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ABSTRACT 

 

Fiber composite laminates have been widely used in wind energy and other 

engineering structures. Three-dimensional deformations and stresses are induced in thick 

laminates structural joints and ply drops. In addition, weak interlaminar strength often 

governs complex thick composite laminate failure. Fundamental knowledge of 

interlaminar mechanical properties and fatigue failure behavior is essential for accurate 

design and long-term reliability of large composite rotor structures. However, little 

information on the subject is currently available. 

In the study, interlaminar fatigue experiments were conducted on composite 

specimens to determine interlaminar cyclic stress-life relation. Optical and electron 

microscopy was performed to determine associated fatigue damage mechanisms and 

failure modes. 

Interlaminar tensile and shear fatigue stress-life relationships were established for a 

glass fabric/vinyl ester composite. Both show a fatigue limits below 40% of static 

interlaminar strengths. Fatigue failure was mostly initiated at the interply interphase 

which contained the highest amount of defects and stress concentrations.  
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CHAPTER 1. INTRODUCTION 

 

Fiber-reinforced polymer-matrix composites have been extensively used in aerospace 

industry, and marine and offshore structures owing to their superior properties over 

metallic counterparts, such as corrosion resistance, structural tailorability and high 

specific stiffness and strength. Additionally, many advanced rotary machines, for 

instance, helicopter rotors and wind turbine blades, are made of composites materials due 

to combined weight saving, fatigue and strength considerations.  

Currently, design, fabrication and development are in progress for individual offshore 

wind turbines to generate electric power more than 10MW each [1, 2]. Rotor blades of 

the wind turbines have long spans with thick-section composite laminate construction [3]. 

For example, an offshore horizontal-axis wind rotor in the present design for 13.2 MW 

power generation requires turbine blades of more than 100 meters in length with 8 and 6-

inch laminate thicknesses at the blade root and at the maximum chord location, 

respectively. In thick-section composites during operation, interlaminar stresses caused 

by bending, torsion and their coupling and by Poisson mismatch between layers can be 

significant [4]. Classical lamination theory [5] (CLT) considers only in-plane stresses and 

interlaminar stresses are assumed to be zero. Hence, the CLT for thin composites 

completely fails to evaluate the interlaminar deformation and failure. 

In general, the interlaminar strengths are governed by the matrix, the ply interface and 

the through-thickness microstructure. In a fiber composite, matrix strength (~10.5 ksi for 

vinyl ester) [6] is much lower than the fiber strength (~550 ksi for E-glass fiber) [7]. The 

weak interlaminar strength often governs the complex thick composite laminate failure. 

Accurate determination of the matrix-dominated interlaminar properties of thick-section 



2 

 

composites is essential for proper manufacturing development, effective design and long-

term reliability of thick-section composite structures. 

At present very limited through-thickness interlaminar studies on thick-section 

composites are reported in the literature. Interlaminar deformation and subsequent 

complex failure modes are not well understood. The problem is further complicated by 

difficulties in thick-section composite processing, experimental design, observations and 

measurements. In order to effectively study interlaminar behavior, test specimens made 

from composite panels with a thickness at least 3 to 6 inches must be fabricated. During 

processing the thick composite fabrication, residual stresses and defects are unavoidably 

introduced by exothermic reaction with a high temperature gradient through the laminate 

thickness direction. In addition, test methods, experimental procedures, and measurement 

technique for determining interlaminar properties are less established than those for in-

plane properties.  

To address these issues, a research has been conducted here with goals to determine 

thick-section glass fabric/vinyl ester composite interlaminar mechanical properties and 

failure strengths under static and fatigue loading and to investigate matrix-dominated 

interlaminar deformation and damage mechanisms in the thick-section composite. A 

combined experimental and analytical approach is taken to rigorously study the 

interlaminar behavior of the thick composite. A literature review is first presented in 

Chapter 2 on interlaminar test methods, interlaminar normal and shear properties and the 

effect of curing effect on thick-section composite behavior. Specific objectives of the 

research and the detailed scope of work are given in Chapter 3. An experimental program, 

including specimen fabrication and preparation, and experimental procedure and data 
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acquisition, is presented in Chapter 4. An analytical study on test specimen design and 

development is addressed in Chapter 5. Detailed results obtained from the experiment 

and the analysis are shown and discussed in Chapter 6. Important conclusions derived 

from the study are given in Chapter 7. 
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CHAPTER 2. LITERATURE REVIEW 

 

In-plane mechanical and strength properties of thin composite have been 

extensively studied [4, 5]. However, very limited information on interlaminar mechanical 

and strength properties is available in the literature. The rapid increase in thick composite 

applications requires better understanding of interlaminar deformation and failure as well 

their mechanical and strength properties, such as interlaminar constitutive laws and 

fatigue failure behavior. In particular current three-dimensional modeling [8-11] and 

predicting of interlaminar mechanical and failure properties of thick composite structures 

require a vigorous interlaminar study for design validation and manufacturing 

development of large composite systems.  

2.1 Interlaminar Test Methods for Composite Laminates 

 In order to obtain reliable interlaminar mechanical properties of composite laminates, 

test methods which can generate a uniform and pure stress state in a specimen gage area 

are required. An assessment of the most popular interlaminar test methods are provided 

by Broughton et al., [12]. The evaluation is based on such issues as the availability of 

modulus and strength data, simple data reduction, low cost of specimen preparation and 

consistent failure mode. Short block (SB) [13] and short beam shear (SBS) [14] tests are 

proposed to be the most efficient test methods for interlaminar tensile and shear 

characterization, respectively. However, stress distribution in the SB and SBS specimens 

are not uniform; multi-axial stresses with high concentrations are locally induced during 

the test [15, 16]. For a thick-section composite panel, flat tensile coupon and Iosipescu-

type shear [17] specimens could be directly machined from through-thickness sections. 

The main advantage of the two test methods is their large pure stress area in the gage 
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section where the conventional strain gages can be mounted to measure deformations and 

hence to obtain elastic moduli and full stress-strain curves of the material. The flat tensile 

coupon specimen may need to be tapered at gage section to avoid premature failure in 

grip areas. As for the Iosipescu-type shear specimen, a specified notch angle should be 

determined according to the orthotropy of material properties to eliminate stress 

singularity at the notch root and thereby to produce a pure and uniform stress state in the 

gage section [18, 19]. 

2.2 Interlaminar Deformation and Strength  

2.2.1 Interlaminar Normal Deformation and Failure 

 The first interlaminar tensile test on a composite material (graphite/epoxy) is 

conducted by Lagace and Weems [20], using SB test specimens. The interlaminar tensile 

strength is found to be independent of layup and is 25% lower than in-plane transverse 

strength. Interlaminar tensile behavior of carbon/epoxy laminates has been studied by 

Koudela et al., [21], using SB test specimens. The static interlaminar tensile stress-strain 

curve is found to be bilinear, where a decrease in modulus occurs at 50% to 60% of the 

failure strain. Chen et al., [22] investigate the effect of loading rate on interlaminar tensile 

strength of a carbon/epoxy woven composite, using SB specimens with split Hopkinson 

tensile bars. The interlaminar tensile strength is found to increase significantly and the 

failure mode changes with loading rate. On the contrary, Medina and Harding [23] report 

that a small increase in strength under impact loading, compared to that in a quasi-static 

loa ing con ition for a carbon/epoxy woven composite. Tensile mo  l s an  Poisson’s 

ratio are also found nearly independent of strain rate. Jackson and coworkers [24, 25] use 

a curved beam to determine interlaminar tensile strength of a 3D-textile carbon/epoxy 
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composite. Due to the incorrect failure mode in the textile composite, the authors suggest 

to use a flat tension coupon test or make modifications on the curved beam. Roy and Kim 

[26] fabricate a 2-inch thick graphite/epoxy composite to measure interlaminar normal 

stiffness, Poisson’s ratio an  strength of the laminates with 2-inch-long rectangular 

coupons and a special gripping technique. However, viewing from the failed specimen 

photos, most of the interlaminar tensile coupons appear to fail in tab end areas. 

Samborsky et al., [27] report elastic constants, strengths, and stress-strain curves along 

principal material directions for a unidirectional glass fabric/epoxy laminate with 

thickness-tapered rectangular tensile coupons and Iosipescu-type shear specimens. 

Tensile and shear strengths along the thickness direction are found much lower than those 

along in-plane longitudinal and in-plane transverse directions.  

2.2.2 Interlaminar Shear Deformation and Failure 

 Elawadly [28] investigate the effect of stacking sequences on interlaminar shear 

strength of an E-glass/epoxy composite with ±10º and ±84º layups by a SBS test. The 

most probable failure locations are found at the interfaces between the ±10º and ±84º 

layers due to a large mismatch in elastic ply properties between adjacent layers. Makeev 

et al., [29] obtain a full interlaminar shear response of unidirectional E-glass/epoxy 

experimentally using the SBS specimens. A full-field strain measurement is performed on 

the specimen surface using a digital image correlation (DIC) technique. Leong and 

coworkers [30] conduct Iosipescu-type shear and off-axis compression tests on a 

unidirectional glass fabric/epoxy composite to obtain its failure strength under 

combination of interlaminar shear and through-thickness compression. The experimental 

data exhibit good correlation with the Tsai-Wu failure criteria [31]. Gipple and Hoyns [32] 
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investigate interlaminar shear responses of thick-section graphite/epoxy and glass/epoxy 

composites, using Iosipescu-type shear specimens. The shear response correlates well 

with predictions from finite element analyses with nonlinear elastic material properties. 

They also look at strain distributions in specimen test sections using moire interferometry 

full-field gages. A fairly uniform strain distribution, away from notch areas, is found in 

[0º/90º]72s laminates, while a non-uniform distribution is shown in [0º]140 specimens. 

Zhou et al., [33] measure both in-plane shear and interlaminar shear properties by the 

Iosipescu-type test method. A typical transverse tensile failure mode is found in 

transverse shear specimens of a unidirectional carbon/epoxy laminate. The undesired 

failure mode is also reported by Oh et.al [34].  

2.3 Interlaminar Fatigue Damage and Failure 

2.3.1 Interlaminar Normal Fatigue 

 Koudela et al. [21] use SB test specimens to characterize interlaminar tensile fatigue 

behavior of carbon/epoxy laminates. A fatigue limit at 10
7
 cycles is observed at 40% of 

its average interlaminar tensile strength. Makeev et al., [35] test unidirectional 

carbon/epoxy composite curved-beam specimens to generate interlaminar tensile S-N 

curve. A power law is used to approximate the average fatigue behavior and a fatigue 

limit at 10
7
 cycles is observed at 40% of its average interlaminar tensile strength. Seon et 

al., [36] find that void defects have significant effect on interlaminar tensile fatigue 

strength properties of carbon/epoxy composite. 

2.3.2 Interlaminar Shear Fatigue 

 Pipes [37] examines interlaminar shear fatigue of graphite-epoxy, boron-epoxy and 

glass epoxy composite laminates using SBS specimens. Results of the investigation show 
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that interlaminar fatigue of the composites is significantly different from fiber-dominated 

fatigue. Interlaminar shear strength is found to be reduced to approximately 50 percent of 

static shear strength after 10
6
 cycles, while a shear modulus only slightly lowered over 

10
6
 cycles. May and Hallett [38] use the SBS test to obtain through-thickness shear 

fatigue initiation data of carbon/epoxy composites. From the experimental results 

obtained, they claim that the SBS test is not good at determining through-thickness shear 

fatigue initiation because of a multiaxial, non-uniform stress state in the gage section. 

Failure always occurs at a location of combined though-thickness compression and shear 

stress. Recently, Makeev [39] modifies the SBS test setup to eliminate undesired 

compressive damage in the test coupons and uses the test method to generate interlaminar 

shear S-N curves for E-glass/epoxy and carbon/epoxy composites. No change in the shear 

modulus is observed during most of the fatigue life for carbon/epoxy composite. 

Degallaix et al., [40] use unnotched, tabbed cubic specimen with 18 mm edges to 

characterize interlaminar shear fatigue strength of a unidirectional glass/epoxy composite. 

They found that hackle formation is the predominant damage mechanism for the shear 

fatigue failure.  

2.4 Curing Induced Interlaminar Properties Variation in Thick-Section Composites 

 During curing a thick-section glass/thermoset composite, exothermic reaction in the 

resin matrix may generate a large amount of heat with a thermal gradient in the laminate 

thickness direction [41]. Huang et al., [42] conduct a 2-D cure simulation of thermoset 

composite processing to estimate evolutions of through-thickness exothermic temperature 

and the degree of cure. The results show that the middle part of the composite cures more 

than top and bottom parts. Oh et al., [34] cure a 140-ply carbon-epoxy composite by a 
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conventional autoclave and find that the maximum temperature at the laminate midpoint 

is around 35ºC higher than that at laminate surface. Recently, Hou et al., [43] conduct a 

comprehensive experimental study on exothermal reaction and curing kinetics of a 100-

ply thick-section glass-fabric/polyester with VARIM processing. Significant through-

thickness variation in exothermic temperature and curing degree are determined. The 

non-uniform curing is expected to lead to a through-thickness variation of matrix-

dominated mechanical properties in the thick-section glass/polyester composite. However, 

very limited information is available for the process-induced mechanical property 

variation in thick-section composites. Olivier and Cavareo [44] analyze through-thickness 

curing differentials on longitudinal tensile properties at different thickness locations of 

thick thermoset composite laminates. All mechanical and strength properties are 

calculated with no experimental data or validation presented.  
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CHAPTER 3. RESEARCH OBJECTIVES AND SCOPE OF WORK 

 

Detailed knowledge of interlaminar mechanical properties and fatigue behavior of 

thick-section composite laminate is required for accurate design, rigorous analysis and 

long-term reliability assessment of current and future large rotor structures. In this 

research, the purposes are to understand interlaminar deformation, damage and failure of 

thick-section glass fabric/vinyl-ester composites subjected to static and fatigue loadings.  

The study is also aimed to investigate the effects of process-induced microstructure and 

thermal gradient on through-thickness mechanical and strength properties of thick-section 

glass fabric/vinyl ester composites.  

In order to accomplish these objectives, the specific scope of work includes the 

following: 

1) Manufacturing quality thick-section composites using VARIM process. 

2) Designing interlaminar tensile and shear specimens for composite mechanical test. 

3) Evaluating interlaminar microstructure and defects in thick-section composites.  

4) Evaluating through-thickness thermal properties of thick-section composite. 

5) Determining stress-strain behaviors and failure modes of thick-section composites 

under monotonic interlaminar tensile and shear loadings. 

6) Investigating the effects of process-induced microstructure and thermal gradient 

on through-thickness mechanical and strength properties of thick composites. 

7) Establishing interlaminar fatigue stress-life relationships for thick composite.  

8) Determining interlaminar fatigue damage mechanisms of thick composite. 

9) Comparing interlaminar fatigue behavior with in-plane transverse fatigue 

behavior.  
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CHAPTER 4. EXPERIMENTS 

 

4.1 Material System 

4.1.1 Reinforcements 

The material system used in the study was a VARIM processed composite, consisting 

of a reinforcement and a vinyl ester resin matrix. The reinforcement was Vectorply E-LT 

5500 fabric, made of 0°/90° biaxial E-glass fiber strands, stitched with polyester yarns in 

non-crimp form (Both 0°-warp fibers and 90°-backing fibers had a silane based sizing, 

compatible with the vinyl ester resin). Front and back views of the E-LT 5500 fabric are 

shown in Fig. 4.1. The areal weight of the fabric was 1877.2 g/m
2
. The weight percentage 

and the density of the three components, i.e., 0°- warp fibers, 90°-backing fibers and 

stitch yarns were obtained from the supplier (Vectorply) and given in Table 4.1. 

 

Figure 4.1. Front and back views of Vectorply E-LT 5500 glass-fabric reinforcement. 

 

Table 4.1. Constituents of E-LT 5500 glass fabric. 

 Component 

0° fiber strand 90° fiber strand Stitch yarn 

Weight [%]  92.06  6.07  1.87  

Density [g/cm
3
] 2.64 2.64 1.38 

Type 
PPG Hybon

®
 2026  

E-glass [45] 

PPG Hybon
®

 2022 

E-glass [45] 
Polyester 
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4.1.2 Resin Matrix 

 The resin matrix in the composite was a vinyl ester polymer (AOC Hydropel R015-

APF-90) with a curing agent (Trigonox 239, 2% by weight), which was designed for 

fabrication of large composite wind blades in a VARIM process [46]. Mechanical 

properties of c re  vinyl ester resin  incl  ing Yo ng’s mo  l s  Poisson’s ratio an  

tensile strength, are given in Table 4.2. The vinyl-ester resin was cured at room 

temperature, followed by post-curing at 70°C for 10 hours. 

Table 4.2. Mechanical properties of cured vinyl-ester resin. 

E [Msi] υ S
+
 [ksi] ε

+
 [%] ρ [g/cm

3
] 

0.552 0.360 12.2 3.98 1.16 

 

 

4.1.3 Glass Fabric/Vinyl-ester Composite 

Three glass fabric/vinyl ester composites with 4-ply (0.19-inch), 56-ply (2.5-inch) 

and 120-ply (5.6-inch) reinforcements, respectively, were fabricated for experiments. The 

constituent contents of the three composite panels were determined with standard matrix 

burn-off and density measurement methods [47]. The results are given in Table 4.3. 

Table 4.3. Constituent contents of glass fabric/vinyl-ester composite. 

 Panel thickness [inch] 0.19 (4 plies) 2.5 (56 plies) 5.6 (120 plies) 

Volume 

fraction 

[%] 

Fiber Vf 60.24±0.23 61.58±0.29 58.75±0.72 

Matrix Vm 37.10±0.24 35.52±0.31 37.51±0.86 

Stitch yarn Vs 2.20±0.01 2.23±0.05 2.14±0.03 

Void Vv 0.46±0.01 0.67±0.03 1.60±0.36 
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4.2 VARIM Processing of Glass Fabric/Vinyl Ester Composite 

In this research, glass fabric/vinyl ester composite panels were fabricated by a 

vacuum-assisted resin-infusion molding (VARIM) method. The VARIM has been 

extensively used for manufacturing large and thick composite components, especially for 

wing turbine blades and boat hulls [48]. High fiber volume fraction (~60%) and low void 

content (< 2%) were achieved for fabricating quality composite components using this 

method. 

4.2.1 Thin Composite Panel 

 The VARIM setup for laboratory manufacturing of a 4-ply glass fabric/vinyl ester 

composite laminate is shown in Fig. 4.2. A peel ply was first placed on a glass plate, and 

then 4 plies of glass fabric with a layup of [02]s were stacked on the top of the peel ply. A 

second peel ply was then placed on top of the fabric preform, followed by a glass plate 

above it to reduce the surface waviness and thickness variation of the composite laminate. 

After that, a vacuum-assisted-process (VAP) membrane [49] with micro-pores was 

applied to allow trapped air and gas to escape during the VARIM process. A bleeder 

fabric was then placed on top of the VAP membrane to avoid air trapped under the 

vacuum bag. An infusion inlet at one end of preform was placed inside of the VAP 

membrane, while a vacuum outlet at the other end was placed between the VAP 

membrane and the bleeder fabric. The entire preform was vacuum-bagged with 28.5 inch-

Hg pressure on the glass plate. A schematic view of the VARIM setup for fabricating the 

4-ply composite panel is shown in Fig. 4.3. 
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Figure 4.2. VARIM process of a 4-ply (0.19-inch) glass fabric/vinyl ester composite 

laminate panel. 

 

 

Figure 4.3. Schematic setup of VARIM process for a 4-ply composite panel. 

 

4.2.2 Thick Composite Panel 

The VARIM setup for laboratory manufacturing a 56-ply glass fabric/vinyl ester 

composite laminate is shown in Fig. 4.4. A dry preform was prepared first by stacking 56 

plies (6 inches ×10 inches) of E-LT 5500 glass fabric with 0° fiber strands aligned on a 

peel ply. Another peel ply was placed on top of the fabrics, followed by a highly 
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permeable flow medium. The entire preform was attached with an infusion inlet and a 

vacuum outlet, and then vacuum-bagged (with 28.5 inch-Hg pressure) on a glass plate. A 

schematic view of the VARIM setup for the 56-ply composite panel is shown in Fig. 4.5. 

 

Figure 4.4. VARIM processing of a 56-ply (2.5-inch) glass fabric/vinyl ester composite 

laminate panel. 

 

 

Figure 4.5. Schematic view of VARIM processing setup for a 56-ply composite panel. 

 

The VARIM setup for laboratory manufacturing of a 120-ply glass/vinyl ester 

composite laminate is shown in Fig. 4.6. A dry preform was prepared first by stacking 

120 plies (8 inches ×10 inches) of the E-LT 5500 glass fabric with 0° fiber strands 
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aligned on a peel ply. Another peel ply was placed on top of the fabrics, followed by a 

highly permeable flow medium. The entire preform was attached with two infusion inlets 

and two vacuum outlets, and then vacuum-bagged (with 28.5 inch-Hg pressure) on a 

glass plate. Seven thermocouples were embedded in the thick VARIM composite 

laminate to record instantaneous temperatures during processing. The thermocouples 

were placed at the panel center, separated by 20 plies for each thermocouple, through the 

thickness direction, including top and bottom surfaces of the laminate. Schematic side 

and top views of the VARIM setup for fabricating the 120-ply composite panel are shown 

in Fig. 4.7 and Fig. 4.8, respectively.  

 

 

Figure 4.6. VARIM process of a 120-ply (5.6-inch) glass fabric/vinyl ester composite 

laminate panel. 
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Figure 4.7. Schematic side view of a laboratory VARIM setup for processing a 120-ply 

composite panel. 

 

Figure 4.8. Schematic top view of a laboratory VARIM setup for processing a 120-ply 

composite panel. 

 

Fabrication of the three composite panels by the VARIM process was performed at 

room temperature. After complete wet-out, the infusion inlet and the vacuum outlet tubes 

were shut off.  The laminate composite panels were cured at room temperature for 5 days, 

followed by post curing at 70ºC for 10 hours. The samples taken from the 120-ply glass 
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fabric/vinyl ester composite for DSC measurement were cured at room temperature for 

20 days without post curing (Appendix B).  

4.3 Fabrication and Preparation of Test Specimens 

4.3.1 Specimens for Interlaminar Tensile Tests 

 The interlaminar tensile behavior of the thick glass fabric/vinyl ester composite was 

determined by the specimens of two different (ZL- and ZT-tention) configurations taken 

from composite laminate sections as shown in Fig. 4.9. Width-tapered specimens in the 

ZL-tension configuration were used to investigate through-thickness variation of 

interlaminar tensile properties in both 120-ply and 56-ply glass fabric/vinyl ester 

composites. The “ZL-tension” was  esignate  for specimens locate  in the composite Z-

L section subjected to tensile loading along the thickness direction (Z). Straight-side 

specimens in ZL-, LZ-, TZ- and ZT-tension configurations were used to obtain basic 

elastic constants along three principal material directions (L, T and Z) of the thick 

composite for subsequent specimen design and analysis.  

 

Figure 4.9. Interlaminar tensile specimens (ZL-, LZ-, TZ- and ZT configurations). 
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The width-tapered ZL-tension specimen was designed to contain a 0.5 inch × 0.4 inch 

straight-side gage section and a 0.5-inch end gripping width. Test specimens made from 

the 56-ply (2.5-inch) composite panel were extended to ensure a sufficient length for 

proper gripping. With the same material of an identical width and thickness as those in 

the test section, the extended parts were bonded to the test sample with an epoxy adhesive 

(3M scotch-weld 2216B/A). Tabs were bonded to the gripping sections so that specimen 

integrity was kept. A tapered ZL-tension specimen with its detailed geometry made from 

the 56-ply composite panel is shown in Fig. 4.10.  

 

 
 

Figure 4.10. Geometry of a width-tapered ZL-tension specimen made from 56-ply glass 

fabric/vinyl ester composite (Z/h=0.5). 

 

 

The straight-side section and the radius of the transitional region were machined by a 

Φ0.125 inch (240-grit) sanding band on the tip of a rotatory tool assembled on a router 

table (Fig. 4.11). For monotonic tensile test specimens, both 500- and 800-grit silicon 

carbide papers were used to polish the machined edges to the designed specimen 

dimensions with a tolerance within 0.001 inches.  
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Figure 4.11. Rotary tool assembly for the machining of tapered ZL-tension specimen. 

 

The 120-ply composite had its thickness adequate for fabricating a complete width-

tapered ZL-tension specimen when its gage center coincided with the laminate thickness 

center. However, the width-tapered ZL-tension specimens with gage sections taken at 

other locations above and below the laminate thickness center, as illustrated in Fig. 4.12, 

required an end extension as described below for griping purposes. 

 

 
 

Figure 4.12. Width-tapered ZL-tension specimen taken at different through-thickness 

locations in a Z-L section of a 120-ply composite panel. 
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The extensional part was made from one side of the 120-ply composite strip, and 

bonded to the other end of the composite strip by the same vinyl ester resin. Bonding 

surfaces were thoroughly cleaned and the bondline thickness was controlled to be 

approximately 0.015 inches (Fig. 4.13), which was shown to give a tensile bond strength 

higher than the interlaminar tensile strength of the thick composite laminate itself.  

Interlaminar tensile specimens taken from five through-thickness locations (i.e., at 

Z/h = 0.1, 0.3, 0.5, 0.7 and 0.9) in the 120-ply glass fabric/vinyl ester composite were 

used for mechanical tests, in which Z is the through-thickness distance from the specimen 

center to the composite panel bottom and the h is the thickness of the composite panel. 

 

    
 

Figure 4.13. Width-tapered ZL-tension specimen with end extension made from 120-ply 

glass fabric/vinyl ester composite (Z/h = 0.9). 

 

 

A width-tapered ZL-tension specimen made from 120-ply composite panel with 

detailed geometry is shown in Fig. 4.14. The same specimen geometry was also used 

later for interlaminar ZL-tension fatigue test. (The specimen surfaces were polished with 

1200-, 2400-and 4000-grit silicon carbide papers based on a static-specimen surface 

preparation.) 
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Figure 4.14. Geometry of a width-tapered ZL-tension specimen made from 120-ply glass 

fabric/vinyl ester composite (Z/h=0.5). 

 

4.3.2 Specimens for Interlaminar Shear Tests  

Modified Iosipescu-type shear specimens (Fig. 4.15) were designed and fabricated for 

interlaminar shear tests. Notches with specified angles Φ [18] were introduced according 

to the degree of orthotropy of the test material. The interlaminar shear behavior of the 

thick composite was determined by specimens of four different (LZ-, ZL-, TZ- and ZT-

shear) configurations taken from composite sections as shown in Fig. 4.16. The 

specimens of the LZ-shear configuration (Fig. 4.16) were used to investigate through-

thickness variation in interlaminar shear properties of both 120-ply and 56-ply glass 

fabric/vinyl ester composites. The “LZ-shear” was  esignate  for the specimens locate  

in the L-Z section subjected to shear loading normal to the longitudinal direction L. As 

shown in Fig. 4.17, five LZ- shear specimens were made from the composite at different 

locations through the thickness direction of a 120-ply (5.6-inch) glass fabric/vinyl ester 

composite to study the through-thickness variation of interlaminar shear properties and 

failure strength.  
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Figure 4.15. Geometry of interlaminar shear specimen with a prescribed notch angle Φ. 

 

Figure 4.16. Designations and configurations of interlaminar shear specimens. 

 

 

Figure 4.17. LZ-shear specimens taken from different locations through the thickness 

direction in L-Z section of a 120-ply glass fabric/vinyl ester composite. 

0.02”R 
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The specimens were first machined into 1.0 inch × 2.5 inch rectangles from 0.25-inch 

thick slices of an L-Z (or T-Z) section in the thick composite. For monotonic test 

specimens, 80-, 220-, 500- and 800-grit silicon carbide papers were used to polish the 

machined edges to the designed dimensions with a tolerance within 0.001in. Before 

machining notch angles, dimension cards printed with the same size scale (1.0 inch × 2.5 

inch) were glued to front and back surfaces of the composite rectangles. Holes with a 

radius of 0.02in were drilled at notch tips. The composite specimens were then mounted 

onto a slow speed diamond saw to machine the notches (Fig.4.18). After that, dimension 

cards were removed from specimen surfaces, followed by notch polishing with both 500- 

and 800-grit silicon carbide papers. A finished notched shear (TZ-shear) test specimen is 

shown in Fig. 4.19. 

 

Figure 4.18. Notch-angle machining for an interlaminar shear specimen. 

 

 

Figure 4.19. TZ-shear specimen with a notch angle of 110°. 
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The specimen with detailed geometry shown in Fig. 4.20 was used for interlaminar 

(ZL-shear) fatigue test. The surface and notch of the specimen were polished with 80-, 

220, 500, 800, 1200-, 2400-and 4000-grit silicon carbide papers. All the ZL-shear fatigue 

specimens were made from the 120-ply glass fabric/vinyl ester composite with notch 

angle Φ=94º. 

 

Figure 4.20. Interlaminar ZL-shear fatigue specimen made from 120-ply glass 

fabric/vinyl ester composite. 

 

4.3.3 Specimens for In-Plane Transverse Tensile Tests 

 The straight-side TL-tension specimen shown in Fig. 4.21 was used to obtain in-plane 

transverse tensile stress-strain behavior of a 4-ply glass fabric/vinyl ester composite. The 

120-, 220-, 500-, 800-girt silicon carbide papers were used to polish machined edges to 

the designed dimensions. The width-tapered TL-tension specimens shown in Fig. 4.22 

were used for in-plane transverse tensile fatigue tests. Their fabrication procedure and 

surface preparation were same with that for the tapered ZL-tension fatigue specimens. 

(The specimen surfaces were polished with 1200-, 2400-and 4000-grit silicon carbide 

papers based on a static-specimen surface preparation.) 

 

0.02”R 
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Figure 4.21. Geometry of a straight-side TL-tension specimen made from 4-ply glass 

fabric/vinyl ester composite for monotonic test. 

 

 

 

 

 

Figure 4.22. Geometry of a tapered TL-tension specimen made from 4-ply glass 

fabric/vinyl ester composite for fatigue test for fatigue test. 
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4.4 Mechanical Test Systems and Data Acquisition 

All the static tests were performed in a servo-hydraulic material test system (Fig. 

4.23). Test data were recorded by a desktop computer through a DAQ with a digital 

electronic controller. Applied axial loads were controlled by a load cell with a 20-kip 

capacity. Deformations in the gage sections were measured by an extensometer or by 

strain gages connected to a conditioner with a quarter-bridge arrangement.  

 

 

Figure 4.23. Servo-hydraulic mechanical test system. 
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All the fatigue tests were conducted in an electromechanical test system (Fig. 4.24). 

Test data were recorded by a desktop computer through an analog input module [50] 

connected to a digital controller with an 8-channel quarter-bridge analog input module 

[51] in a DAQ chassis [52]. Applied axial loads were controlled by a load cell with a 10-

kN dynamic capacity. Deformations in the gage section were measured by strain gages 

connected to a quarter-bridge analog input module. 

 

 

Figure 4.24. Electromechanical fatigue test system. 
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4.5 Measurement Devices and Gages 

4.5.1 Interlaminar Tensile Test 

 Basic mechanical properties of the glass fabric/vinyl ester composite, such as tensile 

mo  l s  Poisson’s ratio an  stress-strain relation, were determined from the strain gage 

data [at 0° and 90° to the thickness directions (Fig. 4.25)], and load cell output. Test 

specimens were susceptible to bending caused by a gripping misalignment or warp during 

installation. Strain gages on both sides of a specimen quantitatively assessed the amount 

of bending by comparing signals from front- and back-side strain gages. All interlaminar 

tensile test results were reported from the specimens with less than 5% differences in 

signals obtained from front- and back-side strain gages.  

 

 
 

Figure 4.25. Tapered ZL-tension specimen equipped with four strain gages. 
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4.5.2 Interlaminar Shear Test 

The in-house built grips shown in Fig. 4.26 were used for conducting interlaminar 

shear tests. To obtain composite interlaminar shear modulus and full stress-strain relation, 

two strain gages at ±45° to the thickness direction were placed on each side of the 

specimen center. Strain gages with a 0.062-inch grid length [53] were used for the LZ- 

and ZL-shear specimen (Fig. 4.27). Due to large glass fiber strands, strain gages with a 

0.125-inch grid length were used on TZ- and ZT-shear specimen surfaces to obtain an 

average strain in the gage area (Fig. 4.28).  

 

 

Figure 4.26. Modified Iosipescu-type shear specimen with gripping fixtures in an 

interlaminar shear test. 
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Figure 4.27. ZL-shear specimen with two stacked (±45°) strain rosettes. 

 

 

Figure 4.28. TZ-shear specimen with four strain gages mounted on it in the grips. 

 

4.5.2 In-plane Transverse Test 

 To obtain a full tensile stress-strain relation, an extensometer of a 2-inch gage length 

was used to measure the composite deformation up to fracture in a straight-side TL-

tension specimen (Fig. 4.29). In the TL-tension fatigue test, strain gages at the 0° 

direction were mounted on both sides of a width-tapered specimen to record the modulus 

change prior to the occurrence of transverse matrix cracking during fatigue loading (Fig. 

4.30). 
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Figure 4.29. In-plane transverse monotonic tensile test. 

 

 

 

Figure 4.30. In-plane transverse tensile fatigue test. 
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4.6 Test Matrices 

4.6.1 Material Elastic Properties for Specimen Design 

 Material elastic properties were required for specimen design. Elastic constants of 

thick glass fabric/vinyl ester composites were obtained by straight-side specimens under 

low stress tensile loading (up to 15% of the material strength) along principal material 

directions, L (0º fiber direction), T (90º fiber direction) and Z (thickness direction). Tests 

with two repetitions were performed for each loading mode (Table 4.4).  

Table 4.4. Test matrix for elastic constants of thick glass fabric/vinyl ester composites.  

Composite 

panel 
Layup 

Loading 

mode 

Numbers 

of tests 

Strain rate 

[%/min] 

Stress 

range 

[ksi] 

Location 

Z/h 

56-ply 

(2.5-inch)  
[0º]56 

LZ-tension 2 

1.0~1.2 

0.0~2.0 0.15, 0.40 

ZL-tension 2 0.0~0.5 0.5 

TZ-tension 2 0.0~0.5 0.15, 0.5 

ZT-tension 2 0.0~0.5 0.5 

120-ply 

(5.6-inch) 
[0º]120 

LZ-tension 2 0.0~2.0 0.06, 0.15 

ZL-tension 2 0.0~0.5 0.5 

TZ-tension 2 0.0~0.5 0.07, 0.22 

ZT-tension 2 0.0~0.5 0.5 

 

4.6.2 Interlaminar Monotonic Tensile and Shear Tests 

In Tables 4.5 and 4.6, test matrices are shown for determination of interlaminar 

mechanical properties of the thick composites subjected to monotonic ZL-tension and 

LZ-shear loading. The results were also used to evaluate through-thickness variation in 

interlaminar mechanical and strength properties of the 56-ply and 120-ply thick 

composites. The tests in Table 4.7 were to determine the interlaminar mechanical 

properties of the thick composites subjected to monotonic ZL-, TZ- and ZT-shear 
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loadings. All monotonic tests were conducted in a displacement-control mode with a 

strain rate at approximately 1%/min.  

Table 4.5. Test matrix for determining though-thickness variation of mechanical 

properties in a 56-ply glass fabric/vinyl ester composite. 

Through-thickness 

location 

Number of tests 
Initial strain rate 

[%/min] 
Loading mode 

Z [in] Z/h ZL-tension LZ-shear 

2.25 0.9 3   

1.0~1.2 

2.00 0.8   3 

1.75 0.7 3   

1.60 0.64   3 

1.25 0.5 3 3 

 

Table 4.6. Test matrix for determining though-thickness variation of mechanical 

properties in a 120-ply glass fabric/vinyl ester composite. 

Through-thickness 

location 

Numbers of tests 
Initial strain rate 

[%/min] 
Loading mode 

Z [in] Z/h ZL-tension LZ-shear 

5.00 0.9 3 2 

1.0~1.2 

3.90 0.7 3 2 

2.80 0.5 4 2 

1.70 0.3 3 2 

0.60 0.1 3 2 

 

Table 4.7. Test matrix for characterizing mechanical behaviors of 56-ply and 120-ply 

composites under ZL-, TZ- and ZT-shear loading. 

Composite 

panel 
Layup 

Loading 

mode 

Number 

of tests 

Initial Strain 

rate [%/min] 

Location 

Z/h 

56-ply 

(2.5-inch)  
[0º]56 

ZL-shear 3 

1.0-1.2 

0.5 

TZ-shear 9 0.5, 0.64, 0.8 

ZT-shear 3 0.5 

120-ply 

(5.6-inch) 
[0º]120 

ZL-shear 6 0.2, 0.5, 0.8 

TZ-shear 10 0.1, 0.3, 0.5, 0.7, 0.9 

ZT-shear 6 0.2, 0.5, 0.8 
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4.6.3 Interlaminar Tensile and Shear Fatigue Tests 

Fatigue tests shown in Tables 4.8 and 4.9 were conducted to obtain interlaminar 

fatigue strengths and stress-life relations of a 120-ply thick glass fabric/vinyl ester 

composite. The experimental program was also designed to provide information on 

progressive degradation of mechanical properties of the composite subjected to ZL-

tension and ZL-shear fatigue. All tests were conducted in a constant-amplitude stress-

control mo e with triang lar wave form an  a stress ratio R (R= min/ max) of 0.01 (Fig. 

4.31). At least two repetitions were performed for each of the five different stress ranges 

(∆  or ∆ ) to material strength (SZZ or SZL) ratios. A frequency of 1 Hertz was used for 

fatigue tests of Nf < 10
6
, and 1~4 Hertz tests were conducted for specimens with Nf > 10

6
. 

Table 4.8. Interlaminar tensile fatigue test matrix for a 120-ply glass fabric/vinyl ester 

composite (Z/h = 0.5, SZZ = 4.01ksi). 

Loading mode ZL-tension, R=0.01, Triangular wave form 

∆ ZZ/SZZ
 

40% 50% 65% 75% 85% 

∆ ZZ [ksi] 1.60  2.01  2.61  3.01  3.41  

f [Hz] 1~4  1  1  1  1  

Number of Tests 3 3 3 3 3 

Control  Constant-amplitude stress-control 

 

Table 4.9. Interlaminar shear fatigue test matrix for a 120-ply glass fabric/vinyl ester 

composite (Z/h = 0.2 and 0.8 each, SZL = 4.72ksi). 

Loading mode ZL-shear, R=0.01, Triangular wave form 

∆ ZL/SZL
 40% 50% 60% 70% 85% 

∆ ZL [ksi] 1.89  2.36  2.83  3.30  4.01  

f [Hz] 1~4  1  1  1  1  

Number of Tests 2 2 2 2 3 

Control  Constant-amplitude stress-control 
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Figure 4.31. Cyclic fatigue loading function. 

 

4.6.4 In-plane Transverse Tensile Fatigue Loading 

The stress-strain behavior of a 4-ply glass fabric/vinyl ester composite under 

monotonic transverse tensile load consisted of two linear portions. The knee between the 

two linear portions corresponded to the stress  TT
cr

 causing first transverse cracking. The 

laminate final failure resulted from fracture of 90º-backing fibers along the loading 

direction. Fatigue tests shown in Tables 4.10 and 4.11 were conducted to establish a 

fatigue damage-life relationship (i.e., S-Ncr curve) and also a fatigue stress-life 

relationship (i.e., S-Nf curve), respectively. In transverse fatigue, Ncr denotes the number 

of stress cycles causing first transverse cracking, and Nf denotes the number of stress 

cycles causing final fracture of the composite. 
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Table 4.10. In-plane transverse tensile fatigue test matrix for investigating fatigue 

damage-first transverse matrix cracking ( TT
cr 

= 5.48ksi). 

Loading mode TL-tension, R=0.01, Triangular wave form 

∆ TT/ TT
cr

 45% 50% 55% 60% 70% 75% 85% 

∆ TT [ksi] 2.47  2.74  3.01  3.29  3.84  4.11  4.66  

f [Hz] 1~4  1~2  1  1  1  1  1  

Number of Tests 2 2 1 2 1 1 2 

Control  Constant-amplitude stress-control 

 

Table 4.11. In-plane transverse tensile fatigue test matrix for investigating fatigue 

failure-laminate fracture (STT = 10.64ksi).  

Loading mode TL-tension, R=0.01, Triangular wave form 

∆ TT/STT
 

26% 28% 31% 36% 44% 60% 70% 80% 

∆ TT [ksi] 2.74 3.01 3.29 3.84 4.66 6.38 7.44 8.51 

f [Hz] 1~2  1 1 1 1 1 1 1 

Number of Tests 2 1 2 1 2 2 2 2 

Control  Constant-amplitude stress-control 

 

4.7 Experimental Procedure 

4.7.1 Monotonic Tests 

All the monotonic tests were conducted in a displacement control mode with a strain 

rate at approximately 1%/min. Test specimens were first loaded for two cycles at a low 

stress (up to 15% of the material strength) and then tested in a single linear ramp to 

failure. Elastic properties were calculated in the 0~0.5 ksi stress range and taken as the 

average from two repetitions. Full stress-strain curves were obtained with the recorded 

data of load cell output and strain gage (or extensometer) signals.  
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4.7.2 Fatigue Tests 

 All fatigue tests were conducted in a constant-amplitude stress-control mode with a 

stress ratio R (R= min/ max) of 0.01. The applied cyclic tensile and shear stresses were 

generated in a triangular wave form. After a specimen was gripped onto the load frame, 

two cycles of dual loading ramp at a low stress (up to 15% of the material strength) were 

conducted to measure the material moduli. Dual ramp loading rates of 0.40 ksi/s, 0.15 

ksi/s, and 0.50 ksi/s were used for ZL-tension, ZL-shear and TL-tension fatigue tests, 

respectively, which could provide an approximately 1%/min strain rate in the specimen. 

After that, cyclic fatigue with a constant stress amplitude was conducted on the specimen. 

At selected cycles, the mean stress  m was ramped down to zero, and the same dual 

loading ramp was applied to measure residual moduli of the composite. Cyclic loading 

was then resumed from the periodic interruptions of the moduli measurement. The tenth-

cycle moduli were used as a reference for progressive moduli degradation during cyclic 

fatigue. 
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CHAPTER 5. SPECIMEN DESIGN AND ANALYSIS 

 

5.1 Design and Analysis of Interlaminar Tensile Specimen 

To evaluate interlaminar tensile properties and strength at a selected through-

thickness location of a thick glass fabric/vinyl ester composite, a test specimen with a 

suitable geometry was designed to ensure the material failure occurring in the specified 

gage section. The specimen design was performed using a linear-elastic finite element 

(FE) analysis with the aid of a commercial software ABAQUS. Eight-node plane stress 

quadrilateral elements are used to model one quarter of a specimen with symmetry and 

displacement boundary conditions. The elastic constants shown in Table 5.1 are used for 

material mo eling in the  E analysis. Yo ng’s mo  li an  Poisson’s ratios along three 

principal martial directions (L, T and Z) were determined from uniaxial tensile tests   

(Table 4.4), and shear moduli were obtained [54] from in-plane tensile tests of ±45º 

angle-ply glass fabric/vinyl ester composite laminates.  

Table 5.1. Elastic constants used for specimen design and analysis. 

Composite 

panel 

56-ply 

(2.5-inch) 

120-ply 

(5.6-inch) 

ELL [Msi] 6.80 6.95 

ETT [Msi] 2.67 2.70 

EZZ [Msi] 2.48 2.32 

υLZ 0.274 0.291 

υZL 0.103 0.094 

υTZ 0.333 0.347 

υZT 0.301 0.283 

GLZ [Msi] 0.90 0.90 

GZL [Msi] 0.90 0.90 

GTZ [Msi] 0.70 0.70 

GZT [Msi] 0.70 0.70 
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The specimen design and analysis aim to develop an interlaminar tensile specimen 

with a width-tapered gage section, resulting in a low stress concentration in the transition 

region under its dimensional constraints and also provided an approximately pure and 

uniform normal stress state in the gage section with a size suitable area for reliable 

mechanical properties measurement. 

5.1.1 Stress Concentration in Transition Region of a Tapered ZL-Tension Specimen 

 A parametrical study based, using the FE analysis, has been performed to obtain an 

optimum specimen geometry. The specimen provides a low stress concentration in the 

transition region. The specimen design and analysis are under the dimensional constraints 

of a 0.5-inch straight-side reduced-width length, a 0.5-inch grip width and a 2.0-inch test 

section length (Fig. 5.1). The transition radius r and the gage width w shown in Fig. 5.1 

are two design variables determined by the analysis.  

 

Figure 5.1. Specimen dimensional constraints and design variables.  

The stress concentration of a tapered specimen subjected to a ZL-tension load is 

quantified by Kt
ZL

 as 

                                                                Kt
ZL

 =  max/ ∞,                                               (5-1) 

where  max is the maxim m tensile stress ( ZZ) in the test section  an   ∞ is an average 

tensile stress in the middle of the test section. From the FE analysis, a relation between 
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Kt
ZL

 and r/w (ratio of transition radius r to gage width w) of a ZL-tension specimen is 

shown (Fig. 5.2). The Kt
ZL

 is found to exponentially decrease with the increase of 

transition radius r at a given gage width w. The gage width of 0.4-inch was selected for 

the final specimen geometry, because a specimen with this gage width may provide a 

sufficient space for placing strain gages. The Kt
ZL

 is less than 1.03 in the transition region 

when r/w goes to 12 (r = 4.8 inches).  

 

Figure 5.2. Correlation between stress concentration factor Kt
ZL

 and the ratio of transition 

radius r to gage width w. 

 

5.1.2 Gage-Section Size of a Tapered ZL-Tension Specimen 

In a width-tapered ZL-tension specimen with a gage length of 0.26 inches and a width 

of 0.40 inches, gage section stresses are determined as shown in Fig. 5.3. (The stresses, 

  ZZ,   LL and   LZ (  ij =  ij/ ∞) shown are normalized by the nominal tensile stress  ∞.) 

Stress concentrations occur near the end of a transition edge. A uniform stress state   ZZ 
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exists in the gage section with negligible   LL and   LZ. Two 0.125-inch strain gages may 

be placed in the gage area. To validate the specimen design, interlaminar tensile modulus 

an  Poisson’s ratio were meas re  by strain gages locate  in the mi  le section of a 

straight-side ZL-tension specimen. Comparing with the data measured from a width-

tapered specimen; one confirms a pure and uniform stress state in the gage area in the 

tapered ZL-tension specimen.  

 

Figure 5.3.   ZZ    LL an    LZ in an interlaminar ZL-tension specimen. 

 

5.2 Design and Analysis of Interlaminar Shear Specimen  

Modified Iosipescu-type specimens with specially introduced notch angles are used to 

evaluate interlaminar shear properties of the thick glass fabric/vinyl ester composite. In 

an orthotropic fiber composite laminate, the magnitude of stress concentration at a notch 

root of an Iosipescu-type specimen has been found [18] to vary with the degree of 

material orthotropy and with the notch angle. In this study, appropriate notch angles are 
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determined, based on the results in [18], for LZ, ZL, TZ and ZT-shear specimens. No 

stress singularity exists to avoid premature failure.  

5.2.1 Critical Notch Angles Φcr for Interlaminar Shear Specimens 

An anisotropic elasticity solution has been obtained in [18] for a composite Iosipescu-

type specimen for shear testing. The critical notch angle  Φcr, can be determined from the 

exact asymptotic anisotropic elasticity solution given in [18]. The solution indicates that 

if a notch angle Φ is larger than Φcr, stress singularity at the notch tip is eliminated to 

avoid undesirable premature fracture.  

For the shear test specimen used in the present study (Fig 5.4), corresponding 

material parameters in each shear configuration are determined, based on material elastic 

constants shown in Table 5.1. From the material parameters and the results in [18], 

critical notch angles Φcr are found for all LZ-, ZL, TZ-and ZT-shear specimens (Table 

5.2). 

 
Figure 5.4. Coordinates and geometry for a modified Iosipescu specimen. 

 

Table 5.2. Critical notch angles Φcr for interlaminar shear specimens. 

 

Specimen 

configurations 

Φcr 

56-ply (2.5-inch) 120-ply (5.6-inch) 

LZ-shear 117° 118° 

ZL-shear 88° 87° 

TZ-shear 104° 105° 

ZT-shear 102° 101° 



44 

 

5.2.2 Notch Angles Φo for Interlaminar Shear Specimens 

 or a specimen with a given Φcr  a notch angle Φo was introduced and with the aid of 

the FEM analysis, the specimen may be designed to provide uniform shear stress 

 istrib tion in the gage section. With this notch angle Φo, a shear specimen may be 

constructed to have shear stress  o at the specimen center identical to the nominal shear 

stress  ∞. When the notch angle Φ is larger than Φcr b t smaller than Φo, stress 

concentration exists at the notch root lea ing to  o <  ∞. When the notch angle Φ is larger 

than Φo  shear stress at notch root is smaller than the shear stress at the center ( o >  ∞). 

The shear stress distributions along the y-axis of a modified Iosipescu specimen are 

illustrated in Fig. 5.5 for three  ifferent cases. Only in the Φ = Φo case, a uniform shear 

stress distribution along the y-axis may be established and the shear modulus Gxy 

calculated gives the true value for the material. 

          

 
 

Figure 5.5. Shear stress distributions along y-axis when Φ = Φo  Φ < Φo an  Φ > Φo. 
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Figure 5.6. A finite element mesh for a modified Iosipescu shear specimen.  

             

Eight node plane-stress quadrilateral elements are used in the study to model a full 

specimen. A typical finite element mesh with prescribed boundary conditions is shown in 

Fig. 5.6. The material constants shown in Table 5.1 were used for material modeling in 

the FE analysis. No radius was introduced at notch tips in the analysis. 

A trial-and-error metho  is  se  to  etermine Φo by the FE analysis. After iterations 

of val e Φ (Φ ≥ Φcr)  an approximate notch angle Φo are found when the difference 

between  o an   ∞ is less than  .5%. The Φcr an  the final Φo for LZ, ZL, TZ and ZT-

shear specimens are summarized in Table 5.3. 

Table 5.3. Notch angle Φo introduced for interlaminar shear specimens. 

 

Specimen 

configurations 

Φo 

56-ply (2.5-inch) 120-ply (5.6-inch) 

LZ-shear 124° 124° 

ZL-shear 96° 94° 

TZ-shear 110° 112° 

ZT-shear 108° 108° 
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5.2.3 Gage-Section Size of Interlaminar Shear Specimens 

To approximate a pure shear stress state, the size and the stress state in a gage section 

of an interlaminar shear specimen are determined where variations of   xy (  xy =  xy/ ∞) is 

within 2.5% and the normal stresses   xx (  xx =  xx/ ∞) and   yy (  yy =  yy/ ∞), less than 1% 

and 10%, respectively, as shown in Figs. 5.7, 5.8, 5.9 and 5.10. Based on the results, a set 

of ±45° strain gages with dimensions of 0.062 inch × 0.115 inch were placed in the gage 

sections of LZ- and ZL-shear specimens (Figs 5.7 and Figs 5.8). In TZ- and ZT-shear 

specimens, gage-section sizes are between those in the LZ- and ZL-shear specimens (Figs 

5.9 and Figs 5.10). Strain gages with dimensions of 0.062 inch × 0.115 inch may cause 

large variation in measured strain results in TZ- and ZT-shear specimens due to the large 

size of unit reinforcement element (one strand of 0° fibers embedded in resin matrix) in 

the T-Z plane of the composite. Thus, strain gages with dimensions of 0.125 inch × 0.125 

inch were used to obtain strain gage-covered areas large enough to represent at least three 

of the unit elements. However, the large strain gages size (0.125 inch × 0.125 inch) 

beyond the specimen gage area has influence on the strain measurement results, which 

will be discussed further in the next section. The center areas of the shear specimens 

where strain gages located had sizable pure shear stress along y-axis, while normal 

stresses at notch areas showed up immediately just away from the specimen center lines 

along notch tips. Iosipescu-type shear specimen test could accurately determine shear 

modulus of material, while it had limitations on measuring shear strength because it may 

cause premature damage due to the normal stresses at the notch areas during test.  
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Figure 5.7.   LZ    LL an    ZZ distributions in LZ-shear specimen. 
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Figure 5.8.   ZL    ZZ an    LL distributions in ZL-shear specimen. 
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Figure 5.9.   TZ    TT an    ZZ distributions in TZ-shear specimen. 
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Figure 5.10.   ZT    ZZ an    TT distributions in ZT-shear specimen. 
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5.2.4 Experimental Validation of Interlaminar Shear Specimen Design 

The aims of modified Iosipescu-type specimen design are to avoid the stress 

singularity at the notch root area, and to create a sizable uniform pure shear stress state in 

the specimen gage section. If the specimen is properly designed, the real deformation 

behavior can be obtained by the strain gage measurement. To validate the correctness of 

the specimen design, a neat vinyl-ester resin shear specimen is designed and tested by the 

same method applied for the composite interlaminar shear specimens. The shear modulus 

determined from the test is then compare  to the val e calc late  from G = E/[2(1+υ)],                                                                                                                                                       

where Yo ng’s mo  l s E an  Poisson’s ratio υ are determined by uniaxial tensile test of 

a neat vinyl ester flat coupon.  

 Shear modulus of neat vinyl-ester resin measured from two modified Iosipescu-type 

shear tests are shown in Table 5.4. The G value calculated from the elasticity equation is 

given in Table 5.5. The difference between experimental and calculated values is below 

3%. The size of strain gage is found to influence the test results, as shown in Table 5.4. 

The strain gage with wider size along x-axis may be partially out of the uniform shear 

stress area, since shear stress decays rapidly along the x-axis from the center. The 

deformation measured by the wider strain gage is relatively smaller than that at the 

specimen center so that shear modulus measured is larger than the actual value.  

Table 5.4. Shear moduli of neat vinyl ester resin obtained from Iosipescu tests. 

Specimen  Φcr Φo G [Msi] 
Strain gage 

grid size 

NR-shear-01 103° 110° 0.197 0.062"×0.115" 

NR-shear-02 103° 110° 0.207 0.18"×0.21" 
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Table 5.5. Shear modulus of neat vinyl-ester resin derived from theoretical relation with 

elastic constants E and υ. 

Yo ng’s mo  l s E [Msi] Poisson’s ratio υ G=E/[2(1+υ)] [Msi] 

0.552 0.360 0.203 
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CHAPTER 6. RESULTS AND DISCUSSION 

 

The experimental results from the interlaminar mechanical tests of the thick-section 

glass fabric/vinyl ester composites under static and cyclic loads are presented. Optical 

microscopy was conducted first to obtain interlaminar microstructure and manufacturing-

induced defects in the thick composite.  The monotonic interlaminar tensile and shear 

stress-strain behavior and associated failure modes were then discussed. The results 

served as a basis of subsequent interlaminar fatigue tests and analysis. The important 

interlaminar fatigue stress-life relationships were established. Interlaminar fatigue 

damage mechanisms were also identified. The interlaminar fatigue behavior was further 

compared with that from the in-plane transverse fatigue test. 

6.1 Interlaminar Microstructure and Defects in Thick Composite 

Optical microscopy was performed to determine interlaminar microstructure and 

defects of the thick glass fabric/vinyl ester composite. As shown in Figs. 6.1 and 6.2, an 

E-LT 5500 glass fabric layer embedded in vinyl ester matrix (marked by a dot box in the 

T-Z composite plane, or the L-Z composite plane) formed a basic composite ply in the 

composite laminate. The glass fabric consisted of nearly 92% 0°-fiber strands, 6% 90°-

backing fiber strands, and 2% stitch yarns. An intraply interface existed between rows of 

0° and the 90° fiber strands. In the composite laminate, an interphase consisting of 0° and 

40° stitch yarns and resin matrix was formed between the composite plies and is defined 

as interply (interlaminar) interphase. One strand of 0° glass fibers in the vinyl ester 

matrix was, statistically, of 0.04 inches along the thickness (Z) direction, and 0.1 inches 

along the transverse (T) direction, whereas the thickness of one strand of 90° backing 

fibers was almost 0.01 inches. (Diameters of single 0° and 90° glass fibers are 
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statistically 24 μm an  13 μm, respectively.) In a composite ply, a strand of 0° glass 

fibers had a fiber volume fraction 0.73, which was larger than the overall Vf (0.60) of the 

composite. In addition, a tow of stitch yarns had an irregular cross section with a similar 

characteristic diameter of the 0° glass fiber tows. 

 

 

Figure 6.1. Optical micrographs of T-Z section in glass fabric/vinyl ester composite. 
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Figure 6.2. Optical micrographs of L-Z section in glass fabric/vinyl ester composite. 

 

Microstructural defects in the form of voids were observed in both 56-ply and 120-

ply composites with void volume fractions of 0.67% and 1.65%, respectively. The voids 

were generally located in stitch-yarn areas with a characteristic dimension (in the T-Z 

section) of about 0.02 inches (Fig. 6.3). Formation of the voids may be attributed to 

partially wetted stitch yarns during infusion, trapped air in the stitch-yarn areas due to 

possible vacuum-bag leaking and styrene gas evaporating from the vinyl ester resin 

during the VARIM process.   
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Figure 6.3. Optical micrographs of voids in T-Z section of glass/vinyl ester composite. 

 

 

Voids were found to distribute uniformly in the 56-ply thick composite with a void 

volume fraction Vv of about 0.7%. However, the maximum void content was 

approximately 2.1% in the 120-ply thick composite with a highly non-uniform 

distribution along the thickness direction, as shown in Fig.6.4. Voids in the 120-ply thick 

composite were mainly concentrated at depths at 0.1h and 0.7h of the cross section, 

whereas the top area had a relatively low void content. The void distribution in the 120-
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ply laminate may be caused, among other factors, by a resin flow gradient and though-

thickness temperature evolution during the VARIM process. 

 
Figure 6.4. Through-thickness distributions of void volume fraction in thick glass 

fabric/vinyl ester composites.  

 

The 56-ply composite had a relatively uniform fiber volume fraction (Fig. 6.5) along 

the thickness direction, whereas in the 120-ply composite, Vf gradually increased with 

thickness from top to bottom. The through-thickness variation of Vf in the 120-ply thick 

composite was mainly due to the nature of the VARIM process and its current setup. The 

resin was infused from the top surface of the preform while the vacuum outlet tubes were 

placed at the base of the mold (Fig. 4.7) to create a pressure gradient along the thickness 

direction; hence Vf increased from the top to bottom through the composite. In processing 

the 56-ply thick composite panel, both the infusion inlet tube and the vacuum outlet tube 

were placed at the same level (Fig. 4.5), resulting in a relatively uniform through-

thickness distribution of the Vf. 
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Figure 6.5. Through-thickness distributions of fiber volume fraction in thick glass 

fabric/vinyl ester composites. 

6.2 Interlaminar Stress-Strain Behavior and Damage/Failure Modes 

6.2.1 Interlaminar Tension 

Typical interlaminar tensile stress-strain curves were obtained from ZL- and ZT- 

tension tests, as shown in Fig. 6.6. The ZL- and ZT-tension exhibited similar behavior. 

The interlaminar tensile behavior was quite linear at the beginning of loading and also in 

the region close to failure. Thus they may be fitted with two straight lines with distinct 

slopes. The intersection of two straight lines was located at around 2.60ksi. When the 

stress is much below it, the interlaminar tensile behavior may be treated as linear elastic 

in the region. Once the stress reached or beyond the intersection, micro-damage was 

generated in the composite. The loading-unloading curve in Fig. 6.7 shows that when 

loading went beyond the intersection the unloading path did not return to the origin, 

indicating energy dissipate due to micro-cracking and opening cracks with a permanent 

deformation in the material. 
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Figure 6.6. Interlaminar tensile stress-strain curves of thick glass fabric/vinyl ester 

composite under monotonic ZL- (or ZT-) tension loading (56 plies, Z/h = 

0.5). 

 

 
Figure 6.7. Interlaminar tension loading-unloading stress-strain behavior of thick 

glass fabric/vinyl ester composite (120 plies, Z/h = 0.5). 
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Thick composite interlaminar interface and interphase regions were generally the 

weakest links governing interlaminar failure due to low matrix-dominated strength and 

local high multi-axial stresses caused by thickness-direction property discontinuities and 

fiber orientation mismatches between adjacent plies. Under interlaminar tension, all 

specimens failed along the interply interphases. SEM micrographs of typical 

(interlaminar tensile) fracture surfaces are shown in Fig. 6.8 to illustrate the nature of the 

failure mode. The interlaminar failure was created by local high stress concentrations (at 

irregular-shape stitch yarns, circular-shape glass fibers, voids and un-wetted fiber/yarn 

strands areas) and low stitch yarn/matrix interfacial strength in the interphase regions. 

 

Figure 6.8. SEM micrographs of interlaminar tensile fracture surfaces in thick glass 

fabric/vinyl ester laminate composite. 
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6.2.2 Interlaminar Shear 

Typical shear stress-strain curves obtained from the LZ- and ZL-shear specimens are 

shown in Fig. 6.9. The composite exhibited a small initial linear elastic region, followed 

by microscopic damage under an increasing load. In a LZ-shear specimen, splits were 

typical between plies in the notch area   e to high tensile  ZZ, as shown in Fig. 5.7. Two 

load drops were observed in the LZ-shear stress-strain curve corresponding to occurrence 

of the splits in the notch area. Although the interlaminar splits grew outside the gage area, 

the composite continued its load bearing. A further load increase caused delamination in 

the gage area. The composite specimen was unable to withstand more LZ-shear load 

when the interlaminar cracks (and delamination) grew over the entire gage area. A failed 

LZ-shear specimen and schematics of the associated failure mode are shown in Fig. 6.10. 

In a ZL-shear test, splitting occurred at the notch roots, leading to rapid fracture. The 

typical failure mode in a ZL-shear specimen is illustrated in Fig. 6.11. 

 
Figure 6.9. Typical interlaminar shear stress-strain curves of thick glass fabric/vinyl 

ester composite under LZ- and ZL-shear loading (120 plies, Z/h = 0.5). 
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Figure 6.10. LZ-shear failure and associated failure modes in glass fabric/vinyl ester 

composite. 

 

 
 

Figure 6.11. ZL-shear failure and associated failure modes in glass fabric/vinyl ester 

composite. 

 

SEM micrographs of typical interlaminar (ZL-shear) fracture surfaces are shown in 

Fig. 6.12. Hackle marks were found on the surfaces of the fiber-bed resin matrix due to 

pulling of the fibers and shear deformation in the resin matrix which are typical of shear 

failure.  

   

Figure 6.12. SEM micrographs of interlaminar shear fracture surfaces in thick glass 

fabric/vinyl ester laminate composite. 

Open cracks on fiber-bed resin matrix 
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To investigate micro-damage in the composite during shear loading before the 

occurrence of splitting in the notch area, loading-unloading tests were conducted and 

typical responses are shown in Fig. 6.13. The loading-unloading curve indicated that 

micro-damage was generated when the material experienced a stress beyond 1ksi. As the 

load decreased, the hysteresis loop became smaller. Under 1ksi, the material has linear 

elastic behavior. 

 
Figure 6.13. Interlaminar shear loading-unloading behavior of thick glass fabric/vinyl 

ester composite (120 plies, Z/h = 0.3). 

 

Interlaminar shear stress-strain curves were obtained in the TZ and ZT-shear tests, as 

shown in Fig. 6.14. The TZ- and ZT-shear exhibited similar behavior until 45° cracks 

appearing at notch tips. In a ZT-shear test, the 45° cracks propagated immediately, 

causing rapid final fracture. However, the 45° cracks stopped growing in the TZ-shear 

specimen due to 90°-backing fiber strands. A further load increase led to 90°-backing 

fiber strands fracture, hence the final failure. Final fracture failure in the TZ-shear 

specimen started along the 45° direction across the gage area and then changed to 
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approximately 60° during unloading. The 45° suggests that failure modes in both TZ- and 

ZT-shear mainly were initiated by local notch-tip tension. Schematics of the failure 

modes in the TZ- and ZT-shear specimens are shown in Figs. 6.15 and Fig. 6.16. 

 
Figure 6.14. Typical interlaminar shear stress-strain curves of thick glass fabric/vinyl 

ester composite under TZ- and ZT-shear (120 plies, Z/h = 0.7). 

 

 

 
Figure 6.15. TZ-shear failure and associated failure modes in glass fabric/vinyl ester 

composite. 

 

 
Figure 6.16. ZT-shear failure and associated failure modes in glass fabric/vinyl ester 

composite. 
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6.3 Interlaminar Stress-Life Relationship 

6.3.1 Interlaminar Tensile Fatigue 

An interlaminar stress-life relationship of the thick composite may be expressed by 

the interlaminar tensile cyclic stress ranges ∆ ZZ (at R = 0.01) versus the number of 

cycles to failure Nf for the glass fabric/vinyl ester composite (Fig. 6.17). The interlaminar 

tensile fatigue failure life was well depicted by straight line with an endurance limit at 

about 10
6 

cycles. The fatigue strength was below 40% of static interlaminar tensile 

strength (SZZ = 4.01ksi). The void content had significant effect on the interlaminar 

tensile strength, resulting in the scatter of the fatigue life data. Fatigue fracture was most 

likely initiated at the interply interphase with contained the highest amount of defects and 

stress concentrations.  

 
Figure 6.17. Interlaminar tensile stress-life relationship for 120-ply glass fabric/vinyl 

ester composite (R = 0.01). 
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6.3.2 Interlaminar Shear Fatigue 

The interlaminar shear cyclic stress ranges ∆ ZL (at R = 0.01) versus the number of 

cycles to failure Nf provided a stress-life relationship for glass fabric/vinyl ester 

composite (Fig. 6.18). The stress-life relation followed a linear relationship on a semi-log 

scale between cyclic stress ranges 0.50∆ ZL to 0.85∆ ZL. The slope of the linear 

relationship (Fig. 6.18) was steeper than that of the interlaminar tensile stress-life 

relationship (Fig. 6.17), indicating that the glass fabric/vinyl ester composite was more 

susceptible to fatigue damage with shorter life under interlaminar shear. [Note that the 

multi-axial stress state (∆ ZZ and ∆ ZL) in interlaminar shear specimen notch area may 

also contribute to this effect.] The interlaminar ZL-shear fatigue strength is noted to be 

similar as the interlaminar tensile fatigue strength, below 40% of the interlaminar shear 

strength (SZL = 4.72ksi).  

 
Figure 6.18. Interlaminar ZL-shear stress-life relationship of a 120-ply glass 

fabric/vinyl ester composite (R = 0.01). 
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6.4 Interlaminar Fatigue Damage Mechanisms  

6.4.1 Interlaminar Tensile Fatigue  

Typical interlaminar tensile fatigue failure of the thick glass fabric/vinyl ester 

composite under different cyclic stresses is in Fig. 6.19. Fatigue failure modes were the 

same at different loads and failure locations were located in specimen gage sections. Also, 

the macroscopic fatigue failure mode was the same as that in static test specimens. Final 

fatigue failure always occurred in the interply interphase areas with a high amount of 

voids/defects and stress concentrations.  

 

 
 

Figure 6.19. Failed ZL-tension specimens at different cyclic stress ranges ∆ ZZ  

 

 

Scanning electron micrographs of interlaminar tensile fatigue fracture surfaces for 

cyclic stress ranges ∆ ZZ = 0.50SZZ and ∆ ZZ = 0.85SZZ are shown in Figs. 6.20 and 6.21. 

Both Figs. 6.20-1 and 6.21-1 show pulling-out 40º stitch yarn strands and 0º stitch yarn 
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beds in the resin matrix left by the pulled-out 0º stitch yarn strands in the other half of the 

fracture surface, indicating that interlaminar tensile fatigue failure occurred along the 

interply interphase in the composite.  The pulling-out stitch-yarn surfaces and associated 

stich yarn beds in Fig. 6.20-1 were cleaner than those in Fig. 6.21-1. At the same cyclic 

load frequency, lower stress ∆ ZZ gave a lower loading rate during the fatigue test. The 

microcracks and un-wetted spots may have more time to grow along poor stitch/matrix 

bonding areas leading to a clean separation between stitch yarns and the resin matrix.   

Typical fatigue cracks caused by interlaminar tensile cyclic stress in the glass 

fabric/vinyl ester composite are shown in Figs. 6.20-2 and 6.21-2. The fatigue cracks 

were initiated from boundaries of stitch-yarn strands due to high local stress 

concentrations by irregular-shape and poorly wetted stitch yarns. In Fig. 6.21-2, a fatigue 

crack initiated from a stitch yarn boundary and then grew into the resin matrix. When the 

loading became small, the crack growth was slow; when the tensile load increased again, 

a new crack(s) started to grow from the site of last fatigue crack. Continuous fatigue 

cracks growth occurred and propagated into the resin matrix along the stitch yarn 

boundaries. A similar phenomenon of fatigue crack initiation, growth and propagation in 

a series pattern under cyclic fatigue stress is shown in Figs. 6.20-2 and 6.22. The fatigue 

cracks in the resin matrix caused stress redistributions in the interphase regions, resulting 

in macrocrack formation and propagation, leading to complete separation of the 

composite.   
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Figure 6.20. SEM micrographs of ZL-tension fatigue fracture surfaces in glass fabric/vinyl ester composite  

(∆ ZZ = 0.65SZZ, R = 0.01, f = 1Hz). 
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Figure 6.21. SEM micrographs of ZL-tension fatigue fracture surfaces in glass fabric/vinyl ester composite 

(∆ ZZ = 0.85SZZ, R = 0.01, f = 1Hz). 
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Figure 6.22. SEM micrograph of ZL-tension fatigue fracture surface in glass 

fabric/vinyl ester composite (∆ ZZ = 0.65SZZ, R = 0.01, f = 1Hz). 
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Voids were mostly trapped by the stitch yarns and located in the interply interphase of 

the composite, while the void size, shape and distribution in the interphase region were 

highly irregular as shown in Figs. 6.21-1, 6.22 and 6.23. The existence of the defects 

decreased the effective cross-sectional area of the composite and caused stress 

concentrations in the stitch-yarn areas when the composite is subjected to interlaminar 

tensile loading. The void content and their locations in the composite interphase regions 

had significant effects on both interlaminar tensile static and fatigue strengths. However, 

cracking/damage appeared never initiated from the defects (Figs. 6.22 and 6.23). Instead, 

cracks were found to initiate from the stitch yarn boundary, and propagated and passed 

through the nearby voids (Fig. 6.22).  

 

 

Figure 6.23. SEM micrograph of ZL-tension fracture surface in glass fabric/vinyl ester 

composite (monotonic loading). 
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6.4.2 Interlaminar Shear Fatigue  

As shown in Fig 6.24, interlaminar shear fatigue failure generally occurred at 

specimen notch tips or the locations just close to the notch tips due to the high tensile 

stress  ZZ in the ZL-shear test. SEM micrographs of interlaminar shear fatigue fracture 

surfaces are shown in Figs. 6.25 and 6.26 for cyclic stress ranges 0.50SZL and 0.85SZL, 

respectively. Both sets of figures show 40º- or 0º-stitch yarns and voids near specimen 

notch tips, indicating that interlaminar shear fatigue failure occurred along the interply 

interphase (with voids and low stitch yarn/matrix interfacial strength) in the composite. 

The stitch yarns on the fracture surfaces (Figs. 6.25-3, 6.25-4, 6.26-3 and 6.26-4) were 

relatively clean and partially embedded in the resin matrix due to shear loading. Typical 

shear fatigue hackles in the resin matrix are shown in SEM micrographs (Figs. 6.27 and 

6.28). At high cyclic stress range (∆ ZL = 0.85 SZL), a series of open cracks were found on 

the fiber-bed resin matrix (Fig. 6.28-2). The damage pattern was also found in monotonic 

ZL-shear fracture surface (Fig. 6.12). However, no such open cracks were found at low 

cyclic stress range 0.50SZL (Fig. 6.27-2).  

 
 

Figure 6.24. Failed ZL-shear fatigue specimens at different cyclic stresses ∆ ZL. 
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Figure 6.25. SEM micrographs of ZL-shear fatigue fracture surfaces in glass fabric/vinyl ester composite  

(∆ ZL = 0.50SZL, R = 0.01, f = 1Hz). 
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Figure 6.26. SEM micrographs of ZL-shear fatigue fracture surfaces in glass fabric/vinyl ester composite  

(∆ ZL = 0.50SZL, R = 0.01, f = 1Hz). 
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Figure 6.27. SEM micrographs of ZL-shear fatigue fracture surfaces in glass fabric/vinyl ester composite  

(∆ ZL = 0.50SZL, R = 0.01, f = 1Hz). 

 

 
Figure 6.28. SEM micrographs of ZL-shear fatigue fracture surfaces in glass fabric/vinyl ester composite 

(∆ ZL = 0.85SZL, R = 0.01, f = 1Hz). 
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6.5 Comparison with In-Plane Transverse Tensile Fatigue 

 The biaxial configuration of glass fabric plies, the stitch yarns and processing-induced 

shape distortion of glass fiber strands due to the atmosphere pressure resulted in distinct 

fatigue damage and failure of the glass fabric/vinyl ester composite subjected to 

interlaminar and in-plane transverse cyclic loading. The 0º glass fabric reinforced 

composite (containing 6% 90º-backing fibers) subjected to transverse fatigue loading 

exhibited typical behavior of cross-ply laminate. As shown in Fig. E.1, the stress-strain 

curve to failure of the 0º glass fabric/vinyl ester composite under a monotonic transverse 

load featured with two characteristic stresses,  TT
cr

 and STT, corresponding to first 

transverse cracking and final fracture of the composite. In transverse fatigue, Ncr denotes 

the number of stress cycles causing first transverse cracking (Fig. 6.29). The Ncr was 

determined by strain gage reading when the strain gage reading was terminated due to 

gage failure caused by the occurrence of the transverse cracking underneath. (If 

transverse cracking occurred outside of the strain-gage covered area, Ncr was determined 

when a significant strain drop was observed from cyclic tracking data.) 

 

 
 

Figure 6.29. First transverse cracking through the entire width of a ZL-tension fatigue 

specimen (∆ TT = 0.75STT, R = 0.01, f = 1Hz). 
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6.5.1 In-Plane Transverse Tensile Fatigue Stress-Life Relationship 

 In Fig. 6.30, transverse tensile fatigue stress-life data are shown for a 4-ply [02]s glass 

fabric/vinyl ester composite (R = 0.01). Also shown in the figure is the transverse crack 

initiation life at a given cyclic stress range. The transverse fatigue cracking life data 

followed a linear relationship with ∆ TT between 0.50 TT
cr

 and 0.85 TT
cr

. The fatigue 

stress-life data Nf fitted well along a straight line between 0.60 TT
cr

 and static strength 

STT in a semi-log plot. At fatigue stress range 0.45 TT
cr

, the composite neither initiated 

transverse cracking nor fractured after 4 million cycles. The S-Nf curve had a gradual 

transition from the linear relationship to the fatigue endurance limit (∆ TT = 0.45 TT
cr

), 

whereas no apparent transition to the endurance limit was observed in S-Ncr curve (Fig. 

6.30).  At a given cyclic stress range ∆ TT below  TT
cr

, the difference in numbers of 

cycles between Nf and Ncr increased with decreasing ∆ TT until the fatigue limit (Fig. 

6.31). The difference between Nf and Ncr was denoted by Nd (Nd = Nf – Ncr) during which 

existing transverse cracks grew and new microcracks continuously initiated till fatigue 

failure. Slopes of the in-plane transverse tensile stress-life and stress-cracking curves (S-

Ncr and S-Nf) were steeper than that of the interlaminar tensile stress-life relationship (Fig. 

6.32), indicating that the glass fabric/vinyl ester composite was more susceptible to 

fatigue damage under the in-plane transverse fatigue stress due to the stitch yarns.  Under 

an in-plane transverse tensile fatigue stress, the stitch yarns deformed as a stretched net, 

causing microcrack initiation and growth. However, in the interlaminar tensile specimen, 

the stitch yarns were isolated by composite plies leading to relatively small fatigue 

damage rate.  
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Figure 6.30. In-plane transverse tensile fatigue (R = 0.01) stress-life relationship of a 

4-ply [02]s glass fabric/vinyl ester composite.  

 

 
Figure 6.31. In-plane transverse tensile fatigue (R = 0.01) stress-life relationship of a 

4-ply [02]s glass fabric/vinyl ester composite (runout data not included). 
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Figure 6.32. Comparison of stress-life relationships between interlaminar and in-plane 

transverse fatigue (R = 0.01). 

 

 

6.5.2 Stiffness Degradation during Interlaminar and In-Plane Transverse Fatigue 

6.5.2.1 Interlaminar Tensile Fatigue 

 During the interlaminar tensile fatigue test (R = 0.01), tangent modulus EZZ of the 

glass fabric/vinyl ester composite was monitored periodically till fracture. Changes in EZZ 

with N (relative to the tenth-cycle modulus EZZ
10

) are determined at different cyclic stress 

ranges ∆ ZZ (Fig. 6.33). At 0.65SZZ, 0.75SZZ and 0.85SZZ, degradation of EZZ with the 

number of cycles was appreciable due to rapid crack growth.  The rate of stiffness 

degradation at given N increased with increaseing ∆ ZZ. At 0.5SZZ, the interlaminar 

modulus did not change during most of its fatigue life and sudden fracture occurred at Nf, 

indicating that local damage with gradual microcrack formation mostly contained in 

certain interply interphase regions. 
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Figure 6.33. Fatigue stiffness degradation EZZ in 120-ply thick glass fabric/vinyl ester 

composite subjected to different cyclic stresses ∆ ZZ (R = 0.01, f = 1Hz). 

 

6.5.2.2 In-Plane Transverse Fatigue 

The in-plane transverse fatigue stiffness degradation in ETT (relative to the tenth-cycle 

modulus ETT
10

) is shown in Fig. 6.34 at different ∆ TT. Note that all degradation data 

were obtained at a ∆ TT below the first transverse cracking stress  TT
cr

, since strain gages 

immediately broke at the peak stress of ∆ TT beyond  TT
cr

; thus, the stiffness degradation 

data were recorded until Ncr. The magnitude and the rate of stiffness reduction were 

found (Fig. 6.34) relatively small during most of Ncr. The stiffness degradation rate did 

not increase monotonically with N as in the interlaminar tensile fatigue. A rapid drop of 

ETT was shown near the end of fatigue life at each stress level, indicating that rapid 

formation of a macroscopic transverse crack in the composite. Stiffness degradation at 

∆ TT = 0.5 TT
cr

 was expected to have a much deeper drop near the end of fatigue life Ncr. 
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However, the degradation curve ended up with an only 2.5% reduction, due to transverse 

crack formation outside of the strain-gage covered area (Fig. 6.35). 

 
Figure 6.34. Fatigue stiffness degradation ETT in glass fabric/vinyl ester composite 

subjected to different cyclic stresses ∆ TT (R = 0.01, f = 1Hz). 

 

6.5.3 In-Plane Transverse Tensile Fatigue Failure Modes 

 Fatigue failure modes in the glass fabric/vinyl ester composite under in-plane 

transverse loading at different cyclic stress levels are shown in Fig. 6.35. Damage and 

failure modes varied with the level of fatigue stress. At a low stress below  TT
cr

, 

transverse cracking occurred in the gage section after Ncr. A further increase in number of 

fatigue cycles introduced more transverse cracks leading to backing fiber failures at the 

tips of the transverse cracks until composite fracture. At a high cyclic stress, the specimen 

exhibited extensive transverse cracking in the gage section (Fig. 6.35). At a cyclic stress 

range beyond  TT
cr

, the number of transverse cracks increased, reaching saturation within 
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the first loading cycle in the gage section, and its fatigue failure mode is shown in the last 

two failed specimens in Fig. 6.34. The low-cyclic fatigue (∆ TT >  TT
cr

) fracture modes 

were brush-like, due to simultaneous generation of transverse cracks and backing fiber 

failure whereas the high-cyclic fatigue fracture mode tended to be a straight transverse 

fracture owing to the long-period effect of stress concentrations at tips of the transverse 

cracks on the backing fibers. If the stress level was low enough but above the fatigue 

strength, say ∆ TT~0.5 TT
cr

, only major localized transverse cracks appeared in the 

composite till final fatigue failure.  

A predominant long-term fatigue damage mechanism in a ZL-tension specimen was 

the formation of fatigue cracks in resin rich areas (Fig. 6.37-4), initiated by stress 

concentrations at stitch yarns (Fig. 6.36). These matrix cracks grew into adjacent plies 

and were either arrested by stiff glass fibers (Fig. 6.37-1 and 6.37-4) or caused further 

cracking in transverse fiber strands and backing fibers (Fig. 6.37-2 and 6.37-5). For the 

short-term fatigue damage shown in Figs. 6.37-3 and 6.37-6, the high cyclic stress 

introduced extensive transverse cracks in resin rich areas and in transverse fiber strands, 

causing ply interface failure and leading to severe interply and intraply delamination 

before its final fracture.  

 Therefore, fatigue damage initiation mechanisms in the glass fabric/vinyl ester 

composite under interlaminar and in-plane transverse tensile fatigue were similar. Fatigue 

damage always initiated in the stitch yarn areas; their crack growth mechanisms were 

different, i.e., resin matrix cracking vs. transverse cracking in adjacent plies. Endurance 

limits were found in both interlaminar and in-plane transverse fatigue, indicating that 
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microcrack arrest by stiff glass fibers and constrained within resin-rich pockets below a 

certain stress level. 

 

 
 

Figure 6.35. Fractured ZT-tension fatigue specimens at different cyclic stresses ∆ TT.  
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Figure 6.36. SEM micrographs of TL-tension fatigue fracture surfaces in glass fabric/vinyl ester composite 

(∆ TT = 0.50  TT
cr

, R = 0.01, f = 1Hz). 
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Figure 6.37. Fatigue damage mechanisms in glass fabric/vinyl ester composite under transverse fatigue loading ∆ TT  

(R = 0.01, f = 1Hz). 
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CHAPTER 7. CONCLUSIONS 

 

In the experimental program, glass fabric/vinyl ester composite laminates up to 5.6 

inches (i.e., 120 plies) were fabricated by a vacuum-assisted resin-infusion molding 

(VARIM) method. Microscopy work was conducted to determine microstructure and 

manufacturing-induced defects in the thick laminates. Static and fatigue tests were 

conducted on specially designed interlaminar specimens taken from L-Z and T-Z sections 

of the thick composites. Optical and electron microscopy was performed to identify 

damage mechanisms and failure modes associated with different interlaminar loading 

modes. Based on the experimental results obtained, the following conclusions may be 

drawn:   

1) Voids were found to locate mainly in stitch yarn areas, affecting interlaminar 

tensile and shear strengths of the composite. Void formation was attributed to 

partially wetted stitch yarns, trapped air, and possibly, styrene-gas generated 

during the VARIM process of the composites.  

2) The interlaminar tensile stress-strain curve of glass fabric/vinyl ester composite 

exhibited nonlinear behavior with a decrease in modulus occurring at 65% of the 

strength, i.e., 2.60ksi, due to microscopic damage in the interply interphase 

regions. The interlaminar shear stress-strain behavior showed a small initial linear 

region (0~1ksi), followed by significant nonlinear deformation due to microscopic 

damage.  

3) The 120-ply glass fabric/vinyl ester composite had non-uniform through-thickness 

distributions of fiber volume fraction and void content due to the VARIM process 

and its current setup (Fig. 4.6). The non-uniform microstructure distribution 
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combined with differential curing (Appendix B) caused through-thickness 

variations of interlaminar mechanical and strength properties in the thick 

composite laminate (Appendix F).  

4) Interlaminar tensile and shear specimens were successfully designed and 

developed with the aid of a finite element analysis. Both interlaminar tensile and 

shear specimens provided approximately uniform and pure stress states with 

consistent failure modes in their gage sections.  

5) Interlaminar tensile and shear fatigue stress-life relationships were linear on a 

semi-log scale. Both show fatigue limits were below 40% of static interlaminar 

strengths. The slope of the interlaminar shear stress-life relationship was steeper 

than that of the interlaminar tensile stress-life relationship, indicating that the 

glass fabric/vinyl ester composite was more susceptible to fatigue damage under 

interlaminar shear. The fatigue failure was most likely initiated at the interply 

interphase which contained the highest amount of defects and stress 

concentrations.  

6) Voids and their locations in the composite interphase region had a significant 

effect on both interlaminar tensile static and fatigue strengths. However, 

cracking/damage never initiated from the void defects in the resin rich areas.  

7) Damage initiation mechanisms in glass fabric/vinyl ester composite under 

interlaminar and in-plane transverse tensile fatigue were similar. The fatigue 

damage always initiated from boundaries of stitch-yarn strands, due to high local 

stress concentrations of irregular-shape, poorly-wetted stitch yarns and low stitch 

yarn/matrix interfacial strength. Continuous fatigue crack growth occurred in the 
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resin matrix along yarn boundaries, leading to macrocrack formation and final 

failure. 

8) At 0.5SZZ cyclic stress range, the interlaminar tensile modulus did not change 

during fatigue but a sudden drop occurred just close to the end of fatigue life.  

9) The glass fabric/vinyl ester composite was more susceptible to damage under in-

plane transverse tensile fatigue. The stitch yarns played a critical role in the 

fatigue damage. 

10) Endurance limits were found in both interlaminar and in-plane transverse fatigue, 

indicating that microcrack arrest by stiff glass fibers and constrained within resin-

rich pockets below 40% of static strength. 
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APPENDIX A. EXOTHERMIC REACTION AND HEAT GENERATION IN 

VARIM PROCESS                                                                        

A through–thickness temperature gradient is expected in a thick glass/vinyl ester 

composite during the VARIM process due to low thermal conductivity and high 

exothermic reaction. To evaluate the exothermic reaction temperature and its evolution 

on composite properties, an enthalpy change is determined first at any location through 

the laminate thickness direction. 

A completely infused thick-section composite panel in a VARIM process may be 

considered as a closed system of volume V with internal energy U under an atmospheric 

pressure p.  The enthalpy H of the composite in reaction is 

H = U + pV,                                                        (A-1) 

and its enthalpy change may be expressed as 

    dH = dU + pdV + Vdp,                                               (A-2) 

where the change of internal energy dU follows the principle of conservation of energy,  

                                                          dU = dQ – dW.                                                     (A-3)                                                                                                                         

The Q and W in Eq. (A-3) represent the amounts of energy transfer into the system by 

heat and work, respectively. (Q or W is positive if heat transfers into, or work done by, 

the system.) Work done by the system is through a volume change of the composite 

during cure; so Eq. (A-3) may be re-written as 

                                                           dU = dQ – pdV.                                                   (A-4)                                                                                                                        

Substituting Eq. (A-4) into (A-2) and eliminating Vdp due to constant pressure yield 
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                                                                dH = dQ.                                                         (A-5)                                                                                                                        

Thus the enthalpy change during processing is actually the amount of heat transferred 

into the composite. On a unit mass basis it may be expressed as 

                                                                 dh = dq.                                                          (A-6)                                                                                                                      

Specific heat cp of the composite at a constant pressure is [55] 

   

 

                                           ,                                            (A-7) 

 

where T is temperature; p is pressure and h is the enthalpy of the composite. Since p is 

constant, cp is a function of temperature. The specific enthalpy of the glass fabric/vinyl 

ester composite during a VARIM process is 

 

                                                           ,                                            (A-8) 

where T0 is the initial temperature of the composite in which resin infusion just 

completes and its exothermic reaction is yet to start, and Tt is the temperature when 

exothermic reaction completes and cools down to its surrounding temperature. In the 

current VARIM process, both T0 and Tt equal to room temperature but at different times, 

and T at any thickness location varies with time during processing. In a VARIM process, 

the specific heat cp
c
(T) of the composite changes with T(t, Z) and may be estimated by 

using the rule of mixtures 

                                        ,                         (A-9) 

cp T, p =
∂h(T, p)

∂T
 
p
 

∆h =  cp
c  T dT

Tt

T0

 

cp
c  T = Mfcp

f  T +Mmcp
m T +Mscp

s  T  
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where Mf, Mm, and Ms are weight fractions of fibers, resin matrix and stitch yarns, 

respectively. [The cp
c
(T), cp

f
(T), cp

m
(T) and cp

s
(T) represent specific heat in J/(g∙ºC) 

during the process for the composite and its constituents.] Since glass fibers and stitch 

yarns are solid materials and their values remain relatively unchanged (T<100ºC) during 

processing, the integrals in Eq. (A-8) for these two terms are zero, leading to 

     .                                             (A-10) 

Thus, the enthalpy change at any time and thickness location in a composite panel can be 

determined. Exothermic temperature evolutions recorded at the selected thickness 

locations by the embedded thermocouples are shown in Fig. A.1 for the 120-ply (5.6-inch) 

glass fabric/vinyl ester composite during the VARIM process. The specific heat cp
m

(T) 

(Fig. A.2) of vinyl ester resin was determined by modulated differential scanning 

calorimetry (MDSC) measurements. 

With Eq. (A-10) and experimental parameters T(t, Z) and cp
m

(T) obtained, the 

enthalpy change Δh through the laminate thickness at the panel center of the 120-ply 

(5.6-inch) glass fabric/vinyl ester composite was determined and shown in Fig. A.3. 

During processing, the thermodynamic state h of the composite varies through the 

laminate thickness in the thick composite, leading to a through-thickness curing 

differential and hence its glass transition Tg. 

∆h =  Mmcp
m T dT

Tt

T0
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Figure A.1. Temperature evolutions at different thickness locations in a 120-ply glass 

fabric/vinyl ester composite during VARIM process. 

 

 
Figure A.2. Specific heat of vinyl ester resin vs. temperature as measured by MDSC. 
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Figure A.3. Enthalpy changes at different through-thickness locations in a 120-ply 

glass fabric/vinyl ester composite during VARIM processing. 
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APPENDIX B. THROUGH-THICKNESS CURING AND GALSS TRANSITION 

IN THICK COMPOSITES 

A detailed thermal analysis has been conducted as discussed in the Appendix A. The 

results from the DSC measurements validated the expected through-thickness 

 ifferentials of c ring (α) an  glass transition (Tg) (Figs. B.1 and B.2). 

 
Figure B.1. Through-thickness differentials of cure degree α in 120-ply thick glass 

fabric/vinyl ester composite panel (cured at room temperature for 20 days). 

 
Figure B.2. Through-thickness differentials of glass transition Tg in 120-ply thick glass 

fabric/vinyl ester composite panel (cured at room temperature for 20 days). 
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The differentials of composite curing  egree α an  glass transition Tg are significant 

in the thickness direction of the 120-ply glass fabric/vinyl ester composite panel and their 

through-thickness distributions are consistent with the enthalpy change (Fig. A.3). The 

middle part of the composite laminate had the highest α an  Tg because the exothermic 

reaction heat was most difficult to be dissipated, hence the most amount of enthalpy 

change. The vinyl ester resin used in this study had optimum overall mechanical 

properties (high modulus and strength) when the Tg is near 100°C [56]. As observed in 

Fig. B.2, Tg in the middle area (between 0.3h and 0.7h) of the composite panel reached 

about 100°C, however the bottom and top parts only had Tg approximately 80°C, which 

may cause appreciable through-thickness variation in interlaminar mechanical and 

strength properties. [If the thick composite was manufactured in a heated mold or if the 

composite is thicker, the middle part would have even higher exothermic reaction 

temperature during a VARIM process. In this case, the high reaction temperature may 

lead to adverse consequences, such as mechanical property degradation and residual 

thermal stresses, in the thick-section composite. Thus, during the VARIM process of a 

thick-section glass thermoset composite, the instantaneous temperature in the composite 

should be monitored and mold temperature and heating rate (or profile) should be 

controlled to avoid any adverse effect caused by the excessive exothermic reaction heat 

in the laminate composite.] 
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APPENDIX C. MECHANICAL AND STRENGTH PROPERTIES OF GLASS 

FABRIC/VINYL ESTER COMPOSITES 

 Elastic constants and strength properties along principal material directions for glass 

fabric/vinyl ester composites are summarized in Table C.1. The properties for the 56-ply 

and 120-ply thick-section composites are the average values from all specimens at 

different through-thickness locations.  

 

Table C.1. Mechanical and strength properties of glass fabric/vinyl ester composites. 

Lay-up [0]56 [0]120 [02]s 

 

Lay-up [0]56 [0]120 [02]s 

Vf [%] 61.6 58.8 60.2 

 

GLT [Msi]     1.013 

Vm [%] 35.5 37.5 37.1 

 

GTL [Msi]     0.999 

Vv [%] 0.7 1.6 0.5 

 

GLZ [Msi] 0.996 0.891   

Vs [%] 2.2 2.1 2.2 

 

GZL [Msi] 0.999 0.861   

ELL [Msi] 6.80 6.95 6.97 

 

GTZ [Msi] 0.757 0.661   

ETT [Msi] 2.67 2.70 2.84 

 

GZT [Msi] 0.815 0.702   

EZZ [Msi] 2.48 2.32   

 

SLT [ksi]     9.97 

υLT     0.246 

 

STL [ksi]     7.86 

υTL     0.099 

 

SLZ [ksi] 9.00 9.09   

υLZ 0.274 0.291   

 

SZL [ksi] 4.69 4.68   

υZL 0.103 0.094   

 

STZ [ksi] 6.20 6.04   

υTZ 0.333 0.347   

 

SZT [ksi] 3.76 3.34   

υZT 0.301 0.283   

 

γLT [%]     5.00 

SLL [ksi]     173 

 

γTL [%]     2.27 

 TT
cr 

[ksi]     5.48 

 

γLZ [%] 3.61 3.52   

STT [ksi]     10.64 

 

γZL [%] 0.62 0.67   

SZZ [ksi] 4.13 3.91   

 

γTZ [%] 1.11 1.10   

εLL [%]     2.76 

 

γZT [%] 0.50 0.47   

εTT
cr

 [%]     0.21 

     εTT [%]     2.35 

     εZZ [%] 0.20 0.19   
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APPENDIX D. EFFECTS OF MICROSTRUCTURE, DEFECTS AND CURING 

ON INTERLAMINAR PROERTIES 

D.1 Interlaminar Mechanical Properties 

Interlaminar test specimens taken from five through-thickness locations (i.e., at Z/h = 

0.1, 0.3, 0.5, 0.7 and 0.9) in the 120-ply glass fabric/vinyl ester composite were used for 

mechanical tests to determine through-thickness interlaminar elastic moduli (EZZ, GLZ 

and GTZ) and interlaminar strength properties (SZZ, SLZ and STZ). Samples were also taken 

at three through-thickness locations (i.e., at Z/h = 0.5, 0.64 and 0.8) in the 56-ply glass 

fabric/vinyl ester composite, due to its relatively uniform microstructure and thermal 

properties in the thickness direction. As shown in Figs. D.1, D.2 and D.3, interlaminar 

elastic properties of the 56-ply thick composite were relatively constant through the 

thickness direction; however, an appreciable amount of through-thickness modulus 

variation was found in the 120-ply composite. In addition, the 56-ply composite had 

higher interlaminar elastic moduli than those found in the 120-ply composite, because of 

its 3% higher overall fiber volume fraction in the 56-ply composite. 

In the 120-ply glass fabric/vinyl ester composite, interlaminar tensile EZZ and shear 

GLZ changed along the thickness direction in a similar manner (Figs. D.1 and D.2). 

Factors other than Vf, such as curing  egree α an  voi  content Vv, need to be included in 

the evaluation. The through-thickness distributions of EZZ and GLZ were found to be 

governed by the combined effects of through-thickness variations of Vf (Fig. 6.5) an  α 

(Fig. B.1) in the thick glass/vinyl ester composite.  
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Figure D.1. Interlaminar tensile modulus EZZ along the thickness direction of thick 

glass fabric/vinyl ester composites. 

 

 
Figure D.2. Interlaminar shear modulus GLZ along the thickness direction of thick 

glass fabric/vinyl ester composites. 
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The variation of interlaminar shear modulus GTZ in the laminate thickness direction 

was relatively small (Fig. D.3), although it was expected to change along thickness 

direction in a manner similar to elastic properties, EZZ and GLZ. The through-thickness 

variation of GTZ may be affected by the high heterogeneity of the TZ-shear specimen 

microstructure. As shown in Fig. 4.1, the 90°-backing fibers were dispersed in a highly 

irregular pattern. The TZ-shear specimens with a 0.25-inch thickness contained various 

amounts of 90°-backing fibers which may introduce additional uncertainty into the test 

results.  

 
Figure D.3. Interlaminar shear modulus GTZ along the thickness direction of thick 

glass fabric/vinyl ester composites. 

 

D.2 Interlaminar Failure Strength 

Interlaminar tensile strength of the thick composite is expected to be governed by 

microstructural defects, especially voids, local stress concentrators and curing. The 

interlaminar tensile strength SZZ was found to strongly relate to the through-thickness 
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distribution of void volume fraction Vv (Fig.6.4) in the thick glass/vinyl ester composite. 

The results shown in Fig. D.4 indicate that the amount of void indeed had a significant 

effect on SZZ.  The lowest SZZ in the bottom part of the 120-ply composite may be caused 

by a high local void content and a low degree of curing. The 56-ply composite exhibited 

an interlaminar tensile strength higher than that of the 120-ply composite due to fewer 

voids and uniform cure through the laminate.  

 
Figure D.4. Interlaminar tensile strength SZZ through laminate thickness direction of 

thick glass fabric/vinyl ester composites. 

 

As shown in Fig. D.5, the interlaminar shear strength SLZ was also found to strongly 

relate to the through-thickness distribution of void volume fraction Vv (Fig.6.5) in the 

thick glass/vinyl ester composite. The highest SLZ in the top part of the 120-ply 

composite may be due to a low, local void content; however the 56-ply composite with 

fewer voids and uniform cure through the laminate  i n’t exhibit higher interlaminar 

shear strength than that of the 120-ply composite. Interlaminar shear strength SLZ of the 
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120-ply composite was comparable with that of the 56-ply composite. The shear strength 

of the top part of the 120-ply composite was much higher than that of the 56-ply 

composite. It suggests that fiber volume fraction Vf, in addition to void volume fraction 

and cure degree, played an important role in governing the interlaminar shear strength; to 

some extent a lower Vf may give higher interlaminar shear strength in the glass 

fabric/vinyl ester composites. 

 
Figure D.5. Interlaminar shear strength SLZ through laminate thickness direction of 

thick glass fabric/vinyl ester composites. 

 

The interlaminar shear strength STZ (Fig. D.6) was expected to change with laminate 

thickness direction in a similar manner as the SLZ in thick glass fabric/vinyl ester 

composites. An unexpected test result is shown at the Z = 0.3h location in the 5.6 inch 

thick composite, in which low void content and high Tg, however, caused a lowest shear 

strength STZ. This fact implies that a much lower amount of 90°-backing fibers may be 

contained in the specimens at the Z = 0.3h location than that in the specimens at other 



 

111 

 

through-thickness locations, since the final failure strength STZ is significantly dominated 

by the amount of 90°-backing fibers. This fact also explains why the shear modulus GTZ 

at Z = 0.3h location (Fig. D.3) was lower than expectation.  

 
Figure D.6. Interlaminar shear strength STZ through laminate thickness direction of 

thick glass fabric/vinyl ester composites. 
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APPENDIX E. IN-PLANE TRANSVERSE STRESS-STRAIN BEHAVIOR AND 

FAILURE MODES OF GLASS FABRIC/VINYL ESTER COMPOSITE 

A typical tensile stress-strain relation of the glass fabric/vinyl-ester composite 

subjected to monotonic in-plane transverse loading (TL-tension) is shown in Fig. E.1. 

The associated characteristic damage state of a TL-tension specimen during the test is 

illustrated in Fig. E.2. In Fig. E.1, Point A represents initial loading and Point B is the 

first knee of the stress-strain curve (corresponding to the stress level  TT
cr

) causing the 

first cracking in the laminate. After B, more transverse cracks were generated 

progressively under the displacement-controlled loading until Point C was reached. 

Beyond C, transverse plies were fully damaged into small segments with a 0.1-inch 

characteristic length and partially delaminated with longitudinal plies (backing-fiber plies) 

as shown in Fig. E.3, and hence the load was mainly carried by backing fibers between C 

and D. As a further increase in loading, severe delamination and backing fiber breakage 

occurred, leading to final fracture (E) of the TL-tension specimen. 

 
Figure E.1. Typical in-plane transverse tensile stress-strain curve of glass fabric/vinyl 

ester composite under TL-tension loading. 
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Figure E.2. Progressive damage in glass fabric/vinyl ester composite during monotonic 

TL-tension loading. 

 

 
Figure E.3. Optical micrograph of a T-Z section in a damaged transverse specimen with 

transverse ply cracking and intraply delamination.  
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APPENDIX F. COMPARISON OF INTERLAMINAR AND IN-PLANE 

TRANSVERSE STRENGTHS  

 Figure F.1 shows in-plane transverse cracking stress  TT
cr

 (corresponding to B in Fig. 

E.1) of the 4-ply glass fabric/vinyl ester composite and interlaminar tensile strengths SZZ 

of the two thick glass fabric/vinyl ester composites. The ultimate transverse tensile 

strength STL (corresponding to E in Fig. E.1) was not considered since it was actually 

fiber-dominated property which was related to the amount of backing fibers along the 

loading direction. The average interlaminar tensile strength SZZ of the 120-ply thick 

composite was lower than that of the 56-ply thick composite due to higher void volume 

fraction and through-thickness thermal gradient. The average transverse cracking stress 

 TT
cr

 was almost 40% higher than the average interlaminar tensile strength SZZ, which 

confirms that the interply interphase was the weakest link in the glass fabric/vinyl ester 

composite.  

 

 
Figure F.1. Comparison between interlaminar tensile strength SZZ and transverse 

cracking stress  TT
cr

 of glass fabric/vinyl ester composites. 
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 Figure F.2 shows in-plane shear strength STL and interlaminar shear strengths SZL of 

the thick glass fabric/vinyl ester composites. The 120-ply thick composite had 0.9% 

higher overall void content Vv than that of the 56-ply thick composite, but their average 

interlaminar shear strengths SZL were very close. The in-plane shear strength STL was 

more than 60% higher than the interlaminar shear strength SZL, because the backing 

fibers in the TL-shear specimen provided additional resistance to the high transverse 

normal stress  TT at the notch tip areas, effectively decreased premature splitting between 

two notch roots in the TL-shear specimen. The large standard deviation of STL was 

caused by the highly irregular and dispersed distribution of backing fibers in the gage 

section of the TL-shear specimen. This is similar to the reason causing the additional 

uncertainty in TZ-shear test results discussed in Appendix D.  

 

 
Figure F.2. Comparison between interlaminar shear strength SZL and in-plane shear 

strength STL of glass fabric/vinyl ester composites. 
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 Figure F.3 shows in-plane shear strength SLT and interlaminar shear strengths SLZ of 

glass fabric/vinyl ester composites. Similar to interlaminar shear strengths SZL (Fig. F.2), 

interlaminar shear strengths SLZ for the two thick composites were also close and the 120-

ply thick composite had even higher SLZ, regardless of its 0.9% higher void content Vv 

and the 3% lower fiber volume fraction Vf. With backing fibers, premature damage of 

axial splitting along the L direction in notch tip areas of the LT-shear specimen was 

reduced, leading to an 8% higher average shear strength than that of the LZ-shear 

specimen. 

 

 
Figure F.3. Comparison between interlaminar shear strength SLZ and in-plane shear 

strength SLT of glass fabric/vinyl ester composites. 

 

 Therefore, interlaminar strengths were lower than the in-plane matrix-dominated 

strength, because interlaminar tensile and shear performance are governed by the matrix 

and the ply interphase with no reinforcement in the thickness direction. 

 

 



 

117 

 

 

 

 


