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In this paper the load-bearing capacity of a stiffened stringer panel made of
polymer composite materials (PCM) reinforced by intermediate modulus carbon
fiber under compression after impact was investigated. Computational-
experimental investigations were conducted to assess obtained results where
stringer panel was loaded to failure. In this paper, a computational and
experimental method for modeling the compression after Impact and failure
mode for single-span composite panels with barely visible impact damage
(BVID) is proposed based on the building block approach. The above-mentioned
approach implies step-by-step test series coupled with simulations which are
carried out on each stage gradually introducing larger and structurally more
sophisticated test samples. That approach serves as the base for design of
composite structures by means of increasing the number of smaller test samples
and carrying out a lot of simulations in order to reduce the margin of error and
to reduce the number of large test structures (wing, fuselage, etc.) required for
proof of compliance of the proposed airframe to available design objectives thus
cutting the cost of experimental program. Further the model of material behavior
was developed considering combined loading caused by growth of cracks and
delaminations. For that material model a series of coupon tests were performed
to refine elastic and strength parameters of material. Consequently, a ply-by-ply
solid finite element model (FEM) of the stiffened two-stringer panel with
cohesive interface behavior was developed. Test samples of the stiffened panels
made by vacuum resin infusion were subjected to impact damage between the
stringers followed by compression in the testing machine with two edges fixed
as cantilever beams. Robustness of the proposed simulation method and
suggested modelling approach was confirmed by similarity of obtained
numerical results and experimental data as well as the similarities of the failure
mode and state upon failure.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Today, it is probably impossible to name the areas of technical systems where composite
structures are not used. Aircraft manufacturing is considered to be the leading industry
employing load-bearing structures made of polymer composite materials (PCM). A large
number of research programs are carried out all over the world to implement new
composite technologies in various types of structures and new methods of analysis of
strength under different loading modes [1-3]. In recent years, a number of articles
containing strength criteria and various modelling techniques using numerical simulation
of composite materials have been published [4-5]. Damage tolerance of aircraft stiffened
composite panels has recently been a major concern.
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Numerical modelling is a powerful tool to better understand the mechanics of complex
multilayer composite structures. Previous works related to numerical and experimental
studies of behaviour of composite structures with impact damage, delamination failures
and damage tolerance were presented in [6-7]. Improving the efficiency of such structures
requires a deep understanding of the types and principles of their operation, the use of a
comprehensive approach, as well as multidisciplinary research. The experimental and
numerical approach presented in [8] is applicable to all industries: helicopter, marine,
automotive and many other areas are all employing experimental and numerical building
block approach, sometimes referred to as "certify by analysis".

The contribution of the authors of this work to the development of the above-mentioned
approach consists, among other things, in introduction of the principles of creating
universal numerical models applicable for simulation of static, dynamic and fatigue
strength of composite structures at different stages of design. The assessment of the
residual strength of the reinforced composite panel during operation, presented in this
work, is an integral part of the comprehensive work on the justification of the durability of
the structure, considering potential manufacturing defects (delaminations), in-service
damage of the four main categories, restoration of strength through local repairs and
maintaining the load-bearing capacity of the structure at the ultimate load level until the
design service goal [9]. The resistance to impact damage remains an important issue in the
design damage tolerant structures found in fuselage compartments, wing boxes, tail
planes, etc. Impact damage, which is mainly characterized by matrix cracking,
delamination and fiber breakage, usually extends far beyond the point of impact. Such
damage [10] is mainly present inside the laminate and is difficult to detect visually from
the outside. Even in the case of a low velocity/low energy impact, the residual compressive
strength can be significantly reduced.

To study the compressive load-bearing capacity of double-stringer reinforced panels with
impact damage in the interstringer zone, a review of modern works on the considered
subject [11-15] was conducted and a list of structural-like single-span flat panels,
representing a rectangular plate (skin) reinforced in the longitudinal direction by two
stringers, was formed. The thickness and width of the skin are variable parameters in the
problem under consideration. At the first step, an impact with energy of 140 ], 103 ft-1b
was simulated to represent a maintenance toolbox dropped on the skin surface [16].
Absolutely rigid clamps on all edges of the panel were defined by boundary conditions
according to ASTM D7136 [17]. Post-impact compression was implemented by creating
rigid plates simulating the base and traverse of the testing machine. The motion of the
traverse of the testing machine was defined via boundary conditions in the form of
displacement along the longitudinal axis, while the remaining degrees of freedom were
fixed.

The panel was supposed to fail along the cross section weakened by impact damage
accompanied by disbonding between the skin and stringers. The results of simulations
based on the presented FE model in accordance with the building block approach [8]
should allow to refine the material allowable normally established at the conceptual design
stage in order to prove compliance to the requirements of articles CS-25.571 and CS-
25.631 during certification [9]. In accordance with the requirements of the Advisory
Circular [18] to the article CS-25.571 [9], the design of airframe primary structures made
of PCM must ensure an appropriate load-bearing capacity for each of the four categories of
in-service damage. According to that article, the design must meet: 1) environmental
effects (including specified design parameters and impact damage); 2) static strength
(including repetitive loads, tests of environmental effects, manufacturing process,
dispersion of properties and impact strength); 3) evaluation of fatigue strength and
allowable damage; 4) others - flutter, repairability, maintainability, etc. Compliance with
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these requirements and competitive level of weight perfection of modern construction
made of PCM is achieved by selection of design parameters for optimal joint operation of
shells and stringers as well as by using the highest design characteristics of the material
and by allowing for manufacturing defects of certain size and impact damage of certain
energy values.

Building block approach followed by this study for the composites analysis is similar to
unit cell concepts periodic structures (only one unit cell is used for analysis to get results
for whole structure) finite element free vibration and flutter analysis applied to periodic
line supported plate and shell as in [19-20] and some review studies that related to static,
free vibration and buckling analysis of composite beam, plate and shell panels [21].

This topic has been extensively studied by simulating low-velocity impact with different
energy values [22-25], modelling residual strength, combined fracture modes on the
example of thin panels [26-31]. Approaches to solving the problems vary. A modern
method can be considered "layer-by-layer modelling", which gives a sufficiently high
accuracy and allows taking into account the properties of each layer with initialization of
the fracture criterion. This allows getting the most complete picture of delamination not
only of the entire panel, but also of an individually selected layer.

Most of the publications focus on simulating impact on thin-walled panels. However, when
dealing with thicker laminates, additional problems arise. In particular, local compressive
stresses significantly affect the initiation and propagation of interlayer damage and the
occurrence of cross plane effects (interlayer shear and normal stresses). In addition,
impact can cause damage that can locally divide the package into several sub-packages.
Such damage may lead to local buckling under compression or shear action, redistributing
critically these loads and causing both in-plane and out-of-plane stress concentrations.
While undoubtedly most structures are made of thin laminates, in some aerospace and
automotive applications the laminate is several centimetres thick. For long-haul aircraft,
this can be in excess of 20-30 mm. This paper proposes a methodology for numerical
"layer-by-layer modelling” of a large-thickness panel, considering an extended formulation
of the model of cohesive interlayer interaction. The results of calculations according to the
proposed method are in satisfactory agreement with the test results.

2. Research Methods
2.1 Tests

In accordance with the experimental and numerical building block approach, the proof of
airframe primary structures is mainly performed by PCM coupon and structure-like
specimen tests with various in-service damages. The purpose of such tests is to determine
the residual safety factor, to confirm the design stresses and deformations accepted at the
design stage, and to study the failure mechanism. Structural-like specimens are normally
a set of structural elements, the tests of which allow estimating the strength characteristics
of a full-scale structure without any recalculations and additional analysis.

In this work, experimental studies of the compressive strength of double stringer wing
panels after an impact damage with an energy of 140 | in the interstringer zone and further
determination of the load-bearing capacity of a typical section of the wing boxes skin under
compressive load were carried out. The impact energy of a pile driver with an energy of
140 ] was chosen to inflict BVID type impact damage in double stringer wing panel in the
interstringer zone.

BVID includes acceptable defects and damage that may remain undetected during routine
inspections. Tolerance of damage in this category requires demonstration of static
strength under design loads throughout the service life of the aircraft. Such damage
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includes defects and damage that occur during both manufacturing and service, such as
minor delaminations, porosity, minor scratches, and minor environmental damage. The
object of tests is single-span double-stringer flat panels made from carbon tape and epoxy
resin by vacuum infusion method. The overall dimensions of the panel are presented in
Table 1.

Table 1. Panel dimensions

Length, mm Width, mm Skin thickness, mm

350 231 10.8

The panel edges are reinforced with fiberglass overlays to prevent fracture where forces
are applied Fig. 1. General view of Double-stringer panel on the test bench before and after
fracture illustrated in Fig. 1. and Fig. 2.

Fig. 2. Double-stringer panel on the test bench after fracture

A carbon bundle was placed between the stringers and the cladding. This test requires that
the center of gravity of the panel cross section coincide with the line of action of the
compressive forces of the testing machine. The stiffness of the test machine supports must
be sufficient to ensure uniform distribution of compressive forces, which were monitored
by means of strain gauges mounted on the panels. The panels were loaded until their
bearing capacity was exhausted, and the following parameters were recorded: velocity of
the impactor, force in the contact zone, compression force, displacement in the middle
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section of the panel on the skin and on the stringer walls. The panels with a nominal
thickness of 10.8 mm of cladding were destroyed in a section weakened by impact damage,
with delamination of the cladding and stringers material. The defect area was 49x52 mm,
the critical load was 1630 kN.

2.2 Computational Model
2.2.1. Geometry and boundary conditions

The finite element model consists of several parts: skin, L-shaped part of stringer, filler and
impactor. The dimensions of the panel are shown in Table 1. The general view of the panel
is shown in Fig. 3.

Fig. 3. General view of the panel

The impactor was modeled as a solid body with a mass of 5.5 kg. It has a spherical impact
surface with a diameter of 25 mm and a height of 22.5 mm. The velocity of the impactor
has only a vertical component equal to 7067 mm/s and is set by means of the initial
velocity. At the same time, the initial velocity of the impactor was set using a special
function of the Abaqus software - Predefined field, Initial velocity. The impact supports
are not modeled in this calculation. We assume that this jig is absolutely rigid and contacts
the panel in such a way that it is possible to accept a completely rigid termination (clamped
tip) as boundary conditions on all sides of the panel according to ASTM D7136 [20], that
is, clamping on all components of displacement and rotation.

Fig. 4. Boundary conditions for compression after impact
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The simulation of compression after impact was implemented as follows: 1) the test
machine was simplistically modeled using absolutely rigid plates, that is, one of the plates
was responsible for the base of the test machine and absolutely rigid boundary conditions
were applied to it, the second plate was responsible for the movable crosshead of the test
machine, to which boundary conditions were applied as longitudinal motion; 2) a
reinforced double stringer panel was placed between the two plates; 3) inter-surface
contacts were specified between the plates and the panel, and an additional gap was
specified between the panel and both plates to avoid penetration of the surfaces into each
other. In addition, additional boundary conditions were applied at the free edges to avoid
loss of stability of the free edges of the cladding (anti-buckling supports), and thus
preventing critical stress redistribution from occurring, allowing the weakened section to
be incorporated after impact (Fig. 4.).

2.2.2 Description of The Finite Element Model

To investigate the compressive load-carrying capacity of a double stringer flat panel with
impact damage in the interstringer zone, a layer-by-layer solid rectangular plate (cladding)
supported in the longitudinal direction by two stringers was modeled. The stacking
scheme is shown in Table 2.

Table 2. Layout

Monolayer .
Number of layers thickness Packages Stacking
Skin 60 0.18 +45/0/-45/0/90/0/-45/0/+45
Stringer 29 0.18 +45/0/-45/0/90/0/-45/0/+45

A 0-degree layer is placed between the neighboring packages consisting of 9 layers. The
calculation of the finite-element model is performed in two steps in the Abaqus software
package - Dynamic Explicit:

e The first step simulates the impact
e The second step simulates the compression after the impact

The impactor is assigned with an initial velocity in the vertical direction. Its value should
not be more than 1 percent of the speed of sound propagation in the medium (material):

v<0.01-a €))

Where U - initial velocity in the vertical direction, @ - speed of sound propagation in the
medium (material). This relationship was obtained after a series of computational tests to
eliminate unrealistic local element stresses and inertial effects that cause increased initial
strain resistance. Observing the condition (1), the value of kinetic energy equal to 140 ] is
selected. Residual strength is determined by the value of the reaction force occurring in
the termination (plate).

All parts were modeled as solid with C3D8 mesh elements Fig. 5 using full integration to
avoid additional element distortion (hourglass). Due to the good correlation between the
calculation results and the tests, it can be concluded that the choice of the FE mesh size is
optimal.
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Fig. 5. Finite element model of the panel

2.2.3 Material model

One of the key factors in post-impact compression modeling is the material model, which
requires a set of input properties to work correctly. For unidirectional carbon fiber
reinforced plastic, this involves testing to obtain the most accurate material properties, a
thorough characterization that includes separate fiber, matrix and interface tests. Both
standardized and non-standardized test methods can be used to measure the elastic
properties of the material, allowing to obtain the following necessary material
characteristics: values of layer strength, interface and critical energy release rates in three
dimensions of material direction (longitudinal, transverse and shear). Since in this
mathematical model the methodology of layer-by-layer modeling was used, the
compression properties of the monolayer are set as the elastic properties of the composite
material (Table 3).

Table 3- Material properties

Properties ASTM standard Value
Elastic properties of the monolayer
E, GPa ASTM D7291 159
E,.,GPa ASTM D3410 144
E, ., GPa ASTM D3039 9.095
E,., GPa ASTM D3410 8.85
G, =G, ,GPa ASTM D3518 4.17
vV, =V, ASTM D3039 0.34
V,, ASTM D3410 0.34
Strength properties of the monolayer

X', MPa ASTM D7291 3255
Y*©, MPa ASTM D3410 1325

Y", MPa ASTM D3039 77
Y©, MPa ASTM D3410 232
S', MPa ASTM D2344 103




Bolshikh et al. / Research on Engineering Structures & Materials x(x) (xxxXx) xx-xx

Destruction Modes

g, kJ /m’ Pinho et al. 150
Cross-layer properties

7, ASTMD7291 53.5

g ASTM D2344 105

G, .k/m’ ASTM D5528 0.177

Moreover, the differentiation of load orientation is of paramount importance, since these
materials exhibit different fracture properties and modes depending on whether they are
subjected to tension or compression. When making non-flat joints of composite reinforced
panels, such as the connection of the sheeting to the T-rib, filler is required to fill the voids
between the flanges, walls and sheeting. This model uses a unidirectional carbon fiber
bundle to provide local reinforcement and increase bending stiffness. Properties of the
filler are presented in Table 4 [32].

Table 4. Properties of the filler

Properties E,,MPa E, ,MPa E, MPa w;=v, G, =G,MPa G,, MPa
Value 72000 8000 8000 0.3 5000 3000

2.2.4 Model for Crack Growth and Delamination

During loading of laminated composites, the key defect is delamination, because it reduces
the strength of the structure and it is very difficult to detect it without the use of special
equipment. This process can be modeled using a bonded layer, for which contact stresses
are set and a failure criterion is initialized. The law is then determined which damage
growth occurs. With this in mind, elements are removed, allowing the process of layer
separation to be visualized. The quadratic nominal stress traction-separation law" [33]
used in this paper considers the interaction between the stress components and is defined

as:
(%))
tﬂ tS tt

where t’,t’ and t’ - peak values of nominal stress when the interface deformation occurs
exclusively in the normal direction or in the first or second shear direction. The symbol
< > , used in the nominal stress designation in the normal direction is interpreted as a pure

compressive stress that does not cause damage.

The law of damage evolution describes the rate at which the cohesive stiffness deteriorates
after the corresponding criterion is reached. A scalar variable D, varying from 0 (no
damage) to 1 (delamination), is introduced. This new variable modifies the stress
components predicted by the elastic tensile/separation behavior for an undamaged

material (tn Lt ) :
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f
o (3)
t =(1-D)T

t=(1-D)t

{a-mﬁ,ﬁzo
t =

Damage growth with a combination of normal and shear deformation at the interface is
described by the effective displacement:

8, =\(8,) +57+5;

N
G, = [tds,

:J (4)
G, = [tds,
0

5!

G, = [tds,
0

Where G ,G,,G, -fracture energies of the normal and two shear modes. In this case, the

sum of all energies:
G, =G, +G, +G, (5)

Since only two of the three previously defined relations are independent, we introduce a
new value:

G, =G, +G, (6)

The definition of damage development is given by the energy when the criterion is fulfilled:

&) (e (&) -
G, G, G,

The second component of the damage development definition is the variable D, which
describes linear softening:

6f 6max_50
D_ m( m m)

- max f 0y’ (8)
6m (5m _5m)

Where 5mf - displacement calculated from the fracture energy G°; 62 - displacement at

the start of fracture; & - maximum value of effective displacement achieved during the

loading history to simulate compression after impact, computational repetition of
elementary specimen tests according to ASTM D5528 and ASTM D7905 was performed to
obtain additional properties to specify the cohesive contact and to further develop
delamination and fracture. The first and second modes of interlayer fracture toughness
were determined from the simulation results Fig. 6 [34-35]:
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3Ps
G, =—o, 9)
2ba

Where P - force, N, g . displacement of the load application point, mm, b . specimen
width, mm, & _ delamination length, mm

2 2
” _ MR (10

2B

Where Prex - maximum strength, , 4 . crack length, mm, B . specimen width, mm, M -
calibration factor. Damage variable for cohesive is a dimensionless quantity that
determines the presence of delamination. A value of damage variable for cohesive surfaces
>1 indicates the presence of delamination.

CSOMG General_Contact_Domain

-
(a)
o
o
=
=3
S 3
O —
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o
=]
|0.0 |4 |8 [12
Displacement (mm)
(b)

10
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CSDMG Ganaral_Contact Domain

()

12.0

11.0 |1.5

Force (kN)

|0.0 0.5

|0.0 |2.5 |5.0
Displacement (mm)

(d)

Fig. 6. (a) Damage variable for cohesive surfaces (delamination)®. General view of
ASTM D5528, (b) Force (N) vs. displacement (mm) (ASTM D5528), (c) Damage
variable for cohesive surfaces (delamination)”. General view of ASTM D7905 EE, (d)
Force (N) vs. displacement (mm) (ASTM D7905)

3. Results and discussion

After bench tests, determination of interlayer fracture properties based on the calculation
of elementary specimens, preparation of a finite-element model and additional
specification of characteristics to set the material model, the following results were
obtained:

e  When simulating impact in the panel 10.8 mm, the defect zone was obtained in the
size of 46x50 mm, in the conducted tests - 49x52 mm;
e Force in the FEM simulation was obtained as 1700 kN, in tests 1630 kN (Table 5);

11
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e Fracture pattern corresponds to the bench tests - failure occurred along the

weakened section in the impact zone.

CSDMG General_Contact_Domain

+1 667e-01
+8.333e-02
+0.000e+00

U, Magnitude

+0.000e+00

LE, Min. Principal
(Avg: 75%)

LE, Max. Principal
(Avg: 75%

+6.4:
+5.
+5.

(d)

Fig. 7. (a) - Damage variable for cohesive surfaces (delamination) " after impact, (b)
Total displacement in all directions (mm) in the panel after impact, (c) Maximum
principal deformations (mm/mm) in the panel after impact, (d) Minimum principal
deformations (mm/mm) in the panel after impact
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CSDMG General_Contact

+1. e+
._ 19 167e-01

+8.333e-01
= 17'500e-01
£ F5i000e-01

+4.167e-01
+3.333e-01

+2.500e-01
+1.667e-01
+8.333e-02

+0.00024+00

Fig. 8. 90-degree monolayer damage variable for cohesive surfaces (delamination) *
(46 x 50 mm)

CSDMG General_Contact_Domain
+1.000e+00
+9.167e-01
+8.3330-01

Step -2
Increment 1336737: Step Time =  2.3209E-02
Primary Var: CSDMG General_Contact_Domain
Deformed Var: U Deformation Scale Factor: +1.000e+00

Fig. 9. Condition of the panel after fracture (Damage variable for cohesive surfaces )

11000 |1500

Force (kN)

|500

10 10.005 |0.010 |10.015 |0.020 10.025
Time (S)

Fig. 10. Graph of the reaction force (kN) of the FEM under compression over time (s)

13
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The discrepancy in the ultimate compression force of the damaged panel was 4.1 %. Fig 7
shows a cross-section of the panel in the XY plane after the first step of the finite-element
model. The state of the panel after compression is shown in Fig. 9 and the variation of the
reaction force with time obtained from FEM is presented in Fig. 10. An example of
delamination in a monolayer for 90-degree direction is presented Fig. 8.

Table 5. Comparative analysis of research results

Criterion Experiment FEM analysis
DlmenS}ons of the defect zone 49%52 46x50
after impact damage, mm
Reaction force when determining 1630 1700

residual compressive strength, kKN

4., Conclusion and Future Work

The modeling methodology proposed in this paper allows for a direct comparison of not
only the values of forces, stresses and deformations, but also the geometric dimensions,
shape and depth of delamination between experimental samples of structures and
calculation models.

The modeling technique developed and tested within the framework of the proposed study
allows not only to take into account the three-dimensional stress-strain state of the
structure at the monolayer level, unlike most approaches, but also allows for delamination
due to detailed modeling of the contact between each layer, taking into account the
compliance of the binder and the interlayer fracture toughness. Based on the calculated
repetition of elementary samples according to ASTM D7905 and ASTM D5528 standards,
the nature of delamination and the values of interlayer fracture toughness showed good
convergence with the test results. Thus, the developed model makes it possible to obtain a
representative picture of delamination for panels of great thickness, the application of
which is relevant in the aerospace industry in the design of long-haul aircraft.

An acceptable qualitative similarity of the modeled fracture mechanism and form with that
observed in the experiments was noted. The discrepancy in the ultimate compression force
of the damaged panel was 4.1 %. The given provisions prove the possibility to use the
developed technology for modeling shock damage and subsequent compression to failure
of composite aircraft structures with an accuracy acceptable for engineering solutions.

In the future, the authors of this work plan to perform an assessment of the residual
strength of reinforced composite panels when impact damage is applied to areas of
manufacturing defects i.e. delamination, an assessment of strength recovery after impact
damage repair, and an assessment of their residual strength when repeated impact damage
is applied to the repair area, using the demonstrated layered modeling method to
represent the adhesive repair patch and its connection to the prepared panel surface.
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