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Abstract 13 

This paper investigates the bending response of cured and uncured viscoelastic 14 

composite laminates at different loading rates to gain a better understanding of the fibre 15 

waviness and wrinkling evolution during the forming process of advanced composites. This is 16 

accomplished by the implementation of a three-dimensional (3D) multi-scale modelling 17 

framework that incorporates analyses at different scales (micro-, meso- and macro-scale). For 18 

micro- and meso-scale simulations, analytical models proposed in the literature are investigated 19 

for estimating the material properties, while a differential form (DF) of viscoelasticity 20 

implemented as a UMAT is employed for structural level (macro-scale) simulations. 21 

Combining analytical equations at smaller scales with the DF form of viscoelasticity at macro-22 

scale, a rapid method for estimating the effect of various parameters on wrinkle formation is 23 

developed. The numerical model is validated by comparing the bending behaviour of thin 24 

viscoelastic composites with experimental data reported in the literature. The influence of 25 

various parameters including fibre stiffness, ply anisotropy, resin properties, and loading rates 26 

on the bending behaviour of composites are analysed. The agreement between the numerical 27 

predictions and the experimental data highlights the potential of the proposed multi-scale 28 

modelling framework to predict the behaviour of viscoelastic composite with a variety of yarn 29 

architectures efficiently. Further experimental investigations into the viscoelastic 30 

characteristics of woven composites at the micro- and meso-scale are advised to ascertain the 31 

limitations and validity range of the predictions.  32 

Keywords: Finite element analysis, bending, composites, viscoelastic materials, multi-33 

scale, orthotropic properties, resin. 34 

1. Introduction 35 

Advanced composites are increasingly used for structural applications in aerospace, 36 

automotive, and marine industries thanks to their unique characteristics such as higher specific 37 

stiffness and strength, as well as ability for net shape manufacturing [1]. Woven-reinforced 38 

composites are preferred due to their improved ability to produce complex shapes [2]. 39 

However, formation of process-induced defects such as wrinkles poses obstacles to fully 40 

exploiting the potential of advanced composites [3]. Typically, aerospace industry process 41 

specifications limit the degree of defects for certification purposes. For instance, when it comes 42 
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to wrinkles, the length and out-of-plane height of the wrinkles are kept within well-defined 43 

limits to minimise their influence on the mechanical performance of the end-part. Wrinkle 44 

development is facilitated during the forming process of complex composite components such 45 

as stringers by out-of-plane bending as well as in-plane shear deformations [4, 5]. As such, 46 

accurate prediction of in-plane and out-of-plane characteristics of an uncured laminate, as well 47 

as inter-ply slippage [6] during the forming process is highly desirable to optimize the forming 48 

process of composites and mitigate wrinkle formation. Although several studies on the bending 49 

properties of cured prepreg materials have been published, efficient numerical modelling of 50 

large viscoelastic composites remains a significant challenge in the composite manufacturing 51 

industry. Given that the high-fidelity simulation of viscoelastic behaviour of large composite 52 

parts during forming process takes significant set-up and computational time, industry often 53 

relies on trial-and-error experimental methods instead of simulation. This highlights the need 54 

for developing efficient simulation methods. This paper focuses on predicting the bending 55 

behaviour of woven composites using an efficient multi-scale modelling approach as a first 56 

step towards developing a fast and comprehensive multi-scale framework for viscoelastic 57 

analysis of woven composites during cure. 58 

As the macro-scale mechanical properties of composites are closely linked to their 59 

microstructures, multi-scale modelling is an effective way to account for microstructural 60 

features on the macro-structural response of composites with complex microstructures [7-10]. 61 

Numerous frameworks for modelling of heterogeneous materials have been proposed over the 62 

years [11]. Based on the underlying problem formulation, modelling approaches can be 63 

classified into three categories; (i) concurrent, (ii) hierarchical and (iii) hybrid. Among these, 64 

the hierarchical modelling approach appears to be the most practical approach for industry 65 

applications and is thus considered in this paper. This approach entails describing different 66 

scales and employing techniques for resolving and coupling such hierarchical scales within a 67 

single domain.  68 

At the macro or structural scale, the fundamental assumption in classical multi-scale 69 

modelling is that the material is homogeneous. The effective characteristics at the macro-scale 70 

are estimated by evaluating the micro-scale behaviour of a small representative volume element 71 

(RVE) of material across the macro domain [9]. As multiple analyses across different length 72 

scales are performed, using multi-scale methods significantly faster run times are obtained with 73 

minimal loss of accuracy compared to high-fidelity simulation approaches. Efficiency becomes 74 

critical in applications where the time-dependent (viscoelastic) response of the structure is of 75 

interest, such as in process modelling. In this context, Malek [12] proposed an efficient multi-76 

scale approach for the analysis of composites with complex microstructures. The approach 77 

enables 3-D viscoelastic analysis of large-scale composite components with generally 78 

orthotropic properties. It should be noted that complex deformation mechanisms such as tow 79 

shear, inter-tow shear, inter-tow slip [5] were ignored to expedite the finite element analysis of 80 

uncured composites. Within this context, instead of explicitly considering complex 81 

mechanisms that may occur concurrently during the formation of woven composites, a 82 

modified input value at the micro-scale based on published experiments [6, 13-15] may be 83 

considered for uncured prepregs.  84 

Bending properties of uncured thin laminates are known to significantly influence the 85 

occurrence of wrinkles, particularly in determining the shape of wrinkles [6, 16-18]. For 86 

example, increasing the bending rigidity of the laminate leads to an increase in the size of the 87 
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wrinkles [19]. Numerous experimental studies [17, 20-23] have been conducted in the recent 88 

decade to characterise the out-of-plane bending behaviour of prepregs. To eliminate time-89 

consuming and costly measurement trials, various researchers have developed numerical 90 

models for the composite forming process. Forming simulations for composite fabrics were 91 

carried out under the membrane hypothesis [14, 24], i.e., neglecting the bending stiffness. For 92 

example, Larberg and Åkermo [14] developed a methodology for modelling the in-plane 93 

deformations of unidirectional (UD) prepregs. Both in-plane shear and inter-ply friction were 94 

considered in the forming model of stacked thermoset UD prepregs in [14]. Subsequently, it 95 

was shown that bending stiffness has a substantial influence in determining the magnitude and 96 

intensity of wrinkles [16]. Other studies [6, 25, 26] suggested that the final desired shapes after 97 

forming of composite prepregs are determined by the complex interaction of intra-ply shear 98 

(including longitudinal and transverse intra-ply shearing), inter-ply slippage and out-of-plane 99 

bending. Numerous efforts have been made to incorporate such diverse deformation 100 

mechanisms into the composite forming model to accurately predict wrinkle evolution during 101 

the forming process. To capture such complex mechanisms, some researchers [6, 13, 27] have 102 

employed Aniform Finite Element (FE) software with shell elements to model the viscoelastic 103 

bending behaviour of composite plies under conditions relevant to the forming process. It is 104 

worth noting that the Aniform shell is a combination of a membrane element (LTR3D) and a 105 

Discrete Kirchhoff Triangle (DKT) element, which potentially can capture both in- and out-of-106 

plane properties. However, time-consuming characterisation tests are required to determine the 107 

material parameters for a suitable constitutive model. For instance, the bias extension test was 108 

conducted and simulated in Aniform in order to obtain the fitted parameters for the membrane 109 

elements [1, 6]. Furthermore, despite the fact that a plate or shell theory can provide kinematics 110 

for points in the thickness, kinematics in the thickness of textile reinforcements is very specific, 111 

especially for thick textile reinforcements, due to relative slippage [16].  112 

Accuracy of 3-D predictive tools highly depends on the input properties. For a reliable 113 

forming simulation, the properties of the uncured material must be accurately represented in 114 

the finite element models. As a result, significant research has concentrated on characterizing 115 

three types of rigidity that can be used as inputs to wrinkling simulations: tensile, in-plane 116 

shear, and bending [5, 13, 15, 19]. For this purpose, mechanical tests such as biaxial tests for 117 

tensile stiffness, picture-frame and bias-extension tests for in-plane shear stiffness and bending 118 

tests have been performed. The bias-extension test, which is a substitute for the picture-frame 119 

test, is intended to introduce pure shear into the material. As the in-plane shear behaviour is 120 

considered to be the most dominant deformation mechanism during forming process, finite 121 

element models have been developed using material models calibrated with bias-extension tests 122 

for in-plane shear stiffness [6, 13-15, 28]. Thereafter, the calibrated fibre stiffness values of 123 

uncured composites are retrieved from the measured shear data and used as inputs to the 124 

corresponding FE simulations of the bias extension tests. These fitted values for bias-extension 125 

simulations on specific composite prepregs available in the literature are summarized in Table 126 

1. While Larberg and Åkermo [14] conducted bias-extension tests on cross-plied UD thermoset 127 

prepregs (T700/M21 and HTS/977-2), Haanappel et al. [15] applied bias-extension 128 

experiments for a woven glass fibre reinforcement (8HS/PPS). Bias-extension testing on multi-129 

layer stack UD prepreg materials containing either HT (High Tenacity) fibre or IM 130 

(Intermediate Modulus) fibre and same matrix was considered by Sjölander et al. [28]. In recent 131 

studies conducted by [6, 13], using such a bias-extension test, the in-plane shear properties at 132 

forming conditions for 5HS satin weave impregnated with Cycom 5320 were characterized 133 
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over a range of processing temperatures. The bias-extension response and simulation fit lead 134 

to a prediction of fibre stiffness as shown in Table 1. However, it should be noted that the value 135 

of the fibre stiffness was reduced compared to the real value reported in the data sheets to 136 

obtain a more stable simulation without a comprehensive investigation [13, 14, 28]. 137 

Bending tests have been widely used in the literature to assess ply bending stiffness for 138 

out-of-plane behaviour. Unlike cured composites, uncured prepregs may simultaneously 139 

promote mechanisms such as intra-ply slippages between fibres and local micro-buckling of 140 

fibres during bending since the resin is not stiff enough to prevent their occurrence [16, 18]. 141 

The combined deformations result in the composite prepregs having an apparent lower bending 142 

rigidity than conventional solid materials. Therefore, the bending properties have been 143 

investigated experimentally and characterized separately from the in-plane properties (tensile 144 

and compressive moduli) by [6, 28]. [6, 28] carried out cantilever bending tests and later 145 

calibrated the bending properties of a single ply using replication of the bending simulations. 146 

While Sjölander et al. [28] used an orthotropic elastic model to simulate the bending stiffness 147 

in the fibre direction and transverse to the fibre direction, Alshahrani and Hojjati [6] employed 148 

an isotropic viscoelastic material model for the out-of-plane bending elements. Table 1 lists the 149 

input parameters for the out-of-plane material properties based on the cantilever bending 150 

experiments. Similarly, Belnoue et al. [18] adapted the cantilever test proposed by Liang et al. 151 

[17] for capturing bending behaviour of a thermoplastic based prepreg at different 152 

temperatures. By measuring the bending stiffness in the fibre direction of an uncured prepreg 153 

ply (IMA-M21), material characteristic (i.e. Young’s modulus along the fibre direction) was 154 

derived from the beam theory (see Table 1) and used as an input for the FE consolidation 155 

model. Dörr et al. [29], on the other hand, used a dynamic rheometer within a thermal chamber, 156 

rather than the more typically used static cantilever, to characterize the bending properties of a 157 

single ply of unidirectional (UD) reinforced PA6-CF tape. A constant parameter was used for 158 

the spring element in the viscoelastic material model to fit the bending characterization curve. 159 

 As discussed previously, the bending properties of an uncured prepreg were modelled 160 

separately from its in-plane properties using specific material models for the fibre and matrix 161 

[28, 30]. However, other researchers [31, 32] have attempted to relate bending stiffness to axial 162 

moduli (i.e. compressive and tensile modulus) using a hybrid model. Contrary to traditional 163 

isotropic materials, it is hypothesised that fibrous materials can exhibit significantly varied 164 

responses in tension and compression [31]. While fibre is extremely strong and stiff under 165 

tension, it will buckle with extremely modest compressive stresses. As a result, the bending 166 

stiffness of fibrous materials cannot be obtained directly from the tensile modulus; it must be 167 

measured through experiments [33]. For instance, the vertical cantilever method was used to 168 

analyse the bending behaviour of a cross-ply thermoplastic lamina, Dyneema HB80 (Ultra-169 

High Molecular Weight Polyethylene fibres embedded in a polyurethane matrix [34], at 170 

elevated temperature (up to 120oC). A tensile test was also conducted to measure the apparent 171 

elastic modulus of such thermoplastic composites as a function of temperature. Subsequently, 172 

the obtained tensile modulus and bending stiffness were used to calculate an effective 173 

compressive modulus following an equation proposed by Dangora et al. [31] for 174 

implementation into the finite element model. Similarly, Yu et al. [32] introduced an 175 

asymmetric axial modulus to calculate bending rigidity from the in-plane stiffness (i.e. tensile 176 

and compressive rigidities). The asymmetric axial modulus, defined as the ratio of compressive 177 

modulus to tensile modulus, was determined by conducting a cantilever deflection test in the 178 

warp and weft directions and then implemented into the FE software through a user material 179 
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subroutine (Abaqus UMAT) for simulation of three-dimensional bending deformation. 180 

Alshahrani and Hojjati [26] derived an expression for the equivalent bending stiffness as a 181 

function of compressive, tensile and relaxation modulus. The compressive modulus of prepreg 182 

was determined by the slope of the stress-strain curve of an elastic region in a buckling test, 183 

while the tensile modulus was provided by the supplier. A generalized Maxwell model was 184 

used to fit the stress-relaxation response measured from the cantilever bending test, and 185 

parameters for the relaxation modulus were consequently obtained. The computed in-plane 186 

properties of the prepreg samples used as input parameters for FE bending models are listed in 187 

Table 1.  188 

Considering experimental studies on uncured composites, it is apparent that accurate 189 

prediction of the mechanical properties of composites under bending is quite challenging. 190 

According to the extensive literature review conducted in this paper, it was found that 191 

regardless of the fibre type (i.e. carbon or glass fibre), fabric architecture (i.e. UD or woven 192 

fabrics) or impregnated resin, a low value of around 1 GPa, downscaled from a real value for 193 

the fibre stiffness (e.g., 200 GPa for carbon fibre), is commonly used in most numerical models 194 

[6, 13-15]. However, this low value has not been justified clearly in the literature [28]. 195 

Moreover, bending properties at elevated temperatures were estimated based on an educated 196 

guess [15]. Hence, a better understanding of the mechanical properties of uncured composites 197 

under bending is crucial for successful forming simulations. This is accomplished using a 198 

multi-scale modelling framework that incorporates analyses at different scales and is 199 

implemented in a general-purpose finite element code, Abaqus. Due to the limitation of Abaqus 200 

built-in viscoelastic model to isotropic materials, an orthotropic viscoelastic constitutive model 201 

implemented as a UMAT [12, 35] is considered. Using this material model, the influence of 202 

ply anisotropy on the bending behaviour is investigated. 203 

It should be emphasized that the approach presented in this paper is a combination of 204 

closed-form equations and DF of viscoelastic behaviour. In comparison to other multi-scale 205 

approaches, this results in a much faster analysis. The complex deformation mechanisms that 206 

may occur simultaneously during bending of uncured composite prepregs are considered 207 

implicitly using a low value for fibre stiffness. Section 2 introduces the methodology for 208 

simulating the bending behaviour of prepregs using the DF of viscoelasticity. The details of 209 

the FE model and its verification are provided in Section 2. In Section 3, numerical results are 210 

compared with the experimental data available in the literature for validation purposes. The 211 

capabilities and limitations of the developed model are discussed in Section 4. Future works 212 

and conclusions are presented in Section 5. 213 

2. Methodology 214 

The viscoelastic behaviour of cantilever plates subjected to tip displacements can be 215 

modelled using the multi-scale approach introduced in [12] for orthotropic composites, as 216 

schematically shown in Fig. 1. It should be noted that similar approaches for analysing the 217 

response of complex 3D composites have been employed by other researchers (e.g. see [8, 9]). 218 

In this study,  at lower scales (i.e., micro and meso) analytical models including 219 

micromechanics equations developed by Malek [12] and Naik [2] are used to predict the 220 

effective mechanical properties of a representing unit cell (RUC) of the woven fabric. These 221 

properties are then used as inputs for structural analysis at the macro-scale. The following 222 

sections describe the methodology in details. 223 
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2.1. Micro- and meso-scale analyses 224 

At the micro-scale, the analytical micromechanics equations described in [12] are used 225 

to predict the effective viscoelastic properties of a representative volume element (RVE) of the 226 

solid unidirectional circular fibre composites with a specific fibre volume fraction (Vf) (see Fig. 227 

1a). The effective properties obtained from the analytical homogenization at this scale is then 228 

used to estimate the properties of the fabric at the meso-scale. The fabric is composed of two 229 

sets of interlacing, mutually orthogonal (warp and weft) yarns. The selected weave type in this 230 

study is a 5-harness satin (see Fig. 1), which has advantages over plain and twill weaves in 231 

terms of drapability and conformity over complex shapes [23]. The periodicity of the repeating 232 

pattern in the woven fabric can be used to isolate a small repeating unit cell (RUC) which is 233 

sufficient to describe the fabric architecture. Details of meso-scale modelling of 5-harness satin 234 

weave composite and calculation of 3-D effective properties were described in [2]. The 235 

analytical procedure described in [2] was implemented in MATLAB for this study. Once the 236 

homogenized material properties at the meso-scale are estimated, they are employed directly 237 

as input properties for structural analysis at the macro-scale. 238 

2.2. Macro-scale analysis 239 

While the woven fabrics are discrete on the micro-scale, woven composites are assumed 240 

to be uniform and continuous at the macro-scale to simplify computations and improve the 241 

efficiency of the analysis. The macro-scale analysis of woven fabrics is mainly conducted to 242 

simulate the overall bending behaviour of the fabric using the micro- and meso-scale input 243 

parameters. To gain a deeper understanding of the deformation mechanisms, an analytical 244 

method is employed as an alternative to the numerical method in the macro-scale analysis. The 245 

analytical method at the macro-scale involves simple mathematical equations for predicting the 246 

deflection curve and moment vs curvature relation of an isotropic “elastic beam” under a small 247 

displacement. The numerical (finite element) method is then used to predict the bending 248 

moment-curvature relation of both “elastic” and “viscoelastic” composite plates at various 249 

loading rates.  250 

 For the viscoelastic analysis, the composite plate is first assumed to behave as a 251 

viscoelastic isotropic solid and modelled using the Abaqus built-in viscoelastic constitutive 252 

model which is based on the integral form (IF) of viscoelasticity. As the application of Abaqus 253 

viscoelastic model is limited to isotropic materials, a more versatile orthotropic viscoelastic 254 

constitutive model (based on a differential form of viscoelasticity – DF) that has been 255 

developed and implemented as a UMAT [12, 35] is then employed to elucidate the effect of 256 

ply anisotropy on the bending response of uncured 5-harness satin weave plates. 257 

2.2.1. Analytical method 258 

To estimate the bending behaviour of isotropic plates, simple mathematical equations 259 

for calculating the deflection of isotropic elastic beams are considered first. The beam 260 

dimensions and loads are selected based on the bending test conducted in [23]. The beam with 261 

dimensions of 10 mm in width, 0.55 mm in thickness and 150 mm in length has an overhang 262 

and therefore may be treated as a cantilever beam subjected to a load F acting at the free end 263 

(see Fig. 2a). The y and z-axis are defined as the distance along the axis of the undeformed 264 

beam and the vertical deflection of the beam, respectively (see Fig. 2b). For linearly elastic 265 

materials, moment-curvature relationship may be determined from the condition that the 266 
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moment resultant of the bending stresses is equal to the bending moment M acting at the cross-267 

section [36] as given by: 268 

EI

M
==




1
 

(1) 

in which κ is the curvature, ρ is the radius of curvature of the deformed shape and EI is the 269 

flexural rigidity of the beam. It should be noted that an additional deflection term due to the 270 

shear deformation in the form of a mutual sliding of adjacent cross-sections along each other 271 

may be considered [37]. However, because of the very thin section of the cantilever beam (see 272 

Fig. 2a), the contribution of shear deformation is negligible compared to the bending of plies 273 

based on a detailed numerical simulation. For this purpose, a separate FE analysis was 274 

conducted on plies bonded with very soft interfaces to capture sliding of adjacent plies. Results 275 

suggested that the effect of shear deformation is less than 0.5% for the dimensions of the 276 

selected beam. In other words, bending has shown to be the dominating deformation 277 

mechanism in this test.  278 

The exact expression for the curvature at any point along the curve is given by 279 
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According to Fig. 2a, the bending moment at a cross-section distance y from the fixed 280 

support is M = FL – F(y). Since we are limiting to the elastic deformation and assuming that 281 

the slope of the elastic beam is small, the deflection curve of the beam can be derived as 282 

)
62

()(
2 yL

EI

Fy
yz −=  

(3) 

in which L is the length of the cantilever beam. Assuming that the cantilever beam AB 283 

subjected to a tip displacement of 10 mm (δB = 10 mm) (see Fig. 2b ), the force required to 284 

achieve this displacement can be obtained as 285 

3

3

L

EI
F B=  

(4) 

Finally, the moments at each point can be plotted against the corresponding curvature 286 

values. 287 

2.2.2. Numerical method 288 

Based on the review of bending modulus of uncured prepreg samples shown in Table 289 

1, the cantilever beam is roughly assumed to be linearly isotropic elastic with Young’ modulus 290 

and Poisson’s ratio equal to 500 MPa and 0.2, respectively. It was restrained from all 291 

displacements in a length of 30 mm as it was gripped along this distance [23]. The beam was 292 

modelled in Abaqus using 20-noded solid quadratic brick element with reduced integration 293 

(C3D20R). Number of elements in width, length and thickness directions are 6, 50 and 2 294 

respectively. Based on the convergence study similar to the one conducted in [38], the 1.67 295 

mm  2 mm  0.275 mm mesh was selected and maintained uniformly for the whole beam. 296 
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Because Euler-Bernoulli beam theory is limited to small displacements, the free end of the 297 

cantilever beam is displaced by 10 mm. Indeed, the maximum deflection (δB = 10 mm) (see 298 

Fig. 2b) is less than 10 % of the free span length (120 mm) which meets the requirement of a 299 

small deformation problem. It is also noted that the loading point is 4 mm from the free end of 300 

the beam as suggested in [23]. The load value required to achieve a certain tip displacement 301 

noted in the experiment is used to calculate the bending moment along the length of the beam. 302 

Through capturing the bending curve corresponding to the maximum displacement reached 303 

(see Fig. 3a), deflection profile z(y) is fitted using a proper polynomial function. The expression 304 

for the curvature is subsequently calculated as an equation of the second derivative of z with 305 

respect to y according to Euler-Bernoulli’s law for small deformation. 306 

Using Euler-Bernoulli beam theory, the equation of the deflection curve for a bending 307 

beam AB (Fig. 2a) subjected to a concentrated load F at point B can be determined by using 308 

Eq. (3) With the known value of the corresponding displacement at point B, the unknown load 309 

F can easily be calculated using Eq. (4). Finally, the obtained bending moment along the length 310 

of the beam can be plotted against the corresponding curvature of the beam (Fig. 3b). The 311 

agreement between results from the present finite element analysis with the theoretical 312 

prediction both in bending profile (Fig. 3a) and moment – curvature plot (Fig. 3b) verifies the 313 

FE model in term of mesh size, applied load and boundary conditions. 314 

The above macro-scale analysis was only conducted to verify the 3D model for bending 315 

assuming isotropic elastic properties. For viscoelastic analysis, viscoelastic input properties are 316 

needed. To define the viscoelastic behaviour of an isotropic material in Abaqus, an 317 

instantaneous elastic modulus is needed to represent the rate-independent elasticity of the 318 

material behaviour. The effective relaxation moduli are obtained by multiplying the 319 

instantaneous moduli with the dimensionless effective relaxation functions as given below 320 

(Section 22.7.1 in Abaqus Analysis User’s Guide) [39]. 321 

 

𝐺(𝑡) = 𝐺𝑜 [1 −∑𝑔𝑖 (1 − 𝑒𝑥𝑝 (−
𝑡

𝜏𝑖
))

𝑁

𝑖=1

] (5) 

 

𝐾(𝑡) = 𝐾𝑜 [1 −∑𝑘𝑖 (1 − 𝑒𝑥𝑝 (−
𝑡

𝜏𝑖
))

𝑁

𝑖=1

] (6) 

where t is time, and Go and Ko are the instantaneous glassy (unrelaxed) shear and bulk moduli 322 

determined from the instantaneous elastic moduli, Eo, and Poisson’s ratio, υo 323 

𝐺𝑜 =
𝐸𝑜

2(1 + 𝜈𝑜)
 (7) 𝐾𝑜 =

𝐸𝑜
3(1 − 2𝜈𝑜)

 (8) 

The characteristic parameters of the Prony laws, gi and ki are the weight factors defined as: 324 

𝑔𝑖 =
𝐺𝑖
𝐺𝑜

 (9) 𝑘𝑖 =
𝐾𝑖
𝐾𝑜

 (10) 

where Gi and Ki are the shear and bulk moduli associated with the specific relaxation time (τi) 325 

and N is the number of Maxwell units. 326 

For the viscoelastic analysis of an orthotropic composite, a user material subroutine 327 

(UMAT) based on the differential form (DF) of viscoelasticity is employed. It should be noted 328 

that the DF code is capable of modelling the viscoelastic behaviour of isotropic, transversely 329 
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isotropic [35] and orthotropic [12] composite material in 3-D. Based on the DF of 330 

viscoelasticity, the relaxation functions G(t) and K(t) of an isotropic viscoelastic solid are 331 

defined individually in terms of a series of exponentials known as the Prony series: 332 

𝐺(𝑡) = 𝐺∞ +∑𝐺𝑖

𝑁

𝑖=1

𝑒𝑥𝑝⁡(
−𝑡

𝜏𝑖
) (1) 𝐾(𝑡) = 𝐾∞ +∑𝐾𝑖

𝑁

𝑖=1

𝑒𝑥𝑝⁡(
−𝑡

𝜏𝑖
) (2) 

in which 𝐺∞ and 𝐾∞⁡represent the long-term shear and bulk moduli (relaxed), respectively. 333 

Comparing Eqs. (5-6) to Eqs. (11-12), the relaxed moduli can be described as:  334 

𝐺∞ = 𝐺𝑜 (1 −∑𝑔𝑖

𝑁

𝑖=1

) (3) 𝐾∞ = 𝐾𝑜 (1 −∑𝑘𝑖

𝑁

𝑖=1

) (4) 

For orthotropic viscoelastic solids, the above equations can be generalized as described 335 

in [12] and [35] for each component of the stiffness matrix. The generalized formulations can 336 

be found in [38] and more details are provided in [12]. Using the generalized form of DF of 337 

viscoelasticity, the orthotropic behaviour of composite plates is investigated numerically at 338 

different loading rates and the results are compared with experimental data in Section 3.2. 339 

3. Results and model validation 340 

Due to the lack of experimental data for uncured woven composites at the micro- and 341 

meso-scale, it is difficult to determine the accuracy level of the modelling framework at smaller 342 

scales. Therefore, two separate analyses on elastic and viscoelastic materials are conducted 343 

based on available input parameters. First, the effective elastic properties of cured UD and 344 

woven composites are estimated and compared with the experimental data available in the 345 

literature. For this purpose, analytical micromechanics equations presented in [2, 12] are 346 

employed to estimate the mechanical elastic properties of the cured UD (AS4/8552) and 5HS 347 

woven (AS4/3501-6) thermoset composites. Results are compared with the experimental data 348 

provided in [40] and [2] for model validation at the micro- and meso-scale, respectively. For 349 

macro-scale model validation, the viscoelastic bending responses of woven prepregs 350 

composing 5HS fibres impregnated with an epoxy resin (Cycom 5320) are simulated separately 351 

based on limited experimental data for uncured woven composites; bending curves at different 352 

loading rates are compared with the experimental data reported in [23].  353 

3.1. Elastic material 354 

3.1.1. Micro-scale results 355 

 At the micro-scale, the effective elastic properties of the solid unidirectional circular 356 

fibre composites are predicted using the analytical micromechanics equations described in [12]. 357 

The properties of the constituent materials, i.e. the fibres and cured resin (listed in Table 2) are 358 

selected based on available experimental data for a specific fully cured composite (AS4/8552) 359 

in literature [40, 41]. The moduli of AS4/8552 were also predicted by Ersoy et al. [40] using 360 

an analytical approach based on the Self Consistent Field Micromechanics (SCFM) and Finite 361 

Element Based Micromechanics (FEBM) and presented in Table 3 for further comparisons. 362 

Additionally, the composite properties in its uncured form are examined using micromechanics 363 

equations [12]. The current predictions are compared to those of two conventional methods 364 

described in [40]. It should be noted that the elastic modulus of the uncured resin is assumed 365 
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equal to 30 MPa (Table 2) as the authors [40] only mentioned that the elastic modulus before 366 

vitrification is generally rubber-like modulus of the order of a few MPa.  367 

 Table 3 demonstrates a good agreement between the present results for the cured 368 

composite and the experimentally measured values reported by Ersoy et al. [40]. Based on the 369 

assumption for missing data on uncured resin, the present calculations using the 370 

micromechanics equations [12] for the uncured composite are very close to the one predicted 371 

by FEBM [40]. Additionally, FEBM was found to be a better method than SCFM in predicting 372 

the composite elastic properties when the reinforcement and matrix moduli differ significantly. 373 

In other words, the micromechanics model described in [12] has been validated for predicting 374 

the effective elastic properties of cured UD circular fibre composites. However, the effective 375 

properties of uncured composites have not been determined experimentally by Ersoy et al. [40]. 376 

Hence, model validation at the micro-scale cannot be extended to uncured composites. 377 

3.1.2. Meso-scale results 378 

The effective elastic properties of the UD composites obtained from the 379 

micromechanics model can be used to estimate the effective elastic properties of the woven 380 

fabrics at the meso-scale considering the yarns’ arrangement. As the overall stiffness of the 381 

cured woven composites are reported in the literature for certain yarns and resins (see Table 382 

4), the meso-scale model can be validated separately from the micro-scale model and for a 383 

specific woven composite characterized thoroughly by Naik [2]. 384 

The meso-scale analysis involves discretely modelling the yarn architecture within a 385 

repeating unit cell (RUC) (see Fig.1). The woven composite is specified by known quantities 386 

such as filament diameter, yarn filament count, yarn packing density pd, yarn spacing and 387 

overall fibre volume fraction. By assuming the same value of yarn architecture as described in 388 

[2], the unknown quantities such as yarn thickness, yarn cross-sectional areas, yarn crimp angle 389 

and yarn undulating paths which are required for a discrete yarn can be determined. Then, each 390 

yarn is discretized again into yarn slices. Finally, the three-dimensional effective properties are 391 

computed using the material properties (see Table 4), spatial orientation and volume fraction 392 

of each yarn slice in a volume averaging technique. The analytical procedure for the effective 393 

elastic properties of the RUC is implemented in MATLAB and results are compared with 394 

experimental data in Table 5. Table 5 also includes results obtained from 3-D finite element 395 

analysis and analytical technique using TEXCAD presented in [2]. It can be seen that the 396 

predicted elastic constants of 5-harness satin (5HS) weave composite agree well with data 397 

provided in [2].  398 

3.2. Viscoelastic material 399 

As described in the beginning of Section 3, there are gaps in the literature regarding the 400 

micro- and meso-scale characterisation of uncured woven composites. From an industry 401 

perspective, determining nine engineering constants for full characterization of orthotropic 402 

woven composites is extremely challenging. Hence, it is almost impossible to validate the 403 

accuracy of the modelling framework for estimating the properties of uncured composites at 404 

the smaller scales (i.e. micro- and meso-scale). Considering the importance of bending 405 

properties of uncured plies on wrinkle formation, the macro-scale simulation results are 406 

presented, and the viscoelastic modelling approach is validated separately based on available 407 

data on the bending behaviour of a specific woven composite loaded at different rates. A plate 408 

geometry with dimensions similar to the experiments of Alshahrani and Hojjati [23] is selected 409 
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for this purpose (Fig. 4). The total length of the sample is 150 mm with an un-gripped length 410 

of 120 mm. The cross-sectional area of the sheet is 50 mm wide by 0.55 mm thick. Mesh type, 411 

and boundary conditions are similar to the bending verification model described in the previous 412 

section.  413 

As the analysis of the bending behaviour during the composite forming process requires 414 

high curvature to accurately simulate the process, a tip displacement of 50 mm is applied (Fig. 415 

5). It is also noted that the position of applied displacement is located 4 mm from the free end 416 

to avoid generating any tensile stresses on the sample during bending [23]. This distance is 417 

then excluded from the total length of the sample in bending moment calculations. As the 418 

deflection curve of the sheet has large slopes, the large deformation cannot be neglected in the 419 

expression of the curvature. Hence, the exact expression for curvature (Eq. 2) is used. 420 

Prior to investigating the effect of loading rates on the time-dependent behaviour of 421 

uncured prepregs, the material is assumed to behave as an isotropic elastic solid. The material 422 

is then changed to orthotropic viscoelastic to represent the behaviour of textile composites. 423 

Unlike continuous materials such as sheet metal or cured solid composites, uncured textile 424 

sheets have a very low bending stiffness due to the possible relative movement of reinforcing 425 

fibres. According to [19], the plate theory relation between the tensile and the bending stiffness 426 

is no longer valid for uncured samples. In the previous work of the authors, Le et al. [38], the 427 

compressive stiffness of uncured prepregs was found to be mainly dominated by the resin 428 

modulus even in the presence of the fibres. The effect of fibres was found negligible on the 429 

compressive modulus of uncured composites due to their very small buckling load at the micro-430 

scale. Therefore, for modelling purposes, the uncured composite plate in Fig. 2c is assumed to 431 

be composed of two different materials with two distinct moduli (Et and Ec). The left-hand side 432 

of the plate is assumed to be under compression with Ec = 200 MPa while the right-hand side 433 

is under tension with Et = 60 GPa based on literature data. The compressive modulus (Ec) has 434 

been estimated from the slope of stress-strain curve in the elastic region of the buckling test 435 

conducted by Alshahrani and Hojjati [26] (see Table 1). In the lack of experimental data on 436 

tensile properties of uncured composites, Et is estimated to be 60 GPa based on a micro- and 437 

meso-scale analyses considering the fibre modulus of 200 GPa and yarn fibre volume fraction 438 

and overall volume fraction for the woven unit cell of 0.6 and 0.5 respectively. Knowing Et, 439 

Ec, and the material cross-section, the position of the neutral axis (the x-axis) (see Fig. 2c) has 440 

been determined from the assumption that the resultant axial force acting on the cross-section 441 

is zero. This simple analysis enables us to estimate the effective bending stiffness of the 442 

uncured prepreg (Ebend or Ee) by converting the composite plate (Ec, Et) into an equivalent plate 443 

made of only one material with Ee. The approach is known as the transformed-section method 444 

given by the following equation [36]. 445 

𝐸𝑐𝐼𝑐 + 𝐸𝑡𝐼𝑡 = 𝐸𝑒𝐼 (15) 

in which Ic and It are the moments of inertia about the neutral axis (the x-axis) of the cross-446 

sectional areas of two distinct materials, Ec and Et respectively. I is the moment of inertia about 447 

the neutral axis of the homogeneous cross-section assumed with an effective bending modulus 448 

(Ee). Using Eq. (15), Ee becomes 700 MPa for an assumed homogeneous isotropic elastic cross-449 

section. As perfect bonding has been assumed between the plies in this simple analysis, two 450 

more cases with Et and Ec assigned to the entire plate sections are also considered to get the 451 

upper and lower bounds; only the lower bound is shown in Fig. 6 for clarity. Fig. 6 shows the 452 

lower bound of bending curve for the isotropic elastic plate with compressive modulus assumed 453 
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for the entire cross-sections. The case with the effective bending modulus (Ee = 700 MPa) gives 454 

the same result as the case using biaxial elastic moduli for the cross-section under compression 455 

and tension during bending. Experimental data conducted by Alshahrani and Hojjati [23] for 456 

5HS prepregs in warp direction are also presented in Fig. 6 for comparison purpose. 457 

A mesh sensitivity analysis is also conducted in this study. The results have been 458 

summarized in Table 6. Similar results with maximum difference of ~1% in terms of deformed 459 

shape as well as the required force (F) to bend the laminate to tip displacement of 50 mm were 460 

noted. Based on the conducted convergence study, the 1.92 mm × 2 mm × 0.275 mm mesh 461 

(Mesh 2) was selected for subsequent cases. 462 

As the anisotropic nature of woven composites may affect the deformation behaviours 463 

during forming [38], the orthotropic viscoelastic properties are considered in the bending 464 

behaviour. It should be emphasized, the fibre-bed, i.e. the slight waviness of the fibres in 465 

composites, has been considered to play an important role in carrying the load in the transverse 466 

direction at the early stage of cure [42]. Therefore, the fibre-bed elastic properties are 467 

incorporated into the micromechanics equations [12] at micro-scale to estimate the effective 468 

viscoelastic properties of the uncured UD prepreg before using such properties as input 469 

parameters for the meso-scale model [2]. The mechanical properties of the resin, fibre and 470 

fibre-bed that have been used for viscoelastic analysis at micro-scale are listed in Table 7 for 471 

composites assumed under compression (Table 7a), tension (Table 7b) and bending (Table 7c), 472 

respectively.  473 

The fibre-bed properties are derived from the effective elastic properties of a dry 474 

prepreg estimated in [42]. Due to the lack of data on the properties of uncured resin [23], 475 

assumptions have been made in this research based on available data in the literature [43, 44]. 476 

The resin viscoelastic properties are kept unchanged to better understand the effect of fibre-477 

bed on the bending response of composite plates and comparison purposes. Prony series 478 

constants for MTM45-1 [44] listed in Table 9 are assumed for validating the model against the 479 

experimental data reported in [23]. The fibre properties reported in [45] are used here, 480 

excluding the stiffness in the fibre direction. The longitudinal elastic modulus of the fibre and 481 

fibre-bed in compression (see Table 7a) are assumed to be equal to 80 MPa due to the very low 482 

buckling load of a single fibre demonstrated in [38]. Under tension, the same properties as in 483 

[45] (i.e. 210 GPa) (see Table 7b) are assumed. However, a low value for fibre Young’s 484 

modulus is assumed (1.5 GPa, see Table 7c) following the review conducted in previous section 485 

(see Table 1) for uncured composites under bending. The effective viscoelastic properties of 486 

UD composites at micro-scale are determined by using analytical micromechanics equations 487 

following the approach presented in [12, 46]. It is noted that the fibre-bed elastic constants will 488 

be added to the resin relaxed modulus to obtain the modified resin properties which are later 489 

combined with fibre properties in the micromechanics equations. Table 8a, Table 8b and Table 490 

8c demonstrate the predictions for UD composites under compression, tension and bending 491 

assumptions, respectively. 492 

At meso-scale, the mechanical viscoelastic constants for 5-harness satin weave 493 

composites are predicted using the analytical model developed by Naik [2] and shown in Table 494 

9. The analytical technique implemented in MATLAB is similar to the one described in the 495 

elastic section. A specific MATLAB script has been created for this purpose. Due to the 496 

missing data on the yarn architecture, most of the known quantities for a specified weave 497 

composite are taken from [2]. For example, Alshahrani and Hojjati [23] only provided 498 
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information about the used prepreg such as the 6 k yarn size (k – one thousand filaments) and 499 

the thickness of the single uncured prepreg (0.55 mm). Inputs for constituents’ properties such 500 

as resin and yarn properties of a RUC are taken from Table 7 and Table 8. The estimated 501 

mechanical properties of 5-harness satin weave composites provided in Table 9a, Table 9b and 502 

Table 9c correspond to the inputs from Table 8a, Table 8b and Table 8c, respectively. 503 

It is worth mentioning that based on micro- and meso-scale analyses with the 504 

assumption of longitudinal fibre modulus (E1) of 80 MPa (see Table 7a) and 210 GPa (see 505 

Table 7b) for uncured composites under compression and tension respectively, the in-plane 506 

properties of unrelaxed prepreg 5HS (Exx) are estimated to be 190 MPa (see Table 9a) and 58 507 

GPa (see Table 9b). Such values agree well with the predicted compressive modulus (Ec = 200 508 

MPa) and tensile modulus (Et = 60 GPa) of the isotropic elastic composite plate described 509 

earlier (see Section 3.2 and Fig. 6). A similar analysis using the transformed-section method 510 

(Eq. 15) may be applied to estimate the effective bending stiffness of the uncured prepreg. It is 511 

interesting that the computed value of 680 MPa matches the unrelaxed modulus of prepreg 512 

5HS (see Table 9c) obtained from micro- and meso-scale analyses considering the longitudinal 513 

fibre modulus (E1) of 1.5 GPa. 514 

The differential approach for modelling the response of orthotropic viscoelastic 515 

structures developed by Malek et al. [46] requires the components of the relaxation matrix in 516 

addition to relaxed and unrelaxed engineering constants. These values could be defined by the 517 

Prony series expansions as given below:  518 

 

𝐸(𝑡) = 𝐸𝑟 + (𝐸𝑢 − 𝐸𝑟)∑𝑤𝑖

12

𝑖=1

𝑒
(−

𝑡
𝜏𝑖
)
 (5) 

where Er and Eu are the relaxed and unrelaxed Young’s modulus, respectively. The assumed 519 

parameters wi and τi are presented in Table 10. The unrelaxed and relaxed values and the Prony 520 

series parameters associated with each component are then obtained and given in Table 11 and 521 

Table 12 respectively. 522 

Fig. 7 compares the orthotropic viscoelastic behaviours of 5HS prepregs made of 523 

different assumed values of fibre stiffness using UMAT with experimental data conducted by 524 

Alshahrani and Hojjati [23] in warp directions. It is noted that when the longitudinal fibre 525 

modulus is assumed to be 1.5 GPa, the bending behaviour of the composite plate agrees very 526 

well with the test data reported in [23]. It is interesting that the predicted uncured in-plane 527 

properties of the 5HS prepreg according to the assumed fibre stiffness of 1.5 GPa is 680 MPa 528 

(see Table 9c). This value is in a good correlation with the predicted parameter extracted from 529 

averaged relaxation curves conducted by Alshahrani and Hojjati [26] (see Table 1). Also, such 530 

effective bending stiffness can be computed from the in-plane properties of uncured prepreg 531 

under compression and tension using the transformed-method via Eq. (15), i.e. 190 MPa (see 532 

Table 9a) and 58 GPa (see Table 9b) for compressive and tensile moduli, respectively. Hence, 533 

the low value for the fibre bending stiffness should be attributed to the low compressive 534 

modulus of the uncured composites which is dominated by the resin viscoelastic properties for 535 

prepregs under bending. Moreover, such a low value of the longitudinal fibre modulus 536 

considered here (1.5 GPa) is consistent with previous findings in the literature (see Table 1). 537 

To better understand the effect of fibre modulus, another bending curve with the assumption 538 

of entire section having fibres with E1 = 80 MPa (compression modulus) at micro-scale is added 539 

to Fig. 7. 540 
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To demonstrate the effect of loading rate on the bending behaviours of 5HS prepreg, 541 

macro-scale viscoelastic analysis using UMAT with three loading rates at 3 mm/sec, 6 mm/sec 542 

and 9 mm/sec as in the experiments conducted by Alshahrani and Hojjati [23] are also 543 

performed. The results are provided in Fig. 8. A similar trend in rate-dependent bending 544 

behaviour of both numerical simulations and experimental data can be observed; a higher 545 

loading rate results in the higher load required to bend the composite plates to the desired tip 546 

displacement of 50 mm. 547 

4. Discussion 548 

To emphasize the effect of ply anisotropy on the bending response of uncured/partially 549 

cured composites during forming, an isotropic viscoelastic case corresponding to the validation 550 

case discussed above (E1 = 1.5 GPa, see Table 7c) is investigated using Abaqus built-in 551 

viscoelastic material model (IF). The initial properties for uncured or partially cured 552 

composites are the instantaneous Young’s moduli, Eo, and Poisson’s ratio, νo. The 553 

instantaneous Young’s moduli is assumed as 680 MPa according to the uncured in-plane 554 

properties of 5HS composites presented in Table 9c. Poisson’s ratio is kept unchanged and 555 

equal to 0.495. Viscoelastic properties are described using Prony series constants listed in Table 556 

10. Experimental data conducted by Alshahrani and Hojjati [23] for 5HS prepregs in warp 557 

direction are also shown in Fig. 9 for comparison purpose. It can be observed that the higher 558 

transverse properties due to the presence of fibre and fibre-bed effect increase the required 559 

loads to reach the specific tip displacement. 560 

To investigate the role of resin in viscoelastic bending behaviour, similar cases with the 561 

same material inputs for fibre stiffness but ignoring resin contribution in micro- and meso-scale 562 

analyses using micromechanics equations [2, 12] are considered. The material properties of 563 

UD and 5HS prepreg, as well as dry 5HS according to five selected input parameters of fibre 564 

stiffness in between 80 MPa to 2000 MPa are listed in Table 13 for consideration purpose. Fig. 565 

10 compares bending moments in prepreg and dry 5 HS satin weave sample conducted by 566 

Alshahrani and Hojjati [23] and numerical analyses. Only two pairs of cases according to 567 

assumed fibre modulus of 1.5 GPa and 500 MPa (see Table 13) along with the experimental 568 

data are plotted in Fig. 10 for highlighting the contribution of resin to the bending results. It 569 

can be seen that the difference between prepreg and dry samples obtained from the 570 

experimental study [23] is higher than the one predicted by numerical analyses. However, it 571 

should be emphasized that the uncured resin properties have not been provided by Alshahrani 572 

and Hojjati [23] and therefore assumptions have been made in this study based on available 573 

data in the literature [43, 44]. The observed discrepancy in Fig. 10 may be attributed to the 574 

difference between the real rheological characteristics and the assumed values here. Assuming 575 

the fibre bending stiffness of 500 MPa, the bending behaviour of its dry 5HS composite 576 

correlates well with the corresponding experimental result.  577 

5. Conclusion 578 

An efficient multi-scale modelling approach was presented to predict the bending 579 

behaviour of viscoelastic composites under various loading rates. To improve simulation 580 

efficiency, analytical models were employed to estimate the effective mechanical properties of 581 

uncured/partially cured 5HS composites at micro- and meso-scales. For macro-scale 582 

simulations, a 3-D orthotropic material model implemented as a UMAT subroutine in Abaqus 583 

software was employed to implicitly account for the complex hierarchical nature of woven 584 
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composites. Consequently, the proposed approach should be emphasized as a rapid method for 585 

determining the role of viscoelastic parameters and the yarns architecture on the out-of-plane 586 

bending behaviour essential for predicting wrinkle formation in woven composites. 587 

A comprehensive literature search was conducted to obtain input properties for the 588 

model. While several researchers have explored the in-plane shear characteristics of woven 589 

composites, it was discovered that the in-plane Young’s moduli of uncured UD and woven 590 

composites, as well as the viscoelastic shear properties of resins, have received little attention. 591 

Until now, studies have mostly focused on determining the in-plane shear properties of uncured 592 

composites to simulate the forming process. As demonstrated in this study, in addition to in-593 

plane shear properties, the in-plane Young’s moduli of composites in both tension and 594 

compression can significantly affect the out-of-plane response of thin composites. Hence, these 595 

properties should be thoroughly described to accurately predict wrinkle formation during 596 

composite manufacturing.  597 

Due to scarcity of published data on the viscoelastic properties of uncured composites, 598 

assumptions were made in this paper for estimating the compression and tension properties of 599 

uncured woven composites using data from the literature. For the first time, the numerical 600 

results elucidated that the extremely low value for fibre longitudinal modulus commonly used 601 

in most other models is in fact an effective value that implicitly captures the combined effect 602 

of low compressive modulus and high tensile modulus of uncured composites in bending. Thus, 603 

additional experimental research on the viscoelastic characteristics of composites at the micro- 604 

and meso-scale is advised to better understand the formation of wrinkles caused by bending 605 

during cure.  606 

A large body of research in the past has shown that the inter-ply slippage is one of the 607 

most important deformation mechanisms during the process of forming composites, 608 

particularly for multilayered textile prepregs. Therefore, the inter-ply slippage and its effect on 609 

the bending properties of thicker composites should be explored more rigorously in the future. 610 

Finally, it should be noted that the temperature effect was not considered in the paper. As the 611 

temperature is known to be an important parameter during forming, studying the variation of 612 

resin viscoelastic properties with temperature as well as inter-ply slippage and their effects on 613 

wrinkle formation (using the presented approach) are the subjects of our future work.  614 
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Figures 742 

(a) 

 
(b) 

 

Figure 1: (a) Schematic of the multi-scale modelling approach for bending behaviour of 5-

harness satin weave composites from micro-scale to macro-scale; (b) Flow chart depicting 

the analytical and numerical models utilized in the multi-scale analysis. 

 743 

 

 (a) (b) (c)  

Figure 2: Bending of a cantilever beam based on the test conducted in [23]: (a) beam with 

load; (b) deflection curve; (c) cross-section of beam showing the x-axis as the neutral axis of 

the cross-section. 
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 (a)  (b) 

Figure 3: (a) Bending profile with tip displacement of 10 mm 

(b) Bending moment – curvature relation in the isotropic elastic beam (E = 500 MPa, υ = 0.2) 
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Figure 4: Detail of the 3D model under bending 

(According to [23]) 
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Figure 5: Deformed sample at tip displacement of 50 mm (U3 in mm) 
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Figure 6: Bending moment versus curvature based on isotropic elastic material assumption.  
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Figure 7: Bending moment versus curvature of uncured 5HS prepreg with different values 

of fibre stiffness (E1). A loading rate of 3 mm/s is considered for all cases. 

 749 

 
Figure 8: Effect of loading rate on bending moment versus curvature of 5HS 

prepreg. Fibre stiffness is assumed to be E1 = 1.5 GPa in all cases. 

 750 
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Figure 9: Comparison between IF and DF approaches for the validation case 

(effective fibre modulus E1 = 1.5 GPa). The viscoelastic properties of the resin are 

provided in Table 10. 

 751 

 
Figure 10: Comparison between prepreg and dry 5HS behaviour according to different 

assumed values for fibre bending stiffness, E1. 
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Tables 752 

 753 

Table 1: List of experimental studies on deformation of uncured composites and calibrated 

material properties for the corresponding FE simulations. 
Fibre modulus 

(E1) in MPa 
Material Test Temperature Loading rate Reference 

1000 Cross-plied UD 

thermoset prepregs 

Bias extension  

40 mm/min 

[14] 

T700/M21  85oC 

HTS/977-2 70oC 

1000 Glass 8HS/PPS Bias extension  310oC 25, 100, 400 

mm/min 

[15] 

1000 for HT 

fibres and 1200 

for IM fibres 

Stacked UD 

prepreg with the 

same epoxy matrix 

and 

- HT carbon fibres 

- IM carbon fibres 

Bias extension  

70oC 0.05 mm/min 

[28] 

100a 
Bending 

1000 5HS satin weave (6 

k carbon fibre tows 

with Cycom 5320) 

Bias extension  
70oC 20 mm/min 

[6] 

275b 
Bending 

1200 5HS satin weave (6 

k carbon fibre tows 

with Cycom 5320) 

Bias extension Room 

temperature 
20 mm/min 

[13] 

580b 
Bending 

125b PA6-CF UD-Tape  
Rheometer 

bending 
260oC  

[29] 

735 – 40000c IMA-M21 
Bending 110oC - 30oC  

[18] 

14000 – 44000d Dyneema HB80 Tensile 120oC - 20oC 102 mm/min [33] 

0.015e Glass/PP 

commingled plain 

weave 

Bending   

[32] 

150 – 200f for 

weft/warp 

5HS satin weave (6 

k carbon fibre tows 

with Cycom 5320) 

Buckling 
Room 

temperature 
180 mm/min 

[26] 

600 – 700g for 

weft/warp 
Bending 70oC 

a Bending stiffness in the fibre direction used in the orthotropic elastic model for out-of-plane properties. 754 
b Isotropic Hooke modulus represents an elastic spring in the viscoelastic material model for the out-of-755 
plane bending elements. 756 
c Young’s modulus of the prepreg sheet in the fibre direction against temperature. 757 
d Tensile modulus of Dyneema HB80 in the fibre direction against temperature. 758 
e Asymmetric factor. 759 
f Compressive modulus of the prepreg samples. 760 
g Unrelaxed modulus of the prepreg samples under bending at forming conditions. 761 

 762 
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 763 

 764 

 765 

 766 

Table 2: Constituent’s elastic properties of cured and uncured UD thermoset composite 

according to [40]. 

Vf = 0.574    

Property Unit 
Fibre Resin (8552) 

AS4 Uncured* Cured 

E1 GPa 228 0.03 4.67 

E2 = E3  GPa 17.20   

G12 = G13 GPa 27.60 0.010 1.70 

G23 GPa 5.73   

ν12 = ν13 - 0.2 0.499 0.37 

ν23 - 0.5   
 

Notes*: For uncured resin, Young's modulus is assumed to equal to 30 MPa as the authors only 

mentioned that the elastic modulus before vitrification is generally rubber-like modulus of the order 

of a few MPa.  

Table 3: Comparison of the UD composite elastic properties obtained by the present analysis 

[12] and data available in the literature [40]. 
 

Property Unit 

SCFM FEBM Measured Present 

Uncured Cured Uncured Cured Cured Uncured Cured 

E11 MPa 131,000 133,000 132,200 134,000 135,000 130,890 133,100 

E22 = E33 MPa 122 9,130 165 9,480 9,500 146.2 9,626 

G12 = G13 MPa 41.1 5,210 44.3 5,490 4,900 36.94 5,202 

G23 MPa 37.2 3,210 41.6 3,272 4,900 36.71 3,139 

ν12 = ν13 - 0.327 0.272 0.346 0.271 0.300 0.327 0.267 

ν23 - 0.639 0.465 0.982 0.448 0.450 0.991 0.534 
 

Notes: The 1-axis is along the fibre direction, the 2-axis is perpendicular to the fibres but in the 

plane of the lamina and the 3-axis is the out-of-plane direction. 

SCFM: Self Consistent Field Micromechanics [40].      

FEBM: Finite Element Based Micromechanics [40].      

Measured: Supplied by AIRBUS UK except for G23; G23 is measured by Ersoy et al. [40] (no data 

for uncured state). 

Present: Based on micromechanical equations in [12].     
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Table 4: Yarn and resin properties used in validation model for woven composite properties 

according to [2]. 

Material 
E11 

GPa 

E22 = E33  

GPa 

G12 

GPa 
ν12 ν23 

Yarn 144.8 11.73 5.52 0.23 0.3 

Resin 3.45 3.45 1.28 0.35 0.35 
 

 767 

Table 5: Comparison of results for cured woven composites according to different methods. 

Laminate type Method 
Exx, Eyy Ezz Gxz, Gyz Gxy νxz, νyz νxy 

GPa GPa GPa GPa     

5-harness satin 

weave (5HS) 

TEXCADa 66.33 11.51 4.93 4.89 0.342 0.034 

FEMa 65.99 11.38 5.03 4.96 0.320 0.030 

Testa 69.43 - - 5.24 - 0.060 

Present 65.45 11.77 4.73 4.89 0.337 0.035 
 

Notes: a presented in [2] 

                xy-plane is the plane of woven fabric       

 768 

Table 6: Convergence study results (isotropic elastic case (E = 700 MPa, ν = 0.4)). 

  Mesh 1 Mesh 2 Mesh 3 Mesh 4 

Num. of Elements 2,401 3,901 8,209 16,417 

Num. of Nodes 13,846 22,264 46,350 80,086 

Force F (N) 6.754 × 10-02 6.751 × 10-02 6.746 × 10-02 6.736 × 10-02 

Simulation time (sec) 167 285 655 1867 
 

 
 

Mesh: Num in X × num in Y × num in Z (see XYZ coordinate in Fig. 4) 
Mesh 1: 20 × 60 × 2          Mesh 3: 36 × 114 × 2         

                Mesh 2: 26 × 72 × 2          Mesh 4: 36 × 114 × 4 

 769 

 770 

Coarse mesh Fine mesh 



27 

 

Table 7a: Input material properties of fibre, resin and fibre bed used in the bending simulation 

of textile prepregs. The compressive properties have been assigned to the bending model. 

Vf = 0.600         

Property Unit Fibre1 
Resin2 

Fibre bed3 
Relaxed Unrelaxed 

E1 GPa 8.00  10-2 3.00  10-6 1.65  10-1 8.00  10-2 

E2 = E3  GPa 1.72  10-1 3.00  10-6 1.65  10-1 1.12  10-4 

G12 = G13 GPa 27.60 1.00  10-6 5.52  10-2 1.13  10-4 

G23 GPa 0.07 1.00  10-6 5.52  10-2 4.49  10-5 

ν12 = ν13 - 0.2 0.495 0.495   

ν23 - 0.25 0.495 0.495 0.250 
 

   Notes: 1 Taken from [45] except E1, E2 (compressive moduli); compressive 

moduli, E1, E2 are selected according to [38] 
                                                                                2 Resin properties are taken from [43] 
                                           3 Taken from [42] except E1 (compressive modulus); compressive 

modulus, E1, is selected according to [38] 
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Table 7b: Input material properties of fibre, resin and fibre bed used in the bending 

simulation of textile prepregs. The tensile properties have been assigned to the bending 

model. 

Vf = 0.600         

Property Unit Fibre1 
Resin2 

Fibre bed3 
Relaxed Unrelaxed 

E1 GPa 2.10  102 3.00  10-6 1.65  10-1 2.10  102 

E2 = E3  GPa 1.72  101 3.00  10-6 1.65  10-1 1.12  10-4 

G12 = G13 GPa 27.60 1.00  10-6 5.52  10-2 1.13  10-4 

G23 GPa 6.88 1.00  10-6 5.52  10-2 4.49  10-5 

ν12 = ν13 - 0.2 0.495 0.495   

ν23 - 0.25 0.495 0.495 0.250 
 

   Notes: 1 Taken from [45] 
                                                                                2 Resin properties are taken from [43] 
                     3 Taken from [42]  
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Table 7c: Input material properties of fibre, resin and fibre bed used in the bending simulation 

of textile prepregs. The effective bending properties have been assigned to the model. 

Vf = 0.600         

Property Unit Fibre1 
Resin2 

Fibre bed3 
Relaxed Unrelaxed 

E1 GPa 1.50  100 3.00  10-6 1.65  10-1 1.50  100 

E2 = E3  GPa 1.72  10-1 3.00  10-6 1.65  10-1 1.12  10-4 

G12 = G13 GPa 27.60 1.00  10-6 5.52  10-2 1.13  10-4 

G23 GPa 0.07 1.00  10-6 5.52  10-2 4.49  10-5 

ν12 = ν13 - 0.2 0.495 0.495   

ν23 - 0.25 0.495 0.495 0.250 
 

Notes:1 Taken from [45] except E1, E2; E1, E2 are selected following the 

comprehensive review in the literature (see Table 1) 
                                                                                 2 Resin properties are taken from [43] 
 3 Taken from [42] except E1; E1 is selected following the 

comprehensive review in the literature (see Table 1) 
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Table 8a: Micro-scale predictions of UD mechanical properties using micromechanics 

equations with fibre-bed effect [12] under compressive load. 

Properties 

of UD 
Unit 

Present  

Relaxed Unrelaxed 

E11 MPa 64.03 110.8 

E22 = E33  MPa 1.689 169.1 

G12 = G13 MPa 0.456 219.6 

G23 MPa 0.443 63.02 

ν12 = ν13 - 0.316 0.340 

ν23 - 0.905 0.341 
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Table 8b: Micro-scale predictions of UD mechanical properties using micromechanics 

equations with fibre-bed effect [12] under tensile load. 

Properties 

of UD 
Unit 

Present  

Relaxed Unrelaxed 

E11 GPa 168.0 168.0 

E22 = E33  MPa 1.707 830.5 

G12 = G13 MPa 0.456 219.6 

G23 MPa 0.446 213.2 

ν12 = ν13 - 0.316 0.318 

ν23 - 0.913 0.947 
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Table 8c: Micro-scale predictions of UD mechanical properties using micromechanics 

equations with fibre-bed effect [12] under bending load. 

Properties 

of UD 
Unit 

Present  

Relaxed Unrelaxed 

E11 MPa 1.200 1.246 

E22 = E33  MPa 1.693 193.2 

G12 = G13 MPa 0.456 219.6 

G23 MPa 0.443 63.02 

ν12 = ν13 - 0.316 0.346 

ν23 - 0.909 0.523 
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Table 9a: Meso-scale predictions of 5HS prepreg mechanical properties under compression 

using the analytical technique of Naik [2]. 

Laminate type Material 
Exx, Eyy Ezz Gxz, Gyz Gxy νxz, νyz νxy 

MPa MPa MPa MPa     

5HS 

Relaxed resin 24.10 5.80 7.08  10-1 3.79  10-1 0.798 0.002 

Unrelaxed resin 190.70 248.90 118.60 187.10 0.360 0.578 
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Table 9b: Meso-scale predictions of 5HS prepreg mechanical properties under tension using 

the analytical technique of Naik [2]. 

Laminate 

type 
Material 

Exx, Eyy Ezz Gxz, Gyz Gxy νxz, νyz νxy 

GPa GPa GPa GPa     

5HS 

Relaxed 

resin 
57.26 0.02 0.039 3.80  10-4 0.870 1.68  10-4 

Unrelaxed 

resin 
58.94 6.66 1.055 0.192 0.849 0.003 
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Table 9c: Meso-scale predictions of 5HS prepreg mechanical properties under bending using 

the analytical technique of Naik [2]. 

Laminate type Material 
Exx, Eyy Ezz Gxz, Gyz Gxy νxz, νyz νxy 

MPa MPa MPa MPa     

5HS 

Relaxed resin 412.60 8.40 5.10 3.80  10-1 0.800 2.94  10-4 

Unrelaxed 

resin 
680.20 394.10 126.20 187.20 0.676 0.212 
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Table 10: Prony series parameters for MTM45-1 epoxy as reported in [44].  

Maxwell 

Element (i) 
wi τi (s) 

1 0.344181 1  10-2 

2 0.114728 1  10-1 

3 0.133849 1  100 

4 0.152970 1  101 

5 0.133849 1  102 

6 0.095606 1  103 

7 0.019121 1  104 

8 0.003824 1  105 

9 0.001338 1  106 

10 0.000382 1  107 

11 0.000096 1  108 

12 0.000038 1  109 
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Table 11: Unrelaxed and relaxed values of components of the composite relaxation matrix. 

The effective bending properties have been assigned to the model at micro-scale. 

Component 𝐶𝑖𝑗
𝑟 (MPa) 𝐶𝑖𝑗

𝑢(MPa) 

C11 629.6 1757.2 

C22 629.6 1757.2 

C33 17.6 1212.3 

C44 0.8 375.0 

C55 19.7 258.2 

C66 19.7 258.2 

C12 5.0 1039.8 

C13 25.1 1041.7 

C23 25.1 1041.7 
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Table 12: Prony series parameters for each component of the relaxation matrix of the 

composite material obtained from micromechanics equations following the approach 

presented in [46]. The effective bending properties have been assigned to the model at micro-

scale. 

i w11 w22 w33 w44 w55 w66 w12 w13 w23 

1 388.098 388.098 411.193 128.793 82.087 82.087 356.158 349.894 349.894 

2 129.367 129.367 137.066 42.931 27.363 27.363 118.721 116.632 116.632 

3 150.928 150.928 159.909 50.086 31.923 31.923 138.507 136.071 136.071 

4 172.489 172.489 182.753 57.241 36.483 36.483 158.293 155.509 155.509 

5 150.928 150.928 159.909 50.086 31.923 31.923 138.507 136.071 136.071 

6 107.805 107.805 114.220 35.776 22.802 22.802 98.933 97.193 97.193 

7 21.561 21.561 22.844 7.155 4.560 4.560 19.786 19.438 19.438 

8 4.312 4.312 4.569 1.431 0.912 0.912 3.957 3.887 3.887 

9 1.509 1.509 1.599 0.501 0.319 0.319 1.385 1.360 1.360 

10 0.431 0.431 0.456 0.143 0.091 0.091 0.395 0.388 0.388 

11 0.108 0.108 0.114 0.036 0.023 0.023 0.099 0.097 0.097 

12 0.043 0.043 0.046 0.014 0.009 0.009 0.040 0.039 0.039 
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Table 13: Summary of composite properties for UD and 5HS prepregs, as well as dry UD and 

5HS according to different values of fibre stiffness, E1. 

Fibre E1 

(MPa) 

Prepreg Dry 

E11 (MPa) (UD) Exx, Eyy (MPa) (5HS) 
E11 (UD) 

(MPa) 

Exx, Eyy 

5HS  

 (MPa) Relaxed Unrelaxed Relaxed Unrelaxed 

2,000 1,600.00 1,645.10 549.10 836.10 1,600.00 549.10 

1,500 1,200.00 1,246.00 412.60 680.20 1,200.00 412.60 

1,000 800.03 846.30 276.10 519.00 800.03 276.10 

500 400.03 446.34 139.50 348.10 400.03 139.50 

80 64.03 110.76 24.10 190.70 64.03 24.10 
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