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Agenda

Introduction

Earth pressure theory and deformation requirements
Plastic design model for Class 3 (and 4)
Modifications due to corrosion, water pressures, etc.
Design template and example

Discussions
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Introduction

> Why is this discussion relevant?

> Bridge the understanding of steel designers and geotechnical engineers!

> Acknowledgement: Ole Mgller, PAA
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Geotechnical considerations

> We need to assure compliance between earth pressure theory and deformation

requirements.

> Is it a problem?
> No
> Maybe
> Yes
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Dansk spuns- og rammedag, d. 10.06.2015 Prepared by Peter Northved Elf-Lind

Jorgen Brinch Hansen Failure Modes

0,0,0 0,0,1 0,1,0,A 5.1

\ J \ J
I I

Difficult to verify adequate load
bearing capacity due to large rotation.
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Dansk spuns— og rammedag, d. 10.06.2015

Mobilization of Plastic Earth Pressures

Prepared by Peter Northved EIf-Lind

Wall
Movement A B [
Letter
v, —
“\i ! |
- I
Kind of Wall : = Ve o= Ii =
Movement i i |
] 1 ]
— ¥y
vp/h - ratio, 7(1,5)to0 25
Ioose soil [%] | (4.0) 5(0,9)to 10 (1,5) | 6(1.0)to 15 (1,5)
vg/h — ratio, 5(1,1)to 10
dense soil [%] | (2,0) 3(0.5)to 6 (1.0) 5(0.5)t06(1.3)
—

(5 Deformation

Wwall e ) Unitsoil pressure
Movement A B [ D
Letter
Ve -
i i | i ;
Kind of Wall | = v . | < " .
Movement il } ! i e .
1 ¥a B L T E———

p '
va'h = ratio, '
loose soil (%] | "4 1© 05 0,2100,3 081010 041005 |
vih—ratio, |, 002 0,05100,1 021005 011002 ’
dense soil [%] [}

'
'
'
'
'
'
'
'
Conservative ratio magnitudes? :
L]
'
'
'
'
—_—
Away from Towards
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Dansk spuns— og rammedag, d. 10.06.2015 Prepared by Peter Northved EIf-Lind

Mobilization of Plastic Earth Pressures - Failure Modes

[
o
[§

Failure Mode:

Simplified/conservative
approach to assessment of
soil deformations

r—
Ve ‘
r\f»/ome n_‘t @ @ @ @
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Plastic design model for class 3 (and 4)

> Use of pseudo-plastic design models for Class 1, 2, 3 (and 4)

> Corrections due to corrosion, water pressures, ...
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Dansk spuns- og rammedag, d. 10.06.2015

Design Principles

Prepared by Peter Northved EIf-Lind

Cross sections are considered with plastic normal stress distribution regardless of

the cross section class according to the principles shown below:

Distriouti Redistrioution
oooooo of normal
tresses stresses
REALITY MODEL
£ £
= =
Cross Section Class 2 EEE % EaE
s pexfy
Cross Section Class 3 E N EEE
. pxfy
Cross Section Class 3: % % EEE
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Dansk spuns— og rammedag, d. 10.06.2015

Rotation Capacity

Criteria: hoa>gEs

e s
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Dansk spuns— og rammedag, d. 10.06.2015 Prepared by Peter Northved EIf-Lind

Residual Bending Moment Capacity

The residual bending moment capacity depends on:
1. The design plastic rotation angle, ®cad.
2. The non-dimensional slenderness, b/tf/e (increases due to corrosion).

a :fy a :,Oc’fy 0.14
0.12 \ —0—100 % Mpl,Rd
N —— 95 % Mpl,Rd
= 0.1 —%—90 % Mpl,Rd
8 0.08 \\ —%—85 % Mpl,Rd
_e,g 0.06 \\\\
- 004 B
AN
0.02 N
0 " e
25 35 45 55 65
b/t/e
b) Z-piles

pc = 85% — 85 % Mpl,Rd ~ Wel/Wpli. If lower residual bending moment capacity, the code
does not provide information hereof meaning that profiles assigned to cross section class 4

are omitted.
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Dansk spuns— og rammedag, d. 10.06.2015 Prepared by Peter Northved EIf-Lind

Residual Bending Moment Capacity - Continued

Considering the non-dimensional slenderness, b/tf/g, only:

Momd 100 % 95 % 50 % 85 %
Type of pile [ Reduction factor L0 0.95 0.90 085
L e
blt bli bl bt
U-piles Class 1 or 2 s {37 I<ap ! <46 ’
£ £ £ £
bt bl bl bt
Z-piks Class | or 2 —! —Lesp ! <60 _f
—®) | — - %)

1:: —I\ o
oo L\ N
RERER S AN

~ ~
92 \

90 \\
a8 —+—Z-profile

(pd
[%]

——U-profile

86

Yield strength reduction factor

84

8 Full elastic stress distribution Full plastic stress distribution

U-profile: b/tf/z =(49) U-profile: b/tf/c =37
Z-profile: b/tf/s @ Z-proﬁle:b/tf/e

70

I

¥

I

80 =~ &
35 40 45 ‘ 5’ 55 60
meRelor e e
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Dansk spuns— og rammedag, d. 10.06.2015 Prepared by Peter Northved EIf-Lind

Residual Bending Moment Capacity - Example

[ | 0.14 | | [
—0— 100 % Mpl,Rd | —0— 100 % Mpl,Rd
—&— 95 % Mpl,Rd —&—95 % Mpl I;d
——90 % Mpl,Rd \ - - i % —%— 90 % Mpl,Rd

0.12
— 0
—%— 85 % Mpl,Rd O
o Mp g. ! | —¥— 85 % Mpl Rd
RN RN
0.04 Y \
. \ \\1\
0.035
0.02
0 \c Y v

AN

0
25 35 45 55 65 25 35 a5 55 65
' ! ' b/t/e
Cross section class: I / II b / tf/ € 111 v
b) Z-piles b) Z-piles
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Dansk spuns— og rammedag, d. 10.06.2015

Corrosion Rates

Increase of non-dimensional slenderness due to corrosion impact according to DS/EN 1993-
5, Table 4-1 (piles in soils, with or without groundwater - to the left) and Table 4-2 (piles in
fresh water or in sea water - to the right):

Prepared by Peter Northved EIf-Lind

Required design working life 5 years 25 years | SOyears 73 years | 100 years Required design working life 5 years 25 years 50 years 75 years 100 years
Undisturbed natural soils (sand silt, clay, . Common fresh water (river, ship canal, ....)
; ¥ 0.00 0,30 0.60 0.90 1.20 N o P 0,15 0,55 0,90 1,15 1,40
schist, ...} in the zone of high attack (water line) ? ” ’ ’ ’
) . o _ ~ Very polluted fresh water (sewage,
Polluted natural soils and industrial sites 0,15 0,75 1,50 225 3,00 industrial effluent, ...) in the zone of high 0,30 1,30 2,30 3,30 430
- — - - attack (water line)
Aggressive natural soils (swamp.  marsh, 0.20 100 175 50 3.25 Sea water in temperate climate in the zone
peat. ..} . 0,55 1,90 3,75 5,60 7,50
of high attack (low water and splash zones)
[\;f;\cnx“r’hpff‘:; g mon-aggressive fills| g8 0,70 1.20 L70 220 Sea water in temperate climate in the zone
- o st of permanent immersion or in the intertidal 0,25 0,90 1,75 2,60 3,50
_‘_\Jon-compacwd and aggressive fills (ashes, 0.50 200 3.95 430 575 7zone
slag, ....) Notes:

Notes:

figures in the table should be divided by two.

extrapolated.

1} Corrosion rates in compactad fills are lower than those in non-compacted ones. In compacted fills the

) The walues given for 5 and 25 years are based on measurements, whereas the other values ane

1) The highest corrosion rate is usually found in the splash zone or at the low water level in tidal waters.
However, in most cases, the highest bending stresses occur in the permanent immersion zone, see Figure 4-1.

2) The values given for 5 and 25 years are based on measurements, whereas the other values are
extrapolated.

2 JUNE 2014
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Dansk spuns— og rammedag, d. 10.06.2015

Prepared by Peter Northved EIf-Lind

Reduction af yield strength due to differential water
pressure

15|

The impact on steel
sheet pile wall result in
bending about vertical
axis (biaxial bending).

Considered at max.
bending.

Usually, the yield
strength reduction factor,
pp = 0.95
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» Z-profiles: Dif. water pressure > 5 m
» U-profiles:  Dif. water pressure = 20 m (i.e. practically never)
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Dansk spuns— og rammedag, d. 10.06.2015

Reduction af yield strength due to differential water

pressure - Continued

w (b/t,in) €= 20,0 (b/tin) €= 30,0 (b/t i) €=40.0 (/i) €= 50,0
5.0 1,00 1.00 1.00 1.00
10,0 0,99 0,97 0.95 0.87
15,0 0,98 0,96 0.92 0,76
20.0 0,98 0.94 0.88 0.60
Key:
b is the width of the flange, but b should not be taken as less than (:/\E, where ¢ is the slant
height of the web
Tin 1S the lesser of tyor 1,
tp  is  the flange thickness
I is the web thickness
w is  the differential head in m
(235
£= ‘\'—v . fy is the yield strength in N/mn2.
\' Iy
Notes:
1) pp= 1,0 may be used if the interlocks of Z-piles are welded.
2)  Intermediate values may be interpolated linearily.
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Prepared by Peter Northved EIf-Lind
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fy,red = Pp fy

¢—(b/tmin)e=20,0
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Dansk spuns- og rammedag, d. 10.06.2015 Prepared by Peter Northved Elf-Lind

Skew Bending and B - Factors

=10 for Z-piles and triple U-piles
s 1.0 for single and double U-piles.

NOTE 1: The degree of shear force transmission in the interlocks of U-piles is strongly influenced by:

- the type of soil into which the piles have been driven:

- the type of element installed:;

- the number of support levels and their way of fixation in the plane of the wall;

- the method of installation;

- the treatment of the interlocks to be threaded on site (lubricated or partly fixed by welding, a
capping beam etc.);

- the cantilever height of the wall (e.g. if the wall is cantilevered to a substantial distance above
the highest waling or below the lowest waling).

NOTE 2: The numerical values for f for single and double U-piles covering these parameters, based on local
design experience, may be given in the National Annex.

PN J— The B - factors are multiplied to respectively:

Z-profiles and major axes

1 7 2 JUNE 2014
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Dansk spuns— og rammedag, d. 10.06.2015 Prepared by Peter Northved EIf-Lind

Cross Section Analysis (ULS)

The presence of the design plastic rotation angle, ®cd, the non-dimensional
slenderness, b/ti/g, differential water pressure* and skew bending (p - factor) is
presented below (here: for bending only):

Mgg < M¢ ra

f
Class 10r2: Mcra = (pc) - By Wyr == pr

f
Class 3: Mcra = Pc *Bs " Wpi =25 pp

YMo

*pp is omitted from the formulas in DS/EN 1993-5. Should be multiplied to the
expression.
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Dansk spuns- og rammedag, d. 10.06.2015 Prepared by Peter Northved Elf-Lind

Cross Section Analysis (ULS) - Continued

The mentioned presences only have influence on the bending moment capacity
— even at combinations of section forces (here examplified with combined
bending moment, shear* - and normal force):

. . Ngd Z-profiles of class 1 and 2: My pq = 111+ M pq (1 - N’:f;)
Z-profiles of class 1 and 2: ~ <0.1 but My < :
prLRd
. N
U'prOﬂleS Of CIaSS 1 and 2: —Ed_ S 025 - U-profiles of class 1 and 2: My zq = 1.33 M4 (1 —NNi)
Npl,Rd but M . pLRd
. NEd u NRrd S Mepa
Class 3 profiles: —=<0.1
Npl,Rd Class 3 cross sections: Mypa = Mg pa (1 - ﬁ)

*It is assumed that the relative shear force utilization does not exceed 50%.
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Dansk spuns- og rammedag, d. 10.06.2015 Prepared by Peter Northved Elf-Lind

Member Analysis (ULS) e

Axial loaded* elements should ] R [» f,_
be studied for column buckling: - b |

Principle behind determination of free column length

If the following criterion is satisfied,

NEa
the member analysis may be omitted: Ner = 0.04
Otherwise, the following NEa +1.15 MEga
criterion should be satisfied: X'Npl,Rd'(%) MC,Rd'(%) B

*For axial loadings, tangential earth pressures are omitted from the sheet pile wall design
calculations to simplify the design procedure. Relevant for e.g. bridges vertically supported

by sheet pile walls.
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TP 50 - semi-automated design procedure

> Use WIN Spooks design program
> Transfer output to Excel-design sheets
> Verification of

> rotational capacity

> member capacity based on pseudo-plastic approach

> reduction of bending capacity from rotation

> corrosion allowance, differential water pressures

> reduction for utilisation ratio in normal loading and shear loading
> global capacity check

2 1 2 JUNE 2014
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Dansk spuns— og rammedag, d. 10.06.2015

Example - Sheet Pile Wall

| -
S

S .4 1t e 4

o Iy B 100 ) 200 e, ma]
1500 o0 0 1500 M (i)
a4, 500 g ]

a, = S0.80 khim? .
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rasory Log 0 e vanng
Steel Sheet Pile Wall: Cross Section - and Member Analysis
Introdiuction

il wealor comosian. Futhenmars, e lemplae

Failure Ty - and Mode
i e aan

WIRSPOOKS faure ypa Falhurs Wode B
B
Descr = “Pasic dfoemcd wal | Vied inge) s setined smchor”
Mobilization of Plastic Earth Pressures
CL[1) 5ot 42.24,4222, 423 and [3] sect €.3:
Gensa™)

e
Pl g 1 A
e Yo v (i 1 G
T ey

CET

7 POOKS
Active Earth Pressure
ghin. ol dof. pecp. o wall for mabilization ofpaslic sath pressre: vy = 015 %6
Mob acl, earih pros. (back)
Dofermatan roguirement:
;Passive Earth Press

n.ol. o, peep. o wallFor mobilzaton of lasic st pressur:

Yy = Vamin N
) = Yammin M

Mob pos. carh pres. frond) 3
DSfOMaton QUMM ¥, = ¥ min By
Yield Hinges
P cume o pelaningers)  EENEMEA RS ARG
0y = Gmm wy = H10 mm wy =10 mm
Member and Cross Section Analysis (ULS)
n Assumptions
Parti Factors
Limitstate: [UCS] el geie
]
‘Cross Secson: Mampor: iy =122
Waterial Propertios.
L = 345MEn PR E = 210GR
Loadings.
May iz
N = 400 tang30deg) 2 Vea - S gy = 120808
Combunedis
o [y
N comb = 400 tan30deg) = Vetcomb =V (Hidcomb = 12057

Prepared by Peter Northved EIf-Lind

Reduction Factors. (Skew Bending)

Sacton moulus: -
Momond afinartia G [1) 5oL and 4. sect 64: B
Profiles. o
Typeof potle: o=
Corrosian

uraton of comosion mpact fyssnl} =R
Reduckon o profe . [1) 80618 and 4. Table -1
et [Famospneric comosn ]
ek [ a———

o Fot teg = 100 mm
“Bect tep= 120 mm
Reduction of cross section
Poschute tabured = tr* e Yatreq = 22 mm
Residual of cross section
frowys
Wesr Seabresw = ¥ Teabred Teaturesw = |38 mE
Fngx: Yeabrest = = cabaud teatresg = 174 mm
Geometry

Difl walor prus. at max. meomantsval (sbove GIVL, front, and excav.; | WS (37= 81571

Buckling lengih: L=litly = 14970 mm
m{'\v ‘Structural anatys:s ks camied out: |Aflar cormosion v
M
Wio of fange: bets e Momentofivemia 1= 1013w 10" S
5
Hosghtot prfie: e m Eleioseion Wy - 4o S
ot m
s
Thickness offange e 0h e Plasbossdion Wy < dits 2
o ®
Thicknoss of wib Gy=lshmm Amgleboween  mael*
" wbaaen

Sactional area: A=2s

—  Distanco
e
Wenmsaprastt  Aers on®  Mondmsndomemsgg e L g n 203

Length of web: €= S41 M CSC = "Cross Section Class | ar 2°

Mess vt et = 131 3 Coutrg enn 1 e A, - 147 I

Analyses (New Approach)

Yield Strength Reduction Factors
Gross section ciass (reducton of bending yield srongth due fo (RS0

Relative ublization ratio (allowable reduction of yield siress) Uretys = 0 %
cofliLsect 42347412and [4) Table C-4:
Differential water pressure
of.[1]. sect. 10+11 and [4]. sect 5.2.4:
Cross Section Anaiil
Axial Forc
Pesian axal force (predefined)
Design axial
plastic resistance:
Ned
Relaive utlizaon rai: gy = — N =4 %
N el
[ishesr Forcn N
Design shear force (pradefined) Vgg =400 —
™
kN
Shear sirenglh of profile Viga = 1800 —
™
Ve,
Relative ublization ratio: Mookl = T Uy =22 %
VoRd
Bending Momen
. KN m
Pesian bonding moment prodefined) Mgy = 1283 2
Design bending mament resistance
) Meg
Relaive ublizston raio: iy = —o Ul = 95 %
N Mend
Lombineq Bonging, Shear - ang Axial Force N om
Pesian bending moment predefined) Mg comp = 1200 =5
g (oL ATy Mg = 1347 22
™
Relative ublizaion rafio: retcomberse = %5 %
Member An
[Relaive ublizaion ralio: Yrel combmemb = 95 %
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Dansk spuns— og rammedag, d. 10.06.2015

Prepared by Peter Northved EIf-Lind

Example — Sheet Pile Wall Analyses (Old Approach)

Comparison of "new approach" and

"old approach".

Comparison made respecting the

flange thickness only. The ratio, []

is obviously
equivalent

larger using
thicknesses

the
of

respectively the web - and flange

thickness.

2 JUNE 2014
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Design Assumptions
Partial Safety Factors
Load com bination:

Control class:

Section forces
Design bending moment

Material Parametres
steel
Yield strencth

-Characteristic value
£k
-Designvalue: fpa = .
Ll iz
Geometry

Flange thickness
before cormosion

Corrosion contribution

Flange thickness tafter = thefore = teor
aftercormosion

Section Modulus

"OldApproach” Msa
fyd
Required section modulus: W, -
reqald = -
before

"New Approach™

Utilization ratio:

Selected section modulus
(plastic, after comosion )

Required section MOGUIS:  Wygg oy = Urgg Wy

C i Betrween App

W,
Ratio: ro _regold

Wreqnew

" =11
5 =10

KN .m
Mgg = 1284——
sd -
fi = 355wPa
f4 = 293MPa

tbefore = 20.0mm
toor = 22mm

tafter = 17.8mm

3
o

W, 017 T
reqld -

el = 9%

3
an
Wyl = 46865

W, eqnew — “n—_

r=110%
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Conclusions

> Semi-automated design procedure is implemented successfully

> Plastic design of class 3 profiles can lead to savings compared to elastic design
model.

> Soil deformations may be evaluated by simplified/conservative approaches
based on Eurocode 7 recommendations.

> Especially for projects where the selection of profile is governed by installation
or other design drivers, the longterm capacity may be documented even for
corroded sheet piles.
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Next steps

> Do we dare to use class 4 members?
> a consultant's point of view
> a contractor's point of view

> Corrosion - a show stopper?

> Will this work for softer deposits where ULS is the main design driver?
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