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ABSTRACT

This study presents a detailed investigation on the three-point and four-point bending behaviour of asymmetric
sandwich beams composed of polyvinyl chloride (PVC) foam core and E-glass fibre reinforced polymer face
sheets. The effects of mid-plane asymmetry on the bending load-displacement behaviour and failure mechanism
of the sandwich beams were examined. Simple analytical expressions accounting for flexural and shear rigidities
of the sandwich beams were proposed to predict the failure load, mid-span deflection and equivalent bending
stiffness of the specimens and validated against experimental results. By shifting the loading direction, the
flexural behaviour of asymmetric beams may be controlled. On the loading side, the use of face sheet with thick
or high in-plane mechanical characteristics resulted in a delay in compressive failure of the top face sheet. The
effective bending stiffness was overestimated since the applied formula did not account for shear deformations.
First-order shear deformation theory was used to estimate the mid-span displacement values of sandwich beams
in elastic regime and showed good agreement with the experimental results.
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Geometrik Olarak Asimetrik Kompozit Sandvi¢ Kirislerin
Egilme Yiikii Altindaki Davranis1 Uzerine
Deneysel ve Teorik Calisma

Oz

Bu ¢alisma, polivinil kloriir (PVC) kopiik ¢ekirdek ve E-cam elyaf takviyeli polimer tabakalardan olusan
asimetrik sandvi¢ kiriglerin {i¢ nokta ve dort nokta egilme davranislari hakkinda ayrintili bir arastirma
sunmaktadir. Sandvi¢ kirislerin egilme yukii-sehim davramisi ve hasar mekanizmasi tizerindeki orta diizlem
asimetrisinin etkileri incelenmistir. Sandvig¢ kirislerin egilme ve kayma rijitlik degerlerini hesaba katan basit
analitik ifadeler, numunelerin hasar yiikiint, kiris orta-nokta sehmini ve esdeger egilme rijitligini tahmin etmek
icin Onerilmis ve deneysel sonuglar ile dogrulanmistir. Yiikleme yoniinii degistirerek, asimetrik kirislerin egilme
davranigi kontrol edilebilir. Yiikleme tarafinda, kalin veya yiiksek diizlem i¢i mekanik 6zelliklere sahip yiizey
tabakasinin kullanilmasi, iist yiizey tabakasinda basma hasari gecikmesine neden olmugtur. Uygulanan formiil
mertebe kayma deformasyon teorisi, elastik bolgede sandvi¢ kiriglerin orta agiklik deplasman degerlerinin
tahmin etmek icin kullanilmis ve deneysel sonuglarla iyi bir uyum gostermistir.

Anahtar Kelimeler: Asimetrik sandvig kirigler, Egilme ozellikleri, PVC kopiik
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. INTRODUCTION

Sandwich composites are multi-layered materials made by gluing two strong, stiff, thin face sheets to a
softer, lighter, thicker core. The core helps to stabilize the facings and provides flexural stiffness, out-
of-plane shear, and compressive strength, while the face sheets carry almost all the axial and bending
loads [1]. Such materials are extensively used in maritime applications due to their superior specific
bending properties [2]. In addition, composite sandwich panels are an excellent choice for the marine
industry because of their simple production, lightness (buoyancy), and resistance to the rough marine
environment [3-5]. Glass, carbon, and Kevlar fibre reinforced laminates are commonly utilized as face
sheets in maritime sandwich structures, whereas balsa wood and closed-cell polyvinyl chloride (PVC)
are commonly used as core materials [6, 7]. Asymmetric sandwich structures have advantages in boat
building, such as improving exterior impact and resistance to thermal/wear durability with a thicker
outside face sheet while allowing connections with other structural components with a thinner interior
face sheet [8].

Sandwich structures are typically exposed to flexural loads when used in boat hull constructions [9].
Therefore, much effort has been devoted on studying the behaviour of sandwich beams under bending
loads using experimental, theoretical, and finite element methods [10-25]. In the literature, first order
shear theory was successfully applied to estimate the experimental deflections in the linear region of a
sandwich beam with two stiff face sheets and a soft core [24]. Theoretical calculations using the
mechanical properties of the components obtained from the coupon tests, on the other hand, deviated
from the estimation of the actual failure loads. This difference was due to the combined effect of shear
and bending stresses on the sandwich beams and the non-linearity of the component materials [12,13].
In addition, the predicted bending stiffness values of the sandwich beams were found to be higher than
the effective stiffnesses due to the soft foam core material with low shear modulus causing large shear
deformation [25].

Previous efforts have concentrated on the bending behaviour and failure modes of symmetric
sandwich beams, and there is limited documented literature on asymmetric sandwich beams subjected
to in-plane and bending loads [26-36]. The mid-plane asymmetry may reduce the bending curvature
caused by service loads, which introduces bending stresses into the face sheet in addition to in-plane
membrane loads, increasing the risk of buckling of the compression face sheet [27]. The failure
mechanism and bending strength of asymmetric beams varies according to loading direction, face
sheet and core thickness and material properties [31-33]. The experimental and numerical responses of
such asymmetric sandwich panels loaded under combined compression and shear forces were
evaluated. In terms of core deformation and the continuity of normal and shear stress throughout the
thickness, the predictions on strain distributions matched experimental results well [29, 34].
Asymmetric sandwich panels with tapering and junction sections are also usually applied in practical
applications. The tapered region has a major impact on the stability and load-bearing capacity. This
increased the asymmetry by introducing additional bending moments into sandwich panels, resulting
in early local buckling [35].

The present paper deals with the three and four-point bending behaviour of asymmetric beams. The
effect of mid-plane asymmetry on the flexural behaviour of the asymmetric sandwich beams was
investigated. Simple theoretical formulations were used to predict the failure load, stiffness, and mid-
span displacement of the asymmetric beams.
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Il. MATERIAL AND METHODS

A. MATERIALS

Sandwich specimens made of E-glass reinforced polymer face sheets and 25 mm thick Airex C70.75
closed cell PVC foam with a density of 80 kg/m® [37]. As reinforcement materials for the face sheets,
E-glass non-crimp biaxial stitched fabrics with areal weights of 850 g/m? and 600 g/m? were used. For
this research, two different asymmetric beams were designed. As seen in Table 1, the asymmetric
geometry was obtained in the first specimen by applying a different layer number of 850 gr/m? fabric,
and in the second specimen by using fabrics with different areal weights of 850 gr/m? and 600 gr/m?.
The mechanical characteristics of the face sheets were measured by testing the coupon specimens to
relevant 1ISO [38] and ASTM [39, 40] test standards (Table 2). As matrix material, an infusion type
vinyl ester resin (Poliya 702) was used [41].

B. PRODUCTION OF COMPOSITE SANDWICH PANELS

Resin infusion method was applied to manufacture sandwich composite panels. Figure 1 shows the
components of VARIM (vacuum assisted resin infusion moulding) production schematically. E-glass
fabrics and PVVC foam were placed in the mould in a dry form according to the stacking sequence, and
a vacuum bag was placed on top of the mould (Fig. 2 a), which was initially connected to a resin
supply and a vacuum pump. In the resin system, 2 wt. % methyl ethyl ketone peroxide (MEKP) as
initiator and 0.25 wt. % cobalt naphtanate (CoNap) as accelerator was added before the infusion
process. The liquid resin penetrated the reinforcement materials as a result of the vacuum drawn
through the mould at 1 atm negative pressure, (Fig.2 b) and then curing and demoulding processes
were applied at room temperature. Test specimens were cut from the panels with in-plane dimensions
of 500 mm x 80 mm (total length (L) x width (b)) [42] (Fig. 3 a, b). The panels were cured at room
temperature for 24 hrs. following the infusion process. Specimens ASB; and ASB, had mid-plane
asymmetry because of different numbers of E-glass fabrics and fabric weight in the face sheet
laminates, respectively. Details of asymmetric beams are given in Table 1.

Vacuum nylon
Flow mesh
Peel-Ply
E-glass fabrics | »
I Sealant tape
PVC foam > l
E-glass fabrics
Peel-ply
Flow mesh

Spiral tubing ——

Resin trap

Vacuum Pump

Resin Tank

Figure 1. Schematic of resin infusion process.
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Figure 2. Production of sandwich panels with resin infusion method (a) dry, (b) wetted panel.

@ (b)

Figure 3. Sandwich test specimens (a), undeformed test specimen before 4-point bending test (b).

Table 1. Details of asymmetric sandwich beams.

. Areal  Face sheet * Beam .
Specimens Face Stacking weights  thickness ¢ Width Total thickness
sheet  Sequences (kg/m?) (mm) (mm) (mm) (mm)
ASB Up [0/90],,, 850 4.0+0.1 17.45  80+0.8 315000
' Down  [0/90], 850  2.50.1 108 80+0.8 T
Up [0/90],, 850 2.5+0.1 1115 80+0.8
ASB, 29.5+0.2

Down  [0/90], 600 2.0+.0.1 16.1  80+0.8
*e= distance between neutral axis and centroid of the lower face sheet

C. TEST SET-UP

Three-point bending (3PB) and four-point bending (4PB) tests were performed according to ASTM
C393 / C393M-16 standard [43]. Since the face sheets are not geometrically symmetrical, asymmetric
sandwich beams were subjected to flexural-up and flexural-down tests, as used by researchers [8, 30].
For the flexural-up tests (see Fig.4a, b), the thicker face sheet was loaded at the top surface of the
beams, and at the flexural-down tests (see Fig.4c, d), the thicker face sheet was loaded at the bottom
surface of the beams [30]. To minimize local indentation damage beneath the loading points and
supports each had a diameter of 25 mm. The tests were performed at a constant loading rate of 6
mm/min. The support span length (L) was 450 mm at the three-point and four-point bending tests. The
loading and shear spans were 1/3 of the support span (L) in four-point bending tests. For each
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sandwich beam type, at least three examples were prepared and loaded in the warp direction. All
beams were loaded to collapse to determine the failure load and damage modes. To identify the
specimens, a specific coding system was applied. The abbreviations ASB; and ASB, represent two
different asymmetric sandwich beams 1 and 2. ASB,-TSuso, p, for example, refers to an ASB,
specimen with a span length of 450 mm subjected to 3PB flexural up loading. ASB1-FSus0, down
represents an ASB; specimen with a span length of 450 mm subjected to 4PB flexural down load.

a=L/2 a=L3 22 13
a=L/2 P a=L/3 P/2 L3 P/2

—_

Figure 4. Test typology, (a) 3PB flexural-up test set-up, (b) 4PB flexural-up test set-up,
(c) 3PB flexural-down test set-up, (d) 4PB flexural-down test set-up, P=applied load, L=support span length,
Ly=total span length, a=shear span.

Table 2. Mechanical characteristics of face sheets in warp direction.

Areal weight (g/m?) 850 600 850
Test Stacking Sequence [0/90], [0/90]56 [0/90]s,

Values Average S.D* Average S.D* Average S.D*

Modulus (GPa) 22.5 0.42 19.2 0.39 22.9 0.43

Tensile [38] Strength (MPa) 332 19.25 312 9.66 347 8.47
Maximum strain (%) 1.89 0.8 2.0 0.16 1.92 0.03

Compression [39] Modulus (GPa) 32.7 1.55 22.2 0.60 32.9 1.49
Strength (MPa) 176 20.03  92.2 4.15 180 19.16

Shear [40] Modulus (GPa) 4.14 0.18 3.30 0.10 4.49 0.19
Strength (MPa) 52.9 1.9 39.6 0.60 55.6 1.8

*S.D: Standard deviation

1. ANALYTICAL STUDY

A.ESTIMATION OF EQUIVALENT BENDING AND SHEAR STIFFNESS FOR
ASYMMETRIC SANDWICH BEAMS

The cross-sectional geometry of symmetric and asymmetric sandwich structures is shown in
Figure 5 (a) and (b), respectively.

1780



(a) (b)

Figure 5. The cross-sectional geometry of the symmetric (a) and asymmetric (b) sandwich composite beams.

Equivalent bending stiffness (El ¢, sym) Of the symmetric beams can be obtained using the sum of the
flexural stiffness of the face sheet and core about the centroid axis of the cross-section [44].

bt.d? bt.3 bt.3
Eloqsym. = Es ‘; + E, 65 +E. 1; (1)

where E;and Es are the Young’s modulus of PVC foam and the E-glass reinforced polymer face sheet
material, respectively.

For asymmetric beams, firstly the location of the neutral axis must be assigned. It is provided by the
coordinate system for which the first moment of area is zero when integrated across whole cross-
section. Since the location of the origin of the sought coordinate system is unknown, make a
coordinate transformation from a known point in the section, e.g. z * = z - e, according to Fig. 5 (b).

B(z) = JEZdZ = jE(Z* +e)dz*=0- —sz*dz* = efEdz* 2

where B(z) is the first moment of area.

For an asymmetric sandwich cross-section as shown in Fig.5 (b), this equation can be re-written as Eq.

(3) [1]:

ts1 [2P) te  ts 3
Esltsl (% + tc + %) + Ectc (?C + %) = e(Esltsl + Ectc + Esztsz) ( )

where tg; and ts, are thicknesses, Es; and Eg, are the Young’s modulus of dissimilar face sheets.

__Eata (5 + e +52) + Bt ($+52) @

Esltsl + Ectc + Esz tsZ

where e is the distance between the centroid of the lower face sheet (i, Es,) and the neutral axis as
shown in Fig. 5 (b).

27} Ls1 ey ts1
d_e:Esztsz(Z+tc+2)+EctC(2+2) -

Esl tsl + Ectc + EsZ tsZ
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For the ASB; beam, this e value for the flexural down and up positions was calculated as 10.8 mm and
17.45 mm, respectively. In the ASB, beam, the e value was found to be 11.15 mm and 16.1 mm for
flexural down and up, respectively.

The bending stiffness of the asymmetric specimens can be determined using Eq. (6) [1] by using the
parallel axis theorem:

btd, bt.,3 bt,3 5 5
Eleqasym=Es1 12 + Esz 12 + E. 12 + Eg1bts(d — e)” + Egpbtgye ©)
tertsa  \?
+Ebt,|———e
2

where d=t,,/2+t.+t.,/2 is distance between centroids of the skins.

The shear stiffness of asymmetry (AG,,) sandwich beams can be defined by Eq. (7) [44]:

AGeq = bdG, (7

where b refers the beam width and G, represents the shear modulus of PVC foam material [37].
B. ESTIMATION OF FAILURE LOADS AND MECHANISMS

The material and test parameters such as sample dimensions, mechanical properties and test typology
(loading action and direction) can all affect the failure load and mechanism of sandwich beams. For
expressions of equations, the detailed cross-sectional sizes of the sandwich composite beams are given
in Fig. 5.

The shear failure in the core depends on the shear strength of the foam material [45]. Egs. (8, 9)
represent the core shear failure load (Ps) [1]:

2(Elgq)t,

PS = 2 d tSl
—d+e+—<x<0 (8)
Esltsl(d—e)+%[—d+e+t§—1 2
Z(Eleq)‘[c
PS = tSZ
E t12 0<x<e—— 9)
Egtge + 7C[e —%2] 2

where 1. is the shear strength of PVVC foam.

In-plane damage was caused when the compressive stress of the outermost fibres of the face sheet
under bending load exceeds its compressive strength. The predicted failure load (P,) of asymmetric
beams can be determined by Egs. (10, 11) [46]:

o.(El.g)
P, = — = ts1 (10)
CESlL(d —e+ %)

Uc(Eleq)
CEsL(e + )
where L is the total span length, o is the strength of E-glass reinforced polymer face sheets under

compression load. C is applied as 1/6 for the third-point loading (L/3) at four-point bending test and as
1/4 for the three-point bending test.

Py = (11)
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C. ESTIMATION OF MID-SPAN DEFLECTION

For beams under 3PB and 4PB tests as illustrated in Fig. 4, according to the first order shear
deformation theory, the mid-span deflection is the total of the bending (8pending) and shear (Sshear)
deformation of the beam:

PL3 PL _ _
Ototal,3PB = Obending T+ Oshear = 18E] + 2AC for three-point bending tests (12)
eq eq
23PL3 PL ) )
8tota,aPB = Opending + Oshear = 1296E] + CAC for four-point bending tests (13)
eq eq

where L is the total span length, P is the applied load. The detailed equivalent bending (El.,) and
shear (AG,,) stiffness calculations are given in Section I11.A.

D. ESTIMATION OF STIFFNESS

Equations (14) and (15) give the bending stiffness values of sandwich beams.

K, = [%] initial bending stiffness (14)
a(3L? — 4a?) . o
Elypr = — s K; effective bending stiffness (15)

where (AP/Ad) represents the slope of the actual load—displacement graphs in linear elastic portion. L
is the support span length and a is the shear span, denoting the distance between the support and
loading points.

IV. RESULTS AND DISCUSSION

A. LOAD-DISPLACEMENT CURVES

Load versus crosshead displacement curves of the sandwich specimens tested under 3PB and 4PB tests
are shown in Figures 6 and 8. The test results of all the beams are summarized in Table 3, including
the ultimate bending strength (P,), ultimate bending strength to weight ratio (P,/W), analytical to
experimental ultimate bending strength ratio (P,/P,) and failure modes.

The 3PB flexural down and up test results of the ASB; specimen are shown in Fig. 6 a, b.
Compressive failure of the top face sheet was dominant for ASB:-TSusodown and ASB:1-TSus0,p
specimens due to bending effect (see Fig. 7 a, b). Moreover, the displacement values at failure were
almost doubled in the 3PB flexural-up tests. This result confirmed previous studies, that face fracture
was delayed with increasing thickness of the top face sheet [36]. In 4PB tests, ASB;-FSus0down and
ASB;-FSys0,p SPecimens exhibited similar failure loads and also the same damage modes (Fig. 8 a, b).
The ultimate bending strength of ASB; specimen tested at the 3PB flexural up load was 10.1% greater
than that of flexural down. M. E. Toygar et al. [32] reported that the ultimate bending loads were
higher in three-point bending flexural up tests compared to flexural down. The thicker outer face sheet
could distribute local loads more uniformly, enhancing the sectional stability and ultimate bending
strength of the specimens. Similarly, increasing the top face thickness of asymmetric beams increased
their load-bearing capacity, according to the literature [36].
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The 3PB flexural down and up test results of the ASB, specimens are shown in Figs. 6 ¢, d. The upper
face sheet fibre failure was dominant in 3PB tests associated with higher loads under flexural up
loading (see Fig.7 c, d). The ultimate bending strength of the ASB,-TS4s0, p SPeCimens was 30.5%
greater than that of ASB,-TSss50 gown COUNterparts. The thinner top face sheet under flexural down tests
caused a poor performance due to premature compressive failure of the face sheet [8]. This finding
revealed that the face fracture of the sandwich sample with a thin top face sheet occurred easily [36].
At this point, it should be noted that the top face sheet was not only thinner but also lower in in-plane
properties was effective. Furthermore, the distance from the neutral axis increased the bending stress
in flexural down tests. This may contribute to early face sheet failure under the loading point. ASB,-
TS4s0,4p SPECIMENS Sustained almost two times the displacement at failure in comparison to the ASB.-
TS450.down SPECIMENS (Fig. 6 C, d). For the ASB,-FSso, gown SPECiMeN, a sudden load drop occurred after
a short non-linear region due to face sheet compression failure (Fig. 8 c¢). The load-displacement
curves for the ASB,-FSys0,4p Specimen were nearly linear until shear cracks formed in PVC foam. After
the linear part of the curves, the slopes dropped significantly, resulting in a non-linear action up to the
shear failure in PVC foam. Debonding damage took place between face sheets and foam, as shown in
Fig. 8 d.

5 A 5 i
- 4
4 // \ 4 4 /
g3 / l 234 / \
3 / 54 L
S 2 / e 2
= / =
14 / ASBI_FD_1 i o ASBI_FUP_I
/ ASBI1_FD 2 ASBI_FUP 2
0 _ . ‘ —ASBI_FD 3 | 0 | | | T "ASBI_FUP 3 |
0 4 8 12 16 20 24 28 0 8 16 24 32 40 48 56
(a) Crosshead Displacement (mm) (b) Crosshead Displacement (mm)
4 - 5
~ 3 Il / o ‘ ~~ 4
g g3 -
= 2 <
53 S 2
=} =}
) -
1l ASB2_FD_1 i ASB2_FUP_1
ASB2_FD 2 ASB2_FUP 2
0. ‘ l ASB2 FD_3 | 0 ¥ 1 ‘ ——ASB2FUP3 | 1
0 4 8 12 16 0 4 8 12 16 20 24 28
( C) Crosshead Displacement (mm) ( d) Crosshead Displacement (mm)

Figure 6: Load-crosshead displacement curves of ASB; and ASB, specimens tested under 3PB test,
(@) ASB1-TS4s0, downs (0) ASB1-TS4s0, ups (C) ASB2-TS4s0, down, (d) ASB2-TS4s0, up-
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Table 3. Summary of bending test results.

Specimens (kPltjl) (Eﬁ%\é) P./P,  Failure Modes
ASB;-T S50, 4.809 7.18 1.425 FC
ASB1-TSs5090wn 4.367 6.52 1.290 FC
ASB;-FS4s0.p 5.861 8.75 0.923 CS+D
ASB;-FSysogown~~ 5.883 8.78 0.930 CS+D
ASB,-TSusow  4.291 8.96 1.008 FC
ASB,-TSs5090wn~ 3.288 6.86 1.092 FC
ASB;-FS4s0.p 5.114 10.68 1.016 CS+D
ASB,-FSysogown ~ 4.767 9.95 1.114 FC

Note: P,: Experimental ultimate bending strength; P /W: experimental ultimate bending strength to weight
ratio; P,/P,: analytical to experimental ultimate bending strength ratio; CS: Core shear failure; FC: Face
compression failure; D: Debonding

Figure 7. Damage photos of ASB; and ASB, specimens tested under 3PB test, o
(&) ASB1-TS4s0, up, (0) ASB1-TS4s0, down, (C) ASB2-TSas0, up, (d) ASB2-TSus0, down-
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Figure 8. Load-crosshead displacement curves of ASB; and ASB, specimens tested under
4PB test and damage photos, (&) ASB1-FSaso, down: (B) ASB1-FS4s0, up, (€) ASB2-FSas0, down, () ASB2-FSaso, up-
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B. FAILURE LOADS

The results for asymmetry beams showed that the difference between the theoretical loads based on
Equations (8), (9), (10) and (11) actual failure loads ranges from 0.8% to 42.5%. This underestimation
between the theoretical and experimental failure loads may be attributed to the material properties
used in the analytical equations and also the complex state of stress between loading point and top face
sheet where the failure initiated could not be accounted for in the proposed analytical equations [47].
Table 3 also shows a comparison between the specific ultimate bending loads of the specimens
(P/W). These specific strength values are based on the individual weights of the sandwich beams after
production. The asymmetric beams ASB; and ASB, weights are 14.4 and 10.3 kg/m? respectively.

C. MID-SPAN DISPLACEMENTS

Table 4 shows the theoretical (th.) and experimental (exp.) deflections collected from the linear-elastic
zone at 1 kN and 2 kN. Figure 9 shows the change in shear and bending deflection contributions for
3PB and 4PB tests. The bending and shear effects are equal in case of flexural up and down loads. For
4PB tests, it was observed that the bending contribution reached the highest value for ASB, and ASB,
beams. The total displacement formula for asymmetry beams overestimated the mid-span
displacement by 1.6% on average, with a standard deviation of 0.09. The first-order shear deformation
theory gave results in agreement with the experimental displacements in the elastic regime of the
sandwich beams. This was due to the assumption of linear elastic behaviour of the component
materials in the analytical model [24]. The difference between theoretical and experimental
displacements ranges from 0.09 mm to 0.503 mm. It can also be seen that in general, in flexural down
tests, this difference tends to be higher (Table 4). This could be due to the presence of the thicker face
sheet in the bottom side. This resulted in a higher resistance of the sandwich beams at flexural-down
loading in elastic region.

Table 4. Comparison of analytical and experimental mid-span displacements of asymmetric sandwich beams.

Load Oui Osth  Owtth O exp. S ]S
(kN) (mm) (mm) (mm) (mm) tot.th. exp.
1kN 0.844 1488 2332 214 1.090
2kN 1.689 2976 4.665 4.32 1.080
1kN 0.844 1488 2.332 2.08 1.121
2kN 1.689 2976 4.665 4.25 1.098
1kN 0.719 0992 1711 1.89 0.905
2kN 1439 1984 3423 3.79 0.903
1kN 0.719 0.992 1711 1.88 0.910
2kN 1.439 1984 3423 3.72 0.920
1kN 1387 1589 2976 2.7 1.102
2kN 2775 3.178 5953 5.49 1.084
1kN 1387 1589 2976 2.62 1.136
2kN 2775 3.178 5.953 5.45 1.092
1kN 1182 1.059 2241 2.36 0.950
2KkN 2364 2119 4482 474 0.946
1kN 1182 1059 2241 234 0.958

Specimens

ASBl-TS45oYup

AS Bl'TSASO,down

ASB;1-FSus0,4p

ASBl'FS450,down

ASB,-TSs50,4p

ASBZ‘TS450,d0wn

ASB,-FSus0,p

ASBZ‘FS450,down

2kN 2364 2119 4.482 4.7 0.954
Results
Ave. - - - - - 1.016
SD - - - - - 0.09

Note: 3y .: theoretical bending deflection; &.: theoretical shear deflection; 8.n.: total theoretical deflection;
Ocxp: total experimental deflection.
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Figure 9. Bending and shear contributions to mid-span deflection values
D. BENDING STIFFNESS

The bending stiffness values of the sandwich beams are summarized in Table 5. ASB; beams had
greater effective bending stiffness values in comparison with the ASB, specimens. This result
suggested that the increase in the moment of inertia and stiffer face sheet material made a more
marked contribution to theoretical stiffness of the specimens. For the 4PB tests, the effective bending
stiffness of the ASB,; and ASB, beams had the highest values. A deviation in the range of 0.08-2.27%
was observed in the bending stiffness results due to flexural up and down loads. The outer thicker face
sheet above or below the central core further to the neutral axis of the cross-section could give
maximum advantage to the bending stiffness of the beams [48]. Comparing the experimental and
analytical bending stiffness values, shear deformations reduced the composite action of the sandwich
cross-section during the experiments, resulting in lower effective bending stiffness compared to
equivalent bending stiffness (Table 5) [49].

Table 5. Bending stiffness values of asymmetric sandwich beams.

. K, Ely Elyr /W
Specimens  gnmm)  (20° Nmm?)  Fe/Ber (Nimmeikg)
ASB1TSs0m 0.4 835.6 2.690 58.0
ASB, TSusosom 0439 834.9 2.693 57.9
ASBy-FSusu 0.672 1086.2 2.070 75.4
ASB,-FSusom 0657 1062 2117 738
ASB,TSusou 0.389 730.4 1.850 718
ASB,TSusosom 0392 744 1.839 72.2
ASB-FSusu 0.521 842 1625 8L7
ASB,-FSunsom 0525 848.3 1613 82.4
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V. CONCLUSIONS

In this study, the flexural behaviour of asymmetric sandwich beams was evaluated using three-point
and four-point bending test methods and simple analytical expressions.

o The test results revealed that the flexural behaviour of asymmetric beams may be manipulated
by changing the loading direction.

e The use of the weaker face sheet in asymmetry beam caused the damage to be governed by the
failure of the face sheet under compression.

e The thicker face sheet can offer a large bending stiffness to composite beams; therefore, the
ultimate bending strength can be improved by increasing the outer face sheet thickness.

e Asymmetry sandwich beams could be used in the flexural up position in order to resist higher
bending loads.

e The parallel axis theorem and sandwich beam theory were used to derive the formulae for
calculating the equivalent and effective bending stiffness values.

e The applied formula did not account for shear deformations, resulting in an overestimation of
effective bending stiffness.

o Analytical model based on the first-order shear deformation theory to predict the mid-span
deflections of the specimens showed a good agreement with the experimental results.

e The use of thicker face sheet resulted in an increase in the equivalent bending stiffness values,
thus a decrease in the bending effect, while the use of a face sheet with lower in-plane
mechanical properties caused an increase in the bending deflection values.
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