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 Mechanical performance of wall structures in 3D printing processes: Theory, design tools and experiments
 A.S.J. Suiker
 Department of the Built Environment, Eindhoven University of Technology, P.O. Box 513, Eindhoven, MB NL-5600, The Netherlands
 a r t i c l e i n f o
 Keywords:
 Additive manufacturing
 Wall failure
 Elastic buckling
 Plasticity
 Imperfection sensitivity
 a b s t r a c t
 In the current contribution for the first time a mechanistic model is presented that can be used for analysing
 and optimising the mechanical performance of straight wall structures in 3D printing processes. The two failure
 mechanisms considered are elastic buckling and plastic collapse . The model incorporates the most relevant process
 parameters, which are the printing velocity, the curing characteristics of the printing material, the geometrical
 features of the printed object, the heterogeneous strength and stiffness properties, the presence of imperfections,
 and the non-uniform dead weight loading. The sensitivity to elastic buckling and plastic collapse is first explored
 for three basic configurations, namely i) a free wall, ii) a simply-supported wall and iii) a fully-clamped wall,
 which are printed under linear or exponentially-decaying curing processes. As demonstrated for the specific
 case of a rectangular wall lay-out, the design graphs and failure mechanism maps constructed for these basic
 configurations provide a convenient practical tool for analysing arbitrary wall structures under a broad range of
 possible printing process parameters. Here, the simply-supported wall results in a lower bound for the wall buckling
 length, corresponding to global buckling of the complete wall structure, while the fully-clamped wall gives an upper
 bound , reflecting local buckling of an individual wall. The range of critical buckling lengths defined by these bounds
 may be further narrowed by the critical wall length for plastic collapse. For an arbitrary wall configuration the
 critical buckling length and corresponding buckling mode can be accurately predicted by deriving an expression
 for the non-uniform rotational stiffness provided by the support structure of a buckling wall. This has been
 elaborated for the specific case of a wall structure characterised by a rectangular lay-out. It is further shown that
 under the presence of imperfections the buckling response at growing deflection correctly asymptotes towards
 the bifurcation buckling length of an ideally straight wall. The buckling responses computed for a free wall and a
 wall structure with a rectangular lay-out turn out to be in good agreement with experimental results of 3D printed
 concrete wall structures. Hence, the model can be applied to systematically explore the influence of individual
 printing process parameters on the mechanical performance of particular wall structures, which should lead to
 clear directions for the optimisation on printing time and material usage. The model may be further utilised as a
 validation tool for finite element models of wall structures printed under specific process conditions.
 © 2018 Elsevier Ltd. All rights reserved.
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 . Introduction
 Additive manufacturing, also known as 3D printing, is a revolution-ry technology that over the past 10 years has found a wide range of ap-lications in the automotive and aerospace industries (car, airplane andatellite components), biomedical engineering (dental implants, pros-hetics, tissue scaffolding, bioprinting of organs), food industry (choco-ate, pizza, meat), consumer goods industry (sporting goods, toys, elec-ronics), arms industry (gun prototyping), architectural and civil engi-eering (structural elements, houses, bridges), pharmacokinetics (drugelivery devices), custom art and design (paintings, sculptures), amongthers, see [1–8] and references therein. The principle of 3D printings to convert a digital design into a three-dimensional object by adding
 E-mail address: [email protected]
 ttps://doi.org/10.1016/j.ijmecsci.2018.01.010
 eceived 26 October 2017; Received in revised form 18 December 2017; Accepted 10 January
 vailable online 16 January 2018
 020-7403/© 2018 Elsevier Ltd. All rights reserved.
 aterial in a layerwise fashion. For achieving this goal, a large numberf additive manufacturing processes has been developed, which mainlyiffer in the printing materials applied, and in the way the layers areaid down on one another to create so-called wall structures . Some tech-iques liquefy or soften the printing material for constructing the layersselective laser sintering, electron beam melting), whereas other tech-iques cure liquid materials using advanced technologies (stereolithog-aphy, inkjet printing, laminated object manufacturing, fused depositionodelling) [1,3,5–7,9] . The advantages of additive manufacturing over
 raditional manufacturing are that the product is easy to customise withn enormous flexibility in shape, quick prototyping is possible, productaste is reduced, manufacturing costs are low, and product storage costsre eliminated [1,4–6,9,10] .
 2018
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 Despite the ongoing success of 3D printing technologies, little isnown about the influence of the manufacturing parameters and condi-ions on the objects ’ mechanical performance during the printing pro-ess. This for a large part is due to the complexity and diversity of therocess parameters, such as the curing characteristics of the printingaterial, the geometrical features of the printed object, the heteroge-eous strength and stiffness properties of the printing material, the non-niform dead weight loading, the presence of imperfections, and therinting velocity. As a consequence, adequate process parameters com-only are determined by means of a trial-and-error procedure, whereby
 t remains unclear if the optimal parameter set eventually has beenound under the conditions and requirements imposed. This makes prod-ct development by 3D printing more expensive and time-consuminghan necessary, especially when the size of the printed object is rela-ively large, such as in architectural and civil engineering applications.n order to improve on this aspect, accurate mechanistic models need toe developed, which not only predict the influence of individual print-ng process parameters on the mechanical performance of the object, butlso reveal how the printing process can be optimised in terms of man-facturing time and amount of printing material used. Considering thenitially low strength and stiffness values typical of a soft, viscous print-ng material, the failure resistance of the object during manufacturingay be more critical than during operation; consequently, minimising
 he amount of printing material required for maintaining the objects ’trength and stability in a printing process may substantially reduce theroduction costs.
 In this contribution for the first time a mechanistic model is devel-ped for the determination of the mechanical performance of straightall structures in 3D printing processes. The modelling approach incor-orates the two relevant failure mechanisms, which are i) elastic buck-ing, and ii) plastic collapse. The competition between these two failureechanisms is analysed for three basic wall types, namely i) a free , un-
 onstrained wall, ii) a simply-supported wall, and iii) a fully-clamped wall,ith the adjective used on the wall type (in italics) describing the typef boundary condition applied in the horizontal direction of the wall.or a wall structure with a rectangular lay-out it is demonstrated thathe simply-supported wall and fully-clamped wall are representative oflobal buckling of the whole structure and local buckling of an individualall, respectively, thereby providing lower and upper bounds for the crit-
 cal buckling length of the wall structure during 3D printing. The modelor elastic wall buckling is derived from the equilibrium equation andoundary conditions for a rectangular heterogeneous plate subjected toon-uniform in-plane forces. The buckling model is reduced to an or-inary fourth-order differential equation, where the contribution of anrbitrary rotational stiffness furnished by the supporting wall structures accounted for via a constraint factor and the number of half-wavesefining the horizontal buckling mode of the wall. The printing velocitynd curing characteristics of the printing material enter the model af-er transforming the mathematical formulation in vertical wall directionrom Lagrangian to dimensionless Eulerian coordinates. The two basicuring processes considered are linear curing and exponentially-decaying
 uring, where the latter type is representative of accelerated curing ob-ained under the application of an external stimulus, e.g., UV light oreat [11,12] , or through a modification of the chemical composition13] . The effect of geometrical imperfections is added to the model for-ulation, and the combined analytical-numerical solution procedure isresented. Writing the model equations in dimensionless form enableso uniquely describe the failure behaviour of a wall by a minimum of 5ndependent, dimensionless (time and length scale) parameters, with 3arameters characterising the elastic buckling behaviour of a wall struc-ure, and 2 parameters defining plastic collapse. When geometrical im-erfections are accounted for, 2 additional (length scale) parameterseed to be considered.
 The resistance against elastic buckling and plastic collapse is firstnalysed for the three basic wall types by means of design graphs andailure mechanism maps. These graphical representations summarise the
 146
 esults of a large number of simulations performed for a wide range ofrocess parameters, thereby providing a useful practical tool for the de-ign and optimisation of 3D printing processes of straight wall struc-ures. The experimental validation of the model is performed by con-idering two types of geometries constructed with 3D concrete printing,amely a free wall and a rectangular wall-layout. It is shown how the de-ign graphs and formulas constructed for the three basic wall types cane used to provide a first useful estimate of the critical failure length ofhese geometries. The comparison is complemented with accurate modelredictions of the buckling length and buckling mode, which turn outo be in good agreement with the experimental results.
 The manuscript is organised as follows. In Section 2 the equilib-ium equation and boundary conditions are derived for a rectangulareterogeneous plate subjected to non-uniform in-plane forces. Thesequations form the basis for the buckling model of a wall structure,hich, together with the formulation for plastic collapse, is presented
 n Section 3 . Section 4 provides numerical results for the three basiconfigurations, i.e., the free wall, the simply-supported wall and theully-clamped wall. These results are used in Section 5 for a first com-arison with the outcome of 3D concrete printing experiments on a freeall and a rectangular wall lay-out. The comparison is subsequently ex-
 ended with results of a refined analysis. Section 6 presents the mainonclusions and some suggestions for future research.
 . Rectangular heterogeneous plate subjected to non-uniform
 n-plane forces
 During 3D printing the mechanical properties of a wall structure areeterogeneous in space due to the curing behaviour of the printing mate-ial. In addition, the loading experienced by the wall structure is causedy its dead weight, which is non-uniform in the vertical direction of theall ( = the direction of gravitation). In correspondence with these as-ects, the model for wall buckling should be based on the equilibriumquation and boundary conditions for a rectangular heterogeneous plateubjected to non-uniform in-plane forces. To the best of the author ’snowledge, these relations are not available in the literature, and there-ore are derived in the current section from the formulation and mini-ization of the potential energy of the plate.
 .1. Potential energy
 Consider a rectangular, heterogeneous plate of length l , width b andhickness h subjected to non-uniform in-plane forces (per unit length)= ��( 𝑥, 𝑦 ) acting in the mid-plane of the plate, see Fig. 1 . The hetero-eneity of the plate is characterised by the dependence of the elasticroperties on the in-plane coordinates x and y . The origin of the in-planeoordinates is located at the lower right corner of the plate. The com-onents of the in-plane forces are 𝜼 = ��( 𝑥, 𝑦 ) = { 𝜂𝑥𝑥 , 𝜂𝑦𝑦 , 𝜂𝑦𝑥 , 𝜂𝑥𝑦 } , whichhould satisfy the localised equilibrium equations in x - and y -directions:
 𝑥𝑥,𝑥 + 𝜂𝑦𝑥,𝑦 + 𝑏 𝑥 = 0 where 𝑏 𝑥 = − 𝜌𝑔ℎ,
 𝑥𝑦,𝑥 + 𝜂𝑦𝑦,𝑦 = 0 . (1)
 ere, b x represents the body force per unit area, which depends onhe volumetric mass density 𝜌, the gravitational acceleration 𝑔 = 9 . 81/s 2 , and the plate thickness h . Further, (.) , x and (.) , y denote partialerivatives in x - and y -directions, respectively. The in-plane forces fol-ow from the integration of the Cauchy stresses, 𝝈 = ��( 𝑥, 𝑦, 𝑧 ) , across thelate thickness h :
 = ��( 𝑥, 𝑦 ) = ∫ℎ ∕2
 𝑧 =− ℎ ∕2 𝝈𝑑 𝑧 = ℎ 𝝈, (2)
 he final result in the right-hand side of Eq. (2) assumes that undern-plane loading conditions the Cauchy stresses are constant across thelate thickness. The in-plane forces are conservative and correspond tohe initial, uncurved configuration. Since the in-plane shear stresses areymmetric, 𝜎𝑥𝑦 = 𝜎𝑦𝑥 , so are the in-plane forces, 𝜂𝑥𝑦 = 𝜂𝑦𝑥 .
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 Fig. 1. A rectangular plate of length l , width b and thickness h subjected to non-uniform,
 in-plane forces 𝜼 = 𝜼( 𝑥, 𝑦 ) in the mid-plane (with only the normal components 𝜂xx and 𝜂yy
 shown). The heterogeneous stiffness modulus and Poisson ’s ratio of the plate are 𝐸 ∗ = �� ∗ ( 𝑥, 𝑦 ) and 𝜈∗ = 𝜈∗ ( 𝑥, 𝑦 ) , respectively.
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 The in-plane forces found after solving Eq. (1) for the specific load-ng conditions applied serve as input for a buckling analysis. For theescription of buckling it is assumed that the plate bends into a curved
 onfiguration without any stretching in the mid-plane, i.e., membraneffects are ignored. Correspondingly, the potential energy V generatedy the in-plane forces may be expressed as
 =
 1 2 ∫
 𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0 [ 𝜂𝑥𝑥 ( 𝑤 ,𝑥 ) 2 + 𝜂𝑦𝑦 ( 𝑤 ,𝑦 ) 2 + 2 𝜂𝑥𝑦 𝑤 ,𝑥 𝑤 ,𝑦 ] 𝑑 𝑦𝑑 𝑥, (3)
 here 𝑤 = �� ( 𝑥, 𝑦 ) is the deflection in the out-of-plane direction z . Inddition, the elastic strain energy of a rectangular plate subjected toending reads
 =
 1 2 ∫
 𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0 𝐷 ∗
 [(𝑤 ,𝑥𝑥 + 𝑤 ,𝑦𝑦
 )2 − 2(1 − 𝜈∗ ) (
 𝑤 ,𝑥𝑥 𝑤 ,𝑦𝑦 − 𝑤
 2 ,𝑥𝑦
 )]𝑑 𝑦𝑑 𝑥,
 (4)
 hereby the heterogeneous bending stiffness is given by
 ∗ = �� ∗ ( 𝑥, 𝑦 ) =
 𝐸 ∗ ℎ
 3
 12(1 − ( 𝜈∗ ) 2 ) with 𝐸 ∗ = �� ∗ ( 𝑥, 𝑦 ) ,
 and 𝜈∗ = ��∗ ( 𝑥, 𝑦 ) , (5)
 ith E ∗ and 𝜈∗ the spatially-variable stiffness modulus and Poisson ’s ra-io, respectively. Here, the asterisk subindex indicates that the materialarameters are heterogeneous in space. Combining Eqs. (3) and (4) , theotal potential energy Π of the plate follows as
 = 𝑈 + 𝑉
 =
 1 2 ∫
 𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0 𝐷 ∗
 [(𝑤 ,𝑥𝑥 + 𝑤 ,𝑦𝑦
 )2 − 2(1 − 𝜈∗ ) (
 𝑤 ,𝑥𝑥 𝑤 ,𝑦𝑦 − 𝑤
 2 ,𝑥𝑦
 )]𝑑 𝑦𝑑 𝑥
 +
 1 2 ∫
 𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0
 [𝜂𝑥𝑥
 (𝑤 ,𝑥
 )2 + 𝜂𝑦𝑦
 (𝑤 ,𝑦
 )2 + 2 𝜂𝑥𝑦 𝑤 ,𝑥 𝑤 ,𝑦
 ]𝑑 𝑦𝑑 𝑥 . (6)
 .2. Equilibrium and boundary conditions
 The equilibrium conditions of the heterogeneous plate can be derivedy minimising the potential energy in Eq. (6) . This is done by requiringhe potential energy to be stationary:
 Π = ∫𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0 𝐷 ∗ [ 𝑤 ,𝑥𝑥 𝛿𝑤 ,𝑥𝑥 + 𝑤 ,𝑥𝑥 𝛿𝑤 ,𝑦𝑦 + 𝑤 ,𝑦𝑦 𝛿𝑤 ,𝑥𝑥 + 𝑤 ,𝑦𝑦 𝛿𝑤 ,𝑦𝑦
 − (1 − 𝜈∗ )( 𝑤 ,𝑥𝑥 𝛿𝑤 ,𝑦𝑦 + 𝑤 ,𝑦𝑦 𝛿𝑤 ,𝑥𝑥 − 2 𝑤 ,𝑥𝑦 𝛿𝑤 ,𝑥𝑦 )] 𝑑 𝑦𝑑 𝑥
 147
 + ∫𝑙
 𝑥 =0 ∫𝑏
 𝑦 =0 [ 𝜂𝑥𝑥 𝑤 ,𝑥 𝛿𝑤 ,𝑥 + 𝜂𝑦𝑦 𝑤 ,𝑦 𝛿𝑤 ,𝑦
 + 𝜂𝑥𝑦 ( 𝑤 ,𝑥 𝛿𝑤 ,𝑦 + 𝑤 ,𝑦 𝛿𝑤 ,𝑥 )] 𝑑 𝑦𝑑 𝑥
 = 0 . (7)
 pplying integration by parts, after an extensive mathematical proce-ure, the Euler-Lagrange equation describing the localised equilibriumnder plate buckling becomes
 2 ( 𝐷 ∗ ∇
 2 𝑤 ) − ((1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑥𝑥 ) ,𝑦𝑦 − ((1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑦𝑦 ) ,𝑥𝑥
 + 2((1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑥𝑦 ) ,𝑥𝑦 − ( 𝜂𝑥𝑥 𝑤 ,𝑥 ) ,𝑥 − ( 𝜂𝑦𝑦 𝑤 ,𝑦 ) ,𝑦
 − ( 𝜂𝑥𝑦 𝑤 ,𝑥 ) ,𝑦 − ( 𝜂𝑥𝑦 𝑤 ,𝑦 ) ,𝑥 = 0 , (8)
 ith the Laplacian given by ∇
 2 ( . ) = ( . ) ,𝑥𝑥 + ( . ) ,𝑦𝑦 . In addition, the ho-ogeneous (natural and essential) boundary conditions along the plate
 dges 𝑥 = 0 and 𝑥 = 𝑙 are
 ∗ (
 𝑤 ,𝑥𝑥 + 𝜈∗ 𝑤 ,𝑦𝑦
 )= 0
 or 𝑤 ,𝑥 = 0 , and 𝐷 ∗ 𝑤 ,𝑥𝑥
 ),𝑥 +
 (𝜈∗ 𝐷 ∗ 𝑤 ,𝑦𝑦
 ),𝑥 + 2
 ((1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑥𝑦
 ),𝑦 − 𝜂𝑥𝑥 𝑤 ,𝑥 − 𝜂𝑥𝑦 𝑤 ,𝑦 = 0
 or 𝑤 = 0 , (9)
 nd along the plate edges 𝑦 = 0 and 𝑦 = 𝑏 are
 ∗ (
 𝑤 ,𝑦𝑦 + 𝜈∗ 𝑤 ,𝑥𝑥
 )= 0
 or 𝑤 ,𝑦 = 0 , and 𝐷 ∗ 𝑤 ,𝑦𝑦
 ),𝑦 +
 (𝜈∗ 𝐷 ∗ 𝑤 ,𝑥𝑥
 ),𝑦 + 2
 ((1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑥𝑦
 ),𝑥 − 𝜂𝑦𝑦 𝑤 ,𝑦 − 𝜂𝑥𝑦 𝑤 ,𝑥 = 0
 or 𝑤 = 0 . (10)
 urther, the four plate corners, ( x , y ) ∈ {(0, 0), ( l , 0), (0, b ), ( l , b )}, shouldatisfy the condition
 (1 − 𝜈∗ ) 𝐷 ∗ 𝑤 ,𝑥𝑦 = 0 or 𝑤 = 0 . (11)
 ote that the natural boundary conditions (9) 1 and (10) 1 relate to theending moment at the plate edge, while (9) 3 and (10) 3 prescribe thehear force.
 For the specific case of a homogeneous rectangular plate with uniform
 lastic properties 𝐷 ∗ = 𝐷 and 𝜈∗ = 𝜈 and constant in-plane forces 𝜂xx , 𝜂yy
 nd 𝜂xy , the equilibrium equation, Eq. (8) , reduces to
 ∇
 4 𝑤 − 𝜂𝑥𝑥 𝑤 ,𝑥𝑥 − 𝜂𝑦𝑦 𝑤 ,𝑦𝑦 − 2 𝜂𝑥𝑦 𝑤 ,𝑥𝑦 = 0 , (12)
 hile the boundary conditions, Eqs. (9) and (10) , simplify to
 (𝑤 ,𝑥𝑥 + 𝜈𝑤 ,𝑦𝑦
 )= 0 or 𝑤 ,𝑥 = 0 , and
 𝑤 ,𝑥𝑥𝑥 + (2 − 𝜈) 𝐷𝑤 ,𝑥𝑦𝑦 − 𝜂𝑥𝑥 𝑤 ,𝑥 − 𝜂𝑥𝑦 𝑤 ,𝑦 = 0 or 𝑤 = 0 , (13)
 t 𝑥 = 0 and 𝑥 = 𝑙, and to
 (𝑤 ,𝑦𝑦 + 𝜈𝑤 ,𝑥𝑥
 )= 0 or 𝑤 ,𝑦 = 0 , and
 𝑤 ,𝑦𝑦𝑦 + (2 − 𝜈) 𝐷𝑤 ,𝑦𝑥𝑥 − 𝜂𝑦𝑦 𝑤 ,𝑦 − 𝜂𝑥𝑦 𝑤 ,𝑥 = 0 or 𝑤 = 0 , (14)
 t 𝑦 = 0 and 𝑦 = 𝑏 . Eqs. (12) to (14) indeed are in agreement with theommon expressions, see e.g., [14] . It can be observed that for the ho-ogeneous plate the structure of the natural boundary condition related
 o the shear force, Eqs. (13) 3 and (14) 3 , is different than for the hetero-eneous plate, Eqs. (9) 3 and (10) 3 . For the other three types of boundaryonditions the expressions for the two cases are similar.
 . Wall failure during 3D printing: elastic buckling and plastic
 ollapse
 The two failure mechanisms that may occur during 3D printing arelastic buckling and plastic collapse. In this section the governing equa-ions for these two mechanisms are established, whereby the formu-ation for elastic buckling is based on the equilibrium equations andoundary conditions derived for a heterogeneous plate subjected to non-niform in-plane forces, see Section 2 . First, three basic geometries are
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 Fig. 2. Three basic wall configurations: a free wall (left), a simply-supported wall (middle), and a fully-clamped wall (right).
 c
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 onsidered, which are i) a free wall, ii) a simply-supported wall and iii) fully-clamped wall. The equilibrium formulation for bifurcation buck-ing of these wall types is reduced to an ordinary fourth-order differen-ial equation, which in turn is enriched to include the general case of wall of which the rotation at the lateral supports is constrained by aotational spring stiffness. The rotational spring stiffness may be non-niform along the vertical direction, and is characterised by the prop-rties of the supporting wall structure. This aspect is analysed in detaily deriving the rotational spring stiffness for a rectangular wall lay-out.he buckling model is completed by accounting for time effects relatedo the curing process of the printing material and the printing velocity.he influence of wall imperfections is added to the formulation, andhe combined analytical-numerical solution procedure of the bucklingodel is treated. The section ends with the formulation of criteria for
 he competition between elastic buckling and plastic collapse.
 .1. Wall failure by elastic buckling
 The equilibrium equation and boundary conditions given byqs. (8) –(10) refer to a plate with heterogeneous stiffness propertiesn both the x - and y -directions. However, it is realistic to assume thaturing the 3D printing of an individual layer the stiffness properties inhat layer do not significantly change. In other words, the characteristicime associated to the curing process of the printing material is assumedo be larger than the period T l related to the printing of an individualayer. This condition is essential from a structural point of view, as itarrants a good bonding between the actual layer and the layer below,rinted in the previous cycle. Hence, the stiffness variation in the wallrominently occurs along the direction of increasing wall length, i.e., the -direction, which allows for writing the heterogeneous stiffness modu-us as 𝐸 ∗ = �� ∗ ( 𝑥 ) . Further, for reasons of simplicity the Poisson ’s ratios taken as constant, 𝜈∗ = 𝜈. Under these conditions the heterogeneousending stiffness, Eq. (5) , turns into
 ∗ = �� ∗ ( 𝑥 ) =
 �� ∗ ( 𝑥 ) ℎ
 3
 12(1 − 𝜈2 ) . (15)
 he in-plane forces generated by gravitational effects in x -direction areescribed by the following non-uniform biaxial loading condition
 𝑥𝑥 = ��𝑥𝑥 ( 𝑥 ) = 𝜌𝑔ℎ ( 𝑥 − 𝑙) , 𝜂𝑦𝑦 = ��𝑦𝑦 ( 𝑥 ) = 𝐾 𝑦 ∗ 𝜂𝑥𝑥 = �� 𝑦 ∗ ( 𝑥 ) 𝜌𝑔ℎ ( 𝑥 − 𝑙) , 𝑥𝑦 = 0 ,
 (16)
 hereby K y ∗ represents the coefficient of lateral stress , which, in prin-
 iple, may depend on the x -coordinate, 𝐾 𝑦 ∗ = �� 𝑦 ∗ ( 𝑥 ) , as indicated byhe asterisk subindex. It can be easily confirmed that the above expres-ions for the in-plane loading forces satisfy the equilibrium conditionsiven by Eq. (1) . The coefficient of lateral stress may be estimated from
 148
 he constitutive formulation for an elastic continuum, in correspondenceith
 𝑦𝑦 =
 1 𝐸 ∗
 (𝜎𝑦𝑦 − 𝜈
 (𝜎𝑥𝑥 + 𝜎𝑧𝑧
 )). (17)
 sing that the out-of-plane normal stress in the wall is zero, 𝜎𝑧𝑧 = 0 ,ith Eq. (2) the above constitutive expression turns into
 𝑦𝑦 = 𝜈𝜂𝑥𝑥 + 𝐸 ∗ ℎ𝜖𝑦𝑦 . (18)
 ssuming the supports at 𝑦 = 0 and 𝑦 = 𝑏 as fully constrained in the lateralirection results in 𝜖𝑦𝑦 = 0 , which brings Eq. (18) to 𝜂𝑦𝑦 = 𝜈𝜂𝑥𝑥 , so that,rom Eq. (16) 2 , the coefficient of lateral stress becomes 𝐾 𝑦 ∗ = 𝜈. On theontrary, when these supports are unconstrained in the lateral direction,he lateral stress 𝜂𝑦𝑦 = 0 , by which Eq. (18) leads to 𝜖𝑦𝑦 = − 𝜈𝜂𝑥𝑥 ∕( 𝐸 ∗ ℎ )nd Eq. (16) 2 provides the coefficient of lateral stress as 𝐾 𝑦 ∗ = 0 . Hence,he range for the coefficient of lateral stress is
 ≤ 𝐾 𝑦 ∗ ≤ 𝜈 for −
 𝜈𝜌𝑔( 𝑥 − 𝑙) 𝐸 ∗
 ≥ 𝜖𝑦𝑦 ≥ 0 , (19)
 hich indicates that K y ∗ increases from zero to its maximum value 𝜈
 hen the deformation 𝜖yy in the lateral direction decreases from itsaximum value − 𝜈𝜌𝑔( 𝑥 − 𝑙)∕ 𝐸 ∗ (which is non-negative since 0 ≤ x ≤ l )
 o zero.
 .1.1. Wall buckling without time effects
 In the y -direction, initially three types of two-sided boundary con-itions are considered, in correspondence with i) a free, unconstrainedall, ii) a simply-supported wall, and iii) a fully-clamped wall, see Fig. 2 .he in-plane force is constant along the y -direction of the wall, seeq. (16) 2 , whereby the critical buckling mode under the in-plane forceay be described by a function 𝑓 ( 𝑦 ) that is symmetrical with respect to
 he centreline 𝑦 = 𝑏 ∕2 , and is characterised by the boundary conditionsn y -direction. Along this way, the partial differential equation, Eq. (8) ,an be solved by subjecting the displacement response to a separationf variables:
 = �� ( 𝑥, 𝑦 ) = ��
 𝑐 ( 𝑥 ) 𝑓 ( 𝑦 ) , (20)
 here ��
 𝑐 ( 𝑥 ) is the out-of-plane displacement in the x -direction, mea-ured along the symmetry line 𝑦 = 𝑏 ∕2 , and 𝑓 ( 𝑦 ) denotes the normalised
 isplacement in y -direction. For the three types of boundary conditionsntroduced above the normalised displacement can be expressed as
 ree wall: 𝑓 ( 𝑦 ) = 1 , imply-supported wall: 𝑓 ( 𝑦 ) = sin ( 𝜋𝑦 ∕ 𝑏 ) , ully-clamped wall: 𝑓 ( 𝑦 ) = ( 1 − cos (2 𝜋𝑦 ∕ 𝑏 ) ) ∕2 .
 (21)
 nserting Eq. (21) into Eq. (20) shows that the deflection 𝑤, togetherith the in-plane loading conditions, Eq. (16) , indeed satisfy the bound-ry conditions, Eq. (10) , at 𝑦 = 0 and 𝑦 = 𝑏, which for the free wall spec-fy into
 ,𝑦 = 0 and (
 𝐷 ∗ 𝑤 ,𝑦𝑦
 ),𝑦 + 𝜈
 (𝐷 ∗ 𝑤 ,𝑥𝑥
 ),𝑦 + 2(1 − 𝜈)
 (𝐷 ∗ 𝑤 ,𝑥𝑦
 ),𝑥 = 0 , (22)
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 or the simply-supported wall read
 = 0 and 𝐷 ∗ (
 𝑤 ,𝑦𝑦 + 𝜈𝑤 ,𝑥𝑥
 )= 0 , (23)
 nd for the fully-clamped wall are
 = 0 and 𝑤 ,𝑦 = 0 . (24)
 ote that in Eqs. (22) –(24) the first boundary condition also ensureshat Eq. (11) is satisfied at the four corners of the wall. Inserting theombination of Eqs. (20) and (21) , together with the loading condition,q. (16) , into the differential equation, Eq. (8) , the equilibrium condi-ion in terms of the deflection ��
 𝑐 ( 𝑥 ) measured along the wall centreline = 𝑏 ∕2 becomes
 𝐷 ∗ 𝑤
 𝑐 ,𝑥𝑥
 ),𝑥𝑥
 −
 (𝑘 1 𝑤
 𝑐 ,𝑥
 ),𝑥 + 𝑘 2 𝑤
 𝑐 = 0 , (25)
 ith the functions k 1 and k 2 as
 1 = �� 1 ( 𝑥 ) = 𝜌𝑔ℎ ( 𝑥 − 𝑙) + 2 𝑐 𝑦 (
 𝑛 𝑦 𝜋
 𝑏
 ) 2 𝐷 ∗ ,
 2 = �� 2 ( 𝑥 ) = 𝑐 𝑦
 (
 𝑛 𝑦 𝜋
 𝑏
 ) 4 𝐷 ∗ + 𝑐 𝑦
 (
 𝑛 𝑦 𝜋
 𝑏
 ) 2 (𝐾 𝑦 ∗ 𝜌𝑔ℎ ( 𝑥 − 𝑙) − 𝜈( 𝐷 ∗ ) ,𝑥𝑥
 ),
 (26)
 here n y represents the number of half-waves characterising the (crit-cal) buckling mode in y -direction, and c y is a constraint factor that isetermined by the boundary conditions applied in y -direction. For thehree basic wall types the above procedure results in the following val-es for n y and c y :
 ree wall: 𝑛 𝑦 = 0 , 𝑐 𝑦 = 0 , imply-supported wall: 𝑛 𝑦 = 1 , 𝑐 𝑦 = 1 , ully-clamped wall: 𝑛 𝑦 = 2 , 𝑐 𝑦 = 0 . 5 .
 (27)
 uring the printing process the wall may be considered as fully clampedt the bottom 𝑥 = 0 and unconstrained at the top 𝑥 = 𝑙. Accordingly,nserting Eqs. (20) , (21) and the loading condition, Eq. (16) , into theoundary conditions, Eq. (9) , after evaluating the result at 𝑦 = 𝑏 ∕2 , givest 𝑥 = 0
 𝑐 = 0 ,
 𝑐 ,𝑥 = 0 , (28)
 hile at 𝑥 = 𝑙 it follows that
 ∗
 (
 𝑤
 𝑐 ,𝑥𝑥
 − 𝑐 𝑦
 (
 𝑛 𝑦 𝜋
 𝑏
 ) 2 𝜈𝑤
 𝑐
 )
 = 0 ,
 𝐷 ∗ 𝑤
 𝑐 ,𝑥𝑥
 ),𝑥 − 𝑐 𝑦
 (
 𝑛 𝑦 𝜋
 𝑏
 ) 2 (𝜈(
 𝐷 ∗ 𝑤
 𝑐 )
 ,𝑥 + 2(1 − 𝜈) 𝐷 ∗ 𝑤
 𝑐 ,𝑥
 )= 0 .
 (29)
 .1.2. General rotational stiffness at wall boundaries in y-direction
 As discussed above, the influence by the boundary conditions in y -irection on the buckling behaviour is accounted for in Eqs. (25) and26) by the number of half-waves n y and the constraint factor c y , whichre specified in Eq. (27) for the three basic wall types. These specifica-ions, however, can be generalised towards the case whereby the rotationt the supports 𝑦 = 0 and 𝑦 = 𝑏 is constrained by a rotational stiffness k r .nder a zero deflection at the supports, the boundary conditions at 𝑦 = 0
 hen turn into
 = 0 and 𝐷 ∗ (
 𝑤 ,𝑦𝑦 + 𝜈𝑤 ,𝑥𝑥
 )− 𝑘 𝑟 𝑤 ,𝑦 = 0 , (30)
 hile at 𝑦 = 𝑏 they become
 = 0 and 𝐷 ∗ (
 𝑤 ,𝑦𝑦 + 𝜈𝑤 ,𝑥𝑥
 )+ 𝑘 𝑟 𝑤 ,𝑦 = 0 . (31)
 ote that in the limit cases of 𝑘 𝑟 = 0 and k r →∞the Robin-type bound-ry conditions, Eqs. (30) 2 and (31) 2 , indeed reduce to the boundaryonditions for the simply-supported wall and the fully-clamped wall,epresented by Eqs. (23) 2 and (24) 2 , respectively.
 It is convenient to introduce a dimensionless form of the rotationaltiffness k r as
 𝑟 =
 𝑘 𝑟 𝑏
 𝐷 ∗ . (32)
 149
 epending on the type of support structure present at 𝑦 = 0 and 𝑦 = 𝑏,
 he rotational stiffness k r may vary along the x -axis, 𝑘 𝑟 = �� 𝑟 ( 𝑥 ) . This islso the case for the heterogeneous bending stiffness, 𝐷 ∗ = �� ∗ ( 𝑥 ) , and,
 hrough Eq. (32) , for the dimensionless rotational stiffness, 𝑘 𝑟 =
 𝑘 𝑟 ( 𝑥 ) .
 ince the dimensionless rotational stiffness determines the values of theumber of half-waves and the constraint factor, both these parameters
 n principle may also depend on the x -coordinate, i.e., 𝑛 𝑦 = �� 𝑦 (
 𝑘 𝑟 ( 𝑥 )) and
 𝑦 = 𝑐 𝑦 (
 𝑘 𝑟 ( 𝑥 )) , and thus must be used as such in the equilibrium equation,q. (25) , and the natural boundary conditions, Eq. (29) . The derivationf these functions, however, is postponed until Section 3.1.5 when ad-ressing the influence on the buckling of wall b by the supporting walltructure.
 As an initial assumption, the dependency of the stiffness parametersn the x -coordinate is omitted by examining a wall segment of width b inhe y -direction and unit length in the x -direction, i.e., an “elemental strip ”ith constant rotational stiffness k r and bending stiffness 𝐷 ∗ = 𝐷 (and
 hus, via Eq. (32) , a constant dimensionless rotational stiffness 𝑘 𝑟 ). Sincehere are no conditions imposed on the out-of-plane displacement 𝑤
 𝑐 ,
 his parameter in principle may depend on the x -coordinate, i.e., 𝑤
 𝑐 =
 𝑐 ( 𝑥 ) ; however, it will be demonstrated below that this will not have anffect on the computational result. The general solution for the bucklingode in y -direction, caused by an in-plane force that is constant in y -irection,see Eq. (16) 2 , reads [14]
 = 𝑓 ( 𝑦 ) = 𝐴 1 + 𝐴 2 𝑦
 𝑏 + 𝐴 3 cos
 (
 𝑛 𝑦 𝜋𝑦
 𝑏
 )
 + 𝐴 4 sin
 (
 𝑛 𝑦 𝜋𝑦
 𝑏
 )
 . (33)
 ere, the amplitudes A 1 to A 4 are proportionally scaled such that 𝑓 ( 𝑦 )as a maximum value of 1 at 𝑦 = 𝑏 ∕2 . Combining Eqs. (33) and (20) andubstituting the result into the boundary conditions, Eqs. (30) and (31) ,eads to a system of four homogeneous, algebraic equations, which inatrix-vector form reads
 𝐃 ] [ 𝐀 ] = [ 𝟎 ] , (34)
 ith [ 𝐀 ] = [ 𝐴 1 , 𝐴 2 , 𝐴 3 , 𝐴 4 ] 𝑇 and the components of the 4 ×4 matrix [ D ]iven by
 (1 , 1) = 𝜈𝑤
 𝑐 ,𝑥𝑥
 ,
 (1 , 2) = −
 𝑘 𝑟 𝑤
 𝑐
 𝑏 2 ,
 (1 , 3) = −
 𝑤
 𝑐 𝑛 2 𝑦
 𝜋2
 𝑏 2 + 𝜈𝑤
 𝑐 ,𝑥𝑥
 ,
 (1 , 4) = −
 𝑘 𝑟 𝑤
 𝑐 𝑛 𝑦 𝜋
 𝑏 2 ,
 (2 , 1) = 𝑤
 𝑐 ,
 (2 , 2) = 0 ,
 (2 , 3) = 𝑤
 𝑐 ,
 (2 , 4) = 0 ,
 (3 , 1) = 𝜈𝑤
 𝑐 ,𝑥𝑥
 ,
 (3 , 2) = 𝜈𝑤
 𝑐 ,𝑥𝑥
 +
 𝑘 𝑟 𝑤
 𝑐
 𝑏 2 ,
 (3 , 3) = −
 𝑤
 𝑐 𝑛 2 𝑦
 𝜋2
 𝑏 2 cos ( 𝑛 𝑦 𝜋) + 𝜈𝑤
 𝑐 ,𝑥𝑥
 cos ( 𝑛 𝑦 𝜋) −
 𝑘 𝑟 𝑤
 𝑐 𝑛 𝑦 𝜋
 𝑏 2 sin ( 𝑛 𝑦 𝜋) ,
 (3 , 4) = −
 𝑤
 𝑐 𝑛 2 𝑦
 𝜋2
 𝑏 2 sin ( 𝑛 𝑦 𝜋) + 𝜈𝑤
 𝑐 ,𝑥𝑥
 sin ( 𝑛 𝑦 𝜋) +
 𝑘 𝑟 𝑤
 𝑐 𝑛 𝑦 𝜋
 𝑏 2 cos ( 𝑛 𝑦 𝜋) ,
 (4 , 1) = 𝑤
 𝑐 ,
 (4 , 2) = 𝑤
 𝑐 ,
 (4 , 3) = 𝑤
 𝑐 cos ( 𝑛 𝑦 𝜋) ,
 (4 , 4) = 𝑤
 𝑐 sin ( 𝑛 𝑦 𝜋) . (35)
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 Fig. 3. Number of half-waves n y of the critical buckling mode in y -direction versus the di-
 mensionless rotational stiffness 𝑘 𝑟 at the boundaries in y -direction (on a logarithmic scale).
 The result is obtained by solving Eq. (36) . The closed-form approximation represented by
 the dashed line corresponds to Eq. (37) .
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 Fig. 4. Constraint factor c y characterising the boundary conditions in y -direction versus
 the dimensionless rotational stiffness 𝑘 𝑟 at the boundaries in y -direction (on a logarith-
 mic scale). The closed-form approximation represented by the dashed line corresponds to
 Eq. (38) .
 Fig. 5. A Lagrangian coordinate system x with its origin connected to the bottom of the
 printed wall, and an Eulerian coordinate system X with its origin connected to the end of
 the printing nozzle.
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 he non-trivial solution of Eq. (34) is obtained by det [ 𝐃 ] = 0 , whichesults in the characteristic equation
 𝑘 2 𝑟 − 2 𝑘
 2 𝑟 cos ( 𝑛 𝑦 𝜋) + 2 𝑛 𝑦 𝜋𝑘 𝑟 sin ( 𝑛 𝑦 𝜋) + ( 𝑛 𝑦 𝜋) 3 sin ( 𝑛 𝑦 𝜋) − 2( 𝑛 𝑦 𝜋) 2 𝑘 𝑟 cos ( 𝑛 𝑦 𝜋)
 − 𝑛 𝑦 𝜋𝑘 2 𝑟 sin ( 𝑛 𝑦 𝜋) = 0 . (36)
 ote that the above equation only depends on the number of half-waves y , and the dimensionless rotational stiffness 𝑘 𝑟 , and indeed is inde-endent of the out-of-plane displacement 𝑤
 𝑐 = ��
 𝑐 ( 𝑥 ) . For a given valuef 𝑘 𝑟 , the minimal number of half-waves n y characterising the critical
 uckling mode can be determined from Eq. (36) by using an iterativeNewton–Raphson) solution procedure. The result is plotted in Fig. 3 for wide range of stiffness values 0 . 01 ≤ 𝑘 𝑟 ≤ 1000 . It can be observed thathe number of half-waves defining the buckling shape in y -direction in-reases with increasing rotational stiffness, and that in the limits k r →0nd k r →∞ the values 𝑛 𝑦 = 1 and 𝑛 𝑦 = 2 are retrieved, respectively, cor-esponding to a simply-supported wall and a fully-clamped wall, seeq. (27) . The exact solution depicted in Fig. 3 can be closely approxi-ated by the expression
 𝑦 = �� 𝑦 ( 𝑘 𝑟 ) = 1 . 984 [1 − exp
 (−(0 . 360 𝑘 𝑟 + 0 . 430) 0 . 452
 )]. (37)
 q. (37) has been calibrated from a least-squares procedure with 𝑅
 2 = . 9995 , indicating a very high accuracy. With the solution 𝑛 𝑦 = �� 𝑦 ( 𝑘 𝑟 ) atand, the coefficients A 1 to A 4 defining the critical buckling mode in the -direction, see Eq. (33) , can be calculated from Eq. (34) for arbitraryalues of the rotational stiffness 𝑘 𝑟 . Substituting the buckling mode intoq. (20) , followed by inserting the result, together with the biaxial load-ng condition, Eq. (16) , into the differential equation, Eq. (9) , allows toistill from the structure of the resulting expressions, Eqs. (25) and (26) ,he value of the constraint factor c y as a function of the value of 𝑘 𝑟 . Thiselation is depicted in Fig. 4 , showing that c y decreases with increasing
 𝑟 . The limit values at 𝑘 𝑟 → 0 and 𝑘 𝑟 → ∞ are 𝑐 𝑦 = 1 and 𝑐 𝑦 = 0 . 5 , re-pectively, which correspond to the simply-supported and fully-clampedalls, see Eq. (27) . The approximation plotted in Fig. 4 is given by the
 losed-form expression
 𝑦 = 𝑐 𝑦 ( 𝑘 𝑟 ) = 0 . 5 + 0 . 309 exp (−0 . 854 𝑘 𝑟 ) + 0 . 192 exp (−0 . 183 𝑘 𝑟 ) , (38)
 hich has been found from a least-squares approach with 𝑅
 2 = 0 . 9998 .t is emphasised that Eqs. (37) and (38) for n y and c y are also appli-able when the dimensionless rotational stiffness is a function of the -coordinate, 𝑘 𝑟 =
 𝑘 𝑟 ( 𝑥 ) . In Section 3.1.5 these relations will be applied
 s such for the specific case of a rectangular wall lay-out.
 150
 .1.3. Time evolution of elastic stiffness during curing
 Now that the equilibrium equation, Eq. (25) , and the boundary con-itions, Eqs. (28) and (29) , are expressed in terms of the x -coordinatenly, the next step is to account for the increase in wall length l duringhe printing process. The growth of a wall of length l during printings simplified by modelling it as a continuous process that takes place at constant wall growth velocity �� in the x -direction. The velocity �� isependent of printing process parameters via
 =
 𝑄
 𝑣 𝑛 ℎ𝑇 𝑙
 , (39)
 ith Q the material volume discharged from the printing nozzle per unitime, 𝑣 𝑛 the (horizontal) velocity of the printing nozzle, T l the periodequired for printing an individual material layer, and h the thicknessf the wall. The printing process can be conveniently formulated bydopting an Eulerian coordinate system that is attached to the end of therinting nozzle. In accordance with Fig. 5 , the Eulerian coordinate X is
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 Fig. 6. Characteristics of the linear and exponentially-decaying curing functions for the
 stiffness modulus E ∗ (solid lines), in accordance with Eqs. (42) –(44) . The dashed lines
 designate exponentially-decaying curing functions characterised by relatively high and
 low curing rates 𝜉 𝑒 𝐸
 .
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 elated to the Lagrangian coordinate x as
 = �� ( 𝑥, 𝑡 ) = 𝑥 − 𝑙 = 𝑥 − �� 𝑡, (40)
 hich uses
 = 𝑙 ( 𝑡 ) = �� 𝑡, (41)
 hereby t represents time. Consider now a material point at 𝑥 = 0 , forhich the time evolution of the stiffness modulus as a result of the curingrocess may be formally expressed as
 ∗ ( 𝑥 = 0 , 𝑡 ) = �� ∗ ( 𝑡 ) 𝐸 0 , (42)
 ith 𝑔 ∗ = �� ∗ ( 𝑡 ) the characteristic curing function and E 0 the initial stiff-ess of the printing material, measured at the moment the material isischarged from the printing nozzle. In the present communication twoepresentative types of curing functions will be considered, namely ainear curing function �� ∗ ( 𝑡 ) = �� 𝑙 ∗ ( 𝑡 ) , where
 𝑙 ∗ ( 𝑡 ) = 1 + 𝜉 𝑙 𝐸
 𝑡, (43)
 nd an exponentially-decaying curing function �� ∗ ( 𝑡 ) = �� 𝑒 ∗ ( 𝑡 ) , with
 𝑒 ∗ ( 𝑡 ) = 𝛾𝐸 + (1 − 𝛾𝐸 ) exp (− 𝜉 𝑒 𝐸
 𝑡 ) where 𝛾𝐸 =
 𝐸 ∞𝐸 0
 , (44)
 n which 𝜉 𝑙 𝐸
 and 𝜉 𝑒 𝐸
 are the curing rates for the elastic modulus (withimension of time −1 ) in the linear and exponential evolutions, respec-ively. Further, 𝛾 E is the ratio between the final stiffness E ∞, obtainedhen t →∞, and the initial stiffness E 0 in the exponential curing pro-
 ess. The characteristics of the linear and exponentially-decaying curingunctions are illustrated in Fig. 6 . Exponentially-decaying curing is rep-esentative of curing processes that are accelerated by the applicationf an external stimulus, such as UV light or heat [11,12] , or through aodification of the chemical composition [13] . Combining Eq. (40) withqs. (42) to (44) allows to reformulate the stiffness change in terms of dimensionless Eulerian coordinate 𝑋 :
 ∗ ( 𝑋 ) = �� ∗ ( 𝑋 ) 𝐸 0 , (45)
 ith the linear curing function, �� ∗ ( 𝑋 ) = �� 𝑙
 ∗ ( 𝑋 ) , given by
 𝑙
 ∗ ( 𝑋 ) = 1 − 𝑋 , with 𝑋 =
 𝜉 𝑙 𝐸
 𝑋
 �� , (46)
 nd the exponentially-decaying curing function, �� ∗ ( 𝑋 ) = �� 𝑒
 ∗ ( 𝑋 ) , as
 𝑒
 ∗ ( 𝑋 ) = 𝛾𝐸 + (1 − 𝛾𝐸 ) exp ( 𝑋 ) with 𝑋 =
 𝜉 𝑒 𝐸
 𝑋
 �� and 𝛾𝐸 =
 𝐸 ∞𝐸 0
 . (47)
 he superimposed bar used on parameters in the above equations em-hasises that these are dimensionless .
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 .1.4. Wall buckling including time effects
 For incorporating the time effects related to the curing rate 𝜉E andrinting velocity �� into the buckling equation, from Eqs. (40) , (46) and47) the dimensionless Eulerian coordinate 𝑋 is mapped to the La-rangian coordinate x as
 =
 𝑋 ( 𝑥, 𝑡 ) =
 𝜉𝐸
 �� 𝑋 =
 𝜉𝐸
 �� 𝑥 − 𝜉𝐸 𝑡 with 𝜉𝐸 ∈ { 𝜉 𝑙
 𝐸 , 𝜉 𝑒
 𝐸 } . (48)
 pplying the above coordinate transformation to Eq. (25) and invokingq. (41) turns the equilibrium condition into a dimensionless, Eulerianorm:
 𝑔 ∗ 𝑤
 𝑐
 , 𝑋 𝑋
 ), 𝑋 𝑋
 −
 (𝑘 1 𝑤
 𝑐
 , 𝑋
 ), 𝑋
 + 𝑘 2 𝑤
 𝑐 = 0 , (49)
 ith the dimensionless deflection specified as 𝑤
 𝑐 = 𝑤
 𝑐 ∕ ℎ, and the di-ensionless forms of the functions k 1 and k 2 in Eq. (26) given by
 1 =
 𝑘 1 ( 𝑋 ) = 𝜆𝑋 + 2 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 2 𝑔 ∗ ,
 2 =
 𝑘 2 ( 𝑋 ) = 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 4 𝑔 ∗ + 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 2 (𝐾 𝑦 ∗ 𝜆𝑋 − 𝜈( 𝑔 ∗ ) , 𝑋 𝑋
 ), (50)
 hereby the parameters 𝜆 and 𝜖 read
 =
 𝜌𝑔ℎ
 𝐷 0
 (
 ��
 𝜉𝐸
 ) 3 , 𝜖 =
 𝜉𝐸 𝑏
 �� . (51)
 he initial bending stiffness D 0 used in the above expression straight-orwardly follows from combining Eqs. (42) and (15) , i.e.,
 0 =
 𝐸 0 ℎ
 3
 12(1 − 𝜈2 ) . (52)
 n addition to the equilibrium equation, the boundary conditions,qs. (28) and (29) , need to be formulated in terms of the dimension-ess Eulerian coordinate 𝑋 . The locations of the boundaries are 𝑋 = − 𝜅
 nd 𝑋 = 0 , with
 =
 𝜉𝐸 𝑙
 �� . (53)
 ombining Eqs. (28) and (29) with Eq. (48) , and accounting forqs. (45) and (52) , furnishes the boundary conditions at 𝑋 = − 𝜅 as
 𝑐 = 0 ,
 𝑐
 , 𝑋
 = 0 , (54)
 nd at 𝑋 = 0 as
 𝑐
 , 𝑋 𝑋
 − 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 2 𝜈𝑤
 𝑐 = 0 ,
 𝑔 ∗ 𝑤
 𝑐
 , 𝑋 𝑋
 ), 𝑋
 − 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 2 (𝜈(
 𝑔 ∗ 𝑤
 𝑐 ), 𝑋
 + 2(1 − 𝜈) 𝑔 ∗ 𝑤
 𝑐
 , 𝑋
 )= 0 .
 (55)
 otice that in Eqs. (50) and (55) the possible non-uniformity of n y ∗ and
 y ∗ in the 𝑋 -direction has been indicated by adding an asterisk subindexo these parameters, i.e.,
 𝑦 ∗ = �� 𝑦 ∗ ( 𝑋 ) = �� 𝑦 ∗ (
 𝑘 𝑟 ( 𝑋 )) , 𝑦 ∗ = 𝑐 𝑦 ∗ ( 𝑋 ) = 𝑐 𝑦 ∗ (
 𝑘 𝑟 ( 𝑋 )) .
 (56)
 n order to establish the functions �� 𝑦 ∗ ( 𝑋 ) and 𝑐 𝑦 ∗ ( 𝑋 ) , the rotational
 tiffness
 𝑘 𝑟 ( 𝑋 ) needs to be derived and subsequently substituted intoqs. (37) and (38) , respectively. In the next section it is demonstrated
 or a rectangular wall lay-out how to derive the function
 𝑘 𝑟 ( 𝑋 ) .
 .1.5. Failure of a rectangular wall lay-out – local versus global buckling
 Consider a rectangular wall lay-out composed of two primary walls ofidth b , thickness h and bending stiffness D ∗ , and two supporting wallsf width d , thickness h s and bending stiffness 𝐷
 𝑠 ∗ , with b ≥ d , see Fig. 7 .
 he superindex s refers to “supporting wall ”, but for notational conve-ience this superindex is omitted on the wall width d . The expression
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 Fig. 7. Rectangular wall lay-out composed of two walls of width b , thickness h , and bend-
 ing stiffness D ∗ , and two supporting walls of width d , thickness h s , and bending stiffness
 𝐷
 𝑠 ∗ . The symmetric buckling response, which has been normalised and is indicated by the
 dashed line, corresponds to the case of a uniform initial bending stiffness 𝐷
 𝑠 0 = 𝐷 0 (or a
 uniform wall thickness ℎ 𝑠 = ℎ ).
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 Fig. 8. Rectangular wall segment with a stiffness mismatch 𝐷
 𝑠 0 ∕ 𝐷 0 > 1 between wall parts
 b and d , for which the symmetric buckling response may be analysed from a straight wall
 element of length 𝑏 ∕2 + 𝑑∕2 (bold solid line) using coordinate �� . The buckling modes of
 wall parts b /2 and d /2 are represented by 𝑓 ( 𝑦 ) and 𝑓 𝑠 ( 𝑦 ) , respectively (bold dashed line).
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 𝑘 𝑟 ( 𝑋 ) depends on the mechanical behaviour of the supporting wall d ,hereby a distinction can be made between local buckling of wall b and
 lobal buckling of the whole structure. For the identification of these twouckling phenomena, it is instructive to first analyse the case wherebyhe walls have equal initial bending stiffness, 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 . The analysis
 tarts by taking a rectangular wall segment of unit length in 𝑋 -direction,ocated at infinite vertical distance from the clamped support 𝑋 = − 𝜅 , i.e.,→∞. The response of this wall segment thus characterises the limit tohich the response of the rectangular wall lay-out asymptotes under
 ncreasing wall length l . Under the assumption that the lateral in-planeorces in wall parts b and d are equal, i.e., 𝜂𝑦𝑦 = 𝜂𝑠
 𝑦𝑦 = 𝐾 𝑦 ∗ 𝜂𝑥𝑥 , the critical
 uckling mode of the rectangular wall segment may be described by anarmonic function for which the number of half-waves along the dis-ance 𝑏 + 𝑑 is equal to 2, in correspondence with the buckling responseepicted in Fig. 7 (dashed line). Combining this proportionality with theumber of half-waves along distance b being equal to n y , ∞, leads to theurprisingly simple expression
 𝑦, ∞ =
 2 𝑏 ∕ 𝑑 1 + 𝑏 ∕ 𝑑
 with 𝑏 ∕ 𝑑 ≥ 1 , (57)
 here n y , ∞ thus should be interpreted as the limit value of the num-er of half-waves at infinite vertical distance from the clamped support = − 𝜅 , with 𝜅 →∞. In the limit case of a square lay-out with 𝑏 ∕ 𝑑 = 1 ,q. (57) results in 𝑛 𝑦, ∞ = 1 , which is in agreement with an asymptotic
 otational stiffness 𝑘 𝑟, ∞ = 0 , see Fig. 3 , and thus with a wall b that isimply supported . This is a logical result, since for a square lay-out theall segments b and d buckle simultaneously , so that the supporting wallart d is unable to provide rotational resistance to wall part b . In otherords, the rectangular wall segment fails by global buckling . Conversely,hen b / d →∞, Eq. (57) leads to n y , ∞ →2, which indeed corresponds
 o a fully-clamped wall with 𝑘 𝑟, ∞ → ∞, see Fig. 3 , characterising failurey local buckling . In summary, for aspect ratios 1 ≤ b / d < ∞ the asymp-
 152
 otic rotational stiffness corresponds to the range 0 ≤ 𝑘 𝑟, ∞ < ∞, with the
 imit values 𝑘 𝑟, ∞ = 0 and 𝑘 𝑟, ∞ → ∞ being representative of global buck-ing and local buckling, respectively. With the number of half-waves y , ∞ computed from Eq. (57) , the asymptotic rotational stiffness can bebtained via Fig. 3 , or via the inverse of Eq. (37) , i.e.,
 𝑟, ∞ =
 𝑘 𝑟, ∞( 𝑛 𝑦, ∞) =
 [− ln
 (1 −
 𝑛 𝑦, ∞1 . 984
 )] 1 0 . 452 − 0 . 430
 0 . 360 . (58)
 The above analysis can be extended for 𝐷
 𝑠 0 ∕ 𝐷 0 > 1 , which is rep-
 esentative of a rectangular wall lay-out of which the thickness h s ofhe supporting wall d is larger than the thickness h of the primary wall . In contrast to the relatively simple case 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 , this analysis re-
 uires the formulation of the complete boundary value problem, sincehe expression for the critical buckling mode now is more complicatednd also includes the non-harmonic terms present in Eq. (33) . At theonnection between the two walls, equilibrium requires that the shearorce in the supporting wall d equals the normal force in wall b , andice versa. Moreover, since the normal forces in walls b and d are as-umed to be equal, the shear forces at the wall connection should alsoe equal. Additionally, from continuity requirements the bending mo-ents and rotations about the 𝑋 -axis of the wall connection must be
 qual. These conditions allow for a convenient modification of the rect-ngular geometry, by rotating wall part d at the connection with wallart b about the 𝑋 -axis over an angle of 90 o in the counterclockwiseirection, thereby simplifying the analysis to that of a straight wall seg-ent of length 𝑏 ∕2 + 𝑑∕2 , see Fig. 8 . The boundary and continuity con-itions of this wall segment are based on Eq. (10) ; here, the derivativesf the out-of-plane displacement in x -direction are omitted, since theseo not influence the value of the dimensionless rotational stiffness 𝑘 𝑟, ∞,
 ee Eq. (36) . Choosing a reference system whereby the origin of the �� -oordinate lies at the centre 𝑦 = 𝑏 ∕2 of the deformed wall segment b , seeig. 8 , the boundary conditions at �� = 0 become
 = 0 and 𝑓 , 𝑦 = 0 , (59)
 ith the normalised out-of-plane displacement 𝑓 = 𝑓 ( 𝑦 ) of wall part b /2iven by Eq. (33) , in which the coordinate y is replaced by �� . The bound-ry conditions at �� = 𝑏 ∕2 + 𝑑∕2 are
 𝑓
 𝑠 , 𝑦 = 0 and 𝐷
 𝑠 0 𝑓
 𝑠 , 𝑦 𝑦 𝑦
 − 𝜂�� 𝑦 𝑓
 𝑠 , 𝑦 = 0 , (60)
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 Fig. 9. Rectangular wall segment of unit length in 𝑋 -direction: Number of half-waves
 n y , ∞ for the critical buckling mode in y -direction versus the aspect ratio b / d for selected
 values of the bending stiffness ratio 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 , 2, 5 and 10. The solid lines represent the
 exact solution, as computed numerically from Eq. (64) , whereby the curve for 𝐷
 𝑠 0 ∕ 𝐷 0 = 1
 is in agreement with the closed-form expression Eq. (57) . The dashed lines reflect the local
 buckling assumption, as obtained from numerically solving Eq. (36) after substitution of
 Eq. (65) .
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 ith f s the normalised out-of-plane displacement of wall part d /2. Ad-itionally, the four continuity conditions at �� = 𝑏 ∕2 are
 = 𝑓
 𝑠 , 𝑓 , 𝑦 = 𝑓
 𝑠 , 𝑦
 , 𝐷 0 𝑓 , 𝑦 𝑦 = 𝐷
 𝑠 0 𝑓
 𝑠 , 𝑦 𝑦
 ,
 0 𝑓 , 𝑦 𝑦 𝑦 − 𝜂�� 𝑦 𝑓 , 𝑦 = 𝐷
 𝑠 0 𝑓
 𝑠 , 𝑦 𝑦 𝑦
 − 𝜂�� 𝑦 𝑓
 𝑠 , 𝑦
 . (61)
 In accordance with the general expression for the buckling load in -direction
 �� 𝑦 = 𝜂𝑦𝑦 = −
 𝑛 2 𝑦, ∞𝜋2
 𝑏 2 𝐷 0 , (62)
 he solution for the normalised out-of-plane displacement of wall part /2 may be written as
 𝑠 = 𝑓
 𝑠 ( 𝑦 )
 = 𝐴 5 + 𝐴 6 ��
 𝑏 + 𝐴 7 cos
 ( √
 𝐷 0 𝐷
 𝑠 0
 𝑛 𝑦, ∞𝜋 ��
 𝑏
 )
 + 𝐴 8 sin
 ( √
 𝐷 0 𝐷
 𝑠 0
 𝑛 𝑦, ∞𝜋��
 𝑏
 )
 . (63)
 nserting the solutions, Eqs. (33) (with 𝑛 𝑦 = 𝑛 𝑦, ∞) and (63) , and the buck-ing load, Eq. (62) , into Eqs. (59) to (61) leads to a system of eight equa-ions of the form Eq. (34) , for which the homogeneous solution followsrom equating the determinant of the corresponding matrix [ D ] to zero:
 cos
 (
 𝑛 𝑦, ∞𝜋
 2
 ) [ sin
 (
 𝛽 𝑛 𝑦, ∞𝜋( 𝑑 + 𝑏 ) 2 𝑏
 )
 cos
 (
 𝛽 𝑛 𝑦, ∞𝜋
 2
 )
 − cos
 (
 𝛽 𝑛 𝑦, ∞𝜋( 𝑑 + 𝑏 ) 2 𝑏
 )
 sin
 (
 𝛽 𝑛 𝑦, ∞𝜋
 2
 ) ] + sin
 (
 𝑛 𝑦, ∞𝜋
 2
 ) [ sin
 (
 𝛽 𝑛 𝑦, ∞𝜋
 2
 )
 sin
 (
 𝛽 𝑛 𝑦, ∞𝜋( 𝑑 + 𝑏 ) 2 𝑏
 )
 + cos
 (
 𝛽 𝑛 𝑦, ∞𝜋
 2
 )
 cos
 (
 𝛽 𝑛 𝑦, ∞𝜋( 𝑑 + 𝑏 ) 2 𝑏
 ) ] = 0 ,
 ith 𝛽 =
 √
 𝐷 0 𝐷
 𝑠 0
 . (64)
 his characteristic equation was solved numerically and the solutionor the number of half-waves n y , ∞ as a function of the aspect ratio b / ds depicted in Fig. 9 for various stiffness mismatches 𝐷
 𝑠 0 ∕ 𝐷 0 . Observe
 hat the number of half-waves gradually grows towards the asymptoticalue 𝑛 𝑦, ∞ = 2 ( = fully-clamped support) with increasing stiffness mis-atch 𝐷
 𝑠 0 ∕ 𝐷 0 and with increasing aspect ratio b / d . It can be further
 153
 onfirmed that the curve calculated for 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 indeed corresponds
 o the closed-form expression, Eq. (57) . The dashed curves presented in Fig. 9 were calculated by assuming
 hat the supporting wall part d is insensitive to buckling, whereby it pro-ides a rotational stiffness 𝑘 𝑟, ∞ = 2 𝐷
 𝑠 0 ∕ 𝑑 at its connection to wall part b .
 n other words, wall part b is supposed to fail by local buckling . In cor-espondence with the deformed configuration sketched in Fig. 8 by theashed line, the above stiffness value has been calculated by modellingall part d as simply supported, and subjecting it to two equal, but oppo-
 itely directed (dimensionless) bending moments 𝑀 at the supports. Theotational stiffness follows from the ratio between the applied momentnd the rotation at the supports. The dashed curves in Fig. 9 were con-tructed by substituting this rotational stiffness, together with 𝐷 ∗ = 𝐷 0 ,
 nto Eq. (32) , giving
 𝑟, ∞ =
 2 𝑏𝐷
 𝑠 0
 𝑑 𝐷 0 , (65)
 nd inserting the result into the characteristic equation, Eq. (36) , thatubsequently was solved numerically. The comparison of the curves cal-ulated with the local buckling assumption to those of the exact solutionllustrates that the mechanism of local buckling only becomes operativet a sufficiently high value of b / d , which is larger at a smaller mismatchf the initial bending stiffnesses 𝐷
 𝑠 0 ∕ 𝐷 0 . In specific, adopting a relative
 ifference between the solid and dashed curves of less than 1% in ordero consider these as equal, it may be concluded that local buckling oc-urs if b / d is larger than about 7, 5, 2 and 1.5 for 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 , 2, 5 and
 0, respectively. For lower values of b / d global buckling effects of theectangular wall segment start to play a role, which thus can be takennto account in the stability analysis of wall part b via Eq. (64) .
 The asymptotic value of the rotational stiffness 𝑘 𝑟, ∞ computed from
 he above analysis can be used for constructing the function
 𝑘 𝑟 ( 𝑋 ) viahe relation
 𝑟 ( 𝑋 ) =
 𝑘 𝑟, ∞
 𝐹 ( 𝑋 ) with − 𝜅 ≤ 𝑋 ≤ 0 , (66)
 ith 𝐹 ( 𝑋 ) a function that has values between 0 at the clamped sup-ort 𝑋 = − 𝜅 and 1 at infinite vertical distance from the clamped sup-ort (corresponding to 𝜅 →∞). In order to find a manageable expressionor this function, the out-of-plane response of the supporting wall d isimplified by ignoring torsional effects and constructing the bending re-ponse from the coupled bending responses 𝑤
 𝑠 1 and 𝑤
 𝑠 2 of wall segments 1 and s 2 with unit widths in the y - and X -directions, respectively, see
 ig. 10 . More specifically, the bending response ��
 𝑠 1 ( 𝑋 ) of a cantilever
 all segment s 1, generated under a (dimensionless) uniform line load 𝑧 at 𝑋 = 𝑋 𝑝 with − 𝜅 ≤ 𝑋 𝑝 ≤ 0 , is translated into a continuous trans-
 ational spring support
 𝑘 𝑡 ( 𝑋 𝑝 ) = 𝑞 𝑧 ∕ 𝑤
 𝑠 1 ( 𝑋 𝑝 ) for wall segment s 2 with
 imple supports at 𝑦 = 0 and 𝑦 = 𝑏 . Subsequently, the bending response
 𝑠 2 ( 𝑋 𝑝 , 𝑦 ) of this wall segment is calculated under two equal, but op-
 ositely directed (dimensionless) moments 𝑀 applied at the supports,
 hereby the rotational stiffness
 𝑘 𝑟 ( 𝑋 𝑝 ) follows from the ratio betweenhe applied moment and the rotation generated at these supports, which
 t 𝑦 = 0 renders
 𝑘 𝑟 ( 𝑋 𝑝 ) = 𝑀 ∕ 𝑤 ( 𝑋 𝑝 , 𝑦 ) ,𝑦 |𝑦 =0 . Note that under this specific
 oading condition the asymptotic value of the rotational stiffness 𝑘 𝑟, ∞ isqual to Eq. (65) , since at infinite vertical distance from the wall bottomhe translational spring stiffness approaches to zero, 𝑘 𝑡 → 0 . Inserting the
 alues for
 𝑘 𝑟 ( 𝑋 𝑝 ) and 𝑘 𝑟, ∞ into Eq. (66) finally results into the function
 alue 𝐹 ( 𝑋 𝑝 ) . This procedure applies to all coordinates 𝑋 = 𝑋 𝑝 across
 he wall length − 𝜅 ≤ 𝑋 ≤ 0 , by which it furnishes the function 𝐹 ( 𝑋 ) . The above procedure thus starts with the computation of the di-
 ensionless translational stiffness
 𝑘 𝑡 ( 𝑋 ) representing the deflection re-istance at 𝑋 = 𝑋 𝑝 of a cantilever wall segment s 1 of unit width in -direction under a (dimensionless) uniform line load 𝑞 𝑧 imposed at = 𝑋 𝑝 . The displacement response 𝑤
 𝑠 1 of this wall segment needs to
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 Fig. 10. Determination of the rotational stiffness 𝑘 𝑟 =
 𝑘 𝑟 ( 𝑋 𝑝 ) from the coupled bending responses ��
 𝑠 1 ( 𝑋 ) and ��
 𝑠 2 ( 𝑦 ) of wall segments s 1 and s 2 from the supporting wall d .
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 atisfy the boundary conditions Eqs. (54) and (55) , whereby the contri-utions from the y -direction are left out of consideration by imposing 𝑦 = 0 . Due to the presence of the curing function 𝑔 ∗ in the equilibriumxpression Eq. (49) and the natural boundary condition Eq. (55) 2 , theisplacement response 𝑤
 𝑠 1 can only be computed in an approximateorm. Adopting a deflection response of the polynomial form of the sixthegree, for a linear curing process, Eq. (46) , the solution of the weakorm of the equilibrium equation leads to the following expression forhe dimensionless translational stiffness (see Appendix A for more de-ails):
 𝑡 ( 𝑋 ) =
 [30
 (𝑋
 2 − 12 𝑋 𝜅 + 15 𝜅2 − 14 𝑋 + 42 𝜅 + 28
 )( 𝑋 − 1)
 ]×[−73 𝑋
 5 − 15 𝑋
 4 𝜅 + 390 𝑋
 3 𝜅2 + 530 𝑋
 2 𝜅3 + 195 𝑋 𝜅4 − 3 𝜅5
 +350 𝑋
 4 + 840 𝑋
 3 𝜅 + 420 𝑋
 2 𝜅2 − 280 𝑋 𝜅3 − 210 𝜅4
 −280 𝑋
 3 − 840 𝑋
 2 𝜅 − 840 𝜅2 𝑋 − 280 𝜅3
 ]−1 . (67)
 or an exponential curing process, Eq. (47) , a comparable, but morextensive expression can be derived, which is omitted here for reasonsf brevity. The translational stiffness, Eq. (67) , defines the continuouslastic support of a wall segment s 2 of unit width in 𝑋 -direction, whichs simply supported at 𝑦 = 0 and 𝑦 = 𝑑 and is subjected to two equal, butpposite (dimensionless) moments 𝑀 at the supports, see Fig. 10 . Theending deflection 𝑤
 𝑠 2 of this configuration can be computed in closed
 154
 orm [15] , in accordance with
 𝑠 2 ( 𝑋 , 𝑦 ) = exp
 (𝜓 𝑦
 𝑏
 )(𝐴 1 cos
 (𝜓 𝑦
 𝑏
 )+ 𝐴 2 sin
 (𝜓 𝑦
 𝑏
 ))+ exp
 (−
 𝜓 𝑦
 𝑏
 )(𝐴 3 cos
 (𝜓 𝑦
 𝑏
 )+ 𝐴 4 sin
 (𝜓 𝑦
 𝑏
 )),
 where 𝜓 = �� ( 𝑋 ) =
 ⎛ ⎜ ⎜ ⎝
 𝑘 𝑡 ( 𝑋 ) 4
 ⎞ ⎟ ⎟ ⎠ 1∕4
 , (68)
 here
 𝑘 𝑡 ( 𝑋 ) is given by Eq. (67) . Solving the coefficients A i with i ∈ {1,, 3, 4} from the four boundary conditions at 𝑦 = 0 and 𝑦 = 𝑑 and com-
 uting the rotational stiffness via
 𝑘 𝑟 ( 𝑋 ) = 𝑀 ∕ 𝑤
 𝑠 2 ( 𝑋 , 𝑦 ) ,𝑦 |𝑦 =0 , together
 ith Eqs. (65) and (66) leads to the following function 𝐹 ( 𝑋 ) :
 ( 𝑋 ) =
 [4 sin ( 𝜓 ) cos ( 𝜓 )( exp ( 𝜓 ) + exp (− 𝜓))
 + 2 cos ( 𝜓 )( exp (2 𝜓 ) − exp (−2 𝜓))
 − 2 sin ( 𝜓 )( exp (2 𝜓 ) + exp (−2 𝜓)) − 4 sin ( 𝜓) − exp (3 𝜓) + exp (−3 𝜓)
 − exp ( 𝜓) + exp (− 𝜓) ][
 𝜓
 (4 cos 2 ( 𝜓)( exp ( 𝜓) + exp (− 𝜓))
 − exp (3 𝜓) − exp (−3 𝜓) − 3 (exp ( 𝜓) + exp (− 𝜓)
 ))]−1 , where 𝜓 = �� ( 𝑋 ) =
 ⎛ ⎜ ⎜ ⎝
 𝑘 𝑡 ( 𝑋 ) 4
 ⎞ ⎟ ⎟ ⎠ 1∕4
 . (69)
 he function 𝐹 ( 𝑋 ) is illustrated in Fig. 11 for different values of 𝜅. Itan be confirmed that for all values of 𝜅 the function 𝐹 ( 𝑋 ) is zero at the
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 Fig. 11. Function 𝐹 ( 𝑋 ) given by Eq. (69) for selected values of 𝜅 in the range 0.1 ≤ 𝜅 ≤ 10.
 c
 𝑘
 c
 E
 d
 a
 o
 a
 r
 𝐹
 t
 i
 t
 l
 b
 l
 a
 𝑐
 3
 p
 t
 𝑤
 w
 i
 e
 r
 𝑔
 d
 t
 p
 i(
 w
 𝑘
 𝑘
 U
 b
 b
 r
 h
 E
 3
 ∫
 w
 𝑅
 a
 t
 a
 N
 a
 t
 n
 c
 a
 d
 M
 i
 i
 m
 t
 l
 q
 s
 a
 a
 b
 G
 E
 b
 t
 𝑙
 𝑏
 𝜉
 w
 I
 a
 m
 i
 t
 a
 𝑙
 3
 t
 w
 c
 𝑥
 lamped support 𝑋 = − 𝜅 , which, in accordance with Eq. (66) , renders 𝑟 → ∞. In addition, for a larger value of 𝜅, corresponding to a largeruring rate 𝜉 𝑙
 𝐸 , a larger wall length l , or a smaller printing velocity �� , see
 q. (53) , the asymptotic value 𝐹 = 1 is closely approached at shorteristance 𝑋 from the wall bottom.
 The above procedure can be summarised as follows. For a specificspect ratio b / d and stiffness mismatch 𝐷
 𝑠 0 ∕ 𝐷 0 of a rectangular wall lay-
 ut, the value of n y , ∞ follows from Fig. 9 , which in turn provides the
 symptotic rotational stiffness 𝑘 𝑟, ∞ via Eq. (58) . With this value, the
 otational stiffness
 𝑘 𝑟 ( 𝑋 ) is calculated from Eq. (66) , with the function
 ( 𝑋 ) given by Eq. (69) . Inserting
 𝑘 𝑟 ( 𝑋 ) into Eqs. (37) and (38) leads to
 he functions �� 𝑦 ∗ ( 𝑋 ) and 𝑐 𝑦 ∗ ( 𝑋 ) , respectively, which must be substitutednto the equilibrium equation, Eq. (49) , and the natural boundary condi-ions, Eq. (55) , to solve for the buckling response of the rectangular wallay-out. In Section 5 the application of this procedure is demonstratedy comparing the experimental failure behaviour of a rectangular wallay-out during 3D printing to the result computed by the model. Forlternative wall lay-outs, the computation of the functions �� 𝑦 ∗ ( 𝑋 ) and
 𝑦 ∗ ( 𝑋 ) can be performed in a similar fashion as demonstrated above.
 .1.6. Presence of imperfections
 As a final step, the geometric imperfections 𝑤
 𝑐 , 0 generated duringrinting of the wall are included in the buckling model by decomposinghe dimensionless deflection at the centre of the wall as
 𝑐 ( 𝑋 ) = ��
 𝑐 , 0 ( 𝑋 ) + ��
 𝑐 ,𝐹 ( 𝑋 ) , (70)
 here 𝑤
 𝑐 ,𝐹 is the deflection under the applied loading “F ”. When assum-ng that the initial imperfections do not generate stresses, (i.e., the strainnergy under the initial imperfections is zero), the terms in the equilib-ium equation, Eq. (49) , related to the dimensionless stiffness variation ∗ must be coupled to (derivatives of) the deflection 𝑤
 𝑐 ,𝐹 generated un-er the applied loading, while the remaining terms should be coupledo (derivatives of) the total deflection 𝑤
 𝑐 . In accordance with this ap-roach, with the aid of Eq. (70) the differential equation, Eq. (49) , turnsnto the following non-homogeneous form:
 𝑔 ∗ 𝑤
 𝑐 ,𝐹
 , 𝑋 𝑋
 ), 𝑋 𝑋
 −
 (𝑘 1 𝑤
 𝑐 ,𝐹
 , 𝑋
 ), 𝑋
 + 𝑘 2 𝑤
 𝑐 ,𝐹 =
 (𝑘
 𝑟
 1 𝑤
 𝑐 , 0 , 𝑋
 ), 𝑋
 − 𝑘 𝑟
 2 𝑤
 𝑐 , 0 , (71)
 ith the reduced functions 𝑘 𝑟
 1 and 𝑘 𝑟
 2 obtained from Eq. (50) as
 𝑟
 1 =
 𝑘
 𝑟
 1 ( 𝑋 ) = 𝜆𝑋 ,
 𝑟
 2 =
 𝑘
 𝑟
 2 ( 𝑋 ) = 𝑐 𝑦 ∗
 (
 𝑛 𝑦 ∗ 𝜋
 𝜖
 ) 2 𝐾 𝑦 ∗ 𝜆𝑋 . (72)
 nder the condition that the imperfection 𝑤
 𝑐 , 0 is kinematically admissi-le and thereby satisfies the essential boundary conditions, Eq. (54) , the
 155
 oundary conditions for 𝑤
 𝑐 ,𝐹 directly follow from Eqs. (54) and (55) byeplacing 𝑤
 𝑐 by 𝑤
 𝑐 ,𝐹 . Note that for vanishing imperfections the right-and side of Eq. (71) becomes zero, by which this equation reduces toq. (49) for an ideally straight wall.
 .1.7. Solution procedure
 The differential equation, Eq. (71) , is solved from its weak form:
 0
 𝑋 =− 𝜅
 (𝑅 𝛿𝑤
 𝑐 ,𝐹
 𝑛
 )𝑑 𝑋 = 0 , (73)
 ith the residual 𝑅 as
 =
 𝑅 ( 𝑋 ) =
 (𝑔 ∗ 𝑤
 𝑐 ,𝐹
 , 𝑋 𝑋
 ), 𝑋 𝑋
 −
 (𝑘 1 𝑤
 𝑐 ,𝐹
 , 𝑋
 ), 𝑋
 + 𝑘 2 𝑤
 𝑐 ,𝐹 −
 (𝑘
 𝑟
 1 𝑤
 𝑐 , 0 , 𝑋
 ), 𝑋
 + 𝑘 𝑟
 2 𝑤
 𝑐 , 0 ,
 (74)
 nd 𝛿𝑤
 𝑐 ,𝐹
 𝑛 representing the test function. The solution 𝑤
 𝑐 ,𝐹 satisfyinghe boundary conditions is expressed as a linear combination of suit-ble basis functions multiplied by unknown, generalised coordinates C n .ote that in Eq. (73) the variation with respect to individual gener-lised coordinates is accounted for via 𝛿𝑤
 𝑐 ,𝐹
 𝑛 = ( 𝜕 𝑤
 𝑐 ,𝐹 ∕ 𝜕 𝐶 𝑛 ) 𝛿𝐶 𝑛 , leadingo a corresponding number of equations that must be solved simulta-eously. In the case of a free wall, a simply-supported wall or a fully-lamped wall, the boundary conditions at 𝑦 = 0 and 𝑦 = 𝑏 are uniformlong the 𝑋 -direction, for which the integral equation in Eq. (73) can beeveloped analytically by using symbolic mathematics software such asathematica or Maple. The set of algebraic equations obtained in turn
 s solved numerically for the generalised coordinates, by adopting anncremental-iterative (Newton–Raphson) solution procedure. Here, theaximal tolerance accepted equals 10 −10 times the Euclidean norm of
 he equation residuals computed at the first iteration. Solving the prob-em symbolically has the advantage that the solution can be relativelyuickly evaluated for a broad range of parameter values. For a walltructure with relatively complicated, non-uniform boundary conditionst the supports in the y -direction, such as the rectangular wall lay-outnalysed in Section 3.1.5 , the integral expression, Eq. (73) , can onlye solved in a purely numerical fashion, which may be done by usingaussian quadrature. Note that for vanishing imperfections, 𝑤
 𝑐 , 0 = 0 ,q. (73) turns into an eigenvalue problem that characterises bifurcationuckling.
 The computational results for wall buckling are analysed by adoptinghe following three parameters:
 𝑐 𝑟 = 𝜆1∕3 𝜅 =
 (
 𝜌𝑔ℎ
 𝐷 0
 )
 1 3
 𝑙 𝑐 𝑟 ,
 = 𝜆1∕3 𝜖 =
 (
 𝜌𝑔ℎ
 𝐷 0
 )
 1 3
 𝑏 ,
 𝐸 = 𝜆−1∕3 =
 (
 𝐷 0 𝜌𝑔ℎ
 )
 1 3 𝜉𝐸
 �� , with 𝜉𝐸 ∈ { 𝜉 𝑙
 𝐸 , 𝜉 𝑒
 𝐸 } , (75)
 here 𝜆, 𝜖 and 𝜅 are given by Eqs. (51) 1 , (51) 2 and (53) , respectively.n Eq. (75) 𝑙 𝑐 𝑟 and 𝑏 represent the dimensionless critical buckling lengthnd the dimensionless width of the wall, respectively, and 𝜉 𝐸 is the di-ensionless “curing rate ”, which also includes the influence of the print-
 ng velocity �� . With the two length scale parameters 𝑙 𝑐 𝑟 and 𝑏 and theime scale parameter 𝜉 𝐸 the buckling behaviour is uniquely described,nd can be analysed extensively by solving and evaluating the function
 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) for a broad range of parameters 𝜉 𝐸 and 𝑏 .
 .2. Wall failure by plastic collapse
 In addition to elastic buckling, the printed wall may fail by plas-ic collapse as a result of reaching the yield strength 𝜎p under its owneight, whereby the subscript p refers to “plastic collapse ”. The criti-
 al location for plastic collapse corresponds to the bottom of the wall, = 0 , at which the biaxial stresses generated under dead weight loading
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 re maximal, see Eq. (16) . The yield criterion for plastic collapse at theottom of the wall can be generally formulated as
 𝑔𝑙 = |𝜎𝑝 |, (76)
 ith |.| denoting the absolute value of the yield strength 𝜎p (to com-ensate for a negative value sometimes reported for the compressivetrength), and the wall length l given by Eq. (41) . The value of the yieldtrength is dependent of the type of failure criterion adopted for therinting material. Two representative failure criteria are: compressive
 ailure described by the maximal stress theory and pressure-dependent
 hear failure in accordance with the Mohr-Coulomb theory. In the firstase plastic collapse is reached when the compressive yield strength isqual to the maximal principal stress under biaxial compression ( = 𝜎xx ,ee Eq. (16) ). Accordingly, the yield strength 𝜎p in Eq. (76) is repre-ented by the uniaxial compressive strength 𝜎c , i.e.,
 𝑝 = 𝜎𝑐 . (77)
 n the second case plastic collapse under biaxial loading conditions maye formulated as [16]
 1 2 ( 𝜎𝑥𝑥 − 𝜎𝑦𝑦 ) +
 1 2 ( 𝜎𝑥𝑥 + 𝜎𝑦𝑦 ) sin ( 𝜙) − 𝑐 cos ( 𝜙) = 0 , (78)
 here 𝜙 is the friction angle of the printing material and c is the co-esion. Inserting Eqs. (2) and (16) into the Mohr-Coulomb criterionq. (78) and comparing the result to Eq. (76) gives for the yield strength
 𝑝 =
 2 𝑐 cos ( 𝜙) 1 − 𝐾 𝑦 + (1 + 𝐾 𝑦 ) sin ( 𝜙)
 . (79)
 hen assuming that at the bottom the wall is fully constrained in theateral direction, 𝜖𝑦𝑦 = 0 , in Eq. (79) the coefficient of lateral stress maye set equal to the Poisson ’s ratio, 𝐾 𝑦 = 𝜈, see also Eq. (19) . For a printingaterial without frictional resistance ( 𝜙 = 0 ), Eq. (79) reduces to
 𝑝 =
 2 𝑐 1 − 𝐾 𝑦
 , (80)
 hich essentially reflects Tresca ’s yield criterion based on reaching theaximal shear stress at the wall bottom. Material tests on the specificrinting material used should point out which expression for the yieldtrength 𝜎p is most representative. Additional examples of yield criteriat material point level can be found in [17] .
 Similar to the elastic stiffness, as a result of the curing process theield strength is heterogeneous in the direction of increasing wall length,.e., the x -direction, which can be accounted for by replacing 𝜎p in thebove expressions by 𝜎𝑝 ∗ . The time evolution of the yield strength in aaterial point at the wall bottom is given by
 𝑝 ∗ ( 𝑥 = 0 , 𝑡 ) = ℎ ∗ ( 𝑡 ) 𝜎𝑝, 0 , (81)
 here 𝜎p , 0 is the yield strength at the onset of the printing process 𝑡 = 0 ,nd ℎ ∗ = ℎ ∗ ( 𝑡 ) is the curing function characterizing the time evolution ofhe yield strength. The evolution of strength with deformation, known astrain hardening, may be left out of consideration here, as this behaviourenerally is not very relevant for a soft, viscous printing material.
 Analogous to the curing functions, Eqs. (43) and (44) , selected forhe elastic stiffness, the two types of curing functions considered for theield strength are a linear curing function
 𝑙 ∗ ( 𝑡 ) = 1 + 𝜉 𝑙
 𝜎𝑡, (82)
 nd an exponentially-decaying curing function
 𝑒 ∗ ( 𝑡 ) = 𝛾𝜎 + (1 − 𝛾𝜎 ) exp (− 𝜉 𝑒
 𝜎𝑡 ) , with 𝛾𝜎 =
 𝜎𝑝, ∞
 𝜎𝑝, 0 (83)
 here 𝜉 𝑙 𝜎
 and 𝜉 𝑒 𝜎
 are the curing rates for the strength in the linear andxponential evolutions, respectively. The parameter 𝜎p , ∞ appearing inhe strength ratio 𝛾 𝜎 in Eq. (83) represents the final, asymptotic strengthbtained under exponential curing when t →∞.
 156
 Eq. (81) can be expressed in terms of a dimensionless Eulerian coor-inate 𝑋 by invoking a coordinate transformation analogous to Eq. (48) ,ith the curing rate 𝜉E replaced by 𝜉 𝜎 . This leads to
 𝑝 ∗ ( 𝑋 ) =
 ℎ ∗ ( 𝑋 ) 𝜎𝑝, 0 , (84)
 hereby the linear curing function, Eq. (82) , turns into
 𝑙
 ∗ ( 𝑋 ) = 1 − 𝑋 , with 𝑋 =
 𝜉 𝑙 𝜎
 𝑋
 �� , (85)
 nd the exponentially-decaying curing function, Eq. (83) , becomes
 𝑒
 ∗ ( 𝑋 ) = 𝛾𝜎 + (1 − 𝛾𝜎) exp ( 𝑋 ) , with 𝑋 =
 𝜉 𝑒 𝜎
 𝑋
 �� and 𝛾𝜎 =
 𝜎𝑝, ∞
 𝜎𝑝, 0 . (86)
 With Eq. (84) , the yield condition, Eq. (76) , for failure at the bottomf the wall, 𝑋 = − 𝛿, with 𝛿 given by
 =
 𝜉𝜎 𝑙
 �� , where 𝜉𝜎 ∈
 {𝜉 𝑙
 𝜎, 𝜉 𝑒
 𝜎
 }, (87)
 esults in
 𝑔𝑙 = |𝜎𝑝, 0 | ℎ ∗ ( 𝑋 )
 ||||𝑋 =− 𝛿. (88)
 ombining this relation with Eqs. (85) and (87) , for a linear curing pro-ess the yield condition specialises into
 𝑔𝑙 −
 (
 1 +
 𝜉 𝑙 𝜎
 𝑙
 ��
 ) |𝜎𝑝, 0 | = 0 . (89)
 he length at which the wall fails under yielding can be simply derivedrom Eq. (89) as
 =
 |𝜎𝑝, 0 |𝜌𝑔 − 𝜉 𝑙
 𝜎|𝜎𝑝, 0 |∕ 𝑙 . (90)
 n order to further develop this expression, a dimensionless length 𝑙 𝑝
 nd curing rate 𝜉 𝜎 are introduced:
 𝑙 𝑝 =
 𝜌𝑔𝑙 𝑝 |𝜎𝑝, 0 | ,
 𝜎 =
 𝜉𝜎 |𝜎𝑝, 0 |𝜌𝑔 𝑙
 with 𝜉𝜎 ∈ { 𝜉 𝑙 𝜎
 , 𝜉 𝑒 𝜎} . (91)
 y taking the wall length equal to the wall length at plastic collapse, 𝑙 = 𝑝 , an explicit expression for the dimensionless critical length at yieldingan be obtained after combining Eqs. (90) and (91) , i.e.,
 𝑝 =
 1
 1 − 𝜉𝑙
 𝜎
 with 0 ≤ 𝜉𝑙
 𝜎< 1 . (92)
 s indicated by Eq. (91) 2 , the dimensionless curing rate 𝜉𝑙
 𝜎can be com-
 uted a priori from the material properties and printing process data.
 ote from Eq. (92) that in the case of 𝜉𝑙
 𝜎→ 1 the dimensionless length
 𝑝 approaches to infinity. Hence, for a linear curing process this value ofhe curing rate should be considered as the upper limit for plastic col-
 apse. Essentially, for values 𝜉𝑙
 𝜎> 1 the growth in yield strength caused
 y the curing rate 𝜉 𝑙 𝜎
 goes faster than the growth in stress governed byhe printing velocity �� , see Eq. (91) 2 , as a result of which the stress athe wall bottom is no longer able to reach the yield strength, and plasticollapse does not occur.
 For the exponential curing process, Eq. (86) , the yield condition,q. (88) , evaluated at the wall bottom, 𝑋 = − 𝛿, with 𝛿 presented byq. (87) , results in
 𝑔𝑙 −
 [ 𝛾𝜎 + (1 − 𝛾𝜎) exp
 (
 −
 𝜉 𝑒 𝜎
 𝑙
 ��
 ) ] |𝜎𝑝, 0 | = 0 . (93)
 q. (93) can be made dimensionless by invoking the parameters pre-ented in Eq. (91) , which, with 𝑙 = 𝑙 𝑝 , leads to
 𝑝 −
 [𝛾𝜎 + (1 − 𝛾𝜎) exp
 (− 𝜉
 𝑒
 𝜎𝑙 𝑝
 )]= 0 . (94)
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 Fig. 12. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑙
 𝐸 for a free wall printed under
 a linear curing process, see Eq. (43) . The curves are plotted for polynomial basis functions
 of the fourth ( 𝑁 = 5 ), fifth ( 𝑁 = 6 ) and sixth ( 𝑁 = 7 ) degree, see Eq. (96) . The analyti-
 cal value 𝑙 𝑐 𝑟, 0 = 1 . 98635 for the rate-independent buckling length at 𝜉 = 0 corresponds to
 Eq. (111) .
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 he above (transcendental) equation does not have a closed-form solu-ion for 𝑙 𝑝 , but can be solved by means of a numerical procedure. Thepplicability of the yield functions, Eqs. (92) and (94) , in predicting theailure response of a printed wall is treated in Section 4 .
 .2.1. Competition between elastic buckling and plastic collapse
 The wall will fail by yielding if the wall length for plastic collapse ismaller than the critical buckling length, l p < l cr . Conversely, when l p > l cr he wall will fail by elastic buckling. This criterion for the determina-ion of the possible failure mechanism can be conveniently expressedn terms of geometrical, material and printing process data by invokingqs. (75) 1 and (91) 1 , leading to
 𝑙 𝑐 𝑟
 𝑙 𝑝
 < Λ ∶ elastic buckling ,
 𝑙 𝑐 𝑟
 𝑙 𝑝
 > Λ ∶ plastic collapse ,
 with Λ =
 (
 ℎ
 𝐷 0
 )
 1 3 |𝜎𝑝, 0 |( 𝜌𝑔 )
 2 3
 ,
 and 𝑙 𝑐 𝑟 =
 𝑙 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) , 𝑙 𝑝 =
 𝑙 𝑝 ( 𝜉 𝜎) . (95)
 n summary, for linear and exponential curing processes the plastic col-
 apse length 𝑙 𝑝 ( 𝜉 𝜎 ) follows from Eqs. (92) and (94) , respectively. Addi-
 ionally, the critical buckling length 𝑙 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) is obtained from solving
 q. (73) . In contrast to the value of 𝑙 𝑐 𝑟 , the value of 𝑙 𝑝 is independent of
 he wall width 𝑏 , and the specific boundary conditions applied in the -direction. Wall failure during 3D printing, as characterised by eitherlastic buckling or plastic collapse, thus essentially is determined by the independent, dimensionless parameters presented in Eqs. (75) and
 91) . In Section 4 the functions 𝑙 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) and
 𝑙 𝑝 ( 𝜉 𝜎) will be computed
 nd visualised for a broad range of parameter values, thereby providing useful tool for the practical design and optimisation of 3D printingrocesses.
 . Numerical results
 In the analysis of the results, first the case of bifurcation buckling
 s considered by computing the critical buckling length 𝑙 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) from
 he weak form of equilibrium, Eqs. (73) and (74) , and the correspondingoundary conditions, Eqs. (54) and (55) . This is done successively for theree wall, the simply-supported wall and the fully-clamped wall depictedn Fig. 2 . For bifurcation buckling the imperfections vanish: 𝑤
 𝑐 , 0 = 0 ,
 𝑐 = 𝑤
 𝑐 ,𝐹 , turning the weak form, Eq. (73) , into an eigenvalue problem.
 he lowest eigenvalue represents the critical buckling length 𝑙 𝑐 𝑟 , whichs calculated by assuming a displacement profile of the polynomial form
 𝑐 ,𝐹 ( 𝑋 ) =
 𝑁 ∑𝑛 =1
 𝐶 𝑛 𝑋
 𝑛 −1 with 𝑛 = 1 , 2 , … , 𝑁 , (96)
 ith C n representing the unknown, generalised coordinates. Preliminaryimulations have indicated that for the present problem polynomial ba-is functions are preferential above harmonic basis functions; althoughheir level of accuracy is comparable for a similar number of terms N , af-er carrying out the integration procedure, Eq. (73) , the polynomial basisunctions lead to shorter, more elegant algebraic equations, which areelatively easy to incorporate in the subsequent numerical solution pro-edure. The combination of Eqs. (20) , (21) and (96) , together with theoordinate transformation Eq. (48) , illustrates that the overall problemhus is formulated in an Eulerian-Lagrangian 𝑋 − 𝑦 coordinate system,sing combined polynomial-trigonometric basis functions. Applying the
 riterion given by Eq. (95) , the critical buckling length, 𝑙 𝑐 𝑟 ( 𝜉 𝐸 , 𝑏 ) , can
 e evaluated against the wall length 𝑙 𝑝 ( 𝜉 𝜎) for plastic collapse. This is
 157
 one for both the linear and exponential curing processes. Subsequently,he effect of geometrical imperfections on the buckling response of aree wall is analysed for different imperfection profiles, whereby thesymptotic buckling length reached under increasing wall deflection isompared against the bifurcation buckling length for an ideally straightall.
 As a working assumption, in the simulations the coefficient of lat-ral stress is taken as constant and set equal to the Poisson ’s ratio,.e., 𝐾 𝑦 ∗ = 𝐾 𝑦 = 𝜈 = 0 . 3 . Correspondingly, at 𝑦 = 0 and 𝑦 = 𝑏 the wall isupposed to be fully constrained in the lateral direction, 𝜖𝑦𝑦 = 0 , seeq. (19) . Since this assumption maximises the lateral stress and thusinimises the critical buckling length, from a design point of view the
 omputational results presented here are conservative and therefore onhe safe side. At the end of this section it will be demonstrated for apecific configuration that the influence of K y ∗ on the buckling response
 s relatively small for a broad range of curing rates 𝜉 𝐸 .
 .1. Free wall printed under a linear curing process
 In the case of a free wall the constraint factor reflecting the bound-ry conditions in y -direction equals 𝑐 𝑦 = 0 , see Eq. (27) , by which theesidual, Eq. (74) , after inserting Eqs. (50) and (51) , reduces to
 =
 𝑅 ( 𝑋 ) =
 (𝑔 ∗ 𝑤
 𝑐
 , 𝑋 𝑋
 ), 𝑋 𝑋
 −
 𝜌𝑔ℎ
 𝐷 0
 (
 ��
 𝜉 𝐸
 ) 3 (𝑋 𝑤
 𝑐
 , 𝑋
 ), 𝑋
 , (97)
 nd the natural boundary conditions at 𝑋 = 0 , Eq. (55) , simplify to
 𝑐
 , 𝑋 𝑋
 = 0 ,
 𝑔 ∗ 𝑤
 𝑐
 , 𝑋 𝑋
 ), 𝑋
 = 0 . (98)
 he essential boundary conditions at 𝑋 = − 𝜅 are given by Eq. (54) . The accuracy of the numerical solution for bifurcation buckling of
 free wall printed under a linear curing process is evaluated by sub-equently adopting polynomial basis functions of the fourth, fifth andixth degree, as represented in Eq. (96) by 𝑁 = 5 , 6 and 7, respectively.ig. 12 sketches the critical buckling length 𝑙 𝑐 𝑟 as a function of the cur-
 ng rate 𝜉 = 𝜉𝑙
 𝐸 , with 𝑙 𝑐 𝑟 and 𝜉
 𝑙
 𝐸 given by Eq. (75) 1, 3 . Clearly, the value
 f 𝑙 𝑐 𝑟 increases with increasing 𝜉𝑙
 𝐸 . This is, since a higher value of 𝜉
 𝑙
 𝐸
 elates to a higher curing rate 𝜉 𝑙 𝐸
 and/or a lower printing velocity �� , seeq. (75) 3 , which enable the wall to better develop its bending stiffness
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 uring the printing process, and thereby its resistance against elasticuckling. It can be further observed that for a polynomial basis with = 5 the critical buckling length is somewhat overestimated, but that
 or 𝑁 = 6 and 7 the numerical solutions for the critical buckling length
 re virtually identical over the whole range of 𝜉𝑙
 𝐸 , and thus seem to have
 onverged towards the exact solution.
 In the rate-independent limit 𝜉𝑙
 𝐸 → 0 , an analytical solution can be
 stablished for the critical buckling length 𝑙 𝑐 𝑟 , which may be used asn additional check on the accuracy of the approximations computedor 𝑁 = 5 , 6 and 7. The derivation of the analytical solution starts fromhe rate-independent differential equation, Eq. (25) , which, by inserting 𝑦 = 0 and the rate-independent bending stiffness 𝐷 ∗ = 𝐷 0 , turns into
 0 𝑤
 𝑐 ,𝑥𝑥𝑥𝑥
 −
 (𝜌𝑔ℎ ( 𝑥 − 𝑙) 𝑤
 𝑐 ,𝑥
 ),𝑥 = 0 . (99)
 ividing this equation by D 0 , and integrating once renders
 𝑐 ,𝑥𝑥𝑥
 −
 𝜌𝑔ℎ
 𝐷 0 ( 𝑥 − 𝑙) 𝑤
 𝑐 ,𝑥 = 𝐴 1 . (100)
 rom the boundary condition 𝑤
 𝑐 ,𝑥𝑥𝑥
 = 0 at 𝑥 = 𝑙 it follows that the in-egration constant 𝐴 1 = 0 . Adopting the coordinate transformation 𝑥 = − �� , Eq. (100) becomes
 𝑐 , 𝑥 𝑥 𝑥
 +
 𝜌𝑔ℎ
 𝐷 0 �� 𝑤
 𝑐 , 𝑥 = 0 . (101)
 he differential equation given by Eq. (101) has a form similar to thatescribing bifurcation buckling of a prismatic column under its owneight. As pointed out in [18] , this mathematical form can be elegantlyeveloped by applying the substitutions
 𝑐 , 𝑥 = ��
 1 2 ��
 𝑐 , �� = 𝜁2 3 , (102)
 hich transforms Eq. (101) into Bessel ’s differential equation
 2 ��
 𝑐 ,𝜁 𝜁
 + 𝜁 ��
 𝑐 ,𝜁+
 (𝑟 2 𝜁2 − 𝑠 2
 )��
 𝑐 = 0 , (103)
 ith the coefficients r 2 and s 2 as
 2 =
 4 𝜌𝑔ℎ
 9 𝐷 0 , 𝑠 2 =
 1 9
 . (104)
 he solution of Eq. (103) is given by [19]
 𝑐 =
 𝑤
 𝑐 ( 𝜁 ) = 𝐴 1 𝐽 𝑠 ( 𝑟𝜁 ) + 𝐴 2 𝐽 − 𝑠 ( 𝑟𝜁 ) , (105)
 ith J s a Bessel function of the first kind of order s ,
 𝑠 = 𝐽 𝑠 ( 𝑟𝜁 ) =
 ∞∑𝑘 =0
 (−1) 𝑘 ( 𝑟𝜁 ) 𝑠 +2 𝑘
 2 𝑠 +2 𝑘 𝑘 ! Γ( 𝑠 + 𝑘 + 1) with 𝑠 not an integer , (106)
 here Γ represents the gamma function and k is a positive integer. Com-ining Eq. (105) with Eqs. (104) 2 and (102) now leads to
 𝑐 , 𝑥 = ��
 1 2 ( 𝐴 1 𝐽 1
 3 ( 𝑟 𝑥
 3 2 ) + 𝐴 2 𝐽 − 1 3
 ( 𝑟 𝑥
 3 2 )) . (107)
 he boundary condition 𝑤
 𝑐 , 𝑥 𝑥
 = 0 at �� = 0 is only satisfied if 𝐴 1 = 0 , sohat Eq. (107) becomes
 𝑐 , 𝑥 = 𝐴 2 𝑥
 1 2 𝐽 − 1 3
 ( 𝑟 𝑥
 3 2 ) . (108)
 n addition, combining the boundary condition 𝑤
 𝑐 , 𝑥 = 0 at �� = 𝑙 with
 q. (108) renders
 − 1 3 ( 𝑟𝑙
 3 2 ) = 0 . (109)
 he smallest root of this equation can be found as
 𝑙 3 2 = 1 . 866351 . (110)
 nserting Eq. (104) 1 into Eq. (110) then gives for the critical rate-ndependent buckling length, 𝑙 = 𝑙 𝑐 𝑟, 0 :
 𝑐 𝑟, 0 =
 ⎛ ⎜ ⎜ ⎝ 1 . 86635 (
 9 𝐷 0 4 𝜌𝑔ℎ
 )
 1 2 ⎞ ⎟ ⎟ ⎠
 2 3
 = 1 . 98635 (
 𝐷 0 𝜌𝑔ℎ
 )
 1 3
 . (111)
 158
 he analytical value 𝑙 𝑐 𝑟, 0 = 1 . 98635 can be compared against the rate-
 ndependent numerical values 𝑙 𝑐 𝑟, 0 = 2 ( 𝑁 = 5 ), 1.98684 ( 𝑁 = 6 ) and.98635 ( 𝑁 = 7 ), which indicates a relative overestimation by the nu-erical approximations of 0.68%, 0.02% and 0.00%, respectively. From
 his comparison and the convergence behaviour of the numerical curvesepicted in Fig. 12 , it is concluded that the numerical result may beonsidered as highly accurate when the polynomial basis in Eq. (96) isonstructed with N ≥ 6. Accordingly, the forthcoming numerical resultsre computed with 𝑁 = 6 .
 The critical buckling length of a free wall printed under a linearuring process can be closely approximated by the function
 𝑐 𝑟 = 𝑙 𝑐 𝑟, 0 + 0 . 996 (
 𝜉𝑙
 𝐸
 )0 . 793 , (112)
 here 𝑙 𝑐 𝑟, 0 = 1 . 98635 is the rate-independent buckling length followingrom Eq. (111) . Eq. (112) has been found from a least-squares fit on thenearly) exact numerical solution plotted in Fig. 12 for 𝑁 = 7 , whereby
 2 = 0 . 999 . The closed-form expression may serve as a convenient de-ign formula, and will be used below for the construction of failureechanism maps.
 From the critical buckling length 𝑙 𝑐 𝑟 and the 4 boundary conditions,he critical buckling mode can be determined via Eq. (96) by computinghe coefficients C n (up to an arbitrary value for the overall amplitude).he buckling mode is depicted in Fig. 13 by plotting the normalised de-
 ection 𝑤
 𝑐 against the dimensionless vertical coordinate 𝑋 ∕ 𝜅 for 𝜉𝑙
 𝐸 = 0
 rate-independent limit) and 𝜉𝑙
 𝐸 = 4 . Clearly, the critical buckling mode
 s not very sensitive to the value of the curing rate. For a linear curing process the wall length 𝑙 𝑝 for plastic collapse can
 e plotted as a function of the curing rate 𝜉 = 𝜉𝑙
 𝜎by using Eq. (92) , see
 ig. 14 . Apparently, 𝑙 𝑝 grows substantially with increasing 𝜉𝑙
 𝜎, whereby
 he increase in 𝜉𝑙
 𝜎may be caused by a larger curing rate 𝜉 𝑙
 𝜎, a higher
 nitial yield strength | 𝜎p , 0 |, and/or a lower printing rate �� , see Eq. (91) 2 .
 otice that the vertical asymptote 𝑙 𝑝 → ∞ is reached when 𝜉𝑙
 𝜎→ 1 . As
 xplained in Section 3.2 , for higher values of 𝜉𝑙
 𝜎plastic collapse can
 ot occur. Further, the rate-independent limit 𝑙 𝑝, 0 = 1 for 𝜉𝑙
 𝜎→ 0 is in
 orrespondence with |𝜎𝑝, 0 | = 𝜌𝑔𝑙 𝑝, 0 , see Eq. (91) 1 . It is emphasised thathe curve depicted in Fig. 14 is independent of the type of boundaryondition in the y -direction, and therefore is applicable to any type ofall structure.
 For a free wall the competition between elastic buckling and plasticollapse can be evaluated by reading off from Figs. 12 and 14 the buck-ing length 𝑙 𝑐 𝑟 and the plastic collapse length 𝑙 𝑝 for specific values of
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 Fig. 14. Plastic collapse length 𝑙 𝑝 versus curing rate 𝜉 = 𝜉𝑙
 𝜎for a wall printed under a
 linear curing process, see Eq. (82) .
 Fig. 15. Failure mechanism map for a free wall printed under a linear curing process.
 Length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 versus curing rate 𝜉 = 𝜉𝑙
 𝐸 (on a logarithmic scale) for selected
 values of the ratio of curing rates, 𝛼 = 𝜉𝑙
 𝜎∕ 𝜉
 𝑙
 𝐸 , in the range of 0.1 to 10. The curves presented
 are in accordance with Eq. (113) , whereby the value depicted for Λ, see Eq. (95) , has been
 chosen arbitrarily to indicate the transition from elastic buckling to plastic collapse.
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 Fig. 16. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑒
 𝐸 for a free wall printed un-
 der an exponentially-decaying curing process, see Eq. (44) . The stiffness ratios considered
 are 𝛾 = 𝛾𝐸 = 𝐸 ∞∕ 𝐸 0 = 1 , 2 , 5 and 10. For each stiffness ratio the asymptotic value of the
 buckling length 𝑙 𝑐 𝑟, ∞ at 𝜉 → ∞ is indicated (in 2 decimals) at the right side of the figure.
 The closed-form approximations represented by the dashed lines are in accordance with
 Eq. (115) .
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 he curing rates 𝜉𝑙
 𝐸 and 𝜉
 𝑙
 𝜎, respectively, and substituting the result into
 he criterion given Eq. (95) . Alternatively, from the closed-form expres-ions, Eqs. (92) and (112) , a more general approach can be followed byonstructing the length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 :
 𝑙 𝑐 𝑟
 𝑙 𝑝
 =
 (
 1 . 986 + 0 . 996 (
 𝜉𝑙
 𝐸
 )0 . 793 ) (1 − 𝛼𝜉
 𝑙
 𝐸
 )with 𝛼 =
 𝜉𝑙
 𝜎
 𝜉𝑙
 𝐸
 , (113)
 nd combining this function together with the criterion given byq. (95) into a failure mechanism map . Fig. 15 depicts Eq. (113) for se-
 ected values of the ratio of curing rates, 𝛼 = 𝜉𝑙
 𝜎∕ 𝜉
 𝑙
 𝐸 , in the range of 0.1
 o 10. The depicted value of Λ has been chosen arbitrarily , and indi-ates the transition from elastic buckling to plastic collapse. In specific,f a point on the curve 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 lies above the value of Λ, plastic collapse
 ay occur, whereas if the point lies below the value of Λ, elastic buck-
 ing may take place. The stiffness curing rate 𝜉𝑙
 𝐸 at which the transition
 rom plastic collapse to elastic buckling happens (corresponding to theoincidence of Λ with the curve 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) obviously is dependent of the
 alue of 𝛼. In the case of 𝛼 ≥ 1, for Λ > 1 . 986 plastic collapse can notccur, so that elastic buckling becomes the only possible failure mecha-
 159
 ism. Conversely, in the range 0 < Λ ≤ 1 . 986 , plastic collapse may take
 lace for relatively low values of 𝜉𝑙
 𝐸 , while elastic buckling becomes
 he potential failure mechanism for higher values of the curing rate.ote that the length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 decreases towards zero with in-
 reasing curing rate; this is, because the plastic collapse length 𝑙 𝑝 at thistage becomes infinitely large, see also Fig. 14 . Consequently, at cur-ng rates larger than the value at which 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 = 0 , elastic buckling re-ains as the only potential failure mechanism. In the case of 𝛼 < 1, forsomewhat larger than 1.986 the potential failure mechanism under
 ncreasing 𝜉𝑙
 𝐸 initially is elastic buckling, then changes to plastic col-
 apse, and subsequently turns back to elastic buckling. For example, for= 0 . 1 and Λ = 2 . 5 this sequence of failure mechanisms is characterised
 y the ranges 0 < 𝜉𝑙
 𝐸 < 0 . 62 (elastic buckling), 0 . 62 ≤ 𝜉
 𝑙
 𝐸 < 5 . 85 (plastic
 ollapse), and 𝜉𝑙
 𝐸 ≥ 5 . 85 (elastic buckling), see Fig. 15 . In addition, for
 = 0 . 1 elastic buckling becomes the only possible failure mechanismhen Λ > ( 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) 𝑚𝑎𝑥 = 3 . 06 . Hence, in 3D printing applications charac-
 erised by a linear curing process, Λ > 3 . 06 can be used as a simple,hough somewhat conservative design criterion to generally avoid plas-ic collapse of a free wall.
 .2. Free wall printed under an exponentially-decaying curing process
 For a free wall printed under an exponentially-decaying curing pro-ess, Fig. 16 illustrates the critical buckling length 𝑙 𝑐 𝑟 as a function ofhe curing rate 𝜉 = 𝜉
 𝑒
 𝐸 for selected values of 𝛾 = 𝛾𝐸 = 𝐸 ∞∕ 𝐸 0 , ranging
 rom 1 to 10. With 𝛾𝐸 = 1 the buckling length becomes independent ofhe curing rate 𝜉
 𝑒
 𝐸 , and corresponds to the rate-independent value l cr , 0
 resented in Eq. (111) . For 𝛾 = 2 , 5 and 10, under an increasing cur-ng rate 𝜉
 𝑒
 𝐸 → ∞ the buckling length 𝑙 𝑐 𝑟 grows monotonically towards
 n asymptotic value, whereby the growth obviously is stronger for aigher stiffness ratio 𝛾 = 𝛾𝐸 . An expression for this limit can be deducedrom Eqs. (45) , (47), (52) and (75) 1 , as
 𝑐 𝑟, ∞ =
 𝑙 𝑐 𝑟 ( 𝜉
 𝑒
 𝐸 ) ||||𝜉
 𝑒
 𝐸 →∞= ( 𝛾𝐸 )
 1 3 𝑙 𝑐 𝑟, 0 with 𝛾𝐸 =
 𝐸 ∞𝐸 0
 , (114)
 hereby the rate-independent limit 𝑙 𝑐 𝑟, 0 is presented by Eq. (111) . Thepproximations plotted in Fig. 16 by the dashed lines are described byhe following function:
 𝑐 𝑟 =
 [( 𝛾𝐸 )
 1 3 +
 (1 − ( 𝛾𝐸 )
 1 3 )
 exp (−
 (1 . 662 + 0 . 240 𝛾𝐸
 )𝜉
 𝑒
 𝐸
 )]𝑙 𝑐 𝑟, 0 . (115)
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 Fig. 17. Plastic collapse length 𝑙 𝑝 versus curing rate 𝜉 = 𝜉𝑒
 𝜎for a wall printed under an
 exponentially-decaying curing process, see Eq. (83) . The strength ratios considered are 𝛾 = 𝛾𝜎 = 𝜎𝑝, ∞∕ 𝜎𝑝, 0 = 1 , 2, 5 and 10. The closed-form approximations represented by the dashed
 lines are in accordance with Eq. (117) .
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 ote that for 𝜉𝑒
 𝐸 → ∞ the above equation reduces to the limit 𝑙 𝑐 𝑟, ∞ in
 q. (114) . The R
 2 -value of the approximation, Eq. (115) , lies between.998 and 1.000 for the different curves plotted in Fig. 16 .
 In order to depict the wall length 𝑙 𝑝 for plastic collapse as a function
 f the curing rate 𝜉 = 𝜉𝑒
 𝜎, the yield function given by Eq. (94) needs to be
 olved. The solution of this transcendental equation was found by using Newton–Raphson procedure, and the result is illustrated in Fig. 17 forelected values of the strength ratio 𝛾 = 𝛾𝜎 = 𝜎𝑝, ∞∕ 𝜎𝑝, 0 = 1 , 2, 5 and 10.he plastic collapse length grows with increasing curing rate, whereby higher value of the strength ratio 𝛾 𝜎 provides a stronger growth. Atnfinite curing rate the plastic collapse length asymptotes to a specificalue given by
 𝑝, ∞ =
 𝑙 𝑝 ( 𝜉
 𝑒
 𝜎) |||||𝜉
 𝑒
 𝜎→∞= 𝛾𝜎 𝑙 𝑝, 0 with 𝛾𝜎 =
 𝜎𝑝, ∞
 𝜎𝑝, 0 and 𝑙 𝑝, 0 = 1 , (116)
 hich results from the asymptotic behaviour of the exponentially-ecaying curing function, Eq. (83) . Note that this is an important dif-erence with the plastic collapse behaviour originating from the un-ounded, linear curing function, Eq. (82) , whereby the plastic collapseength monotonically grows towards infinity under an increasing curingate, see Fig. 14 .
 The approximations illustrated in Fig. 17 by the dashed lines corre-pond to the function
 𝑝 =
 ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 1 +
 𝛾𝜎 − 1
 1 +
 (
 𝜉𝑒
 𝜎
 𝜉 𝑟𝑒𝑓
 ) − 𝑝
 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠ 𝑙 𝑝, 0 ,
 with 𝜉 𝑟𝑒𝑓 =
 𝜉 𝑟𝑒𝑓 ( 𝛾𝜎) =
 1 . 181 1 + 0 . 844 𝛾𝜎
 ,
 and 𝑝 = �� ( 𝛾𝜎 ) = 1 . 466( 𝛾𝜎) 0 . 322 , (117)
 here the R
 2 -value of this approximation lies between 0.993 and.999 for the curves plotted in Fig. 17 . It can be noticed that for
 𝑒
 𝜎→ ∞ Eq. (117) correctly provides the limit value in Eq. (116) . From
 qs. (115) and (117) , with 𝑙 𝑝, 0 = 1 the length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 becomes
 𝑙 𝑐 𝑟
 𝑙 𝑝
 =
 ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 1 +
 𝛾𝜎 − 1
 1 +
 (
 𝛼𝜉𝑒
 𝐸
 𝜉 𝑟𝑒𝑓
 ) − 𝑝
 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠
 −1
 ×[( 𝛾𝐸 )
 1 3 +
 (1 − ( 𝛾𝐸 )
 1 3 )
 exp (−
 (1 . 662 + 0 . 240 𝛾𝐸
 )𝜉
 𝑒
 𝐸
 )]𝑙 𝑐 𝑟, 0 ,
 160
 ith 𝛼 =
 𝜉𝑒
 𝜎
 𝜉𝑒
 𝐸
 , 𝛾𝐸 =
 𝐸 ∞𝐸 0
 and 𝛾𝜎 =
 𝜎𝑝, ∞
 𝜎𝑝, 0 . (118)
 Combining Eq. (118) with the failure criterion, Eq. (95) , leads to theailure mechanism map depicted in Fig. 18 . As a basic choice, the stiff-ess and strength ratios characterising the exponential curing processre taken equal, 𝛾 = 𝛾𝐸 = 𝛾𝜎 , in correspondence with 𝛾 = 2 ( Fig. 18 a),= 5 ( Fig. 18 b), and 𝛾 = 10 ( Fig. 18 c). The general trend of 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 for
 he three different values of 𝛾 apparently is similar. For 𝛼 < 1 the min-mal value of Λ for which elastic buckling is the only possible failureechanism clearly increases with increasing value of 𝛾; for example,
 or 𝛼 = 0 . 1 this happens when Λ > ( 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) 𝑚𝑎𝑥 = 2 . 31 ( 𝛾 = 2 ), 2.80 ( 𝛾 = 5 ),nd 3.25 ( 𝛾 = 10 ). Comparing the failure mechanism map with that for printing process characterised by linear curing, see Fig. 15 , showshat under exponential curing a maximal value of Λ can be identifiedelow which plastic collapse unconditionally becomes the only possi-le failure mechanism. For example, for �� = 10 . 0 this corresponds to
 < ( 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) 𝑚𝑖𝑛 = 1 . 11 ( 𝛾 = 2 ), 0.47 ( 𝛾 = 5 ), and 0.24 ( 𝛾 = 10 ), indicating
 decrease of this maximal value under an increasing value of 𝛾. For Λalling in between ( 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) 𝑚𝑖𝑛 and ( 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ) 𝑚𝑎𝑥 the potential failure mecha-ism either is elastic buckling or plastic collapse, depending on whetherhe condition Λ > 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 or Λ < 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 is met, respectively.
 .3. Simply-supported wall printed under linear and
 xponentially-decaying curing processes
 For a simply-supported wall the equilibrium equation presented byqs. (49) and (50) is specified by the values 𝑛 𝑦 ∗ = 𝑛 𝑦 = 1 and 𝑐 𝑦 ∗ = 𝑐 𝑦 = 1iven in Eq. (27) , with the corresponding boundary conditions in accor-ance with Eqs. (54) and (55) . In contrast to the free wall, the criticaluckling length 𝑙 𝑐 𝑟 not only depends on the curing rate 𝜉 , but also onhe (dimensionless) width 𝑏 of the wall, presented by Eq. (75) 2 . For ainear curing process the critical bifurcation buckling length found afterolving Eq. (73) has been depicted in Fig. 19 as a function of the curing
 ate 𝜉 = 𝜉𝑙
 𝐸 , for selected values of the width 𝑏 , ranging from 3 to 20. The
 uckling curve for a free wall has been taken from Fig. 12 and sketchedor comparison (dashed line); it indeed corresponds to the curve for theimit case of a simply-supported wall of infinite width, 𝑏 → ∞. Further,
 s a reference the rate-independent buckling length 𝑙 𝑐 𝑟, 0 at 𝜉𝑙
 𝐸 = 0 is pre-
 ented (in 2 decimals) for a selection of wall widths. Observe from Fig. 19 that the critical buckling length generally be-
 omes larger for shorter wall widths 𝑏 . In addition, the buckling length
 ncreases with increasing curing rate 𝜉𝑙
 𝐸 , whereby the growth turns out
 o be (significantly) larger at smaller wall width. As an example, for
 uring rates in the range of 0 ≤ 𝜉𝑙
 𝐸 < 0 . 25 , walls of 𝑏 ≤ 5 appear to be
 emarkably stable, resulting in a buckling length that may be more than0 times larger than that of the free wall. The construction of a failureechanism map for evaluating the competition between elastic buckling
 nd plastic collapse is omitted here, since the dependency of the criticaluckling length on both 𝜉 𝐸 and 𝑏 makes such a graphical representationelatively difficult to interpret. Instead, the determination of the poten-ial failure mechanism follows from dividing the value of 𝑙 𝑐 𝑟 obtainedrom Fig. 19 by the value of 𝑙 𝑝 read off from Fig. 14 , and comparing
 his ratio against the value of Λ computed via Eq. (95) . Considering thathe buckling length for a simply-supported wall typically is larger thanor a free wall, see Fig. 19 , failure by plastic collapse is more criticaln the case of a simply-supported wall. Accordingly, the minimal valuef Λ required for excluding plastic collapse for a simply-supported walleeds to be higher than for a free wall.
 The critical buckling mode of a simply-supported wall has been illus-rated in Fig. 20 for two different wall widths, 𝑏 = 4 and 5. For the wall = 5 the buckling mode is comparable to that of the free wall sketchedn Fig. 13 , and only slightly changes when increasing the curing rate
 rom 𝜉𝑙 = 0 to 𝜉
 𝑙 = 0 . 4 . In contrast, the buckling mode of the shorter
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 Fig. 18. Failure mechanism map for a free wall printed under an exponentially-decaying
 curing process. Length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 versus curing rate 𝜉 = 𝜉𝑒
 𝐸 (on a logarithmic scale)
 for selected values of the ratio of curing rates, 𝛼 = 𝜉𝑙
 𝜎∕ 𝜉
 𝑙
 𝐸 , in the range of 0.1 to 10, thereby
 considering three different stiffness and strength ratios: 𝛾 = 𝛾𝐸 = 𝛾𝜎 = 2 (a), 𝛾 = 𝛾𝐸 = 𝛾𝜎 = 5 (b), and 𝛾 = 𝛾𝐸 = 𝛾𝜎 = 10 (c). The curves are in accordance with Eq. (118) , whereby the
 value depicted for Λ, see Eq. (95) , has been chosen arbitrarily to indicate the transition
 from elastic buckling to plastic collapse.
 Fig. 19. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑙
 𝐸 for a simply-supported wall
 printed under a linear curing process, see Eq. (43) . The wall widths considered range from
 𝑏 = 3 to 20. The buckling curve for a free wall (corresponding to 𝑏 → ∞), has been taken
 from Fig. 12 and is plotted for comparison (dashed line). Values for the rate-independent
 buckling length 𝑙 𝑐 𝑟, 0 at 𝜉 = 0 are plotted for a selection of wall widths 𝑏 , and are presented
 as a reference.
 Fig. 20. Critical buckling mode for a simply-supported wall printed under a linear curing
 process, see Eq. (43) , for two different wall widths, 𝑏 = 4 (solid line) and 𝑏 = 5 (dashed
 line). The curing rates selected are 𝜉 = 𝜉𝑙
 𝐸 = 0 , 0.2 and 0.4.
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 all 𝑏 = 4 shows a rather strong variation under the change in curingate, and for all three curing rates selected appears to be rather differentrom that of the wall 𝑏 = 5 . The change in critical buckling mode in theransition from 𝑏 = 5 to 𝑏 = 4 essentially is governed by an increasingspect ratio 𝑙 𝑐 𝑟 ∕ 𝑏 ; in fact, the buckling response of relatively short wallsith a high aspect ratio 𝑙 𝑐 𝑟 ∕ 𝑏 is characterised by a higher-order bucklingode. This behaviour, which is also known from plate structures of var-
 ous aspect ratios subjected to in-plane loading, see for example [14] ,ill be discussed in more detail below.
 The critical buckling length for a simply-supported wall printed un-er an exponentially-decaying curing process is illustrated in Fig. 21s a function of the curing rate 𝜉 = 𝜉
 𝑒
 𝐸 for different stiffness ratios
 = 𝛾𝐸 = 𝐸 ∞∕ 𝐸 0 , namely 𝛾 = 2 ( Fig. 21 a), 5 ( Fig. 21 b) and 10 ( Fig. 21 c).he range of wall widths considered, 3 ≤ 𝑏 ≤ 20 , is the same as for the
 inear curing process depicted in Fig. 19 . As observed for the free wall,n important difference with the linear curing process is the appearancef an asymptotic buckling length, 𝑙 𝑐 𝑟, ∞ when 𝜉
 𝑒
 𝐸 → ∞. This limit value
 esults from the asymptotic behaviour of the exponentially-decayinguring function, see Eq. (44) and Fig. 6 . Values for 𝑙 𝑐 𝑟, ∞ are depicted
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 Fig. 21. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑒
 𝐸 for a simply-supported wall
 printed under an exponentially-decaying curing process , see Eq. (44) . The wall widths consid-
 ered range from 𝑏 = 3 to 20. The buckling curve for a free wall (corresponding to 𝑏 → ∞),
 has been taken from Fig. 16 and is plotted for comparison. Values for the limit buckling
 lengths 𝑙 𝑐 𝑟, 0 at 𝜉 = 0 and 𝑙 𝑐 𝑟, ∞ at 𝜉 → ∞ are plotted for a selection of wall widths 𝑏 , and are
 presented as a reference. The curing stiffness ratios considered are 𝛾 = 𝛾𝐸 = 𝐸 ∞∕ 𝐸 0 = 2 (a), 5 (b) and 10 (c).
 Fig. 22. Limit buckling lengths 𝑙 𝑐 𝑟, 0 ( 𝛾 = 𝛾𝐸 = 1 ) and 𝑙 𝑐 𝑟, ∞ ( 𝛾 = 𝛾𝐸 = 2 , 5 and 10) versus
 wall width 𝑏 for a simply-supported wall printed under an exponentially-decaying curing pro-
 cess , see Eq. (44) . The regime within which a change of the vertical buckling mode takes
 place corresponds to 0 . 65 < 𝑙 𝑐 𝑟 ∕ 𝑏 < 1 . 5 , as designated by the dashed lines.
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 n Fig. 21 for a selection of wall widths 𝑏 . It can be observed that inhe case of large and small wall widths the corresponding value of 𝑙 𝑐 𝑟, ∞
 s already approached closely at 𝜉𝑒
 𝐸 ≈ 2 . For intermediate wall widths,
 ≤ 𝑏 ≤ 6 ( 𝛾𝐸 = 2 ), 7 ≤ 𝑏 ≤ 8 ( 𝛾𝐸 = 5 ) and 9 ≤ 𝑏 ≤ 10 ( 𝛾𝐸 = 10 ), however,his limit value turns out to be relatively high, such that the curing rateequired for closely reaching the limit falls outside the range consideredn Fig. 21 . The relatively high values of 𝑙 𝑐 𝑟, ∞ can be related to a changen the vertical buckling mode, which will be addressed below in moreetail.
 For a selection of wall widths Fig. 21 includes the rate-independent
 imit values 𝑙 𝑐 𝑟, 0 obtained under 𝜉𝑒
 𝐸 → 0 . It can be easily confirmed that
 hese values are identical to those found for a linear curing process,ee Fig. 19 . An additional graph that shows the limit buckling lengths 𝑐 𝑟, 0 and 𝑙 𝑐 𝑟, ∞ as a function of the wall width 𝑏 can be constructed byolving the weak form of the time-independent equilibrium condition,q. (25) , together with the boundary conditions, Eqs. (28) and (29) ,sing 𝐷 ∗ = 𝛾𝐸 𝐷 0 with D 0 given by Eq. (52) . Accordingly, the value of
 𝐸 = 1 furnishes the curve for the rate-independent limit 𝑙 𝑐 𝑟, 0 =
 𝑙 𝑐 𝑟, 0 ( 𝑏 ) ,
 hile higher stiffness ratios 𝛾E > 1 lead to the corresponding limits
 𝑐 𝑟, ∞ =
 𝑙 𝑐 𝑟, ∞( 𝑏 ) , see Fig. 22 . Observe that the limit buckling lengths
 onotonically decrease with increasing width 𝑏 . Also, 𝑙 𝑐 𝑟, ∞ generallyecomes larger for a higher stiffness ratio 𝛾E , whereby it can be con-rmed that the curves incorporate the specific limit values depicted
 n Fig. 21 . The relatively strong variation in slope observed betweenall aspect ratios of 0 . 65 < 𝑙 𝑐 𝑟 ∕ 𝑏 < 1 . 5 (indicated by dashed lines) char-cterises a change of the vertical buckling mode; simulations not pre-ented here have shown that for relatively stocky walls, 𝑙 𝑐 𝑟 ∕ 𝑏 < 0 . 65 ,he buckling mode indeed appears to be different from that for longeralls, 𝑙 𝑐 𝑟 ∕ 𝑏 > 1 . 5 , comparable to what has been sketched in Fig. 20 for simply-supported wall printed under a linear curing process. Due tohis mode change, the values of 𝑙 𝑐 𝑟, ∞ at moderate wall width are rela-
 ively high, resulting in a slower asymptotic behaviour of 𝑙 𝑐 𝑟 towards 𝑐 𝑟, ∞ under increasing 𝜉
 𝑒
 𝐸 , see Fig. 21 .
 .4. Fully-clamped wall printed under linear and exponentially-decaying
 uring processes
 The buckling response for a fully-clamped wall is characterisedy substituting the values 𝑛 𝑦 ∗ = 𝑛 𝑦 = 2 and 𝑐 𝑦 ∗ = 𝑐 𝑦 = 0 . 5 given byq. (27) into the equilibrium equation, Eqs. (49) and (50) , and theoundary conditions, Eqs. (54) and (55) . In Fig. 23 the critical buckling
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 Fig. 23. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑙
 𝐸 for a fully-clamped wall
 printed under a linear curing process, see Eq. (43) . The wall widths considered range from
 𝑏 = 5 to 30. The buckling curve for a free wall (which relates to 𝑏 → ∞), has been taken
 from Fig. 12 and is plotted for comparison (dashed line). Values for the rate-independent
 buckling length 𝑙 𝑐 𝑟, 0 at 𝜉 = 0 are plotted for a selection of wall widths 𝑏 , and are presented
 as a reference.
 Fig. 24. Critical buckling mode for a fully-clamped wall of width 𝑏 = 8 , printed under a
 linear curing process, see Eq. (43) . The curing rates selected are 𝜉 = 𝜉𝑙
 𝐸 = 0 , 0.2 and 0.4,
 which are in correspondence with the aspect ratios 𝑙 𝑐 𝑟 ∕ 𝑏 = 0 . 35 , 0 . 44 , and 1.1.
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 ength 𝑙 𝑐 𝑟 for a fully-clamped wall subjected to a linear curing process has
 een depicted as a function of the curing rate 𝜉 = 𝜉𝑙
 𝐸 , considering wall
 idths in the range 5 ≤ 𝑏 ≤ 30 . Again, the curve for the free wall, whichs in agreement with the case 𝑏 → ∞, is plotted for comparison. For aully-clamped wall the boundary conditions in y -direction constrain theuckling response more than for a simply-supported wall, so that theall width 𝑏 at which the response closely approaches that of a freeall is larger, i.e., compare the curve for 𝑏 = 30 in Fig. 23 to the curve
 or 𝑏 = 20 in Fig. 21 . For the same reason, the critical buckling length 𝑐 𝑟 for a fully-clamped wall is (substantially) larger than for a simply-upported wall. Observe further that at moderate wall width 8 ≤ 𝑏 ≤ 11 ,nder an increasing value of 𝑙 𝑐 𝑟 the curves at some stage slightly de-rease in the value of 𝑏 . This is again caused by a change in the vertical
 uckling mode under an increasing wall aspect ratio 𝑙 𝑐 𝑟 ∕ 𝑏 , which, asharacterised by the typical kink in the curve for 𝑏 = 8 , at some higheralue of 𝑙 𝑐 𝑟 reaches completion, after which 𝑏 again monotonically risesith increasing 𝑙 𝑐 𝑟 . The transition in buckling modes for 𝑏 = 8 is visu-
 lised in Fig. 24 , by selecting the curing rates as 𝜉 = 𝜉𝑙 = 0 , 0.2 and 0.4.
 𝐸
 163
 ig. 23 illustrates that the lower curing rates 𝜉 = 𝜉𝑙
 𝐸 = 0 and 0.2 relate
 o 𝑙 𝑐 𝑟 ∕ 𝑏 = 0 . 35 and 0.44, respectively, for which the buckling mode inig. 24 indeed is rather different than that for the higher curing rate,𝑙
 𝐸 = 0 . 4 , whereby 𝑙 𝑐 𝑟 ∕ 𝑏 = 1 . 1 . Notice that the buckling modes sketched
 n Fig. 24 are rather similar to those observed for the simply-supportedall with 𝑏 = 4 and 5, see Fig. 20 .
 The buckling curves for a fully-clamped wall subjected to anxponentially-decaying curing process are sketched in Fig. 25 for stiffnessatios 𝛾 = 𝛾𝐸 = 2 ( Fig. 25 a), 5 ( Fig. 25 b), and 10 ( Fig. 25 c). The trendsre comparable to those for the simply-supported wall shown in Fig. 22 ,ut the values of the critical buckling length are noticeably higher. Forxample, for relatively short walls ranging from 5 ≤ 𝑏 ≤ 8 , the criticaluckling length 𝑙 𝑐 𝑟 for the fully-clamped wall appears to be 2 to 10 timesarger than for the simply-supported wall, where the exact increase is de-endent of the specific values of the stiffness ratio 𝛾E and curing rate 𝜉
 𝑒
 𝐸 .
 bviously, such differences also become manifest when comparing theurves for the limit values 𝑙 𝑐 𝑟, 0 and 𝑙 𝑐 𝑟, ∞ in Fig. 26 to those for the simply-upported wall in Fig. 22 . Fig. 26 illustrates that for the fully-clampedall the range within which the vertical buckling mode changes (indi-
 ated by the dashed lines) corresponds to 0 . 45 < 𝑙 𝑐 𝑟 < 0 . 9 , which for aarge part lies below the range deduced for the simply-supported wall,ee Fig. 22 . Hence, the range of wall widths characterised by a relativelylow asymptotic behaviour of the critical buckling length 𝑙 𝑐 𝑟 towardshe limit value 𝑙 𝑐 𝑟, ∞, i.e., 9 ≤ 𝑏 ≤ 10 ( 𝛾𝐸 = 2 ), 12 ≤ 𝑏 ≤ 13 ( 𝛾𝐸 = 5 ), and
 5 ≤ 𝑏 ≤ 16 ( 𝛾𝐸 = 10 ), see Fig. 25 , lies somewhat above that reported inection 4.3 for the simply-supported wall.
 For the linear and exponential curing processes, the differences of theanges in which a change in the vertical buckling mode takes place areather small; this generally will more or less happen at 0 . 65 < 𝑙 𝑐 𝑟 ∕ 𝑏 < 1 . 5or a simply-supported wall and at 0 . 45 < 𝑙 𝑐 𝑟 ∕ 𝑏 < 0 . 9 for a fully-clampedall. It is further noted that the buckling behaviour of very stocky wallsith high aspect ratios 𝑙 𝑐 𝑟 ∕ 𝑏 >> 1 may be characterised by additional,igher-order buckling modes; however, these modes are left out of con-ideration here, due to their limited practical relevance.
 .5. Influence of imperfections
 The effect of imperfections on the buckling behaviour is explored bydopting the displacement decomposition, Eq. (70) , and computing theuckling response in accordance with Eqs. (73) and (74) . The imperfec-ion sensitivity of the buckling response is presented here for a free wall
 rinted under a linear curing process; for other wall types and curingrocesses similar characteristics were found. In terms of the Lagrangianoordinate x , the following kinematically admissible imperfection pro-le is considered:
 𝑐 , 0 = ��
 𝑐 , 0 ( 𝑥 ) = 𝑤
 𝑐 , 0 𝑚
 (
 − sin
 (
 2 𝜋𝑛 𝑡 𝑡 𝑙
 𝑥
 )
 +
 2 𝜋𝜔𝑛 𝑡 𝑡 𝑙
 [1 − exp ( − 𝜔𝑥 )
 ])
 . (119)
 he above idealisation basically reflects an harmonic imperfection, withhe exponential term warranting that the essential boundary conditionst 𝑥 = 0 are satisfied, see Eq. (28) . Further, 𝑤
 𝑐 , 0 𝑚 is the amplitude of the
 mperfection, t l is the height of an individual printed layer, n t is theumber of printed layers defining the wavelength L of the imperfectionrofile, i.e., 𝐿 = 𝑛 𝑡 𝑡 𝑙 , see also Fig. 27 , and 𝜔 is a factor quantifying thenfluence length of the exponential term at the boundary 𝑥 = 0 . Applyinghe coordinate transformation, Eq. (48) , together with Eqs. (41) and53) , the imperfection profile, Eq. (119) , can be expressed in terms ofhe dimensionless Eulerian coordinate 𝑋 :
 𝑐 , 0 (𝑋
 )= 𝑤
 𝑐 , 0 𝑚
 (
 − sin (
 𝑘 𝑤
 (𝑋 + 𝜅
 ))+ 𝜏
 [
 1 − exp
 (
 −
 𝑘 𝑤
 𝜏
 (𝑋 + 𝜅
 )) ] )
 ,
 (120)
 ith the dimensionless imperfection amplitude given by 𝑤
 𝑐 , 0 𝑚
 = 𝑤
 𝑐 , 0 𝑚 ∕ ℎ,
 nd the dimensionless wavenumber 𝑘 and boundary factor 𝜏 in accor-
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 Fig. 25. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑒
 𝐸 for a fully-clamped wall
 printed under an exponentially-decaying curing process , see Eq. (44) . The wall widths consid-
 ered range from 𝑏 = 5 to 20. The buckling curve for a free wall (corresponding to 𝑏 → ∞),
 has been taken from Fig. 16 and is plotted for comparison. Values for the limit buckling
 lengths 𝑙 𝑐 𝑟, 0 at 𝜉 = 0 and 𝑙 𝑐 𝑟, ∞ at 𝜉 → ∞ are plotted for a selection of wall widths 𝑏 , and are
 presented as a reference. The curing stiffness ratios considered are 𝛾 = 𝐸 ∞∕ 𝐸 0 = 2 (a), 5
 (b) and 10 (c).
 Fig. 26. Limit buckling lengths 𝑙 𝑐 𝑟, 0 ( 𝛾 = 𝛾𝐸 = 1 ) and 𝑙 𝑐 𝑟, ∞ ( 𝛾 = 𝛾𝐸 = 2 , 5 and 10) versus
 wall width 𝑏 for a fully-clamped wall printed under an exponentially-decaying curing process ,
 see Eq. (44) . The regime within which a change of the vertical buckling mode takes place
 corresponds to 0 . 45 < 𝑙 𝑐 𝑟 ∕ 𝑏 < 0 . 9 , as designated by the dashed lines.
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 ance with
 𝑤
 =
 2 𝜋��
 𝑛 𝑡 𝑡 𝑙 𝜉𝐸
 , 𝜏 =
 2 𝜋𝜔𝑛 𝑡 𝑡 𝑙
 . (121)
 rom the wavenumber 𝑘 𝑤
 the dimensionless wavelength 𝐿 of the im-erfection profile follows as
 =
 2 𝜋𝑘 𝑤
 =
 𝑛 𝑡 𝑡 𝑙 𝜉𝐸
 �� . (122)
 he influence of the exponential term in Eq. (120) is kept limited byaking a relatively small value for the boundary factor, 𝜏 = 0 . 5 . So, themperfection is essentially characterised by the two length scale param-ters 𝐿 (or 𝑘 𝑤
 ) and 𝑤
 𝑐 , 0 𝑚
 .
 Fig. 28 illustrates the deflection 𝑤
 𝑐 at the top 𝑋 = 0 of a free wall
 rinted under a linear curing process for two different imperfection am-litudes, 𝑤
 𝑐 , 0 𝑚
 = 0 . 01 ( Fig. 28 a) and 0.05 ( Fig. 28 b). The curing rate has
 een selected as 𝜉𝑙
 𝐸 = 2 , and the wavenumbers considered for the sinu-
 oidal imperfection profile are 𝑘 𝑤
 = 1 , 2 and 20, in correspondence withhe dimensionless wavelengths 𝐿 = 6 . 28 , 3.14 and 0.314, see Eq. (122) .oth for the small and large imperfection amplitudes the curves forhe three different wavenumbers asymptote towards the critical bifurca-ion buckling length 𝑙 𝑐 𝑟 = 3 . 72 indicated by the dashed line (taken fromig. 12 ). However, for the large imperfection amplitude 𝑤
 𝑐 , 0 𝑚
 = 0 . 05 theonvergence occurs at a larger wall top deflection than for the smallmperfection amplitude 𝑤
 𝑐 , 0 𝑚
 = 0 . 01 . The convergence behaviour further
 epends on the wavenumber 𝑘 𝑤
 (or wavelength 𝐿 ) of the imperfectionrofile; for the intermediate wavenumber 𝑘 𝑤
 = 2 ( 𝐿 = 3 . 14 ) the bifurca-ion buckling length is reached at a relatively large wall top deflection,or the smallest wavenumber 𝑘 𝑤
 = 1 ( 𝐿 = 6 . 28 ) this occurs at a smallereflection, while for the largest wavenumber 𝑘 𝑤
 = 20 ( 𝐿 = 0 . 314 ) theall top deflection only starts to develop when the wall length 𝑙 is close
 o the bifurcation buckling length 𝑙 𝑐 𝑟 . It may be concluded that the staget which lateral deflections start to grow during the printing processs determined by the typical interplay between the two length scales and 𝑙 𝑐 𝑟 ; for the three cases considered in Fig. 28 the wall appears
 o be most sensitive to the imperfection of intermediate wavelength = 3 . 14 ( 𝑘 𝑤
 = 2 ), followed by the imperfection with the largest wave-ength 𝐿 = 6 . 28 ( 𝑘 𝑤
 = 1 ), and finally the imperfection with the small-st wavelength 𝐿 = 0 . 314 ( 𝑘 𝑤
 = 20 ). In conclusion, when the imperfec-ions generated during 3D printing have a relatively small amplitudend short wavelength, for the wall geometries studied in this communi-
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 Fig. 27. Idealised sinusoidal imperfection profile 𝑤
 𝑐 , 0 = ��
 𝑐 , 0 ( 𝑥 ) characterised by the amplitude 𝑤
 𝑐 , 0 𝑚
 and wavelength L , where 𝐿 = 𝑛 𝑡 𝑡 𝑙 , with t l the height of an individual printed layer
 and n t the number of layers. The left and right graphs illustrate the cases 𝑛 𝑡 = 2 and 𝑛 𝑡 = 4 , respectively.
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 Table 1
 Printing process parameters for the free wall and the
 rectangular wall lay-out sketched in Fig. 30 .
 Parameter Value
 Wall thickness ℎ = ℎ 𝑠 = 43 . 5 [mm]
 Height of individual layer 𝑡 𝑙 = 9 . 2 [mm]
 Concrete density 𝜌 = 2020 [kg/m
 3 ]
 Velocity of printer head 𝑣 𝑛 = 83 . 3 [mm/s]
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 ation the bifurcation buckling length generally serves as an adequateesign value.
 .6. Effect of coefficient of lateral stress
 In the previous numerical analyses the coefficient of lateral stressppearing in the equilibrium equation, Eqs. (49) and (50) , was takens constant and set equal to the Poisson ’s ratio, 𝐾 𝑦 ∗ = 𝜈 = 0 . 3 . This isn correspondence with a wall that is fully constrained in the lateralirection, 𝜖𝑦𝑦 = 0 , see Eq. (19) . For a fully-clamped wall of width 𝑏 = 10rinted under a linear curing process the effect of the coefficient of lat-ral stress on the buckling length is illustrated in Fig. 29 by showing
 𝑐 𝑟 as a function of the curing rate 𝜉 = 𝜉𝑙
 𝐸 for the whole range of pos-
 ible values of K y ∗ , i.e., 0 ≤ K y ∗ ≤ 0.3. Here, the curve for 𝐾 𝑦 ∗ = 𝜈 = 0 . 3
 as been taken from Fig. 23 . For curing rates lower than 𝜉𝑙
 𝐸 = 0 . 5 the
 ifferences between the individual curves appear to be small, such thathe influence of K y ∗ on the value of the critical buckling length is only
 inor. At higher curing rates, 0 . 5 < 𝜉𝑙
 𝐸 ≤ 1 . 1 , however, the slopes of the
 urves become steeper, whereby the critical buckling length 𝑙 𝑐 𝑟 becomesore dependent of the specific value of K y ∗ . Under a decreasing value
 f K y ∗ from 𝐾 𝑦 ∗ = 𝜈 = 0 . 3 to 0 the lateral constraint at the boundaries in -direction decreases, see Eq. (19) , by which the critical buckling lengthncreases. Hence, the curve for 𝐾 𝑦 ∗ = 𝜈 provides a lower bound for theritical buckling length, so that the numerical results presented in thisommunication may be considered as conservative, and from a designiewpoint on the safe side. It is further expected that the level of lateralall constraint in practical wall structures often is such that the coeffi-
 ient of lateral stress is relatively close 𝐾 𝑦 ∗ = 𝜈. As an example, for theectangular wall structure introduced in Section 3.1.5 a basic linear elas-ic 3D finite element analysis of the response under dead weight loadingas demonstrated that the value of the coefficient of lateral stress for thease 𝜈 = 0 . 3 typically falls within the range 0.2 < K y ∗ ≤ 0.3 for most lo-ations in the structure.
 . Experimental validation
 The experimental validation of the modeling framework is carriedut by considering two types of geometries constructed with 3D con-
 165
 rete printing, namely i) a free wall, and ii) a rectangular wall lay-out,ee Fig. 30 . The 3D concrete printing process is based on an extrusion-ased technique similar to fused deposition modelling, whereby the vis-ous cementitious material is extruded from a nozzle to built the wallayer-by-layer along a calculated path. The curing process of the cemen-itious material occurs at room temperature, without the use of an exter-al heat source. The experiments were performed using the 3D concreterinting facility at the Eindhoven University of Technology, see Fig. 31 .he custom designed concrete applied in the 3D printing experiments isomposed of Portland cement (CEM I 52.5 R), siliceous aggregate with aaximal particle size of 1 mm, limestone filler, rheology modifiers, ad-itives and a small quantity of polypropylene fibres [8] . After the com-osition was mixed with water into a homogeneous viscous substance,he material was pumped through a hose towards the printer head, athich it was discharged from the printing nozzle to form a layer. Theath followed by the printer head was governed by a motion-controlledantry robot with 4 degrees of freedom, i.e., 3 mutually perpendicularranslations and 1 rotation about the vertical axis. The determinationf adequate printing process parameters, such as the concrete viscosity,he printing velocity, the pump pressure, the height of the printer headbove a printed layer, the printing rotation angle, and the characteristicsf the nozzle opening, was done by performing an extensive preliminaryest program, see [8] for more details.
 .1. Free wall
 The process parameters applicable to the printing of a free wallf width 𝑏 = 800 mm are listed in Table 1 . With these parameters
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 Fig. 28. Deflection 𝑤
 𝑐 at the top ( 𝑋 = 0 ) of a free wall printed under a linear curing pro-
 cess. The curing rate equals 𝜉𝑙
 𝐸 = 2 and the wavenumbers of the sinusoidal imperfection
 profiles are 𝑘 𝑤 = 1 , 2 and 20, in correspondence with the wavelengths 𝐿 = 6 . 28 , 3.14 and
 0.314, respectively. The dashed line indicates the bifurcation buckling length for the ide-
 ally straight wall, in agreement with Fig. 12 . The imperfection amplitudes selected are
 𝑤
 𝑐 , 0 𝑚
 = 0 . 01 (a) and 𝑤
 𝑐 , 0 𝑚
 = 0 . 05 (b).
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 Fig. 29. Critical buckling length 𝑙 𝑐 𝑟 versus curing rate 𝜉 = 𝜉𝑙
 𝐸 for a fully-clamped wall
 of width 𝑏 = 10 printed under a linear curing process, see Eq. (43) . The values of the
 coefficient of lateral stress have been selected in the range 0 ≤ K y ∗ ≤ 0.3. The curve for
 𝐾 𝑦 ∗ = 𝜈 = 0 . 3 has been taken from Fig. 23 .
 Fig. 30. Geometrical characteristics of the free wall and rectangular wall-lay-out printed in
 the experiments.
 Fig. 31. 3D concrete printing facility at the Eindhoven University of Technology, incor-
 porating a 4-axis gantry robot, a control unit, and a concrete mixer and pump (inset).
 he material volume discharged per unit time equals 𝑄 = 𝑣 𝑛 ℎ𝑡 𝑙 = 33340m
 3 /s, and the period for the printing of an individual material layers 𝑇 𝑙 = 𝑏 ∕ 𝑣 𝑛 = 9 . 6 s. Inserting these values into Eq. (39) , the wall growthelocity can be calculated as �� = 0 . 958 mm/s.
 The development of the strength and stiffness properties of the con-rete under curing was measured by means of uniaxial compressionests on cylindrical concrete specimens with a diameter of 70 mm and height of 140 mm, in accordance with the ASTM D2166 [20] . Corre-pondingly, the yield strength of the printing material is assumed to beetermined by compressive failure, in accordance with Eq. (77) . Spec-mens were prepared at 5 different curing times (0, 15, 30, 60 and 90in), and were loaded displacement-controlled in an Instron test rig by
 pplying a loading rate of 30 mm/min that mimics the experimentalrinting velocity. At each curing level 4 to 6 different specimens wereested to account for the statistical spread in material properties, see21] for more details.
 166
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 Fig. 32. Material properties (black dots) measured in uniaxial compression tests at dif-
 ferent curing times, i.e., 0, 15, 30, 60 and 90 min. a) Stiffness modulus E ∗ , with the linear
 approximation, Eq. (123) , of the average values of the test data. b) Compressive yield
 strength | 𝜎p ∗ |, with the linear approximation, Eq. (124) , of the average values of the test
 data. The relative standard deviation of both E ∗ and | 𝜎p ∗ | fluctuates between 13% and
 21% for the different curing times tested. The test data has been reproduced from [21] ,
 with kind permission of the authors.
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 The evolution of the elastic stiffness (in MPa) as a function of theuring time (in min.) has been determined by applying a least-squaresrocedure on the experimental data, see Fig. 32 a. Adopting a best fitith 𝑅
 2 = 0 . 995 on the average values of the measured stiffness modulusrovides the linear relation:
 ∗ ( 𝑡 ) = 0 . 0781 + 0 . 0012 𝑡 with 𝐸 ∗ in MPa and 𝑡 in min. (123)
 similar procedure was followed for the determination of the compres-ive yield strength (in kPa) as a function of the curing time (in min.), seeig. 32 b. Using a best fit with 𝑅
 2 = 0 . 991 on the average strength valuesesults in the following linear relation for the average compressive yieldtrength:
 𝑝 ∗ ( 𝑡 ) = 5 . 984 + 0 . 147 𝑡 with 𝜎𝑝 ∗ in kPa and 𝑡 in min. (124)
 he value of the density 𝜌 presented in Table 1 appeared to be more oress insensitive to the curing time [21] .
 For the modelling of the experimental buckling behaviour it is rea-onable to assume that the amplitudes of the imperfections in the printedall structure are small (i.e., less than 5% of the wall thickness) and have
 167
 relatively short wavelength (i.e., smaller than 10% of the critical buck-ing length). Under these circumstances the buckling behaviour can beccurately determined from a bifurcation analysis, see Fig. 28 . Accord-ngly, after combining Eq. (123) with Eqs. (42) and (43) , the initial stiff-ess modulus of the printing material follows as 𝐸 0 = 0 . 0781 MPa, andhe curing rate of the stiffness modulus becomes 𝜉 𝑙
 𝐸 = 0 . 0012∕0 . 0781 =
 . 0154 min −1 = 2 . 6 × 10 −4 s −1 . With a Poisson ’s ratio of 𝜈 = 0 . 3 the ini-ial bending stiffness can be calculated from Eq. (52) as 𝐷 0 = 0 . 589 Nm.n a similar way as done for the stiffness, combining Eq. (124) withqs. (81) and (82) results in an initial yield strength |𝜎𝑝, 0 | = 5 . 984 kPand a strength curing rate 𝜉 𝑙
 𝜎= 0 . 147∕5 . 984 = 0 . 0246 min −1 = 4 . 1 × 10 −4
 −1 . With Eqs. (75) 3 and (91) 2 , the dimensionless values of the two cur-
 ng rates become 𝜉𝑙
 𝐸 = 0 . 024 and 𝜉
 𝑙
 𝜎= 0 . 129 , respectively, leading to the
 atio 𝛼 = 𝜉𝑙
 𝜎∕ 𝜉
 𝑙
 𝐸 = 5 . 4 . From these values, the length scale ratio 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝
 an be read off from Fig. 15 as 𝑙 𝑐 𝑟 ∕ 𝑙 𝑝 ≈ 1 . 8 . This value is smaller than
 he value Λ = 3 . 43 calculated with Eq. (95) , from which it is concludedhat the free wall fails by elastic buckling . The dimensionless buckling
 ength results from substituting the above value for 𝜉𝑙
 𝐸 into Eq. (112) ,
 hich renders 𝑙 𝑐 𝑟 = 2 . 04 . The actual buckling length then follows fromq. (75) 1 as 𝑙 𝑐 𝑟 = 0 . 179 m. This value lies 13% below the experimentaluckling length of 𝑙 𝑐 𝑟 = 0 . 202 m (corresponding to 22 printed layers).ote that the accuracy of the model prediction is established up to aeviation equal to the height t l of an individual layer, since in the exper-ments the critical buckling length is determined by the integer numberf layers under which the wall starts to buckle, while in the model therinting process is considered as continuous , so that the critical bucklingength generally does not correspond to an integer number of layers.his effect can be accounted for by rounding up the model prediction ton integer number of layers, which leads to 𝑙 𝑐 𝑟 = 0 . 184 m (correspond-ng to 20 printed layers), a value that lies 10% below the experimentalalue. This model prediction may be considered as accurate, consideringhe significant spread in the experimental values of the stiffness modulusnd compressive yield strength, see Fig. 32 . In specific, the relative stan-ard deviation of both E ∗ and | 𝜎p ∗ | fluctuates between 13% and 21% forhe different curing times considered in Fig. 32 [21] . The effect of thispread in material parameters on the accuracy of the model predictions discussed in more detail at the end of this section.
 The experimental printing process has been illustrated in Fig. 33 ,y depicting the free wall after the printing of 16 layers (a), 20 layersb) and 22 layers (c). Observe that the failure buckling mode depictedn Fig. 33 c is in good qualitative agreement with the buckling modealculated by the model, see Fig. 13 .
 .2. Rectangular wall lay-out
 The rectangular wall lay-out has dimensions 𝑏 = 625 mm and 𝑑 = 250m and was printed with the same process parameters as applied for the
 ree wall, see Table 1 . In order to maintain an ideally constant printingelocity during the printing process, the corners of the rectangular wallay-out were slightly rounded off with a radius 𝑟 = 50 mm, see Fig. 30 .s a first step, the upper and lower bounds of the critical buckling lengthf the wall structure are determined from the design graphs presentedn Section 4 for the simply-supported and fully-clamped walls. As ex-lained in Section 3.1.5 , the simply-supported wall is representative oflobal buckling of the complete rectangular structure, and thus furnishes lower bound for the critical buckling length, while the fully-clampedall reflects local buckling of wall b , thereby resulting in an upper bound .he period for the printing of an individual layer is larger than for theree wall, and equals 𝑇 𝑙 = 2( 𝑏 + 𝑑)∕ 𝑣 𝑛 = 21 . 0 s. Inserting this value to-ether with the value 𝑄 = 33340 mm
 3 /s and the values for 𝑣 𝑛 and histed in Table 1 into Eq. (39) results in a wall growth velocity �� = 0 . 438m/s. With 𝐷 0 = 0 . 589 Nm and 𝜉 𝑙
 𝐸 = 2 . 6 × 10 −4 s −1 , Eq. (75) 3 then leads
 o 𝜉𝑙
 𝐸 = 0 . 052 . Further, the wall width 𝑏 = 625 mm via Eq. (75) 2 pro-
 ides the dimensionless value 𝑏 = 7 . 10 . Using the curve for 𝑏 = 7 in
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 Fig. 33. Free wall after the printing of 16 layers (a), 20 layers (b), and 22 layers, leading to buckling (c).
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 Fig. 34. Rectangular wall lay-out of 𝑏 = 625 mm and 𝑑 = 250 mm after the printing of 33
 layers. Deflection of wall b at the onset of buckling (a), and during buckling (b).
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 igs. 19 (simply-supported wall) and 23 (fully-clamped wall), it followshat the corresponding dimensionless buckling lengths at the curing rate𝑙
 𝐸 = 0 . 052 are equal to 𝑙 𝑐 𝑟 = 2 . 38 and 4.89, respectively. With Eq. (75) 1 ,
 his results in the actual buckling lengths 𝑙 𝑐 𝑟 = 0 . 210 m and 0.431 m,espectively. In addition, the length at which plastic collapse occurs can
 e determined from Eq. (92) , which, with 𝜉𝑙
 𝜎= 0 . 282 being calculated
 ia Eq. (91) 2 , leads to 𝑙 𝑝 = 1 . 39 . With an initial strength of |𝜎𝑝, 0 | = 5 . 984Pa, via Eq. (91) 1 the actual plastic collapse length is determined as 𝑝 = 0 . 421 m. Hence, the actual buckling length for the rectangular wallay-out falls within the range 0.210 m ≤ l cr ≤ 0.421 m, with the upperound being determined by plastic collapse (instead of elastic bucklingf the fully-clamped wall) and the lower bound following from elasticuckling of the simply-supported wall.
 Although for design purposes the above range for the critical buck-ing length may be acceptable, the model prediction can be further re-ned by applying the expressions presented in Section 3.1.5 . From thespect ratio 𝑏 ∕ 𝑑 = 625∕250 = 2 . 5 and the stiffness ratio 𝐷
 𝑠 0 ∕ 𝐷 0 = 1 (i.e.,
 𝑠 = ℎ ), the number of half-waves at infinite vertical distance from thelamped wall bottom is obtained from Eq. (57) as 𝑛 𝑦, ∞ = 1 . 429 . Subse-uently, the value for the dimensionless asymptotic rotational stiffnessesults from Eq. (58) as 𝑘 𝑟, ∞ = 3 . 55 . Inserting this value into Eq. (66) pro-
 ides the spatial variation of the rotational stiffness
 𝑘 𝑟 ( 𝑋 ) at the con-ection between walls b and d , with 𝐹 ( 𝑋 ) given by Eq. (69) . This rota-ional stiffness is inserted into Eqs. (37) and (38) , leading to the func-ions �� 𝑦 ∗ ( 𝑋 ) and 𝑐 𝑦 ∗ ( 𝑋 ) that serve as input for the equilibrium equation,q. (49) 1 and the natural boundary conditions, Eq. (55) . Due to the com-lexity of the present problem, the solution of the equilibrium equationan only be obtained in a purely numerical fashion. This is done by com-uting the integral expression in Eq. (73) by means of Gaussian quadra-ure, whereby the number of Gauss points 𝑋 = 𝑋 𝑝 is set equal to 12, i.e., ∈ {1 , 2 , …12} . For the simpler cases of a simply-supported wall and aully-clamped wall, simulations not presented here have shown that withhis number of Gauss points the numerical result of Eq. (73) is virtuallydentical to the analytical result. Accordingly, with the dimensionlessall width 𝑏 = 7 . 10 the numerical integration of Eq. (73) together with
 he boundary conditions, Eq. (54) and (55) , results for 𝜉𝑙
 𝐸 = 0 . 052 in a
 imensionless critical buckling length 𝑙 𝑐 𝑟 = 3 . 05 . Substituting this valuento Eq. (75) 1 furnishes the actual critical buckling length as 𝑙 𝑐 𝑟 = 0 . 269. This value indeed falls within the lower and upper bounds calculated
 bove, and lies 13% below the experimental buckling length 𝑙 = 0 . 304
 𝑐 𝑟 1 Since the spatial derivatives �� ∗ ( 𝑋 ) , 𝑋
 and 𝑐 ∗ ( 𝑋 ) , 𝑋
 may be expected to be relatively
 mall, for simplicity these terms are taken as zero in the computation of the second term
 n the left-hand side of the equilibrium equation, Eq. (49) .
 e
 t
 𝑤
 I
 s
 168
 (corresponding to 33 printed layers). Rounding up the model predic-ion to an integer number of layers leads to 𝑙 𝑐 𝑟 = 0 . 276 m (correspondingo 30 printed layers), which underestimates the experimental bucklingength by 10%.
 The experimental deformation profiles of wall b , monitored at thenset of buckling and during buckling, are shown in Fig. 34 a and b,espectively. The buckling mode in Fig. 34 b can be compared to theritical buckling mode calculated by the model, which follows fromq. (96) . Because of the non-uniform boundary conditions at 𝑦 = 0 and = 𝑏, the coefficients C n in Eq. (96) are dependent of the 𝑋 -coordinate, 𝑛 = �� 𝑛 ( 𝑋 ) = �� 𝑛 ( 𝑐 𝑦 ∗ ( 𝑋 ) , 𝑛 𝑦 ∗ ( 𝑋 )) , and therefore need to be calculated forach Gauss point separately. The critical buckling mode computed withhe model is depicted in Fig. 35 by plotting the normalised deflections
 𝑐 at the 12 Gauss points, and connecting these data by straight lines.t can be concluded that the buckling mode is in good qualitative corre-pondence with the experimental buckling mode depicted in Fig. 34 b,
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 Table 2
 Experimental value and model prediction of the critical buckling length l cr of a free wall and
 a rectangular wall lay-out . The values between parentheses represent model predictions (and
 the corresponding relative differences with the experimental values) whereby the buckling
 length is rounded up to an integer number of layers. An upper-lower bound approximation
 of the critical buckling length of the rectangular wall lay-out can be established by using the
 design graphs presented in Section 4 , which results in 0.210 m ≤ l cr ≤ 0.421 m.
 Critical buckling length l cr Experiment Model prediction Relative difference
 Free wall 0.202 [m] 0.179 (0.184) [m] 13 (10) %
 Rectangular wall lay-out 0.304 [m] 0.269 (0.276) [m] 13 (10) %
 Fig. 35. Critical buckling mode computed for a rectangular wall lay-out of 𝑏 = 625 mm and
 𝑑 = 250 mm printed under a linear curing process, see Eq. (43) , with 𝜉𝑙
 𝐸 = 0 . 052 . The black
 dots indicate the normalised deflections of the 12 Gauss points at the centre line 𝑦 = 𝑏 ∕2 of wall b .
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 howing limited deflections at the lower part of the wall and large de-ections along an approximately constant inclination at the upper part.
 As an overview, Table 2 summarises the values for the critical buck-ing length l cr measured experimentally and computed by the presentodel. The model predictions have been subjected to an additional ver-
 fication procedure, by comparing these to 3D finite element analyses ofhe printing process of the free wall and the rectangular wall lay-out. TheEM results turned out to be in excellent agreement with the predicteduckling lengths in Table 2 and the corresponding buckling modes pre-ented in Figs. 13 and 35 , the details of which will be presented in aorthcoming communication. Despite the high accuracy of the modellingpproach, both for the free wall and the rectangular wall lay-out the val-es computed for the critical buckling length lie somewhat below thexperimental values. As already mentioned, this is likely to be due tohe significant spread in the measured material properties, see Fig. 32 .t has been validated that the material parameters needed for a highlyccurate prediction of the experimental buckling lengths presented inable 2 indeed fall within the spread of values illustrated in Fig. 32 .ccordingly, it may be concluded that the accuracy of the model pre-ictions will further increase when the spread in the measured materialroperties is reduced. A possible way to accomplish this is to investi-ate the application of alternative compositions of the printing materialith more uniquely defined material properties. This experimental task,owever, is considered as a topic for future research.
 . Conclusions
 This contribution for the first time presents a mechanistic model thatan be used for analysing and optimising the mechanical performancef straight wall structures during a 3D printing process. The model dis-inguishes between failure by elastic buckling and plastic collapse. Theodel results calculated for i) a free wall, ii) a simply-supported wall and
 169
 ii) a fully-clamped wall, printed under either linear curing or exponential
 uring, have been summarised in design graphs and failure mechanismaps. As demonstrated for a rectangular wall lay-out, the design graphs
 nd failure mechanism maps furnish a practical tool for studying theerformance of arbitrary wall structures under a broad range of possiblerinting process conditions. Here, the simply-supported wall provides a
 ower bound for the wall buckling length, corresponding to global buck-ing of the complete wall structure, while the fully-clamped wall givesn upper bound , reflecting local buckling of an individual wall. The rangef critical buckling lengths defined by these bounds may be further nar-owed by the critical wall length for plastic collapse. For arbitrary wallonfigurations an accurate model prediction for the critical bucklingength and corresponding buckling mode can be obtained by derivingn expression for the non-uniform rotational stiffness provided by theupport structure of a buckling wall. This has been demonstrated for aectangular wall lay-out, which has proven to give a good agreementith the experimental buckling response of a wall structure manufac-
 ured with 3D printed concrete. As future work, the optimisation of 3D printing processes needs to
 e studied further by means of additional comparisons between modelredictions and experimental results performed at different printing ve-ocities, curing characteristics, printing material properties and wall ge-metries. The present model can be applied to systematically and ef-ciently explore the influence by each of the 5 independent printingrocess parameters, Eqs. (75) and (91) , on the failure resistance of walltructures, which should lead to clear directions for the optimisation onrinting time and material usage. In addition, the model may be utiliseds a validation tool for finite element models of wall structures printednder specific process conditions.
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 ppendix A. Derivation of the equivalent translational stiffness
 or a cantilever wall segment
 The derivation of the equivalent translational stiffness
 𝑘 𝑡 ( 𝑋 ) , pre-ented in Eq. (67) , from the bending response of a cantilever wallegment s 1 is performed as follows. Segment s 1 with 𝑋 -coordinate 𝜅 ≤ 𝑋 ≤ 0 and unit width in the y -direction is printed under a linear
 uring process and subjected at 𝑋 = 𝑋 𝑝 to a dimensionless, uniform lineoad 𝑞 𝑧 acting in the out-of-plane direction z , see Fig. 10 . For this bend-ng problem the essential boundary conditions at 𝑋 = − 𝜅 are
 𝑠 1 = 0 ,
 𝑠 1 , 𝑋
 = 0 , (A.1)
 hile the natural boundary conditions at 𝑋 = 𝑋
 𝑝 are
 𝑠 1 , 𝑋 𝑋
 = 0 ,
 (𝑔 ∗ 𝑤
 𝑠 1 , 𝑋 𝑋
 ), 𝑋
 = 𝑞 𝑧 , (A.2)
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 here 𝑤
 𝑠 1 = ��
 𝑠 1 ( 𝑋 ) is the dimensionless deflection of the cantilever
 all segment, i.e., 𝑤
 𝑠 1 = 𝑤
 𝑠 1 ∕ ℎ
 𝑠 , with h s the wall thickness, and thebbreviation s 1 indicating “segment 1 ”. By accounting for the curingrocess 𝑔 ∗ the equilibrium equation becomes relatively complex, suchhat the deflection 𝑤
 𝑠 1 of the wall segment can only be determined inn approximate fashion. This is done by solving the weak form of thequilibrium equation, which, based on Eq. (49) , for the present bendingroblem turns into
 𝑋 𝑝
 𝑋 =− 𝜅
 (𝑅 𝛿𝑤
 𝑠 1 𝑛
 )𝑑 𝑋 = 0 , (A.3)
 ith the residual 𝑅 as
 =
 𝑅 ( 𝑋 ) =
 (𝑔 ∗ 𝑤
 𝑠 1 , 𝑋 𝑋
 ), 𝑋 𝑋
 , (A.4)
 nd 𝛿𝑤
 𝑠 1 𝑛
 representing the test function. The approximate solutiondopted for solving Eq. (A.3) is of the polynomial form
 𝑠 1 ( 𝑋 ) =
 𝑁 ∑𝑛 =1
 𝐶 𝑛 𝑋
 𝑛 −1 with 𝑛 = 1 , 2 , … , 𝑁 , (A.5)
 hereby a polynomial function of the fifth degree ( 𝑁 = 6 ) has proveno describe the bending response with sufficiently high accuracy. Theeneralised coordinates C n in Eq. (A.5) are calculated by substitutingq. (A.5) into the weak form of equilibrium, Eq. (A.3) , and the boundaryonditions, Eqs. (A.1) and (A.2) , after which the translational stiffness 𝑡 at 𝑋 = 𝑋 𝑝 is computed as
 𝑡 ( 𝑋 𝑝 ) =
 𝑞 𝑧
 ��
 𝑠 1 ( 𝑋 𝑝 )
 =
 [30
 (𝑋
 2 𝑝 − 12 𝑋 𝑝 𝜅 + 15 𝜅2 − 14 𝑋 𝑝 + 42 𝜅 + 28
 )( 𝑋 𝑝 − 1)
 ]×[−73 𝑋
 5 𝑝 − 15 𝑋
 4 𝑝
 𝜅 + 390 𝑋
 3 𝑝
 𝜅2 + 530 𝑋
 2 𝑝
 𝜅3 + 195 𝑋 𝑝 𝜅4 − 3 𝜅5
 +350 𝑋
 4 𝑝 + 840 𝑋
 3 𝑝
 𝜅 + 420 𝑋
 2 𝑝
 𝜅2 − 280 𝑋 𝑝 𝜅3 − 210 𝜅4
 − 280 𝑋
 3 𝑝 − 840 𝑋
 2 𝑝
 𝜅 − 840 𝜅2 𝑋 𝑝 − 280 𝜅3 ]−1
 . (A.6)
 he above expression holds at any point 𝑋 = 𝑋 𝑝 within the wall dimen-
 ion − 𝜅 ≤ 𝑋 ≤ 0 , so that in Eq. (A.6) the specific coordinate 𝑋 𝑝 may be
 eplaced by 𝑋 , after which Eq. (67) is obtained.
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