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Constructed 2005-2009

58 stories, 645 ft (197m) tall
Tallest & most expensive residential tower in San Francisco
Views from the Sierra to the Cascades to the Farallon Islands
Most expensive unit sold in 2013 for $13.5 million
Construction Cost - $600 Million Sales Cost - $750 Million




The Slte —— 301 Mission

350 Mission Transbay terminal and track tube
2012
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History of the Problem

Ground breaking — 2005
— Settlement predicted 4”-6"

Construction completed 2009
— Settlement reached 10”
— Transbay Terminal excavation starts

= . Last unit sold in 2013
— Settlement 13

# = + SGH retained in 2014

' : — Settlement 15”

== . Lijtigation initiated in 2016
: — Settlement 17”7

« Adjacent construction complete
2017
— Settlement 187, Tilt 17” to northwest




Some Homeowners

Joe Montana
Hall of Fame Quarterback

Hunter Pence
San Francisco Giants Superstar

Steph Curry
Golden State Warriors Icon
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Some Homeowners

_aurence Kornfield
Retired Chief Deputy Building
nspector, City of SF

Jerry Dodson
Personal Injury Attorney
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Why did this happen?

—— San Francisco Downtown
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Subsurface profile (from Treadwell & Rollo)

ELEVATION, feet (San Francisco City datum)

129 Fremont Street \

R

A Mission Street Sidewalk IE
Intersection of Mission and \ 301 Mission Street Project Boundary
204 Fremont Streets [ - 20
Existing Vacant Lot T 124 Beale Street—
Approximate elevation of existing basement beneath vacant lot
DM-1 B-4 B-7 B-3 B-2/B-2b
0 - o I - - =< —Approximate elevation |
BASEMENT FILL of existing basement
£ at 124 Beale Street
e B SANDY GRAVEL (GP);
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20 9= o e very loose to loose, - 20
o GLAY: CLAY with SAND; SANDY CLAY (CH) T T o T T T T 7 with concrete, wood | T
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MARINE DEPOSITS l | ({;
-40 — . ~ 40 g
G
| =
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SAND (SP); with CLAY (S I:
CLAYEY SAl C); SILTY SAND (Sl 5
-60 - 60 8
Approximate elevation of %
proposed excavation =
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w
'
m
-80 — -80
=100 — —-100
CLAY and SANDY CLAY (CL)
stiff to hard ) . ;
OLD BAY CLAY Notes: 1.The_ab9ve profile represer_ﬂs a generahzed' soil cross
section interpreted from widely spaced borings. Soil
-120 — deposits may vary in type, strength, and other —-120
important properties between points of exploration.
20
Feet 301 MISSION STREET
-140 — San Francisco, California
Extends to
v Elevation 216 feet IDEALIZED SUBSURFACE PROFILE A - A’
7 0
j’ 0 30 Feet Date 01/11/05 | Project No. 3157.02 | Figure 4
-160 —
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10’ thick mat

Subsurface conditions 75’ piles deep into Colma Sand

20’ (6m) — fill & rubble
loose sand, brick, concrete, gravel

30’ (10m) — Young Bay Clay
L marine deposits — last 12,000 years

35’ (12m) — Colma Sand
IRIRIRIRIN cemented sands with clay binder
(bearing pressures up to 6 -8 ksf)

I=
E
E

A

A

140’ (45m) — Old Bay Clay
overconsolidated clays with
layers of silts and sands

Franciscan formation
Sandstone, Siltstone, Claystone
Serptentine
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The Millennium Tower

o]
Superstructure Z%’E _T __
200,000 kips - EE
=[i
==|ysis Imposed bearing pressure
|| B 224,000 kips
! 100 x 200’ bearing area
| 11.2 ksf

T HAE T

LLLLLLLLLLLLL L L

L]

o

T T T

Substructure

HA
¥

24,000 kips | LSS




Why the settlement?

« Consolidation of Old Bay Clays

* Prolonged dewatering due to construction of
adjacent projects exacerbated the situation
— 2009-2014 — Transbay Terminal and Train Tube
— 2013-2015 — 350 Mission Street
— 2014-2016 — Sales Force Tower

» Adjacent construction completed
— Water table rose
— Effective stress on Old Bay Clays decreased

— 0OlId Bay Clays went into secondary compression (creep)

« Left unchecked, over a period of 30 years, could double primary
compression

12
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How has tilt varied with time?

FREMONT STREET

2
NORTH FACE MISSION STREET
NORTH 4 " N-_-01 . (2 PERLEVEL)
WEST 7
CORNER \N-_02 NORTH | E—®
\ EAST
\ CORNER

10/25/2018
-0.08"
[Towards TJPA
10/25/2018
-0.91"
Settlement

Displacament - Inches

W /2572018
-3.87"
[Towards
[Fremont st
WEST FACE EAST FACE
\‘\ Daily Average Daiy Average e Vertical Displacement - Daily Average Fig. 6
2017
Annualized NN WATS
Rate (-29in. during period)
(Jan. 15, 2017-
= Dec. 28, 2017)
& 2018
Annualized -1.1in.Jyr.
Rate (-0.92 in. during
(Dec. 28, 2017- period)
Oct. 25, 2018)
4, W1 | E-_-01
SOUTH (%) \
WEST T 7 ¥
CORNER SOUTH FACE SOUTH
MILLENNIUM EAST Latest 19-Week 00.57in Jyr.
TOWER CORNER Annualized Srg”
Rate period)
(Jun. 142018
Oct. 25, 2018)
3 25 2 15 -1 05 0 05 1

Inches/year (negative is West, positive is East)
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Our assignment

* Determine if the settlement had significantly
affected the building’s structural and seismic

safety
—Is it “safe™?

* Determine if retrofit is necessary or feasible

SIMPSON GUMPERTZ & HEGER



I Structural System

« 58 stories

<§> | — Ourggers 1 basement
K___ \_. ] 10’ thick mat with
:_| il

. 960 piles

5 Post-tensioned flat
| | slab floors

l [ ' "« Central core wall
fh:' \ Shea:l;;;ﬁf with outriggers

0 e Perimeter moment
- frames

%r,— Frames L




Investigation tasks

Review Drawings and Specifications
Condition Survey
Perform linear analysis

Nonlinear evaluation

— Before Settlement

— After Settlement

* Develop Retrofit Solution

— Reanalyze
— Demonstrate code compliance

16
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Modeling

« ETABSs software

— Frame elements
 Beams
* Columns

— Wall (panel) elements
« Walls
» Coupling beams
« Qutriggers

— Shell elements
* Foundation mat

— Piles modeled as fixed translation
points at shell nodes




Settlement Representation

Measured Settlement 6/14 Enforced Displacement

PG&E Vault

High-Rise Tower +——

* Input 38 points into Surfer 8 software
— Provides smooth contours matching discrete points

 Imposed enforced displacements on mat



Effect of Settlement
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Linear Results (Settlement)-—
Moment Frames

I~ —]  DCRs under
T omEee settlement are
oo generally less than
e f | Ti 30%
'Y =7« Columns at base
DCR~0.9

| ||
|
el _—
ll IIIIIIII Rs '
Il B Unless otherwise noted, [
. D CR s refer to flexu l
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ool 22 | 022 |
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Linear Results (Settlement)
Shear Core and Outriggers

» Shear walls have low
DCRs

» Qutriggers, and
outrigger columns
have DCRs in range
of 1to 3

* No observable
damage in these
areas




Linear Analysis (Settlement) —

Mat Foundation

(O Mote: Values are out-
of-plane shear and

flexural DCRs
fDCR = 0.07
= _I_ fOCR = Flexural DCR

MCR=1H | . [\“R =Shear DCR

OCR = 0.21

wDCR = 0.31 vDCR = 0.13
I DCR = 0.13
wDCR = 0.56
\mcn =1.2

Flexural DCRs
limited, but high shear
DCRs along boundary
of core

Conclusion, linear
analysis was not
predicting the
behavior well

Use Nonlinear
Analysis



Analyses

Non-Linear
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Nonlinear Analysis

AN

 Perform 3D software

 Frames modeled using
nonlinear 2D elements

Walls and outriggers
modeled using fiber
elements

Foundation

— 2D grid frame nonlinear
beam elements

— Nonlinear springs (piles)

SRR 177 77717171777117 1 3RER% 7 1 7717777
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[ ] [ ]
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Wall Elements




Frame Elements
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Nonlinear modeling
Outrigger coupling beams

©— Proposed Outrigger backbone curve Hysteresis curve
1.2
)
0.8
0.4
&—0
=
0 ) &
=
04 L
-0.8
-1.2

-8% -7% -6% -5% -4% -3% -2% -1% 0% 1% 2% 3% 4% 5% 6% 7%
OUTRIGGER BEAM SHEAR DEFORMATION

Perform-3d Outrigger coupling beam, A/R = 0.5

©- Proposed Outrigger backbone curve

— Hysteresis curve

g )y
s ,
04 LT

N

-1.2
8%

1% 6% 5% 4% 3% 2% 1% 0% 1% 2% 3% 4% 5% 6% 7%

OUTRIGGER BEAM SHEAR DEFORMATION

Compared to A/R = 1.0 from a 2005 test

by Canbolat et. al.



Fremont Street

Pile Representation
Geotechnical Capacities

Mission Street
— L :

0D .

w\g"’ @

Normalized Pile P-Z Soil springs at vault

301 Mission Street Piles 301 Mission Street - South Vault
13 10
1.2 =<0==South Vault (estimated)
----- T&R (2005) Lower (Kv = 20 kcf)
. |
s | T - T&R (2005) Upper (Kv = 100 kef)
5 £
a @ T T T eeee— DCE (2005) Fdn Permit Tower Mat - T&R Lower
e §
E S O D R N e DCE (2005) Fdn Permit Tower Mat - T&R Upper ||
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Production Pile—XTRACT

Top of
% SEE NDTE':','; -

SEE NOTE(Z)}——

wi1.d
SPIRAL WIRE;"

\
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—-SECTON—7RY
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2000
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=300 300 1000
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—#—— PMData
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300
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2000
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1400

12004
1000
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—=— Equation Fit to PM Data



I Geotech vs Structural capacity

Fremont Street

Mission Street

—— \._j_\ =
%ﬁ"% lg}(i%f\qgjm _
MRIGOAANEE=AE

= i q

Maximum Geotechnical Compressive Capacity = 1175 kips

Pile Compressive Capacity @ Weakest section = 1227 kips

Axial Force - kips

12001

1200 1400 1600 1800
Tloments about the X-Axis - kip-in

—4— PMData
—=— Equation Fit to PM Data



Simulation of Settlement

FEEITET

Apply compression only
springs to mat

Apply Gravity Loads

Impose negative thermal
loading on piles to produce
dished shape

lterate to produce desired
shape

Adjust spring tops flush with
the mat and reattach



Gravity + Settlement
Displacements

SM# | Nonlinear Model| Survey Difference %

3 0.00 0.00 0.00 N\ . B
4 -0.22] -0.87 0.65 -75% . | sM-27 648 &l |

5 059 074 015|  21% —— Nonlinear Model b} =\ )

6 074  -0.69 -0.06 8% (Perform-3d) ) ‘ / . L
7 -0.90]  -0.93 0.04 -4% ~ :

9 303 321 0.17 5% ' '

10 259  -3.33 075  -22% R

11 220 -2.76 0.56]  -20% 10 June 2016 Survey SRy
13 445  -4.27 -0.18 4% i
14 472 523 051  -10%

17 -3.76|  -3.66 -0.10| 3%

18 553 -4.99 -0.54) 11%

19 501 -4.20 -0.81 19%

20 482 444 -0.38 9%

21 -456|  -4.52 -0.04) 1%

2 -6.01]  -5.9 -0.05 1%

23 552 -5.70 0.18 -3%

24 518 -4.88 -0.30 6%

25 -4.66|  -4.45 -0.20| 5%

26 -434]  -4.05 -0.29 7%

27 649  -6.28 -0.21 3%

28 561 541 -0.20 4%

29 -6.26|  -5.88 -0.38) 6%

30 548 -4.74 -0.74) 16%

31 5000 472 -0.28 6%

32 477 445 -0.32 7%

33 569  -5.01 -0.68) 14%

34 523 -5.09 -0.13 3%

87 513 411 -1.02 25%

97 -1.84] -184 0.00 0% - .
98 -0.50 -0.36 -0.14 37% T T




Mat Settlement




Pile Compression—Geotech DCR

g 1o 1m aw

Gravity

DCR>0
DCR>0.50
— DCR>0.75

May 2017



Mat Grillage Inelastic Rotations

ravity

DCR>0

DCR>0.25

—— DCR>0.50

Max = 0.4%




Pile Dynamic Compressive Capacity

©-— Gravity Spring Backbone Curve -@-— Seismic Total Backbone Curve
@ Seismic Parallel Spring Backbone Curve =&— SAGE Engineers Gravity
©— SAGE Engineers Incremental Dynamic & SAGE Engineers Dynamic

1.2

NORMALIZED AXIAL LOAD, P/PULT-GRAV

@ @ ® @ © ©

1 1.5 2 25

PILE COMPRESSIVE DEFORMATION, IN



Pile Lateral Response

Moments about the X-Axis - kip-in

3000 M

2500

Anial Force - kips
2000

1500 2000

1000 1500

1000

300

0

2500 0000 0001 0002 0003 0004 0005 0006
Curvatures about the X-Axis - Lin

SAP20
00

—#—— Moment Curvature Eelation
—=— Moment Curvature Bilinearization

—4— PMData

—=— Equation Fit to PM Data

p-y Curves
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1,200
1,000

800

600

400

200

LPile

Load Intensity p, Ib/in.

0.0 02 04 06 08
Lateral Deflection y, in.

= Depth =250t == Depth =750 ft == Depth = 1250 ft
= Depth = 1750 ft == Depth = 22.50 ft == Depth = 27.50 ft

[Eor e ——




Pushover Conditions




Pushover Analy

Negative 1% rotation

SesS

Nil rotation

Positive 1% rotation
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Pile Pushover Analyses
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Cumulative pushover—Base Shear

Base Shear, kips

30,000

25,000

20,000

15,000

10,000

5,000 G

5,000 ¢

-10,000

East

@

Mean displacement demand on piles

@ West

North

Foundation Displacement, inches

South —@— V2-V3 Hinge Backbone C East-West Avg 7GMs =—O=— North-South Avg 7GMs
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Ground Motions

GM Scaling for Milllenium Tower Settlement Investigation (Maximum Direction)
25 — T
| }, []u . .
a l i HGA #803: 1989 M6.F Loma Prieta @ Seratoga - W Valkey Coll x 1.65
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[' 1 —— MGA #1104 1995 ME.9 Kobe, Japan @ Fulushima x 2.94
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c | R B NGA #5827 2010 M7.2 ] Mayor-Cucapsh, Mexico @ Michoacan de Ocampo x2.19
= 15 1 FTAL - HGA #6911 2000 M7 Darfitld, New Zealand @ HORC x1.11
E I A = === 50% ASCE 7-10 MCER Target Spectrum
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Tall Buildings Initiative

Guidelines for
Performance-
Based Seismic

Design of
Tall Buildings

Version 1.0
November 2010

Developed bt

Pacific Earthquake Engineering Research Center
R No. 2010/0!

eport No. 2010/05

c Safety
Califo ncy Management Agency
Los Angeles Department of Building and Safety

Acceptance Evaluation

 Acceptance evaluation used
PEER TBI - Tall Building
Guidelines

— Performance-based design
procedure

— Global performance
« Residual and permanent drift
* Unacceptable response limited

— Element Performance

* Response does not exceed valid
range of modeling

* Force-controlled elements
provide acceptable margin
against failure

46
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Building Tilt - Gravity + Settlement

650

L60
L59
L58
L57 —— Analytical Model - Center
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L50 500
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Ld5 450
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L31 300

Le1 /A Analytical Model - Northwest Corner

600
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Lar Mission Street

L26 250

[oe == 35
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L23 T

L16 150
i

100

s
Fremont Street
= -

North-West Displacement, inches



Tower story

20

)

Story Drift — Gravity + Settlement + Seismic

Interstory Drift Ratios- Average Results
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Tower story

Shear Wall Shear Drift

Shear wall shear gage drift - Average Results
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Tower story

a0

10

Outrigger Coupling Beams

Outrigger Coupling beam drift - Average Results
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Column Plastic Rotation

Column rotation - Average Results
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Frame Beam Plastic Rotation

Tower story

RC beam rotation - Average Results
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Mat Grillage Inelastic Rotations
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Conclusions

* Building seismic response considering settlement is
essentially the same as that neglecting it.

* Building essentially meets criteria for new buildings
designed using performance-based procedures

* The settlement has not substantially affected the
building’s adequacy
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Perimeter Pile Upgrade

Design Objectives

Fill

 Arrest Settlement

Holocene Bay
Deposits

Medium to « Recover a portion of tilt

Dense Sand

Old B .
Clay « Remove sufficient stress from the

consolidating Old Bay Clays to:

— Take the OBC layer out of primary
compression

— Upgrade the building’s seismic
performance (secondary benefit)

Alluvium

« Demonstrate the building
continues to meet applicable
City of San Francisco
requirements

Bedrock
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Design Criteria

CITY AND COUNTY OF
SAN FRANCISCO

EXISTING BUILDING CODE
2016 Edition

[Includes legislation adopted by the Board of Supervisors
through December 31, 2016]

AMERICAN LEGAL PUBLISHING CORPORATION

One West Fourth Street, Suite 300 ¢ Cincinnati, Ohio 45202 < 800-445-3588

HCE HETHOD

[BS] 403.9 Voluntary seismic improvements. Alterations to
existing structural elements or additions of new structural ele-
ments that are not otherwise required by this chapter and are
initiated for the purpose of improving the performance of the
seismic force-resisting system of an existing structure or the
performance of seismic bracing or anchorage of existing non-
structural elements shall be permitted, provided that an engi-
neering analysis is submitted demonstrating the following:

1. The altered structure and the altered nonstructural ele-
ments are no less conforming to the provisions of the
California Building Code with respect to earthquake
design than they were prior to the alteration,

2. New structural clements are detailed as required for
new construction.

3. New or relocated nonstructural elements are detailed
and connected to existing or new structural elements as
required for new construction.

4. The alterations do not create a structural irregularity as
defined in ASCE 7 or make an existing structural irreg-
ularity more severe.
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Design Concept

* |nstall 52 new piles to rock
along north and west
building edges

« Construct extension of 10’-
thick mat

« Jack piles to remove 41,000
Kips (18%) of the building
weight

* Pile to Cap connection
detailed (o limit load
transmitted to new piles
under long term residual

CONSTRUCT CONCRETE VAULT,

BACKFILL AND RESTORE LANDSCAPE S ettl e m e nt
-~ oTCD 19 58
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Retrofit Piles
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Foundation Upgrade Details
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Project Schedule

- City-appointed peer review
approved retrofit on
4 December 2018

« Parties have been engaging
in terms and condition of
legal settlement

« Construction start projected
* 22 month duration

* Monitoring of pile loads,
settlement and piezometric
head in soils for 10 years
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Conclusions

+ Settlement has not impacted the building’s seismic
resistance

 There is no reason, structurally that the building
needs to be upgraded

« Homeowners need a major retrofit to “revalue” their
units

* Perimeter pile upgrade will have a cost of
approximately $100 million

« Construction completion forecast for Spring 2022



Aftermath

All new high rises in San Francisco “infirm soil”
areas now use piles extending to rock

City of San Francisco now requires geotechnical
peer review of all high rise buildings

City is developing an Administrative Bulletin
governing the criteria for foundation review



?

Questions
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