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Abstract
This work presents a damage index proposal based on an experimental approach to evaluate the behavior of laminated fiber-
reinforced composite plates under in-plane shear-after-impact conditions. Therefore, drop-weight experimental tests for 
low-energy impact (face-on in the barely visible impact damage range) are performed in laminates, as well as in-plane shear 
tests are carried out by 3-rail device to obtain stress–strain curves for pristine and impact-damaged composite plates. A new 
coupon based on the ASTM standards is designed to fit impact and in-plane shear experimental devices. The phenomeno-
logical damage index for shear-after-impact is energy-based being able to quantify the damage severity in the composite 
plates as shown by experimental results. Simple guidelines for its determination are also summarized. Furthermore, com-
putational simulations via ABAQUS with a User Material (UMAT) subroutine accounting for progressive damage analysis 
are performed to predict damage index values for different degradation scenarios. Finally, it is discussed and concluded that 
the proposed damage index and the experimental approach can be combined with the already consolidated procedures, such 
as flexure- and compression-after-impact, to evaluate with more accuracy the residual strength of impacted laminates of 
fiber-reinforced composite materials.

Keywords Damage index · Laminated composites · Low-energy impact · Post-impact behavior · Shear-after-impact · 
Progressive damage analysis

1 Introduction

Composite materials play an important and increasing role 
in the aeronautical, automobile, and energy industries due 
to the necessity of designing extremely light structures own-
ing high specific strength and stiffness since these designs 

are commonly very weight-sensitive [1, 2]. Although 
composites, especially the fiber-reinforced polymer (FRP) 
kind, meet different applications in which these are very 
cost-effective and bring many advantages over their metal-
lic counterparts, there are still challenges involving their 
employment [2]. For example, failure and its mechanisms 
are complex and not fully understood yet [3, 4], and lami-
nated composite structures do not possess high transverse 
strength, being susceptible to severe damage that can arise 
from impact events [5]. Nevertheless, composite materials 
can offer improvements in the crashworthiness performance 
of structures, usually, tube-like ones, used for example in 
motorsports [6] when designed to absorb, in a controlled 
manner, the impact energy in the axial direction [7]. Com-
monly this is not the case for aircraft structures, where 
impact damage can occur from numerous situations such 
as tool dropping during manufacture, maintenance, and 
assembly procedures, flying debris from take-off and land-
ing, collision with another vehicle, and bird strike, among 
others. For example, foam-composite sandwich panels (e.g., 
FRP skins with a foam core material) are widely used in 
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the aerospace industry as an impact absorber material under 
high-velocity impact (HVI) events [8] that relate to colli-
sion or bird strike examples. The first example related to 
tool dropping is representative of low-energy impact (LEI) 
[5, 9–11], which usually causes minimal superficial damage 
in laminated composites, while the internal structure can 
exhibit a variety of complex intralaminar and interlaminar 
damage mechanisms. This type of damage is commonly 
classified as barely visible impact damage (BVID), which 
can highly influence the laminate residual strength and 
remain undetectable during scheduled inspection and main-
tenance procedures [9–11]. Therefore, due to the challenges 
in the prediction of failure, residual strength, and life during 
the operational service of composite materials, these still 
found some limitations in their application in the aeronauti-
cal industry. Since aeronautical certification agencies (e.g., 
FAA—Federal Aviation Administration) must guarantee 
security and airworthiness, this usually implies on struc-
tures designed considering infinite life philosophy, then the 
structure does not suffer fatigue when considering its loading 
envelopes resulting in a conservative design approach [12]. 
Also, the LEI behavior is highly dependent on specimen and 
impactor masses and geometries, impact energy and force, 
boundary conditions, layup, and stiffness [13].

Considering the aspects pointed out, the study of damage 
tolerance design applied in composite structures has gained 
increasing attention over the years to overcome over-dimen-
sioning practices. In a nutshell, it is necessary to demonstrate 
that such structures are capable to possess residual strength 
even with impact damage and, depending on the applica-
tion, to show that does not have excessive deformations. This 
condition must be true until the detection of the damage, 
and after its identification, the structure must be repaired, 
either portions of the structure or even the whole part must 
be replaced. Thus, one of the most worrying categories 
of impact-induced damage is the BVID because it is very 
penalizing and may be difficult to detect [11]. Additionally, 
the prediction of damage extension, severity, and progres-
sion are extremely important. Understanding and applying 
these concepts lead to the less-conservative design philoso-
phy of damage tolerance, which represents a great leap in the 
context of sustainable development. Thus, many research-
ers dedicated studies proposing methodologies to evaluate 
the post-impact behavior of laminated composite structures 
under various types of loadings using the compression-after-
impact (CAI) approach, which is the most explored one. Sev-
eral studies can be found on the topic, and there is agreement 
that the most affected property of laminates subjected to LEI 
is the compressive strength due to buckling [5, 9–11]. Also, 
there is the flexure-after-impact (FAI) approach to evaluate 
this post-impact behavior of laminates which in some sense 
tries to mimic the CAI technique inducing compression load 
in one portion of the structure under 3- or 4-point bending 

tests [14, 15]. Besides, to know if the structure still pos-
sesses the strength to withstand post-impact loads, and if 
it is necessary to repair it, damage indexes (DIs) have been 
proposed to quantify these. Furthermore, there are only a 
few works considering the shear-after-impact (SAI) behavior 
assessment [16, 17] of composite structures under LEI and 
BVID conditions, which can be counter-intuitive since these 
are commonly found under combined stress states.

In the presented context, this work arises due to the lack 
of studies in the field aiming to investigate the post-impact 
behavior of composite laminates under in-plane shear load-
ing. Thus, based on the previous researches for FAI con-
ducted by Medeiros et al. [14, 15], an experimental analy-
sis procedure is proposed for SAI where LEI is done in a 
drop-tower apparatus, and further shear testing is carried out 
using the 3-rail test device, both standardized by the ASTM 
D7136 [18] and D4255 [19], respectively. These tests are 
set for a usual [0◦]16 unidirectional carbon fiber-reinforced 
polymer (CFRP) laminate so that the major damage/failure 
mechanisms seen during them are intralaminar ones in the 
polymer matrix. To fit both test layouts, a new geometry for 
the coupons is designed especially for SAI testing. Based on 
the results from rail and impact tests, an energy-based dam-
age index for SAI is proposed. Then, finite element analyses 
(FEA) are carried out to computationally obtain values for 
the damage index considering other impact-induced dam-
age situations. For these, a previously developed continuum 
damage mechanics (CDM) material model accounting for 
progressive damage is employed, being implemented as a 
user material subroutine (UMAT) linked to ABAQUS finite 
element package. In the end, it is discussed that the proposed 
analysis procedure and the damage index for SAI can be 
used as complementary to the CAI and FAI approaches.

2  Damage index proposal

2.1  Proposed procedure for SAI analysis

Inspired by the works developed by Medeiros et al. [14, 15] 
for FAI, here is proposed an experimental energy-based 
approach to quantify a damage index for in-plane SAI. As 
depicted in Fig. 1, rail tests are carried out for undamaged 
and damaged coupons. First, a shear stress–strain curve is 
obtained for an undamaged coupon. After that, two drop-
weight tests (low-energy impact—LEI) are done to introduce 
damages in another coupon at different positions and faces 
(top and bottom). Then, the resulting shear stress–strain 
curve for the undamaged coupon is used as a basis for com-
parison with the results obtained by performing a rail test on 
the damaged one. It is important to notice that a new coupon 
geometry is proposed for the present SAI analysis.
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In the proposed procedure, there is an important condition 
related to the drop-weight tests, which must be low-energy 
ones. Thus, before carrying out the rail tests on the damaged 
coupons, it must be guaranteed that the impact damage is 
within the barely visible range. For this, the loss-factor theory 
proposed by Christoforou and Yigit [20–24] is employed in 
which a dimensionless parameter �w called by loss-factor is 
defined in Eq. (1) and used to analytically characterize the 
behavior of an impact event.

where K� is the contact stiffness, Mi is the impactor mass, 
I1 is an inertial parameter, and D∗ is the laminate effective 
bending stiffness. Accordingly, these parameters are given 
as follows:

(1)�w =
1

16

√
K�Mi

I1D
∗

(2a)K� = 10.4RiS
L

where MP , a , and b are the mass, length, and width of the 
plate, respectively, Ri is the impactor radius, SL is the mate-
rial in-plane shear strength, and Dij are the components of 
the bending-torsion stiffness matrix from the classical lami-
nation theory (CLT) for i = 1, 2 and 6 , written in the global 
coordinate system [2]. Following, the condition that needs 
to be satisfied for the characterization of LEI through the 
loss-factor is given by:

(2b)I1 =
MP

ab

(2c)D∗ =
1

2

�
D12 + 2D66 +

√
D11D22

�

(3)�w ≥

√
0.68

�

Fig. 1  Overview of the pro-
posed procedure for in-plane 
shear-after-impact (SAI) 
analysis
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with � defined as relative stiffness and being the parame-
ter that governs the normalized impact response, which is 
obtained as follows:

where the plate bending-shear stiffness Kbs is calculated as:

Equations (4) and (5) are only valid for Olsson’s [25] 
definition of large mass impact (i.e., Mi ≥ 2MP ). In addition, 
in the present work, it was preserved the original notations 
used by Christoforou and Yigit [20–24].

In Fig.  2, there are more details about the proposed 
approach for the shear-after-impact analysis with the veri-
fication of the condition for LEI. After manufacturing the 
coupons, a rail test of the pristine one is carried out. Then, 
the obtained results are compared to those from tensile tests 
in [±45◦]ns angle-ply laminates. Thus, the shear stress–strain 
curves from both tests are suitably compared, and if there 
is a good agreement between the results, then the rail test is 
considered “acceptable.” In other words, the manufacturing 
procedure and testing fixture can be considered “validate.” 
In parallel, two identical impact tests on different sides of 

(4)� =
Kbs

K�

(5)Kbs =
D∗

0.0116a2

the same coupon are performed as shown in Fig. 1. However, 
the condition imposed by Eq. (3) must be preserved to have 
a coupon with two impact damages to be evaluated in the 
3-rail shear test as shown in Fig. 1 and Fig. 2. In the end, 
the SAI stress–strain curves for damaged and undamaged 
coupons are used to calculate the damage index.

Figure 3 shows the equipment used in the low-energy 
impact and shear tests. For the LEI tests, the coupon is 
fixed by four toggle clamps attached to an inertial base 
(5) of the drop-tower (Fig. 3a). A support frame (1) is 
guided by two parallel beams. This support is used not 
only to hold the hemispherical impactor with a Kistler 
9011A load cell (LC—3), but also to set the test height. 
This load cell is a piezoelectric transducer with the capa-
bility of compression forces measurement at the z-axis 
(i.e., the same direction of gravitational acceleration) 
under dynamic and quasi-static load conditions. Quartz 
crystals generate an electric charge proportional to the 
mechanic load with a sensitivity of 4.3 pC/N and 96 kN 
range. The displacement measurement is done by a laser 
distance sensor (LDS—2) model M70LL/50 from MEL 
Intelligent Sensor & Measuring Systems, which quanti-
fies the relative distance between the impactor’s tip and a 
T-beam (painted white for the LDS well-function) attached 
to the support frame as shown in detail in Fig. 3b. It has 
a measuring range of 50 mm, a sampling rate of 400 kHz, 

Fig. 2  SAI analysis flowchart: 
Evaluation of the manufacturing 
procedure, testing fixture and 
impact conditions for LEI
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and 100 kHz of measuring frequency being capable to 
capture displacements that occur during an impact event 
with high accuracy. Both load and displacement signals 
are recorded by the charge amplifier/data acquisition unit 
(DAQ—4) LabAmp 5165A from Kistler and sent to a per-
sonal computer (6) to be posteriorly analyzed. The DAQ 
has the capability to capture up to 200 kSps (kilo samples 
per second) in each of its four channels simultaneously, 
and it also enables the user to see real-time results.

For displacement characterization, since the physical 
quantity captured is voltage, distance conversion has to be 
done with aid of the LDS calibration curve. Considering 
the relative distance of the beam and impactor heights, the 
conversion is given as,

where ui is the displacement in millimeters, Vi(t) is the meas-
ured voltage over time of the i-th data point, and V0 is the 
reference voltage measured as the impactor-target contact 
(both in volts). The minus sign on the right hand-side of 
Eq. (6) is introduced to make the displacement positive.

The pristine and damaged impact coupons are submitted 
to the in-plane shear test using the 3-rail apparatus shown 
in Fig. 3c. This kind of shear device was selected because 
the coupon geometry can be easily redesigned to fit impact 
and shear tests. As can be observed, coupons are attached to 
the rails by screws. The side rails (on the left and the right 
side) are fixed in the base, while the center rail is free to 

(6)ui(t) = −2.5
(
Vi(t) − V0

)

Fig. 3  Drop-tower complete 
system a; distance measurement 
scheme (the laser sensor in 
details) b; 3-rail test apparatus c 
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move in the vertical direction (Fig. 3c). Thus, a universal 
machine head can apply the load on the top of the central 
rail, which can move upward or downward. In the present 
work, the central rail is moved downwards (Fig. 1) by using 
an INSTRON® 5900 universal testing machine that has a 
250 kN load cell capacity, then the regions of the coupon 
between the side rails and central rail are loaded under in-
plane shear. These portions of the coupons consist of the 
region of interest (ROI), where the shear strain fields are 
obtained via the digital image correlation (DIC) technique 
where a series of photographs of the ROIs are taken by a 
digital camera (in this study, a CANON EOS 350 with an 
acquisition rate of 0.17 images/second) that is connected to 
a computer. Then, later, the images taken in a test are treated 
using the GOM Correlate software.

2.2  Damage index for SAI

To determine the residual strength of the structure after an 
impact event, it is possible to quantify this value via an indi-
rect approach by defining a damage index. Thus, this index 
can assess the damage severity, providing the necessity of 
performing or not a repair of the damaged impact struc-
ture when the damage index calculation is integrated into a 
structural health monitoring (SHM) system. Since the SAI 
analysis is a straightforward procedure based on the com-
parison of the shear stress–strain curves of both pristine and 
damaged impact laminates, the strategy adopted to define a 
damage index is energy-based, following Eq. (7).

in which ED = ED − Emin
D

, EP = EP − Emin
D

 . Also, ED and 
EP are the reference energy density values associated to the 
damaged and pristine laminates, respectively. Notice that 
from Eq. (7), the damage index ranges from “0” (no dam-
age) to “1” (fully damaged) with the parameters ED and EP 
defined such as this is always true. Moreover, the parameter 
Emin
D

 is the minimum allowable energy for a damaged lami-
nate, which is related to the ultimate in-plane shear stress of 
the pristine laminate, given by:

where � f rac
12

 is the fracture shear strain, �ult
12

 is the ultimate 
in-plane shear stress of the undamaged coupon, and FS 
is the factor of safety, commonly adopted as equal to 1.5 
for aeronautic structures, considering the flight envelope. 
Thus, a laminate subjected to a LEI, providing an energy 
value greater than that one defined in Eq. (8), will show 
a damage index value for in-plane shear within the range 

(7)DISAI = 1 −
ED

EP

(8)Emin
D

=
�12frac

∫
0

�ult
12

FS
d�

0 ≤ DISAI ≤ 1 , since Emin
D

≤ ED ≤ EP . Thus, if ED = Emin
D

 , 
then DISAI = 1 , and if ED = EP , then DISAI = 0.

3  Application of the proposed procedure

3.1  Specimen preparation

An epoxy pre-impregnated (prepreg) UD carbon fiber 
system from Texiglass Industry and Textile Commerce 
(areal weight 208 g∕m2 and 0.29 mm thickness) is used 
for manufacturing the specimens. The composite laminates 
are produced by hand-layup technique with a vacuum bag 
inside a temperature-controlled oven (Fig. 4a) following a 
sequence of systematic proceedings to guarantee the reli-
ability and reproducibility of laminates and results.

The adopted lamination sequence detailed in Fig. 4b 
is as follows: (i) thick glass plate (not shown) used as a 
mold for the laminates preventing warping during cure; 
(ii) Teflon film (A) used to release the plate easier; (iii) 
prepreg carbon plies; (iv) perforated film (B) to control 
the resin flux during cure; (v) peel-ply film (C) for resin 
excess absorption; (vi) pressure redistribution mesh (F) 
for vacuum homogenization inside the bag; (vii) breather 
cloth layer (E) to conduct volatile and trapped air compo-
nents from the bag to the vacuum pump connector; (viii) 
metallic plate (not shown) to aid laminate molding; (ix) 
vacuum bagging film (not shown) with sealant tape; and 
(x) vacuum connector (F). This sequence is adopted for the 
standardization of the composite plates, making possible 
a consistent study in a comparative manner. Also, for all 
laminates, the same cure cycle (Fig. 4c) is employed for 
the same reason described above.

Measurements of fiber Vf  and matrix Vm volume frac-
tions are done following the procedure B of the ASTM 
D3529 standard [26], as depicted in Table 1.

To obtain the mechanical properties and strength values 
of the composite material shown in Table 2, a test cam-
paign is carried out following the adequate standards [27, 
28] for [0◦]8 , [90◦]8 , and [±45◦]4s specimens. It is important 
to highlight that to measure strain fields during the tests, 
it used DIC technique as well.

Regarding the drop-weight and rail tests, adaptations of 
the standardized specimens are required. On the one hand, 
ASTM D7136 standard [18] specifies a rectangular coupon 
(100 × 150 mm) fixed by four toggle clamps (Fig. 5a) in 
an inertial base, which contains three guiding pins to con-
strain movement in the plane (Fig. 5a). On the other hand, 
ASTM D4255 standard [19] specifies a rectangular coupon 
(140 × 160 mm) drilled with nine holes with 10 ~ 13 mm 
of diameter. Thus, a new coupon geometry that suits both 
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experimental fixtures is proposed for SAI analysis based 
on the standard geometries for impact and shear test as 
shown in Fig. 6.

Figure 6 shows that the SAI specimen is a square plate 
(150 × 150 mm). Two overlapping drop-weight coupons 
are present on the same plate. The dashed rectangles high-
light the ROI (region of interest) between the sides and 
central rails, where the strain fields are measured during 
the shear test via DIC. Thus, the red rectangle depicts a 
single coupon for LEI, where the impact hits the center 
of the dashed rectangle marked by the cross in the ROI—
region of interest (Fig. 6). As shown in Fig. 5b, the plate 
with nine holes (used for 3-rail shear device) is fixed by 
the clamps of the inertial base of the drop-tower appara-
tus. After performing the first impact, the plate is rotated 
and turned upside-down to carry out the second. Thus, 
two identical impact events are carried out on the same 
plate but at different positions and faces (top and bottom), 
as shown in Fig. 1.

Fig. 4  Oven used for cure a; 
adopted lamination sequence 
with required materials b and; 
example of expected vs. experi-
mentally obtained cure cycle c 

Table 1  Material data

Property Unit Value Procedure

Mean matrix volume fraction n/a 0.359 ASTM D3529
Mean fiber volume fraction 0.641
Reinforcement density g/cc 1.9 Manufacturer data
Matrix density 1.3

Table 2  Mechanical properties and strength values

Elastic properties Strength values

E
11

[GPa] 122.33 XT[MPa] 1404.08
E
22

[GPa] 6.78 YT[MPa] 21.55
G

12
[GPa] 5.43 S

12
[MPa] 37.71

�
12

0.287 – –
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3.2  Experimental tests

In order to observe the intralaminar damage/failure mecha-
nisms and to calculate the damage index, two CFRP plates 
with [0◦]16 are manufactured (3.0 mm thick and 95.8 g 
weight) and tested by using the SAI procedure proposal.

Table 3 shows up the drop-test parameters set up to pro-
duce impact damage in the specimens, while Fig. 7 high-
lights the obtained results for force, displacement, and 
energy histories and the force–displacement curves of both 
events (1st and 2nd impact). Moreover, the sample acqui-
sition rate of the DAQ (LabAmp–Kistler™) is set up to 
200 kSps and, for a 12 ms impact duration, captures 2400 
data points for displacement and forces histories. This high 
sampling acquisition rate enables us to capture the smallest 
possible tendencies in these curves and the target’s behavior.

In Fig. 7a, high-frequency oscillations are observed in 
the initial portion of both curves up to approximately 1.0 ms 
due to the accommodation of the impactor on the target 
(composite plate). Further oscillations occur due to damage 
initiation. Damage caused by the second impact is slightly 
greater than the one caused by the first event, as should be 
expected. The same behavior is observed in Fig. 7b and c 
since the maximum displacement are also greater for the 
second impact. In addition, the second impact duration is 
higher than the first one due to the necessity of more time to 
dissipate the transferred kinetic energy. This phenomenon 
can be noticed as the positive “to-the-right” shift in every 
analyzed curve that occurs after damage initiation for the 
second impact (between 1.5 and 2.2 ms). Further oscilla-
tions are due to damage evolution through the specimen. 
Figure 7d shows a permanent indentation whose value must 

be considered only an approximation of the true one since 
the displacement is measured with respect to the drop-tower 
support and not directly from the specimen (Fig. 3b). The 
obtained results are summarized in Table 4 for both events.

Based on Fig.  2, the LEI/BVID condition should be 
evaluated by using the loss-factor theory condition given 
by Eq.  (3). For this case, it is obtained �w = 17.7 with 
� = 0.0534 resulting in the condition 

√
0.68∕� = 3.57 . 

Therefore, the performed impact can be classified as low-
energy 

(
�w ≥ 3.57

)
 , and it follows that the condition for a 

large mass impact (Olsson’s target-impactor mass ratio) is 
satisfied since MP = 95.8 g and Mi = 4.826 kg. Moreover, 
the values presented in Table 4 are considered to be within 
the BVID limit of 2.0 mm for detailed visual inspection, 
as heavily discussed in the work developed by Bouvet and 
Rivallant [11], reassuring that the performed impact tests 
are low-energy ones.

Then, both pristine and impacted coupons are then 
subjected to rail tests using the INSTRON universal test-
ing machine and the 3-rail fixture. The shear stress–strain 
results of both tests are depicted in Fig. 8. It is observed that 
the behavior of the pristine specimen is in good agreement 
with the results obtained by the ultimate shear stress for the 
[±45◦]4s angle-ply laminate shown in Table 2 (the relative 
error between both values is around 5.14%).

It can be noticed that there is no significant stiffness 
reduction between the damaged and pristine coupons due to 
the impact energy level and the adopted stacking sequence. 
Since the impact is in a UD (unidirectional) thin laminate, 
matrix cracks first appear at the non-impacted side of it [5]. 
The unique noticeable difference between the rail specimens 
is the premature failure of the damaged one that occurs for 

Fig. 5  Four toggle clamps and 
three guiding pins (highlighted 
by yellow circles) in the base of 
the drop-tower a; SAI specimen 
fixed in the base by the toggle 
clamps and constrained by the 
pins b 
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1.66% shear strain in comparison with the 1.83% of the 
pristine one at approximately the same stress level (around 
33 MPa). Qualitatively, both laminates present the same 

nonlinear behavior under rail test. Furthermore, both speci-
mens (pristine and impact damaged) are shown in Fig. 9 
after the rail tests.

Fig. 6  Coupon geometry proposal for SAI with the red rectangle, which depicts a single coupon for LEI, and the ROI (region of Interest) with 
hatches

Table 3  Drop-test parameters 
for the impact events

Impactor mass [kg] Test height [m] Initial velocity [m/s] Impact energy [J] Impactor radius [mm]

4.826 0.117 1.51 5.53 8.0
Impactor material Aluminum
Plate thickness [mm] 3.0
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As can be noticed, in the pristine, the crack onset and 
propagation occur nearby the moving rail. On the other 
hand, in the impact-damaged coupon, propagation occurs 
on the already existing damage with the failure starting at 
the non-impacted side of the second impact event due to 
the slightly greater damage initiation, and since the lami-
nate can be considered as a thin one. As expected, dam-
age onset and propagation occur with crack growth at the 
fibers’ direction being parallel to load application, i.e., in 
the matrix. Besides, it can be noticed in Fig. 10 that the 

Fig. 7  a Impact force history; b displacement history; c energy history; d force–displacement curve for both impact events

Table 4  CFRP drop-tests obtained results summary

Physical quantity 1st impact 2nd impact

Impact duration [ms] 12.54 12.88
Peak force [N] 1108.32 1102.06
Maximum displacement [mm] 5.29 5.35
Permanent indentation [mm] 2.32 2.46
Elastic energy [J] 1.16 1.05
Absorbed energy [J] 4.37 4.48

Fig. 8  Shear stress–strain curves: pristine/damaged rail test and 
angle-ply coupons
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obtained strain field by the DIC technique consists of a 
simple shear stress state in both the pristine and impact-
damaged coupons.

Regarding the damage index, it is expected a low value 
due to the similarity between the stress–strain curves. For 
this particular case study, the minimum allowable energy 
is equal to Emin

D
= 0.0723 J/mm3 , while EP = 0.4769 J/mm3 

and ED = 0.3889 J/mm3 providing a DISAI = 0.2175 indi-
cating that the LEI induced damage in the sample, but not 
a much severe one.

Considering a composite structure design with a focus 
on impact requirements, SAI damage index should be deter-
mined for other impact energy levels, which would cause 
different damage levels in the laminate. Therefore, in the 
next section, through computational simulations, differ-
ent DI values are going to be obtained assuming different 
impact damage levels. To do this type of evaluation, a User 
Material Subroutine (UMAT) linked to ABAQUS will be 

implemented to simulate the rail tests of impact-damaged 
composite coupons.

4  Computational simulations

Based on the computational simulations, it is possible to 
analyze the post-impact behavior of composite laminates 
using a material model that accounts for progressive fail-
ure. Therefore, in this section, a material model based 
on the continuum damage mechanics, which was imple-
mented as a user material subroutine (UMAT), is shown 
and discussed. It is important to highlight that several 
previous works developed by the present authors and oth-
ers were conducted to investigate aspects related to finite 
element mesh convergences, as well as model parameters 
identification and a better understanding of the model limi-
tations and capabilities [14, 15, 38, 41–43].

Fig. 9  Pristine and impact-dam-
aged specimens after rail tests

Fig. 10  DIC strain field of a pristine coupon; b impact-damaged coupon at ultimate shear stresses
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4.1  Material model

Due to the inherent anisotropy and heterogeneous nature 
of composite materials, modeling their failure modes is 
a complex task. In this context, for models that account 
for progressive failure, damage evolution is not modeled 
with ease since intralaminar mechanisms interact between 
them and from these can trigger interlaminar failure. For 
engineering purposes, it is interesting that a material 
model, which is a mandatory requirement for the simula-
tion using commercial FEA software [29], has three main 
characteristics, that are: (a) to require simple tests for the 
identification of its parameters, (b) to be easy for coupon 
manufacturing for mechanical characterization, and (c) 
that it can be easily implemented as a routine with low 
computational cost [30–35].

Continuum damage mechanics is the study, through 
mechanical variables, of the deterioration that a material 
presents when subjected to some loading and its evolution 
through damage accumulation. Within its framework, it is 
a thermodynamic consistent failure theory, following the 
Clausius–Duhem inequality so that the second law is satis-
fied, i.e., damage is an irreversible process. Besides, CDM 
deals with quantities (e.g., stress, strain, temperature, inter-
nal variables) based on the assumption of continuity, which 
means that these represent average values over a representa-
tive volume element (RVE) that in its turn allows a non-local 
description of the material state in a given point “P” using 
homogenization procedures [36]. In addition, the size of the 
RVE represents the mesoscale, while voids and cracks are at 
the microscale [37]. Therefore, CDM-based material models 
are capable of satisfying the aforementioned (a), (b), and 
(c) aspects with fidelity regarding the physical phenomena. 
In other words, a phenomenological mesoscale 2D material 
model based on CDM can be written as a UMAT linked to 
ABAQUS finite element package. In the present work, the 
material model proposal is based on the criteria developed 
by Ferreira et al. [38], Ribeiro [30], and Ladevèze’s model 
[39]. Thus, the proposed model is formulated to simulate 
composite materials with unidirectional (UD) reinforcement, 
where lamina homogenization is done to capture tensile and 
compression failures in direction 1 (aligned to the fibers) 
and 2 (normal to the fibers) and failure due to in-plane shear 
without being capable to account for the fiber-matrix inter-
face behavior. It is an intralaminar material model, which 
does not account for delamination. Moreover, the onset of 
failure mechanisms is made separately since the fiber and 
matrix elasticity moduli show different orders of magnitude. 
However, the evolution of degradation considers the inter-
action between the damage modes, which is shown by the 

modified constitutive matrix, as proposed by Matzenmiller 
[40] and given in Eq. (9).

where K = 1 − (1 − d1)(1 − d2)ν12ν21 in which di are the 
damage internal variables, and vij(i, j = 1, 2∀i ≠ j) are the 
Poisson’s ratios. So, the linear elastic constitutive equation 
for the damaged material is written according to the princi-
ple of strain equivalence that states, in the words of Lemaitre 
[36]: “any strain constitutive equation for a damaged mate-
rial may be derived in the same way as for a virgin mate-
rial except that the usual stress is replaced by the effective 
stress.” Therefore, denoting �̂ and � as the effective stresses 
and equivalent strains, respectively, it follows that �̂ = D�.

4.1.1  Ply behavior in direction 1

Under tensile loading, the behavior of the ply in direction 1 
is considered to follow a linear elastic behavior presenting 
a brittle failure with independency of fiber volume fraction 
and lamina Young’s moduli. The maximum stress criterion 
is then used and is given by Eq. (10) as,

in which XT is the longitudinal tensile strength. For the finite 
element analysis, the value of its associated damage vari-
able d1 is assumed as 0.99 once failure is detected, consider-
ing that the reinforcement is fully damaged. In theory, this 
should be in the interval d1 ∈ [0, 1] assuming a null value for 
undamaged and 1 for fully damaged. However, this is done 
to avoid issues with localization during the simulations. 
Also, the degradation of properties is done at the end of each 
time step of the finite element solution instead of during 
each iteration procedure. This is verified and performed in 
many works published by other authors [30, 31, 38, 41–43].

The compressive behavior of the ply in direction 1 
assumes a linear elastic stress–strain behavior until it reaches 
a threshold value. The linear elastic limit is experimentally 
identified via compression tests on 0° coupons, which is 
denoted as XC0

 and is found by the intersection value of the 
parallel curve with 0.2% strain with the experimental curve. 
In the linear elastic regime, the criterion is given by Eq. (11).

(9)

D = 1
K

⎡

⎢

⎢

⎢

⎣

(

1 − d1
)

E11
(

1 − d1
)(

1 − d2
)

�21E22 0
(

1 − d1
)(

1 − d2
)

�11E11
(

1 − d2
)

E22 0
0 0 K

(

1 − d6
)

G12

⎤

⎥

⎥

⎥

⎦

(10)
�11
XT

≥ 1

(11)
|�11|
XC0

≥ 1



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:561 

1 3

Page 13 of 18 561

Thus, after the compressive stress reaches XC0
 , any 

increasing in load results in a nonlinear behavior, which is 
modeled by the secant modulus strategy, given as:

in which E110
 is the initial Young’s modulus in the longitu-

dinal direction, f
(
�11

)
 is the strain function obtained from 

the linear equation that best fits the experimental data of the 
stress curve, �11 is the strain at the fiber direction and E11 is 
the secant modulus. Thus, damage is detected by the effect 
of loss of stiffness in the nonlinear region, i.e., by the decay 
on the slope in each successive iteration.

4.1.2  Ply behavior in direction 2 and due to in‑plane shear

Many works support that the behavior of the ply in direc-
tion 2 is nonlinear under compression. Besides, the in-plane 
stress state damage process is driven by transverse stress 
and in-plane shear [27, 28, 41, 44]. The present work also 
assumes that stresses in direction 1 do not affect the damage 
state in direction 2 and due to in-plane shear. Thus, based on 
Ribeiro’s [30, 31] and Ferreira’s [38] approaches, it is pro-
posed a damage threshold limit based on the experimental 
tensile and compression test data of angle-ply and off-axis 
coupons, which are given as,

in which S12 is the in-plane shear strength, �12 is the shear 
stress, �22 is the transverse stress and that, for both cases of 

(12)E11 =
XC0

||�11||
[
1 − f

(
�11

)]
+ f

(
�11

)
E110

(13a)f+ = 1 −

(
−0.018�2

22
− 0.474�22 + S12

||�12||

)
, �22 ≥ 0

(13b)f− = 1 −

(
−0.004𝜎2

22
+ 0.363𝜎22 + S12

||𝜏12||

)
, 𝜎22 < 0

Eq. (13), it follows that f+,− = 0 represents the threshold 
limit for damage initiation. Furthermore, the f− portion of 
the �22x�12 envelope (Fig. 11) is obtained from experimental 
data gathered by Ribeiro [30], while the f+ portion uses data 
from tensile tests on [70◦]6 and [45◦]6 off-axis coupons, as 
well as from [±45◦]4s angle-ply and [90◦]8 UD coupons, as 
shown in Fig. 11.

Furthermore, under compression the nonlinear behavior 
starts after a linear threshold value YC0

 that is obtained analo-
gously to XC0

 , and progresses obeying a secant strategy as well. 
Thus, it follows,

where E220
 is the initial Young’s modulus in the transverse 

direction (normal to the fibers) and g(�22) is the strain func-
tion obtained from parameter fitting of 90° coupons under 
compression. In order to model damage evolution in the 
matrix, the damage variables d2 and d6 , respectively, associ-
ated with �22 and �12 are used. In CDM, the effective stress 
hypothesis relates these damage variables to the lamina 
stress state [45] and, considering that those are applied on 
the damaged area, it follows:

Notice that Eq. (15) is written in the material coordinate 
system. Provided with effective stresses (quantities with a 
“hat”), the strain energy density for the damaged polymeric 
matrix ED is

(14)E22 =
YC0

|�22|
[
1 − g

(
�22

)]
+ g

(
�22

)
E220

(15)
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 envelope and threshold limits
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in which ⟨x⟩+,− is the Macaulay brackets operator and G120
 

is the initial in-plane shear modulus. Furthermore, Eq. (16) 
can be related to the thermodynamic forces Y2 and Y6 , using 
its associated damage variables, for the ply [39].

In Eq. (17), it is considered that under transverse tension, 
d2 only grows for �22 ≥ 0 and d6 grows independently of the 
sign of �12 . There is also the coupled case of transverse ten-
sion and in-plane shear that influences the damage process. 
This mutual influence varies from material to material and, 
in the present model, it is simply a linear combination of 
the associated thermodynamic forces as stated by Ladevèze 
[39]:

where b is the coupling coefficient and Ŷ  is the thermody-
namic force related to the combined state.

Furthermore, quasi-static cyclic tensile tests in [±45◦]4s , 
[90◦]8 , [70◦]6 and [45◦]6 coupons were conducted to obtain 
the necessary parameters to model damage evolution under 
transverse tension, in-plane shear and in the coupled cases 
to feed the numerical model during simulations as shown in 
the literature [46]. Table 5 compiles the identified material 
model parameters used.

The evolution laws are obtained by experimen-
tal fit and are depicted as d2 = 0.036

√
Y2 − 0.048 and 

d6 = 0.045
√
Y6 − 0.099.

4.2  Damage index predicted by computational 
simulations

Finite element simulations are carried out aiming to obtain a 
computationally predicted damage index, also investigating 
some of the tendencies that should be observed experimen-
tally. Some study cases are selected, arbitrarily degrading 

(17a)Y2 =
�ED

�d2
=

⟨�22⟩2+
2E220

�
1 − d2

�2

(17b)Y6 =
�ED

�d6
=

�2
12

2G120

(
1 − d6

)2

(18)Ŷ = Y6 + bY2

mechanical properties, such as E22 , G12 , and �12 by a percent-
age value of the pristine one in the impact-damaged region. 
The estimation of this region is done by a visual inspection 
with the aid of a magnifier and following the semi-analytical 
approach proposed by Abrate [5]. Degradation percentages are 
assumed to be equal to 5%, 10%, 15%, 20%, 30%, and 50% of 
the original values of mechanical properties. The FE model 
has a simple rectangular geometry, which is equal to the ROI 
(region of interest), with 27.5-mm width and 150-mm length 
meshed by S8R quadrilateral shell elements with eight nodes, 
six DoF/node, and reduced integration. The mesh density was 
defined after a convergence analysis to be described. Bound-
ary conditions are given by encastre at the fixed side and a 
prescribed displacement of 2.0 mm in the x-direction at the 
free rail side as shown in Fig. 12.

The impact-damaged region is modeled as a partition of the 
model accounting for the degraded properties as depicted in 
Fig. 12. It is also modeled as a rectangle, and not as an ellipse, 
since it is easier to mesh the model, and, mainly, because the 
observed trends should not be very different adopting one or 
another, considering [0°] as stacking sequence. Besides, the 
size of the damaged region (20 mm × 8 mm) is fixed for all 
study cases to avoid adding another parameter to be considered 
during the analyses.

Table 5  Material model parameters

Parameter Value/Law Unit

XC
0

253 MPa
YC

0
60.3 MPa

b 1.459 –
f
(
�
11

)
78.873�

11
+ 1.087 –

g
(
�
22

)
4.176�

22
+ 0.032 – Fig. 12  FE model of the rail test specimen highlighting the impact-

damaged region (in red)
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The estimation of the damaged region inside the ROI 
(region of interest) follows a semi-analytical approach based 
on Abrate’s work [5]. Accordingly, this LEI-damaged region 
has an elliptical shape in which the ellipse radii a and b are 
given as,

where Dij are the components of the bending-torsion stiff-
ness matrix from CLT (classical laminate theory), m is the 
specimen mass, and t is the impact duration time that can be 
estimated or experimentally obtained. It is important to high-
light that in the present study, the second one was adopted. 
The parameter A is the stiffness ratio and is given by,

The radii values obtained for the tested coupon are a = 20 
mm and b = 8 mm, which are approximately near the real 
ones. A simple visual inspection with the aid of a magnifier 
and the classical established tap testing (i.e., usage of sound 
cues as a non-destructive test) was also performed, aiming 
to estimate the impact-damaged region. Obtained values are 
a ≈ 16 mm and b ≈ 6 mm, with those being similar to the 
ones obtained using Abrate’s approach. Thus, being con-
servative, the authors arbitrarily decided to use the biggest 
ones. Notice that these values describe an impact-damaged 
region confined in the ROI during shear-after-impact testing.

(19a)a = 2
√
�

�
D11

m

� 1

4

[2(A + 1)]
1

8

√
t,

(19b)b =
a(

D11∕D22

)1∕4

(20)A =
D12 + 2D66√

D11D22

The first step of computational simulations consists of 
evaluating the model for the pristine case, comparing the 
numerical prediction with experimental stress–strain results 
as shown in Fig. 13. As can be noticed, the experimental and 
computational analysis present similar tendencies with some 
discrepancies in the initial portion of the curves. Besides, no 
significant differences are observed with values of ultimate/
fracture shear stresses and strains being very close to each 
other.

Following up on the degradation study cases, the obtained 
results in terms of shear stress–strain curves for the pris-
tine and damaged FE models are depicted in Fig. 14. Again, 
mesh convergence is considered for maximum relative errors 
of 5% between the variables of interest from one mesh result 
to another.

It can be noticed that for higher degradation, i.e., greater 
impact damage (or impact energy), the ultimate and fracture 
shear strains and stresses are lower, representing a prema-
ture failure of the specimen as damage increases. Besides, a 
decrease in stiffness is not observed between the curves for 
the pristine and 5–20% of degradation. On the other hand, 
the results for 30% of degradation present a slight variation 
in stiffness, while this can be well-noticed for the curve of 
50% degradation. Moreover, as degradation increases, it is 
expected that the SAI damage index also grows, as can be 
checked in Table 6 and Fig. 15.

In Fig. 15, it can be verified that the values of DISAI were 
obtained by comparing the energy densities from each simu-
lation with the FE result for the pristine laminate. Based on 
the numerical results, a quadratic curve fitting is performed 
to have an approximation of the degradation level present in 
the experimental impact-damaged coupon. Considering it, 
the analysis approach employed and simplifications adopted 

Fig. 13  Shear stress–strain curves for the pristine coupon: computa-
tional vs. experimental results

Fig. 14  Computational shear stress–strain curves of rail tests: pristine 
and damaged coupons with different levels of degradation that could 
be caused by impact events
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for the computational model, it could be said that the experi-
mental drop-weight test induced damage that degraded the 
material elastic properties closely to 5% (the exact value is 
6.7%) of its original values with relation to the undamaged 
ones (since DIexp

SAI
= 0.2175 ). However, this can only be con-

sidered as an approximation since, in reality, the damaged 
region and mechanical properties change in terms of differ-
ent impact energy levels.

5  Conclusions

The impact (low-energy) and post-impact behavior of 
CFRP plates under in-plane (simple) shear with UD (uni-
directional) stacking sequence under the BVID limit were 
experimentally investigated. For this, it is proposed a pro-
cedure for the shear-after-impact analysis, which includes 
3-rail and drop-weight testing devices. The shear-after-
impact experimental analysis approach is proposed based 
on the comparison of shear stress–strain behavior of pris-
tine and impact-damaged specimens. To fit both fixtures, 
a new coupon is designed and tested under the proposed 
guidelines with the obtained results, showing that the pro-
cedure is promising for being used as a tool for residual 
strength assessment of laminated composite materials. 
Further experiments and studies are recommended for sig-
nificant statistical data gathering but, as an overall, both 
tested coupons showed up the expected trends.

Regarding damage quantification, a new index was pro-
posed. Since for composite materials it is difficult to define 
one metric that incorporates all variables relevant to the 
problem, the damage index for SAI followed up a phenom-
enological strategy defined by energy density ratio val-
ues. These are gathered from the shear stress–strain curves 
obtained from 3-rail tests and make the damage index cal-
culation simple. Therefore, firstly, submit a pristine cou-
pon under 3-rail testing to obtain its shear stress–strain 
curve and integrate it. From the ultimate value of shear 
stress, a minimum allowable energy density is obtained. 
Then, drop-weight tests are carried out to introduce dam-
age in another coupon, and a posterior 3-rail shear test is 
conducted in it to obtain the stress–strain curve. Conse-
quently, the energy density for the damaged laminate is 
obtained, and if it is between the range Emin

D
≤ ED ≤ EP , 

then the damage index DISAI is calculated using Eq. (7) 
and, with it, the severity of damage is easily assessed.

Furthermore, some computational simulations were suc-
cessfully made to obtain different values of damage indexes 
for different impact levels (i.e., different impact damage). 
Using a material model, which was written as a UMAT 
linked to ABAQUS, it was possible to obtain the damage 
index from computational analysis. Thus, it was verified 
the expected tendency of obtaining higher DISAI values for 
higher degradation values (i.e., impact energy values). It is 
known that is necessary to include an impact model in the 
computational analysis in order to have quantitative relevant 
results, but that fits in future works proposals since the main 
goal of the present work was of proposing a SAI analysis 
procedure, and a damage index for the damage severity 
quantification. In this sense, SAI tests can be considered as 
a complementary analysis for the compression-after-impact 
and flexure-after-impact tests with the ideal case being the 
one in which the post-impact structural integrity is evalu-
ated by combining results from all three analyses for a more 
holistic damage tolerance design.
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