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Abstract 

Källsner and Girhammar [1] have presented a new plastic design method for wood-framed shear 

walls at ultimate limit state. This method allows the designer to calculate the load-carrying 

capacity of shear walls partially anchored, where the leading stud is not fully anchored against 

uplift. 

The anchorage system of shear walls is provided from anchor bolts and hold downs. Anchor 

bolts provide horizontal shear continuity between the bottom rail and the foundation. Hold 

downs are directly connected from the vertical end stud to the foundation. When hold downs are 

not provided, the bottom row of nails transmits the vertical forces in the sheathing to the bottom 

rail (instead of the vertical stud) where the anchor bolts will further transmit the forces into the 

foundation. 

Because of the eccentric load transfer, due to forces acting in the same vertical plane, transverse 

bending is created in the bottom rail and splitting often occurs. 

It is important to evaluate this cross-wise bending and to ensure that no brittle failure occur in the 

bottom rail. 

The bottom rail is experimentally studied with respect to two primary failure modes, splitting 

along the bottom of the bottom rail due to cross-wise bending and splitting along the edge side of 

the bottom rail due forces perpendicular to the grain from the sheathing-to-framing connections. 

The parameters varied are the size of the washer and the orientation of the pith. 

The bottom rail was subjected to loading perpendicular to grain through two-sided sheathing. 

In this report the different set of series are presented. Five sets were conducted depending on the 

size of the washer and in each set the pith was placed upwards and downwards. 

The tests showed three different failure modes. In addition to the failure modes that the testing 

program was aimed at, splitting along the bottom or side of the bottom rail, the final failure was 

also due to plastic bending and withdrawal of the sheathing-to-framing nails. 

The results show that the size of the washer has a significant influence on the maximum load and 

the failure modes. The results show also that the orientation of the pith have a significant 

influence on the maximum load. 

Key words: timber shear walls, partially anchored, sheathing-to-framing joint, bottom rail, 

cross-wise bending, splitting of bottom surface, splitting of side surface. 
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Introduction 

Background 

Källsner and Girhammar [1] have presented a new plastic design method for wood-framed shear 

walls at ultimate limit state. This method allows the designer to calculate the load-carrying 

capacity of shear walls partially anchored, where the leading stud is not fully anchored against 

uplift. 

The anchorage system of shear walls is provided from anchor bolts and hold downs. Anchor 

bolts provide horizontal shear continuity between the bottom rail and the foundation. Hold 

downs are directly connected from the vertical end stud to the foundation. When hold downs are 

not provided, the bottom row of nails transmits the vertical forces in the sheathing to the bottom 

rail (instead of the vertical stud) where the anchor bolts will further transmit the forces into the 

foundation. 

Because of the eccentric load transfer, due to forces acting in the same vertical plane, transverse 

bending is created in the bottom rail and splitting often occurs. 

Characteristics of shear walls 

A shear wall is an in-plane structural element designed to transmit forces in its own plane. 

Horizontal roof and floor diaphragms are designed to distribute lateral loads to the shear wall 

elements, which in turn carry the loads to the foundations. The shear walls are subjected to shear 

forces at roof level from the roof diaphragm, and resisted by shear and normal reactions at the 

foundations. Shear walls must be anchored to the foundation to resist uplift forces.   

A shear wall in timber construction is a load-bearing wall that is designed to carry racking loads 

in the plane of the wall (shear loads) in addition to the vertical loads.  

The horizontal forces create an overturning moment on the shear wall and therefore create uplift 

forces on one side and compression on the other side of the wall. The strength of the wall is 

dependent upon three components: timber frame members, sheathing and fasteners.   
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Table 1: Behaviour of shear wall 

 

 
The lateral wall, considered to be simply 

supported at roof and foundation, transfer one 
half of the total wind load to the roof level. 

 

 
The diaphragm, acting as a deep horizontal beam, transmits 
the load to the end shear walls.  

 

 
Load on the shear wall 

obtained from the diaphragm. 

 

 
The shear wall transfers the load to the 

foundation. 

 

 
Details of shear wall. 

 

Details of the bottom rail 

The main difference between fully and partially anchored shear walls is the presence in the 

second case of uplift of the studs of the wall, especially of the leading stud. 

In fully anchored shear walls the uplift is prevented by some kind of tying down device at the 

leading stud. This will result in a concentrate force at the end of the wall. In partially anchored 

shear walls there are no device between the leading stud and foundation. The uplift is resisted by 

the sheathing-to-framing joints along the bottom rail. This will result in a distributed force on the 

bottom rail and there is some uplift of the studs of the wall (see Figure 1).  

In the latter case the bottom rail will be subject to uplift forces that cause a tension stresses 

perpendicular to the grain and crosswise bending (see Figure 1).  

Due these stresses brittle failure of the bottom rail may occur. In order to have the correct 

distribution of the forces for partially anchored shear walls, brittle failure of the bottom rail 

should be avoided.   
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Behaviour of fully anchored shear wall. 

 

 
Behaviour of partially anchored shear wall. 

 

 
Behaviour of the bottom rail subject to uplift forces. 

Figure 1: Behaviour of fully and partially anchored shear walls and behaviour of the bottom rail under uplift forces 

Aim and scope  

The overall study focuses on the study of a new plastic design method [1] of wood-frame shear 

walls at ultimate limit state. This method allows to calculate the load-carrying capacity of shear 

wall partially anchored, where the leading stud is not anchored against the uplift.  

The aim of this study is to design the bottom rail against forces from sheathing-to-framing joint. 

The bottom rail should be designed in the ultimate limit state. Both shear force and cross-wise 

bending, due the absence of hold down, are present in the bottom rail. It is also important to 

determine the conditions for the bottom rail for the plastic method to work.  

This study focuses on double-sided sheathing. Earlier one-sided sheathing was studied [2]. 

In order to use the plastic method it is necessary to ensure two main conditions: avoid brittle 

failure of the bottom rail and to ensure a ductile behaviour of the sheathing-to-framing joint.        

The scope of this report is to present results of laboratory tests of the bottom rail subjected to 

uplift forces through sheathing-to-framing joints. Two primary failure modes are in focus, 

splitting along the bottom of the bottom rail due to cross-wise bending and splitting along the 

edge side of the bottom rail due forces perpendicular to the grain from the sheathing-to-framing 

connections.  
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The bottom rail was subjected to loading perpendicular to grain through two-sided sheathing.  

The experimental work was conducted at Umeå University during June 2011. 

Test setup and material 

Test specimen  

The specimens were built with a rail of length 900 mm and with a cross section of 45 × 120 mm, 

joined with hardboard sheet of 500 × 900 × 8 mm.  

At first it was thought of planing the top and bottom surface of the rail, in order to eliminate any 

influence of cupping and possible pre-cracking, when tightening the anchor bolts, on the ultimate 

load. However it was not necessary because the surfaces of the bottom rail were acceptable with 

regard to flatness.   

The rails were kept enclosed in a plastic cover in lab from 29 March 2011 to September 2011. 

The temperature in lab was about 20º C. They were already cut from the factory, therefore it was 

impossible to choose rails cut from the same board in order to have rails with the same density.  

The specimens were assembled manually. They were usually assembled the evening before the 

day of testing. Sometime this was not possible (see Appendix B for a chronological summary of 

the conduction of the tests).  

Test program 

A total of 64 specimens were planned to test but due to a mistake during the testing of Set 1 

(tested with the inclined bars in the lifting device) it was necessary to repeat that Set and Set 1-

BIS was added to the test program and a total of 80  specimens have been tested. The results of 

Set 1 are still presented in this report.  

The table below shows the test program: 

Table 2: Test program 

 

Series 

 

Anchor bolt 

position 

 

Set 

 

Size of 

washer  

[mm] 

 

Number of 

tests 

 

Distance from 

washer edge 

to rail edge 

[mm] 

 

 

 

4 

 

Centre 

60 mm from 

sheathing 

1 40x40x15 16
1)

 40 

1-BIS 40x40x15 16
1)

 40 

2 60x60x15 16
1)

 30 

3 80x70x15 16
1)

 20 

4 100x70x15 16
1)

 10 
1)

 8 specimens with the pith downwards and 8 upwards  
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Material properties 

The following materials were used for the specimens:  

- Bottom rail: Spruce (Picea Abis), C24, 45x120 mm; 

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

- Sheathing-to-timber joints: Annular ringed shank nails, 50x2.1 mm (Duofast, Nordisk 

Kartro AB). The joints were nailed manually 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 rail; 

- Anchor bolt: Ø12 (M12). The holes in the bottom rail were pre-drilled, 13 mm. 

Moisture content and density  

After each test, material samples were taken from the test specimens (only for the rail). The 

moisture content and density of the bottom rail were determined according to recommendations 

of ISO 3130:1975 and ISO 3131:1975 respectively.  

The moisture content (ω) was calculated according to the following formula (ISO 3130): 

 

where: 

- m1 is the mass of the test piece before the drying [g]; 

- m0 is the mass of the test piece after the drying [g]. 

The density of the bottom rail (ρ) was calculated according to the following formula (ISO 3031): 

 

where: 

- m0 is the mass of the test piece after the drying [g]; 

- Vw is the volume of the test piece before the drying [m
3
, cm

3
]. 

The moisture content and density were measured the same day of the test. Sometime due 

different problems this was not possible and they were measured some days later (see appendix 

for a chronological summary of the conduction of the tests).  

Test setup 

The bottom rail was fixed to a steel plate simulating the foundation which in turn was welded to 

a steel structure. The connection between bottom rail and steel plate was made through two 

anchor bolts. To tighten the bolt a torque moment of 50 Nm was used. A square or rectangular 

washer of high rigidity was inserted between the bottom rail and the head bolt. Its size and shape 

varied for the set tested.      
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A tensile load with a rate of 2 mm/min was applied by a hydraulic piston (static load capacity 

100 kN) through two load distribution C steel beams attached to the upper panels by four bolts Ø 

16 for each panel (see Figures 2 and 3 for test setup).     

 
Figure 2: Test setup 

 

 

 

 
Figure 3: Test setup, connection 

panels – lifting device by bolts 

 

 

 

Figure 4: Specimen and test setup 

Two displacements were measured using a Linear Voltage Displacement Transducer (LVDT) 

during the tests. These displacements are called Displacement 1, which measured the movement 

of the washer that was positioned on the upper surface of the washer on the side 1, and 

Displacement 2, which measured as the upward movement of the upper surface of the rail in the 

line of the anchor bolts in the middle of the distance between the anchor bolts (see Figures 4, 5 

and 6). 
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However the displacement 1 was too small to measure and this has given some problem during 

recording of data. Plotting the graph load vs. displacement during the post process the line 

plotted appears disturbed and it is impossible to understand the real curve trend.  

The rails are free to rotate during loading, i.e. the inclined bars are removed from the lifting 

device (see Figure 7 and 8). This provides a well-defined boundary condition. However by 

mistake Set 1 was tested before cutting the inclined bars and it was retested in Set 1-BIS (see 

Figure 9 and 10). The results of Set 1 are also presented in this report and compared with Set 1-

BIS, in order to evaluate the influence of different boundary conditions.  

 
Figure 5: position of the two LVDT 

on the upper surface of the bottom 

rail 

 

 

 
 

Figure 6: position of LVDT 

recording displacement 1 

 

 
 

 

Figure 7: lifting device free to rotate 
during loading 

 

 
Figure 8: lifting device free to 

rotate during loading 

 

 
Figure 9: lifting device with inclined 

bars used for Set 1 

 
 

Figure 10: lifting device with 

inclined bars used for Set 1 
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Test results  

The load vs. time and load vs. displacement graphs are displayed for each test in Appendix A. 

Moreover other data and test results, as well as figures for each test, are displayed. Type of 

failure; 

- Failure load; 

- Displacement 1 and 2 at failure (displacement 1 measured the movement of washer 

surface on the side 1 in line of the anchor bolt. Displacement 2 measured the upward 

movement of the upper surface of the rail in the line of the anchor bolts in the middle of 

the distance between the anchor bolts); 

- Distance from crack to edge, side 1 and 2 (see Figure 11); 

- Distance from crack to anchor bolt, side 1 and 2 (see Figure 11); 

- Moisture; 

- Density.  

 
 

 

 
 

 

 
 

 

 

 

 

 

Figure 11: Example of distance between the edge of the bottom rail and crack line on side 1 and 2, and example of 

distance between the edge of the bottom rail and crack line at anchor bolt position on side 1 and 2 

In order to identify the specimen the Swedish convention is used where N means ner 

(downwards in English) and U means Upp (upwards in English) according to pith orientation. 
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Failure modes 

Different failure modes were found during the tests. They were dependant on the washer size. In 

total three primary failure modes were observed. 

- Failure mode 1: failure due to splitting of the underneath side of the bottom rail (see 

Figure 12); 

   

   

Figure 12: Some example of failure mode 1, splitting of the underneath side of the bottom rail 

- Failure mode 2: failure due to splitting along the edge side of the bottom rail (see Figure 

13); 

   

   

Figure 13: Failure mode 2, splitting along the edge side of the bottom rail 
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- Failure mode 3: failure due to pull-out of nails (see Figure 14); 

   

   

Figure 14: Failure mode 3, pull-out of nails 

 

Figure 15: *Size of washer [mm], **Bolt position (where b is the width of the bottom rail, 120 mm). Failure mode 

1: splitting of the bottom rail; failure mode 2: splitting of the bottom rail along the line of the nails between the 

anchor bolts; failure mode 3: pull-out of nails 
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Load vs. time and load vs. displacement curves 

 

 

Figure 16: Load vs. time curves for bottom rail with pith down of Series 4 – Set 1. 8 failure mode of type 1 

 

Figure 17: Load vs. time curves for bottom rail with pith up of Series 4 – Set 1. 8 failure mode of type 1 
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Figure 18: Load vs. time curves of bottom rail with pith down of Series 4 – Set 1-BIS. 8 failure mode of type 1 

 

Figure 19: Load vs. time curves of bottom rail with pith up of Series 4 – Set 1-BIS. 8 Failure mode of type 1 
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Figure 20: Load vs. time curves of bottom rail with pith down of Series 4 – Set 2. 8 failure mode of type1 

 

Figure 21: Load vs. time curves of bottom rail with pith up of Series 4 – Set 2. 8 failure mode of type 1 
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Figure 22: Load vs. time curves of bottom rail with pith down of Series 4 – Set 3. 6 failure mode of type 1 and 2 of 

type 2 

 

Figure 23: Load vs. time curves of bottom rail with pith up of Series 4 – Set 3. 8 failure mode of type 1 
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Figure 24: Load vs. time curves of bottom rail with pith down of Series 4 – Set 4. 1 failure mode of type 1, 4 failure 

mode of type 2 and 3 failure mode of type 3 

 

Figure 25: Load vs. time curves of bottom rail with pith up of Series 4 – Set 4. 8 failure mode of type 1 (see 

Appendix B notes (1), (2) and (3) about the type of failure of this set) 
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Figure 26: Load vs. displacement curves of bottom rail with pith down of Series 4 – Set 1. 8 failure mode of type 1 

 

Figure 27: Load vs. displacement curves of bottom rail with pith up of Series 4 – Set 1. 8 failure mode of type1 
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Figure 28: Load vs. displacement curves of bottom rail with pith down of Series 4 – Set 1-BIS. 8 failure mode of 

type 1 

 

Figure 29: Load vs. displacement curves of bottom rail with pith up of Series 4 – Set 1-BIS. 8 failure mode of type 1 
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Figure 30: Load vs. displacement curves of bottom rail with pith down of Series 4 – Set 2. 8 failure mode of type 1 

 

Figure 31: Load vs. displacement curves of bottom rail with pith up of Series 4 – Set 2. 8 failure mode of type 1 
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Figure 32: Load vs. displacement curves of bottom rail with pith down of Series 4 – Set 3. 6 failure mode of type 1 

and 2 failure mode of type 2 

 

Figure 33: Load vs. displacement curves of bottom rail with pith up of Series 4 – Set 3. 8 failure mode of type 1 
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Figure 34: Load vs. displacement curves of bottom rail with pith down of Series 4 – Set 4. 1 failure mode of type 1, 

4 failure mode of type 2 and 3 failure mode of type 3 

 

Figure 35: Load vs. displacement curves of bottom rail with pith up of Series 4 – Set 4. 8 failure mode of type 1 (see 

Appendix B notes (1), (2) and (3) about the type of failure of this set) 
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Summary of test results 

The tables below summarize the average results from the tests for each set. Failure load, 

displacements at failure, edge of the bottom rail to fracture line distance as well as the density 

and the moisture content of the bottom rail are shown in relation to the pith orientation. 

Series 4 – Anchor bolt at centre, 60 mm from the sheathing 

Set 1 – Washer size 40x40 mm, distance from sheathing to edge of washer 40 mm 

Pith Up – 8 tests  

Table 3: Summary of test results for series 4 – set 1 – pith up 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

16.8 

10.9 

÷ 

21.3 

 

0.01 

 

0.54 

 

436.0 

 

13.3 

St. Dev. 3.65 - - - 41.9 0.83 

Coeff. of Var. 

[%] 

21.8 - - - 9.61 6.26 

Char. Value 0.05 8.80 - - - 344.6 11.5 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  56.9 69.1 58.4 67.6 

St. Dev. 7.26 9.73 4.37 9.78 

Coeff. of Var. 

[%] 

12.8 14.1 7.49 14.5 

Char. Value 0.05 41.1 47.9 48.8 46.3 

8 failure mode of type 1 
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Pith Down – 8 tests 

Table 4: Summary of test results for series 4 – set 1 – pith down 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

22.4 

21.0 

÷ 

23.7 

 

-0.03 

 

1.90 

 

414.4 

 

13.0 

St. Dev. 1.00 - - - 42.0 0.78 

Coeff. of Var. 

[%] 

4.46 - - - 10.1 6.05 

Char. Value 0.05 20.2 - - - 322.8 11.3 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  67.3 57.6 64.3 61.9 

St. Dev. 15.3 10.6 15.9 13.0 

Coeff. of Var. 

[%] 

22.7 18.4 24.8 21.0 

Char. Value 0.05 33.9 34.5 29.5 33.6 

8 failure mode of type 1 
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Set 1-BIS – Washer size 40x40 mm, distance from sheathing to edge of washer 40 mm 

Pith Up – 8 tests  

Table 5: Summary of test results for series 4 – set 1-BIS – pith up 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

17.5 

15.6 

÷ 

19.5 

 

0.03 

 

0.69 

 

412.4 

 

13.6 

St. Dev. 1.58 - - - 42.2 0.39 

Coeff. of Var. 

[%] 

9.04 - - - 10.2 2.84 

Char. Value 0.05 14.0 - - - 320.4 12.7 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  46.8 64.9 50.8 59.1 

St. Dev. 8.15 4.67 8.83 3.36 

Coeff. of Var. 

[%] 

17.4 7.20 17.4 5.68 

Char. Value 0.05 29.0 54.7 31.5 51.8 

8 failure mode of type 1 
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Pith Down – 8 tests 

Table 6: Summary of test results for series 4 – set 1-BIS – pith down 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

20.4 

15.0 

÷ 

24.0 

 

0.01 

 

1.56 

 

404.1 

 

13.4 

St. Dev. 3.29 - - - 29.4 0.36 

Coeff. of Var. 

[%] 

16.1 - - - 7.27 2.70 

Char. Value 0.05 13.3 - - - 340.0 12.6 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  68.0 45.0 65.4 47.5 

St. Dev. 12.6 9.64 12.6 8.80 

Coeff. of Var. 

[%] 

18.5 21.4 19.2 18.5 

Char. Value 0.05 40.6 24.0 38.0 28.3 

8 failure mode of type 1 
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Set 2 – Washer size 60x60 mm, distance from sheathing to edge of washer 30 mm 

Pith Up – 8 tests 

Table 7: Summary of test results for series 4 – set 2 – pith up 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

19.3 

15.2 

÷ 

23.0 

 

-0.01 

 

0.74 

 

424.4 

 

12.7 

St. Dev. 2.49 - - - 60.5 0.95 

Coeff. of Var. 

[%] 

12.9 - - - 14.3 7.52 

Char. Value 0.05 13.9 - - - 292.4 10.6 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  60.0 68.4 61.6 67.6 

St. Dev. 9.35 16.5 9.09 15.3 

Coeff. of Var. 

[%] 

15.6 24.1 14.7 22.6 

Char. Value 0.05 39.6 32.5 41.8 34.4 

8 failure mode of type 1 

 

 

 

 

 

 



35 

 

Pith Down – 8 tests 

Table 8: Summary of test results for series 4 – set 2 – pith down 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

28.0 

26.1 

÷ 

31.3 

 

0.01 

 

1.86 

 

403.6 

 

13.1 

St. Dev. 1.94 - - - 29.8 0.64 

Coeff. of Var. 

[%] 

6.94 - - - 7.38 4.89 

Char. Value 0.05 23.8 - - - 338.7 11.7 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  70.9 50.1 67.6 53.9 

St. Dev. 16.4 8.15 13.7 8.36 

Coeff. of Var. 

[%] 

23.1 16.3 20.3 15.5 

Char. Value 0.05 35.1 32.4 37.7 35.7 

8 failure mode of type 1 
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Set 3 – Washer size 80x70 mm, distance from sheathing to edge of washer 20 mm 

Pith Up – 8 tests 

Table 9: Summary of test results for series 4 – set 3 – pith up 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

23.7 

17.2 

÷ 

34.1 

 

0.02 

 

0.92 

 

426.6* 

 

13.1* 

St. Dev. 5.27 - - - 40.2 1.11 

Coeff. of Var. 

[%] 

22.2 - - - 9.41 8.51 

Char. Value 0.05 12.2 - - - 336.7 10.6 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  52.9 68.8 56.3 67.1 

St. Dev. 9.86 11.9 10.7 8.98 

Coeff. of Var. 

[%] 

18.7 17.3 18.9 13.4 

Char. Value 0.05 31.4 42.9 33.0 47.5 
*data available for seven tests 

8 failure mode of type 1 
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Pith Down – 8 tests 

Table 10: Summary of test results for series 4 – set 3 – pith down  

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

38.4 

28.4 

÷ 

46.6 

 

0.07 

 

2.08 

 

441.1 

 

13.2 

St. Dev. 6.46 - - - 45.2 1.23 

Coeff. of Var. 

[%] 

16.8 - - - 10.2 9.37 

Char. Value 0.05 24.3 - - - 342.6 10.5 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  66.3* 46.7* 63.2* 54.2* 

St. Dev. 27.2 19.7 25.9 22.0 

Coeff. of Var. 

[%] 

41.0 42.3 41.0 40.6 

Char. Value 0.05 2.92 0.73 2.90 2.98 
*data available for six tests 

6 failure mode of type 1 and 2 of type 2 

 

 

 

 

 

 



38 

 

Set 4 – Washer size 100x70 mm, distance from sheathing to edge of washer 10 mm 

Pith Up – 8 tests 

Table 11: Summary of test results for series 4 – set 4 – pith up  

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

20.0 

13.8 

÷ 

25.9 

 

0.04 

 

0.60 

 

410.3 

 

12.0 

St. Dev. 4.80 - - - 34.1 1.41 

Coeff. of Var. 

[%] 

23.9 - - - 8.32 11.8 

Char. Value 0.05 9.59 - - - 335.9 8.89 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  49.6 61.4 53.5 60.0 

St. Dev. 14.0 4.14 11.7 1.41 

Coeff. of Var. 

[%] 

28.2 6.74 21.8 2.36 

Char. Value 0.05 19.2 52.4 28.1 56.9 

8 failure mode of type 1 (see Appendix B notes 
(1), (2)

 and 
(3)

 about the type of failure of this set)  
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Pith Down – 8 tests 

Table 12: Summary of test results for series 4 – set 4 – pith down 

  

Failure 

load 

 

 

 

 

[kN] 

 

Min. and 

max. 

failure 

load 

 

 

[kN] 

Movement 

of washer 

surface on 

the side 1 in 

line of the 

anchor bolt 

 

[mm] 

Movement 

of rail 

surface in 

line of the 

anchor bolt 

at centre of 

the rail 

[mm]  

 

Density 

 

 

 

 

 

[kg/m
3
] 

 

 

Moisture 

 

 

 

 

 

[%] 

 

Average  

 

45.8 

41.9 

÷ 

48.0 

 

0.15 

 

3.10 

 

398.8 

 

12.2 

St. Dev. 1.97 - - - 16.8 1.07 

Coeff. of Var. 

[%] 

4.31 - - - 4.22 8.70 

Char. Value 0.05 41.5 - - - 362.1 9.92 

 

 Distance from 

edge of bottom 

rail to crack at 

the end on side 

1 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

the end on side 

2 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 1 

 

[mm] 

Distance from 

edge of bottom 

rail to crack at 

anchor bolt 2 

 

[mm] 

Average  50.0* 24.0* 54.0* 17.0* 

St. Dev. - - - - 

Coeff. of Var. 

[%] 

- - - - 

Char. Value 0.05 - - - - 
*data available only for the specimen 446N, the only one with failure mode of type 1 

1 failure mode of type 1, 4 failure mode of type 2 and 3 failure mode of type 3  
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Figure 36:  Failure load vs. size of washer of bottom rail with pith upward and pith downward 

Summary of failure load 

Table 13: Summary of failure load results for each set 

 

Washer size 

 

[mm] 

Average of 

failure load 

Pith up 

[kN] 

Average of 

failure load 

Pith down 

[kN] 

Figure of 

reference 

Ratio between 

Pith up and Pith 

down failure 

load 

40x40 16.8 22.4 Fig. 7 and 8 0.75 

40x40 - Bis 17.5 20.4 Fig. 9 and 10 0.86 

60x60 19.3 28.0 Fig. 7 and 8 0.69 

80x70 23.7 38.4 Fig. 7 and 8 0.62 

100x70 20.0 45.8 Fig. 7 and 8 0.44 
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Conclusions 

The test results show that the size of the washer has a significant influence on the failure load 

and the failure modes. Moreover the results show that the orientation of the pith also has a 

significant influence on the failure load.  

Three primary failure modes were found during the tests: 

- failure mode 1: due to splitting of the underneath side of the bottom rail. This brittle type 

of failure occurs when medium sized washers are used with large distance to the loaded 

edge of the bottom rail; 

- failure mode 2: due to splitting at the edge side of the bottom rail. This type of failure 

occurs when is decreased the distance between the edge of the washer and the edge of the 

bottom rail; 

- failure mode 3: due to plastic bending and pull-out of nails (and therefore a detachment 

of the sheathing). This failure mode was not planned (the test series were planned so that 

splitting would occur), but happened when there was not splitting of the bottom rail due 

to large anchor bolts and small distance between the edge of the washer and the edge of 

the bottom rail.  

It was found that decreasing the distance between the edge of the washer and the edge of the 

bottom rail increases the maximum load.  

It was also observed that most the failure mode 1 (splitting of the underneath surface of the 

bottom rail) appears independently on either end of the bottom rail and sometime simultaneously 

on both length-wise ends of the bottom rail.  
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Appendix A 

Series 4 – Anchor bolt at centre, 60 mm from the sheathing 

Set 1 – Size of washer 40x40 mm 

Pith Down 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 22451 

Displacement 1 at failure [mm] 0,10 

Displacement 2 at failure [mm] 1,91 

Distance from crack to edge side 1 [mm] 50 

Distance from crack to edge side 2 [mm] 72 

Distance from crack to anchor bolt side 1 [mm] 45 

Distance from crack to anchor bolt side 2 [mm] 83 

Moisture [%] 11,8 

Dry density [kg/m
3
] 406 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 21010 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 1,37 

Distance from crack to edge side 1 [mm] 90 

Distance from crack to edge side 2 [mm] 52 

Distance from crack to anchor bolt side 1 [mm] 85 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 14,3 

Dry density [kg/m
3
] 462 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 23057 

Displacement 1 at failure [mm] -0,09 

Displacement 2 at failure [mm] 2,33 

Distance from crack to edge side 1 [mm] 60 

Distance from crack to edge side 2 [mm] 54 

Distance from crack to anchor bolt side 1 [mm] 55 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 12,4 

Dry density [kg/m
3
] 389 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 23240 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 2,61 

Distance from crack to edge side 1 [mm] 65 

Distance from crack to edge side 2 [mm] 57 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,0 

Dry density [kg/m
3
] 338 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 23676 

Displacement 1 at failure [mm] -0,04 

Displacement 2 at failure [mm] 1,61 

Distance from crack to edge side 1 [mm] 63 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 66 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 12,8 

Dry density [kg/m
3
] 449 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 21866 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 1,66 

Distance from crack to edge side 1 [mm] 65 

Distance from crack to edge side 2 [mm] 40 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 44 

Moisture [%] 13,6 

Dry density [kg/m
3
] 443 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 20995 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 1,30 

Distance from crack to edge side 1 [mm] 54 

Distance from crack to edge side 2 [mm] 54 

Distance from crack to anchor bolt side 1 [mm] 53 

Distance from crack to anchor bolt side 2 [mm] 50 

Moisture [%] 12,3 

Dry density [kg/m
3
] 442 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 22532 

Displacement 1 at failure [mm] -0,20 

Displacement 2 at failure [mm] 2,42 

Distance from crack to edge side 1 [mm] 91 

Distance from crack to edge side 2 [mm] 72 

Distance from crack to anchor bolt side 1 [mm] 91 

Distance from crack to anchor bolt side 2 [mm] 78 

Moisture [%] 13,2 

Dry density [kg/m
3
] 386 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 17745 

Displacement 1 at failure [mm] 0,01 

Displacement 2 at failure [mm] 0,55 

Distance from crack to edge side 1 [mm] 52 

Distance from crack to edge side 2 [mm] 65 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 12,4 

Dry density [kg/m
3
] 443 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 17193 

Displacement 1 at failure [mm] 0,06 

Displacement 2 at failure [mm] 0,63 

Distance from crack to edge side 1 [mm] 59 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 64 

Moisture [%] 13,8 

Dry density [kg/m
3
] 445 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 10922 

Displacement 1 at failure [mm] -0,03 

Displacement 2 at failure [mm] 0,18 

Distance from crack to edge side 1 [mm] 70 

Distance from crack to edge side 2 [mm] 58 

Distance from crack to anchor bolt side 1 [mm] 58 

Distance from crack to anchor bolt side 2 [mm] 65 

Moisture [%] 13,2 

Dry density [kg/m
3
] 422 

Probable influence of the pre-crack in the side 1.  
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 20589 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 0,76 

Distance from crack to edge side 1 [mm] 53 

Distance from crack to edge side 2 [mm] 85 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 83 

Moisture [%] 14,7 

Dry density [kg/m
3
] 434 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 14643 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 0,33 

Distance from crack to edge side 1 [mm] 52 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 51 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,7 

Dry density [kg/m
3
] 523 

Probable influence of the pre-crack in the side 2. 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 21328 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 0,90 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 64 

Distance from crack to anchor bolt side 2 [mm] 56 

Moisture [%] 12,8 

Dry density [kg/m
3
] 435 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 12972 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 0,13 

Distance from crack to edge side 1 [mm] 48 

Distance from crack to edge side 2 [mm] 78 

Distance from crack to anchor bolt side 1 [mm] 53 

Distance from crack to anchor bolt side 2 [mm] 75 

Moisture [%] 13,1 

Dry density [kg/m
3
] 374 

Possible pre-crack on the side 1. 

0 

4000 

8000 

12000 

16000 

0 100 200 300 

L
o

a
d

 [
N

] 

Time [s] 

Rail 417U 
Load vs. Time 

0 

4000 

8000 

12000 

16000 

0 0,2 0,4 0,6 0,8 1 

L
o

a
d

 [
N

] 

Displacement 2 [mm] 

Rail 417U 
Load vs. Displacement 



59 

 

 

 
 

 

 

 
 

 
 

 

 

 
 

Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 18612 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 0,80 

Distance from crack to edge side 1 [mm] 64 

Distance from crack to edge side 2 [mm] 78 

Distance from crack to anchor bolt side 1 [mm] 62 

Distance from crack to anchor bolt side 2 [mm] 78 

Moisture [%] 12,2 

Dry density [kg/m
3
] 411 
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Set 1-BIS – Size of washer 40x40 mm 

Pith down 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 14987 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 0,55 

Distance from crack to edge side 1 [mm] 53 

Distance from crack to edge side 2 [mm] 40 

Distance from crack to anchor bolt side 1 [mm] 54 

Distance from crack to anchor bolt side 2 [mm] 39 

Moisture [%] 13,8 

Dry density [kg/m
3
] 357 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 23952 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 3,08 

Distance from crack to edge side 1 [mm] 84 

Distance from crack to edge side 2 [mm] 40 

Distance from crack to anchor bolt side 1 [mm] 85 

Distance from crack to anchor bolt side 2 [mm] 55 

Moisture [%] 13,8 

Dry density [kg/m
3
] 369 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 17263 

Displacement 1 at failure [mm] -0,03 

Displacement 2 at failure [mm] 0,43 

Distance from crack to edge side 1 [mm] 59 

Distance from crack to edge side 2 [mm] 44 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 44 

Moisture [%] 12,9 

Dry density [kg/m
3
] 410 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 23682 

Displacement 1 at failure [mm] 0,01 

Displacement 2 at failure [mm] 2,89 

Distance from crack to edge side 1 [mm] 65 

Distance from crack to edge side 2 [mm] 48 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 52 

Moisture [%] 13,5 

Dry density [kg/m
3
] 433 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 20917 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 1,34 

Distance from crack to edge side 1 [mm] 65 

Distance from crack to edge side 2 [mm] 36 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 36 

Moisture [%] 13,6 

Dry density [kg/m
3
] 393 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 23217 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 2,12 

Distance from crack to edge side 1 [mm] 62 

Distance from crack to edge side 2 [mm] 40 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 46 

Moisture [%] 13,6 

Dry density [kg/m
3
] 433 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 18293 

Displacement 1 at failure [mm] 0,05 

Displacement 2 at failure [mm] 0,65 

Distance from crack to edge side 1 [mm] 66 

Distance from crack to edge side 2 [mm] 45 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 45 

Moisture [%] 13,2 

Dry density [kg/m
3
] 433 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 21276 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 1,44 

Distance from crack to edge side 1 [mm] 90 

Distance from crack to edge side 2 [mm] 67 

Distance from crack to anchor bolt side 1 [mm] 86 

Distance from crack to anchor bolt side 2 [mm] 63 

Moisture [%] 13,0 

Dry density [kg/m
3
] 404 
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Pith Up 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 21276 

Displacement 1 at failure [mm] 0,10 

Displacement 2 at failure [mm] 0,57 

Distance from crack to edge side 1 [mm] 58 

Distance from crack to edge side 2 [mm] 67 

Distance from crack to anchor bolt side 1 [mm] 61 

Distance from crack to anchor bolt side 2 [mm] 62 

Moisture [%] 14,0 

Dry density [kg/m
3
] 364 

 

0 

4000 

8000 

12000 

16000 

20000 

0 100 200 300 400 500 

L
o

a
d

 [
N

] 

Time [s] 

Rail 411U-BIS 
Load vs. Time 

0 

4000 

8000 

12000 

16000 

20000 

0 0,2 0,4 0,6 0,8 1 1,2 

L
o

a
d

 [
N

] 

Displacement 2 [mm] 

Rail 411U-BIS 
Load vs. Displacement 



71 

 

 

 
 

 

 

 
 

 
 

 

 
 

 

Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 18601 

Displacement 1 at failure [mm] 0,09 

Displacement 2 at failure [mm] 0,97 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 70 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,8 

Dry density [kg/m
3
] 396 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 15560 

Displacement 1 at failure [mm] 0,01 

Displacement 2 at failure [mm] 0,56 

Distance from crack to edge side 1 [mm] 44 

Distance from crack to edge side 2 [mm] 64 

Distance from crack to anchor bolt side 1 [mm] 46 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,7 

Dry density [kg/m
3
] 382 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 17313 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 0,44 

Distance from crack to edge side 1 [mm] 40 

Distance from crack to edge side 2 [mm] 70 

Distance from crack to anchor bolt side 1 [mm] 42 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,0 

Dry density [kg/m
3
] 503 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 19426 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 1,16 

Distance from crack to edge side 1 [mm] 50 

Distance from crack to edge side 2 [mm] 67 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 14,0 

Dry density [kg/m
3
] 410 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 16809 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 0,51 

Distance from crack to edge side 1 [mm] 47 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 51 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,3 

Dry density [kg/m
3
] 428 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 19519 

Displacement 1 at failure [mm] 0,08 

Displacement 2 at failure [mm] 0,75 

Distance from crack to edge side 1 [mm] 44 

Distance from crack to edge side 2 [mm] 62 

Distance from crack to anchor bolt side 1 [mm] 48 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,2 

Dry density [kg/m
3
] 424 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 15569 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 0,54 

Distance from crack to edge side 1 [mm] 34 

Distance from crack to edge side 2 [mm] 56 

Distance from crack to anchor bolt side 1 [mm] 38 

Distance from crack to anchor bolt side 2 [mm] 51 

Moisture [%] 13,5 

Dry density [kg/m
3
] 392 
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Set 2 – Size of washer 60x60mm 

Pith Down 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 27643 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 1,88 

Distance from crack to edge side 1 [mm] 68 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 65 

Distance from crack to anchor bolt side 2 [mm] 62 

Moisture [%] 13,1 

Dry density [kg/m
3
] 393 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 29616 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 1,60 

Distance from crack to edge side 1 [mm] 98 

Distance from crack to edge side 2 [mm] 54 

Distance from crack to anchor bolt side 1 [mm] 88 

Distance from crack to anchor bolt side 2 [mm] 61 

Moisture [%] 13,4 

Dry density [kg/m
3
] 419 

 

0 

5000 

10000 

15000 

20000 

25000 

30000 

0 100 200 300 400 

L
o

a
d

 [
N

] 

Time [s] 

Rail 422N 
Load vs. Time 

0 

5000 

10000 

15000 

20000 

25000 

30000 

0 0,5 1 1,5 2 

L
o

a
d

 [
N

] 

Displacement 2 [mm] 

Rail 422N 
Load vs. Displacement 



81 

 

 

 
 

 

 

 
 

 
 

 

 
 

 

Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 29506 

Displacement 1 at failure [mm] -0,12 

Displacement 2 at failure [mm] 1,64 

Distance from crack to edge side 1 [mm] 62 

Distance from crack to edge side 2 [mm] 45 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 50 

Moisture [%] 13,4 

Dry density [kg/m
3
] 367 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 26065 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 1,78 

Distance from crack to edge side 1 [mm] 82 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 80 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 12,3 

Dry density [kg/m
3
] 367 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 26069 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 1,47 

Distance from crack to edge side 1 [mm] 47 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 52 

Distance from crack to anchor bolt side 2 [mm] 54 

Moisture [%] 13,9 

Dry density [kg/m
3
] 432 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 26334 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 1,37 

Distance from crack to edge side 1 [mm] 66 

Distance from crack to edge side 2 [mm] 32 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 42 

Moisture [%] 12,9 

Dry density [kg/m
3
] 409 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 27485 

Displacement 1 at failure [mm] 0,07 

Displacement 2 at failure [mm] 2,03 

Distance from crack to edge side 1 [mm] 59 

Distance from crack to edge side 2 [mm] 50 

Distance from crack to anchor bolt side 1 [mm] 55 

Distance from crack to anchor bolt side 2 [mm] 42 

Moisture [%] 12,0 

Dry density [kg/m
3
] 389 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 31310 

Displacement 1 at failure [mm] 0,05 

Displacement 2 at failure [mm] 3,10 

Distance from crack to edge side 1 [mm] 85 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 82 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,5 

Dry density [kg/m
3
] 450 

 

0 

5000 

10000 

15000 

20000 

25000 

30000 

35000 

0 100 200 300 400 500 600 

L
o

a
d

 [
N

] 

Time [s] 

Rail 428N 
Load vs. Time 

0 

5000 

10000 

15000 

20000 

25000 

30000 

35000 

0 0,5 1 1,5 2 2,5 3 3,5 

L
o

a
d

 [
N

] 

Displacement 2 [mm] 

Rail 428N 
Load vs. Displacement 



87 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 17315 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 0,46 

Distance from crack to edge side 1 [mm] 62 

Distance from crack to edge side 2 [mm] 57 

Distance from crack to anchor bolt side 1 [mm] 62 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,9 

Dry density [kg/m
3
] 390 

Probable problem not visible in the rail, because the failure load is under the average.  
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 23037 

Displacement 1 at failure [mm] 0,07 

Displacement 2 at failure [mm] 1,21 

Distance from crack to edge side 1 [mm] 64 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 11,0 

Dry density [kg/m
3
] 390 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 18253 

Displacement 1 at failure [mm] -0,02 

Displacement 2 at failure [mm] 0,40 

Distance from crack to edge side 1 [mm] 53 

Distance from crack to edge side 2 [mm] 69 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 58 

Moisture [%] 11,9 

Dry density [kg/m
3
] 377 

Pre-crack on the side 2 by tightening the bolt. This had considerable influence in the test. 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 20464 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 1,30 

Distance from crack to edge side 1 [mm] 67 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 63 

Distance from crack to anchor bolt side 2 [mm] 68 

Moisture [%] 12,2 

Dry density [kg/m
3
] 375 

Pre-crack on both sides.  
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 20768 

Displacement 1 at failure [mm] -0,11 

Displacement 2 at failure [mm] 1,25 

Distance from crack to edge side 1 [mm] 75 

Distance from crack to edge side 2 [mm] 104 

Distance from crack to anchor bolt side 1 [mm] 81 

Distance from crack to anchor bolt side 2 [mm] 102 

Moisture [%] 12,9 

Dry density [kg/m
3
] 404 

Pre-crack on the side 1. The crack started immediately from the side 1 until the side 2. 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 18409 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 0,34 

Distance from crack to edge side 1 [mm] 44 (pre-crack) – 56 (failure crack) 

Distance from crack to edge side 2 [mm] 62 

Distance from crack to anchor bolt side 1 [mm] 48 (pre-crack) – 61 (failure crack) 

Distance from crack to anchor bolt side 2 [mm] 58 

Moisture [%] 13,5 

Dry density [kg/m
3
] 437 

First crack started from the pre-crack on the side 1 but after another crack line happened.  
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 15180 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 0,45 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 80 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 76 

Moisture [%] 13,3 

Dry density [kg/m
3
] 550 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 21019 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 0,49 

Distance from crack to edge side 1 [mm] 58 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 59 

Moisture [%] 12,7 

Dry density [kg/m
3
] 471 

Possible pre-crack on both sides but they seem do not have any influence on the test. 
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Set 3 – Size of washer 80x70 mm 

Pith Down 
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Type of failure Failure 2 – 1
st
 crack at side 1 

Failure load [N] 31530 

Displacement 1 at failure [mm] 0,14 

Displacement 2 at failure [mm] 2,19 

Moisture [%] 14,5 

Dry density [kg/m
3
] 455 

 

 

0 

5000 

10000 

15000 

20000 

25000 

30000 

35000 

0 100 200 300 400 500 

L
o

a
d

 [
N

] 

Time [s] 

Rail 431N 
Load vs. Time 

0 

5000 

10000 

15000 

20000 

25000 

30000 

35000 

0 0,5 1 1,5 2 2,5 3 

L
o

a
d

 [
N

] 

Displacement 2 [mm] 

Rail 431N 
Load vs. Displacement 



98 

 

 

 
 

 

 

 
 

 
 

 

 
 

 

Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 38469 

Displacement 1 at failure [mm] -0,01 

Displacement 2 at failure [mm] 1,96 

Distance from crack to edge side 1 [mm] 89 

Distance from crack to edge side 2 [mm] 50 

Distance from crack to anchor bolt side 1 [mm] 85 

Distance from crack to anchor bolt side 2 [mm] 62 

Moisture [%] 14,4 

Dry density [kg/m
3
] 450 

The cracks before the failure at 38 kN are movement of the rail. Anchor bolt failure at 33 kN. 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 28381 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 1,03 

Distance from crack to edge side 1 [mm] 54 

Distance from crack to edge side 2 [mm] 44 

Distance from crack to anchor bolt side 1 [mm] 54 

Distance from crack to anchor bolt side 2 [mm] 48 

Moisture [%] 12,3 

Dry density [kg/m
3
] 394 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 37884 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 2,25 

Distance from crack to edge side 1 [mm] 19 

Distance from crack to edge side 2 [mm] 14 

Distance from crack to anchor bolt side 1 [mm] 18 

Distance from crack to anchor bolt side 2 [mm] 16 

Moisture [%] 12,9 

Dry density [kg/m
3
] 421 

The cracks before the failure at 37 kN are movement of the rail.  
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 43987 

Displacement 1 at failure [mm] 0,06 

Displacement 2 at failure [mm] 2,37 

Distance from crack to edge side 1 [mm] 65 

Distance from crack to edge side 2 [mm] 39 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 50 

Moisture [%] 11,7 

Dry density [kg/m
3
] 449 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 35521 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 2,06 

Distance from crack to edge side 1 [mm] 80 

Distance from crack to edge side 2 [mm] 64 

Distance from crack to anchor bolt side 1 [mm] 74 

Distance from crack to anchor bolt side 2 [mm] 72 

Moisture [%] 13,6 

Dry density [kg/m
3
] 378 
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Type of failure Failure 2 – 1
st
 crack at side 1 

Failure load [N] 44512 

Displacement 1 at failure [mm] 0,20 

Displacement 2 at failure [mm] 2,31 

Moisture [%] 14,3 

Dry density [kg/m
3
] 526 
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Type of failure Failure 1 – Instantaneous crack on both sides 

Failure load [N] 46611 

Displacement 1 at failure [mm] 0,09 

Displacement 2 at failure [mm] 2,45 

Distance from crack to edge side 1 [mm] 91 

Distance from crack to edge side 2 [mm] 69 

Distance from crack to anchor bolt side 1 [mm] 88 

Distance from crack to anchor bolt side 2 [mm] 77 

Moisture [%] 11,4 

Dry density [kg/m
3
] 454 
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Pith Up 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 26576 

Displacement 1 at failure [mm] 0,04 

Displacement 2 at failure [mm] 1,29 

Distance from crack to edge side 1 [mm] 56 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 14,6 

Dry density [kg/m
3
] 464 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 17161 

Displacement 1 at failure [mm] -0,04 

Displacement 2 at failure [mm] 0,28 

Distance from crack to edge side 1 [mm] 55 

Distance from crack to edge side 2 [mm] 86 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 81 

Moisture [%] 11,8 

Dry density [kg/m
3
] 394 

Pre-crack on the side 1 by tightening the bolt. This had considerable influence in the test.  
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 34145 

Displacement 1 at failure [mm] 0,06 

Displacement 2 at failure [mm] 2,38 

Distance from crack to edge side 1 [mm] 29 

Distance from crack to edge side 2 [mm] 59 

Distance from crack to anchor bolt side 1 [mm] 30 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 14,0 

Dry density [kg/m
3
] 489 

The last crack is caused by the anchor bolt failure on the side 2. 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 22564 

Displacement 1 at failure [mm] 0,01 

Displacement 2 at failure [mm] 0,80 

Distance from crack to edge side 1 [mm] 54 

Distance from crack to edge side 2 [mm] 75 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 71 

Moisture [%] 13,1 

Dry density [kg/m
3
] 425 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 24986 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 0,56 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 75 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 72 

Moisture [%] 13,2 

Dry density [kg/m
3
] 411 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 23822 

Displacement 1 at failure [mm] 0,05 

Displacement 2 at failure [mm] 0,91 

Distance from crack to edge side 1 [mm] 58 

Distance from crack to edge side 2 [mm] 80 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 76 

Moisture [%] - 

Dry density [kg/m
3
] - 

Due problems with the rail, moisture and density were not measured. 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 18467 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 0,52 

Distance from crack to edge side 1 [mm] 60 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,2 

Dry density [kg/m
3
] 371 

Pre-crack on the side 2 by tightening the bolt. This had considerable influence in the test.  
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 21747 

Displacement 1 at failure [mm] 0,03 

Displacement 2 at failure [mm] 0,56 

Distance from crack to edge side 1 [mm] 54 

Distance from crack to edge side 2 [mm] 52 

Distance from crack to anchor bolt side 1 [mm] 62 

Distance from crack to anchor bolt side 2 [mm] 57 

Moisture [%] 11,5 

Dry density [kg/m
3
] 433 

Pre-crack on the side 2 by tightening the bolt. This had considerable influence in the test.  
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Set 4 – Size of washer 100x70 mm 

Pith down 
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Type of failure Failure 2 – 1
st
 crack at side 2 

Failure load [N] 47372 

Displacement 1 at failure [mm] 0,16 

Displacement 2 at failure [mm] 3,06 

Moisture [%] 12,9 

Dry density [kg/m
3
] 395 
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Type of failure Failure 2 – 1
st
 crack at side 1 

Failure load [N] 46087 

Displacement 1 at failure [mm] 0,10 

Displacement 2 at failure [mm] 2,99 

Moisture [%] 12,0 

Dry density [kg/m
3
] 433 
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Type of failure Failure 3 

Failure load [N] 41868 

Displacement 1 at failure [mm] 0,07 

Displacement 2 at failure [mm] 2,80 

Moisture [%] 11,6 

Dry density [kg/m
3
] 385 
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Type of failure Failure 2 – 1
st
 crack at side 1 

Failure load [N] 47952 

Displacement 1 at failure [mm] 0,18 

Displacement 2 at failure [mm] 2,99 

Moisture [%] 13,5 

Dry density [kg/m
3
] 410 
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Type of failure Failure 3 

Failure load [N] 46306 

Displacement 1 at failure [mm] 0,15 

Displacement 2 at failure [mm] 2,90 

Moisture [%] 12,8 

Dry density [kg/m
3
] 400 

The bottom rail failure happens after the nails pull-out.  
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 45414 

Displacement 1 at failure [mm] 0,26 

Displacement 2 at failure [mm] 3,71 

Distance from crack to edge side 1 [mm] 50 

Distance from crack to edge side 2 [mm] 24 

Distance from crack to anchor bolt side 1 [mm] 54 

Distance from crack to anchor bolt side 2 [mm] 17 

Moisture [%] 12,7 

Dry density [kg/m
3
] 396 
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Type of failure Failure 3 

Failure load [N] 44278 

Displacement 1 at failure [mm] 0,12 

Displacement 2 at failure [mm] 3,38 

Moisture [%] 10,0 

Dry density [kg/m
3
] 390 

After test some crack was found on the rail in the nails line. However the first type of failure is 

nails pull-out. 
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Type of failure Failure 2 – 1
st
 crack at side 2 

Failure load [N] 47164 

Displacement 1 at failure [mm] 0,16 

Displacement 2 at failure [mm] 2,97 

Moisture [%] 12,3 

Dry density [kg/m
3
] 380 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 13807 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 0,21 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 57 

Distance from crack to anchor bolt side 2 [mm] 59 

Moisture [%] 10,8 

Dry density [kg/m
3
] 370 

Pre-crack on the side 1, without it the failure would have been crack in the nails line. 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 24015 

Displacement 1 at failure [mm] 0,08 

Displacement 2 at failure [mm] 1,11 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 59 

Distance from crack to anchor bolt side 1 [mm] 57 

Distance from crack to anchor bolt side 2 [mm] 59 

Moisture [%] 14,2 

Dry density [kg/m
3
] 469 

After the crack at 24 kN the load increase a lot until 38 kN. Probably the failure type is 2. 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 20250 

Displacement 1 at failure [mm] 0,02 

Displacement 2 at failure [mm] 0,42 

Distance from crack to edge side 1 [mm] 52 

Distance from crack to edge side 2 [mm] 63 

Distance from crack to anchor bolt side 1 [mm] 62 

Distance from crack to anchor bolt side 2 [mm] 63 

Moisture [%] 12,0 

Dry density [kg/m
3
] 451 

Failure 1 caused by pre-crack on side 1 but the failure type could be 2.  
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 25737 

Displacement 1 at failure [mm] 0,13 

Displacement 2 at failure [mm] 1,08 

Distance from crack to edge side 1 [mm] 47 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 62 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 11,3 

Dry density [kg/m
3
] 398 

Failure 1 caused by pre-crack on side 1 but the failure type could be 2.  
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 19253 

Displacement 1 at failure [mm] 0,00 

Displacement 2 at failure [mm] 0,39 

Distance from crack to edge side 1 [mm] 65 (pre-crack) – 46 (crack line) 

Distance from crack to edge side 2 [mm] 68 

Distance from crack to anchor bolt side 1 [mm] 70 (pre-crack) – 41 (crack line) 

Distance from crack to anchor bolt side 2 [mm] 60 

Moisture [%] 13,1 

Dry density [kg/m
3
] 421 

Pre-crack on side 2 tightening the anchor bolt, without it failure type would have been 2. 
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Type of failure Failure 1 – 1
st
 crack at side 2 

Failure load [N] 25930 

Displacement 1 at failure [mm] 0,04 

Displacement 2 at failure [mm] 1,21 

Distance from crack to edge side 1 [mm] 57 

Distance from crack to edge side 2 [mm] 60 

Distance from crack to anchor bolt side 1 [mm] 59 

Distance from crack to anchor bolt side 2 [mm] 59 

Moisture [%] 13,1 

Dry density [kg/m
3
] 490 

After the crack at 26 kN the load increase a lot until 39 kN causing the failure type 2 and 3. 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 16068 

Displacement 1 at failure [mm] 0,04 

Displacement 2 at failure [mm]   0,30 

Distance from crack to edge side 1 [mm] 63 

Distance from crack to edge side 2 [mm] 55 

Distance from crack to anchor bolt side 1 [mm] 60 

Distance from crack to anchor bolt side 2 [mm] 59 

Moisture [%] 11,2 

Dry density [kg/m
3
] 385 

After the crack at 16 kN the load increase a lot until 44 kN causing the failure type 2. 
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Type of failure Failure 1 – 1
st
 crack at side 1 

Failure load [N] 15266 

Displacement 1 at failure [mm] -0,03 

Displacement 2 at failure [mm]   0,05 

Distance from crack to edge side 1 [mm] 18 

Distance from crack to edge side 2 [mm] 66 

Distance from crack to anchor bolt side 1 [mm] 30 

Distance from crack to anchor bolt side 2 [mm] 61 

Moisture [%] 9,97 

Dry density [kg/m
3
] 398 

After the crack at 15 kN the load increase a lot until 35 kN causing the failure type 2. 
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Appendix B – Chronological summary of the conduction of the tests. 

 

 

Specimen 

Construction 

date 

Testing 

date 

Dens. & 

Moist. C. 

Date 

 

Comments 

Failure 

mode 

411U 07/06/2011 08/06/2011 10/06/2011 - 1 

411N 07/06/2011 08/06/2011 10/06/2011 - 1 

412U 07/06/2011 09/06/2011 10/06/2011 Close to the hole for the 

anchor bolt in the rail on side 

1 by mistake there was 

another hole. However this 

had no influence on the test. 

1 

412N 07/06/2011 09/06/2011 10/06/2011 - 1 

413U 07/06/2011 09/06/2011 10/06/2011 Probably there was some 

problem not visible in the 

rail because the failure load 

is well below the average. 

1 

413N 07/06/2011 09/06/2011 10/06/2011 - 1 

414U 07/06/2011 09/06/2011 10/06/2011 - 1 

414N 07/06/2011 09/06/2011 10/06/2011 - 1 

415U 07/06/2011 09/06/2011 10/06/2011 Influence of the pre-crack 

present on the side 2. 

1 

415N 07/06/2011 09/06/2011 10/06/2011 - 1 

416U 07/06/2011 09/06/2011 10/06/2011 - 1 

416N 07/06/2011 09/06/2011 10/06/2011 - 1 

417U 07/06/2011 09/06/2011 10/06/2011 - 1 

417N 07/06/2011 09/06/2011 10/06/2011 Close to the hole for the 

anchor bolt in the rail on side 

2 by mistake there was 

another hole. However this 

had no influence on the test. 

1 

418U 07/06/2011 10/06/2011 10/06/2011 - 1 

418N 07/06/2011 10/06/2011 10/06/2011 - 1 

411U-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

411N-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

412U-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

412N-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

413U-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

413N-BIS 23/06/2011 23/06/2011 23/06/2011 - 1 

414U-BIS 23/06/2011 24/06/2011 24/06/2011 - 1 

414N-BIS 23/06/2011 24/06/2011 24/06/2011 - 1 

415U-BIS 23/06/2011 24/06/2011 24/06/2011 - 1 

415N-BIS 23/06/2011 24/06/2011 24/06/2011 - 1 

416U-BIS 24/06/2011 24/06/2011 24/06/2011 - 1 
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416N-BIS 24/06/2011 24/06/2011 24/06/2011 - 1 

417U-BIS 24/06/2011 24/06/2011 24/06/2011 - 1 

417N-BIS 24/06/2011 24/06/2011 24/06/2011 Close to the hole for the 

anchor bolt in the rail on side 

2 by mistake there was 

another hole. However this 

had no influence on the test. 

1 

418U-BIS 24/06/2011 24/06/2011 24/06/2011 - 1 

418N-BIS 24/06/2011 24/06/2011 24/06/2011 - 1 

421U 10/06/2011 13/06/2011 13/06/2011 Probably there was some 

problem not visible in the 

rail because the failure load 

is well below the average. 

1 

421N 10/06/2011 13/06/2011 13/06/2011 - 1 

422U 10/06/2011 13/06/2011 13/06/2011 - 1 

422N 10/06/2011 13/06/2011 13/06/2011 - 1 

423U 10/06/2011 13/06/2011 13/06/2011 Pre-crack on the side 2 by 

tightening the bolt.  

1 

423N 10/06/2011 13/06/2011 13/06/2011 - 1 

424U 10/06/2011 13/06/2011 13/06/2011 Pre-crack on both sides of 

the rail. 

1 

424N 10/06/2011 13/06/2011 13/06/2011 - 1 

425U 13/06/2011 14/06/2011 14/06/2011 Pre-crack on the side 1 of the 

rail. 

1 

425N 13/06/2011 14/06/2011 14/06/2011 - 1 

426U 13/06/2011 14/06/2011 14/06/2011 Pre-crack on the side 1 of the 

rail. First crack started from 

the pre-crack but after 

another crack line happened.  

1 

426N 13/06/2011 14/06/2011 14/06/2011 - 1 

427U 13/06/2011 14/06/2011 14/06/2011 - 1 

427N 13/06/2011 14/06/2011 14/06/2011 - 1 

428U 13/06/2011 14/06/2011 14/06/2011 Possible pre-crack on both 

sides but they seem do not 

have any influence on the 

test. 

1 

428N 13/06/2011 14/06/2011 14/06/2011 - 1 

431U 14/06/2011 15/06/2011 15/06/2011 - 1 

431N 14/06/2011 15/06/2011 15/06/2011 - 2 

432U 14/06/2011 15/06/2011 15/06/2011 Pre-crack on the side 1 by 

tightening the bolt. 

1 

432N 14/06/2011 15/06/2011 15/06/2011 - 1 

433U 14/06/2011 15/06/2011 15/06/2011 Anchor bolt failure during 

the test on the side 2. 

1 

433N 14/06/2011 15/06/2011 15/06/2011 - 1 
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434U 14/06/2011 15/06/2011 15/06/2011 - 1 

434N 14/06/2011 15/06/2011 15/06/2011 - 1 

435U 15/06/2011 16/06/2011 16/06/2011 - 1 

435N 15/06/2011 16/06/2011 16/06/2011 - 1 

436U 15/06/2011 16/06/2011 16/06/2011 Moisture and density are not 

measured.  

1 

436N 15/06/2011 16/06/2011 16/06/2011 - 1 

437U 15/06/2011 16/06/2011 16/06/2011 Pre-crack on the side 2 by 

tightening the bolt. 

1 

437N 15/06/2011 16/06/2011 16/06/2011 - 2 

438U 15/06/2011 16/06/2011 16/06/2011 Pre-crack on the side 2 by 

tightening the bolt. 

1 

438N 15/06/2011 16/06/2011 16/06/2011 - 1 

441U 20/06/2011 21/06/2011 21/06/2011 Pre-crack on the side 1 by 

tightening the bolt. 

1
(1)

 

441N 20/06/2011 21/06/2011 21/06/2011 - 2 

442U 20/06/2011 21/06/2011 21/06/2011 - 1
(2)

 

442N 20/06/2011 21/06/2011 21/06/2011 - 2 

443U 20/06/2011 21/06/2011 21/06/2011 Pre-crack on the side 1 by 

tightening the bolt. 

1
(1)

 

443N 20/06/2011 21/06/2011 21/06/2011 - 3 

444U 20/06/2011 21/06/2011 21/06/2011 Pre-crack on the side 1 by 

tightening the bolt. 

1
(1)

 

444N 20/06/2011 21/06/2011 21/06/2011 - 2 

445U 21/06/2011 22/06/2011 22/06/2011 Pre-crack on the side 2 by 

tightening the bolt. 

1
(1)

 

445N 21/06/2011 22/06/2011 22/06/2011 - 3 

446U 21/06/2011 22/06/2011 22/06/2011 - 1
(3)

 

446N 21/06/2011 22/06/2011 22/06/2011 - 1 

447U 21/06/2011 22/06/2011 22/06/2011 - 1
(2)

 

447N 21/06/2011 22/06/2011 22/06/2011 - 3 

448U 21/06/2011 22/06/2011 22/06/2011 - 1
(2)

 

448N 21/06/2011 22/06/2011 22/06/2011 - 2 
(1)

 The type of failure of these tests was failure of the bottom rail. However this type of failure was caused by the 

presence of the pre-crack, in fact after the bottom rail failure the load increase a lot, sometime more than twice 

of the failure load, until the type of failure 2, which is the most probable with this test setup. Therefore it can be 

said that without pre-crack the type of failure would have been the type 2. 
(2)

 The type of failure of these tests was failure of the bottom rail. However after the bottom rail failure the load 

increase a lot, sometime more than twice of the failure load, until the type of failure 2, which is the most 

probable with this test setup. Probably this was caused by some problem in the rail does not visible. Therefore it 

can be said that without pre-crack the type of failure would have been the type 2. 
(3)

 The test results of this specimen are similar at (2), the only difference is that the second type of failure found 

were both 2 and 3 together.   
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Appendix C – Statistical data of test results 
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