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ABSTRACT:  
Källsner and Girhammar have developed plastic design methods for light-frame timber shear walls that can be used for 

determining the load-carrying capacity when the shear walls are partially anchored. For such walls, the leading stud is 

not fully anchored against uplift and tying down forces are developed in the sheathing-to-framing joints. Since the 

forces in the anchor bolts and the sheathing-to-framing joints do not act in the same vertical plane, the bottom rail will 

be subjected to cross-wise bending, leading to possible splitting along the bottom side of the rail. Another possible 

brittle failure mode is splitting along the edge of the bottom rail in line with the sheathing-to-framing fasteners. An 

experimental program has been conducted using different anchor bolt locations, washer sizes and pith orientations. A 

fracture mechanics approach for the two failure modes is used to evaluate the experimental results. The comparison 

shows a good agreement between the experimental and analytical results. The failure mode is largely dependent on the 

distance between the edge of the washer and the edge of the bottom rail. The size of the washer seems also to have 

some influence on the failure load. The fracture mechanics models seem to capture the essential behaviour of the 

splitting modes and to include the decisive parameters. These parameters can easily be adjusted to experimental results 

and be used in design equations for bottom rails in partially anchored shear walls. 
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1 INTRODUCTION 

1.1 BACKGROUND 123 

   Källsner and Girhammar have presented several papers 

dealing with plastic design of light-frame timber walls; 

see e.g. reference [1] where two plastic design models 

suitable for hand calculation are evaluated. The models 

may be used for determining the load-carrying capacity 

of partially anchored shear walls. In a partially anchored 

shear wall the leading stud is not fully anchored against 
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uplift and tying down forces are developed in the 

sheathing-to-framing joints along the edges of the 

bottom rail (bottom plate) close to the leading stud. This 

is demonstrated in Figure 1 for a horizontally loaded 

wall consisting of three sheet segments where the 

leading stud is not anchored. The displacement plot of 

the wall at the instance of maximum load, obtained by a 

finite element calculation, indicates that the sheathing-

to-framing joints are subjected to substantial vertical 

displacements at the left end of the bottom rail. 

    Since the bottom rail normally is anchored to the 

substrate by anchor bolts and these forces do not act in 

the same vertical plane as the forces transferred by the 

sheathing-to-framing joints, the bottom rail will be 

subjected to cross-wise bending, leading to possible 

splitting along the bottom side of the rail. Another 

possible brittle failure mode is splitting along the edge of 

the bottom rail in line with the sheathing-to-framing 

fasteners. These two brittle failure modes are shown in 

Figure 2. 
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Figure 1:  (a) Partially anchored wall subjected to a 
horizontal load. (b) Displacement plot at the instance of 
maximum load obtained by a finite element calculation 
(10 times enlargement of displacements). 
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Figure 2:  Possible brittle failure modes in the bottom rail. 
(a) Splitting of bottom side (small washer). 
(b) Splitting of edge side (large washer). 

 

   If the bottom rail fails in a brittle manner, the 

applicability of the plastic method can be questioned. In 

order to analyse this question an experimental 

investigation was initiated where the influence of 

different parameters as position of anchor bolt, size of 

washer and orientation of pith were studied; see [2, 3]. 

The experimental investigation was followed by a 

theoretical investigation where a fracture mechanics 

approach was used for studying the brittle failure modes; 

see [4, 5]. During the evaluation of the test results it was 

found that there were some weaknesses in the 

experimental program. As a consequence of this it was 

decided to perform an additional experimental 

investigation. These tests have now been carried out and 

the results are presented in a companion paper; see [6]. 

   More references dealing with failure in the bottom rail 

are presented in [6]. 

 

1.2 AIM AND SCOPE 

   The aim of this paper is to make an analytical and 

experimental evaluation of the load-carrying capacity of 

the bottom rail in partially anchored shear walls in order 

to achieve a reliable design method with respect to brittle 

failure modes. 

   The evaluation includes experimental data from two 

testing programs where the last program recently was 

finalized. The load carrying capacity of the bottom rail is 

determined using two analytical models based on 

fracture mechanics. 

   The evaluation is limited to test specimens with single 

sided sheathing, see Figure 3. 

 

2 EXPERIMENTAL BACKGROUND 

2.1 GENERAL INFORMATION 

   The experimental background to this paper is as 

already mentioned two studies. The first study is 

presented in [7] and the results are discussed in [2, 3]. 

The second study is presented in [8] and the results are 

discussed in [6]. 

   To simplify it for the reader, the numbering of test 

series and sets is somewhat changed in this paper 

relative to the original reports and previous papers. 

 

2.2 TESTING PROGRAMS 

   The displacement plot in Figure 1 demonstrated that 

the bottom rail in a partially anchored shear wall may be 

subjected to substantial vertical uplift close to the 

leading stud. In order to study this load case, specimens 

designed in accordance with Figure 3 were manufactured 

and tested. It should be noticed that the force is applied 

at the centre along the length of the test specimen 

(Figure 3), leading to more uniform vertical 

displacements along the bottom rail than is the case in 

Figure 1. The investigated parameters were: size of 

washer, location of anchor bolt and pith orientation of 

bottom rail. Only rigid washers were used. 

   The testing programs of the two studies are specified in 

Table 1 and Table 2. PD and PU denote that the pith is 

oriented downwards and upwards, respectively. The 

anchor bolt position represents the distance from the 

centre of the bolt to the surface of the sheathing. 

   In the planning of the first testing program it was 

decided to have the pith oriented downwards in the 

majority of the experiments. Since the pith orientation 

was found to influence the load-carrying capacity of the 

bottom rails, it was decided to increase the number of 

specimens with the pith oriented upwards in the second 

testing program. 
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Figure 3: Test specimen and testing arrangements. 

 

 
Table 1:  Specification of specimens tested in the first 
testing program. PD = pith downwards, PU = pith 
upwards, b = width of rail. 

 

Series Set Number 

of tests 

Anchor bolt 

position 

Size of 

washer 

PD PU [mm] [mm] 

1 1 8 2 60  (b/2) 40×40×15 

 2 8 2  60×60×15 

 3 8 2  80×70×15 

 4 8 2  100×70×15 

2 1 8 2 45  (3b/8) 40×40×15 

 2 8 2  60×60×15 

 3 8 2  80×70×15 

3 1 8 1 30  (b/4) 40×40×15 

 2 8 1  60×60×15 

 

 
Table 2:  Specification of specimens tested in the second 
testing program. PD = pith downwards, PU = pith 
upwards, b = width of rail. 

 

Series Set Number 

of tests 

Anchor bolt 

position 

Size of 

washer 

PD PU [mm] [mm] 

4 1 8 8 60  (b/2) 40×40×15 

 2 8 8  60×60×15 

 3 8 8  80×70×15 

 4 8 8  100×70×15 

5 1 7 7 45  (3b/8) 40×40×15 

 2 8 8  60×60×15 

 3 8 8  80×70×15 

6 1 8 8 30  (b/4) 40×40×15 

 2 8 8  60×60×15 

 

 

2.3 TEST SPECIMENS 

   The details of the test specimens were as follows: 

 Bottom rail: Spruce (Picea Abies), C24 according to 

EN 338, 45120 mm. 

 Sheathing: Hardboard, 8 mm (wet process fibre 

board, HB.HLA2, EN 622-2, Masonite AB). 

 Sheathing-to-framing joints: Annular ringed shank 

nails, 502.1 mm (Duofast, Nordisk Kartro AB). The 

joints were nailed manually and the holes were pre-

drilled (only in the sheet), 1.7 mm. Nail spacing was 

25 mm or 50 mm. Edge distance was 22.5 mm along 

the bottom rail. 

 Anchor bolt: Ø 12 (M12). The holes in the bottom 

rails were pre-drilled, 14 mm. 

   The timber used for the test specimens had been sawn 

through the pith. 

   The bottom rails belonging to the first study turned out 

to have certain initial cup due to anisotropic shrinkage. 

The timber used for the specimens of the second study 

had less initial cup. The influence of cup is discussed in 

Section 4.1. 

   An important difference between the two testing 

programs concerns the nail spacing of the sheathing-to-

framing joints. Thus in the first study, the nail spacing 

was chosen so that no failures due to withdrawal of the 

fasteners would occur. This meant that for specimens 

with a low resistance against splitting, the nail spacing 

was chosen to 50 mm, while for specimens with a high 

splitting resistance, the nail spacing was chosen to 25 

mm. In the second study the nail spacing was 50 mm in 

almost all test specimens.  

 

2.4 TESTING PROCEDURE 

   The testing arrangements are shown in Figure 3. The 

bottom rail was fastened to a supporting welded steel 

structure by two anchor bolts. The bolts were tightened 

with a torque equal to 40 Nm in the first study and with a 

torque equal to 50 Nm in the second study. The distance 

between the bolts was 600 mm and the distance for the 

bolts to the end of the bottom rail was 150 mm (Figure 

3b). A square or rectangular washer was inserted 

between the bottom rail and the bolt head throughout all 



tests. The thickness of the washers (15 mm) was chosen 

so that there would not arise any visible permanent 

deformations in the washers. A hydraulic piston (static 

load capacity 100 kN) was attached to the upper panel 

using C-shaped steel profiles and four bolts Ø16.  

   In the first study the vertical load was transferred to the 

C-shaped steel profiles via a welded connection, 

introducing some bending moments in the test 

specimens. In the second study the load was transferred 

via a hinge to the specimens according to Figure 3a. 

   In the first study the tensile load was applied with a 

constant displacement rate of 2 mm/min. Due to a 

mistake, the displacement rate was changed to 10 

mm/min in the second study. 

   After each specimen had been tested, the dry density 

and moisture content of the bottom rail were determined. 

 

2.5 TEST RESULTS 

2.5.1 Failure modes 

   Three primary failure modes were found in the tests. 

(1) A vertical crack develops from the bottom side of 

the rail according to Figure 2a. 

(2) A horizontal crack develops from the edge side of 

the rail, in line with the fasteners. The crack 

changes gradually direction to an angle about 45 

degrees according to Figure 2b. 

(3) Yielding and withdrawal of the fasteners in the 

sheathing-to-framing joints. 
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Figure 4: Recorded failure modes for the different test series (1-3) and sets belonging to the first study (PU = Pith 
upwards, PD = Pith downwards). *Distance from washer edge to loaded edge of the bottom rail [mm], **Size of washer 
[mm], ***Bolt position   
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Figure 5: Recorded failure modes for the different test series (4-6) and sets belonging to the second study (PU = Pith 
upwards, PD = Pith downwards). *Distance from washer edge to loaded edge of the bottom rail [mm], **Size of washer 
[mm], ***Bolt position. 



   Specifications of the recorded failure modes in the 

two studies are presented in Figure 4 and 5. For the 

first study only the failure modes for the specimens 

with the pith turned downwards are shown since there 

were just very few specimens with the pith turned 

upwards. 

   It is noticed that there were only two specimens with 

withdrawal failure in the first study. This is of course a 

consequence of the smaller nail spacing used for these 

test series and sets. 

 

2.5.2 Load-time curves 

   The displacements of the specimens were not recorded, 

but since the load was applied with constant 

displacement rate, it is possible to obtain fictitious load-

displacement curves by plotting load versus time. In 

Figure 4 three typical load-time curves from the second 

study are presented, each of them representing a certain 

failure mode. Figure 4a shows the influence of a mode 1 

failure (bottom crack) where the first distinct decrease in 

load is caused by a crack propagating between one of the 

anchor bolts and the closest end of the bottom rail. The 

second distinct decrease in load is caused by a crack 

propagating between the other anchor bolt and end of the 

bottom rail. The influence of a mode 2 failure (edge 

crack) on the load-time curve is shown in Figure 4b. 

Finally in Figure 4c the effect of a typical mode 3 failure 

(withdrawal of fasteners) on the load-time curve is 

shown, resulting in a gradually decreasing load after the 

peak value has been passed. 

 

2.5.3 Failure loads 

   For the two brittle failure modes (1 and 2) the failure 

load is in this report defined as the load at which there is 

a first distinct decrease in the load carrying capacity due 

to a propagating crack in the bottom rail. Sometimes the 

crack stops propagating and a higher load is recorded for 

larger displacements, but the bottom rail is in most cases 

seriously damaged at the defined failure load. For failure 

mode 3 the failure load is defined as the maximum load. 

   Since the position of the pith turned out to be an 

important parameter at the evaluation of the test results, 

the measured failure loads obtained in the two studies 

are presented with respect to this parameter in Table 3 

(pith downwards) and Table 4 (pith upwards). 

   The influence of the pith orientation can be studied by 

comparing the failure loads of series 4-6 in Table 3 with 

those of series 4-6 in Table 4. It is seen that the failure 

loads of the specimens with the pith oriented downwards 

are about 10 % higher than those with the pith oriented 

upwards. 

   By comparing the failure loads of series1-3 with those 

of series 4-6 in Table 3 it is obvious that the failure loads 

in the first study are higher than those in the second 

study. An obvious reason for this fact is the small nail 

spacing used in the first study, leading to few withdrawal 

failures. 
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Figure 6:  Examples of measured load-time curves. In all 
three examples the washer size is 40×40×15 mm. 
(a) Failure mode 1 (crack from bottom side of rail). 

Anchor bolt position b/2 (s = 40 mm). 
(b) Failure mode 2 (crack from edge side of rail). 

Anchor bolt position b/4 (s = 10 mm). 
(c) Failure mode 3 (withdrawal of fasteners). Anchor 

bolt position b/4 (s = 10 mm). 

 

   In Figure 7 and Figure 8 the failure loads recorded in 

the two studies are shown as function of washer size. 

The results are grouped with respect to the positions of 

the anchor bolts in the bottom rail. For a given anchor 

bolt position, the failure load increases when the washer 

size is increased. The closer the anchor bolts are located 

to the edge of the rail, the higher the failure load. It is 

evident that the failure loads obtained in the first study 

are higher than those in the second study. This is 

especially true when the anchor bolts are close to the 

edge of the rail.  



 
Table 3:  Results from testing of specimens with the pith 
oriented downwards (PD). ρ0,ω = dry density, ω = 
moisture content 

 

S
er

ie
s Set Number 

of tests 

 

Failure load ρ0,ω ω 

mean 

[kN] 

stddev 

[kN] 

 

[kg/m
3
] 

 

[%] 

1 1 8 12.0 1.8 418 13.2 

 2 8 13.5 2.5 372 12.6 

 3 8 17.4 1.8 380 12.9 

 4 8 22.8 4.4 398 12.4 

2 1 8 16.0 2.2 424 13.0 

 2 8 20.7 2.6 389 12.5 

 3 8 29.1 2.9 419 13.4 

3 1 8 21.6 3.1 348 12.6 

 2 8 29.2 1.9 420 13.1 

4 1 8 10.2 1.8 392 12.2 

 2 8 13.5  2.1 383 10.9 

 3 8 18.2 1.5 426 10.9 

 4 8 21.8 1.7 406 10.9 

5 1 7 14.0 2.8 394 9.0 

 2 8 17.9 4.5 381 12.6 

 3 8 23.7 3.2 415 11.6 

6 1 8 18.1 2.3 364 11.4 

 2 8 23.8 2.5 414 11.9 

 
Table 4:  Results from testing of specimens with the pith 
oriented upwards (PU). ρ0,ω = dry density, ω = moisture 
content 

 

S
er

ie
s Set Number 

of tests 

 

Failure load ρ0,ω ω 

mean 

[kN] 

stddev 

[kN] 

 

[kg/m
3
] 

 

[%] 

1 1 2 12.6 1.3 394 13.6 

 2 2 11.3 0.5 368 12.2 

 3 2 17.0 5.7 365 13.1 

 4 2 24.1 0.4 397 13.1 

2 1 2 21.5 0.5 426 13.5 

 2 2 21.1 0.8 398 13.1 

 3 2 28.9 2.5 427 13.4 

3 1 1 19.9 - 312 12.1 

 2 1 27.1 - 380 12.7 

4 1 8 9.5 2.6 397 11.9 

 2 8 10.6 2.0 390 10.9 

 3 8 17.1 3.0 409 10.7 

 4 8 20.0 1.6 422 11.1 

5 1 7 12.2 2.4 405 9.6 

 2 8 16.9 2.6 360 12.4 

 3 8 22.6 4.1 416 11.6 

6 1 8 18.6 2.3 379 11.6 

 2 8 21.3 2.7 402 12.2 
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Figure 7: Mean failure load versus size of washer for 
different bolt positions in the first study. 
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Figure 8: Mean failure load versus size of washer for 
different bolt positions in the second study.  
 

3 ANALYTICAL MODELS  

3.1 FRACTURE MECHANICS 

   Fracture mechanics is an appealing approach to use for 

failure modes including splitting of the timber 

perpendicular to the grain direction. In references [4] and 

[5] two simple analytical models are presented which 

can be used to calculate the capacity of vertically loaded 

bottom rails. A background to these two models is 

briefly presented below. The notations used deviate 

somewhat from those used in [4] and [5]. 

   In the basic theory a linear elastic body with an 

existing initial crack, with the area A, is considered. The 

body is subjected to a single force P. The value of this 

force, Pc , causing the initial crack to propagate is 

searched for. Based on simple energy considerations and 



application of the so-called compliance method [9] the 

failure load is obtained as 

dA

AdC

G
P C

c )(

2
  

(1) 

where GC is the fracture energy and C is the compliance, 

i.e. the deflection at the loading point for a unit force. 

 

3.2 SPLITTING ALONG THE BOTTOM SIDE OF 

THE RAIL 

   For a crack propagating vertically from the bottom side 

of the rail, the fully clamped cantilever beam shown in 

Figure 9 is considered. The length of the bottom rail is 

denoted by l, and the crack is assumed to propagate 

simultaneously over the entire length of the bottom rail. 

Considering both the flexural and the shear 

deformations, the compliance of the cantilever beam is 

obtained as 
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where E is the modulus of elasticity, G is the shear 

modulus and s is the shear correction factor. Notice that 

E and G are the appropriate values for the perpendicular 

to grain direction. 

   Using Equation (1) with A = al and the compliance as 

given by Equation (2), the failure load is obtained as 
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For small crack lengths a, Equation (3) is simplified to 
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Figure 9: Geometry and loading used in [4] for a vertical 
crack in the bottom rail. 
 

3.3 SPLITTING ALONG THE EDGE SIDE OF 

THE RAIL 

   For a crack propagating horizontally from the edge 

side of the rail, the fully clamped cantilever beam shown 

in Figure 10 is considered. Taking into account both the 

flexural and shear deformations, the compliance of the 

cantilever beam becomes  
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   Using Equations (1) with A = al and the compliance as 

given by Equation (5), the failure load is obtained as 
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   For small crack lengths a the bending deformations 

can be ignored, leading to 

seCc hGGlP /2  (7) 

   Again, for E and G, the appropriate values for the 

perpendicular to grain direction should be used. In 

general, these values are not necessarily the same as 

those to be used in section 3.2 
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Figure 10: Geometry and loading used in [5] for a 
horizontal crack in the bottom rail. 

 

3.4 INITIAL CRACK LENGTH 

   In order to use the expressions for the failure load Pc 

given in section 3.2 and 3.3 input values for the initial 

crack length must be chosen. A proper crack length, ac, 

for the two failure modes, using the so-called initial 

crack method, is given in [10] as 

2

t

C
c

f

GE
a


  (8) 

where ft is the tension strength. Notice that E and ft are 

the appropriate values for the perpendicular to grain 

direction. 

 

3.5 DISCUSSION ON ASSUMPTIONS 

   In both models it is assumed that the crack propagates 

simultaneously over the entire length of the bottom rail, 

i.e. the actual 3D behavior is not taking into account. In 

most tests the cracks are initiated at one of the ends. 



However, the behavior of crack initiation and 

propagation along the whole length of the bottom rail is 

observed in a few of the tests. One reason for this 

deviation with regard to the model assumption is that 

timber is a material characterized by variations in the 

grain directions around knots making it difficult for 

cracks to propagate. 

   Other factors not taken into account are the degree of 

tightening of the anchoring bolts and the initial cup of 

the timber boards. 

 

 

4 EVALUATION 

4.1 COMPARISON OF THE TWO TESTING 

PROGRAMS 

   An interesting observation is that the load-carrying 

capacities of the specimens with the pith oriented 

upwards are somewhat lower than the capacities of the 

specimens with the pith oriented downwards. It may be 

an effect of initial cup due to anisotropic shrinkage as 

shown in Figure 11 but may also be an effect of the 

anisotropic material properties in the radial-tangential 

plane of the timber. 
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Figure 11: Specimens with pith oriented (a) downwards 

and (b) upwards. Effect of shrinkage due to 
drying. 

 

   When the anchor bolt in Figure 11a is tightened the 

washer will rest on its edges creating a bending moment 

with compression stresses at the level of the pith. When 

the anchor bolt in Figure 11b is tightened the timber will 

rest on its edges creating a bending moment with tensile 

stresses at the bottom of the rail. Combining these cross-

wise bending stresses with the bending stresses caused 

by the sheathing-to-framing fasteners it becomes obvious 

that it is more favorable to orient the pith downwards 

than upwards. 

   Another observation is that, for the test series with the 

pith oriented downwards, the measured load-carrying 

capacities of the specimens from the second study are 

generally somewhat lower than the corresponding ones 

found in the first study. The main explanation, already 

mentioned in section 2.5.3, is the influence of the nail 

spacing causing more withdrawal failures in the second 

study.  A second explanation is that the load was applied 

via a hinge in the second study leading to better specified 

boundary conditions with respect to the force 

distribution along the bottom rail. A third explanation is 

that the influence of initial cup due to shrinkage was 

larger in the first study than in the second one. 

   At the evaluation of the test results in the first study [2] 

it was found that the parameter s, denoting the distance 

from the washer edge to the loaded edge of the bottom 

rail, could be used for giving good predictions of the 

failure load.  This relation is shown in Figure 12. 

   In Figure 13 the corresponding data from the second 

study are plotted in the same way. It is noticed here that 

the data seem to belong to three separate groups, 

meaning that an additional parameter is needed to predict 

the failure load. This means that not only the distance, s, 

from the washer edge to the loaded edge of the rail is 

needed at design, but also that the size of the washer may 

be needed. 

   In Figure 14 the failure load is plotted versus the 

distance s, using the test data from the second study with 

the pith oriented upwards. In this case it is more 

reasonable to assume that the relation can be described 

by only one parameter. Since there were several 

withdrawal failures in the second study, especially for 

small s-distances, it is possible that this may explain the 

differences found in the two studies.  
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Figure 12: Mean failure load versus distance s from 
washer edge to loaded edge of bottom rail. Results from 
the first study [2] (most specimens with the pith oriented 
downwards). 
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Figure 13: Mean failure load versus distance s from 
washer edge to loaded edge of bottom rail. Results from 
the second study (pith oriented downwards). 
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Figure 14: Mean failure load versus distance s from 
washer edge to loaded edge of bottom rail. Results from 
the second study (pith oriented upwards). 
 

4.2 FRACTURE MECHANICS MODELS VS 

TEST RESULTS 

   In order to test the applicability of the analytical 

models, described in chapter 3, for prediction of the 

failure load, an analysis is carried out using the material 

parameters in [5]. Thus, the following material 

parameters are used for both the vertical and the 

horizontal cracks: 

   E = 400 MPa 

   G = 70 MPa 

   ft = 2.5 MPa 

   GC = 300 J/m
2 

   b = 120 mm 

   h = 45 mm 

   l = 900 mm 

   he = 22.5 mm 

   For determination of the failure loads for the two 

splitting modes, Equations (3), (6) and (8) are used. The 

results of the calculations are shown in Figure 15, where 

the influence of the distance be, representing the length 

of the cantilever beam for the vertical crack, is studied. 

In this case four different values for be are used, ranging 

from be=15+s to be=30+s (unit mm), resulting in four 

curves. The horizontal line in the figure represents the 

horizontal splitting mode along the edge side of the rail. 

In the same figure the experimental results from all test 

series (see Figure 12-14) are shown. The sizes of the 

markers indicate the different test series (Large marker = 

first study. Medium size marker = second study with pith 

oriented downwards. Small marker = second study with 

pith oriented upwards).  

   It is obvious that the analytical curves for vertical 

cracks that develop at the bottom of the rail follow 

closely the trend of the experimental values, except for 

small s-distances (s = 0), where the influence of splitting 

along the side of the bottom rail dominates. This means 

that the simple fracture mechanics models discussed here 

contain the essential parameters that govern the 

behaviour with respect to splitting of bottom rails in 

partially anchored shear walls. The values of the 

different parameters can then be adjusted to the 

experimental results and used for design. 
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Figure 15: Mean failure loads for all test series as 
function of distance from washer edge to loaded edge of 
bottom rail. Calibration of the length of the cantilever 
beam with respect to test data. 
 

 

5 CONCLUSIONS 

   The distance s between the edge of the washer and the 

edge of the bottom rail has a significant impact on the 

load-carrying capacity of the bottom rail and the failure 

mode. The size of the washer also seems to influence the 

behaviour, but to a much lesser extent. The two 

analytical models for determining the load-carrying 



capacity give results that are in good agreement with the 

test results. The fracture mechanics models seem to 

capture the essential behaviour and to include the 

decisive parameters. These parameters can easily be 

adjusted to experimental results and be used in design 

equations for bottom rails in partially anchored shear 

walls. 
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