DAMAGE AND MECHANICAL REPAIR OF COMPOSITE LAMINATES:
EFFECTS OF EMBEDDED DEFECTS AND LOW-VELOCITY IMPACTS

Guijia Zhang', Mingbo Tong', Bing Yan?, Fangli Wang?®, Henghui Zhang'

""Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
2 Chinese Aeronautical establishment, Beijing, China
8 College of Mechanical and Electrical Engineering, Jinling Institute of Technology, Nanjing, China

Abstract

Both numerical simulations and experimental methods were employed to investigate the compressive strength
of laminates with pre-embedded defects and under low-velocity impact. The CAl of laminates with embedded
defects was also examined. Bolted repairs were implemented around the damaged area to investigate the
effectiveness of improving compressive strength for both scenarios. The results obtained from the numerical
simulation and the experimental results were combined to analyze the damage modes of the laminates with
pre-embedded defects and under low velocity impact and mechanical repairs and their effects on the damage
development and failure during compression.
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1. Introduction

Composite materials are widely used in aircraft structures such as vertical tails, horizontal stabilizers,
and fuselage skin panels due to their superior properties[1], [2], [3]. However, carbon fiber-reinforced
polymers (CFRPs) in composite laminates are particularly susceptible to delamination during
production and service caused by resin bubbles, dropped tools, and foreign object impacts[4], [5],
[6], [7], [8]- This damage is visible by the naked eye, called barely visible impact damage (BVID),
and hard-to-detect delamination damage poses significant safety hazards to the use of composite
structures[9], [10], [11], [12].

Researchers commonly employ compression-after-impact (CAl) tests to assess the effects of low-
velocity impact (LVI) on structural performance[13], [14], [15]. It is generally assumed that composite
laminates lack initial defects during these evaluations, although delamination damage is an inevitable
issue during their use [16], [17], [18], [19]. Assessing the impact of initial delamination damage on
LVI and CAl tests on laminates is crucial.

While testing offers realistic failure modes and results, it is time-consuming and costly. The Small
sample size used in the test, influenced by the preparation process, leads to highly dispersed results.
Simulations are a powerful, cost-effective, and computationally efficient tool for analyzing the LVI
and CAl in composite laminates. Modeling methods vary based on research objectives, including
separate LVI models[20], [21], [22], [23], [24], CAl models[25], [26], and full-process simulations[27],
[28], [29] that combine both. In these models, failure criteria such as the Hashin[30] and Puck[31],
[32] criteria simulate damage initiation in each laminate layer[33], [34]. Continuum damage
mechanics methods (CDM)[35], [36], [37], [38], [39], commonly used to simulate damage
propagation, are prevalent. Delamination damage is a critical concern in LVI simulations.
Delamination damage poses an essential problem for LVI simulations, effectively simulated by the
Cohesive Zone Model (CZM)[40], [41], [42], [43]. In Abaqus, this modeling uses cohesive elements,
surfaces, or contacts.

This study employed numerical simulations and experimental methods to investigate the LVI and
CAl tests of laminates with and without pre-embedded defects (delamination damage). The study



compared the performance of three common laminate layups used in aircraft fuselage panels under
both scenarios. Additionally, it explored how the depth of delamination affects the compressive
strength of the laminates. The study also examined the compressive strength of laminates with
embedded defects after experiencing LVI. Corresponding test pieces for laminates with pre-
embedded defects were created, and bolted repairs were applied to explore the effectiveness of
mechanical maintenance in enhancing compressive strength. The efficiency of mechanical repairs
was also assessed for laminates under conditions of pre-embedded defects and LVI.

2. Specimens and test set-up

2.1 Experimental procedure

Specimens were made from 0.13mm unidirectional composite prepreg lamina and 0.3mm woven
fabrics chosen to enhance impact resistance. These materials were arranged in three typical
laminate layups used in aircraft fuselage panels (refer to Table 1). The dimensions of the test
specimens were 150mmx100mm, conforming to the ASTM D7137 standard. The typical dimensions
and the location of pre-embedded defects in the specimens are illustrated in Figure 1, where the
blue dashed line indicates the location of the pre-embedded defects damage.
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Figure 1. Dimensions of the specimens
Table 1 Type of layup forms

Serial Thickness/
Layup forms

number mm

A (45)/(45)/90/45/0/45/90/-45/90/-45/0/90/90/0/-45/90/- 544
45/90/45/0/45/90/(45)/(45)/(45)/0/0/90/0/0/90/0/0/(45) '

B (45)/(45)/45/0/90/-45/0/90/0/-45/90/0/45 497
/(45)(45)/(45)/0/0/90/0/0/90/0/0/(45) '

c (45)/(45)/90/45/0/45/90/-45/90/-45/0/90/90/0/-45 /90/- 38

45/90/45/0/45/90/(45)/(45)

() represents for the woven fabrics
In line with the research objectives, 16 sets of experiments were conducted, consisting of 96
compression strength tests on typical composite laminates. The specimens were divided into three
types: 1) undamaged (18 specimens), 2) with pre-embedded defects (30 specimens), and 3)
subjected to low-velocity impact (48 specimens).

In the pre-embedded defects group, the influence of delamination damage on the compressive
strength of the test pieces was compared under three different pre-embedded defect positions (in
the thickness direction). The layup forms of the test pieces were selected from three typical layup
forms of the fuselage skin panels. The configurations of these test specimens are detailed in Table
2.



Table 2 The configurations of test specimens.

Pre-embedded Number of

Serial Number Layup Configuration Defect Position Impact damage Specimens
A-O-N A - N 6
A-0-Y A - Y(BVID) 6
A-I-N A I N 6
A-1I-N A Il N 6
A-1lI-N A Il N 6
B-0-N B - N 6
B-0-Y B - Y(BVID) 6
B-I-N B I N 6
B-111-N B Il N 6
C-0-N C - N 6
C-0-Y C - Y(BVID) 6
C-I-N C I N 6
C-II-N C Il N 6
C-I-Y C I Y(BVID) 6
C-lI-Yy C Il Y(BVID) 6
C-ll>-N C [I(Without Repair) N 6
Total 96

Note: A, B, C represent the three typical layup forms; |, I, lll represent the three different pre-

embedded defect locations in Figure 1; Y and N indicate whether the specimen has been subjected
to low velocity impact, with Y representing barely visible impact damage (BVID).

For specimens with pre-embedded delamination damage, Hi-Lok bolts are used near the damaged
area to enhance compressive strength. The installation positions of the Hi-Lok bolts are illustrated in
Figure 2.

Figure 2 Positions of the Hi-Lok bolts
The locations of the pre-embedded defects are depicted in Figure 3, where 'T' represents the total
thickness of the specimen. The defects are prepared from Polytetrafluoroethylene (PTFE). Positions
I, Il, and Ill in Table 2 correspond to H=1/3T, H=1/2T, and the junction surface of the longitudinal
girder and skin, respectively.

Figure 3 Pre-embedded Delamination Damage Location

2.2 LVItests

LVI experiments were conducted according to the ASTM D7136/D7136M standard using a CLC-A
drop weight impact testing machine (see Figure 4.a). The specimen was placed on a base with a
125 mm x 75 mm cut-out and secured by four rubber-tipped clamps, as shown in Figure 4.b. Damage
was introduced by an out-of-plane concentrated impact perpendicular to the laminate plane, using a
hemispherical impactor. Following the test standard, a 16 mm radius hemispherical impactor made
of aluminum was selected, with an impact energy of 6.7 J/mm and a total impact energy of 36 J.



Figure 4 a) CLC-A drop weight impact testing machine b) Support fixture

Before compression testing, specimens with pre-embedded defects were examined using a UPK-
T36 ultrasonic immersion C-scan system (see Figure 5). This non-destructive test determined the
size and location of the defects (Figure 6.a), and the results were used to map their positions (Figure
6.b).

Figure 6 C-scan result for specimens with pre-embedded defects

2.3 Compression tests

For compression tests, longitudinal strains were measured at four different positions—two back-to-
back on each surface of the specimen—to ensure the application of pure compressive loads and
detect any bending or buckling. The compression tests followed the requirements of ASTM D7137
(Figure 7), loading on a WDW-E2000 electronic universal testing machine with displacement loading
at a rate of 0.5 mm/min, and strain data was collected every second. For specimens after LVI, the
C-scan system was used to measure the inter-laminar damage area.

|

Figure 7 support fixture and strains measured positions



3. Numerical simulation

For laminates under low velocity impact, zero-thickness cohesive elements embedded in
ABAQUS/Explicit were introduced between the laminates to predict delamination damage. A
damage model based on the Puck failure criterion was established to study the complex damage
and failure mechanisms. The interlaminar delamination damage and intralaminar damage behavior
in the process of impact and compression after impact (CAl) were considered. A predefined field was
used to introduce impact damage into the CAI finite element model, achieving a full-process
simulation from low velocity impact to CAl. In addition, the Fastener elements were used to simulate
the effect of bolt repair in the corresponding model with pre-embedded defects and low velocity
impact.

3.1 Intralaminar damage

The Puck criterion was implemented in the simulation model to analyze the intralaminar damage
evolution of the composite laminates. The Puck criterion posits that the matrix failure of composite
material laminates depends on the stresses on the 'potential’ fracture plane. This 'potential’ fracture
plane is any plane parallel to the fiber direction. The stresses on the fracture plane include a normal
stress and two shear stresses, as illustrated in Figure 8.

Figure 8 Definition of Stresses Actihg on the Fracture Plane
Stresses and strains in the damage principal axis coordinate system can be derived from those in
the natural coordinate system through coordinate transformation:
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Damage in composite materials is categorized into fiber damage (FF) and matrix damage (IFF). The
Puck criterion characterizes the material state with a damage parameter (Stress Exposure) to
determine whether damage has occurred.

For matrix damage, the damage parameter is expressed as follows:
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Introducing the slope parameter pi, . p! . p{ . p: , which represents the influence of different
normal stress states (tensile and compressive) on the potential fracture plane on the damage.

When determining fiber damage, the transverse Poisson effect is neglected, and the maximum stress
criterion is adopted. The fiber failure criterion is as follows:
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Most constitutive models for composite materials use two or more tensor-form damage variables to
characterize damage. Utilizing the strain equivalence principle, damage state variables define the
relationship between the stiffness of damaged and undamaged materials. According to the theory of
continuum mechanics, the equivalent stress in the fracture surface coordinate system is defined
as[10]:

o = M*(B)c" (4)
Where m”(p) is the damage state variable in the fracture surface coordinate system, and its matrix
is expressed as:
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Where di(i = 1, n, t) represents the damage variables in three directions under the coordinate system
of the matrix fracture surface, dy = 1-(1-d)1-d)i,j = I,n,t,i # j) is the damage variables
corresponding to the shear model.

Establish a damage state variable based on equivalent strain to describe the material, considering
the damage evolution law from the onset of loading to complete failure.
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Where k =t,e, &°is the strain corresponding to the onset of damage, ¢ is the strain
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corresponding to material failure, &, is the fracture toughness and £ is characteristic length of each
element.

2
& = <5n> +7:/+7:1
i 26 (7)

' oir

3.2 Interlaminar damage

To effectively simulate interlaminar delamination damage, zero-thickness cohesive elements, based
on a ftraction-separation constitutive relation, were integrated into the finite element model to
represent debonding and delamination.

Camanho[44] and Turon[45] were the first to propose the bilinear constitutive model of the cohesive
zone, based on continuum damage mechanics fundamentals. The bilinear constitutive model is the
most commonly applied:

o =Ko 5<o°
oc=(1-0)K,s5 5 <6<6 (8)
c=0 5=

Where ¢° is the relative displacement at the onset of interlaminar damage, &’ corresponds to the
relative displacement at complete interlaminar failure, § represents the maximum relative
displacement occurring during the loading process, # is the damage variable.

A quadratic stress criterion was adopted to ascertain the initiation of interface delamination damage
under complex loadings. The quadratic stress failure criterion can be expressed as:
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Where £,(7i = n, s, t) represents the interface stress in the normal direction, first shear direction,
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and second shear direction, respectively, and R,(7/ = n, s, f) represents the limit nominal stress in
the corresponding direction.

The B-K criterion effectively establishes the relationship between the critical energy release rate and
the mixed-mode fracture ratio, and is characterized by its simplicity[46]:

G 7
["/c + (ﬂlm - l"m)[ Zw] = Ern (10)
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Where 7 is the exponent in the B-K criterion, &, is the critical fracture energy.

3.3 Numerical analysis

3.3.1 Laminates with pre-embedded defects

In ABAQUS/Standard, a geometric model was created, segmenting the pre-embedded defects and
the adjacent laminates into separate parts (Figure 9). For the composite laminates, eight-node
reduced-integration solid elements (C3D8R) were employed. Each layer was discretized into a single
element in the thickness direction, allowing for detailed observation of each layer’'s characteristics
during failure. To simulate the delaminated defect layer, 0.01mm thick cohesive elements (COH3D8)
were used, and the defect layer was connected to adjacent sub-plates using Tie contacts. Surface-
to-surface contact constraints were applied to both sub-layers to prevent penetration.

Figure 9 Three parts of the model
Before static loading, an eigenvalue buckling analysis was conducted to determine the node
displacement distribution for the first-order buckling mode. These displacements were then used as
initial defects in the structure. In the static analysis, 5% of the thickness was used as the initial
disturbance. The results of the buckling analysis are displayed in Figure 10.

Figure 10 First order buckling model



3.3.2 Laminates under LVI

The Abaqus/Explicit solver was employed for the LVI simulation to obtain the impact response and
damage modes under impact loads. A 3D finite element model was established, using eight-node
reduced-integration solid elements (C3D8R) to simulate the composite material laminates. Each sub-
layer in the thickness direction was discretized into a single element, with zero-thickness interface
elements (COH3D8) inserted between every two layers of different orientation angles. To improve
computational efficiency, as illustrated in Figure 11, the mesh near the center was refined, cohesive
elements were placed only in this area, while a sparser mesh was used in areas farther from the
center. The grid density in the central region was 0.5 mm x 0.5 mm, and the grid density at the
outermost edges was 3 mm x 3 mm.

Figure 11 Finite element model of impact

The cohesive elements are set not to be deleted after damage to avoid mutual penetration of the
upper and lower sub-layers after delamination. Rigid body constraints were applied to the impactor.
Surface-to-surface contact was established between the impactor and the laminate. Hard contact
was implemented to replicate typical interaction behavior. Contact forces were calculated using the
penalty method. Tangential interactions between contact pairs were modeled using the Coulomb
friction model. The friction coefficient was set to 0.3. Fixed support constraints were applied around
the laminate. An initial velocity, based on the impact energy, was applied to the impactor.

3.3.3 Laminates of CAl

The Abaqus/Explicit module was employed for the quasi-static simulation of CAl, using the same
element configuration and mesh as the impact model. The deformed mesh from the LVI result file
served as the initial model to get the displacement of impacted elements. Impact damage from the
simulation was integrated into the CAIl model using predefined fields, simulating the entire
progression from LVI to CAl in the composite structure. A fixed support constraint was applied to the
node on the fixed end. The loading end node on the right side was constrained in all degrees of
freedom except in the direction of the compressive load. Side nodes were constrained to limit
displacement along the thickness direction. An equation constraint was set between the reference
point and the loading end. Compression displacement load was applied at the reference point, as
illustrated in Figure 12.

Figure 12 Finite element model of CAl

3.3.4 Laminates with bolt repair

The bolts were modeled as solids, and the model was established at the corresponding positions
with contacts set (Figure 13).



Figure 13 Finite element model with bolt repair

4. Results and discussion

4.1 Undamaged specimens
Table 3 Compressive strength of undamaged specimens

Serial number 0° unidirectional Compressive Relative to A-0-N
tape ratio strength /MPa ratio
A-0-N 29.4% 327.8 1
B-0-N 40.0% 354.5 1.08
C-0-N 16.7% 310.7 0.88

The table 3 shows that among the three laminate types, Type B exhibits the highest compressive
strength, followed by Type A, with Type C having the lowest. Furthermore, the variations in
compressive strength correspond to changes in the 0° unidirectional tape ratio within the laminates.

4.2 LVI and CAIl
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Figure 14 Comparison of specimens with and without impact damage

The Figure 14 shows reductions in compressive strength of some samples after LVI. Different
laminates exhibit a strength decrease of 7.6% to 36.1% compared to their undamaged state. Impact
damage severity varies by laminate layup type; Type A laminates show the least strength reduction
at 7.6%, indicating superior impact resistance. In contrast, Type C laminates suffer more severe
reductions, with decreases exceeding 26%. Additionally, laminates with pre-embedded damage
show further reduced resistance, especially Type | samples, which exhibit the most significant
decline in compressive strength.



Delamination Area and Impact Depth

Delamination Area/mm?
Impact Dent Depth/mm

A0 B-0- C-0 C-1-Y C-lI-y
Samples

Figure 15 Damaged area and impact dent depth

After impact, the damaged area and impact dent depth for each group of test specimens were
measured (Figure 15). For the C-I-Y and C-II-Y groups, the damaged area encompassed both pre-
embedded defects and impact damage, including overlaps between them. Only the total projected
area was measured. The analysis of the samples A, B, and C, which vary in thickness and lamination
patterns, reveals a clear correlation between thickness and impact resistance, with thicker samples
generally offering better protection against impacts. Sample A, the thickest, showed the lowest
impact dent depth, confirming that increased thickness enhances a material's ability to absorb and
distribute impact energy. This underscores the importance of considering both material thickness
and lamination strategies in designing materials for enhanced impact resistance.

As for the simulation of LVI, take the results of group C-0-Y as an example. The contact force-time
curve obtained between the laminate and the impactor was output to study the change in impactor
force during the impact process (Figure 16). The figure shows that the contact time during the impact
was very short, and the impact force changed drastically. The process can be mainly divided into
three stages: (1) Undamaged stage: Initially, there was no contact between the impactor and the
laminate, resulting in zero contact force. This stage was extremely brief, followed by a rapid increase
in contact force with significant fluctuations; (2) Damage evolution stage: The laminate was bent
under the impact, initiating matrix cracking and subsequent interlayer delamination. Contact force
fluctuated violently, particularly near its peak value. At t=0.018s, the contact force peaked at 10.08kN,
coinciding with the impactor speed dropping to zero; (3) Impactor rebound stage: Following damage,
the laminate's stiffness and load-bearing capacity decreased, causing the impactor to rebound and
the contact force to gradually decrease to zero. The three areas marked 1, 2, and 3 in the figure
correspond to the stages of matrix damage in the laminate, delamination between layers, and
impactor rebound, respectively. The first wave represents the initiation of matrix damage; the second
wave signals the initiation and evolution of delamination; the third wave indicates laminate rebound
while internal damage continues to expand. The figure also shows that during the loading and
unloading stages, the contact force during unloading is significantly less than during loading, due
primarily to decreased stiffness and load-bearing capacity of the laminate after impact. Irrecoverable
indentations form on the laminate surface after impact. The area within the load-displacement curve
represents the energy absorbed by the laminate during the impact.



11000

11000

10000 |
9000
8000

8000 /(/‘

7000 f
6000 P ety l/

/
5000 /
/

4000 d

7 3
3000 L /

e
WoE_
>

w00k [ 4

7000
6000
5000

|:ZZ(0) """"""""""""""""""'f’;;}/}?

Impact Force/N
Force/N
.

4000
3000
2000
1000

o . . . . Ii :
0.000 0.001 0.002 0.003 0.004 uq 1 2 3 4 5 6 7 8

Time/s Displacement/mm

Figure 16 impact force-time and displacement curves

Figure 17 Matrix damage for certain sub-layers (a) layer 4 (b) layer 6 (c) layer 8 (d) layer 10
(e) layer 13 (f) layer 16 (g) layer 18 (h) layer 22
At an impact energy of 36J, the composite laminate primarily sustained matrix damage and interlayer
delamination. Fiber breakage was noted in some sub-layers, without any fiber extrusion damage.
Damage for certain sub-layers and interface layers under this impact energy are depicted in Figure
17. In these diagrams, red indicates the damage of the element. In sub-layer matrix damage, the
first lamination angle represents this sub-layer's ply angle, and the second angle corresponds to the
ply angle of the sub-layer below it. As shown in Figure 17, the sub-layer distant from the impact point
experiences high tensile stress from impact bending deformation, resulting in extensive matrix
cracking damage. Initially, matrix cracking follows the fiber direction of the sub-layer. As delamination
progresses, cracking shifts to align with the fiber direction of the sub-layer below, influenced by stress
state changes due to delamination. Under LVI, matrix cracking first manifests in the uppermost sub-

layer. As the impact load increases, matrix cracking extends to sub-layers distant from the impact
point, aligning with the fiber directions of these layers.

The simulated delamination area is 523.5 mm?, and the delamination area obtained by ultrasonic C-
scan is 533.8 mm?2, with an error of 1.93%.




Figure 18 Delamination area of simulation and experiment
Under compressive loading, matrix compression initially extends from the impact point. At peak load,
fibers undergo compression failure and propagate through the entire laminate along the load
direction. Matrix compression and delamination damages expand, local sub-layers buckle, and the
laminate compresses. This damage, observed as halfway through the laminate, matches the test
observations shown in Figure 19.

Figure 19 Damage pattern of simulation and experiment
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Figure 20 Load-displacement curve of CAl simulation

When damage accumulates to fiber compression failure, energy release causes the load to suddenly
drop, a phenomenon known as "sudden death" consistent with experimental observations (Figure
20). The prediction error for CAl strength is only 0.09%. This study utilizes various damage types
from LVI finite element analysis as the initial damage in the compression failure model. No artificial
assumptions about the laminate's damage state post-impact are made, enabling higher prediction
accuracy.

4.3 Laminates with pre-embedded defects

Laminates with pre-embedded damage and bolt repairs show an enhancement in compressive
strength (Table 4), ranging from 5.8% to 12.2%. The impact of embedded defects on compressive
strength varies by location and laminate type: Type A laminates with Class Ill embedded defects
achieve the highest compressive strength after bolt repair. Type B laminates with Class | embedded
defects show the greatest strength post-repair. For Type C, laminates repaired with bolts and
containing Class Il defects exhibit the highest strength.



Table 4 Compressive strength with embedded defects after bolt repair

Type Serial number Compressive Relative to undamaged
strength /MPa laminates ratio

A-0-N 327.8 -

A A-I-N 347.9 6.11%
A-1I-N 356.9 7.80%
A-llI-N 368.0 12.28%
B-0-N 354.5 -

B B-I-N 397.5 12.11%
B-1lI-N 383.7 8.25%
C-0-N 310.7 -

C C-I-N 328.9 5.84%
C-1I-N 331.6 6.69%

To assess the repair effect of bolts on the compression performance of laminates with embedded
damage, two experimental control groups, C-lI°-N and C-II-N, were established. The two test groups
consisted of laminates with type Il embedded damage: one group without bolt repair and another
with bolt repair. The test results for both groups are presented in the Table 5 below.

Table 5 Comparison of compressive strength in bolt repair control group

Serial number  Compressive strength /MPa  Relative to C-0-N ratio  Relative to C-lI°-N ratio

C-0-N 310.7 -
C-lI°-N 324.6 4.40% -
C-lI-N 331.6 6.69% 2.2%

The compressive strength of both test sets with Type Il embedded defects is higher than that of the
wall panels without such defects, with or without bolt repairs. For Class C siding with Type Il
embedded damage, bolt repairs resulted in a 2.2% increase in compressive strength.

5. Conclusion

This paper develops finite element (FE) models for intralaminar damage and interlaminar
delamination to predict LVI and CAl behavior with pre-embedded defects and compares them with
experimental results

The influence of pre-embedded defects on the compressive strength varies for different positions in
types A, B, and C layup forms. The study examined the sensitivity of compressive strength to
thickness location and delamination damage area, finding variations in compressive strength at
different thickness positions. The strength generally decreases when delamination occurs at one-
third or one-quarter of the thickness. The sensitivity of compressive strength to delamination at
different thickness levels varies; typically, it decreases with increasing delamination area, but
remains relatively unchanged when delamination is at mid-thickness, even with significant damage.

The impact of damage varies for different layup forms. Type A have the best impact resistance, with
a 7.6% reduction in CAl strength, while Type C, with the poorest impact resistance, show over a 26%
reduction. The impact on laminates with different pre-embedded defects also varies. Comparing C-
0-Y, C-I-Y, and C-II-Y test groups, laminates with pre-embedded defects show further decreased
impact resistance, with group | pre-embedded defects laminates experiencing the largest reduction
in compressive strength. Laminates with pre-embedded damage that after bolt repairs showed an
increase in compressive strength, with improvements ranging from 5.8% to 12.2%.
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