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Abstract 

This study focuses on the ultimate strength and failure response of composite box beams under three-point bending. The box beams 

consist of spar caps and shear webs and they are typically used in wind turbine blades as load-carrying members. Different spar cap 

configurations and loading directions are examined experimentally to investigate structural behavior associated with multiple 

nonlinearities leading to structural collapse. Global displacements, local strains and video images are recorded throughout the loading 

history to capture failure initiation, propagation and the strain state contributing to post-collapse characteristics. The failure 

mechanisms of the box beams involving geometric, material and contact nonlinearities are discussed in detail. The study shows that 

compressive crushing failure, driven by local buckling of shear webs, determines the ultimate strength of the box beams under 

flapwise loading, and adhesive joint debonding, initiated by local adhesive cracking and spar cap buckling, is the critical failure mode 

of the box beams under edgewise loading. The Brazier effect and shear nonlinearity contribute to the initial failure depending on the 

loading directions. Debonding rather than delamination characterizes post-collapse behavior of all box beams examined in this study.  
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1 Introduction 

A wind turbine blade is a hollow composite structure with outer aerodynamic shells and an internal loading-carrying member. 

Typically, the loading-carrying member is designed with a box-shaped cross section and usually consists of spar caps and shear webs 

adhesively bonded together. Experimental determination of ultimate strength of rotor blades is usually conducted through full-scale 

structural collapse tests, which provide invaluable information on failure mechanisms enabling further optimization of structural 

design [1-6]. Nevertheless, there are limitations of structural collapse tests of full-scale blades. First of all, technical, safety, and cost 

risks of these tests have increased dramatically with the growth of blade sizes in recent years, it is physically and economically 

challenging to load a very large full-scale blade to complete collapse as addressed by Chen [6]. Second, it should be noted that 

different structural designs with different blade geometries, material properties, load combinations, etc., lead to significant difference 

in structural behavior. The failure mechanism derived from one particular blade may not be necessarily applicable to other blades. One 

solution to deal with these limitations is through multi-scale testing, see Fig. 1(a), in which a test pyramid consisting of coupon testing, 

component testing and full-scale structural testing is used to evaluate structural performance of wind turbine blades at different scales 

as proposed by the DNV GL standard [7].   

Typical failure modes of composite blades were studied in the full-scale collapse tests [1-6, 8-12], including geometric nonlinearity 

mainly characterized as local buckling and cross-sectional ovalization, i.e., the Brazier effect, and material failures such as fiber 

breakage, matrix damage, debonding and delamination. These failure modes and failure behavior have also been investigated in more 

general thin-walled composite structures [13-15]. Nevertheless, the failure response has not been adequately studied in load-carrying 



  

box beam components, despite their critical role in determining structural strength and failure of wind turbine blades. So far, a few 

studies have considered the composite box beams used in wind turbine blades. Cole et al. [16] and Yu et al. [17] studied composite 

box beams to emulate structural characteristics of a rotor blade under flapwise loading in three-point and four-point bending tests. 

Their work focused on the failure modes and ultimate strength of the box beams and concluded that the adhesive layer had an 

appreciable impact on the load-carrying capability. Although the failure modes were presented and discussed, the root cause and 

interactive nonlinear behavior can be further explored in order to better understand the underlying failure mechanisms. 

 

 

Fig. 1 Multi-scale structural testing of wind turbine blades 

 

 

The composite box beam, as a backbone of the rotor blade, can be considered as a generic model for accessing structural strength 

and failure both experimentally and numerically at the component level. The entire planned work, as shown in Fig. 1(b), cannot be 

performed in a single study, and this paper is only the first step toward understanding how multiple local nonlinearities affect the 

global structural response including the final collapse. The scope of the current work is limited to experimental investigation of 

strength and failure of load-carrying box beams with rectangular cross sections. A particular focus is placed on interactive nonlinear 

structural behavior leading to the final structural collapse.  

A simple three-point bending test setup is used in this study. Both flapwise and edgewise loading, which are required for certifying 

a new type of rotor blades in full-scale [18], are applied to the box beams. In the flapwise loading, pre-delamination is introduced in 

the spar caps as delamination is reported as a critical failure mode directly responsible for the loss of the load-carrying capacity of the 

blade and determining the ultimate load-carrying capacity [6]. With these tests, this study tries to achieve specific purposes as follows:  

o understand failure mechanisms associated with failure initiation, propagation and the strain state of composite box beams 

used in wind turbine blades; 

o examine different failure modes, ultimate strength and failure response between the flapwise loading and the edgewise 

loading; 

o analyze the influence of pre-delamination on the load-carrying capacity and post-collapse characteristics. 

The following section introduces design and manufacturing of the box beam components and the test method; section 3 analyzes 

the pre-peak structural response; section 4 provides a detailed description of the failure response considering multiple nonlinear 

phenomena; and finally, section 5 addresses the plausible failure mechanism of the box beams. 

 

2 Box beam components and test method 

2.1 Component design 

The composite box beams are designed with reference to typical materials used in a generic load-carrying member in wind turbine 

blades. A region of blade length ranging from 30% to 45%, which is critical to structural integrity under extreme wind conditions [19-

21], is considered for designing cross sections of the box beams. A schematic description of the box beams is shown in Fig. 2.  

 

 

Fig. 2 Geometry of box beams 

 

 

A total of five box beams are manufactured, and their component design and loading scheme are presented in Table 1. CB_F2 and 

CB_E2 have the same materials and geometries; and CB_F1 and CB_E1 have thinner spar caps with 2 unidirectional plies. CB_F3 is 

designed with pre-delamination in the intermediate layers of spar caps by sandwiching a thin film of Teflon. The corresponding 

measured dimensions are listed in Table 2.  

 



  

 

Table 1 Component design and loading scheme of box beams 

 

 

Table 2 Measured dimensions of box beams (mm) 

 

 

2.2 Component manufacturing 

The box beams are made of glass/epoxy composite, PVC foam and epoxy-based adhesive. Their elastic constants, strength 

properties and designed thickness are listed in Table 3, where the superscript u presents ultimate state and the subscripts t and c present 

tension and compression, respectively. The spar cap is a composite laminate consisted of unidirectional and biaxial plies. The shear 

web is a sandwich panel with biaxial plies in facesheets and PVC foam in the core. Flanges consisting of 4 biaxial plies are used in 

shear webs as bond surfaces. During the manufacturing, four parts, i.e., two spar caps and two shear webs, were first manufactured 

using a resin vacuum infusion manufacturing process. Next, the parts were symmetrically assembled as an integrated box structure 

bonded by an adhesive layer. This manufacturing process is shown in Fig. 3. The curing schedule followed the same factory 

production as that of commercial blades. All box beams were cured at 60℃ for 5 hours right after manufacturing using heating pads 

and then next day they were moved to a heating chamber to post cure at 70℃ for 4 hours.  

Table 3 Elastic constants, strength properties and designed thickness of materials used in box beams 

Materials 

Elastic constants  Strength properties 
 

Designed 
thickness 

(mm) 
���   

(GPa) 

��� 	 

(GPa) 

��� 

 (GPa) 

���  

(-) 

 ���	

  

(MPa) 

����

  

(MPa) 

���	

  

(MPa) 

����

  

(MPa) 

���

  

(MPa)  

Unidirectional ply  39.0 13.0 3.4 0.205  850 500 38 170 50 
 

0.90 

Biaxial ply 12.5 12.5 10.3 0.498  160 160 160 160 241 
 

0.85 

PVC Foam 0.035 0.035 0.022 0.300  1.2 0.6 1.2 0.6 0.76 
 

10.00 

Component design
Loading scheme

Spar cap Shear web Flange

CB_F1 [±45/ 02 /±45]
[±45/±45/Foam/

±45/±45]
[±45]4

CB_F2 [±45/ 04 /±45]
[±45/±45/Foam/

±45/±45]
[±45]4

CB_F3

[±45/ 02/ Teflon / 02/±45]

With pre-delamination

[±45/±45/Foam/

±45/±45]
[±45]4

CB_E1 [±45/ 02 /±45]
[±45/±45/Foam/
±45/±45]

[±45]4

CB_E2 [±45/ 04 /±45]
[±45/±45/Foam/
±45/±45]

[±45]4

0 300 500-300-500 (mm)

Teflon

Edgewise loading

P Shear web

Spar cap

Flapwise loading

P Spar cap

Shear web

Beam

length

Beam

height

Beam

width

Spar cap 

thickness

Shear web 

thickness

Flange

width

Flange

thickness

Adhesive

thickness

Support

span

LB H W tSC tSW WFL tFL tAD LS

CB_F1 1813.3 257.9 239.9 3.53 13.72 34.52 3.40 3.05 1606.0

CB_F2 1819.0 260.4 240.4 5.26 13.48 33.70 3.40 2.91 1606.0

CB_F3 1819.7 264.3 240.0 5.34 13.79 34.48 3.40 3.20 1606.0

CB_E1 1810.0 257.4 240.3 3.42 13.62 33.11 3.40 3.53 1603.0

CB_E2 1815.0 260.3 240.4 5.06 13.33 33.54 3.40 3.11 1603.0



  

Adhesive 3.5 3.5 1.3 0.300  8.0 8.0 8.0 8.0 42 
 

3.00 

 

 

Fig. 3 Manufacturing of the box beam CB_F1 

 

 

2.3 Experimental setup 

The test setup of three-point bending is shown in Fig. 4. Displacement-controlled static load is applied to the loading plate on the 

top of mid-span section of the box beam. This applied load is recorded by the load cell mounted on the hydraulic actuator during the 

loading process. A simple supported boundary is applied to both ends of the box beam using two arc supports. Two composite plates 

are adhesively bonded to the box beam at the supported ends to avoid local failure. Two displacement sensors are arranged at both left 

and right sides of the bottom surface of the box beam to measure mid-span deflections. 

 

 

Fig. 4 Experimental setup of box beam testing 

 

 

As the collapse process is drastic and lasts only a short period of time, a data acquisition system with high frequency of 100 Hz is 

used to record the load, displacement and strain response. Fig. 5 shows the deployment of strain gauges in the regions of most concern. 

Six cameras are placed in different locations to capture failure response of box beams during the tests. Grids are drawn on the outside 

surfaces of box beams to better visualize local deformation.  

 

 

Fig. 5 Deployment of strain gauges on the box beams 

 

 

3 Pre-peak structural response 

3.1 Load-displacement response 

The plots of the applied static load versus the mid-span deflection of the five box beams are shown in Fig. 6. The solid line and 

dashed line of the response curves represent different displacements collected from the right and left sides of the box beam, 

respectively.   

 

 

Fig. 6 Load-displacement response of five box beams under three-point bending 

 

 

The two horizontal lines in each figure indicate the ultimate load level and the residual load level of the box beam and they are 

marked as � and ��, respectively. The ultimate loads under edgewise loading are larger than those under flapwise loading of the 

same structure, whereas the opposite trend is observed for residual loads. The slopes of the elastic response can be viewed as the linear 

tangential bending stiffness of the box beams under three-point bending and they are summarized in Table 4. A difference in the 

bending stiffness is observed between the left side and the right side. The main reason for this difference is possibly due to asymmetric 

distribution of geometric sizes of box beams and load introduction. The elastic properties of each component are calculated in Table 5 

for CB_F2 and CB_F3 as representatives. The differences in these properties between the two box beams explain the observation that 

the ultimate load of CB_F3 with a pre-delamination defect is higher than that of CB_F2 without the defect.  

 



  

 

 

Table 4 Comparison of ultimate loads, residual loads and linear tangential stiffness of box beams 

 
Ultimate load (kN) Residual load (kN) 

 
Linear tangential stiffness (kN/mm) Average stiffness 

difference 
 (%)  

����.
  ����.

�  
 

����.
� * ����.

� * ���.(�) 

CB_F1 37.16 18.00 
 

7.68 8.85 7.84 -5.14 

CB_F2 43.30 18.60 
 

9.06 10.20 11.53 19.73 

CB_F3 50.20 19.50 
 

12.22 9.00 12.04 13.48 

CB_E1 49.98 13.00 
 

5.47 5.39 4.79 -11.79 

CB_E2 87.60 13.50 
 

7.42 6.76 6.27 -11.57 

* The experimental stiffness (at right and left sides) calculated from relatively linear segment of the load-displacement curve: 

   40~80%����.
  for beams under flapwise loading and 60~80%����.

  for beams under edgewise loading. 

 

Table 5 Comparison of component thickness and equivalent engineering elastic properties between CB_F2 and CB_F3 

 
CB_F2 

  
CB_F3 

 

(��)�/(��)� (��)�/(��)� 
 

Thickness (��)�   (��)�  
 

Thickness (��)�   (��)� 
 

 
(mm) (kN·mm� × 10� ) (kN) 

 
(mm) (kN·mm� × 10�) (kN) 

 

Top spar cap 5.30 638 -- 
 

5.38 666 -- 
 1.044 -- 

Bottom spar cap 5.22 629 -- 
 

5.30 657 -- 
 

Right shear web 13.34 49 8424 
 

13.82 54 8863 
 1.072 1.039 

Left shear web 13.62 51 8601 
 

13.78 53 8831 
 

Total  -- 1367 17025 
 

-- 1430 17694 
 

1.046 1.039 

 

 

3.2 Shear nonlinearity 

Unidirectional fiber composites exhibit considerable nonlinearity under in-plane shear. The nonlinear shear modulus of the 

unidirectional layer was proposed by Chang and Lessard [22]: 

�̅�� =
1

���
!� + 3$	���

�
																																																																																																	(1) 

where ��� is the initial in-plane shear modulus. The shear nonlinearity is characterized by the factor α, which can be determined from 

material tests. Note that �̅�� depends on the current value of the shear stress, and �̅��=���	when $=0. 

Interestingly, as shown in Figs. 6(d) and (e), the load-displacement curves under edgewise loading show softening nonlinear 

characteristics at the pre-peak stage, which are quite different from the observation found in the flapwise cases. When the box beams 

are loaded in an edgewise direction, the spar caps with unidirectional plies are mainly subject to in-plane shear force and thus exhibit 

shear nonlinearity, which in turn is reflected by nonlinearity of the global load-displacement response. This shear nonlinearity would 

affect load transfer between shear webs and spar caps. Local material damage may initiate and change the failure process of the box 

beams, which will be discussed in the following sections.   

 

3.3 Stiffness calculation 

In order to predict bending stiffness of the box beams under three-point bending, this study simplifies composite box beams as 

sandwich beams with low stiffness core (shear webs) between two thin facesheets, i.e., spar caps. The total deflection at the mid-point 

of a simply supported sandwich beam loaded in three-point bending has been studied by [23-24], and the relation can be determined by 

the following: 

&'()*+,�-=
P./

48(��)0�
+

PL

4(��)0�
																																																																																									(2) 



  

(��)0�=
�12314

�

2
+
�1231

/

6
+
��23�

/

12
																																																																																			(3) 

(��)0�=
24���

7
																																																																																																																							(4) 

where P is the applied concentrated load; L is the beam length; b is the beam width; t is the beam thickness; the subscripts f and c 

represent the facesheet and core, respectively; and d=31+3� is the distance between the centroids of the facesheets. In Eq. (2), the first 

term is the bending deflection of the beam, and the second term is the shear deflection, where (EI)eq is the equivalent flexural rigidity 

and (GA)eq is the equivalent shear rigidity. For the box beam under flapwise loading in this study, Eq. (2) can be modified to Eq. (5): 

	&89: ≈
P./

48	((��)'� + (��)'+)
+

PL

4(��)'+
																																																																														(5) 

where the subscripts sc and sw denote the spar cap and shear web, respectively. In this equation, the thick adhesive layer of the box 

beam is negligible because of its relatively small modulus. For a composite box beam under three-point bending in the flapwise 

direction, the bending stiffness is estimated as: 

�89: =
�

&89:
≈

1

./

48	((��)'� + (��)'+)
+

L

4(��)'+

																																																														(6-1) 

With nonlinear shear rigidity of the spar caps (�̅�)'�  taken into consideration, the bending stiffness under edgewise loading is 

estimated as:  

�89� =
�

&89�
≈

1

./

48	((��)'� + (��)'+)
+

L

4(�̅�)'�

																																																														(6-2) 

where (�̅�)'�=(��)'�	when $=0. Table 4 shows a comparison of the linear stiffness as determined by the relatively linear segment of 

experimental load-displacement curve and by calculation using Eq. (6-1) and Eq. (6-2) with $=0. This calculation provides slightly 

higher stiffness values than the experiment under flapwise loading.  For the edgewise loading, the stiffness prediction is off possibly 

due to the shear nonlinearity which is not considered in the calculation. 

 

4 Failure response 

Four aspects of failure response are discussed to understand nonlinear behavior of the box beams. They are the load-displacement 

response, local strains, progressive chain of events and post-collapse characteristics.  

4.1 Collapse process and failure modes 

4.1.1 Flapwise loading 

The load-carrying capacity shows a progressive drop after ultimate strength. The collapse process is divided into several stages for 

discussion, as shown in the first column of Fig. 7, where ‘P1, P2, P3, P4, P5’ are marked with dots to highlight current load levels. 

Failure events and the load levels are correlated as shown in Fig. 7 for the failure process of the box beam CB_F2. The same procedure 

is implemented for CB_F3, and the failure response corresponding to the load levels ‘Pa, Pb, Pc, Pd, Pe’ is shown in Fig. 8.  

 

Fig. 7 Failure response of CB_F2 as loading history 

 

Fig. 8 Failure response of CB_F3 as loading history 

 

 

� Local buckling leading to material failure 

Local buckling of shear webs in the form of bulging is observed before the box beams reach the ultimate load, as shown in Fig. 7(b) 

and Fig. 8(b). In the CB_F2 test, nonlinear relationship between the applied load and the mid-span displacement of the box beam starts 

from �8:9�
<� =39.19 kN due to shear web buckling. In the CB_F3 test, the buckling phenomenon is recorded by transverse strains along 

the height of the mid-span section, as shown in Fig. 8(b-iii), which reveals that considerable nonlinearity occurs just before the shear 



  

web is about to fail. This figure also shows that the absolute value of strain at location #2 eventually decreases to zero, suggesting local 

material failure as a result of severe local buckling. 

� Interaction between spar caps and shear webs 

Fig. 8(b) reveals a concave transverse deformation of the top spar cap at the mid-span section. This transverse deformation is 

possibly driven by the Brazier effect for beams with a hollow cross section under bending. As spar caps and shear webs are adhesively 

bonded together, adhesive joints connecting these two parts transfer forces as well as serve as edge constraints. When the top spar cap 

deforms transversely, the buckling of the adjacent shear webs would be facilitated, which in turn leads to further deformation of the 

spar cap. In this sense, the local buckling of the shear web is affected not only by compression force due to the global bending of the 

box beam but also by cross sectional deformation of spar caps. 

� Crushing failure at the ultimate state 

The local buckling in shear webs drives the box beam to its ultimate strength, when a significant drop in load-carrying capacity 

occurs. Local buckling as well as the applied load lead to local compressive crushing failure of the shear web adjacent to the top spar 

cap. The shear web at the side with weak bending stiffness collapses first, consistent with the two different slopes in the load-

displacement graph. Fig. 7(c-ii) and Fig. 8(c-ii) provide clear images of the crushing failure of the shear web together with the tilt of 

the loading plate. The whitening region underneath the loading plate indicates material damage. As the crushing region is quite close to 

the bonding region, adhesive cracking in the vicinity of the loading plate also occurs as can be found in the post-collapse observation.  

� Post-peak response associated with debonding and delamination  

The failure modes during the post-peak stage are similar between CB_F2 and CB_F3. On the side without shear web crushing, a 

pair of oblique cracks develops symmetrically near the 120 mm position at the adhesive joint, as shown in Fig. 7(c-iii) and Fig. 8(d-ii). 

As the increase of displacement, a similar shear web crushing failure occurs as shown in Fig. 7(d) and Fig. 8(e). At this time of event, 

the existing adhesive cracks propagate from 120 mm to the far end away from the loading point along the longitudinal direction of the 

box beams, as recorded in Fig. 7(d-ii) and Fig. 8(e-ii), leading to separation between the top spar cap and the shear web. During this 

process, the Teflon film separates from unidirectional ply but this pre-delamination does not propagate as shown in Fig. 7(e-ii). The 

bottom spar caps in both box beams are still intact, and their structural integrity leads to similar residual loads for both box beams. 

 

4.1.2 Edgewise loading 

The load-displacement curves of CB_E1 and CB_E2 under edgewise loading are shown in Fig. 9(a). The curves exhibit three 

distinct events with load fluctuations as marked as ‘I, II, and III’. Images captured from cameras are selected to demonstrate the 

relevant failure events, as shown in Figs. 9 (b) and (c).   

 

 

Fig. 9 Failure response of box beams under edgewise loading 

 

 

� Spar cap bulging and material failure before the ultimate state 

Bulging out of the spar cap is observed in event ‘I’, and it becomes more significant in event ‘II’. This out-of-plane deformation is 

possibly due to local buckling of the spar cap in the dotted circle region and/or material failure at the adhesive joints connecting spar 

caps and the top shear web. Because no material damage is visible from the outside view, more evidence will be discussed based on 

strain measurements in the following sections to determine the cause.  

� Bebonding and crushing failure after the ultimate state 

A drastic drop of the load-carrying capacity is shown during the collapse process, which is much steeper than the progressive drop 

observed in the box beams loaded in the flapwise direction. This collapse process is of a brittle failure nature and the duration of event 

‘III’ only lasts approximately 0.05 s. The whitening region occurs throughout the flange width, indicating extensive adhesive 

debonding between the spar cap and the shear web. Moreover, the separated spar cap exhibits compressive crushing failure and 

visually apparent fiber breakage.  



  

 

 

4.2 Post-collapse characteristics 

4.2.1 Failure inspection after flapwise tests 

Post-collapse characteristics represent the final results of all failure modes and provide additional details on the possible root causes 

of collapse. The in-situ observation of CB_F2 is shown in Fig. 10 and Fig. 11, and that of CB_F3 is shown in Fig. 12. The crushing 

failure of shear webs leads to catastrophic composite failure, which includes matrix damage, fiber breakage and delamination in the 

facesheets. In particular, the magnified view in Fig. 11(e) shows that fibers in the ±45° laminates in the shear webs are peeled out from 

sandwich facesheets; such damage is probably caused by the tensile and shear stresses upon the outward deformation of the region. In 

addition, the compressive stress experienced in this region leads to fiber breakage with a rough and prickly fracture surface. After 

removing the loading plate, a pair of symmetrical failure regions is found near the contacting edges, as shown in Fig. 11(c), suggesting 

the transverse concave deformation experienced by the top spar cap during the loading.   

 

Fig. 10 Post-collapse characteristics observed on the right side of CB_F2 

 

Fig. 11 Post-collapse characteristics observed on the left side of CB_F2 

 

The failure modes of the shear webs of CB_F3 are similar to those of CB_F2. Both box beams show adhesive cracks with an 

inclination angle between 15° to 30°. These cracks occur at 120 mm’s span-wise locations and indicate substantial shear stresses in 

this region. Although the pre-delamination opens on the right side of CB_F3, it does not propagate during the loading. Instead, the 

debonding between the shear webs and the top spar cap originates from the existing adhesive cracks and propagates along the adhesive 

layers. The debonding also involves delamination of spar caps as can be seen from Figs. 12 (b) and (c) that some fibers from the spar 

cap laminates remain adhered to the adhesive layer. 

 

Fig. 12 Post-collapse characteristics observed on CB_F3 

 

4.2.2 Failure inspection after edgewise tests 

The in-situ observation of CB_E1 and CB_E2 exhibits similar post-collapse characteristics, as shown in Fig. 13 and Fig. 14. From 

the right and left views, the primary failure region marked by the black dotted lines is consistent with the width of the flange originally 

adhered to the spar cap. In particular, the whitening region with longitudinal cracks in the magnified images of Fig. 13(b) and Fig. 

14(b) shows matrix damage and fiber breakage in the spar caps driven by severe bulging deformation. Fig. 13(a) and Fig. 14(a) show 

only debonding at the right side, suggesting that debonding occurs prior to crushing failure. 

The top views shown in Fig. 13(c) and Fig. 14(c) reveal large openings between the spar caps and the top shear web ranging from 

approximately 0 to ±300 mm along the longitudinal direction. This separation is caused by both debonding and delamination of the 

spar caps. However, this delamination is an additional result of the debonding propagation and is less responsible for the beam 

collapse.  

 

Fig. 13 Post-collapse characteristics observed on CB_E1 

 

Fig. 14 Post-collapse characteristics observed on CB_E2 

 

4.3 Local strain response  

4.3.1 Strain response under flapwise loading 

According to the previous observations, the main failure modes are the same in both CB_F2 and CB_F3 with little effects of pre-

delamination. Strain response of CB_F2 is discussed here as representative. Although many strain gauges are placed on the outside 



  

surfaces of CB_F2, only the two locations (200 mm and 350 mm) of most interest are discussed to explain nonlinear behavior, and the 

rest measurements will be used for comparison in the future numerical analysis. The local strains measured at the top spar cap of 

CB_F2 are shown in Fig. 15, where ε11 and ε22 denote the longitudinal and transverse strains, respectively.  

 

Fig. 15 Local strain response on the top spar cap of CB_F2 

 

It is known from the aforementioned discussion that the top spar cap underneath the loading plate at the mid-span is subject to 

concave deformation. As shown in Fig. 15(a), both ε11 and ε22 at 200 mm bend toward the positive strain regime with the increase of 

applied load before �8:9�
< . This nonlinearity indicates the spar cap at 200mm undergoes bulging out, or convex deformation in both 

longitudinal and transverse directions. This deformation is of opposite direction of the deformation of the adjacent spar cap at the mid-

span. From the load level �8:9�
< , the longitudinal strain ε11 at 200 mm increases dramatically while the transverse stain ε22 reduces. 

These changes of stains indicate the spar cap, which is initially convex along both longitudinal and transverse directions, undergoes 

more convex deformation in the longitudinal direction but flattens a little bit in the transverse direction, suggesting material failure in 

the shear web and adhesive joints may occur and release boundary constraint of the spar cap. Nevertheless, the box beam continues to 

take the applied load to the peak with a noticeable nonlinearity showing in the global structural response in terms of applied load 

versus deflection.     

Fig. 15(b) shows the strain response during the post-peak loading history from the ultimate load �8:9�
  to the residual load �8:9�

� . 

From �8:9�
  to the post-peak load �8:9�

= , both longitudinal and transverse strains at the outside surface of the top spar cap at 200 mm 

increase in the tensile strain regime. These strain measurements give direct evidence of significant bulging out, or convex deformation, 

of the top spar cap at this location. Considering the concave deformation of the top spar cap at the mid-span location, i.e., 0~40 mm, as 

previously identified, one conclusion can be made that there must exist a location between 40 and 200 mm which experiences the 

maximum through-thickness tensile strain or maximum strain gradient (indicating maximum shear stress). This finding may be a key 

to explain the oblique adhesive cracks found near the 120 mm location. After �8:9�
= , the longitudinal strain decreases at 200 mm but 

increases at 350 mm. This strain pattern shows that the location of maximum through-thickness tensile strain or maximum strain 

gradient moves toward the supported ends of the box beam, which is consistent with the observed propagation of debonding in 

adhesive joints. 

 

4.3.2 Strain response of pre-delamination 

Fig. 16 shows the longitudinal strains on the outside surface of the top spar cap at 350 and 500 mm locations with pre-delamination. 

All compressive strains respond to the applied load in a rather linear fashion before the ultimate load is reached.  Dramatic changes of 

strains occur at two load levels, marked as �> and �* . At �>, the strains at only the middle and left sides of 350 mm increase in tension, 

indicating separation of the top spar cap from the shear web. This observation is in agreement with the debonding at 200~400 mm at 

the left side as shown in Fig. 8(d-i). At �*, the strain at the right side of 350 mm shows an increase in tension due to separation 

between the Teflon film and the unidirectional ply. Moreover, compressive strain increases at 500 mm, which is located at the border 

of the pre-delamination region. Therefore, it is known that debonding occurs prior to pre-delamination opening.  

 

Fig. 16 Longitudinal strains on the pre-delamination region of the top spar cap of CB_F3 

 

4.3.3 Strain response under edgewise loading 

Figs. 17 (a) and (b) show the transverse strains along the height direction of the spar caps at the mid-span section under edgewise 

loading, where the strain gauges are located at 0.833H and 0.5H, with H being the height of the box beam. Figs. 17 (c) and (d) show 

the strain response of the top and bottom shear webs, where the locations #5, #7/#8 and #6 are 0, 80 and 200 mm away from mid-span 

section, respectively.  



  

The transverse compression strain at location #2 shows a drastic increase toward the positive strain regime and decreases just before 

the ultimate load is reached. The increase in strain is due to spar cap buckling in the form of bulging out in two events ‘I’ and ‘II’. 

However, the main driver of this process is adhesive cracking near location #2, where the inside surface of the spar cap is originally 

adhered to the shear web. The strain decreases prior to the ultimate load indicates that the boundary constraint of the spar cap is 

released due to adhesive failure. 

Before the occurrence of event ‘I’, all strains in the shear webs show linearity, possibly because the Brazier effect has little effect on 

the cross section as a result of the higher transverse stiffness of the shear web than spar cap when the box beam is loaded in edgewise 

direction. However, the nonlinear in-plane shear has significant influence on the shear deformation and further affects the buckling 

behavior of the spar caps. The tensile strains at locations #1 and #3 bend toward the positive strain regime, indicating spar caps are 

bulging out during the loading. 

 

Fig. 17 Strain response before the ultimate load under edgewise loading 

 

 

5 Plausible failure mechanism 

Based on the aforementioned evidence, CB_F2 and CB_E2 are taken as representative examples to demonstrate the plausible 

failure mechanism of the composite box beams in Fig. 18 and Fig. 19. The sketches in the second column of the figures show 

conceptual deformations of the mid-span section and the red marks indicate material failure. For the flapwise loading, only the top spar 

cap primarily subject to compressive force during the loading is plotted in Fig. 18 to illustrate the failure response of the box beams. 

o Local buckling in the form of bulging initiates at the compressive side of the shear web as shown in Fig. 18(a). This buckling is 

driven by compressive force due to the global beam bending, and it is also affected by the transverse concave deformation of the 

adjacent spar cap due to the Brazier effect. Load introduction affects the local deformation and buckling mode of the mid-span 

section. 

o Local buckling of shear web increases with the applied load and leads to material failure in the facesheet of shear webs and/or 

adhesive joint as shown in Fig. 18(b). The material degradation in turn promotes the local buckling. Their interaction eventually 

drives the shear web to compressive crushing failure, as shown in Figs. 18 (c) and (d), resulting in the significant loss of load-

carrying capacity of the box beam.  

o The buckling of the top spar cap is also developed and it becomes significant when the local material failure in shear webs and/or 

adhesive joint occurs. The buckling of spar cap induces large shear stress and through-thickness tensile stress at the ±120mm 

locations, which further result in oblique cracks in the adhesive joint, as shown in Fig. 18(c). The propagation of cracks leads to 

catastrophic debonding as shown in Fig. 18(e). Finally, the box beam retains a residual load-carrying capacity due to the intact 

bottom spar cap. 

 

Fig. 18 Schematic illustration of failure mechanisms of CB_F2 under flapwise loading 

 

For edgewise loading, particular focus is placed on the spar cap and the adhesive joint, both of which are primarily subjected to 

compression and shear, as shown in Fig. 19. 

o Shear nonlinearity of the unidirectional plies in spar caps contributes to nonlinear shear deformation, as shown in Fig. 19(a). 

This shear nonlinearity is significant enough to be reflected in the global load-displacement response of the box beam under 

three-point edgewise bending. During this loading process, spar caps bulge out resulting in significant stresses in adhesive joints, 

which exhibit cracks as shown in Fig. 19(b). 

o The adhesive cracking releases local constraint adhered to the shear webs, leading to further local buckling of spar caps, as 

shown in Fig. 19(b). Local material damage progresses in the region between spar caps and shear webs, resulting in load 

fluctuation observed in the global load-displacement response, as shown in Fig. 19(c). 



  

o Local material failure and buckling of spar caps prompt the propagation of adhesive debonding and delamination, leading to 

crushing failure of the spar cap and a drastic load drop of the box beam as a result as shown in Figs. 19 (d) and (e).  

 

Fig. 19 Schematic illustration of failure mechanisms of CB_E2 under edgewise loading 

 

 

6 Conclusions and future work 

In this work, experimental investigation was carried out to study structural collapse of load-carrying composite box beams typically 

used in wind turbine blades. The nonlinear behavior during the loading history of the box beams were examined thoroughly by taking 

into consideration the representative load conditions, i.e., flapwise and edgewise loading, and different spar cap configurations, i.e., 

thickness and pre-delamination. The following conclusions are drawn: 

1) The ultimate strength of composite box beams is higher under edgewise loading than flapwise loading due to different 

controlling failure modes. For the flapwise loading, local buckling drives the shear webs to compressive crushing failure. For the 

edgewise loading, debonding and buckling of the spar cap is triggered by local adhesive cracking, with contribution from shear 

nonlinearity of unidirectional plies.  

2) The Brazier effect influences local buckling differently depending on loading directions. Under flapwise loading, the Brazier 

effect leads to local buckling due to low transverse stiffness of the spar cap containing unidirectional plies. Under edgewise loading, 

shear webs with higher transverse stiffness can better resist the Brazier effect and constrain local buckling.  

3) Although pre-delamination designed in the spar caps contributes to the failure process of the box beams, it has a negligible effect 

on the ultimate strength and post-collapse characteristics in this study. Instead, the buckling of the top spar cap is a dominant 

phenomenon which leads to debonding of adhesive joints between the spar cap and shear webs due to shear and through-thickness 

tensile stress. 

4) Equations based on the sandwich beam theory are modified to estimate the pre-peak stiffness of composite box beams under 

three-point bending. The calculated results are in agreement with the results of the flapwise tests but not with edgewise tests, where 

shear nonlinearity of unidirectional plies in the spar caps has to be considered. 

In this study, three-point bending setup introduces concentrated load and affects strength and failure of box beams. Failure behavior 

of the box beams may be different when they are under pure bending and combined bending and torsion. A three-dimensional solid 

element finite element model has been developed to further examine the effects of test setups, boundary conditions, more realistic 

airfoil geometries of load-carrying components used in wind turbine blades. The experimental results presented in this study provide 

valuable information for model development and validation, which will be presented in the future study. 
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