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ABSTRACT  
 
Scarf repairs are the preferred method of repairing thick composite structures, especially 
when externally bonded patches can no longer meet the stiffness, strength, and flushness 
requirements. Present designs of scarf repairs are based on two-dimensional analyses of scarf 
joints, assuming a uniform stress distribution along the scarf. This report presents an improve 
design methodology for designing scarf repairs to composite laminates. With the aid of 
elastic-plastic analyses, a critical assessment of the current design methods has been carried 
out, with major emphasis being placed on the stress/strain concentration along the bondline. 
It is proposed to replace the shear stress criterion with the maximum strain criterion. 
Comparison with experimental results confirmed that the new approach provides an 
improved first-order prediction of repair efficiency of scarf repairs. 
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Design Methodology for Scarf Repairs to Composite 
Structures  

 
 

Executive Summary 
 
Scarf repairs are currently the preferred method for repairing thick composite 
structures to restore the load-carrying capability to its as-designed level. Current 
design methodology, as codified in DEF (AUST) 9005, employs an analysis approach 
that is applicable to joints between isotropic materials (e.g., metallic structures). Several 
issues have been identified regarding the range of validity of the current approach. The 
purpose of the present investigation is to first critically assess the current design 
approach and to propose an improved design methodology that would remove un-
necessary conservatisms of the current standard.  
 
Elastic-plastic finite element analyses of scarf joints and scarf repairs have been 
performed to investigate the stress/strain concentration in composite-to-composite 
scarf joints and repairs, especially the influence of stacking sequence, laminate 
thickness, and adhesive yielding on the distribution of shear strain in the bondline. The 
analyses are then extended to three-dimensional scarf repairs, focusing on the load 
shedding phenomenon of scarf repairs, as the surrounding laminate provides multiple 
load paths.  Based on the computational results, it is concluded that scarf repairs 
should be designed on the basis of a strain-based criterion. Comparison with 
experimental results confirmed that the new approach provides an improved first-
order prediction of repair efficiency of scarf repairs.  
 
The design approach proposed in this report represents a considerable improvement 
over the method in the RAAF’s current design standard.  
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1. Introduction 

Scarf repairs are the preferred method of repair to restore the load-carrying capacity of a 
damaged composite structure to its as-designed strength. Current design methodology [1-
3]  recommends that a scarf repair should match, ply-by-ply, the original structure. With 
matched adherends, the adhesive stresses along the scarf are assumed to be uniform  [4] 
and the joint is assumed to attain its maximum strength when the average shear stress 
reaches the ultimate shear strength of the adhesive.  
 
For scarf joints between isotropic metallic adherends, the adhesive stresses are shown to be 
constant [5, 6]. Finite element analysis by Baker et al [7] confirmed that the shear stress 
along the scarf joint between adherends made of aluminium alloy is approximately 
constant, except near the free edges. However, significant stress concentrations have been 
found to exist in scarf joints between composite adherends of identical lay-up [7-9], with 
the maximum stresses occurring adjacent to the ends of 0° plies. The stress concentration 
factor depends strongly on the stacking sequence and thickness of the laminates. Since 
fibres themselves do not cross the bondline, the large stiffness disparity between the 
adhesive and the composite plies, especially 0° plies, induces significant stress variations 
along the scarf. In the case of brittle adhesives where joint strength is controlled by the 
maximum stress rather than the average shear stress, the current design methodology may 
significantly over-estimate joint strength, leading to potential premature failures. For 
ductile adhesives, strengths of scarf joints are limited by the maximum shear strain in the 
bondline. Although stresses would eventually become uniform as the adhesive undergoes 
plastic deformation, significant strain concentration may still occur. Consequently, the 
maximum strain in the adhesive bond may exceed the strain allowable before the average 
shear stress reaches the stress allowable. In this case, the current design methodology may 
be non-conservative. One major objective of this study is to assess the range of validity of 
the current design approach for scarf repairs to composite structures using elastic-plastic 
finite element modelling and mechanical tests.  
 
For highly loaded advanced composite structures, taper angles ranging from 20:1 to 60:1 
are often required to restore a damaged structure to its as-designed ultimate strength. So a 
considerable amount of sound material must be removed to form a large tapered hole, 
especially in the case of thick laminates. The current design methodology for scarf repairs 
recommends that the scarf angle be determined by analysing a scarf joint representing the 
most highly loaded section in a three-dimensional scarf repair. In doing so the beneficial 
effect of load bypass by the parent structure around the patch is neglected. Soutis and Hu  
[10] reported that the scarf joint analysis approach underestimated the strength of scarf 
patch repairs by more than 40%. It is worth noting that Soutis and Hu treated the laminate 
and the patch as homogeneous materials. It is not clear to what extent their findings may 
be affected by the variations of ply stiffness in actual composite laminate and composite 
patch. So, another objective of the present study is to assess the effect of load shedding on 
strength of scarf repairs, with a view to developing optimal scarf repair requiring minimal 
material removal. 
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This paper is structured as follows: Elastic-plastic finite element analysis of scarf joints is 
first presented to highlight the effects of stacking sequence, laminate thickness, and plastic 
yielding on the stress and strain concentrations in a scarf joint between orthotropic 
composite laminates. Then the analysis is extended to examine the strain concentrations in 
three-dimensional scarf repairs. To validate the analyses, a series of experiments has been 
carried out, involving stiff and quasi-isotropic laminates with matched and un-matched 
laminates.  
 

2. Stress distributions in scarf joint 

2.1 Elastic analysis  

For a scarf repair as shown in Figure 1(a) the stresses in the bondline may vary with the 
location around the scarf, depending on the applied loads. For a unit strip in line with the 
principal load direction, x direction in the present case as shown by Figure 1(b), both the 
shear and peel stresses in the adhesive are assumed to be uniform and equal to the average 
values, avτ , and avσ , respectively. The average shear and peel stresses are related to the 
applied stress via the following expressions [6], 

 
1 sin 2
2av xxτ σ θ= , (1) 

 2sinav xxσ σ θ= . (2) 
For isotropic adherends, such as metallic materials, the above solutions have been 
confirmed to agree well with computational results [6]. For composite laminates, however, 
the adhesive stresses can vary significantly along the scarf, because the in-plane stiffness of 
a composite laminate varies in the through-the-thickness direction [3], while the adhesive 
layer has a constant stiffness. Consequently high stress concentrations would occur 
adjacent to the ends of 0o

P plies [7], particularly for laminates containing unidirectional  
(tape) plies, where the variation in stiffness along the scarf is significant.  

 
 

(a) A scarf repair subjected to biaxial stresses 
 

L  
(b) An equivalent scarf joint 

Figure 1 Structural models for (a) scarf repair and (b) representative scarf joint 
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To characterise the variation of adhesive stresses in a scarf joint between orthotropic 
composite laminates, finite element analyses were carried out. Four rows of elements were 
employed to model the adhesive, as illustrated in 20HFigure 2.  The properties of the 
composite material in the finite element model, presented in Table 1, were the same as in 
previous investigations [8, 9].  The shear modulus and Poisson’s ratio of the adhesive were 
taken to be 390 MPa and 0.30, respectively. Quasi-isotropic laminates with a stacking 
sequence of [45/0/-45/90]BnSB, where n equals to 1, 2, and 3, for three different laminate 
thicknesses, were modelled. The analysis used solid elements and was performed using 
MSC.Nastran. 
 
Table 1 Properties of unidirectional composite laminar AS4-3501 

E B11B E B22B=E B33B 

12ν  23ν  12 13G G=  23G  
128 GPa 13 GPa 0.3 0.3 7.2 GPa 5 GPa 

 
 

  

 
Figure 2 Finite element mesh near the bondline of a 5°P scarf joint 

 
Due to the mismatch in ply properties, there are many triple-point singularities where two 
adjacent plies intersect the adhesive. In the present investigation, the complex deformation 
at these singularity points will not be addressed. Instead, attention will be focused on the 
stresses and strains along the mid-plane of the adhesive layer, as depicted in 21HFigure 2. This 
approach is equivalent to the stress-(or strain)-over-a-critical-distance method, with the 
distance being equal to half the bondline thickness. The normalised shear stress and peel 
stress are plotted in 22HFigure 3, clearly showing the existence of significant stress 
concentrations in the bondline of a scarf joint between identical quasi-isotropic laminates. 
As expected, very high shear stresses occur at the ends of 0° plies. Even for moderately 
thick composite laminates of 32 plies, the maximum stress concentration factor exceeds 1.5. 
These stress concentrations may cause shear failure (if the maximum shear stress criterion 
is applied) at a load much lower than if the average shear stress criterion is used.  
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(a) Shear stress 

 
(b) Peel stress 

Figure 3  Stress concentrations in a scarf joint ( 5oθ = ) between quasi-isotropic composite 
laminates. (a) Shear stress and (b) peel stress. Stacking sequences are respectively 
[45/0/-45/90] BSB, [45/0/-45/90] B2SB, [45/0/-45/90]B3SB.  
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Since the majority of structural adhesives can deform plastically prior to failure, 
particularly under shear deformation, predictions based on elastic analyses may be overly 
conservative. Therefore, it is necessary to incorporate the elastic-plastic deformation 
behaviour of the adhesive in strength prediction. To this end, elastic-plastic finite element 
analysis is required to quantify the resulting stress redistribution as the adhesive 
undergoes plastic yielding. This will be described in the next section.   
 
 
2.2 Elastic-plastic analysis 

A generalised plane-strain model was developed using MSC.Marc to characterise the 
variation of adhesive stresses in a scarf joint between orthotropic composite laminates with 
an elastic-plastic adhesive. Various quasi-isotropic lay-ups representative of test 
specimens, i.e., [0/45/-45/90]B2sB and [90/-45/45/0]B2sB, were investigated. For off-angle plies, 
such as 45° and -45° plies, the anisotropic properties are determined by transforming the 
orthotropic ply properties to the coordinate system of the FE model; details are provided 
in Appendix A. From previous investigations [9], these lay-ups were considered to 
represent the upper and lower bounds to the influence of stacking sequence (assuming a 
symmetric, balanced lay-up), with 0º plies on the laminate surface expected to produce 
higher local stresses at the bevelled tips.   
 
For the finite element analysis, an improved mesh was developed to reduce the number of 
elements, while maintaining sufficient resolution along the scarf.  The mesh was optimised 
so that an equivalent mesh scheme could be implemented for the 3-D analysis (Section 4). 
Each ply is modelled by four rows of elements close to the bondline and by one row of 
elements away from the joint region. A portion of the finite element mesh is shown in 
23HFigure 4.  

 
Figure 4  Finite element mesh near the scarf joint region 

 
The scarf angle has a major effect on the average stress in a scarf joint, as indicated by 
equation 1. However, in the limiting case of very small scarf angle, the adhesive shear 
stress at each ply end is approximately proportional to the ply stiffness [3, 11], and is thus 
insensitive to the scarf angle.  Therefore, an arbitrary scarf angle of 5° was chosen in the 
finite element analysis and the experiments described in Section 3. The ply properties were 
taken to match the experimental investigation and are given in 24HTable 2.  The ply thickness 
was assumed 0.2 mm, and equal to the bondline thickness. The total model length between 
boundary conditions was 100 mm, which is approximately three times the scarf length. 
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Table 2 Material properties unidirectional carbon fibre pre-preg: Cycom 970/T300 12K  

E B11B E B22B=E B33B 

12ν  23ν  12 13G G=  23G  
120 GPa 8 GPa 0.45 0.02 5 GPa 2.7 GPa 

 
Typical elastic-plastic behaviour for Cytec FM-300-2 epoxy adhesives [12] under a range of 
temperatures are presented in 25HFigure 5. The adhesive strain has been truncated at unity 
(1.0). It is clear from 26HFigure 5 that the adhesive becomes increasingly more ductile as the 
temperature increases. To simplify the computational analyses without compromising the 
applicability of the numerical results, the adhesive stress-strain curve is idealised to be 
elastic-perfectly plastic, as shown in 27HFigure 6. With this idealisation, only two parameters 
are required to model the adhesive: the yield stress ( Yτ ) and the ultimate shear strain ( Fγ ). 
Obviously both depend strongly on temperature. Although the shear moduli of structural 
adhesives are also dependent on temperature, their effects on adhesive stresses and strains 
are relatively minor and are not considered in this investigation.  
 
The mechanical properties of film adhesive FM300 for both metallic and composite 
adherends can be found in Reference [13]. Based on these properties, the normalised 
ultimate shear strain ( /F Yγ γ ) is plotted versus temperature in 28HFigure 7. Since the adhesive 
yield stress is far lower than the moduli of the adhesive and the composite adherend, the 
finite element results obtained for a reference temperature can be displayed in a non-
dimensional form. The stresses and strains at any other temperature can be obtained by 
rescaling the reference results by the yield stress ratio. As a result, only one set of finite 
element analysis is required. In the present investigation, the reference temperature is 
chosen to be room temperature. The pertinent shear modulus, Poisson’s ratio, and yield 
stress of the adhesive are equal to 840 MPa, 0.35, and 50 MPa, respectively.  
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Figure 5  Shear stress versus shear strain of FM 300-2 film adhesives. Data are taken from 

Reference [12]. 
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Figure 6 Elastic-perfectly plastic idealisation of adhesive shear stress-strain relationship 
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Figure 7 Ratio between ultimate shear strain and yield strain for FM300 adhesive   

 
From the results of an incremental elastic-plastic analysis, the normalised shear stress, 
τBavB/τ BYB, along the bondline is shown in 29HFigure 8.  It is clear that as the applied load increases 
the shear stress approaches the yield stress over the entire scarf. By contrast, the shear 
strain, as shown in 30HFigure 9, remains highly concentrated near the ends of 0° plies. 
However, at a given applied load or average shear stress, the adhesive bonds in both lay-
ups experience a similar level of peak shear strain, as shown in 31HFigure 10. The significance 
of the results presented in 32HFigure 10 is that if the failure of adhesive in a scarf joint is solely 
dependent on the maximum shear strain, then the computational results suggest that the 
joint strength would be insensitive to the laminate stacking sequence. To verify this 
prediction, experiments were carried out and the results are presented in the next section. 
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(a) [0/45/-45/90]B2sB 

 
 (b) [90/-45/45/0]B2sB 

Figure 8  Shear stress distribution (shear stress normalised by yield stress, loading indicated by 
average shear normalised by yield stress) for (a) [0/45/-45/90]B2s  Band (b) [90/-45/45/0]B2s B 
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(a) [0/45/-45/90]B2sB 

 
(b) [90/-45/45/0]B2sB 

Figure 9  Shear strain distribution along scarf (shear strain normalised by yield strain for (a) 
[0/45/-45/90] B2s  Band (b) [90/-45/45/0]B2s B 
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Figure 10 Average shear stress versus maximum shear strain for two different stacking sequences. 

 
 

3. Experiments and Results 

Three different types of scarf joints were selected to assess the influences of adherend 
stiffness and stacking sequence on joint strength. All specimens had identical scarf angle of 
5° and identical width of 25 mm. The first joint type comprised of metallic adherends 
(aluminium 2024-T3, thickness = 3 mm) bonded with FM300 film adhesive, while the 
second set of specimens were made of 21-ply orthotropic laminates (T300/914C) bonded 
with FM300-2K adhesive [14]. The stacking sequence of the 21-ply composite laminate is 
[45/-45/90/0 B3B/45/0B2B/-45/ 90 ]S.  
 
For the third set of specimens, 16-ply laminates with two different stacking sequences 
(laminate A with a stacking sequence of [0/45/-45/90]B2sB and laminate B having a stacking 
sequence of [90/-45/45/0]B2sB) were made of IM7/977-3 carbon/epoxy prepregs. Three 
different joints with either of the two laminates were bonded with FM300-2K adhesive: 
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joints between (i) laminate A and laminate A (denoted as 0-0 joint), (ii) laminate A and 
laminate B (denoted as 0-90 joint), and (iii) laminate B and laminate B (denoted as 90-90 
joint).   
 
All specimens were loaded in tension until failure. Based on the measured failure load, the 
average shear stress is calculated using equation (1). For the metallic scarf joints, the 
average bondline shear stresses at failure for three specimens was approximately 38 MPa, 
which compares very well with the adhesive strength (35 MPa) obtained by the adhesive 
manufacturer using thick adherend shear tests (KGR-1 data) [15]. The good correlation 
between the adhesive shear strength from the two different test coupons is primarily due 
to the uniformity of shear stress along both types of joints.  
 
For the second series of specimens, scarf joints between 21-ply composite laminates 
bonded with FM300-2K adhesive, the average shear stress at failure was approximately 32 
MPa. According to the manufacturer data sheet, the lap shear strength of FM300-2K is 
close to 45 MPa at room temperature [16]. Therefore, the ratio of average shear stress to 
ultimate shear stress of the adhesive is close to 0.71. For comparison, the present model 
predicts that the ratio should be close to 0.82, referring to 33HFigure 10, since the ratio of 

/F Yγ γ  for FM300-2K at room temperature is approximately 2.5. The discrepancy between 
the experimental results and the model prediction could be attributed to two factors. 
Firstly, adhesive bonding of composite adherends whose fibres have been exposed by the 
machining operation may not achieve the same level of strength as bonding between 
metallic adherends. Secondly, the results presented in 34HFigure 10 are for scarf joints 
between quasi-isotropic laminates, hence some minor difference may exist between the 21-
ply stiff laminate and quasi-isotropic laminates.  
 
For the third series of specimens, composite scarf joints between 16-ply quasi-isotropic 
laminates bonded using FM300-2K adhesive, the ratio between average shear and yield 
strength varied between 0.62 and 0.9, as plotted in 35HFigure 11. Since the ratio of the 
adhesive (FM300-2K) ultimate shear strain to the yield strain is approximately equal to 2.5 
at room temperature, as shown in 36HFigure 7, the predicted joint strength based on the FE 
results (37HFigure 10) is approximately equal to 0.82, which is included in 38HFigure 11. Two 
important observations can be made. Firstly, joints between composite adherends 90° 
surface plies are stronger than joints between adherends featuring 0° surface plies. 
Secondly, the model prediction is in reasonable agreement with the mean value of 
experimental results for the 90-90 scarf joints. However, the prediction overestimates the 
strengths of the other two types of joints, especially the 0-0 joint.  
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Figure 11 Average shear stresses in scarf joints at failure 

 
One possible factor contributing to the over-prediction of the strengths of 0-0 and 0-90 
joint types is the high strain concentration at the ends of 0° surface plies, which is not 
captured by the shear strain along the mid-plane of the adhesive layer. This is illustrated 
by the contour plots of shear strains in 39HFigure 12 for two joint types, 0-0 and 90-90, at the 
onset of plastic yielding. Both specimens were loaded to the same maximum shear strain 
(along the mid-plane of the adhesive layer) of 0.06. It can be seen that for the 90-90 joint 
type the shear strain is uniformly distributed along the scarf and is constant through the 
adhesive thickness. However, for the 0-0 joint type a high localised shear strain exists at 
the tip of the surface ply (0° ply). Due to the free edge effect, the corner between the 0° ply 
and the adhesive along the specimen surface represents a singularity point. While the von 
Mises stress is bounded by the adhesive yield stress, the strains can be un-bounded and 
depend strongly on the finite element mesh size near the corner point. The significant 
differences between the strains in the 0-0 and 90-90 joint types are consistent with the 
observed failure modes for these two types of joints. As shown in 40HFigure 13, the 0P

0
P surface 

ply in the 0-0 joint remain intact after joint failure, whereas the 90P

0
P surface ply and the sub-

surface 45 P

0
P ply in the 90-90 joint type clearly fractured, indicating that failure might have 

initiated close to the internal 0° plies, resulting in eventual overloading of the adherend 
tips. 
 
The comparison between model prediction and experimental data shown in 41HFigure 11 
suggests that the maximum shear strain failure criterion provides an improved first order 
prediction. However, further improvement is required to capture the effect of corner 
singularities pertinent to the 0-0 type joint. This will be the subject of future work.  
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Nevertheless, the lower joint strength exhibited by the 0-0 type scarf joint implies that it is 
important to avoid the surface plies of scarf repairs being parallel to the major applied 
load.  
 

 
Figure 12 Localised strain singularities in scarf joint between orthotropic composite laminates 

     
(a) Zero degree outer ply   (b) 90 degree outer ply 

Figure 13 Failure modes of (a) 0-0 and (b) 90-90 joint types. 
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4. Adhesive stresses in scarf repairs 

Scarf joints, referring to 42HFigure 1(b), are over simplified representations of scarf repairs, as 
all loads in a scarf joint are transferred through the adhesive bond. With scarf joints being 
single load-path structures, their maximum load carrying capacities are limited by the 
plastic collapse load of the adhesive bond, especially under hot/wet conditions when 
adhesives are ductile and have low shear strengths. For scarf repairs, referring to 43HFigure 
1(a), however, loads may be diverted around the repair when the adhesive undergoes 
plastic deformation. One possible consequence of this load shedding phenomenon is a 
lower average shear strain in the adhesive bond than in the equivalent scarf joint 
subjecting to the same applied stress. This implies that scarf repairs may afford a higher 
strength than the equivalent 2-D scarf joint. Soutis and Hu [10] reported that the 2-D scarf 
joint analysis underestimated the strength of the scarf patch repair by more 40% when 
adherend failure limits the joint and repair strengths. This difference was attributed to the 
stress redistribution in the repaired region due to the plastic deformation of the adhesive. 
It is worth pointing out that Soutis and Hu treated the composite adherends as being 
homogeneous, with elastic properties being equal to the laminate properties. Therefore the 
varying stiffness through the laminate thickness was not considered. It is, therefore, not 
clear whether the same is true for composite adherends where significant stress 
concentrations exist.  
 
A finite element model was developed to characterise the variation of adhesive stresses in 
a three-dimensional scarf repair to an orthotropic composite laminate with an elastic-
plastic adhesive.  A circular scarf repair with a scarf angle of 5° is analysed.  The mesh 
used for the elastic-plastic analysis was swept in an arc to produce the circular scarf, thus 
guaranteeing consistent mesh resolution around the adhesive for the two- and three-
dimensional elastic-plastic analyses.  A quarter of the finite element mesh is shown in 
44HFigure 14. The repair had lower and upper radii of 25 and 62 mm, respectively.  The 
square panel had a half-width 300 mm.  Hence, the panel can be considered sufficiently 
large with respect to the repair for this analysis, with W/D ≈ 5.   
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(a) One quarter of the entire panel    (b) Refined region  

Figure 14 Finite element mesh for a three-dimensional scarf repair 

 
The same composite, adhesive and laminate properties were used as in the two-
dimensional elastic-plastic analysis. The analysis methodology applied to the two-
dimensional joint was repeated and the results are presented in 45HFigure 15.  The adhesive 
stresses and strains for the three-dimensional model were taken in the 0° (loading) 
direction. It is interesting to note that the difference between the two-dimensional joint 
and three-dimensional repair is only of the order of 10% at the elastic limit and close to 
zero at the high plastic strain limit. This result is rather unexpected, considering that the 
large difference between two-dimensional scarf joint and three-dimensional scarf repair 
reported by Soutis and Hu [10]. Further computational and experimental investigations 
are required to confirm the present finding that 2-D scarf joint analysis would provide a 
good prediction of the strength of three-dimensional scarf repairs.  
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Figure 15  Average shear stress versus maximum shear strain for scarf repair at the highest load 

location 

 
The normalised shear stress and the normalised shear strain along the radial line that is 
parallel to the loading direction are shown in 46HFigure 16 and 47HFigure 17. Comparison with 
the results pertinent to the representative scarf joint, as shown in 48HFigure 8a and 49HFigure 9a, 
reveals that the difference between scarf joint and scarf repair is very minor. This finding 
is again rather surprising, since Soutis and Hu [10] reported that a scarf repair could be as 
much as 400% stronger than the representative scarf joint for adhesive failure at high scarf 
angle. Even at low scarf angle when joint or repair strength is dominated by adherend 
failure, a scarf repair was reported to be around 40% stronger than the representative scarf 
joint [10]. To ascertain the differences between the strength of composite laminates in two-
dimensional scarf joints and three-dimensional scarf repairs, a detailed comparison 
between the strains near the bevelled edges will be presented in the next section. 
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Figure 16  Shear stress distribution along 3-D scarf (shear stress normalised by yield stress for  

[0/45/-45/90] B2s B) B B 

 
Figure 17  Shear strain distribution along 3-D scarf (shear strain normalised by yield strain for  

[0/45/-45/90] B2s B) B B 
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5. Strength of Composite Adherends 

One major consideration in designing scarf repairs is the potential failure of the composite 
adherends. Since both the parent laminate and the scarf patch have bevelled edges, it is 
important to avoid fracture of the feathered tips, due to high stress concentrations.  The 
failure modes of the 0-0 joint (both adherends have 0° surface plies) and the 90-90 joint 
(both adherends have 90° surface plies), as illustrated in 50HFigure 13a and 51HFigure 13b, seem 
to suggest that failure initiated in the adhesive bond, probably close to the ends of 0° plies.  
Supporting the idea of failure started in the adhesive near the ends 0° plies is the relative 
low strain concentration in the composite adherends, as shown in 52HFigure 18. Due to the 
strain singularities at corners where two adjacent plies meet the adhesive, the magnitude 
of the von Mises strain indicated in 53HFigure 18 is only a qualitative indication of the length 
scale over which corner singularity prevails. The FE results suggest that joints with surface 
plies being parallel to the applied load exhibit a higher level of strain than joints whose 
surface plies are perpendicular to the applied load. Furthermore, the tip region of the 90-90 
joint seems to experience a weaker singularity than the 0-0 joint. However, due to the 
relatively low stiffness of the first three plies near laminate surface, the tip region of the 90-
90 joint experiences an elevated strain over a larger area than the 0-0 joint. This higher 
level of strain might have contributed to the observed breakage of the laminate displayed 
in 54HFigure 13b. For comparison, the strain concentration contours of scarf repairs are shown 
in 55HFigure 19.  
 
 

 
Figure 18  Ratios of laminate von Mises strain to applied strain for scarf joints with 0° surface ply 

(upper image) and 90° surface ply (lower image) under elastic conditions.  
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(a)  

 
(b)  

Figure 19  Concentrations of von Mises strain in scarf repairs with (a) 0° surface ply and (b) 90° 
surface ply.  

 
Due to the extremely localised nature of the strain singularities in the composite laminates 
shown in 56HFigure 18, a fracture-mechanics type of approach would be required to quantify 
the order and strength of the singularities at acute-angle corners. In the absence of proven 
fracture-mechanics based failure criteria for such problems, the point stress at a critical 
distance approach [17] will be employed to assess the significance of the three-dimensional 
effect of scarf repairs and the adequacy of the scarf joint analysis.  The strain-invariant [18, 
19] parameters, including the first strain invariant and the von Mises strain, are taken 
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along a vertical path (perpendicular to the applied load) radiating from the highest 
singularity point, as illustrated in 57HFigure 20. The results for both 0-0 and 90-90 scarf joints 
and scarf repairs are presented in 58HFigure 21. The distance is normalised by the ply 
thickness of the composite, while the strain invariant parameters are normalised by the 
respective applied values, i.e., the invariant values remote from the scarf.  
 

 
Figure 20  Tip fracture path, indicated by the arrow, for composite laminates of 0-0 joint. 

 
It is apparent from 59HFigure 21 that the composite adherends of a scarf repair experience a 
similar level of strain as the composite adherends in the equivalent scarf joint. This 
confirms that the two-dimensional scarf joint analysis is sufficiently accurate for the 
purpose of designing scarf repairs.  
 
Generally the critical distance is a fitting parameter that must be obtained by experiment. 
However, a number of studies have suggested that the critical distance could be taken to 
be one-ply thickness [20, 21] or two-ply thicknesses [10]. In the present study, one-ply 
thickness will be employed as the critical distance to provide a quantitative comparison 
between scarf joints and scarf repairs. It can be seen from 60HFigure 21 that the von Mises 
strain is approximately 1.52 times the applied value. This means that tensile fracture of the 
tips of the composite laminates will not occur as long as the strength of scarf joint is less 
than 66% of un-notched strength of the composite laminates. The present finding is  
supported by the experimental results of Pipes et al [22] in that scarf joint strength did not 
increase without limit as the scarf angle was made smaller. The highest scarf joint 
efficiency was found to be around 0.64 [22], which compares very well with the prediction 
of 0.66 by the present analysis. By contrast, due to the slightly higher strains experienced 
by the laminates in scarf repairs, tensile fracture of the laminate tips may occur at around 
60% the un-notched strength. 
 
With most carbon fibre laminae having failure strains exceeding 13,000 microstrains, scarf 
joints and scarf repairs can be respectively designed to strengths above 8580 and 7670 
microstrains, without overloading the composite adherends. As an example, consider the 
IM7/5250-4 BMI/carbon composite material. Its un-notched laminar strength is close to 
14,000 microstrains. This means that scarf joints and scarf repairs can be expected to 
sustain 9200 and 8235 microstrains, respectively, without failure in the composite 
laminates. The present results suggest that for composite structures that are designed to 
operate at less than 60% the un-notched strength, it suffices to consider only the adhesive 
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strength in designing scarf repairs. Given that typical maximum strain values used in 
aircraft composite repairs are around 5000 microstrains (accounting for environmental 
conditioning, impact damage or other stress concentrations) [23], this limit would 
encompass the majority of composite aircraft structures currently in service. 
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Figure 21 Concentration of strain-invariant parameters near the bevelled tips of composite 
laminates in 0-0 scarf joint and scarf repair; (a) first strain invariant and (b) von Mises 
strain 
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6. Strain-based design method for scarf repairs 

The computational results of the finite element analysis revealed that the stacking 
sequence of the composite laminate has negligible effect on the maximum shear strain 
(along the mid-plane of the adhesive layer) for a given average stress. The numerical 
results presented in 61HFigure 22 can be described by the following rational function,  

 max( )av

Y Y

gτ γ
τ γ

= , (3) 

with 

 ( )
β

α
+

−=
x

xg 1 , (4) 

where the parameters α and β are determined by curve fitting the finite element results. 
For the quasi-isotropic laminates being considered in the present study, the above 
interpolating function has been successfully fitted to the 2-D scarf joint 
( 0.435α = , 0.116β = ) and the 3-D scarf repair results ( 0.618α = , 0.297β = ), as shown 
in 62HFigure 22. One advantage of the use of rational function is that the maximum shear 
strain can be readily expressed in terms of the average shear stress, 

 max

1 /Y av Y

γ α β
γ τ τ

= −
−

, (5) 

To design a scarf joint or scarf repair to avoid failures of the adhesive bond, it is important 
to ensure the maximum adhesive shear strain remain below the adhesive failure strain Fγ , 
i.e.,  
  max Fγ γ≤ .  (6) 
In this case, the highest average shear stress that the adhesive bond can sustain is given by,  
 ( / )av Y F Ygτ τ γ γ= .   (7) 
Consequently the maximum scarf angle that can restore a damaged composite laminate to 
its design ultimate strain ( DUSε ), without failure of the adhesive bond, can be expressed as, 
noting the average shear stress is related to the applied load via equation (1), 

 11 2 ( / )sin
2

Y F Y

DUS

g
E

τ γ γθ
ε

− ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
. (8) 

The above expression furnishes an improved solution of the appropriate scarf angle 
necessary to restore the strength of a damaged composite laminate to its as-designed 
ultimate strain ( DUSε ).  
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Normalised maximum shear strain γmax / γY
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Figure 22  Average shear stress versus maximum shear strain at the highest load location. Symbols 

indicate FE results 

It should be pointed out that the parameters α and β need to be determined for every 
stacking sequence or joint geometry (taking into account other factors such the presence of 
external doublers or local defects). However, it is possible to determine an upper bound 
solution that would yield a conservative prediction of repair efficiency. This approach 
would then provide a simple method to include the effects of strain concentrations and 
adhesive plasticity in the analysis of scarf repairs to composite structures. 
 
The above first order predictive model does not account for the variations found in the 
experimental results ( 63HFigure 11), due to the non-uniform deformation through the 
bondline thickness, as evidenced in the finite element results shown in 64HFigure 12. Stress 
concentrations away from the adhesive centreline resulted in over-prediction of the joint 
strength for 0-0 and 0-90 joints. To further improve the predictive method, the function 

( / )F Yg γ γ  must also account for the non-uniform distribution of the shear strain within 
the adhesive, not just along the adhesive centreline. Unfortunately, this is a more complex 
task because the peak strains associated with singularities are mesh-dependant.  It is 
possible to account for this effect by employing the ‘characteristic distance’ approach, or a 
fracture-mechanics based approach. However, such a methodology would complicate the 
analysis and require further investigation to determine exactly how large the 
‘characteristic distance’ must be. Other factors may also come into consideration, such as 
the adhesive thickness, tip bluntness, and local variations in scarf angle. 
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A further complicating factor is that the peak strains determined in this analysis were all 
calculated assuming a scarf angle of 5º. Previous parametric studies based on linear 
analysis have shown that the scarf angle, laminate thickness and adhesive thickness may 
all influence the stress distribution along the adhesive centre line [9]. Depending on the 
sensitivity of α and β to these variables, an iterative solution may be required to achieve 
convergence when designing a scarf repair to consider all of these variations to scarf joint 
geometry. Further investigation of these influencing factors is required, particularly in the 
presence of adhesive plasticity. 
 
 

7. Conclusions 

The strength of scarf repairs in composite structures has been thoroughly investigated. It 
has been shown, by both analysis and experiment, that the stacking sequence of composite 
adherends influences the scarf joint strength. This influence is due to the fact that the 
adhesive shear stress distribution along the scarf is not constant. Local variations in 
adherend stiffness, corresponding to changes in ply orientation, result in peak shear and 
peel stresses in the adhesive far above the uniformly-distributed values often assumed in 
simple joint analyses. Hence, it can be concluded that the assumption of constant shear 
stress and peel stress can only be reasonably applied for isotropic adherends, i.e. metallic 
structures. 
 
An improved joint analysis has been developed, which accounts for the effect of stiffness 
variation of composite adherends. Comparison with experimental results confirmed that 
the new approach provides a good prediction of joint strength when the load-bearing 
fibres (0º) are away from the laminate surface. It has been shown by analysis that peak 
local stresses arise at stress concentrations around the termination of 0º plies, away from 
the adhesive centreline. This effect has caused some over-prediction of joint strength 
where load-bearing fibres (0º) are at the laminate surface. Further work is required to 
improve the joint strength analysis methodology. 
 
 
 
Acknowledgement:  the authors would like to thank Dr. Alan Baker and Prof. I. 
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Appendix A:  Generalised plane strain method 

When modeling large composite monolithic structures, each ply is typically treated as a 2-
D orthotropic material within a laminate, the axial and bending stiffness of which can be 
determined using laminate theory. The resulting stiffness is then assigned to a shell 
element under the assumption of plane stress. With this approach, it is not possible to 
model a scarf joint for the purposes of determining the local stress-strain behaviour in the 
adhesive. Instead, either a full 3-D local model must be used or a 2-D solid element model 
that assumes either plane strain (simulating a biaxial loading state or generalized plane 
strain (constant, non-zero strain in the shell thickness direction, e.g., a laminate subjected 
to uniaxial loading). These assumptions are illustrated in Figure A.1. 
 

 
Figure A1: (a) plane stress, (b) plane strain, (c) generalised plane strain (after Reference (A.1)) 

 
To model a scarf joint specimen of finite width (25 mm), the most efficient method is to use 
a generalised plane strain model. This model formulation is three-dimensional, thus 
requiring appropriate material properties to be assigned to the elements. The required 
three-dimensional orthotropic material properties can be determined from the ply 
properties, by assuming the through-thickness properties are equal to transverse values 
(each ply is considered to be transversely isotropic with respect to the fibre direction). The 
3-D orthotropic material properties for Cycom 970/T300 12K material, which has been 
used in the experiments and the finite element modeling, are given in Table A.1. 
 
The material properties in Table A.1 can be directly applied to the 0º plies in the 
generalized-plane strain model with reference to a coordinate system with the x-axis in the 
0º direction and the y-axis in the laminate thickness direction (in the element plane). The z-
axis represents the width direction (normal to the element plane). Unique 3-D materials 
were defined for each ply orientation and assigned to each property set with respect to the 
same coordinate system. Hence, the 90º ply material was also 3-D orthotropic and identical 
to that in Table A.1, except with the fibre direction stiffness now attributed to the width 
direction (z). This is represented in Table A.2. The off-axis plies require a 3-D anisotropic 
material model to properly represent their stiffness. The 3-D orthotropic properties for the 
+/- 45º plies were obtained using the matrix transformation method [A.2]; the values are 
listed Table A.3. 
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Table A.1 3-D Three-dimensional orthotropic material properties for 0º plies 

Property Value 
E1 (MPa) 120000 
E2 = E3 (MPa) 8000 
ν12=ν12 0.3 
ν23 0.45 
G12 = G13 (MPa) 5000 
G23 (MPa) 2760 

 

Table A.2  Three-dimensional orthotropic material properties for 90º plies 

Property Value 
E1 = E2 (MPa) 8000 
E3 (MPa) 120000 
ν12 0.45 
ν23 0.02 
ν31 0.3 
G12 (MPa) 2760 
G23 = G31 (MPa) 5000 

 
The stresses and strains in the local system, denoted by subscripts 1, 2 and 3 are given by 
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or, in short, 
 { } [ ]{ }3,2,13,2,1 εσ C= . (A2) 

The stiffness matrix [C] is the inverse of the compliance matrix [S], i.e., 1[ ] [ ]C S −= . The 
terms of the compliance matrix are expressed in terms of the engineering constants as 
given below: 
 
 111 1 ES =  (A3a) 
 11212 EvS −=  (A3b) 
 11313 EvS −=  (A3c) 
 222 1 ES =  (A3d) 
 22323 EvS −=  (A3e) 
 333 1 ES =  (A3f) 
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 1255 1 GS =  (A3g) 
 2366 1 GS =  (A3h) 
For a global coordinate system, whose y-axis is in the through-thickness direction of the 
laminate, and the x-axis is at angle θ to the fibre direction, the stresses and strains are 
related by the transformed stiffness matrix, as follows, 
 { } [ ]{ }zyxzyx C ,,,, εσ = , (A.4) 

where [ ]C  is given by 
 [ ] [ ][ ][ ]TTCTC −−= 1 , (A.5) 
with the transformation matrix T being given by 
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Table A.3  Three-dimensional orthotropic material properties for 45º plies [- 45º plies] 

Property Value Property Value 
C11 40448 C41 0 
C12 4569 C42 0 
C13 30448 C43 0 
C14 0 C44 3880 
C15 -28121     [+28121] C45 0 
C16 0 C46 -1120       [+1120] 
C21 4569 C51 -28121     [+28121] 
C22 10194 C52 108          [-108] 
C23 4569 C53 -28121     [+28121] 
C24 0 C54 0 
C25 108 C55 30987 
C26 0 C56 0 
C31 30448 C61 0 
C32 4569 C62 0 
C33 40448 C63 0 
C34 0 C64 -1120       [+1120] 
C35 -28121     [+28121] C65 0 
C36 0 C66 3880 
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