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The corrugated composite plates have wide application to improve the 
energy absorption and failure behavior of panel structures. The roof 
panel of the bus could benefit from the use of these structures to reduce 
impact failures in rollover accidents. The aim of this paper is to design a 
new configuration of bus roof panels stiffened with multi-layer semi-
circular corrugated CFRP plates to minimize structure failure during 
rollover accidents. An analytical failure equation of Tsai-Hill index for 
the new proposed panel subjected to dynamic impact loading has been 
derived. The failure equation was validated using FEM methods and 
digital image correlation impact tests. According to the roll over impact 
situation, the multi-layered semi-circular corrugated woven CFRP roof 
panel displays a positive failure behavior of 89%. 
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1.Introduction  

The wave structure of corrugated composite 
plates is designed to enhance structural panel 
stiffness and energy absorption. The Corrugated 
composite plates with potential application in 
aerospace, civil, and automotive industries are 
classified based on their wave shapes. In 
corrugated composite structures, wave features 
are designed to transmit bending and twisting 
loads, as well as shear between two separated 
surfaces. Since corrugated composite plates have 
a high stiffness due to their light weight, new 
types of them have been designed over the last 
decade. In 2010, G. Kress and M.Winkler 
developed a homogenization material model in 

order to describe the loads of flat corrugated 
multidirectional composite sheets [1]. For 
corrugated composite plates subjected to 
different types of bending and twisting forces, 
their analytical results provided all the 
information about stress, strain, and 
displacement distributions. Hyo Seon Ji and 
colleagues designed a GFRP corrugated 
superstructure bridge in 2010. In comparison 
with conventional bridges, corrugated FRP 
bridges have the same dynamic and static 
responses loaded by trucks, and they cost 25 
percent less [2]. Analytical equation of stiffness 
properties for corrugated panels was suggested 
by Y. Xia and colleagues in 2012 [3]. Their 
equivalent model could be used for any 
corrugated shape panels. In 2012, Wernberg and 
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colleagues used FRP corrugated sheets 
incorporated into the body structure of a railway 
vehicle to reduce the car body's weight by half 
[4]. As well as replacing the conventional 
vehicle's body structure, the corrugated 
sandwich panels could meet mechanical 
requirements. The corrugated composite 
materials used inside the vehicle's crash box 
were examined by M. Costas et al in 2013 [5]. In 
their study, a combination of glass-fiber 
reinforced polyamide padding and a steel box 
with good crashworthiness parameters was 
recommended. Also M. Winkler and G. Kress 
approached a finite element program with planar 
elements to realize anisotropy of corrugated 
laminates in 2013 [6]. Natural Bamboo fiber was 
used in corrugated laminated composites by 
Zehui Jiang and colleagues in 2013 [7]. Their 
experimental study found that bamboo fiber 
corrugated shapes had positive effects on impact 
tests. C. Thurnherr and colleagues developed 
equations for calculating the center-point 
deflection of composite material corrugated 
panels subjected to pressure in 2016 [8]. Their  

stated beam – equation modelling is valid for 
corrugated panels. Additionally, a higher-order 
beam model was used to investigate failure 
initiation in curved laminates in  

2017 [9]. As the thickness of a corrugated 
laminate increases, the critical stress component 
shifts from intralaminar hoop stress to 
interlaminar shear stress. Hongyong Jiang and 
colleagues proposed a progressive damage 
model to research the effects of composite 
corrugated beam trigger geometry on their 
crashworthiness and damage behaviors in 2017 
[10]. In order to reduce peak crashworthiness 
loads, they recommended a convex trigger with 
bevel trigger angles of 45-degrees and 60-
degrees for corrugated beams. In 2017, Yiru Ren 
and colleagues improved another progressive 
damage model to predict crashworthy of 
composite corrugated plate [11]. They 
considered both of the intra- and inter- laminar 
failure behavior. Their improved stacked shell 
model indicated good agreement with the impact 
loading and interlaminar failure of the composite 
corrugated structure. They also proposed a novel 
aircraft energy absorption strut system equipped 
with a corrugated composite plate to improve 

crashworthiness in 2017 [12].  In 2018, Mou and 
colleagues studied the damage behavior and the 
energy-absorbing properties of the sinusoidal 
corrugated composite plate using a finite 
element model. [13]. manufacturing void defects 
have influence on energy absorption 
characteristics of flexural CFRP plates. 
Mehdikhani et al. reviewed considerable void 
defects influence on mechanical properties of 
CFRP plates in 2018 [14].      

 Rong Yu et al. investigated the effects of 
geometric configurations of sandwich panels 
equipped with arc, sinusoidal, rectangular, 
trapezoidal and triangular corrugated cores in 
2018[15]. They introduced trapezoidal 
corrugated core as the ideal shape under planar 
compression tests. Z. Zhang and colleagues 
designed a new sandwich panel consisting of 
multi- layered modified sinusoidal corrugated 
core in 2019 [16]. A quasi-static compression 
test was conducted on the new proposed 
sandwich panel to determine its compressive 
modules and ultimate strength. Mohammadabadi 
et al. Suggested an analytical model to evaluate 
the bending behavior of a corrugated wood base 
panel in 2019 [17]. Their model considered the 
deformation of the corrugated core subjected to 
pure tension, compression and shear loads. The 
researchers found that replacing the corrugated 
core with a continuous layer improved the 
panels' crashworthiness. Ch. Affolter et.al tested 
the failure modes of a novel dimpled laminate 
plates to facilitate the access of rescue vehicles 
and equipment in soft and muddy ground in 
2019 [18]. A. Farrokhabadi and colleagues 
designed a new type of multi- layered corrugated 
sandwich panels in 2020 [19]. Their 
experimental and numerical analysis of multi- 
layered corrugated plates indicated rectangular 
geometry of wave patterns have better results in 
terms of energy absorption and specific energy 
in comparison to trapezoidal and triangular wave 
shapes. In recent decade, different novel multi- 
layered corrugated sandwich panels were 
introduced and used as crushable sacrifice 
structures. Yinan Wang and Fu-Kuo Chang 
presented a novel multifunctional energy storage 
composites to decrease mechanical damage and 
failure modes of thin battery layers [20].  
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 Almost all papers about them investigated 
their mechanical behavior under quasi static 
compression or 3 point bending tests [21]. 
Further, the effects of using them discussed 
without considering their mechanical behavior 
while directly subjected to dynamic crushing 
loading. However, despite extensive use of 
novel corrugated composite panels in different 
industries to improve mechanical failures [22-
25], there is no evidence of their use in vehicle 
roof panels to decrease structure failures in 
rollover accidents. 

This study investigated the mechanical 
behavior of multi-layered semi-circular 
corrugated bi-directional woven CFRP plates 
subjected to scale-down dynamic impact 
loadings during rollovers. We have developed an 
analytical failure equation for multi-layered 
semi-circular corrugated woven CFRP plates 
subjected to concentrated dynamic impact force. 
An analytical and numerical study is performed 
on samples with several dimensions of novel 
multi-layered semi-circular corrugated woven 
CFRP plates with different stacking sequences, 
wave feature ratios and plies thickness. To 
examin the failure of a heavy bus roof panel 
stiffened with corrugated semi-circular woven 
CFRP plates, a digital image correlation (DIC) 
method was employed in accordance with the 
FMVSS 220 rollover standard. 

1. Multi-layered semi-circular corrugated 
woven carbon fiber reinforced polymer 
(CFRP) plates 

 The Multi-layer semi-circular corrugated 
woven CFRP plate unit consists of three semi-
circular corrugated laminates having the same 
thickness and stacking sequence, but with 
different ratios of wave feature geometry as 
shown in Figure 1. Symmetric patterns are 
stacked and the layers are woven bi-
directionally. Furthermore, each pattern lamina 
must have at least 2 layers to be symmetric. The 
outer pattern has the maximum radius and 
minimum wave number, but the inner pattern 
has the maximum wave number and minimum 
radius along the longitudinal of each unit. Inner 
and middle patterns have radius to wave number 
ratios of 1/16 and 1/4, respectively. Furthermore, 

the outer pattern's radius depends on the 
maximum space available for placing each unit. 

 

2. Methodology of evaluating multi- 
layered semi-circular corrugated 
woven CFRP unit 

To capture the effect of each multi-layered 
semi-circular corrugated woven CFRP unit on 
firs layer failure when subjected to dynamic 
impact loadings from rollovers, an 8 ton bus roof 
panel was employed as shown in Figure2. The 
maximum available space for placing each unit 
could be considered 130.75mm according to 
maximum allowable plate displacements Based 
on FMVSS 220 rollover standard [26]. To make 
the analytical, numerical, and experimental 
results comparable, a scaling procedure for the 
impact parameters of the roof panel in Table 1 is 
applied based on the "Texas Barrel Barrier Test" 
[27]. 

 

3. Analytical methodology of evaluating 
multi-layered semi-circular 
corrugated woven CFRP unit 
 

The first step to obtaining an analytical failure 
equation for the multi-layered semi-circular 
corrugated woven CFRP unit is determining the 
flat plate deflection under dynamic impact 
loading (F) on the composite flat plate. Each flat 
laminate's out-of-plane deflection, w(୩), to the 
situation in Figure 3 is calculated by Equation 
(1) based on Reference [28]. 

 

Figure 1: Schematic diagram of: (a) A multi-layered 
semi-circular corrugated woven CFRP plate unit; 

 (b) The Outer, middle and inner patterns of multi-
layer semi-circular corrugated woven CFRP plate 

unit   
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Figure 2: An 8 ton bus roof panel equipped with 
multi- layered semi-circular corrugated woven CFRP 

plate: (a) Bus roof panel; (b) Conventional roof 
panel; (c) Rectangular cross section of conventional 
roof panel; (d) Roof panel equipped with multi-layer 

semi-circular corrugated woven CFRP unit;  
(e) Corrugated woven CFRP unit cross section; (f) 

Corrugated woven CFRP unit 

 

 

 

 

 

Table 1: Scale down parameters of an 8 ton bus roof 
panel rollover 

Actual 
Parameters 

Actual amount Scale down 
parameters 

Scale 
down 

amount 

Bus curb weight 7716.47 (kg) Impactor weight 6.374 
(kg) 

Rollover impact  113.32 (kN) Impactor force 62.53 (N) 

Bus roof panel 
dimension  

11990.4×914.4 
(݉݉ଶ) 

Scale down 
sample 

dimension 

125×75 
(݉݉ଶ) 

 Rollover impact 
velocity 

15.6 ( ௠
௦௘௖

) Impactor  
velocity 

4.48 ( ௠
௦௘௖

) 

Rollover impact 
energy 

172.71 (kJ) Impactor energy 64(J) 

Impactor drop 
height 

1.023 (m) 

Scale down factor = 12.192 

As the plate's boundary is symmetrical, there is 
no bending-twisting coupling and out of plane 
deflection.  Dଵ଺ = Dଶ଺ = 0, around the plate's 
perimeter . Out of plan stress is also neglected. 
The applied dynamic impact loading expressed 
with the use of delta function (m and n are 
Fourier series counter).
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   

(1) 

 

Figure 3: Composite flat plate subjected to dynamic impact loading 
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D(୩),ଵଵ, D(୩),ଵଶ, D(୩),ଶଶ and D(୩),଺଺ are bending stiffness for each flat laminate. The bending stiffness can 
be calculated from the longitudinal and transverse Young’s modulus 
 (E୐, E୘), Poisson’s ratios ( L T , T L ), shear modulus (G୐୘) and standard transformation tensor (Q(୩),୧୨

஘ౡ ) 
based on ply rotated angle (θ୩) according to Equations (2), (3) and (4). 

 

 

 

 

L

k , x x
L T T L

T

k , y y
L T T L

L T T

k , x y
L T T L

L Tk , s s

E
Q =

1 - υ υ
E

Q =
1 - υ υ

υ E
Q =

1 - υ υ
Q = G

 (2) 

and 

 

ܳ(௞),ଵଵ
ఏೖ = ௫௫,(௞)ܳ(௞ߠ)ସݏ݋ܿ + ௬௬,(௞)ܳ(௞ߠ)ସ݊݅ݏ + ௫௬,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋2ܿ

+  ௦௦,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋4ܿ

ܳ(௞),ଶଶ
ఏೖ = ௫௫,(௞)ܳ(௞ߠ)ସ݊݅ݏ + ௬௬,(௞)ܳ(௞ߠ)ସݏ݋ܿ + ௫௬,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋2ܿ

+  ௦௦,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋4ܿ

ܳ(௞),ଵଶ
ఏೖ = ൫ܳ(௞),௫௫(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋ܿ + ܳ(௞),௬௬൯ + ൫ܿݏ݋ସ(ߠ௞) + ൯ܳ(௞),௫௬(௞ߠ)ସ݊݅ݏ

−  ௦௦,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋4ܿ

ܳ(௞),଺଺
ఏೖ = ൫ܳ(௞),௫௫(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋ܿ + ܳ(௞),௬௬൯ − ௫௬,(௞)ܳ(௞ߠ)ଶ݊݅ݏ(௞ߠ)ଶݏ݋2ܿ

+ (௞ߠ)ଶݏ݋ܿ) −  ଶܳ(௞),௦௦((௞ߠ)ଶ݊݅ݏ

ܳ(௞),ଵ଺
ఏೖ = (௞ߠ)ଷݏ݋ܿ ௫௫,(௞)ܳ(௞ߠ)݊݅ݏ

− (௞ߠ)ଷ݊݅ݏ ௬௬,(௞)ܳ(௞ߠ)ݏ݋ܿ
+ (௞ߠ)ଷ݊݅ݏ(௞ߠ)ݏ݋ܿ) − (௞ߠ)ଷݏ݋ܿ ௫௬,(௞)ܳ)((௞ߠ)݊݅ݏ + 2ܳ(௞),௦௦) 

ܳ(௞),ଶ଺
ఏೖ = (௞ߠ)ଷ݊݅ݏ ௫௫,(௞)ܳ(௞ߠ)ݏ݋ܿ

− (௞ߠ)ଷݏ݋ܿ ௬௬,(௞)ܳ(௞ߠ)݊݅ݏ
+ (௞ߠ)ଷ݊݅ݏ(௞ߠ)݊݅ݏ) − (௞ߠ)ଷ݊݅ݏ ௫௬,(௞)ܳ)((௞ߠ)ݏ݋ܿ + 2ܳ(௞),௦௦) 

(3) 

and 

   θ
k

( k )
, i j

N
3 3
k k - 1, i j k

k = 1

1
D = Q z - z        

3
N = L a y e r  n u m b e r ,  i , j = 1 , 2 , 6








 (4) 

In the following sections, the equations of plane strains and stresses are derived from the out-of-plane 
deflection of each flat laminate, w(୩), subjected to dynamic impact loading respectively as Equations (5) 
and (6) [29]. Also Tsai-Hill failure can be calculated from Equation (7) according to Equations (8), (9) 
and (10). 
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That is, 
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(10) 

In order to modify the composite flat plate 
strain, stress and Tsai-Hill failure equations for 
multi- layered semi- circular corrugated woven 
CFRP plate unit, instead of flat plate stiffness,

 
 
 k i j, D , curved beam stiffness,  

  k i j, D must be 

used. It can be considered based on Figure 4 and 
Equation (11) [30].
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(11) 

 

Figure 4: Curved beam geometry for calculating bending stiffness 
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Also the longitudinal of semi- circular 
corrugated woven plate, a, can be calculated 
from Equation (12) according to wave radius, R, 
and wave numbers, C୬.  

na RC =    (12) 

Thus analytical out of plane deflection for multi- 
layered semi-circular woven plate,  kw  ,  is 

obtained in Equation 13 by substituting 
Equations (2), (3), (11) and (12) in Equation (1). 
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(13) 

As in previous for flat composite plate, propagations of strains, stresses and failure of multi- layered semi-
circular woven plate unit are obtained respectively in Equations (14), (15) and (16) according to out of 
plane deflection,  kw  , and classical laminated- plate theory (Equations 17, 18 and 19). 
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In Table 2, material properties of woven CFRP 
laminate used in this study were found out 
from hand lay-up coupons (Figure (5)) made 
up of 200 ୥୰

୫మ woven carbon fibre and ML506 
Epoxy resin with 47% volume fraction based 
on ASTMD3039M standards [31]. 

By substitutig the parameters of  Table 1 
and 2 into Equations (14), (15) and (16), 
the plane strain, stress and Tsai-Hill failure 
of multi-layered semi-circular corrugated 
woven CFRP plates subjected to dynamic 
impact loading can be calculated. 
Maximum of above parameters were 
plotted in Figures 6 to 8 for different wave 
ratios and plies thickness with [0°-90°] and 
[+45°,−45°] stacking sequences in 
comparison with same parameters 
category of flat plate. The wave ratios (ଶୖ

େొ
) 

for outer, middle and inner patterns of 
multi- layered semi-circular corrugated 
woven CFRP plate unit and also flat plate 
were considered respectively, 1.25, 5, 125 
and 0 mm.  
 The minimum Tsai-Hill failure index 
occurred in the outer pattern of the multi-
layered semi-circular corrugated woven 
CFRP plate unit subjected to an impact 
loading as shown in Figures 6 to 8. In 
Figure 9, the effect of different stacking 
sequences was investigated to determine 
the angle of the fibers which would 
produce the minimum failure index of the 
outer pattern. According to Figure 10, 
different stacking sequences have different 
effects on the decrease percent of Tsai-Hill 
index of the outer pattern in comparison 
with flat plates while being subjected to an 
impact load. 

4. Numerical methodology of evaluating 
Multi-layered corrugated woven 
CFRP plate unit 

Based on Figures 6 to10, the minimum Tsai-
Hill failure index for outer, middle and inner 
patterns was achieved for two woven layers 
with stacking sequences of [0°-90°] and 
[+45°,-45°] under dynamic impact loading. 
Figures 11 to 18 show the comparison between 
the numerical analysis of outer, middle and 
inner patterns  and the flat plates with stacking 
sequences of [0°-90°] and [+45°,-45°]. Mesh 
settings after mesh study, boundary and load 
conditions are also indicated for each pattern 
in Figures 11 to 18. Presented results in 
Figures 11 to 18 in terms of strain, stress, and 
failure index of multi-layered semi-circular 
corrugated woven CFRP plate units are good 
evidence that the derived equations are reliable 
when comparing multi-layered corrugated 
CFRP plate units and composite flat plates. 

ABAQUS implicit solver was used for FEM 
simulations of multi-layered corrugated woven 
CFRP plates subjected to latitudinal impact. 
The geometry and material specifications of 
each multi-layered corrugated woven plate 
were defined according to Tables 1 and 2. The 
applied impact was also defined along the 
transverse direction according to the depicted 
boundary conditions in Figures 11 to 18(v1= 
v3= vR1= vR2= vR3=0). Each CFRP plate 
constrained around the clamps with 
U1=U2=U3=UR1= UR2=UR3=0. The FEM's 
recommended default parameters, rigid R3D4 
and C3D8 hexahedral elements were 
employed to improve the analyses 
convergence. According to the performed 
mesh study for the reported strain results, the 
mentioned above mesh setup was reliable for 
the FEM studies. 

 

 

Figure 5: Standard samples to find material behaviors of the woven CFRP laminate 
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Table 2: Material behaviors of woven CFRP laminate 

200 ୥୰
୫మ woven CFRP laminate cured by ML506 epoxy 

resin with 47% volume fraction 

MPa 

௧ܺ ܺ௖ ௧ܻ ௖ܻ ܼ௧ ܼ௖ ଵܵଶ

Layer thickness of each woven laminate=0.3mm 

39
9.
7 

2
3
9.
8 

3
9
9.
7 

23
9.
8 

8
0 

8
0 

4
0 

GPa 

Density ( ୩୥
୫య) 

 ଶଷܩ ଵଷܩ ଵଶܩ ଷଷܧ ଶଶܧ ଵଵܧ

45.
12 

40.
9 

3.
5
9 

3.3
74 

1.
2
1 

1.
21 

1666 
 ଶଷߴ ଵଷߴ ଵଶߴ

0.074 0.4 0.4 

 

  

(a) 

 
 

(b) 

 
 

(c) 

Figure 6: Outer, middle and inner patterns maximum plane strain of multi- layered semi-circular corrugated 
woven CFRP plate unit subjected to dynamic impact loading for different plies thickness with [0°-90°] 

and[+45°,-45°] stacking sequences in comparison with same parameters category of flat plate:  
(a) Longitudinal strain; (b) Lateral strain; (c) Shear strain 
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(a) 

  

(b) 

  

(c) 

Figure 7: Outer, middle and inner patterns maximum plane stress of multi- layered semi-circular corrugated 
woven CFRP plate unit subjected to dynamic impact loading for different plies thickness with [0°-90°] and 
[+45°,-45°] stacking sequences in comparison with same parameters category of flat plate:  
(a) Longitudinal strain; (b) Lateral strain; (c) Shear strain 

 

  

Figure 8: Outer, middle and inner patterns maximum Tsai-Hill failure index of semi-circular 
corrugated unit subjected to dynamic impact loading with stacking sequences of [0°-90°] and 
[+45°,-45°] in comparison with flat plate 
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Figure 9: Outer pattern maximum Tsai-Hill failure index of 
multi- layered semi-circular corrugated woven CFRP plate 
unit with different plies thickness and stacking sequences 

while subjected to dynamic impact loadings 

  

Figure 10: Effects of different stacking sequences on the 
decrease percent of Tsai-Hill index of the outer pattern in 

comparison with flat plate while subjected to dynamic 
impact loadings 

  

(a)   
(b) 

  
                   (c) 

  
              (d) 

  
                      (e)   

               (f) 

 
                     (g)   

                (h) 

  
                                              (i) 

Figure 11: FEM analysis of  woven CFRP flat 
plate with  2 layers and [0°-90°] stacking 

sequences while subjected to dynamic impact: 
(a) Model boundaries ; (b) Mesh set up; (c)  In 

plane longitudinal stress (Pa); (d)  In plane 
lateral plane stress (Pa); (e) In plane shear 

stress (Pa); (f) In plane longitudinal strain; (g) 
In plane lateral strain; (h) In plane shear strain; 

(i) Failure index 
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(a) 

  
(b) 

  
                   (c) 

 
                 (d) 

  
                      (e) 

  
               (f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 

Figure 12: FEM analysis of woven CFRP flat plate 
with 2 layers and [+45°, -45°] stacking sequences 

while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 

  

(a) 

  
(b) 

  
                   (c) 

  
              (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 

Figure 13: FEM analysis of multi- layered semi-circular 
corrugated outer patterns  made up of woven CFRP 

corrugated plate with  2 layers and [0°, 90°] stacking 
sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 
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(a) 

  
(b) 

  
                   (c) 

  
              (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 

Figure 14: FEM analysis of multi- layered semi-circular 
corrugated outer patterns  made up of woven CFRP 

corrugated plate with  2 layers and [+45°, -45°] stacking 
sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 
 

 

  
(a) 

  
(b) 

  
                   (c) 

  
              (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 
Figure 15: FEM analysis of multi- layered semi-circular 

corrugated middle patterns made up of  woven CFRP 
corrugated plate with  2 layers and [0°, 90°] stacking 

sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 
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(a) 

  
(b) 

  
                   (c) 

  
                   (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 

Figure 16: FEM analysis of multi- layered semi-circular 
corrugated middle patterns made up of woven CFRP 

corrugated plate with  2 layers and [+45°, -45°] stacking 
sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 

 

 

 

(a) 

  
(b) 

                   (c) 
  

              (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 
Figure 17: FEM analysis of multi- layered semi-circular 

corrugated inner patterns made up of woven CFRP 
corrugated plate with  2 layers and [0°, 90°] stacking 

sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 
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(a) 

  
(b) 

  
                   (c)   

              (d) 

  
                      (e) 

  
(f) 

 
                     (g) 

  
                (h) 

  
                                              (i) 
Figure 18: FEM analysis of multi- layered semi-circular 

corrugated inner patterns made up of woven CFRP 
corrugated plate with  2 layers and [+45°, -45°] stacking 
sequences while subjected to dynamic impact: (a) Model 
boundaries ; (b) Mesh set up; (c)  In plane longitudinal 
stress (Pa); (d)  In plane lateral plane stress (Pa); (e) In 
plane shear stress (Pa); (f) In plane longitudinal strain; 
(g) In plane lateral strain; (h) In plane shear strain; (i) 

Failure index 

 
 
 
 
 
 
 
 
 
 

 
5. Experimental methodology of 

evaluating Multi- layered semi-
circular corrugated woven CFRP 
plate unit 

        Stress and failure equations of multi- 
layered semi-circular corrugated woven 
CFRP plate unit depends on plane strain. 
Thus verifying plane strain equation with 
DIC method admitted the validity of stress 
and failure equations.  Regarding a drop 
weight set up containing with 16 
components as it is depicted in Figure 19, 
the derived strain equations of multi- layered 
semi-circular corrugated woven CFRP plate 
unit can be verified. 

 

 
(a) 

 
(b) 

Figure 19: Drop weight set up: (a) Set up parts;  

(b) Assembly of the drop weight set up 

1- Drop weight structure. 2- Guideline bearings.  
3-Impactor. 4- MEMS accelerometer sensor. 5- 

Arduino board. 6- Calibrated ruler. 7-High speed 
camera with 1200 (௙௥௔௠௘

௦௘௖
) 8- High speed camera with 

1000 (௙௥௔௠௘
௦௘௖

). 9- Clamp frames. 10-  Clamp screws. 
11- camera bases. 12- Data recorder. 13- GOM 

correlate software. 14- Arduino software. 15- flat 
weights. 16- USB cable.  
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Using analytical equations, the Tsai-Hill failure 
index for two-layered semi-circular corrugated 
woven CFRP plate unit was found to be the 
minimum for outer, middle and inner patterns 
with [0°-90°] and [+45°, -45°] stacking 
sequences under dynamic impact loading. Thus, 
corrugated wooden molds in Figure 20 used for 
manufacturing presented samples in Figure 21. 

A scaled-down dynamic impact test is 
performed for each pattern of multi-layered 
semi-circular corrugated woven CFRP plate with 
2 woven layers including  [0°-90°] and [+45°,-
45°] stacking sequences based on FMVSS220 
standard and DIC method. For the experiments, 
a spherical nose impactor with a 20 mm nose 
radius was used, along with the scale down 
parameters listed in Table 1. The velocity and 
height of the impactor were detected by MEMS 
sensor and an electronic Arduino board. A high 
speed 1000 (frame/sec) camera was used to 
capture its position along the calibrated ruler. An 
additional high speed camera, perpendicular to 
clamped patterns of multi-layered semi-circular 
corrugated woven CFRP plate, recorded patterns 
surface displacement with 1200 frames/second. 
Then, the recorded impact data imported to the 
GOM DIC computer software to analyse the in 
plane strain. Figures 22 to 29 illustrate the 
experimental plane strain results. 

 

 

Figure 21: Multi-layered semi-circular corrugated 
woven CFRP samples: (a) Outer patterns; (b) middle 

patterns; (c) inner patterns   

 

 
 

 

 
  

(a) (b) 

 

(c) 

Figure 22: DIC plane strain analysis of  woven 
CFRP flat plate with  2 layers and [0°-90°] stacking 
sequences while subjected to dynamic impact: (a) In 
plane longitudinal strain; (b) In plane lateral strain; 

(c) The clamped sample visual situation after impact 
test       

 

Figure 20: Corrugated wooden molds 
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(a) (b) 

 

(c) 

Figure 23: DIC plane strain analysis of  woven 
CFRP flat plate with  2 layers and [+45°,-45°] 
stacking sequences while subjected to dynamic 

impact: (a) In plane longitudinal strain; (b) In plane 
lateral strain; (c) The clamped sample visual situation 

after impact test       

 

 
 

 

 
  

(a) (b) 

 

(c) 

Figure 25: DIC plane strain analysis of   multi- 
layered semi-circular corrugated outer patterns made 

up of woven CFRP corrugated plate with  2 layers 
and [-45°, -45°] stacking sequences while subjected 
to dynamic impact: (a) In plane longitudinal strain; 
(b) In plane lateral strain; (c) The clamped sample 

visual situation after impact test       

 

  

(a) (b) 

 

(c) 

Figure 24: DIC plane strain analysis of   multi- 
layered semi-circular corrugated outer patterns made 
up of woven CFRP corrugated plate with  2 layers 
and [0°, 90°] stacking sequences while subjected to 
dynamic impact: (a) In plane longitudinal strain; (b) 
In plane lateral strain; (c) The clamped sample visual 
situation after impact test       

 

 
 

 

 

 
 

(a) (b) 

 

(c) 

Figure 26: DIC plane strain analysis of   multi- 
layered semi-circular corrugated middle patterns 
made up of woven CFRP corrugated plate with  2 

layers and [0°, 90°] stacking sequences while 
subjected to dynamic impact: (a) In plane 

longitudinal strain; (b) In plane lateral strain; (c) The 
clamped sample visual situation after impact test       
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(c) 

Figure 27: DIC plane strain analysis of   multi- 
layered semi-circular corrugated middle patterns 
made up of woven CFRP corrugated plate with  2 
layers and [+45°,-45°] stacking sequences while 

subjected to dynamic impact: (a) In plane 
longitudinal strain; (b) In plane lateral strain; (c) The 

clamped sample visual situation after impact test       

 

 

 

 

 

 
 
  

(a) (b) 

 

(c) 

Figure 28: DIC plane strain analysis of   multi- 
layered semi-circular corrugated inner patterns made 

up of woven CFRP corrugated plate with  2 layers 
and [0°,+90°] stacking sequences while subjected to 
dynamic impact: (a) In plane longitudinal strain; (b) 
In plane lateral strain; (c) The clamped sample visual 

situation after impact test       

 

 

 

 

 

 

 

(a) (b) 

 

(c) 

Figure 29: DIC plane strain analysis of   multi- 
layered semi-circular corrugated inner patterns made 

up of woven CFRP corrugated plate with  2 layers 
and [+45°,-45°] stacking sequences while subjected 
to dynamic impact: (a) In plane longitudinal strain; 
(b) In plane lateral strain; (c) The clamped sample 

visual situation after impact test       

6. Discussion 
As shown in Figure 8, maximum failure 
decrease percent for each pattern of multi- 
layered semi-circular corrugated woven CFRP 
plate with [0°-90°] and [+45°,-45°] stacking lay 
ups indicated in Figure 30 in comparison to a 
flat plate. The outer, middle and inner patterns 
of  the new proposed unit respectively, resulted 
in 63.43 %, 58.18% and 51.44% of Tsai- Hill 
index decrease in comparison with the flat plate 
as both of them have two plies and [0°, 90°]  
stacking layups. Tsai- Hill damage decrease 
percent in Figure 30 confirmed [+45°,-45°] 
stacking sequence as the optimum configuration  
to decrees failure index for CFRP flat plate,  
although it is [0°-90°] for semi-circular 
corrugated woven CFRP plates. Thus 89% 
damage index reduction for multi- layered semi-
circular corrugated unit (Figure 1) was predicted 
in comparison with flat plate since each pattern 
contains  optimum layer number  and stacking 
sequence (2 layers with [0°, 90°] stacking 
sequence). Also, layer thickness enhancement 
caused to decrease the wave effects on each 
pattern failure because it is proximate to the flat 
plates. 
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 Based on Figure 30, the outer pattern of the 
multi-layered semi-circular corrugated woven 
CFRP plate unit has the lowest Tsai-hill index in 
comparison with the middle and inner patterns. 
This means that, wave radius has a much greater 
effect on failure index decrease than wave 
number in dynamic impact loading.  Thus the 
maximum possible failure decrease occurred in 
each pattern. Also, FEM analysis and DIC 
experiments confirmed these results. 

It should be noted that the reliability of 
suggested analytical equations of traditional and 
stiffened CFRP plates in predicting their 
responses under impact depends on their plane 
strains according to classical laminated theory. 
Also, the plane shear strain for each corrugated 
plate is neglected due to its low amount 
compared to the longitudinal and lateral plane 
strains. Thus, the difference between the 
analytical, numerical, and experimental results 
can be evaluated only with longitudinal and 
lateral plane strain results. Deviations of strain 
results conducted from analytical, numerical, 
and experimental observations are presented in 
Figures 6 to 29 confirmed that the derived 
analytical equations could predict the elastic 
behaviors of CFRP corrugated plates under 
impact loading. 

 
 

Figure 30: Maximum failure decrease percent for 
each pattern of multi- layered semi-circular 

corrugated woven CFRP plate with [0°-90°] and 
[+45°,-45°] stacking sequence while subjected to 

dynamic impact loading 

7. Conclusion 
 In this study, we presented a novel 
configuration of bus roof panel stiffened with 
multi- layered semi-circular corrugated woven 
CFRP plates. The strain, stress, and failure 
equations for multi- layered semi-circular 
corrugated woven CFRP patterns were derived 
under a rollover concentrated dynamic impact 

loading. The derived equations were verified 
using FEM analysis reports for a loading 
rollover condition of an 8 ton truck roof panel. 
Further, a digital image correlation method was 
used to evaluate the structural failure of the roof 
panels reinforced with CFRP plates and 
fabricated using semi-circular corrugations as 
measured by scaled down FMVSS 220 roll over 
standards. This study examined the effects of 
stacking sequence and plies thickness on the 
mechanical behavior of multi-layered semi-
circular corrugated woven CFRP outer, middle 
and inner patterns subjected to dynamic impact 
loading. In order to achieve maximum reduction 
in failure index with each pattern, the best 
stacking sequence and plies number is [0°-90°] 
and 2 plies. The outer pattern has the lowest 
Tsai-hill index in comparison to the middle and 
inner patterns, meaning that the effects of wave 
radius on the failure index reduction is greater 
than the wave number under dynamic impact. 
Analytical derived equations, FEM software 
analysis, and experimental drop weight results 
confirmed 89% positive effects of using multi-
layered semi-circular corrugated woven CFRP 
plates on an 8 ton bus roof panel under rollover 
dynamic impact loading as compared to flat 
plates. Therefore, the new proposed multi-
layered semi-circular corrugated CFRP plates 
can be more useful than the typical flat 
composite plate for a bus roof panel. Further, 
locating of multi-layered semi-circular 
corrugated CFRP plates within the structure of 
bus' roof panel can improve the vehicle's 
bending stiffness and vibrational behavior, 
which can be studied as the future work. 
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List of symbols  
ܽ  Unit Longitudinal 

ܾ  Unit Width 

 ௡  Semi- circular corrugated woven plateܥ
wave numbers 

  ௜௝  Matrix of bending stiffnessܦ

 k i j, D 
  Matrix of Curved beam stiffness  

LE   Longitudinal Young’s modulus 

TE   Transverse Young’s modulus 

 Low- velocity impact loading  ܨ

L TG   In- plane shear modulus 

݉, ݊  counters of Fourier series 

 
k

 , i j
k

Q


 
 Transformation tensor 

ܴ  Semi- circular corrugated woven plate 
wave radius 

1 2S   In-plane shear strength 

( k )T   Tsai-Hill failure index for each laminate 
of composite plate 

( k )T    Semi- circular corrugated woven plate 
Tsai-Hill failure index for each laminate 

 Out of plane deflection of each flat  (௞)ݓ
laminate 

 kw 
 

 Semi- circular corrugated woven plate 
out of plane deflection 

ܺ  Tensile strength (longitudinal) 

 unit reference point  ݔ

 ଴  unit reference pointݔ

ܻ  Tensile strength (transverse) 

 unit reference point  ݕ

 ଴  Impact lateral location from unitݕ
reference point 

kZ   Thickness of each ply 

L T , T L   Longitudinal and lateral Poisson’s ratios 

k


 
 Ply angle 

k

xε  
 Flat plate longitudinal strain 

k

xε   
 Longitudinal strain of Semi- circular 
corrugated woven plate  

k

yε
 

 Transverse strain 

k

yε 
 

 Corrugated woven plate transverse strain 

k

x yγ
 

 Shear strain 

k

x yγ 
 

 Semi- circular corrugated woven plate 
shear strain 

௫ߪ
௞,

k
1σ   Flat plate longitudinal stress 

௫ߪ
௞ሖ ,

k
1σ   Corrugated woven plate longitudinal 

stress 

௬ߪ
௞,

k
2σ   Transverse stress 

௬ߪ
௞ሖ ,

k
2σ    Corrugated woven plate transverse stress 

߬௫௬
௞ ,

k
1 2τ   Plate shear stress 

߬௫௬
௞ሖ ,

k
1 2τ    Corrugated woven plate shear stress 
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