. Force-displacement curves for hybrid samples No. 3, 4 and 5 under quasi-static loading with 

cylindrical penetrator shape 

 

Figure 5. Force-displacement curves for hybrid samples No. 6 and 7 for both penetrator shapes under quasi-

static loading 
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Through all the presented force-displacement charts of carbon–basalt hybrid composites due to the quasi-static 

indentation tests, the indentation energy is measured based on the area under these curves. This energy also 

represents the energy absorption capability of the specimens under the quasi-static tests. Based on Table 2, the 

results indicated that the hybrid composite sample No. 3 has the highest energy absorption and maximum 

indentation force compared to other composite configurations, followed by sample No. 5. This good behaviour of 

sample No. 3 is attributed to the high strain to failure ratio of basalt fibers which positioned on the exterior side 

of cylindrical composites. Thus, the hybrid sample No. 3 possess better indentation resistance and energy 

compared to other hybrid samples. In the hybrid sample No. 5, it is believed that the alternative layering sequence 

with a similar number of basalt layers was behind this improved response. The characteristic of this hybrid sample 

showed different stiffness and friction coefficient thus, the indentation mechanism is improved. Accordingly, 

several literature have indicated that the impact resistance and indentation process are strongly affected by the 

stacking sequence of the layers rather than the fiber content ratio [4, 8].  

Effect of indenter shape on QST indentation test 

From all the recorded charts shown previously (Figs. 2 to 5), the effect of flat indenter shape was significantly 

distinct in terms of quasi-static indentation parameters compared to the cylindrical indenter shape for all the tested 

specimens. It was observed that the maximum indentation force and energy dissipation capability were of higher 

values for all composite cylindrical specimens with a flat indenter shape compared to the cylindrical indenter 

shape. This behavior can be interpreted well based on the linear indentation behaviour for indentation tests on 

specimens fully supported on a thick steel bed applied successfully on FRP by Sutherland [5] which represents 

the developed analysis for Hertzian power law. As the flat indenter has higher radius than cylindrical indenter, 

this will increase the critical indentation force (𝐹𝑐𝑟𝑖𝑡) at which delamination initiated based on the following 

equation [5],  

𝐹𝑐𝑟𝑖𝑡
2 = [

6𝐼𝐿𝑆𝑆3𝜋3ℎ3

𝐸
] 𝑅1                                                                                                                                           (1) 

where, (ILSS) is the interlaminar shear strength, (h) laminate thickness, (E) Young’s modulus and (R1) is the 

indentor radius. Likewise, Yang and Cantwell [15] successfully applied Eq. (1) to represent the critical 

delamination force for impact tests on simply supported cross-ply E-glass/epoxy circular specimens, and used it 

to explain the modification of delamination force with indentor radius R1. In particular, the hybrid configurations 

No. 3 and 5 showed the highest effect of indentation resistance and energy dissipation capability under quasi-

static indentation test. Furthermore, the maximum indentation force has been observed at the highest of maximum 

displacement with these specimens which indicates that the failure occurred in the late stages. 

Damage assessment 

Different damage patterns have been observed on the samples under quasi-static test for both indenters used. 

Generally, from the visual inspection of the samples, a clear indentation damage showed on the outer surface of 

cylindrical composite specimens near the indentation region. It is noteworthy that the samples did not suffer from 

both penetration and perforation under quasi-static loading for both indenters used. Figure 6 (a-b) shows the failure 

modes in the lateral and front views for both flat and cylindrical penetrators under quasi-static loading. In 

particular, specimens suffered from permanent visible damages indicating of cracks, delamination (separation of 

layers), splitting and extreme fiber breaking on the samples.  
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(a)                                                                           (b) 

Figure 6. Failure modes of samples under quasi-static loading (a) flat penetrator (b) cylindrical penetrator 

CONCLUSIONS 

In this work, carbon–basalt hybrid composites consisted of continuous filament carbon and basalt roving fibers 

was fabricated in five different layering sequences based on the fiber content ratio and stacking sequence of layers. 

The current study investigated the effect of hybridization, layering sequence and fiber content ratio of carbon–

basalt hybrid composites on the indentation process due to quasi-static testing. Based on the results, the following 

conclusions are made: 

1) The indentation resistance of carbon FRP was significantly higher than for basalt FRP for both indenter 

shapes. Meanwhile, the basalt sample showed the final failure and maximum indentation force with 

higher maximum displacement as compared to the carbon sample for both indenters used. 

2) The incorporation of basalt fiber layers at the exterior layering sequence of cylindrical samples (carbon 

at the innermost layers) exhibited better indentation resistance and higher energy absorption for both flat 

and cylindrical indenters. 

3) The hybrid specimens having many ductile basalt layers on the exterior side specifically samples No. 3 

and 5 produced a significant improvement in the indentation resistance and absorbed energy compared 

to the carbon epoxy composites and other hybrid configurations. 

4) A positive effect of both the quasi-static indentation force and indentation energy was observed for the 

flat indenter compared to the cylindrical indenter shape for all the tested specimens. 
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