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Abstract 

In light wood frame buildings, diaphragm flexibility influences the load 
distribution between shear walls under lateral load induced by earthquake or 
wind action, which is important for structural design. A multiple spring model 
with the ability to represent the load-transferring behaviour of this complex 
lateral load resisting system of light wood frame buildings was developed. The 
developed model was validated with results from the more sophisticated model, 
spring deep-beam model. The lateral load distribution between shear walls with 
various stiffness ratios of diaphragm to shear wall was also investigated. Based 
on preliminary findings from this study, contrary to common belief, the forces 
transferred by a semi-rigid diaphragm to the supporting shear walls, may be 
higher than those predicted by flexible and rigid diaphragm assumptions. 
Keywords: light wood frame buildings, lateral load resisting system, diaphragm 
flexibility, load distribution. 

1 Introduction 

The lateral load resisting system (LLRS) of light wood frame building (LWFB) 
consists of wood-based shear walls and diaphragm (as shown in Figure 1). The 
shear walls resist the applied lateral load distributed by the horizontal diaphragm. 
The diaphragm flexibility relative to that of the supporting shear walls plays a 
key role in determining the load distribution between shear wall lines. If the 
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diaphragm is deemed “flexible”, the shear wall lines can be assumed to carry the 
lateral loads based on the tributary area method, while the lateral loads must be 
assigned to the shear walls in proportion to their stiffness if the diaphragm is 
“rigid”. Therefore, it is important to quantify the flexibility of the diaphragm and 
the load distribution between shear wall lines when designing a LLRS. 
 

 

Figure 1: LLRS of LWFB  [1]. 

      Eurocode 8  [2], ASCE 07-10  [3] and ASCE 41-06  [4] provide criteria for 
diaphragm flexibility classes without any guidance on how to calculate the load 
distribution among the shear wall lines. To apply these classification criteria, 
numerical analysis needs to be carried out to determine deformations of 
diaphragms and LLREs under design load is required. Canadian timber design 
code, CSA O86-09  [5], does not provide specific guidelines on how to estimate 
the forces that flow to individual lateral load resisting element (LLRE). It is left 
to the discretion of the designers. A guideline document published by the 
Association of Professional Engineers and Geoscientists of British Columbia 
(APEGBC)  [6] suggests that an envelope approach be used if the force in any 
shear wall is increased by more than 15% due to the change in the flexible and 
rigid diaphragm assumptions. This approach is simple and is thought to be 
conservative. However, as is shown in this paper, this approach may not always 
lead to conservative design forces.  
      To date, limited research has been performed to systematically evaluate the 
diaphragm flexibility and its influence on the lateral distribution of lateral load to 
shear walls of LWFB. In this study, a multiple spring model was developed. 
Based on this developed model, the lateral load distribution between shear wall 
lines of LWFBs with various stiffness ratios of diaphragm to shear wall was 
investigated as well. 

2 Springs model of LWFBs 

LWFB diaphragms are usually designed to behave elastically, so that they can 
sustain their function of transferring forces to the main LLREs, and maintain 
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structural integrity. The spring deep-beam model (SDBM) can be used to 
represent the diaphragm-shear wall system where the shear walls are modelled as 
a series of springs and the diaphragm is modelled as an analogue beam which 
acts as a load distribution mechanism [7, 8]. The reaction forces in the springs of 
the SDBM can be calculated using simple mechanical theory. However, as the 
number of diaphragm elements and shear walls increases, it becomes more 
tedious to calculate the load distribution in shear wall lines using mechanical 
theory, and more sophisticated analysis procedures such as finite element 
analysis (FEA) may be required. For this reason, the SDBM is not considered to 
be designer friendly. 
     In the proposed multiple spring model, the elastic behaviour of a single-storey 
LWFB consisting of a floor diaphragm supported by a number of shear walls 
(Figure 2) can be represented by a series of linear springs, as shown in Figure 3.  
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Figure 2: Single-storey LWFB with n LLREs. 
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Figure 3: Multiple spring models for LWFB. 

      In the multiple spring model, each LLRE is represented by a spring 
connected to the ground, and the diaphragm between adjacent LLREs is 
represented by a spring connected to the springs of the two adjacent LLREs via a 
rigid beam with only one degree of freedom in the direction of load. The uniform 
load, p, is converted into a concentrated load, Pi, acting at the top of each LLRE 
based on the tributary area method.  
      The concentrated load equals to the product of the uniform load, p, and the 
tributary area, Ai, of the corresponding LLRE, as shown in eqn. (1).  
 

i i
P A p=  (1) 

      The lateral deformation of shear wall, 
SW

∆ , and diaphragm, 
D

∆ , can be 
calculated using eqns. (2) and (3) provided in CSA O86-09  [5].  
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where ΔSW is the horizontal in-plane deflection at top of the blocked single-storey 
shear wall segment; ν is the shear force per unit length due to specified lateral 
load, N/mm; HS is the shear wall segment height, mm; E  is the modulus of 
elasticity of chords, MPa; A is the cross-sectional area of chord members, mm2; 
LS is the length of shear wall segment, mm; BV is shear-through-thickness rigidity 
of sheathing panel, N/mm; en is nail deformation for a particular load per nail, 
mm; da is total vertical elongation of the wall anchorage system at the induced 
shear load. 
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where 
D

∆  is the lateral deflection at mid-span of the simply supported blocked 
diaphragm, mm; v  is the shear force per unit length due to specified lateral 
loads, N/mm; L  is diaphragm span perpendicular to the direction of the load, 
mm; 

D
L  is the depth of diaphragm parallel to the direction of the load, mm; 

( )
C
x∆∑  is the sum of the individual chord-splice slip values, 

C
∆ , on both sides 

of the diaphragm, each multiplied by its distance x  from the nearest support. 
      The stiffness of LLRE spring, 

i
K , can be taken as the reciprocal of the shear 

wall deformation under a unit load of 1 N. The stiffness of diaphragm under 
uniform load similarly, is the reciprocal of the diaphragm deformation under a 
pressure of 1/Li (Li is the span of the ith diaphragm, mm) N/mm, eqn. (4).  
 

,
1

i SW i
K = ∆  (4) 

The stiffness of diaphragm spring under a concentrated load, used in the multiple 
spring model, can be derived from the stiffness of diaphragm under uniform load 
using eqn. (5).  
 

,D i i Di
K ξ= ∆  (5) 

where ξ  is the conversion factor of diaphragm stiffness, by which the stiffness 
of diaphragm that behaves as a simply supported beam under a uniform load can 
be converted into the stiffness of diaphragm that behaves as a cantilever beam 
under a concentrated load at the tip, eqn. (6). 
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 (6) 

     Regarding the multiple spring model, if the diaphragm is assumed flexible, 
the stiffness of the diaphragm spring, KDi, is taken as zero, therefore, there will 
be no connection between the two adjacent LLRE springs (Figure 4a). The force 
in the LLRE spring, Fi, is proportional to the tributary area of the corresponding 
LLRE, eqn. (7a). When the diaphragm is assumed rigid, then KDi is taken as 
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infinity (Figure 4b), and each shear wall carries the load, Fi, in proportion to the 
relative stiffness of the LLREs, eqn. (7b).  
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where 
Ai

α  and 
Ki

α are the tributary area ratio and stiffness ratio, respectively.  
 

FiFi-1F2F1 Fi+1 Fn-1 Fn

KD,1=0 KD,i-1=0 KD,i=0 KD,n-1=0

Pi

K1 K2 Ki-1 Ki Ki+1 KnKn-1

Pi-1P2P1 Pi+1 Pn-1 Pn

 
(a) Flexible diaphragm case 
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(b) Rigid diaphragm case 

Figure 4: Two extreme cases of multiple spring model. 

      The reactions and deformations of LLRE springs in this spring model with 
semi-rigid diaphragm shown in Figure 3 can be obtained by solving the system 
of equations with 2n variables, as shown in eqn. (8). 
 { } [ ] { }2 22 2n nn n
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3 Load distribution of LWFBs 

In order to verify the proposed multiple spring model and to investigate the load 
distribution between shear wall lines, three cases of single-storey LWFB with 
different shear wall arrangements were analysed under a uniform lateral load, as 
shown in Figure 5. Only two types of shear walls with a length ratio of 0.5 were 
used. The shear wall stiffness is assumed to be proportional to its length. 
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Figure 5: Three cases of LWFB with different layout. 
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     The SDBM, as shown in Figure 6a, was used as the reference analysis 
method. Three finite element (FE) models (Figure 6b), in which the deep beam 
was simulated by four hundred two-dimensional Timoshenko beam elements, 
B21, and shear wall springs were modeled using five spring elements, SPRING2, 
acting in a fixed direction (Y), were developed using FE software, ABAQUS  [9]. 
Due to the symmetry of building model and loading condition, symmetrical 
reactions were obtained, as shown in Figure 6b. By increasing or decreasing 
equivalent stiffness of diaphragm, KD, the sensitivity of load distribution and 
deformation ratio to diaphragm flexibility can be investigated. 
     The force ratios, αF, of the FEA are compared with ratios of reactions 
calculated from the multiple spring model using eqn. (8), as shown in Figure 7. 
The force ratios of the three LWFB cases predicted by the multiple spring model 
at extreme diaphragm stiffness values agree with those predicted by FEA. There 
are larger discrepancies for semi-rigid diaphragm, but the maximum deviation is 
only about 20%. This level of discrepancy is considered acceptable for structural 
design purposes, indicating that the multiple spring model is appropriate to 
estimate the load distribution between shear wall lines in LWFBs. While finding 
a solution to a system consisting of more than 3 shear walls may be tedious, the 
solution procedure for eqn. (8), which forms the theoretical basis of the multiple 
spring model, can be easily implemented in a simple computer program. 
 

K1 K2 K3 K2 K1

L/4 L/4 L/4 L/4

Te

B

L

p

 
(a) Mechanical model 

                

(b) FE model 

Figure 6: SDBMs of LWFBs. 

      In addition, an interesting and unexpected phenomenon was observed in the 
results shown in Figure 7. One force ratio of internal spring, αF2 of case I and αF3  
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Figure 7: Force ratio vs. stiffness ratio. 
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of cases II and III, in the semi-rigid range, is higher than the two extreme values 
when stiffness ratio approaches zero and infinity, respectively. This phenomenon 
is observed in both the multiple spring model and the FEA results. This is 
thought to be induced by deformation compatibility that occurs in continuous 
beams. Therefore, the design method using the envelope forces of the two 
diaphragm flexibility assumptions, as proposed in reference  [6], is not always 
conservative. Therefore, the multiple spring model proposed in this paper can be 
used to estimate the actual forces carried by the LLREs with any diaphragm, 
without conducting FEA using the SDBM. 

4 Conclusions 

The load distribution between shear wall lines plays an important role in the 
structural design of LWFBs. However there has not been any accepted procedure 
to accurately calculate this load distribution for design use. In this paper a 
simplified, and yet mechanically sound, model consisting of multiple springs to 
represent the stiffness of diaphragms and supporting shear walls, is proposed. 
This model can be implemented in a simple computer program. Comparison of 
prediction results with those obtained from SDBM using FEA has shown that the 
proposed model is adequate for design use. In addition, the results shown here 
reveal that the design method based on envelope forces (i.e. taking the larger of 
the shear wall force based on either flexible or rigid diaphragm) is not always 
conservative. 
      The results presented in this paper provide the foundation for further work to 
develop a more robust, designer-useable method of predicting load distribution 
to shear walls based on ratio of diaphragm stiffness to that of the shear walls 
supporting it. Further work will include: (a) simplification of the multiple spring 
model to circumvent the need to use a computer program; (b) expanding the 
method of classifying diaphragm flexibility from single-storey to multi-storey 
buildings; (c) extending this method to a general method for timber buildings, 
such as massive timber systems.  
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