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ABSTRACT 

 

The evaluation of Compression-After-Impact (CAI) strength is of great significance in the design of composite aerostructures. 

This paper presents a model for the numerical simulation of Compression-After-Impact (CAI) of hybrid unidirectional 

(UD)/woven carbon-fibre reinforced composite laminates. This three-dimensional damage model is based on Continuum 

Damage Mechanics (CDM) and Linear Elastic Fracture Mechanics (LEFM), and implemented as a user defined material 

subroutine (VUMAT) in Abaqus/Explicit. This model, which accounts for interlaminar and intralaminar damage, and load 

reversal, incorporates a non-linear shear profile to account for matrix plasticity. Two different composite laminate lay-ups with 

varying extent of initial impact damage were tested to validate the computational model and enable a quantitative study of the 

influence of using woven plies on the surfaces of a laminate. Woven surface plies are often used in composite aerostructures 

to mitigate damage during drilling and constrain the extent of damage during low velocity impact. Good correlation was 

obtained between physical testing and simulation results, which establishes the capability of this damage model in predicting 

the structural response of composite laminates. The fully validated model was used to compare the Compression-After-Impact 

(CAI) strength of an equivalent unidirectional (UD)-only carbon-fibre reinforced composite laminate. The results showed that 

the hybrid unidirectional (UD)/woven laminate had a marginally higher strength (+3.3%) than the equivalent unidirectional 

(UD)-only laminate. 

 

Keywords: A. Laminates; B. Strength; C. Finite Element Analysis (FEA); D. Mechanical testing; 

 

1. Introduction 
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Carbon-fibre reinforced composite laminates are increasingly used in aerostructures, primarily because of their excellent high 

specific strength and stiffness, and good fatigue resistance. However, carbon-fibre/epoxy composites do have their own 

drawbacks. For example, the weak through-thickness strength in laminated structures makes them susceptible to impact 

damage [1,2]. Moreover, induced damage may not be visible but may, nonetheless, significantly reduce a laminate`s residual 

compressive strength. Consequently, a better understanding of the behaviour of post-impacted laminates under compressive 

loading is essential for the design and maintenance of composite structures [3�6]. 

 

In the design of composite aerostructures, the residual strength is usually investigated by performing compressive tests on 

damaged specimens impacted at different energy levels [7,8]. While a number of �in-house� and standardised tests have been 

adopted (e.g. [9,10]), they each share the same basic approach. Pristine samples are tested in a drop-weight impact testing 

machine to generate a certain degree of damage within the laminates. The resulting damaged samples are then clamped 

within a support fixture, and loaded in compression, to determine the residual strength. A consistent relation between impact 

energy and CAI strength of composite laminates has been shown in previous studies [11�14]. 

 

Considerable experimental and computational work has been reported on the determination and prediction of CAI strength of 

post-impacted composite laminates under in-plane compressive loading [15�20]. With the aim of simplifying the experimental 

process, Asp et al. [21] performed compression tests on composite panels with embedded artificial delaminations, negating 

the need for impact tests. A comparison of results obtained from impacted and artificially delaminated samples showed that 

both types of samples failed due to the growth of delamination. The residual strengths of the two cases were similar but 

artificially delaminated samples presented higher stiffness than impacted samples. M. Remacha et al. [22] developed a new 

test fixture to determine the CAI strength of composite structures. Compared to the fixtures used in the American Society of 

Testing Materials (ASTM) D7137/7137 M standard, the benefit of this fixture was that it could be used to test thinner composite 

laminates which are prone to buckle during CAI tests [23,24].  

 

Physical testing, which usually requires a large number of samples and operations, is costly and time consuming. This has 

driven the aerospace industry, in particular, to seek economically efficient means of structural testing through the increased 

use of simulation [25,26]. The research community has responded through efforts to develop robust damage models for 

reproducing the material response under various loading conditions. Rivallant et al. [27] developed a model for the numerical 

simulation of impact damage, permanent indentation and CAI in carbon-fibre reinforced composite laminates. The damage 

evolution during both low-velocity impact tests and CAI tests were captured by the same predictive model. This damage model 
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was also used to evaluate the effects of impact energy on the residual strength of composite laminates after impact. An 

investigation on the numerical prediction of CAI strength in woven composite laminates was carried out by Mendes and 

Donadon [14]. Two different modelling approaches, Single Shell Model (SSM) and Split Shell Model (SpSM), were used to 

build the computational model. Comparison between experimental and numerical results was conducted to evaluate the 

capability of these damage models in predicting the CAI strength of composite laminates. A high-fidelity three-dimensional 

composite damage model was presented by Tan et al. [12] to predict both low-velocity impact damage and CAI strength of 

composite laminates. This physically-based damage model was implemented as a user material subroutine in the commercial 

Finite Element (FE) package, Abaqus/Explicit. The virtual impact and CAI tests were conducted using the same FE model and 

the intralaminar damage features, delamination damage area and residual strength attained were in excellent agreement with 

experimental results. 

 

In this work, the model presented in [12] was adopted and modified to enable the simulation of hybrid composites undergoing 

impact damage and subsequent compression testing. The physical impact and CAI tests, used for model validation, were 

conducted based on the ASTM D7316/7316M and ASTM D7317/7317M standards [9,28], respectively. C-scanning was 

performed to gain further insight into the evaluation of damage leading to catastrophic failure. The simulation results were in 

excellent correlation with the corresponding experiment results. The modelling enabled a quantitative assessment of the use 

of hybrid UD/woven carbon-fibre reinforced composites and an equivalent laminate which only consisted of UD plies. 

 

2. Overview of the damage model 

 

The failure modes presented by carbon-fibre reinforced composite laminates may be broadly classified into two categories: 

interlaminar (delamination) and intralaminar (matrix cracks and fibre pull-out/breakage) failure as shown in Fig. 1. 

 

  

(a) (b) 
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Fig. 1. Failure modes in (a) UD and (b) woven carbon-fibre reinforced composite laminates. 

 

The damage model is a CDM [29,30] based smeared crack FE model. Details of this model have been reported in [12,31,32] 

and only a brief outline is included in this paper. 

 

2.1 Intralaminar damage initiation 

 

The damage response is assumed to be elastic in the longitudinal and transverse directions and inelastic in shear. Strain-

based damage initiation functions, Eq. (1) and Eq. (2), are utilised to model the initial material response along the fibre direction, 

 

where  and  are the failure indices for tension and compression, and the fibre failure initiation strains for tension and 

compression are represented by   and , respectively. In this criterion,  is the current strain in the fibre direction, 

i.e. longitudinal for a UD ply but both longitudinal and transverse in a woven ply. 

  

The initiation failure criteria developed according to the theories proposed by Puck and Schurmann [33] and Catalanotti [34] 

et al. were used to capture the transverse and through-thickness matrix-dominated damage initiation in a UD ply. The modified 

Hashin criterion [28], which can distinguish between various modes of failure and consider the interaction between normal 

stress  and shear stress (  and , was employed for the thorough-thickness damage initiation in a woven ply [35]. 

The matrix-dominated failure criteria are given bellow, 

 

UD lamina: 

woven lamina: 
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where  is the failure index for matrix tensile and compressive failure. In Eq. (3) and (4),   are the 

stresses on the fracture surface of a UD lamina as shown in Fig. 2. Parameters  and  are defined by 

 ,and , where  and  are the shear strengths. The transverse friction coefficients  

and  are defined based on the Mohr-Coulomb theory where ,  and 

,  and  are the transverse tensile strength and transverse compressive strength, respectively.  are the 

tensile/compressive failure indices.  is the normal stress, and  are the shear stresses, in the 

through-thickness direction of a woven ply.  represent the matrix tensile/compressive strengths , and  

 are the matrix shear strengths. 

 

 
 

Fig. 2. Material coordinate system  rotated to the 

fracture plane coordinate system . [33] 

Fig. 3. Non-linear shear profile with different 

loading/unloading paths. [31] 

 

2.2 Intralaminar damage evolution 

 

Monotonically increasing damage variables each ranging from 0 (no damage) to 1 (complete failure) were used to represent 

the evolution of damage in the UD and woven plies. Every damage variable was related to a certain failure mode. Damage 

variables, and , refer to fibre-dominated tensile and compressive damage, respectively. indicates the evolution 

of matrix damage due to a combination of transverse tension/compression and shear loading, 

 
, 

(5) 

 
, 

(6) 
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where the initiation strains, and , are determined by the material strength  and . In Eq. (8),  is the 

-norm of strains acting on the fracture plane.  is the  -norm of inelastic strains at damage initiation.  and  are the 

-norms of strains corresponding to initial and final damage, respectively. The failure strain is defined by the respective critical 

energy release rate,  , and the corresponding material strength, , 

 

 , (9) 

 

where  is the characteristic length associated with the longitudinal direction, and determined by , where  is 

the element volume and  is the representative fracture surface calculated using an approach in Tan et al. [12]. 

 

The shear response, required by the damage model, was obtained from standard V-notch shear tests and expressed as,  

 

 , (10) 

 

where  are coefficients, and  are the shear strains. Prior to damage initiation, shear 

loading and unloading occurs along gradients defined by the initial shear modulus . The damage propagation and nonlinear 

shear stress profiles are shown in Fig. 3. 

 

In order to verify the implementation of the intralaminar damage model, virtual Modified Compact Tension (MCT) [36,37], 

Compact Compression (CC) [38,39] and virtual V-notched Rail Shear (VRS) [40,41] tests were simulated using the developed 

computational model according to the widely used testing protocols. The fibre-dominated tensile and compressive fracture 

toughness, and nonlinear properties, obtained from in-house material characterisation tests, were used in the verification 

models. The geometry, dimensions and laminate lay-ups of the model verification specimens are presented in Fig. 4 and Table 

1. The loading direction was defined as the 0° direction. The material system used is IMS60/epoxy and the properties are 

 

 

, 
(7) 

 
, 

(8) 
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presented in Table 4. Comparison of load-displacement curves, obtained from experiment and computation, are shown in 

Figs. 5a, b and c, and are shown to be in good agreement. 

 

   

(a) (b) (c) 

Fig. 4. Configuration for (a) MCT (b) CC and (c) VRS virtual tests. 

 

Table 1 

Dimensions of specimens for material characterisation (mm) 

Samples         Lay-ups 

MCT 65 60 26 51 4 4 28 2  

CC 65 60 20 51 4 10 12 2  

VRS 75 56 N/A N/A N/A 31 25 N/A  
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(a) (b) (c) 

Fig. 5. (a) Virtual MCT test and load-displacement curves (b) virtual CC test and load-displacement curves and (c) virtual 

VRS test and load-displacement curves. 

 

2.3 Interlaminar damage model 

 

The built-in surface-based cohesive behaviour in Abaqus/Explicit was used to capture the delamination in composite structures 

using a bilinear traction-separation relationship. The interlaminar failure initiation is governed by a quadratic stress criterion, 

 

 

where  is the normal direction and in-plane stresses respectively, and   are the corresponding 

maximum stresses in each direction. In this model, the Benzeggagh�Kenane (B-K) propagation criterion [42] was used to 

propagate the delamination, 

 

 

where  is the mixed-mode fracture toughness, and  is the local mixed-mode ratio defined as . The 

parameter, , is the mixed-mode interaction parameter determined from in-house experiments based on the ASTM 

D6671/D6671M-03  testing standard [43]. 

 

2.4 Model implementation 

 

 
, 

(11) 

 , (12) 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

9 

 

A VUMAT subroutine was developed for Abaqus/Explicit to predict the residual strength of post-impacted composite structures. 

The main subroutine contains three second-level subroutines to capture fibre-dominated failure, matrix-dominated failure and 

nonlinear shear behaviour. The overall subroutine flowchart is shown in Fig. 6. 

 

 

Fig. 6 . Flowchart of main VUMAT subroutine 

 

3. Impact and CAI tests 

 

The pristine panels for impact drop-weight tests were manufactured using Resin Infusion under Flexible Tooling (RIFT). All 

panels were subsequently inspected using a C-scan system to ensure the specimens were defect-free. The impact tests were 

carried out in an Instron-Dynatup 9250 HV drop-weight testing machine with a steel impactor with a hemispherical nose of 

12.7 mm diameter. The impact energy was adjusted by changing the height of the impactor drop. The specimen was supported 

on a rigid platform and fixed by four clamps with rubber tips [44]. The testing apparatus is shown in Fig. 7a. The ASTM 

7136/7136M test standard was adopted for performing the impact tests. 
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(a) (b) 

Fig. 7. Experimental set-up for (a) impact test and (b) CAI test. 

 

A selection of post-impacted specimens was employed to conduct the CAI tests. The lay-ups, corresponding impact energy 

and dimensions are presented in Table 2. 

Table 2 

Geometric parameters and lay-up of the specimens for CAI test specimens. 

Specimen code Lay-up Energy (J) L (mm) W (mm) t (mm) 

C-L1 
[5HS/-45/+45/90/0/-45/+45/90/+45/-45/90/+45/-

45/0/90/+45/-45/5HS] 

25 

150 100 4.78 17 

10 

C-L2 [5HS/0/0/+45/-45/0/0/0/-45/+45/0/0/0/+45/-45/0/0/5HS] 

25 

150 100 4.78 17 

10 

 

The CAI tests were carried out on a Dartec mechanical testing machine which can deliver a 250 kN maximum load. 

Displacement control was applied, and the testing speed was set at 1.25 mm/min following the ASTM D7317/7317M test 

standard. The experimental set-up for the CAI tests is presented in Fig. 7b. 

 

4. Experimental results 

 

4.1 Impact-induced damage 
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In this work, three different impact energy levels, 10 J, 17 J and 25 J, were used to generate the impact-induced initial damage 

in the CAI samples. For each composite lay-up, three samples were tested at each impact energy level. Fig. 8a shows the 

visible indentation on the top (impacted) surface of C-L2 specimens caused by an impactor with 25 J impact energy. The 

corresponding typical footprint of invisible damage, shown in Fig. 8b, was obtained through a C-scan system. A summary of 

measured experimental data, including average indentation, maximum length, maximum width and area of damage footprints, 

obtained from P#1 and P#2 specimens for different impact energy cases, are given in Table 3 [45]. 

 

  

(a) (b) 

Fig. 8 (a) Visible indentation and (b) internal damage in CAI specimens. 

 

Table 3 

Summary of experimental data measured from impact tests 

Panel ID Energy (J) 
Average indentation 

depth(mm) 

Maximum length 

(longitudinal) (mm) 

Maximum width 

(transverse) (mm) 

Delamination area 

(mm2) 

P#1 

25 0.22±10.1% 51.44±4.16% 50.76±4.64% 1904.7±2.73% 

17 0.14±16.2% 41.82±6.15% 37.46±18.29% 1171.3±5.78% 

10 0.08±6.7% 29.11±10.15% 28.00±7.61% 625.6±10.59% 

P#2 

25 0.19±18.9% 65.09±7.08% 36.92±5.36% 1831.7±5.21% 

17 0.17±23.5% 45.06±4.97% 28.82±5.64% 1112.3±3.25% 

10 0.13±17.3% 33.77±7.21% 21.73±11.19% 610.4±6.16% 

 

4.2 CAI test results 
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4.2.1 Visible damage 

Following the CAI tests, the macroscale damage of the fractured specimens was investigated. The side view, front view and 

back view of the failed CAI samples are shown in Figs. 9a-c. CAI samples with different initial damage presented different 

degrees of damage under compressive loading. This difference may be characterised by the damage area encompassing 

intralaminar cracks, crush and delamination observed on one side of the sample. The 10J-impaced CAI samples, C-L1-10 

and C-L2-10, presented more damage including larger delamination and local crush than the damage in those samples 

impacted at higher energy levels. In addition, a very clear intralaminar crack can be observed at the front and back of the 

tested CAI sample. The location of the dominant fracture surface of all CAI samples is similar and constant, which is close to 

the centre cross-section and propagated across the whole sample. Fig. 9c shows the catastrophic fracture from a 25J-

impacted C-L2 specimens. Fig. 9d explains the damage morphology. 

 

(a) (b) 

 

(c) (d) 

Fig. 9. The side view of damaged (a) C-L1 (b) C-L2 impacted specimens (c) typical front and back view of  failed 25J-

impacted specimen and (d) legend for illustration of morphology. 

 

4.2.2 C-scan inspection 
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The tested CAI samples were inspected using a C-scan system and the obtained images are shown in Figs. 10a-f. In order to 

obtain a high-quality C-scan image, the damaged samples were flattened using an even compressive loading over the XY 

surface. As shown in the C-scan images, at the same impact energy level, the damaged area presented by C-L2 impacted 

specimens is larger than  that observed in C-L1 impacted specimens. The C-L2 lay-up contains more 0! plies which promotes 

more delamination under longitudinal compression. In contrast, the C-L1 lay-up has more 90! plies which are able to constrain 

the delamination propagation. As a result, the delamination of C-L1 impacted specimens was constrained to a correspondingly 

narrow area along the transverse cross-section. For the same composite lay-up, the delamination area presents an inverse 

relation with the impact energy. For example, the 10J-impacted C-L1 impacted specimens delivered a larger delamination 

area than the 25J-impacted C-L1 impacted specimens. 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

14 

 

Fig. 10. The C-scan images obtained from (a) C-L1-10 (c) C-L1-17 (e) C-L1-25, and (b) C-L2-10 (d) C-L2-17 (f) C-L2-25 

impacted specimens. 

 

4.2.3 Global response 

In the CAI tests, the nominal stress was calculated according to the measured maximum load and the transverse cross-

sectional area. In Fig.11, all the nominal stress-displacement curves obtained from CAI specimens with different initial damage 

behave linearly before rapid catastrophe failure. The nominal stress-displacement curves obtained from pristine panels are 

included for comparison. It is readily observed that the higher the initial impact damage, the greater the stiffness and 

compressive strength reduction. 

 

  

(a) (b) 

Fig. 11. Nominal stress-displacement curves obtained from (a) C-L1 and (b) C-L2 impacted specimens with different initial 

impact damage. 

 

4.2.4 Residual strength 

The residual strength decreased with increasing impact energy, Fig. 12a. Compared to C-L1 impacted specimens, the C-L2 

impacted specimens that have a higher initial strength delivered a higher residual strength at the same impact energy level. 

This was primarily due to the five-fold increase in  plies in the C-L2 specimens. In Fig. 12b, the normalised residual strength 

of C-L1 and C-L2 impacted specimens are presented to indicate the ratio of residual strength to pristine strength.  
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(a) (b) 

Fig. 12. (a) Residual strength versus impact energy and (b) normalised residual strength versus impact energy. 

 

5. Finite element model 

 

A finite element (FE) model was developed in Abaqus/Explicit to conduct the virtual CAI tests [12]. Prior to the CAI simulation, 

the drop-weight impact simulation was completed as shown in Fig. 13a. The impactor was modelled as a spherically-shaped 

analytical rigid surface, with a reference lumped mass of 6.4 kg, and the clamps were defined as a rigid body with a 

compressive preload to fix the panel. The impact-induced damage footprints obtained from C-scan measurements are 

compared with those predicted by simulation and shown in Fig. 13b. After the impact event, all the boundary conditions for 

the impact simulation were removed and new boundary conditions (Fig. 14) were applied for the CAI simulation in the FE 

model. In order to reduce the calculation time, the compressive load was set as 500mm/s whilst ensuring that the quality of 

the results was not affected by inertial effects [46]. To suppress spurious energy modes associated with the use of elements 

with reduced integration, an enhanced stiffness-based hourglass and distortion control were employed. The model was 

meshed with single-ply-thickness C3D8R elements. The general contact algorithm which is available in 

Abaqus/Explicit was used to simulate contact in the numerical model. A measured friction coefficient of 0.25 was used in the 

ply-to-ply contact. For the impactor-to-ply and clamp-to-ply contacts, a friction coefficient of 0.2 was used [47].  
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(a) (b) 

Fig. 13. (a) FE model for impact simulation and (b) comparison of damage footprints obtained from simulation and C-scan 

measurement for different impact energy levels.  

 

  

  

Fig. 14. (a) FE model for CAI simulation (b) boundary condition for virtual CAI tests. 

 

The material systems used in the FE model are an IMS60/epoxy UD carbon-fibre/epoxy and AS4/epoxy woven carbon-

fibre/epoxy laminated composite. The material properties for data reduction and numerical simulation were obtained using a 

series of in-house tests and are shown in Table 4. The intralaminar fracture energies associated with fibre-dominated tensile 

( ) and compressive ( ) failure were measured from MCT and CC testing schemes [48,49]. The standard VRS 

testing method [50] was used to obtain the coefficients of ,  and , required in Eq. (10). The interlaminar fracture energies 

(  and ), and B-K coefficient  were determined using standard DCB, four-point ENF and MMB tests [43,51�53].  
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Table 4 

Mechanical properties of IMS 60/epoxy UD lamina and AS4/epoxy 5HS woven lamina 

Materials UD lamina Woven lamina 

Modulus (GPa)  

; 3.35; 

 

;  

Poisson`s ratio   

Strength (MPa)  

 

 

 

 

 

Intralaminar fracture 

energies ( ) 

  [40,54]  

Non-linear shear properties   

Interlaminar fracture 

energies ( ) 

  

B-K coefficient   

 

6. Model validation 

 

6.1 Load-displacement curves 

 

For brevity, only the experimental results obtained from C-L2 impacted specimens are presented to demonstrate the validation 

of the proposed damage model. Both strength and stiffness reduction were accurately captured by the proposed damage 

model and excellent correlation was achieved between the physical tests and numerical simulation, Fig. 15. 
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(a) (b) (c) 

Fig. 15. Load-displacement curves obtained from C-L2 specimens for (a) 10J (b) 17J and (c) 25J impact energy. 

 

Fig. 16 depicts the evolution of different types of damage obtained from the C-L2-25J impacted specimen in the virtual CAI 

test. As shown in the figure, energy dissipation due to interlaminar and intralaminar damage increased sharply when the load 

reached its maximum value. Intralaminar damage consumed most (around 56%) of the absorbed energy. Interlaminar damage 

also played an important role in the energy dissipation of the CAI event.  

 

 

6.2 Damage due to compressive loading 

 

Fig. 17a shows the footprint of CAI damage in the C-L2-25J impacted specimen obtained from simulation. The damage contour 

obtained from simulation was compared to experimental results as shown in Fig. 17b. The simulation results presented more 

damage in the central area than the fringe area on the composite panel. The footprint area obtained by simulation is slightly 

less than the area presented by the C-scan results, while the main damage area obtained from C-scan was accurately 

reproduced by the numerical simulation using the proposed damage model.  

 

 

Fig. 16. Energy dissipation in a CAI event for C-L2-25J-impacted sample. 
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(a) (b) 

Fig. 17. (a) Damage footprint of C-L2-25J impacted specimen attained from simulation and (b) comparison of damage 

footprints obtained from experiment and simulation. 

 

6.3 Performance assessment 

 

In order to explore potential structural advantages of hybrid UD/woven carbon-fibre reinforced composite laminates, commonly 

used in the aerospace industry reasons given earlier, the fully validated computational model was used to compare the 

performances of UD-only carbon-fibre reinforced composite laminates and hybrid carbon-fibre reinforced composite laminates 

in a CAI test. The top and bottom sublaminates (5HS) of the lay-up [5HS/0/0/+45/-45/0/0/0/-45/+45/0/0/0/+45/-45/0/0/5HS] 

were substituted by a same thickness cross-ply (0/90) laminate, [(0/90)/0/0/+45/-45/0/0/0/-45/+45/0/0/0/+45/-45/0/0/ (90/0)], 

Fig. 18.  

 

 

Fig. 18.Equivalent UD-only and hybrid laminates. 

 

The virtual CAI test was carried out on the UD-only carbon-fibre reinforced composite laminate with 25 J impact energy and 

is referred to as the U-CAI-25J impacted specimen. The 25J-impacted hybrid carbon-fibre reinforced composite laminate is 

referred to as the U/W-CAI-25J impacted specimen. The nominal compressive stress-displacement curves obtained for these 
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two laminates is shown in Fig. 19. The maximum stress obtained from U/W-CAI-25J impacted specimen was 277.4 MPa, 

which is marginally higher (+3.3%), yet measurable, than that presented by U-CAI-25J impacted specimen (268.6 MPa). 

 

 

Fig. 19. Comparison of nominal compressive stress-displacement curves for U/W-CAI-25J and U-CAI-25J impacted 

specimens. 

 

Details of the energy dissipation in the virtual CAI tests for the U-CAI-25J impacted specimen are shown in Fig. 20a. In order 

to compare the energy absorption capability of U/W-CAI-25J and U-CAI-25J impacted specimens, the values of absorbed 

energy obtained from the CAI simulation for U/W-CAI-25J and U-CAI-25J impacted specimens were compared and shown in 

Fig. 20b. The value of absorbed total energy obtained from the CAI simulation on the U/W-CAI-25J specimen was 57.9 J, 

which is 8.84% higher than that obtained from U-CAI-25J impacted specimen (53.2 J). In terms of energy dissipated by 

interlaminar damage, the values delivered by the U/W-CAI-25J impacted specimen (23.4 J) and the U-CAI-25J impacted 

specimen (22.9 J) are similar, while the U/W-CAI-25J impacted specimen presented 14.6% higher intralaminar damage energy 

(32.2 J) than the U-CAI-25J impacted specimen (28.1 J).  
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(a) (b) 

Fig. 20. (a) Energy dissipation in CAI event for U-CAI-25J samples and (b) comparison of absorbed energy between U/W-

CAI-25J specimens and U-CAI-25J specimens. 

 

The side-views of both post-CAI specimens obtained from the simulations are shown in Fig. 21. The U-CAI-25J impacted 

specimen presented more matrix damage and larger deformation than U/W-CAI-25J impacted specimen. Most of damage 

presented by the U-CAI-25J impacted specimen appeared in the outer layers which consist of UD composite plies. In Fig. 22, 

the comparison of damage footprints showed the total damage areas of U/W-CAI-25J impacted specimens and U-CAI-25J 

impacted specimen are very similar. The difference is the U/W-CAI-25J impacted specimen presented a more even damage 

distribution, while, the U-CAI-25J impacted specimen exhibited more damage in the central region. 

 

 

Fig. 21. Side-view of intralaminar matrix damage obtained from U/W-CAI-25J-impacted specimens (top) and U-CAI-25J 

specimens (bottom). 

 

  

(a) (b) 

Fig. 22. Damage footprints of (a) U/W-CAI-25J-impacted specimens and (b) U-CAI-25J-impacted specimens. 

 

6. Conclusions 
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This work presented an investigation into the predictive capability of a computation model to capture the residual strength of 

damaged hybrid UD/woven composite laminates under compressive loading. Initial impact damage was introduced into the 

FE model by simulating the low velocity impact event prior to the CAI simulation. An experimental investigation on the CAI 

strength of hybrid UD/woven carbon-fibre/epoxy composite laminates was carried out to validate the proposed damage model. 

Two different composite laminate lay-ups were used to conduct the low velocity impact and CAI tests. The global response 

and delamination images of composite laminates due to low velocity impact were obtained. The post-impacted samples with 

different degrees of impact damage were tested under compressive loading. Excellent correlation between physical tests and 

virtual tests was obtained, which indicated the reliable capability of the proposed model in capturing the response of composite 

laminates under compressive loading. 

 

Furthermore, a comparative performance assessment was carried out on the hybrid UD/woven composite laminates and an 

equivalent UD-only composite laminate using the fully validated predictive model. The results showed that the use of woven 

plies on the surfaces of a laminate had a small, but measurable, positive influence on the residual strength of composite 

laminates in a CAI test. 
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