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ABSTRACT: The authors have developed a new plastic design method for light-frame timber shear walls. The method 
is capable of analyzing the load-bearing capacity of partially anchored shear walls. For proper application of the plastic 
method it is necessary to ensure ductile behaviour of the sheathing-to-framing joints and to avoid brittle failure of the 
bottom rail in particular. In a partially anchored shear wall the leading stud is not fully anchored against uplift and 
corresponding tying down forces are developed in the sheathing-to-framing joints along the bottom rail in the sheathing 
segments close to the leading stud. These tying down forces in the joints may introduce a number of possible brittle 
failure modes or serviceability problems for the bottom rail that need to be eliminated or restricted in order for the 
plastic method to be applicable. This paper describes experimental results for proper design of washers or bearing plates 
for the anchor bolts in order to avoid splitting failure of and excessive washer indentation into the bottom rail. 
Specimens with both double and single sided sheathing and different locations of anchor bolts are studied. With respect 
to splitting of the bottom rail, the tests indicate that the failure load depends on the distance from the edge of the washer 
to the loaded edge of the bottom rail. With respect to large deformations due to bearing stresses of the washers of the 
anchoring bolts, the size of the washer is the most important parameter. The test results indicate that the bearing 
strength for large washers is lower than that proposed by Eurocode 5. In this paper, it is therefore proposed to make the 
bearing strength inverse proportional to the diameter or side length of the washer. Then, good agreement with the test 
results was found. The results show that failure due to splitting is the determining design mode. 
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1 INTRODUCTION 123 
1.1 STRESSES IN BOTTOM RAIL 
The authors have presented papers dealing with a new 
plastic analysis and design method for light-frame timber 
shear walls, see e.g. Källsner and Girhammar [1]. The 
method is capable of analyzing the load-bearing capacity 
of partially anchored shear walls. In a partially anchored 
shear wall the leading stud is not fully anchored against 
uplift and corresponding tying down forces are 
developed in the sheathing-to-framing joints along the 
bottom rail in the sheathing segments near the leading 
stud. These tying down forces in the joints will introduce 
crosswise bending of the bottom rail with possible 
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splitting failure along the bottom of the rail. Also, other 
failure modes or serviceability problems may occur in 
the bottom rail, e.g. bearing or compression 
perpendicular to grain under the washer or bearing plate 
of the anchor device for the bottom rail due to tensile 
forces in the bolts. 
If the bottom rail fails in a brittle manner, the 
applicability of the plastic method can be questioned. 
Therefore, design recommendations with respect to the 
bottom rail need to be given as prerequisites for using 
the plastic method. This paper deals with the 
requirements on and the design of the anchor bolts 
needed to tie down the bottom rail properly and to 
eliminate any possible brittle failure modes. It focuses on 
trying to find out the proper design of washers or bearing 
plates for the anchor bolts in the bottom rail in order to 
eliminate different kinds of splitting failures. This work 
was conducted in order to present design values in a 
Swedish handbook for the design of light-frame timber 
shear walls based on the plastic design method [2].  
 
1.2 OBJECTIVE AND SCOPE 
The overall purpose of the research project is to develop 
a plastic method for the design of timber frame shear 
walls in the ultimate limit state with different anchoring, 



loading and geometrical conditions and with different 
sheet and framing materials, and fasteners used. The aim 
is also to evaluate the bounds of applicability and 
determine the needed restrictions in order for the plastic 
method to work. For proper application of the plastic 
method it is necessary to ensure ductile behaviour of the 
sheathing-to-framing joints and to avoid brittle failure of 
the bottom rail in particular. 
The objective of this paper is to present the experimental 
results for sheathed bottom rails in light-frame timber 
shear walls of different geometrical configurations with 
respect to the anchor bolts and, based on the evaluation 
of these test results, to present an empirical expression 
for the load-carrying capacity of these anchored bottom 
rails.  
The strength of the bottom rail is studied by varying the 
size of the washers for the anchor bolts and the position 
of them along the width of the bottom rail. All washers 
used in this study are rigid (thick plates). Both specimens 
with double and single sided sheathing are tested.  
 
2 BACKGROUND ON ANCHORING OF 

BOTTOM RAIL 
Eurocode 5 gives two simplified calculation methods A 
and B to determine the load-carrying capacity of shear 
walls. As an alternative to these methods, testing 
according to the European Standard EN 594 [3] may be 
used to determine the racking resistance. This standard 
does not require that the leading stud should be tied 
down and, therefore, the shear wall tested may 
experience uplift at the loaded end. Thus, the bottom rail 
might be subjected to uplift and the design of the anchor 
bolts for the bottom rail will become important. This is 
also true for method B. 
The EN 594 standard prescribes that the bottom rail may 
be fixed in a manner so that the bottom rail is restrained 
from sliding, rotating and cupping under uplift forces in 
order to provide an upper bound datum such that the 
maximum racking capacity of the panel and its 
components can be tested. Holding down bolts, two in 
each segment (distance between the first anchor bolt and 
the end of the wall, 150 mm; centre distance of anchor 
bolts, 600 mm), are normally used with large washers 
(50 mm diameter or equivalent is recommended for use 
with 90 mm wide framing timber) and shall be tightened 
until the washers start to penetrate the bottom rail. Other 
forms of fixing may also be used and where washers are 
not appropriate the fixings may be increased to provide 
equivalent resistance and spread across the width of the 
rail if necessary to reduce cupping forces. Where the 
maximum racking capacity of the panel is being tested 
the fixings should be the equivalent of those mentioned 
above. In the latter case there is a higher risk that the 
racking capacity may be restricted by the base fixings 
used. 
Prion and Lam [4] pointed out the fact that when 
designing shear walls, it is important to understand the 
differences between hold downs and anchor bolts. 
Anchor bolts provide horizontal shear continuity 
between the bottom rail and the foundation. They are not 
designed to transmit vertical forces to the foundation, 

although some capacity can be achieved, if necessary. 
When they are transmitting vertical forces, the bottom 
row of fasteners transmits them in the sheathing to the 
bottom rail (instead of the vertical end stud) where the 
anchor bolts will further transmit the forces into the 
foundation. Because of the eccentric load transfer, 
transverse bending is created in the bottom rail and 
splitting often occurs. To prevent such a brittle failure 
mode, large washers (preferably square or rectangular) 
need to be provided to affect the eccentric load transfer 
from the sheathing through the nails, into the bottom rail 
to the anchor and foundation. Hold downs, on the other 
hand, directly connect the vertical end stud to the 
foundation. Because of the large concentrated forces, 
these hold downs are substantially larger than anchor 
bolts. As failure of the hold downs often occurs in a 
brittle manner, capacity design principles need to be 
employed to ensure that the wall fails in shear along the 
its sheathing-to-framing joints along the bottom rail 
before any of the hold downs connections fail. When no 
hold downs are provided, the vertical restraint is 
provided by the anchor bolts, by a transverse wall that is 
attached to the end stud, or by vertical loads on the wall 
from an upper storey or roof. In the case of anchor bolts 
providing uplift resistance, the vertical anchor forces are 
carried by a number of fasteners along the bottom rail, 
which are thus deemed ineffective for the transfer of 
horizontal shear forces. Such a shear wall will thus have 
a reduced shear capacity. 
A review of the previous research work conducted in this 
area has been given earlier by Girhammar and Källsner 
[5] and is not repeated here. 
 
3 ACTIONS ON THE BOTTOM RAIL 
3.1 GENERAL 
The difference between fully and partially anchored 
shear walls is illustrated in Figure 1. In the first case, the 
uplift of the shear wall is prevented fully by some kind 
of a tying down device at the leading stud resulting in a 
concentrated force at the end of the wall (Figure 1a). The 
notation fully anchored means that there is no uplift of 
the studs of the wall, especially of the leading stud. In 
the case of partially anchored shear walls, the sheathing-
to-framing joints along the bottom rail will counteract 
the uplift of the wall (Figure 1b). In the latter case, there 
is some uplift of the studs of the wall. In general, the 
anchor bolts are always subjected to shear forces, and in 
the case of partially anchored shear walls, also to tensile 
forces. 
It is important that no brittle failure of the bottom rail 
occurs in order to enable the development of the force 
distribution shown in Figure 1b. The load-carrying 
capacity of the shear wall needs to be attained before any 
failure of the bottom rail is initiated. Unfortunately, 
different kinds of failure modes may develop in the 
bottom rail under this type of anchoring.  
 



 
(a) 

 
(b) 
 
Figure 1: Two principal ways to anchor timber frame 
shear walls subjected to horizontal loading: (a) fully 
anchored shear wall – a concentrated anchoring of the 
leading stud; and (b) partially anchored shear wall – a 
distributed anchoring of the bottom rail. 
 
3.2 FAILURE MODES OF THE BOTTOM RAIL 
Due to the uplifting forces in the sheets at the sides of 
the bottom rail, the following failure modes for the rail 
are most critical: 
(1) Splitting failure along the bottom of the rail due to 

crosswise or transverse bending and tension stresses 
perpendicular to the grain (cupping of the bottom 
rail), Figure 2. Note the increased tensile forces in 
the bolts due to prying action in case of one-sided 
sheathing.   

(2) Splitting failure along the side of the bottom rail in 
line with the fasteners between the sheathing and the 
bottom rail due to vertical shear forces generated by 
the fasteners, Figure 3. This failure mode may occur 
when small distances between the fasteners are used. 

 

  
(a) (b) 
Figure 2: Crosswise bending of the bottom rail 
introducing tension perpendicular to grain and splitting 
failure along the bottom of the rail (cupping of the bottom 
rail): (a) two-sided sheathing and (b) one-sided 
sheathing including prying action (schematic figure). 

 
 
Figure 3: Vertical shear forces causing splitting failure 
at the side of the bottom rail in line of the sheathing-to-
framing fasteners (schematic figure). 
 
Other failure modes or serviceability problems for the 
bottom rail that need to be addressed are: 
(3) Large indentations of the bottom rail with respect to 

bearing stresses under the bolt head, washer or 
bearing plate (crushing of or punching through the 
bottom rail) due to the tensile forces in the bolts, 
Figure 4. 

(4) Large deflections with respect to lengthwise 
bending of the bottom rail due to the uplifting forces 
in the sheathing-to-framing joints between the 
anchor bolts, Figure 5. 

 

 
 
Figure 4: Bearing or plastic compression of wood 
perpendicular to grain causing large deformations, 
crushing or, in exceptional cases, punching failure 
(schematic figure). 
 

 
 
Figure 5: Lengthwise bending of the bottom rail due to 
uplift at the end of the shear wall causing large 
deformations along the bottom rail (schematic figure). 
 



The first two failure modes are the most severe ones. 
The last two modes will seldom lead to failure in the 
regular sense. The effect of lengthwise bending 
according to Figure 5 will not be discussed in this paper. 
The main parameters that are decisive for these failure 
modes are the size of the washers, the location of the 
anchor bolts in the width direction of the bottom rail, and 
the centre distances of the anchor bolts and sheathing-to-
framing fasteners in the bottom rail. 
 
4 TESTING PROGRAM 
4.1 SPECIFICATION OF ANCHORED BOTTOM 

RAILS TESTED DUE TO SPLITTING 
Tests on sheathed bottom rails subjected to vertical 
uplifting forces were conducted with different sizes of 
washers and locations of anchor bolts and with single or 
double sided load application. The testing arrangements 
are shown in Figure 6. Only 600 mm centre distance 
between the two anchor bolts was used in this study.  
 

  
  

    
  

    
  
Figure 6: Testing of splitting of sheathed bottom rails 
subjected to single and double sided vertical uplift 
(schematic figures). 
  
The different tests for series 1-4 are summarized in 
Table 1. 
 
 
 
 

Table 1: Specifications of anchored bottom rails tested 
with respect to splitting. Only rigid (thick) washers or 
bearing plates were used. The clamping moment for the 
washers was 40 Nm.   
 

Series

Configu- 
ration 

Anchor bolt  
position 

Size of  
washers 

[mm] 

Num- 
ber of 
tests 

# 40 × 15 101) 

# 60 × 15 102) 

80 × 70 × 15 103) 1 Double  
sheathing 

Centre 
60 mm from  

sheathing 
100 × 70 × 15 102) 
# 40 × 15 
# 60 × 15 

80 × 70 × 15 
2 Single  

sheathing 

Centre 
60 mm from  

sheathing 
100 × 70 × 15

102) 

# 40 × 15 
# 60 × 15 3 Single  

sheathing 

3/8 point 
45 mm from  

sheathing 80 × 70 × 15 
102) 

# 40 × 15 102) 

4 Single  
sheathing 

1/4 point 
30 mm from  

sheathing # 60 × 15 94) 
1)  All specimens with pith downwards. 
2)  8 specimens with the pith downwards and 2 upwards. 
3)  7 specimens with the pith downwards and 3 upwards.  
4)  8 specimens with the pith downwards and 1 upwards.  
 
4.2 SPECIFICATION OF ANCHORED BOTTOM 

RAILS TESTED DUE TO BEARING 
Tests on bottom rails subjected to vertical uplifting 
forces were conducted with different sizes of washers. 
The testing arrangements are shown in Figure 7. The 
length of the test specimen was 200 mm.  
 

  
(a) (b) 

  
Figure 7: Testing of bearing compression perpendicular 
to grain in bottom rails subjected to vertical uplift 
(schematic figures). 
 
The different tests for series 1-6 are summarized in 
Table 2. 
 
 
 
 
 
 



Table 2: Specifications of different types of washers or 
bearing plates in anchored bottom rails, tested with 
respect to bearing. 
 

S e r i e s 

Anchor  
bolt  

Washer 
[mm] 

Number 
of tests 

Circular 
22 × 2.0 (12)1) 1 M 12 

BRB 7/16 FZB HB 2002) 
10 

Circular 
35 × 2.0 (14)1) 2 M 12 

SRKB 1/2 FZB2) 
10 

Square 
40 × 4.0 (14)1) 3 M 12 

S4B FZV2) 
10 

Square 
50 × 5.0 (18)1) 4 M 12 

S4B FZV2) 
10 

Square 
60 × 5.0 (22)1) 5 M 12 

S4B FZV2) 
10 

Square 
70 × 6.0 (24)1) 6 M 12 

S4B FZV2) 
10 

1)  Diameter or side length × thickness (hole diameter). 
2) Specification of steel quality and treatment (Swedish 

manufacturers). 
 
4.3 TEST SPECIMENS AND TESTING 

PROCEDURE 
For specimens used to test splitting failure, the sheathing 
was fastened to the bottom rails with nails. Both single 
and double sided sheathing were tested. In all test 
specimens, the same type of bottom rail was used. The 
details of the test specimens were as follows: 
• Bottom rail: Pine (Pinus Silvestris), C24, 45×120 mm. 

As far as possible, pith-cut timber was used. In most 
test specimens the pith was oriented downwards 
against the supporting structure; in a few specimens of 
each series the pith was turned upwards. 

• Sheathing: Hardboard, C40, 8 mm (wet process fibre 
board, HB.HLA2, Masonite AB). 

• Sheathing-to-timber joints: Annular ringed shank 
nails, 50×2.1 mm (Duofast, Nordisk Kartro AB). The 
joints were hand-nailed and the holes were pre-drilled, 
1.7 mm. Nail spacing was 25 mm or 50 mm. Edge 
distance was 22.5 mm along the bottom rails. The aim 
was to use over-strong joints. 

• Anchor bolt: φ 12 (M12). The holes in the bottom rails 
were pre-drilled, 14 mm.  

All tests were performed under displacement control 
with a constant rate of 2 mm/min. The vertical load was 
applied as a tension force along the sheathing when 
splitting failure was tested and via the steel yoke when 
bearing indentation was tested. The bottom rails and 

sheathing of the specimens were not conditioned, but 
taken from the same respective batches. 
For each test specimen, the density and moisture content 
of the bottom rail were determined. 
 
5 TEST RESULTS AND EVALUATION 
5.1 SPLITTING OF BOTTOM RAIL 
The results of the different test series are summarized in 
Table 3. A brittle type of failure by splitting of the 
bottom of the rail was the typical failure mode, see 
Figure 8a. In a few tests when large washers were used, 
splitting failure of the side of the bottom rail along the 
sheathing-to-framing fasteners took place, see Figure 8b.  
  

 
(a) 

 
(b) 

 
Figure 8: (a) Splitting failure along the bottom of the rail 
due to crosswise bending; (b) Splitting failure of the side 
of the rail along the sheathing-to-framing fasteners.   
   
The test results in Table 3 are illustrated in Figures 9-12. 
The failure load versus the size of the washers is shown 
in Figure 9. The various test results for single and double 
sided sheathing and for the various locations of the 
anchor bolts are shown. Linear relationships between the 
failure load and the size of the washer are shown in the 
figure to illustrate the trends of the results. For small 
washer sizes, the crosswise bending mode is dominant, 
but for large washer sizes, the shear mode along the 
sheathing-to-framing joints becomes more prevalent.  
 
 
 
 



Table 3: Test results for bottom rails subjected to vertical 
uplift forces. No distinction is made concerning the pith 
orientation. The failure load Fsplit corresponds to the load 
at which splitting occurs due to crosswise bending (in 
most cases) or due to the sheathing-to-framing joints (for 
large washers). In the last three columns, the plus/minus 
standard deviation is given for the different test series.    
Column (2):  Size of washers [mm] 
Column (3):  Distance from washer edge to loaded 

edge of bottom rail [mm] 
 

S e r i e s 
(2) (3) Fsplit 

[kN] 
Dry density 

[kg/m3] 

Moisture 
content  

[%] 

40 40 22.1 ± 1.4 395 ± 28 13.1 ± 0.8 
60 30 28.4 ± 2.7 399 ± 08 11.8 ± 0.8 
80 20 36.2 ± 5.9 382 ± 55 12.4 ± 1.0 

1 

100 10 39.7 ± 3.6 371 ± 31 13.3 ± 0.5 
40 40 12.1 ± 1.6 413 ± 22 13.3 ± 0.8 
60 30 12.9 ± 2.4 370 ± 18 12.5 ± 0.7 
80 20 17.2 ± 2.4 377 ± 14 12.9 ± 0.2 

2 

100 10 22.7 ± 4.2 398 ± 22 12.6 ± 0.8 
40 25 16.9 ± 2.7 424 ± 27 13.1 ± 0.6 
60 15 19.9 ± 2.9 391 ± 26 12.6 ± 0.5 3 

80 5 25.8 ± 2.8 420 ± 08 13.4 ± 0.4 
40 10 21.4 ± 3.0 344 ± 39 12.5 ± 0.7 4 

60 0 28.9 ± 1.9 419 ± 35 13.1 ± 0.7 
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Figure 9: Failure load versus size of washers with 
respect to splitting of bottom rails in shear walls with 
double sheathing and (a) centre location of anchor bolts; 
and with single sheathing and (b) centre location (60 mm 
from edge); (c) 3/8 point location (45 mm from edge); and 
(d) 1/4 point location (30 mm from edge) of the anchor 
bolts. 

If the test results for series 1 in Table 3 (double 
sheathing and central bolt location) are separated into 
those with the pith downwards (series A) and upwards 
(series B), respectively, they become as shown in Table 
4 and Figure 10. To illustrate the trends, linear 
relationships are inserted in the figure.  
The reason that the bottom rail with the pith downwards 
(series A) is stronger is probably mainly due to the initial 
cupping shape of the bottom rail caused by drying. When 
the pith is located upwards, the cupping is directed 
downwards and then when tightening the anchor bolts, 
tensile stresses will develop (in some cases even cracks) 
in the central area of the bottom of the rail.  
 
Table 4: Test results for bottom rails in series 1 
according to Table 3 when the pith is oriented 
downwards (series A) and upwards (series B), 
respectively.  
 

S e r i e s 
(2) (3) Fsplit 

[kN] 

Dry 
density 
[kg/m3] 

Moisture 
content  

[%] 

40 40 22.1 ± 1.4 395 ± 28 13.1 ± 0.8 
60 30 29.2 ± 2.7 398 ± 08 11.7 ± 0.8 
80 20 38.5 ± 5.9 384 ± 63 12.2 ± 1.0 

1A 

100 10 40.6 ± 3.6 363 ± 30 13.3 ± 0.6 
40 40 — — — 
60 30 25.0 ± 2.4 404 ± 01 12.7 ±  — 
80 20 30.3 ± 2.4 378 ± 43 13.0 ± 0.4 

1B 

100 10 36.1 ± 4.2 403 ± 09 13.4 ± 0.7 
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Figure 10: Failure load versus size of washers with 
respect to splitting of bottom rails when the pith is 
oriented downwards and upwards, respectively.  
 



It is obvious from Figure 10 that orienting the pith 
downwards gives the higher failure load with respect to 
splitting of the bottom rail in shear walls with double 
sheathing and central bolt location. 
The mean values of the failure load versus the distance 
from the edge of the washer to the loaded edge of the 
bottom rail are shown in Figure 11 (Table 3). The test 
results for single sided sheathing with the three locations 
of the anchor bolts are given in the diagram. A 
corresponding diagram where all the test data are shown 
is given in Figure 12. In these figures, an exponential 
relationship between the failure load and the edge 
distance is illustrated. 

(R 2 = 0.97)
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Figure 11: Mean values of the failure load versus 
distance from washer edge to loaded edge of bottom 
rail. For details, see Figure 9. 
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Figure 12: Individual test values for the failure load 
versus distance from washer edge to loaded edge of 
bottom rail. For details, see Figure 9. 

The empirical relationship for the mean value of the 
load-carrying capacity (Fmean) versus the distance from 
the washer edge to the loaded edge of the bottom rail 
(aedge) in Figure 12 is given by 
 

edge
mean

0.0227
27.9F

a
e
−

≤  [kN] (1) 

 
According to Figure 2, for single sided sheathing the 
uplifting force is half of that for double sided sheathing, 
if the prying force is assumed to be located at the edge of 
the bottom rail. The relative failure load defined as 
 

Double sheathingsplit

Single sheathingsplit

( )

( )
Relative failure load

F

F
=  (2) 

 
is shown in Figure 13 (the bolt located at the centre of 
the width of the bottom rail). It is evident that the 
relative failure load is approximately two, i.e. the force 
in the anchor bolts will be the same in both cases of 
single and double sided sheathing. This fact needs to be 
accounted for in the design of the anchor bolts. The 
tension stresses at the bottom of the rail will also 
approximately be the same in both cases. 
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Figure 13: Relative failure load versus size of washer 
with respect to anchoring of bottom rails in shear walls. 
Relative failure load, see Equation (2); solid line denotes 
the theoretical ratio and dashed line the trend curve for 
the experimental results. 
 
In a general case, the forces in each sheet are unequal 
and the anchor bolts are located eccentrically in the 
bottom rail according to Figure 14. In the figure and 
Equation (3), the uplifting forces are shown as 
characteristic (k) forces per unit length (qi,k) (distributed 
over the length 0.9 m according to Figure 6). Both 
uplifting forces must fulfil the condition according to 
Equation (3). If those distributed uplifting forces do not 
maintain equilibrium with respect to the anchor bolt, a 
prying compression force occurs between the bottom rail 
and the foundation that results in additional tension 
forces in the anchor bolt. If the prying force is assumed 
to act at the very edge of the bottom rail, the resulting 
tensile force in the anchor bolt (Fanchor,k) is given by 
Equation (4), where sanchor is the centre distance between 
the anchor bolts. 



ahole,2

brail

q2,k

ahole,1

aedge,2

q1,k

aedge,1

 
 
Figure 14: An eccentrically anchored bottom rail 
subjected to distributed uplifting forces qi,k. Various 
distances are defined. The centre distance between 
anchor bolts is sanchor. The distributed forces qi,k are 
applied in line with the shear planes of the sheathing-to-
framing joints. 
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      (4) 
Note that if the anchor bolt is centrically located in the 
bottom rail, the tensile force in the anchor bolt will 
become equal in both cases of single and double sided 
sheathing. In case of single sided sheathing, the tensile 
force can be decreased by locating the anchor bolt 
eccentrically in the bottom rail.   
It should be pointed out that a more close evaluation of 
the test results is needed, especially with respect to the 
different failure modes, annual ring orientation, and 
possible initial cracking of the bottom rail when 
clamping it to the foundation due to initial cupping or 
twisting of the bottom rail. The influence of the width 
and thickness on the load-carrying capacity of the 
bottom rail also needs to be addressed for a more 
conclusive evaluation. 
No theoretical models for determining the load-carrying 
capacity for the different failure modes are given here. A 
fracture mechanics study is underway. 
 
5.2 COMPRESSION OF BOTTOM RAIL 
5.2.1 Code provisions for bearing strength 
According to Eurocode 5 [6], the compression 
perpendicular to grain or bearing strength of washers or 
bearing plates should be calculated as  
 

bearing,k c,90,k3.0f f=  (5) 
 

where fc,90,k is the characteristic compressive strength on 
the contact area. This equation takes into account the 
membrane effect of the fibres on the boundary of the 
washer. The compression strength is estimated to 
 

c,90,k k0.007f ρ=  (6) 
 
where ρk is the characteristic density of the bottom rail, 
see EN 384 [7]. For the timber quality C24, the 
characteristic and mean density is given by (see EN 338 
[8]) 
 

3

3

k

mean

350 kg/m

420 kg/m

ρ

ρ

=

=
 (7) 

 
Then, according to the codes and standards, and if we 
assume that the same relationship holds also for mean 
values, the respective bearing capacity for the test 
specimens is  
  

bearing,k

bearing,mean

7.4 MPa

8.8 MPa

f

f

=

=
 (8) 

 
 The standard EN 408 [9] defines the compression 
strength by the intersection between the test stress-strain 
(load-indentation) curve and a line parallel to the initial 
curve at a distance of 0.01t, where t is the thickness of 
the specimen (1% off-set). There is a discussion whether 
exceeding fc,90,k (or in our case of washers or bearing 
plates, 3.0 fc,90,k), a value based on large deformations, is 
a violation of the ultimate or serviceability limit state, cf. 
Thelandersson and Mårtensson [10] and Larrsen et al. 
[11].  
Alternatives to the definition of bearing strength 
according to EN 408, have been given by defining it as 
the stress at a specified strain, e.g. 10% of the member 
thickness. Such a deformation of a typical bottom rail 
with depth 45 mm will cause no harm to the sill or to a 
multi-storey timber framed house as long as the stress-
strain curve is increasing for increasing strain, i.e. that no 
brittle failure will occur in the bottom rail [11].  
It has been found that the difference between test results 
evaluated using a 1% off-set strain criterion or a 10 % 
specified deformation criterion is marginal [11]. In the 
present tests, the 1% off-set (0.01 × 45 = 0.45 mm) 
would correspond to a deformation of about 5 mm, i.e. 
approximately 10 % deformation (0.1 × 45 = 4.5 mm) 
Here the latter criterion will be used. 
  
5.2.2 Evaluated test results 
In this paper, the limit load was evaluated as the 
magnitude of the load at 5 mm displacement 
(approximately 10 % indentation). No distinction is 
made between circular and square washers. The crushing 
of the washer into the wood is illustrated in Figure 15, 
for a somewhat higher indentation than 5 mm. 
 



 
(a) 

 
(b) 

 
Figure 15: Indentation and crushing of the wood 
member.   
 
The results of the different compression test series are 
summarized in Table 5 and shown in Figure 16 in terms 
of the limit load versus the size of the washer. For 
comparisons, the test results for splitting failure 
according to Figure 9 are also shown (double sheathing 
and central bolt location; note that the test results for 
splitting failure in Figure 9 are based on two anchor bolts 
according to Figure 6 and those for bearing only on one 
anchor bolt according to Figure 7). Linear trend lines for 
the limit loads versus the size of the washer are also 
shown in the figure. In addition, equation (8b) for the 
mean limit load is shown in Figure 16. It is evident that 
there is no good agreement between this code equation 
and the test results. 
Madsen [12] discusses the membrane effect of the fibres 
on the boundary of the washer or bearing plate; i.e. the 
effect of the fibres being bent into an S-shape along the 
edges running perpendicular to the grain and the fibres 
subjected to rolling shear along edges running parallel to 
the grain of rectangular bearing plates. These effects will 
provide additional bearing capacity and will depend on 
the size of the washer, which is not reflected in the code 
recommendation. (The effect of orienting rectangular 
washers in an angle to the grain direction has not been 
investigated in this paper. This orientation will probably 
lead to a higher bearing strength.) 
The ratio between the circumference and the area of 
circular and square washers is r = 4/D, where D is the 
diameter or side length of the washer. If no distinction is 
made between the effects parallel and perpendicular to 
the grain, and the washer size 50 mm is taken as the 
reference value for the mean curve, the bearing capacity 

including the boundary effects of the washer can be 
written as 
 

bearing,mean c,90,k
503.0  (  in mm)f f D
D

=  (9) 

 
This relationship (9) is also shown in Figure 16. With 
this correction, the proposed bearing strength agrees 
fairly well with the test results.  
 
Table 5: Test results for anchored bottom rails subjected 
to vertical uplift forces. The limit load Fbearing corresponds 
to the load at 5 mm indentation of the washer into the 
timber member. (In the last three columns, the plus/minus 
standard deviation is given.) 
 

S e r i e s 

Size of 
washer 
[mm] 

Fbearing  
at 5 mm 

[kN] 

Dry density 
[kg/m3] 

Moisture 
content  

[%] 

1 22 06.7 ± 1.3 374 ± 18 10.1 ± 0.6 
2 35 11.3 ± 1.2 396 ± 13 09.4 ± 0.4 
3 40 16.6 ± 1.9 395 ± 13 09.6 ± 0.3 
4 50 23.1 ± 2.7 397 ± 26 10.0 ± 0.3 
5 60 21.1 ± 2.2 388 ± 10 10.5 ± 0.4 
6 70 27.4 ± 2.6 410 ± 32 11.3 ± 0.4 
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Figure 16: Limit load versus size of washers with respect 
to (a) bearing compression of the bottom rail compared to 
those obtained from (b) splitting tests (double sheathing 
and centre location of anchor bolts). A limiting mean 
curve (c) corresponding to the suggested dependence 
according to Eurocode 5 is also shown in the figure. The 
curve (d) represents the limiting load for the bearing as 
proposed in this paper.  
 



6 CONCLUSIONS 
When partially anchored shear walls are used, it is 
necessary to specify the design of the anchoring of the 
bottom rail. Essentially no recommendations are given in 
the present European codes.   
With respect to splitting of the bottom rail, the tests 
indicate that (a) the failure load of the bottom rail 
increases with decreasing distance from the edge of the 
washer to the loaded edge of the bottom rail, regardless 
of the location of the anchor bolts in case of single sided 
sheathing and (b) the failure load of the bottom rail for 
double sided sheathing and centre location of the anchor 
bolts is twice that of single sided sheathing. 
With respect to large deformations due to bearing 
stresses of the washers of the anchoring bolts, the size of 
the washer is the most important parameter. The test 
results indicate that the bearing strength for large 
washers is lower than that proposed by Eurocode 5. If 
the effect of washer size is included in the design 
equation, fairly good agreement is found with the test 
results. The results show that failure due to splitting is 
the determining design mode. 
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