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A B S T R A C T   

Low-energy/speed impact damage of composite laminates is still challenging to simulate due to difficulties in 
measuring some key material properties. The present study develops an integrated numerical and experimental 
method for predicting interlaminar impact damage. A nanoindentation technique for measuring the stiffness 
properties of composites at a small length scale (nanometers) is leveraged to determine damage to composite 
laminates due to fast (microsecond) projectile impact. Specifically, nanoindentation is employed to measure the 
contact stiffness of an indenter and aerospace carbon/epoxy IM7/977-3 laminates with four different stacking 
sequences. Then, through a technique that combines nanoindentation and computational mechanics, an equiv-
alent impact force approach is proposed to predict the upper-bound of interlaminar impact damage at impact 
energy levels of 5 and 10 Joules. Drop-weight impact experiments are conducted to validate the prediction re-
sults. In practical applications, estimating the upper-bound of damage is important for conservative and efficient 
damage tolerance designs, especially for thick composite laminates.   

1. Introduction 

Composite materials have been used increasingly as structural 
components in aerospace and other industries. Despite their favorable 
and highly-controllable directional properties, their resistance against 
out-of-plane impact is still a major concern [2,11]. Especially, low- 
energy impact events such as those arising from tools dropped during 
routine maintenance or hailstorms can cause invisible or barely visible 
impact damage (BVID), which can lead to in-service failure 
[67,13,33,31,48,62,24,72,53,32]. Hence, for more than three decades, 
researchers have developed experimental/numerical techniques for 
investigating the impact of structural composites [5,52]. 

In impact experiments using high-speed photography, Lambros and 
Rosakis [34] studied dynamic delamination of thick composite lami-
nates. Xu and Rosakis [60] focused on the dynamic failure of model 
sandwiches. Xu and Rosakis [61] also conducted low-speed impact tests 
on a model composite specimen using ultra-high-speed photography (an 

impact video will be provided as an online supplemental material). After 
a spherical steel projectile impacted a model matrix layer (Homalite, 
which is a transparent polymer) of the specimen, stress wave propaga-
tion occurred first, followed by elastic indentation. Clearly, indentation 
mechanics played an important role in composite projectile impact, 
which is also referred to as “dynamic indentation” [2]. The third event 
was a complicated impact damage process, which is the subject 
considered here for predicting the impact damage. 

In terms of impact simulations, Geubelle and Baylor [23] introduced 
a numerical method for the delamination process in thin composite 
plates using a two-dimensional cohesive element scheme. Johnson et al. 
presented a material failure model capable of predicting the intra- and 
inter-laminar damage. Olsson et al. [40] investigated the growth of 
delamination at the most critical interface of a laminate. In recent years, 
numerous impact analysis frameworks integrating damage modeling 
and experiments have been introduced [35,36,9,69,3,68,50,19,28,15]. 
Nominally, predicting/simulating impact damage is a challenging task 
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as it requires validation at highly resolved spatiotemporal scales and 
highly accurate values for key material properties such as the mode-II 
interlaminar fracture toughness GIIC. 

Sun and co-workers [54] found that the measurement in the double 
cantilever beam (DCB) or the end-notch flexure (ENF) test was inaccu-
rate because there was a significant absence of the “K-dominance zone” 
at interlaminar crack tips of these thin interlaminar fracture specimens. 
These tests often employ simple beam theory to characterize the 
complicated interlaminar fracture toughnesses. On the other hand, ENF 
beam bending tests are unable to eliminate the friction between cracked 
faces behind the crack tip. This phenomenon causes significant over-
estimation of the GIIC values. Also, GIIC shows a wide variation of the test 
types (other than ENF). Such inaccuracies in measured material prop-
erties prevented high-quality simulations—especially the simulations of 
impact-induced delamination, which is mainly a mode-II-dominated 
fracture [60]. Because of the general lack of close agreement between 
impact experiments and simulations, simplified approaches were 
deemed helpful [44]. Among the variety of typical damage modes, 
matrix cracking usually produces only very low energy dissipation, and 
thus damage modeling/simulation should focus on other damage modes 
such as interlaminar damage (delamination) and fiber fracture [2]. 
Moreover, fiber fracture is rarely observed in low-energy impact tests. 
Therefore, this paper presents a simplified upper-bound approach for 
predicting the delamination areas. This approach will rely on the 
through-thickness Young’s modulus of a composite system, which is 
nominally difficult to measure [16]. Hence, we introduce a nano-
indentation approach to measure this particular Young’s modulus. 

Nanoindentation is an efficient technique for measuring certain 
mechanical properties of materials and devices at small length scales 
[41,37,42,25,10,12,18,55,17,58]. The mechanical foundation of nano-
indentation is the indentation law connecting the indentation force and 
deformation. Previous research showed that at the beginning of an 
indentation process (elastic indentation), classical Hertz’s contact law is 
applicable to both short time-scale impact (microseconds) and small 
length-scale nanoindentation (nanometers) [41,2]. Therefore, we can 
build a correlation between nanoindentation and out-of-plane impact 
using multiscale indentation mechanics theory by conducting impact 
and nanoindentation experiments for the same material system. Indeed, 
a number of researchers did pioneering work and employed static 
macro/micro-indentation to understand the analogous projectile impact 
problem [2]. The major difference is that the current nanoindentation 
approach yields more accurate measurements, which are particularly 
important to predicting impact damage. 

Based on the above analysis, our proposed approach is schematically 
displayed in Fig. 1 and consists of three steps. (A) Nanoindentation tests 
are used to measure the mechanical properties of the target materials. 
(B) The nanoindentation data are utilized in computational-mechanics- 

based predictions. (C) Impact experiments are conducted to validate the 
prediction results. The damage predicted from our method serves as an 
upper-bound that can be used for preliminary designs of composites, 
while more accurate simulations may be conducted later. 

2. Methodology 

In this section, first, the principles of indentation mechanics of 
isotropic and orthotropic materials are established to extract a key 
material property. Next, a connection between nanoindentation and 
impact mechanics is established for obtaining the maximum impact 
force. This is followed by the description of a computational method for 
modeling composite damage. Finally, measurements from nano-
indentation and impact experiments are presented, and their results are 
compared with the results from the proposed prediction method for 
validation. 

2.1. Indentation mechanics for isotropic materials and orthotropic 
composite materials 

As shown in Fig. 2, the load P of a spherical indenter is a function of 
the elastic indentation depth h and the indenter radius R based on 
Hertz’s contact law [20]: 

P =
4
3

̅̅̅
R

√
Erh

3
2 = CNIh

3
2 (1)  

where CNI is the contact stiffness of nanoindentation, the reduced 
modulus Er is determined by the Young’s modulus E and the Poisson’s 
ratio v between the isotropic and homogenous target and indenter ma-
terials, and the subscript i refers to the indenter: 

1
Er

=
1 − ν2

i

Ei
+

1 − ν2

E
. (2) 

For orthotropic fibrous composite laminates (Fig. 2), a 1-2-3 material 
coordinate system is often employed. Here, 1 (or x) refers to the major 
fiber direction, 2 (or y) refers to the transverse in-plane direction or the 
minor fiber direction (fewer fibers compared to the 1-direction), and 3 
(or z) refers to the thickness direction. Because the indenter is perpen-
dicular to the composite laminate, the measured Young’s modulus is the 
through-thickness Young’s modulus E3. Based on the classical work by 
Willis [56], Hertz’s contact law is applicable to the elastic static or dy-
namic indentation of orthotropic composite materials. 

Recently, Xu et al. [64,63] employed an approximate expression of 
the reduced modulus as a function of E3 because no sophisticated models 
are used for current composite indentation: 

C. Impact tests and 
validation  

A. Nanoindentation 

experiments 

B. Computational 
mechanics 

New tools for 
composite 
damage 
assessment 

Fig. 1. Framework for combining nanoindentation and computational mechanics simulations for assessing damage in composite material systems.  
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1
Er

≈
1 − v2

i

Ei
+

1
E3

(3) 

In order to measure the elastic constants, nanoindentation tests 
should be conducted within the elastic range—i.e., the maximum 
indentation depth is controlled so that the loading/unloading curves are 
very close to each other. It should be noted that the assumption of E2 =

E3 holds only for unidirectional and transversely isotropic fiber com-
posites, while most composite laminates do not have the above simple 
relation (E2 = E3). To the best of the authors’ knowledge, no previous 
archival publication on impact to composites included any direct mea-
surement of E3. Moreover, E3 had to be assumed for previous composite 
impact simulations since it is a critical material constant for out-of-plane 
impact [73]. As a result, some difference between previous experiments 
and simulations was expected. 

2.2. Maximum impact force as a function of contact stiffness and impact 
energy 

Abrate [2] and Andrews et al. [4] applied contact mechanics prin-
ciples to moving spherical and sharp indenters/projectiles. They found 
that the maximum impact force Pmax was determined by the impact 
energy of the projectile (W) 

Pmax = λ
̅̅̅̅̅̅̅̅̅̅̅̅̅

W3C2
IP

5
√

. (4)  

where λ is a constant related to the projectile shape but independent of 
the boundary conditions. CIP is the contact stiffness of impact between 
the projectile and the target, and it is calculated based on Hertz’s law: 

CIP =
4
3

̅̅̅̅̅̅̅
RIP

√
Er (5)  

where RIP refers to the radius of the projectile with a spherical head, 
which is the only shape considered in this study. Hertz’s law is accurate 
only for elastic spherical indentation cases. 

2.3. Multiscale indentation mechanics for nanoindentation and impact of 
the same material 

Based on Eqs. (1) and (5), CIP can be obtained from the contact 
stiffness of nanoindentation CNI in the same target material system, 

CIP = CNI
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RIP/RNI

√ [
EIP

r /ENI
r

]
(6)  

where ENI
r and EIP

r are the reduced moduli of nanoindentation and 
impact, respectively. A few materials show the strain rate effect on their 
Young’s moduli, hence, EIP

r (E3)should be the dynamic modulus. How-
ever, Quinn et al. [46] conducted micro-indentation experiments at 
different loading rates for steel, sintered silicon carbide, and aluminum 
oxynitride. There was a negligible effect on the Young’s moduli when 
the loading rate changed by almost four orders of magnitude, from 

approximately 0.03–10 N/s. It should be noticed that other authors 
employed the cylinder specimens under a 2-D strain state to measure the 
strain rate effect of stiffness using Hopkinson bars, while our indentation 
test yields a complicated 3-D strain state of the flat laminates. Quinn’s 
work was very close to our work so we mainly accepted their conclusion. 
Therefore, unless the strain rate effect on the Young’s moduli was re-
ported for the material system, Eq. (6) is not related to the strain rate as a 
simplified result. On the other hand, the strain rate effect will be 
considered for the dynamic strengths and fracture toughnesses during 
the impact damage prediction which is described in Section 4, if these 
data are available. 

Common polymeric matrices such as epoxy tend to have their 
Young’s moduli below 5 GPa. Since the through-thickness moduli of the 
corresponding composite systems are mainly controlled by their 
matrices [16], their effective values are usually less than 20 GPa. 
Meanwhile, in most nanoindentation experiments, the diamond nano-
indenter has a Young’s modulus of 1,000GPa or higher, while that of a 
steel projectile used in the impact test is 200 GPa. Thus, a simplified 
relation between these two reduced moduli for the same target material 
was obtained based on Eq. (6). For the current carbon fiber/epoxy 

composite laminates, the relation is CIP ≈ 0.97CNI

̅̅̅̅̅̅
RIP
RNI

√
after the 

approximate value of EIP
r /ENI

r is determined. The coefficient of 0.97 was 
calculated for the current composite system (taking into account E3 of 
the current composite system (please, see Table 1); E and v of steel 
impactor (E = 200 GPa, v = 0.3) and diamond nanoindenter (E = 1000 
GPa, v = 0.2) [63]), while different values are expected for other ma-
terial systems. Therefore, a multiscale relation is formed between the 
two radii of the nanoindenter RNI and the projectile RIP (often on the 
scales of micrometer vs. millimeter). Therefore, a multiscale indentation 
mechanics approach is utilized to connect the two very different events 
of impact and nanoindentation as follows:  

(1) The contact stiffness of nanoindentation CNI is obtained by fitting 
Eq. (1), and the contact stiffness of impact CIP is calculated.  

(2) The maximum impact force is predicted using CIP and the impact 
energy in Eq. (4).  

(3) The impact damage is predicted using the maximum equivalent 
impact force obtained from step 2), and then the results are 
validated by impact experiments. 

Hence, we develop a general indentation mechanics approach by 
simply measuring the Young’s modulus E3 as the initial task. It should 
also be noted here that the equivalent impact force includes not only the 
key Young’s modulus value but also the contact mechanics information 
such as the projectile’s radius and impact energy. Hence, it provides 
sufficient information for the predictions. 

The key highlight of the proposed approach is its inclusion of the 
local dynamic indentation deformation while ignoring the global 
bending/shear deformation during a low-energy impact event. There-
fore, this approach is employed to predict the upper-bound of damage 

Fo
rc

e 

Indentation depth, h 

Elastic loading 

P = C h3/2Projectile or indenter  

Fig. 2. Static (nanoindentation) and dynamic indentation (out-of-plane impact) along the Z- (or 3-) direction of a composite laminate (left), and a typical indentation 
force and depth curve (right). 
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rather than the actual damage itself. It is similar to the common me-
chanics of materials approach of calculating the maximum impact stress 
of a slender beam subjected to projectile impact (one-point impact). 
When the projectile stops, the kinetic energy of the projectile is fully 
converted to the strain energy of the beam, and a statically equivalent 
impact force is obtained [6]. Then, the maximum impact stress can be 
easily calculated using classical beam theory. Obviously, the local dy-
namic indentation, which is within the theory of elasticity, is not 
considered in the mechanics of materials approach. Hence, one advan-
tage of our proposed approach is simplifying the prediction of impact 
damage, and the results will be validated by our new and past impact 
tests. 

Before this study, we conducted similar nanoindentation and drop- 
weight impact experiments on hard polymers and two different poly-
meric matrix composites (glass/carbon fiber reinforced vinyl ester) to 
validate the maximum impact force prediction using Eqs. (4)–(6) under 
the impact energy from 1 to 5 J [65]. As expected, the predicted 
maximum impact force was always higher than the measured one 
because the proposed approach only included the indentation defor-
mation. The major difference between our current and previous studies 
is that no damage prediction was conducted in the previous cases. 
Moreover, these composite material systems, such as the polymeric 
matrix systems, were different between our current and previous 
studies. 

2.4. Modelling the composite damage 

The present composite damage model considers both intra- and 
interlaminar damage, which is based on other researchers’ work. The 
intra-laminar damage is modeled through a 3-D composite damage 
model based on the generalization of Hashin’s quadratic failure criteria 
[26] and Puck’s action plane model [45]. The model is coded as a 
VUMAT user subroutine for Abaqus/Explicit based on the lecture notes 
[1] and the investigations of Pederson [43] and Nie [39]. In this model, 
the tensile/compressive matrix and fiber failure modes are treated 
separately, and the calculation starts with computing the initial or un-
damaged orthotropic elastic parameters C0

ij (i, j = 1, 2, 3). Then, the 
elastic parameters Cij in the presence of damage are expressed as 

C11 = (1 − df )C0
11 = (1 − df )E11(1 − ν23ν32)Γ,

C22 = (1 − df )(1 − dm)C0
22 = (1 − df )(1 − dm)E22(1 − ν13ν31)Γ,

C33 = (1 − df )(1 − dm)C0
33 = (1 − df )(1 − dm)E33(1 − ν12ν21)Γ,

C12 = (1 − df )(1 − dm)C0
12 = (1 − df )(1 − dm)E11(ν21 + ν31ν23)Γ,

C23 = (1 − df )(1 − dm)C0
23 = (1 − df )(1 − dm)E22(ν32 + ν12ν31)Γ,

C13 = (1 − df )(1 − dm)C0
13 = (1 − df )(1 − dm)E11(ν31 + ν21ν32)Γ,

G12 = (1 − df )(1 − dm)G0
12,

G23 = (1 − df )(1 − dm)G0
23,

G31 = (1 − df )(1 − dm)G0
31,

Γ = 1/(1 − ν12ν21 − ν23ν32 − ν31ν13 − 2ν21ν32ν13),

(7)  

for which the global fiber failure df and the matrix failure dm are 

df = 1 − (1 − dft)(1 − dfc),

dm = 1 − (1 − dmt)(1 − dmc).
(8) 

In Eqs. (7) and (8), dft, dfc, dmt, and dmc are the local damage variables 
for the tensile/compressive fiber and tensile/compressive matrix failure 
modes, respectively. Thereafter, combining Hashin’s quadratic failure 
criteria for the fiber damage and Puck’s action plane model for the 
matrix damage, these local damage variables are expressed as 

Tensile fiber mode: If
(

σ11

X1T

)
2 +

(
σ12

X1S

)
2 +

(
σ13

X2S

)
2 = 1, dft = 1, (9)  

Compressive fiber mode: If
(

σ11

X1C

)
2 = 1, dfc = 1, (10)  

Tensile and compressive matrix mode:  

If

[(
σ11

2X1T

)
2 +

(
σ22

|X2T . X2C|

)
2 +

(
σ12

X1S

)
2

]

+ σ22

[
1

X2T
+

1
X2C

]

= 1,

then 
{

if σ22 + σ33 > 0, dmt = 1,

if σ22 + σ33 < 0, dmc = 1,
(11)  

for which the tensile/compressive longitudinal and transverse strengths 
X1T, X1C, X2T, X2C, and the shear strengths X1S, X2S are material con-
stants. Here, Eqs. (9) and (10) refer to the tensile and compressive fiber 
failure modes, whereas Eq. (11) refers to the tensile/compressive matrix 
failure modes. The stress-strain relation is eventually represented as 

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

σ11

σ22

σ33

σ12

σ23

σ31

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 2G12 0 0
0 0 0 0 2G23 0
0 0 0 0 0 2G31

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ε11

ε22

ε33

ε12

ε23

ε31

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

. (12) 

The interlaminar damage modeling is based on the cohesive behavior 
between the plies of the composite laminate available for the Abaqus/ 
Explicit solver. Damage initiation is governed by the quadratic-traction- 
separation law 
(tn

N

)
2 +

(ts

S

)
2 +

(tt

T

)
2⩾1, (13)  

for which tn, ts, and tt are the interlaminar stresses dependent on the 
penalty stiffnesses Kn, Ks and Kt in the normal and two shear directions; 
and N, S, and T are the interlaminar normal and shear strengths, 
respectively. In this expression, no irreversible deformation occurs till 
the tractions (or the interlaminar stresses) reach their peak values—i.e., 
initiation of damage. Thereafter, the cohesion between the plies will 
decrease with decreasing traction and increasing separation. During this 
phase, damage evolution occurs, which describes the degradation of 
cohesive stiffness between the plies. Here, a mixed-mode fracture cri-
terion is used to describe the dependency of interlaminar fracture modes 
(mode I: opening, mode II: in-plane shear, mode III: out-of-plane shear) 
so that 
(

GI

GIC

)

+

(
GII

GIIC

)

+

(
GIII

GIIIC

)

⩾1, (14)  

Table 1 
Mechanical properties of IM7/977-3 carbon/epoxy composites.  

Parameters obtained from the literature Values 

Tensile longitudinal modulus E1 (GPa) [14] 164 
Tensile transverse modulus E2 and E3 (GPa) [27] 8.98 
Shear modulus G12 (GPa) [14] 5.02 
Shear moduli G13, G23 (GPa) [14] 3.0 
Poisson’s ratio v12, v13 [14] 0.32 
Poisson’s ratio v23 [14] 0.49 
Tensile longitudinal strength X1T (MPa) [27] 2905 
Compressive longitudinal strength X1C (MPa) [27] 1569 
Tensile transverse strength X2T (MPa) [27] 78.9 
Compressive transverse strength X2C (MPa) [27] 248 
Calibrated shear strength X1S, X2S (MPa)  80 
Interlaminar normal penalty stiffness Kn (GPa/mm) [71] 240 
Interlaminar shear penalty stiffnesses Ks, Kt (GPa/mm) [71] 86 
Mode I interlaminar fracture toughness GIC (N/mm) [14] 0.256 
Mode II/III fracture toughness GIIC, GIIIC (N/mm) [14] 0.649 
Interlaminar normal strength N (MPa) [71] 68 
Calibrated interlaminar shear strengths S, T (MPa)  60  
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where GI, GII, and GIII are the interlaminar energy release rates under 
modes I, II, and III, respectively, while GIC, GIIC, GIIIC are the interlam-
inar fracture toughnesses. Since the present prediction approach focuses 
on low-energy impact, the strain rate effect is neglected. Moreover, no 
material data including the strain rate were available for the current 
composite system. 

3. Experimental studies 

3.1. Nanoindentation experiments for four kinds of aerospace composite 
laminates 

The composite material system tested was IM7/977-3 carbon fiber/ 
epoxy provided by the US Air Force Research Laboratory. Each of these 
specimens had 24 plies in one of four different stacking sequences: panel 
A [−45/90/45/90/−45/0/45/90/90/−45/90/45]s, panel B [−45/45/ 
−45/45/0/45/90/−45/45/−45/45/−45]s, panel C [−453/903/453/ 
03]s, and panel D [−45/90/45/0]3s. Their average fiber volume percent 
was 68.5% [22]. The size of each nanoindentation specimen was 10 mm 
× 10 mm × 3.2 mm (thickness). All eight specimens (two specimens cut 
from each panel) were grinded and polished to create a fine surface. All 
nanoindentation tests were conducted using an I-Micro nanoindentation 
system (Nano Mechanics, INC) with a spherical diamond indenter 
(radius RNI = 200 µm). In order to reduce the inhomogeneous feature of 
the composite measurement, a spherical indenter with a large radius (at 
least 100 µm) is recommended. During the nanoindentation tests, each 
specimen incurred 10 × 10 indents near its center, and two adjacent 
indents were separated by 70 µm in the x and y directions. The 
maximum applied load was low to ensure no obvious plastic deforma-
tion during the indentation process. The maximum indentation depth 
was kept below 350 nm to ensure elastic deformation. Since the average 
diameter of a carbon fiber is around 10 µm [16], the edge length of a 
square composite representative volume element (RVE, based on 68.5% 
fiber volume) was around 10.7 μm. Given the large size of the spherical 
indenter, our results were less sensitive to random material in-
homogeneity. Moreover, we made 100 indentations on each composite 
specimen. The maximum indentation depth is an important parameter. 
Deep indentations may cause local permanent deformation or damage, 
while in very shallow indentations, the RVE might not fully deform, so 
the elastic constant cannot be measured. We suggest that 2–3% of the 
edge length of a square RVE is the maximum indentation depth so that 
the RVE fully deforms. Therefore, our indentation approach not only 
yields purely elastic deformation but also reduces the effect of material 
inhomogeneities. The maximum indentation depth without significant 
plastic deformation was validated by comparing the load/indentation 
depth curves of panel A. As shown in Fig. 3, the unloading path was quite 
close to the loading path, and permanent deformation was not clearly 
seen. Hence, we fitted the contact stiffness of nanoindentation CNI of 
each panel using Eq. (1), and the through-thickness Young’s moduli of 
four composite panels [66] are 8.33 ± 0.26 GPa (A), 8.72 ± 0.31 GPa 
(B), 9.40 ± 0.38 GPa (C), 10.18 ± 0.37 GPa (D). 

If the fiber volume fraction is low or a sharp indenter is employed, 
the measured reduced moduli of the fiber or matrix are very different. 
So, we cannot measure the Young’s modulus of a composite specimen, 
which should be one value to represent the global deformation of the 
matrix and the fiber. Recently, based on micromechanics, we can mea-
sure the lower bounds of the Young’s moduli for the above special cases 
[64]. 

3.2. Out-of-plane impact experiments of the same composite laminates 

The dimensions of all impact specimens were 101.6 mm (width) ×
152.4 mm (length) × 3.2 mm (thickness) according to ASTM D7136 
standard for composite impact experiments. All specimens (six for each 
panel except panel B) were tested under the same impact energy of 5 J. 
Before the experiments, all specimens were C-scanned to determine if 

there were any initial defects. The composite specimens were clamped 
onto a fixture with a round hole of 76.2 mm diameter. This impact 
fixture was fixed to a steel base inside a DYNATUP drop-weight tower. 
The impact experiment was conducted using a 15.9 mm (5/8 in.) 
diameter hemispherical tupper (mass: 3.37 kg), which hit the center of 
the specimen, and the internal damage was examined by C-scanning 
again. More details of these impact experiments were reported previ-
ously by one of the authors [22]. 

4. Numerical simulation procedures 

Based on the stacking sequences of four panels, the corresponding 
material orientations were assigned to each ply, and four edges of the 
composite laminate were clamped as seen in Fig. 4. All mechanical 
properties of the IM7/977-3 composite material are listed in Table 1. 
Most of these data were measured at the Air Force Research Laboratory 
in Ohio. The solution domain for the composite laminates was parti-
tioned. A higher mesh density was implemented in the vicinity of the 
impact site in order to eliminate the convergence problems that may 
arise from surface-based cohesion, while a lower mesh density was used 
in the rest of the solution domain for the sake of computational effi-
ciency. Each ply was discretized along its thickness with single C3D8R 
linear hexahedral reduced integration elements. The main selection 
criteria for the C3D8R reduced integration elements—i.e., one integra-
tion point per element—were to decrease the computational cost and 
prevent shear or volumetric locking, which was the case for first-order 
fully integrated elements subjected to bending [21]. However, it is 
likely that severe mesh distortions may exist for the elements even 
though strain at the integration point is arbitrarily small or zero, which 
is known as the hourglass effect. To prevent such deformations, default 
hourglass control provided in Abaqus/Explicit was used by a relax 
stiffness method using the integral viscoelastic form defining anti- 
hourglass forces. 

For each generated solution domain, the characteristic length of the 
element in the impact region was determined to be 0.625 mm following 
the mesh sensitivity analysis of Pederson [43]. For the outer regions, an 
element size of 2 mm was selected. Each simulation used full-scale 
models depicted in Fig. 4 due to the non-symmetric damage evolution 
observed in previous experimental studies. When the intra-laminar 
damage criteria of Eq. (8) were reached, stresses at the integration 
points were computed with reduced stiffness matrices. 

In consideration to the interlaminar damage, general contact in-
teractions with cohesive surfaces, which use tracking algorithms to 
ensure proper contact conditions to all existing interfaces, were applied. 
The quadratic-traction-separation law of Eq. (13) was used to predict 
damage initiation. Thereafter, post-damage behavior was treated as 
progressive stiffness degradation representing delamination with the 

Fig. 3. Typical elastic nanoindentation loading/unloading curves of a com-
posite laminate. 
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increasing damage, and it was numerically handled with the mixed- 
mode energy release rate criterion [39]). As illustrated in Fig. 4(a), 
the tupper (a specific projectile used in drop-weight tests) was modeled 
with R3D4 rigid quadrilateral elements and constrained to move only 
towards the panel surface along the Z-axis without any rotational 
inertia. This was realized through assigning a rigid body reference point, 
through which the prescribed velocities of dynamic simulations and 
external loads of equivalent force simulations were applied to the tup-
per. A distance of 0.2 mm was initially set between the tupper and panel 
surfaces. The interaction between the tupper and the panel was defined 
for all existing interfaces with the Abaqus built-in general contact 
interaction algorithm and hard contact model with a user-defined 
viscous damping coefficient of 0.01 [51]. This approach is able to 
minimize the oscillations arising from rigid body motions in the contact 
events, which were also reported in the literature [49;44]. A Coulomb 
friction coefficient of 0.1 was applied between the tupper and the panel 
during the simulations based on sensitivity analysis in the literature 
[52]. 

Two types of numerical simulations, which were (1) dynamic and (2) 
equivalent force simulations (i.e., quasi-static), were conducted through 
central-difference time integration using Abaqus/Explicit and a VUMAT 
user subroutine [29]. In the latter, a stable time increment was chosen so 

that the ratio of the kinetic energy of the laminates to the internal energy 
throughout the simulation was kept small (typically 5–10%) as recom-
mended in Abaqus user documentation. This ensured that the strain 
rates and inertial forces were negligible. The dynamic simulation was 
mainly employed to check the prediction accuracy of the present dam-
age models by comparing the simulation with the experimental load 
history. The equivalent force approach was used to predict the inter-
laminar damage only. For each time step, the strain increment was used 
as the input of the constitutive material model coded in the subroutine, 
and the stress and the corresponding damage states were obtained. Due 
to the large number of increments, all the simulations were run with 
double precision. 

The key assumption of our approach is the simplified energy balance 
principle [2], because the kinetic energy of the projectile is converted 
into other energy forms: 

Ek = Es−in + Es−gb + Ed + Ef (15)  

where Es-in is the strain energy caused by local projectile indentation, Es- 

gb is the strain energy caused by global plate deformation such as 
bending, Ed is the energy dissipated in damage creation, and Ef is the 
friction energy (which is very small for a smooth projectile surface). In 
the equivalent force approach, Es-in is simulated and included but Es-gb is 
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neglected, so extra energy from Es-gb virtually goes to Ed when the total 
energy is fixed. As a result, the predicted damage should be larger than 
the actual damage, i.e., an upper-bound prediction. On the other hand, if 
the strain energy caused by global plate deformation is comparable with 
the strain energy caused by local indentation, a large prediction error is 
expected, and the proposed prediction will not work well. 

5. Results and discussion 

First, the dynamic simulation was validated with the impact tests 
conducted at 5 J energy in this study. Only the measured and predicted 
impact force histories were compared. Predicting damage was not 
conducted because of the concern of inaccurate material properties. 
Thereafter, the proposed equivalent force approach was employed to 
predict the delamination sizes in the current and previous (energy: 10 J) 
impact tests of the same specimens. 

5.1. Validation of the dynamic simulation by impact load history 

Dynamic simulations were conducted for the current impact tests for 
a total time period of t = 5 ms with a prescribed impact velocity of 1.72 
m/s. For each time step, the contact forces between the tupper and the 

panels were computed, and the load history of each panel was generated 
and compared with the experimental data. In Fig. 5, all experiments 
were highly repeatable with very similar load curves. The average peak 
loads for panels A, B, C, and D were 3.76, 3.95, 3.27, and 3.87 kN, 
respectively, as listed in Table 2. The time to reach the maximum impact 
force was around 1.5 ms for all three panels except panel C. The simu-
lated load history had similar trends with the experimental ones, 
although the simulated peak loads (4.51, 4.88, 3.98, and 4.47 kN, 
respectively) were higher than the measured values by 13–19%. In 
contrast to the peak loads, the simulated maximum tupper displace-
ments were less than the experimental ones, with a percentage differ-
ence of 8%, 0.5%, 20%, and 9%, respectively. These discrepancies are 
attributed to some inaccurate material constants, e.g., the interlaminar 
penalty stiffness/strength values that were not directly measured but 
rather modified from literature [71]. 

It is also important to note that, after the onset of tupper-panel 
contact, the kinetic energy of the tupper was gradually transferred to 
the panels as strain energy, damage initiation and propagation, and 
fluctuations as captured in the load history plots. Especially, before the 
load reached its peak value, there were fluctuations that were presum-
ably caused by the combined effects of intra- and interlaminar damage 
initiation, and evolution and strong vibrations in the initial tupper-panel 

Panel A 

(b) (a) Tupper 
Impact energy 5J 

time=1 ms 

time=2 ms 

time=3 ms 

time=4 ms 

Panel A 

Panel A 

Panel A 

Panel C 

Panel D 

Panel B 

Panel A 

Fig. 5. Panels subjected to an impact energy of 5 J: (a) Simulation setup and half-cut showing the simulated interlaminar damage evolution of Panel A (legend bar 
shows the damage: blue color refers to completely failed/damaged surfaces, gray color designates undamaged entities, and other colors denote partially damaged 
entities), (b) Comparison of impact load history for panels A–D between experiments and numerical simulations. 
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contact [22]. 
The same issue was also observed previously by other researchers, 

and various oscillation damping-out solutions were proposed [49;44]. 
After the load reached its peak value, strain energy of the panel caused 
the tupper to bounce back, which is shown at t = 3 and 4 ms in Fig. 5. In 
the recovery period, the impact load gradually decreased, while impact 
damage inside the panels did not change. The simulation shows that 
impact damage occurred even at the low impact energy of 5 J. 

5.2. Upper-bound predictions of the maximum delamination sizes 

Prediction results using the equivalent force approach were 
compared with the previous and current experimental results for the 
same composite panels of A–D. For this purpose, Eq. (4) was used to 
determine Pmax in simulations with a total duration t = 2000 ms. The λ 
value was taken to be 0.38 (equivalent to Pmax ~ 5700 N obtained from 
the previous 10 J impact test). The same λ value was used for the current 
5 J impact test using the identical composite laminates and the same 
ASTM testing standard. According to Abrate [2], λ is 1.73 for a spherical 
projectile on an isotropic material target. Now the target is a composite 
laminate in this study, we have to assume one λ value. Moreover, pre-
vious experimental studies showed that the measured impact force was 
always lower than the predicted force using λ = 1.73 because this value 
was based on the 100% kinetic energy transfer assumption to the target. 
However, in our drop-weight impact experiments, significant projectile 
rebound (only partial kinetic energy transfer) was observed so λ must be 
much smaller than 1.0. Here, we assume a reasonable λ value based on 
the previous impact tests with impact energy of 10 J, and predict the 
current impact damage tests of impact energy of 5 J. So, our approach is 
a reasonable effort to explore a complicated mechanics problem. 

The maximum interlaminar damage areas from the upper-bound 
predictions and experiments are compared in Table 3 and presented in 
Figs. 6 and 7. For each stacking sequence, 1–2 representative impact 
damage images are presented. From the predictions, only the damaged 
area representations, namely the nodal coordinates of the failed ele-
ments crd with the set size of N, were extracted and fitted to the hull by 
means of Mathematica based on the reports by Weisstein [57] and 
Karakoç and Freund [30]: 

C =

{
∑N

j=1
ξj crdj : ξj⩾0 ∀ j and

∑N

j=1
ξj = 1

}

. (16) 

Thereafter, the damaged area was expressed as a planar non-self- 
intersecting polygonal area [7]. In Table 3, the predicted damage 
areas for panels A, B, and D are 13–26% larger than the ones experi-
mentally measured in the 10 J impact tests. The same trend was 

observed at the impact energy of 5 J, but the difference between the 
predictions and measurements was smaller. This outcome was expected: 
because only indentation deformation was considered in the equivalent 
force approach while global bending/shear deformation was not 
included, and the predicted damage areas should be larger. Actually, a 
larger predicted damage area is better for the conservative design of 
damage tolerance, especially in the early design stage for composites. In 
our previous damage tolerance experiments, composite laminates with 
large impact damage (mainly delamination) had low residual 
compression strengths [62]. 

Panel C shows a large discrepancy between the predicted and 
measured damaged areas, due to its low bending stiffness (or large 
bending deformation) of this particular stacking sequence [22]. Indeed, 
the stacking sequence of a composite laminate strongly affects its stiff-
ness and failure [59,2]. Here, panel C differs significantly from the other 
panels, but this outcome does not contradict the proposed approach at 
all, instead, it exactly supports our assumption: the proposed approach is 
applicable to composite laminates/panels with small global plate 
deformation only. However, we are not able to obtain an applicable 
quantitative range for the proposed approach yet. If we simply employ 
the contact stiffness of impact CIP (which is related to indentation 
deformation) and the major bending stiffness of a composite laminate 
D11 to compare indentation/bending deformation, the units of these two 
parameters are totally different or not comparable (CIP ～N/m-1.5, D11 
～ N*m). Fortunately, almost all current aerospace composite structures 
are much thicker than the four panels, and have small bending defor-
mation according to one co-author at the US Air Force Research Labo-
ratory. Therefore, the proposed approach could be employed as an 
efficient tool for preliminary damage tolerance evaluation. 

When comparing two different approaches, the impact velocity, mass 
or energy, shape of the projectile should be inputted individually into 
the dynamic simulation. In contrast, the equivalent force approach 
directly applies the maximum impact force on the specimen, which 
simplifies the prediction. Another advantage of our approach is the 
reduced need for impact tests. First, nanoindenters are widely acces-
sible. Second, nanoindentation experiments require only one researcher 
and can be run automatically, while impact tests often require more 
researchers and operation time (e.g., the alignment). Since we predict 
the upper-bound of the damage sizes, it is expected that the predicted 
sizes can be much larger than the measured damage size (not close). 

The key part of the proposed approach, i.e., the maximum impact 
force prediction, was validated through the impact force values 
measured from two different impact experiments also. The average 
maximum impact force for panels A, B, and D measured in the two ex-
periments was 3.86 kN at 5 J and 5.70 kN at 10 J, so the ratio was 1.44 
between 10 J and 5 J impact energy levels. Because the two experiments 
used the same impact mechanics and material conditions (except the 
impact energy level), the predicted ratio of two maximum impact force 
values using Eq. (4) was 1.48, quite close to the measured value. 
Therefore, this is a unique pilot study for low-energy impact on com-
posites validated by our current and past experiments. In the future, we 
plan to focus on composites subjected to high-energy impact. It is 
important to notice that we only employed standard impact/nano-
indentation experiments, and composite damage modeling. The novelty 
of this paper is building the simplified connection between two extreme 
(fast/small) events. 

6. Conclusions 

The present pilot study introduced an equivalent impact force 
framework by using both indentation mechanics and computational 
mechanics to efficiently predict the upper-bound of interlaminar impact 
damage in composite laminates. Such framework is important since it 
simplifies the prediction of impact damage especially for the practical 
applications of thick composite laminates, which are widely used in 
aerospace structures. In order to demonstrate the framework, 

Table 2 
Tupper displacements and peak loads under impact energy 5 J.   

Maximum tupper displacement (mm) Peak load (N)  

Simulations Experiments Simulations Experiments 

Panel A  1.86 2.03 ± 0.02 4506 3758 ± 100 
Panel B  1.99 2.00 ± 0.05 4875 3948 ± 71 
Panel C  2.06 2.60 ± 0.07 3984 3267 ± 45 
Panel D  1.85 2.09 ± 0.13 4469 3886 ± 171  

Table 3 
Measured maximum delamination areas and upper-bound predictions (mm2).   

Impact energy 5 J Impact energy 10 J  

Upper-Bound Experiments Upper-Bound Experiments 

Panel A  271.94 255.37 ± 23.41  813.12 704.9 ± 82.4 
Panel B  299.41 285.57 ± 44.61  774.82 571.4 ± 73.6 
Panel C  240.85 761.98 ± 48.21  1363.74 2545.4 ± 363.4 
Panel D  255.9 241.78 ± 20.05  889.36 704.9 ± 87.9  
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nanoindentation (nanometer-scale—very small) and low-energy pro-
jectile impact (microsecond—very fast) experiments were carried out on 
the carbon fiber/epoxy composite laminates using a multiscale inden-
tation mechanics relation. Even though some of the interfacial material 
properties had to be modified from the literature, the upper-bound 
prediction provided conservative and confident impact damage assess-
ment with the minimum computational cost. 
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be shared at this time due to technical or time limitations by the US Air 
Force. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compstruct.2021.115110. 

References 

[1] ABAQUS. Lecture Notes Analysis of Composite Materials with ABAQUS. Dassault 
Systems; 2009. 

[2] Abrate S. Impact on composite structures. New York: Cambridge University Press; 
1998. 

[3] Aktas M, Balcioglu HE, Aktas A, Turker E, Deniz ME. Impact and post impact 
behavior of layer fabric composites. Compos Struct 2012;94(9):2809–18. 

[4] Andrews EW, Giannakopoulos AE, Plisson E, Suresh S. Analysis of the impact of a 
sharp indenter. Int J Solids Struct 2001;39:281–95. 

[5] Batra RC, Gopinath G, Zheng JQ. Damage and failure in low energy impact of fiber- 
reinforced polymeric composite laminates. Compos Struct 2012;94:540–7. 

[6] Beer F, Johnston ER. Mechanics of materials. New York: McGraw-Hill; 2014. 
[7] Beyer WH. CRC standard mathematical tables. Boca Raton, FL: CRC Press; 1987. 
[9] Bouvet C, Castanie B, Bizeul M, Barrau JJ. Low velocity impact modelling in 

laminate composite panels with discrete interface elements. Int J Solids Struct 
2009;46:2809–21. 

[10] Cao G, Chen X, Xu ZH, Li X. Measuring mechanical properties of micro- and nano- 
fibers embedded in an elastic substrate: Theoretical framework and experiment. 
Compos Part B 2010;41:33–41. 

[11] Chen Y, Shujuan Hou, Kunkun Fu, Xu Han, Ye L. Low-velocity impact response of 
composite sandwich structures: Modelling and experiment. Compos Struct 2017; 
168: 322–334. 

[12] Chen W, Pan N, Wang H, Zhang C. Theory of indentation on multiferroic composite 
materials. J Mech Phys Solids 2010;58:1524–51. 

[13] Choi HY, Wu HT, Chang FK. A new approach toward understanding damage 
mechanisms and mechanics of laminated composites due to low-velocity impact: 
Part II-analysis. J Compos Mater 1991;25:1012–38. 

[14] Clay SB, Knoth PM. Experimental results of quasi-static testing for calibration and 
validation of composite progressive damage analysis methods. J Compos Mater 
2017;51:1333–53. 

[15] Coles LA, Roy A, Silberschmidt VV. Ice vs. steel: Ballistic impact of woven carbon/ 
epoxy composites. Part II–Numerical modelling. Eng Fract Mech 2020;225:106297. 

[16] Daniel I, Ishai O. Engineering mechanics of composite materials. London, England: 
Oxford University Press; 2006. 

[17] Du Y, Xu T, Shaw TM, Liu XH, Bonilla G, Li H, et al. A novel tri-layer 
nanoindentation method to measure the mechanical properties of a porous brittle 
ultra-low-k dielectric thin film. Extreme Mech Lett 2017;13:100–7. 

[18] Gao YF, Larson BC, Lee JH, Nicola L, Tischler JZ, Pharr GM. Lattice rotation 
patterns and strain gradient effects in face-centered-cubic single crystals under 
spherical indentation. J Appl Mech 2015;82:061007–16. 

[19] Feng D, Aymerich F. Finite element modelling of damage induced by low-velocity 
impact on composite laminates. Compos Struct 2014;108:161–71. 

[20] Fischer-Cripps AC. Nanoindentation. New South Wales, Australia: Springer 
Publisher; 2011. 

[21] Flanagan DP, Belytschko T. A uniform strain hexahedron and quadrilateral with 
orthogonal hourglass control. Int J Numer Methods Eng 1981;17:679–706. 

[22] Flores M, Mollenhauer DH, Runatunga V, Beberniss T, Rapking D, Pankow M. 
High-speed 3D digital image correlation of low-velocity impacts on composite 
plates. Compos B 2017;131:153–64. 

[23] Geubelle PH, Baylor JS. Impact-induced delamination of composites: a 2D 
simulation. Compos B 1998;29:589–602. 

[24] Guan Z, He W, Chen J. Permanent indentation and damage creation of laminates 
with different composite systems: An experimental investigation. Polym Compos 
2014;35(5):872–83. 

[25] Heinrich C, Waas AM, Wineman AS. Determination of material properties using 
nanoindentation and multiple indenter tips. Int J Solids Struct 2009;46:364–76. 

[26] Hashin Z. Failure criteria for unidirectional fiber composites. J Appl Mech 1980;47: 
329–34. 

[27] Hoos K, Iarve EV, Braginsky M, Zhou E, Mollenhauer DH. Static strength prediction 
in laminated composites by using discrete damage modeling. J Compos Mater 
2017;51:1473–92. 

[28] Jokinen J, Kanerva M. Simulation of delamination growth at CFRP-tungsten 
aerospace laminates using VCCT and CZM modelling techniques. Appl Compos 
Mater 2018;26:709–21. 

[29] Karakoç A. A fiber network model to understand the effects of fiber length and 
height on the deformation of fibrous materials. Res Eng Struct Mater 2016;2:51–7. 

[30] Karakoç A, Freund J. Experimental studies on mechanical properties of cellular 
structures using Nomex honeycomb cores. Compos Struct 2012;94:2017–24. 

[31] Karbhari VM, Rydin RW. Impact characterization of RTM composites––II: damage 
mechanisms and damage evolution in plain weaves. J Mater Sci 1999;34:5641–8. 

[32] Kedir NC, Kirk D, Guo Z, Kerschen NE, Sun T, Fezzaa K, et al. Real-time 
visualization of impact damage in monolithic silicon carbide and fibrous silicon 
carbide ceramic composite. Int J Impact Eng 2019;129:168–79. 

[33] Kistler LS, Waas AM. Experiment and analysis on the response of curved laminated 
composite panels subjected to low velocity impact. Int J Impact Eng 1998;21: 
711–36. 

[34] Lambros J, Rosakis AJ. An experimental study of the dynamic delamination of 
thick fiber reinforced polymeric matrix composite laminates. Exp Mech 1997;37: 
360–6. 

[35] Maimi P, Camanho PP, Mayugo JA, Davila CG. A continuum damage model for 
composite laminates: Part I - Constitutive model. Mech Mater 2007;39:897–908. 

[36] Maimi P, Camanho PP, Mayugo JA, Davila CG. A continuum damage model for 
composite laminates: Part II – Computational implementation and validation. 
Mech Mater 2007;39:909–19. 

[37] Muliana AH, Steward R, Haj-Ali RH, Saxena A. Artificial neural network and finite 
element modeling of nano-indentation tests. Metall Mater Trans A 2002;33A: 
1939–47. 

[39] Nie Z. Advanced mesomechanical modeling of triaxially braided composites for 
dynamic impact analysis with failure. OH, USA: University of Akron; 2014. PhD. 
Thesis. 

[40] Olsson R, Donadon MV, Falzon BG. Delamination threshold load for dynamic 
impact on plates. Int J Solids Struct 2006;43:3124–41. 

[41] Oliver WC, Pharr GM. An improved technique for determining hardness and elastic 
modulus using load and displacement sensing indentation experiments. J Mater 
Res 1992;7:1564–82. 

[42] Rittel BP, Ravichandran G. An analysis of nanoindentation in linearly elastic solids. 
Int J Solids Struct 2008;45:6018–33. 

[43] Pederson J. Finite element analysis of carbon fiber composites ripping using 
abaqus. MSc. Thesis. SC, USA: Clemson University; 2008. 

[44] Prentzias V, Tsamasphyros GJ. Simulation of low velocity impact on CFRP 
aerospace structures: simplified approaches, numerical and experimental results. 
Appl Compos Mater 2019;26:835–56. 

[45] Puck A, Schürmann H. Failure analysis of FRP laminates by means of physically 
based phenomenological models. Compos Sci Technol 1998;58:1045–67. 

[46] Patel QGDPJ, Lloyd I. Effect of loading rate upon conventional ceramic 
microindentation hardness. J Res Nat Inst Stand Technol 2002;107:299–306. 

[48] Rhymer J, Kim H, Roach D. The damage resistance of quasi-isotropic carbon/epoxy 
composite tape laminates impacted by high velocity ice. Compos A 2012;43: 
1134–44. 

[49] Sharif-Khodaei Z, Ghajari M, Aliabadi M. Determination of impact location on 
composite stiffened panels. Smart Mater Struct 2012;21(10):105026. 

[50] Shi Y, Swait T, Soutis C. Modelling damage evolution in composite laminates 
subjected to low velocity impact. Compos Struct 2012;94:2902–13. 

[51] Smith M. ABAQUS User Manual, Version 6.9. Providence, RI, USA: Simulia; 2009. 
[52] Soto A, Gonzalez EV, Maimi P, Martin de la Escara F, Sainz de Aja JR, Alvarez E. 

Low velocity impact and compression after impact simulation of thin ply. Compos 
A 2018;109:413–27. 

[53] Sfarra SM, Regi C, Santulli F, Sarasini J, Tirillò SP. An innovative nondestructive 
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