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Soil-structure interaction
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Subsoll in Frankfurt am Main, Germany
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Marriott-Hotel - Frankfurt am Main, Germany

Construction time: 1973 - 1976
Height: 162 m
Foundation: raft foundation

max. settlements: 34 cm (1)
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Compensation of the settlements differences
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Deutsche Bank - Frankfurt am Main, Germany

Foundation:

raft foundation

Height:
155 m

Settlements:

min. 10 cm
max. 22 cm
A 12 cm
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Deutsche Bank - Frankfurt am Main, Germany 7 bakueror

Settlement isolines
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Compensation system in the joint between high-rise building and
the adjacent building

high-rise building
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Old Dresdner Bank Hochhaus - Frankfurt

Pressure cushion
h=04m

Construction time: 1975 - 1978~ Bored pile wall

Retaining wall

max. settlements: 20 cm
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Foundations

Shallow foundations Pile foundations

Skin friction l pile
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Three foundation types
Circular Raft Single Pile “1-Pile-Raft-Model”
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Combined Pile-Raft Foundation (CPRF)

Single pile foundation

Skin Friction q, [kN/m?]
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“1-Pile-Raft-Model” - Pile-Raft Interaction
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Numerical Studies

Combined Pile Raft

Spread Foundation Pile Foundation :
Foundation
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Thickness of raft: d = 10m
Diameter of pile: D = 15m
Variations of pile center distance: e/D = 3.0/6.0/8.5
Variations of pile length: /D = 10/20/30
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Configuration of the model with 25 piles (e/D = 3)

@ ®CMo®TOO®OO O®

— 18- =
M: Center Pile

d=1.0m E: Edge Pile

D=15m C: Corner Pile

e=3-D=45m
| =20-D=30m
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Basic studies on the Pile-Pile Interaction

Configuration of the model with 9 piles (e/D = 6)

o8 4.8 ]
- 18-D
M: Center Pile
d=1.0m E: Edge Pile
D=15m C: Corner Pile

e=6-D=9m
| =20-D=30m
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Basic studies on the Pile-Pile Interaction
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Basic studies on the Pile-Pile Interaction
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Proof and safety concept for CPRF

Proof and Safety Concept
[
Ultimate Limit State

I
| 1

External Bearing Capacity Internal Bearing Capacity
R1 Ltk H
E,= B Yot Eoy Yo = e = R, e The proof of the internal
: bearing capacity is applied
Yer Yor T dE€pendent on the according to the relevant
national standards standard

Nota bene:
There is no proof for the
single pile necessary!

> N=Ys ¥r=2.00
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Proof and safety concept for CPRF

Proof and Safety Concept
[
Serviceability Limit State

External Serviceability Internal Serviceability
(settlements,
differential settlements) The proof of the internal
serviceability is applied
E,.=E,.= C, according to the relevant
standard

with C, as limiting design value

of the relevant
serviceability criterion

SLS is more relevant!
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Technical Committee TC 212 Deep Foundations

International Society for Soil Mechanics and Geotechnical Engineering ST
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Numerical Analysis

Constitutive law

(non-linear and stress dependent)

Geometry

(3-dimensional model)

o

hydrostatic axis
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Bridge pier foundation types

| ~30 MN 30 MM L ~30 MN
-ff’z/-,f-- w-3m B i 7
IGW Tm |
|=150 m I=250m
Loam ! Debris
 D=iSm— —

- 25 m

Rock  D=15m— j—

Option 1: Option 2: Option 3:
Spread Foundation CPRF with 6 Piles Pile Foundation with

12 Piles
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Option 1: Option 2: Option 3:
Spread Foundation CPRF with 6 Piles Pile Foundation with

12 Piles
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Working Load: 30 [MN] Resistance [MN]

Settlement 35
[cm]

— Pile Foundation
- Spread Foundation
- COmbinded Pile-Raft Foundation
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Costs of pile production
SEULEME! (Assumption: 600 € per meter)

Spread Foundation 11.1 cm -

CPRF (6 Piles) 3.6 cm 55,000 €

Pile Foundation

(12 Piles) 1.2cm 180,000 €
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Messeturm - Frankfurt am Main, Germany

Settlements calculated for a shallow
foundation: s>40cm

Messeturm - Frankfurt am Main,
z=0-20m - 75-80%

Germany
e ! | v ias
_ 50 E, [MN/m?
S  — e
a.
v 204 20
l:t—lrl:ll-
» 40+ 40
60 1= B - o o o e e
1
z [m| z [m)

z

o (z)
Settlements: s = f
J E(2)

dz

— Combined Pile-Raft Foundation (CPRF)
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Construction time: 1988 - 1990
Pile rings
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Messeturm - Frankfurt am Main, Germany

Construction time: 1988 - 1990

Settlements [cm]

256 m 58.8 m
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Pile load [MN] Skin friction [kN/m?] &
200m 5 10 15 50 100 150 200 =
! 1 ™
! |
10 J { l

{HBEBR R RN RN RE R Y
=R R R R

20

ilv 30

40 40
Depth [m] Depth [m]
© Central pile ring
(M) middie pile ring mm) Average pile load: 11.3 MN

@ Outer pile ring
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Messeturm - Frankfurt am Main, Germany

Effective building load: =1.570 MN
Ultimate pile load: 64 x 11.3 MN = 725 MN
Load transfer by raft: = 845 MN
Contact pressure: 250 kN/m?
‘ Ocprr = 0.46 @O 00 _ Fila load [MN] " Skinﬁf;icti::-gﬂ[kmj'lr;; .
' N
10- 104U T
an 20 | B %;
: . X
- 9% o
y 30 30- : ~
| - —— A R ee———— i @ =]
:‘.::::pth [m] ::lpth [m]

@ Central pile ring
(M) Middle pile ring
@ Quter plle ring
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Comparison of costs for the piles
Accomplished: CPRF of 64 piles (I,r3ge = 30 M)

Costs of pile production:
64 piles of 30 m at 600 €/m » 1.2 Mio. €

Pile foundation: 316 piles (I = 30 m)

Costs of pile production:
316 piles of 30 m at 600 €/m » 5.7 Mio. €

Savings in costs of
pile production 4.5 Mio. €

CO, reduction: 2,500t
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Comparison of costs for the piles

Accomplished: CPRF of 97 piles (l,,erage = 30 M)
Costs of pile production:
97 piles of 30 m at 600 €/m » 1.7 Mio. €

Pile foundation: 490 piles (I =30 m)

Costs of pile production:
490 piles of 30 m at 600 €/m » 8.8 Mio. €

Savings in costs of
pile production 7.1 Mio. €

CO, reduction: 3,300t
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City Tower - Offenbach am Main, Germany
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2001

40m
L =

1

—

"

2003

Foundation: CPRF

Height: 120 m

o LELEEL

surrounding

tunnel

s0il

;LIEERIIEEER

raft

100 m

SEEELLEEEEIA S

B |.“_|_I_._I_._1_._1_._1_._1_._1_.__|_.__|__|..-I._|rl_._|=l_. mrmmrmmmmmmme e
! 01 0 A 1 1 o o
FEH EH £ B 3 = = R
ARARAFR= TR FRAAARATFAREFE
R 0 T EE

40



Prof. Dr.-Ing. Rolf Katzenbach ¢ Director of the Institute and the Laboratory of Geotechnics
TECHNISCHE
UNIVERSITAT
DARMSTADT

City Tower - Offenbach am Main, Germany
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City Tower - Offenbach am Main, Germany

Comparison of costs for the piles

Accomplished: CPRF of 36 piles (l,yerage = 35 M)
Costs of pile production: _
36 piles of » 30 m at 600 €/m » 0.7 Mio. € 5!7-"*-;--;:“’

i : . E: = ':%*.
Pile foundation: 113 piles (I =30 m) e O
Costs of pile production: ::::tuhzam |
113 piles of 30 m at 600 €/m » 2.0 Mio. € Pile lengin 35 m

Savings in costs of
pile production: 1.3 Mio. €

CO, reduction: 1,900t
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Opernturm - Frankfurt am Main, Germany

Comparison of costs for the piles
Accomplished: CPRF of 57 piles (l,yerage = 40 M)

Costs of pile production:
57 piles of 40 m at 600 €/m » 1.4 Mio. €

Pile foundation: 246 piles (I = 30 m)

Costs of pile production:
246 piles of 30 m at 600 €/m » 4.4 Mio. €

Savings in costs of
pile production: 3.0 Mio. €

CO, reduction: 2,250t
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Maintower - Frankfurt am Main, Germany sl

- Optimisation by
construction
in 2 directions:

Tow-down method
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$0m Struts
Primary Column

Excavation
i o
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Maintower - Frankfurt am Main, Germany

mm) Results of optimised design:

* minimised deformations

e minimised construction time

i e

ey |_,

it e e
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Comparison of costs for the piles

Accomplished: CPRF of 112 piles (l,yerage = 30 M) }t-b" "

Costs of pile production: *:':
112 piles of 30 m at 600 €/m » 2.0 Mio. € i

Pile foundation: 277 piles (I = 30 m)

Costs of pile production:
277 piles of 30 m at 600 €/m » 5.0 Mio. €

Savings in costs of
pile production: 3.0 Mio. €

CO, reduction: 2,200t
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Taunusturm - Frankfurt am Main, Germany

Height: 170 m tiim

Construction time: 2011 - 2014

High-rise building

and living tower: CPRF

Underground parking: Foundation raft with | sE=n
micro piles against buoyancy | aznel

Total bUIIdlng load = 2,000 MN Quaternary ___GW Eﬂ@ﬁﬂl il_: I

sand and gravel

Frankfurt Clay

Frankfurt Limestone
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Living tower:
> piles: 12
» foundation raft: 1.2 m

High-rise buildings:
> piles: 46
» foundation raft: 2.8 m

Underground parking:
> piles: 65
» foundation raft: 0.9 m

49



Prof. Dr.-Ing. Rolf Katzenbach ¢ Director of the Institute and the Laboratory of Geotechnics

TECHNISCHE
\ UNIVERSITAT
DARMSTADT

Taunusturm - Frankfurt am Main, Germany
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Taunusturm - Frankfurt am Main, Germany

Comparison of costs for the piles
Accomplished: CPRF of 46 piles (lerage = 25 M)

Costs of pile production:
46 piles of 25 m at 600 €/m » 0.7 Mio. €

Pile foundation: 277 piles (I = 30 m)

Costs of pile production: aph i'ﬂillil!lln“'lf A E oy, i &
230 piles of 30 m at 600 €/m » 4.1 Mio. € IR I . 4113

g ol

-

Savings in costs of
pile production: 3.4 Mio. €

CO, reduction: 2,540t
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Mirax Plaza Tower A - Kiev, Ukraine

- Tower A 200 m : :
. - e River Dnjepr
AR k 2.200 MN __

Tower B
g

J e
I

{s

—
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Foundation systems

1 Load tests
- I
Barrette foundation: Invention of a
120 Barrettes numerical model
| =40 m
28mx0.8m Foundation design

Realised foundation

|

¢ CPRE:

First CPRF = 64| Ba;;ettes
=33 m

2.8x0.8m

in Ukraine (0cpre = 0.88)
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Comparison of costs of the barretts
Accomplished: CPRF of 62 barretts (I =33 m)

Costs of barrett production:
62 barretts of 33 m at 920 €/m » 1.9 Mio. €

Barrett foundation: 120 barretts (I = 40 m)

Costs of barrett production:
120 barretts of 40 m at 920 €/m » 4.4 Mio. €

Savings in costs of
barrett production: 2.5 Mio. €

CO, reduction: 1,550t
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mm) Pile load test with Osterberg-Cells (O-Cells) = ‘;,,_- Thefﬂag ue

= P _:-- il 3 P = :‘, e :
. o TU Darmstadt - © -
z; v-' "-.:_l::‘ \?1‘" o I_E'-w:'v“ l’-.-'-r?ﬂ-:-\..-

A NI TN

neptid 0 R II! el
Dk e a b .
h g -

Pile s R ] -

silty sand o R - TS
segment 1 i fnx Lagos * W 87

22 m

3 Load [MN]

Upper O-Cell

Qm 0
Pile
segment 2 W

sandy clay

clayey sand >

Lower O-Cell 3
56 m
o TN

B3 m
o ——

Pile
segment 3

-4

sand

-5
Displacement [cm]

56



Prof. Dr.-Ing. Rolf Katzenbach ¢ Director of the Institute and the Laboratory of Geotechnics

Back analysis for calibration of
numerical simulations xLagos, Nigeria
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an‘;“try
symm
mmm) Numerical simulation ) e
using Finite-Element- ——
MethOd (FEM) Pile segment 1 =i
DETAIL | Skin Soil

1 element element

element
O-call _»
element
. ‘58.5m
Rotation |
symmelry 1 i
axis R N
T Upper O-cell
vz 0D
=0.69m
Pile segment 2
Lower O-cell
Pile segment 3
-

30m
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Back analysis for calibration of
numerical simulations xLagos, Nigeria
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Combined Pile-Raft Foundation (CPRF)
and horizontal loading
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New Exhibition Hall 3 in
Frankfurt am Main, Germany
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Combined Pile-Raft Foundation (CPRF)
and horizontal loading
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New Exhibition Hall 3 in Frankfurt am Main

- roof with a free span of 165 m
- horizontal loads on foundation (CPRF) resulting
from arch trust of the roof

BB Frankfurt clay

fill and quaternary soil
(5.0 m - 9.0 m below surface level)

I tertiary graben with sand and gravel -~ groundwater level
(max. 16.0 m below surface level) (2.5 m below surface level)
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Combined Pile-Raft Foundation (CPRF)
and horizontal loading

New Exhibition Hall 3 in Frankfurt am Main
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- A-frame
- force transfer

A-frame
ten=zion

#0,71

15,00

e o

e P
1
L]

I

¥
L
¥
¥
W
I
¥
I
[
I
1
I
W
]
]
I
W
I
W
1
]
|-

Dy
LR

14357 15,30

—a
ol

£h =
5

22,15

62



Prof. Dr.-Ing. Rolf Katzenbach ¢ Director of the Institute and the Laboratory of Geotechnics

Ty

i TECHNISCHE

i T -’\ﬁ
Eff*”f: . UNIVERSITAT
Vi DARMSTADT

plce

Recommendations for the design of CPRF

» Piles have to be set directly under the load of the superstructure. The
centre of the pile group should be under the centre of the loads.

 Few long piles are better than many short piles.

* The length of the piles has to be adapted to the loads. At the edge and the
corners of the raft shorter piles and in the inner part of the raft longer
piles are recommended.

* The calibration of the numerical model is necessary. Therefore the back
analysis of pile load tests can be used.

* Optimum of the CPRF-coefficient: Ocpre = 0.5 ... 0.7

CPRF coefficient:

Z Rplle K, j (S)
Acprr =
I:got k (S)
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Thank you for your
Kind attention!

www.geotechnik.tu-darmstadt.de
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