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Abstract

This study proposes a surrogate-based optimization model of the external patch design for dam-
aged carbon fiber reinforced polymer (CFRP) laminates to improve the impact-resistance. Initially,
finite element (FE) models of patch-repaired CFRP laminates constructed using continuum dam-
age mechanics (CDM) approach and cohesive zone model (CZM), those well capture the intra-
and inter-laminar damages during the low-velocity impacts, respectively. Experimental measure-
ments of low-velocity impact tests concur with the numerical predictions and validate the FE
models. Subsequently, the validated models are used to optimize the design parameters of repair
patch, consisting of patch radius, thickness and off-axis angle. The optimum design parameters
are identified using the surrogate models which are constructed using Diffuse Approximation and
Design of Experiments (DOE). The identified optimum patch configurations significantly enhance
the impact-resistance of repaired CFRP laminates by decreasing the impact energy absorption and
the delamination surface area. Finally, the robustness of the optimization model is confirmed via
error analysis of surrogate model reconstruction, and testing the influence of polynomial basis and
weighting functions.

Keywords: CFRP laminates, External patch repair, Optimization, Surrogate-based model, Impact
resistance

1. Introduction

External patch repairs have been widely applied as a rapid and economic solution for the
maintenance of composites [1-6], such as carbon fiber reinforced polymer (CFRP) laminates.
Unfortunately, like any kind of composite structures, patch-repaired CFRP laminates present the
high susceptibility to low-velocity impact damage caused by threats, including runway debris or
dropped tools. Thus, the impact-resistance of patch-repaired CFRP laminates is crucial to evaluate
their repair performance. There are many design parameters concerning the impact-resistance of
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the patch-repaired laminates [7—12], such as patch shape, size, thickness, stacking sequence etc.
However, the correlation of these design parameters on the repair performance is highly compli-
cated due to the presence of multiple variables. Thus, it requires a systematic optimization strategy
to identify the optimum design parameters for manufacturing the patch-repaired composite struc-
tures with maximum impact-resistance.

Experimental and numerical investigations on the impact behaviors of patch-repaired compos-
ite structures revealed that the repair performance depends not only on the manufacturing process,
but also on the external patch design [13-23]. In the study of Balaganesan et al. [ 18], the energy ab-
sorption and the impact damage of repaired glass/epoxy composite laminates were numerically and
experimentally investigated for high-speed impacts at different locations. The repaired laminates
absorbed only 50-80% of impact energy that the unrepaired one absorbed during the impact pro-
cess, and exhibited significant increase of service life. Coelho et al. [19] studied multiple-impact
behaviors of repaired composites using single and double patch designs. In their comparison, the
double patch repair recovered the stiffness of the laminates close to the virgin one, and provided a
better impact-resistance than the single patch repair. Andrew et al. [21] proposed super hybrid ex-
ternal patches using plain woven glass fabric and aluminium sheet to restore the impact-resistance
of damaged glass/epoxy composite laminates. Further investigation of low-velocity impact and
tension after impact (TAI) tests had been carried out on the repaired specimens to investigate the
effect of hybridization and lay-up configuration of repair patch [22]. It was reported that the re-
paired specimens using the hybrid patches (i.e. outer layer of aluminum and inner layer of glass
fiber), exhibited better impact-resistance than those conventionally repaired using homogeneous
glass fiber patches.

Over the last two decades, various studies have been carried out to identify the optimized de-
sign for repair patch configuration using finite element (FE) methods [24-29]. Fekih et al. [25]
developed a design of experiments (DOE) method to optimize the geometrical parameters of com-
posite patches for a pre-cracked aluminum plate. Numerical simulations were performed for mod-
els with repair patches having 3* combinations of patch thickness, adhesive thickness and strength.
A stress intensity factor (SIF) K was subsequently computed for each combination, and the opti-
mal patch design was obtained via minimizing the value of K. In the study of Ramji et al. [26],
a 3D FE simulation had been conducted to optimize the composite patch shape for an inclined
center cracked panel, repaired by symmetrical patch. A reduction parameter of SIF was intro-
duced to combine both mode I and mode II SIFs into one value, to evaluate the repair performance
of the mixed-mode cracked panel. Moreover, they adopted a genetic algorithm based approach
in-conjunction with FE analysis for the parameter optimization of patch geometry and adhesive
thickness to obtain an excellent repair performance [27]. It was observed that the stress concentra-
tion was reduced by 80% in the specimen repaired with the optimum patch dimension and adhesive
thickness.

In this study, a double symmetric patch repair is investigated experimentally and numerically to
search for an optimal design of patch configuration to maximize the impact-resistance of repaired
CFRP laminates. FE model used for the low-velocity impact simulation is established based on
the continuum damage mechanics (CDM) [30, 31]. Firstly, the numerical model is validated us-
ing experimental tests prior to carry out an optimization process. Subsequently, a surrogate-based
optimization protocol is adopted using 3D Latin Hypercube Sampling (LHS) [32] and Diffuse
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Approximation [33, 34]. The optimization protocol enables to identify the optimal combination
of multiple design parameters for the patch, including patch radius, oftf-axis angle and thickness.
Then, the obtained optimal configurations are substituted into FE models to investigate the effect
on the repair performance. Based on the FE simulations, the impact behaviors of the repaired
CFRP laminates with the optimum patch configuration are compared with the unrepaired and
repaired ones with non-optimum patch configuration. And, this investigation reveals the improve-
ment in repair performance of optimized patches and additional insights into the impact-resistance
of patch-repaired CFRP laminates.

2. Numerical modeling method

In this study, a CDM based approach is used to predict the fiber breakage and matrix cracking
(intralaminar damage), while cohesive zone model (CZM) is used to capture the delamination
and debonding (interlaminar damage) within the patch-repaired CFRP laminates [30, 31]. Further
details of these composite damage models can be found in our previous studies [23, 29].

Specimen

Impactor

A
1““““““1‘1‘ i
U

\ Rubber clamp
Fixture base

Figure 1: 3D FE model used for the low-velocity impact test showing the configuration with meshed geometries:
specimen repaired with circular patches on double sides, impactor and clamping fixture.

Numerical simulations were performed to investigate the effect of various patch design pa-
rameters on the repair performance for CFRP laminates. Hence, 3D FE model was constructed
to perform low-velocity impact simulation within Abaqus/Explicit framework [35], as illustrated
in Fig. 1. The conventional solid elements with reduced integration (element type: C3D8R) and
zero-thickness cohesive elements (element type: COH3DS8) [35] were used to mesh the damaged
laminates and double composite patches. Cohesive elements with non-zero thickness were placed
between the parent laminates and repair patches to capture the damage behavior of the bondlines.
To ensure the computational accuracy, element sizes of 1 mm and 5 mm (respectively for the re-
fined and coarse mesh regions in Fig. 1) were adopted for various zones of the damaged laminates,
while 0.5 mm and 1 mm were used for the repair patch. In addition, the patch-repaired specimen
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was held by four rubber clamps (Fig. 1) during the whole simulation. Those cylindrical rubber
clamps were meshed with solid element (element type: C3D8R) [35], and all their degrees of free-
dom (DOFs) were fixed. A hemispherical impactor having an initial velocity in the out-of-plane
direction was assigned according to the experimental conditions, and it was also modeled with
solid elements.

The numerical predictions from the simulation with the corresponding repair patch configu-
ration of the experimental case, are compared with the measurements to validate the numerical
model. Subsequently, an optimization procedure considering various design parameters, is per-
formed using the numerical predictions to identify the optimum repair patch configuration (Sec-
tion 4.1).

3. Experimental procedure and validation of the numerical model

3.1. Materials and specimen preparation

CFRP laminates T300/7901, with the dimension of 150 mm X 100 mm X 3.6 mm, were con-
sidered as the parent plates. It has the stacking sequence of [(03/903),]s, and the density of 1478
kg/m?. Other mechanical properties of the used CFRP laminates are obtained from in-house ex-
periments, as listed in Table 1.

Table 1: Mechanical properties of the used CFRP laminates (T300/7901).

Elastic properties Damage properties

Intralaminar damage

Young’s modulus, E; (GPa) 125 Longitudinal tensile strength, X (MPa) 2000

Young’s modulus, E;, E3 (GPa) 11.3  Longitudinal compressive strength, X¢ (MPa) 1100

Shear modulus, G,, G35 (GPa) 543 Transverse tensile strength, Y7 (MPa) 80

Shear modulus, G,; (GPa) 3.979 Transverse compressive strength, Y (MPa) 280

Poisson’s ratio vy, vi3 0.3 Shear strength, S (MPa) 120

Poisson’s ratio vy3 0.42 Fracture toughness fiber tension, G’IC (N/mm) 180
Fracture toughness fiber compression, G (N/mm) 100
Fracture toughness matrix tension, G’”C (N/mm) 4
Fracture toughness matrix compression, G{,. (N/mm) 10

Interlaminar damage

Interface stiffness, K, (N/mm?) 10° Maximum normal traction, #;'** (MPa) 50
Interface stiffness, K5, K;; (N/mm?)  10° Maximum shear traction, £7°%, /"** (MPa) 90
Critical energy release rate mode I, GL. (kJ/m?) 0.52

Critical energy release rate mode IL, III, GZ, G#' (kJ/m*)  0.92

Geometrical specifications of the parent laminates and the repaired specimen are illustrated
in Fig. 2. Circular holes with the radius of r = 3 mm were waterjet-cut on the CFRP laminates,
and they were considered as the damage zones during the repair. The distance from the center
of the hole to the center of the laminates was 20 mm in longitudinal direction while the impact
was set for the center of the laminates. A double external patch design (manufactured from the
same CFRP laminates with different stacking sequence of [0/90/0]) was used to repair the holes.
Patches were prepared with two different shapes: (i) circular and (ii) octagon, as illustrated in
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Patch, R =2r

150 mm

(2) (b)

Figure 2: Schematic illustration showing the geometrical specifications: (a) damaged CFRP laminates and (b) speci-
men repaired with circular patches on the top and bottom sides.

Table 2: Mechanical properties of the adhesive film LIM-200.

Elastic properties Damage properties

Interlaminar damage

Interface stiffness, K,,, (N/mm?) 10> Maximum normal traction, £"%* (MPa) 85

Interface stiffness, K, K;; (N/mm?) 10° Maximum shear traction, £, 17 (MPa) 146
Critical energy release rate mode I, G’C (kJ/m?) 0.52

Critical energy release rate mode II, IIl, G, GX' (kJ/m?)  1.002

R * -
— a
4 4
t=0.45 mm

(a) (b)

Figure 3: Geometry of: (a) circular and (b) octagon patches used in the experimental test plan.

Fig. 3 (for illustrative purpose Fig. 2b only includes the circular patches). In the test plan, the
circular patch (Fig. 3a) was manufactured with the radius of 2r (6 mm). Moreover, the octagon
patch was prepared with the side length of a = 4.84 mm (see Fig. 3b), which makes the patch
area equal to the circular one. Adhesive film LIM-200 was used to bond patches and parent
laminates, and its thickness is 0.12 mm. Mechanical properties of the used adhesive film are listed
in Table 2. Patches were symmetrically bonded on both sides of the damaged laminates. This can
effectively avoid the additional bending load and closely resemble to the actual repaired structures
in engineering applications.

3.2. Low-velocity impact test

A low-velocity impact test system, including a hemispherical impactor, a specimen fixture, a
data acquisition device and an anti-secondary impact device, was set up according to the ASTM
D7136/D7136-15 standard, as shown in Fig. 4. The impactor with a radius of 12.5 mm and a mass
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of 2.5 kg was used to perform the low-velocity impact test. The impactor was placed at a height of
0.54 m from the specimen, and it was attached with a dynamic force sensor (ICP 208C05) having
the maximum capacity of 34 kN to record the impact force during the test (Fig. 4a). Beneath
the impactor, the anti-secondary impact device (Fig. 4b) was placed to avoid the rebound of the
impactor. The flat support fixture with a 125 mm X 75 mm rectangular cut-out allows the impactor
to collide the specimen without interference. Before the low-velocity impact, repaired specimens
were fastened on the support fixture with four rubber clamps (Fig. 4c). After the impactor was
released with no initial speed, the impactor hit on the center of the repaired specimen with the
velocity of 3.25 m/s and the impact energy of 13.2 J.

@
—
—_—

=== Control

—

Data acquisition :"F
system

platform

Anti-secondary
impact device

Figure 4: Illustration of: (a) experimental setup of the low-velocity impact test system (b) anti-secondary impact
device and (c) specimen fixture.

During the low-velocity impact test, the data acquisition system recorded the instantaneous
impact force using the dynamic force sensor. To ensure the reproducibility of the experimental
measurement, three tests were performed for each configuration of the patch-repaired specimen.
In each test, the onset of impact was identified by the sudden increase of impact force from the
force history curves, and the peak impact force was reached before the impactor penetrates into
the specimen. And then, the transient velocity v(¢) and kinematic energy E;(f) of impactor, the
impact energy absorbed by the specimen E,(f) and the final damage dissipation energy Ep(f) were
calculated using the flow diagram given in Fig. 5. m is the mass of the impactor, F(¢) is the
measured impact force, vy and v(¢) denote the initial and instantaneous velocities of the impactor,
respectively. Ejo is the initial kinematic energy, and E,(f) represents the elastic energy of the
specimen caused by the low-velocity impact. The damage surface area and absorbed energy were
also measured for those patch-repaired CFRP laminates.
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Figure 5: Flow chart explaining the computation steps for the impact energy using the measured impact force during
the low-velocity impact test.

3.3. Experimental validation of the numerical model

Numerical simulations of low-velocity impact test were performed on the specimens repaired
with the same patch configurations in the experimental plan, as presented in Section 3.1. The
predicted results are compared with the experimental ones to validate the numerical modeling
strategy. Correspondingly, the predicted and experimental history curves of impact force and
absorbed impact energy are shown in Figs. 6 and 7, respectively.

8 - - - - 8
Experiment Experiment
— Simulation — Simulation
6 1 6
& z
N— N—
o 4r o 4r
O 3]
— —
o o
~ ~
2 2
% 1 2 3 4 s Y% 1 2 3 4 5
Time (ms) Time (ms)
(a) (b)

Figure 6: Comparison of impact force curves between predicted and experimental results for low-velocity impact tests
on the specimens repaired with (a) circular and (b) octagon double patches.

Slight dissimilarities are observed in the comparison of impact force as shown in Fig. 6. In
the case where the circular patch configuration is used, the maximum values of impact force are

7



6.022 kN and 5.871 kN with respect to the experimental and numerical tests. Whilst, these values
are 5.936 kN and 5.641 kN for the specimen repaired with octagon patches, respectively. The
force peaks almost appear at the same time in the history curves. The relative errors between the
experimental and numerical results are 2.51% and 4.97% for the circular and octagon patches,
respectively. Moreover, the history curves of absorbed impact energy in Fig. 7 show that, there
exists no noticeable difference between simulation and experiment for the maximum and final
impact energy absorbed by the repaired specimens. Hence, it clearly indicates that, the predicted
results are in a good agreement with the experimental ones in both comparisons.

16 T T T T 16
Experiment Experiment
— Simulation — Simulation
12f 1 12}
= S
> >
o0 8 1208
5} )
= =]
s aa)
4 4t
% 1 2 3 4 s % I 2 3 4 5
Time (ms) Time (ms)
(a) (b)

Figure 7: Comparison of absorbed impact energy curves between predicted and experimental results for low-velocity
impact tests on the specimens repaired with (a) circular and (b) octagon double patches.

Table 3: Delamination surface areas of repaired specimens after low-velocity impact from experimental tests and
numerical simulations for both circular and octagon double patches.

Specimen Experiment (mm?)  Simulation (mm?)  Relative error
Circular patch 621 664 6.92%
Octagon patch 717 690 3.36%

Additionally, the delamination surface areas on repaired specimens caused by low-velocity
impacts are also compared to further examine the reliability of the numerical model, as listed in
Table 3. The delamination surface of each experimental case has been captured for both the top
(impacted side) and bottom sides. Since the bottom side clearly shows the delamination surface,
the relevant area has been measured from each specimen’s bottom side. The delamination surface
areas are approximately 621 mm? and 717 mm? for the specimens repaired with circular and oc-
tagon double patches, respectively. Furthermore, the deleted cohesive elements associated with
the delamination surface of each case have been calculated from the numerical predictions. Ac-
cordingly, the simulations provide the delamination areas corresponding to circular and octagon
patches equal to 664 mm? and 690 mm?, respectively. There exist the relative errors of 6.92% and
3.36% between the experimental and numerical results in these two cases. It indicates that the
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predicted delamination areas closely resemble the experimental ones. Together with the impact
responses (history curves of impact force and absorbed energy), the reliability of the numerical
modeling strategy is confirmed. Therefore, this robust model is adopted to perform the optimiza-
tion study of the repair patch configuration.

4. Optimization for repair patch configuration

In general, the shape and size of a patch significantly affect the impact-resistance, the growth of
patch separation and the final damage mode of patch-repaired composite structures. Moreover, the
repair performance of composite patch has an obvious sensitivity to the patch thickness and layup
configuration [23, 29]. Therefore, these parameters are selected as the design variables to search
for the optimized configuration of repair patch to maximize the impact-resistance of repaired struc-
ture. The optimization is carried out using a surrogate-based model, which is constructed using
Diffuse Approximation. The following section focuses on the description of the used optimization
model for the repair patch configuration.

4.1. Optimization model for the design of repair patch

In our previous study [23], it was identified that the composite patch with circular shape pos-
sesses the capability to provide a better performance than others for single external repair patch.
In addition, the experimental and numerical results in Section 3.3 support this conclusion; i.e. the
specimen repaired with circular patches exhibits a higher impact-resistance than that repaired with
octagon ones, in terms of absorbed energy and delamination surface area. This result is attributed
to the distribution of impact load which is more even at the vicinity of the damage hole when using
a circular patch, and it leads to a lower stress concentration during the impact. Hence, the circular
patch is considered as the pre-defined shape to search for other optimal design parameters.

AN

YA

=Y

fiber orientation m—

Figure 8: Illustration showing the definition for the off-axis angle between the fiber orientation of the patch and the
longitudinal direction (along positive x axis) of parent laminates.

On the premise, the circular shape is chosen while its area mainly depends on the radius R.
Moreover, a parameter which takes into account the fiber orientation within the patch, is proposed
to simplify the design variable associated to the layup configuration. Before introducing this pa-
rameter, it is assumed that, all the constituent plies of composite patch orient in the same direction.
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And, the angle between the fiber orientation of patch and the longitudinal direction (x direction)
of parent laminates is defined as the patch off-axis angle 6,4, as illustrated in Fig. 8. Together
with the patch thickness ¢, there are totally 3 unknown parameters (R, 6,4, t) to be identified.

Experimental input:
F(t), Ea(t)> AD

b. FE simulation ¢ c. DOE space
Validation
|
epatch
External patch Calculation at
repair training points
a. Parent laminates d. Surrogate model

752

6.71

5.08

Argmin J(E,, Ap) o RN

Optimization output:
(R, epatch > 1 )

Figure 9: Flow chart showing the construction procedure of surrogate-based optimization model for the patch-repaired
CFRP laminates.

427

To construct the surrogate model, experimental training points of target parameters (R, 6,qch,
1) are selected using LHS approach from the DOE space, which corresponds to a reasonable range
of each parameter according to experience-driven heuristics. Based on the aforementioned numer-
ical modeling approach, low-velocity impact simulations have been performed on patch-repaired
specimens, in which the patch configuration is set corresponding to these training points. An
optimization indicator J(E,, Ap) is proposed to evaluate the combination of the final impact en-
ergy absorbed by repaired specimen (E,) and the delamination area caused by the low-velocity
impact (Ap). The surrogate model of the optimization indicator (J) is constructed using Diffuse
Approximation [32]. Fig. 9 illustrates the surrogate-based optimization model used to identify the
optimum patch configuration to maximize the impact-resistance of repaired CFRP laminates. In
summary, the procedure consists of the following steps:
i. Parent plates with damage hole (Fig. 9a) are repaired using external double patches with given
design configurations;
ii. Experimental and numerical tests of low-velocity impact are performed on these repaired
specimens to record the corresponding impact responses and damage behaviors (Fig. 9b).
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History curves of impact force F(¢), absorbed energy E,(f) and the delamination area Ap,

obtained from experimental results, are used to validate the numerical model;

iii. Initial guess of target parameters (R°, Ggmch, 1%) are used as the center (red dot in Fig. 9c)
to create the DOE space for the construction of surrogate model. Subsequently, a number of
low-velocity impact simulations are performed on repaired laminates with the external patches
corresponding to each training point within the DOE space (blue dots in Fig. 9¢);

iv. The final absorbed energy E, and the delamination area A, of each training point are obtained
from the numerical simulation. The predictions related to E, and Ap for the whole DOE
space is computed using Diffuse Approximation. Surrogate models of E, and Ap (Fig. 9d)
are respectively reconstructed to identify the optimal target parameters by minimizing their
values;

v. The optimal patch configuration design allowing to maximize the impact-resistance of re-
paired structure is determined using the objective function given by:

Argmin J(E,,Ap) =a-E,+B-Ap (D)

where « and 8 are weighting coeflicients referred to £, and Ap, respectively.

According to our previous study [23], as patch radius increasing, the energy absorbed by
different repaired specimens remains the same, while there exists a significant dissimilarity for
the delamination areas. The difference is caused by the different penetration depths of the im-
pactor into the repaired specimens when using different patch radii. Hence, a valid evaluation
of impact-resistance corresponding to each repaired specimen should consider the resistance in
both in-plane and out-of-plane directions. Therefore, the optimization indicator J(E,, Ap), which
combines these two forms of impact-resistances, is proposed in this study. Furthermore, the pro-
posed surrogate-based optimization model not only ensures the effectiveness of the optimization
process, but also significantly reduces the experimental and computational costs. Further details
of the surrogate model are given in the following section.

4.2. Surrogate model based on Diffuse Approximation

According to the optimization procedure presented in Fig. 9, a 3D target parameter DOE in-
cluding K points is designed and expressed by matrix P = [R, 0,40, t] = p',p%p°,....p¥I7. Let
E,(P) and Ap(P) respectively denote the vectors of the final absorbed energy and delamination
area at those training points within the DOE space. The surrogate model of E, and Ap for the
whole DOE space is constructed using Diffuse Approximation [32]:

E,(P) =b(P)" - a(P) 2)

and .
Ap(P) =b(®P)" -a(P) (3)

where b = [by,b,,...]" refers to the polynomial basis vector. For a three-dimensional case, the
polynomial basis vector can be expressed in terms of the target parameters:

b = [1’R’ gpatch’ I,... ]T (4)
11
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9patch R

Figure 10: 3D DOE design associated with target parameters (R, 6,4cp, 1) using LHS approach.

In these two cases, the vectors of coefficients a = [ay,ds,...]" and & = [a,,a,,...]" are the
minimizers of functions defined by:

1 K

(@) = 5 ) wlp ~ p (b a - E,p"))’ (5)
k=1
1 K

@) =5 > willp - pl(b"a - Ap@")’ (6)
k=1

where w(||p — p¥||) is the Gaussian weighting function, whose value mainly depends on the Eu-
clidean distance d between the approximated point p and the training point p*:

w(llp - pHil) = @’ (7)

and & denotes a fixed parameter reflecting the anticipated spacing between the training points. The
application of this parameter can be used to smooth small fluctuation in the data [36].

- - T

sos, EalD)) Eq(p;) =Db(p;)" -a

, | ~

N e Aol =)
!

o T“?’ . O Approximated point
!

Toeod ) | ® Training points

I éle(pH) ' >
p; Pi

Figure 11: Illustration of the Diffuse Approximation procedure used to estimate the values of E, and Ap at point p;
using the results at training points within DOE design.

During the implementation of the optimization procedure, the 3D DOE space, including a lim-
ited number of training points, is initially proposed using the initial guess and LHS scheme, as
shown in Fig. 10. The design variables corresponding to each training point p;, are used as the
configuration of circular patch to repair parent laminates. And then, numerical simulations of low-
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velocity impact are performed on these repaired specimens, and the relevant damaged behaviors
are predicted accordingly. For a given set of estimations for £, and A, at the approximated point
p;, Fig. 11 schematically illustrates the approximation procedure based on the numerical predic-
tions at the training points p; (blue dots in Fig. 11). Furthermore, the approximated values for
the whole design space are locally interpolated using Diffuse Approximation. Then, the surrogate
models of E, and Ay are constructed using Egs. (5) and (6). A set of optimal parameters (red dot
in Fig. 10) are identified by minimizing the surrogate model of J(E,, Ap), for a certain group of @
and S.

Through this reduced-order method, the surrogate model of J(E,, Ap) is constructed with only
a limited number of computations at the training points. Moreover, the complex nonlinear inter-
action between the design variables and the impact-resistance related to the repaired specimen is
effectively captured using the surrogate models, as presented in Section 5.1.

5. Results and discussion

5.1. Surrogate models for optimization of repair patch configuration

The optimization methodologies proposed in the previous section are employed to identify the
target parameters (R, 0,4, t) of repair patch configuration for maximizing the impact-resistance
of repaired specimen. Initially, a quadric polynomial basis (2nd-order), consisting of 10 terms, is
used to construct the surrogate models in Egs. (2) and (3). Within a reasonable design space £:
Q = {R € [6,10.5] mm, 0,4, € [0,7/2] and ¢ € [0.15,0.60] mm}, 11 training points are chosen
via LHS approach, as listed in Table 4. Results associated with impact-resistance are obtained
from numerical simulations of low-velocity impact at these training points. Predictions of E, and
Ap are approximated for the whole DOE space. Subsequently, the approximation of J(E,, Ap) is
computed using Eq. (1) within the whole DOE space. Moreover, a set of optimal parameters is
obtained for each surrogate model and presented in the following sections.

Table 4: Results obtained from numerical simulations of low-velocity impact at the training points.

Training point R (mm)  Op4¢, (rad) t(mm) E,(J) Ap (mm?)

1 8.686 0.568 0297  4.173 649
2 6.069 0.816 0237 4725 741
3 9.542 0.197 0414 4279 666
4 6.937 0.913 0460  4.458 692
5 10.069 0.275 0.354  3.629 645
6 7.807 0.674 0573  4.682 698
7 8.950 0.936 0.530  4.302 703
8 7.332 0.546 0.506  3.874 670
9 8.250 /2 0.375  4.703 687
10 6.687 1.398 0.152  4.302 731
11 10.243 1.253 0278  4.043 638

13



5.1.1. Surrogate model of E,

According to FE simulations at those training points listed in Table 4, the surrogate model of
E, has been constructed using Diffuse Approximation. Since the DOE space is three-dimensional
in this case, the corresponding surrogate model becomes a four-dimensional data cluster. In order
to present the surrogate model, a color spectrum consisting of different values of E, is assigned to
the data cluster, as shown in Fig. 12a.
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Figure 12: Surrogate model of E, (denoted by the color scale) constructed using Diffuse Approximation (a) in (R,
Oparen» 1) space, and the projected contours of E, on various parameter planes of: (b), (6parcn, 1), (¢), (R, ?) and (d), (R,
Opaich). Those orthogonal profiles highlighted with transparent red, green and blue colors in (a) represent the planes
of R = 10.5 mm, 8,4, = 0.496 and t = 0.434 mm, respectively. Black dot in surrogate model (a) and red stars in
contour plots (b)-(d) denote the optimum solution.

In the data matrix, a black dot corresponding to the minimum value of E, = 3.395 J, has been
identified as the optimal solution, (10.5 mm, 0.496, 0.434 mm). Obviously, this optimal solution
falls on the plane of R = 10.5 mm (the cross profile with transparent red color in Fig. 12a). It is
attributed to the absorbed energy which decreases nonlinearly with the increase of patch radius.
Furthermore, the circular patch with larger radius provides a better repair performance for single
patch-repaired CFRP laminates, and it is also in good agreement with the earlier study [23]. As
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the range of design parameter R is limited to 10.5 mm, the optimal value of the patch radius just
overlaps at the boundary of the design space.

In order to intuitively illustrate the tendency of E, within the whole design space, contours are
projected on the orthogonal planes, as given in Figs. 12b-d. Red stars in these contours (corre-
sponding to the black dot in Fig. 12a) denote the optimal solution identified by minimizing the
surrogate model of E,. In the contour projected on plane of (6,4, t) (Fig. 12b), the optimal
solution is located at the point of (7/6, 0.45 mm), which is inside the tested ranges of 6., and
t. The value of E, increases when both design parameters (6, and ) move away from this
identified point. And, the distribution of the surrounding isolines exhibits a series of concentric
ellipses, whose short axis denotes either the direction of the steepest descent or ascent. Likewise,
the isolines in the two other contours (Figs. 12c and d) also reveal the shape of concentric ellipses.
However, the optimal solution is located on the upper boundary of the proposed range of R in both
cases. Moreover, the distribution of the isolines indicates that, E, could be further reduced to a
smaller value along with the increase of the upper boundary of R.

5.1.2. Surrogate model of Ap

Based on the numerical predictions of training points listed in Table 4, the surrogate model of
Ap 1s constructed for the whole design space, as shown in Fig. 13a. The minimum value of Ap is
identified as 622 mm?, while having the optimal solution of (10.5 mm, 0.827, 0.150mm) denoted
by the black dot in the data cluster (Fig. 13a).

Compared with the surrogate model of E,, the optimal solution of Ap, is located on the bound-
aries of R and ¢. That is, the patch with maximum radius and minimum thickness is identified for
providing better repair performance regarding to the delamination area caused by the low-velocity
impact. Likewise, contours projected on the various parameter planes from the surrogate model
of Ap, are shown in Fig. 13b-d. In these contours, red stars denote the optimal solution (corre-
sponding to the black dot in Fig. 13a). From the contours projected on planes of (8,4, t) and
(R, Oparcn) (Figs. 13b and d), the optimal solution is located in the midst of the varying range of
Opatcn- When 0,4, comes to 0.827, the minimum delamination area is caused on the correspond-
ing patch-repaired specimen. However, according to the contour projected on the plane of (R, ?)
(Fig. 13c), the optimal solution falls on the maximum and minimum boundaries of R and ¢, respec-
tively. Moreover, the delamination area Ay increases with the decrease of the patch radius and the
increase of patch thickness within the whole design space.

In the earlier study with single patch repair, the smallest patch configuration with single layer
absorbed the highest energy and exhibited the largest delamination areas after the low-velocity
impact [29]. It is different from the results presented here for the double-patch case. This is
primarily attributed to the change of patch number and the relative location during the repair. In
the single patch case, only a circular patch was bonded on the top side of the damaged specimen
(the impacted side), the local strength and impact-resistance are mainly recovered owing to the
repairment. However, the restored properties of the bottom side are relatively weaker than that of
the top side. Furthermore, delamination initiates and propagates along the bottom side. Hence,
the recovery due to the patch repair on the top side provides limited improvement to the resistance
to delamination on the bottom side. In other words, the resistance to delamination is more likely
dependent on the patch repair performed at the bottom side of damaged specimen. It requires
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Figure 13: Surrogate model of Ap (denoted by the color scale) constructed using Diffuse Approximation (a) in (R,
Oparchs 1) space, and the projected contours of Ap on various parameter planes of: (b), (Bparcn, 1), (¢), (R, £) and (d), (R,
Oparen)- Those orthogonal profiles highlighted with transparent red, green and blue colors in (a) represent the planes of
R =10.5 mm, 64, = 0.827 and ¢ = 0.15 mm, respectively. Black dot in surrogate model (a) and red stars in contour
plots (b)-(d) denote the optimum solution.

further experimental and numerical investigations to validate this observation.

5.1.3. Surrogate model of J(E,, Ap)

In the present study, a normalization-based approach is proposed to determine the weighting
coeflicients a and S, taking into account both the damage dissipation energy E, and delamination
area Ap during the patch optimization process. The weighting coefficients are normalized by the
maximum values obtained from the surrogate models of £, and Ap, given by:

a
= — 8
= ®)
b
= — 9
B= T ©)
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where a and b are the importance factors associated with E, and Ap, respectively. And, their values
are defined as 2/3 and 1/3 in this study, and further discussion about these importance factors is
given in Section 5.2.3. E™** and A"** denote the maximum values extracted from the surrogate
models of E, and Ap, whose values are 8.55 J and 832 mm?. Thus, the objective function given in
Eq. (1) is transformed into:

b
Argmin J(E,, Ap) = E% Ey+ —— - Ap (10)
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Figure 14: Surrogate model of J (denoted by the color scale) constructed using Diffuse Approximation (a) in (R, Opasch,
1) space, and the projected contours of J on various parameter planes: (b), (Bparc» 1), (¢), (R, #) and (d), (R, Oparcn)-
Those orthogonal profiles highlighted with transparent red, green and blue colors represent the planes of R = 10.5
mm, 6pucn = 0.661 and ¢ = 0.36 mm, respectively. Black dot in surrogate model (a) and red stars in contour plots
(b)-(d) denote the optimum solution.

Based on the results obtained at the training points, the surrogate model of the proposed ob-
jective function J has been established using Diffuse Approximation, as shown in Fig. 14a. By
minimizing the objective function, the optimal patch configuration is identified as (10.5 mm, 0.661,
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0.36 mm). Similarly, a black dot which represents the minimum value of 0.535, 1s identified as the
optimum solution in the data cluster (Fig. 14a). In this case, the optimal solution also emerges on
the plane of R = 10.5 mm, which resembles the identified results from surrogate models of E, and
Ap.

In addition, Figs. 14b-d show the contours of J projected on parameter planes of (6,c, 1), (R,
1) and (R, 0,4c1), respectively. Similar to the surrogate model of E,, the optimal solution identified
from the objective function J is also located approximately at the center of the varying range of
Oparer, and ¢, as shown in Fig. 14b. The diffused distribution of isolines indicates that, the repair
patch with the design configuration of 6., = m/5 and t = 0.36 mm provides better recovery of
impact-resistance, when R is equal to 10.5 mm. Furthermore, the optimal solution falls on the
upper boundary of R within the contours of (R, 7) and (R, 6,4.,) as indicated in Figs. 14c and d.
As the value of R increases, the objective function nonlinearly reduces from 0.70 to 0.54. It also
supports that, an enhanced repair performance is achievable when using the patch design with the
maximum radius in this design space.

5.2. Verification of robustness
5.2.1. Error analysis of surrogate model reconstruction

To further understand the optimization procedure, an error analysis is performed to quantify
the influence of surrogate model reconstruction on the optimization criterion (Eq. (10)). For con-
sistency, the relative error & is computed with respect to a pseudo-target J(E,, Ap) obtained from
the surrogate model on a set of pre-defined points, given by:

_ W(Ew,Ap) = J(Es, Ap)|
J(Es, Ap)

(11)

where J(E,, Ap) and J(E,, Ap) denote the objective functions on each pre-defined point calculated
from the numerical simulation and surrogate model, respectively. Hence, relative error of the
objective functions on each pre-defined point is calculated from the corresponding low-velocity
impact simulation and surrogate model, as listed in Table 5.

Table 5: Relative error of the objective functions for each pre-defined point calculated using the numerical simulation
and surrogate model.

Pre-defined point R (mm) 6,4, (rad) ¢ (mm) J(E, Ap) J(E,, Ap) &

1 10.5 0.496 0.45 0.528 0.543 2.84%
2 10.5 0.827 0.15 0.567 0.595 4.94%
3 10.5 0.661 0.3 0.524 0.541 3.24%
4 6.0 0.0 0.15 0.954 0.988 4.61%
5 10.5 /2 0.6 0.879 0.899 2.28%

As Table 5 indicates, acceptable errors are obtained (less than 5%) when comparing with the
results obtained from the numerical simulation. These minor errors mainly resulted from the error
during the surrogate model reconstruction. However, one must be noted that, the surrogate models
are constructed using numerical results on the training points. Hence, the error induced by the
used numerical modeling strategy is not considered in this error analysis.
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5.2.2. Effect of polynomial basis

In this study, the surrogate models of E, and Ap for the whole design space are constructed
using a set of training points at the vicinities of current estimation point. Since it allows for a
gradient and Hessian evaluation, a quadratic polynomial basis is used throughout the optimization
process. Nevertheless, the number of coefficients of quadratic basis rises dramatically with the
number of design parameters. Therefore, it is of necessity to investigate a lower order bilinear
basis for the sake of reduction in the number of training calculations per optimization process.
Especially, the lower order polynomial basis benefits to efficiently and prominently identify the
optimal solution when more parameters are involved in the repair patch design. For instance, in
a case where 5 parameters are involved, the quantities of training points per optimization process
for bilinear and quadratic bases are 16 and 21, respectively.

Table 6: Results extracted from numerical simulations of low-velocity impact at training points using a bilinear basis.

Training point R (mm) B4, (rad) t(mm) E,(J) Ap (mm?)

1 7.959 1.401 0.281 4.293 655
2 10.442 0.507 0.344  3.725 639
3 7.460 1.157 0496  4.528 691
4 8.662 0.319 0.555 3.867 667
5 8.250 /2 0.375  4.703 687
6 6.401 0.178 0.381 4.16 666
7 9.896 1.401 0239 4333 663

To investigate the effect of polynomial basis, a second optimization process including 7 training
points, is performed using a bilinear basis to reconstruct the surrogate models of E, and Ap, as
reported in Table 6. Furthermore, the optimal solution of repair patch configuration is identified
by minimizing the objective function given in Eq. (10).

Fig. 15a illustrates the surrogate model of the objective function J reconstructed using the
bilinear basis and Diffuse Approximation. It reveals that the minimum value of J equal to 0.585,
is identified at the point (10.5 mm, 0, 0.15 mm). Moreover, the optimal solution is located on a
vertex of the DOE space, and it is different from that of the quadratic basis. The direct explanation
of this dissimilarity is that the bilinear basis is used to reconstruct the surrogate model, whose
projection on each parameter range exhibits pure linearity. Hence, peak (maximum and minimum)
values definitely appear on the boundaries of each varying range.

Additionally, the error distribution (&;) between the surrogate models of J reconstructed using
bilinear and quadratic bases is extracted to evaluate the reconstruction capacity of the used bilinear
basis shown in Fig. 15b. Within the whole DOE space, the value of &, varies in the range of
[-0.066, 0.242]. From the distribution of &y, it is found that, the bilinear basis exhibits high-
accurate reconstruction capacity at the center of the DOE space, compared with the quadratic one.
Furthermore, an average relative error (Ag;) is employed to directly study the global deviation of
the bilinear basis, given by:

] l&)] f 72 - JB
Ag; = Ag,dQ = —dQ = ——de 12
& fg & fg Jo 0 JO (12)
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Figure 15: (a) Surrogate model of J (indicated by the color scale) reconstructed using the bilinear interpolation basis
and Diffuse Approximation. Black dot in (a) represents the optimal solution, and the orthogonal profiles highlighted
with transparent red, green and blue colors represent the planes of R = 10.5 mm, 6p4c;, = 0 and ¢ = 0.15 mm,
respectively. (b) Error distribution (indicated by the color scale) between surrogate models of J reconstructed using
bilinear and quadratic bases in (R, 8,,4cn, t) space.

where J® and J? denote the J values extracted from the surrogate models reconstructed using
bilinear and quadratic bases, respectively. Based on this integration formula, the value of Ag; is
obtained as 6.59%. This global deviation is acceptable for an engineering optimization problem
having multiple design parameters, especially the one with three or more design parameters.

5.2.3. Effect of « and B

In order to investigate the effect of the weighting coefficients on the optimization process,
various values of « and 8 are used to deduce Eq. (10). And then, design parameters of repair patch
configuration are identified for each re-defined objective function. Moreover, the variation of «
and g is controlled via varying a and b, due to the correlation between weighting coeffients and
importance factors, as given in Egs. (8) and (9). Hence, as the importance factor a increasing from
0 to 1, the weighting coeflicient « linearly rises from O to 0.117, and 8 decreases from 0.0012 to O.
The blue dots, green triangles and red diamonds in Fig. 16, respectively denote the optimal values
identified for design parameters (R, 6,44, t) by minimizing the corresponding objective function.

The blue dots in Fig. 16, indicate that the optimal value of R remains equal to 10.5 mm with
the increase of a. Nonetheless, the optimal value of 6., (green triangles in Fig. 16) initially rises
from 0.827 to 1.038 until the importance factor a comes to 0.135. Meanwhile, the optimal value
of ¢ (red diamonds in Fig. 16) is identified as 0.15 mm for a from 1 to 0.135. That is, the repair
patch with 1 layer whose fiber orientation varies in the range of [0.827, 1.038], provides additional
impact-resistance by reducing the delamination damage. After that, the optimal value of 6,4
decreases with an inapparent nonlinearity, and finally falls to 0.496 when a = 1. Concomitantly,
the optimal value of ¢ progressively increases to 0.434 mm. Therefore, concerning the impact
energy dissipated by the patch-repaired laminates (as a increasing), the optimal configuration of
repair patch is identified with more layers whose fiber orientation closes to the x-direction (the
off-axial angle equals 0).
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5.3. Repair performance of optimal external patch configuration

In this section, a comparison of the impact-resistance has been performed for the unrepaired
and repaired specimens with non-optimal and optimal patch designs to evaluate the repair perfor-
mance.
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Figure 17: Predicted history curves of impact energy corresponding to the unrepaired and repaired specimens with
non-optimal and optimal patch design configurations.

As presented in Section 5.1, three cases of patch configurations are identified as: (10.5 mm,
0.496, 0.434 mm), (10.5 mm, 0.827, 0.15 mm) and (10.5 mm, 0.661, 0.36 mm), using the surro-
gate models of E,, Ap and J, respectively. Whereas, each layer within the repair patch possesses a
given thickness (0.15 mm), so that the exact values of ¢ should be an integer multiple of 0.15 mm.
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Correspondingly, the thicknesses of these optimal patches are set as 0.45 mm, 0.15 mm and 0.3
mm, respectively. Moreover, the non-optimal patch design with circular shape presented in Sec-
tion 3.1, is also used to compare the enhancement of repair performance induced by the optimized
design. Numerical simulations of low-velocity impact have been performed for the unrepaired and
repaired specimens with optimal and non-optimal patch designs to verify the optimization effect
on the repair performance.

The predicted history curves of impact energy corresponding to unrepaired and repaired spec-
imens with non-optimal and optimal patch designs are depicted in Fig. 17. It shows that, the
unrepaired and repaired with specimen non-optimal patch design absorb 5.67 J and 4.75 J of total
impact energy after the low-velocity impact. The non-optimal patch lowers the damage energy
absorption of the damaged CFRP laminates by 16.2%. While, the repaired specimens absorb 3.61
J,4.27 J and 3.69 J of impact energy, for the optimal patch designs identified using the surrogate
models of E,, Ap and J, respectively. It is found that, these optimal patch designs decrease the
energy absorption by 36.3%, 24.7% and 34.9%, and improve the repair performance by 20.1%,
8.5% and 18.7% compared to the non-optimal patch design. This result clearly shows that the op-
timal patch designs based on the surrogate models of E, and J provide better repair performance
than that of the patch design based on the surrogate model of Ap.

fisee

(©) (d) (e)

Figure 18: Predicted delamination surface areas of: (a) unrepaired specimen and repaired specimens with (b) non-
optimal and optimal patch configurations obtained by minimizing (c) E,, (d) Ap and (e) J, after low-velocity impact
tests.

The delamination surface areas caused by the low-velocity impact has also been compared
for the numerical simulations, as shown in Fig. 18. The delamination surface areas are approx-
imately 783 mm? and 664 mm? for the unrepaired and non-optimal repaired specimens, respec-
tively. Hence, the impact-resistance related to delamination damage is improved by 15.2% for the
repaired specimen with non-optimal patch design. Moreover, by minimizing the sorrugate models
of E,, Ap and J, the delamination areas are reduced to 616 mm?, 582 mm? and 596 mm? for the
repaired specimens. The optimal patch designs based on the surrogate models of E,, Ap and J,
increase the impact-resistance of damaged CFRP laminates by 6.1%, 10.5% and 8.7% than the
non-optimal patch design. The result shows that the optimal patch designs based on the surro-
gate models of Ap and J possess adequate repair capacity to minimize the delamination damage
of composite laminates. Hence, by considering both impact energy absorption and delamination
area, it is evident that the optimal patch based on the surrogate model of J exhibits the better re-
pair performance. Therefore, the proposed surrogate-based model can achieve the optimized patch
design for maximizing the impact-resistance of repaired CFRP laminates.
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6. Conclusions

In this study, a surrogate-based model was proposed to optimize the repair patch design for
maximizing the impact-resistance of repaired CFRP laminates. By employing design of experi-
ment approach and Diffuse Approximation, surrogate models of various objective functions have
been reconstructed using the numerical results at the training points. Optimal designs of patch con-
figuration were identified using these surrogate models, and subsequently the repair performance
of the identified configurations were investigated. The main contributions are listed as follows:

e A successful optimization model is implemented to seek for optimum patch design config-
urations using the proposed surrogate model by minimizing the impact energy absorbed by
repaired specimen (E,) and the delamination area caused by the low-velocity impact (Ap).

e A new objective function J considering both E, and Ap was proposed combine the op-
timization procedure to seek an improved patch configuration that achieves an enhanced
repair performance.

e Repair performance of optimal designs using surrogate-based model of J dramatically re-
stores the impact-resistance of the damaged CFRP laminates, while decreasing the impact
energy absorption and delamination area by 18.7% and 8.6% than the non-optimal design.

e Robustness of the surrogate-based model was confirmed using the error analysis of surro-
gated model reconstruction, the effect of polynomial basis and weighting coefficients. It is
observed that, the proposed optimization scheme possesses the capacity to capture a system-
atic correlation of the design parameters.
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