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Abstract. This study evaluates the effect and sensitivitsnafro-scale geometric and
material property uncertainties on the numericdé{ermined effective elastic properties of
unidirectional fibre reinforced matrix compositeteraals. Due to the multi-scale build-up
nature of composites many uncertainties occur, inanaterial properties and geometric
uncertainties. These uncertainties present a clgdlen estimating composite material
properties. Research has been conducted to unaetsizir effect. However, there are limited
studies investigating the effect of geometric randibre stacking uncertainty. Hence, this
study examines the effect of geometric along wéVes material property uncertainties on a
composite’s effective elastic properties using eettgped periodic RVE homogenisation tool.
A factorial design method is used to investigateg@nsitivity of all possible uncertainty
combinations. It is concluded that fibre stackimgertainty is an influential uncertainty that
needs to be represented along with constituentrrabpeoperties uncertainties in a multi-
scale analysis approach. Additionally, concept pblynomial-based surrogate model is
developed to approximate homogenised effectivdielpsoperties under the effect of
uncertainties without the need to run numerical bgemisation.

1 INTRODUCTION

Composites are increasingly used in many indusfoeshe improved stiffness-weight
ratio compared with alloys. However, the heterogesenature and the manufacturing
process of composites opens the door to many rabéerd geometrical uncertainties to occur
within all scales [1, 2]. As a result, composites aften designed with high factors of safety
to ensure reliability compared with alloys used tbe same purpose [3, 4]. To avoid
imposing such high factors of safety, it is impattao quantify the effect of these
uncertainties at their occurrence scale. Additignalarifying the effect of each uncertainty
will contribute in promoting effective uncertairgidor reliability analysis instead of adding
complexity by unnecessarily representing unceiisrthat are not influential.

Micro-scale is the smallest scale of Fibre Reinddr®olymer composites (FRP), where the
contribution of constituent materials occurs. Tlesale is usually presented by a
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Representative Volume Element (RVE) [5]. The RVHEsged to estimate the effective elastic
properties of the composite [1, 5-7]. As a resaiych research has been carried out to
account for the effect of uncertainties at thislesc&or instance, a study investigated the
uncertainty of constituent materials properties tmair probabilistic propagation from micro-
scale to upper scales [8]. In addition to matarraertainty, other studies examined the effect
of some geometrical uncertainties in failure redlateehaviour using larger RVEs. For
example, a numerical study by Brockenbrough et[@].looked into the deformation
behaviour of edge-stacked square fibres, squargou#-stacking of square fibres, and
triangle-stacking of hexagonal fibres. Based oneoled effects, the study concluded that
reliable methods need to be developed that acdourthe distribution of fibres to ensure
reproducibility of composite properties. Anotheundst by Nikopour [10] addressed modelling
of matrix/voids ratio uncertainty by systematic maabsence between fibres and its effect on
elastic properties. A study by Huang [11] focusedtioe effect of random and systematic
fibre placement within an RVE on elastic propertieghere it was concluded that all
arrangements have a similar effect. It is importantote that many studies used a large RVE
that is computationally expensive to analyse sptiy if many samples needed for a
reliability analysis

It is clear that several uncertainties were ingaggd. However, the joint effect of these
uncertainties together in a small RVE that can sedufor efficient analysis was not fully
examined. Additionally, clear understanding of #ifect of fibre stacking randomness is not
available. Hence, this study will cover the effeftindividual and joint geometrical and
material property uncertainties on the estimatibooonposite’s effective elastic properties.

Two categories of uncertainties are modelled withnimall RVEs: Material properties (five
of fibre, and two matrix properties), and fibre gesirical stacking uncertainty. The elastic
properties are calculated with the commonly useiliagdh periodic RVE homogenisation
method [7]. The joint effect of several sourcesiofertainty creates many combinations, each
having its own effect on the elastic properties. dralerstand which uncertainty(ies) and
combination(s) are influential, a factorial desggnsitivity method is used as it can deal with
combinations and normalises their effects to hgitilthe most influential uncertainties and
combinations [12].

This study is conducted by: 1) selecting boundshef uncertainties, 2) modelling all
possible RVEs, 3) using RVE homogenisation metlwodstimate the effect of uncertainties
on elastic properties, 4) conduct a sensitivity lysia to identify most influential
uncertainty(ies) and/or combination(s). See Fig. 1.
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Figure 1. Uncertainties effect and sensitivity analysis framek.

2 HOMOGENISATION

Engineering with composites is a more challengimgcess than metals because their
properties are inherited from constituent materigigh uncertainties. In addition to other
uncertainties related to its heterogeneous buildatpre [1]. Thus, many researchers tried to
address these design issues by homogenising theerpes between scales [13] through
employing composite’s periodic microstructure [18gme of the main developed theoretical
homogenisation methods are Chamis’ micromechamuadlel equations [15], and Mori-
Tanaka asymptotic mean-field homogenisation apjprdd6é]. On the other hand, Finite
Element Method (FEM) is used as a homogenisatiohltp means of an RVE [5]. This tool
is considered more accurate and becoming the sthagaroach and widely recommended to
estimate the effective elastic properties of cornipeg14, 17].

In this study, none of the theoretical homogensatmethods are used as they are
incapable of representing the effect of micro-sagg@emetrical uncertainties. Additionally,
smaller error is expected using FE RVE homogemisdti8]. Therefore, the optimum method
iIs FE RVE homogenisation.
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The theory of RVE homogenisation is imposing umfosets of strains to calculate the
effective elastic properties of an RVE. Appliedasiron the RVE is opposed by internal
resistance, building reaction forces at the stdhiheundary surfaces. Summing principle
reaction forces and dividing by the area of thatame equals the stress value that corresponds
to the applied strain. Using stress values, Youmg&lulus for that specific direction are
found by dividing it by the known applied straim &ddition, Poisson’s ratios (for two
transverse directions) are estimated by calculatiegiransverse strain and dividing it by the
applied axial strain. On the other hand, Shear rh@de similarly estimated by dividing the
shear stress value by corresponding shear stieénHg. 2).

The RVE is assumed to be an element of a perioditemal, hence, it is important to
simulate the periodicity of the strained RVE withe tsurroundings. Prior homogenisation
studies accomplished periodicity by imposing boupdanditions that ensure RVE’s plane
boundary surfaces remain plane under applied sf@ait9]. This is valid for a transversely
isotropic RVE under longitudinal and transverseaias. However, that is not the case for
orthotropic representation and shear modulus estmdecause it will over-constrain the
RVE, resulting in an overestimating the composigstec properties. Thus, it is necessary to
apply node-to-node periodic conditions, at whicfodeed boundary surfaces can distort and
no longer remain plane [6, 20]. Accomplishing theseodicity conditions requires linking
nodal degrees of freedom (DoF) in commercial FBEvwske, based on concepts of unified
periodic RVE homogenisation [7]. There is no builttool in commercial FE software,
therefore, an Abaqus CAE FE analysis software fdg¢in is developed by the authors’ that
automates the process of computing effective elastperties of a fully-customised RVE.
The tool calculates orthotropic elastic propertles applying the necessary constraint
equations and imposing appropriate boundary ssais to satisfy the unified periodicity
conditions, based on the concept of periodic RVEdgenisation. Using this tool, the elastic
properties of each RVE are efficiently calculatedhis study.

Young’s modulus Zi1 and Poisson's ratio vi2 and vi3 Shear modulus G23
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Figure 2. RVE’s Young’s moduli, Poisson’s ratios and Sheaduli calculations.
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3 SENSITIVITY

In order to efficiently represent composite undettas in a multi-scale framework, it is
necessary to identify the most influential uncerties and their combinations at the micro-
scale instead of adding complexity to the systemepyesenting ineffective uncertainties. In
this study, a total of eight uncertainties are exach The selected method to estimate the
sensitivity of these uncertainties is theatorial design approach Rare a factorial method
and the number of factors respectively). This meéthas also used by to evaluate the effect
of both material and geometrical uncertainty in etzomposite fabric at meso-scale [1].

2 factorial design approach requires a positive énppnd negative (lower) bounds to
represent each input [12]. For this study, the teigicertainties make 247 possible RVE
combinations (except deterministic run and indialduncertainties). Elastic properties from
each model are normalised and presented on norrodlalpility plots, where the most
influential uncertainty(ies)/combination(s) are $bofurthest from the theoretical normal
distribution line.

4 UNCERTAINTIES

Composite materials are associated with local dadad) uncertainties similarly to other
engineering systems. Therefore, the design of ceitgpatructures involves a number of
uncertainties related to, e.g. loading conditionsaterial properties, and geometrical
characteristics [18]. For the purpose of this sfudgd uncertainties are not relevant as it
relates to environmental conditions, applicatidmrgge of use, etc. However, the focus is on
material uncertainty mainly related to inheritedfedés and variations in the constituent
material properties [2, 18, 22]. Additionally, geetmcal uncertainties that occur due to the
heterogeneous nature and randomness in the buitd-thg composite’s scales, and possible
manufacturing defects [2]. One of the most foresgeometrical uncertainties is the
randomness of fibre stacking within the matrix29;25]. In order to investigate the effect of
these uncertainties a micromechanical model of Bt@fizpoxy composite (AS4 - 3501-6) is
used [6], represented by RVEs of a fixed 0.6 fiookime ratio composed of a full fibre at the
centre, and four quarter fibres at each corner Esge3). The properties of the transversely
isotropic fibre, and the isotropic matrix are calesed as uncertainties. For the purpose of
sensitivity analysis, the deterministic (mean) eal@re assumed as negative bounds, and an
increase of 5% to that value represents positivente 1, F2, F3, F4, F5, M1, M2} as
illustrated in Table 1. On the other hand, fibr@cking uncertainty is represented by shifting
the central fibre by 0.08 fraction of the RVE’s edgngth along 3-direction as shown in Fig.
3. Again, the deterministic location of the fibtetlae centre of the RVE is the negative bound,
whereas the shifted configuration represents tiséipe bound.

Table 1: Material properties and uncertainty bounds fordiand matrix.

Fibre (Graphite AS4) Matrix (Epoxy 3501-6)
Properties E, (GPa) E, (GPa) G, (GPa) vy,  v,3 E (GPa) v (GPa)
Uncertainty Label F1 F2 F3 F4 F5 M1 M2
Mean (negative) 235 14 28 0.2 0.25 4.8 0.34
Uncertainty (positive)  246.75 14.7 29.4 0.21 0.2625 5.04 0.357



S. Omairey, P. Dunning and S. Sriramula

Geometrically Deterministic RVE RVE with stacking uncertainty (.§)
I L |

0.08L

. Fibre phase
D Matrix phase

2
RVE centre point —I— Full fibre centre point 3 <—1
Figure 3: Illustration of fibre stacking uncertainty.
4 RESULTS AND DISCUSSIONS
4.1 Effect of uncertainties on elastic properties
Table 2 shows the effect of uncertainties on homisgel effective elastic properties,
presented in terms of change percentages to therndaeistic RVE properties (all
uncertainties at their negative bounds). This ¢ffe@xplained in terms of Young’s moduli,
Poisson's ratios, and shear moduli as follows.
Table 2 Individual uncertainties effect on the effectielastic properties.
Material uncertainties Geometr ical
uncertainty
Fibre uncertainties Matrix uncertainties  Fibre kiag
; i E, E, Gz V12 V23 E v S
Elastic propertles F1 F2 F3 Fa F5 M1 M2
En 4.9% 0.0% 0.0%  0.0% 0.0% 0.1% 0.09 0.0%
Ez 0.0% 2.0% 0.0%  0.0% 0.0% 2.9% 0.89 1.7%
Eaz 0.0% 2.0% 0.0% 0.0% 0.0% 2.9% 0.89 1.0%
G2 0.0% 0.0% 1.0% 0.0% 0.0% 3.9% -1.0% 11.9%
Gus 0.0% 0.0% 1.0% 0.0% 0.0% 3.9% -1.0% -1.3%
Gos 0.0% 2.8% 0.0% 0.0% -0.6% 2.1% 0.09 -1.2%
V12 0.0% -0.1% 0.0%  2.5% 0.0% 0.1% 2.99 -0.8%
V13 0.0% -0.1% 0.0%  2.5% 0.0% 0.1% 2.99 0.7%
Va1 -4.7% 1.9% 0.0%  2.5% 0.0% 2.9% 3.79 0.8%
Va3 0.0% 0.8% 0.0%  0.0% 1.3% -0.8% 5.39 -1.3%
Va1 -4.7% 1.9% 0.0%  2.5% 0.0% 2.9% 3.79 1.7%
Va2 0.0% 0.8% 0.0% 0.0% 1.3% -0.8% 5.39 -2.4%
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4.1.1. Effect on Young’s moduli and Poisson's ratg

The increase in longitudinal fibre material stiffsef1) has a direct effect on the RVE's
Ei1 elastic property, as expected. Whereas, minimigcefis caused by matrix stiffness
increase for the same homogenised property, asnbre dependent on the stiffer fibre in the
longitudinal direction (1-direction). On the othband, matrix uncertainty has a greater
influence on transvers stiffness moduli, as ithis tritical media for applied strains in these
directions (2 and 3-direction). Noticeable effectcaused by stacking uncertainty as a result
of disturbing matrix distribution within the RVE.

The above can also be understood by examiningitfezethce betweelt:1 andEzz or Ess
fibre/matrix stain energy ratio for effected RVEghere it clearly shows that fibre has the
higher stain energy i1, and the opposite k22 or Ess, see Fig. 4(a). On the other hand,
shifting fibre location decreases fibre/matrix st@nergy ratio indicating that the matrix
phase is experiencing higher stain energy, respitirhigher stiffness. See Fig. 4(b).

The effect on Poisson's ratios is firmly related fiore and matrix Poisson's ratio
uncertainties K4, F5, M2). In addition to moderate effects caused by filstacking
uncertainty § and Young’s moduli of both fibre and matrix.

4.1.2. Effect on Shear moduli

The most influential factor for shear modul@s; is fibre stacking uncertaintys\. The
shift of the central fibre position creates a derfg®e region which is significantly stiffer
than the deterministic RVE configuration and maieffects stress in 1 and 2-directions. On
the other hand, matrix stiffness uncertaif1j considerably influenced all shear moduli as
this region of the RVE prone to deform more thdmefs’ under shear stresses.

Ell
g Deterministic RVE
Fibre/matrix strain energy = 72.5

(a)

High fibre strain energy in
E11 compared with E22.

En
Deterministic RVE
(b) Fibre/matrix strain energy = 0.71

Higher matrix strain energy in
stacking uncertainty RVE
compared with RVE with fibre
at deterministic position for
Ex.

En
— Stacking uncertainty RVE (5')
Fibre/matrix strain energy = 0.83

Figure 4: Fiber/matrix strain energy ratio for three homoigation cases.
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4.2 Sensitivity of uncertainties

Homogenised elastic properties for all possible RdEnbinations are used to in thée 2
sensitivity analysis summarised in Appendix 1l(a-The effective uncertainties for each
homogenised properties lay off the theoretical radrdistribution line. For all homogenised
properties the effective uncertainties are indigiduather than combinations, arranged based
on their effect percentage as shown in Table 2s Tidicates that none of the combinations
are effective, or that there is no significant axaffect caused by combining more than two
uncertainties and the overall effect is simply #delition of individual uncertainties. Further
investigation of the behaviour of both material ajgbmetrical uncertainties identified that
they have independent effects on the compositesogensed stiffness properties. As a
result, the total effect is the sum of individu#fieets from all uncertainties as expressed in
Eq. 1:

N
E; =E + Zfi(xj) @Y
=

WhereE; is one of the approximated elastic properti&sis the deterministic property
value estimated through RVE homogenisatidrthe number of uncertain parametess,and

fi(xj) is a polynomial that links the value of uncertparametef with the change in elastic
property i (relative to deterministic value). To validate sthiTable 3 shows excellent
agreement between stiffness properties estimateditoyning the effect of these uncertainties
plus the established RVE that is analysed withrdatestic properties, against homogenised
stiffness properties computed using FE analysiaroRVE that explicitly models the same
uncertainties together. Similar results are obthiwghile examining other uncertainty
combinations. The maximum error observed using dpigroach is 0.51%, which is mainly
caused by numerical analysis error due to the chgrdiscretization in the FE analysis when
a fibre is shifted.

The created polynomial-based surrogate models b#ainothe dependant homogenised
effective elastic properties at any independenettamty value immediately without the need
to generate and run computationally expensive nalemodels. This can be very useful to
improve the efficiency of reliability-based anak/sand design methods for composite
materials.

Table 3 Verification of uncertainties independent effentthe homogenised elastic properties.

— . Accumulative homogenised propert S ¢1r2..mn|  FERVE Error
property Unit F1 F2 F3 F4 F5 M1 M2 S Det. —7 % Det. homogenisation %
En 149.90 | 142.85| 142.85 142.8 142.85 14295 142186 2.8%4| 142.85 150.00 150.00 0.00%
=2 GPa 8.77 8.95 8.77 8.77 8.77 9.02 8.84 8.92 8.71 9.42 9.43 0.19%
Es3 8.77 8.95 8.77 8.77 8.77 9.02 8.84 8.86 8.71 9.35 9.38 0.32%
G2 6.08 6.08 6.14 6.08 6.08 6.32] 6.04 6.81 6.0 7.05 7.08 0.51%
Gis GPa 6.08 6.08 6.14 6.08 6.08 6.32] 6.02 6.00 6.0§ 6.24 6.24 0.02%
Gzs 3.56 3.66 3.56 3.56 3.54 3.64 3.56 3.52 3.5¢ 3.67 3.67 0.07%
vi2 0.2523 | 0.2523| 0.2520 0.2528  0.2585  0.2522  0.2%26 2596. 0.2523 0.2658 0.2634 0.08%
Vi3 0.2523 | 0.2523| 0.2520 0.2528  0.2586  0.2522  0.2%26 2596. 0.2523 0.2658 0.2676 0.04%
v ratio 0.0155 | 0.0148| 0.015§ 0.015p 0.01§9  0.0155  0.0159 016Q. 0.0155 0.0164 0.0166 0.08%
V23 0.4072 | 0.4074| 0.4103 0.4072  0.4070  0.4123  0.4039 4286. 0.4072 0.4336 0.4281 0.09%
Va1 0.0155 | 0.0148| 0.015§ 0.015p 0.01§9  0.0155  0.0159 016Q. 0.0155 0.0165 0.0167 0.14%
V32 0.4072 | 0.4073| 0.4103 0.4072  0.4070  0.4123  0.4(39 4286. 0.4072 0.4336 0.4238 0.01%
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12 CONCLUSIONS

This study investigated the influence of materiatl yeometrical uncertainties on fibre
reinforced composite effective elastic properti€be aim of the study is to find which
uncertainties and their combinations have a sicgifi influence on effective elastic
properties, in order to promote investigating theiopagating effect through scales.
Conversely, uncertainties with minimal effect canreglected to reduce analysis complexity.
Thus, effect and sensitivities of eight uncertaéston effective elastic properties are estimated
using a periodic RVE homogenisation method andfal design method.

It is concluded that material properties uncertasihave higher effect on corresponding
homogenised elastic property. In general, fibre ediainties showed higher effect on
longitudinal properties and limited effect on sheaoduli. Whereas, matrix uncertainties
resulted in wider effect on all properties excemtditudinal Young’'s modulus. Similarly,
fibre stacking uncertainty showed noticeable effent most uncertainties, yet significant
effect on Gi12 shear modulus, which is more than double the Isiigleéfect observed by
material uncertainties. On the other hand, theiseits study prompted the same effective
uncertainties based on their effect magnitude iddally rather than combinations. This
indicates that all eight uncertainties have indepen effect on the homogenised RVE
properties. This behaviour lead to constructing/poinial-based surrogate models capable of
estimating effective elastic properties for any bomd material and geometrical
uncertainties based on those derived from FE-bhseabgenisation rather than theoretical
homogenisation methods. This polynomial-based gateomodel can be used efficiently to
account for and propagate the effect of stackingrgerical uncertainty when estimating the
effective elastic properties and generalising titgher scales in future reliability studies.

REFERENCES

[1] Komeili M, Milani AS (2012) The effect of medevel uncertainties on the mechanical
response of woven fabric composites under axiaitma Comput Struct 90-91:163-171.
http://dx.doi.org/10.1016/j.compstruc.2011.09.001

[2] Sriramula S, Chryssanthopoulos MK (2009) Qifexation of uncertainty modelling in
stochastic analysis of FRP composites. ComposagsA? Applied Science and
Manufacturing 40(11):1673-1684ttps://doi.org/10.1016/j.compositesa.2009.08.020

[3] Zhu T (1993) A reliability-based safety factor aircraft composite structures.
Computers & Structures 48(4):745-748ps://doi.org/10.1016/0045-7949(93)90269-J

[4] British Standards Institution (1987) BS 4988187 Specification for design and
construction of vessels and tanks in reinforcedtja

[5] Hill R (1963) Elastic properties of reinfortesolids: Some theoretical principles. Journal
of the Mechanics and Physics of Solids 11(5):35Z-8#p://dx.doi.org/10.1016/0022-
5096(63)90036-X




S. Omairey, P. Dunning and S. Sriramula

[6] Sun CT, Vaidya RS (1996) Prediction of compoproperties from a representative
volume element. Composites Science and Technol6()371-179.
https://doi.org/10.1016/0266-3538(95)00141-7

[7] Xia Z, Zhang Y, Ellyin F (2003) A unified pedical boundary conditions for
representative volume elements of composites aplicapions. International Journal of
Solids and Structures 40(8):1907-19Rtps://doi.org/10.1016/S0020-7683(03)00024-6

[8] Zhou X, Gosling PD, Ullah Z et al (2017) Shastic multi-scale finite element based
reliability analysis for laminated composite stuwrets. Appl Math Model 45:457-473.
http://doi.org/10.1016/j.apm.2016.12.005

[9] Brockenbrough JR, Suresh S, Wienecke HA (J¥3dformation of metal-matrix
composites with continuous fibers: geometrical @fef fiber distribution and shape.
Acta Metallurgica et Materialia 39(5):735-738tps://doi.org/10.1016/0956-
7151(91)90274-5

[10] Nikopour H (2013) A virtual frame work for ptecation of effect of voids on transverse
elasticity of a unidirectionally reinforced compesiComputational Materials Science
79:25-30 http://dx.doi.org/10.1016/j.commatsci.2013.05.049

[11] Huang Y, Jin KK, Ha SK (2008) Effects of fibarrangement on mechanical behavior of
unidirectional composites. J Composite Mater 42(1851-1871.
10.1177/0021998308093910

[12] Montgomery D,C. (2008) Design and Analysidaferiments, 7 edn. John Wiley &
Sons

[13] Yancey RN (2016) 2 - Challenges, opportunjteesd perspectives on lightweight
composite structures: Aerospace versus automativéljuguna J (ed) Lightweight
Composite Structures in Transport. Woodhead Publisipp 35-52

[14] Cheng G-, Cai Y-, Xu L (2013) Novel implemetiba of homogenization method to
predict effective properties of periodic materidista Mechanica Sinica/Lixue Xuebao
29(4):550-556. 10.1007/s10409-013-0043-0

[15] Chamis C,C. (1983) Simplified composite micexhanics equations for hygral, thermal
and mechanical properties. In: Anonymous Ann. Cohthe Society of the Plastics
Industry (SPI) Reinforced Plastics/Composites Ji$dth; 7-11 Feb. 1983, Houston, TX;
United States

[16] Mori T, Tanaka K (1973) Average stress in mxaand average elastic energy of
materials with misfitting inclusions. Acta Metal@iica 21(5):571-574.
http://dx.doi.org/10.1016/0001-6160(73)90064-3

10



S. Omairey, P. Dunning and S. Sriramula

[17] Zhou X, Gosling PD, Ullah Z et al (2016) Exjting the benefits of multi-scale analysis
in reliability analysis for composite structuresr@posite Structures 155:197-212.
http://dx.doi.org/10.1016/j.compstruct.2016.08.015

[18] Toft HS, Branner K, Mishnaevsky L et al (201&)certainty modelling and code
calibration for composite materials. J Compos Ma#&i4):1729-1747.
10.1177/0021998312451296

[19] Naik RA, Crews JH (1993) Micromechanical Arglyof Fiber-Matrix Interface Stresses
Under Thermomechanical Loadings. Composite Materigésting and Design 11.
10.1520/stp12629s

[20] Bonora N, Ruggiero A (2006) Micromechanicalaebng of composites with
mechanical interface — Part 1l: Damage mechanisssssnent. Composites Science and
Technology 66(2):323-33Attps://doi.org/10.1016/j.compscitech.2005.04.043

[21] ABAQUS Inc. (2013) Abaqus CAE 2017

[22] Bogdanor MJ, Oskay C, Clay SB (2015) Multiscalodeling of failure in composites
under model parameter uncertainty. Comput Mech)589-404. 10.1007/s00466-015-
1177-7

[23] Gonzalez C, LLorca J (2007) Mechanical behawgicunidirectional fiber-reinforced
polymers under transverse compression: Microsamgichanisms and modeling.
Composites Sci Technol 67(13):2795-2806.
http://dx.doi.org/10.1016/|.compscitech.2007.02.001

[24] Nikopour H, Selvadurai APS (2014) Concentrdtetling of a fibre-reinforced
composite plate: Experimental and computationaletiod of boundary fixity.
Composites Part B: Engineering 60:297-305.
http://dx.doi.org/10.1016/j.compositesb.2013.12.034

[25] Young W,Kwon, David H,Allen, Ramesh T (2010uNiscale Modeling and Simulation
of Composite Materials and Structures. Springest@&o, MA, New York

11



S. Omairey, P. Dunning and S. Sriramula

Appendix 1: Normal probability plots of the*2actorial design for all uncertainties and combimas.
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