Benjamin G. Foley, P.E.

Digitally signed by Benjamin G. Foley, P.E.

c=US
Date: 2016.03.02 16:14:40 -06'00'

DESIGN SUMMARY

DN: cn=Benjamin G. Foley, P.E., o=Keystone Engineering
Inc, ou=Structural, email=bfoley@keystoneengr.com,

MET TOWER DETAILED DESIGN

3\ !

W oFRE.MARY,,
\‘\’\?"'{?:MHN ka //’/
R 5@3 Q“ﬁ [
SAIQ N&G L

™ ) A0

~ 5. s

5 <;',3:“
NS

...... BTN
S0 enny
i ’r’f]}ﬁ‘ﬁ\‘\\

KEI Project No.:

6977A15 KEI Doc No.:

6977A15-KEI-601-001

REVISION HISTORY
Rev Date Description Origin Check Approval
A 02 March 2016 Issued For Client Review AZT RIM BGF
Professional Engineer: Benjamin G. Foley License #: 41686
Firm: Keystone Engineering Inc. Reg #: 07 - 48790

Keystone

ENGINEERING INC.

Office: 504-362-9465 ® www.keystoneengr.com

CONFIDENTIAL DOCUMENT

Keystone Engineering Inc. ® 3500 N. Causeway Blvd, Suite 1100 ® Metairie, LA 70002



www.keystoneengr.com
https://2016.03.02
mailto:email=bfoley@keystoneengr.com

US WIND MET TOWER DETAILED DESIGN Doc No: 6977A15-KEI-601-001

MET TOWER Rev. A
DESIGN SUMMARY Page 2 of 17
TABLE OF CONTENTS

1  INTRODUCGTION ... ..ot sssrr e ssssr e s s s s smn e e e e e s s s s s mmnr e e e e e s s e e s s nmnnn e e e e s s snnsnnnnnn 4
PR N € =1 o = - PP 4
L O o] [=Tox 1)V PP PPPPRPPP 4

H G TR = 7= Ted (o | o 11 Lo BSOS PUUPPRt 4

2 DESIGN PREMISES .........cociiiiiiriiinsinssssns s s ssssssss s s s ssnn s s s s s mnn s n e e e s s s s s ssnnnnnnees 5
2.1 PUrPOSE Of MEE TOWET . ..ot e e e e e e e e e e e e e e e easaaaaeeaaeeeees 5
2.2 Regulations, Codes and Standards .............ooooiiiiiiiiiiiiiiiieee e 5
2.3 DESIGN LI ettt e e e e e e e e e e e e e e e eean 5
2.4 Design Limit States......coeiiiiiiiiiiiiiiiieieeeeeeeee ettt ee e e e eeeeennnneee 5
241 Ultimate Limit State (ULS) ..coovreeiii i e e e e e e e e e e e e ennanas 5
242 RODUSINESS ChECK ... e e 5
2.4.3  Service Limit State (SLS) ...ciioiiiiiiii i e e e e e e 6
244  Fatigue Limit State (FLS).......uuuuiiiiii e 6

2.5 Reliability ClassifiCation ............oooeiiiiiiiiiiiiiiiiiiiiee et 6
2.6  Safety Factors for Loads and ReSIStanCe ..........coouvuuiiiiiiiiiiiicce e 6
A = =Y (o T @7 | (=] 5 = PRSPPI 7
P2t T ©7o 4 o X=3 o] o T o o) (=3 [ o [PPSR 7
2.9 ANAlYSIS SOfIWAIE ...t e e e e e e 7
2.10  Structural Steel PrOperti€S.......cccoeiiiiiiiiiiie e e e e e e e e e e e e e e aeaeeeaaeeees 8

3  ENVIRONMENTAL CONDITIONS .........ciiiiiiiiissssssssnrrss s sssssssssr s s s sssssssss s ssssssssssnsnnssees 9
31 Water LeVEIS ... 9
3.2 WINA SPEEAS ... 9

B TR T AN 1o To 1= o] a U=y ToN (o T o o [PPSR 9

R I 1= 0 ] 1= =1 (1 = 10
3.5 SeiSMIC CONAILIONS ... 10

4  DESIGN RESULTS ..ottt nsssrr s s ssssss s s mnn e e s s s mmn e n e e e e s s s s mnnnnn e e s 11
4.1 Ultimate Limit State (ULS) ....ooiieiiiiieeiee e e e 12
I (o] o 18] (1= TS O 1= o QPP 14
4.3  Service Limit State (SLS).....cooiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeee s 15
4.4  Fatigue Limit State (FLS)....uuu oo e e e e e e e e e e e e e aeeeees 16

5 REFERENCES..........oo ot nnr e e s s s s nnnnn e e e e e n e s 17

www.keystoneengr.com/ CONFIDENTIAL DOCUMENT




US WIND MET TOWER DETAILED DESIGN Doc No: 6977A15-KEI-601-001

MET TOWER Rev. A
DESIGN SUMMARY Page 3 of 17
LIST OF TABLES
Table 2-1: Partial Load FaCTOrS. ... ..o e e e e e e e es 6
Table 2-2: Material Resistance FactOrs. .......ccoooiiiiioiiecee e 7
Table 2-3: DEfleCtion Crteria .....ccoee e e 7
Table 3-1: WINA SPEEAS ... e et e e e e e e e et e e e e e e e e e eennnn e ns 9
Table 3-2: Atmospheric ICINg Parameters ..........coouiiiiiiiiiie e 9
Table 3-3: Lowest Anticipated Service Temperature (LAST).........coooiiiiiiiiie 10
Table 4-1: Ultimate Limit State Maximum Utilization Ratios .......................c 13
Table 4-2: Robustness Check Maximum Utilization Ratios ... 14
Table 4-3: Met Tower Natural Period ..........coooiiiiiiieeeeeeee e 15
Table 4-4: Met Tower Fatigue Life ... 16
LIST OF FIGURES
Figure 1-1: Maryland Offshore Wind Farm LOCation .............ooooviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 4
Figure 4-1: SACS Model of Met Tower with Instrument Booms — Isometric 3D View ..........ccccccoeenneee 11
Figure 4-2: Ultimate Limit State Tower Members Utilization Ratios — Color Scale Isometric View....... 12
Figure 4-3: Ultimate Limit State Boom Member Utilization Ratios — Color Scale Isometric View......... 13
Figure 4-4: Robustness Check Tower Members Utilization Ratios — Color Scale Isometric View........ 14
Figure 4-5: Met Tower Deflection — EIeVation VIEW............ooiiiiiiiiiiiiie e 15

www.keystoneengr.com/ CONFIDENTIAL DOCUMENT




US WIND MET TOWER DETAILED DESIGN Doc No: 6977A15-KEI-601-001

MET TOWER Rev. A
DESIGN SUMMARY Page 4 of 17

1 INTRODUCTION

1.1 General

The Maryland Offshore Wind Energy Area development requires a meteorological test tower (hereafter
referred to as met tower) to be installed approximately 11.5 miles from Ocean City, Maryland as depicted

in Figure 1-1. Keystone Engineering Inc. (KEI) is employed by US Wind Inc. (USW) to perform the
detailed engineering design of this steel lattice met tower.

Met Mast Location
Lat 38.352746
Long 74.753546

Figure 1-1: Maryland Offshore Wind Farm Location

1.2 Objective

The objective of this document is to describe the criteria and methodology used in the structural design
of the met tower and to present the results of the structural analyses performed.

1.3 Background

The met tower shall be installed on a substructure which shall provide adequate support and access to
the tower. The tower interface with the substructure is at (+)72 ft elevation above Mean Lower Low Water
(MLLW). Design of substructure is not included in the scope of this work.
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2 DESIGN PREMISES
2.1 Purpose of Met Tower

The purpose of the met tower is to support meteorological data acquisition equipment at appropriate
elevations. The tower was designed for the following data acquisition equipment:

e Anemometers at elevations (+)104’-6", (+)175-3”, (+)249’-10”, (+)319’-7” above MLLW installed
on booms. Boom lengths were determined based on the met tower solidity ratio.

e Microwave dish antenna with 4 ft? surface area at elevation (+)330’-0” above MLLW.

o Work platforms at all instrument boom elevations.

Additionally, the met tower shall provide support and access to equipment required for the operation of
the met mast. This includes, at a minimum, the following items:

e Ladder and fall protection system
¢ Lighting fixtures
e Aviation hazard lights

2.2 Regulations, Codes and Standards

The Maryland Offshore Wind Energy Area Farm met tower shall meet all applicable regulatory
requirements of the State of Maryland, United States Bureau of Ocean Energy Management (BOEM),
the United States Coast Guard (USCG), the Environmental Protection Agency (EPA), the Federal
Aviation Administration (FAA), the Occupational Safety and Health Administration (OSHA), United
States Bureau of Safety and Environmental Enforcement (BSEE), and other federal regulatory
requirements for operation.

United States codes and standards govern most structural design. However, no US standard
addresses offshore tubular lattice met tower design. Therefore, BS EN 1993-3-1 [1] was adopted for
design of the met tower. US metocean conditions are developed per APl RP 2A [2].

2.3 Design Life

The met tower was designed for a service life of 30 years which is in line with the design life of the
corresponding substructure and foundation.

2.4 Design Limit States

The following limit states were evaluated for the design of the met tower:

2.4.1 Ultimate Limit State (ULS)

The purpose of this analysis is to demonstrate that the met tower will resist environmental conditions
\(/)vritjr(l)ia;\] t?.tum period of 50 years without exceeding the allowable capacity of any primary steel members

2.4.2 Robustness Check

The purpose of this analysis is to demonstrate that the met tower will resist environmental conditions
with a return period of 500 years without failure or collapse.
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2.4.3 Service Limit State (SLS)

The purpose of this analysis is to demonstrate that the deflection and vibration of the met tower, under
environmental conditions with a return period of 1 year, are within acceptable range.

2.4.4 Fatigue Limit State (FLS)

The purpose of this analysis is to confirm that the main structural steel connections and the primary steel
members have a predicted fatigue life greater than the design life stated in Section 2.3 with appropriate
safety factors.

2.5 Reliability Classification

The met tower will be installed on an unmanned substructure in the open seas and failure would not be
likely to cause injury to people. Therefore, the met tower structure was classified as Reliability Class 1.
The design of the met tower considered the parameters for a Reliability Class 1 structure per BS EN
1993-3-1 [1].

2.6 Safety Factors for Loads and Resistance

Safety factors and allowable stresses used in the design of the met tower conform to guidelines set forth
in BS EN 1993-3-1 [1]. Table 2-1 outlines the load factors to be used for ULS, FLS, SLS, and Robustness
Check.

Table 2-1: Partial Load Factors

Limit State Specification Load Action g:?r:\a:nl-e%atckzzc::sr P\a,;t'i'?;bl_lgexic:zcr:‘t:r
ULS BS EN 1993-3-1 Unfavorable 1.1 14
(1l Favorable 0.9 0.0
FLS BSEN [11?93'3'1 Fatigue 1.0 1.0
SLS BS E[l;]1990 Serviceability 1.0 1.0
Robustness APl [F\Z,;D 2A Robustness 1.0 1.0
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Table 2-2: Material Resistance Factors
Specification Limit State Component Action Resistance Factor
Yielding 1.0
Members
Buckling 1.0
BS EN 1993-3-1 Tensile Rupture at
(] uLs Bolt Hole 125
Connections Bolts.NVeIds./ 1.25
Plates in Bearing
Slip Resistance 1.25
BS EN 1993-3-1
(] SLS All All 1.0
BS EN 1993-1-9
4] FLS All Low Consequence 1.15
APl [F\Z,;D 2A Robustness All All 1.0

2.7 Deflection Criteria

The deflection and vibration criteria used in the met tower design are based on BS EN 1993-3-1 [1] and
previous project experience, and are shown on Table 2-3:

Table 2-3: Deflection Criteria

Element Type Allowable Deflection
Maximum displacement at the tower top Tower height / 500
Members supported at both ends Span/200
Members supported at one end - cantilevers Span/150

2.8 Corrosion Protection

Hot dip galvanization was selected as the appropriate method for the met tower corrosion protection.
The service life of the corrosion protection shall meet or exceed the design service life of the met tower.
The corrosion protection shall be based on API RP 2A [2] and in accordance with NACE SP0108 [5].

2.9 Analysis Software

Bentley Systems SACS V8i 5.7 structural analysis package was used to develop a space frame model
that represents the mass and stiffness of the primary steel members of the met tower. All the required
static and dynamic analyses of the primary steel were performed using SACS. Evaluation of the ULS,
SLS, and FLS limit states, and Robustness Check were performed using SACS per the requirements of
the aforementioned governing codes and standards.

SACS does not perform code checks on bolted connections. For those connections member-end forces

were extracted from the SACS outputs and used as input for manual/spreadsheet calculations.
Additionally, SACS does not perform wind loading calculation per Eurocode [1]. In this case, overall wind
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loading on tower was calculated manually and the wind speed inputin SACS’ API [2] wind loading option
was calibrated to match the total wind loading per Eurocode.

210 Structural Steel Properties

Structural steel for the various components of the met tower and appurtenances was selected according
to the requirements of ISO 19902 [6] and API-RP-2A [2] based on their function, criticality and lowest
anticipated service temperature (LAST). Steel specification is presented in KEI drawing 6977A15-KEI-
002, Table A.

Welds were designed and shall be implemented according to the American Welding Society D1.1/D1.1M
standard [7].

www.keystoneengr.com/ CONFIDENTIAL DOCUMENT




US WIND MET TOWER DETAILED DESIGN Doc No: 6977A15-KEI-601-001

MET TOWER Rev. A
DESIGN SUMMARY Page 9 of 17

3 ENVIRONMENTAL CONDITIONS

The environmental conditions used in the design of the met tower are based on A.H Glenn and
Associates Services reports [8] and [9].

3.1 Water Levels

The design water depth for this site is 88.6 ft. (MLLW).

3.2 Wind Speeds

Omnidirectional wind speeds for 50-year and 500-year return periods are presented in Table 3-1. The
10-min mean wind speed for 1-year return period was calculated from the 50-year wind speeds using

BS EN 1993-3-1[1].

Table 3-1: Wind Speeds

Wind Speed _ Return Period
(+32.8 ft Ref. Elevation) St (years)
1 50 500
1-hour Mean Wind Speed mph - 94 114
10-min Mean Wind Speed mph 61 107 130
1-min Mean Wind Speed mph - 122 145
3-sec Gust mph 144 174

3.3 Atmospheric Icing

ISO 12494 [10] was used to determine the requirements of atmospheric icing for the met tower. The
parameters in Table 3-2 were used for analysis.

Table 3-2: Atmospheric Icing Parameters

Parameter Value
Ice Type Glaze
Ice Density 56.2 Ib/ft3 (900 kg/m3)
Ice Class G3 (Glaze Class 3)
Ice Thickness (for Ice Class G3) 1.2'in (30 mm)
Formation Around Member Constant Thickness
Variation with Height Constant
Tubular Members = 1.04
Wind Drag Coefficient
Flat Surfaces = 1.44
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3.4 Temperature

The lowest anticipated service temperature (LAST) of air for this site was estimated base on previous
project experience and NOAA buoy 44009 data near site location.

Table 3-3: Lowest Anticipated Service Temperature (LAST)
Water Level Temperature (C°)
Air

-15

3.5 Seismic Conditions

According to APl RP 2EQ [11], the Maryland Offshore Wind Energy Area site is located in Seismic Zone
“0”. Therefore, no seismic evaluation is required.

www.keystoneengr.com/
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4 DESIGN RESULTS

The results for each of the analyzed limit states are summarized in this section. Figure 4-1 depicts the
SACS model of the met tower.
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Figure 4-1: SACS Model of Met Tower with Instrument Booms — Isometric 3D View
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4.1 Ultimate Limit State (ULS)

The ULS analysis demonstrates that the tower has acceptable utilization ratios. Figure 4-2 and Figure
4-3 show member utilization ratios throughout the tower and instrument booms, respectively. Maximum
member and joint utilization ratios are listed in Table 4-1.
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Figure 4-2: Ultimate Limit State Tower Members Utilization Ratios — Color Scale Isometric View
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Sooms at elov. +240° MLLLW Booms at elev. +319' M.L.L.W.

(1 boom shown per tower section. Total of 3 booms per tower section)

Figure 4-3: Ultimate Limit State Boom Member Utilization Ratios — Color Scale Isometric View

Table 4-1: Ultimate Limit State Maximum Utilization Ratios

Component Maximum Utilization Ratio
Tower leg members 0.98
Tower brace members 0.91
Welded joint cans 0.31
Leg to leg bolted connection 0.98
Brace to leg bolted/welded connection 0.97
Boom members 0.50
Boom connections 0.85
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4.2 Robustness Check

The robustness check demonstrates that the met tower has acceptable utilization ratios. Figure 4-4
shows member utilization ratios throughout the tower. Maximum member and joint utilization ratios are
listed in Table 4-2.
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Figure 4-4: Robustness Check Tower Members Utilization Ratios — Color Scale Isometric View

Table 4-2: Robustness Check Maximum Utilization Ratios

Component Maximum Utilization Ratio
Tower leg members 0.97
Tower brace members 0.94
Welded joint cans 0.32
Leg to leg bolted connection 0.98
Brace to leg bolted/welded connection 0.97

www.keystoneengr.com/ CONFIDENTIAL DOCUMENT




MET TOWER

DESIGN SUMMARY

US WIND MET TOWER DETAILED DESIGN

4.3 Service Limit State (SLS)

The Service Limit State analysis shows that the tower deflection is within the allowable limit defined in
section 2.7. Figure 4-5 illustrates the deflected shape of the tower under service loads and Table 4-3

presents the tower’s natural period.

/ Max. Relative Deflection: 6.24 in = L/526

260.5 ft
(Base of tower to base of
lightning protection boom)

Note: Deflected shapes shown are
magnified for illustrative purpose

Allowable deflection:
L/500

Figure 4-5: Met Tower Deflection — Elevation View

Table 4-3: Met Tower Natural Period

Mode

Natural Period (s)

First

1.248
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4.4 Fatigue Limit State (FLS)

The Fatigue Limit State analysis was performed per BS EN 1993-3-1 [1] and BS EN 1993-1-9 [4]. The
Fatigue Limit State analysis predicts that the fatigue lives of the tower members and connections
are adequate for the intended design life of the structure. The fatigue analysis considered wind loads
only. Wave induced fatigue on the met tower is considered negligible. Table 4-4 presents the

minimum predicted fatigue lives of the three types of tower connections.

Table 4-4: Met Tower Fatigue Life

Tower Component

Calculated Fatigue Life

Leg to leg connection

198 years
Brace to leg connection (bolted) 125 years
Brace to leg connection (welded) 119 years
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