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Factor of Safety Against
Basal Heave
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Earth Pressures

= Fallacy in earth pressure calculations

= Experience did not match classical earth pressure
distributions

= Higher apparent stresses at top and lower at bottom of
excavations

K, yz
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Earth Pressures
(cantilever stage)

Lateral wall displacemens, wiH (%)
0,3 02 041 00 =04

. Coulamb aclive earth prassure
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Lateral wall displacamant

after excavation to 0,244
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Earth Pressures
(stressing of upper anchor)

Lateral wal| di cement, ywH
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Lateral wall displacement at 1,2 DL

Upper nkine passive earth pressure

graund anchor

" Earth pressure at 1.2 DL

~— Abrast (Kg) earth pressure
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upper ground anchor lo:
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Earth Pressures
(excavation at lower anchor)
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Earth Pressures
(end of construction)

Lateral wall displacement, wH (%)
03 02 o1 00 401
1t 1t 1

Upper Earth pressure afier excavation
ground anchor to final depth

Design earth presswe envelope

Lower
ground anchor |
'}

2 \ Lateral wall displacement afier
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Earth Pressures (AEP)

After Terzaghi and Peck, 1967 (for flexible support systems)

atruts
—_—

L s L
- | L L

0.5H
= 0,25H
~ :

p=0.85 Hﬂ'I!'H p=02YH lo p=1.0Ky¥H
Ka= tan? (45-¢'12) 0.4%H Ka=1-m 4 Sy
YH
m = 1.0 Except as noted
(See Section 5.2.6 for discussion)

(a) Sands (b) Stift-hard fissured {c) Soft to medium
clays clays
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Earth Pressures (AEP - Sands

After GEC 7 (for flexible support systems)

2/3 (H-Hy)

TOTAL LOAD .. _ TOTAL LOAD
= = K H =_ =
2/3H a¥ RVEEYC Hi- 173 Hnet

(a) Walls with one level {b) Walls with multiple levels
of ground anchors of ground anchors

Hy = Distance from ground surface to uppermest ground anchor
= Distance from base of excavation to lowermost ground anchor
T = Horizontal load in ground anchor i
R = Reaction force to be resisted by subgrade (i.e,, below base of excavation)

p = Maximum ordinate of diagram

TOTAL LOAD = 0.65 K, YH?
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Earth Pressures (AEP — Clays)

For Stiff to Hard Clays (Ns <4); after GEC 7 (for flexible support systems)

o= 0.2¥H - 0.4YH p = 0.2YH-0.4YH

(a) Walls with one level (b) Walls with multiple levels
of ground anchors of ground anchors

Distance from ground surface to uppermost ground anchor
= Distance from base of excavation to lowermaost ground anchor
= Harizontal load in ground anchor i
Reaction force to be resisted by subgrade (l.e., below base of excavation)

= Maximum ardinate of diagram

TOTAL LOAD (kNimimeter of wall) = 3H%- 8H2 (H in melers)
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Earth Pressures (AEP — Clays) I.

For Soft to Medium Clays (Ns>4); after GEC 7 (for flexible support systems)

SJL Engineers Rec Llenkel



Earth Pressures (AEP — Clays) I.

For Soft to Medium Clays (Ns>4); after GEC 7 (for flexible support systems)

— =+ — Recommended for 4 < Ns < 5.1
= ===+« Terzaghi and Peck (m=1.0}
Terzaghi and Peck (m=0.4)
#r— Henkel d'H=0.1
—#— Henkel diH=0.25
£— Henkel d'H=0.5
—#— Henkel d'H=1.0

STABILITY NUMBER, Ns
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Earth Pressures

General notes for design of flexible support systems:

Perform a staged analysis;

For struts/anchors, use full pressure from AEP diagram and tributary area;
Wales are generally considered continuous across struts/anchors, and
use 2/3 of moment from AEP diagram for arching;

For mixed soil profiles w/good base stability (i.e., Ns<4), use a classical
distribution, increase the total load by 1.1 to 1.3, and distribute the
factored total load into an AEP diagram.

Earth pressures below cut (i.e., active and passive) based on limit
equilibrium method; and

Check factor of safety for support embedment below lowest level of
support (force equilibrium or moment equilibrium about the lowest level of
support [including bending resistance of vertical elements])




Earth Pressures

General notes for design of stiff support systems

Perform a staged analysis;

Actual earth pressures tend more toward classical distributions and
use of AEP diagrams is questionable;

Soil arching between bracing/anchor levels is minimal or may not
exist;

Lateral loads on struts/anchors at lower levels are greater than that
from AEP diagrams;

Address base stability; and

Check factor of safety for support embedment below lowest level of
support as for flexible support systems




Analysis Methods

1. Continuous and discontinuous vertical elements with rigid supports;
« Limit equilibrium calculations (software/hand)
2. Structural analysis models, e.g., soil springs (i.e., beam on elastic
foundation/displacement method) with non-rigid supports;
3. Numerical analysis methods
* Finite Element
» Finite Difference

SJL Engineers



Excavation Stability

—— -

Global Stability

Figure 4-1
Modes of Stability Failures
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Excavation Stability

After GEC 4

(a) Failure planes, deep deposits of weak clay (b) Failure plane, stiff layer below bottom of excavation

Square and
circular BL =14

'“B/L =0, Rectangular

(c) Bearing Capacity Factor, N¢

SJL Engineers FS for: permanent =2.5; and temporary = 1.5



Deflections

Primary Sources:
« Excavation and support type process
» Low factor of safety for basal stability

Secondary Sources:

« Open panel excavations (i.e., secant piles and diaphragm walls)
» Vibrations from steel piling installation

* Removal of existing structures in front of the wall

« Over-excavation below to install next level of support

« Groundwater lowering outside the excavation




Deflections

Total number of cases = 36
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Initial Flexile Creep of Structural Water Pile driving Mot known
cantilever retaining anchorages yielding ingress
stage walt

Long (2001) FIG. 18. Reasons for Excessive Deflections (6h,,,../H > 0.3%)
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Deflections

Primary Sources:

« Empirical correlations

e Structural analysis methods
* Numerical analysis methods




Deflections

Sands and Stiff Clays (after Clough & O’Rourke, 1990)

® Soldler Pile & Lag
or Sheetplles

ODlaphram Walls
OSoil Nail Walls
ADrilled Pler Walls
O Soll Cement Walls
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Figure 2. Observed Maximum Lateral Movements for Insitu Walls
in Stiff Clays, Residual Soils and Sands.
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Deflections

Soft to Medium Clays (after Clough & O’'Rourke, 1990)

SJL Engineers

Factor of Safety Against
Basal Heave
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Deflections vs. Settlement

Maximum ground settlement (i.e., behind the support
system) ranges from 0.5 to 1.0 of the maximum wall

deflection

Typical to use ratio of maximum settlement to
maximum wall deflection of 1.




Settlement Profile

Empirical

* Peck (1969)

« Goldberg et. al. (1975)

e Clough & O’'Rourke (1990)
« Long (2001)

« Kung (2008)



Settlement Profile
(for flexible support systems; after GEC 4)
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Depth of excavation '

Distance from excavation
Depth of excavation
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Three-Dimensional Effects

(for flexible support systems; after Roboski and Finno, 2006)
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‘ Plane strain conditions
- ®

PSR = 555/ 8¢

Early stages of excavation are
likely to be plane strain
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Other Design Considerations |

1. Check for (and design for the greatest):
« Short- and/or long-term conditions;
« Groundwater conditions; and

e Surcharges

Penetrations

Loads (vertical/seismic)

Lagging and/or facing considerations
Thermal Effects

Corrosion Considerations
Watertightness and Drainage
Aesthetic Requirements
Constructability Issues

10 Contracting Approaches

11. Testing Requirements

R Lo O & W N




Case Histories
(abbreviated)




South Interceptor Force Main |

Omaha, NE
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Timken
Canton, OH
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Ashburton Reservol
Baltimore, MD
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Ashburton Reservolr
Baltimore, MD
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ArcelorMittal Steel

Steelton, PA
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Lower Pogue’s Run Tunnel |

Indianapolis, IN




Pleasant Run Deep Tunnel

Indianapolis, IN
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Black River

Lorain, OH
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Boelus East
Howard Co., NE

SJL Engineers



West Ashley Sewer Tunnel

Charleston, SC

THW
SLOPE EXCAVATION TO
GRADE OF BASE SLAB

INSIDE OF EXISTING SHAFT

INSIDE OF RELINED |
SHAFT

1 (TYP.) MIN
OVERCUT

N 338777.9430
‘ 2322044 6127

N 338777.5528

E 2322045.0740  /
Pt

SJL Engineers

DEWATERING

PUMP AREA SHADED AREA:

LIMITS OF UNDERCUT
BULKHEAD BEARING
N 4071348 E

WASHDOWN|
PUMP AREA

EXCAVATION

BEARING
N 45°33'52" W

PLAN VIEW




West Ashley Sewer Tunnel
Charleston, SC
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West Ashley Sewer Tunnel
Charleston, SC
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West Ashley Sewer Tunnel
Charlesto, SC
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West Ashley Sewer Tunnel |

Charleston, SC
Analysis (FLAC3D)

= Static simulation (steps)
= Setup properties, initialization of pore pressures and static stress
(Ko)
= Excavate in 18 steps and progressively reduce the stresses and
pore pressure of the zones under excavation
= Sink the shaft using the as-built geometry

= Allow pore pressures to dissipate for only a brief period to keep
and undrained response of the surrounding soil and develop
equilibrium before excavating the next phase

SJL Engineers



West Ashley Sewer Tunnel |

Charleston, SC
Analysis (FLAC3D)

= Dynamic simulation
= Soil properties from static analysis
= Damping (no data; based on available literature)
= Explicit crack representation (i.e., residual v. intact)

= Structural concrete (moment-curvature diagram for various levels
of axial thrust)

= Three different time histories (applied in two different directions
and a vertical component of 2/3 horizontal)

= Sensitivity analysis (zone size, mesh density)
= Water levels in the wet well (no water, operational and maximum)

SJL Engineers



West Ashley Sewer Tunnel |

Charleston, SC
Repairs

= Stress resultants (review)

= 12-in. thick relined section

= Revisions to elevator, stairwell and wet well sections

» Develop a positive connection with the existing shaft wall




West Ashley Sewer Tunnel
Charleston, SC
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Dugway West Interceptor
Cleveland, OH
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Collier’'s Ferry Pump Station

Beaumont, TX
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George Bush Intercontinental Airport I.
Houston, TX‘
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Bellvue Transmission Pipeline |
Greeley, CO
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Iboa Low Level Outlet Tunnel
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Iboa, NY
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Three Rivers Tunnel
Fort Wayne, IN
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3 Mass

Indianapolis, IN

N Delawar:
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(2) 17 THICK x 8" W
PLATES (GR

ASHER, TYP
14" LONG

BASEMENT SIDE —= — EARTH SIDE
B LONG )
STIFFENER (GR 38)

" THICK x 8" WIDE x 147
NG PLATES (GR 36)



3 Mass

Indianapolis, IN

Inclinometer I-1 (Along Masalla Building)

Cumulative Displacement (in.)
-0.040 -0.020 0.000 0.020 0.040

Top of pile at
El. -6.5

Tieback at
El. -11.5

Excavation Grade
at El. -21.5
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3 Mass

Indianapolis, IN

Inclinometer I-4 (Along Parking Lot)

Cumulative Displacement (in.)
-0.150 -0.100 -0.050 0.000 0.050 0.100 0.150

=#=From Inclinometer 7

=m=From Strain Gages

Depth (ft)
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3 Mass

Indianapolis, IN
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3 Mass

Indianapolis, IN

N Delawar:

N-Alabama St
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3 Mass

Indianapolis, IN
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Westerly Storage Tunnel

Cleveland

3
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Westerly Storage Tunnel
Cleveland, OH
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Westerly Storage Tunnel
Cleveland, OH
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-64 and Grinstead CSO Basin

Louisville, KY
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Cleveland Clinic
Cleveland, OH
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Fulton Avenue Bridge Replacement |.

Evansuville, IN

o North Abutment
Interior Pier (Integral Type)

Elev. 386
4 0l Elev. 378

(Former Grad
Pigeon Creek (Former Grade)

‘ Elev. 350] —
1

| _—

- HP12X 74
7 Pile (yp)
Pile Tip
- Pile Tip —_ Elev. 295
° e Elev.291

ooy % -y
‘.,,. y ,Y," N

G RN
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Fulton Avenue Bridge Replacement |.

Evansville, IN
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Interior Pier North Abutment
(Integral Type)
Elev. 353
Elev. 386

( g
' Finished Grade .- \_ Anchored Earth

" Elev. 348 Retention System

Elev. 328
Elev. 327

— e Plane of Maximum Shear
Elev. 322

Pile Tip Elev. 295 — ——— HP 12 X 74 Pile (typ)
.

Pile Tip —
Elev.291 \ o
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Fulton Avenue Bridge Replacement |
Evansuville, IN

Vertical

Movement Movement
to South to North

6/8/01 -

|
|
4/19/01 - = |

{'i _Make open-cut excavation to exposé

|
|
\
'cap of intgrior pier

2/28/01 -

il
\
|
@ K
= |l
A 11/20/00 - “Perform top-down construction of earth
\
|
\

1/9/01 -

retention system

10/1/00 -
8/12/00 -

|
6/23/00 - A Instatt-temporary bUppUlL forbeamsover-interi

5/4/00 -

\
\
i
| | | | | ‘ ‘
(12.0) (10.0) (8.0) (6.0) (4.0) (2.0) 0. O 2.0
Lateral Movement (in.)

Lateral Movement Measured from Vertical at Top of Pier
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Fulton Avenue Bridge Replacement |
Evansuville, IN

Initial Location of
North Abutment
Movement Movement
to South to North

6/8/01

4/19/01 S
erior pier

2/28/01

Creek level too high to perform work

11/20/00
Perform top-down construction of earth retentign system

|
|
|
|
|
\
1/9/01
|
|
|
|
|

10/1/00 \

8/12/00 \ Data not recorded

I
|
6/23/00 :
|

5/4/00 T | | |
(4.0 (2.0) : 2.0 4.0
Lateral Movement (in.)

Lateral Movement Measured from Vertical at Top of Abutment
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iIdge Replacement |.

Fulton Avenue Br

lle, IN

Evansv
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Fulton Avenue Bridge Re
Evansville, IN
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Fulton Avenue Bridge Replacement |.

Evansville, IN
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Honda Manufacturing Facility
Marysville, OH
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“The key to the design of excavation support systems is to
understand the deflection of the system at any given point
during construction. This includes a thorough understanding of
the geometry and stiffness characteristics of the support system
in relation to the development of earth pressures as well as
models for use in structural analysis.”

Thank you!

www.sjlengineers.com
SJL Engineers sludlow@sjlengineers.com
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