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Abstract Woven composites can offer mechanical

improvements over more traditional engineering mate-

rials, yet understanding the complex interplay between

the fiber-matrix architecture during loading remains a

challenge. This paper investigates the evolution of shear

failure behavior during the compression of high perfor-

mance fiberglass composites with varying resin binders at

both quasi-static and dynamic strain rates. All samples are

comprised of commercially available woven glass cloth

with approximately 56 % fiber volume fraction. Laminates

with thermosetting resin binders of silicone, melamine,

and epoxy were examined. High-speed imaging reveals

that failure occurs within a localized shear band region

through multiple fiber-weave matrix interface failure with a

characteristic macroscopic angle. The shear evolution was

spatially mapped using grayscale histograms of the light

intensity in the shear regions, and the resulting character-

istic angles were measured and analyzed in the context

of a Mohr-Coulomb failure criterion. Optical microscopy

and high-speed imaging of the shear formation shows ini-

tiation appears due to local instabilities from kinking and

microbuckling, influenced by the stacking and interlacing

regions of tows.
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Introduction

Polymer composite materials are being increasingly used in

transportation, communication and defense applications due

to their high strength-to-weight ratio and corrosion resis-

tance, among other attractive properties. Unlike carbon fiber

composites, fiberglass is electrically insulative and radiolu-

cent (i.e. lacks a frequency signature) which is particularly

suited for components in battery boxes, lightning exposed

aircraft parts, missile casings, and other defense structures

where conduction and radio-signal interference are avoided.

As a result, investigating and characterizing fiberglass dam-

age over a wide range of strain rates is critical as these

materials are susceptible to high-velocity impact and/or

explosion.

Under quasi-static loading in compression, shear, and

tension, many types of polymeric composites have been

extensively studied over the past couple of decades [1–

11]. Under high strain rate loading, experimental config-

urations for impact testing of polymeric composites with

gas-guns, drop-towers, Charpy tests, flyer impact, and Kol-

sky (split-Hopkinson) pressure bars have been explored,

and are reviewed by Harding, Abrate, and Cantwell, to

name a few [12–15]. Kumar et al. investigated unidirectional

glass-epoxy composites with six different fiber orientations

perpendicular to the axis of dynamic compressive load-

ing, highlighting the coupled strain rate and orientation

sensitivity [16]. Rate sensitivity up to 102 s−1 of unidi-

rectional glass-epoxy composites was also demonstrated

by Shokrieh, of cross-ply [0◦/90◦] composites by Ochola,

and up to 103 s−1 of angled ply glass/epoxy laminates

by Taab and Gilat [17–19]. Tay et al. examined cross-

woven fiberglass reinforced with pure epoxy, as well as pure

epoxy (by itself) under compression between 5 × 10−4 and

http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s11340-015-0090-5-x&domain=pdf
mailto:les@drexel.edu
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2500 s−1. They found that both epoxy alone, and the fiber

reinforced epoxy demonstrated a dependence on strain rate

and strain state, but one that decreased at higher rates. They

also proposed a phenomenological expression to describe

the stress-strain response for the composite [7]. The quasi-

static and dynamic compressive behaviors of woven S-2

Glass/SC15 composite was investigated by Song et al., and

a rate-sensitive empirical model of the constitutive response

was presented [20]. Vural and Ravichandran examined uni-

directional S-2 glass-epoxy composites under multi-axial

compressive loading conditions from 10−4 to 104 s−1 and

found the presence of shear bands shown in post-mortem

SEM [21]. Khan et al. examined thick S2-glass woven lam-

inates at various loading orientations, and determined that

the failure stresses and strains in the ply lay-up direction

were higher than those in the plane of the lamina [22].

El-Habak found a small rate sensitivity of woven fiberglass

composites under impact loading [23]; whereas Weeks and

Sun examined off-axis AS4/PEEK over a wide range of

strain rates and determined the point where the composite

exhibited nonlinear and strain rate dependent behavior [8].

Powers et al. examined Cycom 5920/1583 uniaxial E-glass

cloth with rubber toughened epoxy composites at strain

rates from 60 to 1150 s−1 and determined that the ultimate

strength did not significantly vary with strain rate, but the

yield strength increased by a factor of 3.6 from low to high

strain rates as the material transitioned from ductile to brittle

behavior [24].

A glass woven fabric composite in an epoxy resin binder,

most similar to those investigated in this study (commer-

cially known as G10), was examined in and out-of-plane

under dynamic compression by Nishida et al.. They demon-

strated that this type of composite behaves in a nominally

linear-elastic brittle fashion under dynamic compression,

and were able to successfully demonstrate valid Kolsky

(split-Hopkinson) results at uniform strain rate loading

between 102 to 103 s−1 using an optimized pulse shaping

technique [25]. Ravi-Chandar and Satapathy also exam-

ined G10 and observed some nonlinear rate dependence

attributed to the matrix, as well as finding that the material

exhibited a two-fold increase in the compressive strength

from quasi-static to dynamic compression [26]. The authors

stated the loading rate was on the order of 103 s−1 under

dynamic conditions, but the specific value was difficult to

obtain due to crumbling of the samples. They also noted

cracking at approximately a 45 degree angle from the load-

ing direction [26]. Neither of the studies on G10 provided

in-situ visualization.

The constitutive response of polymeric composites under

dynamic tensile loading were conducted by Harding and

Dong, Benloulo et al. and Wang and Xia, among oth-

ers, and have demonstrated a strain rate sensitive response

[27–29]. A review of the large body of research on the

rate-effects of fiber reinforced composites can be found

by Gresczuk and Sierakowski, Al-Hassani and Kaddour,

among others [30–33]. It should be noted that while a

significant amount of literature exists on the constitutive

behavior of polymer matrix glass fiber composites, little

to none have focused on systematic studies of similarly

comprised woven composites with varying matrix mate-

rials that include in-situ visualization. Consequently, the

focus in this study is to quantitatively examine the evo-

lution of shear formation during quasi-static and dynamic

compression of woven glass laminates with varying resin

binders.

Experimental Methods

Specimen Details

Three versions of commercially available woven glass cloth

with nominally the same fiber volume fraction (approx-

imately 56 % estimated from volume and weight mea-

surements of the samples) were used for this study. Each

composite varied in the type of thermosetting resin binder

used in the matrix of either silicone, melamine, or epoxy

(commercially G7, G9, and G11, respectively). Samples

were cut between 5 to 7 mm long using a diamond-blade

saw from vendor-supplied rods, and had a diameter of 8 mm

± 125 μm. Sample surfaces were lapped and polished to a

finish of 3 μm in order reduce friction between the platen-

specimen interfaces during loading. Optical microscopy of

the undamaged composites are shown in Fig. 1, along with

a schematic of the loading orientation with respect to the

weave for compression testing. Table 1 lists the compos-

ite densities, and individual binder material compressive

strengths.

Quasi-static Testing

All materials were subjected to uniaxial compression using

a Shimadzu AG-IS frame with a 50 kN load cell at a strain

rate of approximately 10−3 s−1. To ensure alignment during

testing and minimize unwanted shear forces, a specially-

tailored aluminum ring is placed on the lower jacket with a

concentric hole machined to the diameter of the steel platens

used for testing. Once the sample has been accurately cen-

tered on the platen, the platen is placed on the jacketed

compression plate using the ring, and the ring is carefully

removed and used in the same manner to align the platen

on the top plate. The platens are 12.5 mm diameter and

approximately 3 mm thick steel, lapped and polished to a 3

μm finish. Silicone grease is used between the platen and

loading surface to remove friction, and maintains enough

tackiness to hold the upper platen in place during alignment.
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Fig. 1 (a) Schematic showing

sample geometry and orientation

of weave with respect to loading

direction. Microstructure of

woven glass fiber composites

with (b) melamine resin binder,

(c) silicone resin binder, and (d)

epoxy resin binder

The surface between the sample and the platen is coated

with a thin layer of Teflon spray and molybdenum pow-

der to reduce friction. Before every test, a compliance test

is performed to 45 kN. Tests were conducted in displace-

ment control with a 50 N pre-load, loaded at a rate of 1

millimeter per minute. The force and displacement data is

recorded by the load frame software at a sampling rate of

20 Hz.

Dynamic Testing

The cylindrical specimens were loaded in compression

using a Kolsky (split-Hopkinson) pressure bar to strain

rates of approximately 102 to 103 s−1 as show in Fig. 2.

The bars have a diameter of 12.5 mm and are approxi-

mately 2.4 meters in length, made of C-350 maraging steel

Table 1 Properties of three variants of glass fabric woven laminates

investigated

Resin Density⋆ Binder compressive

Binder (kg/m3) Strength† (MPa)

Silicone 1808 61

Epoxy 1941 178

Melamine 1963 196

⋆Measured in lab, ± 10.3 kg/m3

†From [34]

hardened to a yield stress of 2.68 GPa in order to remain

elastic during a test. A 150 mm long striker of the same

material is launched by means of a compressed nitrogen gas

gun into the incident bar between 5 to 30 m/s. Annealed cop-

per disks, as described by Frew et al. and Nishida et al. [25,

35, 36], approximately 4.22 mm in diameter and 0.6 mm

in thickness were used to help more precisely control the

profile of the incident pulse. Steel platens approximately 3

mm in thickness, polished to a 3 μm finish, were placed

between the sample and the bars to maintain an impedance

match, yet shield the end of the bars from potential dam-

age. Silicone grease was used between the specimen and the

platens, and the platens and the bars to minimize interface

friction.

The Kolsky technique is based on one-dimensional wave

propagation theory and has been used to measure the

dynamic compressive behavior of a wide variety of mate-

rials [37]. Data from stain gauges mounted in the center

of the incident and transmissions bars are used to capture

the response, and recorded using a LeCroy high defini-

tion 4024 oscilloscope with a 500 MHz bandwidth and

2.5 Gs/second sampling rate. The incident, reflected, and

transmitted strain signals (or εI (t), εR(t), εT (t), respec-

tively) and are then used to obtain average stress and strain

values, assuming the loading state in the sample is near

uniform. Under these conditions, the signals are related

by

εT (t) = εI (t) + εR(t) (1)
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Fig. 2 Schematic of the Kolsky

bar system with a characteristic

woven glass fiber melamine

resin binder composite shown, as

well as the characteristic output

of stress versus time and the

strain rate during the test. After

an initial 10 μs rise time, the

strain rate remains reasonably

consistent around 1000 ± 250

s−1 until macroscopic failure

and can be used, as commonly found in literature [38], to

determine the nominal strain rate, strain and stress in the

sample as

ε̇(t) = −2
c

ls
εR(t) (2)

ε(t) = −2
c

ls

∫ tf

0

εR(t)dt (3)

σ(t) =
EA

As

εt (t) (4)

where c represents the one-dimensional compression wave

speed of the the bars (in our case experimentally measured

as 4890 m/s), E is the elastic modulus of the bars, ls is the

sample length, and As is the cross-section area of the sam-

ple, and A is the cross-section area of the bars as a function

of loading time tf . More details of this type of testing can be

found in Ramesh, and Chen and Song [38, 39]. High-speed

images were captured using a Photron SA-5 camera with

a Sigma 105 mm lens at 262,500 frames per second (fps)

with an exposure time of 3.8 μs, and resolution of approxi-

mately 100 μm/pixel. The samples were lit using a halogen

flashbulb that is triggered from the launch of the striker such

that it reaches a full illumination of 1000 W before the sam-

ple is loaded by the compression wave, and remains fully

illuminated during the entirety of the loading pulse.

Results and Discussion

The quasi-static compression behavior for representative

tests for each resin binder material is presented in Fig. 3.

The response is shown up to the point where there was a

sudden significant drop in load carrying capability, at which

point the specimen is considered to have macroscopically

failed. The strength of the silicone resin binder woven glass

composite is 134 ± 3.5 MPa, epoxy resin composites 381

± 10.4 MPa, and melamine resin composite at 484 ± 13.2

MPa. The strengths of the composites follow the same trend

as the strength of the constituent resin binder material alone

(listed in Table 1) in that the silicone resin was the weakest,

and the melamine was the strongest by a factor of roughly

3.5. Regardless after an initial period, all variants exhibit a

largely elastic-brittle response in this regime.

Figure 4 shows the formation of localized shear in

each of the composite variants that appeared during quasi-

static compressive loading. In all cases, these regions

appeared nearly instantaneously when loading had reached

approximately half of the total failure stress. Once formed,

Fig. 3 Constitutive response of three types of woven glass fiber

composites varying in resin binder material loaded quasi-statically
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Fig. 4 Characteristic shear formation highlighted by arrows in the (a) silicone resin binder, (b) epoxy resin binder, and (c) melamine resin binder

woven glass fiber composites under quasi-static compressive loading

these light color bands increased only in width and light-

ness until macroscopic failure. The lighter regions appear

to be due to increased specular reflection off of the

shear plane as that surface is no longer smooth (due to

fiber sliding/stretching and local buckling as discussed in

Section “Failure Process”), as well as the exposure of the

lighter fiberglass constituent. The failure observed appears

to occur along two shear planes in between roughly 40 to

60 degrees relative to the loading axis, and was consis-

tent in angle per resin binder materials tested. Microscopic

observation of the fracture plane indicates that similarly ori-

entated fiber yarns fail along the shear plane of adjacent

tows.

Dynamic compressive loading produced similar trends in

failure strength with resin binder variants, but post-mortem

microscopy revealed more dominant fiber pullout along the

shear planes. Figure 5 shows characteristic tests for each of

the three types of woven glass fiber composites investigated

at approximately 103 s−1. When compared with the quasi-

static compressive strength, the silicone resin composites

exhibited an increase by a factor of 1.6, the epoxy resin

composite by 1.3, and the melamine by 1.2 (showing rela-

tively little rate-dependence). Similar to quasi-static results,

all composites had strains around 3 %. High-speed imag-

ing shows the matrix material for the epoxy and melamine

resin binder composites failing in a brittle manner, both frac-

turing and ejecting fragments away from the sample. The

silicone resin binder composite appeared to have large out-

of-plane deformations during loading and no matrix ejec-

tion, suggesting a softer response where the elastic-brittle

assumptions used in the analysis may be less appropriate,

and most likely the strain rate in the sample reached closer

to 102 s−1.

One characteristic result of these composites under

dynamic loading is shown in Fig. 6 with a melamine

resin binder. Under dynamic loading, all composite vari-

ants developed multiple shear formations, or symmetric

cross-shear formations forming visible X’s on the sample

(instead of single V-shape bands viewed under quasi-static

loading). High-speed imaging reveals that these shear for-

mations fully form within 2 to 4 frames, which means the

band propagates at an angle across the sample within 8

to 15 μs, corresponding to surface speeds of hundreds of

meters per second. At the initial portion of loading (A) there

is no surface damage, however by 50 % of the loading pulse

(B) symmetric light spots are seen in the top half of the sam-

ple (and later verified by microscopy to be the initial local

kink and buckling of the geometrically similar fiber loca-

tions in the weave). Between the next two frames (C and D)

the initial shear brands have fully formed across the sample

and new light spots in geometrically identical fiber loca-

tions are forming where the next bands will evolve. By the

late stages (E and F), the material has reached a limit and

Fig. 5 Constitutive response of three types of woven glass fiber

composites varying in resin binder material loaded dynamically
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Fig. 6 Characteristic results shown for a melamine resin binder woven glass fabric composite under dynamic compressive loading with corre-

sponding high-speed images and grayscale light intensity mapping of evolution of shear formation (dashed line A shows the specimen outline

used for the region of light intensity mapping). The mapped images are shown with an aspect ratio of 1 for visual clarity

damage increases with crushing, debonding, and cracking

through the thickness that leads to macroscopic failure. In

order to more quantitatively visualize the rate of shear evo-

lution and view its formation without the optical curvature

from the high-speed images, grayscale histograms of the

image light intensity were mapped onto three-dimensional

space using MATLAB and are shown next to the corre-

sponding high-speed image in Fig. 6. The light intensity

at each pixel in the high speed image with coordinates x

and y at a given time during loading is a grayscale value

that can only vary from 0 (black) to 255 (white) in 8-

bits. An initial image of light intensity of the undamaged
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sample with a known diameter and height is subtracted from

each of the subsequent images during loading to maintain

a baseline and remove any initial lighting saturations from

reflections. As the lighter shear regions form, the region of

white (or more light intensity) increases on the sample as the

grayscale histogram shifts from black to white. More details

for this type of grayscale mapping technique, along with an

error and sensitivity analysis can be found in [40].

Post-mortem optical microscopy of the samples shows

the characteristic shear formations for each variant and

loading rate. Note that the images shown in Fig. 7 are

taken after the sample has been carefully removed from

the platens in the test rigs, so additional loading from han-

dling, and further fragmenting may have occured. There are

also optical distortions present from the curvature of the

sample within the field of view since the imaging plane

is focused on the upper most surface. Regardless, all sam-

ples exhibit characteristic shear formations between 45 and

65 degrees. The silicone resin binder composites had the

largest regions of localized kinking and fiber stretching and

sliding (within the shear region) under dynamic loading,

whereas the epoxy and melamine resin binder compos-

ite exhibited nominally more brittle behavior, with tearing

along the shear planes and larger amounts of fiber pullout

from buckling in the shear regions. The dynamic loading of

the melamine resin binder composite had the most catas-

trophically brittle macroscopic failure and collapse, with

large portions of the sample fragmenting and crumbling.

An example of the post-mortem microscopy of the shear

planes for the silicone resin binder fiberglass is shown in

Fig. 8. All three variants exhibited the same behavior, where

shear planes had visible angled damage zones or locations

of a beginning and end of the shear region as viewed from

the loading direction shown in (b). This zone was largest

for the silicone resin binder fiberglass perhaps due to its

less brittle response in compression than the melamine or

epoxy resin binder fiberglass specimens. When examining

fragmented shear planes in all three variants, the damaged

fragments (those with the fractured plane in the shear band

region) had a large amount of fiber breakage and pullout as

shown in (d); whereas the flip side of the fragment with the

face not in the shear band region was essentially undam-

aged and had a clean (nearly undeformed) fiber weave as

highlighted in (c).

The combined results of woven fiberglass resin binder

composites with equivalent loading orientations and find-

ings of this study are shown as a function of strain rate

(on a logarithmic scale) in Fig. 9. While the general trend

is an increase in compressive strength from quasi-static to

dynamic strain rates with the woven fiberglass composites,

Fig. 7 Post-mortem optical

microscopy of quasi-static and

dynamically loaded woven glass

composites with varying resin

binders in compression
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Fig. 8 (a) Schematic of the

fragment planes examined

post-mortem via optical

microscopy on a silicone resin

binder woven glass cloth

composite after dynamic

compression. Post-mortem

microscopy of the resulting

fragment (b) as viewed from the

loading direction, with blue

lines highlighting a region of

shear formation where damage

accumulates; (c) as viewed from

within the cross-section along

the shear plane on a fragmented

region outside the damage zone

with nominally undamaged fiber

weave (highlighted by the blue

lines); (d) as viewed from within

the cross-section along a shear

plane on a fragmented region

inside the shear region showing

large amounts of fiber

separation, pullout and breakage

and evidence of angled failure

propagation (with the direction

of failure highlighted by the blue

line)

the results do not collapse to master curve due to the dif-

ference in composite constituent materials, interpretation of

macroscopic failure, potential material preparation differ-

ences, and general material variation, to name a few. The

data points for all the literature values come from a sin-

gle test except for the quasi-static value from Ravi-Chandar

which is an average of two tests; whereas each data point on

the plot from this study is an average of 2 to 3 compression

tests with error bars showing the standard deviation [26].

The Nishida et al. and Ravi-Chandar and Satapathy results

are from a woven fiberglass epoxy resin binder composite,

commercially known as G10, and show large variation in

the compressive strength at high rate. However this could be

due to the fact that Ravi-Chandar showed a significant drop

in the stress-strain response after the maximum compressive

strength was achieved, along with post-mortem fragmenta-

tion; whereas Nishida et al. reported the maximum elastic

response and stated that the specimens were not consid-

ered to have fully failed [25, 26]. The Ravi-Chandar and

Satapathy results for the quasi-static rate of loading has a

large error bar in the horizontal plane as no specific strain

rate was provided (thus illustrating the uncertainty). The

epoxy fiberglass results in the present study, commercially

available G11, fall between the two studies on G10. The

Song, Chen and Weerasooriya results are from a woven S-2

glass, SC15 epoxy composite and show a generally stronger

response than all the other presented results (with one out-

lier at a strain rate of 330 s−1) [20]. The increased response

in this case is due to the fact that S-2 glass is a higher

strength fiber with different mechanical properties than the

glass fibers used in the other studies. Of the three matrix

variants examined in the present study, all the results were

consistent with respect to each other across strain rates,

with the silicone resin binder having the weakest response,

epoxy the strongest, and the melamine exhibiting the least

rate-sensitivity.

Mohr-Coloumb Analysis

The presence of the localized shear bands in these woven

composites suggest that failure could be characterized by

a normal stress dependent Mohr-Coulomb type criterion.

Measurements of the angles between the failure planes and

the loading surface from the tests shown in Figs. 3 and 5

were taken using ImageJ within the focused imaging plane

(to avoid optical distortions), with three replications of the

same measurement in order to get an average and standard

deviation for each sample, and corroborated with the MAT-

LAB results. Using the resulting characteristic angles of the

localized regions of shear, failure can be defined to occur
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Fig. 9 Plot illustrating the compressive strength as a function of strain

rate on a logarithmic scale for various woven fiberglass resin binder

composites with loading orientations the same as the present study.

Each data point from literature is from an individual test, except for the

quasi-static results from Ravi-Chandar which shows the uncertainty in

the strain rate by the horizontal error bar. Each data point on the plot

from the present study is an average of 2 to 3 tests with the error bars

displaying the standard deviation. a Results on commercially available

woven fiberglass with epoxy resin (G10) [25, 26], b Results from a

woven S-2 glass, SC15 epoxy composite [20]

when the shear stress at a particular plane reaches a critical

value, and is related to the normal stress acting on the plane

by

τ = τ0 + μσn (5)

where σn is the normal stress, and τ is the shear stress

components acting on the failure plane. The τ0 parame-

ter is commonly defined as cohesive shear strength (in the

absence of normal stress) and μ is a coefficient of inter-

nal friction, with compressive stress defined in a positive

sense in this case. As depicted in Fig. 10, that the geometric

relation between Mohr’s circle and the failure line drawn is

μ = tan φ = tan
(

2α − 90◦
)

(6)

where φ is a friction angle, and α is the average orientation

of the failure planes. As demonstrated in [21], the cohesive

shear strength, τ0 and the friction angle are related by

τ0 =
σu

2

(

1 − sin φ

cos φ

)

(7)

where σu is the average compressive strength of the com-

posite.

The results of the Mohr-Coulomb failure analysis are

shown in Table 2. The angle of shear localization was found

to be nominally consistent per test condition with respect

to the rate of loading and resin binder variant. Out of the

three compositions examined, the melamine resin binder

woven glass fiber composite did not appear to have rate-

influence shear plane formation (at least within the range

and type of loading conducted). In the epoxy and silicone

resin binder woven fiber composites, the angle of shear for-

mation decreased when loaded dynamically, decreasing the

internal friction coefficient μ. The melamine resin binder

composite also exhibited the least amount of rate depen-

dence on compressive strength in the results presented,

which could help explain the nominally identical shear

formation angles in quasi-static and dynamic loading. To

provide some comparison, Mohr-Coulomb criterion for a

typical weak mineral has μ less than 0.3 such as brucite

[41], and stronger rock values have μ of 0.4 to 0.7, like Blair

dolomite at Tennesee sandstone [42]. It should be noted that

with increasing temperature and/or pressure, the value of μ

decreases to approach zero in the limit. At constant tempera-

ture and strain rate, the Mohr envelope remains consistently

concave towards the σn axis, and only approaches a hor-

izontal asymptote when the normal stress is high enough.

That means, in a fully ductile or plastic condition, the μ

value becomes nominally zero, as it is in ductile metals.

This suggests that the silicone resin binder had the most

ductile-like behavior and exhibited the lowest μ values,

whereas the melamine exhibited rate dependent μ values

more analogous to a Solenhofen limestone which has lit-

tle rate dependence in strain rate regimes tested here and

similar μ values [43]. The Mohr-Coulomb failure model

discussed above is utilized in the quasi-static sense, in

that only the ultimate compressive strength value changed

with strain rate from the experimental measurements, but

future work could extend the model by introducing a strain

rate dependence in the formulation on the cohesive shear

strength term, or τ0(ǫ̇).

Fig. 10 Geometric representation of the Mohr-Coulomb failure

criterion



Exp Mech

Table 2 Mohr-Coulomb

failure analysis on woven glass

fiber composites

Quasi-Static Dynamic

Resin binder α⋆ μ τ0 (MPa) α⋆ μ τ0 (MPa)

Silicone 50 ± 2.8◦ 0.17 67 47 ± 1.5◦ 0.06 100

Epoxy 61 ± 2.1◦ 0.64 104 51 ± 2.8◦ 0.20 240

Melamine 55 ± 1.2◦ 0.35 171 59 ± 4.7◦ 0.49 157

⋆Experimentally measured between failure plane and loading surface.

Failure Process

Optical microscopy combined with the in-situ high-speed

images and maps of the shear evolution in compression pro-

vide insight on understanding of the shear evolution and

ultimate failure process in these woven composites. To that

end, an additional Celestron 5 MPa handheld digital micro-

scope was mounted and used to take static images of the

samples during quasi-static compression in order to capture

magnified early failure onset before full shear band forma-

tion. A schematic representation of the failure process, as

well as images from the digital microscope are shown in

Fig. 11. It should be noted that adiabatic heating of the sam-

ples which could dramatically effect matrix behavior does

not play a significant role during dynamic testing in this

study. Assuming all work done on the samples during load-

ing contributes to adiabatic heating, the adiabatic heat rise

can be estimated to equal the product of the maximum force

and displacement on the sample, divided by the product of

the mass and specific heat (assumed to be on the order of

0.9 kJ/kg-K using rule of mixtures for the constituent

materials [34]). With this approximation, the temperature

rise was found to be on the order of 10 degrees Cel-

sius. This calculation is corroborated by Song, Chenn and

Weerasooriya’s work on S-2 glass/SC15 epoxy woven com-

posite, where they placed a thermocouple inside the sample

and measured an approximately 18 degree Celsius rise

in temperature in the sample during dynamic compres-

sion. Consequently neglecting thermomechanical effects,

the fiber yarns that have weave axes along the direction

of loading reach a local compressive limit and become

unstable, beginning to locally kink and microbuckle. This

initial microbuckling is shown in (d) of Fig. 11. At the

geometrically identical locations in the weave, the fibers at

interlacing junctions are subjected to a shear loading state

(due to their angle with respect to the loading plane) and

begin to fail and separate, and is shown in (c). As dam-

age begins to locally accumulate, the stress in the sample

is redistributed in the undamaged material which causes

the matrix to crack near the vicinity of the shear failure

planes. This failure mode propagates along the observed

shear plane which is influenced by the kink band and

buckling formations, and stacking of the tows, as shown

in (b). Consequently, the angle of the formation of shear

depends on the architecture of the weave and the weave-

matrix interface strength. The fiber yarns in the direction

perpendicular to the loading plane are subjected to trans-

verse tensile loads which results in fiber matrix debonding,

Fig. 11 (a) Illustration of the compression failure mechanism in woven fiberglass resin binder composites, figure adapted from [22]. (b)

Microscopy of the shear formation in woven glass fiber silicone resin binder composite with a callout to show failure process mechanisms of (c)

fiber separation and (d) localized microbuckling
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leading to microcracks generated both near the loading

plane and near the shear failure plain within the fiber yarn.

These microcracks coalesce to create macroscopic rapidly

propagating failure surfaces where both brittle fracture and

delimitation occur, leading to the global failure of the

specimen.

Conclusions

Quasi-static and dynamic compressive testing were con-

ducted on three types of commercially available woven

glass fabric composites with varying resin binders of sili-

cone, epoxy, and melamine. The strength and constitutive

response are shown at strain rates from 10−3 to 103 s−1

where melamine resin binder glass fiber composite exhib-

ited the highest strength by a factor of 3.5 over the silicone

resin binder which had the weakest response. Addition-

ally, the melamine resin binder composite showed little

rate dependence on failure strength, increasing by a fac-

tor of 1.2, whereas the epoxy increased by a factor of

1.3 and the silicone by 1.6. High-speed imaging during

loading revealed the sudden formation of shear failure

planes. The shear evolution was mapped using grayscale

histograms of the light intensity in the shear regions,

and the resulting characteristic angles were measured and

analyzed in the context of a Mohr-Coulomb failure cri-

terion. These results, along with optical microscopy of

the recovered specimens, revealed that initiation appears

due to local instabilities from kinking and microbuck-

ling, influenced by the stacking and interlacing regions of

tows.
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