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Fiber Element Model of Sandwich Panels with Soft Cores and Composite Skins in 1 

Bending Considering Large Shear Deformations and Localized Skin Wrinkling 2 

Amir Fam, MASCE 1, Tarek Sharaf 2, Pedram Sadeghian 3 3 

 4 

Abstract 5 

This paper studies the flexural performance of sandwich panels composed of a soft polyurethane 6 

foam core and glass fibre-reinforced polymer (GFRP) skins. A robust analytical model is 7 

developed to predict the full load-deflection and strain responses of the panel. It is based on 8 

equilibrium and strain compatibility and accounts for the excessive shear deformation and material 9 

nonlinearity of the core. It also accounts for geometric nonlinearity in the form of localized 10 

deflection of the loaded skin using the principals of beam-on-elastic foundation and the change in 11 

core thickness due to its softness. The model incorporates various failure criteria, namely core 12 

shear failure, core flexural tension or compression failure, compression skin crushing or wrinkling, 13 

or tensile rupture of skin. The model has the advantage of being able to isolate quantitatevely the 14 

individual contributions of flexure, shear, and localized skin deformations, to overall deflection. 15 

A parametric study is performed to examine the effects of core density and skin thickness on panel 16 

behavior. It is shown that as the core density increases from 32 to 192 kg/m3, the contribution of 17 

shear to overall deflection reduces from about 90 to 10 percent. It also appears that the optimal 18 

core density of the sandwich panels is within 96 to 128 kg/m3, which represents the lowest density 19 

necessary to achieve the highest ultimate strength and stiffness. 20 

Keywords: Sandwich panel; Model; FRP skin; Polyurethane core; Flexure; Shear; Wrinkling.  21 
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INTRODUCTION 22 

Civil engineering applications, particularly cladding of buildings, decking, and roofing can benefit 23 

greatly from sandwich panel systems. The skins, which resist flexure, are generally made of metals 24 

or composite materials such glass fibre-reinforced polymer (GFRP). The core generally carries the 25 

shear and provides the necessary spacing of skins.  One of the commonly used core materials is 26 

polyurethane foam due to its low density and thermal insulation characteristics.  Some of the 27 

earliest applications of sandwich panels in the 20th century were in aircraft industry (Allen, 1969). 28 

This was followed by expansion into the aerospace, automotive, and marine industries. Early on, 29 

sandwich panels fabricated from metallic cores were assumed to be incompressible (i.e. with 30 

negligible through-thickness deformation) and also negligible contribution to the flexural stiffness 31 

(Holt and Webber, 1982 and Pearce, 1973). Others made the assumption that sandwich panels with 32 

a foam core act like an ordinary beam with equivalent sectional properties (Ogorkiewicz and 33 

Sayigh, 1973). Sandwich panels with incompressible cores were analyzed using the “shear 34 

deformable approach” (Kant and Mallikarjuna, 1989; Kant and Patil, 1991; Senthilnathan et al., 35 

1988; and Chandrashekhara and Krishnamurthy, 1990). However, the assumption of 36 

incompressible core was not accurate for flexible cores. Frostig and Baruch (1990) recognized this, 37 

particularly the localized compressibility in the vicinity applied loads. Closed-form equations for 38 

predicting deflection, normal stresses in skins, and core shear stresses were developed earlier by 39 

Allen (1969), neglecting core flexibility, while Frostig and Baruch (1990) developed the governing 40 

differential equations for these engineering quantities based on superposition approach, accounting 41 

for core flexibility, but without giving closed-form equations. A high-order bending theory based 42 

on virtual work was later developed by Frostig et al. (1992), as an alternative to superposition, to 43 

generate the governing deferential equation to predict the bending behaviour of a sandwich beam 44 

with flexible core. The theory was later improved by Frostig (1993) to consider the effect of stress 45 
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concentration under different types of loads in various regions of the panel. Frostig et al. (2005) 46 

presented the governing equations of a sandwich panel, which has a transversely flexible core with 47 

negligible flexural rigidity, including large displacements. The study took into account the 48 

nonlinearity, not only in the core, but also in the skins. Shen et al. (2004) used the high-order 49 

sandwich panel theory to predict the bending behaviour of soft core sandwich beams subject to 50 

localized loads. At the material level, the soft core nonlinearity was investigated by many 51 

researchers. Zhu et al. (1997) and (1998) determined the effect of core material type and its density 52 

on the shape and nonlinearity of the stress-strain curve.  53 

This paper presents an independent nonlinear strain compatibility model for the analysis of 54 

sandwich panels loaded in one-way bending, under concentrated or uniform loads. It accounts for 55 

geometric and material nonlinearities in the foam core and GFRP skins as well as excessive shear 56 

deformations. The model determines the load-deflection and load-strain responses of panels with 57 

composite skins and polyurethane cores of different densities as well as panels with ribs connecting 58 

the skins. The Winkler theory for beam on elastic foundation is incorporated in the model to 59 

capture the top skin behaviour under concentrated loads. The model is verified against 60 

experimental results and used in a comprehensive parametric study focussed on the effects of core 61 

density and skin thickness on the relative contributions of flexure and shear to deflections. 62 

DESCRIPTION OF THE ANALYTICAL MODEL 63 

A nonlinear analytical model is developed, accounting for material and geometric nonlinearities. 64 

The full stress-strain curves of the skins and foam core are considered. The total deflection is 65 

assumed to comprise three main components, one due to flexure, one due to shear deformation, 66 

and one due to the localized skin deflection under concentrated loads (Winkler effect). An 67 

incremental approach is used, where the concepts of force equilibrium and strain compatibility are 68 

satisfied in every loading step. The normal strain profile through the panel thickness is assumed to 69 
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have a linear distribution (the effect of shear is accounted for separately). The numerical procedure 70 

is executed using FORTRAN90 code programming, and incorporated failure criteria that consider 71 

the following: (a) flexural tension or compression failure in the GFRP skins, (b) flexural tension 72 

or compression failure in the polyurethane core, (c) core shear (diagonal tension) failure, (d) GFRP 73 

ribs shear failure, or (e) skin wrinkling (local buckling). The model establishes the moment-74 

curvature responses of cross-sections, which are terminated at a point governed by one of the five 75 

failure criteria discussed above (the one producing the lowest load capacity). The curvatures are 76 

integrated along the span to obtain the flexural deflection. The deflection due to shear deformation 77 

of the core and the localized top skin deflection are then added as will be discussed. The following 78 

sections provide a detailed description of different components of the model. 79 

Strain Profile 80 

The uncoupling of the flexural-induced and shear-induced deflections enables one to make the 81 

simplified assumption that the normal strain field varies linearly over the thickness. The two 82 

extreme fibre strains along with the zero strain point at neutral axis level are assumed to follow a 83 

straight line. Figure 1 shows the assumed linear strain profile through the sandwich panel 84 

thickness, which is expressed as follows:  85 

bar
c t

bar

H y

y
 

 
  

 
 (1)

where εc and εt are the extreme fibre compressive and tensile strains, respectively. H is the overall 86 

cross-section height and ybar is the neutral axis level measured from the extreme tension fibre.  87 

Nonlinear Material Properties 88 

Soft polyurethane foam cores are highly nonlinear materials, especially under compressive 89 

stresses, where the maximum compressive strain is almost 80%. Figure 2(a) shows the tensile and 90 

compressive normal stress-strain responses for a typical soft polyurethane foam as established by 91 
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the first author, Sharaf (2010), through coupon tests. The shear behaviour of the polyurethane foam 92 

is characterized by very low shear rigidity as shown in Figure 2(b), also based on the coupon tests. 93 

The slight nonlinearity of [0/90] cross-ply GFRP is also taken into consideration for tension and 94 

compression (Figure 2(c)) along with the significant nonlinearity of the GFRP ribs in shear, arising 95 

from diagonal loading of the cross-ply rib (Figure 2(d)). In order to model the polyurethane foam 96 

and GFRP material constitutive relationships, a curve fitting technique is developed to track the 97 

average experimental stress-strain curve of a group of coupons for each case. The curve fitting 98 

technique is based on a cubic spline function concept developed by De Boor (2001). Details of the 99 

procedure can be found in the doctoral thesis of the first authors, Sharaf (2010). 100 

Meshing 101 

A layer-by-layer approach is adopted to integrate stresses over the cross-sectional areas of the 102 

GFRP skins and the polyurethane foam core. The cross-section is divided into three main parts, 103 

Part 1 to 3 (Figure 3). The model assumes a plain stress problem where a constant strain occurs 104 

across the width. Therefore, all layers extend the full width of the panel. The sandwich panel 105 

problem is very sensitive to shear and through-thickness compressibility of the soft core. 106 

Therefore, a sensitivity study is carried out and focussed on the through-thickness mesh refinement 107 

of the core. In the span direction, a large number of segments (160) was used and kept constant. 108 

Parts 1 and 3 are the GFRP skins and are represented by a single layer, each. In order to establish 109 

the appropriate number of layers for the core (Part 2) that leads to a converged solution, the 110 

convergence study was carried out using 2, 8, 12, 16, 20 and 24 layers within the depth of the core. 111 

The convergence study was carried out on the sandwich panels tested by Shawkat (2008), taking 112 

into account three different loading configurations: three-point bending (panel P1), four-point 113 

bending (panel P2) and a uniform loading configuration (panels P3 to P5). The converged solution 114 

was based on ultimate load, taking into consideration all the different failure criteria mentioned 115 
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earlier for both the skins and core.  Figure 4 shows the variation of the predicted failure load with 116 

number of layers, for different loadings (full details of analysis are given later). The figure shows 117 

that convergence depends slightly on the loading configuration. Panel P1 showed a minimal total 118 

variation in the predicted failure load of about 8% and the solution converged at 16 layers. Panel 119 

P2 showed a variation of 10% in the predicted failure load, and the solution converged also at 16 120 

layers. Panels P3 to P5 required 20 layers to reach convergence and the predicted failure load 121 

variation was about 12%. As such, it was finally decided to use 20 layers within the core and two 122 

layers for the skins in the rest of the study. The 160 elements along the half span will be referred 123 

to as ‘segments’ while the 22 elements along the depth of the panel will be referred to as ‘layers’. 124 

Force Equilibrium and Moments 125 

Figure 3 shows a cross-section of the sandwich panel under a given normal strain distribution at a 126 

given load. Only two independent parameters are needed to establish the complete strain profile, 127 

namely the strain at any level, say at the extreme bottom εt, and the neutral axis depth ybar. The 128 

strain εi at any GFRP or polyurethane foam layer i, located at a distance yi from the bottom extreme 129 

tension side, can then be determined from the linear strain distribution as follows: 130 

bar i
i t

bar

y y

y
 

 
  

 
,      If bari yy   (2)

i bar
i c

bar

y y

H y
 

 
   

,      If i bary y  (3)

The normal stress in any element, either GFRP or polyurethane foam, σi is then calculated 131 

from the corresponding normal stress-strain curve, whether in tension or compression, using the 132 

cubic spline fitting curves. The total cross-section force at a given stage of loading (i.e. for a given 133 

εt and εc) can be obtained by numerical integration of stresses over the cross-section, for both GFRP 134 

and polyurethane, which must equal to zero in flexure to satisfy equilibrium, as follows:  135 
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, 1 , 1

( ) ( ) 0
n n

S i S i C i Ci
GFRP i PolyurethanFoam i

A A 
 

    (4)

The corresponding moment M is calculated as follows: 136 

, 1 , 1

( ) ( )
n n

S i S i i C i Ci i
GFRP i PolyurethanFoam i

M A y A y 
 

    (5)

where σSi and σCi are the stresses in skins or core at layer i, respectively, n is the total number of 137 

layers. ASi and ACi are the cross-sectional areas of the GFRP or polyurethane layer i, respectively, 138 

and yi is the distance between the centroid of layer i and the bottom extreme fibre. 139 

The presence of longitudinal and transverse ribs is accounted for in the internal forces. At 140 

each cross section, the specific width and thickness of the longitudinal or transverse rib was 141 

considered. Also, the contribution of the web of the rib in each layer i is considered. 142 

Moment-Curvature Response 143 

The aforementioned concepts and geometric relationships have been used to establish the moment-144 

curvature response of a given cross-section in the panel. A computer code was written in 145 

FORTRAN90. The program can deal with any material stress-strain curve of any shape. A 146 

simplified flowchart illustrating the procedure is provided in Figure 5. The moment-curvature 147 

algorithm can be summarized as follows: 148 

1. Input panel dimensions, overall thickness, skin thickness, loading span, and loading pattern. 149 

2. Divide the core into n numbers of layers (in this study it was shown that n = 20 for the core is 150 

sufficient). Each skin counts as one layer. 151 

3. Define the stress-strain relationships for both GFRP and polyurethane foam materials in 152 

tension, compression and shear. 153 

4. Assume a strain value at the top surface of the sandwich panel, εc, (Figure 3) less than the 154 

ultimate strain of GFRP in compression, εcu.  155 



8 
 

5. Assume a neutral axis depth from bottom surface, ybar (Figure 3). 156 

6. Calculate the corresponding tensile strain εt at the bottom skin (Eq. 1). Check that this strain 157 

does not exceed GFRP ultimate tensile strain GFRP, εtu, otherwise tension failure has occurred. 158 

7. Construct the linear strain profile by calculating εi from Eqs. 2 and 3 at each layer i (Figure 3). 159 

It is worth noting that the ultimate tensile strain of the foam core, in tension or compression, 160 

are significantly higher than those of GFRP skin (Figure 2). As such, it is not possible for the 161 

extreme layers of foam core to fail in the longitudinal direction before GFRP skins. 162 

8. Calculate the corresponding stresses, σSi and σCi, in the GFRP skins and foam core, respectively 163 

(Figure 1), using material stress-strain relationship through the cubic spline functions. 164 

9. For each layer i in the cross-section, calculate its cross-sectional area, Ai, weather it is ASi (for 165 

the GFRP skins) or ACi (for the polyurethane foam core). 166 

10. Calculate the tensile and compressive forces induced in each layer, (σSi ASi) or (σCi ACi). 167 

11. Check equilibrium by summing the tension and compression forces (Eq. 4). If the total force 168 

sum is not equal to zero, return to Step 5 and assume a new neutral axis depth. Continue the 169 

process and repeat until equilibrium is satisfied. 170 

12. Determine the moments of the forces in all layers about neutral axis. The summation of all 171 

moments is the total moment M (Eq. 5) for the strain εc applied in Step 4. 172 

13. Compute the curvature as ψ = εt / ybar. 173 

14. Return to Step 4 and assume a new strain. Repeat this process until the ultimate strain of GFRP 174 

skins is reached in tension or compression and the complete M-ψ response is developed. 175 

Generation of Full Load-Deflection Response 176 

The load-deflection response consists of three components, namely a flexural component, a shear 177 

component, and a local skin Winkler effect component. In typical structural materials such as steel 178 

and concrete beams, deflections are dominated by the flexural contribution only. However, in 179 
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sandwich panels with soft cores, the shear contribution is quite significant. In addition, Winkler 180 

effect under concentrated loads must be considered. Figure 6 shows a flow chart for the procedure 181 

of obtaining the complete load-deflection response. Details are explained as follows: 182 

Flexural effect: Once the M-ψ response of the cross-section is obtained, the load-deflection 183 

response can be estimated for a given loading scheme. The mid-span deflection of the panel (δm) 184 

under symmetric loading is calculated by integrating the curvatures (ψ) along the span using the 185 

moment-area method (Ghali and Neville, 1989), as given by the following equations: 186 

 dxdxxm )(
 (6)

To start the process, an initial load is assumed and one half of the span is divided into 187 

several segments (160 in this study), each segment l has a length dx.  The average bending moment 188 

experienced within each of the segments (Mi) is calculated for the applied load. The previously 189 

established moment-curvature response is then used to determine the average curvature 190 

corresponding to Mi within each segment (ψi). The product (ψi dx) gives the change in slope (Δθi) 191 

of the deformed segment. For symmetric geometry and loading, the slope of the deformed member 192 

at mid-span is zero, and the slope at midpoint of each segment (θi) is equal to the summation of 193 

Δθi for all segments between mid-span and the point of interest. The product (θi dx) gives the 194 

change in deflection (Δyi) of the segment. The summation of Δyi values for all segments between 195 

mid-span and the support gives the total mid-span deflection of the panel (δm). This entire process 196 

is repeated at various load levels in order to establish the first component of load-deflection curve, 197 

which is due to flexure only. 198 

Shear effect: The deflection of any segment l along the span, and at a layer i along the depth, due 199 

to shear stress, δv,l,i, is equal to: 200 

, , ,v l i l i dx   (7)
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where the shear strain γl,i can be calculated from the shear stress τl,i at a specific layer i and a given 201 

segment l under a specific loading conditions, as shown in Figure 7. Segment l varies from 1 to 202 

160 and i varies from 1 to 22. The shear stress τl,i can be calculated as follows: 203 

, ,
,

, , ,

l t l i
l i

t l t l i

V Q

I b
   (8)

where Vl is the shear force at segment l and Qt,l,i is the first moment of area for the transformed 204 

cross-section about neutral axis, at specific layer i. It,l is the moment of inertia for the transformed 205 

cross-section and bt,l,i is the width of the transformed cross-section at layer i. The transformed 206 

section is established by transforming the width bl,i of each skin or core layer i at any segment l to 207 

a unified core material based on the modulus of the foam in compression, as follows: 208 

,
, , ,

l i
t l i l i

fc

E
b b

E
  (9)

where bl,i is the original width at segment l for layer i and bt,l,i is the transformed width. El,i is the 209 

secant modulus of elasticity of the normal stress-strain curve of the polyurethane or GFRP, in 210 

tension or compression (depending on the location of layer i relative to neutral axis), at segment l. 211 

El,i is established from the material curve at the specific normal strain εl,i of layer i at segment l at 212 

this particular loading. Efc is the reference modulus which is the initial modulus of the polyurethane 213 

foam in compression. Figure 8 shows the original and the transformed cross-sections, respectively. 214 

After calculating shear stress, the corresponding shear strain γl,i can be calculated using the 215 

core material shear stress-strain curve and is used to compute the shear deflection of layer i. To 216 

calculate the total shear deflection of layer i at mid-span of the panel, the shear deflection for each 217 

segment (l = 1 to 160) should be summed in the longitudinal direction of the panel.  218 

160 160

, , , ,
1 1

m m

v i l i v l i
l l

dx  
 

 

    (10)
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where δv,i is the total shear deflection of layer i specifically at mid-span, and m is the total number 219 

of segments along the half span (160).  As such, at every layer i, the shear deflection values will 220 

be different from one layer to the other, which is obviously impossible because each layer is joined 221 

to the adjacent layers and the whole cross-section must be continuous, without any gaps or overlaps 222 

(Shanley, 1957). As a result, each layer will rotate clockwise (or counter-clockwise) to adjust the 223 

cross-section continuity at this segment (Figure 7). This rotation causes the cross-section to warp, 224 

which means the cross-section will not remain plane. On the other hand, the calculated bending 225 

deflections were based on the beam theory, assuming plane sections remain plane after 226 

deformation. However, it has been found that the assumption that plane sections remain plane after 227 

deformation can be used with negligible errors in most cases (Shanley, 1957). 228 

The top skin deflection due to shear forces at any segment, δv,l,top can be assumed as the 229 

average deflection of all layers above the neutral axis, while the bottom skin deflection at the same 230 

segment, δv,l,bot, is the average deflection of all layers below the neutral axis, as follows: 231 

, ,
1

, ,

, ,
1

, ,

top

bot

n

v l i
i

v l top
top

n

v l i
i

v l bot
bot

n

n


















 (11)

where ntop is the number of layers above the neutral axis and nbot is the number of layers below the 232 

neutral axis. The total shear deflections at the panel mid-span, for both skins, are: 233 

160

, , ,
1

160

, , ,
1

m

v top v l top
l

m

v bot v l bot
l

 

 
















 (12)

where δv,top and δv,bot are the total top and bottom skin deflections due to shear, at the panel mid-234 

span, respectively. The two skins will not deflect equally because of the soft core and the difference 235 
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represents a change in thickness of the panel at this loading step, which is discussed in detail later.  236 

In panels with GFRP ribs, the effects of longitudinal and transverse ribs on the transformed section 237 

analysis are considered at each cross section. This is considered in calculating bt,l,i in Eq. 9, in 238 

calculating It,l used in Eq. 8 and in calculating Qt,l,i, also used in Eq. 8. 239 

Winkler effect: Because of the soft core, loads applied to the top skin will cause local bending and 240 

deflection. To capture this effect, the concept of beam on elastic foundation is employed. It is 241 

based on the assumption by Winkler that the reaction forces at every point are proportional to the 242 

deflection of the beam (skin) at that point (Hetenyi, 1946). In sandwich panels, the top skin can be 243 

considered as a beam resting on elastic foundation based on the compressibility of the foam core 244 

(Figure 9). Note that in in panels with GFRP ribs, the ribs were considered rigid enough to prevent 245 

the localized effect caused by the softness of the core. The general differential equation for the 246 

deflection curve of a beam on elastic foundation is: 247 

4

4
0

d w
EI kw

dx
   (13)

where w is the vertical deflection and EI is the flexural rigidity of the top skin. k represents the 248 

elasticity “modulus” of the polyurethane foam core. The general solution of this equation is: 249 

   1 2 3 4cos sin cos sinx xw e C x C x e C x C x         (14)

where: 250 

4

4EI

k


 
(15)

and C1 to C4 are the integration constants and can be calculated by the applied boundary conditions. 251 

Because of the fact that the skin does not have an infinite length but limited to the panel span, the 252 

superposition method developed by Hetenyi (1946) is used. The superposition method is based on 253 

determining the skin end forces (bending moments and shear forces) which will transform the 254 
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infinite length beam to a finite length beam with a specific span. The solution of both concentrated 255 

and uniform load cases with finite length has been presented in Sharaf (2010). 256 

Superposition: The addition of the compressive stresses resulting from the Winkler’s local 257 

bending in the top skin, to the original flexural compressive stresses, was considered to get the 258 

total skin stress. Also, the final top skin deflection is the sum of all three deflections as follows: 259 

, , , , ,tot l m l v l top w l       (16)

where δm,l , δv,l and δw,l are deflections at segment l due to flexure, shear and elastic foundation, 260 

respectively. The Winkler effect is neglected in the bottom skin at the support regions. 261 

Nonlinear Geometric Effects 262 

As indicated earlier, the shear stress variation across the sandwich panel thickness results in the 263 

shear deflection also being variable through the thickness. As such, each layer will deform (skew) 264 

in a value different from the adjacent layers. Also, because of the different polyurethane core 265 

behaviour in tension and compression and material nonlinearity, the layers below neutral axis will 266 

have different transformed widths from the layers above. Furthermore, Winkler effect will 267 

compress the core and reduce the total thickness of the panel. All this will result in different values 268 

of deflection for the top and bottom layers (Eq. 12). This difference will cause the cross-section to 269 

be “squeezed” at the end of the loading step and a smaller thickness is used under the next load 270 

increment (Figure 7). In order to account for this geometric nonlinearity, the neutral axis location 271 

of the new transformed section has to be re-established in each load step, for each segment along 272 

the span. After applying the first load increment, the resulting deflection is calculated for both 273 

flexure and shear at each segment. Then, the new section thickness Hnew,l is calculated using Eq. 274 

17, at each segment. A new location of neutral axis is then recalculated at each segment.  275 

, , , , , , ,new l old l v top l v bot l w lH H        (17)
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where Hold,l is the cross-section thickness at the previous load increment. A new moment-curvature 276 

relationship at every segment is established for the section with the new thickness, as explained 277 

earlier, using the developed cubic spline material curves. Then, under any moment value at each 278 

segment along the span, the corresponding curvature is calculated. As the curvature values for 279 

every segment at certain load increment is known, the deflection due to moment can be calculated 280 

at this load increment. Also, the moment-strain (tensile or compressive) relationships at any 281 

segment, at a certain load increment, can be found.  282 

Failure Criteria 283 

Seven main failure criteria were considered, namely (1) a flexural tension failure of GFRP skin, 284 

(2) a compression failure of GFRP skin by crushing, (3) a shear failure of the foam core, (4) a 285 

shear failure of the GFRP rib, (5) a tension failure of the foam core, (6) a compression failure of 286 

the foam core by excessive deformation, and (7) a wrinkling failure (local buckling) of the GFRP 287 

compressive skin. The tension failure of the GFRP skin is highly unlikely as the compression skin 288 

or core shear failure usually governs. Six of the failure criteria are material failures and are 289 

governed by the stress-strain curves established earlier. The seventh failure criterion, namely the 290 

compression skin wrinkling under flexural stresses is based on the model by Allen (1969), Eq. 18: 291 

1 2

3 3
1cr S CB E E               and 

   
1

2 2 3
1 3 12 3 1c cB  


      

(18)

where σcr is the minimum critical wrinkling stress of skin, ES is the skin longitudinal compressive 292 

modulus, EC is the core compressive modulus and νc in the core Poisson’s ratio. Throughout the 293 

formulation of the moment-curvature response, the maximum values of compressive and tensile 294 

strains in the skins are continuously monitored, to detect any flexural or wrinkling failures. Also, 295 
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shear failure is defined when the shear stresses in the shear analysis algorithm exceed the failure 296 

values of the polyurethane foam core or the GFRP ribs.  297 

Illustration of Key Features of the Model 298 

The model developed has several significant features, namely, accounting for the geometric non-299 

linearity, which is the change in thickness due to core compressibility, significant material non-300 

linearity of polyurethane foam core, and a number of possible failure criteria of GFRP and 301 

polyurethane. Also, the model is capable of displaying individually the different components of 302 

deflection produced by flexure, shear, and localized loading of the skin according to beam on 303 

elastic foundation principles. In order to illustrate the significance of these features, the load-304 

deflection responses of the test specimens (Shawkat, 2008) with two different core densities are 305 

predicted under five different conditions: In case (1), the model neglects material nonlinearity of 306 

foam and GFRP, geometric nonlinearity and beam on elastic foundation. In this case, the stiffness 307 

based on the initial linear parts of the stress-strain curves were used as constants throughout the 308 

analysis. In case (2), only the material nonlinearity is considered for both GFRP and Polyurethane 309 

foam, in tension, compression, and shear. In case (3), in addition to material nonlinearity, 310 

geometric nonlinearity is also considered. In case (4), in addition to material and geometric 311 

nonlinearities, core compressibility under the loads is considered through Winkler effect. Case (5) 312 

is essentially case (4) but with applying the failure criteria.  313 

Figures 10(a) and (b) show the experimental and the analytical responses for the five cases 314 

for specimens P3 to P5 with soft cores of 32 kg/m3 density, and specimens P7 to P9 with denser 315 

cores of 64 kg/m3, respectively. The figures clearly show that ignoring material nonlinearity, case 316 

(1), grossly underestimate deflection, especially at higher loads. Considering material nonlinearity 317 

but ignoring geometric nonlinearity, case (2), provides significant improvement of prediction 318 

throughout the loading history but still underestimates deflection at higher loads for the softer core 319 
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specimens (Fig. 10(a)).  Accounting for geometric nonlinearities, case (3), and considering the 320 

Winkler effects, case (4), slightly improves prediction, especially for softer core specimens. Case 321 

(5), which enables failure criteria, leads to the final prediction with the full capabilities of the 322 

model and shows reasonable agreement with the experimental responses. Clearly, the most 323 

important effect is the material nonlinearity (i.e. case (1) versus case (2)). An illustration of the 324 

individual contributions of flexure, shear and Winkler effect to deflections is presented next. 325 

Model Validation 326 

The analytical model is validated using the load-deflection and load-longitudinal strain responses 327 

of ten sandwich panels tested by Shawkat (2008), including low density core (32 kg/m3) panels 328 

(Fig. 11) and high density core (64 kg/m3) panels (Fig.  12). Figure 11(a) shows the responses of 329 

panel P1 tested in three-point bending. The figure shows good agreement between measured and 330 

predicted load-deflection responses, except for deflection at ultimate, which was slightly 331 

overestimated. It is clear from the figure that shear deflection is significantly higher than the 332 

flexural deflection. For the load-strain responses, although the model accounts for the Winkler 333 

effect in terms of deflection and localized bending stresses of the skin, it could not fully capture 334 

the excessive compressive strain of the loaded skin at the wrinkle location. The reason is that the 335 

strain at the point of maximum inward wrinkling was beyond the ultimate compressive strain 336 

obtained from the GFRP compression coupons tests. The model predicts the correct failure mode 337 

at ultimate, which is the compression failure of the foam core under the load. This is detected by 338 

approaching the flat plateau of stress-strain curve of the foam under the load. This in turn leads to 339 

excessive thickness reduction of cross-section in the vicinity of load, which triggered a shear 340 

failure adjacent to the load. Although failure appears similar to a local buckling, it is actually 341 

excessive deformation of the core, as the critical skin stress σcr (Eq. 18) was not reached. 342 
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Figure 11(b) shows the responses of panel P2 tested in four-point bending, which showed 343 

reasonable agreement. It is to be noted that the deformed shape of panel P2 during testing was not 344 

symmetric as deflection under one load was slightly higher than the other, and indeed triggered 345 

failure to occur at that loading point. The model predicted correctly the failure mode, which was 346 

compression failure of the foam core under the loading point by excessive deformation, leading to 347 

shear failure as indicated for panel P1. Unlike P1, the deflection at mid-span due to the Winkler 348 

effect is zero because the loads are relatively far from mid-span.  349 

Figure 11(c) shows the responses of identical low-density core panels P3 to P5 tested under 350 

uniformly distributed load (8 point loads), while Fig. 12 shows the responses of identical high-351 

density core panels P7 to P9, also tested under 8 point loads. Very good agreement is observed. 352 

The model also predicted the correct failure modes in both cases, namely shear failure of the core. 353 

Figure 11(c) shows that the shear deflection is significantly larger than the flexural deflection, 354 

because of the low-density core, whereas Figure 12 shows that both flexural and shear deflections 355 

are somewhat similar in high-density core. At a given load level, the shear deflection is 356 

significantly lower for high-density core than for low-density core.  357 

PARAMETRIC STUDY 358 

In this section, a parametric study is conducted to study the two most influencing parameters 359 

affecting sandwich panel behavior, namely skin thickness and polyurethane core density.  The core 360 

densities are varied from M1=32 kg/m3 to M6=192 kg/m3 at 32 kg/m3 intervals. The top and 361 

bottom skin thicknesses studied are t1=1.6 mm, t2=3.2 mm, and t3=4.8 mm. The dimensions of 362 

the sandwich panel used in the parametric study are 1500x300x78 mm, and the panel is assumed 363 

to be loaded with a uniform pressure over a span of 1400 mm. The overall panel thickness is kept 364 

constant at 78 mm. Figure 13 shows the stress-strain curves of the polyurethane of different 365 
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densities in compression, tension and shear. The curves were developed analytically by the first 366 

author (Sharaf, 2010) using the technique suggested by Gibson and Ashby (1988). 367 

Table 1 summarizes the parametric study and results, including failure modes. For each of 368 

the six core densities, the three skin thicknesses are used, giving a total of 18 cases. Each case is 369 

given a specific ID. Figures 14(a) to (f) show the load-deflection responses of six out of the 18 370 

panels, namely, the ones with the lowest (M1) and highest (M6) core densities. The figures also 371 

show the individual contributions of flexure, shear and Winkler effect to total deflection. It can be 372 

immediately seen from the figures that the shear deflection reduces significantly as core density 373 

increases, while the flexural deflection contribution increases. The Winkler effect is very small for 374 

all densities because the load is uniformly distributed, unlike the case of concentrated load (Figure 375 

11(a)), where it was quite pronounced. 376 

Effect of Skin Thickness 377 

Figures 15(a) to (c) show the effect of skin thickness on ultimate load, stiffness, and percentage of 378 

flexural contribution to total deflection. It can be seen from Figure 15(a) that increasing the skin 379 

thickness does not always lead to a significant increase in ultimate load. For example increasing 380 

the skin thickness from 1.6 mm to 3.2 mm enhanced the ultimate strength for all core densities, at 381 

various degrees, except for M1, which was not affected. On the other hand increasing the thickness 382 

from 3.2 mm to 4.8 mm enhanced the strength significantly for the M3 and M4 densities only. The 383 

reason is that for those two foam densities the failure mode was skin compression not a core shear 384 

failure. Figure 15(b) shows that the stiffness generally increases as the skin thickness increases, 385 

except for the very low density core M1 which was not affected. Figure 15(c) shows that the 386 

contribution of flexural deflection to the total deflection consistently reduces as the skin thickness 387 

increases. In general, one can conclude that increasing skin thickness becomes more effective, 388 

particularly for strength, as core density increases up to a certain level, the M4 density in this case. 389 
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Effect of Core Density 390 

Figures 16(a) to (c) show the effect of core density on ultimate load, stiffness, and percentage of 391 

flexural contribution to total deflection, respectively. Increasing the density enhances flexural 392 

strength up to a certain level, namely the M4 density. Beyond this, the strength may reduce again 393 

or stabilizes. This behaviour is a result of changing failure mode from core shear failure to skin 394 

compression failure and then core shear failure again. Also, increasing the density generally 395 

enhances stiffness, but at a lower rate beyond a certain density (M3). The contribution of flexural 396 

deflection certainly increases considerably as density increases but at a smaller rate beyond density 397 

M3.  It appears from this study that perhaps the optimal core density for strength is the (M3-M4) 398 

range of 96 to 128 kg/m3. This range represents the lowest density necessary to achieve the highest 399 

ultimate strength and stiffness. Furthermore, this range of density combined with the largest skin 400 

thickness used, 4.8 mm, resulted in the highest level of strength (i.e. cases M3t3 and M4t3). 401 

CONCLUSIONS 402 

In this study, a nonlinear analytical model was developed to study the flexural behaviour of 403 

sandwich panels composed of a polyurethane foam core and GFRP skins.  The FORTRAN-coded 404 

analytical model accounted for both material and geometric nonlinearities. The model was based 405 

on equilibrium and strain compatibility, accounting for excessive shear deformations and thickness 406 

reduction due to soft core. The model captured the localized deformations of the loaded skin using 407 

beam-on-elastic foundation principles. The model is also able to isolate, and present separately, 408 

the individual contributions of flexure, shear, and localized skin deformations, to the overall 409 

deflection of the panel. The model was successfully validated using experimental results. 410 

A sensitivity study using the model showed that the most important features in the model 411 

are accounting for material non-linearity of the core and enforcing the proper failure criteria. A 412 
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parametric study was also performed to examine the effects of core density and skin thickness and 413 

concluded the following: 414 

1. As the core density increased from 32 to 192 kg/m3 the contribution of shear to the overall 415 

deflection reduced from about 90 to 10%. 416 

2. For a very low density core (32 kg/m3), increasing the skin thickness has an insignificant effect 417 

on flexural strength and stiffness, as failure is consistently governed by core shear failure. 418 

3. As the core density increases, failure mode changes from core shear to compressive skin failure 419 

associated with an increase in strength and stiffness. At large skin thicknesses, this trend could 420 

revert to core shear failure and is then associated with reduction in strength. 421 

4. As the core density increases, increasing the skin thickness becomes more effective, leading to 422 

enhancement in strength and stiffness, but only up to a certain core density. 423 

5. It appears that the optimal core density of the sandwich panels is within the 96 to 128 kg/m3 424 

range. This represents the lowest density necessary to achieve the highest strength and stiffness. 425 
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Table 1. Summary of the parametric study and results 475 
 476 

Core density 
Skin 

Thickness 
(mm) 

ID 
Pu 
(kN) 

%age 
Gain 

k 
(kN/m
m) 

%age 
Gain 

δ 
(mm) 

%age 
Reduced 

Failure 
mode 

M1 
(32 kg/m3) 

1.6   M1t1  8.0  ‐‐‐‐‐‐  0.263  ‐‐‐‐‐‐  53.27  ‐‐‐‐‐‐  S 

3.2  M1t2  7.8  ‐2.5  0.293  11.85  47.25  11.30  S 

4.8  M1t3  7.6  ‐5.0  0.302  15.22  41.86  21.42  S 

M2 
(64 kg/m3) 

1.6   M2t1  20.0  150  0.492  87.69  51.55  3.23  S 

3.2  M2t2  26.4  230  0.806  207.23  62.61  ‐17.53  S 

4.8  M2t3  25.6  220  0.907  245.87  46.51  12.69  S 

M3 
(96 kg/m3) 

1.6   M3t1  21.6  170  0.916  249.24  27.82  47.78  C 

3.2  M3t2  38.4  380  1.534  484.93  35.39  33.56  C 

4.8  M3t3  56  600  1.975  653.09  42.28  20.63  C 

M4 
(128 kg/m3) 

1.6   M4t1  21.6  170  0.998  280.30  25.23  52.64  C 

3.2  M4t2  40.8  410  1.744  564.98  28.89  45.77  C 

4.8  M4t3  57.6  620  2.308  779.80  34.17  35.86  C 

M5 
(160 kg/m3) 

1.6   M5t1  22.4  180  0.998  280.46  25.1  52.88  C 

3.2  M5t2  42.0  425  1.647  528.09  28.9  45.75  C 

4.8  M5t3  44.4  455  2.368  802.96  21.81  59.06  S 

M6 
(192 kg/m3) 

1.6   M6t1  22.4  180  1.034  294.14  24.67  53.69  C 

3.2  M6t2  34.8  335  1.908  627.34  20.85  60.86  S 

4.8  M6t3  33.6  320  2.618  898.18  13.91  73.89  S 

Pu =  Ultimate load  CS =  Polyurethane foam core shear failure 

K  =  Stiffness  SC = GFRP top skin crushing failure 

δ  =  Deflection at ultimate     
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Figure 1. Normal stress and strain distributions  
 



 
 

 

Figure 2. Stress-strain curves of sandwich panel materials tested by Sharaf (2010): 
(a) polyurethane core in tension and compression; (b) polyurethane core in shear; (c) 

GFRP in tension and compression; and (d) GFRP in shear. 
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Figure 3. Meshing configuration of sandwich panels 
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Figure 4. Variation of failure load with number of cross-section layers within core for the 
convergence study on specimen tested by Shawkat (2008) 
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Figure 5. Flow chart of the procedure to obtain the moment-curvature response of a cross-

section 
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Figure 6. Flow chart of procedure used to obtain the load-deflection response 
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Figure 7. Shear deflections in sandwich panel 
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Figure 8. Section transformation accounting for variable modulus in core and skin in 
tension and compression 
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Figure 9. Winkler effect of polyurethane foam softness at loading points 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

    

       

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Illustration of significance of various features of the model for sandwich panels: 
(a) with soft cores, Specimen P3 to P5; and (b) with hard cores, Specimen P7 to P9; tested 

by Shawkat (2008) 
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(a) Panel P1 tested under a concentrated load in three-point bending 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Panel P2 tested under two concentrated loads in four-point bending 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Panels P3-P5 tested under uniformly distributed load 
 
Figure 11.  Model verification using load-deflection and load-longitudinal strain responses 

of panels with low density cores tested by Shawkat (2008) 
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Figure 12.  Model verification using load-deflection and load-longitudinal strain responses 

of panels P7-P9 with high density cores tested by Shawkat (2008) under uniformly 
distributed load 
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Figure 13.  Stress-strain curves for polyurethane foam with densities ranging from 
32 kg/m3 to 192 kg/m3: (a) in compression, (b) in tension and (c) in shear 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.  Effect of core density and skin thickness on load-deflection responses of panels. 
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(a)                                                 (b)                                                   (c) 
 
Figure 15. Effect of skin thickness on behaviour of panels with different core densities: (a) 

ultimate load, (b) stiffness, and (c) percentage of flexural deflection to total deflection 
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(a)                                                 (b)                                                   (c) 
 
Figure 16. Effect of core density on behaviour of panels with different skin thicknesses: (a) 

ultimate load, (b) stiffness, and (c) percentage of flexural deflection to total deflection 
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