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Project Partners Beyond Design

Donors — private/public
Community Stakeholders

Government Partners
City of Apple Valley, MN
Fire Department
Building Officials
Fish and Wildlife Service

Branding/PR/Marketing

Interpretive and Wayfinding Elements
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Presentation Outline

The Minnesota Zoo and the Monorall Vibrations
Project Introduction Capacity Design
Existing Structure and Assessment Construction
System Selection Questions

Live Load Requirements
Structural Analysis
Thermal

Wind / Lateral
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THE MINNESOTA Z0OO
AND THE MONORAIL
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MINNESOTA ZOO

Vision: Our vision is a future where wildlife thrives in Minnesota and beyond.
Mission : To connect people, animals and the natural world to save wildlife.

Values: Stewardship, Excellence with Integrity, Smart Fun, Engage to Inspire, Diversity and Inclusion
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About the Minesota Zoo

Opened to the publicin 1978

Located on 485 acres in Apple Valley,
Minnesota it is the 5th largest zoo in the

US.

Home to more than 4,400 animals and
485 species including 68 threatened and
endangered species

Annual attendance of over 1.2 million
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About the monorail

Originally referred to as the Skytrail.

1.25 miles long with a maximum
elevation of 32 ft.

With a single station, all rides were
round trip.

A monorail trip took about 25 minutes
translating to an average speed of
about 3 miles per hour.
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A Brief History of the Monorail
May 1978 - The Minnesota Zoo opens.

September 1979 - The monorail begins operation. Exhibits and pedestrian

routing were deliberately designed to incorporate views from the monorail.

September 2013 - The monorail closes due to aging infrastructure, maintenance
challenges due to mechanical obsolescence, and declining ridership.

2018 - Planning to convert the monorail into Treetop Trail commences.
January 2021 - Design for Treetop Trail kicks off in earnest.

April 2022 - Construction for Treetop Trail begins.

July 2023 - Treetop Trail is completed with a total project cost of $39M.
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Existing Documentation

; Limited documentation was available
,'l : from the original construction including
a partial plan set showing:

Geometric alignment of the monorail
Typical steel section

Splices between track sections

Rigid connection to columns

Tabulated drilled pier foundation
depths.

Loading diagram for a monorail train
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Support
Location
Station

0+00
0+26
0+52
1422
1492
2+55
3+15
3+65
4+10
4+71.39
5+04.43
5+50
6+15
6+80
7450
B8+20
8+390
G+60
10+30
11+00
11470
12440
13410
13+80
14+50
15+00
15+44
16+07
16+75
17+40
18+05
18467
19437
20407
20477
21+47
22+17
22487
23457
24+27
24+97
25+67
26+37
26+95
27+50
28420
28+90
29+60
30+30
31+00
31470
32+40

=
W%
(%
2.2
M

e

Type of
Support

Grade Beam
Grade Beam
Grade Beam

844
"

844
145¢
145¢
1454
145#
1454
145¢#
1454

Ba#
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column
L]

column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column
column

§ column

column
column
column
column
column
column
column
column
column

- MINNESOTA ZOOLOGICAL GARDENS - ZOORIDE FOUNDATIONS

Top of
Foundation
Elevation

96.83
96.83
96.83
98.29

Total length
of Column

Nene
None
None
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Hole Information )

Bottom
Elevation

62.0
97.5

w 0e Bang

Approx. .
Depth 303

20 feet ,* » _'_.:_-:—. .,.:. "
20 feet -
20 feet -

19 feet

19 feet

20 feet

19 feet '
17 feet . * =
18 feet x

18 feet et “

18 feet -

16 feet

18 feet Dt Mot
20 feet >

19 feet

19 feet

20 feet

20 feet

21 feet
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20 feet
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18 feet : P
12 feet = < > 7
21 feet 3, !

21 feet ' i | |

21 feet v

20 feet A
21 feet , (1| _ _
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22 feet .
22 feet |

22 feet dig | L
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21 feet |
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Monorail Loading
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EXISTING BASELINE TRAIM

mG d d d a d o

DRIVE MOTRRS (N FOWERED DRIVE UNITS EZEEZA

TRAIN CONFIGURATIONS OF MINNESOTA ZOOLOGICAL GARDEN YEHICLES

The baseline train (empty) weight is carried by the bogles, ldentifled as
front-to-rear (eft-to-right in Figure %), as follows: No. | - 10,530 pounds; No. 2, 3, 4
and 5 - §,100 pounds; No. & - 7,300 pounds; and No. 7 - §,600 pounds.

Information on the weight of the monorail trains was found in project
documentation.

Cars had a capacity of 96 seated passengers, possibly up to 120 with standing
passengers.

Based on length of car it was determined that the monorail exerted a load of about
1 kip / foot onto the track.
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Existing Documentation

There was a lot important information missing from the existing documentation
including:

Specifications

Geotechnical information

General structural notes

Material properties — Design strengths and material characteristics

Connection details at non-rigid connections
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PROJECT INTRODUCTION
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"By transforming the
monorail into a walking
trail, visitors are given the
opportunity to immerse
themselves in nature,
much like the monorail
aimed to do, but with the
freedom to curate their
own adventure”

N
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Supporting MN Zoo Mission

® ®

CONNECTION

.............. >

COMMUNITY

The trail builds literal and mindful
connections between people,
animals, and the natural world.

The trail bridges and embraces
larger, more diverse communities,
increasing local and global support.

l;‘;;‘% MEYER
22 BURO HAPPOLD MB]‘SSEE'SSE
MINNESOTA ZOO

®

COMPASSION

...... >

The trail inspires and spurs
compassion for wildlife, leading to
immediate and long-term action.



Connecting Existing Zoo Trails and Experiences
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Enhancing Access
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Other Project Constraints

Disruption Avoidance — continuous operation, special events, animal needs, wildlife
Need to be built from above

Modular construction

Accommodate winter construction

Existing structural capacity

Existing structural conditions

Existing infrastructure - fiber optic lines

Budget

1.25 miles long

Designed and built during the global pandemic
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EXISTING CONDITIONS
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Condition Assessment

Develop confidence in the accuracy of
existing drawings

Fill in documentation gaps
Determine extent of deterioration
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Rippling of side plates
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Fractured Welds
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Support Conditions

One-way column slider Two-way column slider One-way ground slider
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Support Conditions

Fixed Column Connection
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Fixed Grade Connection
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Support Conditions

TRAIL SUPPORTS - KEY PLAN

SYMBOL | DESCRIPTION

COLUMN SUPPORTS

o FIXED

o ONE-WAY

o TWO-WAY
GRADE SUPPORTS

o ANCHOR

o ONE-WAY

TWO-WAY
® SPECIAL
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Support Conditions
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Support Conditions
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Condition Assessment Scope

Steel structure

Verify detail compliance with existing structure
Ultrasonic thickness measurements to estimate section loss
Visual weld inspection

Mag particle weld inspection

Ultrasonic weld inspection

Coupon testing for both strength and chemical composition
Foundations

Top of drilled pier verification

Reinforcement verification using ground penetrating radar

Concrete sampling for compressive strength testing

Parallel seismic testing to estimate pier depths
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Steel Testing Methods
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Steel Observations Results

Locations identified by closest column, all observations this date performed
Areas and work performed this day: from boom lift, unless noted observations noted were on bottom plate to side
plates of box beam section. see below for findings.

Trail side plate
CR
27 e 237 27
X
MT
54+10 column Bottom plate 54480 column
17 207 207
Back side plate
27 Pl 277 27
MT Top plate
L 39Y 397

See above for apx. Location of thickness readings. Magnetic particle (MT) inspection performed on field
weld plate splice inside plate and outside plate. See sketch for approximate location. * Note previously identified side
plate splice weld crack report # 1 dated 6-28-21. 11 Angle to tube stitch welds cracked.
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Steel Material Testing

BRAUN
INTERTEC

Project B2105206
The B Yim il O
Snaw Kreilich Architects, Ine.
219 North Znd Street Suite 120
Minneapaiis, MN 55401
Project Information:
Test Procedure: ASTM A370
Test Date: /20,2021
Gauge Length: 2 inches
Acceptance Criteria: Results Only
Specimen Description:
Geometry Type: Rectangular for Tersion
Tensile Test Results
Sample ID Width Thickness Area Yield Laad Yield Strength Tensile Load | Tensile Stremgth n;l:::ﬂrr
1-Side Under Track @505 in 0172in o0.087 in' 5564 mf 63961 Ibdfin® 6544 IbF 75342 Mokfin® BO0%
2-Side 0,504 in 0187 in 0.058 in* S604 Rl 59454 Ibffin” 7479 Inf 19357 Wifin® %3N
3- Top Plate 0.508 in 0.3%0in 0.198 in* 10819 Ibf S4610 Ibdfin 15993 ibd 80726 bifin’ 338N
4 - Upright 0.510in 0479 in 0.244 in* 15060 ibf 1646 Ibdfim* 20741 Ibd 84905 Rl fin® E%
o
ct —
" Enk Knudson
Materials Technician
Sample ID Yield Strength

1-Side Under Track 63961 Ibf/in?

2 - Side 59464 |bf/in?
3-Top Plate 54610 Ibf/in?
4 - Upright 61646 |bf/in?
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Steel Material Testing

~=-DIRECTION OF ROLLING (RECOMMENDED)~=

2 /'t Louis Testing Laboratorjes | ¥
WP OR . "
AR frEw DISCARD THIS PIECE
2810 Clark Avenue = 5t Louis, MO 65103—25?4 = [314) 531-8080 = FAX (314) 531-8085 “"r“ s, et :1: R — E
Chemical, Tasting, Analysog and Fleid Servica. & § LONGITUDINAL FAGE BEND SPECIMEN
[150 mm] ] g cJP
BRAUN INTERTEC CORP. Seplember 20, 2021 2 — — f =L === ~+———DIRECTION OF ROLLING——#=
mpshire Avenue 5. o, MENDE!
23001 Hevpshins v o e . 61 21 (60 mm] | AEDUCED SECTION TENSION SPECIMEN (RECOM| D)
P.O No. B2105206 = —= TRt
Attention: Eric 0'Donnell Page 1 of 1 &b 5 . g DISCARD THIS PIECE
ROOT [a] g — —
REPORT OF ANALYSIS [150 mm)| O -ONGITUDINAL BEND SPECIMEN = = = === =
200n ._] L. 3 REDUCED SECTION TENSION SPECIMEN
MATERIAL: Sample 1, Sample 2, Sample 3, Sample 4 750 m] === = e === i |
. iti of 36 in ROOT
SUBJECT: Compositional Analysis 910 mmj nsg|;m! CVN TEST SPECIMENS = p—
TEST METHOD: ASTM E415-17 WHEN (IF REQUIRED) 20
CVN TEST — i [51‘;;"::!
UNITS: Percent by Weight (%; SPECIMENS —i— —B—— — %] oo =~ o
METHOD DETECTION LIMIT:  0.01% fow fu :9"“ oy REARE0 o | ", o E [?ﬁ's“ﬁ"
H ! r aluminum
(189 mj g LONGITUDINAL FACE BEND SPECIMEN § 8 oV TEST
RESULTS: _ :L =L L 8 &
ANALYT Sample 1 le 2 Sample Sample 4 — = = == e = =
abytE ok Sy sy d e 2in[somm||  REDUCED SECTION TENSEON aPEmnEN
Total Carbon 0.12 0.1 0.08 0.16 o T e T— ] :I: :‘: e == =
ik ' S
i 1 I
=2 = o iad 22 {160 m § LONGITUDINAL ROOT BEND SPECIMEN b s it
Sufor | 0020 | 0031 0.018 0.026 - R 4: :l: N REDUCED SEGTION TENSION SPECIMEN
Manganese 0.60 0.43 0.43 106 [ e = = =':'.. EJEH" ? EG.;—.. = =
Phosphorus 0.052 0.047 0.051 0.009 i —
N_ici:e_l ]| _0_.43 0.29 029 018 et 7 in [180 mm] ——I-v— 7 In [180 mm] —= |-¢— 7 In [180 mm] ——I-— 7 In [180 mm] —w
Chromium 0.18 0.88 1.01 0.53
Mopyocdsnum||__ 008 e e 0 (1) LONGITUDINAL BEND SPECIMENS {2) TRANSVERSE BEND SPECIMENS
Copper 0.31 0.28 0.25 0.31
Vanadium 0.01 0.01 0.01 0.05 =
Aluminum 0.05 0.01 <0.01 0.02 | :{t } |
Iron | Remai Remaind Remaind Remaind
Notes:
The Alloys could not be identified. 1. The groove conflguration shown s for Il n only. The groove shape tested shall conform to the production groove shape that ls
Sdonbicaon of tested sgecimens provided by the clart being qualified.
/Lo 2, When CVN tests are required, the i shall be d from thelr locations, as shown in Figure §.28.
Chencal and 3. All dimenslons are minimum.
JWLAz nmental Testing 4.For 3/0 In [10 mm] plate, a sida-bsnd test may be substituted for each of the required face- and root-band tesis. See Figure 6.0(2) for

plate length and location of specimens.

Figure 6.7—Location of Test Specimens on Welded Test Plate 3/8 in [10 mm] Thick and

[aAccreDiTED T — Under—WPS Qualification (see §.10)

e
MOT OFFSCIAL WITHOUT THE O 1, LU TE TN LABORATE
'SE¥ NEVEWIE FOR BONOMONS
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Foundation Testing

"L oe Y i1t
s K E - ; /
UNLVERSAL MOBILITY, INC. - MINNESOTA ZOOLOGICAL GARDENS - ZOORIDE FOUNDATIONS y ; ;
,‘J .1 "1-‘ - _i_, _I
Support Type of Top of Total length Hole Information * ? i i
Location Support Foundation of Column Bottom Approx. a8 i) I | [ ] = 2" Mim Cover
Station Elevation Elevation Depth L | Lo
0+00 Grade Beam 96.83 None ~  —--e- ——-- 7 ? . =1
0+26 Grade Beam 96.83 None 214 " | | | e
0+52 Grade Beam 96.83 None o ' ;
1422 84# column 98.29 34 feet 64.0 20 feet : i %
1492 T 99,95 34 feet 65.5 20 feet ; |
2+55 . N 01.43 33 feet 68.0 20 feet | I N [ N ' Ul
3+15 v 02.85 30 feet 72.5 19 feet 4
3+65 W 04.03 31 feet 72.5 19 feet ! .
4+10 W 05.09 33 feet 72.0 20 feet — COMCRATE Fitd
4+471.39 g i 05.33 34 feet 71.0 19 feet

¥4
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Foundation Testing

Figure 2. Concrete Pier Testing Reference Plan
- s \

-

Station 44+42

BRAUN
INTERTEC

3 suromarroro  MBJ| B
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Station 44+42
o The concrete pier has a diameter of approximately 3 feet, 6 inches.
o The steel column was observed to extend at least 3 feet into the pier.
o The uneven surface of the concrete sides suggests that the pier was earth formed.
o A concrete core was extracted for compressive strength testing. The core has a
compressive strength of 4,710 psi.
o GPR observations from the top and side indicate reinforcing consistent with a cylindrical

style reinforcing cage.
= Vertical bars are spaced at approximately 12 inches.
= Horizontal bars are spaced at approximately 6 inches.
= Concrete cover is approximately 6 inches.



Foundation Testing

0.08 in/s 6:# 14 P8
ACC-C, HAM-SW, WT 6.0 LB
Impact PIER 8
0.04 7/15/2021 4:56:15 PM
)
' ' 0.00
' STATION 55+50
/ // ’_L' / /// x 3 LID=4.6 {D=4q2_Fin]/_._-_.—‘_/
@ = =004 | _———] 16.00 1t (12000 ft/s) V 0.0481n/s. (0.048)
0 2 4 6 8 10 12 14 16 18 20 22 2B 30 321t
) Table 1. PIT Data Results
| Pile Station Mark As-Built Record Info PIT Data Depth
P 44+42 21-feet 20-feet
Seismic il
receivers i 45+70 19-feet 17-feet
(Hydrophones) |_|. —
» 55+50 19-feet 16-feet
/ 3+65 19-feet 19-feet
//l
/j.f 16+75 21-feet 21-feet
PVC @’/
casing| U/ 24427 21-feet 20-feet
Credit - 33491 ~15 to 16-feet* 16-feet
redit:
Everest Geophysics
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Existing Monorail Inspections

Inspections performed at the start of construction to identify deficiencies with the
existing structure requiring repair

100% Visual Testing of welds

Ultrasonic testing of 20% top plate CJP welds, Mag particle testing of remainder.
Mag particle testing of 50% of side and bottom plate welds

Documentation of welding size and pattern

Measurement of column plumbness

s
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SYSTEM SELECTION AND
SHAPE FINDING




Existing Structural Condition

1.25-mile loop

Typical monorail beam span: 70ft
Typical column supports: W27
Drilled piers with dropped columns
‘Corten’ / weathering steel

No expansion joints: thermal expansion
occurs at bends using slide bearings
over columns
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Existing Structural Condition
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Mindset Shift for Adaptive Reuse

Unchallenged New structure

designed to suit

requirements ,
requirements

T
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Mindset Shift for Adaptive Reuse
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Define
requirements

based on
capability of
existing structure
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Limited Number of Structural Variables

. | Gravity Design
8% Trail width

}{/A = Weight of decking system
{’ | Live load requirement

_: \ i‘
.‘ /® \ \ Lateral Design

@ | \ : Guard rail height
by ek Guard rail porosity

=
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Original vs New Loading Comparison

Original structure designed for a uniform train load of 1,000 Ibs/ft

New structure, conceptual loading:

Trail Width (ft)

Decking system

Dead load = 25psf

8 10 12
'Heavy’ Decking System
Dead load= 65psf 1,320 1,650 1,980
Light" Decking System 1,000 1.250 o

Note: assuming 100psf live load

P,

S MEYER

S suromarrors  MBJ | it @
MINNESOTA ZOO



Three Conceptual Approaches

12ft wide concrete deck system

Beam, column & foundation
strengthening as required to meet
demand

Pz

3

‘-’.;_5‘ BURO HAPPOLD
MINNESOTA ZOO
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Narrower concrete deck system with
supplementary columns & foundations

"Tune’ width dimension to reduce
required strengthening of existing
structures

MEYER
MBJ
JOHNSON

Narrower lightweight deck system

‘Tune’ width dimension to reduce
required strengthening of existing
structures




Precast Concrete

PRECAST CONC

f PANELS
i i

S

i<—— BEAM STRENGTHENING

R
s
[\

)

7 EN

MINNESOTA ZOO

BURO HAPPOLD

MEYER
MB) i
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Approx. weight: 65psf

Heaviest structural material meaning

increased strengthening of existing
structures

Panels would be smaller vs FRP due to
increased weight, meaning more reqular
joints

Additional wearing surface requiring
periodic maintenance / replacement

Higher embodied carbon footprint vs
structural steel framing

53



Fiber Reinforced Plastic (FRP)

FRP PANELS
/ /— RIGID INSULATION

i<—— BEAM STRENGTHENING

P==T

e MEYER
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Approx. weight: 15psf

High strength, lightweight composite
structural material

Relatively common method of
construction for bridge structures
requiring lightweight decking

Highly corrosion resistant
Limited number of suppliers available
Highest embodied carbon footprint

Materials not typically recyclable at end
of life

54



Steel Framing with Secondary Decking

SECONDARY DECKING
//i STEEL FRAMING
. |

BEAM STRENGTHENING

|
\

O,
s
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Approx. weight: 25psf
Lightweight structural material

Steel framing to be weathering grade,
compatible with existing corten
structure

Various options considered for
secondary decking, including timber,
recycled plastic and steel grating

Decking could be easily replaced and
different decking systems could be used
at different locations on the TTT

Lowest embodied carbon footprint vs
FRP and precast concrete

(Pl
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Tuning the Trail Width
Column capacity study

3 deck type options:
Precast concrete

Fiber reinforced plastic
Steel + wood decking
3 trail width options:
8ft
10ft
12ft
Column strength checks only (gravity + lateral)

Results show the percentage of columns
requiring reinforcement. Also indicative of
expected foundation strengthening.
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Performance Considerations

Self weight of structure: impact to existing foundations
Speed of construction: labor cost

Life cycle cost

Impact on water management

Recycled content

Deconstruction and recyclability

Carbon footprint

Future maintenance

Appearance

P,
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MO1

Structural System Options

Comparison Matrix

Description

FRP

Precast

Steel Structure
w/ Decking*

Rating 1 - 3 with 3 being the best

Maintenance

Life Cycle Cost

Water Management

Recycled Content

Recyclability / Deconstructability

Carbon Footprint

Replacement

Aesthetic Above

Aesthetic Below

Surface Joints

Wear surface Options / Flexibility

Impact to Existing Foundations

WI=INNIWIN = ===

=S| =22 WINI=2ININN| == —

WWIWINWW W W W W ww

Overall Score

N
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-
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w
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FRO Do we have a better quality version of this image?
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LIVE LOAD REQUIREMENT
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Live Load Requirement

Live load on deck was significantly higher than self weight of structure, and original
1,0001b/ft design live load

TTT did r"‘l_’lf fall under clear structural typology / occupancy under IBC / AASHTO; hence
some engnreering judgement was necessary to establish a recommended live load
provision.

Minimum code prescribed live loading for similar structures:
IBC (ASCE) Public assembly: 100psf (feasibility study)
AASHTO Pedestrian bridges: 90psf
IBC (ASCE) Walkways & elevated platforms: 60psf

s
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Slide 60

CHO Didn't?
Craig Huhtala, 2024-01-23702:33:10.396



Pedestrian Bridge Loading: IBC vs AASHTO

IBC (ASCE) & AASHTO use different load factors for strength design

Compare strength level live loading:
IBC (ASCE): 1.6x100 = 160psf
AASHTO: 1.75x90 = 158psf

P,
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AASHTO Pedestrian Loading lllustration
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Consider Reduced Occupancy for TTT

60psf live load per IBC (ASCE) Walkways & Elevated Platforms

Approx. 25-30% reduction on strength level loading to existing beam & column
structures, depending on deck system selection.

Significant reduction in required strengthening of existing structures
Compare 100psf vs 60psf for 70'’x10" section of TTT:

100psf = 70,000lbs = approx. 400 people*

60psf = 42,000lbs = approx. 240 people*

*Using 175lbs/person

s
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Live Loads - Distributed

Final design live loading per IBC 2018 / ASCE 7-16:

Area Occupancy Live Load (psf)

Stairs and entry ramps Stairs and exit ways 100

Assembly areas Yards and terraces, pedestrian 100
Walkways and elevated platforms 60

Main walkway (other than exit ways)

Note: all live loads were considered unreducible

l“:" //_
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Live Loads - Concentrated

Custom wheel loading criteria was developed for maintenance vehicle assuming John Deere
Gator vehicle or similar:

Maximum vehicle weight = 2,000 lbs / Maximum payload weight = 1,000 Ibs
Total vehicle load = 3,000 Ibs
Wheel load = 1,000 Ibs

Note: the TTT will be accessible to maintenance vehicles only, hence not subject to
passenger vehicle load requirements

s
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Live Load Patterning

ASCE requires Live Load Patterning 4.3.3 Partial Loading. The full intensity of the appropriately
reduced live load applied only to a portion of a structure or member

Complicated for a continuous beam shall be accounted for if it produces a more unfavorable load effect
than the same intensity applied over the full structure or member.

LL effect on torsion also considered Roof live loads shall be distributed as specified in Table 4.3-1.

1. Full Live Load everywhere 2. Full Live Load on outside of rail only 3. Full Live Load on inside of rail only

ﬁ\r ' T T | — T ' —
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Live Load Patterning

LIVE \

D/

LIVE-PATTERNED-1

LIVE-PATTERNED-2

LIVE-PATTERNED-3

>
be S D~ D

LIVE-PATTERNED-4 \

LIVE-PATTERNED-5

>
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SYSTEM BEHAVIOR
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Structural Analysis - SAP2000

Modeled initially for vibration analysis

Ultimately used for full strength & service checks, due to complexity of 'system’ behavior including
influence of slide bearings on lateral loading & locked-in thermal forces.

\
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Structural Analysis Model

Overall geometry of model
Section types

Boundary conditions
Foundations springs
One-way slide bearings
Two-way slide bearings

Load application

Load combinations

s
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Structural Analysis

Foundation springs used
to soften model to better
represent behavior

LPile used for analysis

=
(=]

Different pier depths and
loading criteria for each
column could require
different spring for each
column

-
w

Depth Below Pile Top (feet)
L]
o

~
v

Sensitivity analysis

justified use of a single set |

of average stiffness
springs in all locations. s

Braun Intertec Project No. B16xxxx

l‘:;’\-:."
‘?5" BURO HAPPOLD MB]\

MINNESOTA ZOO

Minnesota Zoo Tree Top Trail
Lateral Analysis Results
42-inch Diameter Drilled Shaft with a W27x84 Beam Embedded Full Depth
30 foot Shaft Length

Deflection (inches)
0.1 0.2 0.2 0.3

—02-Kip Axial Load, 189 kip-feet moment

e 2 2-Kip Axial Load, 272 kip-feet moment

BRAUN
8/10/2021 INTERTEC



Structural Analysis

JOHNSON

Applied Loading Top of Pile Movement Stiffness
Case Shear (k) Moment (k-ft) Disp (in) Rotation (rad) K, (k/in) K, (k-ft/rad)
1 25 100 0.2329 0.00141 107 70922
2 25 425 0.4978 0.00419 50 101432
3 40 100 0.3864 0.00243 104 41152
4 40 700 0.9076 0.0076 44 92105
5 20 55 0.1749 0.00108 114 50926
6 20 130 0.2168 0.00143 92 90909
7 15 70 0.1426 0.000924 105 75758
8 15 150 0.1866 0.00129 80 116279
9 20 100 0.1999 0.00129 100 77519
Translation Stiffness = 100 k/in
Rotational Stiffness = 75,000 k-ft/rad
l\t‘:;'% MEYER
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Structural Analysis

Modeling of column-rail connection f
behavior using link elements

e
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Structural Analysis

; identification
Property Name 2-Way Link w/ 3.5in Keepers
: Direction uz
Slide bearing connections required Type Darmpe - Fricton Sprng
special consideration in the analysis NonLinear Yes
mOdel due to keeper plates Properties Used For Linear Analysis Cases
Effective Stiffness
Modeled as non-linear springs | Entectve Damping
Frictionless until engaging keepers, | [ austn

. Distance from End-J
then column stiffness engaged

Properties Used For Nonlinear Analysis Cases
Intial (Nonslipping) Stiffness
Slipping Stiffness (Loading)
Shipping Stiffness (Unloading)

Precompression Displacement

Stop Displacement

Active Direction Both

|
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Structural Analysis

Load Combinations (more than 5!)
Service and Ultimate
Live load patterning
Inside/outside
Alternating spans
Temperature + and -

608 Load Combinations!

AT
&2 MEYER
2% suronarroro M BJ | sEiiin
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2.3 LOAD COMBINATIONS FOR STRENGTH DESIGN

2.3.1 Basic Combinations. Structures, components, and
foundations shall be designed so that their design strength
equals or exceeds the effects of the factored loads in the
following combinations. Effects of one or more loads not
acting shall be considered. Seismic load effects shall be
combined loads in accordance with Section 2.3.6. Wind and
seismic loads need not be considered to act simultaneously. Refer
to Sections 1.4, 2.3.6, 12.4, and 12.14.3 for the specific definition
of the earthquake load effect E. Each relevant strength limit state
shall be investigated.

1. 14D

2. 1.2D+ 1.6L + 0.5(L, or S or R)

3. 1.2D + 1.6(L, or S or R)+(L or 0.5W)
4. 1.2D+ 1.0W+ L+ 0.5(L, or S or R)
5. 09D + 1.0W

75



Structural Analysis - Data Management

608 LCs, 915 Frames, 951 Points = Millions of data points

Use of SAP2000 Table data to Excel
Frame forces
Displacements
Reactions

Use of “Envelope” only is too conservative for section capacity checks

Selection of like section types prior to export from SAP2000
6 different selection sets
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Structural Analysis - Data Management

A B C D E F G H 1 ) K L M N o
1 Model Maodel 25.0
2 | Description: Add description here... . linputs | C t | | 1 D C R C t I I 1 LC
3 |incensans A secon O RS Celeatetions ontrolling ontrolling
4
5 |capacities Controlling LC [ULS.2.1.1-T - 1.2D+1.6LP0+0.| .
e = o » s Interaction check
7 | phi*Pnc -1953 M S t Excel RowNumber g Vy 47.664 I3}
- ' l——o>ection , _
phi*Vn-x 392 3] Controlling Frame Vi -14.979 (1] O r ea C LC
9 |phi*Vny 1205 3] N f Tn 2770273  |[ktt]
10 phi*Tn 499 -1t Ca paCItIeS Or My.y 352.095 Q-]
11 | phi*Mn.y 1420 A1) . . Me-x -195.0326 (k1)
s =« eachlimitstate =~ ",
phi*hn-x- - - it ¥ L] n ¥ X
14 TABLE: Element Forces - Fran Max 13474 87.15 2101 277.03 45291 1001.06
15 [—— B Station-ft OutputCase-Text B cenpereall rap B vl vl vl wzxp il msco Bl rromeiemTextfl  Bemstation Bl  croupmame B rownumber B ocr B
16 | 3 0 ULS.1-- 14D Combination 1.115 8.03 -0.058 4.0417 0.0244 -3.5953 3-1 0 16 0.002
17 3 3.3857 ULS.1-- L.4D Combination 1.145 11.34 -0.058 8.2983 0.2199 -36.3862 3-1 3.3857 17 0,015
18 3 6.7715 ULS.1-- 1.4D Combination 1.182 14.651 -0.058 12.5548 0.4154 -80.3863 3-1 6.7715 18 0.033
19 3 0 ULS.2.0.1-- 1.2D+1.6L+0.55 Combination 0.646  18.704 -0.026 3.9416 0.1116 -9.1026 3-1 0 19 0.004
20/ 3 3.3857 ULS.2.0.1 -- 1.2D+1.6L+0.55 Combination 0.724 26,295 -0.026 7.5501 0.2004 -§5.2806 3-1 3.3857 20 0.035
21 3 6.7715 ULS.2.0.1 -- 1.2D+1.6L+0.55 Combination 0.801 33.886 -0.026 11.2385 0.2891 -187.1599 3-1 6.7715 21 0.076
2 3 0 ULS.2.1.1-- 1.2D+L.6LPO+0.55 Combination 6512  14.611 -0.361 18.3065 -0.2947 -5.7716 3-1 0 2 0.007
23 3 3,3857 ULS.2.1.1 -- 1.2D+1.6LPO+0.55 Combination 6.576 20.902 -0.361 32.356 0.9273 -65.8923 3-1 3.3857 23 0,035
24 3 6.7715 ULS.2.1.1 -- 1.2D+1.6LPO+0.55 Combination 6.64 27.194 -0.361 46.4055 2.1493 -147.3126 3-1 6.7715 24 0.074
25| 3 0 ULS.2.1.2 -- 1.2D+1.6LPI+0.55 Combination -2.487 14.53 0.149 -3.7853 0.3406 -2.3161 3-1 0 25 0.003
26| 3 3.3857 ULS.2.1.2 -- 1.2D+1.6LP1+0.55 Combination -2.423 20.821 0.149 -2.737 -0.1655 -62.1596 3-1 3.3857 26 0.026
27 3 6.7715 ULS.2.1.2 -- 1.2D+1.6LPI1+0.55 Combination -2.359 27.112 0.149 -1.6888 -0.6715 -143.3028 3-1 6.7715 27 0.058
28 3 0 ULS.2.2.1 -- 1.2D+1.6LP1+0.55 Combination 0.538 17.977 -0.011 6.2946 0.155 40.3769 3-1 0 8 0.016
29 3 3.3857 ULS.2.2.1 -- 1.2D+1.6LP1+0.55 Combination 0.616 25.569 -0.011 9.9431 0.196 -33.3408 3-1 3.3857 29 0.015
30| 3 6.7715 ULS.2.2.1 - 1.2D+1.6LP1+0.55 Combination 0.693 33.16 -0.011 13.5915 0.2329 -132.7599 3-1 6.7715 30 0.055
31 3 0 ULS.2.2.2 -~ 1.2D+1.6LP2+0.55 Combination 1.008 9,731 -0.061 1.197 -0.0102  -53.6419 3-1 0 3 0.021
32 3 3.3857 ULS.2.2.2 -- 1.2D+1.6LP2+0.55 Combination 1.046 13.422 -0.061 48455 0.195 -92.8369 3-1 3.3857 32 0.037
33 3 6.7715 ULS.2.2.2 -- 1.2D+1.6LP2+0.55 Combination 1.084 17.113 -0.061 8494 0.4002 -144.5282 3-1 6.7715 33 0.058
34 3 0 ULS.2.2.3 - 1.2D+1.6LP3+0.55 Combination 0.787 16.19 -0.037 5.7161 0.0476 35.7916 3-1 0 34 0.014
35 3 3.3857 ULS.2.2.3 -- 1.2D+1.6LP3+0.55 Combination 0.864 23.781 -0.037 9.3646 0.1728 -31.875 3-1 3.3857 35 0.014
36 3 6.7715 ULS.2.2.3 -- 1.2D+1.6LP3+0.55 Combination 0,942 31372 -0.037 13.0131 0.298 -125.243 3-1 6.7715 36 0.052
7 | 3 0 ULS.2.2.4 -- 1.2D+1.6LP4+0.55 Combination 0.473 20.817 -0.008166 3nn 0.2218 -21.6886 3-1 0 37 0.009
38 3 3.3857 ULS.2.2.4 -- 1.2D+1.6LP4+0.55 Comk 0.551 28408 -0.008166 7.3661 0.2435 -105.019 3-1 3.3857 38 0.043
Section Capacities 8" 0.5" Angles 8 0.75" Anales 12°, 0.5" Angles 12°. 0.75" Angles BS-R1-G 85-R3-G T

\ Different data set for
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Thermal Design

Original 1.25-mile structure had no existing expansion joints.

Thermal expansion of structure occurred by lateral deflection of columns and sliding of
box-beam section over column and ground supports.

In some conditions, historic movement was observed as being several inches in
magnitude!

The basic design approach was to replicate existing behavior as closely as possible.

An alternate (traditional) approach with regularly occurring expansion joints would have
required new column supports and lateral bracing which would have added significant
scope and costs to the project.
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Thermal Demands Temperazare ()

Station “ Tm
Minnesota
Duluth 85 S -19
International Falls 86 57 -28
EXPANSION JOINTS IN Minneapolis/St. Paul 92 62 -14
BUILDINGS Rochester 90 60 -17
Technical Report No, 65 St. C loud 90 60 -20

Data from 1972 ASHRAE Handbook of Fundamentals

Matiimal Research Council

2021 ASHRAE Handbook of Fundamentals
« Tc=-8°F
° TW = 89 OF

NATIONAL ACADEMY OF SCTENCES
Washimgion, [0 1974
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Thermal Demands

Load combinations including thermal effects: 2.3.4 Load Combinations Including Self-Straining Forces
and Effects. Where the structural effects of 7" are expected to

A.  No temperature loading (basic load combinations) adversely affect structural safety or performance, T shall be

1. 1.4D considered in combination with other loads. The load factor

2. 12D + 1.6L + 0.5S on T shall be established considering the uncertainty associated

3. 12D + 1.6S + 1.0L with the likely magnitude of the structural forces and effects,

4. 12D + 1.0W +1.0L + 0.5S the probability that the maximum effect of 7 will occur

5. 0.9D + 1.0W simultaneously with other applied loadings, and the potential
adverse consequences if the effect of T is greater than assumed.

A. Full (100%) live load / Max temperature load: T = +55deg The load factor on T shall not have a value less than 1.0.

1. 14D + 1.0T

2. 1.2D + 1.6L + 0.5S5 + 1.0T

3. 1.2D + 1.6S + 0.5L + 1.0T

4. 1.2D + 1.0W + 0.5L + 0.5S + 1.0T

5. 09D + 1.0W + 1.0T

Full (100%) live load / Min temperature load: T = -55deg
14D + 1.0T

1.2D + 1.6L + 0.55 + 1.0T

12D + 1.6S + 1.0L + 1.0T

1.2D + 1.0W +1.0L + 0.5S + 1.0T

0.9D + 1.0W + 1.0T

uAWN = >

N

=
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Thermal Movement

Straight line expansion/contraction

L, = 6600’

a = 0.0000065 in/in*°F

A, = 55°F

dL, = 6600" x 55° x 0.0000065 = 2.36'

Radial expansion/contraction

Circumference = 6600’

D, = 2100.8'

o = 0.0000065 in/in*°F

A, = 55°F

dD, = 6600’ x 55° x 0.0000065 / 1t = 0.75’

Actual trail has both straight line and radial expansion behavior

A
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Thermal Design
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Existing Structure Support Conditions

TRAIL SUPPORTS - KEY PLAN e
2 L ] -‘.
FIXITY ASSUMPTIONS(*) & R
SYMBOL | DESCRIPTION . .
Ut {u2 |u3 | R1| R2| R3 g : 3
: L
COLUMN SUPPORTS ¢ .
. -
- L
FIXED XIXIXIX|I XX i -
s 8-
o ONE-WAY X X . .
.. ht
TWO-WAY X 3 2
. L]
GRADE SUPPORTS o Py
P, -
() ANCHOR XIX[IX|IX[IX|X e
. L - "9 .
ONE-WAY X X X . e
2 :
H .
TWO-WAY X &
]
o SPECIAL X XX | X|X .
L ]
.
(*) SIGN CONVENTION NOTES: %
U INDICATES TRANSLATIONAL FIXITY o
R INDICATES ROTATIONAL FIXITY -
DIRECTION 1 = AXIS PERPENDICULAR TO BEAM < T
DIRECTION 2 = AXIS PARALLEL TO BEAM Py < AN
DIRECTION 3 = VERTICAL AXIS e G
"X" INDICATES FIXITY IN THE APPLICABLE DIRECTION : 3 .

N
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Support Conditions

One-way column slider Two-way column slider One-way ground slider
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Existing Structure Support Conditions
One-way ground slider

FIXITY ASSUMPTIONS(*)
SYMBOL DESCRIPTION

Ut | U2 | U3 | R1 | R2 | R3

’.;‘C‘
939 50w NAPPOLD MB] | &
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Thermal Design & Modeling

ASCE 7 requires temperature loading to be applied (1.0 factor) in combination with all
strength design combinations

Due to nature of existing condition, ‘locked-in’ thermal forces were significant

The addition of supports / restraints (e.g. to resist torsion) was found to exacerbate
these effects

A 'brute force' approach to thermal design is typically a losing battle, since increased
stiffness will lead to increased thermal loading!

Thermal modeling considerations:
Temperature range
Foundation stiffness

Simplified section parameters to minimize design iterations

e
L !
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Thermal Design Approach

Ultimately, the design approach used a combination of:
‘Fine tuning’ the existing condition
Replacement of bearing elements at sliding connections
Localized strengthening where required

P,
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WIND/LATERAL
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Wind Loading

Determination of appropriate wind
loads required substantial engineering
judgement.

Not a building
Not a bridge

Continuous guardrail represented the
possibility of significantly higher lateral
wind loading on the structure than
would have occurred during monorail
operation

Develop confidence by
referencing multiple sources

3 suromarroro  MBJ| B

JOHNSON
MINNESOTA ZOO
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Wind Loading — ASCE 7-16

ASCE 7-16

109 mph wind speed (700yr MRI)
Exposure category C

Minimum Design Loads and
Associated Criteria for
Buildings and Other Structures

26.10.2 Velocity Pressure. Velocity pressure, ¢., evaluated at

height z above ground shall be calculated by the following
equation:

2 PROVISIONS
q.=0.00256K K ,K,K,V* (Ib/f®); Vinmi/h  (26.10-1)

q, = 0.00256(1.0)(1)(.85)(1)(109mph)?= 25.9 psf

Box beam and trail structure is like a solid
sign.

Guardrail is like an open sign or frame.

N
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Wind Loading — ASCE 7-16

Trail Structure

29.3.1 Solid Freestanding Walls and Solid Freestanding
Signs. The design wind force for solid freestanding walls and
solid freestanding signs shall be determined by the following
formula:

F=q,GCA, (Ib) (29.3-1)
C; = 1.95 based on applied parameters (maximum value
in specification)

F = 25.9psf(0.85)*1.92*As
= 42.3 psf * As
= 42.3 psf * 3.5 ft = 148 plf

Wind Load on Trail Superstructure:

WL = 148 plf + 42 plf = 190 plf

l\t‘ﬁ% MEYER
20 suronarroro  MBJ | sBiin

MINNESOTA ZOO

Railing

29.4 DESIGN WIND LOADS: OTHER STRUCTURES

The design wind force for other structures (chimneys, tanks, open

signs, si

ngle-plane open frames, and trussed towers), whether

ground or roof mounted, shall be determined by the following

equation

F=q.GCA (Ib) (29.4-1)

Force Coefficients, C;

Rounded Members

D,q;<25 D,/G;>2.5
€ Flat-Sided Members (Dyq; <53) s.i (D/q:>53) s.i
<0.1 2.0 1.2 0.8
0.1 to 0.29 1.8 13 0.9
0.3 10 0.7 1.6 1.5 1.1

C; = 1.8 for flat sided members with 15% solidity

F = 25.9psf(0.85)*1.8*Af = 25.9psf(0.85)(1.8)(0.15)As

=59
=59

@

5 psf * As
5psf*3.5ft*2=42plf
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Wind Loading - AASHTO

AASHTO LRFD Bridge Specification AASHTO LRFD Sign Specification
115 mph wind speed (700 yr MRI) 115 mph wind speed (700 yr MRI)
Exposure Category C Exposure Category C
100% Transverse, 25% longitudinal 254 plf transverse

177 plf transverse, 44 plf longitudinal

R
A
S ‘?ﬁ
ZEN

MINNESOTA ZOO

Use ASCE 7 wind load as it appears reasonable
and is bounded by AASHTO values
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Wind Loading

Freeform shape of treetop trail makes
defining primary wind directions
Impossible.

Given any wind direction, it will intersect
different portions of the trail at different
angles.

Utilize AASHTO Skew Angle
Coefficients to account for varying
angle of application.

A
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\ovj*“ -
ﬁfx\ Ulv\k
\J%w
6\?—43
P«V“ﬁ
Skew Transverse Longitudinal
Angle Coefficient Coefficient
0 1.00 0
15 0.88 0.12
30 0.82 0.24
45 0.66 0.32
60 0.34 0.38
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Wind Loading
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Wind Loading
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Column Reinforcement
First Pass — No Lateral Bracing

0.25" Strengthening Required (11)
@ 0.50" Strengthening Required (3)
0.75" Strengthening Required (26)

@  Add' Strengthening Required (0)
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Vertical Bracing
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r— GUARD RAIL

f $5.05
EXISTING BEAM
55,05 | 20"
EXISTING COLUMN TYP —/ B
$5.05

A588 DOUBLE ANGLE BRACING
SEE PLAN FOR ANGLE SIZE

1= EIIE ===

=SHENE=E= ==

TYPICAL BRACE ELEVATION
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Vertical Bracing
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Column Reinforcement

Final Design — With Lateral Bracing

0.25" Strengthening Required (3)
@ 0.50" Strengthening Required (0)
0.75" Strengthening Required (19)

@ Add' Strengthening Required (0)
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Column Reinforcing

|
EXISTING BEAM e, i sl
. TR . REINFORCEMENT
0 EXSTING BEA . T i T —] "
-t ¥ 1 R1
& PLATE THICKNESS, T e
f|c: ExsT, J J_ - WELD 1 LENGTH, W1 L w
I_ : A WELD 1 THICKNESS, W1 _T "
| /— EXISTING ASS8 WELD 2 LENGTH, W L 2
QlG_EL!!@_G:!E_?L_!!E! —a— — e o WIT COLUMN
' ' wE | / WELD 2 THICKNESS, W2 T "
')'
| i
T
Y E /./
s
¥ |/
!
| |
EXSTIG COLAN. ——— _ _ -, _ _
i
| 18
\
0 EXISTING FOUNDATION /f‘ N PLATE
L TYP AT TOP ™ - ASBR COLUMN
TTOM./ TP WiT / STRENGTHENING
087G FOUNDATION. ~— | ARSI W /" TYP EACH SIDE
N ™ /
REMAMNDER WLV W2 T
)
NOTE
WOTES . :
1 SEE EXSTIG TRAL SUPPORT SCHEDLLE FOR EXISTING ELEVATIONS 1. - REFERDICE $481 FOR EXISTING COLUMN RENFORCENENT ASTIGRMENTA
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Vibrations

rial

Felod

Floor Vibrations
Due to Human Activity

Steel Design Guide Series
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Frequency (Hz)
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Peak Acceleration (% Gravity)

2 ' _" "
7
7
o
10 N o 1
—— Rhythmic Activities,
-— . s
=~ —_ Outdoor Footbridges -~
| R et 2]
g
- Indoor Footbridges, g <
25t ~— s Shopping Malls, A
~~ —_ Dining and Dancing - i
e -3
1 ol
- P
—
T Oflﬁces. e
—_— Residences -~
~—
05 —
0.25 A
] /
| ~
- &
0f e ISO Baseline Curve ~ )
| oSy for RMS Acceleration _~
e /
0.05 N ]
3 3 4 5 8 10 25 40
Frequency (Hz)

Fig. 2.1 Recommended peak acceleration for human
comfortfor vibrations due to human activities
(Allen and Murray, 1993; ISO 2631-2:  1989).

P exp (-0.35)
BwW
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B exp (-0.35f,)
BwW

Vibrations L
8

Preliminary walking vibration check
P, = 92 Ibs (Table 4.1)
f, = 4.92 Hz (from SAP model)
Beta = 1.0% (Table 4.1) - possibly unconservative
W = 34,720 Ib (Dead load of a single span)

a, = 92 Ibs * exp (-0.35*4.92Hz) / (0.01*34720 Ib) * g = 4.74% g < 5.0% g OK!!!

Vibrations will be noticeable
This is for one person walking, what about a group?
What if someone starts running

O,
s
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Vibrations

| Steel Design Guide

Vibrations of Steel-Framed
Structural Systems
Due to Human Activity

Second Edition

MINNESOTA ZOO

Standard evaluation for walking excitation
unchanged.

Method for evaluating running excitation added!

a, 0.790(e 1 73/ny

g Bw
Guidance for incorporating group effects added!

Pyroup = SQrt(n) * P,

Chapter 7! Chapter 7! Chapter 7!

> MEYER
52 BURO HAPPOLD MB]‘Sgﬁﬁ;‘g;‘



Vibrations a, _0.790(e ")
8 W

Preliminary running vibration check
Q = 168 Ibs (Table 4.1)
f =492 Hz (from SAP model)
Beta = 1.0% (Table 4.1) - possibly unconservative
W = 34,720 Ib (Dead load of a single span)

a, = 0.79*168 Ibs*exp(-0.173*4.92Hz)/(0.01%34720 Ib)*g=16.3% g >> 5.0%q

Running on the trail isn't a great idea

A
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Vibrations

Finite Element Method for Vibration Analysis

N
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Vibrations

Finite Element Method for Vibration Analysis
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Vibrations

Finite Element Model for Vibrations

Limit model to 3 spans with mass to prevent model for predicting motion a great
distances from the area of excitation overestimate modal mass and underestimating
acceleration response.

Add a massless span on each end to capture continuity effects
Column bases assumed to be fully fixed

Beam and column connections assumed to be fixed

Decking and railings included only as mass

1% viscous damping (probably an overestimate)

Assume walker and bystander are both at midspan

Perform eigen analysis in SAP or RISA to find all modes under 9 Hz

s
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Vibrations

L R B B B O N g

MINNESOTA ZOO

Section Sets

Stl Col Massless
GenMids
GenEnds
Midmassless
[l EndMassless

Frequencies

Mode

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

n "

12 12

13 Totals:

BURO HAPPOLD

Frequency (...
6.003
7.669
9.85
11.353
21.235
23412
26.265
35.976
45.426
45.983
46.952
63.154

MB]J/

Period (5...
0.167
013
0.102
0.088
0.047
0.043
0.038
0.028
0.022
0.022
0.021
0.016

MEYER
BORGMAN
JOHNSON

SX Participati...

94.321

0.689
99.665

SY Participati...

3.768

72.162

0.724

1.599

15.731

93.985

0 X

SZ Participati...
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Vibrations

Mode Shape: 1 Period 0.167 Sec

Mode Shape: 2 Period 0.13 Sec

// HE‘RM_ o= B G
FH—JT Rperen e e r
L Il 4 Il
Mode Shape: 3 Period 0.102 Sec
e ———— . e —————
““xh_,\ G ".r -
[ \?\u - ST i | \71
i L R

¥
—
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Vibrations

A frequency response function (FRF)—a plot of steady-
state response due to sinusoidal load with unit amplitude
versus frequency—is used to determine which mode(s) pro-
vides highest response, thus solving the problem.

Acceleration Calculation (Chp7)

0.02 !
Y: 0.01498

where %o, 0.015

FRF 'y, = maximum FRF magnitude at frequencies below e

9 Hz, %g/b S X: 72
8 2 001 Y: 0.00756

(0] = bodyweight = 168 1b S5

o = dynamic coefficient £ ,\

p = resonant build-up factor & h0e \A

The dynamic coefficient is computed using the follow- 0 | .
ing equation, which approximates the Willford et al. (2007) 5 6 7 8 9 10
second through fourth harmonic dynamic coefficients in Frequency, Hz
Table 1-1. The equation was derived using the procedure (c) FRF magnitude plot
described in Section 2.2.1. Fig. 7-4. Example predicted FRF for framing in Figure 7-1.

o= 0.09¢ 7 (7-2)

where

f,, = dominant frequency, Hz

.

s
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Vibrations

Mode1:
f, = 6.00 Hz phi = 2.57
FRF = 0.332 in2/s%/lb
a = .332*.09*¢"(-.075*6.00)*168Ib*.75
=240 1in2/s = 0.6%g
Mode 2:
f, = 7.67 Hz phi = 3.51
FRF = 0.614 in2/s%/lb
a = .614*.09*e"(-.075*7.67)*168Ib*.75
=3.921in2/s = 1.0%g
Mode 3:

f, = 9.85 Hz phi = 2.53 FRF = .324

R
A
S %ﬁ
ZEN

MINNESOTA ZOO

MEYER
suro HarroLo MBSt

Mode 2 controls response:
Acceleration = 1.0%g < 5.0%g

25 people walking randomly will
potential reach the 5% criteria.

Great!

But why did the numbers go down so much?
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Vibrations

Chapter 4 and chapter 7 of design guide 11 use different forces to represent walking

Table 1-1. Fourier Series Parameters for Individuals

Dynamic Phase Lag, ¢,

Activity Source Q, b fstep Range, Hz Coefficients, o; radians

< Rainer et al. (1988)
— U ==

Chp 4 2 Allen and Murray (1993) 157 1.6-2.2 0.5,(0.2,)0.1, 0.05

Walking L Willford et al. (2007)

Chp 7 —[Bmith et al. (2007) 168 1.6-2.2 0.4, 0.06,0.05 | 0, -n/2, m, /2

Davis and Murray (2010)

For second harmonic, Willford estimates about 37% of Allen and Murray excitation.

For third harmonic, Willford estimates about 64% of Allen and Murray excitation.

Who's correct?

N
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Vibrations

L
\“,: 3%6

MINNESOTA ZOO

The first four harmonics of footfall forces.

DLF

DLF

1st Harmonic

1.0
08 +
0.8
0.7
08
0.5
04
0.3
02
0.1

0.0

0.0 0.5 1.0 15 20 25 3.0 a5
Frequency (Hz)

3rd Harmonic

0.18

016

014

+ +
0.12

+
o +
0.10 ¥ ﬂ*ﬁn + [ ]
" e galin % iy
PR,

i

0.08 1

0.06 g

e
0.04 +
-é-{ :

0.02

%
0.00 £
0.0 20 4.0 6.0 80 100

Frequency (Hz)

+ HKerr ®m Galbraith & Barton

0.25

0.20

0.15

DLF

0.10

0.05

0.00

2nd Harmonic

0.0

0.16

0.12

0.10

0.06

0.04

0.02

0.00

Frequency (Hz)

4th Harmonic

7.0

0.0

Wheeler ¢ Ohissen @ Rainer

20

4.0 6.0 8.0 10.0 12.0
Frequency (Hz)

Ellis === ~Mean Value Design Value

14.0

BURO HAPPOLD

MEYER
MBJ
JOHNSON
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Vibrations

Lateral and longitudinal vibrations just as concerning as vertical

Maintain minimum frequencies to avoid first harmonic excitation
Longitudinal natural frequency > ~2.2 to 2.5 Hz
Lateral natural frequency > ~ 1.2 to 1.3 HZ
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Vibration

A

: - Design of Lightweight Footbridges for
A DESIgn GUIde for Footfall Human Induced Vibrations

Induced Vibration of Structures o ey Costoe . Ak Kok Wi Scich, Aot Gkdock

Abvaro Cunha, Elsa Caetano

A tement ard concivte ol pobieaben

A ool for designers (o enginess the footfall vibration Background document in suppon 10 the Implemantation, harmonization and
furthat developmaent of the Ewocodes

charscteristics of buildings of bridges
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Joint Report
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Vibrations

Achieve a low probability
of adverse comment

Assessment of Vibration

Assessment of Vibration
13%
m@non @non
disturbing disturbing
Odisturbing Odisturbing
47%
58%  DOexciting/ Dexciting/
amusing amusing

40%

10%

Figure 4-1: Comparison of vibration assessment of two footbridges
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CAPACITY DESIGN
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Beam Strengthening Approach

%? BURO HAPPOLD MB]| SoRcAN

MINNESOTA ZOO
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Beam Strengthening Approach

%? BURO HAPPOLD MB]| SoRcAN
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Beam Section Analysis

Analyzed existing and new beam
sections with SAP2000 and hand

’ - e calculations
| s Steel checks per AISC 360-16 chapter F7
- :. m“_ - | .‘.— ____________________ £ 4" > T Flexure
[ _ ! ' ‘ # 3 ; l Combined shear and torsion
B Weld capacities
‘ _ Used to determine required beam
gamau strengthening and welds

N
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Beam Section Capacity

AMERICAN INSTITUTE
OF

STEFL CONSTRUCTION

¢

=

W . MEYER
25 BURO HAPPOLD MB] | Sorena
MINNESOTA ZOO

-

How do you calculate the section
capacity of an existing, built-up, singly
symmetric member?

Tension
Compression
Major Axis Bending
Minor Axis Bending
Shear

Torsion

Check existing welds and size new
welds.
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Major Axis Bending with Section F7 -
Square and Rectangular HSS and Box-
Shaped Members

i 1 i Fl.  General Provisions
SeCtlon. F1 2 dllreCtS the C-Ie"SIQner to 127 Doubly Symmetric Compact I-Shaped Members and Channels Bent About
determine F_. "by analysis Their Major Axis
5. Doubly Symmetric I-Shaped Members with Compact Webs and Noncompact
Section F7 provides calculations for F_, or Slender Flanges Bent About Their Major Axis
fOI‘ eometl’ies Similar to the b ||t F4+ Other I-Shaped Members With Compact or Noncompact Webs Bent About
g u u p Their Major Axis
Section 5+ Doubly Symmetric and Singly Symmetric [-Shaped Members With Slender

Webs Bent About Their Major Axis
+'G~  1-Shaped Members and Channels Bent About Their Minor Axis
F7.  Square and Rectangular HSS and Box-Shaped Members
io. Round HSS
9. Tees and Double Angles Loaded in the Plane of Symmetry
1107 Single Angles
i 117 Rectangular Bars and Rounds
F12. Unsymmetrical Shapes
i'15. Proportions of Beams and Girders

N
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Major Axis Bending with Section F7 -
Square and Rectangular HSS and Box-

Shaped Members

Approximate the built-up section as a
"box shaped member”

Use Section F7 design calculations with
section properties of the real built-up

section

MINNESOTA ZOO

=

AT ETET R

......yj.". .......é

BURO HAPPOLD

MB]J/
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l“.“i‘l“;‘l“i‘l‘i“l‘lllllIllgli—ll EEEEEEE

MEYER
BORGMAN
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F7.

!-J

3

SQUARE AND RECTANGULAR HSS AND BOX-SHAPED MEMBERS

This section applies to square and rectangular HSS, and doubly symmetric box-
shaped members bent about either axis, having compact or noncompact webs and
compact, noncompact or slender flanges as deflined in Section B4.1 for Mexure.

The nominal Mexural strength, M, shall be the lowest value obtained according to
the limit states of yielding (plastic moment), Nange local buckling and web local
buckling under pure [lexure,

User Note: Very long rectangular HSS bent about the major axis are subject to
lateral-torsional buckling; however, the Specification provides no strength equa-
tion for this limit state since beam deflection will control for all reasonable cases.

Yielding

M, = -'”p =Rz (F7-1)
where
Z = plastic section modulus about the axis of bending, in.' (mm™)

Flange Local Buckling

(a) For compeact sections, the limit stare of flange local buckling does not apply.
(b} For sections with noncompact flanges

: b [F,
My=Mp=(M, - F,..‘s‘}[li? L Ea 4.1!1S My (F1-2)
\ it VE )
(¢} For sections with slender flanges
M, = -F1 Se (F7-3)

where
8. = effective section modulus determined with the effective width, b, of the
compression flange taken as:
[E] 038 [E ,
[ = |<h (F7-4)

be =192 [—|1-—— |
WE | Bl \F,

Web Local Buckling

{(a) For compact sections, the limit state of web local buckling does not apply.
{b) For sections with noncompact webs
\ no(F, |
My =M, —(M, - F.:;}[ IJ.R{JS—\J'T'_ —0.738 [< M, (F7-5)

Iy
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Major Axis Bending with Section F7

Start with Flange Local Buckling
We have slender flanges
Steps:

Determine b effective

Remove remainder of compression
flange from cross section

Calculate new effective section
properties

-, L

s

Se
ZEN

MEYER

BORGMAN

JOHNSON
MINNESOTA ZOO

BURO HAPPOLD

Use the built up section
(modified with b_g) here,
not an idealized box.

28
M,
where
8, = effective section modulus determined with the effective width, b, of the

Flange Local Buckling

(a) For compact sections, the limir state of flange {ocal buckling does not apply.
(b} For sections with noncompact fanges

o]
b (b —4.<:J <M,

— (F7-2)
teVE '

My=Mp—(M,- f}:;][}.ﬁ?

[{L‘] For sections with slender flanges

=FS. (F7-3)

compression flange taken as!

effective width of top flange and
bottom flange. Determine which
controls and use that.

(F7-4)

[E] 038 [E
T = h =192 |—[1— '—}sb

VE| Bl \F
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Major Axis Bending with Section F7

Start with Flange Local Buckling
We have slender flanges
Steps:

Determine b effective

Remove remainder of compression
flange from cross section

Calculate new effective section
properties (using SAP)

38 234" or 1" plate | B__
betwesn angle and
existing flange plate

Mot modeled in SAP,
just used to achieve
weid of angle to

axisting plate

| LB"xB"x3/4” angles
an each end

3
B, =108y P s, (£, |23,

F\- b/!_,‘ F},-

new b
13.38"

N
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Major Axis Bending with Section F7

Start with Flange Local Buckling
We have slender flanges

Remove these portions of
the section and remodel
the section in SAP

Width Raduction:
13.38"-7.56" = 5.82"

Steps:
Determine b effective

Remove remainder of compression :
flange from cross section |

Calculate new effective section
properties (using SAP)

3
By =1008s 2] -2 12 |25

N

P MEYER
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Major Axis Bending with Section F7

Start with Flange Local Buckling
We have slender flanges

Steps:

Determine b effective

Remove remainder of compression .33 (-face): 9251 "3

flange from cross section

” | \Mn = Fy*Se
) ) S Mn = 50ksi * 925.1 in*3
Calculate new effective section i 4625 -
. . = Ip-
properties (using SAP) R

N

P MEYER
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Major Axis Bending with Section F7

Calculate Yielding and Web Local 00O 020508
Buckling *

Yielding:
Mn =M, = F*Z
Web Local Buckling ' ] i
We have noncompact webs |

:
A e T
'

s
b
b

Portion of web that can buckle is “h”

3. Weh Local Buckling

(a) For compact sections, the fimir stave of web local buckling does not apply.
(b} For sections with noncompact webs "G I

ho|F,

My=M,—(M, - }',.‘:][{]_3115— (—L —0.738 | = M, (F7-5) 2h &
eV E ) .
e r—— Z%
P,
3 MBI | 55,
228 BURO HAPPOLD BORGMAN 130
MINNESOTA ZOO




F7.  SQUARE AND RECTANGULAR HSS AND BOX-SHAPED MEMBERS

This section applies to square and rectangular HSS, and doubly symmetric box-

M aj o r AXiS Be n d i n g Wit h Sectio n F 7 — shaped members bent about either axis, having compact or noncompact webs and

compact, noncompact or slender flanges as deflined in Section B4.1 for Mexure.

Sq u a re a n d Recta n g u Ia r H S S a n d Box— The nominal Mexural strength, M, shall be the lowest value obtained according to
the limit states of yielding (plastic moment), Nange local buckling and web local
Shaped Members

buckling under pure [lexure,
User Note: Very long rectangular HSS bent about the major axis are subject to

lateral-torsional buckling; however, the Specification provides no strength equa-
tion for this limit state since beam deflection will control for all reasonable cases.

Lowest value of Mn from Yielding, L vieding
Flange Local Buckling, and Web Local . M=M= Fy2 @70

Bu Ckl i ng d ete rm I nes the no m I na | Z = plastic section modulus about the axis of bending, in.” fmm™)
flexural strength.

!-J

Flange Local Buckling

(a) For compeact sections, the limit stare of flange local buckling does not apply.
(b} For sections with noncompact flanges

LR R s R S s E R R SR R -
" ; b |F,
o My = M,_.—(Mﬂ—F,..‘s‘}[R.i?—J I——4.1112 My (F1-2)
. b it VE ]
5 . ¥
-
L] (¢} For sections with slender flanges
: I M, =F.35, (F7-3)
: |
» [ where
.

8. = effective section modulus determined with the effective width, b, of the
compression flange taken as:

|T[ 038 f?]
—_— [

srasnaned

l“.“i‘l“;‘l“i‘l‘i“l‘lllllIllgli—ll EEEEEEE

(F7-4)

Il.'..,“!i

be =192 [—|1-—— |
WE | Bl \F,

3 Web Local Buckling

{(a) For compact sections, the limit state of web local buckling does not apply.
{b) For sections with noncompact webs

\ no(F, |
My =M, —(M, - F.:;}[ IJ.R{JS—\J'T'_ —0.738 [< M, (F7-5)

Iy

“ .',% MEYER
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Minor Axis Bending with Section F7

Use same approach as major axis with

F7 checks

Flanges

Tz

<

*-’.;_56 BURO HAPPOLD
MINNESOTA ZOO

MB]J/

F7. SQUARE AND RECTANGULAR HSS AND BOX-SHAPED MEMBERS

This section applies to square and rectangular HSS, and doubly symmetric box-
shaped members bent about either axis, having compact or noncompact webs and
compact, noncompact or slender flanges as defined in Section B4.1 for flexure.

The nominal flexural strength, M,,, shall be the lowest value obtained according to
the limir stares of yielding (plastic momens), Nange local buckling and web local
buckling under pure flexure,

User Note: Very long rectangular HSS bent about the major axis are subject to
lareral-rorsional buckling; however, the Specification provides no strength equa-
tion for this limit state since beam deflection will control for all reasonable cases,

1. Yielding

M, =M,=F,Z (F7-1)
where
# = plastic section modulus about the axis of bending, in.* (mm™)

2 Flange Local Buckling
——

(a) For campact sections, the limirt state of flange local buckling does not apply.
(b} For sections with noncompact flanges

.
My =M,—(M,—F5) a2 B (F1-2)
i VE
(¢} For sections with slender flanges
M,=FS5. (F1-3)

where
8, = effective section modulus determined with the effective width, b, of the
compression flange taken as:

e =
b, =192, |'£ 1038 ||£ <h (F7-4)
R big\F

]

Web Local Bucklin

() For compact sections, the fimir sire of web local buckling does not apply,
(b} For sections with noncompact webs

: ht \'F_\
My =M, (M, ~F5) 0.305= == ~0.738 |< i, (F7-5)

W
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Compression Capacity with Section E7

Calculate F_, based on Q

Q: Net reduction factor for all slender
elements

Q=Q.Q,

E7.

s
= MEYER
2% surowarroro  MBJ Siia

MINNESOTA ZOO

MEMBERS WITH SLENDER ELEMENTS

This section applies to slender-element compression members, as defined in Section
B4.1 for elements in uniform compression.

The nominal compressive strength, P,,, shall be the lowest value based on the applicable
limit states of flexural buckling , torsional buckling, and flexural-torsional buckling.

Py=FoA, (E7-1)

The critical stress, F,,, shall be determined as follows:

l JF,
(a) Whi.n—ﬁ-t?lv . [ or ('—52.35]

OF,
=0 0.658 F |F, (E7-2)
IF,
(b) Whm—»-t?l ] or L~ >2.25
\ OF,
F,,=0877F, (E7-3)
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Compression Capacity with Section E7

Calculate Q. for slender unstiffened Slender unstiffened elements:
elements

Calculate Q, for slender stiffened s ——-—
elements

Q= Qs * Qa T S T — B——

Use Q to calculate F, :

:
Edﬁd}.ﬂ-ﬂuﬂi mmj
T
\t:,"r‘-#g MEYER
225 BURO HAPPOLD MB]\ggggggg 134
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Compression Capacity with Section E7

Calculate Q, for slender stiffened Slender unstiffened elements:
elements
Calculate Q, for slender stiffened é
elements é

*
Q=Q*qQ, (ARRRARNRRRRL S AARRRRRN! SRR
Use Q to calculate F, |

A7) A

N
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Compression Capacity with Section E7

Calculate Q, for slender stiffened

elements
Calculate Q, for slender stiffened
el ements The critical siress, F .., shall be determined as follows:
— * e 7
Q - QS Qa ia) When KL =4.71 |I £ [ or o5 = 2.35]
r N OF;, |, F,

Use Q to calculate F,

oF. 1
For=0Q| 0658 5 F,

»2.25

Vo,

: f F,
(b) thnE}cL?l £ tur oy
r

&

F..=087TF,

R
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Shear Capacity with Section G2 -

Members with Unstiffened or Stiffened

Webs

Calculate the shear capacity of
individual web elements and add them
all together.

G2. MEMBERS WITH UNSTIFFENED OR STIFFENED WEBS
1. Shear Strength

This section applies to webs of singly or doubly symmetric members and channels
subject to shear in the plane of the web.

The nominal shear strength, V,, of unstiffened or stiffened webs according to the
limit states of shear vielding and shear buckling, is

V,=06FA,C, (G2-1)
s
MB}J 5
- -
22N BURO HAPPOLD JOHNSON

MINNESOTA ZOO

1/2" Plates:
Aw=2"05"9.5"=95in"2
kv=>5

s Irte-section

HSS 6x4x3/16":

Aw =2 *2'5.478"0.174" = 3.8 in"2

kKv=5

3/16" Plates:
Aw=2"0,1875""24" =9 in"2
kv=5

L8x8x3/4" Angles:
Aw=2"8""0.75"=12in"2
kKv=5

Calculating C_v
112" Plates: HSS 6x4x3/167 316" Plates: 8"x3/4" Plates
hitw =9.5%0.5" =19 hitw = 5.478"/0.174" = 31.5 | | h/tw = 24"/0.1875" = 128 hitw = 8/0.75" = 10.7

1.1*sqri{kv*E/Fy) = 59.2
hitw < 1.1*sgri(kv*E/Fy)

soCv=1

1.1*sgrt{kv*E/Fy) = 59.2
hitw < 1.1*sqri{kv"E/Fy)

soCv=1

1.1*sqrt(kv*E/Fy) = 59.2
1.37sgri{kv"EFy) = 73.8

hitw > 1.37*sqri(kv*E/Fy)

50 C_v=151k_v'E/ ((hitw)*2

Fy)
C_v=0267

1.1*sgri{kv*E/Fy) = 29.0
1.37"sqri(kv'E/Fy) = 36.14

hiw < 1.1°sgrt{kv"E/Fy)

soCv=1

V.n=06"(50ksi)* [(9.51n"2" 1) * (3.8in"2* 1) * (9in*2 * 0.267) * (12in*2 * 1)] =831 kips

V_c=phi_v*V_n=09"831=T747.9 kips
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Shear Capacity with Section G2 -

Members with Unstiffened or Stiffened

Webs

Calculate the shear capacity of
individual web elements and add them
all together.

G2. MEMBERS WITH UNSTIFFENED OR STIFFENED WEBS
1. Shear Strength

This section applies to webs of singly or doubly symmetric members and channels
subject to shear in the plane of the web.

The nominal shear strength, V,, of unstiffened or stiffened webs according to the
limit states of shear vielding and shear buckling, is

V, =0.6FA.C, (G2-1)
";'I'"'
\\“i'%ﬁ MEYER
5" suronarroro  MBJ | st
MINNESOTA ZOO

1/2" Plate:
Aw = 0.5""32" = 16 in"2
kv=5

3/8" Plates:

i Aw = 0.375"40" = 15in"2
I kv=5
. + l._;: "
& HSS 6x4x3/16":
. Aw =2 " 2'3.478"0.174" = 2.4 in"2

A

kv=5

3/16" Plate:
Aw = 0.1B75" * 26.25" = 4.92 in"2
K_V =5

L8x8x3/7" Angles:

Aw=2"8""*0.75" = 12in"2
JK_V=5

Calculating C_v
1/2° Plates: 3/8" Plales: HSS Bxdx3/16 3/16" Plates: 8"x3/4" Plales:
hitw = 32"/0.5" = 64 hitw = 24"/0.5" = hitw = 3.478°0.174" | | hitw = 10.625"/0.1875" hitw = 8%0.75" =
1.1"sqri(kv*E/Fy) = 58.2 48 =189 =56.6 10.67
1.37"sqri(kv'EfFy) = 73.8 | | 1.1"sqri(kv'E/Fy) 1.1"sgri(kv"E/Fy) = 1.1sqri(kv*E/Fy) = 1.1*sqri(kv*E/Fy)
=59.2 59.2 59.2 =290
hitw > 1.37*sgri(kv*E/Fy)
hitw < hitw < hitw < hitw <
soC_v= 1.1"sqri{kv’E/Fy) 1.1*sqri(kv’E/Fy) 1.1"sqri(kv"E/Fy) 1.1%sgri(kv*E/Fy)
1.1sgri{k_v'E/Fy)/(h/tw)
Cv =0.926 soCv=1 soC v=1 soCv=1 so0C v=1

V_n=06"(50ksi)* [ (16 "2 0.926) + (15in*2 * 1) + (2.4 in%2 * 1) + (4.92in*2 * 1) + (12in*2 * 1)] = 1474 kips
V_c=phi_v*V_n=0.9"1474 = 1327 kips (Reinforced Heavy Option)
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Torsion Capacity with Section H2 -
HSS Subject to Combined Torsion Shear,
Flexure, and Axial Force

The beam section is required to carry
torsion from dead load (due to the
curvature of the beam and the eccentric
deck), and torsion from wind and
unbalanced live loads on the deck.

We don't have an HSS section, but the
approach is to analyze a conservative
simplification "box" structure

R
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Torsion Capacity with Section H2 -
HSS Subject to Combined Torsion Shear,

Flexure, and Axial Force

Need to calculate C, the torsional

constant
Need to calculate F,

-------------- S e s e e e R A P e R

oty cheryecton

h

1?.?5"

MBJ

]
— 26.625"
e
2 BURO HAPPOLD

MINNESOTA ZOO

MEYER
BORGMAN
JOHNSON

User Note: The torsional constant, C, may be conservatively taken as:

For round HSS: C =

ntD—;):r
—

For rectangular HSS: C=2(B—1(H—-0t—45(4 - m)r

The critical stress, F.,, shall be determined as follows:

(b) For rectangular HSS

@

(i) When h/r< 245,/EIF,

F., = 0.6F, (H3-3)
; [E [E
(it) When 245 [—<h/1<3.07 II—_
0.6F,(2.45JE1F,)
Fo = ——-—( > ) (H3-4)
3)
I J
gic v [E
(iii) When 3.07 | — < h/1 <260
VA
S8nE
R i (H3-5)

g
1)
where

h = flat width of longer side as defined in Section B4.1b(d), in. (mm)
t = design wall thickness defined in Section B4 .2, in. (mm)
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Capacity Diagram |TUBY | REINFoRCED MNoRiTLBEAW CApACITY L.

AL ?0! “TT? \1 wk&kf
j: yLo" % -0 {.(,‘\ 79-0" 6" 7\ b,aup 14to" I\ z,.'ziﬁza
' | e ——y] |
% | . |ng'@ M Ly 30 |f-sr8~ﬂt Lgxgx lzf
Where Tr < 0.2 Tc: S AV [kall TTORWRR ) SuRl e
. . | | f I |
|,142 -
L / y, 722k
(a) When %zo.z R '—‘LMM—M—DHW Neghve
& 2ol G- | ki . s S :
P 8 M” Mn> h?;ﬁ \":’di 5070 '-EL ?()}JI\JQ }“
sl L et ([fet o, P et 5 Ly 4 = o —————————
P{- * 9 M(r ! Mﬂ']s IO @N ‘j 3.’3"3'!-‘ ! l l 1,37 343;‘3 E;I Iz'j[zw:f[ 31343#:'
& 1373 ;} ff’ L
pL —Ru02ck- |, ) '-
(b) When - <02 Ny [o— =] r
P M';';\.nn;;”l 7_ [ ]
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B o[ M= My )10 | s Yo U
2P. My M, \ Ll -
d ‘QMU‘- [ 5 I
S e
Where Tr > 0.2 Tc: P = S H e
B M) (v, T,Y | [ .
. +|—+—| £1.0 noﬂ"‘\ = | ; |
P M, V. T {oﬁ\ o } [T I i
-_ zsal'k. ! | | .
4oilk, _
| fooeR |3"’5K Teusior\ | ! 2

1
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Beam Weld Calculations

New and existing welds must transfer E’ﬁf‘“ﬁ%%a

q denotes shear flow 'E___H;_ﬁ__hx —+
q =0+ G O S ——

For flexure, g;=VQ/I - L : j
V is shear E—Aﬁﬁfﬁfﬁ -
Q is A*y and changes on each weld
| is moment of inertia =

For torsion, q,=Tt/C f——ﬁ::‘:;tﬁa‘“‘“ﬂxﬁm__uh
T is torsion E—mﬂtﬁleﬁh J
t is member thickness _. HE @;IAEKEII 5
C is torsional shear constant, F—

consistent for the whole section

N
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BUILDING IN THE WOODS
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BUILDING NEXT TO EXISTING STRUCTURES
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BUILDING OVER WETLANDS & MARSHES
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BUILDING OVER GUESTS & EXHIBITS
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BUILDING OVER WATER
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THE NEW TROLLEY
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* Remove Bus Bars

 Test & Inspect the Entire Monorail

 Weld & Repair as Required

 Remove / Relocate Existing Conduit
& Fiber

« Install 10 X 10 X 3/4" Stiffener Angle
to Underside of Entire Trail
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MODULAR SECTIONS
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Slide 162

MOO Added new video
Michael Osowski, 2023-11-20T14:43:05.898
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Thank you for your time!

Tom Root, Minnesota Zoo
Fraser Reid, Buro Happold
Jon Wacker,

Craig Huhtala, MBJ
Michael Osowski, PCL
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