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Abstract: Processing-induced variations play a crucial role in defining the mechanical 15 

anisotropy and structural efficiency of fiber-reinforced polymer (FRP) composites. This study 16 

investigates the multiaxial mechanical behavior and anisotropy of unidirectional carbon 17 

(CFRP), glass (GFRP), and basalt (BFRP) epoxy composites fabricated using two controlled 18 

processing techniques: hand layup (HLU) and vacuum-assisted resin transfer molding 19 

(VARTM). Process-based density, fiber volume fraction, and void content are quantitatively 20 

correlated with tensile, compression, in-plane shear, flexural, and interlaminar shear properties. 21 

Across all fiber types, VARTM produces higher fiber volume fraction and lower void content, 22 

enhancing stiffness-dominated behaviors and interlaminar load transfer, while HLU shows 23 

improvements in longitudinal compression strength for selected laminate systems. The 24 

stiffness- and strength-based anisotropy indices indicate that the processing technique governs 25 

the directional contrast in the longitudinal, transverse, bending, and shear responses. VARTM 26 

increases tensile and compressive anisotropies in CFRP and BFRP, demonstrating fiber-27 

dominant load transfer, while reducing compression and flexural anisotropies in GFRP due to 28 

its transverse fiber-knitting architecture. Interlaminar shear indices indicate that VARTM 29 

improves shear-transfer efficiency in CFRP and BFRP. Analysis of variance (ANOVA) 30 

confirms significant statistical effects of fiber type, manufacturing process, and their 31 
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interaction. These findings establish a clear process-structure-anisotropy relationship for 32 

understanding the effect of manufacturing process on the directional mechanical behavior of 33 

FRP laminates, guiding the design and optimization of lightweight automotive composite 34 

structures. 35 

Highlights: 36 

• VARTM improves microstructural quality: higher 𝑉௙ and lower void content (< 2%) 37 

• VARTM increases tensile and compression anisotropy in CFRP and BFRP 38 

• VARTM–GFRP exhibits low compression & flexural anisotropy due to fiber 39 

architecture 40 

• ILSS translation index decreases for VARTM–CFRP and BFRP: better delamination 41 

resistance 42 

• ANOVA shows manufacturing affects all properties, except long. compression strength 43 

Keywords: Fiber-reinforced composites, Manufacturing process, Multiaxial mechanical 44 

characterization, Mechanical anisotropy, Automotive composites. 45 

1. Introduction 46 

In modern automotive design, a lightweight design approach is a key strategy for improving 47 

fuel economy, extending electric vehicle driving range, and reducing emissions [1]. Fiber-48 

reinforced polymer (FRP) composites have emerged as alternatives to conventional materials 49 

in many automotive components, such as door panels [2], bumper beams [3], and floor and 50 

rocker panels [4], owing to their high strength-to-weight ratio, fatigue durability, and corrosion 51 

resistance [5]. However, unlike metals, FRPs exhibit strong directional dependence 52 

(anisotropy) that is highly sensitive to the manufacturing methods. Variations in manufacturing 53 

processes result in differences in fiber compaction, fiber volume fraction, resin infiltration, and 54 

void content, which significantly influence the mechanical behavior of the composites [6]. 55 

Their suitability for automotive structures depends not only on longitudinal tensile properties 56 

but also on transverse, compressive, shear, flexural, and interlaminar responses, as these 57 

properties govern composite behavior under complex loading conditions. This is particularly 58 

important because automotive components are subjected to multiaxial loading during bending, 59 

vibration, crash, compression, torsion, and impact events [4]. Thus, for a reliable design of 60 

automotive components, it is essential to understand the process-induced mechanical behavior 61 

and the evolution of anisotropy in unidirectional FRP composites. 62 
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Traditional composite laminate manufacturing processes include hand layup (HLU), spray-up, 63 

injection molding, compression molding, resin transfer molding (RTM), and autoclave curing 64 

[7]. Among these, HLU and vacuum-assisted resin transfer molding (VARTM), a closed-mold 65 

RTM variant, represent two contrasting processing routes that inherently generate different 66 

compositional states, and thus different anisotropic mechanical responses. The HLU process, 67 

although labor-intensive, remains widely used for prototyping marine structures, laboratory-68 

scale research, and small-scale applications due to its simplicity and low cost [8]. In contrast, 69 

VARTM offers superior control over fiber compaction and matrix infiltration, resulting in 70 

stronger fiber-resin interfacial bonding and reduced porosity [9].  71 

Comparative studies consistently demonstrate the effect of manufacturing process on the 72 

absolute mechanical properties of FRP composites. VARTM-processed CFRP often achieved 73 

higher tensile, compressive, and flexural properties than HLU, primarily due to improved fiber-74 

resin bonding and reduced void content [10-12]. Although the improvements in longitudinal 75 

properties are noted, the studies did not measure or analyze corresponding transverse properties 76 

to quantify anisotropy. Similarly, GFRP also demonstrated improvements in longitudinal 77 

tensile, compression, flexural, and interlaminar shear properties with VARTM, emphasizing 78 

the roles of reduced void content, higher fiber volume, and improved fiber wetting [13-16]. 79 

Similarly, BFRP, despite its high tensile strength, good thermal resistance, cost-effectiveness, 80 

and eco-friendly production method, remains comparatively unexplored [17]. Several studies 81 

reported improvements in the tensile, flexural, and interlaminar shear properties of BFRP under 82 

VARTM [18,19]. In contrast, contradictory evidence exists where bulky fabric architectures 83 

and vacuum-induced dry spots resulted in poor fiber wetting and localized void content [18], 84 

which improved the transverse tensile strength and interlaminar shear strength compared to 85 

VARTM [19]. These contradictory trends directly affect the longitudinal-transverse contrast, 86 

yet the anisotropy was not evaluated. 87 

Although reported improvements are often expressed as absolute gains, the structural 88 

performance of unidirectional composites is governed not only by the magnitudes of the 89 

individual properties but also by the directional relationships among them. Despite extensive 90 

research on the manufacturing-induced variations in mechanical properties, the effect of the 91 

manufacturing process on the anisotropic mechanical response remains poorly understood. It 92 

is well understood that the manufacturing process alters fiber volume fraction, resin uniformity, 93 

fiber alignment, and void content. But this, in turn, modifies the relative balance among 94 

longitudinal, transverse, bending, and shear load-carrying mechanisms. Two laminates that 95 
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exhibit similar improvements in absolute properties may exhibit different directional 96 

mechanical behavior and structural efficiency.  97 

The critical knowledge gap is that, while prior work reports absolute changes in isolated 98 

constitutive parameters, it rarely interprets these process-driven variations in terms of their 99 

influence on anisotropic mechanical response under multiaxial loading conditions. 100 

Furthermore, existing studies rarely quantify directional dependency using anisotropy metrics. 101 

While a few studies explored the directional dependency across alternative structural mediums 102 

such as aramid/nylon knitted composites [20] and polyurethane foams [21], Hamanaka et al. 103 

[22] evaluated the flexural anisotropy of glass fibers using longitudinal-to-transverse flexural 104 

modulus and found that the anisotropy increases linearly with glass fiber content up to 50%. 105 

However, these studies focus on material architecture rather than on the evolution of 106 

manufacturing-induced anisotropy.  107 

Accordingly, the primary objective of this study is to investigate the evolution of process-108 

induced anisotropy in unidirectional CFRP, GFRP, and BFRP laminates manufactured using 109 

HLU and VARTM. Unlike previous studies that focus predominantly on individual mechanical 110 

properties, the present work systematically quantifies the degrees of anisotropy derived from 111 

tensile and compressive responses, as well as the flexural and interlaminar shear translational 112 

indices. By correlating experimentally determined fiber volume fraction and void content with 113 

multiaxial mechanical properties, the study establishes a process-structure-anisotropy 114 

relationship that links manufacturing-induced microstructural variations to directional 115 

mechanical performance. As automotive composite structures are subjected to combined 116 

tensile, compression, bending, and shear loading, understanding the effect of the manufacturing 117 

process on anisotropy evolution is vital for translating constitutive-level improvements into 118 

reliable structural performance. 119 

2. Materials and manufacturing 120 

2.1. Materials 121 

High-performance unidirectional fibers, including carbon, E-glass, and basalt, are used as the 122 

primary reinforcements in this study. The matrix system consists of a commercial-grade 123 

thermosetting bisphenol A diglycidyl ether (DGEBA) epoxy resin (Araldite® LY 556) paired 124 

with an aliphatic amine hardener (HY 951), both procured from Herenba Pvt. Ltd., Chennai, 125 

India. A strict stoichiometric resin-to-hardener weight ratio of 100:10 is maintained across all 126 
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fabrications, as recommended by the manufacturer. The physical and mechanical properties of 127 

the fibers and resin are listed in Table 1 [25,26]. 128 

Table 1. Physical and mechanical properties of fibers and resin 129 

Property Carbon E-glass Basalt Epoxy LY556 

Density (g/cm3) 1.76 2.54 2.67 1.2 

Areal weight (GSM) 400 400 380 - 

Ply thickness (mm) 0.4 0.4 0.38 - 

Tensile strength (MPa) 4900 2450 2850 52 

Tensile modulus (GPa) 230 80 90 3.2 

Elongation at break (%) 1.5 2.5 3.15 6 

2.2. Manufacturing Methods 130 

Composite laminates measuring 400 × 400 mm are manufactured for each fiber type using two 131 

distinct manufacturing methods: HLU and VARTM. For tensile, in-plane shear, compressive, 132 

and flexural characterization, the laminates are manufactured to yield a thickness of 1-2 mm. 133 

For the interlaminar shear testing, the ply count is increased for the final laminate thickness of 134 

4 mm. All laminates are reinforced with a principal fiber orientation (0°) and designed for a 135 

nominal fiber volume fraction of approximately 50%, which is experimentally verified in 136 

subsequent sections. 137 

2.2.1. Hand Layup Process 138 

A schematic representation of the open-mold hand layup process is shown in Fig. 1. The resin-139 

hardener system is thoroughly mixed under ambient conditions, followed by vacuum degassing 140 

to minimize air entrapment. To facilitate demolding, the mold surface is coated with a thin film 141 

of hydraulic oil, and a thin plastic sheet is placed over it. A thin resin layer is coated before the 142 

first fiber layer is placed, and the fibers are gently hand-pressed to promote impregnation. Air 143 

bubbles are removed using manual rolling and gentle pressing. This process is repeated until 144 

all the plies are impregnated with resin. Upon completion, a mild steel plate is secured on the 145 

mold to apply uniform compaction pressure, promoting consistent fiber compaction and 146 

laminate consolidation. The assembly is left to cure for 24 h at 36 °C, followed by a post-curing 147 

for 5 h at 100 °C in an air oven. 148 
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 149 

Fig. 1. Schematic representation of the hand layup process 150 

2.2.2. Vacuum-Assisted Resin Transfer Molding Process 151 

The experimental setup for the VARTM process is schematically shown in Fig. 2. A 12 mm-152 

thick acrylic plate serves as the mold surface, which is cleaned with acetone to remove 153 

contaminants and coated with mold-release wax to facilitate demolding and achieve a smooth 154 

finish. Dry fibers are stacked on the mold surface and sequentially covered with a peel ply, 155 

infusion mesh, and vacuum bagging film. The perimeter is sealed using sealant tape. A vacuum 156 

pump is engaged to apply a continuous negative pressure of -97 kPa (relative) to remove the 157 

residual air and apply a uniform consolidation pressure. Resin is introduced under vacuum, 158 

ensuring full wet-out through the fiber layers and promoting complete impregnation. After 159 

infusion, the laminate remains under vacuum during curing (24 h at 36 °C), followed by post-160 

curing at 100 °C for 5 h in an air oven. 161 

 162 

Fig. 2. Schematic representation of the VARTM process 163 
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3. Experimental Methods 164 

This section provides a brief description of the experimental configurations and analytical 165 

formulations utilized to determine the bulk physical properties (density, fiber volume fraction, 166 

and void content) and the multiaxial mechanical properties of the composite laminates. All tests 167 

are conducted in accordance with ASTM standards. Furthermore, the procedures for evaluating 168 

anisotropy indices and for statistical analysis are also explained in detail. 169 

3.1. Density, Fiber Volume, and Void Fraction Analysis 170 

Experimental bulk density is determined using ASTM D792 [25]. Each specimen is weighed 171 

first in ambient air and subsequently in fully immersed distilled water. The reduction in 172 

apparent weight corresponds to the volume of displaced liquid. The composite density is 173 

calculated using Eqn. 1. 174 

௖ߩ = [ ௔ܹ௜௥௔ܹ௜௥ − ௪ܹ௔௧௘௥] ×  ௪௔௧௘௥ (1)ߩ

where, ߩ௖ and ߩ௪௔௧௘௥ represent the densities of the composite and water (g/cm³), respectively, 175 ௔ܹ௜௥ and ௪ܹ௔௧௘௥ represent the specimen weight in air and in water (g). 176 

The experimental density is benchmarked against the theoretical composite density, calculated 177 

using the rule–of–mixtures formulation in Eqn. 2: 178 ߩ௧௖ =  𝑉௙ߩ௙ +  (1 − 𝑉௙)ߩ௠ (2) 

where ߩ௧௖ is the theoretical density (g/cm³), 𝑉௙ is the nominal fiber volume fraction (0.50), ߩ௙ 179 

and ߩ௠ are the constituent densities (g/cm³) of the fiber and resin, respectively. The percentage 180 

deviation (∆ߩ) from the theoretical density is computed using Eqn. 3, 181 

= ߩ∆ ௖ߩ ) − ௧௖ߩ௧௖ߩ  ) × 100 (3) 

The matrix acid digestion method (ASTM D3171 Procedure A: matrix digestion using nitric 182 

acid) is used to determine the fiber volume fractions and void content [26]. Specimens 183 

measuring 50 × 10 mm are cut from three regions of the laminate, weighed, and subsequently 184 

immersed in concentrated nitric acid (69%–72%) at 80 ºC, inside a laboratory fume hood for 5 185 

h. The solution is filtered, and digestion is repeated until the matrix is completely degraded. 186 

Following full matrix degradation, the fibers are filtered, rinsed twice with water and acetone, 187 

dried, and weighed. The final fiber volume fraction  (𝑉ி)  and volumetric void fraction (𝑉௏) 188 

are calculated based on Eqns. 4 and 5, 189 
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𝑉ி =  [ ௙ܹ/ߩ௙௖ܹ/ߩ௖  ] × 100 (4) 

𝑉௏ =  [1 − ( ௙ܹ ⁄௙ߩ ) + (( ௖ܹ − ௙ܹ) ⁄௠ߩ )( ௖ܹ ⁄௖ߩ ) ]  × 100 (5) 

where ௖ܹ and ௙ܹ are the weights of the composite and fibers (g), respectively. 190 

3.2. Mechanical Testing 191 

The composite laminates are characterized for their mechanical properties, including tensile, 192 

compression, in-plane shear, flexural, and interlaminar shear tests. The corresponding 193 

specimen designations are summarized in Table 2. Three samples are tested for each specimen, 194 

and the average values with standard deviations are mentioned. 195 

3.2.1.Tensile Characterization 196 

Uniaxial tensile tests are performed according to ASTM D3039 [27] along both the longitudinal 197 

(0°) and transverse (90°) fiber direction to determine the respective moduli (1்ܧ  and 2்ܧ ), 198 

ultimate tensile strengths (்ܺ and ்ܻ ), and failure strains (߳1் and ߳2்). Tests are conducted on 199 

a 100 kN universal testing machine (UTM), at a displacement rate of 2 mm/min. The gauge 200 

length of the specimens for longitudinal and transverse tensile tests is 150 mm and 75 mm, 201 

respectively, with a grip zone length of 50 mm. Aluminum end-tabs (3 mm thick) are bonded 202 

to prevent slippage and breakage. 203 

To benchmark the experimental longitudinal and transverse tensile moduli, analytical modeling 204 

is carried out on two distinct models: 205 

• Idealized baseline model: Assumes laminates with a fiber volume fraction of 50% 206 

( 𝑉௙ 00.50) and no voids. The baseline longitudinal and transverse properties are 207 

calculated using the classical rule-of-mixtures (ROM) equations (Eqns 6 and 7): 208 (1்ܧ)௕௔௦௘ =  𝑉௙ܧ௙ +  (1 − 𝑉௙)ܧ௙ (6) (2்ܧ)௕௔௦௘ = ௠ܧ௠𝑉௙ܧ௙ܧ + (1 − 𝑉௙)ܧ௙ (7) 

where (1்ܧ)௕௔௦௘  and (2்ܧ)௕௔௦௘  are the baseline longitudinal and transverse tensile moduli 209 

(GPa), respectively, ܧ௙ and ܧ௠ are the tensile moduli of fiber and resin (GPa), respectively. 210 

• Composition-corrected model: Introduces the experimentally determined fiber, resin, 211 

and void fractions. The corrected properties are calculated using Eqns. 8-11, 212 
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𝑉௙_௖௢௥௥ =  𝑉ி100 − 𝑉௏  (8) 

𝑉௠_௖௢௥௥ =  100 − 𝑉ி − 𝑉௏100 − 𝑉௏ ௖௢௥௥_1்ܧ (9)  =  𝑉௙_௖௢௥௥ܧ௙ +  𝑉௠_௖௢௥௥ܧ௠   (10) 2்ܧ_௖௢௥௥ = ௙ܧ௠𝑉௙_௖௢௥௥ܧ௙ܧ +  𝑉௠_௖௢௥௥ܧ௠ (11) 

where 𝑉௙_௖௢௥௥ and 𝑉௠_௖௢௥௥  are the composition-corrected fiber volume and resin fractions, 213 

respectively, 1்ܧ_௖௢௥௥ and 2்ܧ_௖௢௥௥ are the composition-corrected longitudinal and transverse 214 

tensile moduli (GPa), respectively. 215 

Table 2. Specimen designations for different fiber types, orientations, and manufacturing 216 

processes 217 

Test 
HLU VARTM 

CFRP GFRP BFRP CFRP GFRP BFRP 

Tensile-0° H-C-T0 H-G-T0 H-B-T0 V-C-T0 V-G-T0 V-B-T0 

Tensile-90° H-C-T90 H-G-T90 H-B-T90 V-C-T90 V-G-T90 V-B-T90 

Tensile-45° H-C-T45 H-G-T45 H-B-T45 V-C-T45 V-G-T45 V-B-T45 

Compression-0° H-C-C0 H-G-C0 H-B-C0 V-C-C0 V-G-C0 V-B-C0 

Compression-90° H-C-C90 H-G-C90 H-B-C90 V-C-C90 V-G-C90 V-B-C90 

Flexural H-C-F H-G-F H-B-F V-C-F V-G-F V-B-F 

ILSS 
H-C-

ILSS 

H-G-

ILSS 

H-B-

ILSS 

V-C-

ILSS 

V-G-

ILSS 

V-B-

ILSS 

Abbreviations: H=Hand lay-up; V=VARTM, C=Carbon; G=Glass; B=Basalt; T=Tensile; 

C=Compression; F=Flexural; ILSS=Short beam 

3.2.1.1. In-Plane Shear Characterization 218 

The in-plane shear modulus (12ܩ)  is evaluated using an off-axis tensile test of balanced 219 [±45°]௡௦  symmetric laminates in compliance with ASTM D3518 [28]. The specimen 220 

maintained an active gauge length of 175 mm and a 50 mm grip length on each side. The in-221 

plane shear modulus is directly obtained from the slope of the linear-elastic chord region of the 222 

stress-strain response using Eqn. 12 in accordance with the standard:  223 

12ܩ =  (12) 12ߛ∆12߬∆ 
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where  ∆߬12 is the difference in applied shear stress between two shear points (MPa), and ∆224 12ߛ 

is the difference between the two shear strain points. The maximum shear stress ܵ12  is 225 

calculated using Eqn. 13: 226 

ܵ12 =  ܲ௠2(13) ܵܣ 

where ܲ௠  is the maximum shear stress (N), and A is the cross-sectional area (mm2) in 227 

accordance with ASTM D3039. 228 

3.2.2. Compression Characterization 229 

Uniaxial compression tests are performed according to ASTM D3410 [29] to determine the 230 

longitudinal and transverse compression moduli (ܧ஼1 and ܧ஼2), ultimate tensile strengths (ܺ஼ 231 

and ஼ܻ), and failure strains (߳1஼ and ߳2஼). While the combined loading framework of ASTM 232 

D6641 [30] is generally recommended, ASTM D3410 was adopted due to resource limitations. 233 

Both longitudinal and transverse testing utilized gauge and grip lengths of 40 mm. The UTM 234 

is operated at a continuous crosshead displacement rate of 1.5 mm/min, with a hydraulic 235 

gripping pressure of 3.5 MPa to prevent slipping. 236 

3.2.3. Flexural Characterization 237 

Flexural properties are evaluated using a three-point bending test in accordance with ASTM 238 

D7264 [31], with a displacement rate of 1 mm/min. The support span length (ܮ) is set to 100 239 

mm with an overhanging length of 30 mm, and a support-to-thickness ratio of 40:1. The 240 

flexural modulus (ܧி), flexural strength (ߪி), and failure strain (߳ி) are calculated using Eqns. 241 

13-15:  242 

ிܧ =  34ܾℎ3  (13)ܮ݉ 

ிߪ =  2ܾℎ2 (14)ܮ3ܲ 

ிߝ = 2ܮ݀ߜ6   (15) 

where ݉ is the initial slope of the linear region in the load-displacement curve (N/mm), ܲ is 243 

the peak load (N), and ߜ is the mid-span deflection (mm), ℎ and ܾ are the specimen thickness 244 

and width (mm), respectively. 245 
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3.2.4. Interlaminar Shear Strength (ILSS) Characterization 246 

Interlaminar shear strength (߬ூ௅ௌௌ)  is calculated using the short beam test conducted in 247 

accordance with ASTM D2344 [32] under a three-point bending fixture at a crosshead 248 

displacement rate of 1 mm/min. The specimen length-to-thickness and width-to-thickness 249 

ratios are taken as 6.0 and 2.0, respectively, to preserve shear-dominant failure. The loading 250 

roller diameter is set to 6 mm, and the twin support roller diameter is 3 mm. The test is 251 

terminated once the loading roller travels exceeds the overall specimen thickness or upon a 252 

significant drop in the applied load. The ultimate interlaminar shear capacity is computed using 253 

Eqn. 16: 254 

߬ூ௅ௌௌ =  0.75 ௠ܲ௔௫ܾℎ  (16) 

where ௠ܲ௔௫ is the peak force sustained before delamination failure (N). 255 

3.3. Anisotropy Analysis 256 

The macroscopic directional dependency of the processed unidirectional plates is 257 

systematically evaluated by introducing normalized mechanical modulus and strength ratios 258 

derived from the experimental datasets. The calculated anisotropy indices isolate how process-259 

induced architectural deviations affect mechanical performance under multiaxial loading. 260 

3.3.1. Tensile Degree of Anisotropy 261 

The classical tensile degrees of anisotropy represent the directional disparity between the 262 

principal longitudinal and transverse properties (longitudinal-to-transverse stiffness (ܣܦா்) 263 

and strength (ܣܦఙ்)  ratios) and between longitudinal and in-plane shear stiffness (12ீܣܦ) . 264 

The metrics are calculated using Eqns. 17-19, following Daniel et al. [33]: 265 

ா்ܣܦ =  (17) 2்ܧ1்ܧ 

12ீܣܦ =  (18) 12ܩ1்ܧ 

ఙ்ܣܦ =  ்்ܻܺ  (19) 

Higher ܣܦ values indicate a highly directionally sensitive, fiber-dominant material response, 266 

whereas ܣܦ demonstrates improved isotropy due to better fiber-resin interfacial bonding and 267 

load transfer.   268 
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3.3.2. Compression Anisotropy Indices 269 

The concept of anisotropy is extended to compression loading through compression anisotropy 270 

indices (AI) (compression modulus (ܫܣா஼)  and strength (ܫܣఙ஼)  ratios), and are calculated 271 

using Eqns. 20 and 21: 272 

ா஼ܫܣ =  ஼2 (20)ܧ஼1ܧ 

ఙ஼ܫܣ =  ܺ஼ܻ஼  (21) 

3.3.3. Flexural and Interlaminar Shear Translational Indices 273 

The ܣܦ is further generalized to out-of-plane responses, flexural (modulus (ܫܣாி) and strength 274 (ܫܣఙி)) and interlaminar shear translational indices (ܫܣூ௅ௌௌ), and are calculated based on Eqns. 275 

22-24:  276 

 277 

ாிܫܣ =  ி  (22)ܧ1்ܧ 

ఙிܫܣ = ிߪ்ܺ     (23) 

ூ௅ௌௌܫܣ =  ்ܺ߬ூ௅ௌௌ (24) 

The flexural indices represent the efficiency of modulus and strength translation from tensile 278 

to bending, while the interlaminar shear index determines the tensile–shear efficiency. 279 

3.4. Statistical Evaluation 280 

A two-way ANOVA is used to statistically evaluate the influence of manufacturing method 281 

(Factor A: HLU vs VARTM), and fiber type (Factor B: Carbon vs E-glass vs Basalt). The 282 

degrees of freedom are set to (1,12) for Factor A and (2,12) for both Factor B and the coupled 283 

interaction term (A × B), with critical F-values of 4.75 and 3.89, respectively. The Kolmogorov-284 

Smirnov and Brown-Forsythe tests confirm normality and homogeneity of variance, validating 285 

the analysis at a p-value of 0.05 for comparing the influence of manufacturing and fiber. 286 

4. Results and Discussion 287 

This section presents the effects of the manufacturing process on the bulk physical 288 

characteristics (density, fiber volume fraction, and void content), the mechanical properties, 289 

and the anisotropy behavior of the composite laminates. Furthermore, a brief statistical 290 
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evaluation using a two-way ANOVA is provided, highlighting the statistical significance of the 291 

effects of fiber type, manufacturing method, and the coupled process-fiber interactions.  292 

4.1. Density, Fiber Volume, and Void Fraction Analysis 293 

The experimentally determined densities, fiber volume fractions, and void volume contents for 294 

are summarized in the supplementary file (Tables S1 and S2). A comparative overview shows 295 

that VARTM laminates exhibit slightly higher densities than HLU laminates, with higher fiber 296 

volume fractions and lower void contents. Specifically, the measured densities (g/cm3) for 297 

VARTM are 1.47 (CFRP), 1.80 (GFRP), and 1.92 (BFRP) compared to 1.41, 1.61, and 1.69, 298 

respectively, for HLU. Since fiber density exceeds resin density, higher fiber volume fractions 299 

result in an overall increase in laminate density [12].  300 

A comparative analysis of the measured density with the rule-of-mixtures-predicted densities 301 

is presented in Table S3 of the supplementary file. The VARTM laminates closely match 302 

theoretical values, with minimal percentage deviations (0.47%- ≈ ߩ߂ to -3.64%), indicating 303 

effective laminate compaction, higher fiber packing efficiency, and minimal void content. In 304 

contrast, HLU laminates exhibit greater deviations (Δ ≈ -4.53% to -13.85%), reflecting lower 305 

fiber volume fraction and increased void entrapment due to manual layup variability. The 306 

measured densities across all fibers remain within physically consistent limits, validating their 307 

suitability for mechanical characterization. To achieve uniform mechanical performance, these 308 

deviations must be minimized, as severe physical non-uniformity can introduce local stiffness 309 

variations and premature failure initiation under multiaxial loading conditions.  310 

As illustrated in Fig. 3, the fiber, resin, and void fractions distinctly differentiate the 311 

consolidation efficiency and constituent distribution achieved by the two manufacturing 312 

processes. The vacuum-driven pressure gradient in VARTM applies a continuous, uniform 313 

atmospheric consolidation force that maximizes dry preform compaction before and during 314 

resin infiltration. This systematic extraction of residual air pockets results in achieving a final 315 

volumetric void fraction below 2% cross all VARTM configurations. In contrast, HLU relies 316 

on manual resin application and static top-plate weighting, resulting in higher resin content and 317 

greater void entrapment than the corresponding VARTM laminates. 318 
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Fig. 3. Fiber, matrix, and void fractions in laminates produced by HLU and VARTM 

Among the distinctive fiber types, the HLU-based GFRP exhibits the lowest absolute fiber 319 

volume fraction, attributing to the high initial bulk thickness and unique compliance of woven 320 

E-glass fabric, which absorbs an excessive volume of liquid matrix while resisting uniform 321 

fabric compaction under manual pressure, which closely aligns with the findings of Dorigato 322 

et al. [34]. Interestingly, BFRP exhibits a slightly higher fiber volume fraction and lower void 323 

volume than the GFRP counterparts under identical processing conditions. This trend is 324 

consistent with the findings of Rafat et al. [36], suggesting that the higher bulk density and 325 

improved resin permeability of basalt fibers accelerate resin impregnation compared to glass 326 

fibers, even under manual processing. 327 

The target composition of ~50% fiber and ~50% resin volume represents an optimized laminate 328 

with minimal voids. The HLU laminates deviate significantly from this optimized target, 329 

particularly for GFRP and BFRP configurations, highlighting the difficulty of achieving 330 

uniform resin control and fiber compaction in manual layup. Conversely, the closed-loop 331 

VARTM laminates closely approach or slightly exceed the target, particularly with CFRP and 332 

BFRP, achieving fiber-rich laminates with void fractions below 2%. These process-driven 333 

physical and microstructural characteristics provide a fundamental explanation for the distinct 334 

changes in multiaxial mechanical behavior, stiffness, strength, and statistical reproducibility. 335 

Overall, these results confirm that VARTM produces structurally efficient laminates with 336 

superior consolidation and minimal defects, providing a more reliable foundation for multiaxial 337 

mechanical performance.  338 
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4.2. Mechanical Characterization 339 

The samples manufactured using VARTM and HLU are tested under multiaxial loading 340 

conditions, including longitudinal and transverse tension, in-plane shear, longitudinal and 341 

transverse compression, flexural, and interlaminar shear. The corresponding stress-strain 342 

curves are presented, along with embedded fracture images, to directly correlate the mechanical 343 

response with the observed failure mechanisms. 344 

4.2.1. Tensile and In-Plane Shear Performance 345 

This subsection compares the tensile performance of unidirectional composites, including 346 

longitudinal and transverse tensile and in-plane shear constitutive behavior, using the stress-347 

strain responses in Fig. 4-6. Table 3 summarizes the average tensile and in-plane shear 348 

properties, highlighting the effect of fiber volume fraction and void content on mechanical 349 

behavior. 350 

4.2.1.1. Longitudinal and Transverse Tensile Responses 351 

Under longitudinal tensile loading (Fig. 4a-c), all composite laminates exhibit an initial linear-352 

elastic response followed by catastrophic brittle failure without significant plastic deformation. 353 

The VARTM laminates exhibit a steeper elastic slope and higher tensile modulus and strength 354 

than their HLU counterparts. At failure, the VARTM laminates predominantly exhibit 355 

longitudinal splitting within the gauge section (classified as SGM failure). Conversely, HLU 356 

showed a more gradual post-peak stress degradation, suggesting a more progressive failure 357 

process than the abrupt failure observed in VARTM laminates.  358 

Quantitatively, VARTM processing increases longitudinal modulus and strength 36.1% and 359 

85.3% for CFRP, 58.6% and 167.9% for GFRP, and 35.2% and 27.7% for BFRP, respectively. 360 

Elongation at break also improves with increases of 25.7% (CFRP), 106.7% (GFRP), and 361 

11.1% (BFRP). This increase in mechanical efficiency is consistent with the superior fiber 362 

volume fractions and lower void content, achieved through continuous vacuum compaction 363 

[11]. The magnitude of improvement, however, varies among the reinforcement systems, with 364 

GFRP exhibiting the strongest sensitivity to the manufacturing route, followed by CFRP and 365 

BFRP. In contrast, improvements in GFRP and BFRP indicate that the effect of the 366 

manufacturing process varies substantially among the reinforcement systems. The high tensile 367 

stiffness and predictable fiber-dominant failure modes demonstrate the effectiveness of 368 

VARTM in improving the overall longitudinal tensile response across all three composite 369 

systems. 370 
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Fig. 4. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under 

longitudinal tensile loading 

Under transverse tensile loading (Fig. 5a-c), the mechanical response transitions to matrix-371 

dominant and interface-sensitive. VARTM laminates exhibit smoother, more continuous stress-372 

strain responses, reaching higher stresses and strains before failure. Conversely, HLU laminates 373 

display earlier deviation from linearity and reduced failure strains relative to the corresponding 374 

VARTM laminates. Both laminates display brittle failure, typically by lateral gauge-mid 375 

splitting (LGM). Quantitatively, VARTM enhances the transverse modulus and strength by 376 

19.6% and 29.4% for CFRP, 27.4% and 79.5% for GFRP, and 64.3% and 18.7% for BFRP, 377 

respectively. The substantially larger improvements observed in GFRP and BFRP suggest that 378 

transverse, matrix-dominant responses are more strongly influenced by manufacturing process 379 

than longitudinal fiber-dominant responses. VARTM process-induced enhancements differ 380 
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from those reported by Scalici et al. [19], who found that vacuum infusion of basalt fibers often 381 

leads to localized dry spots, underscoring the need for process optimization.  382 

Elongation at break also increases by 13.3% for CFRP, 86.6% for GFRP, and 2.6% for BFRP. 383 

The relatively minor improvement in BFRP failure strain suggests that the transverse 384 

deformation of basalt laminates is governed by inherently strong fiber-resin interfacial bonding 385 

rather than process-induced variations as observed in CFRP and GFRP laminates [35]. Overall, 386 

the findings confirm that VARTM processing consistently enhances stiffness, strength, and 387 

ductility across all laminate systems, with higher fiber volume fraction, reduced voids, and 388 

strong interfacial bonding [36]. 389 

  

 

Fig. 5. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under 

transverse tensile loading 
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4.2.1.2. In-Plane Shear Responses 390 

The off-axis in-plane shear stress-strain relationship and corresponding failure morphologies 391 

are presented in Fig. 6a-c. All laminates exhibit brittle failure through angled splitting along 392 

the primary fiber axes at the gauge section (AGM). HLU laminates exhibit premature load 393 

drops and greater fluctuations in the stress-strain response before failure. In contrast, the 394 

VARTM laminates exhibit a well-defined linear elastic region, gradual load transfer, and fewer 395 

premature or catastrophic load drops, resulting in a more consistent shear response during 396 

loading. VARTM consistently enhances the in-plane shear properties of CFRP and GFRP. For 397 

CFRP, the shear modulus and strength increase by 35.9% and 30.3%, while GFRP shows 398 

improvements by 44.5% and 29.7%, respectively. Interestingly, BFRP displays a slightly 399 

deviated trend: VARTM increases shear modulus by 17.9%, while HLU exhibits a marginal 400 

increase of 6.7% in shear strength, highlighting fiber-specific interactions with resin and 401 

process defects. The contrasting behavior between different fiber types underscores that 402 

increases in stiffness do not necessarily translate into proportional increases in ultimate shear 403 

strength, particularly in basalt-fiber laminates.  404 

Elongation at break further emphasizes the influence of the manufacturing process. For CFRP, 405 

elongation is nearly identical under both methods, with HLU showing a marginal 5% increase. 406 

GFRP shows a 55.8% increase with VARTM, while BFRP exhibits slightly higher ductility in 407 

HLU (12.6%). Elnekhaily et al. [37] explained that the higher elongation at break observed in 408 

HLU GFRP and BFRP is likely due to the non-uniform void distribution in the HLU process, 409 

which causes localized stress concentration. As voids coalesce, stress is redistributed 410 

nonlinearly, allowing additional energy dissipation before final failure.  411 
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Fig. 6. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under in-

plane shear loading 

Table 3. Average tensile and in-plane shear properties of unidirectional composite laminates 412 

manufactured by HLU and VARTM 413 

Properties 
Symbol 
(unit) 

HLU VARTM  
CFRP GFRP BFRP CFRP GFRP BFRP 

Longitudinal 
tensile 

modulus 

 1்ܧ

(GPa) 
58.41± 
(0.31%) 

19.21± 
(3.70%) 

22.25± 
(3.11%) 

79.5 ± 
(4.34%) 

30.47± 
(4.05%) 

30.08± 
(4.92%) 

Transverse 
tensile 

modulus 

 2்ܧ

(GPa) 
3.68± 

(12.27%) 
6.86± 

(5.32%) 
4.79± 

(5.98%) 
4.40± 

(10.91%) 
8.74± 

(1.86%) 
7.87± 

(7.23%) 

In-plane 
shear 

modulus 

 12ܩ

(GPa) 
5.87± 

(1.09%) 
6.16± 

(12.02%) 
5.65± 

(3.49%) 
7.98± 

(8.94%) 
8.90± 

(8.79%) 
6.66± 

(16.00%) 

Longitudinal 
tensile 

strength 

்ܺ  

(MPa) 
797.22± 
(4.43%) 

198.79± 
(2.75%) 

519.48± 
(3.92%) 

1476.88± 
(6.08%) 

532.72± 
(6.00%) 

663.64± 
(3.68%) 

Transverse 
tensile 

strength 

்ܻ  
(MPa) 

15.99± 
(4.48%) 

39.67± 
(7.67%) 

21.04± 
(11.44%) 

20.69± 
(2.53%) 

71.20± 
(6.11%) 

24.97± 
(2.17%) 

In-plane 
shear 

strength 

ܵ12 
(MPa) 

22.36± 
(10.56%) 

40.39± 
(14.61%) 

26.92± 
(6.23%) 

29.12± 
(12.28%) 

52.39± 
(1.44%) 

25.22± 
(15.85%) 

Note: values represent mean ± standard deviation (%) 
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4.2.1.3. Analytical Modeling and Rule-of-Mixtures benchmarking 414 

The detailed calculations comparing the experimental longitudinal and transverse tensile 415 

moduli against both the idealized baseline ROM and composition-corrected models are 416 

compiled in Tables S4 and S5 in the supplementary file. The longitudinal tensile modulus (1்ܧ) 417 

generally follows the ROM predictions, as it is primarily governed by fiber stiffness and fiber 418 

volume fraction. VARTM laminates exhibit higher gains in composite-corrected moduli 419 

compared to HLU, reflecting improved fiber packing, higher fiber volume fraction, and lower 420 

void content. However, across all fiber types, the observed 20–50% reduction in experimental 421 1்ܧ relative to the composition-corrected formulation cannot be fully described by constituent 422 

fractions alone, and that additional manufacturing-related effects, such as fiber misalignment 423 

or fiber waviness, as well as imperfect fiber-resin load transfer, also influence the measured 424 

mechanical behavior. 425 

In contrast, the transverse tensile modulus (2்ܧ) is matrix-dominated, governed primarily by 426 

matrix stiffness and void distribution. While composition-corrected moduli show only marginal 427 

deviations (-21% to +3%) relative to the baseline model, the experimental values exhibit a 428 

broader spread (-42% to +42%), underscoring the sensitivity of transverse performance to local 429 

manufacturing defects. The significant positive deviations in GFRP may be attributed to the 430 

presence of transverse glass fiber knitting threads within the woven architecture, which 431 

contribute to the transverse load-carrying response of the laminate. In contrast, the negative 432 

deviations in CFRP (-32% for VARTM and -38% for HLU) indicate high sensitivity to 433 

transverse properties and manufacturing-related effects that the analytical models do not 434 

explicitly capture. The improved transverse properties observed in VARTM BFRP demonstrate 435 

that the manufacturing route exerts a measurable influence on the lateral capacity of the 436 

laminate. Conversely, the lower transverse properties of the HLU laminates make them more 437 

sensitive to processing variability. 438 

Overall, these findings underscore that the longitudinal modulus is relatively insensitive to 439 

composite-corrected analytical formulations compared with the transverse modulus, which 440 

exhibits substantially larger deviations from theoretical predictions [38], [39]. This behavior 441 

indicates the matrix-dominated transverse properties are more sensitive to manufacturing-442 

related effects than fiber-dominated longitudinal properties, highlighting the limitations of 443 

simplified analytical models in predicting transverse mechanical response. VARTM process 444 

suppresses these vulnerabilities by evenly distributing meso- to micro-void content into the 445 
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resin, reducing local stress concentrations and delaying premature failure. Conversely, the hand 446 

layup process often introduces larger voids and dry spots due to incomplete fiber wetting, 447 

significantly lowering the mechanical properties [12]. 448 

4.2.2. Compressive Responses 449 

The compressive constitutive behaviors of the composite laminates along the longitudinal (Fig. 450 

7a-c) and transverse (Fig. 8a-c) material axes reveal distinct process- and fiber-dependent 451 

trends. Table 4 summarizes the average compressive mechanical properties of laminates 452 

manufactured using HLU and VARTM. All laminates exhibit an initial elastic region, followed 453 

by brittle brooming failure in the gauge mid (BGM). Under longitudinal compression, the 454 

VARTM laminates exhibit a steeper initial elastic region and higher stiffness than HLU. 455 

Quantitatively, longitudinal compression modulus increases under VARTM by 45.5% for 456 

CFRP, 33.1% for GFRP, and a substantial 431.9% for BFRP, confirming that the fiber–457 

dominated stiffness is strongly influenced by the manufacturing route, with VARTM 458 

consistently producing higher longitudinal compressive moduli than HLU. 459 

However, compression strength reveals fiber-dependent trends. While BFRP shows remarkable 460 

improvement (240.9%) with VARTM, HLU shows higher strength in CFRP (19.0%) and GFRP 461 

(9.3%). Sun et al. [40] noted that the longitudinal compressive failure in CFRP is strongly 462 

influenced by fiber micro-buckling and kink-band formation. Although VARTM increased the 463 

longitudinal compression stiffness, the CFRP laminates failed at lower compression strain than 464 

the corresponding HLU laminates. The lower resin content in VARTM CFRP compared to HLU 465 

may have reduced matrix support, leading to premature compression failure at lower 466 

compression strength. The relatively smaller difference in longitudinal compression strength 467 

of GFRP indicates that the presence of transverse fiber knitting contributed to its compressive 468 

stability, thereby reducing the sensitivity to manufacturing method. The contrasting trends in 469 

longitudinal compression modulus and strength also suggest that the influence of 470 

manufacturing techniques depends strongly on the fiber type.  471 
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Fig. 7. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under 

longitudinal compression loading 

Under transverse compression, VARTM laminates exhibit a steeper linear-elastic response 472 

followed by abrupt brittle failure. In contrast, the HLU laminates exhibit a shallower elastic 473 

region and extended plastic deformation. VARTM substantially enhances both the transverse 474 

compression modulus and strength by 292.7% and 371.7% for GFRP and 150.8% and 143.2% 475 

for BFRP. While VARTM improves the modulus by 14.4% for CFRP, the HLU process resulted 476 

in a 111.7% increase in strength. The contrasting behavior suggests that the relatively resin-477 

rich composition of HLU CFRP may provide additional lateral support against fiber micro-478 

buckling or kink-band formation, which are the primary compressive failure modes in CFRP 479 

and GFRP [40]. Elongation at break follows a similar trend: HLU laminates show higher 480 

ductility in CFRP (164.4%) and GFRP (114.8%); VARTM improves ductility modestly in 481 
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BFRP, indicating a modest improvement in failure strain relative to the HLU counterpart. 482 

Despite their intrinsic toughness, BFRP remains less ductile than GFRP under transverse 483 

compression, underscoring the dominant role of resin in transverse mechanical performance. 484 

The finding that HLU processing can significantly increase the transverse compressive strength 485 

of CFRP demonstrates that maximum fiber compaction achieved in VARTM is not universally 486 

beneficial for all loading conditions.  487 

  

 

Fig. 8. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under 

transverse compression loading 

 488 

 489 

 490 



 

24 

 

Table 4. Average compression properties of unidirectional composite laminates manufactured 491 

by HLU and VARTM 492 

Properties 
Symbol 
(unit) 

HLU VARTM 

CFRP GFRP BFRP CFRP GFRP BFRP 

Longitudinal 
compression 

modulus 

 ஼1ܧ

(GPa) 
37.02± 
(1.33%) 

15.9 ± 
(10.00%) 

4.41± 
(5.00%) 

53.8± 
(6.02%) 

21.23± 
(6.14%) 

23.46± 
(17.74%) 

Transverse 
compression 

modulus 

 ஼2ܧ

(GPa) 
3.54± 

(5.64%) 
2.48± 

(18.68%) 
3.23± 

(6.91%) 
4.05± 

(13.80%) 
9.74± 

(3.48%) 
8.10± 

(12.85%) 

Longitudinal 
compression 

strength 

ܺ஼ 
(MPa) 

316.06± 
(8.10%) 

108.79± 
(3.68%) 

10.64± 
(12.69%) 

255.91± 
(13.94%) 

98.72± 
(4.68%) 

36.28± 
(5.68%) 

Transverse 
compression 

strength 

஼ܻ 
(MPa) 

32.86± 
(8.58%) 

8.44± 
(10.96%) 

2.96± 
(2.20%) 

15.52± 
(12.15%) 

37.91± 
(5.34%) 

7.20± 
(6.76%) 

Note: values represent mean ± standard deviation (%) 
4.2.3. Flexural Responses 493 

The flexural response profiles and primary failure behavior of the unidirectional laminates 494 

under three-point bending loads are as shown in Fig. 9a-c, with the average flexural properties 495 

summarized in Table 5. The VARTM laminates exhibit steeper initial slopes, followed by 496 

abrupt brittle failure at peak load for CFRP and GFRP. This higher flexural stiffness is reflected 497 

by the steeper initial load-displacement response exhibited by the VARTM laminates. In 498 

contrast, the corresponding HLU laminates exhibit irregular slopes with broader, less-defined 499 

peaks and a gradual post-peak load reduction, reflecting a progressive reduction in load-500 

carrying capacity following the peak load. 501 

Quantitatively, VARTM improves flexural modulus and strength of the synthetic fibers 502 

compared to HLU. CFRP exhibits 59.4% and 59.6% increases in modulus and strength, 503 

respectively, while GFRP shows 60.3% and 6.9% increases. However, BFRP breaks this trend: 504 

VARTM increases flexural modulus by 34.6% but reduces flexural strength by 18.4%. Because 505 

the three-point bending test induces tensile stress at the bottom layer and compressive stress at 506 

the top layer, the lower transverse compressive strength of BFRP significantly reduces its 507 

flexural strength, consistent with observations by Scalici et al. [19]. The BFRP results 508 

demonstrate that the response to the manufacturing route is highly loading mode-dependent, as 509 

the same process that increases stiffness does not necessarily maximize flexural strength. 510 

Elongation at break further highlights the stiffness-ductility trade-off: VARTM enhances CFRP 511 
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by 8.5%, while HLU laminates show higher values for GFRP (41.81%) and BFRP (81.60%), 512 

due to progressive micro-cracking that delays catastrophic failure. Overall, VARTM improves 513 

load-carrying capacity across all laminates, whereas HLU induces higher failure strain in GFRP 514 

and BFRP, reaffirming the process-dependent balance among stiffness, strength, and ductility. 515 

  

 

Fig. 9. Stress-strain relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under flexural 

loading 

4.2.4. Interlaminar Shear Responses 516 

The load-displacement responses and failure modes of the unidirectional composites evaluated 517 

under the short beam shear test are illustrated in Fig. 10a-c, with average interlaminar 518 

properties summarised in Table 5. The VARTM laminates exhibit steeper initial slopes and 519 

significantly higher peak loads within shorter displacement ranges, indicating higher 520 

interlaminar shear stiffness and load-carrying capacity. Meanwhile, the HLU laminates show 521 
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broader curves with moderate slopes, lower peak loads, and extended displacement before 522 

failure. This behavior reflects a more compliant shear response with lower peak loads and larger 523 

displacement before failure. All laminates fail through fiber-layer delamination along the 524 

neutral mid-plane, consistent with matrix-dominated interlaminar shear failure. 525 

  

 

Fig. 10. Load-displacement relationship of (a) CFRP, (b) GFRP, and (c) BFRP tested under 

short beam test 

Quantitatively, the VARTM process significantly improves interlaminar shear strength across 526 

all material categories, confirming the process-driven enhancement in the through-thickness 527 

mechanical response. The interlaminar shear strength of CFRP increases by an exceptional 528 

320.1%, while GFRP and BFRP show increases by 103.8% and 92.1%, respectively. The 529 

massive strength deficiency observed in the HLU carbon variant demonstrates the strong 530 

sensitivity of CFRP interlaminar performance to the manufacturing route. The present findings 531 
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contradict the processing trends reported by Scalici et al. [19], where higher HLU shear 532 

strength is due to poorly impregnated zones in VARTM, but align closely with the established 533 

process-structure-property relationship observed by Varley et al. [41]. Interestingly, the 534 

VARTM process nearly doubles the interlaminar shear capacity of BFRP while reducing its 535 

flexural strength due to limitations on top-face compression. Carmisciano et al. [35] also 536 

reported a similar behavior, explaining that premature failure in BFRP occurs in the 537 

compression half-section, characterized by fiber microbuckling and kink bands. This 538 

contrasting behavior demonstrates that the influence of the manufacturing route depends 539 

strongly on the loading mode, with the flexural and interlaminar responses showing varying 540 

sensitivities.  541 

Table 5. Average flexural and interlaminar properties of unidirectional composite laminates 542 

manufactured by HLU and VARTM  543 

Properties 
Symbol 
(unit) 

HLU VARTM 

CFRP GFRP BFRP CFRP GFRP BFRP 

Flexural 
modulus 

 ிܧ
(GPa) 

55.97± 
(12.18%) 

16.91± 
(2.11%) 

17.88± 
(12.46%) 

89.19± 
(3.96%) 

28.09± 
(5.09%) 

24.06± 
(2.80%) 

Flexural 
strength 

ிߪ  

(MPa) 
304.96± 
(15.16%) 

446.05± 
(7.95%) 

506.56± 
(10.13%) 

486.68± 
(7.22%) 

477.01± 
(2.14%) 

413.58± 
(6.56%) 

Interlaminar 
shear 

strength 

߬ூ௅ௌௌ 
(MPa) 

9.81± 
(0.58%) 

15.35± 
(1.62%) 

23.47± 
(2.47%) 

41.21± 
(2.11%) 

31.28± 
(4.56%) 

45.10± 
(3.80%) 

Note: values represent mean ± standard deviation (%) 

4.3. Effect of processing method on the anisotropy behavior 544 

This section briefly discusses the influence of the manufacturing process on the anisotropy 545 

behavior of unidirectional composite laminates, using stiffness and strength ratios derived from 546 

experimental results of tensile, compression, flexural, and interlaminar shear tests. The 547 

discussion highlights how manufacturing processes govern the directional stiffness and 548 

strength contrast, as well as the efficiency with which tensile-derived properties are translated 549 

into out-of-plane bending and shear responses. Fig. 11 displays the anisotropy behavior of the 550 

composite laminates using various anisotropy indices. 551 

4.3.1. Tensile Degrees of Anisotropy 552 

Fig. 11a displays the tensile ܣܦ of various composite laminates. The stiffness anisotropy ratios 553 

 indicates that the influence of manufacturing methods on tensile anisotropy 554 (12ீܣܦ ா் andܣܦ)

is strongly fiber-dependent. Both HLU and VARTM exhibit substantially higher stiffness- and 555 
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strength-based anisotropy, particularly in CFRP and GFRP laminates. The relative increase in 556 

tensile anisotropy of VARTM over HLU is more pronounced in GFRP (24.64% for ܣܦா் and 557 

9.52% for 12ீܣܦ) whereas the increase is 13.21% for ܣܦா் and 0.40% for 12ீܣܦ in CFRP, 558 

indicating a strong sensitivity to manufacturing-induced anisotropy evolution. Conversely, 559 

under VARTM, BFRP exhibits a different anisotropy evolution, where the longitudinal tensile 560 

stiffness anisotropy decreases (17.60%) slightly, despite a simultaneous increase in the shear-561 

stiffness ratio (15.99%). The rough surface morphology of basalt fibers may promote superior 562 

resin infiltration and inter-tow resin bridging under vacuum, resulting in a significant increase 563 

in transverse tensile stiffness relative to longitudinal stiffness. This suggests that the 564 

manufacturing process redistributes the stiffness improvements differently in BFRP compared 565 

to CFRP and GFRP, resulting in a more balanced bidirectional stiffness response while 566 

maintaining a strong directional dependence in shear. 567 

The VARTM process also exhibits more pronounced strength-based anisotropy (ܣܦఙ்) over 568 

HLU, with  42.90% for CFRP, 48.91% for GFRP, and 6.41% for BFRP, where the increase in 569 

longitudinal tensile strength exceeds the corresponding improvement in transverse strength. 570 

The failure mechanisms observed during the experiment support this trend, with VARTM 571 

exhibiting fiber-dominant failure. Conversely, the relative increase in resin content and void 572 

fraction under the HLU process allows for limited plastic deformation before failure. The 573 

relatively marginal increase in the strength anisotropy of BFRP suggests that manufacturing 574 

methods improve the longitudinal and transverse tensile strengths by almost equal amounts. 575 

Overall, the contrasting trends demonstrate that anisotropy evolution is influenced not only by 576 

absolute mechanical properties but also by the manufacturing process and fiber type. 577 

4.3.2. Compressive Anisotropy Indices 578 

A similar fiber-dependent anisotropy evolution is observed under compression loading (Fig. 579 

11b). VARTM exhibits higher compression anisotropy indices over HLU for CFRP (28.88% 580 

for ܫܣா஼   and 71.38% for ܫܣఙ஼)  and for BFRP (111.68% for ܫܣா஼   and 40.28% for ܫܣఙ஼) , 581 

indicating that the ܧ஼1 and ܺ஼ improves substantially more than the ܧ஼2 and ஼ܻ. This behavior 582 

suggests that the VARTM process enhances the load-carrying capacity in longitudinal 583 

compression relative to transverse compression, mirroring tensile anisotropy. Interestingly, 584 

VARTM produces noticeable reductions in both ܫܣா஼  (67.07%) and ܫܣఙ஼  (81.45%) for GFRP 585 

over HLU. Despite improvements in absolute compression properties, the transition from HLU 586 

to VARTM results in a more balanced bidirectional compressive behavior. The presence of 587 

glass fiber knitting in the transverse direction contributes to the observed behavior, enhancing 588 
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the load-carrying capacity of the composite relative to CFRP and BFRP, thereby reducing 589 

anisotropy. These contrasting trends demonstrate that the same manufacturing route results in 590 

fiber-type anisotropy evolution. While VARTM displays higher directional compressive 591 

response in CFRP and BFRP, the same manufacturing method reduces anisotropy in GFRP, 592 

confirming that fiber architecture strongly influences anisotropy evolution more than 593 

enhancements in absolute compression properties.  594 

4.3.3. Flexural and Interlaminar Shear Indices 595 

The anisotropy indices are further extended to flexural and interlaminar shear properties to 596 

evaluate the relationship between tensile, flexural, and interlaminar shear response. Unlike the 597 

tensile and compression anisotropy indices, the flexural and interlaminar shear indices 598 

determine the translation efficiency of tensile-derived properties into corresponding flexural 599 

and interlaminar behavior. Fig. 11c and d present the flexural and interlaminar shear 600 

translational indices of the composite laminates.  601 

The flexural stiffness anisotropy (ܫܣாி) remains close to unity for all laminates, indicating that 602 

laminates manufactured using HLU and VARTM, which exhibit relatively proportional tensile-603 

to-bending stiffness irrespective of fiber type. The transition from HLU and VARTM shows a 604 

17.99% reduction in ܫܣாி  for CFRP, and very marginal to no measurable difference in GFRP 605 

and BFRP. Consequently, the overall tensile-to-bending stiffness translation relationship 606 

remains largely insensitive to the two manufacturing processes. In contrast, the flexural 607 

strength anisotropy (ܫܣఙி)  exhibit strong dependence on fiber type and the manufacturing 608 

process. While CFRP exhibits higher anisotropy values under both manufacturing processes, 609 

with a large disparity between tensile and flexural strengths, the values are much closer to unity 610 

for GFRP and BFRP, demonstrating stronger tensile-to-bending strength translation efficiency. 611 

Collectively, the results indicate that the tensile-to-bending translational efficiency is largely 612 

preserved despite the manufacturing-induced variations, demonstrating that the relationship 613 

between tensile and flexural properties is comparatively insensitive to the manufacturing 614 

process. 615 

The interlaminar shear anisotropy (ܫܣூ௅ௌௌ)  reveals a different fiber-dependent response 616 

compared with the flexural translational indices. For CFRP and BFRP, VARTM significantly 617 

reduces ܫܣூ௅ௌௌ  over HLU by 55.88% and 33.48% respectively, demonstrating that the 618 

interlaminar shear strength improves proportionately more than the longitudinal tensile 619 

strength. Conversely, GFRP exhibits a 31.64% increase in ܫܣூ௅ௌௌ  under VARTM, 620 
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demonstrating that the improvement in longitudinal tensile strength exceeds that of the 621 

interlaminar shear strength. The presence of transverse glass fiber knitting introduces localized 622 

inter-yarn resin-rich channels that undergo shear deformation, limiting interlaminar shear stress 623 

transfer. The ܫܣூ௅ௌௌ exhibits greater sensitivity to both fiber type and manufacturing process 624 

than flexural indices, demonstrating the combined influence on the tensile-to-shear 625 

relationship.  626 

  

  

Fig. 11. Anisotropy behavior of composite laminates based on the anisotropy indices for (a) 

tensile, (b) compression, (c) flexural, and (d) interlaminar shear responses 

The flexural and interlaminar indices demonstrate that the manufacturing process not only 627 

influences the magnitude of the mechanical properties but also the efficiency with which those 628 

properties are translated across different loading modes. While the flexural translation indices 629 
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remain relatively insensitive to the manufacturing process, the interlaminar shear translation 630 

index exhibits a combined influence of fiber type and manufacturing process. These findings 631 

underscore that the effectiveness of a manufacturing process extends beyond the conventional 632 

directional stiffness and strength and also influences the coupling between tensile, bending, 633 

and interlaminar behavior. 634 

4.4. Statistical evaluation of mechanical properties using ANOVA 635 

Detailed statistical calculations and verifications of ANOVA assumptions are presented in 636 

Tables S6-S9 in the supplementary file. According to the statistical analysis, fiber type (Factor 637 

B: Carbon vs E-glass vs Basalt) has a statistically significant effect on all properties, 638 

highlighting its dominant effect on the mechanical performance. The calculated F-values of 639 

fiber type are one to two orders of magnitude higher than those of the manufacturing method 640 

(Factor A: HLU vs VARTM), reinforcing the primary role of fiber selection in determining the 641 

multiaxial response. Simultaneously, the manufacturing method significantly affects nearly all 642 

properties, except for longitudinal compression strength (p 0 0.10747). This is consistent with 643 

the experimental results (Section 4.2.2), which show that HLU CFRP and GFRP display 644 

slightly higher longitudinal compression strengths. Stiffness-related properties remain 645 

consistently sensitive to the manufacturing process, confirming that it exerts a measurable 646 

influence on the multiaxial mechanical responses across different reinforcement systems.  647 

The two-factor interaction effects (A x B) are statistically significant for most properties, except 648 

the off-axis in-plane shear modulus (p 0 0.13094). Fig. 12 shows the interaction plots for tensile 649 

and in-plane shear properties. The longitudinal tensile properties exhibit substantial interaction 650 

sensitivities (F = 25.61 for modulus and F 0 58.34 for strength), indicating that the 651 

improvements from VARTM are strongly fiber-dependent. As shown in Fig. 12a and b, CFRP 652 

exhibits a large increase in both longitudinal modulus and strength, whereas GFRP and BFRP 653 

configurations respond differently to the manufacturing process, resulting in the observed 654 

interaction effect. In contrast, the transverse tensile properties show lower interaction effects 655 

(F = 14.68 for modulus and F 0 63.37 for strength). However, the interaction plots reveal that 656 

the manufacturing process remains reinforcement-dependent, as shown in Fig. 12c and d. 657 

BFRP shows a substantially larger improvement in transverse tensile stiffness, whereas GFRP 658 

shows more enhanced transverse tensile strength than CFRP and BFRP. The off-axis in-plane 659 

shear strength exhibited a significantly higher interaction effect (F 0 5.94) than shear modulus 660 

(F 0 2.42), as displayed in Fig. 12e and f, indicating that ultimate shear strength is strongly 661 

influenced by the combined process-fiber interfacial coupling rather than shear stiffness. 662 
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Fig. 12. Interaction plots illustrating the combined effect of manufacturing method and 

fiber type on (a) longitudinal tensile modulus, (b) longitudinal tensile strength, (c) 

transverse tensile modulus, (d) transverse tensile strength, (e) in-plane shear modulus, and 

(f) in-plane shear strength 

Fig. 13 presents the two-way interaction plots for compression, flexural, and interlaminar shear 663 

properties. The longitudinal compression modulus and strength parameters exhibit lower 664 

interaction metrics (F 0 15.18 and F 0 8.49, respectively), indicating a comparatively smaller 665 

interaction effect between fiber type and manufacturing process. As observed in Fig. 13a and 666 

b, VARTM increases the longitudinal compression modulus across all reinforcement systems, 667 

whereas the influence on longitudinal compression strength varies with fiber type, resulting in 668 

higher strengths for CFRP and BFRP under HLU, but higher for VARTM BFRP. In contrast, 669 

the transverse compression properties are highly sensitive to fiber type and manufacturing 670 

process, as reflected in exceptionally high interaction values (F 0 428.19 for the transverse 671 

compression modulus and F 0 1429.75 for strength). This behavior is clearly visible in Fig. 672 

13c and d, where VARTM produces dramatically different responses among the three 673 

reinforcement systems, particularly for GFRP, which exhibits a disproportionately large 674 

increase in transverse compression properties. The magnitude of these interaction effects 675 

demonstrates that transverse compression properties are considerably more sensitive to the 676 

manufacturing process than their longitudinal counterparts. These results confirm that the 677 
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response to the manufacturing process is highly dependent on the reinforcement type, 678 

especially under transverse compression loading. 679 

The flexural modulus and strength exhibit statistically significant effects from both factors, 680 

with moderate interaction magnitudes (F 0 11.01 and F 0 21.02, respectively). As shown in 681 

Fig. 13e, VARTM increases flexural stiffness across all reinforcement systems, though the 682 

magnitude of improvement varies with fiber type and is more pronounced with CFRP. Fig. 13f 683 

shows a more pronounced interaction effect for flexural strength, in which the manufacturing 684 

process effect depends on fiber type. VARTM improves the flexural strength of CFRP, produces 685 

a marginal improvement in GFRP, and results in lower strength for BFRP.  686 

In contrast, the short-beam interlaminar shear strength exhibits significant interaction effects 687 

(F 0 89.97), demonstrating that interlaminar shear performance is highly fiber-dependent. As 688 

shown in Fig. 13g, VARTM enhances interlaminar shear strength by 320.1% for CFRP, 103.8% 689 

for GFRP, and 92.1% for BFRP, reflecting that the improvement is not consistent across all 690 

fiber systems. The HLU laminates show notably lower shear strength for CFRP and BFRP, 691 

whereas GFRP exhibits relatively minor differences across the two processing methods, 692 

indicating that the effect of manufacturing method cannot be separated from that of fiber type. 693 

The results confirm that the manufacturing process alters the interlaminar shear strength, but 694 

the magnitude of the change is fiber-dependent, demonstrating the influence of the interaction 695 

effect on the interlaminar shear response. 696 
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Fig. 13. Interaction plots illustrating the combined effect of manufacturing method and 

fiber type on (a) longitudinal compression modulus, (b) longitudinal compression strength, 

(c) transverse compression modulus, (d) transverse compression strength, (e) flexural 

modulus, (f) flexural strength, and (g) interlaminar shear strength 

Overall, the two-way ANOVA results confirm that fiber selection predominantly governs 697 

longitudinal stiffness and strength, as well as in-plane responses. Conversely, matrix- and 698 

interface-dominant properties, specifically transverse compression and interlaminar shear, are 699 

highly sensitive to the combined interaction effect of fiber type and manufacturing process. 700 

These statistical evaluations are consistent with the experimentally observed process-structure-701 

mechanics relationships. While fiber selection primarily controls the overall magnitude of 702 

mechanical properties, the influence of the manufacturing process varies significantly across 703 

different reinforcement systems and loading modes, particularly for transverse compression 704 

and interlaminar shear responses. 705 

4.5. Impact on Automotive Applications 706 

The results presented in this study provide useful insights for the selection and processing of 707 

lightweight automotive composite structures. Among the investigated laminates, VARTM-708 

processed CFRP exhibits the highest longitudinal tensile, flexural, and interlaminar shear 709 

performance, which makes it suitable for stiffness-critical and load-bearing components. 710 
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However, the high anisotropy observed in CFRP indicates the importance of considering 711 

directional mechanical behavior during laminate design and structural optimization. GFRP 712 

exhibits relatively lower longitudinal stiffness than CFRP but demonstrates comparatively 713 

improved transverse and flexural behavior, especially under VARTM. This behavior indicates 714 

a more balanced directional mechanical behavior, which suggests its suitability for cost-715 

effective automotive structures subjected to multiaxial loading conditions. BFRP exhibits 716 

competitive flexural and interlaminar shear performance and greater sustainability potential 717 

than CFRP, making it attractive for automotive components, offering a favorable balance 718 

between stiffness and mechanical performance. 719 

The comparison of HLU and VARTM further demonstrates that the manufacturing process 720 

plays a vital role in determining the final mechanical performance of the composite laminates. 721 

The density, fiber volume fraction, void content, and mechanical properties results consistently 722 

show that VARTM produces more efficient composite laminates with superior stiffness, 723 

strength, and interlaminar performance. These findings indicate that selecting the 724 

manufacturing process is also vital, alongside fiber selection, for the design of composite-based 725 

structures for automotive applications.  726 

5. Conclusions 727 

This study systematically investigated the effects of the manufacturing process on the 728 

multiaxial mechanical behavior and the evolution of anisotropy in unidirectional CFRP, GFRP, 729 

and BFRP composite laminates manufactured using HLU and VARTM. The results 730 

demonstrate that the manufacturing process shows distinct density, fiber volume fraction, and 731 

void fraction, which significantly influence the stiffness, strength, and anisotropic mechanical 732 

responses of the laminates. 733 

Across all fibers, VARTM produces higher density, fiber volume fraction, and lower void 734 

content, resulting in enhanced stiffness-dominated responses, efficient load transfer, and 735 

improved overall mechanical performance. Despite its lower fiber volume fraction and higher 736 

void content, HLU exhibits comparatively higher longitudinal compression strength for CFRP 737 

and GFRP. These microstructural variations result in apparent shifts in anisotropy, with 738 

VARTM exhibiting higher tensile and compressive anisotropies in both CFRP and BFRP, 739 

highlighting fiber-dominant load transfer. However, the knitted architecture and enhanced 740 

transverse load of GFRP under VARTM reduce the compression and flexural anisotropy. For 741 

CFRP and BFRP, flexural anisotropy indices remain largely unaffected by the manufacturing 742 



 

36 

 

process, indicating the stable stiffness transfer from uniaxial tensile to bending. Interlaminar 743 

shear indices confirm that VARTM improves shear transfer efficiency and delamination 744 

resistance in CFRP and BFRP, while the transverse knitting may limit shear efficiency in GFRP.  745 

Two-way ANOVA further demonstrates that fiber type has a dominant influence on all 746 

constitutive behavior, while the manufacturing process significantly affects nearly all 747 

parameters, except for longitudinal compression strength. Interaction effects are also 748 

significant, except for the in-plane shear modulus. Fiber-dominated longitudinal responses 749 

exhibit comparatively lower interaction effects, indicating lower sensitivity to the combined 750 

influence of fiber type and manufacturing process. Conversely, matrix-dominant properties, 751 

such as transverse compression and interlaminar shear strength, exhibit statistically strong 752 

sensitivity to process-fiber coupling. 753 

Overall, the results demonstrate that the fiber type governs the fundamental mechanical 754 

response of the laminate. In contrast, the magnitude and directional balance of the resulting 755 

properties are significantly influenced by the manufacturing process. The anisotropies and 756 

translation indices developed in this study provide an additional framework for evaluating the 757 

effect of manufacturing process on the mechanical response of composite laminates under 758 

different loading modes, thereby supporting the design and optimization of lightweight 759 

automotive composite structures. 760 
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