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Abstract 
The mechanical response of IM7-8552 was investigated for transverse tension and transverse 
tension / in-plane shear loading at static and dynamic strain rates using transverse tension 
and off-axis tension specimens. The dynamic tests were carried out on a split-Hopkinson 
tension bar at axial strain rates of 100 s-1, using high speed photography and digital image 
correlation during the data reduction. From the measured axial strengths the failure envelope 
for the combined stress state was derived for both strain rates and compared with the Puck 
IFF Mode A failure criterion. The measured axial stress-strain response was simulated using 
a fully 3D transversely isotropic elastic-viscoplastic constitutive model. A very good 
correlation between the measured and numerically predicted stress-strain response was 
achieved for all specimen types and strain rate regimes. 

 
 

1. Introduction 
 
With the recently increased applications of fibre reinforced polymer matrix composites 
(FRPMCs) in primary automotive (BMW project i) and aeronautical structures (Airbus A350 
and Boeing 787), the interest in an improved understanding of the mechanical behaviour of 
FRPMCs under high speed loading events such as crash or foreign object impact is remaining 
strong. Material behaviour such as plasticity and strain rate dependency should be considered 
for an accurate description of the energy dissipation when modelling the progressive failure of 
polymer composites under such loading events. Particularly in the light that composites with 
more damage tolerant toughened epoxy or thermoplastic resin systems are gaining in 
importance, which show pronounced non-linear stress-strain behaviour and strain rate 
dependency. 
 
In the experimental part of this work the mechanical response of a unidirectional (UD) 
carbon-epoxy composite is investigated under transverse tension and combined transverse 
tension / in-plane shear loading at quasi-static and dynamic strain rates. The work is similar to 
the experimental investigations of Taniguchi et al. [1]. Together with previously published 
experimental data of static and dynamic off-axis compression tests, using the same material 



ECCM16 -

 

 

system 
validatio
 
In the n
transver
experim
of crack
 
2. Mat

The UD
thicknes
in the m
tension 
saw. Al
Scotch-
30° and
section,
tension 
attached
 
The slo
apparatu
system 
dynamic
 
The qua
in Figur
Inspect 
mm.min
the free 
 
The dyn
The app
transmis
 

    

Figure 1.
slotted ad

a) 

b) 

- 16TH EUROP

as in the p
on of nume

numerical p
rsely isotr

mentally obs
king [3]. 

terial and E

D prepreg s
ss of 1.5mm
material da
and 90° tra

ll specimen
WeldTM DP

d 45° off-ax
 measured b
specimen a

d to either o

tted adapte
us. Therefo
needed for
c tests, the s

asi-static tes
re 1c. A sta
Table 100 w

n-1, which r
specimen s

namic tests 
paratus con
ssion-bars w

. Off-axis tens
dapters (c) and

PEAN CONF

present stud
rical materi

part of this w
ropic elast
served nonli

Experimen

system Hex
m was manu
ata sheet. F
ansverse ten
ns were glu
P490. An as
xis tension 
between the
a free sectio
of the two ad

rs are requi
ore the spe
r the dynam
same specim

st setup, usi
andard elec
was used. T
results in a 
section was 

were perfor
nsists of tit
with lengths

sion specimen
d quasi-static t

FERENCE ON

dy [2], a c
ial models.

work the av
tic-viscopla
inearities un

tal Setup 

xPly® IM7-
ufactured on
rom the 1.

nsion specim
ed into slot

ssembled sp
and for the
e ends of th
on of 30 m
dapters. 

ired to attac
ecimen desi
mic tests. To
men types w

ing threaded
ctro-mechan
The specime

strain rate 
measured u

rmed on a s
tanium ∅2
s of 2.15, 3

n (a), transvers
test setup (d).

N COMPOSI

2 

omprehensi

vailable ten
astic const
nder multi-

-8552 was 
n a hot pres
5 mm pane

mens (Figur
tted steel a

pecimen is s
e 90° transv
he adapters, 
mm was cho

ch the spec
ign was di
o allow a d

were used fo

d adapters to
nical test m
ens were loa
of ≈ 4 ×

using the DI

split-Hopkin
0 mm load
and 1.8 m,

se tension spe
 

ITE MATERI

ive data se

nsion tests a
titutive mo
axial loadin

used for th
ss, followin
el rectangu
e 1a) were c
dapters usin

shown in Fi
verse tensio
was set to b

osen to obta

cimens to th
ictated by 
direct comp
or the quasi

o attach the
machine of t
aded at a co10  s-1. T
IC system A

nson tension
ding-, ∅16 
respectively

 

    
ecimen (b), off

c)

IALS, Seville,

t now exis

are simulate
odel, able
ng condition

his study. A
ng the curing
ular 15°, 30
cut on a wa
ng the struc
gure 1b. It i

on specimen
be 20 mm. F
ain a section

he split-Hop
the specim

parison betw
-static refer

e assembled 
the type He
onstant displ
The 3D in-p
ARAMIS-4M

n bar as illu
mm incid

y. 

f-axis tension 

, Spain, 22-26

sts however

ed using a f
e to pred
ns prior to t

A UD pane
g cycle as s

0° and 45° 
ater-cooled d
ctural adhe
is noted tha

n the free s
For the 15°
n where no

pkinson ten
men and att

ween the st
rence tests. 

d specimen i
egewald & 
lacement ra
plane strain
M. 

ustrated in F
dent- and ∅

specimen glu

6 June 2014 

r for the 

fully 3D 
dict the 
the onset 

 
el with a 
specified 
off-axis 

diamond 
sive 3M 

at for the 
pecimen 
 off-axis 

o fibre is 

nsion bar 
tachment 
tatic and 

is shown 
Peschke 

ate of 0.5 
n field in 

Figure 2. 
∅16 mm 

ued into 



ECCM16 -

 

 

Figure 2.
 
The spli
a U-sha
deforma
allowing
ARAMI
 
Due to 
stress-st
Hopkins
ideally 
previou
around t
 
3. Dat
 
For the 
specime
averagin
 
For the
transmit
while th
averagin
the dyna
 
From th
experim
construc
low fail
rotation
time and
 

- 16TH EUROP

. Split-Hopkin

it-Hopkinso
aped striker
ation of the
g the dete
IS. Camera 

the low pl
train behav
son bar we
suited to o

us study [5].
the impact f

a Reductio

static tests 
en cross-sec
ng the axial

e dynamic 
tted bar str
he axial spe
ng the axial
amic tests is

he static an
mental failur
cted by tran
lure strains

n, as observ
d was there

PEAN CONF

nson tension b

on tension b
r bar. In the
e tensile sp
rmination 
frame rate 

lastic strain
viour was ex
ere perform
obtain const
 The pulse 
flange at th

on 

the axial sp
ction, while
l strain field

tests the 
rain-wave u
ecimen strai
l strain field
s therefore t

nd dynami
re envelope 
nsforming th
s and the b
ed when pe
fore not con

FERENCE ON

bar setup for d

bar design is
e present w
ecimen wa
of the 2D
and resolut

ns observed 
xpected to 
ed with ram
tant strain r
shaper cons
e end of the

pecimen stre
e the axial s
d over an are

axial spec
using standa
in was dete
d over an a
the same as

c axial stre
for combin

he axial stre
boundary co
erforming o
nsidered in 

N COMPOSI

3 

dynamic tests 

s based on 
work a 0.5 m
as monitored

in-plane s
tion were se

d for the sta
occur for t

mp-shaped 
rates for a 
sisted of a r
e loading ba

ess was dete
strain was d
ea of 5 × 5

cimen stres
ard split-Ho
ermined from
area of 5 ×
s described i

ess-strain c
ned transver
engths into t
onditions of
off-axis com
the transfor

ITE MATERI

(striker-bar ac

a novel con
m long titan
d by a Pho
strain field 
et to 100000

atic tests, p
the dynamic
incident pu
linear spec

ring of 2mm
ar. 

ermined by
determined f

mm² in the

ss-time sign
opkinson pr
m the dyna5 mm². Th
in [2]. 

curves of t
rse tension a
the material
f the tensil

mpression te
rmation. 

IALS, Seville,

cceleration sys

ncept propos
nium stiker-
otron SA5 h

also using
0 fps and 44
predominant
c tests. Hen
ulses, which
cimen mate
m thick silic

dividing the
from the DI
 specimen c

nal was ca
ressure bar 
mic DIC m
e data redu

the off-axis
and in-plane
l coordinate
le specimen
ests [2], was

, Spain, 22-26

stem not show

sed by [4], 
-bar was us
high speed 
g the DIC48 × 136 pi

tly linear s
nce all test
h had prov
erial behavi
con rubber w

he load-signa
IC measure
centre. 

alculated fr
analysis (S

measuremen
uction proce

s tension te
e shear load
e system. Du
ns, significa
s not measu

6 June 2014 

 
wn). 

utilizing 
sed. The 
camera, 

C system 
ixels2. 

pecimen 
s on the 
en to be 
our in a 
wrapped 

al by the 
ement by 

from the 
SHPBA), 
ts, again 

edure for 

ests, the 
ding was 
ue to the 
ant fibre 
ured this 



ECCM16 - 16TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014 

 

4 
 

4. Experimental Results 
 
The axial stress-strain curves of the off-axis tension and transverse tension specimens for 
static and dynamic loading are presented together with the results of the numerical model 
(Section 5) in Figure 6 (Section 6). For each specimen type and strain rate regime three tests 
were performed. For the 45° off-axis tension specimen type only one stress-strain curve is 
shown for each strain rate regime since the other specimens did not produce a valid failure 
mode (failure in the free specimen section). Also, at the time of writing results from dynamic 
transverse tension tests were not yet available and are therefore not included in Figure 6d. 
 
While the quasi-static transverse tension specimen type shows a linear stress-strain response 
up to failure, all quasi-static off-axis tension tests reveal a non-linear stress-strain response. 
Under dynamic loading, at an axial strain rate of = 100 s-1, the stress-strain curves are 
becoming more linear and the measured axial strength increases by 47%, 30% and 24% for 
the 15°, 30° and 45° off-axis specimen type, respectively. No significant strain rate effect was 
measured for the axial modulus of elasticity. 
 
Figure 3a shows the complete envelope for inter-fibre failure (IFF) of IM7-8552 under static 
and dynamic loading. The data points for combined transverse tension / in-plane shear loading 
were generated from the herein presented axial stress-strain curves (Figure 6), while the data 
for the combined transverse compression / in-plane shear stress state as well as the pure in-
plane shear strengths, were taken from [2]. In addition, the static and dynamic failure 
envelopes as defined by the 2d Puck IFF failure criteria [6] were included. 
 
Considering the difference in the specimen design, the different static and dynamic test setups 
and laboratories used for the off-axis compression tests [2] and the presented off-axis tension 
tests, a very good match was achieved for the experimental compressive and tensile data sets. 
It is therefore concluded that the material behaviour of IM7-8552 for the investigated 
combined stress states and strain rate regimes is well captured. 
 
Figure 3b shows enlarged the stress space for combined transverse tension / in-plane shear 
loading. For quasi-static strain rates it is seen that the experimental and the predicted failure 
envelopes correlate very well. The Puck Mode A failure envelope for dynamic loading was 
constructed, assuming a 40% increase of the transverse tensile strength, which corresponds to 
the strain rate effect observed for the failure envelope under combined transverse compression 
/ in-plane shear loading [2]. 
 

Figure 3. Experimental and predicted inter-fibre failure (IFF) envelope for IM7-8552 loaded at static (≈ 4 ×10  s-1) and dynamic (tension: ≈ 100 s-1, compression: 100 – 350 s-1) axial strain rates. 

a) b) 
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For the 15° off-axis tension specimen again a very good correlation between experimental and 
predicted failure was obtained. For the 30° and the 45° specimen type the predicted dynamic 
failure appears to be slightly over-predictive. A possible explanation for this observation may 
be as follows. 
 
All dynamic off-axis tension tests were performed at a constant axial strain rate of 100 s-1. For 
the in-plane shear dominated 15° off-axis tension specimen the shear strain rate, acting in the 
failure plane, is approx. 350 s-1, which is similar to the shear strain rate observed for the 
dynamic 15° off-axis compression tests [2]. As the off-axis angle is increased to 30° and 45° 
the strain rate acting on the failure plane is gradually reduced. Therefore to obtain a constant 
strain rate with respect to the shift from an in-plane shear to a transverse tensile material 
response, the axial strain rate needs to be increased accordingly. 
 
5. Numerical Model 
 
Hereafter, the constitutive model used for the prediction of the off-axis tensile tests is briefly 
presented. This model represents a viscoplastic extension of the transversely isotropic elastic-
plastic model presented in [3]. The main objective is the prediction of the pressure dependent 
pre-failure nonlinearities under multiaxial loading conditions as they are observed in carbon 
epoxy composites. The material model proposed consists of an elastic-viscoplastic model, 
assuming the additive decomposition of the strain tensor ( ) into the elastic ( ) and the 
viscoplastic parts ( ): 
 = +  (1)

The anisotropy is regarded by structural tensors and not by symmetry conditions based on a 
reference coordinate system. The so called structural tensors represent the material 
symmetries of the respective anisotropy class as an intrinsic material property. They are used 
as additional arguments in the constitutive equations. This enables a coordinate system free 
representation of the anisotropic material laws as isotropic tensor functions. Moreover, finite 
fiber rotations can be regarded easily. The structural tensor A which represents the symmetry 
conditions of transversely isotropic materials is defined by the dyadic product of the unit 
vector of the preferred direction: 
 = ⨂ → A = a a . (2) 

The structural tensor is used as an additional argument in order to formulate the elastic free 
energy density, the yield function and the plastic potential formulation [3]. The elastic free 
energy density for the transversely isotropic model reads:  
 Ψ( , ) = 	 λ(tr ) +	μ tr( ) + α( )tr( ) +2(μ − μ )( ) + β( ) , (3)

with the five elasticity constants λ, μ , μ , α, β as invariant coefficients. The conversion into 
engineering constants and vice versa can be found in [3]. The stress ( ) and the elasticity 
tensor (ℂ ) can be obtained by computing the first and the second derivatives of the free 
energy density with respect to the strain tensor, respectively: 
 = ∂ Ψ( , ); ℂ = ∂ Ψ( , )  (4)

In order to formulate the transversely isotropic invariants used in the yield surface 
formulation, a decomposition of the stress in plasticity inducing stresses and elastic reaction 
stresses is assumed: 
 = +  (5)
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6. Model Validation 
 
A linear elastic behaviour until fracture is observed for uniaxial transverse tension (Figure 
5a). Nonlinearity in transverse tension must be defined however to trigger the nonlinear 
behaviour for combined shear-tensile stress states (15°, 30°, 45° off-axis tests). A hypothetic 
tensile hardening curve (Figure 5b) was derived, using a data reduction procedure for the 
plasticity model proposed by [7]. The shear hardening curve was taken from [2]. 
 

 
Figure 5. Transition from ductile to brittle response and nonlinear stress-strain curve for transverse tension. 
 
Figure 6 shows the measured and simulated static and dynamic axial stress-strain curves. For 
the 15° and 30° specimen type, the comparison between experiment and simulation is 
excellent. Further experimental data is however required for a better comparison in case of the 
45° off-axis and the 90° specimen. It is noted that the model correctly predicts failure under 
static loading, using an invariant based failure criterion [8]. The simulated dynamic stress-
strain curves were truncated since the failure criterion is not yet strain rate dependent. 
 

Figure 6. Quasi-static and dynamic axial stress-strain response for: (a) 15° off-axis tension, (b) 30° off-axis 
tension, (c) 45° off-axis tension and (d) 90° transverse tension. 

a) b)

c) d)

a) b) 
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7. Summary and Conclusion 
 
The mechanical response of IM7-8552 was investigated for transverse tension and transverse 
tension / in-plane shear loading at static and dynamic (100 s-1) strain rates. A shift from 
nonlinear to predominantly linear stress-strain response was observed for the dynamic off-axis 
tests, whereas the response for transverse tension is already linear under static loading. The 
nonlinearity observed for transverse compression [2], is truncated by the low transverse 
tensile strength. The measured axial strengths increased by 47%, 30% and 24% for the 15°, 
30° and 45° off-axis specimens. The decreasing rate effect on the axial strengths can be 
attributed to a decreasing strain rate with increasing off-axis angle when considering the strain 
rate acting in the fracture plane of the respective specimen type. From the measured axial 
strengths the failure envelope for combined transverse tension / in-plane shear loading was 
derived for both strain rate levels and compared with the Puck IFF Mode A failure criterion. 
For the static strain rate a good correlation was observed between experimental and predicted 
failure envelope. Due to the constant strength increase of 40% assumed for the dynamic 
failure criterion, the experimental and predicted envelope derivate with increasing off-axis 
angle. Further dynamic tests at constant strain rates acting in the failure plane are therefore 
needed to better understand the strain rate effect for the combined tension-shear stress state. 
 
Together with a previously published experimental study on the mechanical response of IM7-
8552 under transverse compression and combined transverse compression / in-plane shear 
loading at static and dynamic strain rates [2] a comprehensive data set now exists regarding 
the strain rate dependent mechanical behaviour of this composite material system. 
 
The herein presented axial stress-strain response, measured for the transverse tension and off-
axis tension tests, was simulated using a fully 3D transversely isotropic elastic-viscoplastic 
constitutive model, able to predict nonlinearities under multi-axial loading conditions prior to 
the onset of cracking [3]. A very good correlation between the measured and numerically 
predicted stress-strain response was achieved for all specimen types and strain rate levels. 
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