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1.0 Executive Summary 
Under authorization from Northern States Power Company, d/b/a Xcel Energy Company (Xcel), Barr 
Engineering Company (Barr) performed a structural assessment of the existing foundations at the Nobles 
Wind Energy Facility in Minnesota. Xcel proposes to replace the existing turbines with new turbines. The 
objectives of the structural assessment are as follows: 

 Determine if the existing foundation could accommodate the design loads provided by GE for the 
GE1.6-91 and GE1.6-97 wind turbine using 2021 industry design standards or variations as further 
specified,  

 Identify those foundation elements that do not meet standards, if any, and  
 Make recommendations as to the course of action to be undertaken, if necessary. 

The foundations passed all design checks. One item of note is that industry design practices for the 
anchorage of the tower to the foundation are different today than they were when the original designs 
were completed. Current design practice is to include vertical reinforcing steel bars surrounding the 
embedment ring and anchor bolt assembly to resist the entire pullout force exerted on the foundation. In 
the early and mid-2000’s the anchorage was often designed to rely on the strength of a presumed shear 
failure surface within the concrete. This type of anchorage is generally allowed by Standard 1, although 
specific design measures are not provided and an explicit method to evaluate the fatigue resistance of 
this connection is not prescribed by any design code. For this evaluation, Barr developed a calculation 
procedure based on a design fatigue strength for this type of anchorage based on an analogous design 
formula and Barr’s knowledge of historical connection performance. This alternative assessment 
procedure determined that the ultimate and fatigue pull-out strength met design requirements.  

To validate the structural assessment, Barr performed instrumentation, monitoring, and visual condition 
inspection within a sample size of the existing foundations to verify that the pedestal, foundation, and 
connection are in good condition.  

The Wind Turbine Foundation Visual and Coring Inspection Summary Report is included in Appendix B. 
The report summarizes the evaluation of 28 wind turbine foundations via the retrieval of cores extending 
from the surface of the footing towards the embedment plate under the pedestal. Some level of potential 
shear cracking or regions of poor consolidation were observed in cores within the following foundations: 

 16 (both cores),  
 39 (one core), and  
 47 (one core).  

This type of cracking could be expected from the development of a pullout cone failure mechanism if the 
cracking plane crosses the axis of the core. No cracks were observed in the cores obtained from within the 
other 25 foundations.  
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A Foundation Structural Health Monitoring Summary Report is also included in Appendix C. The 
monitoring efforts identified the following: 

 13 of the 14 foundations monitored (5, 6, 13, 25, 35, 40, 47, 58, 75, 77, 84, 99, and 104) appear to 
be functioning above the GE 1.6-91 repower turbine minimum rotational stiffness value of 30 GN-
m/rad.  

 All but two foundations monitored (6 and 73) appear to be functioning above the GE 1.6-97 
repower turbine minimum rotational stiffness value of 50 GN-m/rad. 

 
Barr’s opinion is that the foundations in their current configuration are adequate to support the new GE 
turbines with 20 years of fatigue cycles/time given the following recommendations:  
 

(1) Perform structural health monitoring within 1 year on the three foundations (16, 39 and 47) with 
some level of cracking or poor consolidation identified within the cores. 

(2) Perform structural health monitoring again in 1 year on the two foundations (6 and 73) with 
measured average rotational stiffness values below 50 GN-m/rad. 

The assessment described herein is based on the complete load documents provided by GE. Barr’s 
analysis and calculations rely on the foundation loading provided by GE 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.  
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2.0 Introduction 
Xcel is considering the repowering of the existing wind turbines at the Nobles Facility. Table 2-1 below 
lists the project name, project location, original foundation designer, the existing wind turbine, and the 
repower wind turbine model. The existing foundation design was based on a fatigue spectrum with a 20 
year design life and Xcel would like to utilize the existing foundations for an additional 20 year life 
following the repowering. 

Table 2-1 Project, Location, Original Designer, Original Turbine, and Repower Turbine 

Project 
Name State 

Original 
Foundation 
Drawing IFC 

Date 

Estimated 
Repowering 

Date 

Original 
Foundation 

Designer 
Existing 
Turbine 

Repower 
Turbine 

Nobles Minnesota December 
2009 

January  
2021 

Barr 
Engineering 

Co. 

GE 1.5SLE-
1.5MW 80m 

HH 

GE 1.6-97 
80m HH  

and 
GE 1.6-91 
80m HH  

 
 
Foundation design drawings and assessment calculations for the Nobles Wind Energy Facility are included 
in Appendix A. 
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3.0 References, Codes and Standards 
3.1 Project Documents 
Several project related documents were used to help with structural assessment of the foundations. These 
documents include Barr design drawing and GE foundation load document. The original geotechnical 
report is not referenced in this report but can be found on the Barr design drawing. 

3.2 Codes, Standards, and Technical References 
A detailed list of key codes, standards, and technical references is provided in Section 8.2 of this report. 
These documents were used as a basis for this assessment and as a whole are called the “2021 standards”. 
A visual summary of these documents is shown on Figure 3-1 below.  

 

Figure 3-1 Organization of Codes, Standards, and Technical References 

Wind turbines are somewhat unique structures with specialized concerns of highly eccentric loads and 
dynamic loading induced from rotating machinery. Often, structural design codes are typically intended 
for buildings or bridges and designers must be aware of areas where structural codes are not adequate. 
The result of this fact is that towers and foundations are designed using a combination of building codes 
and other standards: 

 ASCE/AWEA joint committee produced a recommended practice document for design of wind 
energy structures that provides an overall framework for the design of wind turbine support 
structures, directing the designer to other design codes for specific elements of structural design.  

 The GL Wind Guidelines provide guidance on the load cases to be considered and general 
guidance on design criteria for wind turbine support structures. 

 IEC 61400 and ASCE 7 provide the basis for load development. 
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 International Building Code (and incorporated ACI documents) is utilized for reinforced concrete 
design capacities, but does not address fatigue strength of reinforced concrete. 

 DNV’s standard for offshore concrete structures is used for fatigue strength of reinforced 
concrete members. 

 Specific technical standards are incorporated for other design considerations. 

Section 8.2.1 lists documents referenced by building codes in the United States for the structural design 
of reinforced concrete foundations. Section 8.2.2 lists industry standards which, while not referenced by 
building codes, were written specifically to apply to the design of wind turbine support structures. Section 
8.2.3 lists technical references that prescribe methods or approaches which were used in Barr’s 
assessment.   
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4.0 Design Loads 
4.1 Wind Turbine Loads 
4.1.1 GE 1.6-91 80m HH and GE 1.6-97 80m HH 
Wind turbine loads were calculated by GE in accordance with IEC 61400-1 (Standard 4) and presented in 
the foundation load documents (Project Documents 1 and 2).  

4.1.2 Wind Turbine Accidents and Abnormal Operation 
Barr’s analysis and calculations rely on the foundation loading provided by GE and are dependent on the 
GE load data being correct. The GE load data cannot be independently confirmed. The actual loads 
experienced by the foundation will likely vary depending on weather conditions and equipment 
performance. 

4.2 Seismic Loads 
The seismicity for the project site is low with the USGS seismic design maps indicating the unadjusted Ss 
and S1 values are 0.069 and 0.033 respectively (approximate location of the Nobles Wind Project). The 
seismic plus operating load is not a critical design load case.  

4.3 Buoyancy Loads 
A groundwater table within the foundation depth is 3 feet below grade at the wind turbine locations as 
indicated by the design foundation drawing.  

A total of 14 piezometers were installed in November and December 2020. The groundwater data 
collected between December 2020 and January 2021 appears to represent deeper water levels relative to 
the original geotechnical field investigation. The Piezometer Results Summary Letter is included as 
Appendix E. 
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4.4 Soil Backfill Loads 
Construction test records were reviewed and the histogram on Figure 4-1 below was developed that 
shows the average soil density at each turbine location with the average moisture content of all locations.  

An average backfill density of 121 pounds per cubic foot (pcf) and densities between 110 and 145 pcf 
were used, including load factors of 0.9 for minimum loadings and 1.2 for maximum loadings to bracket 
the data from the construction test records. 

 

Figure 4-1 Histogram of Average Soil Density at Each Turbine with Average Site Moisture 
Content  

Also included in the 2021 design procedures and in accordance with ACI 336R.4 (Technical Reference 1), 
an additional effect due to soil edge friction was idealized as a “soil wedge” when performing stability and 
ultimate strength checks. The soil wedge is not considered for fatigue strength checks. 
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5.0 Structural Assessment 
Barr conducted a structural assessment of the existing foundations in accordance with 2021 standards. 
The assessment considered loads for the GE 1.5SLE and GE 1.6-91/GE 1.6-97 as outlined in Project 
Documents 1 and 2, respectively.  

5.1 Global Stability, Bearing Capacity and Stiffness 
5.1.1 Foundation Summary 
The foundations passed most of the global checks as summarized in the Table 5-1 below.   

Table 5-1 Summary of Global Stability, Bearing Capacity and Stiffness Assessment 

Paragraph 
Number Design Item 

Nobles 
(GE 1.6-97) 

Nobles 
(GE 1.6-91) 

Acceptance 
Criteria 

5.1.2 Factor of Safety Against Sliding 7.6 7.4 >1.5 
5.1.2 Factor of Safety Against Overturning – Check #1 1.9 1.8 >1.5 
5.1.2 Factor of Safety Against Overturning – Check #2 1.1 1.1 >1.0 
5.1.3 Normal Load Bearing Contact Length 97% A 99% A >100% 
5.1.3 Extreme Load Bearing Contact Length 60% 56% >50% 
5.1.4 Normal Load Bearing Capacity Utilization Ratio 0.50 0.48 <1.00 
5.1.4 Extreme Load Bearing Capacity Utilization Ratio 0.55 0.52 <1.00 
5.1.4 Abnormal Load Bearing Capacity Utilization Ratio 0.53 0.59 <1.00 
5.1.4 Seismic Load Bearing Capacity Utilization Ratio 0.31 0.30 <1.00 

5.1.5 Rotational Stiffness 85 GN-m/rad 90 GN-m/rad 
>50 GN-m/rad 
(GE 1.6-97m) 

>30 GN-m/rad 
(GE 1.6-91m) 

5.1.6 Translational Stiffness 1.5 GN/m 1.6 GN/m >1.0 GN/m 
A Value less than the 100% is acceptable based on cyclic degradation testing performed (see Section 5.1.3) 

 
5.1.2 Overturning and Sliding Stability 
Barr computed a factor of safety against overturning on service level extreme loads in accordance with 
Standards 1 and 4. 

5.1.3 Foundation Base Soil Bearing Contact Length 
Barr computed the bearing contact length with the soils beneath the foundation under normal and 
extreme loads in accordance with Technical Reference 4. The bearing contact length under normal 
loadings was found to be insufficient. Barr calculated a contact area of 97% and 99%, which are less than 
the requirement of 100%.  
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In response to this, a geotechnical investigation was completed to evaluate the potential for foundation 
“gapping” to have detrimental cyclic degradation impacts on the supporting soils. For a number of 
loading cycles calculated to be equivalent to 31 years of turbine operation (11 years baseline turbine plus 
20 years of repower turbine), the soil samples were found to not be susceptible to degradation. The Cyclic 
Degradation Geotechnical Evaluation Letter is included as Appendix E. 

5.1.4 Foundation Bearing Capacity 
Based on the original geotechnical investigation, an allowable bearing capacity of 3,300 psf was used in 
the evaluation for normal loads on the foundation. Bearing capacity utilization factors for normal 
operating loads, normal extreme loads, abnormal extreme loads, and seismic plus operating loads were 
calculated in accordance with Standard 1. The bearing capacity utilization factor is defined as the applied 
bearing pressure divided by the allowable bearing pressure. 

5.1.5 Foundation Stiffness 
Foundation stiffness requirements are included in the repower turbine load documents, Project 
Documents 1 and 2. It lists the minimum required foundation rotational stiffness as either 30 or 50 
GigaNewton meters per radian (GN-m/rad) and a minimum foundation lateral stiffness of 1.0 
GigaNewtons per meter (GN/m).  

The stiffness properties of the soil were the same as assumed in the original foundation design. A strain 
reduction factor in accordance with Fahey (Technical Reference 5) was applied to be consistent with 
2021 design procedures. Additionally, the area of the foundation used within the stiffness calculation was 
reduced based on the contact area discussed in Section 5.1.3. 
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5.2 Tower/Foundation Connection Ultimate Strength 
In the following sections, the “strength utilization ratio” is defined as the effect of the design load divided 
by the design strength. The strength utilization ratio must be less than 1.0 for the design element to pass. 

5.2.1 Foundation Summary 
The tower/foundation connection passed all strength design checks as summarized in Table 5-2 below.  

Table 5-2 Summary of Tower/Foundation Connection Ultimate Strength Assessment 

Paragraph 
Number Design Item 

Nobles 
(GE 1.6-97) 

Nobles 
(GE 1.6-91) 

Acceptance 
Criteria 

5.2.2 Anchor Bolt Strength Utilization Ratio 0.70 0.69 <1.00 

5.2.3 Bottom Flange Bearing on Pedestal Concrete Strength 
Utilization Ratio 0.81 0.80 <1.00 

5.2.4 Grout Strength Utilization Ratio 0.91 0.90 <1.00 

5.2.5 Embedment Plate/Anchor Bolt Pull-out Strength 
Utilization Ratio (concrete only) 0.73 0.71 <1.00 

5.2.6 Embedment Plate Strength Utilization Ratio 0.79 0.79 <1.00 
     

5.2.2 Anchor Bolt Strength 
The anchor bolt strength was checked in accordance with AISC (Code 1b).  

The tension in the anchor bolts is also critical to ensuring that the anchor bolts have the capacity to resist 
fatigue due to the oscillating nature of the tension applied by the wind turbine tower to the bolts.  A 
common maintenance practice is for 10% or so of the anchor bolts on each foundation to be checked for 
adequate tension at an annual or some other interval and for all bolts to be re-tightened if any bolts fail 
the tension check.   

5.2.3 Bottom Flange Bearing on Concrete Pedestal Strength 
Bottom flange bearing on the concrete pedestal was checked in accordance with ACI 318 (Code 1a). 

5.2.4 Grout Strength 
Bottom flange bearing on the grout was checked in accordance with ACI 318 (Code 1a).  

5.2.5 Embedment Plate/Anchor Bolt Pull-out Strength 
The original design considered the pull-out strength of the embedment plate/anchor bolt connection to 
be provided by the shear strength of a presumed concrete failure cone and the exterior vertical bars. 
While current design procedures rely only on vertical reinforcing steel surrounding the embedment plate 
to provide strength, ignoring the strength of concrete, AWEA/ASCE (Standard 1) also states that 
procedures which use only concrete resistance to design the connection can also be used.  
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For this 2021 assessment, the 2009 procedure was modified, considering two known connection failures 
that have occurred in foundations designed according to these older procedures. In these failures, only an 
outside failure cone around the outside circumference of the embedment plate formed, rather than the 
originally assumed outside and inside failure cone about the inner and outer width of the embedment 
plate. Since the extreme design load was not known to occur in these failure instances and the failures 
were thought to have occurred due to fatigue, an ultimate design strength in accordance with PCI 
(Technical Reference 7), was used for this assessment, which was consistent with that used in some mid-
2000s design practices. The strength provided by the vertical bars to the connection was conservatively 
ignored.  

5.2.6 Embedment Plate Strength 
The embedment plate strength was checked in accordance with AISC (Code 1b).  
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5.3 Reinforced Concrete Ultimate Strength 
Reinforced concrete ultimate strength design checks were performed in accordance with the requirements 
of ACI 318 (Code 1a). Size effects in concrete shear strength were also considered (Technical Reference 
3). The design check procedures also used Technical Reference 1 and 4 for calculation of soil bearing 
and friction resistances. Characteristic design loads were factored in accordance with ACI 318 (Code 1a), 
AWEA/ASCE (Standard 1), and IEC (Standard 4).  

5.3.1 Foundation Summary 
The foundation passed the ultimate strength design checks as summarized in Table 5-3. 

Table 5-3 Summary of Reinforced Concrete Ultimate Strength Assessment 

Paragraph 
Number Design Item 

Nobles 
(GE 1.6-97) 

Nobles 
(GE 1.6-91) 

Acceptance 
Criteria 

5.3.2 Footing Concrete One-Way Shear ACI Strength 
Utilization Ratio 0.54 0.51 <1.00 

5.3.2 Footing Concrete One-Way Shear ACI 318-19 Strength 
Utilization Ratio 0.94 0.88 <1.00 

5.3.3 Footing Bottom Reinforcing Moment Strength 
Utilization Ratio 0.66 0.63 <1.00 

5.3.3 Footing Top Reinforcing Moment Strength Utilization 
Ratio 1.04 A 1.04 A <1.00 

5.3.4 Footing Two-Way Shear Strength Utilization Ratio 0.34 0.34 <1.00 
A Small exceedance of criteria is considered acceptable for this parameter of top reinforcing moment 

     
5.3.2 Footing Concrete One-Way Shear Strength 
Barr calculated the footing concrete one-way shear strength in accordance with the requirements of ACI 
318 (Code 1a). Barr also checked the one-way shear strength in accordance with Technical Reference 3 
to further account for size effects associated with the thickness of the footing. 

5.3.3 Footing Moment Strength 
The top and bottom reinforcing bars were checked in accordance with ACI 318 (Code 1a) in orthogonal 
directions (east-west, north-south), at 45 degrees to the orthogonal, and at the cut-off locations. Moment 
strength was checked across the entire foundation width at the critical section as specified in section 15.4 
of ACI 318 (Code 1a). 

5.3.4 Footing Two-Way Shear Strength 
The two-way shear strength of the footing was checked in accordance with ACI 318 (Code 1a). The 
fraction of the unbalanced moment that could be carried by the flexural reinforcing steel was calculated, 
with the remainder carried by concrete shear.   
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5.4 Reinforced Concrete Fatigue Strength 
Reinforced concrete fatigue strength was checked in accordance with provisions contained in the DNV 
Offshore Standard (Standard 2), thus meeting the requirements of AWEA/ASCE (Standard 1). A duration 
of 20 years is the standard design life prescribed by IEC (Standard 4), and that which GE assumed when 
forming the fatigue loading. The fatigue strength assessment described herein added additional 
cycles/time equal to 11 years for the GE 1.5SLE to the 20 years for GE 1.6-91/GE 1.6-97 fatigue 
cycles/time.  

5.4.1 Foundation Summary 
The foundation passed the fatigue strength design checks as summarized in Table 5-4. 

Table 5-4 Summary of Reinforced Concrete Fatigue Strength Assessment 

Paragraph 
Number Design Item 

Nobles 
(GE 1.6-97) 

Nobles 
(GE 1.6-91) 

Acceptance 
Criteria A 

N/A Evaluated Duration 31 Years N/A 
5.4.2 Footing Concrete Compression Cumulative Damage 0.00 0.00 <1.00 
5.4.3 Footing Concrete One-Way Shear Cumulative Damage 0.00 0.00 <1.00 
5.4.4 Grout Bearing Cumulative Damage 0.00 0.00 <1.00 
5.4.5 Pedestal Concrete Bearing Cumulative Damage 0.41 0.07 <1.00 
5.4.5 Pedestal Bursting Steel Cumulative Damage NA NA <0.50 

5.4.6 Embedment Plate/Anchor Bolt Pull-out Cumulative 
Damage (concrete only) 0.00 0.00 <1.00 

5.4.7 Bottom Reinforcing Cumulative Damage 0.00 0.00 <0.50 
5.4.8 Top Reinforcing Cumulative Damage 0.48 0.48 <1.00 

A Values based on categorization of “Above splash zone” region within DNV-OS-C502 
 

5.4.2 Footing Concrete Fatigue Strength in Beam Compression 
Footing concrete in beam compression was checked in accordance with DNV (Standard 2).  

5.4.3 Footing Concrete Fatigue Strength in One-Way Shear 
Footing concrete fatigue strength in one-way shear was checked using provisions contained in DNV 
(Standard 2). One-way shear across the entire foundation width was checked at the critical section for 
shear as specified in section 11.1.3.1 of ACI 318 (Code 1a). It is industry standard to assume that a portion 
of the cross section carries the load from the entire cross section because the outer portions of the 
foundation have reduced stiffness and redistribution of load is generally not assumed for fatigue loading. 
Barr assumed an effective foundation width of the embedment ring diameter plus three times the footing 
thickness for this check to resist all one-way shear required for static equilibrium. Barr is not aware of any 
standard that specifically prescribes an effective foundation width to be used in this calculation. The width 
selected by Barr is specified in ACI 318 (Code 1a) for an analogous application related to reinforced 
concrete ultimate strength design.   
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5.4.4 Grout Fatigue Strength in Bearing 
Grout fatigue strength in bearing was checked using the provisions contained in DNV (Standard 2).  

5.4.5 Pedestal Concrete and Bursting Reinforcement Fatigue Strength in Bearing 
Pedestal concrete fatigue strength in bearing was checked using the provisions contained in DNV 
(Standard 2). 

5.4.6 Fatigue Strength in Embedment Plate/Anchor Bolt Pull-Out 
Pull-out fatigue strength was calculated using a fatigue design strength of 130 psi calculated by Barr and 
applying the provisions contained in DNV, Standard 2, and found to be acceptable.  The source for the 
fatigue design strength value is described below. The vertical bars connecting the footing to the pedestal 
were conservatively ignored and were assumed to not contribute to the fatigue strength of the 
connection, as stipulated by Standard 1. 

Barr derived the design fatigue pull-out strength for the pullout cone using data related to two known 
failure cases. In both these cases the embedment plate anchor bolt pulled out a cone of failure from the 
middle of the footing and the tower collapsed. One case happened after 8 years of operation and the 
other after 12 years of operation. 

Using the fatigue rain flow spectrum for the wind turbine and 8 years of load cycles, a fatigue pull-out 
strength was derived which produced a cumulative damage of 1 and the presumed failure. The value 
calculated was 175 psi. For the fatigue check, this fatigue pull-out strength was further divided by a 
material coefficient of 1.35 to produce a design fatigue pull-out strength of 130 psi. The value of 130 psi 
correlates well with the 133 psi design shear strength of concrete as prescribed by DNV (Standard 2), and 
142 psi design ultimate shear strength of concrete as prescribed by ACI 318, (Code 1a). 

5.4.7 Bottom Reinforcing Fatigue Strength in Tension 
Bottom reinforcing fatigue strength was checked using provisions contained in DNV (Standard 2). 
Moment strength was checked across the entire foundation width at the critical section as specified in 
section 15.4 of ACI 318 (Code 1a). The effective foundation width resisting all bending moment required 
for static equilibrium in this check was the same width that was used for shear (embedment ring diameter 
plus three times the footing thickness).  

5.4.8 Top Reinforcing Fatigue Strength in Tension 
Top reinforcing fatigue strength was checked using provisions contained in DNV (Standard 2). Moment 
strength was checked across the entire foundation width at the critical section as specified in section 15.4 
of ACI 318 (Code 1a) as well as the location of bending in the reinforcement. The effective foundation 
width resisting all bending moment required for static equilibrium in this check was the same width that 
was used for shear (embedment ring diameter plus three times the footing thickness). 
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6.0 Recommendations 
The foundations passed all design checks. One item of note is that industry design practices for the 
anchorage of the tower to the foundation are different today than they were when the original designs 
were completed. Current design practice is to include vertical reinforcing steel bars surrounding the 
embedment ring and anchor bolt assembly to resist the entire pullout force exerted on the foundation. In 
the early and mid-2000’s the anchorage was often designed to rely on the strength of a presumed shear 
failure surface within the concrete. This type of anchorage is generally allowed by Standard 1, although 
specific design measures are not provided and an explicit method to evaluate the fatigue resistance of 
this connection is not prescribed by any design code. For this evaluation, Barr developed a calculation 
procedure based on a design fatigue strength for this type of anchorage based on an analogous design 
formula and Barr’s knowledge of historical connection performance. This alternative assessment 
procedure determined that the ultimate and fatigue pull-out strength met design requirements.  

To validate the structural assessment, Barr performed instrumentation, monitoring, and visual condition 
inspection within a sample size of the existing foundations to verify that the pedestal, foundation, and 
connection are in good condition.  

The Wind Turbine Foundation Visual and Coring Inspection Summary Report is included in Appendix B. 
The report summarizes the evaluation of 28 wind turbine foundations via the retrieval of cores extending 
from the surface of the footing towards the embedment plate under the pedestal. Some level of potential 
shear cracking or regions of poor consolidation were observed in cores within the following foundations: 

 16 (both cores),  
 39 (one core), and  
 47 (one core).  

This type of cracking could be expected from the development of a pullout cone failure mechanism if the 
cracking plane crosses the axis of the core. No cracks were observed in the cores obtained from within the 
other 25 foundations.  
 
A Foundation Structural Health Monitoring Summary Report is also included in Appendix C. The 
monitoring efforts identified the following: 

 13 of the 14 foundations monitored (5, 6, 13, 25, 35, 40, 47, 58, 75, 77, 84, 99, and 104) appear to 
be functioning above the GE 1.6-91 repower turbine minimum rotational stiffness value of 30 GN-
m/rad.  

 All but two foundations monitored (6 and 73) appear to be functioning above the GE 1.6-97 
repower turbine minimum rotational stiffness value of 50 GN-m/rad. 

 
Barr’s opinion is that the foundations in their current configuration are adequate to support the new GE 
turbines with 20 years of fatigue cycles/time given the following recommendations:  
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(1) Perform structural health monitoring within 1 year on the three foundations (16, 39 and 47) with 
some level of cracking or poor consolidation identified within the cores. 

(2) Perform structural health monitoring again in 1 year on the two foundations (6 and 73) with 
measured average rotational stiffness values below 50 GN-m/rad. 

The assessment described herein is based on the complete load documents provided by GE. Barr’s 
analysis and calculations rely on the foundation loading provided by GE 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.  

The tension in the anchor bolts is also critical to ensuring that the anchor bolts have the capacity to resist 
fatigue due to the oscillating nature of the tension applied by the wind turbine tower to the bolts.  A 
common maintenance practice is for 10% or so of the anchor bolts on each foundation to be checked for 
adequate tension at an annual or some other interval and for all bolts to be re-tightened if any bolts fail 
the tension check.   
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7.0 Limitations of Analysis 
This report contains opinions made by Barr, using its professional judgement and reasonable care. Use or 
reliance upon this report is subject to the following conditions: 

1. The report being read in the context of and subject to the terms of the agreement between Barr 
and Xcel, including the methodologies, procedures, techniques, assumptions, and other relevant 
terms or conditions that were specified or agreed therein. 

2. The report being read as a whole, with sections or parts hereof read or relied upon in context. 

3. The report is based on information made available to Barr by Xcel or by third parties and, unless 
stated otherwise in this report, Barr has not verified the accuracy, completeness, or validity of such 
information, makes no representations regarding its accuracy and assumes no liability in 
connection therewith. 

4. GE has provided a complete load document that was used for the evaluation. Barr’s analysis and 
calculations rely on the foundation loading provided by GE and are dependent on the GE load 
data being correct. The GE load data cannot be independently confirmed. The actual loads 
experienced by the foundation most likely were and will be different from those contained in the 
loading document, depending on weather conditions, equipment performance, and the 
occurrence of events not considered in the loads provided by GE. 

5. The conclusions and opinions expressed in this report are based on a review of the documents 
listed in Section 8.2, as well as our education, training, and experience as licensed professional 
engineers. These conclusions and opinions are based on the information that has been provided 
to us at this time and may be modified or supplemented if new information becomes available. 
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 III.  Foundation, Tower and Design Information

 A. Unit Definitions and Foundation Dimensions k 1000 lbf meter m

Foundation width: D 50 ft Pedestal
diameter:

C 17 ft Average
extension of
pedestal above
ground surface:

hpe 6in
0.25in

ft






D C

4








Height of base: hb 28 in Height of center:
(above base)

hc 34 in hpe 8.06 in

Height of soil:
(from foundation
bottom)

hs 7.5ft hpe Height of
pedestal:

hp hs hb hc hpe

hs 81.94 in hp 28.00 in

Height of embedment
ring above bottom of
footing:

he 10 in

Minimum depth
of groundwater
below grade:

dGWT 3 ft

Minimum depth of
groundwater below
grade (fatigue):

dGWTF 3 ft

Top width: B
D

1 2


B 20.71 ft

Side width: a
D B

2


a 14.64 ft

Edge slope: ξ1 atan
hc

a











ξ1 10.95 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 15.30 deg

Bottom cover: ccbot 3 in

Top cover: cctop 2 in

GroundwaterLocation "Within the Center"
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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 4300 mm 26mm dtower 14.02 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
3 10

7
 kN m

rad
 (Reference 3)

Required dynamic translational
stiffness: Kxreq

1.0 10
6

 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

Concrete strength: fc 5000 psi

Steel yield strength (bottom
mat):

fyB 75000psi

Steel yield strength (top mat): fyT 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

Dry density of soil: γd 105pcf

Design density of soil above
groundwater table:

γsdbot γd 1 15.5%( ) γsdbot 121 pcf

γsdtop γsdbot

Specific gravity of soil solids: Gs 2.70

Design density of soil below
groundwater table:

γssbot 1
1

Gs









γd γw
γssbot 129 pcfγssbot 129 pcf

γsstop min 120pcf γssbot 

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)

Conversion factor for concrete and
grout strength fatigue calculations:

fcck_conversion 1 5%( ) fcck_conversion 0.95

Modular ratio: nmod

Es

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

 Misalignment Loading

Base moment: Malign 940kN m Misalignment
angle (relative to
wind):Malign 693 ft k Δ 45deg

 Normal Extreme 

Normal extreme load factor:

αe 1.35

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

Me
39515.8

αe

kN m He
527.6

αe

kN Wte
2762.4

αe

kN

Me 21589 ft k He 88 k Wte 460 k

 Abnormal Extreme 

Abnormal extreme load factor:

αa 1.10

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

Ma
40528.7kN m

αa

 Ha
544.6kN

αa

 Wta
2234.5kN

αa



Ma 27175 k ft Ha 111 k Wta 457 k

 H. Normal Loading Conditions - DLC 1.0

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

MN 17849.4 kN m HN 254.6 kN WN 2050.4 kN

MN 13165 ft k HN 57 k WN 461 k

 I. Normal Loading Conditions - DLC 1.1

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

M1.1 17849.4 kN m H1.1 254.6 kN W1.1 2050.4 kN

M1.1 13165 ft k H1.1 57 k W1.1 461 k
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 J. Earthquake Loading Conditions (Reference 1)

 Seismic Design Criteria:

SiteClass "D"

- Building Occupancy Category: II (Non-Essential Power Facility, Non Hazardous)
  
- Seismic Design Category: A (Determination of Seismic Design Category)

0.2 Second spectral response: SS 0.069

1.0 Second spectral response: S1 0.033

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

4 #N/A #N/A
1.6 1.4 1.2 1.1 1

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

S1  <= 0.10 S1  = 0.20 S1  = 0.30 S1  = 0.40 S1  >= 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

4 #N/A #N/A
2.4 2 1.8 1.6 1.5

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 1.60 Fv 2.40

Importance factor: I 1.00

Adjusted 0.2s response: SMS Fa SS SMS 0.11

Adjusted 1.0s response: SM1 Fv S1 SM1 0.08

Design response: SDS
2

3
SMS SDS 0.07

SD1
2

3
SM1 SD1 0.05

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 80 m

Approximate fundamental period
of structure: Ta1 Ct

hn

ft









xEQ

 s Ta1 1.3 s

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 2.22 s

Design period: T min Ta1 Ta2  T 1.3 s

Seismic response coefficients: Cs1

SDS

R

I

 Cs1 0.049

Cs2 if
T

sec
TL

SD1

T

sec






R

I









SD1 TL

T

sec






2
R

I



















0.027

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 0.03

Minimum base shear: V Cs W1.1 V 14 kip
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 Structure Weights and Centers of Gravity: (Reference 3)

Total weight of structure: W1.1 461 kip

 Weight of Component  Approximate Center of Gravity

Tower bottom section:: W
1

121500lbf
h

1
21925mm

2


Tower lower mid section: W
2

112240lbf
h

2
25912mm

2
21925mm

Tower upper mid section: W
3

104090lbf
h

3
29463mm

2
25912mm 21925mm

Tower top section: W
4

0 lbf
h

4
0 mm

h
5

80 mWind turbine nacelle and rotor: 

Total tower weight: Wtwr W
1

W
2

 W
3

 W
4

 Wtwr 338 kip

W
5

W1.1 Wtwr W
5

123 kipWind turbine nacelle and rotor: 

Summary: W

0

122

112

104

0

123



















kip h

0.0

11.0

34.9

62.6

0.0

80.0



















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 1.4

Number of tower components: ntc 1 5

 Vertical Distribution Factor:  Lateral Seismic Force at Each Level:

Cv
ntc

W
ntc

h
ntc

ft









k0



1

5

i

W
i

h
i

ft









k0















 F
ntc

Cv
ntc

V

Cv
ntc

0.031
0.146
0.308
0.000
0.514

 F
ntc

0.4
2.0
4.3
0.0
7.1

kip



Total lateral seismic
force: HEQ

1

5

i

F
i 



 HEQ 14 kip

Earthquake overturning
moment:

MEQ

1

5

i

F
i

h
i

 


 MEQ 2988 ft kip

Base moment: MOE M1.1
2

MEQ
2

 MOE 13500 ft k

Base shear: HOE H1.1
2

HEQ
2

 HOE 59 k

Tower & turbine dead weight: WOE W1.1 WOE 461 k
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 K. Fatigue Loading Conditions (Reference 3)

Mean  shear: Hmean 212.6
2

3.4
2

 kN Hmean 213 kN

Mean  overturning moment: Mmean 15890
2

1310
2

 kN m Mmean 15944 kN m

Turbine & tower mean weight: Wmean 1920.3kN Wmean 432 kip

Fatigue Loading (Markov Matrix): input raw Markov Matrix data - width/range, mean, cycles

baseline
..\Markov_Matrices_1228754_Nobles_RePower_1.6-91_80mHH_r01_baseline.tx

 repower
..\Markov_Matrices_1228754_Nobles_RePower_1.6-91_80mHH_r01_repower.tx



rows repower( ) 41696

rows baseline( ) rows repower( ) 81691

markov_baseline augment baseline 0  baseline 1  baseline 2  

markov_repower augment repower 0  repower 1  repower 2  

Years of operation on baseline turbine: Yearbaseline 11

Years of fatigue assumed baseline
turbine:

Yearfat_baseline 11 Nfat_baseline

Yearbaseline

Yearfat_baseline









baseline 2 

Nfat_baseline
50

424000

Years of operation on repower turbine: Yearrepower 20

Years of fatigue assumed repower
turbine:

Yearfat_repower 20 Nfat_repower

Yearrepower

Yearfat_repower









repower 2 

Nfat_repower
105

490000

Nfat stack Nfat_baseline Nfat_repower  rows Nfat  81691

Minimum Bins
MinBin_baseline baseline 1  baseline 0 

2
 Nfat

509
417000

MinBin_repower repower 1  repower 0 

2


MinBin_total stack MinBin_baseline MinBin_repower( )

rows MinBin_total( ) 81691Maximum Bins
MaxBin_baseline baseline 1  baseline 0 

2


MaxBin_repower repower 1  repower 0 

2
 MaxBin_total stack MaxBin_baseline MaxBin_repower( )

rows MaxBin_total( ) 81691
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Bin counters:

qt length Nfat  1 81690
Doubleqr 0 1 2 qt 1

qr 0 1 qt

North Bins South Bins

MinBin
qr

if MinBin_total
qr

0 0 MinBin_total
qr

  MinBin
qr

if MaxBin_total
qr

0 0 1 MaxBin_total
qr

 

MaxBin
qr

if MaxBin_total
qr

0 0 MaxBin_total
qr

  MaxBin
qr

if MinBin_total
qr

0 0 1 MinBin_total
qr

 

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

Mfatminnorth
qr

MinBin
qr

kN m Mfatmaxnorth
qr

MaxBin
qr

kN m

Hminnorth
qr

max
Mfatminnorth

qr

Mmean

Hmean 0.01kN








 Hmaxnorth
qr

max
Mfatmaxnorth

qr

Mmean

Hmean 0.01kN










Mminnorth
qr

Mfatminnorth
qr

Hminnorth
qr

hp hc hb  Mmaxnorth
qr

Mfatmaxnorth
qr

Hmaxnorth
qr

hp hc hb 

Maximum Moments:

Mmaxfatigue max Mmaxnorth  Mmaxfatigue 24010 kN m

Mminfatigue max Mminnorth  Mminfatigue 22980 kN m

Fatigue moments are plotted below:

0 16360 32720 49080 65440 81800

10000

20000

Mmaxnorth
qr

kN m

Mminnorth
qr

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:

Mnorth
Doubleqr

Mminnorth
Doubleqr

Doubleqr qtif

Mmaxnorth
Doubleqr qt 1

Doubleqr qtif



Sortnorth sort Mnorth 

0 32700 65400 98100 130800 163500

10000

20000

Mnorth
Doubleqr

kN m

Sortnorth
Doubleqr

kN m

Doubleqr
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 M. Develop Unique Fatigue Matrix and  Parse Zero Values

Develop matrix
containing only the
unique fatigue
values:

Uniquenorth
Doubleqr

Sortnorth
0

Doubleqr 0=if

Sortnorth
Doubleqr

Doubleqr 0 Sortnorth
Doubleqr

Sortnorth
Doubleqr 1

if

0 Doubleqr 0 Sortnorth
Doubleqr

Sortnorth
Doubleqr 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  1 448

qrnorth 0 1 qtnorth

0 32700 65400 98100 130800 163500

10000

10000

20000

Uniquenorth
Doubleqr

kN m

MUniquenorth
qrnorth

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 D
2

2
D B

2






2

 A 2071 ft
2



Volume of pedestal: vp
π C

2


4
hp vp 20 yd

3


Weight of pedestal: Wp vp γc Wp 79 k

Volume of footing: vf A hb B
2

hc 4
1

2

1

3
 hc a

2


1

2
B hc a





 vf 303 yd
3



Weight of footing: Wf vf γc Wf 1226 k

Total volume
of concrete: vc vf vp vc 322 yd

3


Total volume of soil: vs A hs vf
π C

2


4
hs hb hc 

8 B tan θ( )

2
hs hb 2

 vs 238 yd
3



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

2


4
hs hb hc 

8 B tan θfat 

2
hs hb 2

 vsfat 207 yd
3



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 501 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 495 kip
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Total weight of soil:

Ws

γsdbot dGWT A
π C

2


4










 γssbot hs hb hc dGWT  A
π C

2


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 C

2


4












γsdbot

hs hb hc

dGWT

y4 B a
a

hc









y hp hpe 







 2 a
2 a

hc









y hp hpe 







2


















d



γssbot

dGWT

hs hb

y4 B a
a

hc









y hp hpe 







 2 a
2 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 786 k
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Total weight of soil (fatigue):

Wsfat

γsdbot dGWTF A
π C

2


4










 γssbot hs hb hc dGWTF  A
π C

2


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 C

2


4












γsdbot

hs hb hc

dGWTF

y4 B a
a

hc









y hp hpe 







 2 a
2 a

hc









y hp hpe 







2


















d



γssbot

dGWTF

hs hb

y4 B a
a

hc









y hp hpe 







 2 a
2 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 683744 lbf

Total dead weight seismic load: WEQ Wp Wf WOE Ws Fb WEQ 2052 k

Total dead weight fatigue load: Wfat Wp Wf Wmean Wsfat Fbfat Wfat 1926 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 27670 k ft

Extreme Tower Base Shear: H if Me Ma He Ha  H 111 k

Extreme Tower Weight: Wt if Me Ma Wte Wta  Wt 457 k

Total dead weight wind load: WW Wp Wf Wt Ws Fb WW 2047 k

Overturning wind moment: MoW M hb hc hp  H MoW 28504 k ft

Wind load friction
resistance at base: HfrW μf WW  HfrW 819 k

Factor of safety
against sliding: FSsW

HfrW

H
 FSsW 7.36

Seismic load friction
resistance at base: HfrEQ μf WEQ  1 Ev  HfrEQ 821 k

Factor of safety
against sliding: FSsEQ

HfrEQ

HOE

 FSsEQ 13.94

Determine controlling load case: FSs min FSsW FSsEQ  FSs 7.36

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

Resisting moment: MrW WW min
D

2

D a

2









 MrW 51181 ft k

Factor of safety against
overturning:

FSoW

MrW

MoW

 FSoW 1.80

Overturning seismic moment: MoEQ MOE Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp  HOE 14440 k ft

Resisting moment: MrEQ 1 Ev  WEQ min
D

2

D a

2









 MrEQ 51288 ft k

Factor of safety against
overturning:

FSoEQ

MrEQ

MoEQ

 FSoEQ 3.55

Minimum factor of safety: FSmin 1.50

Determine controlling load case: FSo min FSoW FSoEQ  FSo 1.80

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 30709 ft k

Factor of safety against
overturning (alternate): FSoW_alt

MrW_red

MoW

 FSoW_alt 1.08

Overturning seismic moment (reduced): MoEQ_alt 0.7 MoEQ MoEQ_alt 10108 k ft

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

2

D a

2









 MrEQ_red 30773 ft k

Factor of safety against
overturning (alternate): FSoEQ_alt

MrEQ_red

MoEQ_alt

 FSoEQ_alt 3.04

Minimum factor of safety: FSmin2 1.00

Determine controlling load case: FSo2 min FSoW_alt FSoEQ_alt  FSo2 1.08

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

 C. Soil Pressure Calculations - Extreme Loading

Side length of square inscribed
inside of foundation octagon: Sf 2a

2
2 a B B

2
 Sf 38.3 ft

"Major" width of octagon along
widest section: Hf B

2
D

2
 Hf 54.1 ft

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

Hf Sf

2
 We 7.93 ft

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

8 B
4



192
cot

2 π

16






 3 cot
2 π

16






2

1








 Ifdn 342112 ft
4



Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
 Snormal 13684 ft

3


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

2 Ifdn

Hf

 Srotated 12643 ft
3



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 2047 k Mtoe F
B

2
D

2


2
 MoW Mtoe 26894 ft k

Guess: L
2We Hf

4
 fmax 5000 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 30.2 ft f4 4173 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 2047 k Mtoe F
B

2
D

2


2
 MoW Mtoe 26894 ft k

Guess: L
3Hf 2We

4
 fmax 5000 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 30.2 ft f5 4171 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 30.2 ft

Maximum soil bearing pressure: fmax5 if L5 Hf We L5

Hf

2
 f5 0 psf









 fmax5 4171 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 2047 k Mtoe F
B

2
D

2


2
 MoW Mtoe 26894 ft k

Guess: L
2Hf We

2
 fmax 4986 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 34.7 ft f6 2706 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 2047 k Mtoe
F B

2
D

2


2
MoW Mtoe 26894 ft k

Guess:
fmax 4611 psf df 6072 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 3243 psf df 4509 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 30.2 ft

Maximum soil bearing pressure: fmaxW if LbW

Hf

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











fmaxW 4171 psf

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

Determine controlling load case: Lb LbW Lb 30.2 ft

Maximum soil bearing pressure: fmax fmaxW fmax 4171 psf

Minimum soil bearing pressure: fmin fminW fmin 0 psf

Percent of base by length in
compression under extreme loading:

Lb

Hf

0.56

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 2052 kTotal dead weight:

Overturning moment: MoN MN Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp  HN 14093 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 2052 k Mtoe F
B

2
D

2


2
 MoN Mtoe 41421 ft k

Guess: L
2We Hf

4
 fmax 3036 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 47.7 ft f4 2156 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 2052 k Mtoe F
B

2
D

2


2
 MoN Mtoe 41421 ft k

Guess: L
3Hf 2We

4
 fmax 2964 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 50.9 ft f5 2111 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 2052 k Mtoe F
B

2
D

2


2
 MoN Mtoe 41421 ft k

Guess: L
2Hf We

2
 fmax 2892 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 51.1 ft f6 2107 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 51.1 ft

Maximum soil bearing pressure: fmax6 if L6 Hf L6 Hf We f6 0 psf  fmax6 2107 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 2052 k Mtoe
F B

2
D

2


2
MoN Mtoe 41421 ft k

Guess:
fmax 2904 psf df 2657 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 2105 psf df 2229 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 51.1 ft

Maximum soil bearing pressure: fmax if LbN

Hf

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











fmax 2107 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 2048 ft
2



Percent of base by area in compression
under normal loading:

AN

A
98.9 %

if
AN

A
0.994 "OK" "No Good"









"No Good" (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 14093 ft k

Design vertical load: VdN WtotN VdN 2052 k

Design load eccentricity: edN

MdN

VdN

 edN 6.87 ft

Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing: AeffN 2 R
2  acos

edN

R









 edN R
2

edN
2










 AeffN 1285 ft
2



Ellipse soil width in bearing: beN 2 R edN  beN 36.3 ft

Ellipse soil length in bearing:
leN 2 R 1 1

beN

2 R










2

 leN 48.1 ft

Effective soil length in bearing: leffN AeffN

leN

beN

 leffN 41.3 ft

Effective soil width in bearing: beffN

leffN

leN

beN beffN 31.1 ft

Design bearing pressure: fdN

VdN

AeffN

 fdN 1596 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

0.48
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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 22744 k ft

Design vertical load: VdW Wp Wf Wte Ws Fb VdW 2051 k

Design load eccentricity: edW

MdW

VdW

 edW 11.09 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffW 2 R
2  acos

edW

R









 edW R
2

edW
2










 AeffW 892 ft
2



Ellipse soil width in bearing: beW 2 R edW  beW 27.8 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R










2

 leW 44.8 ft

Effective soil length in bearing: leffW AeffW

leW

beW

 leffW 37.9 ft

Effective soil width in bearing: beffW

leffW

leW

beW beffW 23.5 ft

Design bearing pressure: fdW

VdW

AeffW

 fdW 2299 psf

 D. Bearing Capacity Check - Extreme Normal Loading

Allowable bearing pressure: fallW fall_N
4

3






 4400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdW

fallW

0.52
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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 28504 k ft

Design vertical load: VdA Wp Wf Wta Ws Fb VdA 2047 k

Design load eccentricity: edA

MdA

VdA

 edA 13.92 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffA 2 R
2  acos

edA

R









 edA R
2

edA
2










 AeffA 647 ft
2



Ellipse soil width in bearing: beA 2 R edA  beA 22.2 ft

Ellipse soil length in bearing:
leA 2 R 1 1

beA

2 R










2

 leA 41.5 ft

Effective soil length in bearing: leffA AeffA

leA

beA

 leffA 34.8 ft

Effective soil width in bearing: beffA

leffA

leA

beA beffA 18.6 ft

Design bearing pressure: fdA

VdA

AeffA

 fdA 3165 psf

 F. Bearing Capacity Check - Extreme Abnormal Loading

Allowable bearing pressure: fallA fall_N
4

3







αe

αa

 5400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdA

fallA

0.59
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 G. Design Soil Bearing Pressure - Earthquake Loading  

Design overturning moment: MdEQ MoEQ MdEQ 14440 ft k

Design vertical load: VdEQ 1 Ev  WEQ VdEQ 2052 k

Design load eccentricity: edEQ

MdEQ

VdEQ

 edEQ 7.04 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffEQ 2 R
2  acos

edEQ

R









 edEQ R
2

edEQ
2










 AeffEQ 1269 ft
2



Ellipse soil width in bearing: beEQ 2 R edEQ  beEQ 35.9 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R










2

 leEQ 48.0 ft

Effective soil length in bearing: leffEQ AeffEQ

leEQ

beEQ

 leffEQ 41.2 ft

Effective soil width in bearing: beffEQ

leffEQ

leEQ

beEQ beffEQ 30.8 ft

Design bearing pressure: fdEQ

VdEQ

AeffEQ

 fdEQ 1617 psf

 H. Bearing Capacity Check - Earthquake Loading

Allowable bearing pressure: fallEQ fall_N
4

3







αe

αa

 5400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdEQ

fallEQ

0.30
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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 45.00 in

Area of the footing: A 2071 ft
2



Area of footing in compression: AN 2048 ft
2



Equivalent circular
radius of footing: Rstff

AN

π
 Rstff 25.5 ft

ρ 125
lb

ft
3

 (Reference 2)
Subsoil density:

ω ρ g ω 125 pcf

Design shear wave velocity
for interval from 8 to 50 feet: Vs 637

ft

sec
 (Reference 2)

Poisson ratio: υ 0.47 (Reference 2)

Initial shear modulus: Go ρ Vs
2

 Go 1576 ksf

Eo 2 1 υ( ) Go Eo 4635 ksf
Initial elastic modulus:

Shear modulus ratio: γ 1 1.0( )
fdN

3 min fallA fallW 








0.3

 0.47 (Reference 9)

Shear modulus: G γ Go G 740 ksf

Elastic modulus: E 2 1 υ( ) G E 2176 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 1.09

Embedment coefficient: ηx 1 0.55 2 υ( )
h

Rstff

 ηx 1.12 (Reference 5)

(Reference 5)
Rotational stiffness of soil: Kψdyn

8 G Rstff
3



3 1 υ( )
ηψ Kψdyn 92

GN m

rad


Kψreq 3.00 10
7


kN m

rad
 (Reference 3)

Kψdyn

Kψreq

3.07Design check:

Translational stiffness
of foundation:

Kxdyn

32 1 υ( ) G Rstff

7 8 υ
ηx Kxdyn 1622

kN

mm
 (Reference 8)

Kxreq 1.00 10
6


kN

m
Required dynamic translational

stiffness:
(Reference 3)

Design check:
Kxdyn

Kxreq

1.62
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 VII. Anchor Bolt  Design

 A. Strength Reduction and Load Factors (Reference 1a and Reference 3)

Normal extreme load factor: αe 1.35

Abnormal extreme load factor: αa 1.10

Determine controlling
extreme load case: αw if αe Me αa Ma αe αa  αw 1.10

M if αe Me αa Ma Me Ma  M 27175 k ft

H if αe Me αa Ma He Ha  H 111 k

Wt if αe Me αa Ma Wte Wta  Wt 457 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 1.0

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: αw Wind 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 ring width: w wflange
w 10.94 in

Embedment ring thickness: t 1.0 in

 C. Anchor Bolt  Dimensions and Data 

ASTM A615 Grade 75

Nominal anchor bolt diameter: db 1.25 in

Bolt area through minimum
diameter of threads: Ab 1.27 in

2


Washer diameter.: dn 3 in

Outside diameter of PVC bolt sleeve: dSDR 1.660in

Yield strength: Fyb 75 ksi

Tensile strength: Ft 100 ksi

 D. Material Properties 

Concrete strength of pedestal: fcp 5000 psi

Embedment ring yield strength: Fy 36000 psi

Embedment ring 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 27670 k ft

Maximum factored moment on bolts: Mubolt αw M αd3 Malign cos Δ( ) 2 αd3 Malign sin Δ( ) 2 30387 k ft

Maximum factored seismic moment
on bolts:

Musbolt αEQ MOE αd3 Malign cos Δ( ) 2 αd3 Malign sin Δ( ) 2 13999 k ft

Minimum pre-tension
for wind loading (if
used):

TpreW

4 Mbolt

N Davg

Wt

N










1 μ( ) TpreW 63.7 k

Minimum pre-tension
for fatigue loading: TpreFAT

4 max Mmaxnorth 

N Davg

Wmean

N










1 μ( ) TpreFAT 39.6 k

Set to Tpre: Tpre 72 k

%yield
Tpre

Fyb Ab
 %yield 76 %

%ultimate
Tpre

Ft Ab
 %ultimate 57 %

Wind load maximum factored
tension load in anchor: TuW

4 Mubolt

N Davg

αd1 Wt

N
 TuW 59 k

Seismic load maximum factored
tension load in anchor: TuEQ

4 Musbolt

N Davg

αd1EQ WOE

N
 TuEQ 26 k

Fatigue load maximum tension
load in anchor: TuFAT

4 max Mmaxnorth 

N Davg

Wmean

N
 TuFAT 33 k

Determine controlling load case: Tu max TuW TuEQ TuFAT  Tu 59 kip

Design tension strength: ϕTn min ϕf Ft Ab ϕb Fyb Ab  ϕTn 86 k (Reference 1c)

Design check:
Tu

ϕTn

0.69 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 4500 psi

28-day grout strength: fc28 8000 psi

Grout thickness: tgr 0in

Bearing area of
base flange:

Abr1
π

4
OD

2
ID

2
  N

π dSDR
2



4
 Abr1 5488 in

2


S1
π

32 OD
OD

4
ID

4
 

2

Do

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













































































Section modulus
of base flange:

S1 217587 in
3



Area at bottom of grout: A1 wflange A1 10.9 in

Area of limiting bearing within
grout:

A2 wflange 2 tgr A2 10.9 in

A min
A2

A1

2









A 1.00
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 B. Check 3 Day Grout Strength

Design bearing strength: ϕbn3 ϕbr 0.85 fc3 A (Reference 1a) ϕbn3 2.5 ksi

Ultimate self weight
bearing stress: bu3D αd2

Wt

Abr1

 αpt

Tpre N

Abr1










 bu3D 2.3 ksi

Ultimate seismic
bearing stress: bu3EQ αd2EQ

WOE

Abr1

 αpt

Tpre N

Abr1










 bu3EQ 2.3 ksi

Determine controlling load
case and check capacity: bu3 max bu3D bu3EQ  bu3 2.3 ksi bu3

ϕbn3

0.93

 C. Check 28 Day Grout Strength

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

ϕbn28 4.4 ksi

Ultimate wind bearing stress: bu28W αd2

Wt

Abr1


Mubolt

S1

 αpt

Tpre N

Abr1

 bu28W 3.98 ksi

Ultimate seismic bearing stress: bu28EQ αd2EQ

WOE

Abr1

 αEQ

Musbolt

S1

 αpt

Tpre N

Abr1

 bu28EQ 3.1 ksi

Determine controlling load
case and check capacity: bu28 max bu28W bu28EQ  bu28 4.0 ksi bu28

ϕbn28

0.90
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 D. Check Bottom Flange Bearing on Concrete

Grout thickness: tg 0 in

Pullout force due to wind: PuW 2
4Mubolt

N Davg
αd1

Wt

N










 PuW 118 k

Pullout force due to seismic: PuEQ 2
4 Musbolt

N Davg
αd1EQ

WOE

N










 PuEQ 51 k

Determine controlling load case: Pu max PuW PuEQ  Pu 118 k

Bearing area at bottom of grout: Abr2
π

4
OD 2 tg 2 ID 2 tg 2



 N

π dSDR
2



4
 Abr2 5488 in

2


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
 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













































































S2 217939 in
3



Ultimate wind stress: buW

Mubolt

S2

αd2

Wt

Abr2

 αpt

Tpre N

Abr2

 buW 4.0 ksi

Ultimate seismic stress: buEQ

Musbolt

S2

αd2EQ

WOE

Abr2

 αpt

Tpre N

Abr2

 buEQ 3.1 ksi

Determine controlling load case: bu max buW buEQ  bu 4.0 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 10.9 in

Area of limiting bearing within
concrete:

A2 A1 C OD 2 tg   A2 35.6 in

A min
A2

A1

2









A 1.80

Design bearing strength: ϕbn ϕbr 0.85 fcp A (Reference 1a) ϕbn 5.0 ksi
bu

ϕbn

0.80
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 E. Check Pullout Strength of Embedment Ring/Anchor Bolt Connection

Conservativey ignored

 E2. Check Pullout Strength of Embedment Ring/Anchor Bolt Connection (concrete only)

Due to Wind: PuW 117.84 k

Angle of subtended arc: α1
4 π

N
 α1 5.14 deg

Depth of Outer Shear Cone: leo

hb hc he B Davg w  1

2


hc

a
1

B Davg w  1

2


 leo 49.2 in

Area of Outer Shear
Cone Segment: Ao

α1

360 deg
π leo 2 OD leo 

Ao 713.33 in
2



Area of
Bottom
Plane:

Abot

α1

360 deg
π

ID
2

4
 Abot 278.26 in

2


Total
Areas:

Acone Ao Abot Acone 991.59 in
2



Pullout Strength of
Outer Shear Cone
Segment: ϕVn_p ϕv Ao 2.8 psi

1

2
 fc

ϕv Abot 4 psi

1

2
 fc

 ϕVn_p 164.95 kip

PuW

ϕVn_p

0.71
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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 1.6 ksi

Ultimate seismic stress: buplateEQ

Musbolt

S1

αd1EQ

WOE

Abr1

 buplateEQ 0.7 ksi

Determine controlling load case: buplate max buplateW buplateEQ αpt

Tpre N

Abr1










 buplate 2.2 ksi

Plastic section modulus per inch: Zy
t
2

4
 Zy 0.25

in
3

in


Section modulus per inch: Sy
t
2

6
 Sy 0.17

in
3

in


Check circumferential nut to nut bending

Mu.e1 buplate

d1
2

12
 4.27

in k

in
 ϕMn ϕb min Fy Zy 1.6 Fy Sy  8.10

in k

in
 (Reference 1c)

Mu.e1

ϕMn

0.53

Check circumferential nut to nut bending at splice

Mu.e2 buplate

d1
2

8
 6.40

in k

in
 (Reference 1c)

Mu.e2

ϕMn

0.79

Check radial nut to nut bending

Mu.e3 buplate

d2
2

12
 1.47

in k

in
 (Reference 1c)

Mu.e3

ϕMn

0.18

Check nut to edge bending

Mu.e4

buplate

2
d3

2
 1.24

in k

in
 (Reference 1c)

Mu.e4

ϕMn

0.15

Check shear rupture of washer through plate

Vuj max αpt Tpre
Pu

2










86.40 k ϕVn ϕv π dn t 0.6 Fu 245.99 k (Reference 1c)
Vuj

ϕVn

0.35
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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( )
y

2
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( )
y

2
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






y

2
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 31305 k ft

Design vertical load: VdW αd1 Wp Wf Ws
Fb

αd1

 Wt








 VdW 1792 k

Design load eccentricity: edW

MdW

VdW

 edW 17.46 ft

Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing: AeffW 2 R
2  acos

edW

R









 edW R
2

edW
2










 AeffW 372 ft
2



Ellipse soil width in bearing: beW 2 R edW  beW 15.1 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R










2

 leW 35.8 ft

Effective soil length in bearing: leffW AeffW

leW

beW

 leffW 29.7 ft

Design bearing pressure: fdW

VdW

AeffW

 fdW 4820 psf

Effective soil width in bearing: beffW

leffW

leW

beW beffW 12.5 ft

xstartW
D

2
edW

beffW

2
 xstartW 1.28 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  HOE

MdEQ 14440 ft k

Design vertical load: VdEQ αd1EQ Wp Wf Ws
Fb

αd1EQ

 WOE








 VdEQ 1796 kip

Design load eccentricity: edEQ

MdEQ

VdEQ

 edEQ 8.04 ft

Effective soil area in bearing: AeffEQ 2 R
2  acos

edEQ

R









 edEQ R
2

edEQ
2










 AeffEQ 1174 ft
2



Ellipse soil width in bearing: beEQ 2 R edEQ  beEQ 33.9 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R










2

 leEQ 47.3 ft

Effective soil length in bearing: leffEQ AeffEQ

leEQ

beEQ

 leffEQ 40.5 ft

Design bearing pressure: fdEQ

VdEQ

AeffEQ

 fdEQ 1530 psf

Effective soil width in bearing: beffEQ

leffEQ

leEQ

beEQ beffEQ 29.0 ft

xstartEQ
D

2
edEQ

beffEQ

2
 xstartEQ 2.46 ft
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 D. Structural Calculations

Area of pedestal: Aped π
C

2

4
 Aped 227 ft

2


Equivalent square dimension: Sped Aped Sped 15.1 ft

Distance to critical section: xface

D Sped

2
 xface 17.5 ft

Number of section slices to be taken
within "a":

n trunc
a

ft
2





 n 29

Number of section slices to be taken
beyond "a":

nj trunc
xface

ft
2









n nj 5.00

Sloped portion of footing: i 1 2 n

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

Array counter for all slices: q 1 2 n nj

Plan location of section: x
i

i

2
ft

x
j

max x( ) xface max x( )  j n

nj



Height of section: h
i

hb

x
i

a
hc h

j
hb hc

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

d
i

hb

x
i

a
hc 3.75 in

d
j

hb hc 3.75 in

Equivalent square dimension of
embedment ring: Sembedring π

OD
2

4
 Sembedring 13.2 ft

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

D Sembedring

2
 xface_alt 18.4 ft

Plan location (alternate) of section: xalt
i

i

2
ft

xalt
j

max xalt  xface_alt max xalt   j n

nj
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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

VuW
i

0 x
i

xstartWif

xstartW

min xi xstartW beffW 
yfdW leffW





d otherwise

0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

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

VuW
j

xstartW

min xj xstartW beffW 
yfdW leffW





d

0

a

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw






































d

a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

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

VuEQ
i

0 x
i

xstartEQif

xstartEQ

min xi xstartEQ beffEQ 
yfdEQ leffEQ





d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

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

VuEQ
j

xstartEQ

min xj xstartEQ beffEQ 
yfdEQ leffEQ





d

0

a

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw






































d

a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

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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Bottom Reinforcing Design Moments

Solution for the design bending moment due to soil bearing pressure under wind loading is:

Mubot1W
i

0 x
i

xstartWif

xstartW

min xi xstartW beffW 
yfdW leffW x

i
y 





d otherwise

αd1 StaticSoilWedgeWeight γsdbot γssbot  x
i



StaticSoilWedgeWeight 0pcf γw  x
i





0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
i

y 














d





Mubot1W
j

xstartW

min xj xstartW beffW 
yfdW leffW x

j
y 





d

0

a

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
j

y 














d

αd1 StaticSoilWedgeWeight γsdbot γssbot  x
j

 StaticSoilWedgeWeight 0pcf γw  x
j





a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
j

y 














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

Mubot1EQ
i

0 x
i

xstartEQif

xstartEQ

min xi xstartEQ beffEQ 
yfdEQ leffEQ x

i
y 





d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
i

y 














d



αd1EQ StaticSoilWedgeWeight γsdbot γssbot  x
i





StaticSoilWedgeWeight 0pcf γw  x
i







Mubot1EQ
j

xstartEQ

min xj xstartEQ beffEQ 
yfdEQ leffEQ x

j
y 





d

0

a

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
j

y 














d



αd1EQ StaticSoilWedgeWeight γsdbot γssbot  x
j





StaticSoilWedgeWeight 0pcf γw  x
j





a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
j

y 














d





Determine controlling load case for
bottom moments:

Mubot1
q

max Mubot1W
q

Mubot1EQ
q
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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:

Mutop1
i

0

xalt
i

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdtop


SaturatedSoilVolume h
i

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
i

y 









d

max αd2 αd2EQ  StaticSoilWedgeWeight γsdtop γsstop  xalt
i





Mutop1
j

0

a

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdtop


SaturatedSoilVolume h
j

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
j

y 







d

a

xalt
j

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdtop


SaturatedSoilVolume h
j

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
j

y 









d



max αd2 αd2EQ  StaticSoilWedgeWeight γsdtop γsstop  xalt
j
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 E. Top and Bottom Reinforcing Selection

Top middle bars: Sizetmb 6 stopm 8 in

Top outside bars: Sizetob 6 stopo 8 in

Bottom middle bars: Sizebmb 11 sbotm 9 in

Bottom outside bars: Sizebob 7 sboto 9in

Distance from centerline that defines
middle/outside boundary: Wm

C

2
1.5 hb hc  Wm 16.25 ft

 F. Bar Cutoff Locations

Distance of top bar cutoff from
edge of footing:

cdtop 5 ft

Distance of bottom bar cutoff from
edge of footing:

cdbot 0 ft
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Assign properties using lookup function, depending on bar size.

ditopm vlookup Sizetmb ACI_bar_table 1 0 in ditopm 0.750 in

ditopo vlookup Sizetob ACI_bar_table 1 0 in ditopo 0.750 in

dibotm vlookup Sizebmb ACI_bar_table 1 0 in dibotm 1.410 in

diboto vlookup Sizebob ACI_bar_table 1 0 in diboto 0.875 in

Atopm vlookup Sizetmb ACI_bar_table 2 0 in
2

 Atopm 0.44 in
2



Atopo vlookup Sizetob ACI_bar_table 2 0 in
2

 Atopo 0.44 in
2



Abotm vlookup Sizebmb ACI_bar_table 2 0 in
2

 Abotm 1.56 in
2



Aboto vlookup Sizebob ACI_bar_table 2 0 in
2

 Aboto 0.60 in
2



Wtopm vlookup Sizetmb ACI_bar_table 3 0 lbf ft Wtopm 1.502
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 5.313
lbf

ft


Wboto vlookup Sizebob ACI_bar_table 3 0 lbf ft Wboto 2.044
lbf

ft
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 G. Bottom Reinforcing Development Length Past Critical Section

 1) Middle Bars 

Rebar yield strength: fyB 75000 psi

28 day concrete strength: fc 5000 psi

Bottom middle layer bar spacing: sbotm 9.00 in

Bottom middle layer bar diameter: dibotm 1.410 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 fyB α β γ

40 λ c fc psi
dibotm ldbotm 45 in (Reference 1a)

 2) Outside Bars 

Bottom outside layer bar spacing: sboto 9.00 in

Bottom outside layer bar diameter: diboto 0.875 in

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

Spacing factor: c min

min
sboto

2
ccbot

diboto

2










diboto

2.5











 c 2.5

Tension development length past
critical section:

ldboto

3 fyB α β γ

40 λ c fc psi
diboto ldboto 28 in (Reference 1a)
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 H. Top Reinforcing Development Length Past Critical Section

 1) Middle Bars 

Top middle layer bar spacing: stopm 8.00 in

Top middle layer bar size: ditopm 0.750 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 0.8

Lightweight concrete factor: λ 1.0 normal weight concrete

Spacing factor:
c min

min
stopm

2
cctop

ditopm

2










ditopm

2.5











 c 2.5

Tension development length
past critical section: ldtopm

3 fyT α β γ

40 λ c fc psi
ditopm ldtopm 25 in (Reference 1a)

 2) Outside Bars 

Top outside layer bar spacing: stopo 8.00 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 fyT 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: Wbot
q

if q n B 2 x
q

 D 

Number of bars within
middle section: nbotm

q
if Wm

Wbot
q

2
 trunc

Wm

sbotm









 trunc

Wbot
q

2
2 cctop

sbotm

























Spacing of first bar beyond the
middle/outside boundary line: sb1bar

q
if Wm

Wbot
q

2
 sbotm nbotm

q
 sboto Wm 0.0in











Number of bars across bottom of
footing at section: nbot

q
nbotm

q
trunc

0.5 Wbot
q

2Wm  sb1bar
q

 cctop

sboto









1








 Wm

Wbot
q

2
if

nbotm
q

otherwise



Bar counter: ib 1 2 nbot
n nj



Distance of bars from centerline
across bottom of footing:

zbot
ib

if ib nbotm
n nj

 ib sbotm sbotm nbotm
n nj

 sboto ib nbotm
n nj

  


Depth of footing for bottom
middle steel at point: dbotm

i
hb

x
i

a
hc ccbot dibotm

dbotm
j

hb hc ccbot dibotm

Depth of footing for bottom
outside steel at point: dboto

i
hb

x
i

a
hc ccbot diboto

dboto
j

hb hc ccbot diboto

Depth of each bar at
section:

dbarb
q ib

dbotm
q

zbot
ib

B

2






hc

a
 ib nbotm

q
if

dboto
q

zbot
ib

B

2






hc

a
 otherwise

ib sbotm
B

2
if

dbotm
q

otherwise



Area of steel provided across section
at middle section: Asbotm

q
if x

q
cdbot nbotm

q
2 Abotm

1

2
nbotm

q
 2 Abotm





Abotm

Area of steel provided across section
at outside section: Asboto

q
if x

q
cdbot nbot

q
nbotm

q
  2 Aboto

1

2
nbot

q
nbotm

q
  2 Aboto







Applying ACI minimum
reinforcing requirements: ρB.min max 0.0014

0.0018 60000 psi

fyB









 ρB.min 0.00144
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Minimum area of steel
required at section: (Reference 1a)

Asminb
q

ρB.min ConcreteVolume x
q 

Factored moment considering
minimum reinforcing
requirements at section:

Mubot
q

if Asbotm
q

Asboto
q

 Asminb
q

 "NG - BOTTOM R/F RATIO" max Mubot1
q

0  

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

abotm

Abotm fyB

0.85 fc sbotm


Depth of compression block for
each outside strip: aboto

Aboto fyB

0.85 fc sboto


Distance from section to end of bar
for continuous bars: lbot1

q ib
if zbot

ib

B

2
 max x

q
zbot

ib

B

2






 2 cctop 0





 max x
q

cctop 0 







Distance from section to end of bar
for cutoff bars: lbot2

q ib
max x

q
cdbot 0 

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

q ib
if ib sbotm

B

2
 cdbot

ib

2
trunc

ib

2






 lbot2
q ib

 lbot1
q ib









Factored moment capacity at section:

ϕMnbot
q

ϕb Abotm fyB min
lbot

q 1

ldbotm

1








 dbotm
q

abotm

2










 2

1

nbotm
q

kk

Abotm fyB min
lbot

q kk

ldbotm

1








 dbarb
q kk

abotm

2























2

nbotm
q  1

nbot
q

jj

Aboto fyB min
lbot

q jj

ldboto

1








 dbarb
q jj

aboto

2















































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

q

Mubot
q

ϕMnbot
q
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 J. Calculate Actual Top Moment Capacity

Applying ACI minimum
reinforcing requirements: ρT.min max

3 psi
0.5

 fc

fyT

200 psi

fyT








 ρT.min 0.0028

Width of footing at section: Wtop
q

if q n B 2 xalt
q

 D 

Number of bars within
middle section: ntopm

q
if Wm

Wtop
q

2
 trunc

Wm

stopm









 trunc

Wtop
q

2
2 cctop

stopm

























Spacing of first bar beyond the
middle/outside boundary line: st1bar

q
if Wm

Wtop
q

2
 stopm ntopm

q
 stopo Wm 0.0in











Number of bars across top of
footing at section: ntop

q
ntopm

q
trunc

0.5 Wtop
q

2Wm  st1bar
q

 cctop

stopo









1








 Wm

Wtop
q

2
if

ntopm
q

otherwise



Bar counter: it 1 2 ntop
n nj



Distance of bars from centerline
across top of footing:

ztop
it

if it ntopm
n nj

 it stopm stopm ntopm
n nj

 stopo it ntopm
n nj

  


Depth of footing for top middle
steel at point: dtopm

i
hb

xalt
i

a
hc cctop ditopm

dtopm
j

hb hc cctop ditopm

Depth of footing for top outside
steel at point: dtopo

i
hb

xalt
i

a
hc cctop ditopo

dtopo
j

hb hc cctop ditopo

Depth of each bar at
section:

dbart
q it

dtopm
q

ztop
it

B

2






hc

a
 it ntopm

q
if

dtopo
q

ztop
it

B

2






hc

a
 otherwise

it stopm
B

2
if

dtopm
q

otherwise



Area of steel provided across section
at middle section: Astopm

q
if xalt

q
cdtop ntopm

q
2 Atopm

1

2
ntopm

q
 2 Atopm





Atopm

Area of steel provided across section
at outside section: Astopo

q
if xalt

q
cdtop ntop

q
ntopm

q
  2 Atopo

1

2
ntop

q
ntopm

q
  2 Atopo







Minimum area of steel
required at section: Asmint

q
ρT.min ConcreteVolume x

q  (Reference 1a)
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Factored moment considering
minimum reinforcing
requirements at section:

Mutop
q

if Astopm
q

Astopo
q

 Asmint
q

 max
4

3
Mutop1

q
 0





 max Mutop1
q

0 







Distance from section to end of bar
for continuous bars: ltop1

q it
if ztop

it

B

2
 max xalt

q
ztop

it

B

2






 2 cctop 0





 max xalt
q

cctop 0 







Distance from section to end of bar
of bar for cut off bars: ltop2

q it
max xalt

q
cdtop 0 

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

q it
if it stopm

B

2
 cdtop

it

2
trunc

it

2






 ltop2
q it

 ltop1
q it









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

fsm
q it

if it ntop
q

 Atopm fyT min
ltop

q it

ldtopm

1








 0










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

fso
q it

if it ntop
q

 Atopo fyT min
ltop

q 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:

xop
q

Atopm fyT min
xalt

q
cctop

ldtopm

1








 2

1

ntopm
q

kk

fsm
q kk



 2

ntopm
q  1

ntop
q

jj

fso
q jj





Wtop
q

β1 .85 fc


Factored moment capacity at section:

ϕMntop
q

ϕb Atopm fyT min
xalt

q
cctop

ldtopm

1








 dbart
q 1

xop
q

  Wtop
q

0.85 β1 fc xop
q

 xop
q

xop
q

β1

2




















2

1

ntopm
q

kk

fsm
q kk

dbart
q kk

xop
q

  


 2

ntopm
q  1

ntop
q

jj

fso
q jj

dbart
q jj

xop
q

  

























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

checktop
q

Mutop
q

ϕMntop
q



P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-91

59 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-91 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

Factored moment capacity in middle section at critical section:

ϕMnbotm
n nj

ϕb Abotm fyB min

lbot
n nj  1

ldbotm

1






 dbotm
n nj

abotm

2










 2

1

nbotm
n nj

kk

Abotm fyB min

lbot
n nj  kk

ldbotm

1






 dbarb
n nj  kk

abotm

2

























ϕMnbotm
n nj

20250 kip ft

Factored moment capacity in middle section at critical section:

ϕMntopm
n nj

ϕb Atopm fyT min

xalt
n nj

cctop

ldtopm

1






 dbart
n nj 1

xop
n nj  Wm 0.85 β1 fc xop

n nj xop
n nj

xop
n nj β1

2




















2

1

ntopm
n nj

kk

fsm
n nj kk

dbart
n nj kk

xop
n nj  
























ϕMntopm
n nj

6774 kip ft

Unbalanced wind moment on joint: MunbalancedW MdW MunbalancedW 31305 kip ft

Fraction of wind moment
carried by flexure:

γfW

ϕMnbotm
n nj

ϕMntopm
n nj



MunbalancedW

 γfW 0.86

Unbalanced seismic moment on joint: MunbalancedEQ MdEQ MunbalancedEQ 14440 kip ft

Fraction of seismic moment
carried by flexure: γfEQ

ϕMnbotm
n nj

ϕMntopm
n nj



MunbalancedEQ

 γfEQ 1.87
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 K. Bottom Moment Capacity Results
Asboto

q
Asbotm

q


45.2
45.2
48.4
51.5
51.5
54.6
57.7
57.7
60.8
64.0
64.0
68.3
68.3
68.3
69.5
70.7
70.7
71.9
73.1
73.1
74.3
75.5
75.5
76.7
77.9
77.9
79.1
80.3
80.3
81.5
81.5
81.5
81.5
81.5

in
2



 Asminb
q

10.9
11.9
12.8
13.8
14.8
15.8
16.8
17.9
18.9
20.0
21.1
22.3
23.4
24.6
25.8
27.0
28.2
29.5
30.7
32.0
33.3
34.7
36.0
37.4
38.8
40.2
41.6
43.1
44.5
45.0
45.0
45.0
45.0
45.0

in
2




x

q

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
15.1
15.7
16.3
16.9
17.5

ft

 Wbot
q

21.7
22.7
23.7
24.7
25.7
26.7
27.7
28.7
29.7
30.7
31.7
32.7
33.7
34.7
35.7
36.7
37.7
38.7
39.7
40.7
41.7
42.7
43.7
44.7
45.7
46.7
47.7
48.7
49.7
50.0
50.0
50.0
50.0
50.0

ft

 Mubot
q

0
0
0
0

35
114
225
367
541
745
980

1246
1543
1870
2227
2618
3035
3483
3960
4466
5002
5566
6160
6782
7433
8113
8821
9553

10284
11141
11987
12822
13645
14457

k ft

 ϕMnbot
q

648
1546
2507
3581
4838
6170
7625
8903
9537

10188
10908
11556
12262
12967
13665
14368
15064
15725
16360
16942
17534
18133
18730
19337
19952
20565
21188
21818
22446
22737
22852
22932
22974
22979

k ft

 checkbot
q

0.00
0.00
0.00
0.00
0.01
0.02
0.03
0.04
0.06
0.07
0.09
0.11
0.13
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.29
0.31
0.33
0.35
0.37
0.39
0.42
0.44
0.46
0.49
0.52
0.56
0.59
0.63


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



checkbot
n nj

0.63
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 L. Top Moment Capacity Results

Astopo
q

Astopm
q



7.0
7.5
7.9
8.4
8.4
8.8
9.2
9.7
9.7

19.8
20.7
22.4
22.4
22.4
23.3
24.2
25.1
25.1
26.0
26.8
27.7
27.7
28.6
29.5
30.4
30.4
31.2
32.1
33.0
33.0
33.0
33.0
33.0
33.0

in
2



 Asmint
q

21.5
23.3
25.2
27.1
29.0
31.0
33.0
35.1
37.2
39.3
41.5
43.7
46.0
48.3
50.6
53.0
55.4
57.9
60.4
62.9
65.5
68.1
70.7
73.4
76.2
78.9
81.7
84.6
87.5
88.3
88.3
88.3
88.3
88.3

in
2




xalt

q

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
15.28
16.05
16.83
17.60
18.38

ft

 Wtop
q

21.7
22.7
23.7
24.7
25.7
26.7
27.7
28.7
29.7
30.7
31.7
32.7
33.7
34.7
35.7
36.7
37.7
38.7
39.7
40.7
41.7
42.7
43.7
44.7
45.7
46.7
47.7
48.7
49.7
50.0
50.0
50.0
50.0
50.0

ft

 Mutop
q

14
37
69

109
160
220
291
373
466
570
686
815
957

1111
1279
1462
1659
1870
2097
2339
2596
2871
3162
3470
3796
4139
4501
4882
5282
5941
6647
7400
8200
9047

ft k

 ϕMntop
q

158
469
748

1093
1365
1418
1541
1643
1734
1885
2508
3119
3821
4560
4861
5110
5359
5616
5878
6145
6411
6686
6965
7249
7533
7825
8121
8422
8723
8936
9026
9060
9060
9060

ft k

 checktop
q

0.09
0.08
0.09
0.10
0.12
0.16
0.19
0.23
0.27
0.30
0.27
0.26
0.25
0.24
0.26
0.29
0.31
0.33
0.36
0.38
0.40
0.43
0.45
0.48
0.50
0.53
0.55
0.58
0.61
0.66
0.74
0.82
0.91
1.00


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



checktop
n nj

1.00
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x
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Mutop
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 M. Check Cutoff Locations (Reference 1a)

Distance to top bar cutoff location from edge of footing: cdtop 5.0 ft

Counter corresponding to cutoff location: b
cdtop

xalt
1



Distance to cutoff location from edge of footing: xalt
b

5.0 ft

Factored moment capacity at cutoff location: ϕMntop
b

1885 k ft

Footing effective depth at cutoff location: dtopm
b

3.1 ft

Distance equal to effective depth from cutoff location: cdtop max dtopm
b

12 ditopm  8.1 ft

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

cdtop max dtopm
b

12 ditopm 

ft










 bunder 16

xalt
bunder

8.0 ft

Moment at distance equal to
effective depth from cut:

Mutopcutd Mutop
bunder

cdtop max dtopm
b

12 ditopm  xalt
bunder

 
Mutop

bunder 1  Mutop
bunder

 
0.5ft













Mutopcutd 1490 k ft

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

Mutopcutd

ϕMntop
b

0.79
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Distance to bottom bar cutoff location from edge of
footing:

cdbot 0.0 ft

Counter corresponding to cutoff location: b
cdbot

x
1



Distance to cutoff location from edge of footing: x
b

0.0 ft

Factored moment capacity at cutoff location: ϕMnbot
b

0 k ft

Footing effective depth at cutoff location: dbotm
b

0.0 ft

Distance equal to effective depth from cutoff location: cdbot max dbotm
b

dibotm  0.1 ft

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

cdbot max dbotm
b

dibotm 

ft










 bunder2 0

x
bunder2

0.0 ft

Moment at distance equal to
effective depth from cut:

Mubotcutd Mubot
bunder2

cdbot max dbotm
b

dibotm  x
bunder2

 
Mubot

bunder2 1  Mubot
bunder2

 
0.5ft













Mubotcutd 0 k ft

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

Mubotcutd

ϕMnbot
b

0.00
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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 90.4 in

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

ap
1

2






2
D B

2






2

 xo ap 33.9 in

Geometric distance to transition point: C1 2 ap C1 47.9 in

Height of transition point: h hb

hc

a









C1 h 37.3 in

Number of bars between centerline
and critical section: Nbarsdown trunc

xo

2 sbotm









 Nbarsdown 7

Spacing to first bar on critical section: x
1

2 sbotm xo 2 sbotm Nbarsdown  x
1

11.43 in

Number of middle section bars: Nbarbm nbotm
n nj

Nbarsdown Nbarbm 14

Distance to last middle bar: dtp 2 Nbarbm 1  sbotm x
1

 dtp 177 in

Number of outside section bars: Nbarbo trunc

D

2
cctop dtp

2 sboto











 Nbarbo 9

Number of bars crossing the
critical section in diagonal
direction 1: Nbars1 Nbarbm Nbarbo Nbars1 23

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

x
b1

if b1 Nbarbm x
Nbarbm

2 sboto b1 Nbarbm  x
1

2 sbotm b1 1 







Development lengths provided for 
individual bars:

Lin
b1

min 100 in 2
D

2
cctop x

b1












 Lout
b1

100 in

Depth of individual bars in 
diagonal direction 1:

d
b1

hb hc ccbot dibotm x
b1

D

2
ap 2 xo if

hb h

ap

x
b1

D

2
ap











 h ccbot dibotm  x
b1

D

2
apif

h hb hc 

2 xo
x

b1

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 x
1

 

2 sbotm

1











 Nbars2 24

Average width of tributary.
area for individual bars: b

D

2

Nbars1 Nbars2
 b 6.38 in

Developed stress for individual bars
for diagonal direction 1: σ1

b1

2 fyB Aboto

2
min

min Lin
b1

Lout
b1

 
ldboto

1






 b1 Nbarbmif

2 fyB Abotm

2
min

min Lin
b1

Lout
b1

 
ldbotm

1






 otherwise



Depth of compression block for
bars in diagonal direction 1: a1

b1

σ1
b1

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:

λ
b2

x
1

2 sbotm b2  2 x
1



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

Centerbar Nbarsdown 1 Centerbar 8

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:

Cbar
b2

Otherbars

b2

2
trunc

b2

2









if

CLbar otherwise



Development lengths provided for
individual bars:

Lin2
b2

100in

Lout2
b2

min 100 in 2
D

2
cctop λ

b2












D

2
λ

b2


2

4
D B( ) xoif

min 100 in 2
2

4
D B( ) xo









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xo



























otherwise

Cbar
b2

"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xo









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xo


















 cdbot cctop 

















otherwise
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Depth of individual bars in diagonal direction 2:

d2
b2

hb hc ccbot dibotm λ
b2

D

2
ap 2 xo if

hb h

ap

λ
b2

D

2
ap











 h ccbot dibotm  λ
b2

D

2
apif

h hb hc 

2 xo
λ

b2

D

2
ap 2 xo 











 hc hb ccbot dibotm  otherwise



Developed stress for individual bars
in diagonal direction 2: σ2

b2

2 fyB Abotm

2
min

min Lin2
b2

Lout2
b2

 
ldbotm

1








Depth of compression block for
bars in diagonal direction 2: a2

b2

σ2
b2

0.85 fc b


Factored moment capacity at section: ϕMnbot ϕb 2

1

Nbars1

kk

σ1
kk

d
kk

a1
kk

2









































2

1

Nbars2

kk

σ2
kk

d2
kk

a2
kk

2


















































 ϕMnbot 23730 k ft

Ultimate moment in bottom
reinforcement at critical section:

Mubot
n nj

14457 k ft

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

Mubot
n nj

ϕMnbot

 checkbot 0.61
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 IX-c. Moment Capacity of Top Reinforcement at 45 degree angle
Distance to alternate critical
section from centerline of
foundation:

xalt.o
π OD

4
 xalt.o 79.5 in

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

aalt.p
1

2






2
D B

2






2

 xalt.o aalt.p 44.8 in

Geometric distance to transition point: Calt.1 2 aalt.p Calt.1 63.3 in

Height of transition point: halt hb

hc

a









Calt.1 halt 40.3 in

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

K1

cctop ditopm

cos tan
halt hb

aalt.p

















 K1 2.86 in

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

K2

cctop ditopm

cos tan
hb hc halt

2 xalt.o

















 K2 2.78 in

Number of bars between centerline
and critical section: Nbarsdown trunc

xalt.o

2 stopm









 Nbarsdown 7

Spacing to first bar on critical section: x
1

2 stopm xalt.o 2 stopm Nbarsdown  x
1

11.03 in

Number of middle section bars: Nbartm ntopm
n nj

Nbarsdown Nbartm 17

Distance to last middle bar: dtp 2 Nbartm 1  stopm x
1

 dtp 192 in

Number of outside section bars: Nbarto trunc

D

2
cctop dtp

2 stopo











 Nbarto 9

Number of bars crossing the
critical section in diagonal
direction 1: Nbars1 Nbartm Nbarto Nbars1 26

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

x
b1

if b1 Nbartm x
Nbartm

2 stopo b1 Nbartm  x
1

2 stopm b1 1 







Development lengths provided for 
individual bars:

Lin
b1

min 100 in 2
D

2
cctop x

b1












 Lout
b1

100 in
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Depth of individual bars in diagonal
direction 1:

d
b1

hb hc cctop ditopm x
b1

D

2
aalt.p 2 xalt.o if

hb halt

aalt.p

x
b1

D

2
aalt.p











 halt K1 x
b1

D

2
aalt.pif

halt hb hc 

2 xalt.o
x

b1

D

2
aalt.p 2 xalt.o 











 hc hb K2 otherwise



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

Nbars2 trunc

D

2
cctop





2 stopm x
1

 

2 stopm

1











 Nbars2 27

Developed stress for individual bars
for diagonal direction 1: σ1

b1

2 fyT Atopo

2
min

min Lin
b1

Lout
b1

 
ldtopo

1






 b1 Nbartmif

2 fyT Atopm

2
min

min Lin
b1

Lout
b1

 
ldtopm

1






 otherwise



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

Distance from centerline for bars
in diagonal direction 2:

λ
b2

x
1

2 stopm b2  2 x
1



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

Centerbar Nbarsdown 1 Centerbar 8

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:

Cbar
b2

Otherbars

b2

2
trunc

b2

2









if

CLbar otherwise
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Development lengths provided for
individual bars:

Lin2
b2

100in

Lout2
b2

min 100 in 2
D

2
cctop λ

b2












D

2
λ

b2


2

4
D B( ) xalt.oif

min 100 in 2
2

4
D B( ) xalt.o









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xalt.o



























otherwise

Cbar
b2

"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xalt.o









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xalt.o


















 cdtop cctop 

















otherwi



Depth of individual bars in diagonal
direction 2:

d2
b2

hb hc cctop ditopm λ
b2

D

2
aalt.p 2 xalt.o if

hb halt

aalt.p

λ
b2

D

2
aalt.p











 halt K1 λ
b2

D

2
aalt.pif

halt hb hc 

2 xalt.o
λ

b2

D

2
aalt.p 2 xalt.o 











 hc hb K2 otherwise



Developed stress for individual bars in
diagonal direction 2: σ2

b2

2 fyT Atopm

2
min

min Lin2
b2

Lout2
b2

 
ldtopm

1








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

atop
1

Nbars1

ii

σ1
ii

 1

Nbars2

jj

σ2
jj





0.85 fc
D

2


 atop 0.90 in

Factored moment capacity at critical section:

ϕMntop ϕb 2

1

Nbars1

kk

σ1
kk

d
kk

atop

2









































2

1

Nbars2

kk

σ2
kk

d2
kk

atop

2


















































 ϕMntop 8662 k ft

Ultimate moment in top
reinforcement:

Mutop
n nj

9047 k ft

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

Mutop
n nj

ϕMntop

 checktop 1.04

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-91

71 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-91 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

 IX-d. One-Way Shear Capacity Check

Plan location of section: x
i

i

2
ft x

j
max x( ) xface max x( )  j n

nj



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

d
i

hb

x
i

a
hc ccbot

dibotm

2


d
j

hb hc ccbot
dibotm

2


Determine controlling load case: Vu
q

if VuW
q

VuEQ
q

 VuW
q

 VuEQ
q

 

Location of critical section from
edge of footing:

xcritical xface d
n nj xcritical 12.6 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: ϕVn
i

ϕv 2 psi

1

2
 fc B d

i
 2 x

i
 d

i
x

i

hc

2 a



















 (Reference 1a)

(Reference 1a)
Shear capacity between a and xface: ϕVn

j
ϕv 2 psi

1

2
 fc B d

j
 2 a d

j

hc

2





















Reinforcing ratio at section
between edge and a:

rhox
i

Asboto
i

Asbotm
i



B d
i

 2 x
i

 d
i

x
i

hc

2 a














Reinforcing ratio at section
between a and edge: rhox

j

Asboto
j

Asbotm
j



B d
j

 2 a d
j

hc

2














Capacity between edge and a: ϕVn2
i

ϕv 8 psi

1

2
 fc







 rhox

i 
1

3
B d

i
 2 x

i
 d

i
x

i

hc

2 a





















Capacity between a and xface:

ϕVn2
j

ϕv 8 psi

1

2
 fc







 rhox

j 
1

3
B d

j
 2 a d

j

hc

2
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Shear Design Results Vu
qcs

ϕVn
qcs

-0.03
-0.03
-0.04
0.07
0.13
0.18
0.23
0.27
0.30
0.33
0.36
0.38
0.40
0.42
0.43
0.44
0.46
0.47
0.47
0.48
0.49
0.49
0.50
0.50
0.50
0.51


Vu

qcs

ϕVn2
qcs

-0.03
-0.04
-0.05
0.10
0.18
0.26
0.32
0.39
0.44
0.48
0.53
0.56
0.60
0.63
0.66
0.69
0.72
0.74
0.76
0.79
0.80
0.82
0.84
0.85
0.86
0.88


x

qcs

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

ft

 d
qcs

25.5
26.6
27.8
28.9
30.1
31.3
32.4
33.6
34.7
35.9
37.1
38.2
39.4
40.5
41.7
42.9
44.0
45.2
46.4
47.5
48.7
49.8
51.0
52.2
53.3
54.5

in

 Vu
qcs

-18
-25
-32
63

127
190
253
316
378
440
501
563
624
684
745
805
865
924
983

1042
1100
1158
1216
1273
1330
1387

k

 ϕVn
qcs

703
766
832
898
967

1036
1107
1180
1254
1330
1407
1485
1565
1647
1729
1814
1900
1987
2076
2166
2258
2351
2446
2542
2640
2739

k

 ϕVn2
qcs

533
565
610
656
689
736
783
817
866
916
951

1007
1043
1079
1122
1164
1201
1244
1288
1325
1370
1415
1453
1498
1545
1583

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



ii 1 trunc
xcritical

0.5ft









1

vals
ii

Vu
ii

ϕVn2
ii


vals

ii

Vu
ii

ϕVn
ii



CheckShear1 max vals( ) 0.51 CheckShear2 max vals( ) 0.51

OutputShearCriticalSection1

Vu
trunc

xcritical

0.5ft







1

ϕVn
trunc

xcritical

0.5ft







1

 OutputShearCriticalSection2

Vu
trunc

xcritical

0.5ft







1

ϕVn2
trunc

xcritical

0.5ft







1
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0 0.93 1.86 2.79 3.71 4.64 5.57 6.5 7.43 8.36 9.29 10.21 11.14 12.07 13
500

50

400

850

1300

1750

2200

2650

3100

3550

4000

Vu
qcs

k

ϕVn
qcs

k

ϕVn2
qcs

k

xqcs

ft

 Factored Shear vs.
 Shear Capacity - 

xcritical 12.6 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 57.6 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 56.3 in

Area of critical section: Ac 2π dface
C dface

2









 Ac 46066 in
2



Polar moment of inertia
of critical section: Jc π dface

C dface

2









3


dface

3

3









C dface

2









 Jc 3.98 10
8

 in
4



Perimeter of critical section: b0 2π
C dface

2









 b0 818 in

Half critical section width: c
C dface

2
 (interior column) c 130 in

Weight of pedestal: Wp 79 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 851 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 856 k

Unbalanced wind moment on joint: MunbalancedW 31305 kip ft

Fraction of wind moment that can
be carried by flexure:

γfW 0.86

Fraction of wind moment carried
by shear:

γvW max 0.4 1 γfW  γvW 0.40

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

αd2 PW

Ac

γvW MunbalancedW c

Jc

 vuW 71 psi
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Unbalanced seismic moment on joint: MunbalancedEQ 14440 kip ft

Fraction of seismic moment that can
be carried by flexure:

γfEQ 1.87

Fraction of seismic moment carried by
shear:

γvEQ max 0.4 1 γfEQ  γvEQ 0.40

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

αd2EQ PEQ

Ac

γvEQ MunbalancedEQ c

Jc

 vuEQ 45 psi

Determine controlling load case: vu max vuW vuEQ  vu 71 psi

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

0.34
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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( )
y

2
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( )
y

2
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






y

2
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 55.9 in

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

D
61 %

Cap width to be within "middle" strip: wf min wf 2 Wm  wf 30.45 ft

Area of steel across critical section: As

wf

sbotm

Abotm As 63.3 in
2



Footing Depth at Edge of Section: dedge dface2

wf B

2

hc

a
 44.58 in

Concrete Area Resisting Shear: Aface B dface2 2
wf B

2


dedge dface2

2









 Aface 19758 in
2



 C. Fatigue Soil Bearing Pressure  

Service load eccentricity: efNorth
qrnorth

MUniquenorth
qrnorth

Wfat



Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing:
AeffNorth

qrnorth
2 R

2  acos

efNorth
qrnorth

R











efNorth
qrnorth

 R
2

efNorth
qrnorth 2














beNorth
qrnorth

2 R efNorth
qrnorth

 Ellipse soil width in bearing:

leNorth
qrnorth

2 R 1 1

beNorth
qrnorth

2 R










2

Ellipse soil length in bearing:

leffNorth
qrnorth

AeffNorth
qrnorth

leNorth
qrnorth

beNorth
qrnorth

Effective soil length in bearing:

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-91

79 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-91 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

beffNorth
qrnorth

leffNorth
qrnorth

leNorth
qrnorth

beNorth
qrnorth

Effective soil width in bearing:

ffNorth
qrnorth

Wfat

AeffNorth
qrnorth

Maximum fatigue bearing pressure:

xstartNorth
qrnorth

D

2
efNorth

qrnorth


beffNorth
qrnorth

2


Foundation plan
area:

Abase D
2

2
D B

2






2

 Abase 2071 ft
2



Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
 Snormal 13684 ft

3


Wfat 1926 kip

Wfat

Abase

930 psf

Moment at which the foundation
lifts:

Mmaxlift

Wfat

Abase

Snormal 12725 k ft

Maximum soil pressure at point
when the foundation lifts: σmaxlift

Wfat

Abase

Mmaxlift

Snormal

 1860 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_soiltrap
qrnorth

Wfat

Abase

MUniquenorth
qrnorth

Snormal



σnorth_min_soil
qrnorth

Wfat

Abase

MUniquenorth
qrnorth

Snormal


Wfat

Abase

MUniquenorth
qrnorth

Snormal

 0if

"LIFT" otherwise



Guess for solver of soil bearing length: Lb
3

4
D Lb 37.50 ft

Guess for solver of max soil pressure: fmax σmaxlift

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:

FVALS
qrnorth

Wfat

MTOEVALS
qrnorth

Wfat
D

2
 MUniquenorth

qrnorth


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:

MapLb
qrnorth

FUNCTION FVALS
qrnorth

MTOEVALS
qrnorth

 0 ft σnorth_min_soil
qrnorth

"LIFT"=if

0 σnorth_min_soil
qrnorth

"LIFT"if



σnorth_max_soiltri
qrnorth

FUNCTION FVALS
qrnorth

MTOEVALS
qrnorth

 1 psf σnorth_min_soil
qrnorth

"LIFT"=if

0 σnorth_min_soil
qrnorth

"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_soil
qrnorth

if σnorth_min_soil
qrnorth

"LIFT"= σnorth_max_soiltri
qrnorth

 σnorth_max_soiltrap
qrnorth

  ...

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
13
14
15
...

 MUniquenorth

0
38
76

114
152
190
228
266
304
342
380
418
456
494
532

...

k ft

 σnorth_min_soil

930
927
924
922
919
916
913
910
908
905
902
899
897
894
891
888

...

psf

 σnorth_max_soiltrap

930
933
935
938
941
944
947
949
952
955
958
960
963
966
969
972

...

psf

 σnorth_max_soiltri

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

...

psf

 σnorth_max_soil

930
933
935
938
941
944
947
949
952
955
958
960
963
966
969
972

...

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

Lbmin
qr

0

qtnorth

qrnorth

MapLb
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















σminnorth_max_soil
qr

0

qtnorth

qrnorth

σnorth_max_soil
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















Mapσminnorth_min_soil
qr

0

qtnorth

qrnorth

0 σnorth_min_soil
qrnorth

"LIFT"=if

σnorth_min_soil
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if

otherwise




















σminnorth_min_soil
qr

"LIFT" Mapσminnorth_min_soil
qr

0=if

Mapσminnorth_min_soil
qr

Mapσminnorth_min_soil
qr

0if
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 E. Map Unique Matrix Loop Results back to full Maximum Markov or Rain Flow Matrix

Lb
qr

0

qtnorth

qrnorth

MapLb
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















σmaxnorth_max_soil
qr

0

qtnorth

qrnorth

σnorth_max_soil
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















Mapσmaxnorth_min_soil
qr

0

qtnorth

qrnorth

0 σnorth_min_soil
qrnorth

"LIFT"=if

σnorth_min_soil
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if

otherwise




















σmaxnorth_min_soil
qr

"LIFT" Mapσmaxnorth_min_soil
qr

0=if

Mapσmaxnorth_min_soil
qr

Mapσmaxnorth_min_soil
qr

0if
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 F. Fatigue Load Bottom Moments and Top Moments at Critical Section

MfminbotNorth
qr

0

a

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








B 2 y( ) xface y 




d

a

xface

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








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_soil
qr

"LIFT"=if

0

a

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





B 2 y( ) xface y 





d

a

xface

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





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



P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-91

85 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-91 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

StaticSoilWedgeWeightFat γsdbot γssbot γw   xface

MfmaxbotNorth
qr

0

a

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








B 2 y( ) xface y 




d

a

xface

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








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_soil
qr

"LIFT"=if

0

a

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





B 2 y( ) xface y 





d

a

xface

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





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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MfmintopNorth
qr

max 0k ft

a

D xface_alt

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








D D xface_alt y 





d

0

a

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








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
Sembedring

2




γc  hpe  π

4
C

2







Sembedring

2




γc γsdbot  hp hpe  π

4
C

2







Sembedring

2




Mminnorth
qr






















































































































σminif

max 0k ft

0

a

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





B 2 y( ) D xface_alt y 





d

a

D xface_alt

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





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
Sembedring

2




γc  hpe  π

4
C

2







Sembedring

2




γc γsdbot  hp hpe  π

4
C

2







Sembedring

2




M
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Mminnorth
qr













MfmaxtopNorth
qr

0

a

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








B 2 y( ) D xface_alt y 




d

a

D xface_alt

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








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
Sembedring

2




γc  hpe  π

4
C

2







Sembedring

2




γc γsdbot  hp hpe  π

4
C

2







Sembedring

2




Mmaxnorth
qr





























































 σmaxnorth_min_soiif

0

a

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





B 2 y( ) D xface_alt y 





d

a

D xface_alt

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





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
Sembedring

2




γc  hpe  π

4
C

2







Sembedring

2




γc γsdbot  hp hpe  π

4
C

2







Sembedring

2




M























































 otherwise
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Mmaxnorth
qr







 G. Fatigue Load Shear at Critical Section

VEdminNorth
qr

max 0kip

0

a

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








B 2 y( )




d

a

xface

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








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_soil
qr

"LIFT"=if

0

a

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





B 2 y( )





d

a

xface

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
σminnorth_min_soil

qr
 





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



i il d i h   



otherwise
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StaticSoilWedgeWeightFat γsdbot γssbot γw   

VEdmaxNorth
qr

0

a

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








B 2 y( )




d

a

xface

yσmaxnorth_max_soil
qr

y

Lb
qr

σmaxnorth_max_soil
qr 








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_soil
qr

"LIFT"=if

0

a

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





B 2 y( )





d

a

xface

yσmaxnorth_max_soil
qr

y

D
σmaxnorth_max_soil

qr
σmaxnorth_min_soil

qr
 





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
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StaticSoilWedgeWeightFat γsdbot γssbot γw  

 H. Shear and Moment Summary

Results in partial tabular form:

qr

0
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
...

 VEdminNorth

153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153

...

kip

 VEdmaxNorth

153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153

...

kip

 MfminbotNorth

1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191

...

k ft

 MfmaxbotNorth

1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191
1191

...

k ft

 MfmintopNorth

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

...

k ft

 MfmaxtopNorth

-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350
-1350

...

k ft
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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 11.11 in

CUBIC
a xcr

3


3 hc

B xcr
2



2
 nmod As dface2 xcr =

xcr Find xcr  xcr 12.92 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 60.5 ft
4



 J. Compute Concrete and Steel Stresses

Elastic beam theory prediction of
minimum compressive stress in
concrete:

σcminNorth
qr

max 0psi
MfminbotNorth

qr
xcr

ICR












Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstminNorth
qr

max 0psi
nmod MfminbotNorth

qr
 dface2 xcr 

ICR












Elastic beam theory prediction of
compressive stress in concrete: σcmaxNorth

qr

MfmaxbotNorth
qr

xcr

ICR



Elastic beam theory prediction of
tensile stress in reinforcement: σstmaxNorth

qr

nmod MfmaxbotNorth
qr

 dface2 xcr 

ICR
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 K. Compute Twisting Moments and Steel Stresses

Map results from unique
matrices back to full
matrices: beffminNorth

qr

0

qtnorth

qrnorth

beffNorth
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















xstart_minNorth
qr

0

qtnorth

qrnorth

xstartNorth
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















ffminNorth
qr

0

qtnorth

qrnorth

ffNorth
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















leffminNorth
qr

0

qtnorth

qrnorth

leffNorth
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if
















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

Mtwist_min
qr

min beffminNorth
qr

a xstart_minNorth
qr

  ffminNorth
qr



leffminNorth
qr

C

2









2

2
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Map results from unique
matrices back to full
matrices: beffmaxNorth

qr

0

qtnorth

qrnorth

beffNorth
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















xstart_maxNorth
qr

0

qtnorth

qrnorth

xstartNorth
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















ffmaxNorth
qr

0

qtnorth

qrnorth

ffNorth
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















leffmaxNorth
qr

0

qtnorth

qrnorth

leffNorth
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















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

Mtwist_max
qr

min beffmaxNorth
qr

a xstart_maxNorth
qr

  ffmaxNorth
qr



leffmaxNorth
qr

C

2









2

2
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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  19.3 in
2



Depth to reinforcement at critical
section for flat portion of footing: dface_twist hb hc ccbot dibotm dface_twist 57.6 in

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

QUBIC 0

Given xcr2 19.54 in

QUBIC
2xcr2

3

xcr2

2


xcr2 a

hc

 nmod As_twist dface_twist=

xcr2 Find xcr2  xcr2 17.96 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 15.3 ft
4



Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstmin_twist
qr

max 0psi
nmod Mtwist_min

qr
 dface_twist xcr2 

ICR_twist












Elastic beam theory prediction of
tensile stress in reinforcement: σstmax_twist

qr

nmod Mtwist_max
qr

 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
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
...

 σcminNorth

147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147

...

psi

 σcmaxNorth

147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147

...

psi

 σstminNorth

4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405

...

psi

 σstmaxNorth

4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405
4405

...

psi

 σstmin_twist

14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567

...

psi

 σstmax_twist

14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567
14567

...

psi
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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 fcck_conversion fc fcck 32.8 MPa

Normalized Structural
Compressive Strength: fcn fcck 1

fcck

600 MPa










 fcn 31.0 MPa

Design Concrete
Compressive Strength: fcd

fcn

γcdnv

 fcd 22.9 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 22.9 MPa

Exposure Factor: C1dnv 12

Fatigue Strength Parameter: C5c 1.0

Cycles Allowed: ncallowNorth
qr

10

C1dnv

1

σcmaxNorth
qr

C5c frd








1

σcminNorth
qr

C5c frd












XdnvNorth
qr

C1dnv

1
σcminNorth

qr

C5c frd
 0.1 C1dnv



C2dnvNorth
qr

max 1 0.2 log ncallowNorth
qr  XdnvNorth

qr
  1.0 



ncallowNorth
qr

if log ncallowNorth
qr  XdnvNorth

qr
 10

C1dnv C2dnvNorth
qr



1

σcmaxNorth
qr

C5c frd








1

σcminNorth
qr

C5c frd










 ncallowNorth
qr



















Damage: DamageNorth
qr

Nfat
qr

ncallowNorth
qr



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

if DamagetotalNorth 0.33 "OK" "NG"  "OK"
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 N. Check of Fatigue in Concrete due to Shear

Concrete Area Resisting Shear: Aface 137 ft
2



Characteristic Tensile Strength: ftk 0.48 fcck MPa 0.5
 ftk 2.75 MPa

Normalized Tensile Strength: ftn ftk 1
ftk

25 MPa









0.6










 ftn 2.02 MPa

ftd

ftn

γcdnv

 ftd 1.49 MPaDesign Tensile Strength:

Design Constants: kA 100 MPa

d1 1000 mm

Anchored Reinforcement
on Tensile Side: As 63 in

2


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 1488 k

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

kA As

γcdnv Aface










 kv 0.6 ftd kv









vcd 75 psi

Cycles Allowed: nvcallowNorth
qr

10

C1dnv

1

VEdmaxNorth
qr

C5c Vcd








1

VEdminNorth
qr

C5c Vcd












XdnvNorth
qr

C1dnv

1
VEdminNorth

qr

C5c Vcd
 0.1 C1dnv



C2dnvNorth
qr

max 1 0.2 log nvcallowNorth
qr  XdnvNorth

qr
  1.0 
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nvcallowNorth
qr

if log nvcallowNorth
qr  XdnvNorth

qr
 10

C1dnv C2dnvNorth
qr



1

VEdmaxNorth
qr

C5c Vcd








1

VEdminNorth
qr

C5c Vcd










 nvcallowNorth
qr



















Damage: DamagevNorth
qr

Nfat
qr

nvcallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagevtotalNorth DamagevNorth
DamagevtotalNorth 0.00

if DamagevtotalNorth 0.33 "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 fcck_conversion fc28 fgrtck 52.4 MPa

Normalized Structural
Compressive Grout Strength: fgn fgrtck 1

fgrtck

600 MPa










 fgn 47.8 MPa

Design Concrete
Compressive Grout
Strength:

fgd

fgn

γgdnv

 fgd 35.4 MPa

Anchor Bolt Pretension Load: Tpre 72 kip

Flange Outside Diameter: OD 4556 mm

Flange Inside Diameter: ID 4000 mm

Number of Bolts: N 140

PVC outside diameter: dSDR 1.660 in

Bearing area at top of grout: Agrt
π

4
OD

2
ID

2
  N

π dSDR
2



4
 Agrt 5488 in

2


Section modulus at top of grout: Sgrt
π

32 OD
OD

4
ID

4
 

2

OD
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













































































Sgrt 217939 in
3



bfat_grt_minnorth
qr

Mfatminnorth
qr 

Sgrt

Wmean

Agrt


Tpre N

Agrt

Minimum grout fatigue stress due to
wind:

Maximum grout fatigue stress due to
wind: bfat_grt_maxnorth

qr

Mfatmaxnorth
qr 

Sgrt

Wmean

Agrt


Tpre N

Agrt
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Cycles Allowed: nbrg_grt_allowNorth
qr

10

C1gdnv

1

bfat_grt_maxnorth
qr

C5g fgd








1

bfat_grt_minnorth
qr

C5g fgd












Xbrg_grt_dnvNorth
qr

C1gdnv

1
bfat_grt_minnorth

qr

C5g fgd
 0.1 C1gdnv



C2brg_grt_dnvNorth
qr

max 1 0.2 log nbrg_grt_allowNorth
qr  Xbrg_grt_dnvNorth

qr
  1.0 



nbrg_grt_allowNorth
qr

if log nbrg_grt_allowNorth
qr  Xbrg_grt_dnvNorth

qr
 10

C1gdnv C2brg_grt_dnvNorth
qr



1

bfat_grt_maxnorth
qr

C5g fgd








1

bfat_grt_minnorth
qr

C5g fgd










 nbrg_grt_allowNorth
qr



















Damage: Damagebrg_grt_North
qr

Nfat
qr

nbrg_grt_allowNorth
qr



Accumulated Damage
(Section 6, M108):

Damagebrg_grt_totalNorth Damagebrg_grt_North

Damagebrg_grt_totalNorth 0.00

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 fcck_conversion fcp fcckp 32.8 MPa

Normalized Structural
Compressive Strength: fcnp fcckp 1

fcckp

600 MPa










 fcnp 31.0 MPa

Design Concrete
Compressive Strength: fcdp

fcnp

γcdnv

 fcdp 22.9 MPa

Grout thickness: tg 0.00 in

Bearing area at bottom of grout: A1
π

4
OD tg 2 ID tg 2



 N

π dSDR
2



4
 A1 5488 in

2


Section modulus at bottom of grout: S1
π

32 OD tg 
OD tg 4 ID tg 4





2

OD tg  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 217939 in
3



bfatminnorth
qr

Mfatminnorth
qr 

S1

Wmean

A1


Tpre N

A1

Minimum fatigue stress due to wind:

Maximum fatigue stress due to wind:
bfatmaxnorth

qr

Mfatmaxnorth
qr 

S1

Wmean

A1


Tpre N

A1



Bearing strip (radial) at bottom of grout: Astrip_1

OD tg  ID tg 

2
 Astrip_1 10.9 in
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Angle of bearing within concrete: αDNV 0deg αDNV 0.0 deg

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

C OD tg 

2

hp











atan
1

2


















 αcritical 23.7 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 10.9 in

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

Astrip_2

Astrip_1









1

3

1.3













 Fcd 3326 psi

Cycles Allowed: nbrgallowNorth
qr

10

C1dnv

1

bfatmaxnorth
qr

C5c Fcd








1

bfatminnorth
qr

C5c Fcd












XbrgdnvNorth
qr

C1dnv

1
bfatminnorth

qr

C5c Fcd
 0.1 C1dnv



C2brgdnvNorth
qr

max 1 0.2 log nbrgallowNorth
qr  XbrgdnvNorth

qr
  1.0 



nbrgallowNorth
qr

if log nbrgallowNorth
qr  XbrgdnvNorth

qr
 10

C1dnv C2brgdnvNorth
qr



1

bfatmaxnorth
qr

C5c Fcd








1

bfatminnorth
qr

C5c Fcd










 nbrgallowNorth
qr



















Damage: DamagebrgNorth
qr

Nfat
qr

nbrgallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagebrgtotalNorth DamagebrgNorth DamagebrgtotalNorth 0.07

if DamagebrgtotalNorth 0.33 "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: ΔσstNorth
qr

max 1 psi σstmaxNorth
qr

σstminNorth
qr

  


Characteristic strength
of reinforcement:

fsk fyB

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: nsallowNorth
qr

10

C3 C4 log

ΔσstNorth
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagestotalNorth DamagesNorth
DamagestotalNorth 0.00

if DamagestotalNorth 0.33 "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_normal
qr

max 1 psi σstmax_twist
qr

σstmin_twist
qr

  


Characteristic strength
of reinforcement:

fsk fyB

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: nsallowNorth
qr

10

C3 C4 log

ΔσstNorth_normal
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M108): DamagestotalNorth_normal DamagesNorth

DamagestotalNorth_normal 0.00

if DamagestotalNorth_normal 0.33 "OK" "NG"  "OK"

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-91

105 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-91 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

 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 57.9 in

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

dedge dface2

2
 dface3 51.23 in

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

Given xcr 11.49 in

CUBIC
wf xcr

2


2
nmod

B

stopm

Atopm







 dface2 xcr 

nmod
wf B 
stopm

Atopm








 dface3 xcr 

=

xcr Find xcr  xcr 6.95 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 22.8 ft
4



Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstmintopNorth
qr

nmod MfmintopNorth
qr

 dface2 xcr 

ICR



Elastic beam theory prediction of
maximum tensile stress in
reinforcement:

σstmaxtopNorth
qr

nmod MfmaxtopNorth
qr

 dface2 xcr 

ICR
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Design factors: C3 19.60

C4 6.00

Tensile stress range in steel: ΔσsttopNorth
qr

max 1 psi σstmaxtopNorth
qr

σstmintopNorth
qr

  


Characteristic strength of
reinforcement:

fsk fyT

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: nsallowNorth
qr

10

C3 C4 log

ΔσsttopNorth
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M107):

DamagestoptotalNorth DamagesNorth DamagestoptotalNorth 0.48

if DamagestoptotalNorth 0.33 "OK" "NG"  "NG"
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 U. Check Fatigue Pullout Strength of Concrete (concrete only)

Minimum fatigue force due to wind:
Pfat_cone_min

qr
max 0psi

4 Mminnorth
qr 

N

2
Davg

Wmean Wp

N

2





















Maximum fatigue force due to wind: Pfat_cone_max
qr

4 Mmaxnorth
qr 

N

2
Davg

Wmean Wp

N

2












Area of Cone Acone 991.59 in
2



Maximum stress
in concrete shear cone: σcone_max

qr

Pfat_cone_max
qr

Acone



max σcone_max  65.35 psi
Minimum stress in
concrete shear cone: σcone_min

qr

Pfat_cone_min
qr

Acone


max σcone_min  62.23 psi

Characteristic Tensile Strength: ftk 0.48 fcck MPa 0.5
 ftk 2.75 MPa

Normalized Tensile Strength: ftn ftk 1
ftk

25 MPa









0.6










 292.51 psi ftn 2.02 MPa

ftd

ftn

γcdnv

 ftd 1.49 MPaDesign Tensile Strength:

Design Constants: kA 100 MPa

d1 1000 mm

Calibration Factor: U 0.79 U ftd 171 psi

Additional Reduction factor: γsf 1.35

Design Shear Strength
Stated in Terms of Stress: vcd_cone

U ftd kv

γsf


vcd_cone 127 psi

Cycles Allowed: ncone_allow
qr

10

C1dnv

1

σcone_max
qr

C5c vcd_cone








1

σcone_min
qr

C5c vcd_cone
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Xdnv
qr

C1dnv

1
σcone_min

qr

C5c vcd_cone
 0.1 C1dnv



C2dnv
qr

max 1 0.2 log ncone_allow
qr  Xdnv

qr
  1.0 



ncone_allow
qr

if log ncone_allow
qr  Xdnv

qr
 10

C1dnv C2dnv
qr



1

σcone_max
qr

C5c vcd_cone








1

σcone_min
qr

C5c vcd_cone










 ncone_allow
qr



















Damage: Damagecone
qr

Nfat
qr

ncone_allow
qr



Accumulated Damage
(Section 6, M108):

Damagecone_total Damagecone
Damagecone_total 0.00

if Damagecone_total 1.0 "OK" "NG"  "OK"
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 III.  Foundation, Tower and Design Information

 A. Unit Definitions and Foundation Dimensions k 1000 lbf meter m

Foundation width: D 50 ft Pedestal
diameter:

C 17 ft Average
extension of
pedestal above
ground surface:

hpe 6in
0.25in

ft






D C

4








Height of base: hb 28 in Height of center:
(above base)

hc 34 in hpe 8.06 in

Height of soil:
(from foundation
bottom)

hs 7.5ft hpe Height of
pedestal:

hp hs hb hc hpe

hs 81.94 in hp 28.00 in

Height of embedment
ring above bottom of
footing:

he 10 in

Minimum depth
of groundwater
below grade:

dGWT 3 ft

Minimum depth of
groundwater below
grade (fatigue):

dGWTF 3 ft

Top width: B
D

1 2


B 20.71 ft

Side width: a
D B

2


a 14.64 ft

Edge slope: ξ1 atan
hc

a











ξ1 10.95 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 15.30 deg

Bottom cover: ccbot 3 in

Top cover: cctop 2 in

GroundwaterLocation "Within the Center"
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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 4300 mm 26mm dtower 14.02 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
5.0 10

7
 kN m

rad
 (Reference 3)

Required dynamic translational
stiffness: Kxreq

1.0 10
6

 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

Concrete strength: fc 5000 psi

Steel yield strength (bottom
mat):

fyB 75000psi

Steel yield strength (top mat): fyT 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

Dry density of soil: γd 105pcf

Design density of soil above
groundwater table:

γsdbot γd 1 15.5%( ) γsdbot 121 pcf

γsdtop γsdbot

Specific gravity of soil solids: Gs 2.70

Design density of soil below
groundwater table:

γssbot 1
1

Gs









γd γw
γssbot 129 pcfγssbot 129 pcf

γsstop min 120pcf γssbot 

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)

Conversion factor for concrete and
grout strength fatigue calculations:

fcck_conversion 1 5%( ) fcck_conversion 0.95

Modular ratio: nmod

Es

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

 Misalignment Loading

Base moment: Malign 965kN m Misalignment
angle (relative to
wind):Malign 712 ft k Δ 45deg

 Normal Extreme 

Normal extreme load factor:

αe 1.35

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

Me
41406.2

αe

kN m He
546

αe

kN Wte
2725.2

αe

kN

Me 22622 ft k He 91 k Wte 454 k

 Abnormal Extreme 

Abnormal extreme load factor:

αa 1.10

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

Ma
37785.1kN m

αa

 Ha
526.8kN

αa

 Wta
2163.3kN

αa



Ma 25335 k ft Ha 108 k Wta 442 k

 H. Normal Loading Conditions - DLC 1.0

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

MN 19257.1 kN m HN 285.7 kN WN 2029.4 kN

MN 14203 ft k HN 64 k WN 456 k

 I. Normal Loading Conditions - DLC 1.1

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

M1.1 19257.1 kN m H1.1 285.7 kN W1.1 2029.4 kN

M1.1 14203 ft k H1.1 64 k W1.1 456 k
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 J. Earthquake Loading Conditions (Reference 1)

 Seismic Design Criteria:

SiteClass "D"

- Building Occupancy Category: II (Non-Essential Power Facility, Non Hazardous)
  
- Seismic Design Category: A (Determination of Seismic Design Category)

0.2 Second spectral response: SS 0.069

1.0 Second spectral response: S1 0.033

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

4 #N/A #N/A

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

S1 <= 0.10 S1 = 0.20 S1 = 0.30 S1 = 0.40 S1 >= 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

4 #N/A #N/A

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 1.60 Fv 2.40

Importance factor: I 1.00

Adjusted 0.2s response: SMS Fa SS SMS 0.11

Adjusted 1.0s response: SM1 Fv S1 SM1 0.08

Design response: SDS
2

3
SMS SDS 0.07

SD1
2

3
SM1 SD1 0.05

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 80 m

Approximate fundamental period
of structure: Ta1 Ct

hn

ft









xEQ

 s Ta1 1.3 s

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 2.22 s

Design period: T min Ta1 Ta2  T 1.3 s

Seismic response coefficients: Cs1

SDS

R

I

 Cs1 0.049

Cs2 if
T

sec
TL

SD1

T

sec






R

I









SD1 TL

T

sec






2
R

I



















0.027

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 0.03

Minimum base shear: V Cs W1.1 V 14 kip

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-97

11 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-97 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

 Structure Weights and Centers of Gravity: (Reference 3)

Total weight of structure: W1.1 456 kip

 Weight of Component  Approximate Center of Gravity

Tower bottom section:: W
1

121500lbf
h

1
21925mm

2


Tower lower mid section: W
2

112240lbf
h

2
25912mm

2
21925mm

Tower upper mid section: W
3

104090lbf
h

3
29463mm

2
25912mm 21925mm

Tower top section: W
4

0 lbf
h

4
0 mm

h
5

80 mWind turbine nacelle and rotor: 

Total tower weight: Wtwr W
1

W
2

 W
3

 W
4

 Wtwr 338 kip

W
5

W1.1 Wtwr W
5

118 kipWind turbine nacelle and rotor: 

Summary: W

0

122

112

104

0

118



















kip h

0.0

11.0

34.9

62.6

0.0

80.0



















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 1.4

Number of tower components: ntc 1 5

 Vertical Distribution Factor:  Lateral Seismic Force at Each Level:

Cv
ntc

W
ntc

h
ntc

ft









k0



1

5

i

W
i

h
i

ft









k0















 F
ntc

Cv
ntc

V

Cv
ntc

0.032
0.149
0.314
0.000
0.504

 F
ntc

0.4
2.0
4.3
0.0
6.9

kip



Total lateral seismic
force: HEQ

1

5

i

F
i 



 HEQ 14 kip

Earthquake overturning
moment:

MEQ

1

5

i

F
i

h
i

 


 MEQ 2945 ft kip

Base moment: MOE M1.1
2

MEQ
2

 MOE 14505 ft k

Base shear: HOE H1.1
2

HEQ
2

 HOE 66 k

Tower & turbine dead weight: WOE W1.1 WOE 456 k
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 K. Fatigue Loading Conditions (Reference 3)

Mean  shear: Hmean 213.7
2

3.7
2

 kN 213.73 kN Hmean 214 kN

Mean  overturning moment: Mmean 1270.2
2

15989.9
2

 kN m 16040.27 kN m Mmean 16040 kN m

Turbine & tower mean weight: Wmean 2011.2kN Wmean 452 kip

Fatigue Loading (Markov Matrix): input raw Markov Matrix data - width/range, mean, cycles

baseline
.\Markov_Matrices_1228754_ Nobles_RePower_1.6-97_80mHH_r01_baseline.tx

 repower
.\Markov_Matrices_1228754_ Nobles_RePower_1.6-97_80mHH_r01_repower.tx



rows repower( ) 47247

rows baseline( ) rows repower( ) 87242

markov_baseline augment baseline 0  baseline 1  baseline 2  

markov_repower augment repower 0  repower 1  repower 2  

Years of operation on baseline turbine: Yearbaseline 11

Years of fatigue assumed baseline
turbine:

Yearfat_baseline 11 Nfat_baseline

Yearbaseline

Yearfat_baseline









baseline 2 

Nfat_baseline
50

424000

Years of operation on repower turbine: Yearrepower 20

Years of fatigue assumed repower
turbine:

Yearfat_repower 20 Nfat_repower

Yearrepower

Yearfat_repower









repower 2 

Nfat_repower
105

638000

Nfat stack Nfat_baseline Nfat_repower  rows Nfat  87242

Minimum Bins
MinBin_baseline baseline 1  baseline 0 

2
 Nfat

509
417000

MinBin_repower repower 1  repower 0 

2


MinBin_total stack MinBin_baseline MinBin_repower( )

rows MinBin_total( ) 87242Maximum Bins
MaxBin_baseline baseline 1  baseline 0 

2


MaxBin_repower repower 1  repower 0 

2
 MaxBin_total stack MaxBin_baseline MaxBin_repower( )

rows MaxBin_total( ) 87242
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Bin counters:

qt length Nfat  1 87241
Doubleqr 0 1 2 qt 1

qr 0 1 qt

North Bins South Bins

MinBin
qr

if MinBin_total
qr

0 0 MinBin_total
qr

  MinBin
qr

if MaxBin_total
qr

0 0 1 MaxBin_total
qr

 

MaxBin
qr

if MaxBin_total
qr

0 0 MaxBin_total
qr

  MaxBin
qr

if MinBin_total
qr

0 0 1 MinBin_total
qr

 

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

Mfatminnorth
qr

MinBin
qr

kN m Mfatmaxnorth
qr

MaxBin
qr

kN m

Hminnorth
qr

max
Mfatminnorth

qr

Mmean

Hmean 0.01kN








 Hmaxnorth
qr

max
Mfatmaxnorth

qr

Mmean

Hmean 0.01kN










Mminnorth
qr

Mfatminnorth
qr

Hminnorth
qr

hp hc hb  Mmaxnorth
qr

Mfatmaxnorth
qr

Hmaxnorth
qr

hp hc hb 

Maximum Moments:

Mmaxfatigue max Mmaxnorth  Mmaxfatigue 25968 kN m

Mminfatigue max Mminnorth  Mminfatigue 24989 kN m

Fatigue moments are plotted below:

0 17460 34920 52380 69840 87300

10000

20000

Mmaxnorth
qr

kN m

Mminnorth
qr

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:

Mnorth
Doubleqr

Mminnorth
Doubleqr

Doubleqr qtif

Mmaxnorth
Doubleqr qt 1

Doubleqr qtif



Sortnorth sort Mnorth 

0 34920 69840 104760 139680 174600

10000

20000

Mnorth
Doubleqr

kN m

Sortnorth
Doubleqr

kN m

Doubleqr
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 M. Develop Unique Fatigue Matrix and  Parse Zero Values

Develop matrix
containing only the
unique fatigue
values:

Uniquenorth
Doubleqr

Sortnorth
0

Doubleqr 0=if

Sortnorth
Doubleqr

Doubleqr 0 Sortnorth
Doubleqr

Sortnorth
Doubleqr 1

if

0 Doubleqr 0 Sortnorth
Doubleqr

Sortnorth
Doubleqr 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  1 498

qrnorth 0 1 qtnorth

0 34920 69840 104760 139680 174600

10000

10000

20000

Uniquenorth
Doubleqr

kN m

MUniquenorth
qrnorth

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 D
2

2
D B

2






2

 A 2071 ft
2



Volume of pedestal: vp
π C

2


4
hp vp 20 yd

3


Weight of pedestal: Wp vp γc Wp 79 k

Volume of footing: vf A hb B
2

hc 4
1

2

1

3
 hc a

2


1

2
B hc a





 vf 303 yd
3



Weight of footing: Wf vf γc Wf 1226 k

Total volume
of concrete: vc vf vp vc 322 yd

3


Total volume of soil: vs A hs vf
π C

2


4
hs hb hc 

8 B tan θ( )

2
hs hb 2

 vs 238 yd
3



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

2


4
hs hb hc 

8 B tan θfat 

2
hs hb 2

 vsfat 207 yd
3



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 501 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 495 kip
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Total weight of soil:

Ws

γsdbot dGWT A
π C

2


4










 γssbot hs hb hc dGWT  A
π C

2


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 C

2


4












γsdbot

hs hb hc

dGWT

y4 B a
a

hc









y hp hpe 







 2 a
2 a

hc









y hp hpe 







2


















d



γssbot

dGWT

hs hb

y4 B a
a

hc









y hp hpe 







 2 a
2 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 786 k
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Total weight of soil (fatigue):

Wsfat

γsdbot dGWTF A
π C

2


4










 γssbot hs hb hc dGWTF  A
π C

2


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 C

2


4












γsdbot

hs hb hc

dGWTF

y4 B a
a

hc









y hp hpe 







 2 a
2 a

hc









y hp hpe 







2


















d



γssbot

dGWTF

hs hb

y4 B a
a

hc









y hp hpe 







 2 a
2 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 683744 lbf

Total dead weight seismic load: WEQ Wp Wf WOE Ws Fb WEQ 2047 k

Total dead weight fatigue load: Wfat Wp Wf Wmean Wsfat Fbfat Wfat 1946 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 25844 k ft

Extreme Tower Base Shear: H if Me Ma He Ha  H 108 k

Extreme Tower Weight: Wt if Me Ma Wte Wta  Wt 442 k

Total dead weight wind load: WW Wp Wf Wt Ws Fb WW 2033 k

Overturning wind moment: MoW M hb hc hp  H MoW 26651 k ft

Wind load friction
resistance at base: HfrW μf WW  HfrW 813 k

Factor of safety
against sliding: FSsW

HfrW

H
 FSsW 7.55

Seismic load friction
resistance at base: HfrEQ μf WEQ  1 Ev  HfrEQ 819 k

Factor of safety
against sliding: FSsEQ

HfrEQ

HOE

 FSsEQ 12.47

Determine controlling load case: FSs min FSsW FSsEQ  FSs 7.55

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

Resisting moment: MrW WW min
D

2

D a

2









 MrW 50818 ft k

Factor of safety against
overturning:

FSoW

MrW

MoW

 FSoW 1.91

Overturning seismic moment: MoEQ MOE Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp  HOE 15510 k ft

Resisting moment: MrEQ 1 Ev  WEQ min
D

2

D a

2









 MrEQ 51170 ft k

Factor of safety against
overturning:

FSoEQ

MrEQ

MoEQ

 FSoEQ 3.30

Minimum factor of safety: FSmin 1.50

Determine controlling load case: FSo min FSoW FSoEQ  FSo 1.91

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 30491 ft k

Factor of safety against
overturning (alternate): FSoW_alt

MrW_red

MoW

 FSoW_alt 1.14

Overturning seismic moment (reduced): MoEQ_alt 0.7 MoEQ MoEQ_alt 10857 k ft

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

2

D a

2









 MrEQ_red 30702 ft k

Factor of safety against
overturning (alternate): FSoEQ_alt

MrEQ_red

MoEQ_alt

 FSoEQ_alt 2.83

Minimum factor of safety: FSmin2 1.00

Determine controlling load case: FSo2 min FSoW_alt FSoEQ_alt  FSo2 1.14

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

 C. Soil Pressure Calculations - Extreme Loading

Side length of square inscribed
inside of foundation octagon: Sf 2a

2
2 a B B

2
 Sf 38.3 ft

"Major" width of octagon along
widest section: Hf B

2
D

2
 Hf 54.1 ft

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

Hf Sf

2
 We 7.93 ft

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

8 B
4



192
cot

2 π

16






 3 cot
2 π

16






2

1








 Ifdn 342112 ft
4



Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
 Snormal 13684 ft

3


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

2 Ifdn

Hf

 Srotated 12643 ft
3



if Snormal Srotated "Rotated Controls" "Normal Controls"  "Rotated Controls"

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-97

22 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-97 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

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 2033 k Mtoe F
B

2
D

2


2
 MoW Mtoe 28354 ft k

Guess: L
2We Hf

4
 fmax 5000 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 32.3 ft f4 3764 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 2033 k Mtoe F
B

2
D

2


2
 MoW Mtoe 28354 ft k

Guess: L
3Hf 2We

4
 fmax 5000 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 32.4 ft f5 3757 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 32.4 ft

Maximum soil bearing pressure: fmax5 if L5 Hf We L5

Hf

2
 f5 0 psf









 fmax5 3757 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 2033 k Mtoe F
B

2
D

2


2
 MoW Mtoe 28354 ft k

Guess: L
2Hf We

2
 fmax 4986 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 34.7 ft f6 2845 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 2033 k Mtoe
F B

2
D

2


2
MoW Mtoe 28354 ft k

Guess:
fmax 4611 psf df 6072 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 3089 psf df 4216 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 32.4 ft

Maximum soil bearing pressure: fmaxW if LbW

Hf

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











fmaxW 3757 psf

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

Determine controlling load case: Lb LbW Lb 32.4 ft

Maximum soil bearing pressure: fmax fmaxW fmax 3757 psf

Minimum soil bearing pressure: fmin fminW fmin 0 psf

Percent of base by length in
compression under extreme loading:

Lb

Hf

0.60

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 2047 kTotal dead weight:

Overturning moment: MoN MN Malign cos Δ( ) 2 Malign sin Δ( ) 2 hb hc hp  HN 15197 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 2047 k Mtoe F
B

2
D

2


2
 MoN Mtoe 40189 ft k

Guess: L
2We Hf

4
 fmax 3036 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 46.4 ft f4 2242 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 2047 k Mtoe F
B

2
D

2


2
 MoN Mtoe 40189 ft k

Guess: L
3Hf 2We

4
 fmax 2964 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 49.1 ft f5 2198 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 2047 k Mtoe F
B

2
D

2


2
 MoN Mtoe 40189 ft k

Guess: L
2Hf We

2
 fmax 2892 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 49.1 ft f6 2197 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 49.1 ft

Maximum soil bearing pressure: fmax6 if L6 Hf L6 Hf We f6 0 psf  fmax6 2197 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 2047 k Mtoe
F B

2
D

2


2
MoN Mtoe 40189 ft k

Guess:
fmax 2904 psf df 2657 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 2190 psf df 2404 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 49.1 ft

Maximum soil bearing pressure: fmax if LbN

Hf

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











fmax 2197 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 2010 ft
2



Percent of base by area in compression
under normal loading:

AN

A
97.1 %

if
AN

A
0.994 "OK" "No Good"









"No Good" (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 15197 ft k

Design vertical load: VdN WtotN VdN 2047 k

Design load eccentricity: edN

MdN

VdN

 edN 7.42 ft

Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing: AeffN 2 R
2  acos

edN

R









 edN R
2

edN
2










 AeffN 1232 ft
2



Ellipse soil width in bearing: beN 2 R edN  beN 35.2 ft

Ellipse soil length in bearing:
leN 2 R 1 1

beN

2 R










2

 leN 47.7 ft

Effective soil length in bearing: leffN AeffN

leN

beN

 leffN 40.9 ft

Effective soil width in bearing: beffN

leffN

leN

beN beffN 30.1 ft

Design bearing pressure: fdN

VdN

AeffN

 fdN 1661 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

0.50
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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 23813 k ft

Design vertical load: VdW Wp Wf Wte Ws Fb VdW 2044 k

Design load eccentricity: edW

MdW

VdW

 edW 11.65 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffW 2 R
2  acos

edW

R









 edW R
2

edW
2










 AeffW 842 ft
2



Ellipse soil width in bearing: beW 2 R edW  beW 26.7 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R










2

 leW 44.2 ft

Effective soil length in bearing: leffW AeffW

leW

beW

 leffW 37.4 ft

Effective soil width in bearing: beffW

leffW

leW

beW beffW 22.5 ft

Design bearing pressure: fdW

VdW

AeffW

 fdW 2427 psf

 D. Bearing Capacity Check - Extreme Normal Loading

Allowable bearing pressure: fallW fall_N
4

3






 4400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdW

fallW

0.55
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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 26651 k ft

Design vertical load: VdA Wp Wf Wta Ws Fb VdA 2033 k

Design load eccentricity: edA

MdA

VdA

 edA 13.11 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffA 2 R
2  acos

edA

R









 edA R
2

edA
2










 AeffA 715 ft
2



Ellipse soil width in bearing: beA 2 R edA  beA 23.8 ft

Ellipse soil length in bearing:
leA 2 R 1 1

beA

2 R










2

 leA 42.6 ft

Effective soil length in bearing: leffA AeffA

leA

beA

 leffA 35.8 ft

Effective soil width in bearing: beffA

leffA

leA

beA beffA 20.0 ft

Design bearing pressure: fdA

VdA

AeffA

 fdA 2842 psf

 F. Bearing Capacity Check - Extreme Abnormal Loading

Allowable bearing pressure: fallA fall_N
4

3







αe

αa

 5400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdA

fallA

0.53
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 G. Design Soil Bearing Pressure - Earthquake Loading  

Design overturning moment: MdEQ MoEQ MdEQ 15510 ft k

Design vertical load: VdEQ 1 Ev  WEQ VdEQ 2047 k

Design load eccentricity: edEQ

MdEQ

VdEQ

 edEQ 7.58 ft

Circular radius of octagon: R 25.00 ft

Effective soil area in bearing: AeffEQ 2 R
2  acos

edEQ

R









 edEQ R
2

edEQ
2










 AeffEQ 1218 ft
2



Ellipse soil width in bearing: beEQ 2 R edEQ  beEQ 34.8 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R










2

 leEQ 47.6 ft

Effective soil length in bearing: leffEQ AeffEQ

leEQ

beEQ

 leffEQ 40.8 ft

Effective soil width in bearing: beffEQ

leffEQ

leEQ

beEQ beffEQ 29.8 ft

Design bearing pressure: fdEQ

VdEQ

AeffEQ

 fdEQ 1681 psf

 H. Bearing Capacity Check - Earthquake Loading

Allowable bearing pressure: fallEQ fall_N
4

3







αe

αa

 5400 psf (Reference 2)

Ratio of design bearing pressure to
allowable bearing pressure:

fdEQ

fallEQ

0.31
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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 45.00 in

Area of the footing: A 2071 ft
2



Area of footing in compression: AN 2010 ft
2



Equivalent circular
radius of footing: Rstff

AN

π
 Rstff 25.3 ft

ρ 125
lb

ft
3

 (Reference 2)
Subsoil density:

ω ρ g ω 125 pcf

Design shear wave velocity
for interval from 8 to 50 feet: Vs 637

ft

sec
 (Reference 2)

Poisson ratio: υ 0.47 (Reference 2)

Initial shear modulus: Go ρ Vs
2

 Go 1576 ksf

Eo 2 1 υ( ) Go Eo 4635 ksf
Initial elastic modulus:

Shear modulus ratio: γ 1 1.0( )
fdN

3 min fallA fallW 








0.3

 0.46 (Reference 9)

Shear modulus: G γ Go G 730 ksf

Elastic modulus: E 2 1 υ( ) G E 2146 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 1.1

Embedment coefficient: ηx 1 0.55 2 υ( )
h

Rstff

 ηx 1.12 (Reference 5)

(Reference 5)
Rotational stiffness of soil: Kψdyn

8 G Rstff
3



3 1 υ( )
ηψ Kψdyn 88

GN m

rad


Kψreq 5.00 10
7


kN m

rad
 (Reference 3)

Kψdyn

Kψreq

1.77Design check:

Translational stiffness
of foundation:

Kxdyn

32 1 υ( ) G Rstff

7 8 υ
ηx Kxdyn 1586

kN

mm
 (Reference 8)

Kxreq 1.00 10
6


kN

m
Required dynamic translational

stiffness:
(Reference 3)

Design check:
Kxdyn

Kxreq

1.59
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 VII. Anchor Bolt  Design

 A. Strength Reduction and Load Factors (Reference 1a and Reference 3)

Normal extreme load factor: αe 1.35

Abnormal extreme load factor: αa 1.10

Determine controlling
extreme load case: αw if αe Me αa Ma αe αa  αw 1.35

M if αe Me αa Ma Me Ma  M 22622 k ft

H if αe Me αa Ma He Ha  H 91 k

Wt if αe Me αa Ma Wte Wta  Wt 454 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 1.0

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: αw Wind 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 ring width: w wflange
w 10.94 in

Embedment ring thickness: t 1.0 in

 C. Anchor Bolt  Dimensions and Data 

ASTM A615 Grade 75

Nominal anchor bolt diameter: db 1.25 in

Bolt area through minimum
diameter of threads: Ab 1.27 in

2


Washer diameter.: dn 3 in

Outside diameter of PVC bolt sleeve: dSDR 1.660in

Yield strength: Fyb 75 ksi

Tensile strength: Ft 100 ksi

 D. Material Properties 

Concrete strength of pedestal: fcp 5000 psi

Embedment ring yield strength: Fy 36000 psi

Embedment ring 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 25844 k ft

Maximum factored moment on bolts: Mubolt αw M αd3 Malign cos Δ( ) 2 αd3 Malign sin Δ( ) 2 31047 k ft

Maximum factored seismic moment
on bolts:

Musbolt αEQ MOE αd3 Malign cos Δ( ) 2 αd3 Malign sin Δ( ) 2 15017 k ft

Minimum pre-tension
for wind loading (if
used):

TpreW

4 Mbolt

N Davg

Wt

N










1 μ( ) TpreW 59.2 k

Minimum pre-tension
for fatigue loading: TpreFAT

4 max Mmaxnorth 

N Davg

Wmean

N










1 μ( ) TpreFAT 42.9 k

Set to Tpre: Tpre 72 k

%yield
Tpre

Fyb Ab
 %yield 76 %

%ultimate
Tpre

Ft Ab
 %ultimate 57 %

Wind load maximum factored
tension load in anchor: TuW

4 Mubolt

N Davg

αd1 Wt

N
 TuW 60 k

Seismic load maximum factored
tension load in anchor: TuEQ

4 Musbolt

N Davg

αd1EQ WOE

N
 TuEQ 28 k

Fatigue load maximum tension
load in anchor: TuFAT

4 max Mmaxnorth 

N Davg

Wmean

N
 TuFAT 36 k

Determine controlling load case: Tu max TuW TuEQ TuFAT  Tu 60 kip

Design tension strength: ϕTn min ϕf Ft Ab ϕb Fyb Ab  ϕTn 86 k (Reference 1c)

Design check:
Tu

ϕTn

0.70 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 4500 psi

28-day grout strength: fc28 8000 psi

Grout thickness: tgr 0in

Bearing area of
base flange:

Abr1
π

4
OD

2
ID

2
  N

π dSDR
2



4
 Abr1 5488 in

2


S1
π

32 OD
OD

4
ID

4
 

2

Do

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













































































Section modulus
of base flange:

S1 217587 in
3



Area at bottom of grout: A1 wflange A1 10.9 in

Area of limiting bearing within
grout:

A2 wflange 2 tgr A2 10.9 in

A min
A2

A1

2









A 1.00
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 B. Check 3 Day Grout Strength

Design bearing strength: ϕbn3 ϕbr 0.85 fc3 A (Reference 1a) ϕbn3 2.5 ksi

Ultimate self weight
bearing stress: bu3D αd2

Wt

Abr1

 αpt

Tpre N

Abr1










 bu3D 2.3 ksi

Ultimate seismic
bearing stress: bu3EQ αd2EQ

WOE

Abr1

 αpt

Tpre N

Abr1










 bu3EQ 2.3 ksi

Determine controlling load
case and check capacity: bu3 max bu3D bu3EQ  bu3 2.3 ksi bu3

ϕbn3

0.93

 C. Check 28 Day Grout Strength

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

ϕbn28 4.4 ksi

Ultimate wind bearing stress: bu28W αd2

Wt

Abr1


Mubolt

S1

 αpt

Tpre N

Abr1

 bu28W 4.02 ksi

Ultimate seismic bearing stress: bu28EQ αd2EQ

WOE

Abr1

 αEQ

Musbolt

S1

 αpt

Tpre N

Abr1

 bu28EQ 3.1 ksi

Determine controlling load
case and check capacity: bu28 max bu28W bu28EQ  bu28 4.0 ksi bu28

ϕbn28

0.91
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 D. Check Bottom Flange Bearing on Concrete

Grout thickness: tg 0 in

Pullout force due to wind: PuW 2
4Mubolt

N Davg
αd1

Wt

N










 PuW 121 k

Pullout force due to seismic: PuEQ 2
4 Musbolt

N Davg
αd1EQ

WOE

N










 PuEQ 55 k

Determine controlling load case: Pu max PuW PuEQ  Pu 121 k

Bearing area at bottom of grout: Abr2
π

4
OD 2 tg 2 ID 2 tg 2



 N

π dSDR
2



4
 Abr2 5488 in

2


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
 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













































































S2 217939 in
3



Ultimate wind stress: buW

Mubolt

S2

αd2

Wt

Abr2

 αpt

Tpre N

Abr2

 buW 4.0 ksi

Ultimate seismic stress: buEQ

Musbolt

S2

αd2EQ

WOE

Abr2

 αpt

Tpre N

Abr2

 buEQ 3.1 ksi

Determine controlling load case: bu max buW buEQ  bu 4.0 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 10.9 in

Area of limiting bearing within
concrete:

A2 A1 C OD 2 tg   A2 35.6 in

A min
A2

A1

2









A 1.80

Design bearing strength: ϕbn ϕbr 0.85 fcp A (Reference 1a) ϕbn 5.0 ksi
bu

ϕbn

0.81

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-97

44 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-97 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

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

Conservativey ignored

 E2. Check Pullout Strength of Embedment Ring/Anchor Bolt Connection (concrete only)

Due to Wind: PuW 120.57 k

Angle of subtended arc: α1
4 π

N
 α1 5.14 deg

Depth of Outer Shear Cone: leo

hb hc he B Davg w  1

2


hc

a
1

B Davg w  1

2


 leo 49.2 in

Area of Outer Shear
Cone Segment: Ao

α1

360 deg
π leo 2 OD leo 

Ao 713.33 in
2



Area of
Bottom
Plane:

Abot

α1

360 deg
π

ID
2

4
 Abot 278.26 in

2


Total
Areas:

Acone Ao Abot Acone 991.59 in
2



Pullout Strength of
Outer Shear Cone
Segment: ϕVn_p ϕv Ao 2.8 psi

1

2
 fc

ϕv Abot 4 psi

1

2
 fc

 ϕVn_p 164.95 kip

PuW

ϕVn_p

0.73
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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 1.6 ksi

Ultimate seismic stress: buplateEQ

Musbolt

S1

αd1EQ

WOE

Abr1

 buplateEQ 0.8 ksi

Determine controlling load case: buplate max buplateW buplateEQ αpt

Tpre N

Abr1










 buplate 2.2 ksi

Plastic section modulus per inch: Zy
t
2

4
 Zy 0.25

in
3

in


Section modulus per inch: Sy
t
2

6
 Sy 0.17

in
3

in


Check circumferential nut to nut bending

Mu.e1 buplate

d1
2

12
 4.27

in k

in
 ϕMn ϕb min Fy Zy 1.6 Fy Sy  8.10

in k

in
 (Reference 1c)

Mu.e1

ϕMn

0.53

Check circumferential nut to nut bending at splice

Mu.e2 buplate

d1
2

8
 6.40

in k

in
 (Reference 1c)

Mu.e2

ϕMn

0.79

Check radial nut to nut bending

Mu.e3 buplate

d2
2

12
 1.47

in k

in
 (Reference 1c)

Mu.e3

ϕMn

0.18

Check nut to edge bending

Mu.e4

buplate

2
d3

2
 1.24

in k

in
 (Reference 1c)

Mu.e4

ϕMn

0.15

Check shear rupture of washer through plate

Vuj max αpt Tpre
Pu

2










86.40 k ϕVn ϕv π dn t 0.6 Fu 245.99 k (Reference 1c)
Vuj

ϕVn

0.35
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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( )
y

2
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( )
y

2
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






y

2
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 31968 k ft

Design vertical load: VdW αd1 Wp Wf Ws
Fb

αd1

 Wt








 VdW 1790 k

Design load eccentricity: edW

MdW

VdW

 edW 17.86 ft

Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing: AeffW 2 R
2  acos

edW

R









 edW R
2

edW
2










 AeffW 344 ft
2



Ellipse soil width in bearing: beW 2 R edW  beW 14.3 ft

Ellipse soil length in bearing:
leW 2 R 1 1

beW

2 R










2

 leW 35.0 ft

Effective soil length in bearing: leffW AeffW

leW

beW

 leffW 29.0 ft

Design bearing pressure: fdW

VdW

AeffW

 fdW 5204 psf

Effective soil width in bearing: beffW

leffW

leW

beW beffW 11.8 ft

xstartW
D

2
edW

beffW

2
 xstartW 1.22 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  HOE

MdEQ 15510 ft k

Design vertical load: VdEQ αd1EQ Wp Wf Ws
Fb

αd1EQ

 WOE








 VdEQ 1792 kip

Design load eccentricity: edEQ

MdEQ

VdEQ

 edEQ 8.65 ft

Effective soil area in bearing: AeffEQ 2 R
2  acos

edEQ

R









 edEQ R
2

edEQ
2










 AeffEQ 1116 ft
2



Ellipse soil width in bearing: beEQ 2 R edEQ  beEQ 32.7 ft

Ellipse soil length in bearing:
leEQ 2 R 1 1

beEQ

2 R










2

 leEQ 46.9 ft

Effective soil length in bearing: leffEQ AeffEQ

leEQ

beEQ

 leffEQ 40.0 ft

Design bearing pressure: fdEQ

VdEQ

AeffEQ

 fdEQ 1606 psf

Effective soil width in bearing: beffEQ

leffEQ

leEQ

beEQ beffEQ 27.9 ft

xstartEQ
D

2
edEQ

beffEQ

2
 xstartEQ 2.40 ft
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 D. Structural Calculations

Area of pedestal: Aped π
C

2

4
 Aped 227 ft

2


Equivalent square dimension: Sped Aped Sped 15.1 ft

Distance to critical section: xface

D Sped

2
 xface 17.5 ft

Number of section slices to be taken
within "a":

n trunc
a

ft
2





 n 29

Number of section slices to be taken
beyond "a":

nj trunc
xface

ft
2









n nj 5.00

Sloped portion of footing: i 1 2 n

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

Array counter for all slices: q 1 2 n nj

Plan location of section: x
i

i

2
ft

x
j

max x( ) xface max x( )  j n

nj



Height of section: h
i

hb

x
i

a
hc h

j
hb hc

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

d
i

hb

x
i

a
hc 3.75 in

d
j

hb hc 3.75 in

Equivalent square dimension of
embedment ring: Sembedring π

OD
2

4
 Sembedring 13.2 ft

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

D Sembedring

2
 xface_alt 18.4 ft

Plan location (alternate) of section: xalt
i

i

2
ft

xalt
j

max xalt  xface_alt max xalt   j n

nj
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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

VuW
i

0 x
i

xstartWif

xstartW

min xi xstartW beffW 
yfdW leffW





d otherwise

0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

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

VuW
j

xstartW

min xj xstartW beffW 
yfdW leffW





d

0

a

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw






































d

a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

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

VuEQ
i

0 x
i

xstartEQif

xstartEQ

min xi xstartEQ beffEQ 
yfdEQ leffEQ





d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

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

VuEQ
j

xstartEQ

min xj xstartEQ beffEQ 
yfdEQ leffEQ





d

0

a

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw






































d

a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

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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Bottom Reinforcing Design Moments

Solution for the design bending moment due to soil bearing pressure under wind loading is:

Mubot1W
i

0 x
i

xstartWif

xstartW

min xi xstartW beffW 
yfdW leffW x

i
y 





d otherwise

αd1 StaticSoilWedgeWeight γsdbot γssbot  x
i



StaticSoilWedgeWeight 0pcf γw  x
i





0

xi

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
i

y 














d





Mubot1W
j

xstartW

min xj xstartW beffW 
yfdW leffW x

j
y 





d

0

a

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
j

y 














d

αd1 StaticSoilWedgeWeight γsdbot γssbot  x
j

 StaticSoilWedgeWeight 0pcf γw  x
j





a

xj

yαd1 ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1





BuoyancyWeight y( )

αd1

γw























 x
j

y 














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

Mubot1EQ
i

0 x
i

xstartEQif

xstartEQ

min xi xstartEQ beffEQ 
yfdEQ leffEQ x

i
y 





d otherwise

0

xi

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdbot


SaturatedSoilVolume h
i

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
i

y 














d



αd1EQ StaticSoilWedgeWeight γsdbot γssbot  x
i





StaticSoilWedgeWeight 0pcf γw  x
i







Mubot1EQ
j

xstartEQ

min xj xstartEQ beffEQ 
yfdEQ leffEQ x

j
y 





d

0

a

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
j

y 














d



αd1EQ StaticSoilWedgeWeight γsdbot γssbot  x
j





StaticSoilWedgeWeight 0pcf γw  x
j





a

xj

yαd1EQ ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdbot


SaturatedSoilVolume h
j

y  γssbot



VariableSoilWedgeWeight y γsdbot γssbot 



VariableSoilWedgeWeight y 0pcf γw 

αd1EQ





BuoyancyWeight y( )

αd1EQ

γw























 x
j

y 














d





Determine controlling load case for
bottom moments:

Mubot1
q

max Mubot1W
q

Mubot1EQ
q
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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:

Mutop1
i

0

xalt
i

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

i
y  γsdtop


SaturatedSoilVolume h
i

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
i

y 









d

max αd2 αd2EQ  StaticSoilWedgeWeight γsdtop γsstop  xalt
i





Mutop1
j

0

a

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdtop


SaturatedSoilVolume h
j

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
j

y 







d

a

xalt
j

ymax αd2 αd2EQ  ConcreteVolume y( ) γc
DrySoilVolume h

j
y  γsdtop


SaturatedSoilVolume h
j

y  γsstop



VariableSoilWedgeWeight y γsdtop γsstop 













 xalt
j

y 









d



max αd2 αd2EQ  StaticSoilWedgeWeight γsdtop γsstop  xalt
j
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 E. Top and Bottom Reinforcing Selection

Top middle bars: Sizetmb 6 stopm 8 in

Top outside bars: Sizetob 6 stopo 8 in

Bottom middle bars: Sizebmb 11 sbotm 9 in

Bottom outside bars: Sizebob 7 sboto 9in

Distance from centerline that defines
middle/outside boundary: Wm

C

2
1.5 hb hc  Wm 16.25 ft

 F. Bar Cutoff Locations

Distance of top bar cutoff from
edge of footing:

cdtop 5 ft

Distance of bottom bar cutoff from
edge of footing:

cdbot 0 ft
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Assign properties using lookup function, depending on bar size.

ditopm vlookup Sizetmb ACI_bar_table 1 0 in ditopm 0.750 in

ditopo vlookup Sizetob ACI_bar_table 1 0 in ditopo 0.750 in

dibotm vlookup Sizebmb ACI_bar_table 1 0 in dibotm 1.410 in

diboto vlookup Sizebob ACI_bar_table 1 0 in diboto 0.875 in

Atopm vlookup Sizetmb ACI_bar_table 2 0 in
2

 Atopm 0.44 in
2



Atopo vlookup Sizetob ACI_bar_table 2 0 in
2

 Atopo 0.44 in
2



Abotm vlookup Sizebmb ACI_bar_table 2 0 in
2

 Abotm 1.56 in
2



Aboto vlookup Sizebob ACI_bar_table 2 0 in
2

 Aboto 0.60 in
2



Wtopm vlookup Sizetmb ACI_bar_table 3 0 lbf ft Wtopm 1.502
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 5.313
lbf

ft


Wboto vlookup Sizebob ACI_bar_table 3 0 lbf ft Wboto 2.044
lbf

ft
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 G. Bottom Reinforcing Development Length Past Critical Section

 1) Middle Bars 

Rebar yield strength: fyB 75000 psi

28 day concrete strength: fc 5000 psi

Bottom middle layer bar spacing: sbotm 9.00 in

Bottom middle layer bar diameter: dibotm 1.410 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 fyB α β γ

40 λ c fc psi
dibotm ldbotm 45 in (Reference 1a)

 2) Outside Bars 

Bottom outside layer bar spacing: sboto 9.00 in

Bottom outside layer bar diameter: diboto 0.875 in

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

Spacing factor: c min

min
sboto

2
ccbot

diboto

2










diboto

2.5











 c 2.5

Tension development length past
critical section:

ldboto

3 fyB α β γ

40 λ c fc psi
diboto ldboto 28 in (Reference 1a)
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 H. Top Reinforcing Development Length Past Critical Section

 1) Middle Bars 

Top middle layer bar spacing: stopm 8.00 in

Top middle layer bar size: ditopm 0.750 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 0.8

Lightweight concrete factor: λ 1.0 normal weight concrete

Spacing factor:
c min

min
stopm

2
cctop

ditopm

2










ditopm

2.5











 c 2.5

Tension development length
past critical section: ldtopm

3 fyT α β γ

40 λ c fc psi
ditopm ldtopm 25 in (Reference 1a)

 2) Outside Bars 

Top outside layer bar spacing: stopo 8.00 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 fyT 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: Wbot
q

if q n B 2 x
q

 D 

Number of bars within
middle section: nbotm

q
if Wm

Wbot
q

2
 trunc

Wm

sbotm









 trunc

Wbot
q

2
2 cctop

sbotm

























Spacing of first bar beyond the
middle/outside boundary line: sb1bar

q
if Wm

Wbot
q

2
 sbotm nbotm

q
 sboto Wm 0.0in











Number of bars across bottom of
footing at section: nbot

q
nbotm

q
trunc

0.5 Wbot
q

2Wm  sb1bar
q

 cctop

sboto









1








 Wm

Wbot
q

2
if

nbotm
q

otherwise



Bar counter: ib 1 2 nbot
n nj



Distance of bars from centerline
across bottom of footing:

zbot
ib

if ib nbotm
n nj

 ib sbotm sbotm nbotm
n nj

 sboto ib nbotm
n nj

  


Depth of footing for bottom
middle steel at point: dbotm

i
hb

x
i

a
hc ccbot dibotm

dbotm
j

hb hc ccbot dibotm

Depth of footing for bottom
outside steel at point: dboto

i
hb

x
i

a
hc ccbot diboto

dboto
j

hb hc ccbot diboto

Depth of each bar at
section:

dbarb
q ib

dbotm
q

zbot
ib

B

2






hc

a
 ib nbotm

q
if

dboto
q

zbot
ib

B

2






hc

a
 otherwise

ib sbotm
B

2
if

dbotm
q

otherwise



Area of steel provided across section
at middle section: Asbotm

q
if x

q
cdbot nbotm

q
2 Abotm

1

2
nbotm

q
 2 Abotm





Abotm

Area of steel provided across section
at outside section: Asboto

q
if x

q
cdbot nbot

q
nbotm

q
  2 Aboto

1

2
nbot

q
nbotm

q
  2 Aboto







Applying ACI minimum
reinforcing requirements: ρB.min max 0.0014

0.0018 60000 psi

fyB









 ρB.min 0.00144
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Minimum area of steel
required at section: (Reference 1a)

Asminb
q

ρB.min ConcreteVolume x
q 

Factored moment considering
minimum reinforcing
requirements at section:

Mubot
q

if Asbotm
q

Asboto
q

 Asminb
q

 "NG - BOTTOM R/F RATIO" max Mubot1
q

0  

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

abotm

Abotm fyB

0.85 fc sbotm


Depth of compression block for
each outside strip: aboto

Aboto fyB

0.85 fc sboto


Distance from section to end of bar
for continuous bars: lbot1

q ib
if zbot

ib

B

2
 max x

q
zbot

ib

B

2






 2 cctop 0





 max x
q

cctop 0 







Distance from section to end of bar
for cutoff bars: lbot2

q ib
max x

q
cdbot 0 

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

q ib
if ib sbotm

B

2
 cdbot

ib

2
trunc

ib

2






 lbot2
q ib

 lbot1
q ib









Factored moment capacity at section:

ϕMnbot
q

ϕb Abotm fyB min
lbot

q 1

ldbotm

1








 dbotm
q

abotm

2










 2

1

nbotm
q

kk

Abotm fyB min
lbot

q kk

ldbotm

1








 dbarb
q kk

abotm

2























2

nbotm
q  1

nbot
q

jj

Aboto fyB min
lbot

q jj

ldboto

1








 dbarb
q jj

aboto

2















































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

q

Mubot
q

ϕMnbot
q
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 J. Calculate Actual Top Moment Capacity

Applying ACI minimum
reinforcing requirements: ρT.min max

3 psi
0.5

 fc

fyT

200 psi

fyT








 ρT.min 0.0028

Width of footing at section: Wtop
q

if q n B 2 xalt
q

 D 

Number of bars within
middle section: ntopm

q
if Wm

Wtop
q

2
 trunc

Wm

stopm









 trunc

Wtop
q

2
2 cctop

stopm

























Spacing of first bar beyond the
middle/outside boundary line: st1bar

q
if Wm

Wtop
q

2
 stopm ntopm

q
 stopo Wm 0.0in











Number of bars across top of
footing at section: ntop

q
ntopm

q
trunc

0.5 Wtop
q

2Wm  st1bar
q

 cctop

stopo









1








 Wm

Wtop
q

2
if

ntopm
q

otherwise



Bar counter: it 1 2 ntop
n nj



Distance of bars from centerline
across top of footing:

ztop
it

if it ntopm
n nj

 it stopm stopm ntopm
n nj

 stopo it ntopm
n nj

  


Depth of footing for top middle
steel at point: dtopm

i
hb

xalt
i

a
hc cctop ditopm

dtopm
j

hb hc cctop ditopm

Depth of footing for top outside
steel at point: dtopo

i
hb

xalt
i

a
hc cctop ditopo

dtopo
j

hb hc cctop ditopo

Depth of each bar at
section:

dbart
q it

dtopm
q

ztop
it

B

2






hc

a
 it ntopm

q
if

dtopo
q

ztop
it

B

2






hc

a
 otherwise

it stopm
B

2
if

dtopm
q

otherwise



Area of steel provided across section
at middle section: Astopm

q
if xalt

q
cdtop ntopm

q
2 Atopm

1

2
ntopm

q
 2 Atopm





Atopm

Area of steel provided across section
at outside section: Astopo

q
if xalt

q
cdtop ntop

q
ntopm

q
  2 Atopo

1

2
ntop

q
ntopm

q
  2 Atopo







Minimum area of steel
required at section: Asmint

q
ρT.min ConcreteVolume x

q  (Reference 1a)
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Factored moment considering
minimum reinforcing
requirements at section:

Mutop
q

if Astopm
q

Astopo
q

 Asmint
q

 max
4

3
Mutop1

q
 0





 max Mutop1
q

0 







Distance from section to end of bar
for continuous bars: ltop1

q it
if ztop

it

B

2
 max xalt

q
ztop

it

B

2






 2 cctop 0





 max xalt
q

cctop 0 







Distance from section to end of bar
of bar for cut off bars: ltop2

q it
max xalt

q
cdtop 0 

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

q it
if it stopm

B

2
 cdtop

it

2
trunc

it

2






 ltop2
q it

 ltop1
q it









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

fsm
q it

if it ntop
q

 Atopm fyT min
ltop

q it

ldtopm

1








 0










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

fso
q it

if it ntop
q

 Atopo fyT min
ltop

q 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:

xop
q

Atopm fyT min
xalt

q
cctop

ldtopm

1








 2

1

ntopm
q

kk

fsm
q kk



 2

ntopm
q  1

ntop
q

jj

fso
q jj





Wtop
q

β1 .85 fc


Factored moment capacity at section:

ϕMntop
q

ϕb Atopm fyT min
xalt

q
cctop

ldtopm

1








 dbart
q 1

xop
q

  Wtop
q

0.85 β1 fc xop
q

 xop
q

xop
q

β1

2




















2

1

ntopm
q

kk

fsm
q kk

dbart
q kk

xop
q

  


 2

ntopm
q  1

ntop
q

jj

fso
q jj

dbart
q jj

xop
q

  

























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

checktop
q

Mutop
q

ϕMntop
q
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Factored moment capacity in middle section at critical section:

ϕMnbotm
n nj

ϕb Abotm fyB min

lbot
n nj  1

ldbotm

1






 dbotm
n nj

abotm

2










 2

1

nbotm
n nj

kk

Abotm fyB min

lbot
n nj  kk

ldbotm

1






 dbarb
n nj  kk

abotm

2

























ϕMnbotm
n nj

20250 kip ft

Factored moment capacity in middle section at critical section:

ϕMntopm
n nj

ϕb Atopm fyT min

xalt
n nj

cctop

ldtopm

1






 dbart
n nj 1

xop
n nj  Wm 0.85 β1 fc xop

n nj xop
n nj

xop
n nj β1

2




















2

1

ntopm
n nj

kk

fsm
n nj kk

dbart
n nj kk

xop
n nj  
























ϕMntopm
n nj

6774 kip ft

Unbalanced wind moment on joint: MunbalancedW MdW MunbalancedW 31968 kip ft

Fraction of wind moment
carried by flexure:

γfW

ϕMnbotm
n nj

ϕMntopm
n nj



MunbalancedW

 γfW 0.85

Unbalanced seismic moment on joint: MunbalancedEQ MdEQ MunbalancedEQ 15510 kip ft

Fraction of seismic moment
carried by flexure: γfEQ

ϕMnbotm
n nj

ϕMntopm
n nj



MunbalancedEQ

 γfEQ 1.74

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-97

65 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-97 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

 K. Bottom Moment Capacity Results
Asboto

q
Asbotm

q


45.2
45.2
48.4
51.5
51.5
54.6
57.7
57.7
60.8
64.0
64.0
68.3
68.3
68.3
69.5
70.7
70.7
71.9
73.1
73.1
74.3
75.5
75.5
76.7
77.9
77.9
79.1
80.3
80.3
81.5
81.5
81.5
81.5
81.5

in
2



 Asminb
q

10.9
11.9
12.8
13.8
14.8
15.8
16.8
17.9
18.9
20.0
21.1
22.3
23.4
24.6
25.8
27.0
28.2
29.5
30.7
32.0
33.3
34.7
36.0
37.4
38.8
40.2
41.6
43.1
44.5
45.0
45.0
45.0
45.0
45.0

in
2




x

q

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
15.1
15.7
16.3
16.9
17.5

ft

 Wbot
q

21.7
22.7
23.7
24.7
25.7
26.7
27.7
28.7
29.7
30.7
31.7
32.7
33.7
34.7
35.7
36.7
37.7
38.7
39.7
40.7
41.7
42.7
43.7
44.7
45.7
46.7
47.7
48.7
49.7
50.0
50.0
50.0
50.0
50.0

ft

 Mubot
q

0
0
0
0

52
142
265
422
612
834

1090
1378
1699
2052
2437
2858
3307
3789
4302
4846
5421
6028
6666
7334
8033
8762
9507

10244
10974
11830
12674
13507
14329
15139

k ft

 ϕMnbot
q

648
1546
2507
3581
4838
6170
7625
8903
9537

10188
10908
11556
12262
12967
13665
14368
15064
15725
16360
16942
17534
18133
18730
19337
19952
20565
21188
21818
22446
22737
22852
22932
22974
22979

k ft

 checkbot
q

0.00
0.00
0.00
0.00
0.01
0.02
0.03
0.05
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.29
0.31
0.33
0.36
0.38
0.40
0.43
0.45
0.47
0.49
0.52
0.55
0.59
0.62
0.66


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



checkbot
n nj

0.66
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 L. Top Moment Capacity Results

Astopo
q

Astopm
q



7.0
7.5
7.9
8.4
8.4
8.8
9.2
9.7
9.7

19.8
20.7
22.4
22.4
22.4
23.3
24.2
25.1
25.1
26.0
26.8
27.7
27.7
28.6
29.5
30.4
30.4
31.2
32.1
33.0
33.0
33.0
33.0
33.0
33.0

in
2



 Asmint
q

21.5
23.3
25.2
27.1
29.0
31.0
33.0
35.1
37.2
39.3
41.5
43.7
46.0
48.3
50.6
53.0
55.4
57.9
60.4
62.9
65.5
68.1
70.7
73.4
76.2
78.9
81.7
84.6
87.5
88.3
88.3
88.3
88.3
88.3

in
2




xalt

q

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
15.28
16.05
16.83
17.60
18.38

ft

 Wtop
q

21.7
22.7
23.7
24.7
25.7
26.7
27.7
28.7
29.7
30.7
31.7
32.7
33.7
34.7
35.7
36.7
37.7
38.7
39.7
40.7
41.7
42.7
43.7
44.7
45.7
46.7
47.7
48.7
49.7
50.0
50.0
50.0
50.0
50.0

ft

 Mutop
q

14
37
69

109
160
220
291
373
466
570
686
815
957

1111
1279
1462
1659
1870
2097
2339
2596
2871
3162
3470
3796
4139
4501
4882
5282
5941
6647
7400
8200
9047

ft k

 ϕMntop
q

158
469
748

1093
1365
1418
1541
1643
1734
1885
2508
3119
3821
4560
4861
5110
5359
5616
5878
6145
6411
6686
6965
7249
7533
7825
8121
8422
8723
8936
9026
9060
9060
9060

ft k

 checktop
q

0.09
0.08
0.09
0.10
0.12
0.16
0.19
0.23
0.27
0.30
0.27
0.26
0.25
0.24
0.26
0.29
0.31
0.33
0.36
0.38
0.40
0.43
0.45
0.48
0.50
0.53
0.55
0.58
0.61
0.66
0.74
0.82
0.91
1.00


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



checktop
n nj

1.00
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2400

4800

7200

9600

12000

14400

16800

19200

21600

24000

Mubot

ft k

ϕMnbot

ft k

x

ft

 Factored Moment vs.
 Moment Capacity -
 Bottom Reinforcing

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Mutop

k ft

ϕMntop

k ft

xalt

ft

 Factored Moment vs.
 Moment Capacity -
 Top Reinforcing
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 M. Check Cutoff Locations (Reference 1a)

Distance to top bar cutoff location from edge of footing: cdtop 5.0 ft

Counter corresponding to cutoff location: b
cdtop

xalt
1



Distance to cutoff location from edge of footing: xalt
b

5.0 ft

Factored moment capacity at cutoff location: ϕMntop
b

1885 k ft

Footing effective depth at cutoff location: dtopm
b

3.1 ft

Distance equal to effective depth from cutoff location: cdtop max dtopm
b

12 ditopm  8.1 ft

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

cdtop max dtopm
b

12 ditopm 

ft










 bunder 16

xalt
bunder

8.0 ft

Moment at distance equal to
effective depth from cut:

Mutopcutd Mutop
bunder

cdtop max dtopm
b

12 ditopm  xalt
bunder

 
Mutop

bunder 1  Mutop
bunder

 
0.5ft













Mutopcutd 1490 k ft

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

Mutopcutd

ϕMntop
b

0.79
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Distance to bottom bar cutoff location from edge of
footing:

cdbot 0.0 ft

Counter corresponding to cutoff location: b
cdbot

x
1



Distance to cutoff location from edge of footing: x
b

0.0 ft

Factored moment capacity at cutoff location: ϕMnbot
b

0 k ft

Footing effective depth at cutoff location: dbotm
b

0.0 ft

Distance equal to effective depth from cutoff location: cdbot max dbotm
b

dibotm  0.1 ft

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

cdbot max dbotm
b

dibotm 

ft










 bunder2 0

x
bunder2

0.0 ft

Moment at distance equal to
effective depth from cut:

Mubotcutd Mubot
bunder2

cdbot max dbotm
b

dibotm  x
bunder2

 
Mubot

bunder2 1  Mubot
bunder2

 
0.5ft













Mubotcutd 0 k ft

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

Mubotcutd

ϕMnbot
b

0.00
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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 90.4 in

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

ap
1

2






2
D B

2






2

 xo ap 33.9 in

Geometric distance to transition point: C1 2 ap C1 47.9 in

Height of transition point: h hb

hc

a









C1 h 37.3 in

Number of bars between centerline
and critical section: Nbarsdown trunc

xo

2 sbotm









 Nbarsdown 7

Spacing to first bar on critical section: x
1

2 sbotm xo 2 sbotm Nbarsdown  x
1

11.43 in

Number of middle section bars: Nbarbm nbotm
n nj

Nbarsdown Nbarbm 14

Distance to last middle bar: dtp 2 Nbarbm 1  sbotm x
1

 dtp 177 in

Number of outside section bars: Nbarbo trunc

D

2
cctop dtp

2 sboto











 Nbarbo 9

Number of bars crossing the
critical section in diagonal
direction 1: Nbars1 Nbarbm Nbarbo Nbars1 23

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

x
b1

if b1 Nbarbm x
Nbarbm

2 sboto b1 Nbarbm  x
1

2 sbotm b1 1 







Development lengths provided for 
individual bars:

Lin
b1

min 100 in 2
D

2
cctop x

b1












 Lout
b1

100 in

Depth of individual bars in 
diagonal direction 1:

d
b1

hb hc ccbot dibotm x
b1

D

2
ap 2 xo if

hb h

ap

x
b1

D

2
ap











 h ccbot dibotm  x
b1

D

2
apif

h hb hc 

2 xo
x

b1

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 x
1

 

2 sbotm

1











 Nbars2 24

Average width of tributary.
area for individual bars: b

D

2

Nbars1 Nbars2
 b 6.38 in

Developed stress for individual bars
for diagonal direction 1: σ1

b1

2 fyB Aboto

2
min

min Lin
b1

Lout
b1

 
ldboto

1






 b1 Nbarbmif

2 fyB Abotm

2
min

min Lin
b1

Lout
b1

 
ldbotm

1






 otherwise



Depth of compression block for
bars in diagonal direction 1: a1

b1

σ1
b1

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:

λ
b2

x
1

2 sbotm b2  2 x
1



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

Centerbar Nbarsdown 1 Centerbar 8

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:

Cbar
b2

Otherbars

b2

2
trunc

b2

2









if

CLbar otherwise



Development lengths provided for
individual bars:

Lin2
b2

100in

Lout2
b2

min 100 in 2
D

2
cctop λ

b2












D

2
λ

b2


2

4
D B( ) xoif

min 100 in 2
2

4
D B( ) xo









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xo



























otherwise

Cbar
b2

"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xo









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xo


















 cdbot cctop 

















otherwise
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Depth of individual bars in diagonal direction 2:

d2
b2

hb hc ccbot dibotm λ
b2

D

2
ap 2 xo if

hb h

ap

λ
b2

D

2
ap











 h ccbot dibotm  λ
b2

D

2
apif

h hb hc 

2 xo
λ

b2

D

2
ap 2 xo 











 hc hb ccbot dibotm  otherwise



Developed stress for individual bars
in diagonal direction 2: σ2

b2

2 fyB Abotm

2
min

min Lin2
b2

Lout2
b2

 
ldbotm

1








Depth of compression block for
bars in diagonal direction 2: a2

b2

σ2
b2

0.85 fc b


Factored moment capacity at section: ϕMnbot ϕb 2

1

Nbars1

kk

σ1
kk

d
kk

a1
kk

2









































2

1

Nbars2

kk

σ2
kk

d2
kk

a2
kk

2


















































 ϕMnbot 23730 k ft

Ultimate moment in bottom
reinforcement at critical section:

Mubot
n nj

15139 k ft

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

Mubot
n nj

ϕMnbot

 checkbot 0.64
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 IX-c. Moment Capacity of Top Reinforcement at 45 degree angle
Distance to alternate critical
section from centerline of
foundation:

xalt.o
π OD

4
 xalt.o 79.5 in

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

aalt.p
1

2






2
D B

2






2

 xalt.o aalt.p 44.8 in

Geometric distance to transition point: Calt.1 2 aalt.p Calt.1 63.3 in

Height of transition point: halt hb

hc

a









Calt.1 halt 40.3 in

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

K1

cctop ditopm

cos tan
halt hb

aalt.p

















 K1 2.86 in

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

K2

cctop ditopm

cos tan
hb hc halt

2 xalt.o

















 K2 2.78 in

Number of bars between centerline
and critical section: Nbarsdown trunc

xalt.o

2 stopm









 Nbarsdown 7

Spacing to first bar on critical section: x
1

2 stopm xalt.o 2 stopm Nbarsdown  x
1

11.03 in

Number of middle section bars: Nbartm ntopm
n nj

Nbarsdown Nbartm 17

Distance to last middle bar: dtp 2 Nbartm 1  stopm x
1

 dtp 192 in

Number of outside section bars: Nbarto trunc

D

2
cctop dtp

2 stopo











 Nbarto 9

Number of bars crossing the
critical section in diagonal
direction 1: Nbars1 Nbartm Nbarto Nbars1 26

Bar counter for diagonal bars in
diagonal direction 1:

b1 1 2 Nbars1

Distance from centerline of bars in
diagonal direction 1:

x
b1

if b1 Nbartm x
Nbartm

2 stopo b1 Nbartm  x
1

2 stopm b1 1 







Development lengths provided for 
individual bars:

Lin
b1

min 100 in 2
D

2
cctop x

b1












 Lout
b1

100 in
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Depth of individual bars in diagonal
direction 1:

d
b1

hb hc cctop ditopm x
b1

D

2
aalt.p 2 xalt.o if

hb halt

aalt.p

x
b1

D

2
aalt.p











 halt K1 x
b1

D

2
aalt.pif

halt hb hc 

2 xalt.o
x

b1

D

2
aalt.p 2 xalt.o 











 hc hb K2 otherwise



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

Nbars2 trunc

D

2
cctop





2 stopm x
1

 

2 stopm

1











 Nbars2 27

Developed stress for individual bars
for diagonal direction 1: σ1

b1

2 fyT Atopo

2
min

min Lin
b1

Lout
b1

 
ldtopo

1






 b1 Nbartmif

2 fyT Atopm

2
min

min Lin
b1

Lout
b1

 
ldtopm

1






 otherwise



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

Distance from centerline for bars
in diagonal direction 2:

λ
b2

x
1

2 stopm b2  2 x
1



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

Centerbar Nbarsdown 1 Centerbar 8

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:

Cbar
b2

Otherbars

b2

2
trunc

b2

2









if

CLbar otherwise
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Development lengths provided for
individual bars:

Lin2
b2

100in

Lout2
b2

min 100 in 2
D

2
cctop λ

b2












D

2
λ

b2


2

4
D B( ) xalt.oif

min 100 in 2
2

4
D B( ) xalt.o









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xalt.o



























otherwise

Cbar
b2

"noncutoff"=if

max 0in min 100 in 2
2

4
D B( ) xalt.o









 cctop
2

2

D

2
λ

b2


2

4
D B( ) xalt.o


















 cdtop cctop 

















otherwi



Depth of individual bars in diagonal
direction 2:

d2
b2

hb hc cctop ditopm λ
b2

D

2
aalt.p 2 xalt.o if

hb halt

aalt.p

λ
b2

D

2
aalt.p











 halt K1 λ
b2

D

2
aalt.pif

halt hb hc 

2 xalt.o
λ

b2

D

2
aalt.p 2 xalt.o 











 hc hb K2 otherwise



Developed stress for individual bars in
diagonal direction 2: σ2

b2

2 fyT Atopm

2
min

min Lin2
b2

Lout2
b2

 
ldtopm

1








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

atop
1

Nbars1

ii

σ1
ii

 1

Nbars2

jj

σ2
jj





0.85 fc
D

2


 atop 0.90 in

Factored moment capacity at critical section:

ϕMntop ϕb 2

1

Nbars1

kk

σ1
kk

d
kk

atop

2









































2

1

Nbars2

kk

σ2
kk

d2
kk

atop

2


















































 ϕMntop 8662 k ft

Ultimate moment in top
reinforcement:

Mutop
n nj

9047 k ft

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

Mutop
n nj

ϕMntop

 checktop 1.04
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 IX-d. One-Way Shear Capacity Check

Plan location of section: x
i

i

2
ft x

j
max x( ) xface max x( )  j n

nj



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

d
i

hb

x
i

a
hc ccbot

dibotm

2


d
j

hb hc ccbot
dibotm

2


Determine controlling load case: Vu
q

if VuW
q

VuEQ
q

 VuW
q

 VuEQ
q

 

Location of critical section from
edge of footing:

xcritical xface d
n nj xcritical 12.6 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: ϕVn
i

ϕv 2 psi

1

2
 fc B d

i
 2 x

i
 d

i
x

i

hc

2 a



















 (Reference 1a)

(Reference 1a)
Shear capacity between a and xface: ϕVn

j
ϕv 2 psi

1

2
 fc B d

j
 2 a d

j

hc

2





















Reinforcing ratio at section
between edge and a:

rhox
i

Asboto
i

Asbotm
i



B d
i

 2 x
i

 d
i

x
i

hc

2 a














Reinforcing ratio at section
between a and edge: rhox

j

Asboto
j

Asbotm
j



B d
j

 2 a d
j

hc

2














Capacity between edge and a: ϕVn2
i

ϕv 8 psi

1

2
 fc







 rhox

i 
1

3
B d

i
 2 x

i
 d

i
x

i

hc

2 a





















Capacity between a and xface:

ϕVn2
j

ϕv 8 psi

1

2
 fc







 rhox

j 
1

3
B d

j
 2 a d

j

hc

2
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Shear Design Results Vu
qcs

ϕVn
qcs

-0.03
-0.03
-0.04
0.09
0.15
0.21
0.25
0.29
0.33
0.36
0.39
0.41
0.43
0.45
0.46
0.48
0.49
0.50
0.51
0.52
0.52
0.53
0.53
0.54
0.54
0.54


Vu

qcs

ϕVn2
qcs

-0.03
-0.04
-0.05
0.12
0.21
0.29
0.36
0.42
0.48
0.52
0.57
0.60
0.65
0.68
0.72
0.74
0.78
0.80
0.82
0.84
0.86
0.88
0.90
0.91
0.92
0.94


x

qcs

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

ft

 d
qcs

25.5
26.6
27.8
28.9
30.1
31.3
32.4
33.6
34.7
35.9
37.1
38.2
39.4
40.5
41.7
42.9
44.0
45.2
46.4
47.5
48.7
49.8
51.0
52.2
53.3
54.5

in

 Vu
qcs

-18
-25
-32
78

146
213
280
346
412
478
544
609
674
739
803
867
931
994

1057
1120
1182
1244
1306
1367
1428
1489

k

 ϕVn
qcs

703
766
832
898
967

1036
1107
1180
1254
1330
1407
1485
1565
1647
1729
1814
1900
1987
2076
2166
2258
2351
2446
2542
2640
2739

k

 ϕVn2
qcs

533
565
610
656
689
736
783
817
866
916
951

1007
1043
1079
1122
1164
1201
1244
1288
1325
1370
1415
1453
1498
1545
1583

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



ii 1 trunc
xcritical

0.5ft









1

vals
ii

Vu
ii

ϕVn2
ii


vals

ii

Vu
ii

ϕVn
ii



CheckShear1 max vals( ) 0.54 CheckShear2 max vals( ) 0.54

OutputShearCriticalSection1

Vu
trunc

xcritical

0.5ft







1

ϕVn
trunc

xcritical

0.5ft







1

 OutputShearCriticalSection2

Vu
trunc

xcritical

0.5ft







1

ϕVn2
trunc

xcritical

0.5ft







1
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0 0.93 1.86 2.79 3.71 4.64 5.57 6.5 7.43 8.36 9.29 10.21 11.14 12.07 13
500

50

400

850

1300

1750

2200

2650

3100

3550

4000

Vu
qcs

k

ϕVn
qcs

k

ϕVn2
qcs

k

xqcs

ft

 Factored Shear vs.
 Shear Capacity - 

xcritical 12.6 ft

P:\Mpls\23 MN\53\23531012 Nobles Repower 
Project\WorkFiles\3-12_Nobles RePower 1.6-97

79 3/29/2021
Version 5.2b



Nobles Wind Project
Project No. 23/53-1012

GE 1.6-97 80m HH RePower Foundation 
Evaluation

Barr Engineering Company
Prepared by: SWS

Checked by: PFB/BKT

 IX-e. Pedestal Two-Way Shear Capacity Check
Effective depth at face of pedestal dmid hb hc ccbot dibotm dmid 57.6 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 56.3 in

Area of critical section: Ac 2π dface
C dface

2









 Ac 46066 in
2



Polar moment of inertia
of critical section: Jc π dface

C dface

2









3


dface

3

3









C dface

2









 Jc 3.98 10
8

 in
4



Perimeter of critical section: b0 2π
C dface

2









 b0 818 in

Half critical section width: c
C dface

2
 (interior column) c 130 in

Weight of pedestal: Wp 79 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 848 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 851 k

Unbalanced wind moment on joint: MunbalancedW 31968 kip ft

Fraction of wind moment that can
be carried by flexure:

γfW 0.85

Fraction of wind moment carried
by shear:

γvW max 0.4 1 γfW  γvW 0.40

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

αd2 PW

Ac

γvW MunbalancedW c

Jc

 vuW 72 psi
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Unbalanced seismic moment on joint: MunbalancedEQ 15510 kip ft

Fraction of seismic moment that can
be carried by flexure:

γfEQ 1.74

Fraction of seismic moment carried by
shear:

γvEQ max 0.4 1 γfEQ  γvEQ 0.40

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

αd2EQ PEQ

Ac

γvEQ MunbalancedEQ c

Jc

 vuEQ 47 psi

Determine controlling load case: vu max vuW vuEQ  vu 72 psi

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

0.34
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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( )
y

2
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( )
y

2
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






y

2
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 55.9 in

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

D
61 %

Cap width to be within "middle" strip: wf min wf 2 Wm  wf 30.45 ft

Area of steel across critical section: As

wf

sbotm

Abotm As 63.3 in
2



Footing Depth at Edge of Section: dedge dface2

wf B

2

hc

a
 44.58 in

Concrete Area Resisting Shear: Aface B dface2 2
wf B

2


dedge dface2

2









 Aface 19758 in
2



 C. Fatigue Soil Bearing Pressure  

Service load eccentricity: efNorth
qrnorth

MUniquenorth
qrnorth

Wfat



Circular radius of octagon: R
D

2
 R 25.00 ft

Effective soil area in bearing:
AeffNorth

qrnorth
2 R

2  acos

efNorth
qrnorth

R











efNorth
qrnorth

 R
2

efNorth
qrnorth 2














beNorth
qrnorth

2 R efNorth
qrnorth

 Ellipse soil width in bearing:

leNorth
qrnorth

2 R 1 1

beNorth
qrnorth

2 R










2

Ellipse soil length in bearing:

leffNorth
qrnorth

AeffNorth
qrnorth

leNorth
qrnorth

beNorth
qrnorth

Effective soil length in bearing:
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beffNorth
qrnorth

leffNorth
qrnorth

leNorth
qrnorth

beNorth
qrnorth

Effective soil width in bearing:

ffNorth
qrnorth

Wfat

AeffNorth
qrnorth

Maximum fatigue bearing pressure:

xstartNorth
qrnorth

D

2
efNorth

qrnorth


beffNorth
qrnorth

2


Foundation plan
area:

Abase D
2

2
D B

2






2

 Abase 2071 ft
2



Section modulus of foundation for
normal orientation: Snormal

2Ifdn

D
 Snormal 13684 ft

3


Wfat 1946 kip

Wfat

Abase

940 psf

Moment at which the foundation
lifts:

Mmaxlift

Wfat

Abase

Snormal 12860 k ft

Maximum soil pressure at point
when the foundation lifts: σmaxlift

Wfat

Abase

Mmaxlift

Snormal

 1880 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_soiltrap
qrnorth

Wfat

Abase

MUniquenorth
qrnorth

Snormal



σnorth_min_soil
qrnorth

Wfat

Abase

MUniquenorth
qrnorth

Snormal


Wfat

Abase

MUniquenorth
qrnorth

Snormal

 0if

"LIFT" otherwise



Guess for solver of soil bearing length: Lb
3

4
D Lb 37.50 ft

Guess for solver of max soil pressure: fmax σmaxlift

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:

FVALS
qrnorth

Wfat

MTOEVALS
qrnorth

Wfat
D

2
 MUniquenorth

qrnorth


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:

MapLb
qrnorth

FUNCTION FVALS
qrnorth

MTOEVALS
qrnorth

 0 ft σnorth_min_soil
qrnorth

"LIFT"=if

0 σnorth_min_soil
qrnorth

"LIFT"if



σnorth_max_soiltri
qrnorth

FUNCTION FVALS
qrnorth

MTOEVALS
qrnorth

 1 psf σnorth_min_soil
qrnorth

"LIFT"=if

0 σnorth_min_soil
qrnorth

"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_soil
qrnorth

if σnorth_min_soil
qrnorth

"LIFT"= σnorth_max_soiltri
qrnorth

 σnorth_max_soiltrap
qrnorth

  ...

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

qrnorth

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
...

 MUniquenorth

0
38
76

114
152
190
228
266
304
342
380
418
456
494
532
570
608
646
684

...

k ft

 σnorth_min_soil

940
937
934
931
929
926
923
920
918
915
912
909
906
904
901
898
895
893
890

...

psf

 σnorth_max_soiltrap

940
943
945
948
951
954
956
959
962
965
968
970
973
976
979
981
984
987
990

...

psf

 σnorth_max_soiltri

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

...

psf

 σnorth_max_soil

940
943
945
948
951
954
956
959
962
965
968
970
973
976
979
981
984
987
990

...

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

Lbmin
qr

0

qtnorth

qrnorth

MapLb
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr
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0
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Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr
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qrnorth

if
















Mapσminnorth_min_soil
qr

0
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qrnorth

0 σnorth_min_soil
qrnorth

"LIFT"=if

σnorth_min_soil
qrnorth

Mminnorth
qr

MUniquenorth
qrnorth

=if

0 Mminnorth
qr

MUniquenorth
qrnorth

if

otherwise




















σminnorth_min_soil
qr

"LIFT" Mapσminnorth_min_soil
qr

0=if

Mapσminnorth_min_soil
qr

Mapσminnorth_min_soil
qr

0if
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 E. Map Unique Matrix Loop Results back to full Maximum Markov or Rain Flow Matrix

Lb
qr

0

qtnorth

qrnorth

MapLb
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth
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σmaxnorth_max_soil
qr

0
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qrnorth

σnorth_max_soil
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if
















Mapσmaxnorth_min_soil
qr

0

qtnorth

qrnorth

0 σnorth_min_soil
qrnorth

"LIFT"=if

σnorth_min_soil
qrnorth

Mmaxnorth
qr

MUniquenorth
qrnorth

=if

0 Mmaxnorth
qr

MUniquenorth
qrnorth

if

otherwise




















σmaxnorth_min_soil
qr

"LIFT" Mapσmaxnorth_min_soil
qr

0=if

Mapσmaxnorth_min_soil
qr

Mapσmaxnorth_min_soil
qr

0if
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 F. Fatigue Load Bottom Moments and Top Moments at Critical Section

MfminbotNorth
qr

0

a

yσminnorth_max_soil
qr

y

Lbmin
qr

σminnorth_max_soil
qr 








B 2 y( ) xface y 




d

a

xface
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qr

y

Lbmin
qr
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qr 








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_soil
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y

D
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qr
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qr
 





B 2 y( ) xface y 





d

a

xface

yσminnorth_max_soil
qr

y

D
σminnorth_max_soil

qr
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qr
 





D xface y 





d
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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
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StaticSoilWedgeWeightFat γsdbot γssbot γw   xface

MfmaxbotNorth
qr

0

a

yσmaxnorth_max_soil
qr

y

Lb
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MfmintopNorth
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Mmaxnorth
qr







 G. Fatigue Load Shear at Critical Section

VEdminNorth
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StaticSoilWedgeWeightFat γsdbot γssbot γw  

 H. Shear and Moment Summary

Results in partial tabular form:

qr

0
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
...

 VEdminNorth

159
159
159
159
159
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159
159
159
159
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159
159
159
159
159
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159
159
159
159
159
159
159
159
159
159

...

kip

 VEdmaxNorth
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159
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159
159
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159
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...
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 MfminbotNorth
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...
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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 11.11 in

CUBIC
a xcr

3


3 hc

B xcr
2



2
 nmod As dface2 xcr =

xcr Find xcr  xcr 12.92 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 60.5 ft
4



 J. Compute Concrete and Steel Stresses

Elastic beam theory prediction of
minimum compressive stress in
concrete:

σcminNorth
qr

max 0psi
MfminbotNorth

qr
xcr

ICR












Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstminNorth
qr

max 0psi
nmod MfminbotNorth

qr
 dface2 xcr 

ICR












Elastic beam theory prediction of
compressive stress in concrete: σcmaxNorth

qr

MfmaxbotNorth
qr

xcr

ICR



Elastic beam theory prediction of
tensile stress in reinforcement: σstmaxNorth

qr

nmod MfmaxbotNorth
qr

 dface2 xcr 

ICR
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 K. Compute Twisting Moments and Steel Stresses

Map results from unique
matrices back to full
matrices: beffminNorth
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Minimum twisting moment
created by transfer of
bearing stresses to the
pedestal width:
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Map results from unique
matrices back to full
matrices: beffmaxNorth
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Maximum twisting moment
created by transfer of
bearing stresses to the
pedestal width:
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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  19.3 in
2



Depth to reinforcement at critical
section for flat portion of footing: dface_twist hb hc ccbot dibotm dface_twist 57.6 in

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

QUBIC 0

Given xcr2 19.54 in

QUBIC
2xcr2

3

xcr2

2


xcr2 a

hc

 nmod As_twist dface_twist=

xcr2 Find xcr2  xcr2 17.96 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 15.3 ft
4



Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstmin_twist
qr

max 0psi
nmod Mtwist_min

qr
 dface_twist xcr2 

ICR_twist












Elastic beam theory prediction of
tensile stress in reinforcement: σstmax_twist

qr

nmod Mtwist_max
qr

 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
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
...

 σcminNorth

153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153

...

psi

 σcmaxNorth

153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153
153

...

psi

 σstminNorth

4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585

...

psi

 σstmaxNorth

4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585
4585

...

psi

 σstmin_twist

14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722

...

psi

 σstmax_twist

14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722
14722

...

psi
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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 fcck_conversion fc fcck 32.8 MPa

Normalized Structural
Compressive Strength: fcn fcck 1

fcck

600 MPa










 fcn 31.0 MPa

Design Concrete
Compressive Strength: fcd

fcn

γcdnv

 fcd 22.9 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 22.9 MPa

Exposure Factor: C1dnv 12

Fatigue Strength Parameter: C5c 1.0

Cycles Allowed: ncallowNorth
qr

10

C1dnv

1

σcmaxNorth
qr

C5c frd








1

σcminNorth
qr

C5c frd












XdnvNorth
qr

C1dnv

1
σcminNorth

qr

C5c frd
 0.1 C1dnv



C2dnvNorth
qr

max 1 0.2 log ncallowNorth
qr  XdnvNorth

qr
  1.0 



ncallowNorth
qr

if log ncallowNorth
qr  XdnvNorth

qr
 10

C1dnv C2dnvNorth
qr



1

σcmaxNorth
qr

C5c frd








1

σcminNorth
qr

C5c frd










 ncallowNorth
qr



















Damage: DamageNorth
qr

Nfat
qr

ncallowNorth
qr



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

if DamagetotalNorth 0.33 "OK" "NG"  "OK"
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 N. Check of Fatigue in Concrete due to Shear

Concrete Area Resisting Shear: Aface 137 ft
2



Characteristic Tensile Strength: ftk 0.48 fcck MPa 0.5
 ftk 2.75 MPa

Normalized Tensile Strength: ftn ftk 1
ftk

25 MPa









0.6










 ftn 2.02 MPa

ftd

ftn

γcdnv

 ftd 1.49 MPaDesign Tensile Strength:

Design Constants: kA 100 MPa

d1 1000 mm

Anchored Reinforcement
on Tensile Side: As 63 in

2


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 1488 k

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

kA As

γcdnv Aface










 kv 0.6 ftd kv









vcd 75 psi

Cycles Allowed: nvcallowNorth
qr

10

C1dnv

1

VEdmaxNorth
qr

C5c Vcd








1

VEdminNorth
qr

C5c Vcd












XdnvNorth
qr

C1dnv

1
VEdminNorth

qr

C5c Vcd
 0.1 C1dnv



C2dnvNorth
qr

max 1 0.2 log nvcallowNorth
qr  XdnvNorth

qr
  1.0 
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nvcallowNorth
qr

if log nvcallowNorth
qr  XdnvNorth

qr
 10

C1dnv C2dnvNorth
qr



1

VEdmaxNorth
qr

C5c Vcd








1

VEdminNorth
qr

C5c Vcd










 nvcallowNorth
qr



















Damage: DamagevNorth
qr

Nfat
qr

nvcallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagevtotalNorth DamagevNorth
DamagevtotalNorth 0.00

if DamagevtotalNorth 0.33 "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 fcck_conversion fc28 fgrtck 52.4 MPa

Normalized Structural
Compressive Grout Strength: fgn fgrtck 1

fgrtck

600 MPa










 fgn 47.8 MPa

Design Concrete
Compressive Grout
Strength:

fgd

fgn

γgdnv

 fgd 35.4 MPa

Anchor Bolt Pretension Load: Tpre 72 kip

Flange Outside Diameter: OD 4556 mm

Flange Inside Diameter: ID 4000 mm

Number of Bolts: N 140

PVC outside diameter: dSDR 1.660 in

Bearing area at top of grout: Agrt
π

4
OD

2
ID

2
  N

π dSDR
2



4
 Agrt 5488 in

2


Section modulus at top of grout: Sgrt
π

32 OD
OD

4
ID

4
 

2

OD
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













































































Sgrt 217939 in
3



bfat_grt_minnorth
qr

Mfatminnorth
qr 

Sgrt

Wmean

Agrt


Tpre N

Agrt

Minimum grout fatigue stress due to
wind:

Maximum grout fatigue stress due to
wind: bfat_grt_maxnorth

qr

Mfatmaxnorth
qr 

Sgrt

Wmean

Agrt


Tpre N

Agrt
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Cycles Allowed: nbrg_grt_allowNorth
qr

10

C1gdnv

1

bfat_grt_maxnorth
qr

C5g fgd








1

bfat_grt_minnorth
qr

C5g fgd












Xbrg_grt_dnvNorth
qr

C1gdnv

1
bfat_grt_minnorth

qr

C5g fgd
 0.1 C1gdnv



C2brg_grt_dnvNorth
qr

max 1 0.2 log nbrg_grt_allowNorth
qr  Xbrg_grt_dnvNorth

qr
  1.0 



nbrg_grt_allowNorth
qr

if log nbrg_grt_allowNorth
qr  Xbrg_grt_dnvNorth

qr
 10

C1gdnv C2brg_grt_dnvNorth
qr



1

bfat_grt_maxnorth
qr

C5g fgd








1

bfat_grt_minnorth
qr

C5g fgd










 nbrg_grt_allowNorth
qr



















Damage: Damagebrg_grt_North
qr

Nfat
qr

nbrg_grt_allowNorth
qr



Accumulated Damage
(Section 6, M108):

Damagebrg_grt_totalNorth Damagebrg_grt_North

Damagebrg_grt_totalNorth 0.00

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 fcck_conversion fcp fcckp 32.8 MPa

Normalized Structural
Compressive Strength: fcnp fcckp 1

fcckp

600 MPa










 fcnp 31.0 MPa

Design Concrete
Compressive Strength: fcdp

fcnp

γcdnv

 fcdp 22.9 MPa

Grout thickness: tg 0.00 in

Bearing area at bottom of grout: A1
π

4
OD tg 2 ID tg 2



 N

π dSDR
2



4
 A1 5488 in

2


Section modulus at bottom of grout: S1
π

32 OD tg 
OD tg 4 ID tg 4





2

OD tg  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 217939 in
3



bfatminnorth
qr

Mfatminnorth
qr 

S1

Wmean

A1


Tpre N

A1

Minimum fatigue stress due to wind:

Maximum fatigue stress due to wind:
bfatmaxnorth

qr

Mfatmaxnorth
qr 

S1

Wmean

A1


Tpre N

A1



Bearing strip (radial) at bottom of grout: Astrip_1

OD tg  ID tg 

2
 Astrip_1 10.9 in
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Angle of bearing within concrete: αDNV 0deg αDNV 0.0 deg

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

C OD tg 

2

hp











atan
1

2


















 αcritical 23.7 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 10.9 in

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

Astrip_2

Astrip_1









1

3

1.3













 Fcd 3326 psi

Cycles Allowed: nbrgallowNorth
qr

10

C1dnv

1

bfatmaxnorth
qr

C5c Fcd








1

bfatminnorth
qr

C5c Fcd












XbrgdnvNorth
qr

C1dnv

1
bfatminnorth

qr

C5c Fcd
 0.1 C1dnv



C2brgdnvNorth
qr

max 1 0.2 log nbrgallowNorth
qr  XbrgdnvNorth

qr
  1.0 



nbrgallowNorth
qr

if log nbrgallowNorth
qr  XbrgdnvNorth

qr
 10

C1dnv C2brgdnvNorth
qr



1

bfatmaxnorth
qr

C5c Fcd








1

bfatminnorth
qr

C5c Fcd










 nbrgallowNorth
qr



















Damage: DamagebrgNorth
qr

Nfat
qr

nbrgallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagebrgtotalNorth DamagebrgNorth DamagebrgtotalNorth 0.41

if DamagebrgtotalNorth 0.33 "OK" "NG"  "NG"
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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: ΔσstNorth
qr

max 1 psi σstmaxNorth
qr

σstminNorth
qr

  


Characteristic strength
of reinforcement:

fsk fyB

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: nsallowNorth
qr

10

C3 C4 log

ΔσstNorth
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M108):

DamagestotalNorth DamagesNorth
DamagestotalNorth 0.00

if DamagestotalNorth 0.33 "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_normal
qr

max 1 psi σstmax_twist
qr

σstmin_twist
qr

  


Characteristic strength
of reinforcement:

fsk fyB

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: nsallowNorth
qr

10

C3 C4 log

ΔσstNorth_normal
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M108): DamagestotalNorth_normal DamagesNorth

DamagestotalNorth_normal 0.00

if DamagestotalNorth_normal 0.33 "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 57.9 in

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

dedge dface2

2
 dface3 51.23 in

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

Given xcr 11.49 in

CUBIC
wf xcr

2


2
nmod

B

stopm

Atopm







 dface2 xcr 

nmod
wf B 
stopm

Atopm








 dface3 xcr 

=

xcr Find xcr  xcr 6.95 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 22.8 ft
4



Elastic beam theory prediction of
minimum tensile stress in
reinforcement:

σstmintopNorth
qr

nmod MfmintopNorth
qr

 dface2 xcr 

ICR



Elastic beam theory prediction of
maximum tensile stress in
reinforcement:

σstmaxtopNorth
qr

nmod MfmaxtopNorth
qr

 dface2 xcr 

ICR
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Design factors: C3 19.60

C4 6.00

Tensile stress range in steel: ΔσsttopNorth
qr

max 1 psi σstmaxtopNorth
qr

σstmintopNorth
qr

  


Characteristic strength of
reinforcement:

fsk fyT

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: nsallowNorth
qr

10

C3 C4 log

ΔσsttopNorth
qr

MPa


















nsallowNorth
qr

if nsallowNorth
qr

2 10
8

 10
307

 nsallowNorth
qr









Damage: DamagesNorth
qr

Nfat
qr

nsallowNorth
qr



Accumulated Damage
(Section 6, M107):

DamagestoptotalNorth DamagesNorth DamagestoptotalNorth 0.48

if DamagestoptotalNorth 0.33 "OK" "NG"  "NG"
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 U. Check Fatigue Pullout Strength of Concrete (concrete only)

Minimum fatigue force due to wind:
Pfat_cone_min

qr
max 0psi

4 Mminnorth
qr 

N

2
Davg

Wmean Wp

N

2





















Maximum fatigue force due to wind: Pfat_cone_max
qr

4 Mmaxnorth
qr 

N

2
Davg

Wmean Wp

N

2












Area of Cone Acone 991.59 in
2



Maximum stress
in concrete shear cone: σcone_max

qr

Pfat_cone_max
qr

Acone



max σcone_max  70.98 psi
Minimum stress in
concrete shear cone: σcone_min

qr

Pfat_cone_min
qr

Acone


max σcone_min  68.02 psi

Characteristic Tensile Strength: ftk 0.48 fcck MPa 0.5
 ftk 2.75 MPa

Normalized Tensile Strength: ftn ftk 1
ftk

25 MPa









0.6










 292.51 psi ftn 2.02 MPa

ftd

ftn

γcdnv

 ftd 1.49 MPaDesign Tensile Strength:

Design Constants: kA 100 MPa

d1 1000 mm

Calibration Factor: U 0.79 U ftd 171 psi

Additional Reduction factor: γsf 1.35

Design Shear Strength
Stated in Terms of Stress: vcd_cone

U ftd kv

γsf


vcd_cone 127 psi

Cycles Allowed: ncone_allow
qr

10

C1dnv

1

σcone_max
qr

C5c vcd_cone








1

σcone_min
qr

C5c vcd_cone
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Xdnv
qr

C1dnv

1
σcone_min

qr

C5c vcd_cone
 0.1 C1dnv



C2dnv
qr

max 1 0.2 log ncone_allow
qr  Xdnv

qr
  1.0 



ncone_allow
qr

if log ncone_allow
qr  Xdnv

qr
 10

C1dnv C2dnv
qr



1

σcone_max
qr

C5c vcd_cone








1

σcone_min
qr

C5c vcd_cone










 ncone_allow
qr



















Damage: Damagecone
qr

Nfat
qr

ncone_allow
qr



Accumulated Damage
(Section 6, M108):

Damagecone_total Damagecone
Damagecone_total 0.00

if Damagecone_total 1.0 "OK" "NG"  "OK"
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Appendix B 

Visual and Coring Inspection Summary Report  

(provided under separate cover) 

  



 

 

Appendix C 

Foundation Structural Health Monitoring Summary Report 

 (provided under separate cover) 

  



 

 

Appendix D 

Soil Thermal Resistivity Testing Results (dated December 11, 2020) 

 (provided under separate cover) 

  



 

 

Appendix E 

Piezometer Results (dated February 5, 2021) 

 (provided under separate cover) 

  



 

 

Appendix F 

Cyclic Degradation Geotechnical Evaluation (dated March 31, 2021) 

 (provided under separate cover) 

 


