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ABSTRACT: The objective of this paper is to clarify the difference between two analytical models for plastic design of 
shear walls and evaluate their potential for hand calculation by comparing calculated load-bearing capacities of different 
wall configurations with the corresponding ones obtained by finite element analyses. The first analytical model is based 
on a true plastic lower bound concept, i.e. always fulfilling the conditions of equilibrium. The second model is based on 
the assumption that the full vertical shear capacity of the wall is utilized, considering that the vertical equilibrium is 
always fulfilled but disregarding that the horizontal equilibrium of the wall is not always satisfied. If the shear capacity 
of the stud-to-rail joints is sufficiently large, then the second model is also a true plastic lower bound method. The ratios 
between the calculated load-carrying capacities of the two analytical models are in the range between 1.00 – 1.24 with a 
mean value of 1.12 for the wall and load configurations studied. Results from FE simulations show that the first 
analytical method underestimates the load-carrying capacity by about 10 %, but that the method gives very stable 
capacity values relative to the FE simulations. It is further evident that there is a good agreement between the second 
analytical model and the results of the FE calculations at the mean level, but that this method has a considerably higher 
variation in the capacity values relative to the FE-simulations. Performed tests of different wall and load configurations 
show about 30 % higher measured capacities than calculated ones. The large deviations are mainly due to differences in 
the manufacturing of the specimens for the sheathing-to-framing joint tests and the specimens for the wall tests. 
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1 INTRODUCTION 
1.1 BACKGROUND123 
   The authors of this paper have proposed different 
analytical models for plastic design of timber frame 
walls subjected to shear. The main idea has been that 
the proposed analytical models should be based on the 
principles of the static theorem i.e., based on the 
conditions that 
 the equilibrium is fulfilled in each point of the 

structure 
 the strength of the joints and the material is not 

exceeded in any point 
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 the ability of the joints to deform is large enough 
   By fulfilling these conditions the calculated capacity 
of the structure will always be lower than the “true” 
plastic capacity of the structure, i.e. a lower bound value 
of the plastic capacity is obtained. 
 
1.2 AIM AND SCOPE 
   The aim of this paper is to evaluate two analytical 
models for plastic design of walls subjected to shear.  
   The first model is a “true” plastic lower bound model 
while the second one may give capacities higher than 
the “true” plastic capacity. 
   In order to study the differences between the two 
models finite element calculations are carried out. 
Calculated capacities are compared with results 
obtained from testing of walls. 
   The proposed models can only be applied on walls 
where the sheet material is fixed by mechanical 
fasteners to the timber members. The models are only 
intended for use in case of static loading. 
In this paper only wall configurations without openings 
are studied. 
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2 TESTING PROGRAM 
   The wall and load configurations tested and the 
system of notation used for the different test series are 
shown in Figure 1. The main load was applied in two 
different ways; as a diagonal load (D) or as a horizontal 
load (H). The horizontally loaded walls were often 
simultaneously subjected to a vertical point load (V) 
acting on the leading stud or as point loads (V) 
distributed on all studs. 

 
 
Figure 1: Wall and load configurations tested  
 
   All walls were sheathed with hardboard of dimension 
1200×2400×8 mm3. Only one side of each wall was 
sheathed. The timber members were of dimension 
45×120 mm2 with a stud spacing of 600 mm. For the 
sheathing-to-framing joints 50×2.1 mm annular ringed 
shank nails were used with a centre distance of 100 mm 
along the perimeter and 200 mm along the centre line of 
the sheets. In each stud-to-rail joint two annular ringed 
shank nails 90×3.1 mm were applied in the grain 
direction of the vertical studs. 
   The different test series are specified in Table 1. The 
vertical load acting on the leading stud is denoted by V0 
and the vertical load acting on all studs by Vi. Note that 
at diagonal loading, the vertical load on the leading stud 
represents a certain proportion of the horizontal load H. 
The bottom rails were normally continuously anchored 
to the foundation with respect to vertical uplift. For two 

of the test series, D2:NA and H4VV3:NA (NA = No 
Anchorage), the bottom rail was not anchored with 
respect to vertical uplift but was prevented from sliding 
by a simple stopping device at the end of the wall. One 
of the test series, H4:NF (NF = No Framing joints), had 
no nails in the joints between the vertical studs and the 
bottom rail. This was simulated by cutting off the nails 
after the specimens had been manufactured. 
 
Table 1: Specification of walls tested. 
 
Test Number V0 Vi Anch. Framing 
series of tests [kN] [kN] rail joints 
D1 4 2H - yes yes 
D2 4 H - yes yes 
D2:NA 4 H - no yes 
D3 4 2/3H - yes yes 
D4 4 1/2H - yes yes 
H1 4 - - yes yes 
H2 4 - - yes yes 
H3 4 - - yes yes 
H4 4 - - yes yes 
H4:NF 4 - - yes no 
H2V1 4 3.23 - yes yes 
H2V2 4 6.46 - yes yes 
H2V3 3 12.9 - yes yes 
H4V1 3 3.23 - yes yes 
H4V2 3 6.46 - yes yes 
H4V3 4 12.9 - yes yes 
H4VV1 4 - 1.29 yes yes 
H4VV2 4 - 3.23 yes yes 
H4VV3:NA 4 - 6.46 no yes 
 
3 TEST RESULTS 
   The results obtained from the testing of the walls are 
specified in Table 2. The loads H given in the table 
represent the measured maximum values. In case of 
diagonal loading, H represents the horizontal 
component of the applied diagonal load D.                                                                                                                                                                                                                            
 
Table 2: Results from testing of light-frame shear walls 
including dry density ρ0,ω and moisture content ω of 
frame members. (COV = coefficient of variation). 
 
Test  Number ρ0,ω ω Load H 
series of tests [kg/m3] [%] [kN] COV 
D1 4 404 11.5 16.7 0.13 
D2 4 405 14.1 30.0 0.04 
D2:NA 4 428 12.4 31.7 0.04 
D3 4 398 11.8 42.0 0.05 
D4 4 394 14.4 59.8 0.10 
H1 4 409 10.4 3.84 0.13 
H2 4 401 12.1 13.9 0.10 
H3 4 403 11.2 25.9 0.06 
H4 3* 437 15.3 45.2 0.08 
H4:NF 3* 402 14.2 41.9 0.08 
H2V1 4 389 11.4 19.4 0.06 
H2V2 4 415 11.2 21.9 0.06 
H2V3 3 478 14.7 26.5 0.03 
H4V1 3 431 14.0 49.3 0.10 
H4V2 1* 412 10.5 49.3 - 
H4V3 4 422 12.6 60.4 0.08 
H4VV1 3* 402 12.9 51.9 0.03 
H4VV2 4 383 13.4 54.8 0.04 
H4VV3:NA 3* 426 12.8 58.5 0.03 
* Some tests results have been excluded 
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   The dry density ρ0,ω and the moisture content ω of the 
timber members were determined in those areas where 
the primary failures took place. Failure was normally 
initiated due to plastic bending and withdrawal of the 
nails in the sheathing-to-framing joints. The failure 
mode was generally of a fairly ductile type. 
 
4 ANALYTICAL MODELS 
4.1 GENERAL INFORMATION 
4.2 MODEL 1 
   An analytical plastic model fulfilling the principles of 
the static theorem is presented in [1]. The basic 
assumptions are as follows: 
 the sheathing-to-framing joints, referring to the 

vertical studs and the top rail, are assumed to 
transfer shear forces only parallel to the timber 
members 

 the sheathing-to-framing joints, referring to the 
bottom rail, are assumed to transfer forces either 
parallel or perpendicular to the bottom rail 

 the framing joints are not assumed to transfer any 
tensile or shear forces 

 compressive forces can be transferred via contact 
between adjacent sheets and in the framing joints. 

   Regarding the last point in the list it should be 
mentioned that contact between adjacent sheets often 
can be replaced by an alternative load path where the 
force is transferred from one sheet to an adjacent one 
via the joints in an intermediate stud. 
   In order to obtain simple expressions for the resistance 
of the shear walls, the fasteners are assumed to be 
continuously distributed along the centre of the timber 
members. The load-carrying capacity of the sheathing-
to-framing joints is consequently given in force per unit 
length. It is further assumed that the fastener spacing 
around the perimeter of the sheets is constant. 
   The model assumptions are in Figure 2 applied on a 
wall configuration consisting of three sheets fastened to 
a timber frame. The external loads Vi acting on top of 
the wall and the wall geometry are defined in the figure. 
The assumed force distribution along the lower part of 
the wall is shown in a section immediately above the 
bottom rail and represents the forces in the sheathing-to-
framing joints. These forces are assumed to act either 
perpendicular or parallel to the bottom rail. The plastic 
capacity per unit length of these joints is denoted by fp 
and it is assumed that plasticity has been attained along 
the entire bottom rail. The factor  opens for the 
possibility of using reduced strength properties when 
the fastener forces act perpendicular to the edges of the 
sheets and the timber members. The wall is divided into 
two fictitious wall segments, denoted by 1 and 2, 
assuming that the plastic shear flow has been attained in 
the vertical section immediately to the right of stud 
number n + 1, thus, resulting in a pure plastic shear flow 
within wall segment 2. The vertical forces Vi acting on 
wall segment 1 are assumed to be transferred via the 
studs to the sheathing material. It should be noted that a 
part of the force Vn+1 is transferred to the bottom rail 
since the plastic shear capacity fp would otherwise be 

exceeded at the vertical section shown. The vertical 
forces acting on wall segment 2 cannot be transferred 
via the studs to the sheets but must be transferred via the 
studs to the bottom rail. 
 

 
Figure 2: Assumed force distribution using model 1. 
 
   The horizontal capacity H is obtained by studying the 
equilibrium of the two fictitious wall segments. The 
horizontal forces transferred to the left and right wall 
segments are denoted by H1 and H2, respectively. A 
moment equation for wall segment 1 with respect to its 
lower right corner can be formulated as 
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   Force equilibrium in horizontal direction gives 
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   In order to simplify the equations two non-
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   It should be noted that if the vertical load V0 acting on 
the leading stud is larger than fph it means that the 
leading stud is fully anchored with respect to uplift and 
the capacity of the wall is obtained from Equation (3) 
setting l2 equal to the total wall length. It should further 
be noted that the numerator Veq in Equation (5) 
represents the equivalent vertical force acting on the 
leading stud, considering wall segment 1 as a simply 
supported beam on two supports. This means that the -
value in Equation (5) never can exceed 1. 
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   The effective wall length l1,eff  can now be calculated 
from Equations (1) and (2) as 
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   At this stage it must be checked that the plastic shear 
flow has not been attained in the vertical section left of 
stud number n + 1, resulting in the following condition 
with respect to the vertical force equilibrium 
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   If stud number n+1 is not the end stud of the wall it 
must further be checked that the plastic shear flow has 
been attained in the vertical section to the right of this 
stud leading to the condition 
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   If the conditions (7) and (8) are fulfilled the total 
horizontal capacity of the wall H is obtained by 
summation of the force contributions H1 and H2 from 
Equations (2) and (3) as 
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   An advantage of this model is that it is a lower bound 
model. A weakness is, however, that the capacity H 
must be calculated iteratively, since the position of stud 
number n + 1, where the vertical shear flow fp is 
attained, is not known from the beginning. 
   If the bottom rail is not anchored with respect to 
vertical uplift, i.e.  = 0,  l1,eff is obtained from Equation 
(6) as 
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and the total horizontal capacity of the wall H becomes 

21 lflfH pp    (11) 

 
4.3 MODEL 2 
   This model was developed to make better use of the 
stud-to-rail joints along the bottom rail, which were not 
used for any transfer of shear forces in model 1, see 
reference [2]. The assumed force distribution using 
model 2 is shown in Figure 3 for the previously shown 
wall configuration. The horizontal shear flow f along the 
bottom rail of the left wall segment is assumed to come 
from the stud-to-rail joints. This shear contribution is in 
fact distributed along the entire wall and is transferred 
via contact between the sheets to the left wall segment.  
Thus Figure 3 only gives a simplified illustration of the 
force distribution. The basic idea behind this analytical 
method is that the full vertical shear capacity of the wall 

should be attained as close to the leading stud as 
possible, considering that the vertical equilibrium is 
always fulfilled but disregarding that the horizontal 
equilibrium of the left wall segment is not always 
satisfied. 
 

 
Figure 3: Assumed force distribution using model 2. 
 
   Vertical force equilibrium with respect to the left wall 
segment gives 
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   The length l1 is obtained from Equation (12) as 
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   A moment equation with respect to wall segment 1 
around its lower right corner gives 
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   Using the previously defined non-dimensional 
parameters in Equations (4) and (5), the capacity H1 is 
calculated from Equation (14) as 
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2
1( lfH p   (15) 

   The resulting capacity H of the two fictitious wall 
segments becomes 

21)
2
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   An advantage of model 2 is that the distance l1 can be 
determined without iterations making calculations by 
hand easier to carry out.  
   It is noted here that for  = 0 Equation (16) becomes 
identical to Equation (11) that was derived for model 1. 
   Based on the principles of model 2, a Swedish 
handbook [3] on plastic design of walls has been 
developed. 
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5 FINITE ELEMENT MODEL 
5.1 GEOMETRY AND MATERIAL 

PROPERTIES 
   Finite element simulations were performed using the 
commercial software Abaqus. Geometry and material 
properties were chosen as in paper [4]. 
   No contact been adjacent sheets was assumed to take 
place in the analyses. In paper [5] it is shown that the 
influence of this contact between the sheets can be 
neglected. 
 
5.2 MODELS OF THE JOINTS 
5.2.1 Sheathing-to-framing joints 
   The mechanical properties of the sheathing-to-framing 
joints are of vital importance for the structural 
behaviour of shear walls. The properties are based on 
experiments performed in the direction parallel with and 
perpendicular to the timber members, see paper [6]. The 
nonlinear force-displacement curves used in the 
calculations are shown in Figure 4. In case of unloading, 
a linear path parallel to the initial stiffness of the 
considered spring is assumed. In the present study three 
different models for these joints are used: 

 A single spring (SS) model where the joint is 
represented by only one nonlinear spring using 
the properties of the perpendicular direction. 

 A single spring (SS) model using the 
corresponding properties of the parallel 
direction. 

 A spring pair (SP) model where the joint is 
represented by two uncoupled nonlinear springs 
using the properties of the perpendicular and the 
parallel direction, respectively. 

   More information on the different joint models is 
available in [4]. 
 

 
Figure 4: Assumed force-displacement curves for the 
sheathing-to-framing joints in the parallel and 
perpendicular to grain direction of the timber members. 
 
5.2.2 Stud-to-rail joints 
   The mechanical properties of a stud-to-rail joint are 
modelled using two uncoupled springs. One spring 
acting in the length direction of the rail simulates the 
shear stiffness of the joint and one spring in the length 
direction of the stud simulates the tension or 

compression stiffness of the joint. The force-
displacement curves used in the calculations are shown 
in Figure 5. They are based on experimental results 
given in paper [7]. 
 

 

 
Figure 5: Assumed force-displacement curves for the 
stud-to-rail joints in shear, tension and compression. 
 
6 COMPARISON OF MODELS 
6.1 GENERAL INFORMATION 
   In order to compare the models previously described 
in chapter 4 and 5 all wall and load configurations 
specified in Table 1 and Figure 1 are analysed. 
   For the two analytical models the distributed plastic 
capacity fp of the sheathing-to-framing joints is taken 
from the force-displacement curves in Figure 4. Using 
the peak value 994 N and a centre distance between the 
fasteners of 100 mm means that fp = 9.94 kN/m for the 
parallel direction. The corresponding value for the 
perpendicular direction is fp = 9.64 N/mm. This gives 
the ratio between the two fp values in the parallel and the 
perpendicular directions equal to 1.03. 
   Before starting the comparison of the different models 
some features of the analytical models and the FE 
models are highlighted: 

 For the analytical models the sheathing-to-
framing joints are assumed to be uniformly 
distributed along the timber members while they 
for the FE models are located at the real 
position of each fastener. Since the fasteners 
were located starting from the corners of each 
sheet, the FE-models will result in somewhat 
higher capacity for the walls studied than the 
analytical models. For the nail spacing chosen 
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in this study, the capacity obtained by the FE 
model can be estimated to be 3 – 8 % higher 
than the capacity given by the analytical model. 

 For the analytical models the fasteners are 
assumed to be located along the outer edges of 
the sheets while they for the FE models are 
located at the real position of each fastener. Due 
to this feature the analytical models will give 
about 2 % higher capacity than the FE models. 

 For the analytical models the assumed force 
distributions are simplified in relation to the 
calculated ones obtained by the FE models. The 
result will be higher capacities for the FE 
models than the analytical models. 

 For the analytical models it is assumed that the 
peak values of the sheathing-to-framing joints 
are kept constant for increasing displacements 
(plastic condition) resulting in higher capacity 
values for the analytical models than the FE 
models. 

 Analytic model 2 does not always fulfil the 
conditions of equilibrium giving rise to 
somewhat too high capacity values for this 
model compared to analytical model 1 and the 
FE models. 

 
6.2 COMPARISON OF ANALYTICAL MODELS 
   Results of calculations, using the analytical models 1 
and 2, are presented in Tables 3 and 4. For each model 
the influence of two fp-values, corresponding to 
perpendicular and parallel properties of the sheathing-
to-framing joints, are studied. 
 
Table 3: Effective lengths of different walls using the two 
analytical models (b = sheet width). Ratios between 
effective lengths obtained by model 2 and model 1. 

 
Test Effective lengths leff Ratio series Model 1 Model 2 
 (1) 

perp 
(2) 
par 

(3) 
perp 

(4) 
par 

(3)/(1) 
perp 

(4)/(2) 
par 

 [b] [b] [b] [b]   
D1 1.00 1.00 1.00 1.00 1.00 1.00 
D2 2.00 2.00 2.00 2.00 1.00 1.00 
D2:NA 2.00 2.00 2.00 2.00 1.00 1.00 
D3 3.00 3.00 3.00 3.00 1.00 1.00 
D4 4.00 4.00 4.00 4.00 1.00 1.00 
H1 0.24 0.24 0.25 0.25 1.04 1.04 
H2 0.83 0.83 1.00 1.00 1.20 1.20 
H3 1.61 1.61 2.00 2.00 1.24 1.24 
H4 2.47 2.47 3.00 3.00 1.21 1.21 
H4:NF 2.47 2.47 3.00 3.00 1.21 1.21 
H2V1 1.02 1.01 1.26 1.25 1.24 1.23 
H2V2 1.20 1.19 1.48 1.47 1.23 1.24 
H2V3 1.53 1.51 1.80 1.79 1.18 1.19 
H4V1 2.72 2.71 3.26 3.25 1.20 1.20 
H4V2 2.95 2.93 3.48 3.47 1.18 1.18 
H4V3 3.38 3.35 3.80 3.79 1.12 1.13 
H4VV1 2.90 2.89 3.23 3.22 1.11 1.11 
H4VV2 3.29 3.27 3.45 3.44 1.05 1.05 
H4VV3 

* 3.58 3.57 3.67 3.65 1.03 1.02 
H4VV3:NA 3.34 3.31 3.34 3.31 1.00 1.00 
* Not tested 
 

   In Table 3 the effective lengths for shear transfer are 
calculated using Equations (9) and (16). The variable b 
denotes the sheet width and is assumed to be equal to 
h/2. In case of diagonal loading, corresponding to a 
fully anchored wall, the effective length is equal to the 
total length of the wall and is not dependent on whether 
model 1 or model 2 is chosen. 
   In the last two columns of the table, the ratios between 
the effective lengths of model 2 and model 1 are 
presented for the case of perpendicular and parallel 
properties of the sheathing-to-framing joints. For the 
wall configurations studied this ratio is in the range 
between 1.00 – 1.24. The largest ratios occur when the 
walls are subjected to horizontal loads only. 
   A comparison of the effective lengths in Table 3 
shows that they are not much affected by the properties 
of the sheathing-to-framing joints. This is a 
consequence of the fact that the measured peak values 
of fp are of similar size in the perpendicular and the 
parallel directions of the timber members. 
   For the last test series of Table 3 where the bottom rail 
is not anchored against vertical uplift, i.e.  = 0, the 
effective lengths are independent of the choice of model 
which is consistent with the discussions in sections 4.2 
and 4.3. 
   The calculated capacities H of the wall configurations 
presented in Table 4 are obtained by multiplying the 
effective lengths from Table 3 by the plastic shear flow 
fp. 
 
Table 4: Calculated capacities H of different wall 
configurations using the two analytical models. 
 

Test Calculated capacity H 
series Model 1 Model 2 
 perp par perp par 
 [kN] [kN] [kN] [kN] 
D1 11.6 11.9 11.6 11.9 
D2 23.1 23.9 23.1 23.9 
D2:NA 23.1 23.9 23.1 23.9 
D3 34.7 35.8 34.7 35.8 
D4 46.3 47.7 46.3 47.7 
H1 2.78 2.86 2.89 2.98 
H2 9.58 9.88 11.6 11.9 
H3 18.6 19.2 23.1 23.9 
H4 28.6 29.5 34.7 35.8 
H4:NF 28.6 29.5 34.7 35.8 
H2V1 11.8 12.1 14.6 14.9 
H2V2 13.9 14.2 17.1 17.5 
H2V3 17.7 18.0 20.9 21.3 
H4V1 31.4 32.3 37.7 38.8 
H4V2 34.1 35.0 40.3 41.4 
H4V3 39.1 40.0 44.0 45.2 
H4VV1 33.6 34.4 37.4 38.5 
H4VV2 38.0 39.0 40.0 41.1 
H4VV3 * 41.5 42.6 42.4 43.6 
H4VV3:NA 38.6 39.5 38.6 39.5 

* Not tested 
 
6.3 COMPARISON OF FE MODELS 
   The results of performed FE calculations are presented 
in Table 5 using the three previously described models 
for the sheathing-to-framing joints. The first three 
columns (1) - (3) give the capacity H of the walls and 
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the two last ones the relative capacity of the walls where 
the single spring model with perpendicular properties 
for the joints is a reference model with an assigned 
relative capacity equal to one. 
   In section 6.1 it was stated that the ratio between the 
two fp values in the parallel and the perpendicular 
directions is equal to 1.03 for the joints tested. This 
value should be compared with the relative capacity 
values for the wall configurations presented in the 
second last column of Table 5 representing the same 
two joint models. These relative capacity values are in 
the range from 1.03 to 1.14. The main explanation to 
these fairly high values is the influence of the shapes of 
the force-displacement curves in Figure 4. The force-
displacement curve in the perpendicular direction is 
characterised by a post-peak behaviour with a 
comparatively steep decrease in capacity in comparison 
with the corresponding curve in the parallel direction. 
This means that the single spring model with 
perpendicular joint properties (SS perp) for the 
sheathing-to-framing joints is less effective than the 
single spring model with parallel joint properties (SS 
par) in redistributing the forces at maximum capacity of 
the walls studied. 
 
Table 5: Calculated capacities H and relative capacities 
of different test series using three FE models for the 
sheathing-to-framing-joints. 
 
Test Calculated capacity H Relative  

capacity series FE model 
 (1) 

SS 
(2) 
SS 

(3) 
SP 

(2)/(1) (3)/(1) 

 perp par p-p   
 [kN] [kN] [kN]   
D1 12.4 12.9 13.9 1.04 1.12 
D2 25.1 26.1 28.4 1.04 1.13 
D2:NA - - - - - 
D3 37.9 39.4 43.0 1.04 1.13 
D4 50.7 52.8 57.5 1.04 1.13 
H1 3.10 3.20 3.11 1.03 1.00 
H2 10.9 11.8 11.2 1.08 1.03 
H3 20.6 22.9 21.5 1.11 1.04 
H4 31.2 35.5 32.9 1.14 1.05 
H4:NF - - - - - 
H2V1 13.5 14.5 14.1 1.07 1.04 
H2V2 16.0 17.1 16.9 1.07 1.06 
H2V3 20.6 21.8 22.3 1.06 1.08 
H4V1 35.8 39.6 38.1 1.11 1.06 
H4V2 39.8 43.2 43.0 1.09 1.08 
H4V3 46.1 48.5 51.1 1.05 1.11 
H4VV1 36.2 40.0 38.7 1.10 1.07 
H4VV2 41.3 44.0 45.1 1.07 1.09 
H4VV3 * 44.9 46.7 49.8 1.04 1.11 
H4VV3:NA - - - - - 
* Not tested 
 
   So far only the outcomes of the two single spring 
models have been discussed. In the third model called 
the spring pair model (SP perp-par) the sheathing-to-
framing joints are modelled with two uncoupled springs 
acting perpendicular and parallel to the timber members. 
In a non-linear spring pair model of this type the 
stiffness and capacity of the joints are overestimated. 

Thus it is obvious that this joint model will result in a 
wall capacity that is higher than the one obtained by the 
SS model with perpendicular joint properties.  
   A comparison of the load-carrying capacities obtained 
by the “SS par” and the “SP perp-par” models shows 
that for diagonal load application (D1, D2, D3 and D4) 
the “SS par” model gives lower load capacities than the 
“SP perp-par” model. The reason is that many of the 
fasteners along the perimeter of the sheets are subjected 
to displacements both perpendicular and parallel to the 
timber members at maximum load (see Figure 6) and 
that “SP perp-par” model overestimates the strength in 
such situations. In case of horizontal load application 
only (H1, H2, H3 and H4) it is seen from Table 5 that 
the “SP perp-par” model gives lower wall capacities 
than the “SS par” model. The reason is that the fasteners 
along the bottom rail on the windward side of these 
walls are subjected to substantial vertical uplift (see 
Figure 7) giving rise to large force components 
perpendicular to the bottom rail. In this situation the “SS 
par” model will overestimate the strength since it only 
uses the mechanical properties parallel to the timber 
members. From Table 5 can further be seen that for the 
horizontally loaded wall configurations with a low 
portion of vertical load (H2V1, H2V2, H4V1 and 
H4VV1) the capacity is overestimated by the “SS par” 
model which is in agreement with the wall 
configurations subjected to horizontal load only. 
Similarly, for the wall configurations with a high 
portion of vertical load (H2V3, H4V2, H4V3, H4VV2 
and H4VV3) the capacity is overestimated by the “SP 
perp-par” model which is in agreement with the wall 
configurations subjected to diagonal load. 
 

 
Figure 6: Displacement plot at the instance of maximum 
load for the diagonally loaded wall configuration D3 
using the “SS par” model (10 times enlargement of 
displacements). 
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Figure 7: Displacement plot at the instance of maximum 
load for the horizontally loaded wall configuration H3 
using the “SS par” model (10 times enlargement of 
displacements). 
 
   Provided that the sheathing-to-framing joints are 
weaker in the perpendicular than in the parallel direction 
of the timber members, it can be concluded that the “SS 
perp” model always should result in an underestimation 
of the wall capacities. It can further be concluded that 
both the “SS par” and the “SP perp-par” models should 
result in an overestimation of the capacities implying 
that the lowest one of them gives the best estimation. 
For the test series presented in Table 5 this means that 
the relative capacity of the walls falls within the interval 
1.00 – 1.08 where the value 1.00 represents the capacity 
calculated using the “SS perp” model. 
 
6.4 COMPARISON OF ANALYTICAL AND FE 

MODELS 
   In Table 6 a comparison of results obtained by the FE 
model and the two analytical models of the sheathing-
to-framing joints is made.  In the FE analysis the single 
spring model “SS perp” is used. In the analytical 
analyses, model 1 and model 2 with perpendicular 
properties for the sheathing-to-framing joints are used. 
The relative capacities, presented in the two last 
columns of the table, represent the ratios between the 
capacities obtained by the analytical models and the “SS 
perp” model. It is noteworthy that the relative capacity 
of model 1 is in the range between 0.85 – 0.94 with a 
mean value of 0.90 and that the relative capacity of 
model 2 is in the range between 0.91 – 1.12 with a mean 
value of 1.00. From this information it is obvious that 
model 1 underestimates the capacity obtained by the FE 
calculation by about 10 % but that the variation in 
relative capacity is very low. It is further seen that there 
is a good agreement between model 2 and the FE model 
at the mean level but that there is a considerably higher 
variation in relative capacity for model 2 than for 
model 1.  
   Note the differences in the model assumptions, 
highlighted in section 6.1, and how they may influence 
the load-carrying capacity of the walls.  
 

Table 6: Calculated capacities H and relative capacities 
of different wall configurations using the FE model (SS 
perp) and the two analytical models 1 and 2. 
 
Test Calculated capacity H Relative capacity 
series (1) 

SS 
(2) 

Mod. 1 
(3) 

Mod. 2 
(2)/(1) 
Mod.1 

(3)/(1) 
Mod. 2 

 perp perp perp   
 [kN] [kN] [kN]   
D1 12.4 11.6 11.6 0.94 0.94 
D2 25.1 23.1 23.1 0.92 0.92 
D2:NA - 23.1 23.1 - - 
D3 37.9 34.7 34.7 0.92 0.92 
D4 50.7 46.3 46.3 0.91 0.91 
H1 3.10 2.78 2.89 0.90 0.93 
H2 10.9 9.58 11.6 0.88 1.06 
H3 20.6 18.6 23.1 0.90 1.12 
H4 31.2 28.6 34.7 0.92 1.11 
H4:NF - 28.6 34.7 - - 
H2V1 13.5 11.8 14.6 0.87 1.08 
H2V2 16.0 13.9 17.1 0.87 1.07 
H2V3 20.6 17.7 20.9 0.86 1.01 
H4V1 35.8 31.4 37.7 0.88 1.05 
H4V2 39.8 34.1 40.3 0.86 1.01 
H4V3 46.1 39.1 44.0 0.85 0.95 
H4VV1 36.2 33.6 37.4 0.93 1.03 
H4VV2 41.3 38.0 40.0 0.92 0.97 
H4VV3 * 44.9 41.5 42.4 0.92 0.94 
H4VV3:NA - 38.6 38.6 - - 
* Not tested 
 
 
7 COMPARISONS BETWEEN 

MEASURED AND CALCULATED 
CAPACITIES 

   In Table 7 the calculated capacities using the “SS 
perp” model and the two analytical models are 
presented together with the measured capacities found 
in the testing of the wall configurations. In the last three 
columns of the table the relative capacities, here defined 
as the ratio between measured and calculated capacity, 
are given. An immediate impression of the presented 
results is that the measured capacities are considerably 
higher than the calculated ones. Thus the relative 
capacities, obtained by the “SS perp” model, fall in the 
range between 1.11 – 1.45 with a mean of 1.30. The 
relative capacities, found by model 1, are in the range 
between 1.21 – 1.64 with a mean of 1.46. Finally the 
relative capacities, obtained by model 2, fall in the 
range between 1.12 – 1.52 with a mean of 1.31.  
   One explanation to the deviations between the 
measured and calculated capacities is linked to 
differences in the manufacturing of the sheathing-to-
framing joints. At the manufacturing of the specimens 
for testing of single joints just the hardboard was 
predrilled. At the manufacturing of the walls, the timber 
members were also predrilled to some extent since the 
hardboard was placed on the timber frame when the 
predrilling took place. In order to study this effect some 
preliminary tests of sheathing-to-framing joints were 
carried out with predrilled and non-predrilled timber 
members. The tests indicate that the predrilling of the 
timber may increase the capacity of the joints by up to 
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20 %. Considering also that the “SS perp” model results 
in somewhat too low capacity values it is not surprising 
to find that the measured capacities are 30 % higher 
than the calculated ones using the “SS perp” model. 
 
Table 7: Calculated and measured capacities H of wall 
configurations tested. Relative capacity means here 
measured capacity divided by calculated capacity. 
 

Test Capacity H Relative capacity 
series (1) (2) (3) (4) (4/1) (4/2) (4/3) 
 SS M.1 M.2 Test SS M.1 M.2 
 perp perp perp     
 [kN] [kN] [kN] [kN]    
D1 12.4 11.6 11.6 16.7 1.35 1.44 1.44 
D2 25.1 23.1 23.1 30.0 1.20 1.30 1.30 
D2:NA - 23.1 23.1 31.7 - 1.37 1.37 
D3 37.9 34.7 34.7 42.0 1.11 1.21 1.21 
D4 50.7 46.3 46.3 59.8 1.18 1.29 1.29 
H1 3.10 2.78 2.89 3.84 1.24 1.38 1.33 
H2 10.9 9.60 11.6 13.9 1.28 1.45 1.20 
H3 20.6 18.6 23.1 25.9 1.26 1.39 1.12 
H4 31.2 28.6 34.7 45.2 1.45 1.58 1.30 
H4:NF - 28.6 34.7 41.9 - 1.47 1.21 
H2V1 13.5 11.8 14.6 19.4 1.44 1.64 1.33 
H2V2 16.0 13.9 17.1 21.9 1.37 1.58 1.28 
H2V3 20.6 17.7 20.9 26.5 1.29 1.50 1.27 
H4V1 35.8 31.4 37.7 49.3 1.38 1.57 1.31 
H4V2 39.8 34.1 40.3 49.3 1.24 1.45 1.22 
H4V3 46.1 39.1 44.0 60.4 1.31 1.54 1.37 
H4VV1 36.2 33.6 37.4 51.9 1.43 1.54 1.39 
H4VV2 41.3 38.0 40.0 54.8 1.33 1.44 1.37 
H4VV3

*
 44.9 41.5 42.4 - - - - 

H4VV3
 

:NA 
- 38.6 38.6 58.5 - 1.52 1.52 

* Not tested 
 
 
8 CONCLUSIONS 
   Two analytical models for design of light-frame walls 
subjected to in-plane forces are evaluated. The first 
model (model 1) is a plastic lower bound model 
implying that the equilibrium conditions are fulfilled for 
all parts of the walls studied. The second model (model 
2) was developed to better utilize the stud-to-rail joints 
for shear transfer, which were not used for any force 
transfer in the first model. The basic idea behind this 
analytical model is that the full vertical shear capacity 
of the wall should be attained as close to the leading 
stud as possible, considering that the vertical 
equilibrium is always fulfilled but disregarding that the 
horizontal equilibrium is not always satisfied. A 
weakness of model 1 is that the load-carrying capacity 
must be calculated iteratively making hand calculations 
somewhat harder to carry out. A disadvantage of model 
2 is that it is not always a lower bound method. 
   The two analytical models are flexible with respect to 
load configurations and boundary conditions and can, 
for example, be applied on walls where the leading stud 
on the windward side is fully or partially anchored with 
respect to vertical uplift. 
   The ratios between the calculated load-carrying 
capacities of model 2 and model 1 are in the range 
between 1.00 – 1.24 for the wall and load configurations 

studied. The largest ratios occur when the walls are 
subjected to horizontal loads only. 
   The two analytical models are evaluated by FE 
calculations using three models for the sheathing-to-
framing joints: a single spring model with perpendicular 
joint properties (SS perp), a single spring model with 
parallel joint properties (SS par) and a spring pair model 
with two uncoupled springs (SP perp-par). Provided that 
the sheathing-to-framing joints are weaker in the 
perpendicular than in the parallel direction of the timber 
members, it can be concluded that the “SS per” model 
always should result in an underestimation of the wall 
capacities. It can further be concluded that both the “SS 
par” and the “SP perp-par” models should result in an 
overestimation of the capacities implying that the lowest 
one of them gives the best estimation. For the wall and 
load configurations studied, this means that the relative 
capacity of the walls falls within the interval 1.00 – 1.08 
where the value 1.00 represents the capacity calculated 
using the “SS perp” model. 
   A comparison of the analytical and the FE models 
shows that model 1 underestimates the load-carrying 
capacity compared to that obtained by the “SS perp” 
model by about 10 % but that the variation in relative 
capacity is very low. It is further evident that there is a 
good agreement between model 2 and the FE model at 
the mean level but that there is a considerably higher 
variation in relative capacity for model 2 than for 
model 1. 
   Comparing the calculated load-carrying capacities 
obtained by the “SS perp” model with those obtained in 
the tests, it is found that the measured values are about 
30 % higher than the calculated ones. One explanation 
to this large deviation is that the sheathing-to-framing 
joints of the wall specimens were predrilled both in the 
sheets and in the timber while the corresponding 
specimens of the sheathing-to-framing joints were 
predrilled only in the sheets. Another explanation is that 
the “SS perp” is expected to give somewhat too low 
capacity values. 
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