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Foreword 

These proceedings are a record of the International 
Workshop on Experimental Techniques in the Analysis 
of Composite Structures held at the University of 
Paisley, Scotland in September 1997. This workshop 
was jointly sponsored by the University of Paisley and 
the US Air Force European Office of Aerospace 
Research & Development (EOARD). 

The development of future military and civilian 
aerospace systems depends on new breakthroughs in 
advanced materials. Composite structures have become 
indispensable to aerospace designers who continually 
seek lighter weight, better heat resistance and lower 
cost alternatives to conventional materials. EOARD is 
proud to sponsor cutting-edge workshops such as this 
one that directly contribute to fundamental under- 
standing of this vital material. 

Composite structures research has greatly benefited 
from  recent  advances  in  computer  modeling  tech- 

niques. However, no matter how good the computer 
simulation, it can never fully substitute for more tradi- 
tional experimental techniques. The topics presented in 
this workshop span a wide range of research centered 
on perfecting experimental methods to validate 
computer models and better understand critical 
performance properties. These results advance our 
understanding of composite behavior and directly 
benefit the entire materials community. 

Many thanks to all the participants who helped make 
this workshop a success. Special thanks to Dr Ian 
Marshall who deserves the credit for putting together a 
very useful and productive workshop 

Major Jerry Jon Sellers 
Chief, Aeronautics 

US Air Force European Office of 
Aerospace Research & Development 

0263-8223/98/$ — see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved. 
PII: S0263-8223(98)00075-0 
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Moire interferometry as a detailed validator for computational 
modelling of composites 

J. McKelvie*, K. E. Perry 
Department of Mechanical Engineering, University of Strathclyde, 16 Richmond Street, Glasgow Gl 1XG, UK 

Abstract 

The computational modelling of multi-layered multidirectional composite materials presents particular difficulties, and there- 
fore an experimental tool is required that is able to validate any proposed models at a level of detail appropriate to the 
complexity of the laminate. Such a tool requires, of course, that it in its turn be duly validated. This paper proposes the 
measurement of energy release rate for a delamination intersecting the edge as a suitably demanding and relevant criterion and 
the method of moire interferometry as the experimental tool. The validation of the method is carried out against standard 
geometries and protocols. © 1998 Published by Elsevier Science Ltd. All rights reserved. 

1. Introduction 

The complexity of multi-layered multidirectional 
composite structures makes full-volume 3-D computa- 
tional analysis a comparatively expensive business. 
Moreover, there are particular problems in the applica- 
tion of finite element methods to multi-layered solids, 
— especially at the edges and in the presence of 
thermal effects, — when FEA results may not satisfy 
equilibrium and the interlaminar stresses are therefore 
wrongly predicted, — see for example Ref. [1]. This 
difficulty is all the more disconcerting in view of the 
fact that mechanisms that originate from interlaminar 
stresses at free edges (e.g. delamination around holes) 
are common causes of structural degradation. 

In consequence, there is continuing development of 
computational methods for application to this class of 
problem, and of course, it is essential that such 
methods be properly validated. It is however something 
of a problem in itself as to how to devise experimental 
procedures to accomplish the validation, and this paper 
describes the development of the moire interferometry 
technique to that end. 

2. Delamination 

Because the occurrence and growth of delamination 
between plies in a multi-layered composite is of such 

»Corresponding      author.      Tel.:      44-141-548-2643; 
+44-141-552-5105; E-mail: JMcKelvie@mecheng.strath.ac.uk 

Fax: 

significance in structural integrity, it has been the 
subject of much study — for example Refs [2-6]. In 
brief, if one knows from experiment the critical energy 
release rate Gc that will cause the extension of a 
debond between any two adjacent layers, and if one 
has an analysis tool that can accurately predict G, then 
one has a tool that can describe safe and unsafe 
loading conditions — at least with respect to delamina- 
tion extension. (In general, Gc will consist of compo- 
nents from GIC, Gnc and Ginc although any Gm effect 
is generally recognized to be of little significance in 
comparison to the other two.) Similarly, if the da/dN vs 
AG fatigue characteristics are known from experiment, 
then one would be able to describe the rate of 
delamination growth in fatigue. 

An acceptable analysis tool, therefore, should be 
capable of good prediction of Gt and Gtt on the edge 
of a multi-directional composite. This is a demanding 
specification, and forms the reasoning behind develop- 
ment of the experimental validation processes that will 
now be described. 

3. Moire interferometry 

The technique now known as moire interferometry 
dates essentially from 1978 [7]. Since then, it has 
become a widely adopted technique for measuring 
displacement and strain. A very fine text on the 
method is Ref. [8]. Essentially, a crossed diffraction 
grating is formed in, or is bonded to, the surface, and 

0263-8223/98/$ — see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved. 
PII: S0263-8223(98)00076-2 
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specimen Coherent 
illumination 

camera 

diffraction 
grating, 
frequency = f Coherent 

illumination 

Fig. 1. General optical arrangement for moire interferometry. 

is interrogated by two coherent and beams of light 
symmetrically disposed, and arranged to be incident in 
different planes, by turns, according to the directions of 
interest. Figure 1 illustrates the arrangement for inter- 
rogation in the x-direction, which yields the 
«-displacement field. (It is also possible to use multiple 
beams to interrogate different directions 
simultaneously). 

The features that have made moire interferometry 
attractive are that it combines a good sensitivity 
(typically 0.2 micron in-plane displacement from black 
to white) with a very 'clean' fringe pattern. The latter 
property arises from the fact that the beams producing 
the interference fringes are derived from regular 
gratings, and thus are specular in nature (as opposed to 
the diffuse diffraction that occurs from random 
surfaces) so that the level of coherent speckle can be 
very low. 

The importance of the freedom from speckle is that 
it permits investigation in a level of detail that is not 
possible with other techniques that use visible optics. 
(For example the fringes can be very close together — 
50 fringes/mm is not difficult to achieve). Post and Han 
[8] have developed a technique employing fringe- 
shifting with which they have composed a fringe 
pattern in which the displacement interval is 8.5 nm 
black-to-white, with fringes only 2 or 3 microns apart. 

4. Measuring G 

The measurement of the J-integral using moire 
interferometry in homogeneous material was described 
originally in Ref. [9], and has subsequently been 
applied by a number of workers. Under linear elastic 
constitutive conditions, J and G are identical, and this 
forms the basis of the procedure to be described, 
namely the measurement of G is to be done by evalu- 
ating the J-integral in a contour around the tip of the 
delamination on a free edge of the specimen. 

In the case of interest here, which is a multi-direc- 
tional composite, the material is non-homogeneous and 
non-isotropic. For the purpose of the validation 
procedure the following approximations are made: the 
material consists of a number of layers each of which is 
homogeneous, orthotropic, and elastic in the two 
principal directions. These approximations are in 
common use for analytical purposes with such 
materials. 

The formulation of J for a generally 
non-homogeneous material is not available. However, a 
formulation is available [10] for a crack lying on the 
interface between two different materials. Using the 
notation of Fig. 2, J is given by 

du 8v\ 
J=   o  [wn^-Ty,— -Ty— )ds 

8x dx j 

where W is the strain energy density, nx is the 
^-component of the local unit normal to the contour T, 
and Tx and Ty are the components of the outward 
Traction Vector normal to the contour, and u and v 
are the x- and y-components respectively of the local 
displacement vector 

There are two important considerations: firstly, the 
measuring process must be able to provide all of the 
data required to compute J, including the rather 
unusual bv/dx term — i.e. the horizontal rate of change 
of the vertical displacement, — and secondly, the 
measurement must be capable of being done for a 
contour that is contained within one layer on either 

y 

Fig. 2. Definitions for the J-integral. 



/. McKelvie, K. E. Perry/Composite Structures 42 (1998) 299-305 301 

120 

110 

G,   100 
J/m2 

90 

80 

70 

60 

50 

-^—q> <y»o %o   o&o—° o°—^ 

actual = 100.0 J/m2 

average = 99.7 J/m2 

stdev = 0.88 J/m2 

X J_ J. 

0.0       0.1       0.2       0.3       0.4       0.5       0.6       0.7 
radial distance from crack tip, mm 

Fig. 3. J values for contours of different radii for 'ideal' data (with added noise). 

Fig. 4. Typical wrapped v-field interferogram for a DCB experiment. 
Fig.   5.   Typical   wrapped   «-field   interferogram   for   an   ENF 
experiment. 
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0.0 0.1 

Fig. 6. J values for contours of different radii for a typical DCB specimen. 

side of the crack, so that we are dealing with, at most, 
two different materials. 

It has been the purpose of the work reported here to 
demonstrate that moire interferometry is capable of 
making such measurements within this constraint. 

5. Phase-shifting moire interferometry 

Because of the demanding nature of the task, in 
terms of the detail required, the use of a simple 
relationship such as '0.2 microns displacement from 
black to white' was inadequate. Interpolation of the 
fringe pattern was necessary. The particular embodi- 
ment of moire interferometry that was used involved 

the use of 'phase-shifting' [11] in which the fringes are 
made to move in a controlled systematic manner in a 
number of steps, (phase shift known between each 
step), and the resulting fringe patterns are recorded 
using a CCD array camera. 

Since the pattern is formed by two-beam interfer- 
ence, one can in general describe the intensity by 

I(x,y) = a{x,y) + b(x,y)cos[<l)(x,y) + S] (1) 

where a(x,y) represents a mean light level that may be 
locally variable, b{x,y) represents the strength of 
modulation of the intensity, (the peak-to-peak varia- 
tion), <fr{x,y) is proportional to the distribution of the 
particular displacement component concerned and ö is 
an initial indeterminate phase single. 

50 75 100, 
Gi (Berry's method), J/m2 

Fig. 7. Correlation of GmoM with global values for the DCB validation experiment. 
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Fig. 8. Correlation of Gmoi" with global values for the ENF validation experiment. 

250 

If now, ö is deliberately altered by known amounts i 
times then we have, at the ;"th pixel, 

Iij = aj + bjCOs[(l)l + ö{l (2) 

which contains four unknowns — a,b,(f) and the initial 
<5. Therefore four different images will allow us to 
determine the value of <j> — and therefore the displace- 
ment — at every pixel. In practice it is convenient to 
use n/2 phase-steps, when the four resulting images can 
be shown to yield the relatively simple equation for fa 

(j>j = tan~ 
'h-h 
/«-/: 2j J 

(3) 

Since (j) = 2nf (ux or uy), the whole displacement field 
is known on a pixel-by-pixel basis and one can there- 
fore in principle measure strain on any gauge-length 
down to the limit of resolution of the imaging/camera 
system. (Of course, eqn (3) yields values of <f> only 
between n and —it, and a process known as 'unwrap- 
ping' has to be performed on the values thus obtained, 
adding or subtracting 2n where appropriate to yield the 
proper continuous function). 

In practice, despite the good noise rejection of the 
phase-stepping process, there is some remnant disturb- 
ance (e.g. due to quantization error on the intensity, 
which is recorded to only 8 bits) and so a gauge-length 
of several pixels is more realistic. Further noise-rejec- 
tion systems were developed to optimize the process; 

G, 
J/mm2 

 1 —r 
beam theory   

moire t$H 

0 200 400 600 800 1000 
P2,N2 

Fig. 9. Gmoird vs P2 for the MMB validation experiment. 

1200 
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details are contained in [12] and [13]. Typically in the 
work reported here, the field of view was 2 mm or less, 
so that a pixel dimension corresponded to 4 microns or 
smaller. It is the availability of data in this level of 
detail that enables the computation of the J-integral on 
contours that remain within one layer on either side of 
the delamination — that is, approximately 
+120 microns. 

6. Computation of J 

If we have the fields of the displacement components 
in the x and y directions — the u and v displacements 
— and the elastic constants, then we can calculate J, 
since 

du öv                du     öv 
£x = —, 8y = — and y^= 1  

dx dy dy     dx 

From the strains the stresses follow, for linear elastic 
material, and thus the energy and tractions can be 
calculated. With this data, together with the values of 
du/dx and dv/dx, the integral may be computed on a 
small-step basis around any convenient contour, — 
typically rectangular, or circular, for convenience. The 
method is incorporated in software that takes in eight 
images (four for each for x and y), the elastic constants, 
and a contour (either circular or rectangular, as 
defined by the operator). From these it outputs a value 
of J. Particular refinements are built into the calcula- 
tions, such as ensuring that the appropriate free 
surface stresses are put to zero; details are given in 
Ref. [13]. 

The computation is very rapid and, to minimize 
noise effects, a number of closely packed contours can 
be used, and the results averaged. 

7. Validation of the G -calculation 

7.1. By simulation 

The process was checked by creating artificial fringe 
patterns (including appropriate phase-shifted cases) for 
the known stress-field around a centre-crack in an 
orthotropic plate. Artificial noise was added and the 
routine was applied for this 'ideal' data for a variety of 
contours. The results are shown in Fig. 3 which 
illustrates the path-independence of the integral. 

7.2. By experiment 

In order to validate the whole G-measuring process 
experimentally, use was made of the standard delami- 
nation toughness testing procedures [14]. 

Specimens of standard geometry for DCB determi- 
nation of Gic, and for ENF determination of Gnc> were 
manufactured in unidirectional CFRP (Ciba-Gegy 
T300/914C). Crossed diffraction grating was applied 
along the edge in the normal manner for moire inter- 
ferometry, by 'casting' the profile into a thin layer of 
epoxy using silicone rubber moulds. The grating 
frequency was 1200 lines/mm, and one grating direction 
coincided with the fibre direction. A thin layer of 
aluminium was applied by vacuum evaporation to give 
good reflectivity. Figures 4 and 5 show typical phase- 
maps for the two specimen geometries as obtained by 
moire interferometry. 

Experimental values for sub-critical G can be 
calculated for various loads using Berry's (experimental 
compliance) method for DCB and the analogous 
process for ENF. They require that the crack be grown, 
so that the compliance as a function of crack length 
may be determined. G-values determined in this way 
were compared with the values obtained from moire 
interferograms taken simultaneously at the same load, 
and the results are shown in Figs 6-8. Figures 7 and 8 
show that the moire procedure and the standard agree 
within about ±1/2% for Gr and ±4% for Gn. In the 
current context, the importance of Fig. 6 cannot be 
overstated. It shows that valid measurement can be 
made within the required 120 micron restriction on 
either side of the delamination. 

8. Mixed-mode work 

A similar set of experiments were done for mixed- 
mode cases using the Reeder and Crews rig modified 
as recommended [15]. The comparison between moire 
and the beam-theory results are shown in Fig. 9. (With 
MMB, a beam theory derivation of G is used, because 
of the complexities involved in compliance testing.) 

The plot as the linear variation with P2 is a conveni- 
ence to show the comparison for all mixity ratios 
together. Good agreement is seen again, with the 
exception of the high Gi case. (The reason for that 
disparity is being investigated; it may lie in the rig 
geometry or the beam theory analysis). 

9. Modelling validation proposal 

In order to validate a computational model, it is 
simply proposed that specimens be constructed of any 
appropriate lay-up, but including an edge-piercing 
delamination. An experimental loading is then applied, 
arranged so as to tend to cause the delamination to 
extend at the edge. Values of G (Gi + Gn) can be 
predicted by the model and compared to the values 
obtained by the (now validated) moire procedure. 
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10. Conclusion 

A moire procedure for measuring G for any edge- 
piercing delamination has been developed and 
validated against recognized standard tests for simple 
fracture modes. Calibration against the commonly used 
MMB test also shows generally good agreement except 
for the case of high Gx. The reason for that disparity is 
suspected to be in the geometry or analysis of the 
MMB rig. With that reservation, the moire procedure 
represents a rigorous validation method for computa- 
tional models with regard to their ability to predict 
free-edge energy release rates — which in turn is a 
highly relevant, and suitably demanding, test. 
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Abstract 

A detailed experimental programme of work is presented which examines the constrained torsional response of carbon fibre 
composite beams for the cantilevered configuration with torque applied at the free end. The behaviour of open-section beams 
and that of single-cell closed-section box beams is reported and discussed and the experimental findings are shown to corroborate 
simple engineering theoretical approaches. Tests have been carried out on zed and angle-section beams and thus the effects of 
primary and secondary warping restraint respectively on the torsional response of open-section beams are examined^ The 
behaviour of zed-section beams is governed, in the main, by primary effects and that of angle-section beams is associated solely 
with secondary effects. The stress distributions along the beams and around the cross-sections are determined from the measured 
strains during test obtained from surface bonded strain gauges and comparison of these with theory is shown to be in good 
agreement. The essential differences in response to constrained torsion between open and closed-section beams are detailed in 
the paper and the importance of experimental tests in the analysis of composite structures is highlighted. © 1998 Published by 
Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Structural components manufactured from fibrous 
polymer composite materials, respond quite differently, 
through the very nature of their make-up, to that of 
metallic materials when subjected to mechanical or 
environmental loading. The failure mechanisms associ- 
ated with composite construction are, indeed, quite 
different to those of similar conventional metal struc- 
tures. Internal fibre or matrix failure in a ply of a 
composite laminate will lead to a loss of stiffness of the 
laminate and a redistribution of the applied loading to 
the intact plies. This process of events can propagate 
fairly rapidly, leading to successive ply failures and 
sudden failure of the laminate. This type of response 
has to be contrasted with the well understood yielding 
type failures associated with metallic construction. 

Their are many aspects pertaining to composite 
materials and construction which give rise to complica- 
tions in the analysis and design of such structures. Due 
to the anisotropic nature of typical laminated fibre 
polymer composites it is possible, for example, 
depending on lay-up configuration, to experience the 
effects  of  mechanical  couplings.   Subjecting  a  thin 
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laminated plate with generalized lay-up configuration 
to in-plane loading will therefore result in a non-linear 
response and thus out-of-plane bending and twisting of 
the laminate will occur from the onset of in-plane 
loading. Again, this type of behaviour has to be viewed 
in relation to the linear response which would be 
experienced in the case of a thin isotropic plate. 

Since composite materials behave in an anisotropic 
manner and, in addition, are associated with numerous 
unique characteristics, the need for the experimental 
testing of composite construction is, to say the least, of 
paramount importance. Such aspects as non-visible 
damage, moisture induced degradation, the tendency 
to delaminate at free edges and the very low inter- 
laminar shear and transverse tension strengths of 
laminates relative to their in-plane strengths are just 
some of the unique characteristics which serve to 
complicate the analysis procedures of composite struc- 
tures and to promote the need for structural testing. 

It is clear from the aforementioned comments that, 
in comparison with the isotropic response of structures 
to loading, more elaborate and detailed analytical and 
solution procedures are necessary to account for the 
complexities associated with the anisotropic nature of 
typical composite construction. It is also clear that, due 
to the many unique characteristics associated with 
composites,  particularly  those  pertaining  to  failure 
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mechanisms, the need for structural testing as an aid to 
the development of sound theoretical practice and to 
give a clear understanding of actual response, is of 
paramount importance. 

Our present day knowledge and understanding of 
the mechanical response to loading of composite 
materials and structures is due to the vast amount of 
research that has been carried out over the years and 
published in the open literature. It is clearly-evident 
from the literature that a large proportion of the 
research to date on composite structures is, as 
expected, of an experimental nature with consideration 
being given to a great many aspects. The wide 
spectrum of experimental work reported in the litera- 
ture includes such aspects as buckling and post- 
buckling, elastic couplings, delamination, impact 
damage, smart structures, cut-outs, creep and creep 
rupture, moisture and thermal effects and the perform- 
ance of stitched composite structures to name just 
some. 

An indication of the breadth and quality of the 
research which has been undertaken is given here. 
Mention is made of only some of the many studies 
carried out and these have been chosen in order to 
reflect the very wide range of design aspects which 
have to be given consideration in the case of composite 
structures. 

Much of the research pertaining to composite struc- 
tural sections, open or closed in nature, has been 
associated with the effect of the various elastic stiffness 
couplings on structural response [1-3]. 

The complexities associated with composite box 
beam construction typical of that used in aerospace 
applications are addressed in the work of Bauchau et 
al. [1]. Their experimental work clearly indicates that 
warping constraint causes a drastic redistribution of the 
shearing strains in box beams and this is noted to be 
particularly true for those beams whose laminate walls 
are associated with in-plane shear-extension elastic 
coupling. The test specimens used in the experimental 
programme were purposely designed to enhance 
non-classical effects and thus standard beam theory is 
shown to give erroneous predictions of the torsional 
response of the composite beams. 

Tests on graphite-epoxy thin-walled box beams have 
been carried out by Chandra et al. [2] whereby the use 
of symmetric and antisymmetric lay-up configurations 
for the box beams permit the examination of bending- 
torsion coupling and extension-torsion coupling 
respectively. The behaviour of composite I-beams with 
elastic couplings has been studied both theoretically 
and experimentally by Chandra and Chopra [3] and in 
this work it is shown that the local extension-twist 
coupling of the individual flange elements of the 
sections significantly influences the overall bending- 
torsion coupling of the I-beams. 

Buckling studies have featured strongly in previous 
work pertaining to composite structures [4-7]. Having 
a good understanding of the many different types of 
buckling and of the mechanics of buckling and post- 
buckling behaviour is a prerequisite for one to be able 
to design adequate and reliable composite structures. 
The importance of buckling is clearly reflected in the 
great many technical papers published on the subject in 
the open literature. Snell and Greaves [4] have studied 
the buckling and strength characteristics of CFRP 
cylindrically curved stiffened panels with plain flat 
outstands. In this work it was found that geometrical 
imperfections caused a minimal scatter in the experi- 
mental compressive failure loads despite the presence 
of impact damage in some of the panels. The cylindri- 
cally curved composite panel with plain flat outstands 
has also been studied by Kim et al. [5] for the case of 
compressive loading. In this work the predictions from 
a non-linear finite element analysis are shown to 
compare favourably with the actual behaviour of a four 
bladed test panel. A progressive failure analysis is 
implemented in order to determine the failure charac- 
teristics and the post-buckling ultimate loads of the 
curved stiffened panels and thus the maximum stress 
failure criterion is applied to all of the finite elements 
of the structural model on a ply by ply basis as loading 
progresses. It is clear that, for such complex non-linear 
analysis procedures involving the down-grading of 
failed plies in the composite structural model, experi- 
mental testing must take place in parallel, essentially 
for corroboration and to inspire confidence in the final 
structural design. 

The effect of cut-outs on the buckling response of 
composite construction has been given some considera- 
tion by Eiblmeier and Loughlan [6]. The influence of 
centrally located circular cut-outs on the buckling 
performance of thin carbon fibre composite panels 
loaded in pure shear or in compression has been 
studied and the effect of reinforcement rings bonded to 
one or both sides of the panel at the hole edge is 
examined in some detail. The investigation uses finite 
element analysis extensively and this, coupled with a 
fairly detailed experimental programme, is shown to 
provide a good understanding of the post-buckling 
mechanics of the ring stiffened panels. 

The lateral stability of pultruded GRP I-section 
beams was investigated in the work of Brooks and 
Turvey [7]. A series of lateral buckling tests have been 
carried out by these researchers for the cantilever 
configuration with the applied point load located at the 
free end of the beam and at the section centroid. The 
lateral buckling predictions determined from their 
finite element eigenvalue analyses were found to be 
somewhat different to the critical buckling loads 
obtained from test and it was concluded that perhaps 
the inclusion of initial deformations and pre-buckling 
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deformations in a non-linear incremental finite element 
analysis would lead to closer correlation with the test 
results. 

Laminated composite materials can be associated 
with various forms of damage. One type of damage is 
that of delamination or the disbond of two adjacent 
plies in the laminated stack. Delamination may be 
caused by impact or indeed may occur during the 
manufacturing process. Since delaminations are cracks 
between plies within the laminate thickness, visible 
evidence of their existence may not be present. The 
final outcome of the presence of delamination is a loss 
of strength and stiffness leading, invariably, to failure 
at load levels which may well be far below the un- 
damaged strength of the structure. A great many 
researchers have given consideration to the effect of 
delamination damage on composite structural response 
and some of these works [8,9] are made mention of 
here. 

The growth of delaminations embedded in laminated 
carbon fibre reinforced epoxy test specimens has been 
investigated by Kruger et al. [8]. The specimens were 
subjected to tension-compression fatigue loading and 
had artificial circular delamination regions in-built 
during the manufacturing process. The out-of-plane 
buckling deformations of the delaminated region, 
occurring during the compression phase of loading, 
were measured using the moire technique and the 
delamination front contours thus determined. These 
contours were then used in conjunction with two and 
three dimensional finite element models to compute 
the post-buckling state of the test specimens. This 
combined experimental-numerical approach is shown 
to give reasonably good agreement with the measured 
deformations. 

A fairly realistic model of damage has been 
considered by Cairns et al. [9]. In this work an investi- 
gation is made of circular delamination regions with 
the study involving both experimental and analytical 
inputs. Laminated plates were manufactured for testing 
in a compression after impact configuration. The plates 
were made with in-built delaminations caused by 
implanting thin teflon films. Using an assumed defor- 
mation field the Rayleigh-Ritz minimum potential 
energy procedure is employed to determine sublami- 
nate behaviour. Good agreement was found to exist 
between the analytical model and the experimental 
findings. One notable observation from this work is the 
fact that, delamination growth is quite unstable for the 
smaller diameter delaminations. Initial propagation is 
thus shown to hasten the occurrence of large delamina- 
tion growth. 

In very recent years the progress and developments 
made in the area of smart structures technology have 
been formidable. Laminated composite construction 
lends itself readily to the concepts and ideas associated 

with smart structures technology. The concepts and 
ideas are basically quite simple in nature and yet their 
application involves numerous exciting possibilities 
which could revolutionize engineering design as we 
know it today. It is expected that this new emerging 
technology will have a significant impact on the 
engineering designs of the future. Mention is made 
here of a number of works [10-13] covering different 
applications. 

Damage control through the use of pre-strained 
shape memory alloy, SMA, wires embedded in compo- 
site material has been investigated by Rogers et al. [10]. 
When activated, the recovery stress of the SMA wires 
is tensile in nature and thus the host composite matrix 
structure, which is the restraining medium, is subjected 
to compressive action. This phenomenon can be used 
for active damage control whereby significant compres- 
sive stresses can be generated at a crack tip causing a 
reduction in the stress intensity factor and thus 
reducing the propagation rate of the crack or indeed 
preventing growth. The experimental work of Rogers et 
al. [10] has demonstrated a 24% reduction in the stress 
intensity factor associated with cracks in photoelastic 
epoxy test specimens. 

If pre-strained SMA wires are embedded off the 
middle surface of a symmetrically balanced laminated 
plate then, when the wires are activated through resis- 
tive heating, the composite plate will bend and change 
its shape. This is due, of course, to the eccentricity or 
offset of the wires from the mid-plane of the plate. 
Being able to change the geometrical shape of a struc- 
ture through induced strain actuation, is indeed quite 
exciting and has numerous possible applications. The 
concept of using the shape memory effect to provide 
active adjustable camber in aerodynamic sections to 
influence the airflow is considered to be one approach 
with considerable promise. Agnes and Silva [11] give 
details of some of the research and development 
programmes pursued in the USA at the USAF Wright 
Laboratory from which it is clear that a high degree of 
importance is given to the possible applications of 
shape control. 

Unwanted vibrations in composite construction can 
be removed through the use of induced strain actua- 
tion. Both the sensing and actuation control capabil- 
ities for this application are considered to be 
particularly well suited to the use of piezoelectric 
materials. The suppression of structural vibrations can 
be achieved through the use of piezopolymer, PVDF, 
sensors and piezoceramic, PZT, actuators. These can 
be surface bonded to the structure and appropriately 
located on the structure to deal with any particular 
mode of vibration. In vibration control, it is possible to 
reduce the amplitudes of the vibrations or indeed to 
suppress completely any particular mode of vibration. 
The experimental work of Roberts et al. [12] demon- 
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strates the active structural damping of a cantilevered 
carbon fibre composite beam using PVDF sensors and 
PZT actuators. 

Buckling control in composite structures can be 
implemented through the use of induced strain actua- 
tion. The shape memory effect or the piezoelectric 
effect can be employed for this purpose. Buckling 
manifests itself by the structure losing its geometrical 
shape at the critical load levels. Buckling control is, in 
a way, similar in nature to that of shape control. In the 
case of smart wings, the aim is to alter the geometry of 
the aerodynamic cross-sections in order to improve 
performance. In the case of buckling control however, 
the aim is to maintain the original structural shape in 
order to avoid buckling and the adverse affects of post- 
buckling behaviour. In doing this, we are able to 
improve the load carrying capability of the structure. 
The overall flexural buckling control of composite 
column strips has been investigated both theoretically 
and experimentally by Thompson and Loughlan [13]. 
Induced strain actuation associated with the piezo- 
electric effect is employed in this work and this is used 
in conjunction with a closed loop control system. For 
the range of tests carried out it is shown that increases 
in carrying capacity of the order of 30% can be 
achieved when the test strips are subjected to closed 
loop active control. 

Stitched reinforced composite materials are 
considered as having a high degree of structural poten- 
tial and thus, in recent years, these have been looked at 
more closely for a variety of applications [14-16]. 
Acoustic emission and image analysis have been used 
by Caneva et al. [14] as a means of evaluating the 
impact damage of advanced stitched E-glass/epoxy 
laminates. The effect of an impact is first characterized 
through an image analysis technique and post-impact 
compressional behaviour is then monitored by acoustic 
emission. It is shown in this work that the cross-grid 
stitching mesh has an important role to play with 
regard to the laminate performance in general and in 
particular with reference to the damaged area after 
impact and the inter-laminar delaminating process. 
Indeed, it is to be noted that laminates with a fine 
cross-stitching mesh can be more seriously damaged by 
the impact process than unstitched laminates. 

The residual compressive strength of stitched 
graphite-epoxy laminates with simulated impact 
damage has been the subject of study in the work of 
Sharma and Sankar [15] with the delaminations 
simulating the impact damage being created through 
the insertion of teflon film strips at various ply inter- 
faces prior to stitching. The stitching in this case is not 
cross-grid in nature but is unidirectional and in line 
with the applied compressive loading direction. The 
simulated damage is not circular in nature but is a 
parallel band of damage which exists across the full 

width of the test specimen at right angles to the 
loading direction and at the specimen mid-height. The 
through the thickness damage at the ply interfaces is 
also symmetrically disposed about the laminate 
mid-plane. Clearly, this type of damage is not truly 
representative of actual damage, nevertheless, it is 
shown in this work that the process of unidirectional 
stitching is able to eliminate sublaminate buckling and 
to improve the residual strength of some laminates by 
a fairly large margin. 

Yeh and Chen [16] have reported their findings from 
an experimental study of the behaviour of two stitched 
composite stiffened shear panels, these being manufac- 
tured by the resin transfer moulding process. For the 
analysis part of this work a finite element model was 
employed to determine buckling and post-buckling 
behaviour. The panels were of post-buckled design and 
failure during test was noted to be of the order of 3.5 
times the initial buckling load. Of particular interest 
was the fact that the stiffened shear panels did not fail 
as a result of the stiffeners detaching themselves from 
the composite skin as this is generally the most typical 
mode of failure for a post-buckled design with co-cured 
or bonded stiffeners. In conclusion it was thought that 
the reason for this was more than likely to be the result 
of the stiffeners being stitched to the skin. 

Many other interesting studies of the unique charac- 
teristics of composite construction are to be found in 
the open literature. The work of Little et al. [17] 
examines the tensile creep behaviour of random 
continuous fibre mat reinforced polypropylene compo- 
sites indicating the three distinct stages of creep at 
elevated temperatures. Controlling thermal stresses in 
composites through the use of prestressed fibres is the 
subject of study in the work of Tuttle et al. [18] and 
thus it has been noted that matrix cracking could be 
greatly reduced in some laminates as a result. Jian et 
al. [19] have studied the possibility of detecting damage 
in composite materials using piezoelectric patches in 
conjunction with a vibrational response approach. The 
natural frequencies of glass-epoxy laminated plates 
containing controlled levels of damage, in the form of 
inter-ply delaminations, are thus shown to decrease 
with increase in damage level and the approach is 
considered to be potentially promising for 
non-destructive evaluation. 

The foregoing discussions and comments highlight 
just some of the many complexities associated with 
composite materials and structures. Clearly, the 
response of composites to different loading and 
environmental conditions is somewhat different to that 
of the more conventional isotropic metallic construc- 
tion. In order to keep abreast of the developments in 
composites and to fully understand the mechanical 
response of composite construction to loading, it is 
essential that the appropriate knowledge is made avail- 



/. Loughlan, M. Ata I Composite Structures 42 (1998) 307-327 311 

able through the publication of advanced composites 
research in the open literature. 

In this paper the authors give details of an experi- 
mental programme of work designed to give an insight 
into and understanding of the constrained torsional 
response of open-section and single-cell closed-section 
carbon fibre composite beams. The beams are 
subjected to variable twist through the cantilever 
configuration with torque being applied at the free end 
and cross-sections are chosen to demonstrate both 
primary and secondary warping effects. The overall 
elastic couplings of the test beams are eliminated 
through the use of constituent laminates which are 
symmetrically laid-up about their own mid-planes and 
which possess in-plane orthotropy. The analysis 
procedures for such beams are, of course, of a less 
complex nature than those associated with beams of a 
more generalized lay-up configuration and thus the 
existing theories for isotropic construction, such as 
those, for example, of Von Karman and Christensen 
[20] and Benscoter [21], can be modified in a simple 
manner to account for the effects of layered composite 
material. This approach has been employed by Ata [22] 
with a considerable degree of success and more specific 
details of this work are reported by Loughlan and Ata 
[23-25]. The experimental findings from tests carried 
out on zed, angle and box-section beams are reported 
and these clearly illustrate the essential differences in 
response of open and closed-section beams to 
constrained torsion. In order to have confidence in any 
theoretical approaches or analysis procedures required 
to predict the complex mechanics of the restrained 
torsion of composite structural sections the need for 
mechanical testing is clearly evident. 

2. Experimental investigation 

Two composite Z beams and a composite angle- 
section beam have been tested in both the free and 
constrained torsion modes. The beams were manufac- 
tured in the composites laboratory at Cranfield Univer- 
sity using CIBA-GEIGY Fibredux 913 high modulus 
carbon fibre pre-impregnated sheets with a ply thick- 
ness of 0.25 mm. Using standard testing procedures the 
ply material properties were determined as follows: 

Ex = 140.3 kN/mm2,   E2, = 11 kN/mm2 

G12 = 5.65kN/mm2,   v12 = 0.34 

The manufacturing process of open-section compo- 
site beams is depicted schematically in Fig. 1 with 
reference to the case of the Z-section. Aluminium was 
selected as the tooling material. The master tool is first 
sprayed with a mould release agent and the prepreg 
plies are then laid-up on to the tooling. Steel plates, 
which are first of all release sprayed, are then located 

STEEL 
PLATE 

VACUUM BAG 

| RELEASE CLOTH 

MASTER TOOL 

Fig. 1. The manufacturing process of open-section composite beams. 

on each wall of the laid-up composite beam in order to 
improve the surface quality of the structural compo- 
nent. At this point the system is wrapped in a release 
cloth and this set-up is then put in a vacuum bag as 
indicated in Fig. 1. After applying the vacuum the 
complete assembly is then put in an autoclave for the 
curing process. It should be noted that during the 
laying up phase, intermediary consolidation was carried 
out under vacuum after every two plies laid-up. The 
manufacturing process described was found to yield 
good quality structural components with regard to both 
dimensional accuracy and surface finish. 

The Z-beams are 525 mm long with 50 mm wide 
flanges and 100 mm deep webs. Two different lay-up 
configurations were considered for these test beams. In 
the first, all of the flat walls of the Z-section are 45° 
symmetric angle plies of the form [(45/—45)2]s and in 
the second the flanges are symmetric quasi-isotropic in 
nature of the form [45/—45/90/0]s with the web lay-up 
being [(45/—45)2]s. The Z-beams therefore have a 
constant wall thickness of 2 mm. The angle-section test 
beam is 622 mm long with 50 mm wide flats of 2 mm 
wall thickness and a lay-up configuration of the form 
[0/0/90/90]s. It is intended that the Z-beams will 
demonstrate, in the main, the effects of constrained 
primary warping and that the angle-section beam will 
indicate, solely, constrained secondary effects. 

The constrained conditions at one end of the open- 
section beams is achieved in practice through the use 
of 10 mm thick steel end plates. The ends of the beams 
are preliminary bonded to the steel plates using super 
glue and making sure that the longitudinal axes of the 
beams are perpendicular to the steel plates. Glass fibre 
cloth is then built-up from the steel end plates to the 
beam walls by means of wet lamination and this is 
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done on both sides of each fiat wall of the cross-section 
in such a way as to render the ends of the beams to be 
effectively built-in. 

Torque is applied to the test beams using an Avery 
6609 CGG Reverse Torsion Testing machine. In the 
case of free torsion, the test beams are mounted 
between the machine centres using specially designed 
end locating units which allow warping of the cross- 
section and apply the torque through the shear centre 
of the beams. In the case of constrained torsion, the 
10 mm thick steel end plates, attached to the beams as 
described previously, are bolted rigidly to the rotation- 
ally fixed machine centre. Torque is then applied 
through the shear centre at the free end of the beams 
using one of the specially designed end locating units 
mounted on the rotationally free machine centre which 
is driven by a four-speed motorized gear box. In this 
way warping displacements are permitted and will be a 
maximum at the free end of the beam. They will, of 
course, vary at each cross-section along the beam 
length and will be zero at the constrained end. 

Strain gauges were attached to the test beams both 
along their lengths and around their cross-sections. 
The strain gauges used were Tokyo Sokki Kenkyujo 
FLA-3-IL with a gauge resistance of 120 + 0.3 Q. and a 
gauge factor of 2.13. A gauge length of 3 mm was 
thought to be the most suitable when considering the 
anticipated loading range and maximum strain levels of 
the test specimens which were not expected to exceed 
three percent. The strain results were recorded in milli- 
volts (mV) using a FLUKE 2200B data logger and 
these were then converted to strains by making the 
appropriate use of the gauge factor. 

Inter-laminar stresses are normally considered to be 
effective within a distance of one laminate thickness 
from a free edge. Within this vicinity plane stress 
classical plate theory is not valid and measured surface 
strains are not easily related to subsurface lamina 
strains. At distances greater than one laminate thick- 
ness from a free edge the inter-laminar stresses are 
zero; classical plate theory is valid; and thus measured 
surface strains can be used to infer the subsurface 
lamina strains. In view of this, the limiting distance of 
the strain gauges attached to the test beams, relative to 
the flange free edges, is 2 mm. 

Figures 2 and 3 show the strain gauge locations for 
the two Z-section test beams. The gauge number given 
at a particular location actually refers to a pair of 
gauges at that location, one attached to each surface of 
the laminate wall. The average of the readings from 
each pair of gauges thus enables the prediction of the 
variation in the constrained warping direct stresses or 

along the length of the test beams and around their 
cross-sections. 

With reference to Fig. 2, gauges 6 and 9 on the 
flanges of the test beam whose walls have the lay-up 
configuration of [(45/-45)2]s, are located at the 
position of zero warping which is 12.5 mm from the 
flange-web junction and thus these gauges should 
register a zero mid-surface strain. The force intensity 
distribution round this section is shown schematically 
in Fig. 4(a) with gauges 6 and 9 located appropriately 
at the zero intensity locations. For the test beam whose 
flat walls have different lay-up configurations the zero 
warping position on the flange shifts more towards the 
flange free edge and thus gauges 7 in Fig. 3 are located 
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END 
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155 
thk*ness-2 mm unlfocm 
All dimensions In millimetres 

Fig. 2. Strain gauge positions on [45/—45]s test beam. 



/. Loughlan, M. Ata I Composite Structures 42 (1998) 307-327 313 

625 
60 100 100 100 

RESTRAINED 
END 

OaugaS G«ug»4 

/   [45/-45/90/OIs     / 

G*UQ*9 

OouQata 

[(45M5)Z]S 

/    [45/-45/90/Q]s    / 
Cougol ill • 

150 ' Ail dimonsiona In mHCmatroa 

Fig. 3. Strain gauge positionson test beam with different lay-ups. 

at the new position of zero warping which is now 
18.4 mm from the flange-web junction and conse- 
quently these should also register a zero mid-surface 
strain. The force intensity distribution round this 
section is shown schematically in Fig. 4(b) indicating 
the expected step level of intensity at the flange-web 
junction and showing gauges 7 located appropriately at 
the zero intensity location on the flange. 

The strain gauge locations for the cross-ply angle- 
section test beam are shown in Fig. 5. For this section 
only secondary warping is possible and thus we are 
specifically interested in the surface direct stress levels 

along the cross-section due to warping restraint. The 
surface stresses will, of course, be greatest at the free 
edge locations of the section and thus gauges are 
located along the length of the beam at 2 mm from the 
free edge as indicated in Fig. 5. The decay in 
constrained warping stresses along the length of the 
beam in the case of angle-sections is quite severe and 
thus it is indicated in Fig. 5 that these are expected to 
be negligible within a 120 mm length from the fixed 
end of the beam. This is to be contrasted with the 
strain gauge profile for the Z-section test beams as 
shown in Figs 2 and 3 which clearly indicate that the 

Fig. 4. Z-beam, force intensity distribution and location of strain gauges round the section, (a) Steel and [(45/-45)2]s; (b) flanges [45/-45/90/0]s 

web [(45/-45)2]s. 
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Fig. 5. Location of strain gauges on the [0/0/90/90]s test beam, L = 622 mm. 

constrained membrane stresses for these beams are 
expected to be significant all along the beam length. 

The testing procedure is essentially the same for 
both the free and restrained torsion cases. Torque is 
applied to the Z-section beams in approx. 2.25 kN-mm 
increments and to the angle-section beam in approx. 
0.56 kN-mm increments and strain and rotation 
readings noted at each interval during both the loading 
and unloading stages. This process is repeated two 
more times. The applied torque is then reversed and 
the rotation and strain readings recorded a further 
three times. The average of the six cycles is then taken 
as the test data. 

An experimental study has also been made of the 
constrained torsional behaviour of three specific 
carbon fibre composite box beams and the appropriate 
details are reported here. The composite box sections 
were manufactured from CIBA-GEIGY Fibredux 913 
high modulus carbon fibre pre-impregnated ply sheets 
with a ply thickness of 0.125 mm and from standard 
tensile tests carried out in the Cranfield University 
structures laboratory the ply material properties were 
determined as follows: 

£, = 141.8 kN/mm2,   E2 = 8.94 kN/mm2, 

G12 = 5.295 kN/mm2,    v12 = 0.36 

The beams are 530 mm long and the outside dimen- 
sions of the box cross-sections are 100 mm wide for the 
flanges with 50 mm deep webs. Three different lay-up 
configurations were considered for the composite test 
beams. In all configurations a total of eight plies were 

utilized and thus the test beams have a constant wall 
thickness of 1 mm. The beams were manufactured in 
the composites laboratory at Cranfield University and 
the three lay-up configurations considered are detailed 
as follows: 

(a) Flanges and Webs [(45/-45)*], 
(b) Flanges and Webs [45/0/-45/90], 
(c) Flanges [45/0/90/ -45], and Webs [(45/-45)2], 

The basic manufacturing process for the composite 
beams employed the vacuum bag technique and an 
autoclave for curing. The physical process of laying-up 
the pre-impregnated ply sheets to form the box section 
geometry of the composite test beams was that associ- 
ated with the mandrel wrapping technique. This 
approach is, essentially, similar in principle to that of 
the filament winding process used, for example, in the 
manufacture of composite cylinders whereby fibres are 
wound, under tension, onto a mandrel and in a 
synchronous fashion which controls fibre angle. 

The prepreg ply sheets were laid-up on a male tool 
supported between centres on a lathe. Aluminium was 
selected as the tooling material and to facilitate easy 
withdrawal of the cured beam from the rectangular 
cross-section tool, this was manufactured in two halves 
with a 5° taper as shown in Fig. 6. The two halves of 
the tooling are bolted together through locating pins 
and in addition an end plate forms part of the tooling 
assembly as indicated. The end plate enables a 
mounting flange to be laid-up integrally with the 
composite box beam thus facilitating the mounting of 
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Fig. 6. Box beam tooling. 

the beam in the torsion testing machine to represent 
the cantilever configuration with its associated axial 
constraint conditions at the supported end. 

Before commencing manufacture of a composite 
beam, the tooling assembly is release sprayed and bolt 
heads and sharp edges taped to avoid puncturing the 
vacuum bag. The tooling is then rotated slowly 
between the lathe centres whilst simultaneously 
wrapping the prepreg plies, with differing ply angles, 
around the tooling and under hand tension. The ends 
of each ply wrap were taped to the tooling and vacuum 
consolidation was carried out after every two plies. The 
edge fixing tape included in the build up of the plies 
was then removed in the cutting-to-size process after 
cure completion in the autoclave. 

The appropriate end constraint conditions of the 
composite beams were effectively achieved in practice 
through the use of 10 mm thick steel end plates. The 
composite integral mounting flange of the box beams, 
which is, in itself, of the order of 2 mm thick, is bonded 
to the steel plates using super glue with due care being 
taken to ensure that the longitudinal axes of the beams 
were perpendicular to the steel plates. In this way the 
steel/composite combination formed a sufficiently rigid 
support base to render the ends of the beams to be 
effectively built-in. 

Figure 7 gives the general dimensions of the test box 
beams and indicates the surface numbers allocated to 
the individual walls of the sections for the purpose of 
clarification when discussing strain gauge location. The 

outside surfaces of the upper and lower flanges of the 
composite box specimens are designated 1 and 3 
respectively whilst 2 and 4 are associated with the 
outside surfaces of the right and left hand webs of the 
beams respectively when viewed from the free end. 
Strain gauges were placed along two diagonally 
opposite corners of the beams as shown in Figs 8 and 
9 which relate to beam (c) the test beam with different 
lay-up configurations in its flanges and webs. 

Thirty strain gauges in total were mounted on the 
flange and web outside surfaces of this beam and the 
locations of these on each wall of the section are 
shown in the surface development diagram of Fig. 8. 
The strain gauge locations around the beam cross- 
section at a distance of 30 mm from the restrained end 
are further illustrated, for clarity, in Fig. 9 and the 
dotted lines in this indicate the typical force intensity 
distribution around a box section with / and w being 
the maximum force intensity values in the flange and 
web respectively at the flange-web junction. The force 
intensity variation indicated in Fig. 9 is, of course, 
schematic. Clearly, the / and w magnitudes can be 
significantly different and will depend on the actual 
laminate lay-up configurations of the flange and web 
components of the composite beams. 

It is of note that the strain gauges are all mounted 
within the first and third quadrants of the box cross- 
section and that for each gauge in the first quadrant 
there is one correspondingly positioned in the third. 
The strain gauge locations were chosen purposefully as 
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Fig. 7. General dimensions of the test box beams. 

a means of checking that pure torsional loading was 
being applied during test since diagonally opposite 
quadrants of a structural box subjected to restrained 
torsional loading will experience the same strain levels. 
When comparing theory with experiment the average 
reading from each pair of corresponding gauges was 
used to provide the experimental data points. Similar 
strain gauge lay-out configurations were employed for 

composite test beams (a) and (b) with slight variations 
in the number of gauges and/or gauge positions. 

The simple engineering analysis procedure detailed 
in references [24,25] pertaining to the constrained 
torsional response of single-cell composite box beams 
precludes the effects on torsional behaviour of cross- 
sectional distortion and thus membranes or diaphragms 
were placed inside the test box specimens at seven 
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Fig. 8. Development of test box-beam showing strain gauge locations. 
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equally spaced locations along the length of the beams. 
The diaphragms were 10 mm thick and were made 
from the same material as the test beams. They were a 
snug slide fit within the beam cross-sections and thus 
longitudinal warping displacements were permitted 
whilst distortion of the cross-sections at the diaphragm 
locations was prevented. 

The testing of the composite box beams was for the 
constrained condition only with the test procedure 
being exactly the same as that described for the open- 
section beams. The torque applied to the composite 
box-sections was in approx. 22.5 kN-mm increments. 
Comparisons are given in the paper between the 
experimental results obtained from the test programme 
and those determined using the simple engineering 
analyses procedures outlined in references [23-25] for 
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Fig. 9. Location of strain gauges round the test box beam. 

open and closed-section beams and these are shown to 
provide reasonably close agreement. 

3. Discussion of results 

Comparisons are given in Figs 10-12 between the 
theoretical predictions and the experimental results 
associated with the composite angle-section test beam. 
The angle test beam dimensions and ply material 
properties are as detailed in Section 2 of the paper and 
the test data were recorded, as described in that 
section, at 0.56 kN-mm intervals of applied torque. The 
lay-up configuration of the angle-section test beam is a 
symmetric cross-ply of the form [0/0/90/90]s and the 
test results have been determined through the use of 
strain gauges located, as shown in Fig. 5, along the 
length of the beam on the wall surface at 48 mm from 
the section shear centre. 

The torsional stiffness of the angle-section test beam 
when associated with constrained warping will, of 
course, be different to that of the unconstrained beam 
being subjected to free torsion. Warping restraint will 
increase the torsional stiffness of a structural section 
and clearly the degree to which this is so will depend to 
a very large extent on cross-sectional geometry. In the 
case of an angle-section, which is associated solely with 
secondary warping under torsional loading, the 
increase in stiffness due to warping restraint is quite 
small. This is noted in Fig. 10 for the angle-section test 
beam where it is seen that the constrained beam is 
approx. 1.12 times suffer than the unconstrained beam. 

Angle Beam Testing Restrained Torsion 
Angle of Twist vs Applied Torque 
[0/0/90/90]S 
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Fig. 10. Angle-beam testing, retstrained torsion. Angle of twist vs applied torque [0/0/90/90]s. 
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Angle Beam Testing Restrained Torsion 
Force Intensity Distribution Along the Length 
[0/0/90/90]3 
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Fig. 11. Angle-beam testing restrained torsion. Force intensity distribution along the length [0/0/90/90]s. 

This 12% increase is predicted by the composite theory 
and is shown in Fig. 10 to be closely corroborated by 
the experimental data. 

Figure 11 shows the comparison between theory and 
test of the variation in force intensity Nr* with applied 
torque at the first strain gauge location along the 
angle-section test beam. This is at a distance of 20 mm 

from the fixed end of the beam 
The axial stress system set up in 
when subjected to constrained 
through the thickness of its thin 
wall mid-plane and maximum at 
the angle-section beam Nr* is 
maximum through the thickness 

as indicated in Fig. 5. 
an angle-section beam 
torsion varies linearly 
walls. It is zero at the 
the wall surfaces. For 
thus defined as the 
bending stress at any 

Angle Beam Testing Restrained Torsion 
Force Intensity vs Applied Torque 
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Fig. 12. Angle-beam testing, restrained torsion. Force intensity vs applied torque [0/0/90/90]s. 
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particular location multiplied by the wall thickness of 
the section at that location. The comparison between 
theory and test of the variation in force intensity Nr* 
with applied torque is shown in Fig. 11 to give remark- 
ably close agreement over the torque range considered. 

Figure 12 shows the variation of the force intensity 
Nr* along the length of the angle-section test beam 
and corresponding to the applied torque level of 
1.13 kN-mm. It is of note that the force intensity 
diminishes rapidly along the length of the beam from 
its maximum level at the constrained end and both the 
theory and experiment are seen to illustrate the same 
degree of decay along the beam. Indeed, the 
comparison between theory and experiment is shown 
to be extremely close. Bearing in mind that the angle- 
section test beam is 622 mm long it is evident from Fig. 
12 that the effects of constrained secondary warping 
are fairly localized in nature. The level of the force 
intensity Nr* is noted to diminish by approx. 80% over 
the 120 mm of beam length covered by the strain 
gauges in the vicinity of the constrained end. 

The experimental data from the two composite 
Z-section test beams are compared with theoretical 
predictions in Figs 13-15 for the test beam whose flat 
walls are all [(45/-45)2]s and in Figs 16-18 for the test 
beam with quasi-isotropic flanges of the form 
[45/-45/90/0]s and whose web is [(45/-45)2]s. All 
geometric and material property data for the Z test 
beams are given in Section 2 of the paper and the test 
data were recorded, as outlined in that section, at 
torque intervals of approx. 2.25 kN-mm. 

Figure 13 indicates the initial torsional stiffness of 
the Z-beam whose walls are all [(45/-45)2]s for both 

the free and constrained torsion loading cases. 
Numerical data are also provided in this figure corre- 
sponding to each experimental data point. The 
comparison between theory and test is shown to be 
remarkably good with the difference between the two 
being of the order of 1.7% for the constrained case and 
2% for the free case. Of particular interest is the 
increased stiffness associated with constrained warping. 
It is noted from Fig. 13 that the constrained beam is 
approx. 4.4 times stiffer than the unconstrained beam. 
Although the Z-section beam demonstrates both 
primary membrane warping and secondary through the 
thickness bending warping when subjected to torsional 
loading it is the effects of constrained membrane 
warping which are predominantly responsible for the 
large increase in torsional stiffness. For open-section 
beams which exhibit both primary and secondary 
warping it is normal practice to preclude secondary 
effects in analysis and the comparison shown in Fig. 13 
clearly corroborates this approach. 

The variation in the constrained membrane force 
intensity Nr along the length of the beam, as deter- 
mined from strain gauges attached to the flange of the 
cross-section at 2 mm from the flange free edge, is 
shown in Fig. 14 in comparison with the theoretical 
prediction. Numerical data are also provided corre- 
sponding to each experimental point. The positions of 
the strain gauges along the length of the beam are as 
indicated in Fig. 2 and the variations shown correspond 
to an applied torque of 13.56 kN-mm. As expected, the 
force intensity Nr is a maximum at the constrained end 
and diminishes along the length of the beam to zero at 
the free end. The comparison between theory and 
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Z Beam , Restrained Torsion 
[(45/-4S)2]8   Layup 
Force Intensity Distribution Along the Length 
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Fig. 14. Z-beam, restrained torsion [(45/-45)2]s lay-up. Force intensity distribution along the length. 

experiment is regarded, in this case, as being reason- 
ably good with the discrepancy between the two being 
largest at the constrained end of the beam and of the 
order of 10%. Clearly, the effects of constrained 
primary warping in open-section beams should not be 
considered to be local in nature. The Z-section test 
beams are 525 mm long and thus it is to be noted from 
Fig. 14 that the level of the force intensity Nr half-way 

along the beam is still of the order of 50% of the 
maximum value at the constrained end. 

A comparison of the constrained force intensity Nr 

round the section, at 155 mm along the beam from the 
constrained end, is shown in Fig. 15 between theory 
and experiment. The strain gauge locations round the 
section are as indicated in Fig. 2 and again the 
comparison shown corresponds to an applied torque of 
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Fig. 15. Z-beam, restrained torsion [(45/-45)2]s lay-up. Force intensity distribution round the section. 
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Z Beam Fraa and Restrained Torsion 
Flanges [45/-45/90/0]8 Web [(45/-45)J3 
Angle of Twist vs Loading 
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Fig. 16. Z-beam, free and restrained torsion. Flanges [45/-45/90/0]s web [(45/-45)2]s. Angle of twist vs loading. 

13.56 kN-mm. As well as the graphical presentation, 
Fig. 15 also provides numerical values at the six strain 
gauge locations round the section. The experimental 
data are shown, in Fig. 15, to substantially back-up the 
simple composite theoretical approach. The constant 
compressive force intensity in the section web is 
validated as is the zero warping position on the flange 
of the section which is at a distance of 12.5 mm along 
the flange from the flange-web junction. The tensile 

level of the force intensity at the flange free edges is 
also verified. 

Similar comparisons are made between theory and 
experiment for the test beam with quasi-isotropic 
flanges and these are given in Figs 16-18. The strain 
gauge locations along the beam and around the cross- 
section are as indicated in Fig. 3. The experimental 
data are shown in Figs 16-18 to validate the theory to 
a   fairly   high   degree   with   respect   to   all   of  the 
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Fig. 17. Z-beam, restrained torsion. Flanges [45/—45/90/0]s web [(45/-45)2]s. Force intensity distribution along the length. 
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Z Beam Restrained Torsion 
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Fig. 18. Z-beam, restrained torsion. Flanges [45/-45/90/0]s web [(45/-45)2]s. Force intensity distribution round the section. 

behavioural aspects of the beam. It is of particular 
interest to note the effect of warping restraint on 
torsional stiffness and thus it can be deduced, from Fig. 
16, that the constrained beam is approx. 7.87 times 
stiffer than the unconstrained beam. This should be 
compared with the value of 4.4 associated with the test 
beam whose walls are all [45/-452]s as determined 
from Fig. 13. Both test beams have the same dimen- 
sions and the same number of plies and are therefore 
of the same weight. The only difference between the 
two beams is the quasi-isotropic lay-up configuration in 
the flanges of one and this is noted to be responsible 
for almost an 80% increase in constrained torsional 
stiffness. 

The comparison between theory and experiment of 
force intensity Nr along the beam is shown in Fig. 17 
to be consistently good along the whole length of the 
beam, even in the vicinity of the constrained end. The 
comparison between theory and experiment of force 
intensity Nr round the section is shown in Fig. 18 to be 
extremely good. The constant compressive force inten- 
sity in the web is validated by the test data as is the 
zero warping point in the flange. Due to the different 
lay-ups in the component fiats of the section the zero 
warping point in the flange is now located at a distance 
of 18.4 mm along the flange from the flange-web 
junction. The force intensity variation across the flange 
is verified by the test data. This is seen to vary linearly 
from the value of -21.08 N/mm at the flange-web 
junction to the tensile value of 36.25 N/mm at the 
flange free edge. The comparisons shown in Figs 17 
and 18 are those corresponding to the applied torque 

level of 13.56 kN-mm and the variation around the 
section, shown in Fig. 18, is that occurring at 150 mm 
along the beam from the constrained end. 

Comparisons are given in the paper between the 
predictions determined from theory and those obtained 
from the strain analyses of the composite test box 
beams. These are shown in Figs 19-24 and are the 
response to an applied torque level of 180.8 kN mm. 
The experimental data from the composite test box 
beams whose flat walls are all of the same lay-up 
configuration is compared with theoretical predictions 
in Fig. 19 for the [(45/-45)2]s case and in Fig. 20 for 
the [45/0/-45/90]s quasi-isotropic design. The compari- 
sons given are those of the longitudinal distribution of 
force intensity Nr in the web of the test beams at 
s = 21 mm from the horizontal geometric centreline of 
the composite box cross-section as indicated. 
Numerical data are also provided in these figures 
corresponding to each experimental data point. The 
composite theory based on the approach of Benscoter 
[21] for isotropic beams is seen to be able to represent 
actual behaviour fairly well and with, what can be 
described as, an engineering accuracy. The effect of 
neglecting the warping shear strain in analysis is repre- 
sented in Figs 19 and 20 by the composite theory based 
on the approach of Von Karman and Christensen [20] 
for isotropic beams. It is noted that this preclusion 
clearly results in erroneous predictions. 

The experimental data from the composite test box 
beam with quasi-isotropic flanges of the form 
[45/0/90/ -45]s and whose webs are [(45/-45)2]s is 
compared with theoretical predictions in Fig. 21 and 
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Box Section Restrained Torsion 
Force Intensity Distribution Along the Length 
[(45M5)Js 

(N/mm) 

s=0 

-& 
0  10  20  30  40  50  60  70  80  90 100 110 

CT-VK&C 8.4 4.5 2.42 1.3 0.69 0.37 0.2 0.11 0.06 0.03 0.02 O.OOi:0.OOO 0 

CT-8EN 9.74 7.81 6.« 5.243 4.248 3.435 2.82 2.278 1.847 1.484 1.211 0.994 0.831 0.343 0.144 0.103 

TEST 4.59 2.31 1.32 0.71 0.18 

z-axis 

— CT-VK&C — CT-BEN *TEST 

Along tha lino at s=21 mm. T=180800 N mm 

Fig. 19. Box-section, restrained torsion. Force intensity distribution along the length [(45/—45)2]s. 

Fig. 22 which describe the variation in longitudinal 
force intensity Nr in the flange and web respectively. 
The locations on the cross-section at which the longitu- 
dinal variations are compared are measured from'the 
horizontal geometric centreline of the composite box. 
These are at s =33 mm for the flange location as 
indicated in Fig. 21 and at s = 21 mm for the web 
location as indicated in Fig. 22. The comparisons given 

in Figs 21 and 22 are seen to clearly favour the compo- 
site theory based on the assumptions of Benscoter [21] 
and again to indicate that the assumptions proposed by 
Von Karman and Christensen [20] result in a theory 
which is less able to predict actual behaviour. 

In view of the fact that the composite box test beams 
are 530 mm long it is clear from Figs 19-22 that the 
effects of constrained membrane warping in closed-cell 

Box Section Restrained Torsion 
Force Intensity Distribution Along the Length 
[45/0M5/90]a 

Np        1( 
(N/rara) 

10  20  30  40  50  60  70  80  90 100 110 120 
CT-VK&C 19.88 13.22 8.8 5.86 3.9 2.8 1.73 1.15 BJ7 OS1 0.34 0.23 0.1S 0.07 0 

CT-BEN 11.39 9.84 8.68 768 6.62 6.78 6.0S 4.41 3.85 3J3B 2£3 2JB6 124 1.71 0.09 0.68 

TEST 10.32 6.8 4.32 2.88 1.95 0.56 

z-axis 

-CT-VK&C—CT-BEN *TEST 

Along the line at s=21 mm, T=180800 N mm 

Fig. 20. Box-section, restrained torsion. Force intensity distribution along the length [45/0/—45/90]s. 
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Box Section Restrained Torsion 
Force Intensity Distribution Along the Length 
Ranges [45/0/90/-45]8 Webs [{45l-45Ua 

Np 
(N/mm) 

CT-VK&C ta.sa 14.4 lo.ai a.29 8.20 4.77 3.62 2.7S z.oa i.sa o.oa 0.1 O.OS 

CT-DEN 15.22 t3.05 11.19 fl.61 a.2< 7.07 8.07 6.21 4.47 3.83 2.42 0.83 OJ52 

TEST 14 7.87 «.a2 3.08 2 0.43 

z-axis 

-"•-CT-VK&C — CT-BEN * TEST 

Along tho lino at 3=33 mm. RANGE, T= 100000 N mm 

Fig. 21. Box-section, restrained torsion. Force intensity distribution along the length. Flanges [45/0/90/-45]s web [(45/-45)2]s 

construction are, effectively, local in nature. The varia- 
tion in force intensity Nr along the length of the test 
box beams is noted in Figs 19-22 to decay rapidly to 
almost zero within approx. one fifth of the beam length 
from the constrained end. This is to be contrasted with 
the effects of constrained membrane warping in open- 
section beams. Figures 14 and 17 show that the effects 

of constrained membrane warping are considerable for 
composite Z-sections. They do not diminish rapidly 
along the beam and are, in fact, noted to be signifi- 
cantly evident at locations far removed from the 
constrained end. 

The variation in force intensity Nr round the section 
for the composite test box beam whose flange and web 

Box Section Restrained Torsion 
Force Intensity Distribution Along the Length 
Ranges [45/0/90/-45]3 Webs [(45/-45)Js 

Np 
(N/mm) 

105        120 
CT-VK&C 14.09 10.7 8.11 8.18 4.87 3.54 2.83 2.04 1.65 1.1« 0.51 0.03 

CT-BEN 11.3 8.7 B.32 7.14 8.12 5.26 431 3.87 3.32 2JBS 1.8 0.82 0.39 

TEST 10.08 6.68 3.41 2.18 1.4 0-32 

z-axis 

— CT-VK&C —CT-BEN *TEST 

Along the line at s=21 mm. WEB, T=180800 N mm 

Fig. 22. Box-section, restrained torsion. Force intensity distribution along the length. Flanges [45/0/90/ -45]s web [(45/-45)2]s. 
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Box Section Restrained Torsion 
Force Intensity Distribution Round the Section 
[(45/-45)Js 

(N/mm) 

1       1       I       1       1 
 1 — H 1 1. — f- 

 1 _ _ J/r^L _ JL _ _ L" 

4=75           | 
.«< 1, 

1 |s=0 

ix" i      i      r ^^c; 
--A -h--1-- -+ r- ' 
\S- -1 -- " I          I         T" " " T " 

I- 
1 

1 
T" 
■+.- 

0            10 20 30 40 50 60 70 
CT-VK&C 0 Q.O0 0.62 0.69 0.35 a 
cr-oeN 0 2.0 3.33 2.8 1.4 0 

TEST 0.27 2.2 2.38 1.24 0.10 

s-axis 

 CT-VK&C—CT-BEN  X TEST 

At  z=30 mm  , T=100000 N mm 

Fig. 23. Box-section, restrained torsion. Force intensity distribution round the section [(45/—45)2 

elements are laid-up in the form [(45/—45)2]s are 
shown in Fig. 23. The variation indicated is that at the 
cross-section located at z = 30 mm from the fixed end 
of the beam. Numerical data are provided in Fig. 23 
corresponding to each strain gauge location round the 
section and the comparison between theory and experi- 
ment is noted to clearly support the composite theory 

based on the isotropic analysis approach of Benscoter 
[21]. It is of particular note that the strain gauges 
located on the geometric centrelines of the composite 
box cross-section, at s = 0 mm and s = 75 mm, register, 
as expected, almost zero strains. It is also of note that 
ignoring the warping shear strains in analysis is seen to 
result in force intensity levels which are of the order of 

Box Section Restrained Torsion 
Force Intensity Distribution Round the Section 
[45/0/-45/90]a 

force intensity (N/mm) 

0          10 20 30 40 50 60                70 
CT-VK&C a 5.88 7.03 5«8 2£3 0 
CT-BEN a 7.58 8.02 7.58 3.79 0 
TEST 0.26 8.96 8.M 3.7 0.1 

s-axis 

 CT-VK&C —CT-BEN XTEST 

At 2=25 mm , T=180800 N mm 

Fig. 24. Box-section, restrained torsion. Force intensity distribution round the section [(45/0/—45/90)]s. 
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one quarter of those determined when they are duly 
accounted for. 

Figure 24 shows a similar comparison of the varia- 
tion in force intensity Nr round the section for the 
quasi-isotropic composite test box beam. The variation 
indicated is that at the cross-section located at 
z = 25 mm from the fixed end of the beam. In this case 
it would appear that the difference between the two 
composite theoretical approaches, based on the 
isotropic works of Von Karman and Christensen [20] 
and Benscoter [21] respectively, is not great and this is 
indeed true for the z = 25 mm location under consider- 
ation. The experimental data are noted to lie between 
the two solutions with the tendency to lean slightly 
more towards the theory based on the Benscoter [21] 
assumptions. With reference to Fig. 20, however, it is 
clear that the difference between the two approaches is 
much more significant at other locations along the 
length of the quasi-isotropic box beam. 

4. Concluding comments 

Details are reported in the paper of an experimental 
programme of work pertaining to the restrained 
torsional response of thin-walled open and closed- 
section carbon fibre composite beams. In particular, 
consideration has been given to the cantilever 
configuration with torque applied at the free end and 
some detailed attention has been paid to the effects of 
both primary or membrane warping and secondary or 
through the thickness bending warping. Tests have 
been carried out on zed and angle section composite 
beams and on closed single-cell box-section beams. The 
stress distributions along the beams and around their 
cross-sections, as determined from the measured 
strains during test, are shown in the paper to be in 
favourable agreement with those determined using the 
simple engineering theories detailed by the authors in 
references [23-25]. 

Composite angle sections are known to exhibit 
secondary warping only, when subjected to torsional 
loading. The effects of constraining this through- 
the-thickness warping are noted in the paper to be 
local in nature and to diminish rapidly within, approxi- 
mately, a one fifth length of the beam from the 
constrained end. Although it is normally considered 
that secondary warping effects can be ignored in thin- 
walled construction it is clear that significantly high 
axial stresses are possible at the constrained end of the 
beam for the case of the composite angle section. It is 
shown that the constrained secondary warping of angle 
sections increases the torsional stiffness of the beam 
only marginally, of the order of 10-15%. 

Both primary and secondary warping occur when a 
composite Z-section is subjected to torsional loading. 

The torsional response of open-sections which possess 
both forms of warping is governed, in the main, by 
primary effects and thus it is normal practice to 
preclude the effects of secondary warping in the 
analysis procedures employed for these sections. This 
has most certainly been proved to be the case for the 
composite Z-section test beams discussed in this paper. 
The simple engineering theoretical approach, described 
in some detail in references [23,25], considers 
constrained membrane effects only and this is shown to 
provide remarkably close agreement with the actual 
response of the composite test beams. 

The effects of constraining the membrane warping of 
a composite Z-section beam are noted in the paper to 
be considerable all along the beam and not just 
confined to a region along its length in the vicinity of 
the constrained location. It is indicated in the paper 
that constraining the membrane warping of a Z-section 
increases its torsional stiffness substantially. For the 
composite Z-section test beams considered, the 
increase in torsional stiffness is noted to be more than 
four times that of the unconstrained beam for the 
angle-ply lay-up configuration and almost eight times 
that of the unconstrained beam for the configuration 
with quasi-isotropic flanges. The only difference 
between the two test beams is the lay-up configuration 
in their flanges and thus the importance of fibre orien- 
tation in composite construction is duly noted. 

The effects of constraining the membrane warping of 
composite, single-cell, box-section beams are shown in 
the paper to be similar in form to those associated with 
the constrained secondary warping of angle section 
beams. The constrained axial force intensity distribu- 
tion along the length of the composite box beams is 
noted in the paper to be local in nature and to 
diminish from its maximum level at the fixed end of the 
beam to almost zero within, approximately, a one fifth 
length of the beam from the fixed end. This is realized 
by both theory and experiment and the comparison 
between the two is shown to be good. The simple 
engineering theoretical approach for the composite box 
beams is set out in some detail by the authors in refer- 
ences [24,25]. In particular it has been shown that the 
composite theory based on the assumptions of 
Benscoter [21] for isotropic beams is able to represent 
the actual behaviour of the composite test box beams 
fairly closely and that the assumption of neglecting the 
warping shear strain in analysis, as proposed by Von 
Karman and Christensen [20], gives poor correlation 
with the experimental findings. 
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Abstract 

Within the framework of a national technology programme under a contract awarded by the Netherlands Agency for 
Aerospace Programmes (NIVR), a composite stabilizer was developed by Fokker Aircraft B.V. in close collaboration with NLR. 
One of the activities in this technology program for NLR was to develop a test box for testing large composite skin panels and 
to test the composite panels on this box. The main goals of this part of the program were: 

— To develop a single test box on which a number of test panels with different configurations could be loaded to relatively high 
strain levels without incurring damage to the test box; 

— To load the test panels in such a way that an optimum correspondence between strain distributions in the test panels and the 
horizontal stabilizer skins was attained; 

— To validate the design concepts of the skin panels by comparison of calculated and measured strain distributions. 

All objectives have been met successfully. 

— Six different panels were tested on a single metal test box. The panels were loaded up to a maximum of 3.0 times Limit Load 
with a total of 21 different loading conditions without incurring any damage to the metal test box. 

— The loading of the test panels was such that an acceptable correspondence of the measured strain distributions and the 
calculated strain distributions in the horizontal stabilizer skins was attained. 

— The measured strain distributions compared quite well with the calculated strain distributions for the test panels. 

© 1998 Published by Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Under a contract awarded by the Netherlands 
Agency for Aerospace Programmes (NIVR), a national 
technology programme was carried out in close 
collaboration between Fokker Aircraft B.V. and the 
National Aerospace Laboratory. The goal of this 
technology programme was to develop the technology 
required to design, fabricate and certify a carbon fibre 
reinforced plastic (CFRP) horizontal stabilizer. To 
achieve this goal the building block approach was used 

[!]■ 
In this building block approach all aspects were 

addressed starting at the material level  (by testing 
thousands of small coupons), through a large number 
of small components (e.g. by testing hundreds of small 
skin  panel  and  spar  details),  to  sub-assemblies  of 
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increasing complexity, up to the level of a complete 
torsion box of the composite stabilizer. 

Large composite skin panels were among the larger 
sub-assemblies to be developed. The panels were 
designed and manufactured by Fokker Aircraft B.V. 
and tested by NLR. Four different panel configurations 
were tested which were representative for skin panels 
of the upper and lower skin and encompassed the 
centre and root section of the stabilizer skin panels. 

To test these large composite skin panels in a correct 
way it was deemed necessary to mount the panels on a 
box structure in order to get a realistic build-up of the 
bending and torsional moments towards the centre 
section of the panels. 

This paper addresses the development of the metal 
test box and the methodology to determine the 
actuator input loads. In addition panel test results, 
obtained during the box tests, are compared to finite 
element calculations. 

1998 Published by Elsevier Science Ltd. All rights reserved. 
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The definition of the composite skin panels in 
relation to the composite horizontal stabilizer skins are 
briefly discussed. The test box concept and test set-up 
are explained in detail. The finite element modelling 
technique of the test box and the composite skin panels 
is presented. The use of finite element analysis to 
obtain loading conditions for the test box is presented. 
The test programme is briefly described. The 
comparison of some experimental results with finite 
element analysis results is given. Finally, some conclu- 
sions are drawn. 

2. The development of the test box 

The objectives of the test box programme were: 

— To develop a single metal test box on which a 
number of composite skin panels with different 
configurations could be loaded up to failure without 
causing damage to the metal test box. 

— To determine the actuator loads to load the test 
panels in the same way as the composite horizontal 
stabilizer. 

2.1. The test panels 

The main load carrying component of the horizontal 
stabilizer is the horizontal stabilizer torsion box. The 
main components of the torsion box are the upper and 
lower skins, the aft, rear and auxiliary spars and the 
ribs. The torsion box comprises composite front, rear 
and auxiliary spars with L-stiffeners, dimpled metal 
ribs, sandwich composite ribs and several metal fittings. 

The skin panels were stiffened by blade stiffeners 
which were cobonded to the skin laminate. At the 
transition of the inboard and outboard parts of the 
panels, stiffener run-outs were used in combination 
with doublers. 

Four different test panel configurations were tested 
on the metal test box which were derived from the 
lower and upper skins of the composite horizontal 
stabilizer (Lower Aft, Lower Front, Upper Aft and 
Upper Front). Their locations relative to the skin 
panels of the composite stabilizer are shown in Fig. 1. 

A detailed view of one of the test panels is given in 
Fig. 2. The test panels were made of unidirectional 
carbon/epoxy prepreg tape HTA/6376. All test panels 
except for the Lower Front panel, were configured with 
an inspection hole at the root of the panel (see Fig. 2). 
All edges of the test panels were reinforced with tabs 
to allow a proper load introduction. 

The Aft test panels were configured with a rearward 
extension, which functions as an elevator support in the 
composite horizontal stabilizer. 

2.2. The metal test box concept 

In Fig. 3 a view of the metal test box is given, in 
which the various parts are named. Figure 4 gives a 
cross sectional view of the box, with a test panel 
attached. 

The metal test box contains steel spar simulations 
and steel rib simulations, which support the test panels 

Upper Front panel 

Upper Aft panel 

a)  Lay-out of upper skin 

Lower Front panel 

Lower Aft panel 

b)  Lay-out of lower skin 

Fig. 1. Lay-out of skins and locations of test panels. 

stiffener run-outs and doublers 

inspection 
hole 

Fig. 2. Lower Aft test panel. 
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gjj      front spar 

panel angle section 

Fig. 3. Metal test box configuration and nomenclature. 

and provide for a build-up of the strains in the test 
panels towards the centre section, as well as a steel 
bottom plate (see Fig. 3). 

The metal test box was configured with steel ribs for 
lower as well as upper skin panels. In this way four 
different skin panels could be loaded on the same 
metal test box. The rib simulations to be used with the 
aft-panels are indicated with 'a' in Fig. 3, the rib 
simulations to be used with the front-panels are 
indicated with 'b'. 

The composite test panels were connected to the 
metal test box using aluminium parts. The edges of the 
test panels were connected to the steel spar simulation 
of the metal test box by angle sections. The test panels 
were connected to the metal rib simulations by 
aluminium ribs as shown in Fig. 4. 

One of the problems which had to be solved was to 
avoid permanent deformation or even failure c' he 
metal test box when loading the test panels up to 
failure. Therefore the spars of the metal test box were 
configured with slits (see Fig. 5), which allowed the test 
panel to be deformed up to relatively high strain levels, 
while keeping the metal test box relatively unaffected 
in case of a loading in bending. 

However, in case of a test panel failure in tension, 
this spar concept might still lead to permanent damage 

cross section 
of panel 

aluminium 
rib 

rear spar steeipiateot      bottom of front spar 
rib simulation       test box 

Fig. 4. Cross section of metal test box including a test panel. 

pen        chain spar simulation    bottom of test box 

Fig. 5. Side view of the metal test box showing the slits in the steel 
spars. 

in the metal test box. Therefore, the spars of the metal 
test box were equipped with chains (see Figs 5 and 6). 
Each spar was equipped with two steel chains: one 
inside and one outside the metal test box. The chains 
have slotted holes. These slotted holes allow the metal 
test box to deform to a certain degree. If the deforma- 
tion of the metal test box exceeds this level, the slotted 
holes of the chains will begin to pick up loads and 
hence the chains will limit the deformation of the 
metal test box. 

In case of a composite panel failure in compression, 
the slits in the spars are configured so that they will 
make contact with each other and hence will limit the 
deformation of the metal test box. Fig. 6 shows a detail 
of the slit spar of the metal test box, the location of the 
chain at the outside of the spar and the aluminium 
angle sections which are used to connect the composite 
skin panels to the metal test box. 

Figure 7 shows the top view of the complete metal 
test box. The figure clearly shows the locations of the 
chains. The different rib locations can also be seen. 
Two rigid steel bars are connected to the end of the 
metal test box. By connecting hydraulic actuators at the 
end of these bars the required bending moments can 
be applied to the composite skin panels. 

Fig. 6. Detail of the slit spar equipped with the chain. 



332 J.C.F.N. van Rijn, H. G. S. J. Thuis I Composite Structures 42 (1998) 329-340 

Fig. 7. Top view of the metal test box. 

2.3. The metal test box test set-up 

The metal test box was connected to a rigid frame. 
Loads were introduced to the metal test box by six 
hydraulic actuators: five positioned vertically (Fzh Fz2, 
FZ2, Fz5 and Fz6 see Fig. 8) and one positioned horizon- 
tally {Fyi see Fig. 8). The loads of actuators Fzl and Fz2 

were introduced at the end of the box through two 
beams. Elevator loads were introduced to the aft 
panels by a dead weight using a mechanism (see Fig. 8 
and Fig. 9). 

|röd loaded by ä dead weight| 

Fig. 9. Detail of mechanism used to apply elevator loads. 

of the metal test box and of the test panels are 
described. 

3.1. Composite horizontal stabilizer model 

The finite element model of the composite 
horizontal stabilizer is shown in Fig. 10. 

The finite element model contains 2444 nodes, 2667 
4-node quadrilateral or 3-node triangular shell 
elements and 1262 beam elements. 

3. Finite element models 

Finite element analyses were performed using 
NASTRAN, of the metal test box configuration 
including the composite test panels, as well as of the 
composite horizontal stabilizer. In this section the finite 
element models of the composite horizontal stabilizer, 

mechanism to apply 
elevator loads 

3.2. Test box model 

A top view of the finite element model of the test 
box (looking inside the box) is shown in Fig. 11. The 
finite element model contains 1147 nodes, 1002 
4-node-quadrilateral shell elements and 14 2-node- 
beam elements. 

The dimensions of the finite element model of the 
box were dictated by the dimension of the panels, since 
test box and panel finite element models were to be 
connected. 

A further description of some of the parts, which are 
indicated in Fig. 3, are given in the next sections. 

Fig. 8. Top view of the metal test box set-up. Fig. 10. Composite horizontal stabilizer finite element model. 
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Fig. 11. Finite element model of the test box. 

3.2.1. Finite element models of spar simulations 
The actual spar configuration and its finite element 

representation are shown in Fig. 12. The actual design 
of the spar simulations is too complicated to be incor- 
porated in the finite element model. Since the large 
slits will accommodate virtually all displacement, these 
are modelled with double nodes. 

3.2.2. Finite element models of rib simulations 
In Fig. 4 a cross section of the test box is given. It 

was deemed necessary to incorporate the actual height 
of the aluminium rib, because the stiffness of the 
combined rib simulations is dominated by the stiffness 
of the aluminium part. In the finite element model the 
height of the aluminium rib is the distance between the 
top of the spar simulation and the top of the rib 
simulation. 

3.2.3. Applied loads and boundary conditions 
The applied loads and boundary conditions for the 

finite element model are indicated in Fig. 13. 
The nodal forces Fzl, Fz2, Fz3, Fz5 and Fz6 act in the 

direction of the positive z-axis. The nodal force Fz3 acts 
on the location indicated by load 4a in Fig. 4 for the aft 
panels and on the location indicated by 4b for the 
forward panels. 

The nodal force Fyi acts in the direction of the 
positive global y-axis. 

All displacements are constrained for the 14 nodes 
at the upper and lower edge of the support plate. 

double nodes 

m. in t) 

Fig.    12.   Actual   spar   configuration    and   its   finite    element 
representation. 

Fig. 13. Boundary condition for test box element model. 

3.3. Test panel models 

In this section the modelling techniques which were 
used for the test panel shell and beam elements, and 
for the connection between the test panel and the test 
box are given. 

In order to facilitate the comparison between the 
strain distributions of the stabilizer and the test panels, 
the element sizes in stringer direction for the panel 
finite element model were copied from the finite 
element model of the stabilizer. 

The finite element model of the Lower-Aft panel 
contained 270 nodes, 226 shell elements and 99 beam 
elements. The finite element model for the connection 
between the test panel and the test box contained 54 
shell elements and 92 beam elements. The finite 
element models for the other test panels and their 
connection to the box contained a similar number of 
nodes and elements. 

3.3.1. Panel shell elements 
The skin material of the panels is modelled in 

4-node shell elements. The shell elements in the finite 
element model of the Lower-Aft panel are shown in 
Fig. 14. The distribution of the various material 
properties is indicated. 

The finite element model of the panel is placed on 
the top plane of the finite element model of the test 
box. The distance between the reference plane of the 
panel shell elements and the actual mould surface of 
the panel was taken into account by using an offset for 
the plate elements. 

As first and as last ply in the finite element model a 
0.001 mm thick ply was added with a ply orientation in 
the direction of the stringer, to facilitate the determi- 
nation of surface strains in the stringer direction and 
perpendicular to the stringer direction for post- 
processing purposes. 
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Fig. 14. Finite element model of Lower Aft panel, different fill 
patterns indicate different material properties, numbers indicate 
elements used in actuator load determination. 

3.3.2. Panel beam elements 
As in the composite horizontal stabilizer finite 

element model, the panel stringers are modelled using 
beam elements. The beam elements in the finite 
element model of the Lower-Aft panel are shown in 
Fig. 15. 

The stringers are placed on the skin. As in the stabi- 
lizer finite element model, the shear centre of the 
beam elements is located at the interface between skin 
and stringer. The offset of the beam elements, which is 
given in the global coordinate system, is therefore the 
offset of the skin minus the local thickness of the skin. 

The location of the neutral axis of the stringer is 
specified relative to this offset point. The stringer is 
furthermore characterized by its cross sectional area, 
and moments of inertia in two directions. A Young's 
modulus and a shear modulus are given for the stringer 
material. 

3.3.3. Finite element model of the connection between 
the test panels and the metal test box 

The panels are connected to the metal test box by 
aluminium angle sections. 

An overview of the finite element model of the 
connection is given in Fig. 16. The aluminium angle 
sections connecting the panel and the rib simulations 
are modelled by 4-node shell elements. The aluminium 

element 

beam element 

Fig. 16. Finite element model of the connection between panel and 
test box. 

angle  sections  connecting  the panel  and the  spar 
simulations are modelled by 2-node beam elements. 

The connection between the finite element model of 
the panel and the finite element model of the spar 
simulations is shown schematically in Fig. 17. The 
construction of connecting beam elements was neces- 
sary because the test box and the panel finite element 
models are not compatible, which resulted in the finite 
element models having only incidentally common 
nodes. All nodes which are connected, are situated at 
the line along the top of the spar simulation. The beam 
elements connect all panel nodes on this line and those 
spar simulation nodes on this line which are located in 
between two slits. 

4. Determination of actuator forces 

The configuration of the test panels is based on the 
configuration upper and lower skins of the composite 
horizontal stabilizer. The loading conditions of the test 
panels should result in similar strain conditions as 
computed by finite element analyses for the composite 
horizontal stabilizer skins. To achieve this, a combina- 
tion of actuator forces had to be determined which 

panel 
connecting 

beam 

slit- 

"T 

Fig. 15. Beam elements for Lower Aft panel. 

spar 
simulation 

Fig. 17. Exploded view of connection between panel and spar simula- 
tion finite element models. 
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gave an optimum correspondence between strains in 
the stabilizer skins and strains in the test panels. 

4.1. Methodology 

The strain distribution in the composite horizontal 
stabilizer was determined for a number of critical load 
cases, representing extreme loading conditions, using 
finite element analysis. Also, a finite element analysis 
of the test set-up was performed, in which the 
contribution of the six actuators to the strain distribu- 
tion in the test panels was determined individually. 

The optimum combination of actuator loads was 
determined by least square minimization of the differ- 
ence between test panel and stabilizer strains in the 
skin for a number of relevant elements, using the 
maximum load of the actuators as constraints. The 
selected relevant elements for the Lower-Aft panel are 
indicated in Fig. 14. 

The correspondence of the normal strains in stringer 
direction was deemed more important than the corre- 
spondence of the shear strains, and the correspondence 
of strains at one location was considered more 
important than at another location. For instance, the 
correspondence of the strains directly outboard of rib 2 
(locations 1 and 2 in Fig. 14) was deemed more 
important than at the centre section (locations 3 and 4 
in Fig. 14). 

Moreover, it should be noted that in the test set-up 
strains perpendicular to the stringer direction cannot 
be induced independently: strains in this direction 
occur only as a result of Poisson's contraction. In the 
stabilizer, the loads perpendicular to the stringer direc- 
tion are found. Strains perpendicular to the stringer 
direction were therefore not taken into account in the 
determination of the actuator forces. 

4.2. Results 

The individual actuacor load contributions to the 
strains in the Lower-Aft panel are given in Fig. 18. The 
location numbers refer to the elements as indicated in 
Fig. 14." The values given pertain to a load per actuator 
of 10 kN. 

Most salient is the large difference in contribution of 
Fzi, Fz2 and Fz3 on the one hand and Fyl, Fz5 and Fz6 on 
the other. The contributions of the former are more 
than ten times larger than that of the latter. In this 
respect, it should be noted that the actuators Fz5 and 
Fz6 are positioned quite close to the support, and that 
most of the load of actuator FyX is carried by the 
bottom of the metal test box. 

The contributions of the various actuators to the 
strain distribution in the other test panels was very 
similar to that of the Lower-Aft panel. 

The strain in stringer direction for a particular load 
case is shown in Fig. 19(a) for the finite element model 
of the lower skin as part of the composite horizontal 
stabilizer. The strain in stringer direction of the Lower- 
Aft test panel for this load case, as obtained using the 
optimum combination of actuator loads, is given in Fig. 
19(b). As can be seen, the correspondence of compo- 
site horizontal stabilizer and test panel strains is quite 
good. 

It was established that with the given actuator 
configuration it was possible to generate a wide range 
of normal and shear strain distributions in the test 
panels. Ultimately, for all panels and all load cases (21 
different loading conditions in total) a satisfactory 
combination of actuator loads was established. 

5. The test programme 

Four different test panel configurations were tested 
(see Fig. 1): Lower Aft, Lower Front, Upper Aft and 
Upper Front. The test panels were tested at ambient 
conditions. All panels were statically tested up to at 
least 2.05 x Limit Load (an environmental knock down 

8E-04 

6E-04 

4E-04 

2E-04 

OE+00 

-2E-04 

-4E-04 

-6E-04 

-8E-04 

-1E-03 

6E-05 

4E-05 

2E-05 

OE+00 

-2E-05 

-4E-05 

-6E-05 

-8E-05 

u 11 

ri.Uliil 
E| 

Ua 
zre JLi 

■ Fz1 
□ Fz2 
B Fz3 

ex ey exyex ey e^ex ey exy e„ ey e^ ex ey e^e,, ey s^ ex ey e^s,, ey e^ 

1 8 

ill liiH n 
■ FV1 
D Fz6 

B  Fz5 

ex ey e^ex ey e„yex sty e^ ex By e^e,, ey e„yex e, Sjye,, ey e^e,, ey e^ 

12 3 4 5 6 7 8 

Fig.  18. Contributions of actuators to the strain distribution for 
Lower Aft panel. 
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Fig. 19. Strain in stringer direction. 
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factor of 1.35 was used to compensate for the fact that 
the tests were carried out at ambient conditions). 

Six different panels were tested on a single metal 
test box. The panels were loaded up to a maximum of 
3.0 times Limit Load with a total of 21 different 
loading conditions. 

Several load cases (both symmetric and asymmetric) 
were applied to each panel. Loads were applied in 
discrete loads steps. After each load step the applied 
loads, the deformation and the strains were recorded. 

5.1. Panel instrumentation 

The panel instrumentation comprised Linear 
Variable Displacement Transducers (LVDTs), internal 
displacement transducers in the actuators, strain gauge 
rosettes and single strain gauges. 

The instrumentation plan of the lower-front panel is 
shown in Fig. 20. The strain gauge rosettes were mainly 
applied in pairs, one on the outside side [Fig. 20(a)] 
and one on the stringer side of the panel [Fig. 20(b)]. 
A number of single strain gauges was applied in a 
similar manner. 

Single strain gauges were used to obtain information 
with regard to the strain distribution in a stringer cross 
section. The location of the strain gauges on the 
stringer cross section is shown in cross section A-A in 
Fig. 20(c). The direction of the three rosette strain 
gauges a, b, and c are perpendicular to the stringers, 
under an angle of 45° and parallel with the stringers, 
respectively. 

6. Comparison of experimental and finite element 
calculation results 

The experimental results were compared to the finite 
element results which were obtained for actual loading 
conditions. 

In the discussion of the results, the load is expressed 
in a non-dimensional form by /, the load factor. For 
the Design Limit Load the load factor is equal to 1, for 
Design Ultimate Load the load factor is equal to 1.5. 
The experimental results and the finite element results 
are divided by the load factor /. In this way the 
non-linearity of the strains with increasing load is 
readily visualized, and a single curve suffices to show 
the corresponding finite element results. 

6.1. Processing and presentation of strains 

The strain gauge results can be grouped in such a 
way that the strain distribution along a line on the test 
panel is shown. As an example, the results for the 
Lower-Front panel along two lines are presented: 

— Line 1 parallel to the rear spar simulation and 
located in between the doubler and the first stringer 
near the rear spar. At this line 6 pairs of strain 
gauge rosettes and 1 pair of single strain gauges 
(inside and outside) are located. 

— Line 2 along the second stringer at the front side of 
the panel. At this line, 3 stringer strain gauge 
combinations are located. 

^r Lower Front panel 

(c\    cross-section A-A 

j SG..-I(nside) 

SG..-F(orvrard) A SG..-A(fl) 

,    T   -i 

c*^/ Lower Front panel 

Fig. 20. Instrumentation plan of Lower Front panel. 
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For each line the strain gauge results are presented as 
a function of the distance along the line. 

The strains in the shell elements are the strains as 
calculated for the first and last layers in the stacking 
sequence of an element. These layers were 0.001 mm 
thick dummy layers with a fibre direction parallel to 
the stringer direction. Strains are evaluated in the 
centre of each element. The curve showing the finite 
element results simply connects these results. It should 
be kept in mind that inboard of rib 2 the differences 
between the strains of the elements are attributable 
mainly to the difference in material thickness, which 
was a more or less stepwise increase. 

The strains for a pair of rosettes are presented as 
average and bending strains in stringer direction s„ 
perpendicular to the stringer direction £>,, and the 
corresponding shear strain e^. The average and 
bending strains £avs and ebend were calculated from the 
strains on the inside (e1) and the outside (e°) of the test 
panel, using: 

The shear strain for one rosette was first calculated 
from the rosette strains using 

OaTOc 

&xy ~ ^b (2) 

in which ea, eb and sc are the strains in the three rosette 
strain gauges. The average and twisting shear strains 
for the pair of rosettes were calculated subsequently. 

The stringer deformations comprised the strain at 
the neutral axis sna, and the curvatures with respect to 
the local coordinate system <j)y and 4>z. The stringer 
deformations were computed directly from element 
forces and moments of the stringers, using: 

N M, M2 

i=—7><M— ,<t>y—~ 
E-A E-Ii       E-I2 

(3) 

in which E is the Young's modulus of the stringer 
material, which was computed using the stringer lay-up 

e s = 
e'+r    .   .    e-e      „bend _   (1) 

8avg 

(^strain) 
-800 
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Fig. 21. Comparison of experimental and calculated scaled average 
and bending strains in stringer direction efg and e5end (7 = load 
factor). 
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Fig. 23. Comparison of experimental and calculated scaled strain at 
the neutral axis of the stringer £na. 

and the ply elasticity parameters. The *-axis in the 
stringer coordinate system is oriented along the 
stringer axis, the z-axis is normal to the skin surface, 
and the y-axis completes an orthogonal x, y, z coordi- 
nate system. 

The strain e at any location in the beam can be 
calculated from the stringer deformations ena, 4>y and <f>z 

using: 

£ = £na - 4>z(y - Jna) ~ <MZ _ Z"^ (4) 

in which y and z indicate the position, at which the 
strain is calculated, and y„a and zna indicate the position 
of the neutral axis of the beam. These coordinates are 
given in the beam element coordinate frame. For each 
beam element the strains are given for both nodal 
points. Therefore two results are given for each node, 
resulting in a jagged appearance of the curves. 

The strains obtained with the strain gauges were also 
converted to stringer deformations ena, 4>y and <j)z. 

6.2. Comparison of results 

The experimental results are shown for a number of 
load factors. 

The finite element results for the test panel and for 
the composite horizontal stabilizer are also indicated. 

6.2.1. Strain comparison for skin 
The scaled average and bending strains in stringer 

direction between the doubler and the stringer near the 
rear spar efg and e$end, for the strain gauges along line 
1 are shown in Fig. 21. The experimental ef8 strains 
compares quite well with the calculated strains for the 
finite element model of the panel test set-up. The 
calculated sb/nd strains are negligible, however there is 

little correspondence with the experimental fi!fnd 

As can be seen, the correspondence between the 
results for finite element models of the composite 
horizontal stabilizer and the panel test set-up is quite 
good. 

The scaled average strain perpendicular to the 
stringer direction sy

vg and the average shear strains e*y
s 

are given in Fig. 22. 
The experimental £*vg and sfy

B both compare quite 
well with the calculated strains for the finite element 
model of the panel test set-up. 

The results for the stress component sy
vs for the 

finite element models of the composite horizontal 
stabilizer and for the panel test set-up are different. As 
was mentioned in Section 4.1 strains perpendicular to 
the stringer direction cannot be induced independently 
in the test panels, and were therefore not taken into 
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account in the actuator load optimization. The results 
for the strain component eff match for some elements 
but are quite different in between. 

6.2.2 Strain comparison for stringer 
The scaled strain at the neutral axis of the stringer 

£na and the scaled curvatures 4>y and <f>z along the 
second stringer at the front side of the panel are shown 
in Fig. 23 and Fig. 24. 

The experimental ena compare quite well with the 
calculated strains for the finite element model of the 
panel test set-up. The experimental and calculated <j>y 

and (f>z are rather different. 
Again, the correspondence between the results for 

finite element models of the composite horizontal 
stabilizer and the panel test set-up is quite good. 

6.3. Discussion 

The calculated efg, e*vg and e?y\ as well as ena 

compare quite well overall with the experimental 
values. 

The experimental bending and twisting behaviour of 
the skin and the stringers was found to be quite 
different from the calculated values. It should be noted 
that all nodes in the panel finite element model are 
connected to the shell elements, which model the skin, 
and to the beam elements, which model the stringers. 
This means that the deformation of the shell and beam 
elements of the panel is completely interdependent 
both in bending and extension. The magnitude of the 
calculated scaled bending strains perpendicular to the 
stringer direction ef"6 and of the calculated scaled 
twisting shear strain e^'st is quite small. The deforma- 
tion of the skin in between two stringers, which is 
characterized by a quasi-symmetry condition at each 

stringer, can not be described within a single 4-node 
element. 

The calculated distribution of e*vg and e%s for the 
composite horizontal stabilizer and the panel test 
set-up finite element models compared quite well, the 
distribution of e*vg was different for each model. For 
both models the magnitudes of the bending and 
twisting strains were limited. 

7. Conclusions 

Six different panels were tested on a single metal 
test box. The panels were loaded up to a maximum of 
3.0 times Limit Load with a total of 21 different 
loading conditions without incurring any damage to the 
metal test box. 

The experimental average strains and the average 
strains calculated for the panel test set-up compared 
quite well in most cases. 

The experimental bending and twisting strains were 
different from the bending and twisting strains 
calculated for the panel test set-up. 

The calculated distribution of efg and &%% for the 
composite horizontal stabilizer and the panel test 
set-up finite element models compared quite well, the 
distribution of ejvs was different for each model. For 
both models the magnitudes of the bending and 
twisting strains were limited. 
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Single-bolt tension joint tests on pultruded GRP plate — effects of 
tension direction relative to pultrusion direction 
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Abstract 

The literature on single-bolt tension joints in structural grade pultruded GRP plate is reviewed and the differences between 
the main investigations are highlighted. Details are given of the test setup and the joint configurations used in a series 54 such 
tests on single-bolt joints in which the angle between the pultrusion and tension axes (the off-axis angle) and the joint geometry 
are varied. Ultimate strength, intial stiffness, initial bolt slip and bolt displacement at failure data are presented as functions of 
the joints' principal geometric ratios. The observed joint failure modes show that, for off-axis angles >30°, bearing failure (a 
relatively benign failure mode) does not arise. Instead, tension mode failure predominates and cracks tend to propagate parallel 
to the rovings diagonally across the width of the joint. It is concluded that the rovings play a significant role in controlling the 
crack propagation and this has implications for joint layout and design in pultruded GRP plate. © 1998 Published by Elsevier 
Science Ltd. All rights reserved. 

Notation 

D Bolt diameter 
E End distance 
EL Longitudinal modulus 
Ej 
P 

Transverse modulus 
Tensile load on joint 

t Plate thickness 
W Plate width 
a Angle between the pultrusion and tension axes 
VLT Major Poisson's ratio 

1. Introduction 

There is growing evidence that fibre-reinforced 
polymer composite materials are beginning to be taken 
seriously as viable materials from which civil 
engineering structures may be fabricated. These struc- 
tures generally fulfil a secondary load-bearing function, 
e.g. walkways and lightly loaded raised platforms in 
aggressive environments found in the water, sewage 
and chemical process industries. Sometimes, however, 
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Fax: 

the structures fulfil a primary load-bearing role. 
Outstanding examples of the latter are the cable-stayed 
footbridges at Aberfeldy and Kolding in Scotland and 
Denmark respectively. The former bridge makes exten- 
sive use of GRP (Glass Reinforced Plastic) pultruded 
components and the latter consists almost entirely of 
such components. The bridges contrast sharply in 
respect of the pultruded GRP components and the 
methods used to connect them. The Aberfeldy 
footbridge is based on customised pultruded shapes 
with interlocking joints which are also adhesively 
bonded, whereas the Kolding footbridge utilises a 
standardised range of shapes and bolted joints. In 
order to prove the design concepts of both bridges 
their designers have had to rely on data derived from 
extensive testing of components and joints. Full details 
of these test programmes are not yet in the public 
domain. In-service monitoring programmes have been 
set up for both bridges in order to establish how well 
they perform with the passage of time. Of particular 
interest and concern is the behaviour of joints, because 
they are often the weakest part of the structure and 
also because there is a lack of data on the long-term 
behaviour of joints. There is, therefore, a pressing need 
to generate data on both their short and long-term 
behaviour in order to engender confidence in struc- 
tures made of pultruded GRP components. Recogni- 
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tion of this need has provided the motivation for the 
single-bolt tension joint tests reported here, which 
contribute to the developing database on joint 
behaviour. 

Test data on bolted joints in pultruded GRP 
materials have been accumulating gradually over the 
past few years, but remain far from adequate. It 
appears that Rosner and Rizkalla [1] were the first to 
publish data derived from single-bolt tension joint 
tests. They carried out a series of tests, for one bolt 
size (a 19 mm diameter steel bolt torqued to 32.5 Nm), 
on three thicknesses (9.5, 12.7 and 19.1mm) of 
EXTREN™ 500 Series pultruded GRP plate* — a 
structural grade material. Data from this kind of test 
are regarded as essential to the formulation of simple 
procedures for the design of joints. Rosner and 
Rizkalla [1] also developed simple design formulae for 
single-bolt tension joints. The formulae utilise empiri- 
cally determined coefficients, which are based on 
assumptions first advanced by Hart-Smith [2]. Unfortu- 
nately, the coefficients have to be determined for each 
plate thickness. Abd-El-Naby and Hollaway [3] have 
also carried out tests on single-bolt tension joints in 
pultruded plate material. They appear to have used 
customised pultruded plate material and, therefore, 
their tests, whilst providing information on the failure 
strengths and modes, do not add to the design 
database for structural grade material. Erki [4] too 
conducted tests on single-bolt joints in EXTREN™ 
pultruded GRP plate. The tests, which utilised a 
double lap configuration, were designed to quantify the 
effects of different bolt types, i.e. steel vs pultruded 
GRP bolts, on joint strength. The majority of the tests 
were tension joint tests, but in a few instances the 
joints were subjected to compression and provided the 
first published data on failure for this mode of loading. 
Recently, Cooper and Turvey [5] presented data 
derived from 81 tests on single-bolt tension joints in 
EXTREN™ 500 Series plate. These tests were 
conducted on 6.4 mm thick plate and, therefore, 
complement Rosner and Rizkalla's [1] and Erki's [4] 
data. Cooper and Turvey's tests [5] were noteworthy, 
because they quantified the effect of bolt torque on 
joint strength and showed that, when bearing failure 
occurred, the strength increased as the bolt torque 
increased. However, they took the view that the 
strength gain could not be relied upon in the long- 
term, due to creep and viscoelastic effects, and, there- 
fore, they recommended that design should be based 
on finger-tight (defined as a torque of 3 Nm) ultimate 
strengths. This study also showed that when bearing 
was the mode of joint failure, its onset could be 
detected as a change in the slope of the load-extension 

"In this paper reference to the trade name of a pultruded GRP 
product does not imply any endorsement of it whatsoever. 

curve. The load at which this effect occurred they 
defined as the damage load and suggested that it could 
be used as a design load for the bearing failure mode. 
The test data were subjected to statistical analysis and 
failure loads were determined with prescribed confi- 
dence limits. In addition, critical E/D (end distance/bolt 
diameter) and W/D (plate width/bolt diameter) ratios 
were defined, below which the failure mode was other 
than in bearing. In a further investigation, Turvey and 
Cooper [6] carried out a series of tests on single-bolt 
tension joints in pultruded GRP material cut from the 
webs and flanges of 102x102x6.4 and 203x203x9.5 (all 
dimensions in mm) EXTREN™ 500 Series WF (Wide 
Flange) sections. The tests were carried out with the 
bolts in the finger-tight condition; 10 and 12 mm 
diameter bolts were used in the smaller and larger 
thickness material respectively. Again critical E/D and 
W/D values were established for the bearing failure 
mode and design load capacities were quantified with 
prescribed confidence limits. In both [5] and [6] stiff- 
ness data were also presented, because it could be 
important in some situations, especially where the 
structure is governed by serviceability rather than 
ultimate strength criteria. 

In a recent investigation, Yuan et al. [7] explored the 
effect of hole clearance on the bearing failure of 
single-bolt tension joints in EXTREN™ 500 Series 
pultruded GRP plate of thickness 6.4 mm. They estab- 
lished that the joint strength reduced as the hole clear- 
ance increased. The only other single-bolt tension joint 
tests conducted on pultruded GRP plate material 
known to the author are those reported by Sotiro- 
poulos et al. [8]. The plate material was cut from 
WF-section and a pultruded cellular plank with thick- 
nesses of 6 and 4.8 mm respectively. The joints were 
tested in the double lap configuration in two arrange- 
ments. In the first arrangement the inner plate was 
pultruded GRP and the outer plates were steel and in 
the second the material order was reversed. Two types 
of mechanical fastener were used: a 12.7 mm diameter 
stainless steel bolt (torqued to 30 Nm) in a 13.5 mm 
diameter hole and a sleeved bolt. The EID ratio was 
varied from 2 to 6 for two W/D ratios (4 and 6). The 
majority of these tests were performed with coincident 
tension and pultrusion axes. The remaining tests were 
conducted with the pultrusion axis at 90° to the tension 
axis. The test results reported in Ref. [8] are presented 
as graphs of joint efficiency. The pultruded plate 
material and joint strengths are not reported in the 
paper and this is unfortunate, especially as the 
efficiency data may be misinterpreted. For example, 
single-bolt tension joints with the pultrusion axis 
oriented at 90° to the tension axis are shown to have 
efficiencies about 10% higher than those with the 
pultrusion axis aligned with the tension axis. These 
superior efficiencies are, however, offset by the fact 
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that the former joint strengths are substantially lower, 
which is generally of over-riding importance from the 
design standpoint. 

It is of interest to note that in the majority of the 
several hundred single-bolt tension joint tests, outlined 
above, the tension axis was aligned parallel or normal 
to the pultrusion axis. Only Rosner and Rizkalla [1] 
and Erki [4] have reported test data for any other 
angle between the tension and pultrusion axes. They 
carried out a number of tests with an angle of 45°. 
These tests used the thicker range of EXTREN™ 
plate, referred to earlier. The present paper focuses on 
the presentation of test data for finger-tight single-bolt 
tension joints in 6.4 mm thick EXTREN™ 500 Series 
pultruded GRP plate with three off-axis angles, 
a, = 90°, 45° and 30°, between the pultrusion and 
tension axes (see Fig. 1 for the definition of the angle, 
a) for a range of EID and W/D ratios. 

2. Pultruded GRP plate properties 

The composite material, EXTREN™ 500 Series 
6.4 mm thick flat plate, used in the single-bolt tension 
joint tests reported here, is made by the pultrusion 
process [9]. The reinforcement is in two forms, viz. 
E-glass rovings (uni-directional fibre bundles) and 
CFM (Continuous Filament Mat). The rovings provide 
the stiffness and strength in the longitudinal (pultru- 
sion) direction and the CFM provides the transverse 
stiffness and strength, both of which are much lower 
(typically about one half, depending on the fibre 
volume percentage) than the longitudinal values. The 
fibre architecture of the plate material is exposed in 
Plate. 1, which shows a piece of EXTREN™ plate after 
the resin has been burned-off and the individual roving 
and CFM layers have been separated. An estimate of 
the glass fibre volume percentage in the pultruded 

Component A« 

Tension Axis 
Steel sidi 
plates Pultrusion Axis 

k£. 
w Component A J&. 

Hole/bolt hole dia. D *E* 
Fig. 1. Double lap single-bolt tension joint showing the basic geometric parameters and the angle, a, between the pultrusion and tension axes. 

Plate 1. Exposed fibre architecture of EXTREN1" 500 Series 6.4 mm thick pultruded GRP plate after resin burn-off and separation of the roving 
and CFM layers. The left and right most layers are the lighter weight upper and lower surface veils. 
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Plate  2.  Single-bolt tension joint ready for test  in the Amsler 
Universal Tesing Machine. 

plate may also be obtained from the burn-off test. The 
test results indicate that the fibre volume percentage is 
between 35 and 40%. The left and rightmost layers 
shown in Plate 1, are the upper and lower surface veils, 
which are similar to the CFM but have a much lower 
mass per unit area. The function of the veils is to 
provide resin-rich surfaces, so that the plate material 
may be handled easily and safely. The matrix material, 
which surrounds and stabilises the rovings and CFM 
and also provides the load transfer mechanism between 
individual fibres, is a polyester resin; its volume 
percentage is typically about 55-60%. The remaining 
volume is occupied by an inert filler material, e.g. 
calcium carbonate, and is included in order to econo- 
mise on the use of polyester resin. 

The elastic moduli and strengths (parallel and 
normal to the pultrusion direction) of the EXTREN™ 
500 Series plate given by the manufacturer [10] are 
minimum  values   and  are  reproduced  in  Table   1. 

Table 1 
Elastic moduli of EXTREN™ 500 Series 6.4 mm thick pultruded 
GRP plate 

Longitudinal Transverse Major 
tension tension Poisson's 
modulus modulus ET ratio vLT 

EL (kN/mm2) (kN/mm2) 

Data source 

12.4 

15.9-17.1 

6 2 0.31 MMFG design manual 

[9]* 
8.4 0.31 Present tests on 

unwaisted coupons 
without end tabs [195 
and 250x25x6.4 mm 
with 50 mm grip 
lengths] 

*The values quoted are minimum values. 

Moduli and strength values obtained from tests on 
tension coupons carried out in the Engineering 
Department's laboratories are also given in Table 1 for 
comparison. These values are, as expected, somewhat 
higher than the manufacturer's values. 

3. Bolted joint test rig 

It is evident from the literature on double lap single- 
bolt tension joint tests in pultruded GRP material that 
a variety of test configurations have been used. Rosner 
and Rizkalla [1] used outer GRP plates and a steel 
inner plate and, therefore, effectively conducted two 
nominally identical single-bolt tension tests simultane- 
ously. Erki [4] used both inner and outer pultruded 
GRP plates. The majority of tests conducted by 
Abd-El-Naby and Hollaway [3] and all of the tests 
conducted by Cooper and Turvey [5] and Turvey and 
Cooper [6] used steel outer plates and a pultruded 
GRP inner plate. Sotiropoulos et al. [8] carried out 
tests with both types of steel/pultruded GRP plate 
arrangement. 

The test configurations also exhibit other differences, 
particularly with respect to the steel plate/pultruded 
GRP plate contact areas and the location and number 
of extensometers. In one test configuration [3], in 
which the inner plate was pultruded GRP, additional 
washers were used to separate the steel and pultruded 
GRP plates and, therefore, reduce the contact area, 
whereas in others [5,6,8] steel plate/GRP plate contact 
existed across the full width and length of the joint. In 
the former configuration a confinement pressure would 
have existed close to the edge of the hole in the GRP 
plate, but beyond the outer circumference of the 
washers it would have been zero, whereas in the latter 
configuration the confinement pressure would have 
extended over a greater area. Which configuration is 
more representative of practical joints has not yet been 
resolved. Indeed, this may not even be relevant, 
because such tests are mainly used to generate basic 
data for the development of simple design procedures 
for practical joints, many of which involve multi-bolt 
layouts. The number and location of extensometers 
used by different researchers also varies. Abd-El-Naby 
and Hollaway [3] and Erki [4] used two extensometers, 
whereas Cooper and Turvey [5] and Turvey and 
Cooper [6] used a single extensometer. Erki [4] used 
the extensometers to measure extension across the 
joint, whereas Abd-El-Naby and Holloway [3] and 
Cooper and Turvey [5] and Turvey and Cooper [6] 
measured extensions relative to the bolt. In other tests 
[8] extensions were not reported. 

For the work reported here the test set-up used in 
Refs. [5,6] was adopted. Plate 2 shows a joint ready for 
testing and Fig. 2 provides further details of the fixture. 
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(a) 

6mm da 
bolts   ^{^-CJ} 

r^ 
(b) 

10mm dia 
bolt 

Displacement 
transducer 

-I 

Transducer bracket 

Steel member 
, gripped by Amsler 

Packing 
-   pieces 

iteel side plates 
clamping PFHP specimen 

PFRP 
specimen 

»3mm dia bolt 

Fig. 2. Details of the single-bolt tension test fixture: (a) front elevation and (b) side elevation. 

4. Bolted joint details and test procedure 

As pointed out in the review of single-bolt tension 
joint tests, there is very little data on tests in which the 
pultrusion and tension axes do not coincide and such 
off-axis data as exists is mainly for the case in which 
the axes are at 90° to one another. Therefore, it was 
decided to undertake a series of bolted joint tests on 
EXTREN™ 500 Series 6.4 mm thick pultruded GRP 
plate in which the angle, a, between the tension and 
pultrusion axes was 90°, 45° and 30°. The data from 
these tests may then be combined with the 0° data 
given in [5] to provide a reasonably comprehensive 
data set from which to assess the effects of off-axis 
loading on the strength of double lap single-bolt 
tension joints. 

It is well-known, from 0° tests conducted on 6.4 mm 
thick plate [5], that the joint strength and failure mode 
are dependent on the joint geometry and the bolt 
torque. The joint geometry is characterised in terms of 
the E/D and W/D ratios. Therefore, it was decided to 
carry out tests for a range of these ratios, i.e. 
3<E/D<6 and 4<W/D<10. Furthermore, in order to 
make use of and extend the test data reported in [5], 
the present joints also used mild steel bolts 10 mm in 
diameter. Holes (10 mm in diameter) were drilled in 
the GRP test plates, using a tungsten carbide tipped 
drill  and  a  timber backing  plate.  The  bolts were 

nominally tight fitting and had the smooth part of the 
shank in contact with the cylindrical surface of the bolt 
hole. The bolts were lightly torqued to 3 Nm (the 
finger-tight condition). 

For each parameter set, i.e. each specific value of 
EID, W/D and angle, a, three nominally identical 
single-bolt joints were tested. The tension load was 
applied at a rate of approx. 10kN/min. During each 
test load and extensomer readings were sampled and 
logged automatically at half-second intervals in order 
to capture the complete load-deformation response of 
the joint. An example of the variability between the 
load vs extension responses of three nominally 
identical tension joints is shown in Fig. 3. 

5. Off-axis test data and discussion 

A total of 54 single-bolt joints were tested in tension, 
i.e. 18 joints for each of the three angles between the 
pultrusion and tension axes, i.e. off-axis angles, a = 30°, 
45° and 90°. The new test data details are given in parts 
(a)-(c) of Table 2. For the sake of completeness the 
data given in [5] for the angle, a = 0°, are reproduced 
in part (d) of Table 2. 

Examples of the failure modes in single-bolt tension 
joints for the angles, a. = 90°, 45° and 30° respectively 
are shown in Plate 3. It is of interest to note that whilst 
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Fig. 3. Typical load vs extension response curves for three nominally 
identical single-bolt tension joints (E/D = 4.5; W/D = 10 and a = 90°). 

the failed specimens shown in Plate 3 are for specific 
values of the E/D and W/D ratios, it was observed that 
for each a-value the same type of failure mode 
occurred throughout the range of E/D and W/D values 
tested. Clearly, as shown in Plate 3(a), the mode of 
failure is a classical tension mode failure. The crack 
propagates from the edges of the hole, i.e. at points 
defined by the intersection of a diameter normal to the 
tension axis with the hole circumference, across the full 
width of the GRP plate. For these plates the strength 
of the joint derives primarily from the strength of the 
CFM and the matrix, since the rovings have negligible 
transverse strength. In Plates 3(b) and (c) the failure 
modes shown are also denoted as tension failure 
modes. However, the crack propagation direction is not 
maintained. Cracks initiate at the same locations on 
the hole circumference, as in the joints with a = 90° 
[see Plate 3(a)], but, generally, they only propagate 
across the plate width until they encounter the first set 

Table 2 
Single-bolt tension joint test results for 6.4 mm thick EXTREN™ 500 Series pultruded GRP plate 

W/D ratio E/D ratio Average initial 
bolt slip (mm) 

Average bolt displacement 
at failure (mm) 

Average initial 
stiffness (kN/mm) 

Average failure 
load (kN) 

Mode of 
failure 

(a) Off-axis angle, a = 90° 
10 6 0.12 1.44 
10 4.5 0.08 1.25 
10 3 0.17 1.14 
8 6 0.15 1.13 
6 6 0.11 1.08 
4 6 0.16 0.95 

(b) Off-axis angle, a = 45° 
10 6 0.24 2.03 
10 4.5 0.22 1.67 
10 3 0.18 1.17 
8 6 0.16 1.61 
6 6 0.21 1.22 
4 6 0.10 0.88 

(c) Off-axis angle, a = 30° 
10 6 0.21 2.10 
10 4.5 0.21 1.67 
10 3 0.18 1.08 
8 6 0.17 1.66 
6 6 0.12 1.41 
4 6 0.16 0.98 

(d) Off-axis angle, a = 0° 
10 6 
10 5 
10 4 
10 3 
10 2 
8 5 
6 5 
4 5 
2 5 

26.88 22.23 Tension* 
23.17 18.90 Tension* 
24.44 16.71 Tension 
23.36 19.08 Tension 
20.51 16.57 Tension 
17.34 12.14 Tension 

28.98 27.08 Tension* 
26.62 22.94 Tension* 
26.56 19.82 Tension 
25.91 23.86 Tension* 
23.75 20.19 Tension 
19.82 14.03 Tension 

30.58 30.93 Tension* 
29.66 26.62 Tension* 
25.53 20.85 Tension 
28.07 26.67 Tension* 
26.65 22.49 Tension* 
20.87 15.55 Tension 

36.9 27.5 Bearing 
41.8 28.9 Bearing 
37.8 27.5 Cleavage 
37.6 23.6 Shear 
34.1 16.8 Shear 
35.7 29.3 Bearing 
32.0 25.5 Bearing 
29.4 21.4 Tension 
17.2 10.1 Tension 

*Denotes slight evidence of bearing damage around hole. 
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(a) e = 90°;F./D = 6; W/D=10 
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(c) 
= 30°;E/D = 6;W/D = 10 

Plate 3. Failure modes in single-bolt tension joints in EXTREN™ 500 Series pultruded GRP plate: (a)a = 90°; (b) a = 45° and (c) a = 30°. 
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of off-axis rovings. These provide weaker, alternative 
paths, along which the two cracks propagate towards 
the edge of the plate. 

The new single-bolt tension joint data may be 
combined with the tension joint data for a = 0°, given 
in [5] and listed in Table 2(d), to provide a more 
comprehensive picture of how the ultimate load 
capacity of the joint changes with the joint geometry 
and the inclination of the tension axis to the pultrusion 
axis, i.e. the off-axis angle, a. This may be expressed 
simply through plots of the joint failure load vs the E/D 
and W/D ratios. These plots are shown in Fig. 4(a) and 
Fig. 4(b) respectively. It is evident, from Fig. 4(a), that 
as the E/D ratio increases, the failure load of the joint 
also increases. The same figure also shows, for a given 
EID value, that the load capacity of the joint increases 
as the off-axis angle, a, decreases. However, in the case 
of the tests for a = 0°, the increase in load capacity 
does not continue to increase beyond an E/D ratio of 
about 5, because the mode of failure changes to 
bearing, whereas for the other off-axis angles there 
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Fig. 4. Ultimate load capacity data for single-bolt joints in tension: 
(a) average failure load vs E/D [W/D = 10] and (b) average failure 
load vs W/D [E/D = 6 (a = 90°, 45° and 30°) and E/D = 5 (a = 0°)]. 

does not appear to be such a limit on the E/D ratio. It 
appears that similar trends are evident in Fig. 4(b), i.e. 
the load capacity of the joint increases as the W/D ratio 
increases and, for a specific value of the ratio, the 
capacity increases as the a-value reduces. Again, when 
the W/D ratio exceeds 8 there appears to be no further 
increase in the load capacity of joints with oc = 0°, 
because the mode of failure changes to bearing. 

The results presented in Table 2(a)-(c) also shed 
light on manufacturing tolerances which may be 
expected when simple tools are used to drill holes in 
pultruded GRP plate. In this case, a pillar drill was 
used with a drill tip speed in the range 800-1000 rpm. 
The 10 mm holes were drilled with a 10 mm diameter 
tungsten carbide tipped drill in order to produce a 
tight fit with the smooth surface of the bolt shank. 
However, as is evident from the measured average 
initial bolt slips listed in these tables, which range from 
0.08-0.24 mm, there was probably a small amount of 
clearance present. Thus, it is not possible to produce 
very tight-fitting bolts in these materials with conven- 
tional drills. For the case of large E/D ratios Fig. 5(a) 
shows the average initial bolt slip for three off-axis 
angles as a function of the W/D ratio. Similar data for 
large W/D ratios is shown in Fig. 5(b). It appears that 
for a = 90° the bolt slip decreases as E/D and W/D 
increase, whereas for a = 45° and 30°, the reverse 
appears to occur. 

The bolt displacements at failure, relative to a fixed 
point on the GRP plate (see Fig. 2), are also given in 
Table 2(a)-(c). These displacements range from 
0.88-2.1 mm, i.e. about 5-10 times the initial bolt slip. 
For large E/D ratios the bolt displacement at failure as 
a function of the W/D ratio is shown in Fig. 6(a). It 
appears that the displacement increases as W/D 
increases, but less significantly for a = 90°. Corre- 
sponding data for large W/D ratios is shown in Fig. 
6(b). The same trends are evident, i.e. the displace- 
ment at failure increases as the E/D ratio increases, but 
less rapidly for a = 90°. 

The same tables also provide information on the 
average stiffness of the tension joints as the E/D and 
W/D ratios vary. Figure 7(a) shows that for large E/D 
ratios the average initial stiffness of the joint increases 
as W/D increases. The stiffness increase does not 
appear to be affected significantly by the value of the 
off-axis angle, a. On the other hand, Fig. 7(b) suggests 
that for large W/D ratios the average initial stiffness of 
the joint is largely independent of the E/D ratio. Both 
of the trends shown in Figs 7(a) and (b) are not 
unexpected, since the W/D ratio would control the 
tensile stiffness of the joint. 

From the design standpoint what is perhaps of most 
concern about the off-axis tension joint data presented 
is that the bearing failure mode does not seem to exist 
even for relatively small off-axis angles, i.e. a = 30°. For 
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such joints failure occurs suddenly and the accom- 
panying drop in load may be very substantial, i.e. the 
failure mode is far from benign as with bearing failure. 
This has serious implications for multi-bolt plated 
joints in which off-axis loading may arise. Another 
worrying feature arising from the failure mode obser- 
vations is the role played by the rovings. They seem to 
constitute bands of weakness within the plate material 
along which cracks prefer to propagate. This raises the 
question as to whether rovings should be present 
(some rovings are, of course, required in order to pull 
the CFM reinforcement through the pultrusion die) in 
the material if they cause localised bands of weakness. 
An alternative view is that they may be regarded as 
crack arrestors and/or guides and this attribute may be 
exploited to advantage in the layout and design of the 
joint. 

6. Concluding remarks and future developments 

The literature on single-bolt tension joint tests in 
pultruded GRP plate material has been reviewed. The 
review has highlighted the fact that there appears to be 
no consensus as to the preferred test configuration for 
conducting such tests and, moreover, there appears to 
be no preferred arrangement for measuring the joint 
extension. 

Despite the relatively large number of tests reported, 
it appears that limited data is available on single-bolt 
tension joints in which the pultrusion and tension axes 
are neither coincident with nor normal to one another. 
The tests reported herein provide such data, but only 
for one plate thickness and one bolt diameter. The test 
results are of interest, because they seem to imply that 
there is very little evidence of any bearing failure (the 
relatively benign failure mode) once the off-axis angle, 
a, exceeds 30°. The failure modes in these joints are 
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Fig. 5. Initial slip data for single-bolt joints in tension: (a) average 
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also of interest, because they show that cracks propa- 
gate along the rovings, which may be viewed 
(negatively) as zones of weakness, or alternatively 
(positively) as crack guides and/or arresters. 

The displacement measurements made on the joints 
indicate that a small amount of bolt slip occurs even 
when the holes are nominally a tight fit. Furthermore, 
the bolt displacement at failure varies from 5-10 times 
the initial slip value. 

Inital joint stiffnesses have also been determined and 
these do not appear to vary much with the EID, but 
increase both with increasing W/D and decreasing a. 

The paper has shown that there is a need to obtain 
much more data if the failure response of single-bolt 
tension joints in structural grade pultruded GRP plate 
is to be properly characterised. A potentially useful 
future exercise might be to combine the present data 
with that of Refs. [1] and [4] in order to establish any 
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Fig. 7. Stiffness data for single-bolt joints in tension: (a) average 
initial stiffness vs W/D [E/D = 6] and (b) average initial stiffness vs 
E/D [W/D = 10]. 

plate thickness effects, since the data span a large 
range of plate thicknesses. Also it should be possible to 
develop design equations, similar to those in Ref. [1], 
for the present test data. This would entail determining 
certain empirical coefficients which could be compared 
with those given in Ref. [1] and would also show how 
these are affected by further reduction in plate thick- 
ness (the smallest plate thickness used in the joint tests 
reported in Ref. [1] was 9.5 mm). 

At the time of writing further testing on single-bolt 
tension joints in 3.2 mm EXTREN™ 500 Series 
pultruded GRP plate is being carried out and this data 
should be available in due course. 
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Abstract 

A spring-mass model has been developed to describe the dropweight impact response of CFRP panels. The model separates 
the effects of the main impact impulse, high frequency oscillations and free vibrations and can be used as a reliable guide for 
effective digital filtering of signals from dropweight impact tests. Whilst the model at present does not account for damage, the 
onset of high frequencies towards the peak impact force indicate the onset of damage in the panel. The oscillations become 
larger and extend over a wider plateau as the perforation threshold energy is approached. © 1998 Published by Elsevier Science 
Ltd. All rights reserved. 

1. Introduction 

The problems associated with the low velocity impact 
response of fibre reinforced plastic structures have 
been the subject of many investigations for more than 
two decades. This is because of the high probability of 
such loadings occurring during the manufacture, 
service or maintenance of composite structures. Impact 
loading induces a complex interaction between struc- 
tural and material behaviour. The mechanical response 
of laminates to impact is an essentially global response 
mainly by flexural distortion and locally by indentation 
and is dependent upon structural constraints, stiffness 
and geometry [1]. The damage induced provides an 
interaction of a range of failure mechanisms such as 
indentation, debonding, matrix cracking, delamination 
and fibre fractures which are dependent upon fibre and 
matrix properties, stacking sequence and geometry [2]. 

The term, low velocity, as applied to impact loading 
is often not fully understood nor clearly defined. In 
order to justify the analytical techniques being 
employed to assess the impact response of structural 
elements it is important to state the appropriate 
assumptions. It has been suggested that the impact 
event may be classified in terms of striker/target inter- 
actions such as pulse period, frequency, striker rigidity 
and target geometry [3]. Robinson and Davies [4] have 
defined low velocity impact in which through-thickness 

*Corresponding author. 

stress waves in the specimen do not influence the stress 
distribution at any time during the impact event. A 
transition velocity when stress waves are significant 
may be assessed in terms of the stress wave propaga- 
tion through the thickness at the speed of sound and in 
terms of failure strain of the laminate. Assuming 
nominal failure strain of 1% for carbon/epoxy 
laminates indicates that stress waves become dominant 
at velocities of about 20 m/s. Much of our impact 
evaluations have been undertaken at velocities less 
than 5 m/s, as in the work reported here, and therefore 
can be considerd as being of low velocity. 

While instrumented dropweight impact test facilities 
have been available for many years there are still only 
a few test standards [5,6] for evaluating the impact 
behaviour of FRP composites. Such standards are of 
limited use except for specifying standard specimen 
geometries and test methods. Whilst standard test 
methods and specimen geometries permit comparisons 
between the impact response of different materials 
extreme care should be used in trying to predict the 
likely response of large structures based on small 
laboratory specimens. Our latest work on CFRP panels 
indicates that the transition between different failure 
mechanisms changes significantly with test panel 
geometry and that there is a minimum size of specimen 
required for predicting the behaviour of large struc- 
tural elements with some degree of accuracy. These 
and othe related issues will be reported in a future 
paper. We are not aware of any standards for the 
procesing of data from impact tests although it is 

0263-8223/98/$ — see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved. 
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widely known that the effects of so called noise, or 
ringing, are inherent in monitoring the impact event. 
The first stage is to try to minimize such effects by 
careful design of the impact rig, especially the impactor 
carriage, as it slides down the guide rods. Next, the 
amplitude of ringing may be reduced by lowering the 
impact velocity since the amplitude is proportional to 
velocity. Finally, if the problem still persists filtering of 
the test data should be undertaken. 

The filtering of impact test data is a contentious 
issue and is the main thrust of this paper. It is essential 
to save the original unfiltered data such that the effects 
of filtering can be readily compared. Therefore, digital 
filtering techniques are preferred to analogue methods 
since the latter increase the risk of masking or losing 
data. Guidelines for analysing data from impact tests 
including filtering can be found in the works of 
Cheresh and McMichael [7] and Cain [8], who 
developed a low-pass filter. However, the adequate 
filtering of impact test data can only reliably be 
achieved through an understanding and separation of 
signal frequencies and thus differentiate between real 
events and noise. We were concerned that the impact 
response of CFRP panels of similar diameter and 
lay-up and clamped to the same pressure produced 
quite different force-time histories for 3-ply laminates 
compared with 9-ply laminates. Typical force-time 
histories for these laminates are shown in Fig. 1 for 
impact tests undertaken at incident kinetic energies of 
0.471 and 1.323 J which represent approx. 20 and 10% 
of the respective perforation threshold energies and 
did not induce any damage. The data was filtered in a 
similar manner with a cut-off frequency of 3.5 kHz but 
we needed to know if the high frequency oscillations in 
the 3-ply laminates were real or associated with the 
filtering process. We therefore proceeded to develop a 
greater understanding of the physical parameters that 
control the response of panels to dropweight impact 
tests through modelling of the impact event using a 
spring-mass model, details of which are presented later 
in this paper. Similar spring-mass models have also 
been used by Cain [8], Lifshitz et al. [9] and Shiva- 
kumar et al. [10] in an attempt to identify how the 
observed vibrational responses can be related to 
separate dynamic effects. 

The overall aim of our programme of work on 
impact behaviour of FRP composites is to study the 
effect of static indentation, and single and repeated 
impacts on plain and stiffened panels and hence to 
attempt to predict the damage tolerance of real struc- 
tures. This paper reports our findings on the interpre- 
tation of signals from dropweight impact tests 
conducted on carbon fibre reinforced plain panels and 
fomulates a spring-mass model in order to assess 
appropriate levels of filtering of the test data. 

2. Experimental test facility 

An instrumented dropweight rig, briefly described in 
Ref. [11], has been developed enabling impact tests 
and static indentation tests to be conducted on circu- 
larly clamped panels under similar test constraints. The 
test rig has recently been modified to permit clamping 
of large panels [12] and also to accommodate stiffened 
sections [13]. The impact rig is equipped with four 
transducers namely, an accelerometer, a strain-gauged 
load cell, a displacement transducer and opto- 
electronic triggering and timing sensors. The transdu- 
cers are located as shown schematically in Fig. 2. 

The accelerometer is a miniature piezoelectric trans- 
ducer model 2255A-025, supplied by Endevco, which is 
connected via signal conditioner model 4416B to the 
data acquisition system. Four electrical resistance 
strain gauges are mounted on the shank of the 
indentor nose, two longitudinally and two circumferen- 
tially, and connected in a wheatstone bridge arrange- 
ment and the signal conditioned using strain module 
MB38-02 supplied bye Keithley Instruments. An 
infrared LED/phototransmitter reflective transducer, 
comprising a spectrally matched GaAs infrared emitter 
(type SE 3455) and a silicon phototransistor (type SD 
5443) supplied by Honeywell Optoelectronics is used to 
determine the displacement of the panel during 
impact. The transducer is located beneath the test 
panel at a position 25 mm offset from the point of load 
application in order to prevent the signal from being 
affected by any damage produced on the backface. The 
transducer is calibrated from static load tests 
performed under identical clamping conditions using 
an LVDT to measure the deflection at the centre of 
the panel. 

The instrumented indentor is released from a 
predetermined height by an electromagnetic switch. 
The data acquisition system is triggered when an 
aluminium flag, attached to the indentor assembly, 
passes the first opto-interrupter, an infrared emitting 
LED and phototransistor (type 307-913) supplied by 
RS Components. The indentor velocity immediately 
before the impact event is determined by measuring 
the time taken for the flag, of 15.5 mm depth, to cross 
the line of sight of the second opto-interrupter. The 
sensors are also used to determine the rebound 
velocity when energy is returned to the indentor after 
the impact event. 

The four transducers are connected to a Keithley 
Instruments DAS 1401 data acquisition board which is 
installed in an IBM PC/AT compatible desktop 
computer as shown schematically in Fig. 3. The board 
is a multi-layer construction with integral ground plane 
to minimize noise and crosstalk. The system has a 
maximum sampling rate of 100 kHz and allows the 
monitoring of up to eight channels of bipolar data. For 
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monitoring of the four transducers four channels are 
employed and the data sampled at a rate of 25 kHz. 
With more advanced, and expensive, equipment it is 
possible to sample all channels at a higher single rate. 
The system is triggered via the reference or zero 
channel whilst the accelerometer, load cell and 
displacement transducer are connected to channels 1-3 

respectively and the timer operates via channel 4. The 
data acquisition system is completed with Easyest LX 
software from Keithley Asyst enabling storage, manip- 
ulation and filtering of the data. Three types of digital 
filter are available, namely low pass, high pass and 
band pass. In addition, a transition width must be 
specified to determine the region where the filter's 
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Fig. 1. Typical force-time signals for (a) thin (3-ply) and (b) thick (9-ply) laminates with no damage. 
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passband response drops from one to zero. This varies 
from a maximum of 0.5 times to a minimum of 0.05 
times the acquisition rate with the cut-off frequency 
used at the centre point for the transition. Invalid 
results are obtained for a transition width too large for 
the specified cut-off frequency. 

3. Mechanical model 

Whilst it is usual to filter data recorded from impact 
tests extreme care is required in order to ensure that 
significant events are not removed by filtering and thus 
preventing   erroneous   interpretation   of  the   impact 

event. The use of models enables interpretation of the 
signals prior to filtering and to assess the separate 
responses of the indentor, rig constraint and test panel 
during and after the impact event. A linear mechanical 
model was constructed of a dynamic system comprising 
the dropweight and the test panel using masses, springs 
and dampers as shown in Fig. 4. The elements mu m2. 
ki and cY represent the dropweight and the elements k2 

and c2 represent the stiffness of the indentor nose. The 
surface indentation stiffness of the panel is represented 
by the elements k3 and c3 and the panel is represented 
by its equivalent mass ra4 and the stiffness elements k4 

and c4. 
The differential equations describing this system are: 
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Fig. 2. Schematic arrangement of indentor assembly showing location of strain gauges, accelerometer, added masses and other details. 
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mtyi = -c\(yx -y^-kx(yx -yd 

m2y2 = - c2(y2 -h)~ k2{yi - yz) 

+ Ci(y[-y2) + kl(y]-y2) 

m4% = - c4y4 - k4y4 + c3(y3 - %) + k3(y3 - y4) 
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Fig. 3. Schematic diagram of data acquisition system. Fig. 4. Model of impact event. 
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These    equations    are    subject    to    the    following        account any damage occurring in the panel and this 
constraints: issue will be addressed in a future paper. 

c3(j3 - yd+Hyi - yd = c2(h -y?)+k2(y2 - y3)        (4) 

k2 = 0   and   c2 = 0   if   (y2-y3)<0 

k3 = 0   and   c3 = 0   if   (y3-%)<0 

The spring and damper constants for the panel 
(&4,c4) and its surface (k3,c3) are evaluated from static 
indentation   tests.   The   model   does   not  take   into 

4. Assessment of data filtering 

A series of dropweight impact tests were undertaken 
on thin CFRP laminates clamped between two annular 
rings of 100 mm internal diameter. The tests were 
conducted from a height of 0.5 m whilst the mass was 
varied to produce a range of incident kinetic energies. 
The material was a five-harness satin weave carbon- 
fibre fabric impregnated with an epoxy resin type 
914C-713-40   supplied  by  Hexcel   Composites.   The 
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Fig. 6. Plots of panel acceleration, velocity and displacement for (a) the numerical model and (b) the experimental data. 
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panels were laid up as 3-ply (0/90, ±45, 0/90) 
laminates and autoclave moulded by Hurel-Dubois UK 
to a thickness of 0,96 mm at a nominal 58% fibre 
volume fraction. 

When using four transducers the maximum sampling 
rate is 25 kHz and the Nyquist rule [14] dictates that 
the maximum bandwidth if the signals in the data is 
half this value, i.e. 12.5 kHz. Theoretically any digital 
filtering must be done at a cut-off frequency at or 
below this value. However, in practice it is recom- 
mended that the cut-off frequency must be 10-15% of 
the bandwidth of the data in order to avoid problems. 
To determine the optimum cut-off frequency for digital 
filtering of the data eqns (l)-(3) were numerically 
solved and the results compared with the experimental 
data filtered at different values of cut-off frequency. 

Figure 5 shows the impact force-time and displace- 
ment-time histories for a 3-ply panel subjected to a 
kinetic energy of 0.471 J as determined from numerical 
solving of the mechanical model. In this preliminary 
modelling exercise panel stiffness only has been 
considered with no allowance for membrane bending 

Main Impact Impulse 

Kc 

High Frequency Oscillations 

Kp 

Free Vibration 

Fig. 7. Components of the numerical model. 

of these thin laminates. In addition, the masses rrii and 
m2 have been lumped together since their accelerations 
were shown to be almost identical. It indicates that the 
peaks and valleys observed in the impact force history 
correspond with changes in the slope or inflection 
points in the displacement history of the panel. This 
suggests that there is an important interaction between 
the indentor and the panel during the impact event 
which is controlled by the contact stiffness that is 
present between the two bodies and by the global stiff- 
ness of the panel. The displacement history also shows 
that there is energy transferred to the panel during the 
impact event that excites transverse vibrations in the 
panel which persist well after the impact event. 

The acceleration, velocity and displacement histories 
of the 3-ply panel are presented in Fig. 6 for the same 
incident kinetic energy of 0.471 J. The numerical 
solution illustrated in Fig. 6(a) shows that the accelera- 
tion of the panel is, as expected, completely different 
from that of the indentor implying that the panel 
experiences entirely different dynamic forces during 
the impact event. The numerical solution is compared 
with experimental data by twice differentiating the 
panel displacement history in order to obtain the 
velocity and acceleration histories of the panel. The 
appropriate level of filtering was achieved by matching 
the displacement signal from the model to the experi- 
mental data. The best results were obtained when using 
the low pass filter with a cut-off frequency of 3.5 kHz, 
which is 28% of the bandwidth of the signals, as shown 
in Fig. 6(b). The transition width of the filter's 
passband was approx. 1 kHz, i.e. from 3 to 4 kHz. This 
suggests that the predicted behaviour of the panel gives 
reasonable agreement with the panel response 
observed from the test, the main difference being an 
overestimation of the magnitude of the velocity and 
acceleration at the start of the impact event. This is 
probably due to the non-linear stiffening response of 
the actual panel which has been represented by a linear 
model. 

5. Discussion 

The model can be shown to comprise three basic 
components as illustrated in Fig. 7. The main impact 
impulse indicates the behaviour and shape of the 
displacement-time profile and is controlled by the 
mass of the indentor M-„ the contact stiffness and the 
global panel stiffness. The contact interface is repre- 
sented by two springs in series such that the stiffness of 
the nose of the indentor is much greater than the 
stiffness of the laminate. Kc is the equivalent contact 
stiffness and ^p is the equivalent panel stiffness. Super- 
imposed on the main impulse are high frequency oscil- 
lations   controlled   by   the   panel   mass   Mp   and 
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constrained by Kc and Kv. After impact, the panel 
responds to free vibration according to its mass and 
stiffness. Each of these components can be readily 
observed in Figs 5 and 6. 

Figure 8 compares force-time histories for an 
undamaged 3-ply laminate subjected to an incident 
energy of 0.384 J for unfiltered data and data filtered 

using the low pass filter and a cut-off frequency of 
3.5 kHz. There are very few high frequency oscillations 
in the unfiltered data and the filtered data closely 
represents the expected response. At the start of the 
impact event there are a few high frequency oscilla- 
tions. These initial dynamic effects are thought to be 
associated with the low mass of the panel and induce a 
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Fig. 8. Force-time plots for an impact energy of 0.384 J for (a) unfiltered data and (b) filtered data. 
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small spring-back of the panel. A similar, but more 
noticeable, response is observed from the numerical 
solution of the model [see Figs 5 and 6(a)]. The influ- 
ence of the impact force during the initial stages of the 
impact event and the effect of oscillations throughout 
it are discussed in detail by Cheresh and McMichael 
[7]. However, it should be noted that the initial or 

inertial load identified by them is more likely to be 
associated with plates of much higher mass and stiff- 
ness than our thin panels. 

Increasing the impact energy to induce damage 
causes large high frequency oscillations as shown in 
Fig. 9(a) for the unfiltered response of a 3-ply laminate 
subjected to an energy of 1.080 J. This incident kinetic 
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Fig. 9. Force-time plots for an impact energy of 1.080 J for (a) unfiltered data and (b) filtered data. 
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Fig. 10. Force-time plots of impacts at increasing levels of incident kinetic energy. 

energy produced a projected delamination area of 
approx. 40 mm2 and a total backface crack length of 
about 8 mm [12]. With filtering of the data via the low 
pass filter at a cut-off frequency of 3.5 kHz the average 
peaks of the high frequency oscillations are observed to 
be superimposed on the main impulse as shown in Fig. 
9(b). The effect of increasing impact energy on the 
force-time history for 3-ply laminates is shown in Fig. 
10. The data has again been filtered via the low pass 
filter at a cut-off frequency of 3.5 kHz. The profiles 
show that the high frequency oscillations commence at 
shorter times as increasing impact energies produce 
more damage. As the perforation threshold energy is 
approached the oscillations become larger, with greater 
variations, and extend over a wider plateau. Whilst our 
model at present does not account for any damage 
during impact it still allows us to make an initial assess- 
ment of the "filtering of the data with some confidence. 
Although we have employed the same level of filtering 
for all the tests reported here, Cain [8] has stated that 
there is unlikely to be a universal filter suitable for all 
impact tests. Therefore, the use of models for deter- 
mining the level of filtering of impact test data appears 
to be justified for the immediate future. Clearly, an 
international standard for processing of impact test 
data would be most welcome, especially by newcomers 
to this field of study. 

Most spring-mass models predict force and displace- 
ment histories in the form of a half sinewave, especially 

those with one degree-of-freedom. Models with two 
degrees-of-freedom, without damping, often super- 
impose inertial effects on the main impact impulse, 
especially for plates of high mass and stiffness as 
identified by Shivakumar et al. [10]. Our model, with 
three degrees-of-freedom, and damping, is able to give 
a reasonable prediction of the impact response of thin 
CFRP panels with circular clamping. We are presently 
trying to improve its effectiveness by introduction of 
non-linear elements at the local contact interface and 
global panel stiffness. We will then introduce a damage 
parameter into the model and try to refine the detail of 
this model via a more complex and sophisticated finite 
element model. 

6. Conclusions 

A spring-mass lumped-parameter mechanical model 
has been developed which can adequately describe the 
dropweight impact response of thin CFRP panels with 
circular clamping if there is little or no damage 
induced in the panel by the impact. The model is able 
to identify the separate influences of the main impact 
impulse, high frequency oscillations and free vibrations. 
Furthermore, it is able to distinguish the difference in 
response in thin and thick laminates. The use of the 
model allows for effective digital filtering of signals 
from dropweight impact tests. For all the tests reported 
here filtering was via a low pass filter with a cut-off 
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frequency of 3.5 kHz and a transition width of approx. 
1kHz. 

The model also enables interpretation of high 
frequency components in the accelerometer signal. At 
the start of the impact event they are associated with 
the low mass of the panel whilst approaching the peak 
force they indicate the creation of damage in the panel 
during impact. Furthermore, the onset of the latter 
type of high frequencies appears to indicate the onset 
of damage in the panel. As the perforation threshold 
energy is approached these oscillations become larger 
and extend over a wider plateau. 
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Abstract 

Composite panels are widely used in aeronautic and aerospace structures due to their high strength/weight ratio. The stiffness 
and the strength in the thickness direction of laminated composite panels is poor since no fibres are present in that direction and 
out-of-plane impact loading is considered potentially dangerous, mainly because the damage may be left undetected. Impact 
loading in composite panels leads to damage with matrix cracking, inter-laminar failure and eventually fibre breakage for higher 
impact energies. Even when no visible impact damage is observed at the surface on the point of impact, matrix cracking and 
inter-laminar failure can occur, and the carrying load of the composite laminates is considerably reduced. The greatest reduction 
in loading is observed in compression due to laminae buckling in the delaminated areas. The objective of this study is to 
determine the mechanisms of the damage growth of impacted composite laminates when subjected to compression after impact 
loading. For this purpose a series of impact and compression after impact tests were carried out on composite laminates made 
of carbon fibre reinforced epoxy resin matrix. An instrumented drop-weight-testing machine and modified compression after 
impact testing equipment were used together with a C-scan ultrasonic device for the damage identification. Four stacking 
sequences of two different epoxy resins in carbon fibres representative of four different elastic behaviours and with a different 
number of interfaces were used. Results showed that the delaminated area due to impact loading depends on the number of 
interfaces between plies. Two buckling failure mechanisms were identified during compression after impact, which are influenced 
more by the delamination area than by the stacking sequence. © 1998 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Impact performance is a particularly important 
consideration in the design of components made from 
laminated composite materials. In aircraft applications 
the components have to survive low energy impacts 
from dropped tools and rough handling during 
maintenance, intermediate energy impacts from 
runway stones and bird strikes, and for military aircraft 
high-energy weapon attack. Low energy impact is 
considered potentially dangerous mainly because the 
damage might be left undetected. The low energy 
impact of CFRP laminates creates damage which may 
involve indentation, matrix cracking, fibre matrix 
debonding, delamination, inter-laminar failure and 
eventually fibre breakage for higher impact energies. 
This is due to the stiffness and the strength in the 
thickness direction of laminated composite panels, 
which is poor since no fibres are present in that direc- 
tion. In many situations [1-3], the level of impact at 
which visible damage is formed is much higher than 

the level at which substantial loss of residual properties 
occurs. Even when no sign of impact damage is 
observed at the surface of impact (energies below 
Barely Visible Impact Damage, BVID), matrix 
cracking and inter-laminar failure can occur. The 
delaminations at low energies cause little effect on the 
tensile strength but significantly reduce the compres- 
sive strength. Visible damage occurs if an impact is 
above a threshold impact energy, which depends on the 
laminate stiffness [4,5]. The greatest reduction in after- 
impact loading is observed in compression due to 
laminae buckling in the delaminated areas and there- 
fore compression after impact tests has been proposed 
in   order   to   quantify   the   compressive   reduction 

* Corresponding author. 

Table 1 
Elastic properties of laminae 

Material          £j 
(GPa) 

E2 

(GPa) 
G12 

(GPa) 
Gl3 
(GPa) 

G23 

(GPa) 
V12 

IM7/977-2        160.0 
T800/5245C      161.0 

9.0 
8.9 

6.9 
5.9 

3.8 
2.2 

4.3 
3.7 

0.20 
0.20 

0263-8223/98/ — see front matter © 1998 Elsevier Science Ltd. All rights reserved. 
PII:S0263-8223(98)00081-6 
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Table 2 
Elastic properties of laminates 

Material Stacking Ex Ev G„ G„ Gyz vw 

(GPa) (GPa) (GPa) (GPa) (GPa) 

IM7/977-2 B 62.1 62.1 24.2 4.0 4.0 0.28 

C 61.9 61.9 24.1 2.7 2.7 0.28 
D 63.8 41.7 31.5 2.8 2.0 0.49 

E 83.0 37.6 23.8 4.8 4.7 0.46 

T800/5245C B 61.2 61.2 23.5 2.1 2.1 0.3 
C 62.8 62.8 24.5 2.0 2.0 0.28 
D 60.8 39.7 30.0 2.4 3.3 0.52 
E 82.3 37.6 23.6 1.9 2.7 0.46 

strength. Considerable research [6-9] has, therefore, 
been devoted to analysing the impact properties and 
post-impact compression behaviour with a view to 
improving impact damage tolerance, but detailed 
experimental examinations of CAI tests have not been 
extensively performed [10]. 

The objective of the present study is to describe the 
actual experimental techniques that are used on low 
and intermediate energy impact testing on laminated 
composite materials, the non-destructive techniques 
used to determine the damaged areas through the 
thickness and the delamination growth occurring 
during compression on delaminated specimens. For 
this purpose two different materials, carbon fibres in 
epoxy resin and four different stacking sequences were 
used. A wide range of impact energies have been 

applied to specimens according to the proposed stand- 
ards (Boeing, Airbus Industries) testing using an 
instrumented drop weight testing machine. Modified 
compression after impact testing equipment, similar to 
that proposed on the referenced standards, was used 
for the determination of the residual strength of the 
specimens. This allowed a better understanding of the 
buckling behaviour of the specimen associated with the 
delamination areas. 

2. Materials and specimens 

Composite panels were made of unidirectional 
prepregs of carbon fibres IM7 on an epoxy resin 977-2 
from Fiberite Co., with a nominal thickness of 
0.135 mm for 60% of volume fibre (Vf), and carbon 
fibres T800 on an epoxy resin 5245C from CYTEC Co., 
with a nominal thickness of 0.190 mm for 60% Vt. 

Four stacking sequences with 24 plies were used, for 
both composite materials: 

Lay-up B: [-453/03/+453/903]s 
Lay-up C: [- 45/0/ + 45/90/- A5M+452/902]s 

a) 

15 

J 

10 

/ 
/      \. 

/ 

0 2 !                  4 6 ms     8 

b) 
Fig. 2. Impact test graphs: (a) force versus deflection; (b) energy 

Fig. 1. Instrumented compression after impact (CAI) testing fixture versus time. 
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Lay-up D: [ 
Lay-up E: [ - 

-454/+454/03/90]s 

-453/ + 453/05/90]s 

The elastic properties of the individual laminae and 
global properties for each panel are listed in Tables 1 
and 2, respectively, and were obtained by identification 
of the material properties using experimental vibration 
data associated with optimisation techniques [11]. 
Directions 1 and 2 are respectively the longitudinal and 
transverse directions of each laminae and x and y are 
respectively the 0° and 90° directions of the laminate. 
Lay-ups B and C correspond to a quasi-isotropic 
stacking sequence and consequently identical laminate 
properties are obtained for both x and y directions, but 
a more damage tolerant stacking sequence is expected 
for lay-up C since it has an increased number of inter- 
faces [12]. In lay-ups D and E, different global elastic 
properties are obtained for each direction due to the 
different number of layers in the 0° and 90° directions. 
The advantage of using a lower number of interfaces is 
related with numerical modelisation, which will not be 
presented here. 

Specimens with dimensions of 150 x 100 mm were 
cut from the panels, according to the AITM 1.0010 

(Airbus Industries Testing Method). For each lay-up, 
some specimens were cut with the 0° direction aligned 
with the 100-mm width (lay-ups B, C, D and E) and 
other specimens were cut with the 0° direction aligned 
with the 150-mm length (lay-ups B*, C*, D* and E*). 

3. Experimental procedure 

3.1. Impact testing 

An instrumented falling weight impact machine was 
used where the different nominal impact energies were 
obtained through discrete masses of 2-10 kg and a 
variable height up to 2 m. 

The instrumentation associated with the impact 
machine measures the force and time during impact. 
Force is measured discretely in time, through a force 
transducer just above the impactor indentor. The 
system also provides for the measurement of the 
velocity at the moment of impact, by measuring the 
time it takes a flag of known width to traverse a point. 
The velocity during impact is calculated by integrating 
acceleration over time, where the acceleration is given 
by the force felt by the drop mass, divided by its mass. 

1- interface -457+45° 
2- interface +4570° 
3- interface 0790° 
4- interface 9070° 
5- interface 07+45° 
6- interface +457-45° 

Fig. 3. Delamination pattern for specimen D*ll, T800/5245C: (a) after impact; (b) after CAI. 
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The calculated velocity is then used to derive the 
displacement of the impactor during impact (and 
consequently the deflection of the specimen) using 
further integration. The energy is calculated by 
integrating force over distance. With this measurement 
and calculation procedure, not only the actual impact 
energy but also the absorbed energy by the specimen 
were calculated through the energy/time curve. 

The impactor used was a hemi-spherical one made 
of steel with a diameter of 16 mm. The specimens were 
clamped in a standard impact testing fixture with an 
open window of 125 x 75 mm, according to Airbus 
Industries Test Method (AITM 1.0010). After impact 
the permanent indentation depth of the specimens was 
measured. Through the non-destructive methods the 
delaminated area was identified and measured. 

3.2. Delamination area 

For the delamination pattern visualisation A, B and 
C-scan NDI ultrasonic technology with a pulse-echo 
and an immersion scanning method, Physical Acous- 
tics, was used, with the following C-scan data: 

scan frequency: 5 MHz 

scan speed (X-axis): 30 mm/s 
index axis: Y-axis 
scan interval index: 0.05 mm 

There are two kinds of data processing in pulse-echo 
C-scanning: echo level view amplitude (AMP) and 
time of flight (.TOF) view. The latter data can be 
converted into a delamination depth view through the 
transverse sound velocity in CFRP laminates. There- 
fore, the identification of delamination interfaces is 
easily identified and the measurement of the respective 
area was carried out with image processing equipment. 
For the purpose of this study the delamination area 
was considered as the projection on the specimen 
plane of the area delaminated considering all the 
delaminated interfaces, which obviously has a lower 
value if the delamination area was considered as the 
sum of all the delaminated areas. 

3.3. Compression after impact 

Compression after impact tests of the specimens 
were carried out on a universal testing machine, in 
displacement control with a velocity of 0.5 mm/min 
using the testing fixture described in the Airbus testing 

1- interface -457+45° 
2- interface +4570° 
3- interface 0790° 
4- interface 9070° 
5- interface 07+45° 
6- interface +457-45° 

Fig. 4. Delamination pattern for specimen D*13, T800/5245C: (a) after impact; (b) after CAI. 
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procedure (AITM 1.0010). In this fixture and to 
prevent global buckling during compression, the speci- 
mens are clamped at both ends and simply supported 
at the side edges. In order to establish the buckling 
behaviour of the delaminated area during testing, up to 
final failure, two LVDTs were attached to the 
specimen: one at the centre of the impact zone and the 
second one at the opposite side. A third LVDT was 
used to monitor the vertical displacement of the 
specimen during the test, in order to obtain, with the 
load cell data, the load/displacement curves. A 
schematic view of the instrumented compression after 
impact (CAI) testing fixture, with a specimen mounted 

and the three LVDTs in testing position, is shown in 
Fig. 1. 

4. Results and discussion 

A wide range of impact energies around the Barely 
Visible Impact Damage energy level (determined as 
the energy that causes a permanent indentation of 
0.3 mm) were selected as a mean for creating a wide 
range of delaminated areas. In the present paper the 
analysis of damage growth will be analysed, therefore, 
only limited data will be presented. Further analysis 

1- interface -457+45° 
2- interface +4570° 
3- interface 0790° 
4- interface 9070° 
5- interface 07+45° 
6- interface +457-45° 

Fig. 5. Delamination pattern for specimen E8, T800/5245C: (a) after impact; (b) after CAI. 

Table 3 
Test results for three specimens 

Impact test CAI test 

Specim ■C-imp (J/ ■Eabs (J) c5m„ (mm) Fm» (kN) Delam. (mm2) Ind. (mm) Fm„ (kN) Back displ. Front displ. 

D*ll 
D*13 
E8 

4.0 
13.2 
6.2 

2.8 
9.3 
4.9 

1.92 
4.05 
2.48 

3.47 
5.69 
4.01 

1332 
5295 
2105 

0.15 
0.29 
0.25 

110.25 
68.60 
61.25 

+ 
+ 
+ 

+ 
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such as delamination area as a function of impact 
energy and compressive residual strength can be found 
in Ref. [12]. A typical example of the graphs obtained 
during impact tests on the drop-weight testing machine 
is presented in Fig. 2(a) and (b), respectively, for the 
load/deflection and energy/time data. With the energy/ 
time data, it is possible to monitor not only the energy 
required for the test, initially defined simply by the 
product of the weight and the drop height, but also the 
actual energy absorbed by the specimen by integrating 
the force over the distance during the time of contact 
between the indentor and the specimen. 

The delamination patterns were then measured 
through the C-scan method. Three typical examples of 
converted TOF views of the delamination viewed from 
the impact side for the material T800/5245C are 
presented for lay-up D* in Figs 3 and 4 for low and 
BVID energy levels, respectively, and in Fig. 5 for 
lay-up E and low energy level ((a) after impact and (b) 
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Fig. 6. Delamination area after impact: (a) material IM7/977-2; (b) 
T800/5245C. 

after compression after impact). The results of impact 
for each specimen of the previous figures are given in 
Table 3, where Eimp and £abs are the impact and 
absorbed energy, Fm„ and <5max are the maximum force 
and maximum deflection, and Del. and Ind. are the 
delaminated area and permanent depth indentation, 
respectively. Table 3 also presents the compression 
after impact tests results where Fmax is the residual 
strength of the specimen and back and front displ. are 
the positive ( + ) and negative ( —) out-of-plane 
displacements. From the knowledge of both the 
stacking sequence and the delamination pattern for 
each specimen, it is possible to identify the interfaces 
of the delamination in order to clearly observe the 
damage growth. The delamination patterns of the 
figures clearly show that the damaged area is smaller 
for the upper plies (impact side) than the damaged 
area for the lower plies, i.e. the delamination takes the 
form of a cone-like shape with the delamination identi- 
fied for each interface between the plies. It is easily 
observed that the ply direction influences the delami- 
nation shape. The delamination is obviously between 
two plies and the shape of the delaminated area for 
each interface between two plies is more pronounced 
in the ply orientation, which is at a larger distance 
from the impact zone. For example, on the specimen 
impacted at BVID energy level of lay-up D*l 
[-454/+454/03/90]s where the 0° direction is aligned 
with the 150-mm length (presented in Fig. 4), the 
delamination on interface no. 1 has the +45° orienta- 
tion, on interface no. 2 the 0° orientation is observed, 
and so on, in a total of six delamination planes corre- 
sponding to the same number of interfaces. For lay-up 
E, presented in Fig. 5, which has a lay-up shifted 90°, it 
is easily observed that the delamination interfaces also 
have a shifted orientation. An increased number of 
interfaces will, therefore, decrease the projected 
delaminated area, which was observed on the speci- 
mens of lay-ups C and C* when compared with the 
other stacking sequences, as shown in Fig. 6(a) and (b), 
respectively, for materials IM7/977-2 and T800/5245C. 

Laminae buckling and the instrumented CAI testing 
fixture, which helped to identify the different mechan- 
isms, always obtained the failure of the specimens due 
to CAI. In Fig. 7(a) and (b), the compressive load is 
plotted as a function of both out-of-plane displace- 
ments measured by the LVDT attached to the impact 
side (front displacement) and on the opposite side 
(back displacement) and represent the most 
dominating buckling failure mechanism observed. In 
Fig. 7(a) both displacements have the same direction, 
the direction of the impact deflection (considered here 
as positive displacement), while in Fig. 7(b) the 
displacements have opposite directions, the back side 
displacement has the same direction as the deflection 
during  impact  but  the  front  displacement  has  an 
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opposite direction (negative displacement). This 
behaviour is related to the permanent indentation 
depth obtained during impact, which leads to a 
misalignment of the specimen, and therefore depends 
on the impact energy and the delaminated area. In Fig. 
8(a) and (b), both the maximum out-of-plane displace- 
ments (front side and back side) are plotted as a 
function of the absorbed energy for all the specimens 
and stacking sequences for T800/5245C and IM7/977-2 
materials, respectively. Despite the strong scatter of the 
data it is clear from Fig. 8(a) that the specimens of 
lower impact energies have a buckling failure similar to 
Fig.  7(b), while  the  specimens with higher impact 

energies have a buckling failure behaviour similar to 
that observed in Fig. 7(a). A similar behaviour is shown 
in Fig. 8(b) representing the results for the specimens 
of IM7/977-2. Since these latter specimens are thinner 
than the previous ones (nominal thickness of 3.24 mm 
for IM7/977-2 and 4.56 mm for T800/5245C) and 
present much smaller delaminated areas than the 
former ones for the same absorbed energy, due to a 
higher toughness of the epoxy resin, it seems that the 
thickness has no influence for these specimens. 

The specimen with the lay-up D* (Fig. 4) was 
impacted with an energy level very close to BVID 
energy level. A total of 35.3% of the specimen was 

Impact 
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Q 

Fig. 7. Relation between compressive load and out-of-plane displacement in typical CAI tests: (a) positive front and back displacements; (b) 
negative front and positive back displacements. 
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delaminated. As shown in Fig. 4(a), interfaces 3, 4, 5 
and 6 present very large delamination areas which are 
very close to the lateral surface of the specimen, there- 
fore, no residual strength is expected for the damage 
growth in the width direction; only vertical damage 
growth will be resisting. On the opposite side, for the 
specimen with lay-up D* (Fig. 3) with a damaged area 
obtained for a lower energy level, only 8.9% of the 
total specimen area is delaminated. Interfaces 3 and 6 
are the larger ones but are far from the lateral surface 
of the specimen. Therefore, when performing compres- 
sion after impact testing the delamination will grow in 
both directions, lateral and vertical, and will contribute 
to the residual strength. 

In order to identify the layers where the damage 
growth during CAI was observed, a C-scan was carried 
out on the specimens after compression after impact 
tests using the same ultrasonic procedure. The TOF 
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images of the specimens are presented in Figs 3(b), 
4(b) and 5(b). The delamination interfaces were 
already identified after impact and therefore the 
delamination growth is easily detected by the 
comparison of the two C-scan images. The delamina- 
tion growth in the width direction is observed for all 
delaminated interfaces for all the specimens and 
stacking sequences. But while for larger delaminated 
areas (Fig. 4) the damage growth is very small in this 
direction, for the other specimens it is very large. 
Regarding the damage growth in the vertical direction, 
one can identify that for the larger delamination areas 
of the specimen of Fig. 4 the damage growth is 
observed mainly on interfaces 3/4, 5 and 6. For lower 
delaminated areas the damage growth is similar for all 
the interfaces 1 to 6. This means that such a large 
damage growth for interface 1 is only possible for a 
laminae buckling failure with a negative out-of-plane 
displacement, which confirms the models and measure- 
ments presented earlier. Therefore, small delaminated 
areas have essentially a damage growth in both direc- 
tions (width and length) and only a three-dimensional 
model can analyse this damage growth behaviour. For 
larger delamination areas, near the lateral borders of 
the specimen, the error incurred by analysing the 
damage growth with a bi-dimensional model is 
acceptable. 

5. Conclusions 

Low energy impact and compression after impact 
tests were carried out on laminate composite panels of 
two materials with four different stacking sequences 
and the following conclusions can be drawn: 

E 
E. 

c 

£ a u 
a 
a. w 
■a 
a 
c 

b) 

2,000 j 

1,500 -- 

1,000 -- 

0,500 -- 

0,000 

-0,500     '-■ 

■A   -1,000 
2 
5   -1,500    -- 

-2,000    J- 

▲ Front 

O Back 

OQ A 

Q 

2, 

o 
▲ 

o 32 

 =-r— 

o  o 

OA 
O  DO 

—»r 
A 10,0 15,0 20,0 

'   i 

Absorbed energy (J) 

Fig. 8. Maximum out-ot-plane displacements in CAI tests for all 
specimens as a function of absorbed energy: (a) T800/5245C; (b) 
IM7/977-2. 

the delaminated area due to impact loading is a 
function of the absorbed energy and relatively 
independent of the stacking sequences used in this 
study, but is highly dependent on the number of 
interfaces; 
unstable damage growth was obtained by compres- 
sion after impact due to a buckling mechanism in 
the delaminated area and two main buckling failure 
mechanisms were identified; 
the residual strength is influenced by the delami- 
nated area which is a function of the impact energy 
but is also dependent on the distance between the 
delaminated area and the lateral borders of the 
specimens; this conclusion means that available 
bi-dimensional models for the calculation of delami- 
nation growth due to buckling can not be applied on 
specimens with a small percentage of delaminated 
area where a three-dimensional analysis is needed. 
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Abstract 

An instrumented drop-weight impact rig, ultrasonic C-scan and CAI test rig form a basic experimental system needed for the 
quantitative investigation of impact damage resistance and damage tolerance assessment. It is shown that it is essential to have 
an impact rig designed with certain traits along with other selected impact conditions so that dominant damage mechanisms 
occurring during impact can be identified with the threshold forces of recorded impact force-time curves. The so-determined 
impact force data are used to study impact damage resistance. It is demonstrated that the ratio of measured threshold impact 
forces is a useful alternative to residual compressive strength usually used for damage tolerance assessment. This provides a fast 
and cheap technique without resort to complex and expensive CAI tests. © 1998 Elsevier Science Ltd. All rights reserved.  

1. Introduction 

Fibre-reinforced laminated composite structures may 
encounter impact loading either accidentally in their 
designed life or in an anticipated hostile service 
environment. A sufficient intensity of such a loading 
causes damage which affects not only structural 
response during loading but also reduces structural 
strength in subsequent static loading. Some well-cited 
cases are tool-dropping during assembly of aircraft 
components, runway stones during takeoff or landing 
of aircraft and use for light vehicles, to name just a 
few. 

Before an evaluation of damage resistance and toler- 
ance of composite structures can be properly carried 
out, the nature and principal characteristics of impact 
damage has to be clearly understood. A phenomenon 
of impact damage is generally very complex as is 
usually reflected in three aspects. First, impact damage 
appears in multiple forms of damage mechanisms such 
as matrix cracking, delamination and fibre breakage; 
this can occur at different stages of loading and is also 
likely to be due to different stress components so that 
these mechanisms may interact among themselves with 
one or two being dominant. Second, no single estab- 

*Tel.: 00 44 1509 223 434; Fax: 00 44 1509 223 946. 

lished non-destructive testing technique exists for 
detecting and quantifying these damage mechanisms. 
Finally, the nature and extent of these damage 
mechanisms are affected, to different degrees, by some 
of a large number of parameters such as noseshape 
and mass of impactor, impact velocity, types of fibre 
and matrix, interfacial treatment, fibre volume fraction, 
layup, laminate geometry, boundary condition and even 
pre-stress. This is particularly so when impact velocity 
is low (1-10 m s"1) with a non-deformable impactor 
and is further compounded by the lack of a widely 
acceptable test standard. Because of this complexity 
(also discussed in [1]) and a lack of clear under- 
standing of the consequence of impact damage, the 
current allowable strain is limited to 0.3-0.4% so that 
their full weight-saving potential has not yet been fully 
realised. Obviously, an improvement in the allowable 
strain up to 0.6% would make composite structures 
more cost-effective thereby facilitating further exploita- 
tion of their potential. Therefore, the minimisation of 
this detrimental effect is crucial in cost-effective design 
and applications of composite structures. To this end, 
it is of vital importance to have a thorough under- 
standing of impact response, damage and the static 
performance of damaged composite structures. 

This  paper  demonstrates  the  development  of  a 
simple experimental scheme for assessing the effect of 

0263-8223/98/$ — see front matter © 1998 Elsevier Science Ltd. All rights reserved. 
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impact damage using impact force data measured at 
low impact velocities. Its overall objective is threefold. 
First, the major design considerations for an instru- 
mented drop-weight impact rig are discussed and the 
characteristics of recorded impact responses from 
several fibre-reinforced composite plates are examined. 
Second, dominant damage mechanisms are confirmed 
by using ultrasonic C-scan and cross-sectioning and 
their characteristics are described. Finally, the damage 
measures for impact damage resistance and tolerance 
assessment of damaged composite structures are 
discussed. 

gation techniques [3-5]. The advantages of using an 
instrumented drop-weight impact rig are: (1) the initia- 
tion and development of damage occurring in 
laminates during impact may be identified from a 
recorded impact force-time history curve, as an instru- 
mented impactor usually made of mild steel behaves 
very much like a rigid body compared to a composite 
laminate; (2) a greater number of impact parameters 
can be examined; and (3) it allows a very wide range of 
incident kinetic energies (IKEs) to be achieved by 
adjusting either drop height or impactor mass individ- 
ually or both simultaneously. 

2. Impact testing procedures and examination of 
impact damage 

2.1. Design considerations of drop-weight impact rig and 
test procedures 

Due to the lack of an experimental standard, a wide 
variety of instrumented impact testing techniques such 
as swinging pendulum, drop-weight and rail-supported 
gun have been used [2-4] for low-velocity transverse 
impact, with an even greater variety of damage interro- 

There are a large number of tailor-made impact rigs 
such as the one illustrated in Fig. 1, in addition to 
commercial versions (i.e. Dynatup, Rosand and 
CEAST Fractovis Mk series). Two crucial factors in 
the design of instrumented drop-weight impact rigs are 
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Fig. 1. Experimental set-up for drop-weight impact test: (a) impactor; (b) strain-gauged load cell; (c) rebound catch block; (d) photodiodes; (e) 
flag; (f) clamping device; (g) locking pin; (h) drop guide (detached from drop tower). 
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drop guide and instrumented impactor. A close obser- 
vation of these rigs reveals that two design principles 
for a drop-weight guiding have been used as shown in 
Fig. 2, namely, double column-guide (i.e. Dynatup) and 
double channel-guide, each could provide slightly 
different impact responses even under similar impact 
conditions. In the present impactor rig, the drop guide 
through a pair of beams of channel section (see Fig. 
2(b)) is used so that the impactor falls near freely 
within two beams. Because the impactor is not in 
intimate contact with the guiding beams, friction 
during falling is minimised with additional plastic pads 
engraved on the sides of the impactor. A built-in 
rebound catch mechanism (see the top right inset in 
Fig. 1) is usually needed for a heavy impactor, and its 
design and practical implementation is quite involved. 
A so-called instrumented impactor is in fact an 
assembly of many components bolted together, namely, 
a nose shaft (or tup), an instrumented shaft (with or 
without an interior housing for instrumentation such as 
a strain-gauged load cell or an accelerometer) and the 
rest of the components as illustrated in Fig. 3. Its 

Guiding columns 

(a) 

Guiding beams of channel section 
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(b) 
«TO 

Impactor 
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Fig. 2. Simplified illustrations of two different drop-weight guiding 
principles for an instrumented impact test rig. 

design fixtures in addition to a drop guide and the 
geometric characteristics of a target laminate have a 
great influence over the characteristics of the impact 
response, especially the amount of oscillation. In 
general, the instrumented part should be as close as 
possible to the nose of the impactor so that the 
recorded impact response contains minimal distortion. 
A nose shaft, however, should have sufficient length to 
allow the deflection and even penetration of the target 
laminate. Extensive experimentation in the early stage 
of the present impactor design indicates that it is quite 
desirable for a nose shaft and an instrumented shaft to 
be machined out of one piece of solid material rather 
than bolted together from two separate pieces. In the 
latter case, the presence of an interface between a nose 
shaft and an instrumented shaft is believed to be one 
of the major design sources for significant oscillation in 
impact response. 

Target plates are made of woven roving E-glass/ 
polyester and S-glass/phenolic laminate systems. 
Low-velocity (2-8 m s_1) impact tests with IKEs 
ranging from 15 to 3000 J were conducted using the 
instrumented drop-weight test rig with a flat-ended 
impactor, providing a force-time history. The details of 
the experimental set-up, test procedures and the major 
results are reported in [6-8]. A typical impact force- 
time history curve is shown in Fig. 4. 

Filtering of data is another important factor as the 
amount of filtering affects the shape of the impact 
force-time history curve so that the use of such a curve 
for identifying dominant damage mechanisms becomes 
extremely difficult. Nevertheless, filtering is often 
carried out to reduce or eliminate high-frequency noise 
or ringing so as to improve the readability of the data. 
Although noise could mask the true mechanical 
response, it is usually present because of the funda- 
mental nature of impact dynamics. The complexity of 
data filtering is discussed elsewhere [9]. It should be 
recognised that experimental data could be distorted 
by filtering unless the source of noise and its effect on 
the data are well understood. Considerable caution 
should be exercised should data filtering become neces- 

(a) (b) 

-Tup 

\J \Z7 
/ 

Instrumented 
shaft 

Fig. 3. Different designs of instrumented impactor: (a) accelerometer or force sensor and its housing; (b) interior strain-gauge instrumented load 
cell (with housing); (c) exterior strain-gauge instrumented load cell. 
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sary, in particular if the characteristics of the filtered 
impact response curves are used for identifying damage 
mechanisms. In the present investigation, no data 
filtering was carried out. 

2.2. Characteristics of impact damage mechanisms 

The impact response of the composite plates is 
dominated by the aforementioned impact parameters. 
When an appreciable amount of damage occurs, the 
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impact response becomes very complex as it is altered 
by the initiation and subsequent development of 
damage, as seen in Fig. 4. Many techniques of have 
been developed to detect, display and quantify impact 
damage. They include both non-destructive and 
destructive methods such as ultrasonic scanning 
(C-scan), X-ray radiography, thermal deplying and 
cross-sectioning [3-5]. A distinctive advantage of 
non-destructive over destructive techniques is that 
impacted specimens could be used for the testing of 
residual properties after damage examination. In the 
present investigation, all the impacted specimens were 

C-scanned and a few selected specimens were cross- 
sectioned. 

An ultrasonic C-scan is so far the most powerful 
non-destructive tool for detecting and quantifying 
impact damage, mainly delamination. With through- 
transmission mode, this technique provides a projected 
contour of the damage area. Although through- 
the-thickness distribution of damage in thick laminates 
is important, particularly in terms of impact energy 
absorption, the size of the largest delamination is still 
most critical in assessing residual compressive strength. 
The use of this technique for thick woven roving fabric 
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Fig. 7. Conventional and proposed schemes for assessing impact damage resistance and damage tolerance. 
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composites presents quite a challenge because fibre 
waviness caused by fibre crossovers, compounded by 
impact damage, results in a considerable loss of 
acoustic energy. A widely used destructive technique is 
cross-sectioning in conjunction with an optical micro- 
scope. The impacted specimen is usually cut across the 
impact contact area with the cross-section on one of 
the parts being polished for microscopic examination. 
This technique is useful for qualitative confirmation of 
the nature, extent and through-the-thickness distribu- 
tion of damage. Using the above techniques along with 
visible observation, matrix cracking, surface ply micro- 
buckling, delamination and fibre shear-out were found 
in impacted specimens with the latter two being 
dominant. 

Matrix cracking is usually of a tensile nature and is 
generally localised in the impact contact area and its 
immediate vicinity and extends to the distal surface. 
For polyester and phenolic matrices with light colours, 
discolouring on their surfaces makes matrix cracking 
easily identifiable. For these thick laminates, its effect 
on impact response is found, after extensive diagnostic 
testing, to be negligible before delamination occurs. 
Fibre shear-out in the present impacted composite 
plate provides a measure of the load-bearing capability 
of the structure, so its effect on the impact response is 
clearly marked with a sharp drop-off on the impact 
force-time history curve, as shown in Fig. 4. 

Delamination usually associated with some matrix 
cracking describes the planar separation of plies or 
fibre-matrix interface within a laminate, generated in a 
complex state of stress, as stiffness mismatch between 
fibres and surrounding matrix is maximum at the fibre- 
matrix interface. It is not only material damage but 
also structural damage. As the delaminated region 
separates the laminate into two parts (assuming a 
single delamination), the flexural rigidity of the delami- 
nated plate suffers a significant reduction. Because it is 
invisible from either side of the laminate and is respon- 
sible for a significant reduction of compressive 
strength, delamination has been at the centre of exten- 
sive investigation. The cause of delamination in compo- 
site structure during impact is complex involving, 
among others, composite systems, geometry and stress 
components, so that a fair amount of confusion of both 
conceptual and interpretative nature exists. Two points 
are particularly worth mentioning. First, although 
delamination occurs between two plies of different 
fibre orientation, the implication that a unidirectional 
(UD) laminate suffers less or no delamination is 
questionable as UD beams fail in the same manner as 
beams of other layups. Second, two "types" of delami- 
nation seem to exist and should be distinguished. One 
is defined as material delamination and has a relatively 
large population distributed in the volume of a 
frustum-shaped region through the thickness with an 

average size comparable to ply thickness and is often 
linked to matrix tensile cracks or fibre-matrix debonds. 
For this type of delamination, the interlaminar shear 
(ILS) stress does not seem to play a dominant role. 
The published results as reviewed in [3,5] and in 
[10,11] from UD prepreg-based composite systems 
show that an associated overall delamination area is 
due to the overlapping of multiple "peanut-shaped" 
delaminations at different interfaces and with similar 
sizes developed along the respective local fibre direc- 
tions. The other, called structural delamination, of 
relatively few has a size of several laminate thicknesses 
spreading usually way outside the frustum-shaped 
region and occurs around the midplane of the 
laminate. The generation of structural delamination 
not only is dominated by ILS stress which reaches the 
maximum at the midplane and releases a large amount 
of elastic strain energy but also still carries a danger of 
further propagation in subsequent static compression. 
It is this structural delamination which is particularly 
detrimental to the stability of delaminated composite 
structures in compression. Most efforts for quantifying 
impact damage have been focused on delamination 
using an ultrasonic C-scan so that the delamination 
area has been employed to describe its extent. 

3. Damage measures in impact damage resistance and 
damage tolerance assessment 

Impact damage resistance (IDR) generally defines a 
range of measures describing not only the maximum 
load a composite structure can sustain without 
suffering appreciable damage but also the ultimate 
load at which the load-bearing capability of a compo- 
site structure is reached. In essence, it describes a 
relation between impact condition and state of 
damage. Therefore, with the progressive nature of 
damage as discussed above, IDR for the present 
laminates should comprise two separate elements, 
namely, resistance to the onset of delamination and its 
subsequent propagation and resistance to fibre shear- 
out. Although with this description a choice for 
damage measure could be made between IKE and 
absorbed energy (AE), impact force is obviously most 
convenient as has also been shown in [12-14]. It is not 
only capable of identifying the initiation of dominant 
damage mechanisms as demonstrated in Fig. 4 but is 
also related to the growth of the delamination area as 
shown in Fig. 5. Its additional advantages are that it 
allows direct comparison between impact and static 
forces for examining loading rate effect and examina- 
tion of local and global responses for stress and energy 
absorption analyses. The use of IKE or AE, on the 
contrary, does not allow an examination of relative 
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individual contributions of impact velocity and 
impactor mass. 

Impact damage tolerance, on the contrary, assesses 
the ability of damaged composite structures to retain 
residual compressive strength in terms of a damage 
measure which is ideally the same as that used in IDR. 
The determination of residual compressive strength is, 
however, not an easy task due mainly to three factors 
[15]. First, different anti-buckling support strategies 
have been used so that whatever residual strength one 
obtains is likely to be support-specific. Second, local 
impact damage in the contact area is usually accom- 
panied by a varying amount of change in fibre curva- 
ture which could act as a misalignment introduced in 
the compression test. Finally, there exist multiple 
failure mechanisms such as kink-band shear, delamina- 
tion opening and global buckling, partly associated with 
loading types and composite systems. Unlike in IDR, 
two damage measures such as delamination area and 
surface indent have been used for damage tolerance 
assessment in addition to IKE and impact force 
[16-18]. The use of IKE preferred by industry could 
result in different delamination areas associated with 
different combinations of large mass/low velocity and 
small mass/high velocity as mentioned previously. This 
perhaps partially explains the need to use the area of 
structural delamination. The use of a circular delami- 
nation area seems to be adequate provided that 
delamination per se and its propagation determines 
residual compressive strength. Otherwise, an irregular 
shape of delamination area deviating significantly away 
from a circle may yield different residual compressive 
strengths when tested in different directions. The use 
of surface indent is for the convenience of inspection 
engineers as surface indent has not been proved to 
bear any substantial relation to either IKE or delami- 
nation area. Recently, AE has been suggested [19] as a 
more relevant damage measure, as the more energy 
the impacted structure absorbs, the lower the residual 
compressive strength should be. However, the use of 
AE may involve a lot more data reduction and 
interpretation. 

Against this background, the use of impact forces 
not only for IDR but also as an alternative to residual 
compressive strength is proposed here for assessing 
directly damage tolerance provided that delamination 
is of an ILS stress-driven structural nature and is 
responsible, along with local impact damage, for a 
reduction of compressive strength. The idea is to use 
the ratio of a threshold impact force corresponding to 
the onset of delamination to a maximum impact force 
in a group of tests plotted against impact force or IKE 
as shown in Fig. 6(a-d) with the data of residual 
compressive strengths included for direct comparison. 
It can be seen from these figures that their correlations 
with respective strength retention factors are good for 

10-mm-thick E-glass/polyester and 14- and 
19-mm-thick S-glass/phenolic plates, although, for the 
former, a slight underestimation is visible at relatively 
low IKEs. For 25-mm-thick E-glass/polyester plates, an 
overestimation of about 30-40% seems to be 
consistent over the whole energy spectrum. This 
discrepancy is believed to be due to the contribution of 
non-trivial localised matrix cracking which cannot be 
accounted for in the present technique. Nevertheless, 
this alternative is independent of plate geometry and 
has significant practical implications such that damage 
tolerance could be assessed by using not only the 
characteristics of impact response curves without resort 
to expensive CAI tests but also the impact response 
characteristics of small plates. This could lead to 
considerable savings of both time and experimentation 
cost as illustrated schematically in Fig. 7, although 
further verification on different laminate systems is 
necessary. 

Although the present method for assessing the effect 
of damage on impact response and subsequent struc- 
tural behaviour is quite general, it has an inherent 
limitation. This technique does not apply to any 
laminate systems whose initial damage induced by 
impact loading also leads to final failure. Obviously, for 
such laminate systems, the assessment of damage toler- 
ance is irrelevant anyway. 

4. Concluding remarks 

An experimental system including an instrumented 
drop-weight impact rig, ultrasonic C-scan and CAI test 
rig is generally essential to the quantitative investiga- 
tion of impact damage resistance and damage toler- 
ance assessment. An experimentally-determined impact 
force is a well-proven damage measure for impact 
resistance. More importantly, it is demonstrated that 
the ratio of threshold impact forces is a useful alterna- 
tive to residual compressive strength used for damage 
tolerance assessment. This provides a rapid and 
inexpensive technique without resort to complex and 
expensive CAI tests. 
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