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A B S T R A C T   

Sandwich structures are fast becoming prevalent in engineering fields due to their maximal 
stiffness coupled with minimal mass. However, additional to the commonly examined impact 
responses, which are more threatening versus those of static, the highly destructive repetitive 
impact loading is the more realistic condition evident in applications. Also, numerous failure 
modes have been observed but not well characterized for the sandwich structural configurations. 
This article, therefore, reviews the recent research advancements in the responses of sandwich 
structures subjected to low-velocity impact under both single and repetitive loading cases. The 
definitions of low-velocity impact are first discussed to provide the scope of this review, i.e., 
described as ≤ 100 m/s by different sources. The general impact performance metrics are then 
presented with the prospect of introducing an overall impact behavior appraisal by combining 
these terms into one non-dimensional index as recently published. Additionally, the paper offers 
an outlook on the common failure modes of sandwich structures, the relevant mode maps for 
failure type identification, and the factors that influence the structural responses under low- 
velocity impact. The main influencing factors of low-velocity impact responses comprise face
sheet and core geometrical and material configurations, impactor characteristics, hydrothermal 
effects, and support conditions while less affected by the loading rate. Facesheet or core crushing, 
facesheet or core buckling, and delamination have been identified as the main failure modes 
regardless of due to single or repetitive impact, with indentation, penetration, and perforation 
being more central to the latter. Besides, several good practices for the typically employed finite 
element approach for investigating sandwich structures under low-velocity impact are summa
rized and recommended. To underline, the parametric ranges covered in this review include 
applied impact energies of 0.06 – 360 J, impact velocities of 0.5 – 34.2 m/s, with repeated impact 
numbers up to 400 times, resulting in absorption energies of 0.01 – 396.3 J, and the determined 
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impact resistance efficiency indices within 0.57 – 143.73. The general observations of main 
findings summarizing impact resistance benefitting configurations and potential future directions 
of sandwich structure development are next laid out to motivate further studies.   

1. Introduction 

For the past several decades, the applications of sandwich composite structures have gained appreciable popularity, especially in 
fields such as civil infrastructures as well as aerospace, mechanical, and marine engineering [1–10]. Even though greatly considered as 
just recently developed, sandwich structures had long been employed and their concept can be traced back in 1849 to Fairbairn [11, 
12]. The most popular first key employment of sandwich structure design is often attributed to the Mosquito aircraft in the second 
World War although there were many other applications before that [13]. In literature, the first scientific paper concentrating on the 
in-plane loading behaviors of sandwich panels was authored in 1944 by Marguerre [14,15]. Sandwich structures with a honeycomb 
core are broadly applied in aerospace for constructing the external and interior bodies of military and commercial spacecraft since 
their lightness reduces the consumption of fuel [16]. In the automotive industry, sandwich structures are used in vehicles to absorb 
energy thereby protecting occupants against injuries in traffic accidents [17]. Despite all these attractions, only fairly recently are 
sandwich structures broadly adopted in civil engineering projects, for instance, in stairs, bridge decks, landings, piers, piles, beams, 
columns, walls, and roof claddings [18,19]. 

The contemporary increased research and development tractions in sandwich structures are attributable to their considerable 
lightness, high flexural and transverse strength, and good resistance to corrosion [20,21]. Furthermore, sandwich structures are 
specifically efficient for absorbing large amounts of energy under impact loads [22]. In essence, a sandwich structure contains the 
bondage of a thick core placed between two thin and stiff facesheets as shown in Fig. 1 [23]. The facesheets or skins are bonded to the 
core with an adhesive, the assemblage of which is normally cured using heat and pressure, although some adhesives can solidify at 
room temperature [24]. These layers are usually of different properties and relatively weak while flexible independently. It is well 
known that the connecting constituents are the weakest link in structural assemblies [25]. When assembled, the product can exhibit an 
enhanced performance more so than the individual constituents. The skin material provides axial stiffness to the structure whereas the 
core acts as an energy-absorbing layer. In other words, the facesheets carry the bending loads while the core handles the shear loads. 
The skin material types for the sandwich structures can vary a great deal; the most common ones are steel, aluminum, and 
fiber-reinforced composites. The core can exist in several structural and material configurations such as foams, honeycombs, and 
lattices [26]. Continually-expanding nature of the studies in sandwich structures has widened hugely the design scope in the current 
trend towards the employment of quasi-isotropic textile composite skins [2,9], silica aerogel infill for thermo-acoustic absorption 
efficiency [3], novel bioinspired designs [5,6,27–32], foldcores [33,34], tube reinforcement [35], metal laminated facesheets [36,37], 
carbon nanotubes [38], 3D printed components [39], functionally graded skins [40], considering induced dents [41], as well as 
enhanced interest in repeated impact responses [7,42–44], to simply list a few. 

Being an efficient absorbing system, sandwich structures often experience loadings of dynamic nature, e.g., impacts, blasting, 
vibrations, etc. Low-velocity impact loads are of special research interest as the resulting appearance of damage zones is often hard to 
identify [6,45,46]. Since impact loads infer more destructive effects while also being the commonly occurring conditions in appli
cations, extensive works have been devoted to studying their inflicted responses and therefore resulting in diverse improvements of the 
structures. Impact is an instantaneous event where the exerted load intensity is several times higher than if applied statically [6]. 
Owing to great susceptibility to impact damage, sandwich structures in the past few decades have seen various novel designs with the 
continual influx and iterations of new configurations for enhancement in resistance against this particular load type [47,48], thereby 
they form an active research category in the technological advancement of structures. Thus, focused subjects of study include but are 
not limited to contact responses between the impactor and loaded material surface, structural impact behaviors, failure modes, 
post-impact residual properties, high-velocity impact characteristics, and soft body impactor effects. As a result, studies on 
impact-resistant sandwich structures remain one of the top examined subjects with the aim of achieving the highest possible energy 

Fig. 1. Basic sandwich structure and its principal constituents.  
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absorption and crashworthiness in many engineering applications [16,48]. 
Accredited with an ever-broadening amount of research in the aforementioned aspects, this paper reviews how sandwich structures 

respond to single and repetitive impacts of low-velocity intensity. Such knowledge is crucial in understanding both the single and 
repetitive impact characteristics of sandwich structures to help analysts, designers, and practitioners to better anticipate, predict, and 
construct them at the site. Existing review papers on composite and sandwich structures such as [49–52] have discussed exclusively 
and expansively the single low-velocity impact of these structures. No review paper has thus far shed the light on the responses of 
sandwich structures under repetitive low-velocity impacts. Therefore, in terms of novelty, this paper is the first to review the existing 
scientific efforts in evaluating the repetitive low-velocity impact performances of sandwich structures for various skin and core types. 
The general evaluation metrics used to understand the impact behaviors of sandwich structures are then presented to offer an overview 
of the engineering terms adopted to examine their performance. Since diversity in impact responses is available thus making a direct 
comparison between designs difficult, an overall impact resistance index has been proposed for future comparative study purposes. 
This review also examines and discusses the failure modes experienced in the presence of single and repetitive impacts as well as failure 
maps constructed by previous researchers to predict the potential damage mechanisms. The commonly practiced finite element 
modeling choices complying with the observation of findings from both single and repetitive impact loading environments to ease 
decisions in simulation works are also presented. Gathering outlooks from these discussions, general observations of the typically 
witnessed findings are summarized, from which some of the prospective future directions are highlighted for the next phases of 
advancement in sandwich structure investigations and improvements. Since the most current review on the single low-velocity impact 
characteristics of sandwich structures was conducted in 2011 [49], this article will also cover the research studies on the single 
low-velocity impact between then and 2022 from the perspectives of both experiments and simulations. High-velocity impact and 
blasting responses of sandwich structures are, therefore, beyond the scope of the current review. 

2. Definitions of low-velocity impact 

Impacts are fundamentally classified in dictation by velocity into two types: low- and high-velocities impacts. There is, however, no 
clear dividing description that separates these two categories since no consensus has been reached by researchers on their definition. 
This is evident in varying descriptions in defining low- and high-velocities by different authors. Hancox [53] defined impact as the 
instantaneous application of force to a part of a structure. Yaghoubi et al. [54] suggested that a low-velocity impact has a loading rate 
from 1 to 5 m/s. Cantwell and Morton [55] described it as an impact with a velocity of lesser than 10 m/s. Abrate [56] defined a value 
of lower than 100 m/s as a low-velocity impact. Furthermore, Robinson and Davies [57] and Davies and Robinson [58] characterized a 
low-velocity impact as an incident where there is no noticeable role of the through-thickness stress wave in the stress distribution. The 
covered impact velocity range gathered from the articles for the current review is 0.5 – 34.2 m/s [59,60]. 

Under low-velocity impact, Davies and Robinson [58] asserted that a cylindrical zone beneath the impactor experiences a uniform 
compressive strain (εc) when the stress waves start to propagate through the plate, which can be expressed as: 

εc =
impactorvelocity

speedof soundinthematerial
(1) 

Forwarding from these low-range velocities, the high-velocity impact is described as a loading rate of up to 1 km/s. The hyper
velocity impact, which is more relevant to extra-galactical debris, possesses a rate typically in the range of 2–5 km/s [48]. Generally, 
the impact phenomenon can be categorized into two responses. The first response is based on the structural deformation, while the 
second one is on the loading behaviors, i.e., velocity, mass, duration, and type of impactor. 

3. Assessed responses 

Impact responses are commonly assessed through long-established techniques via the plotting of structural relationships, for 
instance, force-time, displacement-time, velocity-time, acceleration-time, force-deformation, and derived from these are energy-time 
and the famous product from the graph, absorbed energy. The chief response customarily determined by means of either numerical or 
experimental approaches is the force history of the impact incident. The force can be determined experimentally through the inte

Fig. 2. Typical force-deflection curves: (a) impactor rebound (b) penetration (c) complete perforation.  
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gration of the deformation history or interpretation of the acceleration history produced by the accelerator or simply read by the force 
transducer attached to the specimen under study. The force-deformation plots in the presence of low-velocity impact typically take the 
forms revealed in Fig. 2 [61]. The curve loops somewhat back to the origin if there exists a rebound of the impactor. If instead, the 
impactor penetrates through the structure, the curve progresses away to the right side of the peak value during unloading with a small 
plateau region near the end of the unloading phase for full perforation, characterizing the friction between the impactor and structure. 
A penetration with no perforation is represented by the return of the curve back to F = 0 after a certain post-peak deformation. 
Energy-absorbing ability is the next most obligatorily assessed impact behavior of sandwich structures. The engineering parameter is 
commonly derived from the plateau value of the energy-time relationship as depicted in Fig. 3 [61]. The energy-time curve is itself 
obtained from the area under the graph of force-deformation or through progressive velocity in accordance with the period as 
expressed below. 

E =
mI

2
[
v1

2 − v2
2] (2)  

where mI is the mass of the impactor while v1 and v2 are the initial and time = t impact velocities of the impactor, respectively. From the 
energy-time curve, the total impact energy consists of rebound and absorbed energies (Er and Eabs, respectively). Eabs generally surges 
with impact velocity and transverse stiffness of panels [61]. In terms of impact performance, high energy absorption is considered a 
superior and preferred behavior. This is, however, offset at the cost of the irreversible deformation of the considered structures in terms 
of energy dissipation through numerous damage forms like fiber fracture, matrix crack, core buckling or shearing, core crushing and 
yielding, delamination, etc. This review finds from the current papers list the employment of the applied impact energies and ab
sorption energies in the ranges of 0.06 – 360 J and 0.01 – 396.3 J, respectively [62–64]. 

Appraising the impact behaviors of sandwich structures with the aforementioned relationships independently can be less whole
some in the behaviors evaluation study as a specimen can have higher energy absorption but at the same instance experiences a great 
degree of damage as well. In any impact event, the objective of achieving the desired good performance of a proposed resisting 
structure is by having a high peak impact force and energy absorption while keeping the damage area, maximum stress, and mass as 
low as possible. A unifying concept has been proposed by Kueh et al. and Abo Sabah et al. [4–8] through the non-dimensional overall 
impact resistance efficiency index, Ie, formulated as 

Ie =
EabsFmax

Adgmbtσmax
(3)  

where Ad is the area of damage, Eabs is the absorption energy, Fmax is the maximum contact force, g is the acceleration of gravity, mb is 
the mass of the sandwich structure, t is the structure’s entire thickness, and σmax is the maximum stress. For comparative purposes, the 
use of Ie is, thus, fair amongst sandwich structures under study due to its non-dimensional feature, which is regularized by the mass and 
thickness of compared specimens. The greater the Ie term, the better its overall impact performance is. Ie found from the current articles 
fall in the range of 0.57 – 143.73 [6,7]. 

4. Low-velocity impact load types 

Within the realm of low-velocity impacts, the investigation of structural behaviors can be carried out from the viewpoints of single 
and repetitive impacts. Figs. 4 and 5 depict the typical low-velocity experimental setups for measuring the structural responses of 
tested samples [65,66]. Two chief components are essential; (1) the impactor’s behaviors as measured with load cell, accelerometers, 
or digital dial indicator in evaluating the applied force and acceleration and the data acquisition device to gather, register, and process 
the numerical information as well as (2) specimen deformation, the responses of which are captured and recorded either with a 
high-speed camera or strain gages before collected and processed with the data acquisition or computer using certain software. 

4.1. Single impact 

The existing stock of studies on singly impacted behaviors of sandwich structures is extensive. The existing review papers on 

Fig. 3. (a) Force history and (b) energy history relationships of the sandwich structure under impact load.  
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various aspects of sandwich structures have covered notoriously this particular loading behavior [48,49]. Therefore, listing all 
available studies on single impact behaviors of sandwich structures is not attempted nor should be anticipated here. Rather, only the 
chief characteristics along with relevant references are discussed. Sandwich composite structures may experience single impacts 
during fabrication or in service. Most of the previous studies on sandwich structure responses to low-velocity impacts had concentrated 
on the single-hit impact at various impact energy intensities [6,67–69]. Although a single impact, especially that of a low energy level, 
may not typically cause visible damage to the sandwich structure [70], the load potentially reduces the residual strength [71]. 

In general, sandwich structures can be classified based on their general skin material and core design. Metallic and polymeric foams 
have been widely employed as sandwich cores due to their beneficial energy absorbance. Rajaneesh et al. [72] reported that the 
Polyvinyl Chloride (PVC) foam fails either by a core shear plug or a blend of conoid failure and shear plug. Hazizan et al. [73] revealed 
that the skin and core materials do not demonstrate any loading rate sensitivity for sandwich structures with polymeric foam in the 
presence of impact. Zhou et al. [74] witnessed that the perforation capacity of the polymeric foam core of sandwich plates subjected to 
the low-velocity impact depends chiefly on the properties of the core. With expanded polystyrene (EPS) foam core, its density was 
unveiled by Caliskan and Apalak [75] as more efficient in the impact energy absorption, and there was an increase of plastic dissipation 
energy in the facesheets. He et al. [76] concluded that the maximum impact load of aluminum honeycomb core panels is greatly 
affected by the side length of the core and cell wall thickness but the variation in core height inflicts negligible effect. The more rapid 
absorption of impact energy with largely reduced top skin deformation are the advantages found in sandwich structures with hon
eycomb voids infilled with metallic tubes vs those without [35]. 

Being one of the variants of a 2D periodic core, auxetic honeycomb structures as reentrant core are intriguing for numerous ap
plications due to their excellent impact absorption response. For the same areal density, size, and material, Zangana et al. [77] unveiled 
that continuous fibers between adjacent cells of multicell corrugated core uplift the impact resistance of their proposed sandwich 

Fig. 4. Typical layout of low-velocity test setup. 
(Adapted from [65]). 

Fig. 5. Incident facesheet residual depth measurement using a high-precision micrometer gauge. 
(Adapted from [66]). 
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structures and that the trapezoidal variant displays better specific strength vs. regular honeycomb, foam, and truss cores, the sequence 
of deformation of which can be witnessed due to different kinetic energies in Fig. 6. It can be observed that an increase in impact energy 
from 25 J to 40 J raises the peak responses of both impact force and absorbed energy. A recently proposed s-shaped foldcore sandwich 
structure reveals greater impact strength in the case when the impactor diameter is larger than the cell span [33]. 

Qi et al. [78] found that combining a steel plate and an auxetic sandwich panel containing honeycomb cores with hexagonal 
re-entrant cells is superior to that of conventional honeycomb cores. Corrugated cores, such as triangular, rectangular, and trapezoidal 
types, have been instrumental in the development of sandwich structures in offering excellent impact energy absorption and resistance. 
The damage of sandwich structures with trapezoidal corrugated aluminum core and carbon fiber reinforced polymer (CFRP) facesheets 
due to low-velocity impact relies strongly on the impactor geometry, location, and energy resulting in fiber fracture, matrix crack, and 

Fig. 6. Sandwich impact test at low-velocity with three different kinetic energies of ~ 25 J, 33 J, and 40 J as well as force-time responses in (a) 
through (c) and the corresponding images taken at maximum displacement in (d) through (f). 
(Adapted from [77]). 
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delamination of the skins with core buckling [79]. Impacted by metal foam projectiles, Rubino et al. [80] witnessed that stainless-steel 
sandwich beams integrated with a Y-frame/corrugated core display better impact performance than monolithic materials. This is 
attributed to the strengthening mechanism by means of inertial stabilization in the core members [81]. The metal foam and corrugated 
core for sandwich beams demonstrate the best impact performance vs. that of stainless-steel sandwich type under metal foam pro
jectiles [82]. 

In contrast to the 2D periodic cores, the 3D types enhance the impact responses by offering a set of core cavities for cellular foams 
infill. The post-impact residual tensile strength of sandwich structures containing the carbon fiber composite latticed core can be 
classified into several stages corresponding to impact energies and amplitudes, via the influence of different stacking sequences [83]. A 
slight rise in the maximum impact load and shorter contact duration was observed in the PU foam-filled pyramidal lattice core 
sandwich plates [84]. Two-phase energy absorption advantage can be spotted in sandwich structures with textile-reinforced composite 
foldcores, thereby opening wide options for the altercation of impact performance through the constituent and shape variations in 
design [85]. Significant enhancements in initial damage initialization load and energy absorption with reduced damage area can be 
achieved by adding pins in hybrid foam-filled honeycomb sandwich structures to better resist low-velocity impacts [86]. He et al. [87] 
revealed that the X-frame metal core maximizes the specific flexural stiffness and impact resistance of sandwich structures with CFRP 
skins and alloy aluminum cores. 

Using different facesheets and core thicknesses, Tan et al. [88] examined the responses of sandwich beams under a single impact 
and observed that the core shear is the prominent failure state. Fig. 7 displays the plastic hinges formed due to core shear failure under 
impact in their evaluated specimens. These plastic hinges aid in amplifying the impact resistance of their assessed structures. Addi
tionally, an inclined core crack, typically about 45◦ from the main beam axis, can be noticed especially in specimen D-3, which is 
common for shear failure under flexural load. Zhang et al. [89] investigated the foamed sandwich structures subjected to a single 
low-velocity impact and discovered that their perforation resistance is proportional to the density of the foam. With a stacking 
sequence of [ ± 45/core/ ± 45] where core = balsa wood or PVC foam, Atas and Cevim [90] identified that balsa core specimens 
exhibit higher stiffness than those with PVC core, the former of which experiences greater contact force but lower deflection at small 
impact energy levels. But, for the balsa core sandwich structures, attributed to relatively poorer bondage between the glass/epoxy 
facesheet and balsa wood, the dominant damage mode is the facesheet-core debonding alongside fiber flexural breakage as the impact 
load increases. 

Compression after impact (CAI) behaviors of sandwiches are among the widely examined responses attributed to significant 
damage like debonding in assemblage incurred after exposure to impact. The corresponding structural reaction is a compilation of 
several nonlinearities: (1) geometrical non-linear characteristics due to the neutral plane shifting by the resulted dent, (2) material 
nonlinearity in the core, and (3) plastic or damage response of the facesheets [91,92]. Post-impact, sandwich structures are more 
vulnerable to compression specifically when loaded along the axial direction as debonding, even if small in intensity, can be further 
enhanced. Ye et al. [93] noticed that with the same thickness, the residual strength of honeycomb sandwich plates under the 
quasi-static indentor load is lower than that of low-velocity impact but more similar to that of repetitive quasi-static indentation and 
that the damage is better defined by volume than by thickness. The corresponding normal strain distributions during indentation in the 
rear facesheet are revealed in Fig. 8 under 8.5, 10, 11.5, and 13 mm drop displacements (Fig. 8(a), (b), (c), and (d), respectively). The 
normal strains are distributed in terms of butterfly-like shapes in the x-direction (Fig. 8(a-1) to (d-1)) while occur bulbous in the 
y-direction (Fig. 8(a-2) to (d-2)). Both the x- and y-directions strains are symmetrically divided, with the left and right sites of the 
central line in the former under compression and tension, respectively. The central area for strain in the y-direction experiences tension 
while those above and below are in compression. Yang et al. [94] reported that sandwich panels with carbon fiber (C) facesheet have 
degraded impact performance compared with those with glass fiber (G) sheets. Moreover, the hybridized panel with a stacking 
sequence of [C2/G2/Foam core/G2/C2] offers greater peak contact force and absorbance by having carbon fiber as the sacrificial 
component during contact, i.e., when it is placed near the outer position. 

Reductions of 18% and 30% compressive strength in aluminum honeycomb sandwich panels were found by Tariq et al. [41] in the 
occurrences of 10 mm and 15 mm diameter dents, respectively. Impact damage correlates directly with impact energy whereas CAI 
strength is related inversely for sandwich plates with aluminum facesheets and Nomex honeycomb core [95]. For aluminum alloy 5754 
sandwiching aluminum 3003 core panels, the facesheet thickness influences the impact behavior the most but the core thickness 

Fig. 7. Core shear failure of sandwich beams under a single impact velocity. 
(Adapted from [88]). 
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imposes a negligible effect on the strength [96]. To handle cracks formation on the lower surface of plywood structures, Yellur et al. 
[97] optimized the utility vehicle segment and found that at an impact energy of 100 J, a honeycomb sandwich board with the 
[0/90/90/0/core/0/90/90/0] arrangement mode performs the best under low-velocity impact. 

In expanding the design envelope, bio-inspired concepts are gaining strong traction in the development of novel sandwich 

Fig. 8. Distributions of normal strain in the rear facesheet of honeycomb sandwich plates: in the x-direction from (a-1) to (d-1) and in the y-di
rection from (a-2) to (d-2) where (a) – (d) designate drop displacements of 8.5, 10, 11.5, and 13 mm, respectively. 
(Adapted from [93]). 
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structures recently. The lightweight sandwich structure with the double-sine corrugated cores as inspired by peacock mantis shrimp’s 
dactyl strike was observed to enhance the energy absorbance via a reduced initial maximum load vs. the conventional sinusoidal, 
triangular corrugated core types [98]. Abo Sabah et al. [6] proposed a woodpecker head-inspired sandwich beam configuration with a 
superiority of 2.7–5.7 times greater impact resistance efficiency than conventional design. Sandwich honeycombs made with carbon 
fiber based on the recurrent zone of the dactyl club exhibited 60.9% and 106% improved contact forces in contrast to honeycomb 
sandwiches with plain-woven and unidirectional skins, respectively [28]. An upgraded impact performance can be similarly found in 
the same design but with basalt fiber [27]. Wu et al. [99] modeled physically the honeycomb core CFRP panels based on the turtle’s 
shell with the observations that there is more impact energy absorption but a smaller highest load compared to conventional sandwich 
configuration. By inserting small pipes at junctions of the honeycomb core wall, beetle forewing-inspired sandwich panels illustrated 
up to five times greater compression and energy regulation than the conventional honeycombs [100,101]. Using the design of the 
mollusk shell nacre, better regulation of load as well as lowered fiber damage and laminae delamination were witnessed in plates with 
changing interlocking and undulating laminates [29]. 

Plants have also provided rich inspiration for engineering structure designs. By inspecting the mechanical features of the tropical 
spiky fruit, durian, San Ha et al. [31] observed theoretically that its round combined with thorny profile and mesocarp materials 
portrays great energy absorption, a beneficial feature for packing applications. Following the design of macrofiber reinforcement 
organization of Palmetto wood, Haldar and Bruck [102] found a growth in elastic energy absorption and bending strength in the foam 
core fused with pultruded carbon bars. Furthermore, amplifications in rigidity, maximum load, and energy absorbance were seen in 
the sandwich plates with the leaf configuration mimicry [32,103,104]. An enhancement in crashworthiness was found in coconut 
mesocarp core sandwich designs vs. those with corrugated metal [105]. 

4.2. Repetitive impact 

In real life, structures are not only subjected to single impact loadings. Rather repetitively loaded conditions are more common
place. For instance, marine structures are often prone to repetitive impacts when being slammed by water currents. Pile caps expe
rience fracture and damage when being driven into the soil as a result of repetitive impacts caused by the hydraulic hammer. 

Fig. 9. Damage of sandwich composites made from foam core and balsa when struck with an impact energy of 30 J. 
(Adapted from [90]). 
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Furthermore, floors of factories, heavy good stores, and laboratories possess high damage tendencies when being impacted by heavy 
objects and tool drops. According to a collision survey, ships and offshore structures both experience repetitive impacts other than 
waves. From 1976 through 1982 in the United Kingdom alone, 107 collision incidents occurred in the North Sea as the ships arrived or 
left the offshore structures [106]. Therefore, repetitive impacts are of great concern for various practical reasons. However, little is 
known about the behaviors of structures in the presence of such loadings. 

Repetitive impact behaviors of sandwich structures are a fairly recent investigation subject. Thus, the relevant responses are 
relatively new. Atas and Sevim [90] investigated physically the reaction of glass/epoxy composite sandwiches with cores of PVC foam 
and balsa wood in the presence of repetitive low-velocity impacts. As shown in Fig. 9, the damage modes caused by repetitive impacts 
are: top and bottom skins fiber fractures, core fractures, debonding between skins and core, and delamination of the glass/epoxy 
sheets. It has been reported that specimens experience the first catastrophic failure, which is initiated from the impacted site. Also, the 
delamination oriented in the fiber direction of the top facesheet second layer becomes more intense in the foam core sandwich 
structures. In comparison, the damage region is concentrated around the top facesheet impacted area in balsa core sandwich samples. 
The absorbing energy and moment parameters of sandwich composite structures due to low-velocity repetitive impacts were calcu
lated by Torre and Kenny [107]. It was concluded that the decrease in the energy absorption during the impact event is compensated 
by the reduction produced by the moment channeled to the bottom skin. It was found that by decreasing the impact energy, the impact 
number causing full perforation is increased. Balcı et al. [108] experimentally examined single and repetitive impact reactions of 
repaired sandwich structures with honeycomb core used in Airbus cargo boards. Their results showed that the repairing process in
creases the panels’ damage resistance and the load capacity (230% increase). 

Abo Sabah et al. [7] proposed a new bioinspired sandwich beam to enhance the low-velocity repetitive impact performance of 
sandwich structures. Their bioinspired sandwich beam proves to be more effective in resisting both single and repetitive impacts than 
the conventional design. Ozdemir et al. [109] assessed the low-velocity repetitive impact resistance of a bio-sandwich with E-glass 
fiber laminas and balsa core with the finding that the perforating number of impacts is inversely proportional to the impact energy. The 
work also introduced an equation to determine the number of impacts causing full perforation of the sandwich structure. Guo et al. 
[110] also found that the elastic energy increases with the impact number whereas the plastic deformation is inversely proportional to 
the impact number. 

In general, the damage exerted by repeated impacts is best described by volume rather than by depth as the residual strength 
declines with the increase in damage volume at the same damage depth [93]. For honeycomb core sandwich structures, the 
compressive deformations broaden gradually before reaching densification. Both top and bottom facesheets play an essential role in 
repeated impact energy absorption. The bottom facesheet deformation mode shifts from the global bending, which is common for a 
low-velocity impact response, to the coupling of the global bending and local indentation. Furthermore, the accumulation of plastic 
deformation and energy absorption under repeated impact loads can be effectively modulated by the wall thickness and length of 
honeycomb cells as well as the facesheet thickness [110]. For higher impact energy values, it is found that both sandwich composites 
with either foam or balsa core attain nearly the same repeated impact number to perforation. On the other hand, as the impact energy 
decreases, the number of repeated impacts until perforation rises for foam core samples vs that employing balsa wood [90]. It is noted 
that the repeated impact numbers conducted by the currently reviewed works cover that up to 400 times [90]. Most repeated impact 
numbers are carried out up to 10 times only [110–112]. 

5. Factors influencing the impact responses of sandwich structures 

Low-velocity impacts can cause damage to facesheets, core, and the facesheet-core interface as discussed earlier. Unfortunately, 
these damages are oftentimes barely visible under crude inspection. Even so, their effects on reducing the strength and stiffness of the 
material are rather significant [113]. Therefore, the next series of subsections aims to present some of the factors that influence the 
impact responses of sandwich structures. 

5.1. Thickness and stacking sequence of the facesheet 

A surge in the number of impacts extends reasonably the matrix cracking, fiber failure, and delamination of laminated assembly 
[114]. The front and back facesheets of sandwich plates respond distinctively to the increase in impact numbers and impact energy 
where there is greater deterioration in the residual load capacity of the front facesheets than those of the back [63]. Atas at el. [115] 
studied the impact behavior of foamed sandwich composite boards with diverse skin thicknesses under impact. It was found that 
increasing the skin thickness raises the sandwich’s impact resistance thereby allowing the structure to deflect more before reaching 
failure. It was also noticed that increasing the skin thickness leads to a linear increase in the perforation threshold. Wang et al. [116] 
reported that increasing the thickness of the skin of a sandwich panel causes a decrease in the absorption energy-impact energy ratio 
and contact period and a rise in the peak load. Huo et al. [64] identified that skin thickness has a significant influence on the me
chanical response of a sandwich structure due to impact loading whether the material of the skin is ductile or brittle. The facesheet 
thickness does not only influence the mechanical behavior of the sandwich but it significantly influences the overall impact perfor
mance of the sandwich structure [75,117,118]. Therefore, it can be gathered that increasing the thickness of the skin will make the 
structure more resistant to impacts. However, it will compromise the mass of the structure. Therefore, new research aiming to produce 
special formulas or maps to optimize the relationship between the skin thickness and the mass of the sandwich structure is of great 
applicability. 

Mohmmed et al. [119] studied the impact reaction of foamed sandwich composite panels with various stacking sequences under 
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impact. It is noticed that the skin stacking sequences influence the impact peak load and failure mode of the sandwich structure. Yang 
et al. [94] also noted that the stacking sequence greatly influences the damage mode of sandwich structures under low-velocity impact 
loadings. This can be inspected in the resulting distinctive fracture morphologies as depicted in Fig. 10 due to different 
through-thickness skin and core arrangements. Fig. 10(I) – (VI) denote different stacking sequences of the studied specimens: 
[C4/F/C4], [C2/G2/F/G2/C2], [G2/C2/F/C2/G2], [G/C/G/C/F/C/G/C/G], [G/C2/G/F/G/C2/G], and [G4/F/G4], respectively, where 
C, G, and F define carbon fabric, glass fabric, and foam core. It is discovered that the stacking sequence of the facesheet affects the 
shape and size of delamination during the impact event as well, the two chief damage modes of which are facesheet wrinkling and foam 
buckling from the CAI test. Wang et al. [83] found that degradation of the remaining tensile strength of the sandwich structures hinges 
on the stacking sequence. Fard et al. [120] reported, however, that the facesheet stacking sequence has a minimal consequence on the 
impact force and the contact period. At 40 J impact energy, a 31.6% higher maximum load can be achieved in the inter-ply hybrid 
foam core sandwich plate vs the specimens where the carbon layer is nearing the outer surface where Kevlar interfaces with the 
facesheet [66]. 

5.2. Core thickness, density, and number 

Core materials have lower mechanical capacities compared to skins due to their low density and thus they also influence the 
damage initiation of sandwich structures [121]. The core thickness of a sandwich structure significantly controls its impact behavior 
[122] and the damage mode [123] under impact loading. For thin cores, the crushing spreads in the plane of the damage, but it 
propagates across the panel thickness in thick cores. Gunes and Arslan [124] experimentally investigated the low-velocity behaviors of 
sandwich structures containing aluminum honeycomb and constructed a realistic model to predict the consequences of the core cell 
size on the sandwich structural responses under low-velocity impacts. It was discovered that the core cell size plays a significant role in 
the behaviors of sandwich structures with aluminum honeycomb. When the cell size is reduced, both the stability and stiffness of the 
structure are improved. Ozdemir et al. [109] examined the effects of core thickness on the low-velocity impact behaviors of sandwich 
structures with balsa wood core. It is remarked that the perforation threshold rises with the core thickness. Although the thickness of 
the core enhances the impact resistance of the sandwich structure, it jeopardizes the mass of the whole structure. Increasing the core 
thickness helps increase the elastic behavior and perforation threshold of the sandwich structure. It also increases the absorbed energy. 
However, it reduces the maximum contact force [125]. Thus, it can be noted that the effects of core thickness are similar to that of the 
skin by improving the sandwich structure performance under low-velocity impacts but increasing the overall mass of the sandwich. 

The effects of changing the density of the foam core of sandwich structures attributed to low-velocity impact were assessed by 
Caliskan and Apalak [75]. It is noticed that increasing the density of the core reduces the permanent deflection of the sandwich for 
numerous impact energies as demonstrated in Fig. 11. Mcquigg and Kapania [126] indicated that core density dictates the damage 
mode of the sandwich structures under impact as well. Zhang et al. [127] explored physically and computationally the effects of core 
density on the CAI strength in sandwich structures with pyramidal truss cores. It was noticed that as the core density increases, the CAI 
strength increases too. Similarly, Hassan and Cantwell [128] investigated the effects of core properties on the perforation resistance of 
sandwich structures containing foam core under low-velocity impact loadings. It is remarked the improved toughness of the structures 
follows an increase in core density. Loganathan and Shivanand [129] stated that increasing the core density helps increase the 
sandwich energy absorption. Therefore, the core density can have a direct effect on deflection, energy absorption, and damage 
mechanisms of sandwich structures in the presence of low-velocity impacts. 

Dual-core sandwich structures have been of interest as the subject of study recently. Heimbs et al. [85] appraised the responses of 
dual-core sandwich structures with those of single-core attributed to low-velocity impact. Their dual-core was of aramid and carbon 
fiber-reinforced polymer parted by a CFRP sheet. It was found that the dual-core structure exhibits greater strength and stiffness 

Fig. 10. Foam core sandwich panels’ transverse fracture morphology after impact. Note: FB = fiber breaking, DL = delamination, and FC = foam 
cracking 
(Adapted from [94]). 
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properties. Kılıçaslan et al. [130] assessed the impact responses of corrugated and trapezoidal aluminum cores and aluminum skin 
sandwich structures. Their studied outcomes revealed that the chief deformations are the advancing fin folding of the corrugated core 
and flexure of skins and interlayers. Abo Sabah et al. [6,7] combined two different types of cores in a sandwich beam: a viscoelastic 
rubber core and an aluminum honeycomb core to boost the single and repetitive low-velocity impact performance of lightweight 
sandwich structures. Fig. 12 reveals that the damage areas of the conventional honeycomb core sandwich beams (HSB) are consistently 
much greater than their bioinspired designs (BHSB). It was found that the novel inclusion of the rubber layer reduces the damage by 60 
– 95% vs. the conventional sandwich beams at different impact energy levels. From these studies, it can be concluded that the dual-core 

Fig. 11. Effects of the foam core density for impact energies of ~ 4.5, 13, and 26.8 J on variations in the after-impact thickness of the central impact 
region (facesheet of 1 mm and foam core of 10 mm). 
(Adapted from [75]). 
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sandwich configuration is more effective in terms of impact performance than the single-core system. 
One of the exciting common reinforcement techniques to improve the stiffness of the sandwich structure and alleviate core failure is 

through-thickness stitching [131]. Lascoup et al. [132] reported that stitching greatly improves stiffness and strength capabilities as 
noticed from their performed low-velocity impact tests. It was also found by Xia and Wu [133] that stitching boosts the impact 
performance during a low-velocity impact. Lascoup et al. [134] and Samlal et al. [135] observed that cross-pattern and 45◦ stitches 
enhance considerably the impact performance of foam-core sandwich structures. 

5.3. Impactor mass, geometry, and velocity 

The effects of impactor mass, geometry, and velocity have been of major concern in many studies. It was well defined that greater 
impactor mass yields higher deflection and longer impact duration [49,136]. Fig. 13 displays the typical impactor shapes found in 
scholastic works. Flores Johnson and Li [137] studied the response of polymethacrylimide foam core sandwich structures being 
indented with conical and truncated, flat-face indentors. The conical indentors cause a smaller damage area compared to that of the 
truncated, flat-face ones. Cylindrical impactors cause more indentation than conical impactors due to mass equivalence [138]. Kurşun 
et al. [139] examined the influences of impactor profile on the low-velocity impact reaction of sandwich panels. It was found that the 
impact damage modes are affected by the impactor shape, and similar results were obtained by Liu et al. [79] for hybrid sandwich 
structures with a corrugated core. The cone-shaped impactor was found as absorbing the highest impact energy whereas the flat type 
performs the same in the perforation-free cases. The impactor shape also influences the energy absorption characteristics [130,140]. 
Wang et al. [116] indicated that the maximum load and impact energy are directly proportional to the impactor geometry while the 
contact duration is inversely proportional to the impactor size. 

Higher impact velocity results in greater contact force, deflection, and energy-absorption capability of the structure, but inflicts no 
influence on the impact duration [49,141]. St-Pierre et al. [142] examined the effects of impact velocity on stainless steel corrugated 
core sandwich panels and found that beneath 10 m/s, the inertial behavior raises the maximum impact force beyond the quasi-static 
value. However, for velocities from 10 to 100 m/s, the force equilibrium of the sandwich’s upper and lower skins is vanished. Chen 
et al. [143] developed a numerical model to inspect the effects of impact velocity on the absorbed energy and concluded that the 
impact velocity greatly influences the absorption energy of the sandwich structures. Thus, the impactor’s geometry and velocity can 
affect the damage area of the impacted structure as well as the energy absorption. 

Furthermore, existing studies have put focus on the consideration of the effects of soft body impactors. This behavior is important to 
mimic and examine the problem of bird strikes on aircraft engines in particular the sandwich-formed fan blades. While rigid bodies 
typically inflict dent that conforms to the impactor shape, a nearly uniform core crushing on the other hand is created by soft bodies 
under the impact location. Hard-body impactors are often assessed by steel balls in freefall drop testing setups. This loading type is 
more threatening to the structural strength of the sandwich structures [16]. Soft-body impactors for certification of building com
ponents include, for instance, the double twin-tire, spheroconical bag [144], accidental bird impactors [145], etc, which are poten
tially dangerous to existing sandwich structures as well as envelopes [146]. Since the applied velocities are customarily higher than 
those defined under low-velocity impacts (≥ 100 m/s), it is noted that the relevant applications are outside the scope of the current 
review [147,148]. 

Fig. 12. Damage area for different impact energies for sandwich beams containing honeycomb core (HSB) vs bioinspired design (BHSB). 
Adapted from [6]). 
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5.4. Temperature and moisture 

Impact energy absorption is greatly affected by temperature where the peak force declines with the temperature uprising [149, 
150]. At 23 ◦C, matrix damage and delamination are the governing failure modes but the main mechanisms are fiber fracture and 
severe penetration at − 70 ◦C for the front facesheet [151]. Back facesheet failure appears in terms of fiber breakage and delamination 
but only at − 70 ◦C. In terms of the core, shearing and debonding are the main issues at low temperatures. Water immersion degrades 
the material properties of sandwich structures with E-glass/epoxy skins vs. those with fiber or metal [36]. Longer water immersion 
reduces the tensile, flexural, and impact strength due to water infiltration into the fiber/matrix interface [152]. A significantly reduced 
CAI behavior was also reported for open-edge sandwich panels with foam core after being exposed to hydrothermal conditions [153]. 

5.5. Support condition 

Simple, fully fixed (clamping), and free boundary conditions are the typical edge supporting systems found in sandwich structures. 
Support conditions have been instrumental in influencing the impact response in the case of large mass impact, but negligible so for 
small mass impact. More edge restraint enhances the stiffness of sandwich structures, thereby yielding greater contact force but lower 
deflection, i.e., more damaging [6,154]. 

5.6. Loading rate 

Sandwich cores made of metallic, polymer, or foam are sensitive to loading rate under high-velocity impact specifically in small 
mass impact loading [155,156]. It was reported that near the high-speed impact definition, the load rate effects become more apparent 
in the sandwich structural responses [157]. The influence of the loading rate, which is rather low in low-velocity impact, can be safely 
neglected [49]. The difference if any does not justify the additional investigative effort within the low-velocity impact regime. 

Fig. 13. Impactor geometry: (a) flat, (b) cone, and (c) hemisphere.  

Fig. 14. Low-velocity failure modes of sandwich structures.  

A.B.H. Kueh et al.                                                                                                                                                                                                     



Case Studies in Construction Materials 18 (2023) e01908

15

6. Failure modes 

The flowchart in Fig. 14 unveils the failure types of the skin and core of sandwich structures under low-velocity impact. Single low- 
velocity impacts cause a severe reduction in the compressive strength, residual strength, and reliability of sandwich structures 
although the load does not usually produce visible damage [112]. Many studies [60,158–160] have examined the failure types of 
sandwich structures due to single impacts of low-velocity intensity. The failure mechanisms are generalized into three major modes: 
matrix cracking and fiber breakage mode, delamination mode, and core failure mode. Like laminates, damage to the sandwich 
structure’s top skin is mainly caused by the local deformation around the area of contact while its core damage is chiefly inflicted by 
the transverse contact pressure [49]. 

Fig. 15. Common failure modes for a diversity of sandwich structures: (a) Fiber reinforced polymer (FRP) facesheet/metal honeycomb core (b) front 
and back FRP facesheets fracture and perforation (plane view) (c) FRP skin/foam core (d) FRP facesheet/truss core. 
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6.1. Failure modes under single impact 

Fig. 15 depicts some commonly observed failure modes that appear in numerous distinctive designs of sandwich structures under 
impact loads. A skin under low-velocity impacts is prone to several failures: matrix, fiber, delamination, and indentation. Debonding 
may also occur between the skin and the core of the structure [49]. The core failures are various depending on the types of design hired 
on the structures. Core shear, buckling, crushing as well as members buckling and fracture are just some typically noticed kinds in the 
presence of impacts. 

Table 1 summarizes some of the previous studies on single low-velocity impacts of sandwich structures and their associated modes 
of failure. Irrespective of their location, the steel foam cores of sandwich panels subjected to low-velocity impact typically fail by shear 
plug [72]. It has been witnessed that the principal damage state under low-velocity impact is delamination for hybrid corrugated core 
sandwich structures. Furthermore, fiber breakage and matrix damage caused by flexural load and indentation are the governing failure 
types as impact energy increases [79]. 

Wang et al. [161] and Morada et al. [122] reported that the skins of their sandwich structures experience matrix crushing. The 
matrix failure can be either cracking or crushing. Matrix cracking predominantly occurs before the other modes due to the properties 
mismatch between the fibers and the matrix. It initiates in the form of cracks parallel to the direction of the fibers, and sometimes 
debonding between the matrix and fibers may occur. A particular crack form called “shear cracks” can appear under the edges of the 
impactor. Cracks often form in the outer sheet of thick composite skins attributed to the huge contact stresses under the impact. On the 
contrary, the bottom sheet of thin composite skins experiences cracks in such incidents due to bending stresses. Due to the increased 
energy of impact, the propagation of cracks can reach the interface of the succeeding layer. Then, the interfacial matrix cracks develop 
to generate interlaminar stresses that subsequently allow the manifestation of delamination. With increased energy, fiber breakage 
often advances the development of the indentation on the surface of the top skin, which leads to eventual serious damage. 

The facesheet fiber of composites can also have two forms of failure: breakage and micro-buckling. Fiber breakage is a common 
mode of failure in sandwich structures, and it is mostly accompanied by matrix cracking and/or debonding [162]. Wang et al. [161] 

Table 1 
Mechanisms of damage of sandwich structures under single low-velocity impacts.  

Type of facesheet Type of core Initial Impact Energy 
[J] 

Type of failure Refs. 

Plain weave carbon fabrics A closed-cell polyurethane foam 7.5–30 Matrix crack; Matrix crushing; 
Fiber micro-buckling 

[161] 

Aluminum 2024-T3 Balsa wood; 
Cork; Polypropylene honeycomb; 
Polystyrene foam 

43, 85, and 120 Debonding; Core cracking; 
Core crushing 

[169] 

T350 carbon fiber reinforced polymer 
(CFRP) 

Dual-core (aluminum honeycomb and 
rubber) 

7.28, 9.74, and 12.63 Matrix cracking [6] 

CFRP Aluminum alloy 10, 20, and 50 Fiber breakage; Matrix 
cracking; 
Delamination; Debonding; 
Indentation 

[79] 

Woven Kevlar fabrics PVC foam 10, 20, 30, 40, 50, and 
60 

Matrix cracking; Fiber 
breakage; 
Core indentation; 
Delamination 

[159] 

CFRP Nomex honeycomb 22.25 Matrix cracking; Delamination [170] 
CFRP 2A12-T4 aluminum 5, 10, 20, 40, and 70 Matrix cracking; 

Delamination; 
Indentation 

[71] 

CFRP AA3003 aluminum alloy 5, 10, and 40 Matrix cracking; Fiber 
fracture; 
Core crushing 

[76] 

Woven fabric cloth Foam 30 Matrix cracking; Debonding; 
Fiber breakage; Buckling  [94] 

Glass fiber reinforced polymer (GFRP) Foam 35 Matrix cracking; Fiber 
breakage; 
Delamination; Indentation 

[60] 

E-glass fabric PVC foam 30 and 60 Matrix cracking; 
Delamination; 
Buckling 

[171] 

Weaved carbon fabric Foam 5, 15, and 25 Matrix cracking; Foam 
cracking; 
Delamination; Penetration 

[166] 

CFRP Aluminum honeycomb 28.9 Matrix cracking; Fiber 
breakage; 
Indentation 

[172] 

CFRP/GFRP Honeycomb 20–290 Fiber breakage; Delamination; 
Crushing 

[173] 

GFRP Honeycomb 7–50 Matrix cracking; Debonding [174]  
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observed fiber micro-buckling of 3 K T300B carbon plain fabrics when investigating the impact response of foam-core sandwich 
boards. Similarly, Li et al. [163] reported that their sandwich structure consisting of foam core and carbon fiber skins experiences fiber 
breakage in the top skin of the sandwich. Thus, it can be concluded that matrix and fiber breakage happen before the other modes 
during the impact event. 

Delamination is the separation between layers due to the loss of adhesion. It occurs in the facesheet of the sandwich structure, 
especially at higher energies [164]. Li et al. [163] reported that interfacial delamination is one of the major damage modes in thin 
sandwich structures. Delamination of the facesheet reduces the load capacity of the sandwich structure thereby causing a drop in the 
impact resistance. The main cause of delamination is the bending–stiffness mismatch between the sandwich layers and is primarily 
related to delamination fracture toughness [165]. According to Zhu and Chai [160], delamination in sandwich structures appears 
when either the bonding strength or the interlaminar shear strength is exceeded since delamination reduces the strength of a sandwich 
to less than half of the original strength [166]. It contributes significantly to the deterioration of overall structural performance. There 
are various dominant types of failure that the core of a sandwich structure can experience during a single low-velocity impact: cracking 
failure (shear), crushing failure, buckling failure, debonding, and indentation. Many studies have investigated the core failure modes 
under low-velocity impacts to seek viable solutions [59,167,168]. 

6.2. Failure modes under repetitive impacts 

Table 2 summarizes previous studies on repetitive low-velocity impacts of sandwich structures and their associated modes of 
failure. The damage mechanisms of repetitive impacts remain hugely mysterious as there are currently not many available studies. 
Some researchers have shed light on the responses of sandwich structures attributed to repetitive low-velocity impacts. Akatay et al. 
[112] reported that sandwich structures experience a significant reduction in compressive strength when subjected to repetitive 
impacts. Mines et al. [175] examined the impact behaviors of sandwich composite boards with PVC foam core and balsa wood core. It 

Table 2 
Modes of damage of sandwich structures under repetitive low-velocity impacts.  

Type of facesheet Type of core Initial Impact Energy 
[J] 

Number of 
Impacts 

Type of failure Refs. 

Glass fiber reinforced polymer 
(GFRP) 

Polyvinyl chloride 
(PVC) foam 

5, 10, 20, 30, 40, and 
50 

7 Fiber breakage; Matrix cracking; 
Delamination; Indentation 

[43] 

Al/SiC functionally graded 
plasma sprayed (FGPS) 
face plate 

Aluminum 
honeycomb 

260 4 Indentation; Cracking; Delamination, Core buckling; 
Core plastic folding deformation 

[40] 

Aluminum alloy panel Aluminum alloy 
corrugated core 

10, 20, and 40 19 for long 
span 
60 for short 
span 

Indentation; Core buckling; Cracking; Penetration; 
“Pseudo-shakedown” phenomenon 

[44] 

E-glass ± 45 biaxial stitch 
bonded non- crimp fabrics 

PVC foam or balsa 
wood 

5 – 60 0 – 400 Facesheet fracture; Matrix cracking; Delamination; 
Core buckling; Core shear fracture; Debonding; 
Penetration; Perforation 

[90] 

Aluminum alloy panel Aluminum 
honeycomb 

5, 10, and 20 3 Cracking; Indentation; Penetration [93] 

Aluminum alloy panel Aluminum 
honeycomb 

5, 7.5, 10, 15, and 20 6 Indentation; Core buckling and crushing; 
Delamination; Cracking; Penetration; Perforation 

[42] 

Mild steel Aluminum foam 54 10 Indentation; Global transverse bending; Local 
compression 

[110] 

Carbon fiber rein-forced 
polymer 

Aluminum 
honeycomb 

13.5, 15.55, and 
21.43 

5 Matrix cracking; Fiber breakage; Core shear; 
Indentation 

[8] 

Carbon fiber rein-forced 
polymer 

Aluminum 
honeycomb 

7.28, 9.74, and 12.63 5 Indentation; Matrix cracking; Fiber breakage; Core 
shear; Core buckling; Core cracking; Delamination; 
Perforation 

[7] 

Top skin: E-glass and carbon 
Bottom skin: Carbon and 
Kevlar 

CoreCell Polyvinyl 
Chloride (PVC) 

15, 17.5, and 20 27 Penetration; Indentation [177] 

E-glass reinforced 
polypropylene 

Balsa wood 10 – 80 98 Fiber fracture; Delamination; Core transverse 
fracture 

[109] 

Mild steel Aluminum foam 4.5, 9, 18, 36, 54, 72, 
90, 160, 240, 300, 
and 360 

76 Penetration; Indentation; Facesheet rupture; Core 
crushing 

[63] 

Woven 
fiberglass reinforced 
phenolic laminate 

Nomex honeycomb 1, 2, 3, 4, 5, 6, 7, and 8 162 Skin buckling; Penetration; Cracking; Core shear; 
Core crushing; Core buckling 

[108] 

Fiberglass reinforced epoxy Aluminum 
honeycomb 

3, 10, 20, 40, 50, and 
70 

81 Penetration [112] 

1Glass fabric (GL) 
2Graphite fabric 

Graphite fabric 
(GR) 
Glass fabric 

32 
32 

69 
33 

Delamination; Matrix cracking; Indentation [70] 

Annotation: Hybrid composites with 1GL/GR/GL and 2GR/GL/GR configurations 
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was found that principal damage modes are: fiber cracks at upper and lower skins, core shear fractures, delamination of adjacent 
glass–epoxy sheets, and skin/core debonding. Palazotto et al. [62] tested sandwich panels made up of graphite-epoxy material and 
steel core under a range of impact energies. The sandwich panels undergo several damages such as shear cracks, delamination, and 
debonding. Chen et al. [121] simulated the water impact loading of sandwich boat structures considering three different cores: Nomex 
honeycomb, polyimide foam, and pinned foam. Their results show that the Nomex honeycomb core sandwiches start to show damage 
at impact energies close to 550 J in the form of core crushing. The foam sandwich panels do not show any initiation of damage until the 
impact energy is beyond 1200 J. Therefore, it is concluded that sandwich structures with foam core can improve the resistance of the 
structure to wave impact. 

Abo Sabah et al. [7] investigated the failure states of a bioinspired sandwich beam under repetitive low-velocity impacts using 
different impact energies, i.e., 7.28 J, 9.74 J, and 12.63 J. This new system condenses the damage area by 50 – 80% compared to the 
existing conventional sandwich beam, with matrix cracking, core shear, and core crushing as the principal failure modes. Mines et al. 
[176] developed predictive models to observe the relation between the constituent material properties and the behavior of sandwich 
panels under repetitive low-velocity impacts. It was noticed that the perforation of the panels is dominant under repetitive impacts 

Fig. 16. Damage sequence for Coremat panel under impact. 
(Adapted from [176]). 
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irrespective of their constituent material properties. Figs. 16 and 17 show the damage sequences due to the repetitive low-velocity 
impacts for the Coremat panel and Aerolam panel (honeycomb core), respectively [176]. It can be seen that different types of core 
will significantly affect the performance of the sandwich composite structures, specifically the energy absorption parameter. A series of 
repetitive low-velocity impacts were conducted by Tan and Akil [37] on sandwich composites of metal skins and a polypropylene 
honeycomb core with the impact energies varied between 3.92 J and 19.62 J, with the primary failure modes of skin delamination and 
global bending. Balcı et al. [108] investigated the repetitive impact behavior of refurbished honeycomb sandwich structures adopted 
in Airbus cargo panels. The panels made up of fiberglass skins and Nomex honeycomb cores were subjected to different energy levels 
(1–162 J). It was reported that the panels experience full penetration, core fracture, and buckling. 

Ozdemir et al. [109] studied the behaviors of a bioinspired sandwich beam under repetitive impacts unveiling that the failure types 
are perforation, delamination, fiber fracture, and matrix breakage. Guo et al. [110] detected indentation and deflection of front and 
back skins when examining the dynamic behaviors of sandwich panels containing aluminum foam under repetitive impacts. Similarly, 
Dai et al. [42] examined the repetitive impact response of honeycomb sandwich structures using different impact energies ranging 
from 5 to 20 J with perforation as the dominating mode. The impact number, which results in full perforation, reduces as the impact 
energy increases. It is obvious from the aforementioned studies that both single and repetitive low-velocity impacts have similar modes 
of failure: Facesheet or core crushing, facesheet or core buckling, and delamination. However, indentation, penetration, and perfo
ration are more distinctively central to the failure characteristics of those under repetitive low-velocity impacts since this load type 
drastically reduces the strength of the sandwich structure. Additionally, repeatedly impacted structures commonly experience a 
catastrophic drop in compressive strength [112]. 

7. Failure mode maps for sandwich structures 

The topic of failure mode maps has not been covered by any review before. Failure mode maps are two-dimensional diagrams 
developed based on real experimental results to offer help in determining the dominantly experienced final deformations in the design 
stage. This was also recently adopted in the steel-concrete sandwich study [178]. Designers can employ these maps to predict and get 

Fig. 17. Damage sequence for Aerolam panel with honeycomb core under impact. 
(Adapted from [176]). 
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an approximate grasp of the damage mechanisms that the structure may experience under impact loading. Following the right failure 
mode, a better prediction can then be made. This makes it both cheaper and more time-saving without having to conduct a detailed 
analysis. 

The maps for failure modes of sandwich beams have been studied since the late 1980 s. Triantafillou [179] and Triantafillou and 
Gibson [180] were the pioneers in the construction of failure-type maps for sandwich structures. Triantafillou and Gibson [180,181] 
investigated the influences of the skins and core variables on the failure modes of a sandwich structure and formulated what is now 
defined as Gibson’s model. The model assumes that ductile facesheet such as aluminum and steel form plastic hinges whereas brittle 
ones like carbon fiber-reinforced polymer and glass fiber-reinforced polymer show an elastic response until failure. Fig. 18(a) depicts 
the general failure mode map developed by Zhu and Chai [160] for the CFRP facesheets sandwiching a Nomex honeycomb core. The 
chief modes portrayed include core buckling, matrix tensile damage, and matrix shear damage. 

Ductile skin sandwich structures normally experience failure in the bottom skin while the dominant failure mode of brittle 
sandwich structures is micro-buckling, which occurs in the top skin. McCormack et al. [182] and Ashby et al. [183] developed the 
failure model for a sandwich beam to estimate both the initial and peak failure loads relying on the deformation such as face wrinkling, 
face yielding, core buckling, indentation, and core yielding as generally summarized in Fig. 18(b). Yu et al. [184] modified Gibson’s 
model to develop a low-velocity impact failure map employing the quasi-static behavior of sandwich beams. Employing quasi-static 
bending tests on the sandwich beams and based on the results, a failure map for predicting failure modes of sandwich structures under 
low-velocity impacts was constructed. Three failure modes are presented on the map: face yield, core shear, and indentation. The map 
does not represent a fully realistic response of sandwich structures in the impact event since it was drawn based on a set of quasi-static 
tests. 

Recently, Abo Sabah et al. [8] produced a set of maps for failure modes of bio-inspired sandwich beams due to repetitive 
low-velocity impact based on real data from the laboratory tests as showcased in Fig. 18(c). It appears that the main modes experienced 
by honeycomb sandwich beams with added viscoelastic layer during repeated impact are indentation, core shear, as well as matrix 
cracking and fiber breaking (MCFB). All the previous studies that developed sandwich structure failure maps were restricted to data 
from the quasi-static flexural tests only even in relating failure modes to the impact incident. The failure maps produced by Abo Sabah 
et al. [8] offer great compliance to permit the strength alterations due to the degradation of component layers after each repetitive 
impact. The study also produced mathematical expressions to further facilitate the prediction of the expected failure modes. The 
accuracy of their developed maps to predict failure modes under repetitive low-velocity varies between 85.7% and 100%. 

8. Common finite element modeling (FEM) practice 

Numerical modeling is needed for the advancement of sandwich structures. Fig. 19 discloses the typical FEM modeling settings for a 
sandwich system assembly following the standardized conditions prescribed in physically performed low-velocity impact tests [185]. 
The main components are the impactor simulating the drop mass impact load, the sandwich structure model simulating the targeted 

Fig. 18. Failure mode map: (a) CFRP facesheet/Nomex honeycomb core (single impact) (b) Al facesheet/Al foam core (single impact) (c) CFRP 
facesheet/rubber core+Al honeycomb core (repetitive impact). Note:Al = Aluminum, MCFB = matrix cracking and fiber breaking, h = core 
thickness, L = sample length, R = impactor radius, and t = facesheet thickness. 
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specimen, and the clamping plates plus supports as the boundary conditions. Numerical models offer efficiency in exploring the be
haviors of both components and the entire structural assembly while decreasing both cost and time in comparison to experimental 
studies [186–188]. There exist different numerical approaches to examine the behaviors of sandwich structures. In keeping with the 
scope of the current review and due to the popularity as well as capability of finite element methods, only works relevant to these 
techniques within the recent 10 years are discussed. 

Since finite element modeling methods can be proficiently optimized and can be straightforwardly accustomed to fit any 
complicated configuration, researchers have employed numerous commercially available finite element software, for instance, 
ABAQUS, ANSYS, LS-DYNA, etc [4,5189]. to model the low-velocity impact incident of sandwich structures. Thus, finite element 
models can be deemed sufficiently powerful while regularly hired to visualize the reaction and damage states of sandwich structures 
[190,191]. 

Fig. 20 exhibits the typical sandwich beam model simulated either with shell elements, for the facesheet and honeycomb core, or 
solid elements for the honeycomb (by equivalence approach) or foam core. To model small deformations, the classical lamination 
theory can be utilized. von Kármán strains are needed for large deformations of thin laminates, by ignoring effects from the plane 
displacements. The first or higher-order shear deformation theory is obligatory for modeling thick laminates. Damage of the composite 
facesheets or core constituents is often simulated with stress- or strain-based failure criteria [34] as well as Puck, Tsai-Hill, Tsai-Wu, 
Chang-Chang, or Hashin description [6–8] integrated with the stiffness or strength degradation functionality. These models have 
incorporated the elastoplastic stress-strain expression with relevant yield and ultimate information (ductile and shear damage crite
rion) for both the composite or metal-based skin/core whose data is commonly procured from the experimental observation [6,8,142, 
167,192–194]. For the crushing of cellular core type, the crushable foam model in ABAQUS has also been employed [69,116]. The 
contact of impactor-sandwich structure can be varied depending on the availability of actual data, which are defined based on normal 

Fig. 19. FEM model of sandwich structure under the low-velocity impact. 
(Adapted from [185]). 

Fig. 20. Simulation of sandwich structure model with (a) shell and (b) solid elements.  
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and tangential behaviors, e.g., hard contact expression in the former case and frictionless or with nominal frictional coefficient in the 
latter case using the penalty, kinematic, or equation expression as algorithm [7,142]. Interfacial relations between main layers are 
often simulated with full interaction characteristics through general or self-contact by the automated realization of the solver due to 
proximity [4,42,130,142,195] or partial interaction with the interface layer in between [69,85]. 

Zhu and Chai [49] utilized ABAQUS/Explicit to model the initiation and formation of damage of sandwich structures under single 
impact loading of low-velocity intensity. Burlayenko and Sadowski [196] also hired the same software to perform the steady-state 
dynamic and free vibrations analyses of sandwich plates subjected to single low-velocity impacts. By executing Hou and Hashin 
failure criteria with the user-prescribed subroutine, VUMAT, in ABAQUS/Explicit, Santiuste et al. [197] were able to predict the 
sandwich beam modes of failure under a single impact. Their computational results of displacement and loading perfectly match the 
laboratory results. Ivañez and Sanchez-Saez [198] visualized the response of low-velocity impact of sandwich beams with honeycomb 
core using ABAQUS. The obtained results of the models were used to verify the collected data from experimental works under a single 
low-velocity impact load. Shell and solid elements were employed in meshing the core and skins, respectively. Based on the Hou failure 
criteria, the VUMAT subroutine was developed to model the skin behavior. It is discovered that the core governs the structure’s energy 
absorbance, especially at a small energy range. Griškevičius et al. [199] conducted experimental and numerical tests on honeycomb 
sandwich structures using LS-DYNA. It was found that the honeycomb core of the structure absorbs impact load more than the top skin. 
The core absorbs around 50–95% of the impact energy while the top skin absorbs around 7–35%. Due to high computational demand 
by solid elements, symmetries can be employed to simulate only a quarter portion of the structure by introducing a proper set of 
boundary conditions as demonstrated in Fig. 21 [157]. 

Heimbs et al. [85] constructed dynamic finite element models with LS-DYNA to examine the single low-velocity impact response of 
sandwich structures containing foldcores reinforced by textiles. It is revealed that the foldcore structures exhibit favorable impact 
responses. St-Pierre et al. [142], Boonkong et al. [200], Kurşun et al. [139], Xu et al. [201], Chen et al. [170], and Dimassi and 
Herrmann [202] studied the behaviors of sandwich structures due to single low-velocity impact using finite element modeling as well 
and found that simulation can be a good indicator for what occurs in the experiment and can give very accurate results and simul
taneously saves time and cost. Aluminum honeycomb sandwich panels in the threat of ice-wedge impact were studied by Wu et al. 
[203] adopting the 3D nonlinear finite element model by describing the load with a concrete constitutive model in the FE software, 
ANSYS/LS-DYNA. The plastic deformation energy of the structures as well as kinetic and fracture energies of the ice load were derived 
based on the impact energy noticing that the energy dissipation of broken ice rises substantially with the impact energy and thickness 
of facesheets, whereas energy absorption is contributed increasingly by the ice energy dissipation. To overcome the absence of 
transverse shear of using non-linear springs to model the Nomex honeycomb core of a sandwich panel with CFRP skins, Audibert et al. 
[167] introduced the compression/shear coupling in the core model with elasto-plastic-damage description for the composite skins 
using a user subroutine in ABAQUS with a good model-experiment correlation as the outcome. 

Abo Sabah et al. [7] were the pioneers who developed the finite element modeling technique for repetitive low-velocity impacts 
using ABAQUS/Explicit. The shell elements were employed to model the sandwich beams with the damage descriptions under various 
impact energies. Good agreement between modeled and measured structural responses was reported. Repetitive low-velocity impact 
loading behaviors of sandwich structures with honeycomb were also modeled by Dai et al. [42] with ABAQUS/Explicit with “tie”-type 
full interfacial interaction for 3D solid and 2D shell elements, respectively, of the aluminum skins and core with Johnson-Cook failure 
description. It was claimed that the discrepancies between the model and experiment, which elevate with the impact energy, are 
inevitable since their adopted damage model did not corroborate well with the real material from the aspects of bonding, boundary 
conditions, and modeled material constants. So far, there are not many studies that have modeled the repetitive low-velocity impacts of 
sandwich structures as the process is both effort- and computationally-taxing. 

Fig. 21. Applied load and boundary conditions of a quarter FEM model of sandwich structure. 
Adapted from [157]). 
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In the existing literature, researchers have commonly employed two types of elements to model sandwich structures: solid and shell 
elements. However, it is highly recommended to use shell elements when modeling the thin wall constituents, such as laminated skins, 
honeycomb cores, foldcores, egg-box cores, etc. as this will minimize the computational time. Moreover, several researchers 
[204–207] reported that using solid elements, especially when modeling the impact damage, results in difficulties and inaccuracy. 
Although computational memory-saving efforts like homogenization had gained some interest to reduce the massive element number 
used in FE simulation [1208–212], it remains to be seen the degree of efficacy these methods could display when employed in the 
impact loading studies as the inherent responses are more localized both in terms of deformation and the resulted damage. 
High-accuracy models are those that use cohesive elements for delamination simulation as well as nonlinearities and combined 
progressive failure models in material descriptions comprising complex failure modes. Even so, while many models manage to address 
certain physical behaviors well, other equally important effects are poorly captured [147]. Thus, extensive efforts are still needed in 
the advancement of the current numerical techniques. 

9. General observations 

Since many different designs have been continually proposed and studied to improve on previously available structures and due to 
diverse findings from these studies, it is not straightforward to extrapolate and recommend any one type of design for general engi
neering applications. The assessed engineering performance can be widely varied relying very much on the material and geometrical 
configurations, fabrication techniques, which diverse hugely from one method to another, loading and boundary conditions, etc. 
Nevertheless, some general observations gathered from the current list of publications can be summarized, noting surely that it is an 
actively evolving research area, thus, some descriptions may be updated from time to time. Some recommendations are included in the 
followings. 

For the facesheet design, raising its thickness increases the sandwich’s impact resistance, peak load, and perforation threshold. 
Also, placing the carbon fiber layer for laminated facesheets near the outer position raises impact performance. From the core type 
viewpoint, foam cores either made from polymers or metals generally perform better when produced in a graded form where varying 
densities are superior to uniform ones. Surely, different material types constructed sandwich structures exhibit varying impact re
sponses with cores containing greater energy dissipating ability demonstrating better responses. Also, the impacted interfacial failure 
mechanism between the skins and core governs the absorbed energy of the structure. The areal density of lattice-like core sandwich 
structures is the main absorbing component. For crashworthiness, progressive crushing is the mode administrating the sandwich 
failure comprising polymeric or metallic cores. A metallic foam core sandwich is less performing in perforation than a solid monolithic 
variant. For honeycomb sandwich and foldable panels, the facesheet and wall thickness are, respectively, the principal absorbing 
constituents. Additionally, multi-hinges plastic deformation offers extra energy absorption in tailorable foldable cores, which are 
superior to the honeycomb sandwich structures. This observation is replicated in corrugated core structures with buckling and fracture 
as the governing failure mode. This behavior is, however, absent in empty lattice core sandwich panels. Such ability is enhanced by the 
geometrical parameters, like thickness and core density, in auxetic core structures. To maximize the impact resistance of aluminum 
panels with honeycomb core, the side length of the core and cell wall thickness can be altered. To achieve this, a smaller cell span 
should be adopted by designs using an s-shaped foldcore. Adding pins helps in reducing damage area and improves the initial damage 
initialization load and energy absorption. Effectively modulating the length and wall thickness of honeycomb cells as well as the 
facesheet thickness can beneficially alter the plastic deformation accumulation and energy absorption performances under repeated 
impact loads. Furthermore, the perforation threshold generally rises with the core thickness while increasing the absorbed energy 
absorbance. The same effect can be attained by raising the core density, from which the CAI strength increases with an improved 
toughness too. The employment of a dual-core structure reveals greater stiffness and strength while the introduction of stitching 
improves hugely these properties. For instance, cross-pattern and 45◦ stitches elevate greatly the impact resistance of foam-core 
sandwich structures. To enhance the crashworthiness of honeycomb core sandwich structures, an infilled foam is recommended. 
This applies to the lattice core types as well. For tube-like core types, this is influenced by their placement configuration and enhanced 
also by infilled foam even though it is less perforation relevant. 3D periodic cores for sandwich structures elevate impact resistance 
compared to 2D types due to additional cavities for infill material insertion for extra strengthening. Overall, the most dominant failure 
modes are facesheet or core crushing, facesheet or core buckling, and delamination for both single and repetitive impact environments, 
whereas indentation, penetration, and perforation are more distinctive to the repetitive impact conditions. 

From the impactor’s perspective, the conical shape causes a lower damage area vs. truncated, flat-face ones. Cylindrical types inflict 
greater indentation than conical impactors for the same mass. More considerable impact velocity exerts higher contact force, 
deflection, and energy absorbance of the targeted structures. Rigid bodies impose impactor shape-conforming dent whereas an 
approximately uniform core crushing is generated by soft body impactors beneath the impact zone. Both the environmental hydro
thermal effects, i.e., temperature and moisture changes, generally lower the tensile, flexural, and impact strength of sandwich 
structures. Hence, these conditions should be minimized and modulated in applications. From the computational aspect, shell elements 
are recommended for thin or lattice-like materials, e.g., laminated facesheets, foldcores, honeycomb cores, egg-box cores, etc. rather 
than adopting an equivalent solid. However, solid elements are recommended for foam and solid cores. To make a good interaction, the 
“tie”-type full interfacial relationship for linking 3D solid and 2D shell elements can be adopted. To improve accuracy, it is only 
reasonable to adopt simulation with the material descriptions containing cohesive elements for delamination as well as nonlinearities 
and progressive failure models to cover various complex failure modes. Additional to the current approaches of performance 
assessment and seeing the scattered coverage of findings from various different designs and scales, it is worthwhile to determine for 
comparative purposes the impact response of sandwich structures adopting an overall resistance measuring term similar to that 
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proposed in References [4–7]. In this case, a fair comparison of impact response can be made. 

10. Future directions 

There are numerous potential paths for future studies and continual improvements of the sandwich structures as follows.  

– Having presented various beneficial designs of sandwich composite structures in handling the presence of impact loading of low 
velocity, it is worthwhile to explore these configurations under the high-velocity loading environment. Due to never-ending 
conflicts that heighten the possibility of wars, accidental blasts, and terrorist attacks, one of the ongoing research interests lies 
in the construction of better defensive structures for ballistic and blasting protection to safeguard civilians from the threat of highly 
destructive while life-threatening weaponries involved in the event. The highly dynamic nature of the blasting load presents some 
challenges in characterizing the load-deformation effects on the considered structures both in the aspects of experiment and 
modeling. The former is somewhat hampered by the high cost, complex facility, and tedious, not forgetting that it poses all sorts of 
safety risks, environmental hazards, time-consuming, lowly repetitive, and unsuitable for wide-range parametric study in carrying 
out the test. The obvious solution next is through simulation, which understandably involves a high learning curve and compu
tational resources in the best mimicry of the actual condition. Having stated this, there are some recent good signs of progress made 
in the study of the blasting behaviors of sandwich structures [78,213,214]. Due to alerting task in diminishing vulnerability of 
existing and future buildings and structures, studies in improving the protective measures in handling this dynamically threatening 
load is highly commended in future works.  

– Water slamming load on marine sandwich structures is a recent research endeavor. The study consists of local water repetitive 
slamming on a part of a ship hull for a short-term duration, during which high localized pressure can induce substantial local 
structural damage. The investigation considers not only the sandwich structures but also the hydrodynamic slamming of the 
aquatic load plus the fluid-structure interaction between the two chief bodies in contact [215,216]. Hence, the challenge embeds in 
the multi-physical nature of the problem.  

– For repetitive impact study purposes, it is recommended to select the low-velocity impact energy range between 3 J and 110 J 
[112]. Since most repetitive impact load numbers are carried up to 10 times only, for extensive long-lasting performance aims, it is 
suggested that this limit can be increased up to 100 or until perforation is attained.  

– The non-dimensional impact resistance efficiency index, Ie, proposed by Kueh et al. and Abo Sabah et al. [4–7] can be adopted in the 
assessment of numerous existing and future designs of sandwich structures such that a global chart not unlike that of material 
selection prepared by Ashby et al. [217] can be generated for analysis and design purposes. The practice provides a fair comparison 
of impact including other added performances of sandwich structures for diverse types of design on one chart. The effort may begin 
by charting all available main designs onto the Ie map.  

– Environmental effects like temperature and moisture variations affecting the geometrical stability and therefore also the impact 
performances of sandwich structures are another set of assessed metrics worth investigating since exposure to conditions different 
from ambient proves to be a threat to the impact resistances [151,218].  

– Sandwich structures in fire incidents face the hazards of structural failure from material properties deterioration, thermally exerted 
stresses, and charring [38,219]. The material and structural performances of sandwich structures post-fire are often in a declined 
state due to damage formed during the loading. Hence, their safe continual usage is governed, similar somewhat to CAI, by the 
residual characteristics. Granted there are existing studies on fire and post-fire behaviors of sandwich structures including remedial 
techniques by flame retardants and protection [220,221], but many existing sandwich designs are only appraised in terms of their 
mechanical behaviors. Also, a more realistic modeling technique must consider the multi-physical treatment including the effects of 
fluid-structure interaction.  

– From the manufacturing perspective, hand layup and supervised production remain one of the preparation techniques employed, 
thereby hindering the massive production output within a short period. Additive fabrication or more automated and innovative 
fabrication is preferred for the solution. To make a leapfrog advancement, the production process should inevitably look at chained 
manufacturing that contains all theoretical modeling, analysis, design, optimization, build, and testing in a single combined 
package. In the design and optimization phases, it is worthwhile to introduce in compatible with the industrial revolution (IR4) age 
the machine learning method permitting the involvement of artificial intelligence in the experience and decision-making event to 
diminish errors contributed by humans [222–224]. Moreover, simple design expression in the performance-aligned sizing of the 
component can be formulated to ease the pre-fabrication activities, which may comprise a broad set of diverse parameters 
[225–227]. 

– It is now increasingly challenging to advance the readily outstanding structural performance of existing sandwich designs. Un
derstandably, the development of sandwich structures is a continual progressive research attraction, with newly thought config
urations continually proposed and evaluated including new skin and core materials [228–231]. The design envelope can be 
stretched broader by exploring new ideas and concepts excavated from the observation inspired by natural designs available in the 
animal and plant kingdoms. Such an effort proves worthwhile to further the improvement of the impact resistance of sandwich 
structures as witnessed in many current relevant works as readily reviewed [4–8,30,98,102,232,233], especially with the emer
gence of works employing the 3D printing technology [39,234,235]. The navigation of the quest to find the most performing design 
is far from over as structural concepts inspired by millions of species are waiting to be discovered and applied.  

– Moreover, many studies remain faithful to the investigation of the structural element performance, such as beams, columns, piles, 
etc. The graduation of these designs to the actual applications with practical loading conditions, e.g., hypervelocity load on outer 
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space structures [236,237], bird strike soft body impact [147], thermal, microwave, and acoustic attenuation [238–240], auto
motive and railway parts [60,241], marine structures [242,243], bridges [244], etc., to name a few, should be the next chapters in 
the history of the sandwich structures development. 

11. Conclusions 

This paper reviews the responses of sandwich structures in the presence of single and repetitive low-velocity impacts as extracted 
from recent scholarly works. The following general conclusions can be drawn: 

– Gathered from the reviewed articles, the covered parametric ranges are applied impact energies within 0.06 – 360 J, impact ve
locities of 0.5 – 34.2 m/s, with repeated impact numbers up to 400 times, resulting in absorption energies of 0.01 – 396.3 J, and the 
determined impact resistance efficiency indices within 0.57 – 143.73.  

– The definition of a low-velocity impact is controversial and there is no consensus on defining it; several velocities of up to 100 m/s 
have been proposed. The high-velocity impact has been described as a loading intensity of up to 1 km/s while hypervelocity load 
involves 2–5 km/s applied velocities.  

– Impact responses can be expressed into two categories, i.e., structural deformation and impact load behaviors: impactor’s velocity, 
mass, period, as well as soft-body or hard-body type.  

– The main performance metrics adopted to evaluate the impact resistance of sandwich structures are force-time, displacement-time, 
velocity-time, acceleration-time, force-deformation, energy-time, and energy absorption by experiment or numerical approaches. It 
is recommended from this review paper that there should be an integrated, non-dimensional term that combines all chief metrics 
gathered from these performance terms for an overall impact performance assessment as that proposed by previous researchers (e. 
g., non-dimensional impact resistance efficiency index, Ie) to appraise fairly the efficiency of diversifying sandwich structures.  

– Low-velocity loading types can be further grouped into single and repetitive impacts. Impact damage depends highly on the skin 
and core types and configurations. Common failure modes include fiber breakage, matrix cracking, skin perforation, skin-core 
debonding, skin delamination, skin and core indentation, core crushing, core shear, core buckling, core crack, and skin wrin
kling. Regardless of single or repetitive impact, the highest potential modes are facesheet or core crushing, facesheet or core 
buckling, and delamination.  

– 3D periodic cores, such as PU foam-filled pyramidal lattice, textile-reinforced composite foldcore, pin-associated hybrid foam-filled 
honeycomb, X-frame, etc. are superior to 2D core types, for instance, auxetic honeycomb, hexagon re-entrant, trapezoidal and 
multi-cell corrugated, Y-frame, S-shaped foldcore, etc. due to additional core cavities for infills thus providing extra strengthening.  

– CAI performance is largely reduced for both single and repetitive impact behaviors as prior impact introduces damage thereby 
making axial compressive resistance of structure more vulnerable to further damage and eventually failure.  

– The design envelope for better impact resistance has been expanded through configurations inspired by nature from either animal 
or plant kingdom. Impact resistance is comparatively improved in both single and repetitive impact load environments through the 
introduction of bioinspired solutions.  

– The damage behaviors of both single and repetitive impacts may be similar, repetitive impacts are dominated by indentation, 
penetration, and perforation and are more destructive since they compromise further the strength and integrity of the sandwich 
structures. Even so, repetitive impact behavior though more realistic is comparatively less studied compared to single impact. In 
general, impact energy rises with impact number. The plastic deformation correlates inversely with the impact number. Lower 
impact energy causes a higher impact number to full perforation.  

– Available failure mode maps are still mainly based on the static loading environment. Map guided by impact loading is still scarce. 
To date, there are several maps of failure mode developed for the sake of predicting the damage mechanisms of sandwich structures 
attributed to single low-velocity impacts but only one study considers the repetitive impact cases. The main modes of failure 
exhibited in the maps are core buckling, matrix tensile damage, matrix shear damage, indentation, core shear, core yield, matrix 
cracking, and fiber breakage. More work is needed to gather all failure modes experienced by various diversifying configurations of 
sandwich structures, especially in the presence of impact loading.  

– The factors that affect the resistance of the sandwich structures vary based on the nature of the impact load and the structure and 
are not easy to control. This includes the thickness and stacking sequence of skin, core thickness, core density, core number, 
impactor mass, impactor velocity, impactor geometry, temperature and moisture (environmental effects), and support condition. 
Loading rate can be safely neglected for low-velocity impact studies.  

– In general, increasing the thicknesses of the facesheet and core, including the thicknesses of core cells plus reducing the cell size (in, 
e.g., foldable, auxetic, and s-shape foldcore), which raises the density of the core, improves impact resistance, peak load, and 
perforation threshold although these come with the disadvantage of an overall mass increase. Graded polymeric or metallic foam 
cores are superior to those ungraded. A better progressive crushing resistance of the core helps in boosting the impact performance 
of the sandwich structures. The novel foldable or auxetic cores display multi-hinges plastic deformation in achieving an improved 
impact response. Innovations, such as pin addition, dual-core, stitch, infilled cores, etc. all exhibit heightened impact responses.  

– Flat-faced and cylindrical impactors are both more damaging creating greater damage area compared to that conical in the 
presence of impact load.  

– Hydrothermal conditions deteriorate the impact performance of sandwich structures.  
– There exist various numerical approaches to investigate the behaviors of sandwich structures under single low-velocity impacts, but 

a lot remains to be accomplished to numerically investigate the responses of sandwich structures under repetitive impacts. 
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Common finite element modeling techniques employ shell and solid elements. It is highly recommended that shell elements are 
used to model thin wall components as solid elements have been reported to show low accuracy and are computationally time- 
consuming. The best models remain those that employ cohesive elements for delamination as well as nonlinearities and com
bined progressive failure models in material descriptions comprising complex failure modes.  

– Future directions proposed to expand the applicability of the sandwich structures in other foreseeable areas include ballistic and 
blasting behaviors of buildings and armored human wears, water slamming characteristics of marine structures, overall impact 
resistance index expansion, environmental impacts, fire loading, singly integrated fabrication chain, moisture and temperature 
considerations, machine learning, bioinspired configuration, and actual loading condition studies since safeguarding the sus
tainability of both material and structural performance in ensuring the overall longevity remains the utmost priority of all engi
neering structures advancements. 
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