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P e rfo rm a nce  o f d e e p  w a te rtig h t e xca va tio ns in urba n  a re a  a nd  th e ir im p a ct on 
a d ja ce n t h ig h -rise  bu ild in gs

Fouilles profondes étanches en site urbain: comportement et influence sur des adjacent 

immeuble-tours,

C hr.M o o rm an n  & R .K a tz e n b a c h  -  Institute and Laboratory of Geotechnics, Darmstadt University of Technology, Germany

ABSTRACT : In urban environment deep excavations sometimes have to be excavated in direct neighbourhood to existing high-rise 
buildings. In order to guarantee the stability and the serviceability of the adjacent sensitive structures new conceptions for excavation 
technology and for the reliable prediction and for the monitoring of the soil-structure interaction are required. On example of an 
exceptional case history of a 21 m deep watertight excavation in Frankfurt Clay the impact of the underground construction and the 
groundwater lowering on the ground movements and on adjacent high-rise buildings is investigated in detail.

RÉSUMÉ: Les fouilles profondes en site urbain doivent quelquefois être excavées en faible distance des immeubles existantes. En 
raison d’assurer la stabilité et l’aptitude d ’emploi des structures sensitives avoisinantes, des conceptions nouvelles en technologie 
d’excavation, en prédiction fiable et en surveillance de l’interaction entre sol et structure, sont exigées. A l’exemple d ’un cas insolite 
d’une fouille profonde étanche de 21 m dans l’Argile de Francfort, l’effet de la construction souterraine et de l’abaissement de la 
nappe au mouvement du sol et aux immeubles limitrophes est examiné en détail.

1 INTRODUCTION

1.1 Experiences on deep excavations in Frankfurt Clay

The experiences gained in Frankfurt Clay since the 1960s show 
remarkable movements of the retaining walls and at the ground 
surface adjacent to deep excavations. Especially for tied-back 
soldier pile walls dramatic experience were made in 1969-72 
when in the area of the Frankfurt central railway station a 21 m 
deep excavation for an underground station was excavated. The 
wall moved nearly parallel 14.6 cm inward the excavation (Breth
& Romberg 1973). The great movement endangered the stability 
of the adjacent footing foundation of the railway station’s steel 
hall. The long-time experience also indicates that deep excavations 
in Frankfurt Clay cause a considerable heave of the bottom of 
the excavation and at the adjacent ground surface as well. 
Measurements on another 25 m deep excavation (Breth & Stroh 
1974) in Frankfurt show that the bottom of the excavation moved 
12 cm upwards in short time. Since that time great efforts were 
made by improving the constructional aspects of retaining systems 
increasing the wall stiffness and using inner bracing systems as 
well by developing more reliable prediction methods. Fig. 1 
summarizes the experience of the last 30 years by collecting the 
maximum horizontal displacement max. Sh measured in about 100 
wall sections of deep excavations in Frankfurt Clay in 
dependency of the excavation depth H. Beside some exceptional 
cases the ratio max. 8h/  H is smaller than 0.4 % for more than 
95 % of all recorded measurements. The average ratio 
max. Sh/ H  for deep excavations in Frankfurt Clay is 0.18 %.

In comparison with similar analysis for excavations in more 
homogenous London Clay (Burland et al. 1979, Femie & Sucking 
1996) the values gained for Frankfurt Clay are in good accordance, 
but significantly smaller than values presented by Duncan & Bentler 
(1998) for USA, who evaluated an average ratio max. 8h/  H of
0.94 % for the period 1962-89 and of 0.42 % for the period 1990-98.

1 2 Subsoil and groundwater conditions in Frankfurt/Main

The Frankfurt subsoil consists of quaternary sands and gravels down 
to 6-10 m below surface underlain by tertiary sediments, which 
are composed by the Frankfurt Clay, several decametre thick, and 
underneath the rocky Frankfurt Limestone. The slightly over
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Figure 1. Variation of max. horizontal displacement and 
excavation depth for deep excavations in Frankfurt Clay.

Table 1. Frankfurt Clay: average properties.

unit weight o f soil y /  y ' [kN/m3] 1 8 .1 /8 .9

porosity n /  saturation S, [-] / [-] 0 .5 1 /0 .9 4

natural water content w [-] 0.36

liquid limit w( [-] 0.75

consistency index Ic [-] 0.84

coefficient of earth pressure al itst Kj [-] 06+ 0 .8

uniaxial compressive strength q„ [kN/m1] 328

Young's module E *) [MN/m1] 26.9

initial strength <p„ /  cu [ °] / [kN/m2] 0 /  160

final strength < p ' / c ' [ °] / [kN/m2] 2 0 /2 0

*) as a result of uniaxial compression tesis

consolidated Frankfurt Clay is a layered, alternating sequence 
mainly consisting of highly plastic, settlement-active clay of 
medium to stiff consistency, wherein limestone beds and layers of 
silty sand are embedded in irregular sequence and thickness 
(Fig 2b). In average the tertiary formation 'Frankfurt Clay' consists 
of 76 % clay, 11 % sand and 13 % rocky limestone (Moormann
2001). Due to tectonic loading the clay is irregularly fissured. In 
consequence the soil properties scatter in a wide range. In Table I 
average properties of Frankfurt Clay are listed based on the results
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of laboratory tests on more than 300 clay samples.
The groundwater table is about 6 m below ground surface 

within the quaternary sands. In the Frankfurt Clay the 
groundwater circulates in the chasms of the limestone beds and 
in the sand layers as well as in the fissures of the clay. So the 
ground water regime is characterized by a macroscopic 
anisotropy caused by the sandwich like layered subsoil as well as 
by the microscopic permeability anisotropy of the clay.

2 DEEP EXCAVATION NEXT TO A HIGH-RISE BUILDING

2.1 New excavation concept fo r  a 21 m deep watertight pit

In the heavily built-up banking district of Frankfurt/Main for the 
new 240 m high office building M a in  T o w e r  a 21 m deep 
excavation had to be performed under difficult geotechnical 
conditions and in a sensitive urban environment. The excavation 
with a ground area of 3.800 mJ abuts with a distance less than 
1 m on an existing 130 m high office tower (Building A in 
Fig. 2b), which is shallow founded 20 m deep in the 
compressible Frankfurt Clay. In order to minimize the 
movements of existing buildings in the neighbourhood and the 
intrusion into groundwater balance the building pit was designed 
with watertight secant bored pile walls and was excavated using 
a modified top-down technique (Katzenbach & Moormann 
1999). The construction started with the excavation of a small 
braced initial pit in the centre of the foundation area in which the 
heavy reinforced concrete core of the skyscraper was erected at 
first. Afterwards simultaneous construction upwards and 
downwards started (Fig. 3a). During the top/down construction 
period the large bored piles, which are part of the later piled raft 
and which have been executed in advance, could be used for a

Main Tower  e x is tin g  h ig h -ris e  
e xca va tio n  b u ild in q  A

*1

Figure 2. a. Site plan of the M a in  TowER-excavation in the city 
of Frankfurt/Main. b. subsoil profile in section 1-1.

h o riz o n ta l d is p la c e m e n t [cm ] 
3 2 1 0  3 2 1 0  3 2 1 0

H  in itia l p it f* H to p /d o w n  a re a
12 m

e xca va tion  progre ss: 
► -initial pit -7 .7  m 
i- in itia l pit -1 7 .0  m 
>— initia l pit -2 1 .0  m

- o -  top/do w n a re a  -1 1 .3  m 
- o -  top/do w n a re a  -2 0 .0  m 
—  num e rica l prognosis

D1

a'h[kNAn2 

100 200 3 0 0

w res [k N /m 2] 

5 0  1 0 0  1 50

D2

D3

SK.

J2S_

-10

-15

-20-

-25
Ck I
C‘k I
C'

-30

-35

S  E ah=

3 .2 6 0  kN /m

W res = 
1.150 kN/m

V \

\ T \ \

\ \ \

\  i \ \

\
\

\  \  
\ \  \ . y

E a \ \ \ E0

\  \ \

' d e p th  [m ]

a 'h =  e ffe ctive  horiz o nta l e a rth pre ssure  

w res=  re sulting w a te r pre ssure

Figure 3. a. Cross section of the M a in  TowER-excavation with 
initial pit. b. measured horizontal displacements, c. numerically 
predicted earth and water pressure on the outer walls.

settlement-reduced transmission of the vertical loads via the 
intermediate steel columns into the ground.

2.2 Influence o f the groundwater lowering

During excavation the groundwater level inside the building pii 
had to be lowered beneath the foundation level in order to avoid a 
hydraulic failure of the excavation base. With extraction wells 
situated inside the pit the water pressure inside the joints of the

grourKJwiijfc:
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Figure 4. Groundwater drawdown vs. time. a. pumping rate of the 
wells, b. groundwater-levels monitored in a groundwater-level next 
to the excavation (Fig. 2a). c. settlement of adjacent urban buildings.

Figure 5. Influence of the lowering of the deep groundwater 
layers, a. lowering of the groundwater table in tertiary subsoil, 
b. measured settlements around the excavation.

limestone beds and sand layers was relieved. Due to a very 
permeable limestone layer in a depth of 27 m below ground surface 
(Fig. 2b) the average pumping rate was with 100 m3/h quite high 
(Fig. 4a). The drawdown led to a remarkable lowering of the 
groundwater level only in the lower tertiary subsoil (Fig. 4b). The 
groundwater lowering caused very small and even settlements of 
the adjacent buildings which decreased again with increasing 
groundwater-levels by the end of dewatering. The settlements 
decrease with the foundation depth of the shallow founded buildings 
(Fig. 4c). Building B (location marked in Fig. 2a), shallow founded 
in a depth of about 3 m below surface, settled 1.7 cm at maximum, 
whereas the existing high-rise Building A, founded 20 m below 
ground surface, settled only 0.7 cm at maximum (Fig. 4c). All 
deformations of adjacent buildings have been fully reversible. Fig. 5 
shows the influence of the groundwater lowering for the M a in  

T o w e r  on the groundwater-levels in the lower tertiary subsoil 
(Fig. 5a) and on the settlements at the ground surface (Fig. 5b) in the 
banking district of Frankfurt. The groundwater lowering in the 
lower tertiary subsoil has a reach of more than 500 m from the 
excavation border. Due to this kind of groundwater lowering the 
buildings in the urban environment settled in a wide area very 
uniformly. Therefore no damages or cracks in buildings of the urban 
environment were observed. However it should be recognized 
that the loose of buoyancy forces caused by the groundwater 
lowering led to a change of forces in piled foundations and 
piled rafts of adjacent buildings. Due to this effect the monitoring 
of the piled foundation of the 300 m high office-tower C (Fig. 2a • 
Katzenbach et al. 1997), located in a distance of 200 m from the 
M a in  T o w e r , shows an increase of the pile loads by 10 %.

2.3 Influence o f the excavation

The careful monitoring of the retaining walls by 14 inclinometers 
shows horizontal movements which are with max. 2.3 cm very 
small referred to an excavation depth of 21 m in the highly 
plastic clay (Fig. 3.b). The high water pressure and earth 
pressure was carried with small deformations by the stiff floors 
of the basement constructed in top/down technique (Fig. 3c). The 
manual inclinometer-measurements and geodetic leveling were 
combined with a continuous monitoring of the inclination of the 
adjacent high-rise Building A (Fig. 2a) with electrical accelerators 
fixed in the 18Ih floor. While the measurements show no 
influence of the deep M a i n  TowER-excavation (Fig. 6), the

Ao)u : change of inclination in y-direction

'  -0.3J-
Figure 6. Measured inclination of the adjacent high-rise Building 
A during excavation of the 21 m  deep M a in  TowER-pit.
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Figure 8. Reduction of the water load on a watertight retaining 
wall by relieving drillings.

Figure 9. Numerical analysis of a 20 m deep excavation with 
rectangular ground plan: Horizontal displacements [cm].

variation in temperature during a year is causing a moving of 
±4 cm of the top of the tower. The enormous unloading weight of 
the excavated soil of about 1.000 MN was successfully compensated 
by the simultaneously growing building load (Fig. 7). Thus any 
structural damages of the adjacent high quality urban environment 
due to the excavation have been successfully prevented. This 
experience confirms similar results gained by Dcuta et al. (1994) and 
Ou et al. (2000) with top/down applications in urban environment.

3 OPTIMIZATION OF DEEP EXCAVATION DESIGN

The positive experiences gained on the Main Tower-project 
demonstrate that watertight retaining walls help to minimize the 
impact on the urban environment. On the other hand the water- and 
earth pressure increases significantly by increasing excavation depth. 
This results in massive retaining structures. In cohesive soils the 
high retaining forces can often only be handled by an inner bracing 
system. To optimise such deep watertight excavations some 
approaches for more economic design solutions are proposed:

1. The reduction of the water load should be one main goal by 
optimising a watertight retaining wall. A solution for cohesive soils 
are horizontal or inclined drillings from inside the excavation 
through the wall into the subsoil. The drillings reduce the water 
pressure behind the wall to a potential correlating with the height 
of the top of the drilling. Fig. 8 shows the application of such 
relieving drillings for a 20 m deep excavation in Frankfurt Clay. 
The drillings lead to a remarkable reduction of the resulting water 
load by 50 %. Due to additional flow forces the earth pressure 
increases (Ae^. Thus the net unloading of the wall is only 30%.

2. In many cases the excavation of a building pit is followed

Figure 10. Improvement of the ground on the passive side of a 
retaining wall by foundation piles.

by the erection of a heavy building. In settlement-active soils 
usually piled foundations or pile rafts will be executed. The 
foundation piles caused a soil improvement reducing the heave 
of the excavation bottom and improving significantly the ground 
on the passive side of the retaining wall (Fig. 9). In this context 
the analytical consideration of the passive lateral resistance of 
the foundation piles helps to shorten the required embedded 
length of the high loaded retaining wall to an economic optimum.

3. The consideration of the spatial performance of deep 
excavation leads to a more realistic and more economic design. 
Figure 10 shows the numerically predicted horizontal displace
ments of a excavation with rectangular ground plan (LA x LB = 
40 m x 24 m). In such cases plain strain calculation overestimates 
the horizontal movements and the bending movements.

4 CONCLUSIONS

1. The positive experiences gained by this project demonstrate 
that advances in analysis, excavation technology and field 
monitoring can improve safety and minimize any displacements of 
the urban environment caused by deep watertight excavations in 
clay to a minimum.

2. The impact of the 21 m deep excavation on an existing high- 
rise building located in a distance of less than 1 m from the 
retaining walls was with uniform settlements of 0.7 cm very small.

3. New approaches for a more economic design of deep 
watertight excavations in urban environment are proposed.
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