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A R I Z O N A       F L O R I D A       K E N T U C K Y       M I C H I G A N        N E V A D A  

      O H I O       T E N N E S S E E       T E X A S         T O R O N T O           W A S H I N G T O N  D C  

September 18, 2017 
Ms. Barcy F. McNeal, Secretary 
Ohio Power Siting Board  
Docketing Division 
180 East Broad Street, 11th Floor 
Columbus, OH  43215 

 
Re: Case No. 13-197-EL-BGN, 16-1687-EL-BGA, and 17-1099-EL-BGA  

Trishe Wind Ohio, LLC 
Supplement to September 1, 2017 Filing Regarding Compliance with  
Condition 6 – Drawings for Final Design Plan  
 

Dear Ms. McNeal: 

Trishe Wind Ohio, LLC (“Applicant”) is certified to construct a wind-powered electric generation 
facility in Paulding County, Ohio (“Project”), in accordance with the December 16, 2013 Opinion, Order, 
and Certificate (“Certificate”) issued by the Ohio Power Siting Board.  

Condition 6 of the Certificate requires the Applicant, at least 30 days prior to the preconstruction 
conference, to submit to staff for review and acceptance, one set of detailed engineering drawings of the final 
project design, including the facility, temporary and permanent access roads, and any crane routes, 
construction staging areas, and any other associated facilities and access points.   

On September 1, 2017, Applicant filed a Notification of Compliance with Condition 6 of the 
Certificate.  At this time, we are updating the September 1, 2017 filing to include the spread footing 
foundation plan and the foundation design computations, which are attached hereto.   

We are available, at your convenience, to answer any questions you may have. 
 

Respectfully submitted, 
 
/s/ William V. Vorys________ 
William V. Vorys (0093479) 
Christine M.T. Pirik (0029759) 
Terrence O’Donnell (0074213) 
Dickinson Wright PLLC 
150 East Gay Street, Suite 2400 
Columbus, Ohio 43215 
Phone: (614) 591-5461 
Email: wvorys@dickinsonwright.com 
 cpirik@dickinsonwright.com
 todonnell@dickinsonwright.com 
 

Enclosure      Attorneys for Trishe Wind Ohio, LLC 
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Certifications 

I hereby certify that this report was prepared by me or under my direct supervision and that I am a duly 
licensed Professional Engineer under the laws of the State of Ohio. 

, 2017 

Matt B. Johnson 
PE #: E-74181 

 Date 

In addition to the Engineer of Record, the professional staff involved in the preparation of this report 
includes the following: 

Lukas Hartman, Structural Intern, Barr Engineering Company

Alex Chizmadia, Structural Engineer, Barr Engineering Company

Christopher Marr, Project Manager, Barr Engineering Company
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I. Design References 
1. International Code Council Inc., International Building Code, 2012.

a. American Concrete Institute, ACI 318-11, Building Code Requirements for Structural Concrete,
2011. 

b. American Concrete Institute, ACI 336R.4-XX, “Guide for Analysis of Spread Footings by the
Strength Design Method”, Draft 2008.

c. American Institute of Steel Construction Inc., Steel Construction Manual, 13th Edition, 2005.

d. American Society of Civil Engineers, ASCE 7-10 Minimum Design Loads for Buildings and Other
Structures, 2010.

e. Concrete International, "The Challenge of Predicting the Shear Strength of Very Thick Slabs ",
November 2015, Vol. 37, No. 11, pages 29-37.

2. Barr Engineering Company, “Geotechnical Engineering Report, Northwest Ohio Wind Project, Paulding
County, Ohio”, Prepared for Starwood Energy Group Global, December 2014.

3. GE Renewable Energy A/S, “Foundation Load Specification for Wind Turbine Generator Systems,
Starwood Ohio / USA, (GE Project 1022819), 2.5-116 60 Hz, 90m Hub Height, Cold Weather Extreme,
IEC Class S”, Rev 01, Dated 9-5-2017, (Included in Section XIII).

4. "Foundation Load Specification for Wind Turbine Generator Systems, 2.5-116 50/60 Hz, 90m Hub
Height, GE56.9/LM56.9 Blade, Standard Weather/cold weather extreme, IEC Class S”, r02 dated 2016.

5. American Wind Energy Association, American Society of Civil Engineers, ASCE/AWEA RP2011,
Recommended Practice for Compliance of Large Land-Based Wind Turbine Support Structures,
December 2011.

6. Arya, S. O’Neill, M., Pincus, G., Design of Structures and Foundations for Vibrating Machines, Gulf
Publishing Company, 1984.

7. Bowles, Joseph E., Foundation Analysis and Design, 5th Edition, 1996.

8. Det Norske Veritas, Offshore Standard DNV-OS-C502, Offshore Concrete Structures, September 2012.

9. Det Norske Veritas Copenhagen and Wind Energy Department, Riso National Laboratory, Guidelines
for Design of Wind Turbines, 2nd Edition, 2002.

10. Fahey, M. “Soil stiffness values for foundation settlement analysis”, Pre-failure Deformation
Characteristics of Geomaterial, Jamiolkowski, Lancellotta & Lo Presti (eds), 2001 Swets & Zeitlinger,
ISBN 90 5909 075 02.
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11. Germanischer Lloyd, GL Wind Guidelines 1.1, Edition 2004. 

12. International Electrotechnical Commission, Wind Turbine Generator Systems – Part 1: Safety 
Requirements, 3rd edition, 2005. 

13. Potyondy, J.G., “Skin Friction Between Various Soils and Construction Materials”, Geotechnique, 
December 1961. 

14. Precast/Prestressed Concrete Institute, PCI Design Handbook, 5th Edition, 1999. 

15. GE Renewable Energy A/S “Technical Documentation Wind Turbine Generator Systems, 1&2MW 
Platform – 50/60 Hz, Technical Description and Data, Weights and Dimensions, Applicable for Wind 
Turbine Generators from 2.0 MW to 2.5 MW”, r02 Dated 2017 
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II. Basic Design Data 
A. Material Properties 
1. Concrete Strength 
Minimum strength at 28 days, f’c = 5,000 psi 

2. Steel Reinforcing Yield Strength 
Grade 75:  fy = 75,000 psi 

Grade 60:  fy = 60,000 psi 

3. Grout Strength 
Minimum strength at 3 days, f’c = 5,000 psi  

Minimum strength at 28 days, f’c = 9,500 psi 

4. Embedment Plate Yield Strength 
fy = 36,000 psi 

5. Anchor Bolt 
Tensile Strength, fu = 100,000 psi 

Yield Strength, fy = 75,000 psi 

B. Foundation Loads Imposed by Tower and Turbine 
The foundation has been designed according to the loads in Reference 3. 

1. Reference 3 Load Accuracy 
Barr’s analysis and calculations rely on the foundation loading in Reference 3 and are dependent on 
the load data being correct.  The load data cannot be independently confirmed.   

The actual loads experienced by the foundation will likely vary depending on weather conditions and 
equipment performance and the actual loads are difficult or impossible to measure in the field, and 
can be measured, if at all, only after the construction is complete and under extreme 
circumstances.  Thus, there is risk that the load data is incorrect or incomplete and Barr cannot 
provide assurance of foundation performance under other loads.  

2. Design Fatigue Cycles 
Twenty years based on fatigue loading provided in Reference 3. 
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C. Design Criteria 
1. Minimum Factor of Safety Against Overturning 
In accordance with generally accepted practices and standards of engineering and Reference 6, the 
summation of the moments of forces resisting overturning must be 1.5 times greater than the summation 
of the moments of forces causing overturning. This summation is taken at the base of the foundation. 

2. Minimum Factor of Safety Against Sliding 
In accordance with generally accepted practices and standards of engineering and Reference 6, the 
summation of forces resisting sliding must be 1.5 times greater than the summation of forces causing 
sliding. The summation is taken at the base of the foundation. 

3. ACI 318 Load Factors and Strength Reduction Factors 
In accordance with Chapter 9 of the ACI code (Reference 1a), the required strength (U) is computed by 
multiplying the service loads by load factors, which depend on the load type (wind, earthquake, live load, 
dead load) and the load combination being used. The wind loads are factored in accordance with 
Reference 10. The design strength of the element must be equal to or greater than the required strength. 
The design strength of the element is the nominal strength of the element times a strength reduction 
factor that depends on the type of force (shear, moment, bearing, compression) or combination of forces 
that are imparted on the element. 

4. Minimum Factor of Safety Against Bearing Capacity Failure 
In accordance with generally accepted practices and standards of engineering and Reference 6, for normal 
loading the typical factor of safety against a bearing capacity failure is 3.0 and a 133% increase in 
allowable bearing capacity is allowed for normal extreme wind loading. Hence, the factor of safety against 
a bearing capacity failure due to normal extreme wind loading is 3.0/1.33 or 2.25. 

5. Minimum Foundation Stiffness 
Foundation stiffness shall be in accordance with Reference 3 and Reference 9. 

D. Soil Properties 
1. Strength Data 
Summary of Geotechnical Recommendations found in Reference 2. 

2. Stiffness Properties 
Summary of Geotechnical Recommendations found in Reference 2. 

3. Design Groundwater Level 
Summary of Geotechnical Recommendations found in Reference 2. 
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III. Foundation, Tower and Design Information
A. Unit Definitions and Foundation Dimensions k 1000 lbf meter m

Foundation width: D 61.5 ft Pedestal
diameter:

C 18 ft Average extension
of pedestal above
ground surface:

hpe 6in
0.25in

ft
D C

4
Height of base: hb 12 in Height of center:

(above base)
hc 54 in hpe 8.72 in

Height of soil:
(from foundation
bottom)

hs 10.5ft hpe Height of
pedestal:

hp hs hb hc hpe

hs 117.28 in hp 60.00 in

Height of embedment
ring above bottom of
footing:

he 27 in

Minimum depth
of groundwater
below grade:

dGWT 2ft

(Reference 2)Minimum depth of
groundwater below
grade (fatigue):

dGWTF 2 ft

Top width: B
D

1 2

B 25.47 ft

Side width: a
D B

2

a 18.01 ft

Edge slope: ξ1 atan
hc

a

ξ1 14.03 deg

Corner slope: ξ2 atan
2hc

B GroundwaterLocation

"Within the Base" dGWT hs hbif

"Within the Center" dGWT hs hb hcif

"Within the Pedestal" otherwise

dGWT hs hbif

dGWT hsif

"Below the Foundation" otherwise

ξ2 19.46 deg

Bottom cover: ccbot 3 in

Top cover: cctop 2 in

GroundwaterLocation "Within the Pedestal"
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B. Tower Bottom Flange Dimensions 
Flange outside diameter: OD 4556 mm OD 14.95 ft

Flange inside diameter: ID 4000 mm ID 13.12 ft

Total number of bolts (2 circles): N 2 70

Inner bolt circle diameter: Di 4130 mm Di 13.55 ft

Outer bolt circle diameter: Do 4426 mm Do 14.52 ft

Average tower diameter: dtower
OD ID( )

2
14.04 ft dtower 14.04 ft

Thickness of tower flange: tflange 75 mm tflange 2.95 in

Average bolt circle diameter:
Davg

Di Do

2
Davg 168.43 in

Width of flange: wflange
OD ID

2
wflange 10.94 in

C. Stability Safety Factors
Minimum factor of safety: FSmin 1.5 (Reference 1)

Minimum factor of safety: FSmin2 1.0 (Reference 1)

D. Stiffness Requirements

Required dynamic rotational stiffness: Kψreq
5 107 kN m

rad
(Reference 3)

Required dynamic translational
stiffness: Kxreq

1 106 kN
m

(Reference 3)

E. ACI Reinforcing Information (Reference 1a)

Bar nominal size, diameter (in), area
(in2), and weight (lbf/ft): 

ACI_bar_table

"not used"

3

4

5

6

7

8

9

10

11

14

18

0.0001

0.375

0.500

0.625

0.750

0.875

1.000

1.128

1.270

1.410

1.693

2.257

0

0.11

0.20

0.31

0.44

0.60

0.79

1.00

1.27

1.56

2.25

4.00

0

0.376

0.668

1.043

1.502

2.044

2.670

3.400

4.303

5.313

7.650

13.600
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F. Material Properties 
Friction factor: μf 0.4 (Reference 2)

Concrete strength: fc 5000 psi

Steel yield strength: fy 75000psi

Steel verts yield strength: fyv 60000 psi

Steel modulus of elasticity: Es 29000ksi

Density of concrete: γc 150pcf

Density of water: γw 62.4pcf

Design density of soil above GWT for
bottom steel and stability:

γsdbot 110pcf (Reference 2)

Design density of soil below GWT for
bottom steel and stability:

γssbot 125pcf

Design density of soil above GWT for top
steel:

γsdtop 125pcf

Design density of soil below GWT for
top steel:

γsstop 125pcf

Soil wedge angle from vertical: θ atan
1
2

θ 26.6 deg

Soil wedge angle from vertical
(fatigue): θfat atan

0
2

θfat 0.00 deg

Concrete modulus of elasticity: Ec 57000psi
fc

psi
Ec 4031 ksi

Modulus reduction factor: ψ 0.8 (Reference 7)

Modular ratio: nmod
Es

ψ Ec
nmod 9.0
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G. Extreme Loading Conditions (Reference 3)

Misalignment Loading (Section 3)

Base moment: Malign 1335kN m Misalignment angle (relative to wind):

Δ 0degMalign 985 ft k

Design Load Case 1.3:  Normal Extreme 

Normal extreme load factor:

αe 1.4

Base moment: Base shear: Tower & turbine dead weight:

Me
60753.7

1.35
kN m 45003 kN·m He

691.7
1.35

kN 512 kN Wte
3643.4
1.35

kN 2699 kN

Me 33192 ft k He 115 k Wte 607 k

Design Load Case 6.2:  Abnormal Extreme 

Abnormal extreme load factor:

αa 1.14

Base moment: Base shear: Tower & turbine dead weight:

Ma
61262.32

1.10
kN m Ha

760.7
1.10

kN Wta
2887.1
1.10

kN

Ma 41077 k ft Ha 155 k Wta 590 k

H. Normal Loading Conditions - DLC 1.0
Base moment: Base shear: Tower & turbine dead weight:

MN 35477.7 kN m HN 410.6 kN WN 2708.7 kN

MN 26167 ft k HN 92 k WN 609 k

I. Normal Loading Conditions - DLC 1.3

Base moment: Base shear: Tower & turbine dead weight:

M1.1 39454.6 kN m H1.1 462.4 kN W1.1 2722.6 kN

M1.1 29100 ft k H1.1 104 k W1.1 612 k
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J. Earthquake Loading Conditions (Reference 1)

Seismic Design Criteria:

SiteClass "C" (1600 ft/s shear wave velocity - Reference 2)

- Building Occupancy Category: II (Non-Essential Power Facility, Non Hazardous)

- Seismic Design Category: B (Determination of Seismic Design Category)

0.2 Second spectral response: SS 0.15 (USGS: Paulding County Ohio)

1.0 Second spectral response: S1 0.07 (USGS: Paulding County Ohio)

Ss <= 0.25 Ss = 0.50 Ss = 0.75 Ss = 1.00 Ss >= 1.25

A 0.8 0.8 0.8 0.8 0.8
B 1 1 1 1 1
C 1.2 1.2 1.1 1 1
D 1.6 1.4 1.2 1.1 1
E 2.5 1.7 1.2 0.9 0.9
F

Site Class

Mapped Maximum Considered Earthquake Spectral
Response Acceleration parameter at Short Period

See Section 11.4.7

Table 11.4-1 Site Coefficient, Fa

Ss <= 0.10 Ss = 0.20 Ss = 0.30 Ss = 0.40 Ss >= 0.50

A 0.8 0.8 0.8 0.8 0.8
B 1 1 1 1 1
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4
F

Site Class

Mapped Maximum Considered Earthquake Spectral
Response Acceleration parameter at 1 s Period

See Section 11.4.7

Table 11.4-2 Site Coefficient, Fv

Fa 1.20 Fv 1.70

Importance factor: I 1.00

Adjusted 0.2s response: SMS Fa SS SMS 0.18

Adjusted 1.0s response: SM1 Fv S1 SM1 0.12

Design response: SDS
2
3

SMS SDS 0.12

SD1
2
3

SM1 SD1 0.08

Vertical seismic load effect: Ev if SDS 0.125 0 0.2 SDS Ev 0.00
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Seismic Design Requirements for Nonbuilding/Building Structures:

Response modification coefficient: R 1.5

Long period transition period: TL 12

Period coefficients: Ct 0.02

xEQ 0.75

Height of structure: hn 90 m

Approximate fundamental period of
structure: Ta1 Ct

hn

ft

xEQ

s Ta1 1.42s

Design Spectral Response Acceleration
Parameter at 1 s, SD1

Coefficient
Cu

>= 0.4 1.4
0.3 1.4
0.2 1.5
0.15 1.6

<= 0.1 1.7

Table 12.8 1 COEFFICIENT FOR UPPER LIMIT ON
CALCULATED PERIOD

Value of Cu is calculated based on
ASCE 7-05 Table 12.8-1

Cu 1.70

Maximum approximate period: Ta2 Cu Ta1 Ta2 2.42s

Design period: T min Ta1 Ta2 T 1.42s

Seismic response coefficients: Cs1
SDS

R
I

Cs1 0.08

Cs2 if
T

sec
TL

SD1

T
sec

R
I

SD1 TL

T
sec

2 R
I

0.037

Non-Building structure: Cs3 0.03

Cs4 if S1 0.6
0.8 S1

R
I

0 Cs4 0.00

Cs max min Cs1 Cs2 Cs3 Cs4 Cs 0.037

Minimum base shear: V Cs W1.1 V 23 kip
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Structure Weights and Centers of Gravity: (Reference 14)

Total weight of structure: W1.1 612 kip

Weight of Component Approximate Center of Gravity

Tower bottom section:: W1 43954kgf h1
32.463

2
m 16231.50 mm

Tower lower mid section: W2 55091kgf h2 32.463m
31.600

2
m 48263.00 mm( )

Tower upper mid section: W3 62954kgf h3 32.463m 31.600m
23.342m

2
75734.00 mm( )

Tower top section: W4 0kgf h4 0

h5 90 mWind turbine nacelle and rotor: 

Total tower weight: Wtwr W1 W2 W3 W4 Wtwr 357 kip

W5 W1.1 Wtwr W5 255 kipWind turbine nacelle and rotor: 

Summary: W

0

97

121

139

0

255

kip h

0.0

16.2

48.3

75.7

0.0

90.0

m
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Determine Design Base Shear:

Exponent related to
period of structure: k0 if

T
sec

0.5 1 if
T

sec
2.5 2 2

2.5
T

sec
2

k0 1.46

Number of tower components: ntc 1 5

Vertical Distribution Factor: Lateral Seismic Force at Each Level:

Cvntc

Wntc
hntc

ft

k0

1

5

i

Wi
hi
ft

k0
Fntc Cvntc

V

Cvntc

0.019

0.116

0.257

0.000

0.608

Fntc
0.4

2.6

5.8

0.0

13.8

kip

Total lateral seismic force:
HEQ

1

5

i

Fi HEQ 23 kip

Earthquake overturning moment: MEQ

1

5

i

Fi hi MEQ 5970 ft kip

Base moment: MOE M1.1
2 MEQ

2 MOE 29706 ft k

Base shear: HOE H1.1
2 HEQ

2 HOE 106 k

Tower & turbine dead weight: WOE W1.1 WOE 612 k

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

12 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

K. Fatigue Loading Conditions (Reference 3)

Mean  shear: Hmean 344.1kN Hmean 77 kip

Mean  overturning moment: Mmean 30130kN m Mmean 22223 kip ft

Turbine & tower mean weight: Wmean 2689 kN( ) Wmean 605 kip

Fatigue Loading (Markov Matrix): 

Min Max # Data Rows
120 0 0 10812
100 0 0
100 0 0
4936 0 0
1000 0 0
40 0 0
40 0 0
1414 0 0
4936 0 0
15500 0 0
2828 0 0
2828 0 0
1414 0 0
1530 0 0

3919000 0 0
136400 0 0
6366 0 0
4780 0 0
11390 0 0
2536 0 0
193 0 0
8835 0 0
1630 0 0
16070 0 0
6845 0 0
9620 0 100
6076 100 300

OverturningMoment (kN m)
Number of Cycles

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

13 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

Bin counters:

qt NRows 1 10811

qr 0 1 qt

YearsDesign 20 YearsMatrix 20

Nfatqr
Nfatqr

YearsDesign YearsMatrix Doubleqr 0 1 2 qt 1

Minimum Moment (for Miner's Rule): Maximum Moment (for Miner's Rule):

Mfatminnorthqr
MinBinqr kN m Mfatmaxnorthqr

MaxBinqr kN m

Hminnorthqr
max

Mfatminnorthqr

Mmean
Hmean 0.01kN Hmaxnorthqr

max
Mfatmaxnorthqr

Mmean
Hmean 0.01kN

Mminnorthqr
Mfatminnorthqr

Hminnorthqr
hp hc hb Mmaxnorthqr

Mfatmaxnorthqr
Hmaxnorthqr

hp hc hb

Maximum Moments:

Mmaxfatigue max Mmaxnorth Mmaxfatigue 44364 kN m

Mminfatigue max Mminnorth Mminfatigue 41980 kN m

Fatigue moments are plotted below:

0 2180 4360 6540 8720 10900

10000

20000

30000

40000

Mmaxnorthqr
kN m

Mminnorthqr
kN m

qr
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L. Stack Min and Max Fatigue Matrices and Sort
Stack min and max
fatgiue matrices and
sort in ascending
order:

MnorthDoubleqr
MminnorthDoubleqr

Doubleqr qtif

MmaxnorthDoubleqr qt 1
Doubleqr qtif

Sortnorth sort Mnorth

0 4340 8680 13020 17360 21700

10000

20000

30000

40000

MnorthDoubleqr
kN m

SortnorthDoubleqr
kN m

Doubleqr
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M. Develop Unique Fatigue Matrix and  Parse Zero Values

Develop matrix
containing only the
unique fatigue values:

UniquenorthDoubleqr
Sortnorth0

Doubleqr 0=if

SortnorthDoubleqr
Doubleqr 0 SortnorthDoubleqr

SortnorthDoubleqr 1
if

0 Doubleqr 0 SortnorthDoubleqr
SortnorthDoubleqr 1

=if

Remove all "zero"
entires leaving only
"non-zero" entries in
the MUnique matrix:

MUniquenorth trim Uniquenorth match 0 Uniquenorth min Uniquenorth 0=if

Uniquenorth min Uniquenorth 0if

Determine the
quantity of
"non-zero" entries in
the MUnique matrix
to use as counters:

qtnorth length MUniquenorth 1 410

qrnorth 0 1 qtnorth

0 4340 8680 13020 17360 21700

20000

40000

UniquenorthDoubleqr
kN m

MUniquenorthqrnorth
kN m

Doubleqr qrnorth
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IV.   Stability Analysis and Bearing Length Evaluation
A. Foundation Volume and Weight Calculations

Foundation plan area: A D2 2
D B

2

2
A 3133 ft2

Volume of pedestal: vp
π C2

4
hp vp 47 yd3

Weight of pedestal: Wp vp γc Wp 191 k

Volume of footing: vf A hb B2 hc 4
1
2

1
3

hc a2 1
2

B hc a vf 413 yd3

Weight of footing: Wf vf γc Wf 1674 k

Total volume of
concrete: vc vf vp vc 460 yd3

Total volume of soil: vs A hs vf
π C2

4
hs hb hc

8 B tan θ( )
2

hs hb
2

vs 826 yd3

Total volume of soil (fatigue) vsfat A hs vf
π C2

4
hs hb hc

8 B tan θfat

2
hs hb

2

vsfat 681 yd3

Equivalent buoyant force: Fb γw

A hs dGWT dGWT hs hbif

A hs dGWT
8 B tan θ( )

2
hs hb dGWT

2 otherwise

dGWT hsif

0 otherwise

Fb 1666 kip

Equivalent buoyant force
(fatigue):

Fbfat γw

A hs dGWTF dGWTF hs hbif

A hs dGWTF
8 B tan θfat

2
hs hb dGWTF

2 otherwise

dGWTF hsif

0 otherwise

Fbfat 1520 kip
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Total weight of soil:

Ws

γsdbot dGWT A
π C2

4
γssbot hs hb hc dGWT A

π C2

4
γssbot A hb hc vf
8 B tan θ( )

2
γssbot hs hb dGWT

2
γsdbot hs hb

2 hs hb dGWT
2

dGWT hs hb hcif

γsdbot hs hb hc A
π C2

4

γsdbot

hs hb hc

dGWT

y4 B a
a
hc

y hp hpe 2 a2 a
hc

y hp hpe

2
d

γssbot

dGWT

hs hb

y4 B a
a
hc

y hp hpe 2 a2 a
hc

y hp hpe

2
d

8 B tan θ( )
2

γssbot hs hb dGWT
2

γsdbot hs hb
2 hs hb dGWT

2

otherwise

dGWT hs hbif

vs γsdbot otherwise

Ws 2677 k
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Total weight of soil (fatigue):

Wsfat

γsdbot dGWTF A
π C2

4
γssbot hs hb hc dGWTF A

π C2

4
γssbot A hb hc vf
8 B tan θfat

2
γssbot hs hb dGWTF

2
γsdbot hs hb

2 hs hb dGWTF
2

dGWTF hs hb hcif

γsdbot hs hb hc A
π C2

4

γsdbot

hs hb hc

dGWTF

y4 B a
a
hc

y hp hpe 2 a2 a
hc

y hp hpe

2
d

γssbot

dGWTF

hs hb

y4 B a
a
hc

y hp hpe 2 a2 a
hc

y hp hpe

2
d

8 B tan θfat

2
γssbot hs hb dGWTF

2
γsdbot hs hb

2 hs hb dGWTF
2

otherwise

dGWTF hs hbif

vsfat γsdbot otherwise

Wsfat 2211 k

Total dead weight seismic load: WEQ Wp Wf WOE Ws Fb WEQ 3488 k

Total dead weight fatigue load: Wfat Wp Wf Wmean Wsfat Fbfat Wfat 3160 k
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B. Stability Calculations - Extreme Loading
Determine controlling extreme
load case: if Me Ma "Normal Controls" "Abnormal Controls" "Abnormal Controls"

Extreme Tower Base Moment: M if Me Ma Me Ma Malign cos Δ( ) 2 Malign sin Δ( ) 2 42062 k ft

Extreme Tower Base Shear: H if Me Ma He Ha H 155 k

Extreme Tower Weight: Wt if Me Ma Wte Wta Wt 590 k

Total dead weight wind load: WW Wp Wf Wt Ws Fb WW 3466 k

Overturning wind moment: MoW M hb hc hp H MoW 43694 k ft

Wind load friction resistance
at base: HfrW μf WW HfrW 1386 k

Factor of safety against
sliding: FSsW

HfrW

H
FSsW 8.92

Seismic load friction
resistance at base: HfrEQ μf WEQ 1 Ev HfrEQ 1395 k

Factor of safety against
sliding: FSsEQ

HfrEQ

HOE
FSsEQ 13.11

Determine controlling load case: FSs min FSsW FSsEQ FSs 8.92

if FSs FSmin "OK" "No Good" "OK"

Resisting moment: MrW WW min
D
2

D a

2
MrW 106584 ft k

Factor of safety against
overturning:

FSoW
MrW

MoW
FSoW 2.44

Overturning seismic moment: MoEQ MOE Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp HOE 31808 k ft

Resisting moment: MrEQ 1 Ev WEQ min
D
2

D a

2
MrEQ 107261 ft k

Factor of safety against
overturning:

FSoEQ
MrEQ

MoEQ
FSoEQ 3.37

Minimum factor of safety: FSmin 1.50

Determine controlling load case: FSo min FSoW FSoEQ FSo 2.44
OutputOverturning FSo

if FSo FSmin "OK" "No Good" "OK"
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Resisting moment (reduced): MrW_red 0.6WW min
D
2

D a

2
MrW_red 63951 ft k

Factor of safety against
overturning (alternate): FSoW_alt

MrW_red

MoW
FSoW_alt 1.46

Overturning seismic moment (reduced): MoEQ_alt 0.7 MoEQ MoEQ_alt 22266 k ft

Resisting moment (reduced): MrEQ_red 0.6 1 Ev WEQ min
D
2

D a

2
MrEQ_red 64357 ft k

Factor of safety against
overturning (alternate): FSoEQ_alt

MrEQ_red

MoEQ_alt
FSoEQ_alt 2.89

Minimum factor of safety: FSmin2 1.00

Determine controlling load case: FSo2 min FSoW_alt FSoEQ_alt FSo2 1.46 OutputOverturning2 FSo2

if FSo2 FSmin2 "OK" "No Good" "OK"

C. Soil Pressure Calculations - Extreme Loading
Side length of square inscribed inside
of foundation octagon: Sf 2a2 2 a B B2 Sf 47.1 ft

"Major" width of octagon along
widest section: Hf B2 D2 Hf 66.6 ft

Distance from widest section of
octagon to edge of square: We

Hf Sf

2
We 9.75 ft

Moment of inertia for octagon about any
axis through centroid: Ifdn

8 B4

192
cot

2 π

16
3cot

2 π

16

2
1 Ifdn 783048 ft4

Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
Snormal 25465 ft3

Section modulus of foundation for
orientation rotated by 22.5 degrees: Srotated

2 Ifdn

Hf
Srotated 23527 ft3

if Snormal Srotated "Rotated Controls" "Normal Controls" "Rotated Controls"
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1) Assumed Soil Pressure Case 1

Assume triangular distribution with length of bearing (Lb) greater than We but less than or equal to half the major octagon width
(Hf /2).

Set F=WW and M=Mtoe,  and solve for Lb and fmax

F WW F 3466 k Mtoe F
B2 D2

2
MoW Mtoe 71672 ft k

Guess: L
2We Hf

4
fmax 3172 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

L

yfmax 1
y
L

Sf 2
2 We y We

Sf
d=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

L

yfmax 1
y
L

Sf 2
2 We y We

Sf
y d=

L4

f4
Find L fmax L4 48.5 ft f4 3172 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set
to zero.

Soil Bearing Length: Lb4 if L4 We L4
Hf

2
L4 0 ft Lb4 0.0 ft

Maximum Soil Bearing Pressure: fmax4 if L4 We L4
Hf

2
f4 0 psf fmax4 0 psf
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2) Assumed Soil Pressure Case 2

Assume triangular distribution with length of bearing (Lb) greater than half the major octagon width (Hf /2) but less than or
equal to difference between the full octagon width (Hf) and We.

Set F=WW and M=Mtoe,  and solve for Lb and fmax

F WW F 3466 k Mtoe F
B2 D2

2
MoW Mtoe 71672 ft k

Guess: L
3Hf 2We

4
fmax 3138 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
d

Hf

2

L

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

d

=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
y d

Hf

2

L

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

y d

=

L5

f5
Find L fmax L5 49.6 ft f5 3138 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set
to zero.

Soil bearing length: Lb5 if L5 Hf We L5
Hf

2
L5 0 ft Lb5 49.6 ft

Maximum soil bearing pressure: fmax5 if L5 Hf We L5
Hf

2
f5 0 psf fmax5 3138 psf
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3) Assumed Soil Pressure Case 3

Assume triangular distribution with length of bearing (Lb) greater than the difference between the full octagon width (Hf) and
We but less than the full octagon width (Hf).

Set F=WW and M=Mtoe,  and solve for Lb and fmax

F WW F 3466 k Mtoe F
B2 D2

2
MoW Mtoe 71672 ft k

Guess: L
2Hf We

2
fmax 3166 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
d

Hf

2

We Sf

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

d

We Sf

L

yfmax 1
y
L

2
Sf

2

Sf

2

y Sf We

We
d

=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
y d

Hf

2

We Sf

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

y d

We Sf

L

yfmax 1
y
L

2
Sf

2

Sf

2

y Sf We

We
y d

=

L6

f6
Minerr L fmax L6 49.0 ft f6 3166 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set
to zero.

Soil bearing length: Lb6 if L6 Hf L6 Hf We L6 0 ft Lb6 0.0 ft

Maximum soil bearing pressure: fmax6 if L6 Hf L6 Hf We f6 0 psf fmax6 0 psf
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4) Assumed Soil Pressure Case 4

Assume trapezoidal distribution with length of bearing (Lb) equal to the the full octagon width (Hf).

Set F=WW and M=Mtoe,  and solve for fmax and the difference in maximum and minimum bearing pressures (df).

F WW F 3466 k Mtoe
F B2 D2

2
MoW Mtoe 71672 ft k

Guess:
fmax 2963 psf df 3714 psf

Given

F

0

We

yfmax
df y
Hf

y
We

Sf d

We

Hf

2
yfmax

df y
Hf

Sf 2
2 We y We

Sf
d

Hf

2

We Sf

yfmax
df y
Hf

Sf 2 We

2 We y
Hf

2
Sf

d

We Sf

Hf

yfmax
df y
Hf

2
Sf

2

Sf

2

y Sf We

We
d

=

Mtoe

0

We

yfmax
df y
Hf

y
We

Sf y d

We

Hf

2
yfmax

df y
Hf

Sf 2
2 We y We

Sf
y d

Hf

2

We Sf

yfmax
df y
Hf

Sf 2 We

2 We y
Hf

2
Sf

y d

We Sf

Hf

yfmax
df y
Hf

2
Sf

2

Sf

2

y Sf We

We
y d

=

df

fmax
Find df fmax fmax 2963 psf df 3714 psf

If the solution does not converge to the assumed pressure distribution, then the value of bearing length and soil pressure is set to zero.

Maximum soil bearing pressure: fmax7 if fmax df 0 psf 0 psf fmax fmax7 0 psf

Minimum soil bearing pressure: fmin7 if fmax7 0 fmax7 df 0 psf fmin7 0 psf
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D. Bearing Length Check  - Extreme Loading
Select Bearing Length and Pressure Distribution

Bearing length: LbW if fmax7 0 Hf Lb4 Lb5 Lb6 LbW 49.6 ft

Maximum soil bearing pressure: fmaxW if LbW
Hf

2
fmax4 if LbW Hf We fmax5 if LbW Hf fmax6 fmax7

fmaxW 3138 psf

Minimum soil bearing pressure: fminW if LbW Hf 0 psf fmin7 fminW 0 psf

Determine controlling load case: Lb LbW Lb 49.6 ft

Maximum soil bearing pressure: fmax fmaxW fmax 3138 psf

Minimum soil bearing pressure: fmin fminW fmin 0 psf

Percent of base by length in compression
under extreme loading:

Lb

Hf
0.74

if
Lb

Hf
0.5 "OK" "No Good" "OK" (Reference 10)
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E. Foundation Volume and Weight Calculations - Normal Loading
WtotN Wp Wf Ws WN Fb WtotN 3485 kTotal dead weight:

Overturning moment: MoN MN Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp HN 28121 k ft

F. Soil Pressure Calculations - Normal Loading
1) Assumed Soil Pressure Case 1

Assume triangular distribution with length of bearing (Lb) greater than We but less than or equal to half the major octagon width
(Hf /2).

Set F=WtotN and M=Mtoe,  and solve for Lb and fmax

F WtotN F 3485 k Mtoe F
B2 D2

2
MoN Mtoe 87874 ft k

Guess: L
2We Hf

4
fmax 2366 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

L

yfmax 1
y
L

Sf 2
2 We y We

Sf
d=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

L

yfmax 1
y
L

Sf 2
2 We y We

Sf
y d=

L4

f4
Find L fmax L4 59.6 ft f4 2366 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set
to zero.

Soil bearing length: Lb4 if L4 We L4
Hf

2
L4 0 ft Lb4 0.0 ft

Maximum soil bearing pressure: fmax4 if L4 We L4
Hf

2
f4 0 psf fmax4 0 psf
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2) Assumed Soil Pressure Case 2

Assume triangular distribution with length of bearing (Lb) greater than half the major octagon width (Hf /2) but less than or
equal to difference between the full octagon width (Hf) and We.

Set F=WtotN and M=Mtoe,  and solve for Lb and fmax

F WtotN F 3485 k Mtoe F
B2 D2

2
MoN Mtoe 87874 ft k

Guess: L
3Hf 2We

4
fmax 2315 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
d

Hf

2

L

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

d

=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
y d

Hf

2

L

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

y d

=

L5

f5
Find L fmax L5 63.9 ft f5 2315 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set
to zero.

Soil bearing length: Lb5 if L5 Hf We L5
Hf

2
L5 0 ft Lb5 0.0 ft

Maximum soil bearing pressure: fmax5 if L5 Hf We L5
Hf

2
f5 0 psf fmax5 0 psf
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3) Assumed Soil Pressure Case 3

Assume triangular distribution with length of bearing (Lb) greater than the difference between the full octagon width (Hf) and
We but less than the full octagon width (Hf).

Set F=WtotN and M=Mtoe,  and solve for Lb and fmax

F WtotN F 3485 k Mtoe F
B2 D2

2
MoN Mtoe 87874 ft k

Guess: L
2Hf We

2
fmax 2308 psf

Given

F

0

We

yfmax 1
y
L

y
We

Sf d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
d

Hf

2

We Sf

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

d

We Sf

L

yfmax 1
y
L

2
Sf

2

Sf

2

y Sf We

We
d

=

Mtoe

0

We

yfmax 1
y
L

y
We

Sf y d

We

Hf

2
yfmax 1

y
L

Sf 2
2 We y We

Sf
y d

Hf

2

We Sf

yfmax 1
y
L

Sf 2 We

2 We y
Hf

2
Sf

y d

We Sf

L

yfmax 1
y
L

2
Sf

2

Sf

2

y Sf We

We
y d

=

L6

f6
Minerr L fmax L6 64.2 ft f6 2308 psf

If the solution does not converge to a bearing length meeting the assumed criteria, then the value of bearing length and soil pressure is set to zero.

Soil bearing length: Lb6 if L6 Hf L6 Hf We L6 0 ft Lb6 64.2 ft

Maximum soil bearing pressure: fmax6 if L6 Hf L6 Hf We f6 0 psf fmax6 2308 psf
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4) Assumed Soil Pressure Case 4

Assume trapezoidal distribution with length of bearing (Lb) equal to the the full octagon width (Hf).

Set F=WtotN and M=Mtoe,  and solve for fmax and the difference in maximum and minimum bearing pressures (df).

F WtotN F 3485 k Mtoe
F B2 D2

2
MoN Mtoe 87874 ft k

Guess:
fmax 2308 psf df 2391 psf

Given

F

0

We

yfmax
df y
Hf

y
We

Sf d

We

Hf

2
yfmax

df y
Hf

Sf 2
2 We y We

Sf
d

Hf

2

We Sf

yfmax
df y
Hf

Sf 2 We

2 We y
Hf

2
Sf

d

We Sf

Hf

yfmax
df y
Hf

2
Sf

2

Sf

2

y Sf We

We
d

=

Mtoe

0

We

yfmax
df y
Hf

y
We

Sf y d

We

Hf

2
yfmax

df y
Hf

Sf 2
2 We y We

Sf
y d

Hf

2

We Sf

yfmax
df y
Hf

Sf 2 We

2 We y
Hf

2
Sf

y d

We Sf

Hf

yfmax
df y
Hf

2
Sf

2

Sf

2

y Sf We

We
y d

=

df

fmax
Find df fmax fmax 2308 psf df 2391 psf

If the solution does not converge to the assumed pressure distribution, then the value of bearing length and soil pressure is set to zero.

Maximum soil bearing pressure: fmax7 if fmax df 0 psf 0 psf fmax fmax7 0 psf

Minimum soil bearing pressure: fmin7 if fmax7 0 fmax7 df 0 psf fmin7 0 psf
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G. Bearing Length Check - Normal Loading
Select Bearing Length and Pressure Distribution

Bearing length: LbN if fmax7 0 Hf Lb4 Lb5 Lb6 LbN 64.2 ft

Maximum soil bearing pressure: fmax if LbN
Hf

2
fmax4 if LbN Hf We fmax5 if LbN Hf fmax6 fmax7

fmax 2308 psf

Minimum soil bearing pressure: fmin if LbN Hf 0 psf fmin7 fmin 0 psf

Area of base in compression under
normal loading:

AN Sf
2 3

2
Sf We LbN Sf We Sf

Sf LbN Sf We

2 We

AN 3120 ft2

Percent of base by area in compression
under normal loading:

AN

A
99.6 %

if
AN

A
0.994 "OK" "No Good" "OK" (Reference 10)
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V. Bearing Capacity Evaluation (Reference 8)

A. Design Soil Bearing Pressure - Normal Loading
Design overturning moment: MdN MoN MdN 28121 ft k

Design vertical load: VdN WtotN VdN 3485 k

Design load eccentricity: edN
MdN

VdN
edN 8.07 ft

Circular radius of octagon: R
D
2

R 30.75 ft

Effective soil area in bearing: AeffN 2 R2 acos
edN

R
edN R2 edN

2 AeffN 1990 ft2

Ellipse soil width in bearing: beN 2 R edN beN 45.4 ft

Ellipse soil length in bearing:
leN 2 R 1 1

beN

2 R

2
leN 59.3 ft

Effective soil length in bearing: leffN AeffN
leN

beN
leffN 51.0 ft

Effective soil width in bearing: beffN
leffN

leN
beN beffN 39.0 ft

Design bearing pressure: fdN
VdN

AeffN
fdN 1752 psf

B. Bearing Capacity Check - Normal Loading
Allowable bearing pressure: fall_N 3300psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdN

fall_N
0.53
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C. Design Soil Bearing Pressure - Extreme Normal Loading

Design overturning moment: MdW Me Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp He 35386 k ft

Design vertical load: VdW Wp Wf Wte Ws Fb VdW 3483 k

Design load eccentricity: edW
MdW

VdW
edW 10.16 ft

Circular radius of octagon: R 30.75 ft

Effective soil area in bearing: AeffW 2 R2 acos
edW

R
edW R2 edW

2 AeffW 1744ft2

Ellipse soil width in bearing: beW 2 R edW beW 41.2 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R

2
leW 58.0 ft

Effective soil length in bearing: leffW AeffW
leW

beW
leffW 49.6 ft

Effective soil width in bearing: beffW
leffW

leW
beW beffW 35.2 ft

Design bearing pressure: fdW
VdW

AeffW
fdW 1997 psf

D. Bearing Capacity Check - Extreme Normal Loading

Allowable bearing pressure: fallW 4200 psf( ) (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdW

fallW
0.48
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E. Design Soil Bearing Pressure - Extreme Abnormal Loading

Design overturning moment: MdA Ma Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp Ha 43694 k ft

Design vertical load: VdA Wp Wf Wta Ws Fb VdA 3466 k

Design load eccentricity: edA
MdA

VdA
edA 12.61 ft

Circular radius of octagon: R 30.75 ft

Effective soil area in bearing: AeffA 2 R2 acos
edA

R
edA R2 edA

2 AeffA 1465 ft2

Ellipse soil width in bearing: beA 2 R edA beA 36.3 ft

Ellipse soil length in bearing:
leA 2 R 1 1

beA

2 R

2
leA 56.1 ft

Effective soil length in bearing: leffA AeffA
leA

beA
leffA 47.6 ft

Effective soil width in bearing: beffA
leffA

leA
beA beffA 30.8 ft

Design bearing pressure: fdA
VdA

AeffA
fdA 2367 psf

F. Bearing Capacity Check - Extreme Abnormal Loading

Allowable bearing pressure: fallA 4200 psf( ) (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdA

fallA
0.56
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G. Design Soil Bearing Pressure - Earthquake Loading

Design overturning moment: MdEQ MoEQ MdEQ 31808 ft k

Design vertical load: VdEQ 1 Ev WEQ VdEQ 3488 k

Design load eccentricity: edEQ
MdEQ

VdEQ
edEQ 9.12 ft

Circular radius of octagon: R 30.75 ft

Effective soil area in bearing: AeffEQ 2 R2 acos
edEQ

R
edEQ R2 edEQ

2 AeffEQ 1866 ft2

Ellipse soil width in bearing: beEQ 2 R edEQ beEQ 43.3 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R

2
leEQ 58.7 ft

Effective soil length in bearing: leffEQ AeffEQ
leEQ

beEQ
leffEQ 50.3 ft

Effective soil width in bearing: beffEQ
leffEQ

leEQ
beEQ beffEQ 37.1 ft

Design bearing pressure: fdEQ
VdEQ

AeffEQ
fdEQ 1870 psf

H. Bearing Capacity Check - Earthquake Loading

Allowable bearing pressure: fallEQ 4200 psf( ) (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdEQ

fallEQ
0.45
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VI.  Foundation Stiffness Evaluation - Single Layer Native Soil Sites
Depth of embedment
(half of foundation embedment): h

1
2

hc hb h 39.00 in

Area of the footing: A 3133ft2

Foundation width: D 61.50 ft

Equivalent circular
radius of footing: Rstff

A
π

Rstff 31.6 ft

ρ 136
lb

ft3
(Reference 2)Subsoil density:

ω ρ g ω 136 pcf

Design shear wave velocity
for interval from 8 to 50 feet: Vs 1636

ft
sec

(Reference 2)

Poisson ratio: υ 0.48 (Reference 2)

Initial shear modulus: Go ρ Vs
2 Go 11314 ksf

Eo 2 1 υ( ) Go Eo 33488 ksf
Initial elastic modulus:

Shear modulus ratio: γ 1 1.0( )
fdW

3fallW

0.3
0.42 (Reference 9)

Shear modulus: G γ Go G 4803 ksf

Elastic modulus: E 2 1 υ( ) G E 14218 ksf
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Rotational embedment
Coefficient:

(Reference 5)
ηψ 1 1.2 1 υ( )

h
Rstff

0.2 2 υ( )
h

Rstff

3
ηψ 1.06

Embedment coefficient: ηx 1 0.55 2 υ( )
h

Rstff
ηx 1.09 (Reference 5)

(Reference 5)Rotational stiffness of soil: Kψdyn
8 G Rstff

3

3 1 υ( )
ηψ Kψdyn 1120

GN m
rad

Required dynamic rotational stiffness: Kψreq 50
GN m

rad
(Reference 3)

Kψdyn

Kψreq
22.40Design check:

Translational stiffness of
foundation:

Kxdyn
32 1 υ( ) G Rstff

7 8 υ
ηx Kxdyn 12660

kN
mm

(Reference 8)

Required dynamic translational stiffness: Kxreq 1000
kN
mm

(Reference 3)

Design check:
Kxdyn

Kxreq
12.66
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VII. Anchor Bolt  Design
A. Strength Reduction and Load Factors (Reference 1a and Reference 3)

Normal extreme load factor: αe 1.40

Abnormal extreme load factor: αa 1.14

Determine controlling
extreme load case: αw if αe Me αa Ma αe αa αw 1.14

M if αe Me αa Ma Me Ma M 41077 k ft

H if αe Me αa Ma He Ha H 155 k

Wt if αe Me αa Ma Wte Wta Wt 590 k

Beneficial dead load factor: αd1 0.9 Bearing Factor: ϕbr 0.65

Anchor tension load factor: αpt 1.2 Fastener Factor: ϕf 0.75 (Reference 1c)

Non-Beneficial dead load factor: αd2 1.2 Shear Factor: ϕv 0.75

Earthquake load factor: αEQ 1.0 Flexure Factor: ϕb 0.90

Alignment load factor: αd3 1.2

Beneficial EQ dead load factor: αd1EQ 0.9 Ev αd1EQ 0.90 (Reference 1)

Non-Beneficial EQ dead load factor: αd2EQ 1.2 Ev αd2EQ 1.20 (Reference 1)

Sagging side load case: αwWind αd1 Dead where Dead is dead load of soil, concrete, turbine, and tower

Hogging side load case: αd2 Dead where Dead is dead load of soil and concrete and uplift edge resistance of soil
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B. Embedment Ring Dimensions 

Flange width: wflange 10.94 in wflange 278 mm

Embedment plate hole diameter: dhl 1 in
5
8

in( ) dhl 41.3 mm

Embedment ring width: w wflange w 10.94 in

Embedment ring thickness: t 1 in

C. Anchor Bolt  Dimensions and Data 

Nominal anchor bolt diameter: db 1.375 in

Bolt area through minimum
diameter of threads: Ab 1.56 in2

Washer diameter.: dn 3 in

Outside diamter of PVC bolt sleeve: dSDR 1.9in

Yield strength: Fyb 75 ksi

Tensile strength: Ft 100 ksi

D. Material Properties
Concrete strength of pedestal: fcp 5000 psi

Steel yield strength: Fy 36000 psi

Steel tensile strength: Fu 58000 psi
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E. Anchor Bolt Design
Design loss: μ 20 %

Maximum unfactored moment on bolts: Mbolt max Me Ma Malign cos Δ( ) 2 Malign sin Δ( ) 2 42062 k ft

Maximum factored moment on bolts: Mubolt αw M αd3 Malign cos Δ( ) 2
αd3 Malign sin Δ( ) 2 48009 k ft

Maximum factored seismic moment on
bolts:

Musbolt αEQ MOE αd3 Malign cos Δ( ) 2
αd3 Malign sin Δ( ) 2 30888 k ft

Minimum pre-tension for
fatigue loading: TpreFAT

4 max Mmaxnorth

N Davg

Wmean

N
1 μ( ) TpreFAT 74.8 k

Set to Tpre: Tpre 75 k 334 kN( )

%yield
Tpre

Fyb Ab
%yield 64 %

%ultimate
Tpre

Ft Ab
%ultimate 48 %

Wind load maximum factored
tension load in anchor: TuW

4 Mubolt

N Davg

αd1 Wt

N
TuW 94 k

Seismic load maximum factored
tension load in anchor: TuEQ

4 Musbolt

N Davg

αd1EQ WOE

N
TuEQ 59 k

Fatigue load maximum tension load in
anchor: TuFAT

4 max Mmaxnorth

N Davg

Wmean

N
TuFAT 62 k

Determine controlling load case: Tu max TuW TuEQ TuFAT Tu 94 kip

Design tension strength: ϕTn min ϕf Ft Ab ϕb Fyb Ab ϕTn 105 k (Reference 1c)

Design check:
Tu

ϕTn
0.89 Shear stress in bolt is negligible and, therefore, is not included.
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VIII.  Bottom Flange  Bearing, Grout, and Embedment Plate Connection Design
A. Material Properties 

3-day grout strength: fc3 5000 psi

28-day grout strength: fc28 9500 psi

Grout thickness: tgr 2in

Bearing area of base
flange:

Abr1
π

4
OD2 ID2 N

π dhl
2

4
Abr1 5501 in2

S1
π

32 OD
OD4 ID4

2
Do

N
π

64
dhl

4 π

2
dhl

2

1

N
4

λ

Di

2
cos

2 π

N
2 λ 1( )

2

Do

2
cos

2 π

N
2 λ 1( )

2

Section modulus of
base flange:

S1 218102 in3

Area at bottom of grout: A1 wflange A1 10.9 in

Area of limiting bearing within
grout:

A2 wflange 2 tgr A2 14.9 in

A min
A2

A1
2 A 1.17
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B. Check 3 Day Grout Strength

Design bearing strength: ϕbn3 ϕbr 0.85 fc3 A (Reference 1a) ϕbn3 3.2 ksi

Ultimate self weight
bearing stress: bu3D αd2

Wt

Abr1
αpt

Tpre N

Abr1
bu3D 2.4 ksi

Ultimate seismic bearing
stress: bu3EQ αd2EQ

WOE

Abr1
αpt

Tpre N

Abr1
bu3EQ 2.4 ksi

Determine controlling load case
and check capacity: bu3 max bu3D bu3EQ bu3 2.4 ksi bu3

ϕbn3
0.75

C. Check 28 Day Grout Strength

Design bearing strength: ϕbn28 ϕbr 0.85 fc28 A (Reference 1a) ϕbn28 6.1 ksi

Ultimate wind bearing stress: bu28W αd2
Wt

Abr1

Mubolt

S1
αpt

Tpre N

Abr1
bu28W 5.06 ksi

Ultimate seismic bearing stress: bu28EQ αd2EQ
WOE

Abr1
αEQ

Musbolt

S1
αpt

Tpre N

Abr1
bu28EQ 4.1 ksi

Determine controlling load case
and check capacity: bu28 max bu28W bu28EQ bu28 5.1 ksi bu28

ϕbn28
0.83
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D. Check Bottom Flange Bearing on Concrete
Grout thickness: tg 2 in

Pullout force due to wind: PuW 2
4Mubolt

N Davg
αd1

Wt

N
PuW 188 k

Pullout force due to seismic: PuEQ 2
4 Musbolt

N Davg
αd1EQ

WOE

N
PuEQ 118 k

Determine controlling load case: Pu max PuW PuEQ Pu 188 k

Bearing area at bottom of grout: Abr2
π

4
OD 2 tg

2 ID 2 tg
2 N

π dhl
2

4
Abr2 7617 in2

Section modulus at bottom of grout: S2
π

32 OD 2 tg
OD 2 tg

4 ID 2 tg
4

2
OD 2 tg

N
π

64
dhl

4 π

2
dhl

2

1

N
4

λ

Di

2
cos

2 π

N
2 λ 1( )

2

Do

2
cos

2 π

N
2 λ 1( )

2

S2 296991 in3

Ultimate wind stress: buW
Mubolt

S2
αd2

Wt

Abr2
αpt

Tpre N

Abr2
buW 3.7 ksi

Ultimate seismic stress: buEQ
Musbolt

S2
αd2EQ

WOE

Abr2
αpt

Tpre N

Abr2
buEQ 3.0 ksi

Determine controlling load case: bu max buW buEQ bu 3.7 ksi

Check Bearing Plate Stresses on Concrete Due to Pre-tension and Extreme Wind Force:

Compute Areas being loaded: (Reference 1a)

Area at bottom of grout: A1 wflange 2 tg A1 14.9 in

Area of limiting bearing within
concrete:

A2 A1 C OD 2 tg A2 47.6 in

A min
A2

A1
2 A 1.78

Design bearing strength: ϕbn ϕbr 0.85 fcp A (Reference 1a) ϕbn 4.9 ksi
bu

ϕbn
0.75
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E. Check Pullout Strength of Embedment Ring/Anchor Bolt Connection

1) Input Parameters - Verts 

Size: Sizevert 8

Spacing between vertical legs: sr 18 in

Reinforcement bar diameter: dr vlookup Sizevert ACI_bar_table 1 0 in dr 1.000 in

Area of reinforcement: Ar vlookup Sizevert ACI_bar_table 2 0 in2 Ar 0.79 in2

2) Input Parameters - H-bars 

Reinforcement bar size: SizeH 9

Spacing between vertical legs: srH 24 in

Reinforcement bar diameter: drH vlookup SizeH ACI_bar_table 1 0 in drH 1.128 in

Area of reinforcement: ArH vlookup SizeH ACI_bar_table 2 0 in2 ArH 1.00 in2

Number of reinforcement bars: nz N nz 140

Development length provided: ldhprovided he ccbot 2 1.27 in 0.5 dr t ldhprovided 22.0 in

Determine location of neutral axis using vertical force equilibrium and then determine moment capacity.

Guess location of neutral axis: xNA 46.826 in

Force equilibrium: Given Fc xNA ϕb Ttot xNA=
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3) Reinforcement 

Verts hook length: lh 12 dr if dr 1.0 in 4 dr if dr 1.693 in 6 dr 5 dr

lh 16.0 in

Specified distance between verts: lh round
lh
in

0 in lh 16.0 in

Outside diameter of reinforcement: Dor Davg sr Dor 15.54 ft Dor 186.4 in

Inside diameter of reinforcement: Dir Dor 2 sr Dir 12.54 ft Dir 150.4 in

Development length required for bar with
standard hook:

ldhreq 0.02
fyv

fc psi
dr ldhreq 17.0 in (Reference 1a)

H-bar hook length: lhH 12 drH if drH 1.0 in 4 drH if drH 1.693 in 6 drH 5 drH

lhH 19.2 in

Specified distance between H-bars: lhH round
lhH

in
0 in lhH 19.0 in

Outside diameter of reinforcement: DorH Davg srH DorH 16.04 ft DorH 192.4 in

Inside diameter of reinforcement: DirH DorH 2 srH DirH 12.04 ft DirH 144.4 in

Development length required for bar with
standard hook:

ldhreqH 0.02
fyv

fc psi
drH ldhreqH 19.1 in (Reference 1a)
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Compressive strain in concrete: εc 0.003 (Reference 1a)

Yield strain of reinforcement: εy
fyv

Es εy 0.0021

Beta factor:
β1p if fcp 4000psi max 0.85 0.05

fcp

psi
4000

1000
0.65 0.85

β1p 0.80

Counter for inner and outer bars (consider
one half of the section): ι 1 2

nz

4

Angle to individual bar pairs: βι
4 π

nz
ι

1
2

Distance from extreme compression edge
to bars in inner bar diameter: din

ι

OD
2

Dir

2
cos βι dinH

ι

OD
2

DirH

2
cos βι

Distance from extreme compression edge
to bars in outer bar diameter: dout

ι

OD
2

Dor

2
cos βι doutH

ι

OD
2

DorH

2
cos βι

Strain for inner bars
(neglected if in
compression):

εin xNA ι max 0 εc

din
ι

xNA
1 εinH xNA ι max 0 εc

dinH
ι

xNA
1

Strain for outer bars
(neglected if in
compression):

εout xNA ι max 0 εc

dout
ι

xNA
1 εoutH xNA ι max 0 εc

doutH
ι

xNA
1

Distance from centerline to bars in inner
bar diameter: dbin

ι
din

ι

OD
2

dbinH
ι

dinH
ι

OD
2

Distance from centerline to bars in  outer
bar diameter: dbout

ι
dout

ι

OD
2

dboutH
ι

doutH
ι

OD
2
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Total tensile force on inner and outer
bars:

Ttot xNA 2

1

nz

4

bb

Ar min 1
ldhprovided

ldhreq
min fyv Es εin xNA bb

2

1

nz

4

cc

Ar min 1
ldhprovided

ldhreq
min fyv Es εout xNA cc

2

1

nz

4

dd

ArH min 1
ldhprovided

ldhreqH
min fyv Es εinH xNA dd

2

1

nz

4

ee

ArH min 1
ldhprovided

ldhreqH
min fyv Es εoutH xNA ee

Ttot xNA 9101 kip

Sum of moments caused by bars about
centerline of pedestal: MT xNA 2

1

nz

4

ff

Ar min 1
ldhprovided

ldhreq
min fyv Es εin xNA ff dbinff

2

1

nz

4

gg

Ar min 1
ldhprovided

ldhreq
min fyv Es εout xNA gg dboutgg

2

1

nz

4

hh

ArH min 1
ldhprovided

ldhreqH
min fyv Es εinH xNA hh dbinhh

2

1

nz

4

ii

ArH min 1
ldhprovided

ldhreqH
min fyv Es εoutH xNA ii dboutHii

MT xNA 31880 kip ft
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4) Concrete

Depth of compression
block:

ac xNA β1p xNA ac xNA 37.5 in

Area of compression
block: Acomp xNA

0

ac xNA

y2 y OD y2 d ac xNA wflangeif

0

OD ID
2

y2 y OD y2 d

OD ID
2

ac xNA

y2 y OD y2 2 y
OD ID

2
ID y

OD ID
2

2
d

otherwise

Acomp xNA 1662 in2

Bearing capacity of
concrete:

Fc xNA max bu ϕbn Acomp xNA Fc xNA 8191 k

Centroid of concrete
in compression from
top of section: xc xNA

1
Acomp xNA 0

ac xNA

y2 y OD y2 y d ac xNA wflangeif

1
Acomp xNA 0

OD ID
2

y2 y OD y2 y d

1
Acomp xNA

OD ID
2

ac xNA

y2 y OD y2

2 y
OD ID

2
ID y

OD ID
2

2
y d

otherwise

xc xNA 16.3 in

Sum of moments by
compression about
centerline of pedestal: MC xNA Fc xNA

OD
2

xc xNA MC xNA 50098 kip ft
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5) Equillibrium and Flexural Checks

Must equal zero for force equilibrium: Equilibrium ϕb Ttot xNA Fc xNA Equilibrium 0 kip

Solve for location of neutral axis: xNA Find xNA xNA 46.826 in

Total moment capacity of pedestal: ϕMnped xNA MT xNA MC xNA ϕMnped xNA 81978 k ft

Controlling pullout moment: Mu max Mubolt Musbolt Mu 48009 k ft

Ratio of factored moment to
flexural capacity:

Mu

ϕMnped xNA
0.59
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F. Check Bending Strength of Embedment Plate

Nut to nut circumferential distance: d1
2 Do π

N
dn d1 4.82 in

Nut to nut radial distance: d2
Do Di

2
dn d2 2.83 in

Edge distance: d3
OD Do

2

dn

2
d3 1.06 in

Ultimate wind stress: buplateW
Mubolt

S1
αd1

Wt

Abr1
buplateW 2.5 ksi

Ultimate seismic stress: buplateEQ
Musbolt

S1
αd1EQ

WOE

Abr1
buplateEQ 1.6 ksi

Determine controlling load case: buplate max buplateW buplateEQ αpt
Tpre N

Abr1
buplate 2.5 ksi

Plastic section modulus per inch: Zy
t2

4
Zy 0.25

in3

in

Section modulus per inch: Sy
t2

6
Sy 0.17

in3

in

Check circumferential nut to nut bending

Mu.e1 buplate
d1

2

12
4.93

in k
in

ϕMn ϕb min Fy Zy 1.6 Fy Sy 8.10
in k
in

(Reference 1c)
Mu.e1

ϕMn
0.61

Check circumferential nut to nut bending at splice

Mu.e2 buplate
d1

2

8
7.39

in k
in

(Reference 1c)
Mu.e2

ϕMn
0.91

Check radial nut to nut bending

Mu.e3 buplate
d2

2

12
1.69

in k
in

(Reference 1c)
Mu.e3

ϕMn
0.21

Check nut to edge bending

Mu.e4
buplate

2
d3

2 1.43
in k
in

(Reference 1c)
Mu.e4

ϕMn
0.18

Check shear rupture of washer through plate

Vuj max αpt Tpre
Pu

2
93.94 k ϕVn ϕv π dn t 0.6 Fu 245.99 k (Reference 1c)

Vuj

ϕVn
0.38
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IX-a. Concrete Design - Extreme Loads
A. Design Functions
Function describing the volume of concrete for each slice of the moment/shear calculations.

ConcreteVolume y( ) hb B 2 y( )
y
a

hc B y( ) y aif

hb D( ) hc B a( ) otherwise

Functions describing the weight of the soil wedge pieces acting on each slice of the moment/shear calculations.

StaticSoilWedgeWeight γsd γss γsd
B tan θ( )

2
hs hb

2 dGWT hs hbif

B tan θ( )
2

γss hs hb dGWT
2

γsd hs hb
2 hs hb dGWT

2 otherwise

VariableSoilWedgeWeight y γsd γss 0 dGWT hs hbif

2 tan θ( ) γss hs hb dGWT
2

γsd hs hb
2 hs hb dGWT

2 y aif

tan θ( ) γss hs hb dGWT
2

γsd hs hb
2 hs hb dGWT

2 otherwise

otherwise
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Function describing the volume of dry soil over each slice of the moment/shear calculations.

DrySoilVolume hj y( )

hs hb
y
a

hc B 2 y( )
y2 hc

a
2 tan θ( ) hs hb

2 y aif

D hs hb hc hc a tan θ( ) hs hb
2 otherwise

dGWT hs hbif

dGWT B 2 y( ) y aif

D dGWT otherwise

dGWT hs hjif

hs hb
y
a

hc B 2 y( )
y2 hc

a
a
hc

hs hb dGWT
2 y aif

D hs hb hc hc a
a
hc

hs hb dGWT
2 otherwise

otherwise

Function describing the volume of saturated soil over each slice of the moment/ shear calculations.

SaturatedSoilVolume hj y( ) 0 dGWT hs hbif

B 2 y( ) hs hb
y
a

hc dGWT
y2 hc

a
y aif

hs hb hc dGWT D hc a otherwise

dGWT hs hjif

a
hc

hs hb dGWT
2 otherwise

Function describing the effect of groundwater on the material weights over each slice of the moment/ shear calculations.

BuoyancyWeight y( ) 0 dGWT hsif

B 2 y( ) hs dGWT y aif

hs dGWT D otherwise

dGWT hsif
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B. Design Soil Bearing Pressure Wind Loading (Reference 8)

Design overturning moment: MdW αw M αd3 Malign cos Δ( ) 2
αd3 Malign sin Δ( ) 2

αw hb hc hp H

MdW 49870 k ft

Design vertical load: VdW αd1 Wp Wf Ws
Fb

αd1
Wt VdW 2953 k

Design load eccentricity: edW
MdW

VdW
edW 16.9 ft

Circular radius of octagon: R
D
2

R 30.8 ft

Effective soil area in bearing: AeffW 2 R2 acos
edW

R
edW R2 edW

2 AeffW 1003 ft2

Ellipse soil width in bearing: beW 2 R edW beW 27.7 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R

2
leW 51.4 ft

Effective soil length in bearing: leffW AeffW
leW

beW
leffW 43.1 ft

Design bearing pressure: fdW
VdW

AeffW
fdW 2944 psf

Effective soil width in bearing: beffW
leffW

leW
beW beffW 23.3 ft

xstartW
D
2

edW
beffW

2
xstartW 2.23 ft
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C. Design Soil Bearing Pressure Seismic Loading (Reference 8)

Design overturning moment: MdEQ αEQ MOE αd3 Malign cos Δ( ) 2
αd3 Malign sin Δ( ) 2

αEQ hb hc hp H

MdEQ 32520 ft k

Design vertical load: VdEQ αd1EQ Wp Wf Ws
Fb

αd1EQ
WOE VdEQ 2973 kip

Design load eccentricity: edEQ
MdEQ

VdEQ
edEQ 10.9 ft

Effective soil area in bearing: AeffEQ 2 R2 acos
edEQ

R
edEQ R2 edEQ

2 AeffEQ 1654 ft2

Ellipse soil width in bearing: beEQ 2 R edEQ beEQ 39.6 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R

2
leEQ 57.5 ft

Effective soil length in bearing: leffEQ AeffEQ
leEQ

beEQ
leffEQ 49.0 ft

Design bearing pressure: fdEQ
VdEQ

AeffEQ
fdEQ 1797 psf

Effective soil width in bearing: beffEQ
leffEQ

leEQ
beEQ beffEQ 33.8 ft

xstartEQ
D
2

edEQ
beffEQ

2
xstartEQ 2.93 ft
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D. Structural Calculations

Area of pedestal: Aped π
C2

4
Aped 254 ft2

Equivalent square dimension: Sped Aped Sped 16.0 ft

Distance to critical section: xface
D Sped

2
xface 22.8 ft

Number of section slices to be taken: n trunc
a
ft

2 n 36

Sloped portion of footing: i 1 2 n

From a to the critical section (xface): j n 1 n 2 n 5

Array counter for all slices: q 1 2 n 5

Plan location of section: xi
i
2

ft xj a xface a
j n

5

Height of section: hi hb
xi
a

hc hj hb hc

Depth, d, as a function of distance
along the sloped portion of the
foundation is:

di hb
xi
a

hc 3.75 in

dj hb hc 3.75 in
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The exact solution for the factored shear force under wind loading due to soil bearing pressure along the
sloped portion of the foundation is:

Design Shear from edge of footing to just before beffW

VuWi
0 xi xstartWif

xstartW

min xi xstartW beffW

yfdW leffW d otherwise

0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume hi y γsdbot
SaturatedSoilVolume hi y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

d

αd1 StaticSoilWedgeWeight γsdbot γssbot StaticSoilWedgeWeight 0pcf γw

Design Shear from a to xface

VuWj
xstartW

min xj xstartW beffW

yfdW leffW d

0

a
yαd1 ConcreteVolume y( ) γc

DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

d

a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

d αd1 StaticSoilWedgeWeight γsdbot γssbot
StaticSoilWedgeWeight 0pcf γw
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The exact solution for the factored shear force under seismic loading due to soil bearing pressure along the sloped portion of the foundation is:

Design Shear from edge of footing to just before beffEQ

VuEQi
0 xi xstartEQif

xstartEQ

min xi xstartEQ beffEQ

yfdEQ leffEQ d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume hi y γsdbot
SaturatedSoilVolume hi y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

d

αd1EQ StaticSoilWedgeWeight γsdbot γssbot StaticSoilWedgeWeight 0pcf γw

Design Shear from a to xface

VuEQj
xstartEQ

min xj xstartEQ beffEQ

yfdEQ leffEQ d

0

a
yαd1EQ ConcreteVolume y( ) γc

DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

d

a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

d αd1EQ StaticSoilWedgeWeight γsdbot γssbot

StaticSoilWedgeWeight 0pcf γw
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D2. Summary: Stability, Soil Bearing, Soil Stiffness, and Tower Bottom Flange Anchorage

Factor of Safety Against Overturning: OutputOverturning 2.44 > 1.5

Factor of Safety Against Overturning: OutputOverturning2 1.46 > 1.0

Factor of Safety Against Sliding: OutputSliding 8.92 > 1.5

Extreme Load Bearing Length Ratio: OutputExtremeBearing 0.74 > 0.5

Normal Load Bearing Area Ratio: OutputNormalBearing 0.996 > 0.994

Bearing Ratio - Normal: OutputSoilBearingN 0.53 < 1.0

Bearing Ratio - Normal Extreme: OutputSoilBearingEN 0.48 < 1.0 

Bearing Ratio - Abnormal Extreme: OutputSoilBearingEA 0.56 < 1.0 

Bearing Ratio - Earthquake: OutputSoilBearingEQ 0.45 < 1.0 

OutputRotationalStiffness2 22.4Rotational and Translational
Stiffness Checks (> 1.0): OutputTranslationalStiffness2 12.7

Anchor Bolt Load Ratio: OutputAnchorBolt 0.89 < 1.0

3-Day Grout Bearing Ratio: OutputGrout3Day 0.75 < 1.0

28-Day Grout Bearing Ratio: OutputGrout28Day 0.83 < 1.0

Concrete Bearing Ratio: OutputConcreteBearing 0.75 < 1.0

Concrete Pullout Ratio: OutputConcretePullout2 0.59 < 1.0

OutputConcretePullout2equil 1.00 = 1.0

Steel Embedment Plate Ratio (max): Outputembedplate 0.91 < 1.0

Soil Bearing Pressure - Normal: OutputBearingPressureN 1752 psf

Soil Bearing Pressure - Ex. Normal: OutputBearingPressureEN 1997 psf

Soil Bearing Pressure - Ex. Abnormal: OutputBearingPressureEA 2367 psf

Soil Bearing Pressure - Earthquake: OutputBearingPressureEQ 1870 psf
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Bottom Reinforcing Design Moments
Solution for the design bending moment due to soil bearing pressure under wind loading is:
Mubot1Wi

0 xi xstartWif

xstartW

min xi xstartW beffW

yfdW leffW xi y d otherwise

αd1 StaticSoilWedgeWeight γsdbot γssbot xi

StaticSoilWedgeWeight 0pcf γw xi

0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume hi y γsdbot
SaturatedSoilVolume hi y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

xi y d

Mubot1Wj
xstartW

min xj xstartW beffW

yfdW leffW xj y d

0

a
yαd1 ConcreteVolume y( ) γc

DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

xj y d

αd1 StaticSoilWedgeWeight γsdbot γssbot xj StaticSoilWedgeWeight 0pcf γw xj

a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1
BuoyancyWeight y( )

αd1
γw

xj y d
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Solution for the design bending moment due to soil bearing pressure under seismic loading is:
Mubot1EQi

0 xi xstartEQif

xstartEQ

min xi xstartEQ beffEQ

yfdEQ leffEQ xi y d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume hi y γsdbot
SaturatedSoilVolume hi y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

xi y d

αd1EQ StaticSoilWedgeWeight γsdbot γssbot xi
StaticSoilWedgeWeight 0pcf γw xi
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Mubot1EQj
xstartEQ

min xj xstartEQ beffEQ

yfdEQ leffEQ xj y d

0

a
yαd1EQ ConcreteVolume y( ) γc

DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

xj y d

αd1EQ StaticSoilWedgeWeight γsdbot γssbot xj
StaticSoilWedgeWeight 0pcf γw xj

a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume hj y γsdbot
SaturatedSoilVolume hj y γssbot
VariableSoilWedgeWeight y γsdbot γssbot

VariableSoilWedgeWeight y 0pcf γw

αd1EQ
BuoyancyWeight y( )

αd1EQ
γw

xj y d

Determine controlling load case for
bottom moments:

Mubot1q
max Mubot1Wq

Mubot1EQq
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Top Reinforcing Design Moments

The solution for the design bending moment due to the weight of concrete and soil above the footing and soil resistance along edge
of footing is:

Mutop1i

0

xi

ymax αd2 αd2EQ ConcreteVolume y( ) γc
DrySoilVolume hi y γsdtop
SaturatedSoilVolume hi y γsstop
VariableSoilWedgeWeight y γsdtop γsstop

xi y d

max αd2 αd2EQ StaticSoilWedgeWeight γsdtop γsstop xi

Alternate distance to critical section
based on edge of embedment ring: xface_alt

D π
OD2

4
2

xface_alt 24.1 ft

xaltj
a xface_alt a

j n
5

Mutop1j

0

a
ymax αd2 αd2EQ ConcreteVolume y( ) γc

DrySoilVolume hj y γsdtop
SaturatedSoilVolume hj y γsstop
VariableSoilWedgeWeight y γsdtop γsstop

xaltj
y d

a

xaltj

ymax αd2 αd2EQ ConcreteVolume y( ) γc
DrySoilVolume hj y γsdtop
SaturatedSoilVolume hj y γsstop
VariableSoilWedgeWeight y γsdtop γsstop

xaltj
y d

max αd2 αd2EQ StaticSoilWedgeWeight γsdtop γsstop xaltj
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E. Top and Bottom Reinforcing Selection
Top middle bars: Sizetmb 10 stopm 7 in

Top outside bars: Sizetob 6 stopo 6 in

Bottom middle bars: Sizebmb 10 sbotm 7.5 in

Bottom outside bars: Sizebob 6 sboto 10 in

Distance from centerline that defines
middle/outside boundary: Wm

C
2

1.5 hb hc Wm 17.25 ft

F. Bar Cutoff Locations
Distance of top bar cutoff from edge
of footing:

cdtop 12 ft

Distance of bottom bar cutoff from
edge of footing:

cdbot 11 ft
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Assign properties using lookup function, depending on bar size.

ditopm vlookup Sizetmb ACI_bar_table 1 0 in ditopm 1.270 in

ditopo vlookup Sizetob ACI_bar_table 1 0 in ditopo 0.750 in

dibotm vlookup Sizebmb ACI_bar_table 1 0 in dibotm 1.270 in

diboto vlookup Sizebob ACI_bar_table 1 0 in diboto 0.750 in

Atopm vlookup Sizetmb ACI_bar_table 2 0 in2 Atopm 1.27 in2

Atopo vlookup Sizetob ACI_bar_table 2 0 in2 Atopo 0.44 in2

Abotm vlookup Sizebmb ACI_bar_table 2 0 in2 Abotm 1.27 in2

Aboto vlookup Sizebob ACI_bar_table 2 0 in2 Aboto 0.44 in2

Wtopm vlookup Sizetmb ACI_bar_table 3 0 lbf ft Wtopm 4.303
lbf
ft

Wtopo vlookup Sizetob ACI_bar_table 3 0 lbf ft Wtopo 1.502
lbf
ft

Wbotm vlookup Sizebmb ACI_bar_table 3 0 lbf ft Wbotm 4.303
lbf
ft

Wboto vlookup Sizebob ACI_bar_table 3 0 lbf ft Wboto 1.502
lbf
ft
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G. Bottom Reinforcing Development Length Past Critical Section
1) Middle Bars 

Rebar yield strength: fy 75000 psi

28 day concrete strength: fc 5000 psi

Bottom middle layer bar spacing: sbotm 7.50 in

Bottom middle layer bar diameter: dibotm 1.270 in

Reinforcement location factor: α 1.0 <12 inches of concrete cast below (Reference 1a)

Coating factor: β 1.0 uncoated

Reinforcement size factor: γ if dibotm 0.875 in 0.8 1.0 γ 1.0

Lightweight concrete factor: λ 1.0 normal weight concrete

Spacing factor: c min
min

sbotm

2
ccbot

dibotm

2
dibotm

2.5 c 2.5

Tension development length past critical
section:

ldbotm
3 fy α β γ

40 λ c fc psi
dibotm ldbotm 40 in (Reference 1a)

2) Outside Bars 

Bottom outside layer bar spacing: sboto 10.00 in

Bottom outside layer bar diameter: diboto 0.750 in

Reinforcement size factor: γ if diboto 0.875 in 0.8 1.0 γ 0.8

Spacing factor: c min
min

sboto

2
ccbot

diboto

2
diboto

2.5 c 2.5

Tension development length past critical
section:

ldboto
3 fy α β γ

40 λ c fc psi
diboto ldboto 19 in (Reference 1a)
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H. Top Reinforcing Development Length Past Critical Section
1) Middle Bars 

Top middle layer bar spacing: stopm 7.00 in

Top middle layer bar size: ditopm 1.270 in

Reinforcement location factor: α 1.3 >12 inches of concrete cast below (Reference 1a)

Coating factor: β 1.0 uncoated

Reinforcement size factor: γ if ditopm 0.875 in 0.8 1.0 γ 1.0

Lightweight concrete factor: λ 1.0 normal weight concrete

Spacing factor:
c min

min
stopm

2
cctop

ditopm

2
ditopm

2.5 c 2.1

Tension development length past
critical section: ldtopm

3 fy α β γ

40 λ c fc psi
ditopm ldtopm 63 in (Reference 1a)

2) Outside Bars 

Top outside layer bar spacing: stopo 6.00 in

Top outside layer bar size: ditopo 0.750 in

Reinforcement size factor: γ if ditopo 0.875 in 0.8 1.0 γ 0.8

Spacing factor:
c min

min
stopo

2
cctop

ditopo

2
ditopo

2.5 c 2.5

Tension development length past
critical section: ldtopo

3 fy α β γ

40 λ c fc psi
ditopo ldtopo 25 in
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I. Calculate Actual Bottom Moment Capacity
Width of footing at section: Wbotq

if q n B 2 xq D

Number of bars within
middle section: nbotmq

if Wm

Wbotq

2
trunc

Wm

sbotm
trunc

Wbotq

2
2 cctop

sbotm

Spacing of first bar beyond the
middle/outside boundary line: sb1barq

if Wm

Wbotq

2
sbotm nbotmq

sboto Wm 0.0in

Number of bars across bottom of
footing at section: nbotq

nbotmq
trunc

0.5 Wbotq
2Wm sb1barq

cctop

sboto
1 Wm

Wbotq

2
if

nbotmq
otherwise

Bar counter: ib 1 2 nbotn 5

Distance of bars from centerline
across bottom of footing:

zbotib
if ib nbotmn 5

ib sbotm sbotm nbotmn 5
sboto ib nbotmn 5

Depth of footing for bottom middle
steel at point: dbotmi

hb
xi
a

hc ccbot dibotm

dbotmj
hb hc ccbot dibotm

Depth of footing for bottom outside
steel at point: dbotoi

hb
xi
a

hc ccbot diboto

dbotoj
hb hc ccbot diboto

Depth of each bar at
section:

dbarbq ib

dbotmq
zbotib

B
2

hc

a
ib nbotmq

if

dbotoq
zbotib

B
2

hc

a
otherwise

ib sbotm
B
2

if

dbotmq
otherwise

Area of steel provided across section at
middle section: Asbotmq

if xq cdbot nbotmq
2Abotm

1
2

nbotmq
2Abotm Abotm

Area of steel provided across section at
outside section: Asbotoq

if xq cdbot nbotq
nbotmq

2 Aboto
1
2

nbotq
nbotmq

2 Aboto

Applying ACI minimum
reinforcing requirements: ρmin max

3 psi0.5 fc
fy

200 psi
fy

ρmin 0.00283
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Minimum area of steel
required at section: (Reference 1a)

Asminbq
ρmin B dbotmq

Wbotq
B

2
dbotmq

hb ccbot diboto

Factored moment considering
minimum reinforcing requirements at
section:

Mubotq
if Asbotmq

Asbotoq
Asminbq

max
4
3

Mubot1q
0 max Mubot1q

0

Footing is separated into strips containing
one bar each.  depth of compression
block for each strip:

abotm
Abotm fy

0.85 fc sbotm

Depth of compression block for each
outside strip: aboto

Aboto fy
0.85 fc sboto

Distance from section to end of bar for
continuous bars: lbot1q ib

if zbotib
B
2

max xq zbotib
B
2

2 cctop 0 max xq cctop 0

Distance from section to end of bar for
cutoff bars: lbot2q ib

max xq cdbot 0

Selection of appropriate bar end
distance for bar in question: lbotq ib

if ib sbotm
B
2

cdbot
ib
2

trunc
ib
2

lbot2q ib
lbot1q ib

Factored moment capacity at section:

ϕMnbotq
ϕb Abotm fy min

lbotq 1

ldbotm
1 dbotmq

abotm

2
2

1

nbotmq

kk

Abotm fy min
lbotq kk

ldbotm
1 dbarbq kk

abotm

2

2

nbotmq
1

nbotq

jj

Aboto fy min
lbotq jj

ldboto
1 dbarbq jj

aboto

2

Check of factored moment vs. moment
capacity at each section: checkbotq

Mubotq

ϕMnbotq
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J. Calculate Actual Top Moment Capacity
Width of footing at section: Wtopq

if q n B 2 xq D

Number of bars within middle
section: ntopmq

if Wm

Wtopq

2
trunc

Wm

stopm
trunc

Wtopq

2
2 cctop

stopm

Spacing of first bar beyond the
middle/outside boundary line: st1barq

if Wm

Wtopq

2
stopm ntopmq

stopo Wm 0.0in

Number of bars across top of footing at
section: ntopq

ntopmq
trunc

0.5 Wtopq
2Wm st1barq

cctop

stopo
1 Wm

Wtopq

2
if

ntopmq
otherwise

Bar counter: it 1 2 ntopn 5

Distance of bars from centerline
across top of footing:

ztopit
if it ntopmn 5

it stopm stopm ntopmn 5
stopo it ntopmn 5

Depth of footing for top middle steel
at point: dtopmi

hb
xi
a

hc cctop ditopm

dtopmj
hb hc cctop ditopm

Depth of footing for top outside steel
at point: dtopoi

hb
xi
a

hc cctop ditopo

dtopoj
hb hc cctop ditopo

Depth of each bar at
section:

dbartq it

dtopmq
ztopit

B
2

hc

a
it ntopmq

if

dtopoq
ztopit

B
2

hc

a
otherwise

it stopm
B
2

if

dtopmq
otherwise

Area of steel provided across section at
middle section: Astopmq

if xq cdtop ntopmq
2Atopm

1
2

ntopmq
2Atopm Atopm

Area of steel provided across section at
outside section: Astopoq

if xq cdtop ntopq
ntopmq

2 Atopo
1
2

ntopq
ntopmq

2 Atopo

Minimum area of steel
required at section: Asmintq

ρmin B dtopmq

Wtopq
B

2
dtopmq

hb ccbot ditopo (Reference 1a)

Factored moment considering
minimum reinforcing requirements at
section:

Mutopq
if Astopmq

Astopoq
Asmintq

max
4
3

Mutop1q
0 max Mutop1q

0
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Distance from section to end of bar for
continuous bars: ltop1q it

if ztopit
B
2

max xq ztopit
B
2

2 cctop 0 max xq cctop 0

Distance from section to end of bar of
bar for cut off bars: ltop2q it

max xq cdtop 0

Selection of appropriate bar end
distance for bar in question: ltopq it

if it stopm
B
2

cdtop
it
2

trunc
it
2

ltop2q it
ltop1q it

Force developed in each middle bar
including development length of
individual bars:

fsmq it
if it ntopq

Atopm fy min
ltopq it

ldtopm
1 0

Force developed in each outside bar
including development length of
individual bars:

fsoq it
if it ntopq

Atopo fy min
ltopq it

ldtopo
1 0

Beta factor:
β1 if fc 4000psi max 0.85 0.05

fc
psi

4000

1000
0.65 0.85 β1 0.80

Depth of neutral
axis at section:

xopq

Atopm fy min
xq cctop

ldtopm
1 2

1

ntopmq

kk

fsmq kk
2

ntopmq
1

ntopq

jj

fsoq jj

Wtopq
β1 .85 fc

Factored moment capacity at section:

ϕMntopq
ϕb Atopm fy min

xq cctop

ldtopm
1 dbartq 1

xopq Wtopq
0.85 β1 fc xopq xopq

xopq β1

2

2

1

ntopmq

kk

fsmq kk
dbartq kk

xopq 2

ntopmq
1

ntopq

jj

fsoq jj
dbartq jj

xopq

Check of factored moment vs.
moment capacity at each section: checktopq

Mutopq

ϕMntopq
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Factored moment capacity in middle section at critical section:

ϕMnbotmn 5
ϕb Abotm fy min

lbot n 5( ) 1

ldbotm
1 dbotmn 5

abotm

2
2

1

nbotmn 5

kk

Abotm fy min
lbot n 5( ) kk

ldbotm
1 dbarb n 5( ) kk

abotm

2

ϕMnbotmn 5
22989 kip ft

Factored moment capacity in middle section at critical section:

ϕMntopmn 5
ϕb Atopm fy min

xn 5 cctop

ldtopm
1 dbartn 5 1

xopn 5 Wm 0.85 β1 fc xopn 5 xopn 5
xopn 5 β1

2

2

1

ntopmn 5

kk

fsmn 5 kk
dbartn 5 kk

xopn 5

ϕMntopmn 5
24739 kip ft

Unbalanced wind moment on joint: MunbalancedW MdW MunbalancedW 49870 kip ft

Fraction of wind moment
carried by flexure:

γfW

ϕMnbotmn 5
ϕMntopmn 5

MunbalancedW
γfW 0.96

Unbalanced seismic moment on joint: MunbalancedEQ MdEQ MunbalancedEQ 32520 kip ft

Fraction of seismic moment
carried by flexure: γfEQ

ϕMnbotmn 5
ϕMntopmn 5

MunbalancedEQ
γfEQ 1.47
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K. Bottom Moment Capacity Results
Asbotoq

Asbotmq

26.7
27.9

29.2

30.5

31.7

31.7

33.0

34.3

35.6

36.0

36.0

36.4

36.4

36.9

36.9

37.3

37.8

37.8

38.2

38.2

38.6

76.9

76.9

77.8

77.8

78.7

79.5

79.5

80.4

80.4

81.3

82.2

82.2

83.0

83.0

83.9

83.9

83.9

83.9

83.9

83.9

in2

Asminbq

8.3
9.9

11.6

13.4

15.2

17.0

18.9

20.8

22.8

24.9

27.0

29.2

31.4

33.6

35.9

38.3

40.7

43.1

45.6

48.2

50.8

53.5

56.2

58.9

61.8

64.6

67.5

70.5

73.5

76.6

79.7

82.9

86.1

89.4

92.7

96.1

96.2

96.2

96.2

96.2

96.2

in2
Wbotq

26.5
27.5

28.5

29.5

30.5

31.5

32.5

33.5

34.5

35.5

36.5

37.5

38.5

39.5

40.5

41.5

42.5

43.5

44.5

45.5

46.5

47.5

48.5

49.5

50.5

51.5

52.5

53.5

54.5

55.5

56.5

57.5

58.5

59.5

60.5

61.5

61.5

61.5

61.5

61.5

61.5

ft

Mubotq

0
0

0

0

0

0

0

0

0

45

159

298

462

651

864

1468

1817

2197

2609

3053

3527

3025

3427

3852

4299

4769

5261

5775

6311

6869

7448

10732

11561

12417

13301

14213

16050

17962

19974

22086

24297

k ft

ϕMnbotq

119
326

622

981

1416

1954

2539

2870

3188

3502

3830

4171

4497

4829

5140

5448

5758

6066

6379

6697

7011

7330

8957

10694

12544

14445

16378

18401

20135

20840

21546

22259

22975

23695

24422

25150

25214

25224

25224

25224

25224

k ft

checkbotq

0.00
0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.04

0.07

0.10

0.13

0.17

0.27

0.32

0.36

0.41

0.46

0.50

0.41

0.38

0.36

0.34

0.33

0.32

0.31

0.31

0.33

0.35

0.48

0.50

0.52

0.54

0.57

0.64

0.71

0.79

0.88

0.96

q
1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

xq
0.5
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

19.0

19.9

20.9

21.8

22.8

ft

checkbotn 5
0.96
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L. Top Moment Capacity Results

Astopoq
Astopmq

29.2
30.5

31.7

31.7

33.0

34.3

35.6

36.8

38.1

38.5

39.0

39.4

39.9

40.3

40.7

41.2

41.6

42.1

42.5

42.9

43.4

43.8

44.3

88.1

89.0

89.9

90.8

91.6

92.5

93.4

94.3

95.2

96.0

96.9

97.8

98.7

98.7

98.7

98.7

98.7

98.7

in2

Asmintq

9.2
10.8

12.5

14.3

16.1

18.0

19.9

21.8

23.9

25.9

28.1

30.2

32.4

34.7

37.0

39.4

41.8

44.3

46.8

49.4

52.0

54.7

57.4

60.2

63.1

65.9

68.9

71.8

74.9

78.0

81.1

84.3

87.5

90.8

94.2

97.5

97.6

97.6

97.6

97.6

97.6

in2

xq
ft

0.50
1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

8.00

8.50

9.00

9.50

10.00

10.50

11.00

11.50

12.00

12.50

13.00

13.50

14.00

14.50

15.00

15.50

16.00

16.50

17.00

17.50

18.00

18.97

19.92

20.87

21.82

22.77

xaltq

ft
0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

19.2

20.5

21.7

22.9

24.1

Wtopq

ft
26.47
27.47

28.47

29.47

30.47

31.47

32.47

33.47

34.47

35.47

36.47

37.47

38.47

39.47

40.47

41.47

42.47

43.47

44.47

45.47

46.47

47.47

48.47

49.47

50.47

51.47

52.47

53.47

54.47

55.47

56.47

57.47

58.47

59.47

60.47

61.47

61.50

61.50

61.50

61.50

61.50

Mutopq

k ft
43
97

164

244

337

443

564

698

848

1013

1193

1390

1602

1832

2079

2343

3501

3902

4329

4781

5260

5765

6298

5144

5586

6049

6535

7044

7576

8131

8710

9313

9942

10595

11274

11979

13834

15824

17970

20271

22727

ϕMntopq

k ft
105
296

535

845

1180

1592

2046

2568

3146

3787

4456

4839

5242

5650

6048

6458

6845

7245

7620

7997

8374

8758

9143

9548

10990

12533

14162

15878

17508

19180

20918

22723

24595

26534

28020

28894

28995

29025

29026

29026

29026

checktopq

0.41
0.33

0.31

0.29

0.29

0.28

0.28

0.27

0.27

0.27

0.27

0.29

0.31

0.32

0.34

0.36

0.51

0.54

0.57

0.60

0.63

0.66

0.69

0.54

0.51

0.48

0.46

0.44

0.43

0.42

0.42

0.41

0.40

0.40

0.40

0.41

0.48

0.55

0.62

0.70

0.78

q
1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

checktopn 5
0.78
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2600

5200

7800

10400

13000

15600

18200

20800

23400

26000

Mubot

ft k

ϕMnbot

ft k

x
ft

Factored Moment vs.
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For plotting:

xtop.mati
xi

xtop.matj
xaltj
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M. Check Cutoff Locations (Reference 1a)

Distance to top bar cutoff location from edge of footing: cdtop 12.0 ft

Counter corresponding to cutoff location: b
cdtop

x1

Distance to cutoff location from edge of footing: xb 12.0 ft

Factored moment capacity at cutoff location: ϕMntopb
9548 k ft

Footing effective depth at cutoff location: dtopmb
3.7 ft

Distance equal to effective depth from cutoff location: cdtop max dtopmb
12 ditopm 15.7 ft

Counter corresponding to bin below distance equal to effective
depth from cutoff location: bunder trunc 2

cdtop max dtopmb
12 ditopm

ft
bunder 31

xbunder
15.5 ft

Moment at distance equal to effective
depth from cut:

Mutopcutd Mutopbunder

cdtop max dtopmb
12 ditopm xbunder

Mutop bunder 1
Mutopbunder

0.5ft

Mutopcutd 8982 k ft

Check factored moment at distance equal to effective depth
from cutoff location:

Mutopcutd

ϕMntopb

0.94
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Distance to bottom bar cutoff location from edge of footing: cdbot 11.0 ft

Counter corresponding to cutoff location: b
cdbot

x1

Distance to cutoff location from edge of footing: xb 11.0 ft

Factored moment capacity at cutoff location: ϕMnbotb
7330 k ft

Footing effective depth at cutoff location: dbotmb
3.4 ft

Distance equal to effective depth from cutoff location: cdbot max dbotmb
dibotm 14.4 ft

Counter corresponding to bin below distance equal to effective
depth from cutoff location: bunder2 trunc 2

cdbot max dbotmb
dibotm

ft
bunder2 28

xbunder2
14.0 ft

Moment at distance equal to
effective depth from cut:

Mubotcutd Mubotbunder2

cdbot max dbotmb
dibotm xbunder2

Mubot bunder2 1
Mubotbunder2

0.5ft

Mubotcutd 6196 k ft

Check factored moment at distance equal to effective depth
from cutoff location:

Mubotcutd

ϕMnbotb

0.85
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IX-b. Moment Capacity of Bottom Reinforcement at 45 degree angle
Distance to critical section from 
centerline of foundation: xo

π C
4

xo 95.7 in

Slant distance on critical section from
foundation edge to slope transition
point:

ap
1
2

2
D B

2

2
xo ap 57.1 in

Geometric distance to transition point: C1 2ap C1 80.8 in

Height of transition point: h hb
hc

a
C1 h 32.2 in

Number of bars between centerline and
critical section: Nbarsdown trunc

xo

2 sbotm
Nbarsdown 9

Spacing to first bar on critical section: x1 2 sbotm xo 2 sbotm Nbarsdown x1 10.35 in

Number of middle section bars: Nbarbm nbotmn 5
Nbarsdown Nbarbm 18

Distance to last middle bar: dtp 2 Nbarbm 1 sbotm x1 dtp 191 in

Number of outside section bars: Nbarbo trunc

D
2

cctop dtp

2 sboto
Nbarbo 12

Number of bars crossing the
critical section in diagonal direction
1: Nbars1 Nbarbm Nbarbo Nbars1 30

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

xb1
if b1 Nbarbm xNbarbm

2 sboto b1 Nbarbm x1 2 sbotm b1 1

Development lengths provided for 
individual bars:

Linb1
min 100 in 2

D
2

cctop xb1
Loutb1

100 in

Depth of individual bars in 
diagonal direction 1:

db1
hb hc ccbot dibotm xb1

D
2

ap 2 xoif

hb h

ap
xb1

D
2

ap h ccbot dibotm xb1
D
2

apif

h hb hc

2 xo
xb1

D
2

ap 2 xo hc hb ccbot dibotm otherwise
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Number of bars crossing the
critical section in diagonal
direction 2:

Nbars2 trunc

D
2

cctop 2 sbotm x1

2sbotm
1 Nbars2 35

Average width of tributary.
area for individual bars: b

D
2

Nbars1 Nbars2
b 5.68 in

Developed stress for individual bars
for diagonal direction 1: σ1b1

2 fy Aboto

2
min

min Linb1
Loutb1

ldboto
1 b1 Nbarbmif

2 fy Abotm

2
min

min Linb1
Loutb1

ldbotm
1 otherwise

Depth of compression block for bars
in diagonal direction 1: a1b1

σ1b1

0.85 fc b

Bar counter for bars in diagonal 
direction 2:

b2 1 2 Nbars2

Distance from centerline for bars in
diagonal direction 2:

λb2
x1 2 sbotm b2 2 x1

Bar number crossing critical section
corresponding to the center line bar:

Centerbar Nbarsdown 1 Centerbar 10

CLbar "cutoff"
Centerbar

2
trunc

Centerbar
2

if

"noncutoff" otherwise

Type of bar that center bar is:

Otherbars "cutoff" CLbar "noncutoff"=if

"noncutoff" otherwise

Otherbars "cutoff"Types of bars that other  bars are:

Type of bars that all diagonal direction 2
bars are:

Cbarb2
Otherbars

b2

2
trunc

b2

2
if

CLbar otherwise

Development lengths provided for
individual bars:

Lin2b2
100in

Lout2b2

min 100 in 2
D
2

cctop λb2
D
2

λb2
2

4
D B( ) xoif

min 100 in 2
2

4
D B( ) xo cctop

2
2

D
2

λb2
2

4
D B( ) xo otherwise

Cbarb2
"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xo cctop

2
2

D
2

λb2
2

4
D B( ) xo cdbot cctop otherwise
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Depth of individual bars in diagonal direction 2:

d2b2
hb hc ccbot dibotm λb2

D
2

ap 2 xoif

hb h

ap
λb2

D
2

ap h ccbot dibotm λb2
D
2

apif

h hb hc

2 xo
λb2

D
2

ap 2 xo hc hb ccbot dibotm otherwise

Developed stress for individual bars in
diagonal direction 2: σ2b2

2 fy Abotm

2
min

min Lin2b2
Lout2b2

ldbotm
1

Depth of compression block for bars in
diagonal direction 2: a2b2

σ2b2

0.85 fc b

Factored moment capacity at section: ϕMnbot ϕb 2

1

Nbars1

kk

σ1kk dkk
a1kk

2

2

1

Nbars2

kk

σ2kk d2kk
a2kk

2

ϕMnbot 25561 k ft

Ultimate moment in bottom reinforcement
at critical section:

Mubotn 5
24297 k ft

Check of factored moment against moment
capacity at critical section: checkbot

Mubotn 5

ϕMnbot
checkbot 0.95
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IX-c. Moment Capacity of Top Reinforcement at 45 degree angle
Vertical distance to the centerline of
top bars in outer section:

K1
cctop ditopm

cos tan
h hb

ap

K1 3.51 in

Vertical distance to the centerline of top
bars in middle section:

K2
cctop ditopm

cos tan
hb hc h

2 xo

K2 3.32 in

Number of bars between centerline and
critical section: Nbarsdown trunc

xo

2 stopm
Nbarsdown 9

Spacing to first bar on critical section: x1 2 stopm xo 2 stopm Nbarsdown x1 3.28 in

Number of middle section bars: Nbartm ntopmn 5
Nbarsdown Nbartm 20

Distance to last middle bar: dtp 2 Nbartm 1 stopm x1 dtp 191 in

Number of outside section bars: Nbarto trunc

D
2

cctop dtp

2 stopo
Nbarbo 12

Number of bars crossing the
critical section in diagonal direction
1: Nbars1 Nbartm Nbarto Nbars1 40

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

xb1
if b1 Nbartm xNbartm

2 stopo b1 Nbartm x1 2 stopm b1 1

Development lengths provided for 
individual bars:

Linb1
min 100 in 2

D
2

cctop xb1
Loutb1

100 in

Depth of individual bars in diagonal
direction 1:

db1
hb hc cctop ditopm xb1

D
2

ap 2 xoif

hb h

ap
xb1

D
2

ap h K1 xb1
D
2

apif

h hb hc

2 xo
xb1

D
2

ap 2 xo hc hb K2 otherwise

Number of bars crossing the
critical section in diagonal
direction 2:

Nbars2 trunc

D
2

cctop 2 stopm x1

2stopm
1 Nbars2 37

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

80 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

Developed stress for individual bars
for diagonal direction 1: σ1b1

2 fy Atopo

2
min

min Linb1
Loutb1

ldtopo
1 b1 Nbartmif

2 fy Atopm

2
min

min Linb1
Loutb1

ldtopm
1 otherwise

Bar counter for bars in diagonal 
direction 2: b2 1 2 Nbars2

Distance from centerline for bars in
diagonal direction 2:

λb2
x1 2 stopm b2 2 x1

Bar number crossing critical section
corresponding to the center line bar:

Centerbar Nbarsdown 1 Centerbar 10

CLbar "cutoff"
Centerbar

2
trunc

Centerbar
2

if

"noncutoff" otherwise

Type of bar that center bar is:

Otherbars "cutoff" CLbar "noncutoff"=if

"noncutoff" otherwise

Otherbars "cutoff"Types of bars that other  bars are:

Type of bars that all diagonal direction 2
bars are:

Cbarb2
Otherbars

b2

2
trunc

b2

2
if

CLbar otherwise

Development lengths provided for
individual bars:

Lin2b2
100in

Lout2b2

min 100 in 2
D
2

cctop λb2
D
2

λb2
2

4
D B( ) xoif

min 100 in 2
2

4
D B( ) xo cctop

2
2

D
2

λb2
2

4
D B( ) xo otherwise

Cbarb2
"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xo cctop

2
2

D
2

λb2
2

4
D B( ) xo cdtop cctop otherwise

Depth of individual bars in diagonal
direction 2:

d2b2
hb hc cctop ditopm λb2

D
2

ap 2 xoif

hb h

ap
λb2

D
2

ap h K1 λb2
D
2

apif

h hb hc

2 xo
λb2

D
2

ap 2 xo hc hb K2 otherwise
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Developed stress for individual bars in
diagonal direction 2: σ2b2

2 fy Atopm

2
min

min Lin2b2
Lout2b2

ldtopm
1

Footing is separated into strips containing
one bar each.  Depth of compression
block for each strip:

atop
1

Nbars1

ii

σ1ii
1

Nbars2

jj

σ2jj

0.85 fc
D
2

atop 2.27 in

Factored moment capacity at critical section:

ϕMntop ϕb 2

1

Nbars1

kk

σ1kk dkk
atop

2

2

1

Nbars2

kk

σ2kk d2kk
atop

2

ϕMntop 27898 k ft

Ultimate moment in top
reinforcement:

Mutopn 5
22727 k ft

Check of factored moment against
moment capacity at critical section: checktop

Mutopn 5

ϕMntop
checktop 0.81
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IX-d. One-Way Shear Capacity Check
Plan location of section: xi

i
2

ft xj a xface a
j n

5

Depth, d, as a function of distance
along the sloped portion of the
foundation is:

di hb
xi
a

hc 3.75 in

dj hb hc 3.75 in

Determine controlling load case: Vuq
if VuWq

VuEQq
VuWq

VuEQq

Location of critical section from edge
of footing:

xcritical xface dn 5 xcritical 17.6 ft (Reference 1a)

Array counter for all slices up to the
critical section: qcs 1 2 trunc

xcritical

0.5ft
1

Shear capacity between edge and a: ϕVni
ϕv 2 psi

1
2 fc B di 2 xi di xi

hc

2 a
(Reference 1a)

(Reference 1a)Shear capacity between a and xface: ϕVnj
ϕv 2 psi

1
2 fc B dj 2 a dj

hc

2

da 0.75 in Aggregate size factor: seq

1.38 0.9 dq
da 0.63 in

(Reference 1e)

Overall tension in reinforcing steel: Tensionq
Mubot1q

0.9 dq
Vuq

Longitudinal strain at
middepth of member:

εxq

Tensionq
Asbotoq

Asbotmq
2 Es

sxq
12

Aggregate size factor: sxq
if da 1.0in

0.75 dq
in

1.25 dq
0.65in da

Capacity between edge and a: ϕVn2i
ϕv 2

fc
psi

psi
2.25

1 1500 εxi

50
38 sxi

B di 2 xi di xi
hc

2 a

Capacity between a and 
xface_alt: ϕVn2j

ϕv 2
fc

psi
psi

2.25
1 1500 εxj

50
38 sxj

B dj 2 a dj
hc

2
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Shear Design Results Vuqcs

ϕVnqcs

-0.13
-0.14

-0.14

-0.15

-0.15

-0.14

-0.08

0.13

0.17

0.21

0.25

0.27

0.29

0.31

0.33

0.34

0.35

0.36

0.37

0.38

0.38

0.38

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.39

0.38

0.38

Vuqcs

ϕVn2qcs

-0.05
-0.05

-0.05

-0.06

-0.06

-0.05

-0.03

0.06

0.10

0.13

0.16

0.20

0.23

0.27

0.30

0.34

0.37

0.41

0.45

0.48

0.52

0.41

0.43

0.45

0.47

0.49

0.51

0.53

0.55

0.57

0.59

0.61

0.63

0.64

0.66

0.68

Vuqcs

-44
-54

-65

-76

-87

-92

-60

102

153

203

253

303

353

402

450

499

547

594

642

689

735

781

827

872

917

962

1006

1050

1094

1137

1180

1222

1264

1306

1347

1388

k

ϕVnqcs

328
390

453

519

587

656

728

801

877

954

1033

1114

1197

1282

1369

1457

1548

1640

1735

1831

1929

2029

2131

2235

2341

2449

2559

2670

2784

2899

3016

3136

3257

3380

3505

3631

k

ϕVn2qcs

847
1012

1182

1356

1529

1676

1716

1571

1574

1568

1555

1542

1524

1510

1490

1478

1466

1448

1439

1423

1416

1917

1923

1936

1940

1954

1967

1971

1984

1987

2001

2014

2018

2032

2034

2049

k
qcs

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

xqcs

0.5
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

ft
dqcs

9.7
11.2

12.7

14.2

15.7

17.2

18.7

20.2

21.7

23.2

24.7

26.2

27.7

29.2

30.7

32.2

33.7

35.2

36.7

38.2

39.7

41.2

42.7

44.2

45.7

47.2

48.7

50.2

51.7

53.2

54.7

56.2

57.7

59.2

60.7

62.2

in
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
500

50

400

850

1300

1750

2200

2650

3100

3550

4000

Vuqcs
k

ϕVnqcs
k

ϕVn2qcs
k

xqcs
ft

Factored Shear vs.
Shear Capacity - 

xcritical 17.6 ft
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IX-e. Pedestal Two-Way Shear Capacity Check
Effective depth at face of pedestal dmid hb hc ccbot dibotm dmid 61.7 in

Effective depth at face of pedestal
dface if

C
2

dmid

2
B
2

dmid hb

D
2

C
2

dmid

2
a

hc ccbot dibotm

dface 61.7 in

Area of critical section: Ac 2π dface
C dface

2
Ac 53860 in2

Polar moment of inertia of
critical section: Jc π dface

C dface

2

3 dface
3

3

C dface

2
Jc 5.30 108 in4

Perimeter of critical section: b0 2π
C dface

2
b0 873 in

Half critical section width: c
C dface

2
(interior column) c 139 in

Weight of pedestal: Wp 191 kip

Unfactored vertical wind load
on critical section: PW Wt Wp hc hb π

C dface

2

2
γc

γsdtop hs hc hb π
C dface

2

2
π

C
2

2

PW 1217 k

Unfactored vertical seismic
load on critical section: PEQ WOE Wp hc hb π

C dface

2

2
γc

γsdtop hs hc hb π
C dface

2

2
π

C
2

2

PEQ 1239 k

Unbalanced wind moment on joint: MunbalancedW 49870 kip ft

Fraction of wind moment that can be
carried by flexure:

γfW 0.96

Fraction of wind moment carried by
shear:

γvW max 0.4 1 γfW 0.40

Factored shear stress due to
wind load at critical section: vuW

αd2 PW

Ac

γvW MunbalancedW c

Jc
vuW 90 psi
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Unbalanced seismic moment on joint: MunbalancedEQ 32520 kip ft

Fraction of seismic moment that can be
carried by flexure:

γfEQ 1.47

Fraction of seismic moment carried by
shear:

γvEQ max 0.4 1 γfEQ 0.40

Factored shear stress due to
seismic load at critical section: vuEQ

αd2EQ PEQ

Ac

γvEQ MunbalancedEQ c

Jc
vuEQ 68 psi

Determine controlling load case: vu max vuW vuEQ vu 90psi

βc 1

αs 40

ϕv 0.75

Shear stress capacity: ϕvc ϕv min 2
4

βc

αs dface

b0
2 4 fc psi

ϕvc 212 psi (Reference 1a)

Check of factored shear stress vs.
shear stress capacity:

vu

ϕvc
0.42
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X.  Concrete Design - Fatigue Loads
A. Design Functions
Function describing the volume of concrete for each slice of the moment/shear calculations.

ConcreteVolumeFat y( ) hb B 2 y( )
y
a

hc B y( ) y aif

hb D( ) hc B a( ) otherwise

Functions describing the weight of the soil wedge pieces acting on each slice of the moment/shear calculations.

StaticSoilWedgeWeightFat γsd γss γsd
B tan θfat

2
hs hb

2 dGWTF hs hbif

B tan θfat

2
γss hs hb dGWTF

2
γsd hs hb

2 hs hb dGWTF
2 otherwise

VariableSoilWedgeWeightFat y γsd γss 0 dGWTF hs hbif

2 tan θfat γss hs hb dGWTF
2

γsd hs hb
2 hs hb dGWTF

2 y aif

tan θfat γss hs hb dGWTF
2

γsd hs hb
2 hs hb dGWTF

2 otherwise

otherwise
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Function describing the volume of dry soil over each slice of the moment/shear calculations.

DrySoilVolumeFat hj y( )

hs hb
y
a

hc B 2 y( )
y2 hc

a
2 tan θfat hs hb

2 y aif

D hs hb hc hc a tan θfat hs hb
2 otherwise

dGWTF hs hbif

dGWTF B 2 y( ) y aif

D dGWTF otherwise

dGWTF hs hjif

hs hb
y
a

hc B 2 y( )
y2 hc

a
a
hc

hs hb dGWTF
2 y aif

D hs hb hc hc a
a
hc

hs hb dGWTF
2 otherwise

otherwise

Function describing the volume of saturated soil over each slice of the moemnt / shear calculations.

SaturatedSoilVolumeFat hj y( ) 0 dGWTF hs hbif

B 2 y( ) hs hb
y
a

hc dGWTF
y2 hc

a
y aif

hs hb hc dGWTF D hc a otherwise

dGWTF hs hjif

a
hc

hs hb dGWTF
2 otherwise

Function describing the effect of groundwater on the material weights over each slice of the moment/ shear calculations.

BuoyancyWeightFat y( ) 0 dGWTF hsif

B 2 y( ) hs dGWTF y aif

hs dGWTF D otherwise

dGWTF hsif
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B. Bottom Reinforcement (Reference 7)

Depth to reinforcement at critical section
for flat portion of footing: dface2 hb hc ccbot 1.5dibotm 1in dface2 60.1 in

Width of Concrete Resisting Fatigue: wf OD 3 hc hb wf 31.4 ft

Cap width to be within "middle" strip: wf min wf 2 Wm wf 31.4 ft

Area of steel across critical section: As
wf

sbotm
Abotm As 63.9 in2

Footing Depth at Edge of Section: dedge dface2
wf B

2

hc

a
51.14 in

Concrete Area Resisting Shear: Aface B dface2 2
wf B

2

dedge dface2

2
Aface 22357 in2

C. Fatigue Soil Bearing Pressure

Service load eccentricity: efNorthqrnorth

MUniquenorthqrnorth

Wfat

Circular radius of octagon: R
D
2

R 30.75 ft

Effective soil area in bearing:
AeffNorthqrnorth

2 R2 acos
efNorthqrnorth

R

efNorthqrnorth
R2 efNorthqrnorth

2

beNorthqrnorth
2 R efNorthqrnorthEllipse soil width in bearing:

leNorthqrnorth
2 R 1 1

beNorthqrnorth

2 R

2

Ellipse soil length in bearing:

leffNorthqrnorth
AeffNorthqrnorth

leNorthqrnorth

beNorthqrnorth
Effective soil length in bearing:
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beffNorthqrnorth

leffNorthqrnorth

leNorthqrnorth

beNorthqrnorthEffective soil width in bearing:

ffNorthqrnorth

Wfat

AeffNorthqrnorth
Maximum fatigue bearing pressure:

xstartNorthqrnorth

D
2

efNorthqrnorth

beffNorthqrnorth

2

Foundation plan
area:

Abase D2 2
D B

2

2
Abase 3133 ft2

Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
Snormal 25465 ft3

Wfat 3160 kip

Wfat

Abase
1009 psf

Moment at which the foundation lifts: Mmaxlift
Wfat

Abase
Snormal 25682 k ft

Maximum soil pressure at point
when the foundation lifts: σmaxlift

Wfat

Abase

Mmaxlift

Snormal
2017 psf
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Min and Max soil bearing pressure for each fatigue range:
Maximum soil pressure at point when the foundation lifts defined for each individual fatigue load: 

σnorth_max_soiltrapqrnorth

Wfat

Abase

MUniquenorthqrnorth

Snormal

σnorth_min_soilqrnorth

Wfat

Abase

MUniquenorthqrnorth

Snormal

Wfat

Abase

MUniquenorthqrnorth

Snormal
0if

"LIFT" otherwise

Guess for solver of soil bearing length: Lb 52.98ft

Guess for solver of max soil pressure: fmax 2633psf

The following functions solve for the
soil pressure assuming the pressure
distribution is triangular and lift-off
has occurred on the minimum
pressure side of the foundation:

FVALSqrnorth
Wfat

MTOEVALSqrnorth
Wfat

D
2

MUniquenorthqrnorth

Given

F

0

a

yB 2 y( ) fmax fmax
y
Lb

d

a

a B

yD fmax fmax
y
Lb

d

a B

Lb

yD 2 a B y( )[ ] fmax fmax
y
Lb

d

=

Mtoe

0

a

yB 2 y( ) fmax fmax
y
Lb

y d

a

a B

yD fmax fmax
y
Lb

y d

a B

Lb

yD 2 a B y( )[ ] fmax fmax
y
Lb

y d

=

FUNCTION F Mtoe Find
Lb

ft

fmax

psf
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Solve the loop for the "LIFT" condition:

MapLbqrnorth
FUNCTION FVALSqrnorth

MTOEVALSqrnorth
0 ft σnorth_min_soilqrnorth

"LIFT"=if

0 σnorth_min_soilqrnorth
"LIFT"if

σnorth_max_soiltriqrnorth
FUNCTION FVALSqrnorth

MTOEVALSqrnorth
1 psf σnorth_min_soilqrnorth

"LIFT"=if

0 σnorth_min_soilqrnorth
"LIFT"if

Select the actual pressure depending on if the soil pressure at each fatigue load depending on if "lift" has occurred
(triangular soil pressure distribution) or not:

σnorth_max_soilqrnorth
if σnorth_min_soilqrnorth

"LIFT"= σnorth_max_soiltriqrnorth
σnorth_max_soiltrapqrnorth

...

Soil pressure output for each fatigue load (shown in partial tabular form and graphically):

qrnorth

0

1

2

3

4

5

6

7

8

9

10

11

12

...

MUniquenorth

0

76

153

229

306

382

459

535

612

688

765

841

917

...

k ft
σnorth_min_soil

1009

1006

1003

1000

997

994

991

988

985

982

979

976

973

...

psf
σnorth_max_soiltrap

1009

1012

1015

1018

1021

1024

1027

1030

1033

1036

1039

1042

1045

...

psf
σnorth_max_soiltri

0

0

0

0

0

0

0

0

0

0

0

0

0

...

psf
σnorth_max_soil

1009

1012

1015

1018

1021

1024

1027

1030

1033

1036

1039

1042

1045

...

psf
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0 100 200 300 400 500

1000

1000

2000

3000

σnorth_max_soilqrnorth
psf

σnorth_min_soilqrnorth
psf

σmaxlift

psf

qrnorth
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D. Map Unique Matrix Loop Results back to full Minimum Markov or Rain Flow Matrix

Lbminqr
0

qtnorth

qrnorth

MapLbqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

σminnorth_max_soilqr
0

qtnorth

qrnorth

σnorth_max_soilqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

Mapσminnorth_min_soilqr
0

qtnorth

qrnorth

0 σnorth_min_soilqrnorth
"LIFT"=if

σnorth_min_soilqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

otherwise

σminnorth_min_soilqr
"LIFT" Mapσminnorth_min_soilqr

0=if

Mapσminnorth_min_soilqr
Mapσminnorth_min_soilqr

0if

0 2180 4360 6540 8720 10900

1000

1000

2000

3000

σminnorth_max_soilqr
psf

σminnorth_min_soilqr
psf

σmaxlift

psf

qr
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E. Map Unique Matrix Loop Results back to full Maximum Markov or Rain Flow Matrix

Lbqr
0

qtnorth

qrnorth

MapLbqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

σmaxnorth_max_soilqr
0

qtnorth

qrnorth

σnorth_max_soilqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

Mapσmaxnorth_min_soilqr
0

qtnorth

qrnorth

0 σnorth_min_soilqrnorth
"LIFT"=if

σnorth_min_soilqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

otherwise

σmaxnorth_min_soilqr
"LIFT" Mapσmaxnorth_min_soilqr

0=if

Mapσmaxnorth_min_soilqr
Mapσmaxnorth_min_soilqr

0if

0 2180 4360 6540 8720 10900

1000

1000

2000

3000

σmaxnorth_max_soilqr
psf

σmaxnorth_min_soilqr
psf

σmaxlift

psf

qr
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F. Fatigue Load Bottom Moments and Top Moments at Critical Section

MfminbotNorthqr

0

a

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
B 2 y( ) xface y d

a

xface

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
D xface y d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

xface y d

StaticSoilWedgeWeightFat γsdbot γssbot γw xface

σminnorth_min_soilqr
"LIFT"=if

0

a

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

B 2 y( ) xface y d

a

xface

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

D xface y d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

xface y d

StaticSoilWedgeWeightFat γsdbot γssbot γw xface

otherwise
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MfmaxbotNorthqr

0

a

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
B 2 y( ) xface y d

a

xface

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
D xface y d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

xface y d

StaticSoilWedgeWeightFat γsdbot γssbot γw xface

σmaxnorth_min_soilqr
"LIFT=if

0

a

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

B 2 y( ) xface y d

a

xface

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

D xface y d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

xface y d

StaticSoilWedgeWeightFat γsdbot γssbot γw xface

otherwise
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MfmintopNorthqr
max 0k ft

a

D xface_alt

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
D D xface_alt y d

0

a

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
B 2 y( ) D xface_alt y d

0

D xface_alt

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

D xface_alt y d

StaticSoilWedgeWeightFat γsdbot γssbot γw D xface_alt

Wmean
Sped

2

γc hpe
π

4
C2 Sped

2

γc γsdbot hp hpe
π

4
C2 Sped

2
Mminnorthqr

σmif

max 0k ft

0

a

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

B 2 y( ) D xface_alt y d

a

D xface_alt

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

D D xface_alt y d

0

D xface_alt

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

D xface_alt y d

StaticSoilWedgeWeightFat γsdbot γssbot γw D xface_alt

Wmean
Sped

2

γc hpe
π

4
C2 Sped

2

γc γsdbot hp hpe
π

4
C2 Sped

2
Mminnorthqr
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MfmaxtopNorthqr

0

a

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
B 2 y( ) D xface_alt y d

a

D xface_alt

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
D D xface_alt y d

0

D xface_alt

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

D xface_alt y d

StaticSoilWedgeWeightFat γsdbot γssbot γw D xface_alt

Wmean
Sped

2

γc hpe
π

4
C2 Sped

2

γc γsdbot hp hpe
π

4
C2 Sped

2
Mmaxnorthqr

σmaxnorth_min_sif

0

a

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

B 2 y( ) D xface_alt y d

a

D xface_alt

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

D D xface_alt y d

0

D xface_alt

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

D xface_alt y d

StaticSoilWedgeWeightFat γsdbot γssbot γw D xface_alt

Wmean
Sped

2

γc hpe
π

4
C2 Sped

2

γc γsdbot hp hpe
π

4
C2 Sped

2
Mmaxnorthqr

otherwi
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G. Fatigue Load Shear at Critical Section

VEdminNorthqr
max 0kip

0

a

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
B 2 y( ) d

a

xface

yσminnorth_max_soilqr
y

Lbminqr

σminnorth_max_soilqr
D d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

d

StaticSoilWedgeWeightFat γsdbot γssbot γw

σminnorth_min_soilqr
"LIFT"=if

0

a

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

B 2 y( ) d

a

xface

yσminnorth_max_soilqr
y
D

σminnorth_max_soilqr
σminnorth_min_soilqr

D d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

d

StaticSoilWedgeWeightFat γsdbot γssbot γw

otherwise

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

101 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

VEdmaxNorthqr

0

a

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
B 2 y( ) d

a

xface

yσmaxnorth_max_soilqr
y

Lbqr

σmaxnorth_max_soilqr
D d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

d

StaticSoilWedgeWeightFat γsdbot γssbot γw

σmaxnorth_min_soilqr
"LIFT"=if

0

a

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

B 2 y( ) d

a

xface

yσmaxnorth_max_soilqr
y
D

σmaxnorth_max_soilqr
σmaxnorth_min_soilqr

D d

0

xface

yConcreteVolumeFat y( ) γc
DrySoilVolumeFat hb hc y γsdbot
SaturatedSoilVolumeFat hb hc y γssbot
VariableSoilWedgeWeightFat y γsdbot γssbot γw

BuoyancyWeightFat y( ) γw

d

StaticSoilWedgeWeightFat γsdbot γssbot γw

otherwise

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

102 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

H. Shear and Moment Summary

Results in partial tabular form:

qr

0

1

2

3

4

5

6

7

8

9

10

11

12

...

VEdminNorth

237

237

237

237

237

237

237

237

237

237

237

237

237

...

kip
VEdmaxNorth

237

237

237

237

237

237

237

237

237

237

237

237

237

...

kip
MfminbotNorth

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

...

k ft
MfmaxbotNorth

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

2463

...

k ft
MfmintopNorth

0

0

0

0

0

0

0

0

0

0

0

0

0

...

k ft
MfmaxtopNorth

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

-1823

...

k ft

plotV.EdminNorth max VEdminNorth plotM.fminbotNorth max MfminbotNorth plotM.fmintopNorth max MfmintopNorth

plotV.EdmaxNorth max VEdmaxNorth plotM.fmaxbotNorth max MfmaxbotNorth plotM.fmaxtopNorth max MfmaxtopNorth

plotV.EdminNorth 1006 kip plotM.fminbotNorth 11735 kip ft plotM.fmintopNorth 7934 kip ft

plotV.EdmaxNorth 1053 kip plotM.fmaxbotNorth 12302 kip ft plotM.fmaxtopNorth 8403 kip ft
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Results in graphical form:
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0.2

0.2
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1

VEdminNorthqr
plotV.EdminNorth

MfminbotNorthqr
plotM.fminbotNorth

MfmintopNorthqr
plotM.fmintopNorth

qr

0 2180 4360 6540 8720 10900

0.5

0.5

1

VEdmaxNorthqr
plotV.EdmaxNorth

MfmaxbotNorthqr
plotM.fmaxbotNorth

MfmaxtopNorthqr
plotM.fmaxtopNorth

qr
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I. Transformed Section Analysis at Critical Section
The neutral axis depth in the cracked
section is governed by the following cubic
equation:

CUBIC 0

Given xcr 12.67 in

CUBIC
a xcr

3

3 hc

B xcr
2

2
nmod As dface2 xcr=

xcr Find xcr xcr 12.67 in

Moment of intertia of transformed
section after the onset of cracking: ICR

B xcr
3

3

2
xcr a

hc
xcr

3

12
nmod As dface2 xcr

2

ICR 73.2 ft4

J. Compute Concrete and Steel Stresses

Elastic beam theory prediction of
minimum compressive stress in
concrete:

σcminNorthqr
max 0psi

MfminbotNorthqr
xcr

ICR

Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstminNorthqr
max 0psi

nmod MfminbotNorthqr
dface2 xcr

ICR

Elastic beam theory prediction of
compressive stress in concrete: σcmaxNorthqr

MfmaxbotNorthqr
xcr

ICR

Elastic beam theory prediction of
tensile stress in reinforcement: σstmaxNorthqr

nmod MfmaxbotNorthqr
dface2 xcr

ICR
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K. Compute Twisting Moments and Steel Stresses
Map results from unique
matrices back to full
matrices: beffminNorthqr

0

qtnorth

qrnorth

beffNorthqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

xstart_minNorthqr
0

qtnorth

qrnorth

xstartNorthqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

ffminNorthqr
0

qtnorth

qrnorth

ffNorthqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

leffminNorthqr
0

qtnorth

qrnorth

leffNorthqrnorth
Mminnorthqr

MUniquenorthqrnorth
=if

0 Mminnorthqr
MUniquenorthqrnorth

if

Minimum twisting moment
created by transfer of bearing
stresses to the pedestal width: Mtwist_minqr

min beffminNorthqr
a xstart_minNorthqr

ffminNorthqr

leffminNorthqr
C

2

2

2

Maximum values for
plotting:

plotb.effminNorth max beffminNorth 54.5 ft

plotx.start_minNorth max xstart_minNorth 3.5 ft

plotf.fminNorth max ffminNorth 1769 psf

plotl.effminNorth max leffminNorth 54.5 ft

plotM.twist_min max Mtwist_min 4555 kN m
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Results in graphical form:

0 2180 4360 6540 8720 10900
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0.4

0.6

0.8

1

beffminNorthqr
plotb.effminNorth

xstart_minNorthqr
plotx.start_minNorth

leffminNorthqr
plotl.effminNorth

qr

0 2180 4360 6540 8720 10900

0.2

0.4

0.6

0.8

1

ffminNorthqr
plotf.fminNorth

Mtwist_minqr
plotM.twist_min

qr

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

107 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

Map results from unique
matrices back to full
matrices: beffmaxNorthqr

0

qtnorth

qrnorth

beffNorthqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

xstart_maxNorthqr
0

qtnorth

qrnorth

xstartNorthqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

ffmaxNorthqr
0

qtnorth

qrnorth

ffNorthqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

leffmaxNorthqr
0

qtnorth

qrnorth

leffNorthqrnorth
Mmaxnorthqr

MUniquenorthqrnorth
=if

0 Mmaxnorthqr
MUniquenorthqrnorth

if

Maximum twisting moment
created by transfer of bearing
stresses to the pedestal width: Mtwist_maxqr

min beffmaxNorthqr
a xstart_maxNorthqr

ffmaxNorthqr

leffmaxNorthqr
C

2

2

2

Maximum values for
plotting:

plotb.effmaxNorth max beffmaxNorth 54.5 ft

plotx.start_maxNorth max xstart_maxNorth 3.5 ft

plotf.fmaxNorth max ffmaxNorth 1836 psf

plotl.effmaxNorth max leffmaxNorth 54.5 ft

plotM.twist_max max Mtwist_max 4620 kN m
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Results in graphical form:

0 2180 4360 6540 8720 10900

0.2

0.4

0.6

0.8

1

beffmaxNorthqr
plotb.effmaxNorth

xstart_maxNorthqr
plotx.start_maxNorth

leffmaxNorthqr
plotl.effmaxNorth

qr

0 2180 4360 6540 8720 10900

0.2

0.4

0.6

0.8

1

ffmaxNorthqr
plotf.fmaxNorth

Mtwist_maxqr
plotM.twist_max

qr
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Area of steel available in sloped
foundation section to transfer twisting
moments:

As_twist

Wm
B
2

sbotm
Abotm

D
2

Wm

sboto
Aboto 16.3 in2

Depth to reinforcement at critical section
for flat portion of footing: dface_twist hb hc ccbot dibotm dface_twist 61.7 in

The neutral axis depth in the cracked
section is governed by the following cubic
equation:

QUBIC 0

Given xcr2 18.93 in

QUBIC
2xcr2

3

xcr2

2

xcr2 a

hc
nmod As_twist dface_twist=

xcr2 Find xcr2 xcr2 18.93 in

Moment of intertia of transformed
section after the onset of cracking: ICR_twist

xcr2
a
hc

xcr2
3

12
nmod As_twist dface_twist xcr2

2

ICR_twist 15.0 ft4

Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstmin_twistqr
max 0psi

nmod Mtwist_minqr
dface_twist xcr2

ICR_twist

Elastic beam theory prediction of
tensile stress in reinforcement: σstmax_twistqr

nmod Mtwist_maxqr
dface_twist xcr2

ICR_twist
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L. Concrete and Flexural Steel Stress Summary
Results in partial tabular form:

qr

0

1

2

3

4

5

6

7

8

9

10

11

12

...

σcminNorth

247

247

247

247

247

247

247

247

247

247

247

247

247

...

psi
σcmaxNorth

247

247

247

247

247

247

247

247

247

247

247

247

247

...

psi
σstminNorth

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

...

psi
σstmaxNorth

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

8310

...

psi
σstmin_twist

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

...

psi
σstmax_twist

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

38154

...

psi

plotσ.cminNorth max σcminNorth plotσ.stminNorth max σstminNorth plotσ.stmin_twist max σstmin_twist

plotσ.cmaxNorth max σcmaxNorth plotσ.stmaxNorth max σstmaxNorth plotσ.stmax_twist max σstmax_twist

plotσ.cminNorth 1176psi plotσ.stminNorth 39592psi plotσ.stmin_twist 49841psi

plotσ.cmaxNorth 1233psi plotσ.stmaxNorth 41506psi plotσ.stmax_twist 50558psi

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

111 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

Results in graphical form:

0 2180 4360 6540 8720 10900

0.2

0.4

0.6

0.8

1

σstminNorthqr
plotσ.stminNorth

σstmin_twistqr
plotσ.stmin_twist

σcminNorthqr
plotσ.cminNorth

qr

0 2180 4360 6540 8720 10900

0.2

0.4

0.6

0.8

σstmaxNorthqr
plotσ.stmaxNorth

σstmax_twistqr
plotσ.stmax_twist

σcmaxNorthqr
plotσ.cmaxNorth

qr
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M. Check of Fatigue in Concrete due to Compressive Stress
Material Coefficient for
Reinforced Concrete: γcdnv 1.35

Characteristic Compressive
Cylinder Strength: fcck fc fcck 34.5 MPa

Normalized Structural
Compressive Strength: fcn fcck 1

fcck

600 MPa
fcn 32.5 MPa

Design Concrete
Compressive Strength: fcd

fcn

γcdnv
fcd 24.1 MPa

Ratio between smallest and largest
stresses in compression zone: β if xcr 300mm 1 0 β 1.00

Amplification factor to for linear stress
distribution in compression zone:

α max 1.0 1.3 0.3 β( ) α 1.00

Compressive Strength for
Fatigue Check: frd α fcd frd 24.1 MPa

Exposure Factor: C1dnv 12

Fatigue Strength Parameter: C5c 1.0

Cycles Allowed: ncallowNorthqr
10

C1dnv

1
σcmaxNorthqr

C5c frd

1
σcminNorthqr

C5c frd

XdnvNorthqr

C1dnv

1
σcminNorthqr

C5c frd
0.1 C1dnv

C2dnvNorthqr
max 1 0.2 log ncallowNorthqr

XdnvNorthqr
1.0

ncallowNorthqr
if log ncallowNorthqr

XdnvNorthqr
10

C1dnv C2dnvNorthqr

1
σcmaxNorthqr

C5c frd

1
σcminNorthqr

C5c frd ncallowNorthqr

Damage: DamageNorthqr

Nfatqr

ncallowNorthqr

Accumulated Damage
(Section 6, M108): DamagetotalNorth DamageNorth DamagetotalNorth 0.00

if DamagetotalNorth 1.0 "OK" "NG" "OK"
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N. Check of Fatigue in Concrete due to Shear

Concrete Area Resisting Shear: Aface 155 ft2

Characteristic Tensile Strength: ftk 0.48 fcck MPa 0.5 ftk 2.82 MPa

Normalized Tensile Strength: ftn ftk 1
ftk

25 MPa

0.6
ftn 2.06 MPa

ftd
ftn

γcdnv
ftd 1.52 MPaDesign Tensile Strength:

Design Constants: kA 100 MPa

d1 1000 mm

Anchored Reinforcement
on Tensile Side: As 64 in2

Design Factor: kv min max 1.5
dface2

d1
1.0 1.4 kv 1.00

Design Shear Strength: Vcd min 0.3 ftd
kA As

γcdnv Aface
Aface kv 0.6 ftd Aface kv

Vcd 1689 k

Design Shear Strength
Stated in Terms of Stress: vcd min 0.3 ftd

kA As

γcdnv Aface
kv 0.6 ftd kv vcd 76psi

Cycles Allowed: nvcallowNorthqr
10

C1dnv

1
VEdmaxNorthqr

C5c Vcd

1
VEdminNorthqr

C5c Vcd

XdnvNorthqr

C1dnv

1
VEdminNorthqr

C5c Vcd
0.1 C1dnv

C2dnvNorthqr
max 1 0.2 log nvcallowNorthqr

XdnvNorthqr
1.0
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nvcallowNorthqr
if log nvcallowNorthqr

XdnvNorthqr
10

C1dnv C2dnvNorthqr

1
VEdmaxNorthqr

C5c Vcd

1
VEdminNorthqr

C5c Vcd nvcallowNorthqr

Damage: DamagevNorthqr

Nfatqr

nvcallowNorthqr

Accumulated Damage
(Section 6, M108):

DamagevtotalNorth DamagevNorth DamagevtotalNorth 0.00

if DamagevtotalNorth 1.0 "OK" "NG" "OK"
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O. Check of Fatigue in Grout Bearing Stress
Material Coefficient for Plain Grout: γgdnv 1.35

Exposure Factor: C1gdnv 12

Fatigue Strength Parameter: C5g 0.8

Characteristic Compressive
Grout Strength: fgrtck fc28 fgrtck 65.5 MPa

Normalized Structural Compressive
Grout Strength: fgn fgrtck 1

fgrtck

600 MPa
fgn 58.3 MPa

Design Concrete Compressive
Grout Strength: fgd

fgn

γgdnv
fgd 43.2 MPa

Anchor Bolt Pretension Load: Tpre 75 kip

Flange Outside Diameter: OD 4556 mm

Flange Inside Diameter: ID 4000 mm

Number of Bolts: N 140

Embedment plate hole diameter: dhl 1.625 in

Bearing area at top of grout: Agrt
π

4
OD2 ID2 N

π dhl
2

4
Agrt 5501 in2

Section modulus at top of grout: Sgrt
π

32 OD
OD4 ID4

2
OD

N
π

64
dhl

4 π

2
dhl

2

1

N
4

λ

Di

2
cos

2 π

N
2 λ 1( )

2

Do

2
cos

2 π

N
2 λ 1( )

2

Sgrt 218440 in3

bfat_grt_minnorthqr

Mminnorthqr

Sgrt

Wmean

Agrt

Tpre N

AgrtMinimum grout fatigue stress due to wind:

Maximum grout fatigue stress due to wind:
bfat_grt_maxnorthqr

Mmaxnorthqr

Sgrt

Wmean

Agrt

Tpre N

Agrt

P:\Mpls\35 OH\63\35631001 starwood nw ohio
\WorkFiles\foundation\2017\10 mathcad

116 9/13/2017
Version 4.7



NW Ohio Wind 
Project No. 35/63-1001

GE 2.5-116 90m Hub Height
Foundation Design

Barr Engineering Company
Prepared by: LJH

Checked by: CMM3

Cycles Allowed: nbrg_grt_allowNorthqr
10

C1gdnv

1
bfat_grt_maxnorthqr

C5g fgd

1
bfat_grt_minnorthqr

C5g fgd

Xbrg_grt_dnvNorthqr

C1gdnv

1
bfat_grt_minnorthqr

C5g fgd
0.1 C1gdnv

C2brg_grt_dnvNorthqr
max 1 0.2 log nbrg_grt_allowNorthqr

Xbrg_grt_dnvNorthqr
1.0

nbrg_grt_allowNorthqr
if log nbrg_grt_allowNorthqr

Xbrg_grt_dnvNorthqr
10

C1gdnv C2brg_grt_dnvNorthqr

1
bfat_grt_maxnorthqr

C5g fgd

1
bfat_grt_minnorthqr

C5g fgd nbrg_grt_allowNo

Damage: Damagebrg_grt_Northqr

Nfatqr

nbrg_grt_allowNorthqr

Accumulated Damage
(Section 6, M108):

Damagebrg_grt_totalNorth Damagebrg_grt_North
Damagebrg_grt_totalNorth 0.06

if Damagebrg_grt_totalNorth 1.0 "OK" "NG" "OK"
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P. Check of Fatigue in Pedestal Bearing Stress
Characteristic Compressive
Cylinder Strength: fcckp fcp fcckp 34.5 MPa

Normalized Structural
Compressive Strength: fcnp fcckp 1

fcckp

600 MPa
fcnp 32.5 MPa

Design Concrete
Compressive Strength: fcdp

fcnp

γcdnv
fcdp 24.1 MPa

Grout thickness: tg_fat tgr tg_fat 2.00 in

Bearing area at bottom of grout: A1
π

4
OD tg_fat

2 ID tg_fat
2 N

π dSDR
2

4
A1 6452 in2

Section modulus at bottom of grout: S1
π

32 OD tg_fat
OD tg_fat

4 ID tg_fat
4

2
OD tg_fat

N
π

64
dSDR

4 π

2
dSDR

2

1

N
4

λ

Di

2
cos

2 π

N
2 λ 1( )

2

Do

2
cos

2 π

N
2 λ 1( )

2

S1 253862 in3

bfatminnorthqr

Mminnorthqr

S1

Wmean

A1

Tpre N

A1Minimum fatigue stress due to wind:

Maximum fatigue stress due to wind:
bfatmaxnorthqr

Mmaxnorthqr

S1

Wmean

A1

Tpre N

A1

Bearing strip (radial) at bottom of grout: Astrip_1
OD tg_fat ID tg_fat

2
Astrip_1 12.9 in
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Angle of bearing within concrete: αDNV atan
1
2

αDNV 26.6 deg

Critical bearing angle within concrete that
defines the pedestal bottom edge: αcritical min atan

C OD tg_fat

2
hp

atan
1
2

αcritical 16.1 deg

Bearing strip (radial) within concrete at
base of pedestal: Astrip_2 min Astrip_1 2 hp tan min αDNV αcritical 4 Astrip_1 Astrip_1 hp

Astrip_2 47.6 in

Design Bearing Capacity
Stated in Terms of Stress: Fcd fcdp min

Astrip_2

Astrip_1

1
3

1.3 Fcd 4538 psi

Cycles Allowed: nbrgallowNorthqr
10

C1dnv

1
bfatmaxnorthqr

C5c Fcd

1
bfatminnorthqr

C5c Fcd

XbrgdnvNorthqr

C1dnv

1
bfatminnorthqr

C5c Fcd
0.1 C1dnv

C2brgdnvNorthqr
max 1 0.2 log nbrgallowNorthqr

XbrgdnvNorthqr
1.0

nbrgallowNorthqr
if log nbrgallowNorthqr

XbrgdnvNorthqr
10

C1dnv C2brgdnvNorthqr

1
bfatmaxnorthqr

C5c Fcd

1
bfatminnorthqr

C5c Fcd nbrgallowNorthq

Damage: DamagebrgNorthqr

Nfatqr

nbrgallowNorthqr

Accumulated Damage
(Section 6, M108):

DamagebrgtotalNorth DamagebrgNorth DamagebrgtotalNorth 0.01

if DamagebrgtotalNorth 1.0 "OK" "NG" "OK"
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Q. Check of Fatigue in Pedestal Bursting Reinforcement

Design factors: C3 19.6

C4 6

Characteristic strength of
reinforcement:

fskb fyv fskb 60 ksi

Material coefficient for reinforcement: γs 1.00

Hoop bar size: Sizeburst 5

Area of radial steel bursting
reinforcement located between loaded
area and distribution area:

Aburst 2vlookup Sizeburst ACI_bar_table 2
0

in2 0.62 in2

Bursting load reduction factor: ξ 1
Astrip_1

Astrip_2
ξ 0.73 Section 6,  L110

Minimum fatigue force in bursting
reinforcement due to wind:

Ff_minnorthqr

cos 90deg min αDNV αcritical

2 cos min αDNV αcritical
bfatminnorthqr

A1

N
2

ξ

Maximum fatigue force in bursting
reinforcement due to wind:

Ff_maxnorthqr

cos 90deg min αDNV αcritical

2 cos min αDNV αcritical
bfatmaxnorthqr

A1

N
2

ξ

Check maximum tensile
force in steel: CheckForceNorthmax1 if max Ff_maxnorth

fskb Aburst

γs
"No Good" "Okay" "Okay"

ΔFfNorthqr
max 1 lbf Ff_maxnorthqr

Ff_minnorthqrTensile force range in steel:

Cycles Allowed: nfallowNorthqr
10

C3 C4 log
ΔFfNorthqr
Aburst MPa

nfallowNorthqr
if nfallowNorthqr

2 108 10307 nfallowNorthqr

Damage: DamageburstNorthqr

Nfatqr

nfallowNorthqr

Accumulated Damage
(Section 6, M108):

DamagebursttotalNorth DamageburstNorth DamagebursttotalNorth 0.01

if DamagebursttotalNorth 0.5 "OK" "NG" "OK"
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R. Check of Fatigue in Bottom Steel due to Tensile Stress - Primary Direction

Design factors: C3 19.60

C4 6.00

Tensile stress range in steel: ΔσstNorthqr
max 1 psi σstmaxNorthqr

σstminNorthqr

Characteristic strength of
reinforcement:

fsk fy

Material coefficient for reinforcement: γs 1.00

Check maximum tensile
stress in steel: CheckStressNorthmax2 if max σstmaxNorth

fsk

γs
"No Good" "Okay" "Okay"

Cycles Allowed: nsallowNorthqr
10

C3 C4 log
ΔσstNorthqr

MPa

nsallowNorthqr
if nsallowNorthqr

2 108 10307 nsallowNorthqr

Damage: DamagesNorthqr

Nfatqr

nsallowNorthqr

Accumulated Damage
(Section 6, M108):

DamagestotalNorth DamagesNorth DamagestotalNorth 0.12

if DamagestotalNorth 0.5 "OK" "NG" "OK"
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S. Check of Fatigue in Bottom Steel due to Tensile Stress - Normal Direction
Design factors: C3 19.60

C4 6.00

Tensile stress range in steel: ΔσstNorth_normalqr
max 1 psi σstmax_twistqr

σstmin_twistqr

Characteristic strength of
reinforcement:

fsk fy

Material coefficient for reinforcement: γs 1.00

Check maximum tensile
stress in steel: CheckStressNorthmax3 if max σstmax_twist

fsk

γs
"No Good" "Okay" "Okay"

Cycles Allowed: nsallowNorthqr
10

C3 C4 log
ΔσstNorth_normalqr

MPa

nsallowNorthqr
if nsallowNorthqr

2 108 10307 nsallowNorthqr

Damage: DamagesNorthqr

Nfatqr

nsallowNorthqr

Accumulated Damage
(Section 6, M108): DamagestotalNorth_normal DamagesNorth

DamagestotalNorth_normal 0.00

if DamagestotalNorth_normal 0.5 "OK" "NG" "OK"
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T. Check of Fatigue in Top Steel due to Tensile Stress
Depth to reinforcement at critical section
for flat portion of footing: dface2 hb hc cctop 1.5ditopm 1in dface2 61.1 in

Depth to reinforcement at critical section
for sloped portion of footing: dface3

dedge dface2

2
dface3 56.12 in

The neutral axis depth in the cracked
section is governed by the following cubic
equation:

Given xcr 12.47 in

CUBIC
wf xcr

2

2
nmod

B
stopm

Atopm dface2 xcr

nmod
wf B

stopm
Atopm dface3 xcr

=

xcr Find xcr xcr 12.47 in

Moment of intertia of transformed
section after the onset of cracking: ICR

wf xcr
3

3
nmod

B
stopm

Atopm dface2 xcr
2

nmod
wf B

stopm
Atopm dface3 xcr

2

ICR 79.4 ft4

Elastic beam theory prediction of minimum
tensile stress in reinforcement: σstmintopNorthqr

nmod MfmintopNorthqr
dface2 xcr

ICR

Elastic beam theory prediction of
maximum tensile stress in reinforcement: σstmaxtopNorthqr

nmod MfmaxtopNorthqr
dface2 xcr

ICR
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plotσ.stmintopNorth max σstmintopNorth

plotσ.stmaxtopNorth max σstmaxtopNorth

plotσ.stmintopNorth 25294psi

plotσ.stmaxtopNorth 26789psi

0 1816.7 3633.3 5450 7266.7 9083.3 10900

0.2

0.4

0.6

0.8

1

σstmintopNorthqr
plotσ.stmintopNorth

σstmaxtopNorthqr
plotσ.stmaxtopNorth

qr

0 2180 4360 6540 8720 10900500

1600

3700

5800

7900

10000

MfmintopNorthqr
kip ft

MfmaxtopNorthqr
kip ft

qr
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Design factors: C3 19.60

C4 6.00

Tensile stress range in steel: ΔσsttopNorthqr
max 1 psi σstmaxtopNorthqr

σstmintopNorthqr

Characteristic strength of reinforcement: fsk fy
Material coefficient for reinforcement: γs 1.00

Check maximum tensile
stress in steel: CheckStressNorthmax4 if max σstmaxtopNorth

fsk

γs
"No Good" "Okay" "Okay"

Cycles Allowed: nsallowNorthqr
10

C3 C4 log
ΔσsttopNorthqr

MPa

nsallowNorthqr
if nsallowNorthqr

2 108 10307 nsallowNorthqr

Damage: DamagesNorthqr

Nfatqr

nsallowNorthqr

Accumulated Damage
(Section 6, M107):

DamagestoptotalNorth DamagesNorth DamagestoptotalNorth 0.10

if DamagestoptotalNorth 0.5 "OK" "NG" "OK"
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U. Check Fatigue Tensile Strength of Double Verts
Characteristic strength of reinforcement: fskv fyv fskv 60 ksi

Material coefficient for reinforcement: γs 1.00

Area of reinforcement: Ar ArH 1.79 in2

Number of bars: nz 140

Inner bolt circle diameter: Di 4130 mm

Outer bolt circle diameter: Do 4426 mm

Average bolt circle diameter: Davg 4278 mm

Minimum fatigue force due to wind:
Pfat_min_Sqr

max 0psi
4 Mminnorthqr

nz Davg

Wmean Wp

nz

Maximum fatigue force due to wind: Pfat_max_Sqr

4 Mmaxnorthqr

nz Davg

Wmean Wp

nz

Maximum stress in reinforcement: σZmaxqr

Pfat_max_Sqr

Ar ArH

Check maximum tensile stress in steel:
CheckStressNorthmax5 if max σZmax

fskv

γs
"No Good" "Okay" "Okay"

Stress range in reinforcement: ΔσZqr
σZmaxqr

Pfat_min_Sqr

Ar ArH

Cycles Allowed: nZallowqr
10

C3 C4 log
max 10 30psi ΔσZqr

MPa

nZallowqr
if nZallowqr

2 108 10307 nZallowqr

Damage: DamageZqr

Nfatqr

nZallowqr

Accumulated Damage
(Section 6, M108):

DamageZTotal DamageZ DamageZTotal 0.25

if DamageZTotal 0.5 "OK" "NG" "OK"
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XI. Reinforcement Steel Weight and Concrete Volume Estimate
A. Top and Bottom Reinforcement

Number of bottom bars within middle
section:

nbotmn 5
27.00

Number of bars across bottom of
footing at section:

nbotn 5
43.00

Length of center bar:
lcl

D 2 cctop

2
lcl 30.58 ft

Distance from middle to end of bar for
continuous bars: lbot3ib

if zbotib
B
2

max
D
2

zbotib
B
2

2 cctop 0 max
D
2

cctop 0

Distance from middle to end of bar of
bar for cut off bars: lbot4ib

max
D
2

cdbot 0

Selection of appropriate bar end
distance for bar in question: lbot5ib

if ib sbotm
B
2

cdbot
ib
2

trunc
ib
2

lbot4ib
lbot3ib

Weight of bottom steel: WTbot 2 2Wbotm lcl 4

1

nbotmn 5

mm

Wbotm lbot5mm
4

nbotmn 5
1

nbotn 5

nn

Wboto lbot5nn

WTbot 13.6 tonf WTbot 27.10 kip

Number of top bars within middle
section:

ntopmn 5
29.00

Number of bars across top of footing at
section: ntopn 5

56.00

Distance from middle to end of bar for
continuous bars: 

ltop3it
max

B
2

hc
hc

a
ztopit

B
2

2

a ztopit
B
2

2 cctop

2

0 ztopit
B
2

if

max
B
2

a cctop
2 hc

2 0 otherwise
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Distance from
middle to end
of bar of bar
for cut off
bars: 

ltop4it

max
B
2

hc
hc

a
ztopit

B
2

2

a ztopit
B
2

2 cctop

2

0 ztopit
B
2

cdtopif

max
B
2

hc
hc

a
ztopit

B
2

a cdtop

a ztopit
B
2

2 cctop

2
a cdtop

2 0 otherwise

ztopit
B
2

if

max
B
2

a cdtop
2 hc

a cdtop

a

2
0 otherwise

Selection of appropriate bar end
distance for bar in question: ltop5it

if it stopm
B
2

cdtop
it
2

trunc
it
2

ltop4it
ltop3it

Weight of top steel: WTtop 2 2Wtopm lcl 4

1

ntopmn 5

mm

Wtopm ltop5mm
4

ntopmn 5
1

ntopn 5

nn

Wtopo ltop5nn

WTtop 15.5 tonf WTtop 31.08 kip
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B. Pedestal Reinforcement
Pedestal rebar size: Sizeped 6

Pedestal rebar spacing: sped 6 in

Pedestal rebar diameter: dped vlookup Sizeped ACI_bar_table 1 0 in 0.750 in

Weight per foot of pedestal rebar: Wped vlookup Sizeped ACI_bar_table 3 0 lbf ft 1.502
lbf
ft

Number of bars across top of pedestal on
one half side: nped trunc

0.5C cctop

sped
nped 17.00

Pedestal bar counter: ip 0 1 nped

Radius of rebar circle: r
C
2

cctop r 8.83 ft

Cumulative spacing from centerline to
indiviudal bars:

yip ip sped

Length of individual bars: lpedip
2r cos asin

yip
r

Total Weight of Pedestal Mat: WTped 2 lped0
Wped 2

1

nped

ip

lpedip
Wped WTped 0.74 tonf

C. Hoop Reinforcement

Hoop bar size: Sizehoop 6

Number of Hoops: nhoop 1 ceil
hp

6 in
9

Hoop Bar Diameter: dhoop vlookup Sizehoop ACI_bar_table 1 0 in 0.750 in

Weight per foot of hoop bars: Whoop vlookup Sizehoop ACI_bar_table 3 0 lbf ft 1.502
lbf
ft

Bar length: lhoop C 2 cctop dhoop π lhoop 55.31 ft

Total Weight of Hoop Reinforcement: WThoop nhoop lhoop Whoop WThoop 0.37 tonf
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D. Hat Bar Reinforcement
Bar size: SizeH 9 srH 24.00 in

Number of hat bars: nhat 0.5 nz nhat 70.00

Weight per foot of hat bars: What vlookup SizeH ACI_bar_table 3 0 lbf ft 3.40
lbf
ft

lhH 19.00 in

Total length of hat bars: lhatbar 2 lhH 2 he 5in lhH srH lhatbar 13.67 ft

Total Weight of hat bar
Reinforcement:

WThatbar What nhat lhatbar WThatbar 1.63 tonf

E. Pedestal C-bar Reinforcement

C-bar size: Sizecbars 6

Number of c-bars: ncbars 0.5 N

Weight per foot of c-bars: Wcbars vlookup Sizecbars ACI_bar_table 3 0 lbf ft 1.502
lbf
ft

Total length of c-bars: lcbars 2 12 in( ) hp 12in lcbars 8.00 ft

Total Weight of c-bar Reinforcement: WTcbar Wcbars ncbars lcbars WTcbar 0.42 tonf
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F. Vertical Reinforcement
Bar size: Sizevert 8

Hook length: lvert2 lh 16.00 in lh 16.00 in

Vertical Bar Diameter: dvert dr dvert 1.000 in

Number of Vertical Bars: nvert nz nvert 140

Weight per foot of vertical bars: Wvert vlookup Sizevert ACI_bar_table 3 0 lbf ft 2.67
lbf
ft

lvert1 hs hpe ccbot cctop 2 dped
2 dibotm dvert

lvert1 9.66 ftStraight bar length:

Total length of vertical rebar: lvert lvert1 2lvert2 lvert 12.33 ft

Total Weight of Vertical Reinforcement: WTvert nvert lvert Wvert WTvert 2.30 tonf

G. Bursting Reinforcement

Bursting bar size: Sizeburst 5

Number of burst bars: nburst 0.5 nz nburst 70.00

Total length of burst bars: lburstbar 3 10 in( ) 2 30 in lburstbar 7.5 ft

Weight per foot of burst bars: Wburst vlookup Sizeburst ACI_bar_table 3 0 lbf ftWburst 1.043
lbf
ft

Total Weight of burst bar
Reinforcement:

WTburst Wburst nburst lburstbar WTburst 0.27 tonf

fy 75.00 ksiH. Total Steel Weight
Total weight of steel in top and bottom: WtotTandB WTbot WTtop WtotTandB 29.1 tonf

Total weight of steel: Wtot WTbot WTtop WTped WThoop
WThatbar WTcbar WTvert WTburst

Wtot 34.8 tonf

Grade60 Wtot WtotTandB 5.7 tonf
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I. Total Concrete Volume
Total volume of concrete (assuming no
embedments): vc 460 yd3

Unit weight of steel: γstl 490pcf

Total volume of steel reinforcement: Vtot_rebar
Wtot

γstl
Vtot_rebar 5.3 yd3

Total volume of steel embedment ring: Vembed_ring t
π

4
OD2 ID2 Vembed_ring 0.12 yd3

Total volume of anchor bolts: Vanchor_bolts hb hc hp he t N
π

4
dSDR

2 Vanchor_bolts 0.83 yd3

Total volume of concrete (accounting for
embedments):

vc_redux vc Vtot_rebar
Vembed_ring Vanchor_bolts

vc_redux 454 yd3
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 Summary: Shear, Reinforcing, and Fatigue
Aggregate Size: da 0.75 in

Value at Critical Section Maximum Value of all "Bins"

ACI Shear Ratio at Critical Section: OutputShearCriticalSection1 0.38 < 1.0 CheckShear1 0.39 < 1.0

CI Shear Ratio at Critical Section: OutputShearCriticalSection2 0.68 < 1.0 CheckShear2 0.68 < 1.0

Middle Strip Moment Ratios: OutputMiddleStripRatioW 0.96 OutputMiddleStripRatioEQ 1.47 > 0.60

Top Steel Orthogonal Ratio: OutputTopSteel 0.78 < 1.0

Top Steel Cutoff Ratio: OutputTopSteelCutoff 0.94 < 1.0

Top Steel 45 Degree Ratio: OutputTopSteel45 0.81 < 1.0

Bottom Steel Orthogonal Ratio: OutputBottomSteel 0.96 < 1.0

Bottom Steel Cutoff Ratio: OutputBottomSteelCutoff 0.85 < 1.0

Bottom Steel 45 Degree Ratio: OutputBottomSteel45 0.95 < 1.0

Two Way Shear Ratio: OutputTwoWayShear 0.42 < 1.0

γvEQ 0.40 γvW 0.40

Concrete Compression Fatigue: DamagetotalNorth 0.00 < 1.0

Concrete Shear Fatigue: DamagevtotalNorth 0.00 < 1.0

Grout Bearing Fatigue: Damagebrg_grt_totalNorth 0.06 < 1.0

Concrete Bearing Fatigue: DamagebrgtotalNorth 0.01 < 1.0 αDNV 26.6 deg

Bursting Steel Fatigue: DamagebursttotalNorth 0.01 < 0.5 Aburst 0.62 in2 CheckForceNorthmax1 "Okay"

Steel Tension Fatigue (primary): DamagestotalNorth 0.12 < 0.5 CheckStressNorthmax2 "Okay"

Steel Tension Fatigue (normal): DamagestotalNorth_normal 0.00 < 0.5 CheckStressNorthmax3 "Okay"

Steel Tension Fatigue (top): DamagestoptotalNorth 0.10 < 0.5 CheckStressNorthmax4 "Okay"

Steel Verts Fatigue: DamageZTotal 0.25 < 0.5 CheckStressNorthmax5 "Okay"

Total T&B Reinforcement Weight: WtotTandB 29.1 tonf

Total Reinforcement Weight: Wtot 34.8 tonf Wtot WtotTandB 5.74 tonf

Total Concrete Volume: vc_redux 454 yd3

Number of Bottom Bars in Middle Section: NBotMidBars 55

Number of Bottom Bars in Outer Section: NBotOutBars 16

Number of Top Bars in Middle Section: NTopMidBars 59

Number of Top Bars in Outer Section: NTopOutBars 27
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XII. Foundation Drawings and Specifications
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XIII.  GE Reference
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