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Abstract

Reinforced concrete walls (RC walls) are widely used in transportation, building structures,
and civil air defence engineering. RC walls are vulnerable to low-velocity impact, such as
the fall of components caused by earthquakes or explosions, for example, and the impact
from road objects, such as vehicles, during their service life. When subjected to instanta-
neous high-energy impact, RC walls at key positions are prone to severe damage, which
can further lead to structural collapse. Therefore, it is necessary to consider improving
the impact resistance of key RC walls in a structure. Using a porous honeycomb structure
with excellent energy absorption performance to provide impact protection for key RC
walls is an effective way to reduce the damage of RC walls and thereby enhance the impact
resistance of a structure. Therefore, based on the author’s previous series of experimental
and numerical studies on the impact resistance of RC walls, as well as the high-mass
pendulum impact experimental study on the honeycomb sandwich panel composite RC
wall (HSP-RC wall), this paper adopts a multi-scale modelling method in micro-mechanics
and macro-mechanics to establish a pendulum impact finite element model (FEM) for the
HSP-RC wall. The representative volume element (RVE) and periodic boundary condition
(PBC) are used to calculate the elastic property parameters of the honeycomb, which guide
the establishment of the FEMs for the HSP-RC wall. The FEMs can avoid the computational
difficulty caused by refined simulation, analyse the impact damage of the HSP-RC walls
more accurately, quantify the impact protection effect of the honeycomb sandwich panel,
and thus facilitate the parametric analysis of the impact resistance of HSP-RC walls with
different honeycomb panel structural parameters in subsequent studies.

Keywords: RC wall; honeycomb sandwich panel; impact; RVE; protection effect

1. Introduction
Reinforced concrete walls (RC walls) are widely used in civil air defence, transporta-

tion, and nuclear island engineering fields. These projects are in complex environments and
may be threatened by high-mass, low-velocity impact loads, such as vehicles and falling
rocks. Therefore, the impact resistance performance and effective protection methods of
key RC walls in various fields hold research significance. However, current research on
the out-of-plane, high-mass, low-velocity collision of RC walls is relatively limited, and
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there is an urgent need for targeted protection of key RC walls to enhance their impact
resistance performance.

To improve the impact resistance of RC walls, scholars have conducted some re-search
on the use of carbon fibre, aramid fibre, and other reinforcement methods, as well as
measures such as spraying polyurea and other elastomers [1]. Both of these methods can
effectively improve the impact resistance of RC walls, reduce the impact acceleration and
stress peak, and decrease the impact damage of RC walls. There is little research on the
impact resistance and protection measures of RC walls. Due to the larger size of the RC
wall surface and the smaller width of the beam surface, the research on impact protection
of RC walls can also refer to the research on impact protection of RC slabs.

The study of the impact resistance performance of RC slabs mainly relies on
two methods: experiments and numerical simulation. The experiments include the drop
hammer test, pendulum test, etc. Although experimental research is intuitive and reliable,
capturing dynamic responses under extreme conditions is costly, complex, and some-
times challenging. Therefore, numerical simulation techniques have been widely applied.
Researchers simulate the impact process by establishing detailed finite element models
(FEMs), including concrete, steel bars, reinforcement materials, and impactors, then intro-
ducing material constitutive models that consider strain rate effects (such as the KCC model
for concrete and the Cowper–Symonds model for steel). After experimental verification,
these FEMs can be effectively used for parametric analysis and structural impact dynamic
response prediction.

In addition to measures such as improving concrete strength [2,3], changing reinforce-
ment materials [4,5], and altering rebar arrangement and reinforcement ratio [6–8], current
research on enhancing the impact resistance of RC slabs mainly focuses on external bonding
reinforcement materials such as CFRP [9], GFRP [4], steel plates, polyurea [10,11], and
reinforcing mesh protective layers [12] to enhance their performance. Among them, CFRP
is one of the most essential reinforcement materials studied. Research [13] has shown that
CFRP reinforcement can significantly improve the ballistic ultimate velocity (by 9.4% to
18%) and penetration resistance of RC slabs, reduce the range of front peeling and back
collapse, and effectively suppress the scattering of concrete fragments. CFRP reinforcement
mainly enhances the structure’s overall integrity, delaying the propagation of cracks and
structural failure. Polyurea-coated concrete exhibits a significant strain rate effect. When
polyurea is coated on the end face of the concrete specimen, the peak strain increases
significantly, and the brittleness improves.

Honeycomb, a thoroughly researched and processed energy-absorbing material, has
excellent properties under impact loads [14–16]. Honeycomb can absorb energy through
plastic deformation, thereby controlling the damage range and reducing the impact energy
transfer during an accident. Therefore, the local deformation characteristics of honeycomb
composite structures under impact loads can be applied to control the damage range and
provide safety protection in civil structures. The earliest applications of classic honey-
comb aluminium as an energy-absorbing device and protective material are mostly in
aerospace [17,18], vehicles, submarine and ship shock wave protection, etc. Research has
shown that improving the honeycomb structure [19,20], matrix [21,22], honeycomb pore
cross-section, etc., can enhance its energy absorption efficiency and impact protection
capability. For example, Mohammadiha and Beheshti et al. [19] conducted optimisation
analysis on collision avoidance boxes using functional hierarchical honeycomb. Collision
avoidance boxes are widely used in the transportation industry between the chassis and
bumper of vehicles to reduce the transmission of impact energy to other parts of the car
in collision accidents and ensure the safety of different front parts. Galehdari and Kho-
darahmi [20] used a hierarchical honeycomb structure as an aircraft seat shock absorber to
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absorb energy, avoid passenger injuries caused by emergency collisions, and reduce the
harm to passengers in accidents.

In civil engineering, the primary use of honeycomb aluminium is not for the impact
protection of buildings. The application scenarios of honeycomb sandwich panels alone
include being used as exterior walls of buildings, etc. Since 2020, the construction in-
dustry’s application of honeycomb beam structures, honeycomb steel beam structures,
honeycomb sandwich floor systems, wall panels, and other honeycomb structures has
received widespread attention. Generally, honeycomb structures are mainly applied to
form composite structural beams with honeycomb and reinforced concrete, while there
is little research on the impact of adding honeycomb aluminium as an energy absorption
device on the protection of structures.

However, in the research on the impact protection of RC structures, some cover layer
materials are consistent with the energy absorption principle of honeycomb sandwich pan-
els. Jin Pan et al. [21,22] designed a new U-shaped steel plate composite energy-absorbing
device filled with GFRP honeycomb for bridge piers. The energy absorption characteristics
of the honeycomb structure were applied to protect the bridge piers under low-speed
impact. The protective effect of the honeycomb energy-absorbing device was analysed
through experiments and finite element methods, which showed that the protective effect
for bridge piers was good. In addition to the mass and velocity of the impact load, the
stiffness and contact area of the impact body were important parameters affecting energy
absorption. Xu et al. [23] studied the impact resistance and dynamic response of square
regular-strength concrete (R–NSC) and ultra-high-performance concrete (R–UHPC) under
the protection of closed-cell foam aluminium using a drop weight test and finite element
model. They compared them with columns without a closed-cell foam aluminium protec-
tive layer (CCAF). The research results indicate that the CCAF layer can reduce impact
force and absorb much impact energy, effectively protecting R-NSC and R-UHPC columns.
After the foam aluminium layer is used to protect the RC column, the impact force between
the column and the impactor decreases, preventing the rebound and secondary impact phe-
nomenon after the drop hammer impacts the RC column, reducing the deflection of the RC
column and effectively improving the safety. Similarly, R-UHPC columns exhibit better im-
pact resistance than R-NSC columns, especially those with CCAF layers, showing the best
impact resistance. The author also predicted the dynamic behaviour of foam aluminium in
R-NSC and R-UHPC specimens through the finite element model and studied the energy
absorption of each part. Song et al. [24] designed a Metal Hollow Sphere Structure (MHSS)
as an energy-absorbing device for bridge piers to provide impact protection under impact
loads. Through finite element modelling research, it was found that MHSS can effectively
protect bridge piers under vehicle impact.

The above impact protection research can verify that honeycomb and other porous
materials control the damage range and impact energy transfer during accident impacts
through energy absorption. The local deformation characteristics of honeycomb under im-
pact loads can be applied to civil structures for damage range control and safety protection.
Based on the advantages of honeycomb sandwich structures and the author’s previous
research on the impact resistance of RC walls [25], as well as the pendulum impact experi-
ments of RC walls under the protection of honeycomb sandwich structures [26], this paper
establishes a finite element model of pendulum impact on HSP-RC walls to study the dy-
namic behaviour and impact damage of HSP-RC walls, characterise the impact protection
performance of honeycomb sandwich panels on RC walls, quantify their protection effect,
and lay the foundation for further analysis of the influence of various structural parameters
on the impact protection performance of honeycomb sandwich panels in the future.
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2. FEM of HSP-RC Wall Under Impact
This section establishes the corresponding FEM based on the pendulum impact experi-

ment of the HSP-RC wall [26]. It introduces the establishment process and specific methods
of the FEM.

2.1. Geometric Modelling of Specimens

The HSP-RC wall comprises a foundation RC wall and a honeycomb sandwich panel.
The geometry and dimensions of each part of the HSP-RC wall are described below.

2.1.1. Honeycomb Sandwich Panel

According to the pendulum impact test of the HSP-RC wall [26], ABAQUS (6.14,
SIMULIA, Providence, RI, USA) FEMs consistent with the specimens and load in the
experiments were established; the honeycomb core is a classic hexagonal aluminium-based
honeycomb structure in the HSP-RC wall, which has three orthogonal directions: the two
in-plane directions (L and W) and the out-of-plane direction (T), as shown in Figure 1.

 
Figure 1. Honeycomb structure and three directions.

The side length of the honeycomb cell is recorded as l, the thickness of the honeycomb
cell wall is t, while the thickness of the honeycomb cell wall parallel to the direction W is 2t,
H represents the thickness of the honeycomb core layer in the specimen, and h represents
the thickness of the aluminium plate surface layer of the panel. The macroscopic size of the
honeycomb sandwich panels used in the FEM is the same in all HSP-RC walls, as shown in
Figure 2, while the l is different (l is 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm, respectively),
and the honeycomb cell wall thickness t is 0.04 mm.

 

Figure 2. Honeycomb sandwich structure.
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2.1.2. HSP-RC Wall

The reinforcement protective layer thickness of the RC wall is 20 mm, the diameter of
longitudinal distribution rebars is 8 mm, and the reinforcement and the detailed dimensions
of HSP-RC walls in FEM are shown in Figure 3.

 

Figure 3. HSP-RC wall.

2.2. Material Models

The RC wall is modelled by rebar and concrete, respectively, with assigned material
properties and an interaction set. The honeycomb sandwich panel is divided into an
aluminium panel and a honeycomb core in FEM.

2.2.1. Concrete and Reinforcement

(1) Concrete

The compressive strength of concrete fc0 is 42.24 MPa, while the tensile strength ft0 is
2.39 MPa, the density is 2.45 g/cm3, Young’s modulus is 33.6 GPa, and the Poisson ratio is
0.2; the stress–strain curve of concrete input in the FEM is shown in Figure 4.
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Figure 4. Cont.
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Figure 4. Concrete constitutive model.

In the FEM, the Concrete Damaged Plasticity (CDP) model is adopted, and the param-
eters of the CDP model [25] are shown in Table 1. The meanings and calculation methods
of each parameter in the CDP model refer to the article in [27].

Table 1. Parameters of CDP model.

Dilation Angle Ψ Eccentricity ∈ γσ
bc=fbc/fc K Viscosity Coefficient

37.5 0 1.28 2/3 0

(2) Rebar

The rebars used in the RC wall are HRB400 hot-rolled ribbed steel bars with diameters
of 6 mm, 8 mm, 20 mm, 22 mm, and 25 mm, respectively. Their yield strength fy and ultimate
strength fu are shown in Table 2. The FEM characterises the constitutive relationship of
rebars using a three-stage model.

Table 2. Yield strength and ultimate strength of rebars.

Diameter of Rebars (mm) Yield Strength fy (MPa) Ultimate Strength fu (MPa) Elongation (%)

6 mm 425 603 21.4
8 mm 442 614 22.9

20 mm 470 610 22.3
22 mm 448 611 22.4
25 mm 454 615 20.7

2.2.2. Material Model of Honeycomb Sandwich Panel

Honeycomb sandwich panels bond honeycomb aluminium and aluminium plates
on both sides. Table 3 shows the plate’s property parameters of the top layer of the
composite board.

Table 3. Property parameters of aluminium alloy plate.

Board Thickness Error Tensile Strength Yield Strength Elongation Density

±0.1 mm 212 MPa 148 MPa 15.5% 2725 kg/m3

The wall thickness t of the honeycomb cells used in the experiment is 0.04 mm, while
the side length l of the honeycomb cells is between 1 mm and 3 mm. However, the sandwich
panel used in the wall is 1 m, and the RC wall exceeds 2 m. In the FEM, the macroscopic
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size of the honeycomb panel and RC wall (in the order of m) is much larger than the honey-
comb cell size (in the order of 10−2 mm), which will cause significant inconvenience for
calculation and modelling. Therefore, referring to the representative volume element (RVE)
and periodic boundary condition (PBC) theory in the micro-mechanics of composite mate-
rials. We draw on the method of composite materials, which determines the macroscopic
properties of materials based on their microscopic/mesoscopic structures and constituent
properties. An RVE much larger than the characteristic size of the honeycomb structure
is selected, and the RVE scale is guaranteed to have both macroscopic and microscopic
duality. That is, a numerical research method is used to describe the macroscopic equivalent
mechanical properties of the material by calculating the average mechanical parameters
obtained from the refined modelling of the RVE. The sophisticated modelling of honeycomb
is transformed into macroscopic modelling.

The material performance parameters of the honeycomb material matrix aluminium
foil used in the experiment are shown in Table 4.

Table 4. Mechanical property parameters of aluminium foil.

Average
Thickness

Tensile
Strength

Yield
Strength

Young’s
Modulus Elongation Density Poisson’s

Ratio

0.04 mm 299 MPa 27.6 MPa 69 MPa 3% 2690 kg/m3 0.33

Referring to the plugin in the article in [28], the honeycomb uses RVE to calculate the
equivalent elastic modulus. The ideal honeycomb material satisfies the assumptions of
macroscopic distribution uniformity and microscopic cell periodicity. Referring to previous
research on the mechanical properties of honeycomb aluminium, a refined geometric cube
of honeycomb aluminium containing at least ten honeycomb cells is selected as an RVE.
ABAQUS was used to model the honeycomb aluminium RVE. Shell elements were used for
each honeycomb cell wall, and the material properties were assigned as shown in Table 4.
Periodic boundary conditions (PBC) were added to the RVE, and nine engineering elastic
constants of the honeycomb aluminium RVE were sequentially calculated by the equivalent
model. For example, the RVE deformation and strain after calculating E22 are shown in
Figure 5.

Figure 5. Calculation results of honeycomb RVE.

Taking honeycomb aluminium with a wall thickness t of 0.04 mm and a side length
l of 2 mm as an example, the equivalent elastic modulus results obtained in the RVE
equivalent material parameter calculation are shown in Table 5. E11, E22, and E33 are
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Young’s modulus in the X, Y, and Z directions; G12, G13, and G23 are the shear modulus in
the XY, XZ, and YZ directions.

Table 5. Equivalent material parameters of honeycomb calculated by RVE (unit: Pa, m).

Modulus E11 E22 E33 G12 G13 G23

Computed values 631,348.97 893,448.34 4,328,243.60 40,763.03 4763.49 542,515.51

The compressive strength of honeycomb aluminium under dynamic compression can
be calculated based on the compressive strength of honeycomb aluminium obtained by
Harrigan et al. [29] in Equation (1).

σcrD = σcr +
ρ0V2

imp

ε1
(1)

In the formula, σcr is the compressive strength under quasi-static compressive load;
ρ0 is the initial density of the honeycomb sample; Vimp is the impact velocity; and ε1 is the
strain of the honeycomb aluminium during densification.

The dynamic yield strength of honeycomb aluminium under out-of-plane impact is
calculated by the out-of-plane compressive strength and macroscopic yield strength criteria
under dynamic pure compression load obtained by Hong et al. [30] based on dynamic
impact tests, as shown in Equation (2).

σ2 +
(

Ad
(
Vimp

)
cos2 β + Bd

(
Vimp

)
sin2 β

)
τ2 =

(
σcrd

(
Vimp

))2 (2)

In Equation (2), the material constant Ad
(
Vimp

)
and Bd

(
Vimp

)
are functions of Vimp,

and its values refer to Figure 6; σcrd
(
Vimp

)
can be expressed as a function of impact velocity.
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Figure 6. Two standardised material constant values for honeycomb aluminium [31].

2.3. Impact Load and Constraints in FEMs
2.3.1. FEMs’ Number and Impact Load

The HSP-RC wall pendulum impact FEMs consist of six RC wall specimens. Number
all FEMs and apply corresponding loads. Their numbers, honeycomb sandwich panel pa-
rameters, and loads are summarised in Table 6; “RC-1” is an original RC wall, and the other
five are HSP-RC walls. m, v, and Ek are impact mass, velocities and energy, respectively.
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Table 6. Summary of wall specimen parameters.

Structure
Parameters RC-1 HSP-RC-l1-

t0.04
HSP-RC-l1.5-

t0.04
HSP-RC-l2-

t0.04
HSP-RC-l2.5-

t0.04
HSP-RC-l3-

t0.04

l (mm) / 1 1.5 2 2.5 3
t (mm) / 0.04 0.04 0.04 0.04 0.04
H (mm) / 3 3 3 3 3
h (mm) / 40 40 40 40 40
v (m/s) 2.3 2.3 2.3 2.3 2.3 2.3

m (t) 2 2 2 2 2 2
Ek (J) 5290.0 5290.0 5290.0 5290.0 5290.0 5290.0

Note: “/” indicates no addition of honeycomb sandwich panel.

2.3.2. Velocity and Constraints

The FEM assembly and constraints of the pendulum impact on the HSP-RC wall are
shown in Figures 7 and 8. The pendulum’s impact speed is loaded using Predefined Field.
The pendulum is set as a discrete rigid body, with the reference point for it being the RP
point shown in Figure 8.

 
Figure 7. Assembly of the pendulum impact HSP-RC wall FEM.

Figure 8. Constraints, velocity in FEM.
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2.3.3. Contact and Mesh

Using “surface-to-surface contact” to simulate the interaction between the hammer-
head of the pendulum and the iron plate [31–33], output the contact force between these
contact surfaces and compare it with the impact force measured in the pendulum test. The
rebars in FEM are beam elements of TRUSS type, with a length of 10 mm; the rest are solid
elements of element type C3D8R. A convergence study was conducted to ensure that the
finite element results were independent of the mesh size. After boundary condition verifi-
cation and mesh convergence study, the approximate dimensions in the final FEM of these
solid elements are shown in Figure 9. The tie constraint is used for the constraints between
the honeycomb core layer and the surface panel, as well as between the honeycomb panel
and the RC wall. Assuming a complete bond between the steel bars and concrete [34,35],
and that no sliding occurs, the rebar elements are embedded into the concrete elements, as
shown in Figure 10.

 
Figure 9. Element.

 
Figure 10. Embedded.

3. Experimental and Numerical Results
This section mainly compares the calculation results output from FEMs with the data

collected from pendulum experiments.
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3.1. Impact Force and Mid-Span Displacement of RC Wall

Impact force and mid-span displacement are important dynamic responses of struc-
tures under impact loads. Figure 11 compares the impact contact force and RC wall
mid-span displacement output from each FEM with the curves collected in the experiment.

 
(a) RC-1 

 
(b) HSP-RC-l1-t0.04 

 
(c) HSP-RC-l1.5-t0.04 

Figure 11. Cont.
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(d) HSP-RC-l2-t0.04 
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(e) HSP-RC-l2.5-t0.04 
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(f) HSP-RC-l3-t0.04 

Figure 11. Impact force and mid-span displacement of FEMs and experiments.

As the honeycomb cell’s edge length increases, the honeycomb core’s stiffness de-
creases, and the stiffness gradient between the honeycomb layer and aluminium panel or
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concrete increases, resulting in a more typical segmented impact force. From Figure 11, it
can be seen that the FEMs established in this article can effectively simulate typical stages
of the entire process, such as the zero value stage, fluctuation descent stage, and plateau
stage of the impact force.

Taking the specimens HSP-RC-l1-t0.04 and HSP-RC-l2.5-t0.04 as examples, the com-
parison of the initial stage of impact force curves is shown in Figures 12 and 13. It can
be seen that FEMs can significantly simulate the overall trend and fluctuation details of
impact force.
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Figure 12. Impact force fluctuation during the initial collision of HSP-RC-l1-t0.04.
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Figure 13. Impact force fluctuation during the initial collision of HSP-RC-l2.5-t0.04.

Based on the RC wall mid-span displacement in all FEMs, it can be concluded that
when the RC wall is not protected or the honeycomb cell’s edge length is small, the overall
stiffness of the honeycomb sandwich panel is high. In the early stage of impact, the slope
of the RC wall mid-span displacement curve is large, indicating that the overall bending
deformation rate of the RC wall is very fast, which is consistent with the conclusion
obtained from the experiment that concrete damage is relatively rapid in the early stage of
the impact process. The honeycomb sandwich panel reduces the occurrence of concrete
damage in the early stage and plays a significant role in energy absorption and buffering.
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3.2. Deformation of Honeycomb Sandwich Panel

The actual deformation of the honeycomb sandwich panel after the pendulum ex-
periment is shown in Figure 14a (in the red box). The ideal deformation model of the
honeycomb sandwich panel established in [26] is shown in Figure 14b. The surface defor-
mation of the honeycomb sandwich panel output in the finite element model is shown in
Figure 14c (in the black box).

 
  

(a) (b) (c) 

 

Figure 14. Comparison of the impact deformation in compression zone. (a) Actual deformation [26].
(b) Ideal indentation model [26] 2024. (c) Deformation in FEMs’ results.

The deformation of the honeycomb sandwich panel obtained in the FEMs is basically
consistent with the actual indentation and conforms to the inference of the panel’s impact
indentation area on the sandwich layer under ideal conditions.

3.3. Impact Protection Effect of Honeycomb Sandwich Panel on RC Wall

After the pendulum impacts the HSP-RC wall, it will cause a dynamic response of the
HSP-RC wall and cause damage and destruction to the HSP-RC wall. By analysing the
dynamic response of HSP-RC walls and the surface damage on HSP-RC walls, the impact
protection effect of honeycomb sandwich panels can be analysed. This section mainly
summarises the crack situation on HSP-RC and refers to the damage assessment methods
in previous research and the concept of overall concrete damage (λ) [25]. The damage
trend obtained from FEM is compared and analysed with the actual crack and mid-span
displacement measured in experiments to verify the accuracy of the FEM and the impact
protection effect of honeycomb sandwich panels.

3.3.1. Cracks

Cracks are the most intuitive reflection of the actual damage of RC walls. Statistical
analysis of cracks in RC walls after impact can effectively reflect the degree of damage to the
wall after the end of the impact load. Therefore, the concepts of actual cracks and concrete
damage ratio on RC walls in FEM are comparable, and both can be used as evaluation
parameters for the overall damage degree of RC walls.

(1) Crack length

The cracks on the RC wall after impact are mainly concentrated in the middle of the
back. Taking the distribution of cracks on the back of an RC wall (RC-1) after impact as an
example, the final observable main crack group at the key crack locations of the specimen
is shown in Figure 15.
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Figure 15. Main crack group of RC wall (RC-1).

Basic image processing is carried out through the crack picture, including enhancing
crack contrast, binarising to obtain binary crack images, labelling connected regions on
binary images, identifying and numbering main cracks (as Figure 16, in the figure, C1–18
are the numbers of each crack.), calculating and summarising crack lengths, and obtaining
the sum of crack lengths of all specimens, which are listed in Table 7.

 

Figure 16. Processed crack image and cracks’ numbers (RC-1).

Table 7. Statistics of cracks in different specimens.

Specimen Number RC-1 HSP-RC-l1-
t0.04

HSP-RC-l1.5-
t0.04

HSP-RC-l2-
t0.04

HSP-RC-l2.5-
t0.04

HSP-RC-l3-
t0.04

Total length of
cracks (mm) 7009.83 6667.20 5612.85 5438.60 5247.50 5085.08

Through the analysis of the cracks on the back of specimen RC-1 without added
honeycomb sandwich panels, it can be seen that, in addition to the main cracks on the
mid-span crack group, RC-1 also has many extended crack branches. However, for the
convenience of statistics, when calculating the crack length, a large number of subtle
extended cracks were ignored by setting the connected domain values. Therefore, the
quantification of back cracks did not include small cracks in the RC-1 wall but only reflected
the length of the main back cracks.

After adding honeycomb aluminium sandwich panels, there were almost no small
extended cracks on the back of all specimens covered with honeycomb sandwich panels,
except for the main crack at the mid-span. In the FEM, the concrete damage ratio of the
RC-1 specimen was 63.93%. In comparison, the concrete damage ratio of the five specimens
after adding honeycomb sandwich panels ranged from 20% to 23%, as shown in Figure 17.
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Moreover, as the honeycomb aperture increased, the concrete damage ratio decreased,
indicating a decrease in the degree of concrete failure on the RC wall.
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Figure 17. Trend of experimental cracks and concrete damage ratio of FEM.

The trend of the main crack length of the RC wall after adding honeycomb sandwich
panels is completely consistent with the concrete damage ratio obtained by the FEM (see
Figure 16). The larger the pore size of the honeycomb layer, the smaller the honeycomb
stiffness and the lower the degree of damage to the RC wall it protects. In the experiment,
the honeycomb protection ability of the honeycomb hole with a wall thickness of 0.04 mm
and a cell edge length less than 3 mm increases with the increase in the edge length.

However, as the aperture of the honeycomb increases, its protective ability does not
increase uniformly. The protective ability rises in experiments rapidly when the edge length
changes from 1 mm to 1.5 mm. However, due to inevitable production errors and defects
in the actual honeycomb, the stiffness of the actual honeycomb may be slightly lower than
the ideal stiffness (equivalent stiffness used in the FEMs). Therefore, the rapid increase in
the protective ability of the honeycomb sandwich in the FEMs occurs between 1.5 mm and
2 mm.

(2) Crack width

The honeycomb sandwich layer significantly reduces the maximum crack width on
the RC wall during the impact process (summarised in Table 8), and all sandwich layers
decrease the maximum crack width by over 57.5%. The honeycomb sandwich layer can
effectively prevent the development of crack width on the RC wall and maintain stability
during the impact process.

Table 8. Summary of maximum crack widths for each specimen.

Specimen Number
Maximum Crack Width

During the Impact Process Final Status

RC-1 7.49 mm 5.69 mm
HSP-RC-l1-t0.04 / 3.23 mm

HSP-RC-l1.5-t0.04 2.89 mm 1.53 mm
HSP-RC-l2-t0.04 3.18 mm 2.09 mm

HSP-RC-l2.5-t0.04 2.95 mm 1.84 mm
HSP-RC-l3-t0.04 2.60 mm 1.61 mm

Note: “/” indicates that it could not be collected.
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The analysis of the final residual maximum crack width of RC walls (summarised in
Table 8) shows that the honeycomb sandwich layer significantly reduces the residual width
of the main cracks on RC walls. Except for specimen HSP-RC-l1-t0.04, which decreased the
residual crack width by 43.2%, all HSP-RC walls’ final residual crack width decreased by
more than 63.2%.

3.3.2. Comparison of Residual Mid-Span Deformation and Concrete Damage Ratio

To further compare the degree of damage to RC walls after adding five different
honeycomb sandwich panels, the overall deformation of RC walls can be analysed under
the experimental phenomenon that adding sandwich panels can almost eliminate local
damage. The values and trends of the residual deflection of the five specimens after the
pendulum test, as well as the values and trends of the concrete damage ratio on the RC
walls extracted from the FEMs, are shown in Figure 18.
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Figure 18. Trend of deformation and concrete damage ratio of the specimens.

After conducting pendulum tests on five specimens, the failure data of the RC wall
were compared with the corresponding FEM results. It was found that the overall trend
of different failure parameters of the RC wall with the variation in honeycomb cell edge
length l was consistent in both cases. This phenomenon indicates that using the overall
concrete damage ratio in the FEM calculation results to analyse and judge the degree of
damage of RC components after impact is feasible and scientific, and the FEM in this article
is accurate.

4. Impact Damage of HSP-RC Wall
The surface concrete damage distribution of different HSP-RC walls is shown in

Figure 19, which reflect the protective effect of different honeycomb sandwich panels on
RC walls.
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Figure 19. Surface concrete damage distribution of different HSP-RC walls.

As shown in Figure 19, the RC wall damage after impact is related to the structural pa-
rameters of the honeycomb sandwich panel. The larger l value results in the lower stiffness
of the honeycomb core layer, the better the energy absorption effect of the honeycomb core
layer, and the better the protective effect of the honeycomb sandwich panel on the RC wall.
The impact damage on the RC wall is lighter. The conclusion obtained from the FEM in
this article is consistent with the conclusion obtained from the pendulum experiment, and
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the trend between the two is the same. Therefore, the modelling method of the HSP-RC
wall established in this article can be used for the structural parameter analysis of HSP-RC
walls in subsequent articles.

5. Conclusions
Based on the HSP-RC wall pendulum test, this article establishes a corresponding

FEM, determines the correct method for establishing the HSP-RC wall FEM under impact,
and solves the problem of difficulty in calculating the refined macroscopic honeycomb
sandwich panel model (caused by the significant difference between the local honeycomb
structure and the overall structure of the RC wall). The main conclusions are as follows:

(1) The modelling method for HSP-RC walls established in this article can accurately
simulate the pendulum impact test of an actual HSP-RC wall, using the concrete
damage ratio parameter in the simulation to accurately describe the degree of damage
of the RC wall.

(2) The honeycomb sandwich layer significantly reduces the width and total length of the
main cracks on RC walls. The corresponding manifestation in the simulation results
is that the honeycomb sandwich layer can reduce the damage to the concrete of the
RC wall after impact, and the reduction in concrete damage can reach more than
half. Therefore, the porous energy-absorbing layer can effectively provide impact
protection for reinforced concrete structures.

(3) The modelling method adopted in this paper can only focus on the protected struc-
ture’s dynamic response, damage, and failure. It cannot be used for the special study
of the honeycomb core’s energy absorption mechanism. Suppose it is necessary to
improve or focus on researching the energy absorption characteristics and energy
dissipation mechanisms of the honeycomb and the sandwich structures. In that case,
impact compression tests, small-scale drop weight tests, and Split Hopkinson Pres-
sure Bar (SHPB) tests must be conducted on honeycomb and honeycomb sandwich
panel materials.
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