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1.0 Summary

The Tilecalorimeter barrel saddle supports have been examined in the same manner as the EB saddle supports.  The FE model of the Barrel and saddles is very large (~700,000 degrees of freedom) and requires several hours to run.  Four load cases have been examined which represent the maximum loading on the barrel saddles when it is supported on the hydraulic jacks and airpads and meet Eurocode requirements for structural analysis as well as the nominal load cases.  

2.0 Introduction

This paper summarizes the extensive structural analysis and design of the support saddles for the BARREL of the ATLAS Tilecalorimeter that has taken place at Argonne National Laboratory over the past several months.  The analysis of the support saddles for the BARREL was conducted in two parts.  First, a FE model of the entire BARREL Tilecalorimeter and the support saddles was constructed.  This paper will summarize this analysis of the BARREL support saddles and back cryostat support.  

The basic design of the saddles is shown in Figures 1.  A complete description of the method of FE modeling of the BARREL and saddles can be found in ANL Technical Report # ANL-HEP-TR-01-097 and the Atlas Tilecal TDR.  

3.0 Detailed Drawings.

Below is a listing of the detailed drawings of the Barrel support saddle.  

AT750-10 Sheet 1-2 Assembly of Barrel Saddles 

AT-740-11 Sheet 1 - Flame Cut Gusset 

AT750-12 Sheet 1-3 Weldment and machining of Support A 

 AT740-13 Sheet 1-3 Weldment and machinign of Support B 

AT750-14 Sheet 1-3 Weldment and machining of Support C 

AT740-15 Sheet 1-3 Weldment and machining of Support D 

AT740-16 Stiffener 

AT750-17 Support Beam for Saddles 

AT780-12 Special Keyed Cross Bar

4.0 Material Properties

Stainless steel 304L is being used to construct the saddles.  For the thickness that are being used (approximately 70mm everywhere) the yield stress is 240Mpa and a Young’s module of 206e3Mpa. was used.  

5.0 Model Description

In the FE model of the saddle and back cryostat support the Z axis ran along the beam line, the Y axis was in the vertical direction, and the X axis was horizontal.  

Software used:  COSMOS/M and SolidWorks

Type of Elements: Solid

Number of Elements:  78,355

Material: Stainless Steel, E = 206,000 Mpa

Code applied: Eurocode 3
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Figure 1

Barrel Saddles

6.0 Constraints

The support conditions underneath the saddle support beam are described in CERN Document #ATL-HT-EN-0010.  The left saddle was constrained in only the Y direction while the right saddle was constrained in the X, Y and Z directions.  
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7.0 Load Cases

There were eight load cases considered which are listed below.  

B1 - 1.35g gravity loading (weight and cryostat) + 1.35 magnetic load + .15g seismic load in X   

         and Z supported on the hydraulic jacks

B2 - 1.35 gravity loading (weight and cryostat) + .15g seismic load in X and Z on airpads.
B3 - nominal (1.0g) gravity (weight and cryostat) load on the hydraulic jacks

B4 - Model B3 plus a 1.0 magnetic load.
The increase in the nominal load of 35% is in accordance with Eurocode and provides a safety factor of .35 when the calculated stresses are compared to the yield strength of the material.  

The cryostat loads were calculated from the description below from J. Blocki.  The total weight of the cryostat is W=225 tons. The top surface of each A-frame is subjected to the normal force. If the cryostat is warm up or cool down their stumps will slide on the top surface of the A-frame. This causes that a friction force appears on the contact surfaces. Corresponding values of the friction force are between 0.07W and 0.007W.
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According to Eurocode 3, the design load for self-weight is defined as follows
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It gives the normal force on the top surface of the A-frame equal to
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For a tangent force on the top sufrace of the A-frame, it leads to
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To calculate the design load in the case of an accidental load, the following formula is used
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where 
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The force Ak should be applied in three directions, that is in the vertical and two horizontal directions. If this force is applied in the vertical direction, we have
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Two accidental forces in two horizontal directions will cause an increase of the normal force on the top surface of the A-frame by the following values
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and
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As it can be seen the above formulae are based on simple relations of the static. The total normal force is a sum of recently obtained values
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The design normal force on the top surface of the A-frame is equal to 112 tons. This design value was checked by comparison with results obtained from a simple finite element model.
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8.0 Safety Factors

Several load cases were examined as described in section 6.0.  However, only load cases 1 and 2 have been used to determine the adequacy of the design.  According to Eurocode section 2.3.3.1 a safety factor of 1.35 is applied to all of the permanent applied loads and this increased load forms the basis for evaluating the design.  Case 1 examines the saddles when supported on the hydraulic jacks and subjected to the weight of the Tilecal and cryostat, the applied magnetic loads.  All of these permanent loads have been increased by 35%.  In addition, a seismic load of .15g as defined by TC has been applied in the X and Z directions.  Case 2 examines the situation when the saddles are supported on airpads under the same loading conditions except for the magnetic loads.  

There are also several bolted connections in the saddle structures.  These are the swivel bolt connection, and the bolted connection of the saddles to the support beam.  A safety factor of 1.25 will be applied to the forces acting on the bolts according to section 6.1.1 and the shear and normal stresses will be calculated according to Table 6.5.3 in section 6.5.5 of the Eurocode.  

9.0 Saddle Forces

The forces acting from the Barrel onto the support saddles are listed in the tables below for each load case.  
Load Case B1 (Newtons)
	
	Left Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-278,100

	Z2
	191,200
	0
	0
	0
	0
	0
	-685,900

	Z3
	388,800
	517,700
	303,900
	213,700
	46,870
	0
	-1,209,600

	Z4
	392,400
	542,300
	306,600
	214,400
	60,010
	0
	-1,154,000

	Z5
	454,500
	687,300
	396,400
	242,200
	43,789
	0
	-1,436,000

	Z6
	549,000
	866,800
	528,900
	310,300
	66,690
	0
	-1,770,600

	Z7
	384,500
	239,800
	115,700
	195,000
	105,600
	0
	-1,539,000

	Z8
	0
	0
	0
	0
	0
	0
	-493,400

	
	Right Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-269,800

	Z2
	0
	0
	0
	0
	0
	10,340
	-625,300

	Z3
	0
	19,600
	180,000
	206,600
	68,080
	0
	-1,011,000

	Z4
	0
	153,800
	228,200
	216,500
	77,430
	0
	-962,100

	Z5
	0
	363,600
	328,800
	231,000
	56,070
	0
	-1,269,000

	Z6
	0
	551,100
	472,000
	307,500
	80,740
	0
	-1,624,000

	Z7
	0
	112,700
	158,300
	221,300
	123,600
	0
	-1,523,900

	Z8
	0
	0
	0
	0
	0
	0
	-489,700


Load Case B2 (Newtons)
	
	Left Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	216500
	19580
	0
	0
	0
	0
	-777200

	Z2
	243900
	308400
	147200
	89570
	32860
	0
	-876100

	Z3
	306800
	432600
	268100
	186800
	42150
	0
	-997700

	Z4
	296700
	396800
	231500
	170400
	53600
	0
	-875100

	Z5
	290300
	403300
	237200
	177200
	46070
	0
	-927600

	Z6
	342200
	477700
	299500
	216200
	67360
	0
	-1094290

	Z7
	368400
	511500
	353700
	298800
	105200
	0
	-1507860

	Z8
	258700
	196900
	0
	0
	0
	0
	-1310790

	
	Right Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-687,690

	Z2
	0
	60,580
	113,800
	90,190
	48,670
	0
	-799,690

	Z3
	0
	212,300
	238,900
	191,600
	52,210
	0
	-938,880

	Z4
	0
	205,200
	207,800
	173,600
	61,710
	0
	-835,490

	Z5
	0
	223,100
	214,400
	179,000
	53,530
	0
	-905,270

	Z6
	0
	285,100
	274,900
	221,600
	77,310
	0
	-1,085,900

	Z7
	2,667
	366,500
	331,000
	296,000
	114,900
	0
	-1,452,700

	Z8
	0
	149,800
	11,460
	0
	0
	0
	-1,184,490


Load Case B3 (Newtons)
	
	Left Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-212,500

	Z2
	191,200
	107,700
	41,550
	73,380
	42,220
	0
	-654,700

	Z3
	275,100
	437,400
	270,100
	162,100
	29,360
	0
	-921,200

	Z4
	247,200
	386,000
	227,600
	140,300
	26,040
	0
	-807,900

	Z5
	247,000
	386,200
	227,400
	140,300
	26,190
	0
	-808,290

	Z6
	275,400
	437,000
	270,500
	162,400
	29,320
	0
	-920,900

	Z7
	190,900
	108,100
	41,510
	73,300
	42,290
	0
	-655,700

	Z8
	0
	0
	0
	0
	0
	0
	-211,600

	
	Right Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-212,510

	Z2
	173,600
	87,790
	34,630
	72,630
	43,510
	0
	-620,700

	Z3
	284,500
	435,800
	271,200
	162,400
	29,640
	0
	-802,000

	Z4
	258,700
	382,000
	225,000
	138,100
	25,460
	0
	-681,370

	Z5
	258,300
	382,100
	224,800
	138,100
	25,580
	0
	-682,040

	Z6
	285,100
	435,800
	271,700
	162,800
	29,590
	0
	-801,100

	Z7
	173,500
	88,020
	34,480
	72,440
	43,530
	0
	-620,940

	Z8
	0
	0
	0
	0
	0
	0
	-211,280


Load Case B4 (Newtons)
	
	Left Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-217,740

	Z2
	209,200
	110,900
	39,180
	80,540
	51,110
	0
	-675,400

	Z3
	290,200
	444,800
	271,200
	169,500
	34,670
	0
	-950,800

	Z4
	261,200
	392,600
	227,700
	146,900
	31,200
	0
	-833,800

	Z5
	261,000
	392,800
	227,600
	146,900
	31,240
	0
	-834,600

	Z6
	290,100
	444,600
	271,800
	170,000
	34,730
	0
	-950,800

	Z7
	207,600
	111,300
	39,570
	80,810
	51,210
	0
	-677,400

	Z8
	0
	0
	0
	0
	0
	0
	-216,600

	
	Right Saddle
	

	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-211,500

	Z2
	160,400
	74,350
	24,270
	71,010
	45,810
	0
	-612,500

	Z3
	270,200
	419,500
	259,800
	160,600
	31,330
	0
	-790,200

	Z4
	245,700
	368,000
	215,200
	136,900
	27,330
	0
	-671,100

	Z5
	245,700
	368,500
	215,000
	136,700
	27,230
	0
	-671,660

	Z6
	271,700
	420,500
	260,700
	161,100
	31,490
	0
	-788,500

	Z7
	163,000
	77,540
	24,840
	70,810
	45,910
	0
	-611,600

	Z8
	0
	0
	0
	0
	0
	0
	-208,900


10.0 Saddle Stresses

The stresses in the keyway on the saddle are listed in the table below.

Bearing Stresses at Key (N/mm2)

Left Saddle
	
	B1
	B2
	B3
	B4

	Z1
	-32
	-89
	-24
	-25

	Z2
	-78
	-100
	-75
	-77

	Z3
	-138
	-114
	-105
	-109

	Z4
	-132
	-100
	-92
	-95

	Z5
	-164
	-106
	-92
	-95

	Z6
	-202
	-125
	-105
	-109

	Z7
	-176
	-172
	-75
	-77

	Z8
	-56
	-150
	-24
	-25


Bearing Stresses at Key (N/mm2)

Right Saddle
	
	B1
	B2
	B3
	B4

	Z1
	-31
	-79
	-24
	-24

	Z2
	-71
	-91
	-71
	-70

	Z3
	-116
	-107
	-92
	-90

	Z4
	-110
	-95
	-78
	-77

	Z5
	-145
	-103
	-78
	-77

	Z6
	-186
	-124
	-92
	-90

	Z7
	-174
	-166
	-71
	-70

	Z8
	-56
	-135
	-24
	-24


The stresses in the saddles remain generally very low.  The maximum stress occurs in Load Case B1 which has the nominal gravity, cryostat, and magnetic loads increased by a factor of 1.35 and a seismic load of .15g applied in the X and Z directions.  The maximum load in this case is approximately 235MPa which is at the yield stress of the material.  In load cases B3 and B4 where the loads are at their nominal values and highest stresses are much lower, in the range of 150MPa.  The figures below show the maximum stress areas in each of the load cases.  
The stresses in the welds were also examined.  As a first indication of the weld stresses the stresses in the elements in the region of the welds were examined.  These stresses were then scaled to adjust for the size of the weld as compared to the thickness of the plate element in this region.  All of the stresses in this initial examination were very small, approximately 80-100 MPa.  A hand calculation was then done of the average stress in the welds between the upright gussets and the 25mm plates which rest on the support beam.  The table below shows lists these average stresses.  Negative stresses indicate welds that are in compression.  

Average Weld Stress (MPa)

Vertical Welds

	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	-7.46
	-16.57
	-5.70
	-5.84

	Z2
	-14.99
	-5.61
	-7.69
	-7.47

	Z3
	0.03
	0.69
	1.32
	1.33

	Z4
	2.57
	2.03
	1.05
	1.07

	Z5
	1.71
	0.75
	1.04
	1.05

	Z6
	3.96
	1.95
	1.34
	1.35

	Z7
	-18.32
	-3.39
	-7.71
	-7.53

	Z8
	-13.24
	-26.27
	-5.68
	-5.81


Average Weld Stress (MPa)

Horizontal Welds

	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	5.50
	21.96
	4.20
	4.31

	Z2
	18.95
	37.79
	24.27
	25.51

	Z3
	60.14
	50.04
	47.06
	48.53

	Z4
	60.08
	45.45
	41.26
	42.56

	Z5
	73.41
	46.61
	41.26
	42.57

	Z6
	92.07
	55.86
	47.07
	48.55

	Z7
	55.86
	69.24
	24.29
	25.53

	Z8
	9.76
	38.18
	4.19
	4.28
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Von Mises Stresses

Load Case B1
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Von Mises Stresses

Load Case B2
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Von Mises Stresses

Load Case B3
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Von Mises Stresses

Load Case B4

11.0 Saddle Deflections

The largest saddle deflections occur in Load case B1 which is the combination of the gravity and magnetic loading increased by 35% and a seismic load of .15g.  In this maximum load case the deflections approach 7.5mm in the X direction and 5.8 in the y direction.
Load Case B1 Swivel Bolt Deflections (mm)
	
	M6
	M8
	M9
	M10
	M11
	M12

	X Displacements

	Z1
	2.05
	2.83
	3.67
	4.46
	5.27
	6.16

	Z2
	2.07
	2.64
	3.26
	3.99
	4.80
	5.67

	Z3
	2.03
	2.42
	3.11
	4.01
	5.06
	6.27

	Z4
	2.01
	2.40
	3.11
	4.03
	5.12
	6.33

	Z5
	2.02
	2.39
	3.15
	4.12
	5.27
	6.57

	Z6
	2.06
	2.43
	3.20
	4.20
	5.37
	6.69

	Z7
	1.95
	2.45
	3.18
	4.17
	5.40
	6.75

	Z8
	1.91
	2.58
	3.46
	4.60
	5.91
	7.28

	Y Displacements

	Z1
	0.30
	-0.68
	-1.52
	-2.19
	-2.76
	-3.26

	Z2
	0.35
	-0.35
	-0.98
	-1.60
	-2.16
	-2.66

	Z3
	0.04
	-0.32
	-0.94
	-1.66
	-2.39
	-3.07

	Z4
	-0.05
	-0.39
	-1.04
	-1.78
	-2.53
	-3.21

	Z5
	-0.19
	-0.49
	-1.16
	-1.95
	-2.74
	-3.47

	Z6
	-0.24
	-0.50
	-1.17
	-1.97
	-2.77
	-3.51

	Z7
	-0.88
	-1.41
	-2.10
	-2.90
	-3.75
	-4.51

	Z8
	-1.44
	-2.26
	-3.14
	-4.11
	-5.03
	-5.81


Load Case B2 Swivel Bolt Deflections (mm)
	
	M6
	M8
	M9
	M10
	M11
	M12

	
	X
	
	
	
	
	

	Z1
	1.46
	1.93
	2.66
	3.34
	4.09
	4.94

	Z2
	1.45
	1.85
	2.40
	3.10
	3.89
	4.75

	Z3
	1.36
	1.74
	2.36
	3.16
	4.11
	5.18

	Z4
	1.33
	1.72
	2.35
	3.17
	4.14
	5.22

	Z5
	1.31
	1.70
	2.36
	3.21
	4.24
	5.40

	Z6
	1.33
	1.72
	2.39
	3.27
	4.31
	5.49

	Z7
	1.43
	1.82
	2.53
	3.46
	4.61
	5.87

	Z8
	1.45
	1.88
	2.62
	3.64
	4.84
	6.11

	
	Y
	
	
	
	
	

	Z1
	0.32
	-0.19
	-0.89
	-1.46
	-1.97
	-2.45

	Z2
	0.28
	-0.14
	-0.67
	-1.24
	-1.79
	-2.28

	Z3
	0.17
	-0.20
	-0.76
	-1.41
	-2.06
	-2.67

	Z4
	0.14
	-0.23
	-0.82
	-1.48
	-2.15
	-2.76

	Z5
	0.10
	-0.28
	-0.88
	-1.57
	-2.28
	-2.93

	Z6
	0.10
	-0.25
	-0.86
	-1.56
	-2.28
	-2.94

	Z7
	0.11
	-0.25
	-0.89
	-1.64
	-2.42
	-3.14

	Z8
	0.10
	-0.33
	-1.06
	-1.92
	-2.76
	-3.49


Load Case B3 Swivel Bolt Deflections (mm)
	
	M6
	M8
	M9
	M10
	M11
	M12

	
	X
	
	
	
	
	

	Z1
	-0.26
	0.00
	0.37
	0.79
	1.27
	1.79

	Z2
	-0.21
	-0.07
	0.22
	0.60
	1.08
	1.61

	Z3
	-0.17
	-0.08
	0.24
	0.68
	1.19
	1.78

	Z4
	-0.18
	-0.09
	0.23
	0.66
	1.18
	1.76

	Z5
	-0.18
	-0.09
	0.23
	0.66
	1.18
	1.76

	Z6
	-0.17
	-0.08
	0.24
	0.68
	1.19
	1.78

	Z7
	-0.21
	-0.07
	0.22
	0.60
	1.08
	1.61

	Z8
	-0.26
	0.00
	0.36
	0.78
	1.26
	1.79

	
	Y
	
	
	
	
	

	Z1
	-0.56
	-0.86
	-1.22
	-1.57
	-1.91
	-2.21

	Z2
	-0.42
	-0.55
	-0.81
	-1.12
	-1.45
	-1.75

	Z3
	-0.32
	-0.31
	-0.58
	-0.92
	-1.27
	-1.60

	Z4
	-0.33
	-0.33
	-0.61
	-0.95
	-1.30
	-1.63

	Z5
	-0.33
	-0.33
	-0.61
	-0.95
	-1.30
	-1.63

	Z6
	-0.32
	-0.31
	-0.58
	-0.92
	-1.27
	-1.61

	Z7
	-0.42
	-0.55
	-0.81
	-1.12
	-1.45
	-1.75

	Z8
	-0.57
	-0.86
	-1.22
	-1.57
	-1.91
	-2.21


Load Case B4 Swivel Bolt Deflections (mm)
	
	M6
	M8
	M9
	M10
	M11
	M12

	
	X
	
	
	
	
	

	Z1
	-0.13
	0.15
	0.54
	1.00
	1.53
	2.12

	Z2
	-0.08
	0.09
	0.40
	0.83
	1.37
	1.96

	Z3
	-0.03
	0.07
	0.43
	0.91
	1.49
	2.14

	Z4
	-0.05
	0.06
	0.41
	0.90
	1.47
	2.13

	Z5
	-0.05
	0.06
	0.42
	0.90
	1.47
	2.13

	Z6
	-0.03
	0.07
	0.43
	0.92
	1.49
	2.15

	Z7
	-0.07
	0.09
	0.40
	0.84
	1.38
	1.97

	Z8
	-0.13
	0.15
	0.55
	1.01
	1.54
	2.13

	
	Y
	
	
	
	
	

	Z1
	-0.54
	-0.87
	-1.26
	-1.64
	-2.01
	-2.35

	Z2
	-0.40
	-0.55
	-0.84
	-1.19
	-1.56
	-1.89

	Z3
	-0.30
	-0.31
	-0.61
	-0.99
	-1.38
	-1.75

	Z4
	-0.31
	-0.33
	-0.64
	-1.02
	-1.41
	-1.78

	Z5
	-0.31
	-0.33
	-0.64
	-1.02
	-1.42
	-1.78

	Z6
	-0.30
	-0.31
	-0.61
	-0.99
	-1.39
	-1.76

	Z7
	-0.40
	-0.55
	-0.84
	-1.20
	-1.57
	-1.90

	Z8
	-0.54
	-0.87
	-1.26
	-1.65
	-2.02
	-2.35


12.0 Swivel Bolt Stresses

The BARREL will be supported by the saddle structure by bearing on a series of swivel bolts oriented in the radial direction.  The swivel bolts are comprised of a commercially purchased bolt (Fairlane Swivel Bolt #BUH-1108x4) with a swivel pad integrated into its head.  The rated capacity of swivel on this bolt is 13tons.  The forces on the swivel bolts are the forces listed in Section 9 divided by 3 because there are 3 swivel bolts for each Z position.  However, the manufacturer has been contacted and has said that a new design feature of the swivel bolt has increased the capacity of the swivel bolt by a factor of 3.  The bolts are fabricated from 4140 steel hardened to RC60.  Twelve bolts have been ordered and will be tested in order to evaluate the load capacity. If the swivel bolts demonstrate a load capacity of 50 tons there will be a safety factor of 2 on all of the swivel bolts throughout the structure.  Conversations with the vendor indicate that this will be the case, however, it must be confirmed through testing.  

The thread and normal stresses in the bolts are listed in the tables below.  The swivel bolts are made from 4140 steel with a tensile strength of 675Mpa.  Using the Eurocode to calculate the acceptable stress level for the bolt we find them to be 550 Mpa normal stress and 324Mpa for shear stress in the bolt threads.  For the shears stress in the stainless steel (304L) saddle the maximum allowable shear stress is 111Mpa.  The maximum bolt stresses occur in Case B1 in position Z6-M8.  The shear stress in the bolt threads is 69 N/mm2 and the normal stress in the bolt is 774 N/mm2.  The shear stress in the stainless steel saddle is 71 N/mm2.  Whereas the shear stress is within acceptable limits in this maximum load case the normal stress on the bolt exceeds the maximum allowable stress.  A special high strength bolt will have to be fabricated and used at this location.
Swivel Bolt Stresses (MPa)
Load Case B1
	 

Swivel Bolt Thread Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	15.28
	0.00
	0.00
	0.00
	0.00
	0.00

	Z3
	31.07
	41.37
	24.29
	17.08
	3.75
	0.00

	Z4
	31.36
	43.34
	24.50
	17.13
	4.80
	0.00

	Z5
	36.32
	54.93
	31.68
	19.36
	3.50
	0.00

	Z6
	43.88
	69.27
	42.27
	24.80
	5.33
	0.00

	Z7
	30.73
	19.16
	9.25
	15.58
	8.44
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Swivel Bolt Normal Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	170.75
	0.00
	0.00
	0.00
	0.00
	0.00

	Z3
	347.22
	462.33
	271.40
	190.84
	41.86
	0.00

	Z4
	350.43
	484.30
	273.81
	191.47
	53.59
	0.00

	Z5
	405.89
	613.79
	354.01
	216.30
	39.11
	0.00

	Z6
	490.28
	774.10
	472.33
	277.11
	59.56
	0.00

	Z7
	343.38
	214.15
	103.33
	174.14
	94.31
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Thread Stresses in Saddle from Swivel Bolt

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	15.68
	0.00
	0.00
	0.00
	0.00
	0.00

	Z3
	31.88
	42.45
	24.92
	17.52
	3.84
	0.00

	Z4
	32.17
	44.46
	25.14
	17.58
	4.92
	0.00

	Z5
	37.26
	56.35
	32.50
	19.86
	3.59
	0.00

	Z6
	45.01
	71.07
	43.36
	25.44
	5.47
	0.00

	Z7
	31.52
	19.66
	9.49
	15.99
	8.66
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00


Swivel Bolt Stresses (MPa)
Load Case B2

	 

Swivel Bolt Thread Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	17.30
	1.56
	0.00
	0.00
	0.00
	0.00

	Z2
	19.49
	24.65
	11.76
	7.16
	2.63
	0.00

	Z3
	24.52
	34.57
	21.43
	14.93
	3.37
	0.00

	Z4
	23.71
	31.71
	18.50
	13.62
	4.28
	0.00

	Z5
	23.20
	32.23
	18.96
	14.16
	3.68
	0.00

	Z6
	27.35
	38.18
	23.94
	17.28
	5.38
	0.00

	Z7
	29.44
	40.88
	28.27
	23.88
	8.41
	0.00

	Z8
	20.68
	15.74
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Swivel Bolt Normal Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	193.35
	17.49
	0.00
	0.00
	0.00
	0.00

	Z2
	217.81
	275.42
	131.46
	79.99
	29.35
	0.00

	Z3
	273.99
	386.33
	239.43
	166.82
	37.64
	0.00

	Z4
	264.97
	354.36
	206.74
	152.18
	47.87
	0.00

	Z5
	259.25
	360.17
	211.83
	158.25
	41.14
	0.00

	Z6
	305.60
	426.61
	267.47
	193.08
	60.16
	0.00

	Z7
	329.00
	456.80
	315.87
	266.84
	93.95
	0.00

	Z8
	231.03
	175.84
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Thread Stresses in Saddle from Swivel Bolt

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	17.75
	1.61
	0.00
	0.00
	0.00
	0.00

	Z2
	20.00
	25.29
	12.07
	7.34
	2.69
	0.00

	Z3
	25.15
	35.47
	21.98
	15.32
	3.46
	0.00

	Z4
	24.33
	32.53
	18.98
	13.97
	4.39
	0.00

	Z5
	23.80
	33.07
	19.45
	14.53
	3.78
	0.00

	Z6
	28.06
	39.17
	24.56
	17.73
	5.52
	0.00

	Z7
	30.20
	41.94
	29.00
	24.50
	8.63
	0.00

	Z8
	21.21
	16.14
	0.00
	0.00
	0.00
	0.00


Swivel Bolt Stresses (MPa)
Load Case B3

	 

Swivel Bolt Thread Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	15.28
	8.61
	3.32
	5.86
	3.37
	0.00

	Z3
	21.99
	34.96
	21.59
	12.96
	2.35
	0.00

	Z4
	19.76
	30.85
	18.19
	11.21
	2.08
	0.00

	Z5
	19.74
	30.87
	18.17
	11.21
	2.09
	0.00

	Z6
	22.01
	34.93
	21.62
	12.98
	2.34
	0.00

	Z7
	15.26
	8.64
	3.32
	5.86
	3.38
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Swivel Bolt Normal Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	170.75
	96.18
	37.11
	65.53
	37.70
	0.00

	Z3
	245.68
	390.62
	241.21
	144.76
	26.22
	0.00

	Z4
	220.76
	344.72
	203.26
	125.29
	23.26
	0.00

	Z5
	220.58
	344.90
	203.08
	125.29
	23.39
	0.00

	Z6
	245.95
	390.26
	241.57
	145.03
	26.18
	0.00

	Z7
	170.48
	96.54
	37.07
	65.46
	37.77
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Thread Stresses in Saddle from Swivel Bolt

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	15.68
	8.83
	3.41
	6.02
	3.46
	0.00

	Z3
	22.56
	35.86
	22.15
	13.29
	2.41
	0.00

	Z4
	20.27
	31.65
	18.66
	11.50
	2.13
	0.00

	Z5
	20.25
	31.66
	18.64
	11.50
	2.15
	0.00

	Z6
	22.58
	35.83
	22.18
	13.31
	2.40
	0.00

	Z7
	15.65
	8.86
	3.40
	6.01
	3.47
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00


Swivel Bolt Stresses (MPa)
Load Case B4

	 

Swivel Bolt Thread Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	16.72
	8.86
	3.13
	6.44
	4.08
	0.00

	Z3
	23.19
	35.55
	21.67
	13.55
	2.77
	0.00

	Z4
	20.88
	31.38
	18.20
	11.74
	2.49
	0.00

	Z5
	20.86
	31.39
	18.19
	11.74
	2.50
	0.00

	Z6
	23.18
	35.53
	21.72
	13.59
	2.78
	0.00

	Z7
	16.59
	8.90
	3.16
	6.46
	4.09
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Swivel Bolt Normal Stresses

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	186.83
	99.04
	34.99
	71.93
	45.64
	0.00

	Z3
	259.16
	397.23
	242.20
	151.37
	30.96
	0.00

	Z4
	233.26
	350.61
	203.35
	131.19
	27.86
	0.00

	Z5
	233.09
	350.79
	203.26
	131.19
	27.90
	0.00

	Z6
	259.07
	397.05
	242.73
	151.82
	31.02
	0.00

	Z7
	185.40
	99.40
	35.34
	72.17
	45.73
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	 
	
	
	
	
	
	

	 

Thread Stresses in Saddle from Swivel Bolt

	 
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Z2
	17.15
	9.09
	3.21
	6.60
	4.19
	0.00

	Z3
	23.79
	36.47
	22.24
	13.90
	2.84
	0.00

	Z4
	21.42
	32.19
	18.67
	12.04
	2.56
	0.00

	Z5
	21.40
	32.21
	18.66
	12.04
	2.56
	0.00

	Z6
	23.78
	36.45
	22.28
	13.94
	2.85
	0.00

	Z7
	17.02
	9.13
	3.24
	6.63
	4.20
	0.00

	Z8
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00


13.0 Support Beam Bolted Connection

Each saddle is bolted to the support beam by M24 bolts.  There are 12 bolts on the horizontal and12 bolts on the vertical surface which mates with the support beam.  The horizontal surface that mates with the support beam is subjected to pure compression from the weight of the EB.  The bolts on this surface serve mainly to locate the saddle during assembly.  The vertical mating surface between the saddle and the support beam withstands a twist of the saddles. It should be noted that bolts, which have a force acting in the positive direction on them, are in compression, therefore, all of the forces is carried by the mating surface and not the bolt.  The tables below list the thread shear stresses in the support beam, the bearing stress underneath the head of the bolt, the pull-out stress of the material underneath the bolt and the normal stress in the bolt.  The stresses in all of the load cases are within acceptable limits.  The shear limit for the saddle material is 111Mpa and the yield stress is 192Mpa.  The limit stress for the bolts is 512Mpa for the grade 8.8 bolt which will be used.  

Shear Stresses in Threads – Left Saddle (MPa)
	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	-16
	-34.7
	-12
	-12

	Z2
	-31
	-11.7
	-16
	-15

	Z3
	0
	1.4
	2.
	3

	Z4
	5
	4.2
	2.2
	2

	Z5
	3
	1.5
	2.1
	2

	Z6
	8
	4.1
	2.8
	3

	Z7
	-38
	-7.1
	-16.2
	-15

	Z8
	-28
	-55.1
	-12
	-12


Bearing Stress under Bolt Head – Left Saddle (MPa)
	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	-53
	-117.7
	-40
	-41

	Z2
	-106
	-39.8
	-54
	-53

	Z3
	0
	4.9
	9
	9

	Z4
	18
	14.4
	7
	7

	Z5
	12
	5.3
	7
	7

	Z6
	28
	13.8
	9
	9

	Z7
	-130
	-24.1
	-54
	-53

	Z8
	-94
	-186.6
	-40
	-41


Tear-Out Stresses– Left Saddle (MPa)
	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	-13
	-29.3
	-10
	-10

	Z2
	-26
	-9.9
	-13
	-13

	Z3
	0
	1.2
	2
	2

	Z4
	4.5
	3.6
	1
	2

	Z5
	3
	1.3
	1
	2

	Z6
	7
	3.4
	2
	2

	Z7
	-32
	-6
	-13
	-13

	Z8
	-23
	-46.4
	-10
	-10


Normal Stresses in Bolt – Left Saddle (MPa)
	
	Load Case

	
	B1
	B2
	B3
	B4

	Z1
	-207
	-460
	-157
	-162

	Z2
	-416
	-155.9
	-213
	-207

	Z3
	0
	19.2
	36
	37

	Z4
	71
	56.4
	20
	30

	Z5
	47
	20.9
	29
	30

	Z6
	110
	54.3
	37
	37

	Z7
	-509
	-94.3
	-214
	-209

	Z8
	-369
	-730.3
	-157
	-161


14.0 Conclusion


Four load cases have been examined which take into account the maximum loading possible based upon Eurocode and the nominal load cases.  The stresses in the support saddles are much lower than the in the EB saddles for similar load cases.  All of the stresses for each load case are within acceptable limits.  The only exception is the normal stresses in two swivel bolts in load Case B1 which exceed the maximum allowable stress.  Special high-strength swivel bolts will be fabricated for these positions.  
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