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The Effect of Honeycomb Core Thickness othe
Repeated Low\elocity Impact Behavior of Sandwich
Beams

By Saddam Hussein Abo Sabaékhmad Beng Hong Kugh
Megat Azmi Megat Johdr& Taksiah A Majid

In a recent study, a new biespired honeycomb sandwich beam (BHSB)
mimicking the head configation of the woodpecker was developed. The beam
consists of two carbon/epoxy composite face sheets, aluminum honeycomb core,
and rubber core to enhance the repeated-Veocity impact resistance of
sandwich structures. This paper aims to numerically ecdnétme repeated low
velocity impact resistance of the BHSB via optimizing the aluminum honeycomb
core thickness. The beam was investigated employing three core thicknesses: 20
mm, 25 mm, and 30 mm at three impact energy levels (13.5 J, 15.55 J, 21.43 J).
The results revealed that increasing the thickness of the aluminum honeycomb
core to a certain level enhances the sandwich beam stiffness. The beam with the
25 mm honeycomb core thickness was the only beam that can sustain five
repeated impacts achievingethhighest impact resistance efficiency index,
especially at high energy levels. Furthermore, the bottom face sheet of this beam
developed the lowest stresses indicating that this thickness has a relatively
better performance during impact events sincelliweed minimal stress to
reach the bottom face sheet. Overall, increasing the aluminum core thickness
will increase the height of its cells subjecting it to buckling phenomenon.
Therefore, this study suggests that the optimal thickness of the aluminum
hong/comb core should be 65% of the overall thickness of the sandwich beam to
have the best impact resistance.

Keywords: sandwich beams, core thickness, impact behavior, finite element
analysis, modeling

Introduction

The application of fiber reinforcedbmposite sandwich structures in various
engineering areas such as civil, mechanical, automotive engineering is on the
increase duetothechh s peciyc strength, high stiffne
resistance that these structures possess (Fatt and Park 2001). Yet, these structures
are vulnerable under heavy objects, tool drops, bird strikes, and loadings impacts.
Impact loads can sigmantly damage sandwich structures both internally and
externally and reduce their tensile, compressive, shear, and bending sirieagjth.

"Postdoctoral Fellow, School of Civil Engineering, Universiti Sains Malaysia, Malaysia
*Civil Engineering Department, Universiti Malaysia Sarawak, Malaysia

YSchool of Civil Engineering, Universiti Sains Malaysia, Malaysia

*School of Civil Engineering, Universiti Sains Malaysia, Malaysia
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many researchers have been proposing new strategies and designs to timeprove
impact resistance of these structureadering them an interesting research topic.

Many researchers such as Aminanda et al. (2009) and Williams et al. (2008)
have investigated the impact behavior of sandwich structures with various core
types under lowelocity impact. Fatt and Park (200&amined the common
failure modes of a sandwich panel with a polymer core and found that the panel
experienced both skin fracture and core shear. Yang et al. (2015) also studied the
energy absorption of foafilled sandwich panels with six types of skifanels
with pure carbon skins showed poor impact resistance, while panels with pure
glass skins displayed preferable properties among all the specimens. Compston et
al. (2006) investigated the energy absorption capability of two sandwich structures
underlow and high velocity impacts loading having different cores: aluminum
foam and PVC foam. It was found that both structures had similar energy
absorptioncapabilities, but the damages were different. The sandwich with the
PVC foam core experienced a lozall damage in the form of matrix cracking
and core indentation at low energies and skin fracture and core crushing at high
energies. On the other hand, the aluminum foam sandwich structure experienced
skin buckling and cell crushing at both energies.

Kolopp et al. (2013) experimentally subjected a sandwich structure to
mediumvelocity impacts (120 m/s) to be used as armor for aeronautical
applications by investigating two skin types, aluminum plates and dry aramid
stitched fabrics, and two core types, aloomm and Nomex honeycombs. It was
found that the dry stitched fabrics with aluminum honeycomb core exhibited better
performance due to its lightweight and strong bonding between the top skin and
the core.

Recently, researchers started to adopt the new gboédaving duatore
sandwich structures. Heimbs et al. (2010) developed-timeensional structures
from a flat sheet of material by a simple folding process in order to reduce impact
damage. They compared the behavior of a-dor# sandwich structumeith a
single core sandwich structure under{eslocity impact. The test was conducted
on a drop tower with a herspherical steel impactor and the impact location was
chosen to be in the middle of the upper skin. The dual cores were of carbon and
aramid fiber reinforced polymer and separated by a carbon fiber reinforced
polymer layer. They reported that the stiffness and strength properties of sandwich
structures with a dualore system are extremely higher than those of scaye
ones. Abo Sabah et. §2017) compared the behavior of a-lispired duakore
sandwich beam with a conventional one undervelacity impacts. The results
showed that the duabre sandwich beam showed a superior impact performance.
In addition, Xiong et al. (2012) testedvd-layer composite pyramidabre
sandwichpanels under both compression and impact, and they compared their
performance with glass yber woven textile
twol ayer carbon yber compositkel pyspencidat tr
energy absorptions versus glass yber woven
that a duatore system can enhance the impact resistance of sandwich structures.
Furthermore, Jiang and Shu (2005) studied the local displacement of a sandwich
structure when subjected to lexglocity impact. The structure consisted of two
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cores and an internal sheet inserted between the two cores. The purpose of the
internal layer is to spread the impact energy to the whole panels, instead of
concentrating thenpact energy on a local area of the impact. The results showed

that the | ocal displacement of the core
Kel e-aslan et al. (2013) investigated

and corrugated aluminum cores (7 cores) dunaiiaum skins sandwich structures.
The simulation and experimental results revealed that the main deformation

mechani sms were the progressive yn fol

of interlayer and skins.
In a most recent work, a binspired homeycomb sandwich beam (BHSB) that

consists of two carbon yber reinforced

and a duatore system (rubber and aluminum honeycomb) was developed
improve the repeated lowelocity impact resistance of sandwichustures (Abo
Sabah et al. 2017). Both experimental and numerical investigations were
conductedand the results exhibited that the impact resistance of the BHSB was
better by five folds than that of the conventional sandwich beam. The repeated
low-velocity impact behavior of the BHSB was also investigated, and its impact
performance was 1.656.22 times higher than that of the conventional design
(Abo Sabah et al. 2018). The failure mode maps for thignbjmred beam under
single and repeated levelocityimpacts were also constructed in Abo Sabah et al.
(2019).

In spite of the fact that many failure modes can be experienced after low
velocity impact, face yield, face wrinkle, core failure, and indentation are the four
major modes of failure (McCormack at, 2001). While a lowelocity impact
does not normally cause perforation to the structure, the damage becomes confined
to the upper skin, core shearing, and minor damage in the lower skin. The damage
in the impacted zone of the skin is always localizeder the impactor due to the
core (Lin and Fatt 2006). For thick composite skins, cracks always develop in the
first layer due to the high contact stresses during an impact, while for thin
compositeskins, cracks appear in the lowest layer due to berstiegses. When
increasing the impact energy, the cracks start to propagate until they reach the
interface of the consequent layer. After that, matrix cracks develop at the interface
creating interlaminar stresses allowing the occurrence of delaminatioording
to Dear et al. (2005), with an increase in energy, fiber breakage takes place and
then indentation develops on the surface of the top skin indicating serious damage.
Zhou et al. (2006) indicated that the properties of the core have a greatcefluen
on the sandwich structure damage initiation mechanisms since cores have lower
densities compared to skins. Honeycomb cores, for instance, fail by buckling and
crushing at the impacted region (Dear et al. 2005). Core crushing is usually
associated withalds and wrinkles in the cells. The aluminum honeycomb core
crushing mechanism has been extensively investigated by Mohr and Doyoyo
(2003, 2004). It was suggested that buckling takes place just before the peak load
and this buckling alters the cell walrestis state of the homogenous membrane
causing concentrations of stress along the boundaries of the core wall. As a result,
plastic collapse occurs at the edges of the honeycombs. Zhang and Ashby (1992)
examined the core crushing mechanisms of Nomex homdyamres. Their
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crushing behavior appeared to be somewhat complicated compared to the

auminumhoneycombs. Even though the folds

angles of these folds appeared to be sharper in Nomex due to the difference in the
materals plasticity. Anderson and Madenci (20@030 identified the dynamic

crash behavior of o nspi red sandwich structures

reinforced plastic (CFRP) panels and aluminum honeycomb. The CFRP skins
failed by matrix cracking and fiber breakage, while the aluminum honeycomb core
experienced shear, crushing, and buckling.

The numerical simulations are necessary in the development process of
sandwichstructures. They are an efficient approach to explore the behavior of both
small and large structures reducing both time and costedver, models
developed via finite element can be efficiently optimized and can be easily adjusted
to suit any complex structure. Many researchers have used different finite element
softwares such as ABAQUS and-DX¥NA to simulate the lowelocity impact
event in sandwich structures. Therefore, finite element models are a powerful
method frequently used by authors to simulate the structural behavior and damage
modes of sandwich structures. Heimbs et al. (2010) developed dynamic finite
element simulations gy LS-DYNA to investigate the single lowelocity impact
behaviorof textile-reinforced foldcores sandwich structures. The behavior of the
foldcores structures was compared with the behavior of the single core structures.
It was found that foldcores sttuces have a better impact resistance. Because of
the diverse skin and core failure modes they aimed to cover, the models required a

high degree of complexity. The model so

the experimental data. lvafiez and Sanéeez (2013) numerically modeled the
low-velocity impact behavior of honeycomb core sandwich beams with ABAQUS.
Their models were also verified through experimentally conducting single low
velocity tests. Solid and shell elements were used to mesh the sHirore,
respectively. The skin behavior was molded through a VUMAT subroutine based
on the Hou failure criteria. It was found that the core dominates the energy
absorptiorof the sandwich beam especially at low energies. Zhu and Chai (2013)
used ABAQUS/Eglicit to simulate the initiation of damage, evolution, and failure
modes of composite sandwich panels subjected to singledmeity impacts.
Burlayenko and Sadowski (2012) used ABAQUS to analyze free vibrations and
steadystate dynamic behavior of samdh plates initially damaged by single lew
velocity impacts. Santiuste et al. (2010) predicted the failure modes of sandwich
beams under single impacts by implementing Hou and Hashin failure criteria
through a user subroutine VUMAT in ABAQUS/ Explicit. &mumerical results

of load and displacement agreed well with the experimental results.

This study aims to optimize the thickness of the BHSB in order to decide the
ideal thickness that further improves its performance against repeated|tmity
impacts The thicknesses of the face sheets (top and bottom) and rubber core are
kept constant. The sandwich beam is tested numerically with three different core
thicknesses: 20 mm, 25 mm, and 30 mm, and the impact energies used in this
study are 13.5 J, 15.55ahd 21.43 J. The beams are compared in terms of impact
characteristics, stress propagation, failure modes, damage area, and absorbed
energy. An impact resistance efficiency indexi¢ also introduced to evaluate the
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overall performance of the numeriyaiested beams.

Low-Velocity Impact Finite Element Simulation
Bio-Inspired Sandwich Beam Description

For the optimization process, the fdayer bicinspired sandwich beam
| ayout devel oped by Abo Sabah et al . (20
comf i guration was adopted. Figure 1 depict
head was represented with a CFRP layer due to its high strength, and it formed the
first protective layer against impact damage. The rubber layer represented the hyoid
as t heCofed, amdats function was to distribute and absorb the stresses
caused by the impact event so that the next layers of the structure were protected
The aluminum honeycomb layer employed as Core IFnbinicked the
woodpecker'sspongy bone to suppresayafurther impact.The fourth and last
| ayer was another CFRP | ayer representing

Figure 1. (a) The Woodpecker's Head Configuration (b)-Bispired Honeycomb
Sandwich Beam

CFRP
'

«—Rubber (Core I)

| «—Al honeycomb (Core II)

() (b)

Source:Abo Sabah et al. 2017.
Material Mechanical Properties

The face sheets (top and bottom layers) consisted of twelve layers of
unidirectional T350/ER1006 CFRP. Table 1 presents the properties of a single
unidirectional T350/EFL006 CFRP layer employed in tisisidy (Abo Sabah et al.

2017).

Core | was a-3nmrthick rubber with a density of 2000 kgfwhile Core I
was a 505aluminum honeycomb having a cell size of 8 mm and a density of
2700 kg/m. The CFRP face sheet had a total thickness of 4.85 mm andiagstac
sequence of [0/0l,ss Wi th the variation of the beam
of the beam were 300 mm x 25 mm. The impactor was a 3 kg hemispherical steel
with a 12 mm diameter. The density, Young
impactor wee 8050 kg/m} 210 GPa, and 0.3, respectively.
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Modeling Description

ABAQUS 6.131/Explicit (2013) was employed to simulate the behavior of
the sandwich beams subjected to five repeatedvéscity impact. The face
sheets (top and bottom) and the alumirhoneycomb core were discretized with
4-node shell elements with reduced integration (S4R) while the rubber core was
discretized with hode linear brick elements with reduced integration (C3D8R).
The 4node linear tetrahedron elements (C3D4) were utiliediscretize the
hemispherical steel impactor.

To optimize the accuracy and computational time, the sandwich beams were
finely meshed near the impact and support regions while the other regions were
meshed with coarser elements. With the assumptionbtivading between the
beam layers was perfect, the surfhesed tie constrain was used to simulate the
adhesive bonding. The sandwich beam boundary conditions in this study are
shown in Figure 2 where,; u,; andu, are the translations in the, Y-, andZ-
directions, respectively whereis 6,, and 6, are the rotations about the Y- and

Z-axes, respectively. Using the predefined field, the velocity for each energy level

was assigned. The beams were i mpacted at
the impact event was halted if the beam experienced ultimate failure before
reachingthy f t h | mpact .

Figure 2. Numerical Model with Boundary Conditions

S

(uy =u; = 6;
=8, =8-~0)

(uy =u,= 6
=0, =0)

ZA X (uy =u; = 6, /

=6, =0)

The aluminum honeycomb core (Core Il) was modeled as an-plastiz
materal by defining the elastic part using the "Elastic Isotropic” option and the
plastic part using the "Plastic Isotropic". Ductile and shear damage models were
also incorporated to define the aluminum honeycomb core. The top and bottom
face sheets were moddl as an elastic material using the properties presented in
Table 1. The face sheets failure criteria introduced by Hashin (1980) were
employed The adopted failure criteria are described by the following conditions:

Tensil e yhex Ofpailure (

2 2 +g2 =1 failure
T11 Tiz+013) _
(XT) T ( s2, ) { < 1 no failure @

244

t



Athens Journal of Technology & Engineering

Compressive fiber failure (fogy; < 0):

Decembef020

> .
G2) =1 21 o Fatture @
Tensile matrix failure (foroz; = 0):

() + = { 21 e ®
Commpressive matrix failure (far, < 0): |

() + (G ey = 20 e @

Table 1. Properties of Unidirectional t350/ep006 Composite [8]

Property Value
Density,p (kg/nt) 998.33
Longitudinal stiffnessi; (MPa) 123387.35
Transverse stiffnesk, (MPa) 8372.19
Poi ssomw$s rati o, 0.319
In-plane shear modulu§,, (MP3 4278.57
Out-of-plane shear modulu&;;(MP3) 4278.57
Out-of-plane shear modulu§y; (MP3 2968.86
Longitudinal tensile strengtt¥; (MPa) 926.05
Longitudinal compressive strengit,(MPa) 345.60
Transverse tensile strengtfh(MP3g) 8
Transverse compressive strenffh(MPa) 57.60
Longitudinal shear strengt&,(MP3a) 19.45
Transverse shear strengt(MPa 19.45

Source:Abo Sabah et al. 2017.

whereXr is the longitudinal tensile strengtiic is the longitudinal compressive
strength,Yr is the transverse tensile strength, is the transverse compressive
strengthS; is the longitudinal shear strengi$}, is the transverse shear strength,

taken as 1.0 is a coefficient that determines the contribution of the shear stress, and
ay; (i,j = 1,2,3) are the effective stresses.

Finally, the rubber core wamodeled as a hyperelastic material using the
MooneyRivlin model. The MooneyRivlin model strain energysi deyned i n t he
following (Zhou et al. 2012):

U=C1oﬁ1_3)+601ﬁz_3)+niugr_1)2 5)

where Cy5, Co;, and D; are the rubber parameterd, =J2/31, and
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I, = J7*3L, are the strain invariants, afiéf = \/1’_3 is the elastic volume ratio.

The element removal feature in ABAQUS/Explicit was performed for both cores
and skin sheets. When the damage criteria for any element were fulfilled, the
element was eliminated.

Results and Discussion

The results of the dynamic behaviors of BHSB subjetberepeated low
velocity impacts for various aluminum honeycomb core thicknesses numerically
compared at impact energies of 13.5 J, 15.55 J, and 21.43 J are discussed in this
section.

Impact Characteristics

Figure 3 depicts the loaime behaviors othe sandwich beams at energy
level 13.5 J. It is seen that the first impact peak load for all beam thicknesses is the
highest as compared to the subsequent impacts except for that with core thickness
30 mm. The peak force for the 30 mm core thick bearheafith impact is the
highest (6521 N) as depicted in Figure 3(c). The unloading part of the curve at the
fifth impact shows a sudden drop behavior indicating that the beam undergone
serious damage. The contact durations for all beams increase as thex nfimb
impacts increases due to the progression of damage within each beam, which
reduced the sandwich beam stiffness.

The loadtime curves for the three beams at 15.55 J are depicted in Figure 4.
The results show that the first impact peak load is varfyorg one thickness to
another. The force peak dropped as the number of impacts increased and that is
because no compaction of the beam occurred during the impact event so that the
stiffness deteriorated. The contact durations also increased with eaott impa
indicating that damage propagates steadily with the number of impacts.

Figure S5illustrates the numerical load history curves for the five impacts at
the highest energy level 21.43 J. It is noticed that the peak of the impact force
reduced with the inemse of the impact number. Only the beam with 25 mm
aluminum honeycomb core thickness could sustain five repeated impacts while the
other two beams failed at the fourth impact. This indicates that the 25 mm core
beam could sustain its stiffness which eadht to withstand the fifth impact. By
closely inspecting the fourth impact of the three beams, the 25 mm aluminum
honeycomb core peak force was higher compared to those of the other two beams.
Thus, the 25 mm aluminum honeycomb core improved the perfioenaf the
sandwich beam under repeated +Jeslocity impacts. In addition, the impact
durations for all beams were proportional to the number of impacts due to the
progression of damage within each beam which reduced the stiffness of the
sandwich beam.
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Figure 3. BHSB Contact Forc@ime Curves for Five Repeated Impacts at Energy
Level 13.5 J foAluminumCore Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm

7000 - : 7000
— 1*impact — 1 impact
6000 —— 2™ impact 6000} 2" impact
= — 3" impact 2 3™ impact
% 5000¢ — 4" impact ; 5000¢ 4" impact
% 4000} 5" impact g 4000} 5" impact
o . =
3 3000t - ? 3000¢ \\.
£ 2000 | E2000} //, \
O _ O / \
1000 | 10001///
\ % N\
0 0 -
0 0.005 0.01 0.015 0 0.005 0.01 0.015
Time (s) Time (s)
(a) (b)
7000
— 13Yimpact
6000r — 2" impact
'Z' 3 impact
\; 5000 [ 'Im" — 4t impact
% 4000 &l 5" impact
[nd

35 3000} /
£ 2000} /

© 1000
[N

0 0.005 0.01 0.015
Time (s)

o

(©)

Stress Propagation

Figure 6depicts the maximm principal stresses of the bottom face sheets for
the various honeycomb core thicknesses under repeated impact energies of 13.5 J,
15.55 J, and 21.43 J. The stresses in the three beams were proportional to the
impact energy. The stress in the bottom sbééhe 20 mm core beam behaved
arbitrary at 21.43 J due to the severity of damage. On the contrary, the bottom skin
of the beam with honeycomb core thickness of 25 mm developed the lowest
stresses, especially at higher impact energy (21.43 J) becaudbidkimess
maintained the stiffness during the impact event by suppressing the contact forces
and allowing only minimal forces to be transferred to the bottom face sheet. The
25 mm core beam stresses decreased as the impact number increased, and that is
due to the compaction process which maintains the beam stiffness during the
impact event (Sevkat et al. 2010). This indicates that the performance of this core
thickness was relatively better. The 30 mm core beam developed stresses higher
than those of the2mm core beam, especially in Figure 6(c). From Figure 6(c), it
is apparent that the beam stresses increased with the impact number increase
signifying that the stiffness of the beam has deteriorated allowing more contact
forces to be transferred into thettom face sheet. Generally, it can be said that
both 25 mm and 30 mm core beams were comparable. Nevertheless, when the

247



Vol. 7,No. 4 Abo SabahetalThe Effect of Honey

impact energy increased, the beam with the 25 mm core exhibited a much better
performance. In other words, the 25 mm core thicknessneed the beam
stiffness and did not expose the core cells to buckling. Like the 25 mm core
thickness, the 20 mm core thickness did not expose the beam to buckling but it did
not contribute much to the beam stiffness.

Finally, the 30 mm core thickness addstiffness to the beam but at the same
time it exposed the beam to buckling reducing its damage resistance because each
cell in the core acted as a slender column.

Figure 4. BHSB Contact Forc@ime Curves for Five Repeated Impacts at Energy
Level 15.55) for Aluminum Core Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm
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Figure 5.BHSB Contact Forc@ime Curves for Five Repeated Impacts at Energy
Level 21.43 J for Aluminum Core Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm
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Failure Modes

For 13.5 J, Figure 7 shows that the three beams were capable of withstanding
five impacts with some matrix cracking and fiber breakage (MCFB).

The three cores also experienced no sign of damage. The damage areas in the
20 mm, 25 mm, and 30 mm honeycomb core beams after the fifth hit were 356.83
mn?, 306.09 mrf and 308.89 mfmrespectively.

The damage morphologies for 15.55 J are shown in Figure 8. The 30 mm core
beam developed the largest damage area in both togHaeeand cordts core
experienced some crushing at the impacted zone. The top face sheets of the 20 mm
and 25 mm beams had damages in the forms of matrix cracking and fiber breakage

Their cores also exhibited minor crushing under the point of implaettoral
damage areas were 395.06 M&84.23 mr, and 413.84 mfrfor the 20 mm, 25
mm, and 30 mm core beams, respectively.

Figure 9 shows the numerical failure modes the beams experienced at the end
of the repeated impact event of 21.43 J. It is obvibasthe 20 mm and 30 mm
cores beams suffered severe damages in both upper face sheets and cores. The
cores experienced buckling and shear at the impact zone. By investigating the 25
mm core beam (Figure 9 (b)), it is noticed that the beam underwent ppae u
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skin matrix cracking and fiber breakage (MCFB) while the core experienced only
some buckling at the impact point. The calculated damage areas for the 20 mm, 25
mm, and 30 mm core beams at this energy level were 519.88404n65 mm

and 468.5 mr respectively.

Figure 6. The Five Impacts Maximum Principal Stresses in the Bottom Face Sheets
of the Beams with 20 mm, 25 mm, and 30 mm Honeycomb Cores Thickhesses
Energy Levels: a) 13.5 J, b) 15.55 J, ¢) 21.43 J
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Figure 7. Repeated Impact Damage of Honeycomb Core Thickreesa@snm b)
25 mmc)30 mm at 13.5.J

MCFB

In each view, top row = skin top view; bottom row = core side view.

Figure 8. Repeated Impact Daage of Honeycomb Core ThicknesseX) mm b)
25 mmc)30 mm at 15.55 J
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In each view, top row = skin top view; bottom row = core side view.
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Figure 9. Repeated Impa@amage of Honeycomb Core Thicknesg&d mm b)
25 mmc)30 mm. at 21.43

MCFB

Buckling & shear

In each view, top row = skin top view; bottom row = core side view.

It can be concluded thBHSB with 25 mm core thickness had a better impact
resistance. Increasing the thickness of the honeycomb core increased the height of
its individual cells. As a result, the cells behaved like a column subjected to higher
possibility of buckling phenomendike the analogy of column, the higher the
column goes it is easier for it to buckle because of its slenderness.

Figure 10 shows the behavior of damage area for BHSB with the 20 mm, 25
mm, and 30 mm honeycomb core thicknesses. The damage in the beaasedhc
as the energy of impact increased. BHSB with 25 mm core thickness experienced
the lowest damage for all impact energies indicating that this thickness improved
the damage resistance of BHSB.

Figure 10. Impact Damage Area vs. Impact Energy for BH8B Different
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Absorbed Energy

Figure 11. BHSB Five Impacts Energy Curves for the 20 mm Honeycomb Core
Beam at a) 13.5 J, b)15.55J, ¢) 21.43 J
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Figure 11 exhibits the energy curves for honeycone ttockness of 20 mm
for the three impact energies since there was a change in the behavior more than
those of 25 mm and 30 mm core thicknesses. At energy levels 15.55 J and 21.43 J,
the beams could only sustain loads up to the fourth impact, and thebeabso
energy fluctuated from one hit to another. The energy curve of the fourth impact at
energy level 21.43 kept increasing after reaching the peak as an indication that
perforation has taken place in the beam. The fluctuation of the absorbed energy

was de to the compaction process which made the beams sometimes tougher and
enabled them to absorb more energy at the successive impacts.

Impact Resistance Efficiency Index

A preferred sandwich structure is the one that has the capability to absorb
more enagies, resist higher loads, and minimize the area of damage. Therefore, an
impact resistance efficiency indek)(was introduced in this study to obtain a
meaningful impact performance assessment. It was calculated using the following:
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_ EgbsFmax (6)
€ Adgmptomax

whereE,;; is the absorbed energ,q, is the maximum contact forcg, is the
gravitational acceleratiot,,,, iS the maxmum stress in the sandwich beaiy,
is the damage aremy;, is the mass of the sandwich beam, amglthe sandwich

beam total thickness. Since thas normalized by the thickness and mass of the
sandwich beam, the compon is mainly focused on the performance of the
beams.

Table 2 introduces the impact resistance efficiency indices for BHSB at the
fifth impact for the three honeycomb core thicknesses. BHSB with 25 mm
honeycomb core thickness achieved the highest effigiendex, especially at
higher impact energies. However, at the lowest impact energy (13.5 J), the
efficiencyindex for BHSB with 30 mm honeycomb core thickness was the highest.
The efficiency indices decreased as the impact energy increased. Thdrefate, t
mm honeycomb core thickness is considered the optimized parantbtcurrent
case.

Table 2. Impact Resistance Efficiency Indices of BHSB at the End of the Impact
Event

Core thickness (mm) 20 o5 30

Impact energy (J)

135 32.57 75.99 81.11

15.55 24.38 45.40 34.42

21.43 18.66 42.55 29.31
Conclusions

The numerical investigations performed in this study proved that increasing
the thickness of the aluminum honeycomb core to a certain level enhances the
sandwich beam stiffness. Among theethistudied thicknesses, the beam with 25
mm honeycomb core thickness was the only beam that could sustain five repeated
impacts with the highest impact resistance efficiency index. In addition, the
bottom face sheet of this beam developed the lowestestrémsthe three impact
energies. This indicates that this thickness had a relatively better performance
during the impact event since it allowed minimal stress to be transferred to the
bottom face sheet. It can be said that increasing the thicknessafrbygcomb
core increases the height of its cells. When the height of the cells increases, the
cells behave like a column subjected to higher possibility of buckling phenomenon
Like the column analogy, the higher the column goes it is easier for it kiebuc
due to its slenderness. Thus, based on the findings, it is suggested that the
aluminum honeycomb core thickness should be 65% of the sandwich beam overall
thickness in order to achieve the best repeatedv@acity impact resistance.
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Evaluation of Fire Resistance Concerning Bond Failure
for Injection Anchors with Variable E mbedment Depths

By Marie Reichert& Catherina Thielé&

In the last decades injection anchors became a common fastening system. With
the frequent use, the requirements in load capacity and the fields of application
expands. Therefore, there is also thendad for assessments in case of fire. At
the same time the knowledge about the -loeating behaviour under fire
exposure is small. In this scientific work the impact of high temperature loads
on anchors is determined by static calculations and thetraasient
simulations. Furthermore, the load capacity and Hm@ring behaviour of
bonded anchors concerning bond failure is investigated experimentally for
mortar temperatures between 20°C and 400°C. Influencing factors on the bond
stresstemperature behawur of injection mortars like anchor diameter,
moisture of concrete, internal and external forces and the type of test execution
are examined. Thevork identifies bond failure and steel failure as the main
failure types for injection anchors in case okfiAs a result of the presented
research a calculation method for the bond failure on the basis of temperature
profiles and the behaviour of the load capacity of bond materials under high
temperatures is presented. The assumed temperature profile and the
determinationmethod for the BSTurves were found as the main influencing
factors on the fire resistance. In total the research work shows and evaluates the
complexity of fire events and the numerous influencing factors on injection
anchors. Fire resistams or rather methods for the calculation of fire resistances
on the safe side can be given. Nevertheless, the confirmation with experimental
tests in real fire tests cannot be completely replaced.

Keywords: bonded anchors, fire resistance, assessmerarimegntal investigation
transient thermal simulation

Introduction

An injection anchor is a fastening system for use in concrete or masonry to
ensure the attachment of construction components. It consists of an anchor rod
(mostly threaded rod) and thaejection mortar. Figure 1 shows the setting
procedurebeginning with drilling and cleaning of the hole, injection of the mortar
and setting of the anchor. The assessment of injection anchors is regulated by
European Assessment Documents (EAD) and/or TeghRieports (TR) which
are published by the European Organization for Technical Approval (EOTA). The
design of anchorages is implemented in part four of Eurocode 2 (DIN EN41992
2019). In case of this study only injection anchors for use in concrete are
considered.

"Research Associatéechnical University of Kaigslautern, Germany
*Academic CouncillorTechnical University of Kaiserslautern, Germany
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Figure 1. Setting Procedure for Injection Anchors

. 1 Bonded Area

2 Dispensing Tool
mcluding
Injection Mortar

Source:EAD 33049900-0601 2017.

The evaluation and design of injection anchors for use in constructions with
requirements concerning the fire resistance are missinfars The Technical
Report which covers the evaluation of metal anchors in case of fire is TR020
(2004). The technical report defines a simplified design method and an
experimental design method. The simplified design method gives design equations
based a the load capacity for normal ambient temperature, which are on the safe
side. For the experimental design method, the execution of fire tests where the
uniform time temperatureurve (UTTC) according to DIN EN 19912 (2013) is
applied, is required. Baase of the lack of knowledge concerning the-lo@akring
behavior of injection anchors this type of fastenings is currently excluded of the
regulation.

In case of fire generally the same failure types as at normal ambient
temperaturecould possibly occurThe types of failure are concrete cone failure,
splitting and concrete edge failure, bond failure and steel failure. Because of the
significant decrease of steel strength for temperatures higher tha&,56@el
failure is one of the main failure moddsgfining the fire resistance for metal
anchors. Besides that, a significant temperature dependence for injection mortars is
already known. The existing assessments for-ipetdlled rebars shows that the
bond resistance of injection mortars could droltoost zero for temperatures
above 200 °C to 30TC. The exact load bearing behavior concerning bond
resistance of injection anchors is at current state of the art mainly unknown.

Literature Review

In the last decade just a few researches have déalthei fire resistance of
bonded anchors. Fuchs and Silva (2012) and Mallée et al. (2012) published papers
about the topic and the lack in regulation. They specifically pointed out that in a lot
of cases steel failure is decisive and that fabricators tlsingxperimental based
design method preferably because of its higher loads in comparison to the
simplified design method.

In parallel some researchers treated the evaluation and designiosfisd
rebar connections in case of fire, for which in sndéimes the same injection
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mortars were used for bonded anchors. For example, Pinoteau (20Xl)
investigatedthe influence of heating type and heating rate on the fire test for
determination of bond stress versus temperature curves for a specifictprod
according to EAD 3300800-0601 (2015). He could find an influence on the
evaporation effects which did not lead to significantly different test results. In the
last years several additional research work was published which deals with post
installed ebars or bonded anchors in case of fire, testing methods and the
influencingfactors, e.g., Lahouar et al. (2018) anevidnsouri et al. (2020).

Subsequently the idea of a simplified method for the calculation of the fire
resistance concerning bond failuwa the basis of thbondstresstemperature
curve (BSTFCurve) rose. The research idea and first results were published by
Patil and Thiele (2015), Lakhani and Hofmann (2017) as well as Reichert and
Thiele (2017).

Methodology

First a clarification of e influences on injection anchors in case of fire
should give a basis for calculations and experimental tests. Two main influences
were outlined, the temperature itself and the stress distribution in concrete slabs
which represents the anchorage grourfte Temperature distribution along the
anchorage depth was determined by transient thermal simulations with the finite
element tool ANSYS. With the help of temperature distributions caused by
uniform temperaturime curves (UTTCs) in concrete slabs andtiiemal and
mechanical properties of concrete under increased temperatures the stress
distribution in concrete slabs could be calculated. A sequential calculation by
using an Excel sheet was used.

Furthermore, temperature tests for the determinationSi-®urves were
conducted which could replace real fire tests as far as possible. Two test setups
were used. Firstly, temperature tests using a heating ringr @38 according to
EAD 33008700-0601 (2015) were executed. Secondly, a new designed test setup
using a heating device (cartridge) (HEst) in the inner of the anchor rod and
with a shortened embedment depth was established. Several influencing factors
like type of test execution, duration of temperature load, geometry and type of
anchor rods, compssion stresses in test members and moisture were examined.

Impact on Injection Anchors in Case of Fire

The main impact on anchors in case of fire is the extreme temperature load,
with temperatures above 1000°C. As a consequence, restrained forces in th
concrete occur and possibly also influence the sustainability of injection anchors
under fire exposure. As a first step in the investigation of the load bearing capacity
of injection anchors the impacts on them are described.

For the determination of neperature profiles along the embedment depth for
an arbitrary anchor a transient thermal simulation was used. An anchor with
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specifiedanchor diameter and embedment depth, as well as a concrete cylinder,
were modeled. The data output was taken at thefaogeibetween anchor and
concrete see Figure 2 (right). The mortar layer was neglected in the simulations.
For confirmation of the simulation results temperature measurements on anchors
with the same length and diameter in a real fire test were carriedTlogit
temperatures were measured at three points with thermocouples. The thermocouples
were positioned with a distance of mon from the surface, at half of the
embedment depth and at a distance omt® from the end of the embedment
depth. For the examp#hown in Figure 2 and Figure 3 with an embedment depth
of 80mm, it leads to a measurement atnd®, 40mm and 7Gnm distance from

the heated surface. In both simulation and real fire test the UTTC was applied. The
comparison between the measured and laied temperatures shown in Figure 2
and Figure 3 confirm each other. That means the simulation of temperatures along
the embedment depth with transient thermal simulations is possible with a good
comparison to the test results. Further investigationssiithlated and measured
temperatures showed the following influencing factors on the temperature
distribution of anchors:

- Anchor diameter: Bigger anchor diameters lead to higher temperatures at
the same point of embedment depth (Thiele et al. 2017).

- Anchorage depth Anchors with bigger embedment depth can emit more
heat to the concrete. A bigger embedment depth therefore leads to smaller
temperatures at the same point of embedment depth (Thiele et al. 2017).

- Moisture: With rising temperatures the combinedhter in concrete
evaporatesThis phenomenon leads to a cooling effect. Location, time and
amount of released water are unknown and it is not possible to replicate
this effect with simulations (Reichert 2020).

- Fixture: Presence and size of a fixture hasigh influence on the
measured temperatures in fire tests. This shielding effect can just be
simulated in parts, because it is also influenced by moisture and air streams
(Reichert 2020).

Figure 2. Comparison of the Measured a&imulated Temperatures over Time
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Figure 3. Comparison of Measured and Simulated Temperatures over Embedment
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Besides temperature profiles for anchors the transient thermal simulation
allows the determination of temperature distributions in the concrete. Due to the
relatively small thermal conductivity of concrete (2.8 W/mK at 20°C) and the
very high temperatures during a case of fire (>1@)there is a high difference
in tempeature between the fire side and cold side results. This leads to a bending
of concrete slabs when they are exposed to fire from one side only. Figure 4 (left)
shows the free thermal straif of concrete concerning the actual temperature in a
concrete slab (dot t gadfthé slab egardirgrBernoullih e
hypothesis (see Equation (1) line 1). In the following, the difference between these
strains is called the streges n e r at i R gee Bquatioa (1nlise 2@nd 3, see
Hosser and Richter (2013). They depend on time in the UTTC, thickness of the
slab and percentage of reinforcement. A typical qualitative distribution is shown in

where  (ksTotal strain
v Diamete of anchorage
Curvature
Height of the section
Stressgenerated strain
Free thermal strain

;OEON N &

Figure 4 (right). It shows positive strains on the edge areas and negative
strains in the middle of the slab.

o6 =g+ k-z

Sres = 80 + Sa‘h (1)

Es=Eos—Ep=Eg+ K-Z— &

where:Gks  Total strain

V) Diameter of anchorage
Kk Curvature
z Height of the section
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G Stressgenerated strain
W Free thermal strain

Figure 4. Total and Free Thermal Strains in Concrete Slab (left), Stress Generating
Strains in Concrete Slab (right)
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Figure 5. Reduction Factor of Concrete Strength over Strain (left), Obtained
Stresses in Concrete Slab (right)
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In consideration of the lodokearing behavior of concrete at a particular
temperature (Figure 5, left) thalculation of the concrete stresses in the cross
section of the concrete slab is possible. The procedure is also described by Reick
(2001). Figure 5 (right) shows a typical distribution, which indicates high concrete
compression stresses on the "cold sidiethe slab, small compression stresses
(due to the very high temperatures) on the fire exposed side of the concrete slab
and a cracked area in the middle of the cross section. The influence of the
compression stresses and the inner cracks on the fistaneg of injection
anchors is unknown and requires further research.

The presented calculation of the restrained forces caused by the temperature
distribution in concrete slabs under fire exposure neglects the influence of anchors
on the temperature digiution. Due to the high thermal conductivity of steel
(54W/mK at 20°C) the temperature of the anchor itself and the surrounding
concrete is higher than the temperature of the remaining concrete cross section. It
could be followed that in the surroundimrea of an anchor due to the higher
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temperatures bigger thermal strains occur and lead to a reduction of tension
stresses, as well as an increase of compression stresses.

Experimental Investigation of Bond Failure

As described in Introduction, the dirresistance of posistalled rebar
connections can be evaluated accordingA® 33008700-0601 (2015). The test
setup used to determine the BSiirve for an injection mortar is shown in Figure
6. The test setup consists of a rebar installed in a siat#dcconcrete member
according to the fabricatords manual
be heated by a heating device. In the test executed in the framework of this
research an electrical heating ring with a maximum temperature ¢IC6Gas
used. The heating ring leads to a temperature distribution similar to the reality,
which indicates that the temperature increase is initialized through the concrete
and a constant temperature distribution along the embedment depth follows. In the
HR-Teds according to EAD 3300800-0601 (2015) a transient test execution is
scheduled, that indicates that the anchor is loaded by a constant load while the
concrete member is heated, see Figure 8 (left). The test ends by failure of the
anchor. The mortar terepature at the time of failure (measured with two
thermocouples at position TE1 and TE2) can be related to the bond stress with
which the anchor was loaded. With a minimum number of 20 tests th€B&€
can be defined.

Figure 6. HR-Test Setup according EBAD 33008700-0601 2015

Besides that a new test setup was developed to study the load bearing behavior
of injection anchors under increased temperatures, see Figure 7. The test setup
enables a direct heating of the anchor doe to a heating cartridge inside the
concrete. This follows the curcumstances in reality where the temperature increase
in the mortar is also initialzed through the anchor rod. Furthermore the new test
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