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1.0 Define Material and Geometric Inputs used in the calculations
2.0 Calculation of the angular velocity and accelerations
3.0 Calculate the CounterWeight needed
4.0 Calculate approximate mass moments of inertia about the elevaton and azimuth axis
5.0 Calculate the wind torques and forces as a function of velocity, and elevation/azimuth angles
6.0 Calculate the wind torques at the park positions under maximum wind conditions
7.0 Calculate Foundation Strength
387.70
298.78
169.29 65.84
e 241.42412_27
236.22 _
1.0 Inputs
Weight of components
Wp := 7.1ton Weight of primary structure and mirrors
WSs := 3.2ton Weight of secondary structure and mirrors
Wec := 1lton Weight of Camera
Whpositioner := 12.6ton Weight of Positioner
Wyoke := 6ton Weight of yoke
Number of Mirrors

Np := 48

Number of Primary Mirrors
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Ns:= 24

Define Geometry of Telescope

Ls := 387in
Lc := 298in
Lp := 65in
Lew := 169in
Ds:= 241in
Dp := 412in
tp := 18in

ts := 36in

Acamera := 0.6m

Bcamera:= 1.1m

HeightEL := 6m

Hcw := 48in

Wind Velocities and Park Positions

km
Vmax := 50 —
hr

Vmax = 31.07-mph

km
Vop := 36—
hr

Vop = 22.37-mph

ki
Vsurvival := 120 h_m
r

Number of Secondary Mirrors

Distance from elevation axis to secondary

Distance from elevation axis to camera

Distance from elevation axis to primary

Distance from elevation axis to CW
Diameter of Secondary

Diameter of Primary

Thickness of Primary Structure
Thickness of Secondary Structure
Length of camera along optical axis

Diameter of camera

Height of the elevation axis above the ground

Height of CW

Max 10 minute afveragewind speed

Operational 10 minute average wind speed

Survival 10 minute average wind speed
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Vsurvival = 74.56-mph

Vibc := 90mph

Vibe = 144.84. X1
hr

aparkl := 15deg

apark? := 35deg
Zo = 30ft

Bearing Friction Torques

TfrictionEL := 15.3kN-m

TfrictionAZ := 21.4kN-m

Seismic Loads

Ss:= 0.276

Soil Site Class D assumed

Fa:=1.6
2
SDS := —-Fa-Ss
3
SD1 .= ng-Sl
3
To:= 0.2-E
SDS
Ts:= —SDl
SDS
TL:=6

Sa = .4-SDS

Design wind speed of International Building Code IBC-2009 and ASCE7-05
Veritas was designed to 34m/s (76mph) based on the 1997 Uniform Building
Code which was the precursor to the IBC

Reference height for wind velocity

Bearing friction torque on elevation axis

Bearing friction torque on Azimuth axis

S1:=0.075 From VERITAS foundation design documents
Fv:.i=24 Tables 11.4-1 and 11.4-2 Site Coefficients
SDS = 0.29

SD1=10.12 Design Spectral Response

To = 0.08

Ts =041

Sa=0.12
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2.0 Calculate the angular velocity and accelerations needed to meet the CTA

specifications

According to CTA Level B Sub-System Performance Requirememtns Section 4.7 the telescope
must be able to reach any point in the sky above 30 deg elevation within 90 seconds.

Assumption that both axis can rotate simultaniously.

The elevation axis has a range of 0 deg to 91 deg so to meet the requirement it must rotate from 30
deg to 90 deg in 90 seconds. The azimuth axis has a range of +/-270 degree. To meet the

requirement it must rotate a maximum of 360 deg in 90 seconds.

2.1 Azimuth Axis
Omax := 180deg

de
wmax := 4.0—g
S
oAz = 0138
2
S
L ta=40.00's
oAz
1 2
fa = EocAz-ta 6a = 80.00-deg
tc:= w tc = 5.00s
wmax
tmax := 2-ta + tc tmax = 85.00s

t:= 0.0sec, 0.1sec .. tmax

w(t) == |(aAzt) if t<ta
wmax if t>ta

[wmax — cAz-(t —ta—tc)] if t>ta+tc

Time for acceleration to maximum angular velocity

Angle during acceleration period
Defined maximum angular motion
Time of constant angular velocity

Time required to achieve
Omax
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1
o(t) = (EaAz.tzj if t<ta

0 1 1 1

0 20 40 60 80 100

Sec

2.2 Elevation Axis

Omax := 90deg
d
wmax := 2 €9
S
d
oEl := 0.06 28
2
S
_ wmax
aEl
1
Oa:= —OLEl'taZ
2
Omax — 2-6a
tc=———
wmax
tmax := 2-ta + tc

t:= 0.0sec,0.1sec .. tmax

w(t) = | (aElt) if t<ta

wmax if t>ta

ta= 33.335s

6a = 33.33-deg

tc=11.67s

tmax = 78.33 s

[6a + wmax-(t—ta)] if t>tant<tc+ta

w(t)
deg
sec

1
[[wmax(t —tc—ta)] - E-aAz-(t —tc— ta)2 + 6a + wmax-tc}

if t>ta+tc

4

3

oF

=

0

20

40 60 80 100

Sec

Time for acceleration to maximum angular velocity

Angle during acceleration period

Defined maximum angular motion

Time of constant angular velocity

Time required to achieve

omax

[wmax — aEl-(t — ta— tc)] if t>ta+ tc
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1
o(t) == (EaEl-tzj if t<ta

100 T T T

80

o(t) 60
20

3.0 Calculate CW

Wcew :

_ Ws-Ls+ Wec-Lc + Wp-Lp

Lcw

Wcew = 11.8-ton

Mcw := Wcw-g-Lew

Witotal := Wew + Ws + We + Wp

Whtotal = 23.1-ton

[6a + wmax-(t—ta)] if t>tant<tc+ta

w(®)

1 .
[wmax-(t — tc — ta)] — E-aEI-(t —tc— ta)2 + 0a + wmax-tc} if t>ta+tc

1.5

deg
sec

Mcw = 333-ft-kip

0.5

20

Weight of counterweight

Moment of Counterweight

Total weight of OSS

4.0 Calculate Inertias and Moments about elevation and Azimuth axis

Is:= Ws- Ls2

Is = 280501.43 m>%.kg

Ms := Ws.g-Ls

Ms = 279840.82-N-m

Mass moment of inertia of secondary about elevation axis
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Ic = Wc-Lc2
Ic = 51975 mz.kg Mass moment of inertia of camera about elevation axis
Mc := Wc-g-Lc

Mc = 67338.96:N-m

Ip = Wp-Lp2
Ip = 17556.92 mz'oo-kg Mass moment of inertia of primary about elevation axis
Mp := Wp-g-Lp

Mp = 104285.00-N-m

Ws-Ls + Wc-Lc + Wp-Lp
LCW

lew(LCW) := LCW?

lew(Lew) = 197616.69-kg-m-

Itotal(LCW) := Is+ Ic + Ip + lcw(LCW)

ltotal(Lcw) = 547650 m>-kg

Calculate the Inertia Torques

aEIMin := 0.06 deg Minimum Angular Velocity
S2
deg Maximum Angular Velocity

oElMax = .66—2
S

TorquelnertiaMinEl := Itotal(Lcw)-aEIMin

TorquelnertiaMinEl = 423 Ibf-ft

TorquelnertiaMaxEl := Itotal(Lcw)-aEIMax

TorquelnertiaMaxEIl = 4653-1bf - ft
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TorquelnertiaMaxEl = 6.31-KN-m

Assume that the inertia about the azimuth axis is the same as the elevation axis

aAZMin = o.1dizg

S

aAzMax = 2 39

2
S
TorquelnertiaMinAz := ltotal(Lcw)-aAzMin

TorquelnertiaMinAz = 705-Ibf-ft

TorquelnertiaMaxAz := Itotal(Lcw)-aAzMax
TorquelnertiaMaxAz = 14-kip-ft

TorquelnertiaMaxAz = 19.12-kKN-m

5.0 Calculate Torques and Forces Due to Wind
Assume each mirror is a flat plate at an angle to the wind

6000.0
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6000.0

F~—1600.0—]

5.1 Define the Velocity Profile
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Calculate the height to points on the primary/secondary as a function of the elevation angle and radial
position on the mirror

hPrim(c, rp) := HeightEL + Lp-sin(a) + rp-cos(o)

hSec(a,rs) := HeightEL + Ls-sin(a) + rs-cos(a)

Calculate the wind torque assuming a smooth solid surface, no vortex shedding or drag
Ignore the curvature of the primary/secondary dishes and treat as flat plates

pair := 1.07 kg Density at sea level 1.16

m

o= 0deg,.1deg .. 90deg

Zref := 30ft
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Zo = 5ft

Define the velocity profile.
In hPrim(a, rp)
Zo
(Zref)
Inf —
Zo
Velocity otherwise

In hSec(a., rs)
Zo
(Zref)
Inf —
Zo

Velocity otherwise

VelPrim(a, rp, Velocity) := | Velocity- if hPrim(a,rp) < Zref

VelSec(a, rs, Velocity) := | Velocity- if hSec(a,rs) < Zref

h
" 20
0
VelH(h, Velocity) := | Velocity:————=— if h < Zref
Zref
Inf —
Zo

Velocity otherwise

Calculate the vertical and horizontal force on the primary and secondary. Assume a conservative shape factor
of 1.6

Cd:=16
Length of differential strip wind is acting on for integration

Dp)? 2
XPrim(rp) := 2 (7) -rp

Ds 2 2
XSec(rs) = 2- (?) —-rs

5.2 Elevation Axis Torques
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Calculate the Wind Forces and Torques

Dp
2 . . . 2
TwindEL (a, B, Velocity) := [ Cd-palr-(VeIPrlm(a,;p,VeIocny)-cos(B)) - XPrim(rp)-cos(ay)-(Lp-sin(a) + rp-cos(av)) drp ...
— Dp
2
Ds

rz Cd-pair-(VeISec(a,rs,VeIocity)-cos(B))z

+ | > -XSec(rs)-cos(a)-(Ls-sin(a) + rs-cos(ay)) drs ...
J —Ds
2
D 2
Cd~pair~(VeIPrim(cx,7p,Velocity)-cos(ﬁ)j b
+ > ‘(tp~Dp)~sin(0¢)~(Lp~sin(a) - 7p-cos((x))
Ds 2
Cd- pair(VeISec(a, 7 ,Velocity)-cos(ﬁ)j b
+ 5 ~(ts-Ds)-sin(a)-(Lssin(a) - f@os(a))
20,
15 7]
TwindEL(a, 0deg, VVop) ok ]
kN-m
5 i
0 | | | |
0 20 40 60 80 100
(e
deg

TVopEL (o, B8) := TwindEL(ax, 3, Vop)

o := 10deg B := Odeg
Given
0deg < o < 90deg

0deg < 3 < 90deg
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(gj := Maximize(TVopEL ,a, 3)

amaxEL = o amaxEL = 47.64-deg

BmaxEL := 3 BmaxEL = 0.00-deg

TwindMaxEL (Velocity) := TwindEL(amaxEL, BmaxEL, Velocity)

TwindMaxEL(Vop) = 14.5-Kip-ft TwindMaxEL(Vop) = 19.67-kN-m

5.3 Calculate the wind torques about the Azimuth Axis

Calculate the height to points on the primary/secondary as a function of the elevation angle and radial
position on the mirror

When 3=0deg then the wind is along the optical axis

Dp

Cd-pair-VelPrim(a, rp,VeIocity)2

) -XPrim(rp)-cos(3)-cos(a)-(Lp-cos(a)) — rp-sin(cy))-sin(@) drp ...

TwindAZ (o, 3, Velocity) =
J - Dp

2
Ds

. N
+ Cd~palr~Ve|SeC;0c,rs’veIOC'ty) - XSec(rs)-cos(3)-cos(ar)-[(Ls-cos(a) — rs-sin(a))-sin(B)] drs ...

. . A
+ Cd~pa|r~VeIPr|m2(cx,rp,VeIOCIty) -tp-sin(B)-(Lp-cos(cr) — rp-sin(a))-sin(B3)-cos(c) drp ...

Cd-pair-VelSec(a,rs, Velocity)2
2

ts-sin(3)-(Ls-cos(a) — rs-sin(a))-sin(B)-cos(a) drs

B := 0.0deg,0.2deg .. 90deg Azimuth Angle
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20 T T T T
TwindAZ(0deg, 3, VVop) _aemTTesl -
kN-m % N
- 151 // \\ —
TwindAZ(14.8deg, 8, Vop)
kKN-m ,// \\\
it 101 / \ n
TwindAZ(45deg, 3, Vop) y N
kN-m ,’/ \\\
\\
TwindAZ(85deg, 3, Vop) 5 \ |
kN-m
0 1 R R L I
0 20 40 60 80 100
LR
deg

TVopAZ(a, B) := TwindAZ(«a, 3, Vop)

o= 10deg 3 := Odeg
Given

0deg < o < 90deg

0deg < 3 < 90deg

(Zj = Maximize(TVopAZ,a, 3)

amaxAZ = « amaxAZ = 10.13-deg

BmaxAZ = 3 BmaxAZ = 49.27-deg
TwindMaxAZ (Velocity) := TwindAZ (amaxAZ, 3maxAZ, Velocity)

TwindMaxAZ(Vop) = 13.0-kip-ft TwindMaxAZ(Vop) = 17.61-kN-m

5.4 Calculate the Force in the X Direction Due to Wind
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FwindX(a, 8, Velocity) := |

— Dp
2
Ds

—

2

Cd-pair-VelPrim(a, rp,VeIocity)2

> - XPrim(rp)-cos(B3)-sin(3)-cos(cy) drp ...

Cd-pair-VelSec(a,rs, Velocity)2

Cd-pair-VelPrim(a, rp, Velocity)2

) -XSec(rs)-cos(3)-sin(B3)-cos(a) drs ...

N Cd-pair-VelSec(a,rs, Velocity)2

) -tp-sin(B)-sin(B)-cos(c) drp ...

FpMirrorX (e, 3, h, Velocity) := Cd- pair-

N 2
FsMirrorX(a, 3, h, Velocity) := Cd-pair- VelHi(h, Velocity) ~(F'Ds )

VeIH(h,VeIocity)2 (ﬂ-Dpz)

5 -ts-sin(B)-sin(B)-cos(cv) drs

Lo\ 2
5 -cos(3)-cos(ay)-sin(B) + Cd-pair- VelH(h, Velocity)  Dp-tp

5 Np -sin(3)

| 2 . . .
Cd-pair-VelPrim(a, rp,VeIocﬂy)2

. \2
5 N -c0s(3)-cos(a)-sin(B) + Cd-pair- VelH(h, Velocity) 'Ds~ts_s
S

2 TR

Dp
: . 1
FpwindX(c, B, Velocity) := o |
p
J-op
2
Dp

N [ Cd-pair-VelPrim(a, rp,VeIocity)2

5 - XPrim(rp)-cos(3)-sin(3)-cos(c) drp ...

)-op

2

; -tp-sin(B)-sin(3)-cos(a) drp
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Ds

2 . 2
. . 1 Cd-pair-VelSec(a, rs, Velocit
FswindX(a, 3, Velocity) = W [ P (o Y)
S

2
J-bs
2
Ds
F Cd-pair-VelSec(a,rs, Velocit )2
+ P 5 ~— y -ts-sin(B)-sin(3)-cos(c) drs
J— Ds
2
B := 0.0deg,0.2deg .. 90deg Azimuth Angle

FwindX(0deg, 3, Vop)
kip 0.8

FwindX(14.2deg, 3, Vop)
kip 0.6

FwindX(45deg, 3, Vop)
kip 0.4

FwindX(85deg, 3, Vop)
kip 0.2

100

FVopX(a, B) := FwindX(a, 3, Vop)

o := 10deg B := Odeg
Given
0deg < o < 90deg

0deg < 3 < 90deg

-XSec(rs)-cos(3)-sin(B3)-cos(av) drs ...
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(gj = Maximize(FVopX,a, 3)

amaxEL = o amaxEL = 14.19-deg

BmaxEL := 3 BmaxEL = 47.66-deg

FwindMaxX (Velocity) := FwindX(amaxEL, BmaxEL, Velocity)

FwindMaxX(Vop) = 1.0-kip FwindMaxX(Vop) = 4.37-kN

5.5 Calculate the Force in the Z Direction Due to Wind

Dp

Cd-pair-VelPrim(a, rp,VeIocity)2

2

FwindZ(a, 3, Velocity) := J - XPrim(rp)-cos(B)-cos(3)-cos(a) drp ...

_Dp

2
Ds

rz Cd-pair-(VeISec(OL,rs,VeIocity))2

+ | -XSec(rs)-cos(a)-cos(3)-cos(B3) drs ...

2
J—Ds

2

2
Cd- pair- (VelPrim(cx, % , VelocityD

2

2
D
Cd- pair(VeISec(oc, 78 ,VelocityD

2

+

-(tp-Dp)-sin(ay)-cos(3)-cos(B) ...

+ -(ts-Ds)-sin(a)-cos(B)-cos(B)

VelH(h, Velocity)® (-0p?)
2 4Np

FpMirrorZ(a, 3, h, Velocity) := Cd-pair -c0s(3)-cos(av)-cos(3)

FsMirrorZ(a, 8,h, Velocity) := Cd-pair-

VeIH(h,VeIocity)2 : (11~D52) -cos(B)-cos(a)-cos(3)
Ns

2
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Dp
1 (2 Cd-pair-VelPrim(a, rp, Velocit )2
FpwindZ(a, B, Velocity) := s | P 5 i y -XPrim(rp)-cos()-cos([3)-cos(c) drp ...
P
J‘_Dp
2
2
Cd-pair-(VeIPrim(a,%,VelocityD
+ 5 -(tp-Dp)-sin(cy)-cos(B)-cos(B)
" s -
1 ( 2 Cd- pair-(VelSec(a, rs, Velocit ))2
FswindZ(o, 3, Velocity) := v | P 5 —— y -XSec(rs)-cos(a)-cos(3)-cos(B) drs ...
S
J —Ds
2
. Ds . 2
Cd-pair-| VelSec oc,7,VeI00|ty
+ > -(ts-Ds)-sin(a)-cos(3)-cos(B)

3 := 0.0deg,0.2deg .. 90deg Azimuth Angle

FwindZ(0deg, 3, Vop)
- 15
kip

FwindZ(45deg, 3, Vop)
kip

FwindZ(85deg, 3, Vop)
kip

Calculate the Maximum Force in Z
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Initial Guess

o= 10deg B := 10deg

FwindMaxZ(a, 8) := FwindZ(c, 3, VVop)
(6
(Bj := Maximize(FwindMaxZ, a., 3)

aFZmax := o aFZmax = 17.81-deg

BFZmax := 3 BFZmax = —0.00-deg

FwindMaxZ(Velocity) := FwindZ(aFZmax, 3FZmax, Velocity)

FwindMaxZ(Vop) = 1.8-kip FwindMaxZ(Vop) = 8.22-kN

6.0 Calculate Torques and ForcesFor All Wind Velocities

6.1 Tracking Wind Velocity 36km/hr

Elevation Torque

TwindMaxEL(Vop) = 19.67-kKN-m TwindMaxEL(Vop) = 14.51-kip-ft

TmaxEL := TwindMaxEL(Vop) + TfrictionEL + TorquelnertiaMaxEl

TmaxEL = 41.28-kN-m TmaxEL = 30.45-Kip-ft

«:= 0deg,0.2deg .. 90deg
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20,

TwindEL(x, Odeg, Vop) 19

kN-m

TwindEL(a, 45deg, Vop)
kN-m 10

TwindEL (o, 90deg, Vop)
kN-m

Azimuth Torque

TwindMaxAZ(Vop) = 17.61-kN-m

20 40 60 80 100

TwindMaxAZ(Vop) = 12.99-kip-ft

TmaxAZ := TwindMaxAZ(Vop) + TfrictionAZ + TorquelnertiaMaxAz

TmaxAZ = 58.12-kN-m

o := 0deg, 0.2deg .. 90deg

TmaxAZ = 42.87-kip-ft
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20, T T T T
TwindAZ(«, 0deg, Vop) L[ . 7]
kN-m \\\
TwindAZ(a, 45deg, Vop) .
kN-m 107 . 1
TwindAZ(«, 90deg, VVop) \\
kN-m \\\
5+ RN -
0 1 1 1 \\7‘~-,
0 20 40 60 80 100
(6]
deg
FwindMaxX(Vop) = 4374.18 N FwindMaxX(Vop) = 0.98-kip
FwindMaxZ(Vop) = 8215.08 N FwindMaxZ(Vibc) = 29.90-kip
yn = —9ft

Primary mirror wind loads

FpMirrorX(0deg,0deg, yn + 19.7ft, Vibc) = 0.00-kip

FpwindX(35deg, 90deg, Vibc) = 0.02-kip

Secondary mirror wind loads

FsMirrorX(35deg, 90deg, yn + 19.7ft, Vibc) = 0.03-kip

FswindX(35deg, 90deg, Vibc) = 0.06-kip

6.2 Slewing Wind Velocity 50km/hr

FpMirrorZ(0deg, 0deg, yn + 19.7ft, Vop) = 0.02-kip

FpwindZ(0deg,0deg, Vop) = 0.03-kip

FsMirrorZ(35deg,90deg, yn + 19.7ft, Vibc) = 0.00-kip

FswindZ(0deg, 0deg, Vop) = 0.02-kip
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Elevation Torque
TwindMaxEL(Vmax) = 37.95-kN-m TwindMaxEL(Vmax) = 27.99-kip-ft
TmaxEL := TwindMaxEL(Vmax) + TfrictionEL + TorquelnertiaMaxEl

TmaxEL = 59.56-kN-m TmaxEL = 43.93-kip-ft

«:= 0deg,0.2deg .. 90deg

40 T T T T

TwindEL(c, Odeg, Vmax) 30|
kN-m

TwindEL (o, 45deg, Vmax)
kN-m 20

TwindEL (o, 90deg, Vmax)
kN-m

10

0 _ _ I_ _ 1 _ _ ;| _ _ 1_ |
0 20 40 60 80 100
(e
deg
Azimuth Torque
TwindMaxAZ(Vmax) = 33.97-kN-m TwindMaxAZ(Vmax) = 25.05-kip-ft

TmaxAZ = TwindMaxAZ(Vmax) + TfrictionAZ + TorquelnertiaMaxAz
TmaxAZ = 74.48-KN-m TmaxAZ = 54.94-kip-ft

«:= 0deg,0.2deg .. 90deg
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40

TwindAZ(«, 0deg, Vmax) 30
kN-m

TwindAZ(o, 45deg, Vmax)
kN-m 20

TwindAZ(«, 90deg, Vmax)
kN-m

20

FwindMaxX(Vmax) = 8437.85 N

FwindMaxZ(Vmax) = 15846.99 N

6.3 CTA Survival Wind Velocity 120km/hr

40 60 80 100

deg

FwindMaxX(Vmax) = 1.90-kip

FwindMaxZ(Vmax) = 3.56-kip

Under survival wind conditions the telescope will not translate so the inertia and friction torques are not considered

Elevation Torque

TwindMaxEL(Vsurvival) = 218.61-kN-m

TELparkl := TwindEL (aparkl,0deg, Vsurvival)

TELparkl = 123.17-kN-m

TELpark2 := TwindEL (apark2,0deg, Vsurvival)

TELpark2 = 202.92-kN-m

TwindMaxEL (Vsurvival) = 161.24-Kip-ft

Elevation Axis wind torque at the Park Position 1

TELparkl = 90.84-kip-ft

Elevation Axis wind torque at the Park Position 2

TELpark2 = 149.67-kip-ft
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o := 0deg,0.2deg .. 90deg

TwindEL (o, Odeg, Vsurvival)
kN-m

TwindEL (o, 45deg, Vsurvival)

kN-m

TwindEL(a, 90deg, Vsurvival)

kN-m

Azimuth Torque

TwindMaxAZ (Vsurvival) = 195.64-kN-m

300

200

100

TwindMaxAZ (Vsurvival) = 144.30-kip-ft

TAZparkl := TwindAZ (aparkl,45deg, Vsurvival)  Azimuth Axis wind torque at the Park Position 1

TAZparkl = 191.49-kN-m

TAZparkl = 141.24-Kip-ft

TAZpark2 := TwindEL (apark2,45deg, Vsurvival) ~ Azimuth Axis wind torque at the Park Position 2

TAZpark2 = 101.46-kN-m

o := 0deg,0.2deg .. 90deg

TAZpark2 = 74.83-kip-ft
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200 T T T T

TwindAZ(«, 0deg, Vsurvival) 120" N
kN-m \\

— \

TwindAZ(c, 45deg, Vsurvival) \
kN-m 100 AN T

TwindAZ (o, 90deg, Vsurvival) AN
kN-m \

0 20 40 60 80 100

6.4 IBC Survival Wind Velocity 90mph

Under survival wind conditions the telescope will not translate so the inertia and friction torques are not considered

Elevation Torque

TwindMaxEL(Vibc) = 318.48-kN-m TwindMaxEL(Vibc) = 234.90-kip-ft

TELparkl := TwindEL(35deg, 0deg, Vibc) Elevation Axis wind torque at the Park Position 1
TELparkl = 295.63-kN-m TELparkl = 218.05-kip-ft

TELpark2 := TwindEL(apark2, 0deg, Vibc) Elevation Axis wind torque at the Park Position 2
TELpark2 = 295.63-kN-m TELpark2 = 218.05-kip-ft

o := 0deg,0.2deg .. 90deg
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400

TwindEL (v, Odeg, Vibc) 300

kN-m

TwindEL(a, 45deg, Vibc)
KN-m 200

TwindEL (o, 90deg, Vibc)
kN-m

100

Azimuth Torque

TwindMaxAZ(Vibc) = 285.03-kN-m

20

TAZparkl := TwindAZ(-15deg, 0deg, Vibc)

TAZparkl = 0.00-kN-m

TAZpark2 := TwindEL (apark2, 45deg, Vibc)

TAZpark2 = 147.82-kKN-m

o := 0deg,0.2deg .. 90deg

40 60 80 100

TwindMaxAZ(Vibc) = 210.23-kip-ft

Azimuth Axis wind torque at the Park Position 1

TAZparkl = 0.00-kip-ft

Azimuth Axis wind torque at the Park Position 2

TAZpark2 = 109.02-Kip-ft
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300 T

TwindAZ(«, 0deg, Vibc)
kN-m 200

TwindAZ(a, 45deg, Vibc)
KN-m

TwindAZ(«, 90deg, Vibc)
KN-m 100[~

Force in Z direction
FwindZ(35deg, 0deg, Vibc) = 124.13-kN

FwindMaxZ(Vibc) = 132.98-kN

40 60 80 100

FwindZ(35deg, 0deg, Vibc) = 27.91-kip

FwindMaxZ(Vibc) = 29.90-kip




Victor Guarino

Argonne National Laboratory

Calculations on the SC -MRI Telescope

Date:1/9/2014
Page:28

FwindZ(o, 0deg, Vibc)
kip

FwindZ(«, 45deg, Vibc)

kip

FwindZ(«, 90deg, Vibc)

kip

Force in X Direction

FwindX(35deg,47.6deg, Vibc) = 63.64-kN

FwindMaxX(Vibc) = 70.81-kN

30,

20

10

100

FwindX(35deg,47.6deg, Vibc) = 14.31-kip

FwindMaxX(Vibc) = 15.92-kip
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20, T T T T
_ ooasE T IR, s
FwindX(a, 0deg, Vibc) Seo
kip SN
FwindX(c, 45deg, Vibc)
kip 10 \\\ m
FwindX(c, 90deg, Vibc)
\
kip AN
5 .
\\
\\
\\
\\
0 | | | | Al
0 20 40 60 80 100
a
deg

7.0 Calculate Concrete Foundation Strength at the 15degree park position
7.1 Inputs

Wt := Wtotal + Wpositioner + Wyoke Total Weight of OSS, Counterweight and Positioner
Wt = 41.72-ton
HeightEL = 6.00m Height of the elevation axis above the ground
Lelevation := 1.6m Distance from elevation axis to centerline of tower/foundation
gsoil := 3000 It
ft?

Define Concrete and Foundation Properties
of :=0.9
fc := 4ksi Strength of concrete
fy := 60ksi Yield strength of steel reinforcement
db := 25mm Diameter of reinforcement steel

2
Ap = Todo”

4
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Ab = 0.76-in
nbars := 17
As := nbars-Ab

dflange := 2134mm

dbf := 1.25in
nfbolts := 24
Df := 5m
rf .= bt

2

depth := 800mm

d := 800mm — 75mm

d = 28.54-in
(e dflange
2
2
Af - 7t-Df
4

Area of reinforcement bar
Number of bars in cross section
As = 12.93«in2 Total steel area in cross section

Diameter of bolt circle on flange
Diameter of bolts on flange

Number of flange bolts

Diameter of foundation

Depth of Foundation

Depth of steel

Bearing Area of foundation

PuFoundation := 150 M~Af -depth

i
PuFoundation = 83.2-kip

Define Concrete Breakout Strength of Bolts

kc:= 24
¢bt:= 0.75
hef := 600mm

15
Nb := kc(h_if) - /f—c_~lbf
in psi

Cast in place bolts -- D5.2.1

Effective length of bolt in concrete
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Nb = 174.3-kip

7.2 Calculate the Maximum Moment on Foundation
Survival Wind Loading -- at -15degree elevation angle and Odegree Azimuth

Fz := FwindZ(15deg, 0deg, Vibc)
Fz = 132.73-kN Fz = 29.84-kip
Fy := Wt-g

Fx := FwindX(15deg, 0deg, Vibc)

Fx = 0.00-kip

Mx := TwindEL(15deg, 0deg, Vibc)

Mx = 132.35-kip-ft Moment about the elevation axis

My := TwindAZ(15deg, 0deg, Vibc)

My = 0.00-kip-ft Moment about the azimuth axis

Mu := 1.2Wtotal-g-Lelevation + 1.6Fz-HeightEL + 1.6Mx + 1.2Wyoke-g-Lelevation
Mu = 1518.48-kip-ft Mu = 2058.79-kN-m

Mu' := Wtotal-g-Lelevation + Fz-HeightEL + Mx + Wyoke-g-Lelevation

Mu' = 1025.49-kip-ft

Pu:= 1.2-Fy + 1.2-PuFoundation

Pu = 199.98-kip Pu = 889.57-kN

Pu':= Fy + PuFoundation

Pu' = 166.65-kip
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Vu := 1.6Fz
VUu':= Fz
MU'
e = ) e=1.88m e = 6.15-ft
M\ Pu:
Pu
|
v
M%"T
—— e A S
| | p sl ~
: ‘ F _;_,LEP(
me.. .63(.’ e A

7.3 Foundation Strength

7.3.1 Soil Pressure

Assume that soil is in compression under the entire foundation -- solve for the soil pressure

I 7T~Df4
© 64
Mu'.D_f
gmax := i) + 2
If
gmax = 3.15~m
ft?
, Df
. Pu' 2
gmin = — —
Af If
Ibf

gmin = -1577.76-—
>

1 l P‘
- My é"_@ o f /{)
4L ‘__;___
/I N 0 s l
i R
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gmin is negative which is not possible -- assume a soil pressure distribution shown below. Solve for max soil
pressure.

MU'
g = o e=1.88m e = 6.15-ft
FAAAY Pu:
Initial Guess of max soil pressure and distribution

ki
gmax := 1—p a:=1m

ft2

._(rf (2aty i e/

)
c
|
| S
O
3
QD
X
7 N\
+
=
N—
N
?‘
N
|
<
N
o
<
A
|
Q

1/ -
gmax . ‘
( ) := Find(gmax, a)
a
gmax = 7_65.m An assumed soil strength value of 3kips/ft*2 is listed on the foundation
2 drawings but the actual value is not known

a=-1.0Im

7.3.2 Calculate Strength of Concrete bending using factored values .

Check strength of concrete in bending at flange mounting plate
rd:=rl Radius where max bending moment is checked.

Recalculate the soil pressure using Pu and Mu with load factors applied

Calculate max soil pressure
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Df
Mu-— P
Pu 2 | "l
gmax = — + M ury
T - Y,
i A
gmax = 4.5-m — ,’
t* |
Df | | |
e M { \ A A \ \ f\ '
min = — - G | _ | {/
| | |
. E —
gmin = —2.56~ﬂ /

2
ft
gmin is negative which is not possible - assume a soil pressure distribution shown below. Solve for max soil

pressure..

Mu
g = —

: e=231m e = 7.59-ft
M Pu

Initial Guess of soil pressure

kip

gmax := 18 — a:=-1m
f[2
Given i
rf 1/ ED Mu
a+y 2 2 A o
Pu= max- ~2~\/ rf"—y°d < 7 ;
q (a R rfj y ay —F—
—a
I H
rf | ]

a+y , 2 2 |
Mu = max:| ——=— |-2+/rf" — vd - - - ) o e o
a (a+rfj y yey KK !‘L = —
(o Tl -
—a /f«v_ 1. [ J//__

|

|

max |
[q ) ) := Find(gmax, a) 5 i

gmax = 55.23~m Maximum soil pressure
2
ft

a=-2.06m

Use the soil pressure calculated with load factors to find the moment in the concrete
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rf
Muconcrete := Jr (qmax)(u)z' rf2 - y2-(y — rd) dy

rf+a
rd
Muconcrete = —2035.09-ft-kip Internal moment in concrete
As-fy
Mn = ¢f-fy-As|d - —————
¢ of-y ( 2-0.85~fc-Df)
¢Mn = 1627.63-ft-kip Greater than ¢pMuconcrete so ok

7.3.3 Calculate the Forces in the Flange Bolts

b —
ETN e

oy —

| )
A7 s KH Caste € F;f;mfic 43
L If
yd &,r"/?ff ea? F/éc.n-(j.{ — X Zmipv &";ﬁ Ao ./Ef‘_
¢
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Calculate distance to bolts

dflange . ( 15deg
bf | .= -sin

ybf 1= dflange sm(lSdeg + j
2
ybf2 = dflange sm(30deg + 15degj
2
ybf3 =— dflange sm(45deg + 15degj
2
ybf 4T dflange sm(GOdeg + 15degj
2
ybf5 = dflange sm(?Sdeg + 15degj
2
139.27
408.32
of 649.55 of
y 846.51 y
985.78
1057.87
Fbolt := Mu
ybfi
Z 4) ybf - ——
I ybf
i=0 5

Fbolt = 35.84-kip

dbf = 31.75-mm
2

Apf . bt

fybf := 36ksi

5.48
16.08
25.57
33.33
38.81
41.65

Factored forces in bolt

Diameter of flange bolts

Abf = 1.23-in2 Cross sectional area of flange bolts

Yield strength of flange bolt material -- specified on drawing but
assumed.
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o¢b:=0.75 Strength reduction factor for bolts

FbfStress := M
Abf

FbfStress = 29.20-ksi

OFnt:= ¢pb-fybf dFnt = 27.00-ksi Allowable bolt stress in tension
Vu .
Fsbolt .= ———— Fsbolt = 1.62-ksi Shear stress per bolt
nfbolts- Abf
®Fns := ¢db-.533-fybf dFns = 14.39-ksi Allowable bolt stress in Shear

FbfStress  Fsholt

+ =1.19 Greater than 1 so not ok.
odFnt ®Fns

7.3.4 Calculate Overturning and Sliding Safety Factors

__ Pt o Less than 1.5 so not ok
Mu' + Vu'-depth

Check sliding assuming a coefficient of friction of 0.5

Pu-0.5 _ 279 Greater than 1.5 so ok
Vu'

8. Foundation Strength at 35 degree Park Position and no support on secondary

8.1 Calculate the Maximum Moment on Foundation
Survival Wind Loading -- at 35degree elevation angle and Odegree Azimuth

Fz := FwindZ(35deg, 0deg, Vibc)

Fz = 124.13-kN Fz = 27.91-kip
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Victor Guarino
Argonne National Laboratory

Fy := Wt-g
Fx := FwindX(35deg, 0deg, Vibc)

Fx = 0.00-kip

Mx := TwindEL(35deg,0deg, Vibc)
Moment about the elevation axis

Mx = 218.05-Kip-ft

My := TwindAZ(35deg, 0deg, Vibc)
Moment about the azimuth axis

My = 0.00-kip-ft
Mu := 1.2Witotal-g-Lelevation + 1.6Fz-HeightEL + 1.6Mx + 1.2Wyoke-g-Lelevation

Mu = 1594.70-Kip-ft Mu = 2162.12-kN-m

Mu' := Wtotal-g-Lelevation + Fz-HeightEL + Mx + Wyoke-g-Lelevation

Mu' = 1073.12-kip-ft
Pu := 1.2-Fy + 1.2-PuFoundation

Pu = 199.98-kip Pu = 889.57-kN

Pu':= Fy + PuFoundation

Pu' = 166.65-kip
Vu = 1.6Fz

Vu':= Fz
e=196m e = 6.44-ft
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Pu
|
v

| | ek

{ L

8.2 Soil Pressure

Assume that soil is in compression under the entire foundation -- solve for the soil pressure

pressure.
My
8= P—u. e=196m e = 6.44-ft
u

Initial Guess of max soil pressure and distribution

If 7T-Df4
" 64 | P
My /
Mu'.D_f - _E’ A— f/"
PU' 2 WA SISO o (NN ]
gmax = — + S I 74
Af If ) ‘ —_—
_ 306.XiP | ] L
gmax = 3.26- 5 T KA T & Kk
ft = | - ‘ [ |
FIAX ; | —
Df { | L! =
Mu-— e
_ Pu 2 jo |
gmin = — — B
Af If
gmin = —1687.67-E
f*

gmin is negative which is not possible -- assume a soil pressure distribution shown below. Solve for max soil
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K
gmax := 1£ a:=1m
ft2 ,_
Fu
Given f /;/, 4~ Mu
UL o .
Pu' = ( gmax- Ay oo y2 dy - —F—a
J a+rf
- a _—mm o — L S PSS S s
' |
rrf
|
Mu' = gmax y -2-\/ if2 - y2-y dy ) e, S a9 K—
J a+rf o [ .24
-a /'/-"‘ 2) ‘ J},/"V |
(P d -
| b ‘
gmax ) - |
:= Find(gmax, a)
a
gmax = 9.54~m An assumed soil strength value of 3kips/ft*2 is listed on the foundation
2 drawings but the actual value is not known
a=-1.22m
Calculate soil pressure using equivalent square foundation
Df?
side := T side = 4.43m Dimension of square foundation
Mu'
L= — e=196m
Pu'
side . .
T =0.74m eccentricity greater than side/6
2-Pu’
gmax :=

Sside-(Lde - e)
2

gmax = 9.21-ksf

8.3. Calculate Strength of Concrete bending using factored values .

Check strength of concrete in bending at flange mounting plate

rd:=rl Radius where max bending moment is checked.
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Recalculate the soil pressure using Pu and Mu with load factors applied

Calculate max soil pressure

Mu.D_f
u 2
gmax ;= — +
Af If
gmax = 4.6-m
ft?
of
gmin := o 2 G X
T OAf If 5/ e
gmin = —2.73-m
ft2

gmin is negative which is not possible - assume a soil pressure distribution shown below. Solve for max soil

pressure..
Mu

L= e=243m
Pu

Initial Guess of soil pressure

gmax := 18m a:=-1m
f[2
Given
rf
Pu —J qmax( y)z-\/rfz—yzdy
a+r
—a
rf
Mu :J qmax( yj-Zwl rf2—y2-ydy
a+r
—a
gmax .
:= Find(gmax,a)
a
qmax = 239,64 K12

ft2

e=797-ft

Maximum soil pressure
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a=-234m

rd:= |a

Use the soil pressure calculated with load factors to find the moment in the concrete

rf
Muconcrete := r (qmax)(u)z' rf2 - y2-(y — rd) dy
J a+rf
rd

Muconcrete = 61.00-ft-kip Internal moment in concrete

As-fy )

Mn = o¢f-fy-As| d —
¢ or-ty ( 2-0.85-fc-Df

¢Mn = 1627.63-ft-kip Greater than ¢pMuconcrete so ok

8.4 Calculate the Forces in the Flange Bolts

b —'\ R

or

f

)\ 7 < t( /."f: "11/)4"-)'.:.-: {:-:A w7 . / ;f:?—:
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L~ 7

Calculate distance to bolts

ybf = dflamge_Sin 15deg
2 2

fl
ybf1 = m-sm 15deg +
2
fl
ybf2 = @-sin 30deg +

dflange

(
(
Yof = — -sin(45deg +
(
(

L= vy L= SR Tvr 7 e y i

7 A -/ - d ;
—a Af;f 3’\’- e oy — X Zmipv Apzr M /lL
¢

2
dflange . 15deg
bf .= ————-sin| 60deg +
yot, 5 g >
dflange . 15deg
bf _ .= ————sin| 75de
yorg 5 g >
139.27 5.48
408.32 16.08
649.55 2557 |
ybf = -mm ybf = -in
846.51 33.33
985.78 38.81
1057.87 41.65
Fbolt := Mu - ﬂ Factored forces in bolt
ybfi 24
Z 4| ybf ..——
! ybf5
i=0

Fbolt = 29.30-kip
dbf = 31.75-mm

2
Apf .= Aol

Diameter of flange bolts

Abf = 1.23-in2 Cross sectional area of flange bolts
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fybf := 36ksi Yield strength of flange bolt material -- specified on drawing but
assumed.

¢b:=0.75 Strength reduction factor for bolts

FbfStress := Fholt

FbfStress = 23.88-ksi

dFnt = ¢ob-fybf ¢Fnt = 27.00-ksi Allowable bolt stress in tension
Vu .
Fsbolt .= ——— Fsbolt = 1.52-ksi Shear stress per bolt
nfbolts- Abf
®Fns := ¢b-.533-fybf &Fns = 14.39-ksi Allowable bolt stress in Shear

FbfStress . Fsbolt
odFnt ®Fns

=0.99 Greater than 1 so not ok.

8.5 Calculate Overturning and Sliding Safety Factors

Pu'-rf

-  -119 Less than 1.5 so not ok
Mu' + Vu'-depth

Check sliding assuming a coefficient of friction of 0.5

Pu'-0.5
vu'

=2.99 Greater than 1.5 so ok

9. Foundation Strength at 35 degree Park Position and no support on secondary
Adding Concrete Blocks to increase Pu

Concrete blocks 3x3x3

Whlock := 4kip
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Nblock := 10

9.1 Calculate the Maximum Moment on Foundation
Survival Wind Loading -- at 35degree elevation angle and Odegree Azimuth

Fz := FwindZ(35deg, 0deg, Vibc)

Fz = 124.13-kN Fz = 27.91-kip

Fy .= Wt.g

Fx := FwindX(35deg, 0deg, Vibc)

Fx = 0.00-kip

Mx := TwindEL(35deg,0deg, Vibc)

Mx = 218.05-kip-ft Moment about the elevation axis

My := TwindAZ(35deg, 0deg, Vibc)

My = 0.00-kip-ft Moment about the azimuth axis

Mu := 1.2Witotal-g-Lelevation + 1.6Fz-HeightEL + 1.6Mx + 1.2Wyoke-g-Lelevation
Mu = 1594.70-Kip-ft Mu = 2162.12-kN-m

Mu' := Wtotal-g-Lelevation + Fz-HeightEL + Mx + Wyoke-g-Lelevation

Mu' = 1073.12-kip-ft

Pu:= 1.2-Fy + 1.2-PuFoundation + 1.2-Nblock-Whblock

Pu = 247.98-kip Pu = 1103.08-kN

Pu':= Fy + PuFoundation + Nblock-Wblock

Pu' = 206.65-kip

Vu = 1.6Fz




Date:1/9/2014

Victor Guarino
Argonne National Laboratory

Calculations on the SC -MRI Telescope

Page:46

9.2 Soil Pressure

If o 7T'Df4
© 64
Mu'.D_f
Pu' 2
gmax .= — + ———
Af If
gmax = 3.45-m
ft2
Mu'.D_f
. PU' 2
gmin = — —
Af If
Ibf
gmin = -1498.41.-—
ft2

pressure.

Vu':= Fz
U
e = — e=158m e =5.19-ft
M\ Pu:
f,
|
L4
e - e R B A i}
- - - N
| . Jjg 'Jfl} o
F - Pf
I 'lj’(.’_‘ I

Assume that soil is in compression under the entire foundation -- solve for the soil pressure

|
My
o MD
4 2 4_7__)__;,4,.
|
fi I KN AT 1

gmin is negative which is not possible -- assume a soil pressure distribution shown below. Solve for max soil
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Mu'
L= 0 e=158m e =0519-ft
u

Initial Guess of max soil pressure and distribution

i
gmax := 4£ a:=1m

>

»
Given i Lj!‘\. My
" o s o 11
Pu' = J qmax-(a;i)-z if2 - y2 dy = T+S
a+r

—a

. = ms =
rrf :
' e i e ] . ;
Mu' = qmax(a;)./sz rf2 _ y2y dy /. 7\ f|\ /i\_ ﬂl\ 1 = e
a+r A

Z —
gmax . ‘
( j := Find(gmax,a)
a
gmax = 5,43.m An assumed soil strength value of 3kips/ft*2 is listed on the foundation
72 drawings but the actual value is not known

a=-0.28m

Calculate soil pressure using equivalent square foundation

2
side = m-Df side = 4.43m Dimension of square foundation
MU'
L= L) e=158m
Pu'
side . .
T =0.74m eccentricity greater than side/6
2-PU’
gmax :=

Sside(Lde - e)
2

gmax = 4.56-ksf




Victor Guarino Calculations on the SC -MRI Telescope
Argonne National Laboratory

Date:1/9/2014

Page:48

9.3. Calculate Strength of Concrete bending using factored values .

Check strength of concrete in bending at flange mounting plate
rd:=rl Radius where max bending moment is checked.

Recalculate the soil pressure using Pu and Mu with load factors applied

Calculate max soil pressure

Df
Mu.-— P
gmax := ﬂ + 2 (\A | 7
T _ Y)Y
¢ — g
A - Ay
gmax = 4.9-m ORCN— -
f?
qmin L Pu 2 'ﬁ-;-’} \ | | | | i
T s T C | | !
gmin = —2.51~m l///

ft2

gmin is negative which is not possible - assume a soil pressure distribution shown below. Solve for max soil

pressure..
Mu
8= P_ e=196m e = 6.43-ft
u

Initial Guess of soil pressure
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gmax := 18m a:=-1m
ft2

Given AL

rf 2/ ’:j‘;‘w M
Pu = Jr QmaX'( - Q'” -y dy =

a+r

-a

[‘I’f !
Mu = gmax- ary -2~\/ rf2 - y2-y dy A A — N

J a+rf ‘ i I ke

—-a ?’Vﬁ | ,/"-/

v i J,//
max —
(q ) := Find(gmax, a) o
a
Kip . .
gmax = 14.09-— Maximum soil pressure
ft2

a=-1.22m
rd:= |a|

Use the soil pressure calculated with load factors to find the moment in the concrete

rf
Muconcrete := J( (qmax)-(?)-z-\/ rf2 - y2~(y — rd) dy
rf+a

rd
Muconcrete = 604.93-ft-kip Internal moment in concrete
As-fy
Mn:= ¢f-fy-As|d - ————
¢ ofly ( 2-0.85~fc-Df)
¢Mn = 1627.63-ft-kip Greater than ¢Muconcrete so ok

9.4 Calculate the Forces in the Flange Bolts
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oy —

| )
Az s &l Cerete {:9> Forge Bolld
p L d /4
Zdj &:’}', A 75/2:.1(}( — _Z ‘ZM//_,\ &'{lﬁ' A:, /Ef‘_
¢

Calculate distance to bolts

ybr , := dflange -Sin( 15degj
dflange . 15deg
bf , := -sin| 15deg +
yor = 0 i 15 + 150
dflange . 15deg
bf, := -sin| 30deg +
yor = 0 i g + 150
bf3:: dflange sin| 45deg + 15deg
2 2
bf o dflange.Sin 604 15deg
4 2 2

s
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dflange . 15deg
bf_ = -sin| 75deg + ——
yorg = S i 75« 25260 |

139.27
408.32
649.55
W= gsgss |™" yof =
985.78

1057.87

Mu F
Fbolt := s -

ybf. 24

|

4| ybf..——

Z y 'ybf5
i=0

Fbolt = 34.16-kip
dbf = 31.75-mm

2
Apf . bt

fybf := 36ksi

éb = 0.75

FbfStress := M
Abf

FbfStress = 27.84-ksi

oFnt:= ¢b-fybf
Fsbolt := L
nfbolts- Abf

&Fns := db-.533-fybf

5.48
16.08
25.57
33.33
38.81
41.65

Factored forces in bolt

Diameter of flange bolts

Abf = 1.23-in2 Cross sectional area of flange bolts

Yield strength of flange bolt material -- specified on drawing but
assumed.

Strength reduction factor for bolts

dFnt = 27.00-ksi Allowable bolt stress in tension

Fsbolt = 1.52-ksi Shear stress per bolt

dFns = 14.39-ksi Allowable bolt stress in Shear
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FbfStress N Fsbolt
dFnt ®Fns

=114 Greater than 1 so not ok.

9.5 Calculate Overturning and Sliding Safety Factors

Pu'-rf

- _1.48 Greater than 1.5 so ok
Mu' + Vu'-depth

Check sliding assuming a coefficient of friction of 0.5

PU-0.5 _ 379 Greater than 1.5 so ok

Vu

10. Foundation Strength at 35 degree Park Position and no support on secondary

Determine the size of a new foundation needed and adding Hilti Anchor Bolts

Df .= 6m Diameter of foundation
rf = bt
2
Df?
Af = T Bearing Area of foundation

Ibf
PuFoundation := 150 —-Af -depth
ft

PuFoundation = 119.8-kip

10.1 Calculate the Maximum Moment on Foundation

Survival Wind Loading -- at 35degree elevation angle and Odegree Azimuth
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Fz := FwindZ(35deg, 0deg, Vibc)
Fz = 124.13-kN Fz = 27.91-kip
Fy .= Wt.g

Fx := FwindX(35deg, 0deg, Vibc)

Fx = 0.00-kip

Mx := TwindEL(35deg, 0deg, Vibc)

Mx = 218.05-kip-ft Moment about the elevation axis

My := TwindAZ(35deg, 0deg, Vibc)

My = 0.00-kip-ft Moment about the azimuth axis

Mu := 1.2Witotal-g-Lelevation + 1.6Fz-HeightEL + 1.6Mx + 1.2Wyoke-g-Lelevation
Mu = 1594.70-kip-ft Mu = 2162.12-kN-m

Mu' := Wtotal-g-Lelevation + Fz-HeightEL + Mx + Wyoke-g-Lelevation

Mu' = 1073.12-Kkip-ft

Pu:= 1.2-Fy + 1.2-PuFoundation

Pu = 243.92-kip Pu = 1084.99-kN

Pu':= Fy + PuFoundation

Pu' = 203.26-kip
Vu := 1.6Fz
VUu' = Fz

= — e=161m e = 5.28-ft
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e e RNy SR
| | - Dephh

10.2 Soil Pressure

Assume that soil is in compression under the entire foundation -- solve for the soil pressure

If 7T-Df4
. P
My
Mu' D—f = t’éj A4— f/{)
u' 2 A _‘ l_,_;..__
gmax ;= — +
Af If _ ] ‘ —
kip |
max = 2.10-— , S .
g 2 / A f AT f A }_‘. b 2 min
Zoc || I
// ‘ | =it
Mu'-— L
o PU 2 | e |
gmin = — — =
Af If
. Ibf
gmin = =765.10-—
ft?

gmin is negative which is not possible -- assume a soil pressure distribution shown below. Solve for max soil
pressure.

€= & e=161m e = 5.28-ft

M\ PU'

Initial Guess of max soil pressure and distribution
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K
gmax := 1£ a:=1m
> .
Fu
Given f /;/, 4~ Mu
UL o .
Pu' = ( gmax- Ay oo y2 dy - —F—a
J a+rf
- a _—mm o — L S PSS S s
' |
rrf
|
Mu' = gmax y 2+ if2 - y2-y dy ) e, S a9 K—
J a+rf o [ .24
-a /'/-"‘ 2) ‘ J},/"V |
(P d -
| b ‘
gmax ) - |
:= Find(gmax, a)
a
gmax = z_es.m An assumed soil strength value of 3kips/ft*2 is listed on the foundation
2 drawings but the actual value is not known
a=041m
Calculate soil pressure using equivalent square foundation
Df?
side := T side = 5.32m Dimension of square foundation
Mu'
L= e=161m
Pu'
side . .
T =0.89m eccentricity greater than side/6
2-Pu’
gmax :=

Sside-(Lde - e)
2

gmax = 2.26-ksf

10.3. Calculate Strength of Concrete bending using factored values .

Check strength of concrete in bending at flange mounting plate

rd:=rl Radius where max bending moment is checked.
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Recalculate the soil pressure using Pu and Mu with load factors applied

Calculate max soil pressure

of
gmax := il + 2
' If
gmax = 2.9-m
ft?
Mu.D_f
gmin := v 2
- Af If
gmin = —1.33-m
ft2

f’r’}: X

gmin is negative which is not possible - assume a soil pressure distribution shown below. Solve for max soil

pressure..
M
o= P—” e=199m e = 6.54-ft
u

Initial Guess of soil pressure

gmax := 18m

a+rf

rf
Mu = J qmax-(uj-le rf2 - yz-y dy

gmax .
:= Find(gmax,a)
a

gmax = 5.06~m

f?

Maximum soil pressure
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a=-057m
rd:= |a

Use the soil pressure calculated with load factors to find the moment in the concrete

rf
Muconcrete := J( (qmax)(g)z\/ rf2 - yz‘(y — rd) dy
f+a

rd
Muconcrete = 1135.76-ft-kip Internal moment in concrete
As-fy
Mn = ¢f-fy-As|d - —————
¢ of-y ( 2-0.85~fc-Df)
¢Mn = 1633.26-ft-kip Greater than Muconcrete so ok

Calculate the shear strength of the concrete

rf
Vuconcrete := J( (qmax)(?j‘zwl rf2 - y2 dy
rf+a

rd

Vuconcrete = 243.92-kip

¢shear := 0.75 Strength reduction factor for shear

éVn ;= ¢dshear-2- f—c«mjbf

psi .2

$Vn = 705.82-kip

10.4 Calculate the Forces in the Flange Bolts

Add a Hiliti anchor that is directly south and north and therefore in-line with the park position and can resist the maximum

moment. The Hilti anchor will be the same diameter as the existing bolts.
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@2.1 BC of Bolts

@86.0
— OD of new

/ concrete

5.0

OD of
\ __— existing
| concrete

@26
BC of new
bolts

@2.3
OD of Tower Flange

@1.7
ID of Tower Flange

Df = 6.00m Df = 236.22-in Diameter of foundation
dflange = 2.13m dflange = 2.13m Diameter of bolt circle with existing anchor bolts
dHilti := 2.6m

Calculate distance to bolts

ybr , := dflange -sin( 15degj

ybf 1= dflange sm(lSdeg + 15degj
2

ybf2 = dflange sm(30deg + 15degj
2

ybf3 =— dflange sm(45deg + 15degj
2

__ dflange 15deg
ybf 4T sm( j
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ybf _ = —dﬂznge-sin(ﬁdeg + _15:egj

5
ybf6 = @ Distnace from NA to Hilti anchor
139.27 5.48
408.32 16.08
649.55 25.57
ybf =| 846.51 |-mm ybf = | 33.33 [-in
985.78 38.81
1057.87 41.65
1300.00 51.18
Fbolt := Mu _bu Factored forces in bolt
ybf, ybf 24
Z 4| ybf - —— || + 2.ybf . ——
= ybf5 ybf5
Fbolt = 20.01-kip Maximum bolt force in existing anchor bolts
ybf
Fhilti := Fbolt-—— Fhilti = 24.59-kip
ybf5
dbf = 31.75-mm Diameter of flange bolts
dbf? 2
Abf = = Abf = 1.23-in Cross sectional area of flange bolts
fybf := 36ksi Yield strength of flange bolt material -- specified on drawing but
assumed.
¢b:=0.75 Strength reduction factor for bolts
Fbolt

FbfStress .= ——
Abf

FbfStress = 16.30-ksi
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dFnt .= ¢b-fybf dFnt = 27.00-ksi Allowable bolt stress in tension
Vu .
Fsbolt i = ——— Fsbolt = 1.52-ksi Shear stress per bolt
nfbolts- Abf
dFns := ¢b-.533-fybf dFns = 14.39-ksi Allowable bolt stress in Shear

FbfStress N Fsbolt
dFnt ®Fns

=071 Less than 1 so ok.

10.4.2 Calculate the bolt spacing needed for Hilit Anchor

m-dflange
24

= 11.00-in Current spacing between anchor bolts

10.5 Calculate Overturning and Sliding Safety Factors

Pu'-rf

- 175 Greater than 1.5 so ok
Mu' + Vu'-depth

Check sliding assuming a coefficient of friction of 0.5

Pli/-0-5 _ 364 Greater than 1.5 so ok
v

10.6 Calculate the connection between the existing foundation concrete and the new concrete

dbar := gin Diameter of reinforcement bar at joint
4

Use two bars

3 7r~dbar2

Av =2 Area of shear reinforcement bars

4
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fybar := 60ksi
¢dshear := 0.75
Df =6.00m Df = 19.69-ft
Dold := 5m Dold = 16.40-ft
Rold .= 2219

2

Vnew := depth-%-(sz - Dold2)

Vnew = 9.04-yd3 Vnew = 6.91-m3

Ibf
WhnewConcrete := Vnew-150 —3
ft

WnewConcrete = 36.61-kip

Yield strength of bars -- Grade 60

Strength reduction factor for shear

New concrete foundation diameter

Existing concrete foundation diameter

Volume of new concrete needed

Weight of new concrete

Calculate the shear at interface - first calculate the distribution of the factored soil pressure on the bottom of the foundation

rd:= 1m Radius where shear is checked

Initial Guess of soil pressure

kip

gmax = 5— a:=-1m

ft?

Given

" a+
Pu = gmax-
J o

—a

y )2-\/ rf2 - y2 dy

a+rf

a+r

)

—a

gmax .
( ) := Find(gmax, a)
a

rf
Mu = ( qmax-( ar 3;)-2.\/ rf2 - y2-y dy

>
S|
>
_H::!-
"‘
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gmax = 5_06.m Maximum soil pressure
2
ft

a=-057m

Use the soil pressure calculated with load factors to find the shear in the concrete

rd:= |a|

[‘R0|d f

2 2
Vioint = | (qmax).(y).z. [£2_ 2|y RO -y J( (qmax).(yj.z. =R
rf+a [ 2 2 rf+a
f-—y rd

rd

Vjoint = 308.42-kip Total shear force carried by the new concrete and transferred across joint

Carry shear across joint by shear friction.
p is 0.6 for concrete placed agasinst hardened concrete that is not intentionally roughened

p:= 0.6

&Vn := ¢dshear-p-Av-fy

¢Vn = 23.86-kip Shear strength of shear friction joint
Vjoint .

Nshear .= ——— Nshear = 12.93 Number of radial rebars needed for shear transfer from new concrete
oVn to old.

Use 15 bars Nshear := 15

180deg = 12.00-deg Angle spacing between bars.

Nshear

L DOId. 12deg = 20.61-in Spacing around the circumference of bars

2 180deg

Development length of radial bars
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y
Id:= —"' dbar
f
25. |1
psi
Id = 28.46-in
Df — Dold

= 19.69-in

Greater than the thickness (Df-Dold)/2) of new concrete so use hooked bar

0.02-fy
Ldh = —2 . dbar
To
psi
Ldh = 14.23-in

Calculate the shear strength of the concrete and max shear in new concrete

rf
Vunew := J (qmaX)-(gj-zwl 2 - y*dy
T +a

Rold

Vunew = 53.71-kip

¢shear := 0.75 Strength reduction factor for shear
Df — Dold
$Vn = ¢shear-2- —C -Ibf
J psi .2
in
$Vn = 58.82-kip

Calculate minimum circumferential reinforcement

Amin = o.omsumhw
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Amin = 1.12~in2

Use #4 bars -- 3 on top and 3 on bottom

Df — Dold
2

6in

spacing :=

spacing = 6.84-in

d1:= Dold + 6in dl=515m dl = 202.85-in

d2 := d1 + 2spacing d2=550m d2 = 216.54-in

d3 := d2 + 2spacing d3=5.85m d3 = 230.22-in
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)-cos(av)-sin((3)

cos(a)-sin(B)




