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Abstract 

Adhesive bonding offers a better load transfer between adherends, for the assembly 

and repair of composite structures, compared with mechanical fastening methods. 

One drawback of adhesive bonded repairs is the considerable amount of material 

which must be removed, around the damaged region, to ensure adequate load 

transfer. Optimised geometries that account for the highly-orthotropic properties of 

individual composite plies are investigated, including a novel ‘fibre-oriented’ scarf 

approach that is inspired by an existing fibre-oriented step design. These methods aim 

to reduce the length of joint and repair bond-lines by at least 36%, compared with 

conventional step and scarf geometries of a similar strength.  



Size-reduction benefits are predicted using a MATLAB tool that is applicable for any 

composite laminate, and parametric analysis used to assess the effect of ply thickness, 

the number of plies, stacking sequence and taper angle.  

Cohesive Zone Models of joints and repairs with conventional and fibre-oriented 

designs are used to predict and compare the ultimate strength of each configuration. 

The existing fibre-oriented step design appears to show no benefit over a conventional 

step design. However, the novel fibre-oriented scarf approach results in a 33-40% 

bond-line length reduction compared to a conventional scarf design with similar 

strength. Analysis further indicates a 17-22% increase in ultimate strength for joints 

and repairs with the same bond-line length that employ the optimised fibre-oriented 

scarf design. 
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1 Introduction 

In the assembly and repair of composite structures, adhesive bonding methods offer 

significant advantages over mechanical fastening methods, particularly for large-scale 

aerospace applications [1]. Common tapered step/scarf methods offer improved 

loading efficiency, reduced drilling and a minimal change to the surface profile of a 

structure [2]. However, these methods often require significant material removal and 

rely on operator expertise. This has motivated considerable research into the design, 

optimisation and verification of adhesively bonded joints and repairs via numerical 

modelling. 



1.1 Modelling of joints and repairs 

The modelling of adhesively bonded joints and repairs in composite structures is 

complicated by material behaviour that occurs over a range of different scales. Firstly, 

composite plies have highly orthotropic mechanical behaviour that needs to be 

modelled accurately, however each ply is very thin relative to the typical size of a 

complete structure. Secondly, a shallow taper angle is required for efficient load 

transfer across an adhesive bond-line, but this can result in a bond-line over 300 times 

longer than it is thick. For example, a 3° scarf repair (an industry standard) in a 

relatively thin laminate of 16 plies (each 0.15 mm thick), with a 0.15 mm thick 

adhesive, requires a 45 mm long bond-line. Also, the variability of adhesive bond-line 

thickness, scarf tip geometry and step corner shape that are seen in real repairs [3], all 

need to be idealised for the purposes of numerical modelling. 

The need to model individual ply and adhesive bond-line behaviour with shallow taper 

angles therefore makes 3D modelling of realistic step/scarf repairs difficult, as a very 

large number of elements are usually required. 

A common simplification for comparative studies and preliminary design, is to model 

and test a two-dimensional cross-section of the repair bond-line through the principal 

loading direction [1]. This forms what is often called a 2D ‘representative joint’, and 

can greatly reduce the complexity and computational effort required for full 3D repair 

modelling. Subsequently, adhesively bonded joints and repairs are often studied 

together, since the former represents a simplification of the latter. 

It is important to note however, that 2D representative joints tend to be overly 

conservative, as they neglect any 3D load re-distribution that occurs during plastic 



adhesive deformation [4]. Research has shown that the ultimate strength of a 

representative joint can be up to 40% less than that of a similar 3D repair as a result of 

increased bond-line shear stresses [5]. Hence, both representative joints and full 3D 

repair cases should be considered for the optimisation of adhesively bonded repairs.  

1.2 Repair design optimisation  

The optimisation of the shape, size and stacking sequence for adhesively bonded 

step/scarf repairs has received considerable attention from the research community in 

recent years [6–11]. Conventionally, bonded step/scarf repairs rely on the cutting of a 

circular shape with a constant taper, in the parent material containing the damage, 

and the introduction of a patch with a stacking sequence that matches that of the 

parent laminate. In high performance structures, a taper angle of 1.91° or 2.86° 

(equivalent to a taper ratio of 30:1 or 20:1) is common, although even shallower taper 

angles of 1.145° (50:1) may be used [6,7]. Reducing taper angle theoretically increases 

the efficiency of load transfer and overall bond strength, however it also requires a 

greater volume of material removal and subsequently reduces the residual strength of 

the parent laminate. Over-plies are also commonly employed to strengthen step/scarf 

repairs, as they provide an additional load path and help seal and protect the thin 

edges of the repair patch. The use of one over-ply for every 16 plies in the parent 

laminate has been recommended [8], where the first over-ply should match the 

orientation of the outermost parent ply [9].   

Previous studies have also evaluated repairs where the patch stacking sequence varies 

from that of the parent laminate. In one case, highly customised stacking sequences in 

the repair patch were shown to improve tensile strength by 30% compared to a ply-



matched 2.85° scarf repair, for an overall repair efficiency of 85% [9]. Other work 

involving a parametric study of stacking sequence, laminate thickness, ply matching, 

adhesive thickness and over-plies for 5° scarf repairs found that there was a relatively 

low sensitivity to mismatched plies across the bond-line interface [10]. This research 

also supported the use of over-plies for the reduction of peak stresses in the adhesive 

bond-line. 

With regards to the shape of adhesively bonded step/scarf repairs, Wang and Gunnion 

[11] have investigated elliptical and mixed square-ellipse designs with variable taper 

angles. Such geometries can significantly reduce the repair size and material removal 

requirements for structures with orthotropic loading, where a traditional circular patch 

is overly conservative. 

More recently, the development of automated mobile 3- and 5-axis milling machines 

has allowed for greater complexity in the design of adhesively bonded repairs [12]. In 

particular, researchers have proposed a ‘fibre-oriented’ step design, where steps are 

machined only in the fibre direction of each ply, since the strength contribution of 

steps transverse to the fibre direction is considered to be negligible [12,13]. This 

results in reduced material removal and a repair area up to 50% smaller than a 

conventional step design, with theoretically equivalent strength. Initial mechanical test 

results, for representative joints, have shown that the tensile strength of fibre-oriented 

step joints can match that of traditional step joints that are 40% longer, both with and 

without over-plies [14]. However, even with a very shallow taper (50:1 or 1.145°), 

these joints were only capable of restoring 59% and 54% of the pristine tensile 

strength of the parent laminate with and without over-plies, respectively. 



This paper investigates the potential of the fibre-oriented step approach for both joints 

and 3D repairs using numerical modelling techniques. This concept is extended to the 

development of a novel fibre-oriented scarf design that aims to provide greater overall 

repair efficiency. 

2 Fibre-oriented machining for joints and repairs 

2.1 Fibre-oriented step design 

Recent work by Niedernhuber et al. [14] proposed that composite step repairs may be 

optimised by employing a fibre-oriented step approach, where step lengths for each 

ply are shortened based on the orientation of fibres in each ply relative to the bond-

line direction, as shown in Figure 1. This relationship is summarised in Equation (1), 

which defines the appropriate step length for any fibre-oriented ply, 𝑑𝜙, based on the 

fibre direction in that ply, 𝜙, the ply thickness, 𝑡𝑝, and the ideal minimum taper angle, 

𝛼,  that would be used for a conventional step approach. For any two-dimensional 

repair cross-section in this paper, the “bond-line direction” is defined by the horizontal 

direction of the transition between parent and patch material, as shown in Figure 1. 

 

𝑑𝜙 = 𝑡𝑝

cos 𝜙

tan 𝛼
 (1) 

 

Hence, for a 0° ply aligned with the bond-line direction, the fibre-oriented step length 

will be equivalent to that of a conventional step. However, as the alignment of 

individual plies deviates from the bond-line direction, this step length reduces. Thus, 

plies ±45° relative to the bond-line direction will have a 29.3% shorter step length, and 



plies 90° to the bond-line direction will have no step length at all (resulting in a 2-ply 

drop).  

Theoretically, since the fibres carry the bulk of the loading in these structures, it is 

essential to maintain the adhesive bond-line length along the fibre direction. However 

areas of reduced stress, such as those where the bond-line is perpendicular to the fibre 

direction, can have shorter steps in order to reduce the overall size of the repair. This 

size reduction is the dominant motivation for a fibre-oriented step design that 

achieves a theoretically similar strength. 

2.2 Fibre-oriented scarf design 

In this work, the benefits of a fibre-oriented step design are extended to a fibre-

oriented scarf design, where the scarf angle of each ply, 𝛼𝜙, varies relative to the 

bond-line direction, according to Equation (2), the fibre direction in that ply, 𝜙, and the 

ideal minimum taper angle, 𝛼. 

 

𝛼𝜙 = tan−1 (
tan 𝛼

cos 𝜙
)  (2) 

 

Hence, the scarf angle in each ply is seen to increase from the ideal minimum, 𝛼, as the 

fibre direction deviates from the bond-line direction. At an extreme, when this 

deviation is orthogonal (at 90°), the fibre-oriented scarf angle of the ply also becomes 

90°, appearing as a step rather than a scarf. Figure 1 demonstrates the cross-sections 

of the four different bond-line configurations (conventional step, conventional scarf, 

fibre-oriented step and fibre-oriented scarf) for similar [45°, 0°, -45°, 90°] laminates 

with the same minimum taper angle, 𝛼. 



 
Figure 1: Different bond-line configurations for a composite [45°, 0°, -45°, 90°] layup. 

The fibre-oriented scarf configuration aims to further optimise the design of bonded 

repairs by combining the greater efficiency of a scarf approach with the reduced size of 

a fibre-oriented step approach. This research investigates the benefits of fibre-

oriented step/scarf methods compared with conventional step/scarf repairs, in terms 

of both size and strength, via parametric and Cohesive Zone Modelling respectively. 

3 Predictive tool for the design of fibre-oriented repairs 

A MATLAB code has been developed in order to predict the fibre-oriented step/scarf 

profiles for each ply in a given laminate. This requires knowledge of the stacking 

sequence, ply thickness, damage area and desired minimum taper angle. Each ply 

profile is identical for both fibre-oriented designs, only the through-thickness ply 

transitions between ply profiles are different. Figure 2 demonstrates the ply profiles 

for a fibre-oriented repair in a [45°, 0°, -45°, 90°]2s laminate, compared against a 

conventional step/scarf repair design. Due to the simplicity and speed of this code, it 



has also been used to conduct a parametric analysis on the sensitivity of overall repair 

size to each input parameter. 

 

 
Figure 2: Ply profiles for a fibre-oriented step/scarf repair in a [45°, 0°, -45°, 90°]2s laminate 

compared with the size of a conventional step/scarf repair. 

3.1 MATLAB code 

With reference to Figure 3, the MATLAB code first requires the definition of an initial 

damage envelope in polar coordinates (p0, 𝜃). For this research a constant circular 

envelope has been assumed, however the code will work just as well for any elliptical 

shape that would be common for a scarf repair. Each successive ply profile, 𝑝𝑖, is 

defined using a finite number of polar coordinates. In order to minimise any 

discretisation error, a resolution of 0.001° is used between the 𝑗th and 𝑗 + 1th 

coordinates of all ply profiles, as shown in Figure 3. Hence, each ply profile is defined 

by a series of around 360,000 points, each spaced 0.001° apart.  



 
Figure 3: Definition of the 𝑗th point on the 𝑖th ply profile, with an 0.001° angular resolution 

between points. 

Based on user input for the desired minimum taper angle, 𝛼, and ply thickness, 𝑡𝑝, the 

step/scarf length in the fibre direction, 𝑑, can be calculated according to Equation (3), 

and is shown in Figure 4. 

 

𝑑 =
𝑡𝑝

tan 𝛼
 (3) 

 

The profile for each ply, 𝑝𝑖, can be determined sequentially, based on its fibre 

orientation, 𝜙𝑖, and the profile of the previous ply, 𝑝𝑖−1. Effectively this process can be 

divided into 5 steps, as depicted in Figure 4.  

 
Figure 4: Process for the definition of fibre-oriented ply profile, 𝑝𝑖, based on ply orientation, 

𝜙𝑖, ply thickness, 𝑡𝑝, scarf angle, 𝛼, and the previous ply profile, 𝑝𝑖−1. 



Firstly, two intercept points (red dots in Figure 4) need to be identified. These occur 

where the tangent line of the previous ply profile, 𝑝𝑖−1, is parallel to the fibre 

orientation of the current ply, 𝜙𝑖, as shown in the first step of Figure 4. The intercept 

points are located by calculating the x-y gradient at all points, 𝑗, of the previous ply 

profile in Cartesian coordinates, using a central difference scheme, Equation (4)Error! 

Reference source not found., which are then compared with the tangent of the fibre 

orientation. The two intercept points are labelled “high” and “low” based on their 

relative location in polar space, and defined by radii, 𝑝𝑖
𝑖𝑛𝑡𝐻 and 𝑝𝑖

𝑖𝑛𝑡𝐿 respectively, at 

corresponding angles, 𝜃𝑖
𝑖𝑛𝑡𝐻 and 𝜃𝑖

𝑖𝑛𝑡𝐿, in Equations (5) and (6).  

 

𝑑𝑦

𝑑𝑥
 |

𝑖−1

𝑗

=
𝑝

𝑗+1
sin 𝜃

𝑗+1
− 𝑝

𝑗−1
sin 𝜃

𝑗−1

𝑝
𝑗+1

cos 𝜃
𝑗+1

− 𝑝
𝑗−1

cos 𝜃
𝑗−1

|

𝑖−1

 (4) 

𝑝𝑖
𝑖𝑛𝑡𝐻 = 𝑝𝑖−1

𝑗
, 𝜃𝑖

𝑖𝑛𝑡𝐻 = 𝜃𝑖−1
𝑗

, 𝑤ℎ𝑒𝑟𝑒
𝑑𝑦

𝑑𝑥
 |

𝑖−1

𝑗

= tan 𝜙𝑖 ,

𝑓𝑜𝑟      0° < 𝜃𝑖−1
𝑗

≤ 180° 

(5) 

𝑝𝑖
𝑖𝑛𝑡𝐿 = 𝑝𝑖−1

𝑗
, 𝜃𝑖

𝑖𝑛𝑡𝐿 = 𝜃𝑖−1
𝑗

, 𝑤ℎ𝑒𝑟𝑒
𝑑𝑦

𝑑𝑥
 |

𝑖−1

𝑗

= tan 𝜙𝑖 ,

𝑓𝑜𝑟 − 180° < 𝜃𝑖−1
𝑗

≤ 0° 

(6) 

 

The profile of the current ply, 𝑝𝑖, can be defined by two straight segments and two 

arc/irregular segments. The straight segments remain parallel to the current ply 

orientation with their midpoints at the intercept points. The arc/irregular segments 

match the profile of the previous ply between intercept points, but are shifted by the 

step/scarf length in the ply orientation direction. Therefore, the angular locations of 



four nodes need to be defined in polar coordinates for the joints between these 

straight and curved segments, according to Equations (7), (8), (9) and (10). This 

represents the second step in Figure 4. 

 

𝜃𝑖
𝑗𝑜𝑖𝑛𝑡 1

= tan−1 (
𝑝𝑖

𝑖𝑛𝑡𝐿 sin 𝜃𝑖
𝑖𝑛𝑡𝐿 + 𝑑 sin 𝜙𝑖

𝑝𝑖
𝑖𝑛𝑡𝐿 cos 𝜃𝑖

𝑖𝑛𝑡𝐿 − 𝑑 cos 𝜙𝑖

) (7) 

𝜃𝑖
𝑗𝑜𝑖𝑛𝑡 2

= tan−1 (
𝑝𝑖

𝑖𝑛𝑡𝐻 sin 𝜃𝑖
𝑖𝑛𝑡𝐻 + 𝑑 sin 𝜙𝑖

𝑝𝑖
𝑖𝑛𝑡𝐻 cos 𝜃𝑖

𝑖𝑛𝑡𝐻 − 𝑑 cos 𝜙𝑖

) (8) 

𝜃𝑖
𝑗𝑜𝑖𝑛𝑡 3

= tan−1 (
𝑝𝑖

𝑖𝑛𝑡𝐻 sin 𝜃𝑖
𝑖𝑛𝑡𝐻 − 𝑑 sin 𝜙𝑖

𝑝𝑖
𝑖𝑛𝑡𝐻 cos 𝜃𝑖

𝑖𝑛𝑡𝐻 + 𝑑 cos 𝜙𝑖

) (9) 

𝜃𝑖
𝑗𝑜𝑖𝑛𝑡 4

= tan−1 (
𝑝𝑖

𝑖𝑛𝑡𝐿 sin 𝜃𝑖
𝑖𝑛𝑡𝐿 − 𝑑 sin 𝜙𝑖

𝑝𝑖
𝑖𝑛𝑡𝐿 cos 𝜃𝑖

𝑖𝑛𝑡𝐿 + 𝑑 cos 𝜙𝑖

) (10) 

 

Once these angular locations of the joint nodes are known, the two straight segments, 

𝑝𝑖
𝑠𝑡𝑟 1 and 𝑝𝑖

𝑠𝑡𝑟 2, that remain parallel to the fibre direction of the current ply can be 

defined by Equations (11) and (12), as shown in step 3 of Figure 4. 

𝑝𝑖
𝑠𝑡𝑟 1 = −𝑞𝑖

cos 𝜙𝑖

sin(𝜃𝑖 − 𝜙𝑖)
, 𝑓𝑜𝑟   𝜃𝑖

𝑗𝑜𝑖𝑛𝑡 4
< 𝜃𝑖 ≤ 𝜃𝑖

𝑗𝑜𝑖𝑛𝑡 1
 (11) 

𝑝𝑖
𝑠𝑡𝑟 2 = 𝑞𝑖

cos 𝜙𝑖

sin(𝜃𝑖 − 𝜙𝑖)
, 𝑓𝑜𝑟   𝜃𝑖

𝑗𝑜𝑖𝑛𝑡 2
< 𝜃𝑖 ≤ 𝜃𝑖

𝑗𝑜𝑖𝑛𝑡 3
 (12) 

 

where, 

𝑞𝑖 = 𝑝𝑖
𝑖𝑛𝑡𝐿|sin 𝜃𝑖

𝑖𝑛𝑡𝐿| + 𝑝𝑖
𝑖𝑛𝑡𝐿|cos 𝜃𝑖

𝑖𝑛𝑡𝐿| × |tan 𝜙𝑖| (13) 

 



Next the two arc/irregular segments, 𝑝𝑖
𝑎𝑟𝑐 1 and 𝑝𝑖

𝑎𝑟𝑐 2, can be defined based on the 

polar profile of the previous ply, 𝑝𝑖−1 and 𝜃𝑖−1, and the fibre direction of the current 

ply, 𝜙𝑖, according to Equations (14) and (15). This is reflected by step 4 of Figure 4. 

 

𝑝𝑖
𝑎𝑟𝑐 1 = √(𝑝𝑖−1 cos 𝜃𝑖−1 + 𝑑 cos 𝜙𝑖)2 + (𝑝𝑖−1 sin 𝜃𝑖−1 + 𝑑 sin 𝜙𝑖)2,

𝑓𝑜𝑟   𝜃𝑖
𝑖𝑛𝑡𝐿 < 𝜃𝑖−1 ≤ 𝜃𝑖

𝑖𝑛𝑡𝐻 
(14) 

𝑝𝑖
𝑎𝑟𝑐 2 = √(𝑝𝑖−1 cos 𝜃𝑖−1 + 𝑑 cos 𝜙𝑖)2 + (𝑝𝑖−1 sin 𝜃𝑖−1 + 𝑑 sin 𝜙𝑖)2,

𝑓𝑜𝑟   𝜃𝑖
𝑖𝑛𝑡𝐻 < 𝜃𝑖−1 ≤ 𝜃𝑖

𝑖𝑛𝑡𝐿 
(15) 

 

Finally, all four segments can be combined to create the complete radial profile for the 

current ply in Equation (16), which can be seen in step 5 of Figure 4. 

 

𝑝𝑖 = 𝑝𝑖
𝑎𝑟𝑐 1 + 𝑝𝑖

𝑠𝑡𝑟 2 + 𝑝𝑖
𝑎𝑟𝑐 2 + 𝑝𝑖

𝑠𝑡𝑟 1 (16) 

 

This process can then be repeated sequentially for each ply in the full composite layup, 

where 𝑖 simply becomes 𝑖 + 1 for the next step. After the final ply profile, 𝑝𝑛, has been 

determined for a laminate with 𝑛 plies, the total size of the fibre-oriented scarf repair 

can be defined by Equation (17) and approximated with a numerical integration 

method. In this case the trapezoidal rule has been employed. 

 

𝐴𝐹𝑂𝑠𝑐 = ∫
1

2
(𝑝𝑛)2 𝑑𝜃

𝜋

−𝜋

 (17) 

 



3.2 Parametric analysis of repair size reduction 

A parametric study was undertaken in order to assess the size and material removal 

benefits that result from a fibre-oriented repair design compared with a conventional 

step/scarf approach. This analysis investigated the effect of ply thickness, taper angle, 

initial damage envelope size, number of plies and stacking sequence on the scarf area 

reduction of the repair. In total, around 940 cases were considered based on 

combinations of the variables outlined in Table 1. The symmetry or asymmetry of a 

given stacking sequence was also considered, but has no noticeable effect on the size 

of the fibre-oriented repair. Baseline parameters of a 3° taper, 0.2 mm ply thickness 

and an 8 ply [45°, 0°, -45°, 90°]s layup were maintained for the majority of cases.  

Table 1: List of variables for parametric study (underlined variables represent the baseline 
parameters). 

Parameter Variable range 

Initial damage envelope 
radius (mm) 

20, 30, 40, 50, 70, 90, 120, 150, 200, 250 

Minimum taper angle 1°, 2°, 3°, 5°, 10°, 15° 

Ply thickness (mm) 0.05, 0.1, 0.2, 0.4, 0.8 

Number of plies 4, 8, 16, 24 

Stacking sequence [0°]x, [45°, -45°]x, [0°, 60°, -60°]x, [45°, 0°, -45°, 90°]x 

 

For each repair configuration the required scarfing area for a fibre-oriented design was 

compared with that of a conventional scarf, to determine the scarf area reduction, 

𝑆𝐴𝑅, according to Equation (18). Note, this scarf area reduction ignores the initial 

damage area that is common to both configurations (𝜋(𝑝0)2). 

 



𝑆𝐴𝑅 =
𝐴𝐹𝑂𝑠𝑐 − 𝐴𝑠𝑐

𝐴𝑠𝑐 − 𝜋(𝑝0)2
 (18) 

 

Where the conventional scarf area, 𝐴𝑠𝑐, is defined by Equation (19). 

 

𝐴𝑠𝑐 = 𝜋(𝑝0 + 𝑛𝑑)2 (19) 

 

Figure 5 shows the scarf area reduction, 𝑆𝐴𝑅, resulting from changes in minimum 

taper angle, ply thickness and number of plies, relative to the initial damage radius. 

Intuitively, increasing ply thickness, number of plies and reducing taper angle all result 

in a greater scarf area reduction when using a fibre-oriented design compared with a 

conventional constant taper scarf. These effects are most sensitive to a smaller initial 

damage radius. 

 
Figure 5: The effects of, a) minimum taper angle, b) ply thickness and, c) number of plies, on 

scarf area reduction for fibre-oriented methods, against damage radius. Dashed red curves 

represent the baseline results across each change in variable (3° minimum taper angle, 0.2 mm 

ply thickness and 8 ply [45°, 0°, -45°, 90°]s layup). 

The effect of stacking sequence can be seen in Figure 6, where the quasi-isotropic 

[45°, 0°, -45°, 90°]S stacking sequence provides the minimum benefit in scarf area 



reduction and the unidirectional [0°]8 layup shows the greatest benefit. Hence, it 

appears that the fibre-oriented step/scarf repair design is even more pertinent for 

laminates with a large number of plies aligned in one direction. All other stacking 

sequences appear to fall within this range. 

 
Figure 6: The effect of stacking sequence on scarf area reduction, against damage radius. All 

curves are for 3° minimum taper angle and 0.2 mm ply thickness. 

Ultimately, all cases from Table 1 show asymptotic behaviour with increasing damage 

radius, suggesting that there is an absolute minimum benefit from the fibre-oriented 

design in terms of scarf area reduction. This asymptote derives from the change of 

length in each ply step/scarf based on the relative angle between the fibre direction 

and bond-line direction. This change in the step/scarf length is depicted in Figure 7. 

Where 𝑑, defined in Equation (3), represents the step/scarf length in the fibre 

direction, and 𝑑𝛽 represents the step/scarf length in the direction 𝛽 degrees from the 

fibre direction.  

 



 
Figure 7: Change in bond-line length for a fibre-oriented repair in any direction, 𝛽, based on 

fibre orientation, 𝜙𝑖, minimum taper angle, 𝛼, and ply thickness, 𝑡𝑝. 

 

Subsequently, the relative difference in ply step/scarf length between a fibre-oriented 

repair and a conventional step/scarf repair can be calculated for any direction, 𝛽, 

according to Equation (20). 

 

𝑑𝛽 − 𝑑

𝑑
=

𝑡𝑝 cos 𝛽
tan 𝛼 −

𝑡𝑝

tan 𝛼
𝑡𝑝

tan 𝛼

= cos 𝛽 − 1  (20) 

 

By taking the integral of this relative length change over the range −
𝜋

2
 to 

𝜋

2
, the 

asymptotic value of the relative area reduction can be calculated with Equation (21). 

This represents the minimum scarf area reduction that results from using a fibre-

oriented step/scarf design, without accounting for the size of the initial damage. 

 



1

𝜋
∫ cos 𝛽 − 1 𝑑𝛽

𝜋
2

−
𝜋
2

=
2

𝜋
− 1 = −36.34 % (21) 

 

In reality, if the size of the initial damage is very large compared to the overall scarfing 

area, the benefits of a fibre-oriented step/scarf design may become marginal. This is 

shown in Figure 8, where the overall repair size reduction resulting from a fibre-

oriented design is compared against the minimum taper angle and the ratio of damage 

radius to composite thickness. This provides a quick and effective tool to determine 

the total size benefits of a fibre-oriented repair. For example, a shallow (2°) taper fibre-

oriented repair for tool drop damage (with a radius 6-10 times larger than the 

composite thickness) would be expected to be 25-30% smaller than that of a 

conventional scarf repair. 

 
Figure 8: Reduction in overall repair size (compared to a standard scarf repair) resulting from a 

fibre-oriented approach for a range of taper angles and damage size. 

4 Cohesive Zone Modelling 

4.1 Method 



Joint and repair simulations were executed using Abaqus Explicit with a surface-based 

cohesive interaction between composite adherends. The composite parent and patch 

components were all modelled with an 8 ply [45°, 0°, -45°, 90°]s quasi-isotropic layup. 

The individual plies of each lamina were modelled as separate 0.15 mm thick partitions 

with properties defined in Table 2, based on values from literature [15]. 

Table 2: Mechanical materials properties for composite lamina [15]. 

Property Symbol (units) Value 

Young’s modulus 𝐸1 (MPa) 109000 

 𝐸2 = 𝐸3 (MPa) 8819 

Poisson’s ratio 𝜇12 = 𝜇13  0.342 

 𝜇23  0.38 

Shear modulus 𝐺12 = 𝐺13 (MPa) 4315 

 𝐺23 (MPa) 3200 

Density 𝜌 (kg/m3) 1800 

 

Models were run using this explicit solver under quasi-static conditions to best account 

for the non-linearity of the cohesive behaviour model. To enhance computational 

efficiency, a 0.005 step time was used with semi-automatic mass scaling to ensure a 

minimum increment time of 1e-8 from the beginning of the load step. A surface-based 

cohesive interaction was defined by uncoupled traction-separation behaviour. Damage 

initiation was based on quadratic traction (maximum nominal stress), and damage 

evolution was modelled using an energy-based, linear softening behaviour. The 

material properties for this cohesive behaviour are defined in Table 3, based on values 

for Araldite® AV138 from literature [16]. As a zero-thickness cohesive interaction was 

used in this model, the 𝐾𝑛𝑛, 𝐾𝑠𝑠 and 𝐾𝑡𝑡 properties were calculated by dividing the 

tensile and shear moduli of the adhesive by the 0.2 mm adhesive thickness (𝐾𝑛𝑛 =



𝐸/𝑡𝑎 and 𝐾𝑠𝑠 = 𝐾𝑡𝑡 = 𝐺/𝑡𝑎 respectively) as is common for such a Cohesive Zone 

Model [17]. 

Table 3: Properties for Araldite® AV138 adhesive [16] and the Cohesive Zone Model. 

Property Symbol (units) Value 

Young’s modulus 𝐸 (MPa) 4890 

Shear modulus 𝐺 (MPa) 1560 

Adhesive thickness 𝑡𝑎 (m) 0.0002 

Uncoupled traction-separation behaviour 𝐾𝑛𝑛 (N/m3) 24.45 × 1012 

 𝐾𝑠𝑠 = 𝐾𝑡𝑡 (N/m3) 7.8 × 1012 

Damage initiation 𝑡𝑛0 (MPa) 39.45 

 𝑡𝑠0 (MPa) 30.2 

Fracture energy for damage evolution 𝐽𝑐,𝐼 (N/m) 200 

 𝐽𝑐,𝐼𝐼 (N/m) 380 

 

This modelling approach was validated against recent experimental and numerical 

results from literature for a lap joint configuration [16], where excellent agreement 

was observed. Once validated, the same fundamental modelling approach was used 

for both joint and repair cases. 

4.2 Quasi-2D joint modelling 

Representative joint models were first developed as they allow for a considerable 

reduction in geometric and meshing complexity by maintaining a constant cross-

section similar to Figure 1, across the width of the joints. Although the problem is 

essentially 2D, the composite adherends were modelled in 3D to properly define the 

fibre orientation of each ply, and cohesive surfaces were defined across the faces of 

the adhesive bond-line. The combined geometry of the simulated coupons was 

50 x 10 x 1.2 mm. A 0.5 mm extension was applied gradually to the end of one 

adherend, in order to induce failure, while the end of the other adherend remained 

fixed. Meshes were generated with a combination of C3D8R hex and C3D6R wedge 



elements for a total of around 35,000 elements in each case. This was found to be an 

optimal mesh density for solution time and accuracy based on mesh convergence 

analysis.  

4.3 3D repair modelling 

In the more complex case of the full 3D repair, the total geometry of the parent 

containing a central repair patch was 140 x 140 x 1.2 mm. Similar to the joint models, a 

tensile load was applied to one end of the parent laminate while the opposite end 

remained fixed. Modelling and meshing of the fibre-oriented scarf geometries was 

particularly challenging. The asymmetry of the fibre-oriented scarf design eliminated 

the possibility of using symmetric boundary conditions that would normally help 

reduce computational requirements. Furthermore, the complex and shallow curvature 

of the ply scarfing also necessitated advanced partitioning of the scarf region into 8 

even 45° arc segments, to allow for swept meshing. Each ply also had to be partitioned 

several times parallel to the Z-plane in order to enforce the generation of a 4-element-

thick mesh per ply. Ultimately, even with considerable mesh optimisation away from 

the bond-line, a total of 250,000-400,000 elements (C3D8R hex and C3D6R wedge) 

were necessary to produce reliable results for the full 3D repair models.  

5 Quasi-2D joint analysis results 

5.1 Ultimate strength 

In all joint configurations, the peak stresses were consistently observed either directly 

between, or adjacent to, the 0° plies that carry the majority of the load. Subsequently, 

failure of the cohesive interaction was also seen to initiate in the region between 0° 

plies. The ultimate strength of the four different joint configurations was assessed for a 



range of taper angles (2°, 3°, 5° and 8°). This relied on the measurement of reaction 

forces that build up at the ends of the adherends and peak immediately prior to 

failure. Since the fibre-oriented joint designs had a variable bond-line taper, they have 

been labelled in the results by the minimum taper angle between 0° plies within the 

joint.  

Figure 9 shows the predicted joint strength for each step and fibre-oriented step 

design at various taper angles, relative to the ply-normalised joint length. Overall, 

these results suggest that the fibre-oriented step design provides little benefit over 

conventional step joints, for the full range of taper angles. Notably however, the 

difference in strength between step joints with 2° and 3° tapers is relatively small, at 

less than 10%. This suggests that experimental testing of shallow-taper samples might 

not reveal a considerable difference between the step and fibre-oriented step designs. 

In contrast, modelling predicts the fibre-oriented scarf joints to provide a considerable 

benefit over the conventional scarf joints, Figure 10,. For example, a fibre-oriented 

scarf design with a minimum 2° taper is anticipated to yield a 40% reduction in joint 

length, compared to a similarly strong conventional 2° scarf joint. Another 

interpretation reveals the same novel design to result in a 22% increase in ultimate 

strength compared with a regular scarf of the same length. In general, the optimised 

and conventional scarf designs are both predicted to be 15-35% stronger than their 

counterpart step designs. 



 
Figure 9: Simulated tensile strength of step and fibre-oriented step joints with various taper 

angles. 

 
Figure 10: Simulated tensile strength of scarf and fibre-oriented scarf joints with various taper 

angles. 

6 3D repair analysis results 

6.1 Ultimate strength 

Similar to the joint analysis results, peak stresses were seen to occur near the highly 

loaded 0° plies for all repair configurations. Again, the reaction forces were summed 

across the loaded face of each model in order to calculate the ultimate strength of the 

repair, immediately prior to failure. 

As seen in Figure 11, the fibre-oriented step design is predicted to result in a similar, or 

even lower, ultimate strength than a conventional step repair of similar length. In 



contrast, the fibre-oriented scarf modelling results predict a significant benefit over 

the conventional scarf repairs. Compared with a conventional scarf repair of a similar 

size or strength, the fibre-oriented scarf with a 2° minimum taper is predicted to be 

17% stronger or 33% smaller, respectively. Overall, as expected, the scarf-based 

methods are seen to perform better than the step-based designs. 

 
Figure 11: Simulated tensile strength of step, scarf, fibre-oriented step and fibre-oriented scarf 

repairs with various taper angles. 

6.2 Failure analysis 

By monitoring the quadratic stress damage initiation criterion across the bond-line of 

each repair, the predicted location of failure initiation was determined prior to the 

complete failure of the cohesive zone. Figure 12 shows the cohesive damage across 

half of the parent structures of a conventional 2° scarf and a fibre-oriented design with 

a minimum 2° taper. In the conventional 2° scarf repair, damage starts between the 

inner-most 0° plies; while in the fibre-oriented scarf repair, damage begins in a number 

of the stepped corners adjacent to the 0° plies. With the exception of the conventional 

2° scarf that only sees damage initiation from the inner 0° ply, the sites for damage 

initiation remain consistent for the full range of taper angles (2°, 3°, 5° and 8°) of each 



repair configuration, as depicted in Figure 13. Secondary and tertiary initiation sites are 

also seen in the conventional and fibre-oriented step repairs, which show more 

complex paths to failure than their scarfed counterparts. 

 
Figure 12: Simulated damage initiation in the 2° scarf and min 2° fibre-oriented scarf repairs, 

immediately prior to complete cohesive failure across the entire bond-line. Note, the Z scale 

has been artificially increased by a factor of 10, and the models displayed in half-wireframe, for 

better visualisation of the repair bond-lines and cross-sections. 



 
Figure 13: Common sites for damage initiation in the simulated adhesive bond-lines of 

conventional and fibre-oriented repairs. 

7 Discussion 

The simulation results suggest that the fibre-oriented step approach will not produce 

any significant benefit over a conventional step design. However, the fibre-oriented 

scarf design shows a considerable improvement in terms of strength, or size reduction, 

compared with the conventional scarf approach. It is expected that the stress 

concentrations at step corners and mergers are facilitating earlier damage initiation in 



the fibre-oriented step repairs compared with the other approaches. Alternatively, the 

fibre-oriented scarf approach only introduces stepped sections in regions of reduced 

stress, which are not making as great a contribution to early damage initiation as in the 

fibre-oriented step configuration. This is demonstrated by only a small difference 

between the results of the simplified fibre-oriented scarf joint and the 3D repair case. 

Existing work by Niedernhuber et al. [14] reported a significant benefit in joint length 

reduction by employing a fibre-oriented step design as opposed to a conventional step 

approach. However, these tensile test results were achieved for step and fibre-

oriented step joints with a minimum taper angle of 1.22°. This results in an equivalent 

taper of 2.12° for the fibre-oriented step joints. Given the trend of step joint results in 

Figure 9, it would not be surprising to see a marginal difference in conventional step 

joints with such shallow tapers. Hence, the benefit, if any, of a fibre-oriented step 

design cannot be properly assessed in this range. Fundamental testing with steeper 

taper angles will provide more reliable evidence to assess the performance of a fibre-

oriented approach, for both step and scarf designs, since the expected change in 

strength between the joints will be more significant. 

8 Conclusion 

This work investigated the potential of optimised joint and repair geometries for 

adhesively bonded composite structures. The existing fibre-oriented step design has 

been considered and extended to a novel fibre-oriented scarf design that aims to 

improve the performance of bonded joints and repairs. A Matlab tool was developed 

to execute a parametric analysis of the effect of ply thickness, taper angle, number of 

plies and stacking sequence on the relative size reduction benefits of fibre-oriented 



designs. Significant benefits in terms of size reduction were indicated in composites 

with a greater ply thickness, greater number of plies or shallower taper. The stacking 

sequence, unless all plies are similarly aligned, appears to have little effect. Ultimately 

the minimum benefit, in terms of scarf area reduction, is 36% for a fibre-oriented 

approach compared with a conventional approach. 

Cohesive Zone Models of conventional and fibre-oriented joints were developed, along 

with full 3D repair models, to compare the ultimate strength of the optimised designs. 

In both joints and repairs, the fibre-oriented step design appeared to show no 

significant benefit over conventional step repairs of a similar size. However the fibre-

oriented scarf approach predicted 17-22% greater ultimate strength compared with 

similarly sized conventional scarf designs, or alternatively a size reduction of 33-40% 

for the same ultimate strength. 
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