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Abstract: Delamination-induced local instability, damage evolution, and compressive load 12 

degradation are critical issues affecting the structural performance of wind turbine blade spar-cap 13 

laminates. In this study, a three-dimensional nonlinear finite element model incorporating matrix 14 

nonlinearity, intralaminar progressive damage, and interfacial delamination propagation was 15 

developed to investigate the effects of delamination configurations on compressive failure evolution 16 

and load-carrying capacity. The influences of delamination size, through-thickness position, and 17 

multiple-delamination spatial configuration were systematically examined.  The results show that 18 

initial delamination reduces local interlaminar constraint, triggering sub-laminate buckling and 19 

subsequently promoting interfacial damage propagation and load-transfer degradation. Increasing 20 

delamination size continuously decreases the ultimate load-carrying capacity, whereas moving the 21 

delamination toward the laminate mid-plane improves local stability by balancing the bending 22 

stiffness of the separated sub-laminates. For multiple delaminations, increasing the in-plane spacing 23 

between coplanar delaminations partially restores the constraint and load-transfer capability of the 24 

intact material region, while overlapping delaminations exhibit a pronounced non-monotonic 25 

through-thickness spacing effect. These effects can be attributed to the changes in effective 26 

unconstrained length, sub-laminate stiffness distribution, and spatial constraint interactions among 27 

multiple defects, which collectively govern local buckling, interfacial damage evolution, and final 28 

load degradation. The findings provide mechanistic insights into the assessment of delamination-29 

induced damage and residual load-carrying capability of composite wind turbine blade structures. 30 

Keywords: Wind turbine blade; Spar-cap laminate; Delamination; Interfacial damage; Load-31 

carrying capacity 32 

Highlights:  33 

⚫ A coupled 3D model links matrix nonlinearity, intralaminar damage and delamination. 34 

⚫ Delamination size and position govern compression through local stability changes. 35 

⚫ Coplanar spacing controls local constraint recovery and residual load capacity. 36 

⚫ Overlapping delaminations exhibit a non-monotonic through-thickness spacing effect. 37 

⚫ A unified mechanism links delamination configuration, buckling, damage and capacity loss. 38 

1 Introduction 39 

Wind turbine blades are key load-carrying components responsible for energy capture and load 40 

transfer in wind energy systems, and their structural development is increasingly driven by the 41 



 

 

demands for larger dimensions and lower structural weight [1,2]. Owing to their high specific 42 

strength and stiffness, fiber-reinforced composites have become the primary materials used in major 43 

load-bearing regions of blades, including the spar caps, shear webs, and skins [3]. Among these 44 

components, the spar cap primarily carries the axial tensile and compressive stresses induced by 45 

blade bending, making its local stability and damage tolerance critical to structural integrity [4]. 46 

During manufacturing, transportation, and long-term service, laminated composite structures may 47 

develop various internal defects, including delamination, debonding, voids, and wrinkles, among 48 

which delamination is one of the most detrimental interlaminar damage modes affecting 49 

compressive performance [5]. Under compressive loading, delamination weakens the through-50 

thickness constraint between adjacent plies, alters the local stability of the separated sub-laminates, 51 

and may trigger local out-of-plane buckling. The sequence of local and global buckling depends on 52 

the delamination size, through-thickness position, and boundary conditions. As the out-of-plane 53 

deformation develops, additional bending and interlaminar stress concentrations arise near the 54 

delamination front, which may further promote interfacial damage propagation and degradation of 55 

the overall load-carrying capacity [6]. Studies on wind turbine blade spar caps have also shown that 56 

the size and through-thickness position of delamination can significantly affect local buckling, 57 

damage propagation, and the final failure mode [7–9]. 58 

The influence of delamination geometry on the compressive failure of laminated composites 59 

has been extensively investigated. Short et al. [10] demonstrated through compression tests and 60 

finite element analyses that delamination geometry affects compressive failure by altering the 61 

buckling behavior of the delaminated sub-laminate. Calvo et al. [11] combined digital image 62 

correlation with finite element analysis to investigate FRP laminates containing delaminations of 63 

different sizes and through-thickness positions, showing that delamination geometry significantly 64 

modifies local instability and the subsequent failure process. Zhang et al. [12] further examined 65 

embedded circular and rectangular delaminations using experiments and progressive damage 66 

analysis, and revealed the effects of delamination shape, number, and through-thickness distribution 67 

on the compressive response and interfacial damage evolution. Li et al. [13] similarly reported that 68 

delamination area and through-thickness position exert a more pronounced influence on the 69 

compressive performance of FRP laminates than the shape of the delamination front. More recently, 70 

Du et al. [14] showed through compression-after-multiple-impact tests that increasing impact-71 

induced delamination area significantly reduces the residual compressive strength and promotes 72 

local out-of-plane buckling of the delaminated sub-laminate, indicating that local stiffness 73 

degradation and sub-laminate instability are important factors governing compressive load 74 

degradation. Overall, delamination size and through-thickness position not only define the 75 

geometric characteristics of the defect, but also modify the effective unsupported length and sub-76 

laminate thickness configuration, thereby altering the local stability conditions of the delaminated 77 

region. 78 

Building on these studies, research has progressively evolved from evaluating critical buckling 79 

and strength degradation toward characterizing the full process of postbuckling deformation and 80 

delamination propagation. Köllner [15] developed an analytical model for buckling-driven 81 

delamination growth that accounts for structural coupling, contact, and mixed-mode fracture, and 82 

investigated the effects of delamination size and through-thickness position on delamination 83 

propagation from the perspective of energy release rate. Shabanijafroudi and Ganesan [16] proposed 84 

an analytical framework incorporating buckling, postbuckling, and delamination growth, thereby 85 

linking interfacial fracture following local instability to the subsequent postbuckling response. 86 

Venkat et al. [17] further demonstrated that delamination size and position can alter the transition 87 



 

 

among local buckling, delamination growth, and coupled local–global instability. These studies 88 

indicate that, for laminates containing delamination defects, evaluating defect severity solely in 89 

terms of buckling load or ultimate strength is insufficient to fully characterize the underlying 90 

compressive failure process. It is also necessary to clarify how local sub-laminate buckling evolves 91 

into progressive damage, leading to the gradual loss of structural stability and postbuckling load-92 

carrying capacity. 93 

Multiple delaminations may coexist in practical laminated composite structures, making local 94 

stability further dependent on the spatial arrangement of defects. Hwang and Liu [18] showed that 95 

the number, relative size, and through-thickness distribution of multiple delaminations can 96 

significantly alter both the buckling load and buckling mode. Through experimental and finite 97 

element investigations, Wang et al. [19] demonstrated that the compressive strength degradation 98 

caused by multiple delaminations cannot be interpreted as a simple superposition of individual 99 

delamination effects, but is closely related to the thickness configuration of the sub-laminates 100 

formed between adjacent delaminations. Jin et al. [20] and Zhu et al. [21] further investigated the 101 

buckling and postbuckling behavior of laminates containing multiple delaminations with different 102 

lengths and through-thickness positions using theoretical, numerical, and experimental approaches, 103 

confirming that the spatial distribution of multiple delaminations has a pronounced influence on 104 

structural stability. These studies have provided an important basis for understanding the 105 

compressive behavior of laminates with multiple delaminations. However, existing investigations 106 

have mainly focused on through-thickness multiple delaminations, defect number, and combinations 107 

of delamination length and depth. By contrast, systematic comparisons remain limited for the in-108 

plane spacing effect of discrete coplanar delaminations and the through-thickness configuration 109 

effect of overlapping delaminations with coincident in-plane projections. In particular, how their 110 

load-carrying responses are governed by the local constraint between neighboring defects and the 111 

stiffness configuration of the intermediate sub-laminate remains to be clarified. 112 

Meanwhile, a reliable representation of the aforementioned failure process requires a numerical 113 

framework capable of simultaneously capturing geometric instability, intralaminar material 114 

nonlinearity, and interlaminar delamination growth. Cohesive zone models have been widely 115 

employed to describe the progressive evolution of initially intact interfaces from elastic load transfer 116 

to damage initiation and subsequent delamination propagation. De Carvalho and Ratcliffe [22] 117 

further developed a cohesive-element formulation that accounts for the directionality of 118 

delamination growth. Within individual plies, polymer-matrix composites may exhibit pronounced 119 

nonlinear deformation under matrix-dominated transverse and shear stress states prior to the onset 120 

of macroscopic damage. The transversely isotropic three-dimensional plasticity model developed 121 

by Vogler et al. [23], together with the three-dimensional elastic-plastic damage models proposed 122 

by Ding et al. [24] and Goncalves et al. [25], demonstrated that pre-damage matrix nonlinearity can 123 

influence local stress redistribution and subsequent damage initiation. Therefore, for delamination-124 

induced compressive instability, considering only interfacial delamination growth or treating the 125 

plies as purely linear elastic prior to damage initiation may be insufficient to capture the coupled 126 

mechanical feedback among matrix nonlinearity, intralaminar stiffness degradation, and interfacial 127 

damage triggered by local buckling. 128 

In summary, previous studies have demonstrated the important effects of delamination size, 129 

through-thickness position, and multiple-delamination configurations on the compressive behavior 130 

of laminated composites. However, several issues remain insufficiently addressed for representative 131 

wind turbine blade spar-cap laminates. First, the effects of delamination size and through-thickness 132 

position on local stability and load-carrying performance have often been investigated separately, 133 



 

 

while systematic comparisons of different single-delamination geometric parameters within a 134 

unified mechanical framework remain limited. Second, the influences of the in-plane and through-135 

thickness spatial configurations of multiple delaminations have not yet been fully clarified, and the 136 

resulting differences in load-carrying response still require further interpretation in terms of local 137 

constraint conditions and sub-laminate stiffness configuration. 138 

To address these issues, an equivalent laminate representative of a typical wind turbine blade 139 

spar-cap region was considered in this study. A nonlinear finite element framework incorporating 140 

matrix elastic-plasticity, three-dimensional intralaminar progressive damage, and cohesive 141 

interlaminar delamination growth was developed and validated against published compression tests 142 

in terms of compressive buckling response and the effect of delamination size. Under consistent 143 

material, boundary, and loading conditions, the effects of single-delamination size and through-144 

thickness position, as well as the in-plane spacing of coplanar double delaminations and the through-145 

thickness spacing of overlapping double delaminations, were systematically investigated with 146 

respect to compressive load-carrying response, local out-of-plane deformation, and damage 147 

evolution. Based on these results, the load-carrying degradation mechanisms associated with 148 

different delamination configurations were interpreted in terms of the effective unsupported length, 149 

sub-laminate stiffness distribution, and spatial constraint relationships among multiple defects, 150 

thereby establishing a physical link between delamination configuration and ultimate load-carrying 151 

performance. 152 

2 Numerical methodology and model validation 153 

2.1 Coupled intralaminar-interlaminar damage framework 154 

Fiber-reinforced composite laminates exhibit pronounced nonlinear behavior under 155 

compressive loading. Prior to damage initiation, the fiber-dominated longitudinal response 156 

generally retains a high stiffness and remains approximately linear elastic, whereas matrix-157 

dominated transverse normal and shear responses may undergo noticeable elastic-plastic 158 

deformation and irreversible response before the formation of macroscopic cracks. Treating all 159 

material directions as purely linear elastic before damage initiation may therefore not only 160 

overestimate the local stiffness in matrix-dominated directions, but also alter the stress redistribution 161 

near the delamination front, thereby affecting the predicted onset of local sub-laminate buckling, 162 

intralaminar damage, and subsequent delamination growth. To address this issue, an intralaminar 163 

nonlinear progressive damage model was formulated by distinguishing the fiber- and matrix-164 

dominated deformation mechanisms and was further coupled with an interlaminar cohesive zone 165 

model. The resulting framework provides a unified description of the compressive failure process 166 

of delaminated laminates, encompassing matrix nonlinear deformation, intralaminar damage 167 

accumulation, and interlaminar delamination propagation. 168 

For the solid elements representing individual plies, the total strain is decomposed into elastic 169 

and plastic components as 170 

 
e p  = +  (1) 171 

where 𝘀௘  and 𝘀௣  denote the elastic and plastic strain tensors, respectively. Because the 172 

longitudinal response is predominantly carried by the high-stiffness fibers, plastic flow is restricted 173 

to the matrix-dominated transverse and shear directions to avoid non-physical plastic deformation 174 

along the fiber direction. Accordingly, the effective stress prior to damage degradation is expressed 175 

as 176 

  ( )0 : pC  = −  (2) 177 



 

 

where 0ܥ is the undamaged orthotropic elastic stiffness tensor and ̃ߪ denotes the effective stress 178 

prior to stiffness degradation. 179 

To describe the mechanical response in the matrix-dominated directions while ensuring 180 

rotational invariance of the plastic response about the fiber axis, the transversely isotropic plasticity 181 

model proposed by Vogler et al. [23] was adopted. Taking material direction 1 as the fiber direction, 182 

three stress invariants associated with matrix-dominated stress states are introduced as follows: 183 
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where 1ܫ represents the combined effect of the transverse normal stress difference and transverse 187 

shear stress on matrix yielding, 2ܫ  characterizes the contribution of longitudinal shear, and 188 3ܫ 

represents the mean transverse normal stress state. 189 

Based on the above stress invariants, the matrix yield function is expressed as: 190 
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Where 1ߙ = 1/(ܵ ௬்)2 , 2ߙ = 1/(ܵ௅௬)2, ܵ ௬்  and ܵ௅௬  denote the transverse and longitudinal shear 192 

yield strengths, respectively, while the remaining coefficients are determined from the transverse 193 

uniaxial tensile, compressive, and biaxial transverse yield states. When ܨ௣ < 0, the material state 194 

remains within the current yield surface. Once the trial state reaches ܨ௣ = 0, the matrix enters the 195 

plastic regime, and the trial stress is corrected through a return-mapping algorithm. 196 

After matrix yielding, the yield surface evolves with the accumulation of plastic deformation. 197 

Taking the accumulated equivalent plastic strain 𝘀̅௣ as the internal hardening variable, the yield 198 

strength for each characteristic loading mode is described by the following nonlinear hardening law: 199 

 ( )0 , ,,y y p

i i h i h iY Y K n= +   (7) 200 

where ௜ܻ0௬ denotes the initial yield strength for the ݅ matrix-dominated loading mode, ܭℎ,௜ is the 201 

hardening amplitude parameter, ݊ℎ,௜  controls the nonlinear evolution of the yield strength with 202 

accumulated plastic strain, and Φ(∙) denotes the corresponding hardening evolution function. 203 

The plastic strain increment is determined from the plastic potential function ܩ௣ as: 204 
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where ݀ߣ is the plastic multiplier. At each loading increment, an elastic predictor is first performed. 206 

If the trial stress lies outside the current yield surface, a plastic return-mapping procedure is 207 

employed to update the relevant plastic variables and hardening variables, yielding the plastically 208 

corrected effective stress. 209 

After the matrix plastic correction, the current effective stress is used as the input for 210 

intralaminar damage evaluation. A three-dimensional Hashin criterion is employed to identify four 211 

failure modes, namely fiber tension, fiber compression, matrix tension, and matrix compression. 212 

Once any failure function reaches its critical value, the corresponding damage mode is activated. 213 

For matrix-dominated failure, damage initiation is evaluated using the effective stress obtained after 214 

the matrix plastic correction, thereby ensuring continuity between the pre-damage matrix nonlinear 215 

response and the subsequent damage initiation criterion. 216 



 

 

The Hashin criterion is used only to identify damage initiation, while the subsequent stiffness 217 

degradation is described using a fracture-energy-based linear softening law. To reduce the mesh 218 

dependence associated with localized strain softening, the damage-driving equivalent strain 𝘀௘௤ is 219 

converted into an equivalent displacement through the element characteristic length ܮ௖: 220 

 
er c qL =  (9) 221 

The energy dissipation from damage initiation to complete failure is further constrained by the 222 

critical fracture energy ܩ௥௖ associated with the corresponding failure mode: 223 
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where ߜ௥0 and ߜ௥௙ denote the equivalent displacements at damage initiation and complete failure, 225 

respectively, for the ݅ damage mode. As the equivalent displacement increases, the corresponding 226 

damage variable evolves continuously from 0 to 1, progressively reducing the effective stiffness 227 

associated with the affected material directions. This energy regularization ensures that the energy 228 

dissipated during intralaminar softening is consistent with the prescribed material fracture energy, 229 

thereby improving the robustness of progressive damage predictions with respect to variations in 230 

the local mesh size. 231 

The interfacial behavior between adjacent plies is described using a bilinear cohesive zone 232 

model to represent the progressive delamination process of an initially intact interface, from elastic 233 

load transfer through damage initiation to complete failure. Prior to damage initiation, the interfacial 234 

tractions are related to the separation displacements through a linear traction–separation law: 235 

 t K=  (11) 236 

Where ݐ denotes the interfacial traction vector, ܭ is the initial interfacial stiffness matrix, and 237 ߜ 

represents the normal and tangential separation displacements. 238 

Interlaminar damage initiates when the normal and two tangential traction components satisfy 239 

the quadratic nominal stress criterion: 240 
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 (12) 241 

where 〈∙〉 denotes the Macaulay bracket, which is introduced to exclude the direct contribution of 242 

compressive normal traction to the initiation of opening-mode interfacial damage. After damage 243 

initiation, the cohesive stiffness progressively degrades with increasing effective separation, and the 244 

corresponding critical fracture energy is determined using the Benzeggagh–Kenane (B–K) mixed-245 

mode fracture criterion. 246 

Intralaminar progressive damage and interlaminar delamination are described using distinct 247 

constitutive formulations, while their mechanical coupling is achieved within the unified finite 248 

element solution through local deformation, stiffness degradation, and stress redistribution. The 249 

intralaminar material response is evaluated by the VUMAT at the integration points of the solid ply 250 

elements, sequentially performing the elastic predictor, matrix plasticity check and return mapping, 251 

Hashin damage evaluation, and fracture-energy-based damage variable update. The interlaminar 252 

interfaces are independently handled by cohesive elements according to the current traction–253 

separation state to determine damage initiation and subsequent delamination growth. At the end of 254 

each time increment, both damage states contribute simultaneously to the update of the structural 255 

internal forces and the equilibrium solution of the subsequent increment. 256 



 

 

 257 

Fig. 1 Numerical implementation framework for coupled intralaminar-interlaminar damage and 258 

progressive failure 259 

Figure 1 illustrates the numerical implementation of the coupled intralaminar–interlaminar 260 

damage framework. Within each explicit time increment, the global solver transfers the current 261 

strain increment, interface separation increment, and history variables to the material response 262 

update routines. For the solid ply elements, the update sequence consists of elastic prediction, matrix 263 

yielding assessment, return mapping, Hashin damage initiation, and fracture-energy-based stiffness 264 

degradation. For the cohesive interface elements, the traction–separation response is evaluated first, 265 

followed by interfacial damage initiation and mixed-mode delamination evolution governed by the 266 

B–K criterion. The initial delamination first reduces local stability and triggers out-of-plane 267 

deformation and sub-laminate buckling. The resulting stress redistribution then promotes both 268 

intralaminar and interlaminar damage, while the associated stiffness degradation further amplifies 269 

the local deformation. This interaction ultimately leads to a progressive compressive failure process 270 

characterized by the mutual enhancement of geometric instability and material damage. 271 

2.2 Finite element model and delamination configurations 272 

The spar cap is the primary longitudinal load-carrying component of a wind turbine blade and 273 

is predominantly reinforced with unidirectional fibers aligned along the blade span to sustain the 274 

axial tensile and compressive loads induced by bending. Under flapwise-bending in particular, the 275 

suction-side and pressure-side spar caps are subjected to significant axial compression and tension, 276 

respectively, making the local compressive stability and interlaminar integrity of the spar cap critical 277 

to the structural load-carrying performance of the blade. Previous studies on wind turbine spar 278 

structures have also shown that spar caps generally contain a high proportion of 0° unidirectional 279 

reinforcement to provide longitudinal stiffness and strength, while delamination can markedly alter 280 

local buckling and subsequent failure behavior [7]. In actual wind turbine blades, the spar exhibits 281 

spanwise variations in thickness, curvature, and cross-sectional geometry and forms a complex thin-282 

walled load-carrying system together with the blade skins and shear webs. Direct use of a full-blade 283 



 

 

model would introduce the simultaneous effects of cross-sectional variation, global bend–twist 284 

coupling, and complex load transfer, making it difficult to isolate the local effects of delamination 285 

size, through-thickness position, and multiple-delamination spatial configuration on local stability 286 

and damage evolution [26]. Therefore, a representative local laminate segment was extracted from 287 

the compressed spar-cap region and idealized as a constant-thickness rectangular laminate. While 288 

retaining the primary spanwise load-carrying direction, through-thickness ply arrangement, and 289 

interlaminar interface characteristics, uniaxial compression was employed to represent the local 290 

compressive state of the spar cap induced by blade bending. 291 

2.2.1 Representative spar-cap laminate model and loading conditions 292 

The [0o/90o/0o]6 layup adopted in this study is not intended to directly reproduce the stacking 293 

sequence of any specific commercial wind turbine blade spar cap. Instead, it represents a 0°-294 

dominated laminate, with 0° plies accounting for 66.7% of the total ply count, so as to retain the 295 

fundamental longitudinal stiffness-dominated characteristics of the spar cap along the blade span. 296 

The laminate consists of 18 plies, each with a thickness of 0.138 mm, giving a total thickness of 297 

2.484 mm. The overall model length and width are 180 mm and 20 mm, respectively, with 5 mm 298 

clamping regions applied at both ends, resulting in an effective loaded length ܮ of 170 mm. A local 299 

material coordinate system was defined, with the ܺ-direction aligned with the laminate longitudinal 300 

axis and primary loading direction, the ܻ-direction along the laminate width, and the ܼ-direction 301 

through the thickness. 302 

To apply uniform axial compression, reference points were defined at both ends of the model, 303 

and the end-face nodes within the clamping regions were connected to the corresponding reference 304 

points through kinematic coupling constraints. At the fixed end, all translational and rotational 305 

degrees of freedom were constrained. At the loading end, the transverse and through-thickness 306 

translations, together with all rotational degrees of freedom, were restrained, while only the axial 307 

translational degree of freedom was retained. A displacement-controlled compressive load was then 308 

applied along the ܺ-direction. The two longitudinal side edges were left unconstrained to avoid 309 

additional transverse restraints that could affect local out-of-plane buckling and post-buckling 310 

deformation in the delaminated region. The representative spar-cap laminate, stacking sequence, 311 

finite element model, and corresponding boundary and loading conditions are illustrated in Fig. 2. 312 

 313 

Fig. 2 Representative wind turbine blade spar-cap laminate and finite-element idealization 314 



 

 

2.2.2 Finite element discretization and interface treatment 315 

To simultaneously capture material anisotropy within individual plies, local out-of-plane 316 

buckling, and interlaminar delamination growth, each ply was discretized layer by layer using eight-317 

node linear reduced-integration solid elements (C3D8R). The solid-element formulation allows 318 

distinct material orientations to be assigned to individual plies while retaining through-thickness 319 

stress components and local bending responses, thereby providing sufficient spatial resolution for 320 

the analysis of intralaminar damage, local sub-laminate buckling, and stress redistribution near the 321 

delamination front. The initially intact regions between adjacent plies were connected using eight-322 

node three-dimensional cohesive elements (COH3D8), forming an alternating solid–cohesive 323 

interface–solid discretization scheme. For each delamination configuration, an eigenvalue buckling 324 

analysis was first performed, and the first buckling mode dominated by local out-of-plane 325 

deformation of the delaminated sub-laminate was selected as the initial geometric imperfection 326 

shape. Each mode was normalized with respect to its maximum out-of-plane displacement and 327 

uniformly scaled to ߱0 00.002 mm, ensuring a consistent imperfection amplitude among all 328 

delamination configurations. Quasi-static compression analyses were then conducted on the 329 

geometrically imperfect models to capture the complete evolution of local buckling, post-buckling 330 

deformation, and damage propagation. 331 

The intralaminar constitutive response of the solid ply elements was implemented through the 332 

VUMAT described in Section 2.1, accounting for matrix-dominated elastic-plasticity, three-333 

dimensional Hashin damage initiation, and fracture-energy-controlled intralaminar stiffness 334 

degradation. The initially intact interlaminar interfaces were modeled using a bilinear cohesive zone 335 

formulation to describe elastic load transfer, damage initiation, and delamination propagation under 336 

mixed-mode fracture. 337 

For the initially delaminated regions, the corresponding interlaminar cohesive elements were 338 

removed in advance, and surface-to-surface contact was defined between the opposing delamination 339 

faces. Hard contact was adopted in the normal direction, allowing the delaminated surfaces to open 340 

freely during local buckling while preventing non-physical interpenetration when the surfaces 341 

closed under compression. In the tangential direction, the prescribed sliding formulation of the 342 

contact model was used. This treatment physically distinguishes the initial delamination from newly 343 

generated delamination caused by subsequent cohesive damage: the former is introduced as a 344 

predefined geometric defect, whereas the latter evolves according to the interfacial damage criterion 345 

and fracture-energy-based damage evolution law. 346 

2.2.3 Delamination configuration design 347 

To systematically investigate the effects of initial delamination geometry and spatial 348 

arrangement on the compressive response of laminated composites, four types of delamination 349 

configurations were considered while maintaining identical stacking sequence, material properties, 350 

boundary conditions, and loading conditions. These included single-delamination size, single-351 

delamination through-thickness position, in-plane spacing between coplanar double delaminations, 352 

and through-thickness spacing between overlapping double delaminations, as illustrated in Fig. 3. 353 

The definitions of the corresponding parameters and the investigated cases are summarized in Table 354 

1. 355 



 

 

 356 
Fig. 3 Definition of the investigated delamination configurations 357 

Table. 1 Definition of investigated delamination configurations 358 

Configuration Control parameter Investigated values Fixed conditions 

Intact laminate — ߣ௔=0 — 

Single delamination: size ߣ௔ =  3rd/4th-ply interface 0.6-0.1 ܮ/ܽ

Single delamination: position ߟௗ = 2݀/ℎ Corresponding interfaces ߣ௔=0.3 

Coplanar double delaminations ߦ௦ =  3rd/4th-ply interface 2.0 ,1.5 ,1.0 ,0.5 ,0 ܽ/ݏ

Overlapping double delaminations Δ݊ 3, 5, 7, 9, 11, 13 First delamination at 

3rd/4th-ply 

For the single-delamination size configurations, the ratio ߣ௔ =  of the delamination 359  ܮ/ܽ

length ܽ to the effective loaded length ܮ of the laminate was adopted as the dimensionless size 360 

parameter. The delamination was located at the interface between plies 3rd and 4th and centered in-361 

plane, with ܽ/0.5 ,0.4 ,0.3 ,0.2 ,0.1 ,00ܮ, and 0.6. Here, ߣ௔00 represents the intact laminate without 362 

an initial delamination. For the through-thickness position configurations, ߣ௔ was fixed at 0.3 and 363 

the in-plane delamination location was kept unchanged, while only the interlaminar position was 364 

varied. The through-thickness delamination position was characterized by ߟௗ, where ݀ denotes 365 

the distance from the delamination interface to the nearest outer surface and ℎ is the total laminate 366 

thickness. 367 

For the coplanar double-delamination configurations, both delaminations were located at the 368 

interface between plies 3rd and 4th, while the size of each individual delamination was kept constant. 369 

The relative in-plane spacing was characterized by the ratio ߦ௦ =  denotes the clear 370 ݏ where ,ܽ/ݏ

distance between the adjacent delamination boundaries and ܽ is the length of a single delamination. 371 

Values of ߦ௦ 00, 0.5, 1.0, 1.5, and 2.0 were considered, with ߦ௦ 00 indicating that the adjacent 372 

boundaries of the two delaminations were in contact. For the overlapping double-delamination 373 

configurations, the two delaminations had identical in-plane dimensions and coincident projected 374 

locations. The first delamination was fixed at the interface between plies 3rd and 4th, while only the 375 

interface location of the second delamination was varied. The through-thickness spacing was 376 

characterized by the number of plies Δ݊ between the two delaminations, with Δ݊03, 5, 7, 9, 11, 377 

and 13. 378 

2.3 Parameter calibration, mesh convergence and model validation 379 

To ensure a consistent numerical basis for the subsequent comparison of different delamination 380 

configurations, the finite element model was calibrated and validated from three aspects: 381 



 

 

determination of material and interfacial parameters, spatial mesh discretization, and comparison 382 

with experimental data. The model parameters were determined by combining available 383 

experimental data with literature-based constraints, thereby avoiding indiscriminate adjustment of 384 

parameters associated with different physical mechanisms. Mesh discretization was assessed with 385 

respect to the convergence of the global compressive buckling response. Finally, published 386 

compression-test data were used to validate the model predictions of buckling initiation and the 387 

associated delamination-size effect in laminates containing initial delamination defects. This 388 

procedure provides a unified numerical basis for the subsequent parametric comparisons of post-389 

buckling response, damage evolution, and load-carrying performance among different delamination 390 

configurations. 391 

2.3.1 Parameter determination and calibration 392 

The present model involves orthotropic elastic properties, intralaminar strength parameters, 393 

matrix elastic-plastic parameters, intralaminar damage-evolution parameters, and interlaminar 394 

interface parameters. Because these parameters govern different stages of the mechanical response 395 

and failure process, they were determined and calibrated separately rather than fitted simultaneously. 396 

The material data reported in Ref. [21] were used to determine the principal elastic constants, while 397 

the remaining three-dimensional elastic constants were obtained based on the assumption of 398 

transverse isotropy. The mechanical properties adopted for the composite laminate are summarized 399 

in Table 2. 400 

Table. 2 Mechanical properties of the composite laminate 401 23ܩ 13ܩ 12ܩ 33ܧ 22ܧ 11ܧ 

134GPa 10.2GPa 10.2GPa 5.52GPa 5.52GPa 5.52GPa 23ߥ 13ߥ 12ߥ ்ܺ ܺ஼  ߩ 

0.3 0.3 0.3 850MPa 500MPa 1200kg/m3 

For the matrix-dominated transverse and shear nonlinear responses, the initial yield and 402 

hardening parameters were determined with reference to the three-dimensional transverse elastic-403 

plastic damage model and the corresponding loading data reported by Goncalves et al. [25]. These 404 

parameters were further constrained using the pre-damage nonlinear stage of the laminate 405 

compressive response, so that the onset of plasticity and subsequent hardening remained consistent 406 

with the nonlinear deformation observed prior to damage initiation. The resulting matrix-dominated 407 

plasticity parameters are summarized in Table 3. 408 

Table. 3 Parameters of the matrix-dominated plasticity model 409 

Loading mode 
Initial yield parameter, ௜ܻ0 

(MPa) 

Hardening parameter, ܭℎ,௜ (MPa) 

Hardening exponent, ݊ℎ,௜ 
Transverse uniaxial 

tension 
60.85 34.90 0.2 

Transverse uniaxial 

compression 
197.60 348.70 0.2 

Longitudinal shear 24.93 223.80 0.2 

Transverse shear 40.20 221.20 0.2 

The interlaminar interface parameters include the normal and tangential stiffnesses ܭ௡௡, ܭ௦௦, 410 

and ܭ௧௧, the interfacial strengths ݐ௡0, ݐ௦0, and ݐ௧0, the critical fracture energies for Modes I, II, and 411 



 

 

III, ܩIC, ܩIIC, and ܩIIIC, respectively, and the B–K exponent ߟ. The initial values were determined 412 

based on relevant interlaminar fracture data and Ref. [8]. Among these parameters, the interface 413 

stiffness primarily governs the pre-damage interfacial deformation, the interfacial strengths control 414 

damage initiation, and the critical fracture energies determine the energy dissipation and softening 415 

evolution during delamination growth. Considering the relatively high sensitivity of the interface 416 

stiffness to local sub-laminate buckling and delamination initiation, it was calibrated within the 417 

physically reasonable range reported in the literature, while the remaining interface parameters were 418 

retained at their corresponding experimental values, as summarized in Table 4. 419 

Table. 4 Interlaminar interface parameters of the composite laminate 420 ܭ௡௡ ܭ௦௦ ܭ௧௧ ݐ௡0 ݐ௦0 

3.0×1014N/mm3 1.15×1014N/mm3 1.15×1014N/mm3 7.5MPa 15MPa ݐ௧0 ܩIC ܩIIC ܩIIIC ߟ 

15MPa 200J/m2 1000J/m2 1000J/m2 3.8 

2.3.2 Mesh design and convergence assessment 421 

For delamination growth modeled using cohesive elements, determining the mesh size solely 422 

from the global structural response is insufficient to ensure adequate spatial resolution of damage 423 

evolution near the crack front. A finite cohesive zone exists ahead of the delamination front, within 424 

which the interface progressively transitions from an intact state to complete failure, accompanied 425 

by pronounced spatial gradients in both traction and damage variables. Therefore, the local mesh 426 

size was first constrained based on the characteristic length of the cohesive zone. The cohesive-zone 427 

length can be generally expressed as: 428 
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where ܩc is the critical fracture energy associated with the corresponding fracture mode, ܧeff is 430 

the effective elastic modulus related to the crack-growth direction and material anisotropy, ߬0 is 431 

the interfacial strength, and ܯ is a dimensionless coefficient associated with the cohesive-zone 432 

theory and the adopted interfacial constitutive formulation. For the orthotropic laminate considered 433 

in the present study, the expression can be further written, following the formulation adopted in the 434 

original model, as: 435 
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To ensure that a sufficient number of elements are distributed within the cohesive zone to 437 

resolve the traction degradation and damage evolution, the local characteristic element size should 438 

satisfy the following condition when at least ௖ܰ௭ elements are required across the cohesive zone: 439 
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On this basis, a further mesh-convergence assessment was conducted for the global structural 441 

response. Taking the intact laminate without initial delamination as the reference case, the in-plane 442 

mesh size was varied while the stacking sequence, through-thickness discretization, material 443 

parameters, and boundary conditions were kept unchanged. Four mesh sizes, 1.2×1.2, 0.8×0.8, 444 



 

 

0.5×0.5, and 0.3×0.3 mm2, were considered. The buckling onset load ௕ܰ௞ , identified from the 445 

nonlinear compressive response, was adopted as the convergence indicator for the global structural 446 

response. The relative difference between two successive mesh levels was defined as: 447 
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The buckling onset loads corresponding to the four mesh sizes were 3207.8, 3205.8, 3204.4, 449 

and 3203.7 N, respectively, as summarized in Table 5. As the mesh was refined from 1.2 mm to 0.3 450 

mm, the total variation in the buckling onset load was only approximately 0.13%. In particular, 451 

further refinement from 0.5 mm to 0.3 mm resulted in a load difference of only 0.7 N, corresponding 452 

to a relative difference of 0.022%. These results indicate that the global compressive response had 453 

essentially reached mesh convergence. 454 

Table. 5 Mesh convergence results for the buckling onset load 455 

Element size (mm) 1.2×1.2 0.8×0.8 0.5×0.5 0.3×0.3 

Buckling onset load, ௕ܰ௞ (N) 
3207.8 3205.8 3204.4 3203.7 

Relative difference 

between successive mesh 

level, ߟ (%) 

— 0.062 0.044 0.022 

Considering both the convergence of the global structural response and the local spatial-456 

resolution requirement of the cohesive zone, a nonuniform mesh was adopted for the subsequent 457 

delaminated models. An in-plane element size of approximately 0.5 mm was used away from the 458 

delaminated region, while the mesh was gradually refined to 0.3 mm near the delamination front 459 

and within the potential propagation region. This mesh scheme simultaneously satisfies the 460 

convergence requirement of the global buckling response and the local discretization requirement 461 

for resolving damage evolution near the delamination front, and was therefore applied consistently 462 

to all delamination configurations. 463 

In addition, all subsequent nonlinear compression analyses employed the local sub-laminate 464 

buckling mode described in Section 2.2.2 as the initial geometric imperfection, with a consistent 465 

imperfection amplitude of ߱0 00.002 mm to avoid introducing additional differences among 466 

delamination configurations due to variations in the initial imperfection magnitude. Meanwhile, the 467 

axial displacement was applied using a Smooth Step amplitude in Abaqus/Explicit, and the total 468 

kinetic energy (ALLKE) and total internal energy (ALLIE) were continuously monitored 469 

throughout the analysis. Except for short-term energy fluctuations associated with local buckling or 470 

rapid delamination propagation, the ratio ALLKE/ALLIE remained below 5% during the 471 

simulations, indicating that significant inertial effects were effectively suppressed and that the 472 

explicit analyses satisfied the requirements for quasi-static loading. 473 

2.3.3 Experimental validation of compressive buckling response 474 

To evaluate the predictive capability of the developed numerical model for the compressive 475 

instability response of laminates containing initial delamination defects, the published compression-476 

test results reported by Zhu et al. [21] were used for validation. Based on the specimen geometry, 477 

stacking sequence, delamination length, and through-thickness position reported in the original 478 

experiments, three finite element models, SD01, SD02, and SD03, were established with material 479 

properties, boundary conditions, and loading conditions consistent with the tests. The experiments 480 

showed that the delaminated specimens first underwent global buckling, while secondary buckling 481 



 

 

in the locally delaminated region mainly developed during the post-buckling stage. Accordingly, a 482 

physical criterion consistent with the experiments was adopted in the present study: the buckling 483 

onset state was identified from the nonlinear compressive response as the point at which the global 484 

out-of-plane deformation began to develop noticeably, and the corresponding axial load was taken 485 

as the numerical buckling load for comparison with the experimental results. 486 

The experimental and numerical results are summarized in Table 6. For specimens SD01, SD02, 487 

and SD03, with delamination lengths of 40, 80, and 120 mm, respectively, the experimentally 488 

measured mean buckling loads were 3100, 3000, and 2367 N, while the corresponding numerical 489 

predictions were 3388.9, 2924.3, and 2289.2 N. The relative errors were 9.32%, 2.52%, and 3.29%, 490 

respectively, giving a mean relative error of 5.04%. Both the experimental and numerical results 491 

exhibit the same trend of decreasing buckling load with increasing delamination length. The original 492 

experimental data reported by Zhu et al. likewise show a continuous reduction in buckling load as 493 

the delamination length increases from 40 to 120 mm. 494 

Table. 6 Comparison between experimental and numerical buckling loads of delaminated laminates 495 

Specimen ܮ (mm) ݓ (mm) h (mm) 
Delamination 

length, ܽ(mm) 

Numerical 

buckling 

load, (N) 

Experimental 

buckling load, 

(N) 

Relative 

error (%) 

SD01 170 20 2.54 40 3388.9 3100 9.32% 

SD02 170 20 2.60 80 2924.3 3000 2.52% 

SD03 170 20 2.51 120 2289.2 2367 3.29% 

These results demonstrate that the developed model can satisfactorily reproduce the onset of 496 

compressive buckling in laminates containing initial delamination defects, as well as its dependence 497 

on delamination size, thereby providing a consistent numerical basis for the subsequent comparative 498 

analyses of local stability, post-buckling deformation, and damage evolution under different 499 

delamination configurations. It should be noted that the present validation is focused primarily on 500 

the onset of compressive buckling, whereas the subsequent peak load-carrying state is jointly 501 

governed by post-buckling geometric nonlinearity, intralaminar damage, and interfacial degradation. 502 

Therefore, the ultimate load ௨ܲ  and its normalized values used in the following sections are 503 

intended mainly for relative comparison of the degree of load-carrying degradation among different 504 

delamination configurations within the same numerical framework, rather than being interpreted 505 

directly as experimentally validated predictions of absolute ultimate strength. 506 

3 Results and discussion  507 

3.1 Delamination-induced compressive failure evolution 508 

3.1.1 Global response and local deformation evolution 509 

To clarify the influence of initial delamination on the global compressive response and the 510 

evolution of local instability, a representative case with a normalized delamination length of 511 ܽ/00.2ܮ and the delamination located at the interface between plies 3rd and 4th was selected for 512 

analysis. The delamination locally separates the laminate through the thickness into a thinner and a 513 

thicker sub-laminate and removes the original interlaminar continuity constraint within the 514 

delaminated region. To characterize both the global load-carrying response and the local 515 

deformation, monitoring points U and L were defined on the upper and lower sub-laminate surfaces, 516 

respectively, at the projected center of the delaminated region, as shown in Fig. 4, and their out-of-517 

plane displacements, ܷ3௎ and ܷ3௅, were extracted. Figure 5 presents the axial load–displacement 518 

response together with the out-of-plane displacement histories of the two monitoring points, while 519 

Fig. 6 further shows the out-of-plane displacement fields corresponding to the characteristic states 520 



 

 

A–D. 521 

 522 

Fig. 4 Representative delaminated laminate and locations of monitoring points U and L 523 

 524 

Fig. 5 Global and local responses of the representative delaminated laminate: (a) axial load-displacement 525 

response with characteristic states A-D; (b) Axial load versus out-of-plane displacements of monitoring 526 

points U and L 527 

As shown in Fig. 5(a), the compressive response of the laminate containing an initial 528 

delamination can be divided into four characteristic stages: the stable compression stage O–A, the 529 

local sub-laminate buckling stage A–B, the post-buckling deformation stage B–C, and the global 530 

instability stage C–D. This stage division is primarily based on the evolution of the axial load–531 

displacement response, together with the local out-of-plane displacement behavior shown in Fig. 532 

5(b). 533 

 534 

Fig. 6 Evolution of the out-of-plane displacement fields at characteristic loading states 535 

During stage O–A, the axial load increases approximately linearly with displacement, while 536 

the out-of-plane displacements at both monitoring points remain small. As shown in Fig. 6(a), the 537 

laminate remains essentially flat, indicating that although the initial delamination disrupts the local 538 

through-thickness continuity, the surrounding intact laminate still provides sufficient constraint to 539 

suppress out-of-plane deformation within the delaminated region. Accordingly, this stage is 540 

dominated by global axial compression, and the influence of the initial delamination on the overall 541 

compressive stiffness remains relatively limited. 542 

As the loading approaches point A, the response gradually enters stage A–B. As shown in Fig. 543 



 

 

6(b), pronounced local out-of-plane deformation begins to develop within the delaminated region, 544 

with the thinner sub-laminate exhibiting a substantially larger deformation amplitude than the 545 

thicker sub-laminate. Meanwhile, the out-of-plane displacements at monitoring points U and L in 546 

Fig. 5(b) progressively diverge, indicating a transition from nearly compatible deformation of the 547 

two sub-laminates to distinctly asymmetric local bending. This behavior arises because the removal 548 

of the interlaminar constraint by the delamination produces different thicknesses and bending 549 

stiffnesses in the upper and lower sub-laminates, making the thinner sub-laminate more susceptible 550 

to local instability. Correspondingly, the axial load–displacement response begins to deviate from 551 

its initial linear path, accompanied by a gradual reduction in the global tangent stiffness. 552 

After entering stage B–C, the structure has passed the local stability state near the peak load, 553 

while the out-of-plane deformation in the delaminated region continues to develop. As shown in Fig. 554 

6(c), the extent of local bending further increases and the deformation incompatibility between the 555 

upper and lower sub-laminates becomes more pronounced. Meanwhile, the axial load-carrying level 556 

in Fig. 5(a) begins to decrease. These results indicate that the onset of local buckling does not 557 

immediately lead to global instability; instead, the laminate undergoes a distinct post-buckling 558 

deformation process. As the local bending deformation intensifies, the stress state near the 559 

delamination front becomes increasingly complex, thereby providing the mechanical conditions for 560 

subsequent interfacial degradation and delamination growth. 561 

When the loading enters stage C–D, the amplitude of the out-of-plane deformation in Fig. 6(d) 562 

increases rapidly, while the locally deformed region expands into the surrounding laminate and 563 

gradually loses its localized character. At the same time, the axial load decreases sharply. At this 564 

stage, the structural response transitions from a post-buckling state dominated by local sub-laminate 565 

buckling to a more extensive instability mode, indicating that the remaining local stability is no 566 

longer sufficient to sustain the overall load-carrying capacity. 567 

In summary, the compressive deformation of a representative delaminated laminate exhibits a 568 

continuous evolution from globally stable compression to local sub-laminate buckling, post-569 

buckling deformation, and finally global instability. The initial delamination first alters the stability 570 

conditions of the separated sub-laminates by removing the local interlaminar constraint. Once local 571 

buckling develops, the progressively increasing out-of-plane deformation further modifies the local 572 

stress state near the delamination front. However, geometric deformation alone is insufficient to 573 

explain the rapid post-peak reduction in load-carrying capacity. It is therefore necessary to further 574 

examine the evolution of interfacial damage and newly generated delamination during the post-575 

buckling process. 576 

3.1.2 Interfacial damage evolution and delamination propagation 577 

After local sub-laminate buckling develops, the out-of-plane deformation within the 578 

delaminated region continues to increase, accompanied by a reduction in the post-peak load-579 

carrying level. To further clarify how this geometric instability evolves into interfacial degradation 580 

and newly generated delamination growth, the interfacial damage process at the characteristic states 581 

A–D is analyzed based on the spatial evolution of the cohesive-element damage variable SDEG 582 

shown in Fig. 7. The SDEG fields presented in Fig. 7 describe only the newly developed damage in 583 

the initially intact interfaces outside the predefined delaminated region. For the retained cohesive 584 

elements, SDEG00 indicates that no interfacial stiffness degradation has occurred. As damage 585 

evolves, SDEG progressively increases from 0 to 1, corresponding to the transition of the interface 586 

from damage initiation to complete failure. 587 



 

 

 588 
Fig. 7 Evolution of the interfacial damage variable SDEG at characteristic loading states 589 

Near state A, most of the initially intact interface outside the predefined delamination front 590 

remains at a low SDEG level, indicating that no pronounced degradation of the interlaminar 591 

cohesive stiffness has yet occurred. At this stage, the initial delamination primarily alters the local 592 

stability conditions through the geometric discontinuity of the interface, without inducing 593 

significant newly generated interfacial damage. Therefore, the early-stage response is still governed 594 

mainly by changes in local structural stability. 595 

As the response evolves from state A toward state B, local buckling of the thinner sub-laminate 596 

gradually develops, accompanied by the onset of localized SDEG growth near the delamination 597 

front, as shown in Fig. 7(b). The local bending deformation subjects the delamination front to more 598 

pronounced normal opening and tangential sliding, causing the adjacent initially intact cohesive 599 

elements to enter the damage-initiation stage first. At this stage, the damaged region remains largely 600 

confined to the vicinity of the initial delamination front and has not yet developed into widespread 601 

continuous degradation, indicating that stage A–B is still dominated by the formation of local 602 

buckling and the initiation of interfacial damage. 603 

Once the response reaches the vicinity of state B and enters stage B–C, the high-SDEG region 604 

in Fig. 7(c) begins to propagate from the initial delamination front into the surrounding intact 605 

interface. As an increasing number of cohesive elements undergo stiffness degradation, a continuous 606 

region of newly generated interfacial damage progressively develops beyond the initial 607 

delamination, effectively enlarging the delaminated area. The resulting reduction in interfacial 608 

stiffness further weakens load transfer and constraint between the upper and lower sub-laminates. 609 

Therefore, during this stage, the interfacial damage evolves from localized initiation to progressive 610 

propagation and begins to exert a pronounced influence on the post-peak degradation of load-611 

carrying capacity. 612 

After entering stage C–D, the high-SDEG region in Fig. 7(d) expands further, and pronounced 613 

stiffness degradation develops over a larger portion of the initially intact interface, indicating 614 

continued propagation of newly generated delamination into the adjacent regions. As the effective 615 

continuity of interfacial load transfer progressively deteriorates, the original interlaminar constraint 616 

is further weakened, making it increasingly difficult to restrain the out-of-plane deformation of the 617 

sub-laminates within the delaminated region. Therefore, interfacial degradation is not merely a 618 

localized damage phenomenon near the delamination front, but a progressive process coupled with 619 

the overall instability evolution. Through continued loss of interfacial stiffness, it further weakens 620 

local constraint and promotes the development of out-of-plane deformation, ultimately leading to a 621 

reduction in compressive load-carrying capacity. 622 

3.2 Single-delamination configuration effects 623 

3.2.1 Effect of delamination size 624 

Based on the single-delamination size configurations defined in Section 2.2.3, Fig. 8 presents 625 



 

 

the axial load–displacement responses for different ߣ௔ values, while Fig. 9 further compares the 626 

corresponding normalized ultimate load-carrying capacities. Because all cases employ identical 627 

stacking sequences, material properties, and boundary conditions, with delamination size being the 628 

only variable, the differences among the response curves can be directly attributed to the effect of 629 

delamination size on the compressive behavior. 630 

 631 

Fig. 8 Axial load-displacement response of laminates with different delamination sizes 632 

As shown in Fig. 8, the different delamination-size cases exhibit similar axial responses during 633 

the initial loading stage, indicating that, before the onset of local instability, a finite-sized 634 

delamination has a relatively limited influence on the overall compressive deformation of the 635 

laminate. As the axial displacement increases, the load responses of the different cases gradually 636 

diverge. With increasing delamination size ߣ௔, the nonlinear transition occurs progressively earlier, 637 

while the peak load shows an overall decreasing trend. This indicates that increasing delamination 638 

size does not directly cause a pronounced change in the initial global compressive stiffness; instead, 639 

it alters the local stability conditions within the delaminated region, reduces the resistance of the 640 

sub-laminate to out-of-plane deformation, and thereby promotes earlier local instability. 641 

 642 

Fig. 9 Effect of delamination size on the normalized ultimate load-carrying capacity 643 

From the perspective of local stability, when the delamination position and stacking sequence 644 

remain unchanged, increasing ߣ௔  primarily increases the effective unsupported length of the 645 

delaminated sub-laminate. As a result, the local response gradually shifts from being governed by 646 

the constraint of the intact laminate to being dominated by the bending stiffness of the separated 647 



 

 

sub-laminate itself. According to local buckling theory, the critical stability capacity of the sub-648 

laminate is strongly dependent on its effective unsupported length; therefore, increasing the 649 

delamination size reduces the critical load required to trigger local buckling. This is reflected in the 650 

axial load–displacement response by an earlier onset of nonlinearity, a lower peak load-carrying 651 

capacity, and more pronounced post-peak degradation. 652 

Figure 9 further presents the normalized variation in ultimate load-carrying capacity for 653 

different delamination sizes ߣ௔ . Taking the ultimate load of the intact laminate, ௨ܲ0 , as the 654 

reference, the normalized ultimate load ܲ̅௨ = ௨ܲ/ ௨ܲ0  decreases continuously with increasing 655 

delamination size, indicating a progressive reduction in compressive load-carrying capacity as the 656 

delaminated region enlarges. When the delamination is relatively small, the delaminated region 657 

remains constrained by the surrounding intact plies and adjacent interfaces, which limits the 658 

development of local instability and results in a comparatively gradual reduction in ultimate capacity. 659 

As ߣ௔ increases further, the effective unsupported length of the delaminated sub-laminate increases, 660 

causing local buckling to occur earlier and inducing more pronounced bending deformation and 661 

interlaminar stress concentration near the delamination front. These effects promote interfacial 662 

damage propagation and further reduce the structural load-carrying capacity. Therefore, the 663 

reduction in ultimate load-carrying capacity with increasing delamination size cannot be attributed 664 

simply to the increase in defect area. More fundamentally, the delamination size modifies the local 665 

stability conditions. As the effective unsupported region expands, the delaminated sub-laminate 666 

becomes increasingly susceptible to local instability, while the associated secondary bending and 667 

interfacial degradation further weaken the overall structural stability. Consequently, the compressive 668 

failure mechanism gradually evolves from one dominated primarily by the presence of a local defect 669 

to one governed by the coupled effects of local buckling and progressive damage. 670 

Overall, the influence of delamination size on the compressive performance of the laminate is 671 

governed primarily by the reduction in local stability. Small delaminations mainly weaken the local 672 

interlaminar constraint, whereas larger delaminations enlarge the effective unsupported region, 673 

promote earlier local buckling, and subsequently accelerate interfacial degradation and the reduction 674 

in ultimate load-carrying capacity. Therefore, for a single delamination at a fixed through-thickness 675 

position, the effective unsupported length represents an important mechanical parameter linking 676 

delamination geometry to the degradation of compressive load-carrying capacity. 677 

3.2.2 Effect of through-thickness delamination position 678 

With the delamination size held constant, the through-thickness position determines the 679 

thickness combination of the upper and lower sub-laminates formed by the delamination. Based on 680 

the through-thickness position cases defined in Section 2.2.3, Figs. 10 and 11 present the axial load–681 

displacement responses and the corresponding normalized ultimate load-carrying capacities for 682 

different ߟௗ values, respectively. 683 

As shown in Fig. 10, with the delamination size held constant, the axial compressive responses 684 

differ noticeably with through-thickness delamination position. The initial portions of the axial 685 

load–displacement curves are generally similar among the different cases, indicating that the 686 

delamination position has only a limited influence on the initial global compressive stiffness before 687 

the onset of local instability. As loading proceeds, the responses begin to diverge. Delaminations 688 

located near the laminate surface exhibit an earlier onset of nonlinearity and relatively lower peak 689 

loads, whereas moving the delamination toward the laminate mid-plane shifts the nonlinear stage to 690 

a later loading level and allows the structure to sustain a higher axial load. These numerical results 691 

indicate that the through-thickness position of the delamination does not significantly alter the initial 692 

global stiffness, but plays an important role in governing the local stability of the separated sub-693 



 

 

laminates. 694 

 695 

Fig. 10 Axial load-displacement responses of laminates with different through-thickness delamination 696 

positions 697 

 698 

Fig. 11 Effect of through-thickness delamination position on the normalized ultimate load-carrying capacity 699 

For delaminations with the same in-plane dimensions but located at different interfaces, the 700 

resulting upper and lower sub-laminates have different thickness combinations. A near-surface 701 

delamination produces a relatively thin outer sub-laminate with lower bending stiffness, making it 702 

more susceptible to local buckling under axial compression. Once local out-of-plane deformation 703 

develops, the associated secondary bending and interlaminar interactions near the delamination 704 

front become more pronounced, causing the structural response to depart from the stable 705 

compression path at an earlier stage. As the delamination moves toward the geometric mid-plane, 706 

the thicknesses of the two sub-laminates become more balanced, and the thinner sub-laminate 707 

becomes thicker. Its resistance to local out-of-plane bending therefore increases, suppressing local 708 

instability and improving the peak load-carrying capacity. 709 

Figure 11 further presents the normalized variation in ultimate load-carrying capacity for 710 

different through-thickness delamination positions. Taking the ultimate load of the intact laminate, 711 ௨ܲ0, as the reference, the normalized ultimate load is defined as ܲ̅௨ = ௨ܲ/ ௨ܲ0. As the delamination 712 

moves from the near-surface region toward the laminate mid-thickness, the normalized ultimate 713 

load shows an overall increasing trend. This indicates that, within the range of through-thickness 714 

positions investigated in the present study, near-surface delaminations cause a more pronounced 715 



 

 

degradation in compressive load-carrying capacity, whereas delaminations located closer to the 716 

laminate mid-plane have a relatively weaker effect on the ultimate load-carrying capacity. 717 

The effect of through-thickness delamination position should not be interpreted simply as a 718 

case in which a delamination closer to the surface is inherently more detrimental. Rather, the 719 

delamination position modifies the thickness and bending-stiffness distribution of the separated sub-720 

laminates. For a laminate sub-laminate, the out-of-plane bending stiffness exhibits a strong 721 

dependence on thickness and may be expressed conceptually as ܦ ∝ ℎs3, where ℎs denotes the 722 

thickness of the corresponding sub-laminate. Therefore, when the delamination is located near the 723 

outer surface, the thinner sub-laminate has a substantially lower bending stiffness and hence a lower 724 

critical level for local buckling. As the delamination moves toward the laminate mid-plane, the 725 

thickness of the thinner sub-laminate increases, the stiffness mismatch between the upper and lower 726 

sub-laminates is reduced, and a higher load is required to trigger local buckling. Consequently, the 727 

structure is able to sustain a higher ultimate load-carrying capacity. 728 

Overall, for a fixed delamination size, the through-thickness position primarily governs the 729 

local stability by altering the thickness combination and bending-stiffness distribution of the upper 730 

and lower sub-laminates. A near-surface delamination produces a thin sub-laminate with low 731 

bending stiffness, promoting earlier local buckling and a more pronounced reduction in ultimate 732 

load-carrying capacity. As the delamination moves toward the laminate mid-thickness, the stiffness 733 

distribution of the separated sub-laminates becomes more balanced, local stability is improved, and 734 

the ultimate load-carrying capacity correspondingly recovers. Therefore, the effect of through-735 

thickness delamination position is governed mainly by its influence on sub-laminate thickness and 736 

bending-stiffness distribution. 737 

3.3 Effects of multiple-delamination spatial configurations 738 

3.3.1 Effect of in-plane spacing between coplanar double delaminations 739 

In practical laminated structures, delamination defects may coexist as multiple discrete regions. 740 

Their compressive response is governed not only by the geometric characteristics of individual 741 

defects, but also by the spatial relationships among them. For coplanar double delaminations located 742 

at the same interface, the width of the intact material ligament between the two defects may alter 743 

the local constraint and load-transfer conditions of the delaminated regions. Based on the coplanar 744 

double-delamination cases defined in Section 2.2.3, Figs. 12 and 13 present the axial load–745 

displacement responses and the corresponding normalized ultimate load-carrying capacities for 746 

different relative in-plane spacings ߦ௦, respectively. 747 

 748 

Fig.12 Axial load-displacement responses of laminates with different coplanar double delamination spacings 749 



 

 

As shown in Fig. 12, the axial load–displacement curves for the different spacing cases nearly 750 

coincide during the initial loading stage, indicating that the in-plane spacing between the two 751 

delaminations has only a limited influence on the initial global compressive stiffness before a 752 

pronounced nonlinear response develops. As the axial displacement increases, the curves gradually 753 

diverge. With increasing ݏ/ܽ, the nonlinear transition and peak response shift toward higher load 754 

levels and larger axial displacements, accompanied by a progressive increase in peak load. This 755 

indicates that varying the spacing between the two delaminations primarily affects local stability 756 

and the ultimate load-carrying stage, rather than significantly altering the initial global axial stiffness. 757 

When 00ܽ/ݏ, the boundaries of the two delaminations are adjacent, and the two defects, each of 758 

length ܽ, form a relatively large continuous region with reduced interlaminar constraint. In this 759 

configuration, no intact interfacial ligament exists between the two delaminations to provide 760 

additional local constraint to the separated sub-laminates, resulting in a larger effective unsupported 761 

region and, consequently, the lowest ultimate load-carrying capacity among the investigated cases. 762 

As ݏ/ܽ increases, the intact material ligament between the two delaminations becomes wider and 763 

progressively contributes to local deformation restraint and load transfer. The two delaminations 764 

therefore behave less like a single continuous long defect, leading to a gradual recovery of the 765 

ultimate load-carrying capacity. 766 

 767 

Fig. 13 Effect of coplanar double-delamination spacing on the normalized ultimate load-carrying capacity 768 

Figure 13 further quantifies the effect of in-plane spacing on the ultimate load-carrying capacity. 769 

Taking the ultimate load of the intact laminate, ௨ܲ0, as the reference, the normalized ultimate load 770 ௨ܲ/ ௨ܲ0 increases from 0.532 to 0.562, 0.571, 0.581, and 0.596 as ݏ/ܽ increases from 0 to 2.0, 771 

exhibiting a continuous recovery trend. From 00ܽ/ݏ to 2.0, the normalized ultimate load increases 772 

by 0.064, corresponding to an improvement of approximately 12.0% relative to the 00ܽ/ݏ case. 773 

This indicates that the in-plane separation distance between the two delaminations has a non-774 

negligible influence on the residual compressive load-carrying capacity. 775 

A closer comparison of the individual spacing intervals shows that, as ݏ/ܽ increases from 0 776 

to 0.5, the normalized ultimate load rises from 0.532 to 0.562, indicating a relatively pronounced 777 

recovery. With further increases in spacing, the load-carrying capacity continues to improve, 778 

although at a more gradual rate. This suggests that the most evident improvement in local stability 779 

occurs when the two delaminations transition from directly adjacent boundaries to a configuration 780 

separated by a finite intact material ligament. Further widening of this intact region continues to 781 

enhance the structural load-carrying capacity, but with a progressively reduced rate of recovery. 782 

Overall, the in-plane spacing between coplanar double delaminations affects the compressive 783 

load-carrying performance primarily by altering the width of the intact material ligament between 784 



 

 

the two defects and the corresponding local constraint conditions. When 00 ܽ/ݏ, the adjacent 785 

delaminations form a relatively large continuous region with reduced interlaminar constraint, which 786 

is most unfavorable to local stability. As the in-plane spacing increases, the constraint and load-787 

transfer functions of the intact material between the two delaminations are progressively restored, 788 

leading to a corresponding increase in the ultimate load-carrying capacity. Therefore, within the 789 

parameter range investigated in this study, coplanar double delaminations exhibit a progressive 790 

recovery in load-carrying response with increasing in-plane spacing. 791 

3.3.2 Effect of through-thickness spacing between overlapping double delaminations 792 

Unlike coplanar double delaminations, which primarily modify the width of the intact in-plane 793 

material ligament, overlapping double delaminations with coincident in-plane projections form a 794 

local through-thickness configuration consisting of multiple sub-laminates. Their compressive 795 

response is therefore additionally influenced by the thickness and stiffness distribution of the 796 

intermediate sub-laminate. Based on the overlapping-delamination cases defined in Section 2.2.3, 797 

Figs. 14 and 15 present the axial load–displacement responses and the corresponding normalized 798 

ultimate load-carrying capacities for different through-thickness spacings Δ݊, respectively. 799 

 800 

Fig. 14 Axial load-displacement responses of laminates with different through-thickness spacings between 801 

overlapping double delaminations 802 

As shown in Fig. 14, all through-thickness spacing cases exhibit an approximately linear 803 

increase during the initial loading stage, indicating that the initial axial compressive stiffness is 804 

governed primarily by the intact laminate structure, while the through-thickness configuration of 805 

the double delaminations has only a limited influence on the initial elastic response. As the loading 806 

enters the nonlinear regime, the responses of the different spacing cases begin to diverge, and both 807 

the peak load and the post-peak degradation exhibit a pronounced non-monotonic dependence on 808 

the through-thickness spacing. 809 

As Δ݊ increases from 3 to 5, the peak load of the load–displacement response increases. With 810 

increasing through-thickness spacing, the intermediate sub-laminate becomes thicker, resulting in 811 

an increase in its bending stiffness and local load-transfer capability. This, in turn, improves the 812 

local stability of the overlapping-delamination region and allows a partial recovery of the local load-813 

carrying capacity. These results indicate that the effect of through-thickness spacing is not governed 814 

by geometric separation alone, but depends on how the thickness and stiffness configuration of the 815 

intermediate sub-laminate modifies the local stability state. 816 



 

 

As Δ݊  further increases to 7 and 9, the intermediate sub-laminate becomes progressively 817 

thicker, enhancing its capacity for independent deformation while still maintaining relatively strong 818 

mechanical interaction with the upper and lower delaminated regions. This behavior can be 819 

interpreted as a consequence of the redistribution of local bending stiffness associated with the 820 

increased thickness of the intermediate sub-laminate, which improves the stability conditions within 821 

the overlapping-delamination region. Consequently, the Δ݊09 case exhibits the highest ultimate 822 

load-carrying capacity. According to Fig. 15, its normalized ultimate load reaches approximately 823 

0.528, representing the maximum value among all investigated overlapping double-delamination 824 

configurations. 825 

 826 

 827 

Fig.15 Effect of through-thickness spacing on the normalized ultimate load-carrying capacity of laminates 828 

with overlapping delaminations 829 

Figure 15 further reveals the influence of through-thickness spacing on the ultimate load-830 

carrying capacity. As Δ݊ increases from 3 to 9, the normalized ultimate load gradually rises from 831 

0.423 to 0.528, corresponding to an increase of approximately 24.8%. This trend indicates that 832 

increasing the through-thickness spacing between the two delaminations can improve the local sub-833 

laminate stiffness configuration and create a more effective mechanical buffer region between the 834 

two delaminated zones. However, when Δ݊  is further increased to 11 and 13, the normalized 835 

ultimate load decreases to 0.477 and 0.432, respectively, exhibiting a distinct recovery-then-836 

degradation trend. This behavior can be attributed to the fact that, although a larger separation 837 

between the two delaminations reduces their direct interaction, the upper and lower delaminations 838 

progressively behave as relatively independent local defect regions. Under these conditions, the 839 

overall load-carrying capacity becomes increasingly governed by the local stability of the two 840 

individual delaminated regions, and the beneficial stiffness coordination provided by the 841 

intermediate sub-laminate can no longer produce further improvement in structural capacity. 842 

Therefore, the through-thickness spacing of overlapping double delaminations exhibits a 843 

distinct configuration effect. On the one hand, when the spacing is small, the intermediate sub-844 

laminate is relatively thin and the two delaminated regions remain strongly coupled in deformation, 845 

which is unfavorable to local stability. On the other hand, an intermediate through-thickness spacing 846 

allows the formation of an intermediate sub-laminate with sufficient load-carrying capability, 847 

enabling more effective stiffness coordination between the two defect regions and thereby 848 

improving local structural stability. When the spacing is increased further, the responses of the two 849 

delaminations become progressively more independent, and the local defect effects again become 850 



 

 

dominant, resulting in a reduction in load-carrying capacity. 851 

Overall, the through-thickness configuration effect of overlapping double delaminations is not 852 

governed solely by the geometric separation between the two defects, but by the redistribution of 853 

bending stiffness caused by changes in the intermediate sub-laminate thickness and by the 854 

deformation compatibility between the delaminated regions. Within the range investigated in this 855 

study, the configuration with Δ݊ 09 exhibits a relatively high ultimate load-carrying capacity, 856 

whereas both smaller and larger through-thickness spacings lead to reduced structural load-carrying 857 

performance. 858 

3.4 Mechanistic synthesis of configuration-dependent load-carrying degradation 859 

The preceding results demonstrate that all investigated delamination configurations reduce the 860 

compressive load-carrying capacity of the laminate, although the underlying degradation pathways 861 

are not identical. Single delaminations primarily govern the structural response by altering the local 862 

stability conditions of the separated sub-laminates, whereas multiple delaminations are additionally 863 

influenced by the spatial arrangement of the defects and the associated local stiffness configuration. 864 

It is therefore necessary to summarize the intrinsic mechanisms governing delamination-induced 865 

compressive degradation from a unified mechanical perspective. 866 

For a single delamination, the delamination size and through-thickness position affect local 867 

stability by altering the effective unsupported length and the bending-stiffness distribution of the 868 

separated sub-laminates, respectively. An increase in delamination size enlarges the region over 869 

which the sub-laminate can deform freely, making local out-of-plane buckling more likely. In 870 

contrast, variation in the through-thickness position changes the thickness ratio of the upper and 871 

lower sub-laminates, resulting in different bending-stability capacities among the various 872 

configurations. Therefore, under single-delamination conditions, the degradation in load-carrying 873 

capacity fundamentally originates from the reduction in local stability. 874 

For multiple delaminations, the structural response is further governed by the spatial 875 

configuration of the individual defect regions. For coplanar double delaminations, the in-plane 876 

spacing determines the constraining effect of the intact material ligament between the defects, and 877 

increasing the spacing improves the local stability conditions. For overlapping double delaminations, 878 

the through-thickness spacing alters the thickness and stiffness distribution of the intermediate sub-879 

laminate, resulting in a pronounced non-monotonic load-carrying response. Therefore, the effect of 880 

multiple delaminations is not governed simply by an increase in the number of defects, but by the 881 

local structural configuration formed by the spatial arrangement of the individual delaminated 882 

regions. 883 

A synthesis of the responses associated with the different delamination configurations shows 884 

that, although delamination size, through-thickness position, and multiple-delamination spatial 885 

arrangement produce different trends in load-carrying performance, their effects ultimately 886 

converge on changes in the local constraint state and sub-laminate stiffness distribution. For a single 887 

delamination, the delamination size primarily governs the effective unsupported extent of the 888 

delaminated region, whereas the through-thickness position determines the thickness and bending-889 

stiffness configuration of the upper and lower sub-laminates. For multiple delaminations, the in-890 

plane spacing between coplanar delaminations modifies the constraining effect of the intact material 891 

ligament between the defects, while the through-thickness spacing between overlapping 892 

delaminations further regulates the thickness and stiffness configuration of the intermediate sub-893 

laminate. Accordingly, the influence of different delamination configurations on compressive load-894 

carrying performance can be summarized as a continuous mechanical process of configuration 895 

change → alteration of local stability → damage evolution → reduction in local effective load-896 



 

 

transfer capability, as schematically illustrated in Fig. 16. 897 

 898 

Fig. 16 Schematic illustration of the configuration-dependent compressive degradation mechanism of 899 

delaminated laminates 900 

As illustrated in Fig. 16, different delamination configurations first modify the effective 901 

unsupported extent, the sub-laminate stiffness configuration, and the constraint relationships among 902 

neighboring defects, thereby reconstructing the local constraint conditions and stiffness distribution 903 

within the delaminated region. Under axial compression, these changes in local structural 904 

characteristics reduce the stability of the sub-laminates and make the delaminated region more 905 

susceptible to out-of-plane deformation. As local buckling develops, secondary bending and 906 

interlaminar stress concentrations near the delamination front become progressively more 907 

pronounced, further driving the initiation and propagation of interfacial damage. The resulting 908 

interfacial stiffness degradation, in turn, weakens the original interlaminar constraint and the 909 

continuity of local load transfer, progressively reducing the effective load-transfer paths and 910 

ultimately leading to a decrease in the ultimate load-carrying capacity. Therefore, the delamination 911 

configuration does not directly determine the macroscopic ultimate load. Rather, its effect is exerted 912 

by reconstructing the local stability boundary conditions and thereby governing the subsequent 913 

failure evolution. The differences in load-carrying response among the various delamination 914 

configurations can thus be understood within a unified framework in terms of the combined effects 915 

of effective unsupported length, sub-laminate bending stiffness, and spatial constraint relationships 916 

among multiple defects. 917 

4 Conclusions 918 

This study investigated delamination-induced compressive failure in representative wind 919 

turbine blade spar-cap laminates using a three-dimensional finite element framework incorporating 920 

matrix-dominated nonlinearity, intralaminar progressive damage, and interlaminar delamination 921 

growth. The main conclusions are as follows. 922 

(1) Initial delamination induces a progressive compressive failure process governed by local 923 

sub-laminate instability. The defect first weakens the local interlaminar constraint with limited 924 

influence on the initial axial stiffness. With increasing compression, local buckling develops in the 925 



 

 

thinner sub-laminate, followed by interfacial damage propagation and further loss of load-transfer 926 

continuity, ultimately leading to rapid degradation of the post-buckling load-carrying capacity. 927 

(2) Delamination size primarily affects compressive performance by changing the effective 928 

unsupported length of the sub-laminate. Increasing the normalized delamination length advances 929 

the nonlinear transition and peak state and continuously reduces the ultimate load-carrying capacity. 930 

At ܽ/00.6 ܮ, the ultimate load is approximately 53% lower than that of the intact laminate, 931 

indicating that the size effect is mainly controlled by local stability rather than defect area alone. 932 

(3) The through-thickness position of a delamination controls local stability through the 933 

thickness and bending-stiffness distribution of the separated sub-laminates. Near-surface 934 

delamination produces a thinner and less stable outer sub-laminate, whereas moving the defect 935 

toward the laminate mid-thickness improves stiffness balance and local stability. Accordingly, the 936 

normalized ultimate load increases from approximately 0.556 to 0.734 over the investigated 937 

positions. 938 

(4) The in-plane spacing between coplanar double delaminations governs the interaction 939 

between adjacent defect regions through the intact material ligament. Increasing the spacing restores 940 

local constraint and load-transfer capability, resulting in a continuous increase in the normalized 941 

ultimate load from 0.532 to 0.596, corresponding to an improvement of about 12%. Thus, the 942 

response of coplanar double delaminations cannot be represented by a simple superposition of two 943 

isolated defects. 944 

(5) Overlapping double delaminations exhibit a distinct non-monotonic through-thickness 945 

spacing effect. As the spacing increases from Δ݊03 to 9, the normalized ultimate load rises from 946 

0.423 to 0.528, whereas further increases to Δ݊011 and 13 reduce it to 0.477 and 0.432, respectively. 947 

This behavior results from the combined effects of intermediate sub-laminate thickness, bending-948 

stiffness redistribution, and mechanical interaction between the delaminated regions. 949 

Overall, the effects of different delamination configurations can be unified in terms of changes 950 

in effective unsupported length, sub-laminate stiffness distribution, and local constraint conditions, 951 

which jointly govern local instability, interfacial damage propagation, and compressive load-952 

carrying degradation. Delamination assessment should therefore consider not only defect size and 953 

number, but also through-thickness position and spatial configuration. Future work should extend 954 

the present framework to more realistic spar-cap geometries and fatigue loading conditions. 955 
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