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Abstract
The present work investigates the low-velocity impact response of composite laminate plates using the Carrera Unified 
Formulation for structural modelling, the 3D Hashin failure criterion for damage evaluation, and cohesive elements. 2D 
structural theories are employed, based on a layer-wise approach, capable of accurate modeling of transverse stresses 
and delamination. The numerical examples consider three cases, and the results are verified and validated with numeri-
cal models and experiments retrieved from the literature. The results show the advantages of the present formulation in 
reducing computational costs compared to 3D finite elements; the need for parabolic displacement fields within each layer 
for good accuracy; improvements in the oscillatory behavior of the time response; and the proper detection of damage 
distributions over the 3D domain.
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Low-velocity Impact in Composite Plates Using the Hashin 3D Criterion 
and 2D Layer-Wise Theories

M. Petrolo1 · M. Filippi1 · E. Carrera1 · C. Franceschini1 · E. Tortorelli1

In particular, low-velocity impact (LVI) is a localized event 
that can introduce intralaminar and interlaminar damage that 
is difficult to detect visually. As a consequence, the residual 
strength of the structure is reduced. CFRP does not exhibit 
extensive plastic deformation. Beyond the elastic regime, 
their response is often nonlinear, primarily due to progres-
sive damage mechanisms such as matrix cracking, fibre 
fracture, and interlaminar delamination. This paper focuses 
on low-velocity impacts; the reference velocity range is on 
the order of a few m/s, even if there is no clear transition 
between low and high velocity [2].

Given the variability of impact scenarios across loca-
tion, boundary conditions, and contact dynamics, predictive 
capabilities are essential to avoid extensive experimental 
testing [3, 4]. Moreover, numerical simulation helps reduce 
costly testing and enables rapid sensitivity studies to opti-
mize the design [5, 6]. This, in turn, allows prediction of 
damage scenarios and stiffness degradation over time [7, 8]. 
Simplified analytical approaches have been developed [9]. 
While computationally efficient, they provide only global 
predictions and cannot capture localized damage mecha-
nisms. Computational approaches for damage simulation 
are generally divided into two main categories. Discrete 
damage models, such as those based on cohesive zone meth-
ods (CZM) [10], provide detailed damage representation 

1  Introduction

Carbon Fiber Reinforced Polymer (CFRP) composites offer 
significant advantages in aeronautical applications, thanks 
to their high strength-to-weight ratio [1]. In both civil and 
military aircraft, various fibers have been used, but the most 
common is carbon fiber. Key concerns in adopting composite 
materials include impact resistance and damage tolerance. 
Impact response is one of the most critical loading cases for 
the lightweight, layered structures widely used in aerospace. 
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but are often computationally demanding. As an alternative, 
continuum damage mechanics (CDM) [11] enables efficient 
damage simulation with reduced numerical overhead. The 
literature on modelling impact damage in laminated com-
posites is extensive [9]. However, it is widely recognized 
that relying on a single damage modelling paradigm, either 
CZM or CDM alone, is not recommended to capture the 
overall response [2]. Advanced finite element (FE) formula-
tions have incorporated continuous damage mechanics with 
interface-based delamination models, significantly improv-
ing predictive capabilities. Nonetheless, these methods still 
require careful selection of the damage initiation criterion, 
the evolution law, and the material parameters [12].

This work follows the methodology proposed by Nagaraj 
[13, 14] and is based on the Carrera Unified Formulation 
(CUF). The focus is on the use of higher-order 2D struc-
tural theories with layer-wise (LW) capabilities, capable of 
obtaining the 3D stress field necessary for accurate predic-
tions of failure onset and propagation. The present paper 
introduces a different intralaminar failure assessment, i.e., 
rather than using the CODAM2 approach [11], a 3D Hashin 
criterion is employed [15–17]. Delamination is modelled 
via cohesive interface elements [10, 18, 19] with linear 
damage evolution.

This work is structured as follows: Sect. 2 presents the 
structural theories and the FE formulation adopted. Section 
3 presents damage models and contact. Numerical results 
for the three case studies are reported in Sect. 4, and the 
main conclusions are drawn in Sect. 5.

2  Structural Theories and FE Formulation

The structural theories adopted in this paper are based 
on the Carrera Unified Formulation [20], which employs 
higher-order Lagrange polynomial expansions and yields 
an LW representation through the laminate thickness. CUF 
enables the use of higher-order 1D and 2D theories thanks to 
a compact notation: the displacement fields, over the cross-
section for beams and through the thickness for plates and 
shells, are modeled using expansion functions whose type 
and order are arbitrary.

The 3D displacements of the k-th ply of the laminated 
plate, considering a LW modeling approach for a 2D theory, 
can be expressed as:

uk(x, y, ζk) = F k
τ (ζk) uk

τ (x, y), τ = 1, . . . , M � (1)

where Fτ (ζk) of M terms describes the kinematics through 
the local thickness domain ζk ∈ [−1, 1] and uk

τ (x, y) are the 
generalised displacement variables. The structural theory 

is chosen with Fτ . The present work employs Lagrange 
expansions of order N, denoted LEN, defined as:

Fτ (ζk) =
N∏

i = 0
i ̸= s

ζk − ζki

ζks − ζki
.
� (2)

Here, ζks are the interpolation points and ζk0 = −1 and 
ζkN = 1 represent the bottom and top surfaces of the k-th 
ply. The LW approach provides accurate transverse stresses. 
Each layer has independent displacement variables, and 
continuity is imposed at the interface [21]. The FE discreti-
zation is handled using standard 9-node quadrilateral ele-
ments (Q9).

u(x, y, z) = Fτ (z)Ni(x, y)uτi, τ = 1, ..., M i = 1, ..., p� (3)

The displacement field is given by the product of the nodal 
displacements uτi, the expansion functions Fτ (z) with M 
terms, and the 2D shape functions Ni(x,y), where p indi-
cates the number of element nodes.

The 3D stress and strain components are:

σ = {σxx, σyy, σzz, σxy, σxz, σyz}
ϵ = {ϵxx, ϵyy, ϵzz, ϵxy, ϵxz, ϵyz} � (4)

The linear strain–displacement relation is:

ϵ = Bu� (5)

where the linear differential operator is B [20]. The con-
stitutive relation is written using Csec, the secant material 
stiffness matrix, including the damaged state.

σ = Csecϵ� (6)

Explicit integration techniques are used [13], since implicit 
schemes may suffer from convergence issues. Once the 
lumped mass matrix M is evaluated, the acceleration is 
computed. The vectors Fext and Fint are the external and 
internal force, respectively:

ü t+∆t = M−1
(

F t+∆t
ext − F t+∆t

int

)
� (7)

The solution is calculated using the central difference 
scheme, the velocity within a time step is approximated at 
its mid-interval. This numerical approach is conditionally 
stable and it requires a time step ∆t smaller than a critical 
threshold ∆tcrit.
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∆t ≤ ∆tcrit ≈ 2
ωmax

� (8)

where ωmax is the highest natural frequency and can be esti-
mated through power-iteration techniques as:

ωmax =
√

λmax� (9)

where λmax is the largest eigenvalue of the generalized 
eigenvalue problem.

3  Damage Model and Contact

In this section, intralaminar damage is addressed first, fol-
lowed by interlaminar damage, and finally the contact for-
mulation is presented.

3.1  Intralaminar Damage Model

The damage model [15, 16] comprises activation and pro-
gression of the damage. The 3D Hashin criterion, which 
accounts for failure in both fibers and matrix, predicts dam-
age initiation under compression and tension. Here, the 3D 
Hashin model is adopted for fiber compression and matrix/
fiber tension. For matrix compression, the Puck criterion 
[17] is considered. The fiber damage initiation occurs when 
failure index Fft ≥ 1, with

Fft =
(

σ11

XT

)2

+ αf

[(
σ12

S12

)2

+
(

σ13

S13

)2
]

� (10)

XT  is the fiber tensile strength, and S12 and S13 are the 
shear strengths. αf  is the interaction coefficient for fibers 
and, unless otherwise stated, is set equal to zero. σij  are the 
stress components in the lamina material coordinate system, 
in particular σ11 is the normal stress in the fiber direction. 

Fmt is the index for the matrix damage initiation along the 
transverse direction,

Fmt =
(

σ22 + σ33

YT

)2

+ 1
S2

23
(σ2

23 − σ22σ33) +
(

σ12

S12

)2

+
(

σ13

S13

)2

� (11)

YT  is the matrix tensile strength, and S23 is the shear 
strength. Similarly, concerning compression, the failure 
index for the fiber is calculated as follows:

Ffc =
(

σ11

XC

)2
� (12)

where XC  is the fiber compressive strength. For matrix 
compression, the Puck criterion [17] is considered. The 
fracture of the matrix is due to σnn, σnl, σnt, which are, 
respectively, the normal to the fracture plane, longitudinal 
shear, and transverse shear stresses.

Fmc =
(

σnt

SA
23 − ηntσnn

)2

+
(

σnl

S13 − ηnlσnn

)2
� (13)

ηnt and ηnl characterize the internal friction of the mate-
rial based on the Mohr-Coulomb theory [22], while SA

23 is 
the transverse shear strength in the fracture plane. Once the 
failure criterion is triggered, damage progression follows a 
linear law, with the material stiffness decreasing until final 
failure. The four modes of damage use a unified subscript 
P ∈ {ft, fc, mt, mc} and dP  is a parameter governing the 
evolution of damage in each mode,

dP =
δu

eq(δeq − δ0
eq)

δeq(δu
eq − δ0

eq) � (14)

δ0
eq = δeq

∣∣
F =1 is the equivalent displacement at the dam-

age initiation, and, together with the equivalent stress, they 
are necessary to define the damage evolution. The damage 
progression criteria exploit equivalent tensile and compres-
sive displacements δeq, for fibers and matrix; they are func-
tion of the characteristic length lC , set equal to the cubic 
root of the Gauss point volume, lC= (VGP )1/3. Figure 1 
shows the constitutive equivalent stress-displacement rela-
tion in which the ultimate displacement δu

eq corresponds to 
the damage saturation. The constitutive elastic stress–strain 
relation is modified in the damaged state,

σ = Cdamϵ� (15)

Cdam is the stiffness matrix in the damage state, function 
of damage parameters dP . More information about damage 
can be found in [15, 16].

Fig. 1  Bilinear damage evolution
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3.2  Interlaminar Damage Model

In the current 2D-CUF formulation, delamination is mod-
eled using through-thickness cohesive interface elements 
placed between adjacent layer-wise structural expansions, 
as shown in Fig. 2. The three-dimensional displacement 
field is reconstructed through the standard CUF approxi-
mation, Eq. 1 and Eq. 3, while the displacement jump is 
modeled by the cohesive interface degrees of freedom and 
used in the traction–separation law. The mixed-mode cohe-
sive law triggers delamination once a relative displacement 
threshold is exceeded [18, 19]. The following relation links 
the cohesive traction tj  to the displacement jump ∆j  in the 
local interface coordinate system, where ∆3 denotes the 
normal component.

tj = (1 − d) D0
ij ∆j − d D0

ij δ3j⟨−∆3⟩ � (16)

d ∈ [0, 1] is the scalar damage variable, ⟨·⟩ denotes the 
MacAuley bracket. D0

ij  is the initial stiffness tensor, pen-
alty-based, dependent on the Kronecker delta δij  and on the 
penalty parameters Kn, Ks, and Kt, associated with the 
normal and the two tangential directions, respectively.

D0
ij = Ki δij , K1 = Ks, K2 = Kt, K3 = Kn� (17)

The mixed-mode propagation is inspired by the Benzeg-
gagh–Kenane criterion,

Gc = Gc
I + (Gc

II − Gc
I) (GT )η

GT = GII

GI + GII
.� (18)

Gc is the critical mixed-mode energy release rate, while GT  
is the mode-mixity ratio based on the energy release rates. 
The quantities Gc

I  and Gc
II  are the critical energy release 

rates in pure Mode I and pure Mode II, respectively, i.e., 
material fracture-toughness parameters. GI  and GII  are 
the current energy release rates calculated from the cohe-
sive tractions and separations, used to quantify the relative 
contribution of each mode. This relation depends on η, an 
experimentally determined parameter set to 1.45 [19].

3.3  Contact

The present work adopts a node-to-surface approach and 
contact is enforced by constraining the contact node, in 
order to prevent the penetration of the target plate. Within 
the CUF framework, node-to-surface contact constraints can 
be enforced using Lagrange multiplier or penalty methods. 
Following the work of Carpenter [23], and within a cen-
tral difference scheme, the forward-increment, time-shifted, 
coupling is written as

M ün + Fint(un, u̇n) + GT
n+1 λn = Fext.� (19)

The incremental equation of motion is constrained by the 
no-penetration condition,

Gn+1 (un+1 + X) = 0� (20)

G is the contact constraint matrix, X denotes the vec-
tor of contact nodes’ initial coordinates and λ is the vector 
of Lagrange multipliers representing the contact force. Via 
explicit integration, the displacement is obtained as the sum 
of a trial solution without contact, u∗, and a displacement 
increment due to contact forces, uc. The trial position vector 
x∗ is derived from u∗ and is used to check for penetration. 
In the FE model, the target surface is chosen as a function of 
the projected area of the impactor, slightly larger to properly 
define the contact, see Fig. 3.

The node-to-surface association is performed using 
a local contact search, while the exact contact point is 
obtained via the closest-point projection of the node onto 
the target surface [24, 25].

Fig. 3  Node-to-surface contact method

 Fig. 2  Two-node cohesive 
Lagrange through thickness ele-
ments (CB2)
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4  Numerical Results

In this section, three numerical cases are presented to evalu-
ate the accuracy and efficiency of the 3D Hashin damage 
model for impact problems, combined with 2D CUF theo-
ries. The results are compared with the CODAM2 damage 
model [14], which implements 2D Hashin criteria, as well 
as with experimental results and ABAQUS analyses from 
the literature.

4.1  Elastic Impact

The spherical impactor, with a diameter of 16 mm, strikes 
a square composite plate with a side length of 100 mm, see 
Fig. 4. The composite plate is fully clamped along all four 
edges and impacted at its centre with an initial velocity of 
5 m/s. The composite has a quasi-isotropic laminate with a 
stacking sequence [90/45/0/-45]2s and a total thickness of 2 
mm. The material system is IM7/8552 CFRP, see Table 1.

The current analysis is linear-elastic, as the objective is 
to assess the stress field generated by the numerical model. 
The structural modelling of the composite plate adopts a set 
of 2D-CUF models, characterized by increasing orders of 
the Lagrange expansion through the thickness. In addition, 
a CUF model with three linear expansions per ply, referred 
to as CUF-3LE1/ply, is used. For verification purposes, the 
results are compared with a fully three-dimensional FE ref-
erence model from [13], which uses C3D8R solid elements 
with five elements through the thickness of each ply. Model 

details and degrees of freedom (DOF) are provided in Table 
2.

Figures 5 and 6 show the through-thickness stress dis-
tributions near the center of the plate. Since the present 
assessment is restricted to the linear-elastic behaviour, the 

Table 1  Elastic properties of IM7/8552 [13]
E1 (GPa) E2 (GPa) E3 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) ν12 ν13 ν23 ρ (kg/m3)
165.00 9.00 9.00 5.60 5.60 2.80 0.34 0.34 0.50 1700.00

Table 2  Numerical models for the square plate. The ABAQUS models 
are from [13], ABQ-Refined is the one used as the benchmark
Model Discretisation of the laminate DOF
CUF-LE1 400 Q9 - 1 LE1/ply 85,731
CUF-LE2 400 Q9 - 1 LE2/ply 166,419
CUF-LE3 400 Q9 - 1 LE3/ply 247,107
CUF-3LE1 400 Q9 - 3 LE1/ply 247,107
ABQ-Refined 512,000 C3D8R - 5 el./ply 1,594,323
ABQ-Medium 307,200 C3D8R - 3 el./ply 964,467
ABQ-Coarse 102,400 C3D8R - 1 el./ply 334,611

0.25 0.5 0.75 1 1.25 1.5 1.75 2
-1500

-1000

-500

0

500

1000

1500
CUF (1 LE1/ply)
CUF (1 LE2/ply)
CUF (1 LE3/ply)
CUF (3 LE1/ply)
 ABQ-3D (1 elem/ply)
 ABQ-3D (3 elem/ply)
 ABQ-3D (5 elem/ply)

(a) σxx

0.25 0.5 0.75 1 1.25 1.5 1.75 2
-600

-400

-200

0

200

400

600
CUF (1 LE1/ply)
CUF (1 LE2/ply)
CUF (1 LE3/ply)
CUF (3 LE1/ply)
 ABQ-3D (1 elem/ply)
 ABQ-3D (3 elem/ply)
 ABQ-3D (5 elem/ply)

(b) σxy

Fig. 5  In-plane stress components through the thickness of the composite plate under elastic impact at (x,y) = (48 mm, 48 mm)

 

Fig. 4  Elastic impact of the square composite plate
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through-thickness stress profiles are extracted at t=0.6 ms, 
corresponding to an early yet representative stage of the 
contact event, when the contact force is about F ≈ 2000 N. 
A Hertz-type estimate [26] was adopted to assess the 
local normal stress scale beneath the impact point, i.e. at 
(x, y) = (50, 50) mm. Assuming a rigid spherical impactor 
with radius R = 8 mm and an equivalent elastic modulus 
E∗ approximated as

E∗ ≈ E3

1 − ν2
23

= 9
1 − 0.52 GPa ≈ 12 GPa,� (21)

the Hertz contact radius aH  is estimated as

aH =
(

3FR

4E∗

)1/3

≈ 1.0 mm.� (22)

This gives a peak Hertz pressure p0

p0 = 3F

2πa2
H

≈ 0.95 GPa.� (23)

The computed local through-thickness normal stress beneath 
the impact point is σzz ≈ −0.96 GPa, i.e. within about 1% 
of the Hertzian peak-pressure. Therefore, although the pres-
ent node-to-surface formulation does not explicitly repro-
duce the analytical Hertz pressure distribution, it correctly 
captures the expected elastic contact stress. This is also con-
sistent with previous studies, where the contact implemen-
tation within the CUF framework was validated against the 
analytical Hertz benchmark [27]. The deformed configura-
tion is shown in Fig. 7.The results show that:

	● There is a perfect match of in-plane stress fields for all 
models. As is well known, such stress components do 
not require refined models for high accuracy.

	● Conversely, transverse stress fields have more demand-
ing requirements. A single linear expansion (LE1) yields 
inaccurate results for the interlaminar shear stress σyz, 
which requires higher-order through-thickness expan-
sions or multiple linear expansions per ply.

	● The CUF-LE2 model is the lowest-order expansion that 
provides σyz  similar to 3D FEM, but it requires only 
about 10% of DOF of the 3D model.

	● Moreover, increasing the order of the through-thickness 
expansion leads to CUF results that progressively devi-
ate from the ABAQUS predictions, see Fig. 6. This dis-
crepancy is consistent with previous CUF papers [28], 
and shows how CUF enables a more effective refine-
ment through the thickness and therefore reaches con-
vergence faster than 3D FEM.

4.2  Circular Plate

The second numerical study considers the impact of a rigid 
sphere on a circular composite plate with a [0/90]2s stack-
ing sequence and a ply thickness of 0.25 mm. The plate has 
a radius of 37.5 mm, a thickness of 2 mm, and is clamped 
at its lateral surfaces. The material is HTS40/9772 unidi-
rectional CFRP. The impactor has a diameter of 15 mm, an 
initial velocity of 3.83 m/s, and a kinetic energy of 7.35 J. 
Material properties and cohesive parameters are in Tables 
3 and 4. Seven cohesive elements are introduced through 

U, Magnitude

+0.000e+00
+7.351e−01
+1.470e+00
+2.205e+00
+2.940e+00
+3.676e+00
+4.411e+00
+5.146e+00
+5.881e+00
+6.616e+00
+7.351e+00
+8.086e+00
+8.821e+00

Fig. 7  3D deformation of the 
square plate under elastic impact
 

0.25 0.5 0.75 1 1.25 1.5 1.75 2

-12

-10

-8

-6

-4

-2

0
CUF (1 LE1/ply)
CUF (1 LE2/ply)
CUF (1 LE3/ply)
CUF (3 LE1/ply)
 ABQ-3D (1 elem/ply)
 ABQ-3D (3 elem/ply)
 ABQ-3D (5 elem/ply)

Fig. 6  Transverse shear stress through the thickness of the square plate 
under elastic impact at (x,y) = (40 mm, 40 mm)
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the thickness, each with a thickness of 0.0075 mm, which is 
negligible compared to the total laminate thickness.

A mesh-convergence study of the peak impact force was 
performed using the CUF-LE2 expansion and varying in-
plane discretizations with 132, 192, and 260 Q9 elements; 
see Fig. 8 and Table 5.

Figure 9 shows the effect of in-plane discretizations on 
the impact force curve, compared to experimental results 
[8]. The impact force-time curves were smoothed using 
MATLAB’s function [29] with a centered moving-average 
filter and a 15% span. Based on the results of the mesh 
convergence study, the 192 Q9 mesh was chosen for subse-
quent analyses with different expansions. In particular, the 
results of linear (LE1), quadratic (LE2), and cubic (LE3) ply 
thickness expansion functions are shown in Fig. 10. In all 
cases, reference experimental [8] and numerical results [13] 
are provided for comparison. To quantify the effect of the 
structural theory on the agreement with the experiments, the 
Root Mean Square Error (RMSE) between the experimental 
and simulated force–time curves was computed, see Fig. 11. 
The RMSE is defined as

RMSE =

√√√√ 1
N

N∑
i=1

(Fsim(ti) − Fexp(ti))2
,� (24)

where Fsim(ti) and Fexp(ti) denote the simulated and 
experimental impact forces at the sampling instant ti, 
respectively, and N is the number of samples. Figure 12 

shows the damage distribution at the maximum transverse 
displacement for the 192 Q9-LE3 model. Table 6 compares 
the predicted maximum values of intralaminar damage 
with the CODAM2 reference [13]. A further comparison 
is performed with the numerical and experimental results 
reported in [8]. The predicted distribution of matrix tensile 
damage in Fig. 13 shows good agreement with the numeri-
cal results presented in Fig. 10(a) of [8], where the matrix-
damaged region extends to about 10 mm. Figure 14 shows 
the delamination shape computed by CUF, that is similar to 

Table 3  Material properties of HTS40/9772 CFRP [13]
E1(GPa)
153.0

E2(GPa)
10.3

E3(GPa)
10.3

G12(GPa)
6.0

G13(GPa)
6.0

G23(GPa)
3.7

ν120.3
ν130.3

ν230.4
ρ(kg/m3)
1600.0

XT (MPa)
2537.0

XC (MPa)
1580.0

YT (MPa)
82.0

YC (MPa)
236.0

S12(MPa)
90.0

S23(MPa)
40.0

GT
1 (kJ/m2)

91.6
GT

2 (kJ/m2)
0.22

GC
1 (kJ/m2)

79.9
GC

2 (kJ/m2)
1.1

Table 4  Cohesive properties for the circular plate
Parameter Mode I Mode II Mode 

III
Cohesive stiffness (GPa/mm) 137.33 49.33 49.33
Interlaminar strength (MPa) [13] 62.3 92.3 92.3
Interlaminar fracture toughness (kJ/
m2) [13]

0.28 0.79 0.79

Table 5  Numerical models for the circular plate
Model Discretization of the laminate DOF
132Q9/LE2 132 Q9 - 1 LE2/ply 39,816
192Q9/LE1 192 Q9 - 1 LE1/ply 38,448
192Q9/LE2 192 Q9 - 1 LE2/ply 57,672
192Q9/LE3 192 Q9 - 1 LE3/ply 76,896
260Q9/LE2 260 Q9 - 1 LE2/ply 77,832

0 1 2 3 4
10-3

0

1000

2000

3000

4000

5000
Experiment
Hashin 3D 132 Q9 / 8 LE2
Hashin 3D 192 Q9 / 8 LE2
Hashin 3D 260 Q9 / 8 LE2

Fig. 9  In-plane mesh refinement effect of the impact force-time 
response for the circular composite plate with 15% smoothing. Experi-
mental results are from [8]

 

Fig. 8  132, 192, and 260 Q9 
meshes used for the circular plate
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the numerical reference [8] in Fig. 8(a). Table 7 compares 
the estimated delaminated areas.

The results suggest that:

	● Linear through-thickness expansions (LE1) overesti-
mate the impact force and exhibit pronounced oscilla-
tions. As the order of the through-thickness expansion 
increases, the oscillations in the force–time response 
decrease. Overall, the application of smoothing effec-
tively mitigates these oscillations, and increasing the 
order of the through-thickness expansion further im-
proves the agreement with the experimental curve.

	● For the 192 Q9-LE3 model, the damage contour maps 
indicate matrix-dominated progressive damage in both 

tension and compression, with only limited saturated 
fibre damage.

	● Overall, the predicted damage state agree well with the 
numerical outcomes of Fig. 13 and 14 from [13]. The 
delamination area prediction is strongly affected by the 
in-plane element size in the impact region. In particu-
lar, reducing the element side length from 2.64 mm in 
the 192 Q9 mesh to 2.112 mm in the 260 Q9 mesh 
leads to a larger predicted delaminated area, from 17 
mm2 to 145 mm2. This indicates that a finer in-plane 
discretization is required to properly activate and prop-
agate cohesive damage. The latter value falls within 
the interval defined by the experimental estimate and 
the reference numerical delamination-evolution area, 
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Fig. 11  RMSE of the force–time response for the circular plate. The CUF H–P approach is compared to RMSE values of CODAM2 from [13] (C2)
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Fig. 10  Effect of through-thickness expansion order of the impact force-time response for the circular composite plate. Experimental results are 
from [8], CODAM2 reference results are from [13]
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suggesting a more consistent prediction of the damage 
extension with the refined mesh.

	● The present formulation captures back-face delamina-
tion, which was not predicted in [13]. The back-face 
delamination is experimentally confirmed at 14.7 J in 
[8], while it is not reported at 7.35 J. Therefore, its oc-
currence cannot be established from the available data; 
however, since delamination is already experimen-
tally detected at this energy level, back-face damage 
remains a plausible component, likely less extensive 
than at 14.7 J.

Table 6  Comparison of predicted maximum damage variables between 
CODAM2 and Hashin 3D
Damage mode CODAM2 

(d)
Hashin 
3D (d)

Percentage 
difference

Matrix tensile damage 1.00 0.92 8.0%
Fibre tensile damage 0.86 0.71 17.4%
Fibre compressive damage 0.96 0.91 5.2%
Matrix compressive damage 1.00 1.00 0%

Table 7  Comparison of estimated delaminated areas from experi-
ments, reference numerical results [8], and present CUF predictions
Source Estimated 

area 
(mm2)

Experiment [8] 80.36
Reference numerical result [8, Table 4], complete failure 
(d ≥ 1)

48

Reference numerical result [8], delamination evolution 
(0 < d ≤ 1)

288

192 Q9-LE3 CUF, delamination evolution (0 < d ≤ 1) 17
260 Q9-LE2 CUF, delamination evolution (0 < d ≤ 1) 145

Fig. 14  Left: Delamination at the ply interfaces of the circular plate, ordered through the thickness from the impacted top surface to the bottom 
face. Right: Delamination envelope through the thickness, 260Q9-LE2 model

 

Fig. 13  Tensile matrix-damaged region in the upper surface of the cir-
cular plate, 192 Q9-LE3 model

 

Fig. 12  Damage in the impact 
region of the circular plate, 192 
Q9-LE3 model. Clockwise from 
the top-left: a Matrix tensile 
damage; b Fibre tensile damage; 
c Fibre compressive damage; d 
Matrix compressive damage
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4.3  Rectangular Plate

The last numerical case considers a three-body impact 
configuration comprising an impactor, a composite lami-
nate, and a fixture base. The results are compared with the 
model for LVI damage in composite laminates reported 
in [7], which investigated several damage models and 
showed that linear damage evolution combined with 
cohesive elements provides a reliable and robust strategy 
for this class of simulations. The laminate has in-plane 
dimensions of 150 mm × 100 mm and a total thickness 
of 4 mm, with stacking sequence [0/90/45/-45]s. The 
fixture base is rigid and fully constrained at the bottom, 
and it includes a central cutout measuring 125 mm × 75 
mm, as shown in Fig. 15. The experimental setup is mod-
eled as follows: the laminate specimen rests on the rigid 
base and is fully constrained on its upper surface over 
four circular regions of radius r = 9.0 mm, centered at 
(x, y) = (9.38, 24.42), (9.38, 125.58), (90.63, 24.42) and 
(90.63, 125.58). The impactor is a rigid sphere traveling 
at 5 m/s, with a 16 mm diameter and an impact energy of 
25 J. Table 8 shows the CUF model information.

The material properties adopted in the present analy-
ses are reported in Tables 9 and 10. Seven cohesive ele-
ments were introduced through the thickness, each with a 
thickness of 0.0075 mm.

Several guidelines have been proposed to select the 
penalty stiffness of cohesive elements [12]. Turon’s pen-
alty-stiffness guideline was used as a reference [30], and 
the penalty stiffnesses are set as:

KI = α
E3

tply
, KII = KIII = α

G23

tply
.� (25)

where KI, KII, and KIII are the cohesive penalty stiff-
nesses associated with Mode I - normal opening and 
Mode II/III - shear separations, respectively; E3 is the 
through-thickness Young’s modulus of a lamina; G23 is 
the transverse shear modulus; and tply is the ply thick-
ness. Given the explicit time integration and the large-
scale impact setting, α = 1, verifying that this choice does 
not measurably affect the global elastic response. In the 

Table 8  CUF model for the rectangular plate
DOF Discretization
93,960 308 Q9 - 1 LE2/ply

Table 9  Material properties of T700GC/M21 [3, 4]
E1 (GPa)
130.0

E2 (GPa)
7.7

E3 (GPa)
7.7

G12 (GPa)
5.8

G13 (GPa)
5.8

G23 (GPa)
3.8

ν120.33
ν130.33

ν230.35
ρ (kg/m3)
1600.0

XT  (MPa)
2080.0

XC  (MPa)
1250.0

YT  (MPa)
60.0

YC  (MPa)
140.0

S12 (MPa)
110.0

S23 (MPa)
110.0

GT
1  (kJ/m2)

133.0
GT

2  (kJ/m2)
0.6

GC
1  (kJ/m2)

40.0
GC

2  (kJ/m2)
2.1

Table 10  Cohesive properties for the rectangular plate
Parameter Mode I Mode II Mode III
Cohesive stiffness (GPa/mm) 15.6 7.7 7.7
Interlaminar strength (MPa) [13] 60.0 90.0 90.0
Interface fracture energy (N/mm) [7] 0.6 2.1 2.1

Fig. 15  Mesh adopted for the rect-
angular plate
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Fig. 16  Force–time response for the rectangular plate. CUF results 
with 8% smoothing
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present case, the sublaminate thickness is assumed equal 
to the ply thickness, tply = 0.5 mm.

Figure 16 shows the impact force-time curves pre-
dicted by CUF, experiments [4], and the reference numer-
ical results [7]. Figure 17 shows the force-displacement 
curve compared to the C2 case from [4]. The curves were 
smoothed using MATLAB’s function [29] with a centred 
moving-average filter and an 8% maximum span.

Table 11 reports the peak impact force Fmax and the 
maximum displacement umax, and the corresponding 
percentage deviations. It should be noted that the maxi-
mum impact force and the maximum displacement are 
not corresponding points, since they generally occur at 
different times during the impact event. Table 12 reports 
the time of peak forces.

RMSE between the experimental and simulated force–
time curves was computed for both the raw signal and the 
smoothed signal, as shown in Fig. 18a Moreover, an addi-
tional RMSE-based comparison of the force–displace-
ment histories was also considered to assess the overall 
agreement with the experimental response, as shown in 
18b

Figure 19 shows the evolution of the matrix dam-
age, while Fig. 20 shows the delamination. Based on 
the experimental results for the C2 case reported in [4], 
delamination is caused by compressive fibre failure in the 
upper ply, the impacted face. As shown on the left-hand 
side of Fig. 21, the projected delaminated area exhibits an 
ogive-like shape, confirming the coupling between back-
face delamination and upper-face compressive fibre dam-
age, which is also captured by the present simulations.

The results show that:

Table 11  Peak force, Fmax, and maximum displacement, umax, for the 
rectangular plate. Experimental and reference values are obtained by 
graphical extraction
Model umax(mm) Fmax(N) ∆umaxvs 

Exp (%)
∆Fmax
vs Exp 
(%)

Experiment [4] 4.59 7834 – –
Reference [4] 4.54 8566 −1.09 +9.34
Simulation 4.36 7763 −5.01 −0.91

Table 12  Peak force, Fmax, and peak time, tmax, for the rectangular 
plate. Experimental and reference values are obtained by graphical 
extraction
Model tmax(ms) Fmax(N) ∆Fmaxvs Exp (%)
Experiment [4] 1.34 7834 –
Reference [7] 0.91 8557 +9.23
Simulation 0.88 7763 −0.91
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Fig. 17  Force-displacement curve for the rectangular plate. CUF 
results with 4% smoothing
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	● The use of a second-order expansion per element pro-
vides good accuracy compared to 3D FEM and experi-
mental results.

	● The present formulation reduces the oscillation behavior 
of the time-response.

	● As seen in the previous section, comparisons with lit-
erature results confirm the proper detection of damage 
progression in-plane and through-the-thickness.

Fig. 19  Damage evolution in the matrix for the rectangular plate

 

Fig. 21  Back-face delamination on 
the left and upper face fibre com-
pressive damage on the right for 
the rectangular plate at t = 2.4 ms
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5  Conclusions

This paper extends a layer-wise 2D-CUF impact framework 
to a 3D Hashin formulation, with mixed-mode cohesive ele-
ments to describe delamination. Preserving the efficiency 
of CUF models, this work improves the reliability of dam-
age predictions in LVI scenarios by accounting for the full 
3D stress state, including out-of-plane components. The 
approach’s accuracy and computational efficiency have 
been assessed against numerical and experimental results 
from the literature and considering three numerical cases. 
The following main conclusions may be summarized:

	● There is a consistent reduction of the computational 
costs across all the numerical cases. For instance, in the 
elastic case, a parabolic, layer-wise, displacement field 
over the thickness achieved stress predictions compara-
ble to a 3D FE model while using 10 % of the 3D DOF.

	● The extension and morphology of damage was success-
fully retrieved in all cases.

	● Higher-order layer-wise kinematics alleviate the need 
for excessively refined in-plane meshes and through-
the-thickness discretization.

Future work will focus on extending the present framework 
toward high-velocity impact (HVI) and more complex con-
figurations like stiffened panels.
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