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Observational method as a significant part of serviceability limit state concept 
Méthode d’observation comme partie essentielle de la conception d’état limite d’usage

P.Kudella & P.-M.Mayer -  Institute ol Soil Mechanics and Rock Mechanics, University of Karlsruhe, Germany 
P.-A.V.Wolffersdorff -  Headquarter Foundation Division, Ed. Züblin AG, Stuttgart, Germany

ABSTRACT: There is still great demand for practising consistent verifications of serviceability limit state. Using the example of a deep 

excavation pit in Berlin, the fundamental parts of a possible verification concept and their practical application are explained. The proof 

procedure is based on the observational method which is recommended for ductile support structures. Confirmed by results of a recent 

full-scale field test, reasons for limitations of deformation prognoses based on calculations are given, and the benefits of continuous 

measurements are pointed out. A general normalized deformation limit is used as a first step for a consistent serviceability state evaluation.

RESUME: 11 y a encore beaucoup de besoin de ratrappage à pratiquer des preuves d’état limite d’usage. Les parties fundamentales 

d’une conception possible de vérification et leurs applications sont expliquées sur l’exemple d’une fouille blindée profonde à Berlin. La 

vérification est basée sur la méthode d’observation qui est recommandée pour des blindages ductiles. Les raisons des limitations évidentes 

d’une prédiction des déformations sur la base de calcul sont précisées et étayées sur un essai in situ. La nécessité et les avantages des 

mesurages continuels de deformation sont montrées. Finalement, une limite uniforme et normalisée par la déformation est appliquée que 

premier pas à une vérification consistente d’état limit d’usage.

1 INTRODUCTION

1.1 Serviceability state verification

The new safety concept underlying the unified European Standard 

ENV 1997-1 requires the verification of serviceability states apart 

from the well-known ultimate limit states. Applied to retaining 

walls, this means that deformations in support structures and in the 

surrounding soil must not exceed certain limit values. Retaining 

walls for deep construction pits are in general ductile elements 

with intensive soil-structure-interaction. The new standards the

refore suggest the verification of serviceability state not only by 

means of calculation, but also using the observational method. It 

will be shown in the following why monitoring is necessary and 

how the observational method can then be applied.

1.2 Observational method

The basic rules of the observational method are not new (von Wolf- 

fersdorff & Mayer 1996), but the demand to apply them consistently 

has often been misunderstood as uncertainty or incompetence of 

the designing engineer to deliver reliable deformation prognoses. 

There is no observation without continuous or periodical mea

surements. Measuring programs require additional expenditures, 

which often neither the building owner nor the constructor wants to 

spend. Not only the installation but also the daily consideration for 

taboo areas and sensitive cables hinders the site and occupies the 

lime of qualified staff. It has been ignored, however, that a good 

measuring conceptean improve construction quality and safety and 

as a result save time and money.

The flow scheme suggested in Fig.2 for retaining structures has 

proved its suitability when it was recently applied for several deep 

and extended construction pits in Berlin (Sanger 1996). In princi

ple, it can be transferred also to other structures.

1.3 Criteria and requirements

The establishment of serviceability requirements and the deduction 

of deformation limit values is the first and also most important step. 

As there are no general rules for retaining structures (Scheer et al. 

1994) the requirements have to be negotiated between designer, 

contractor, owner and assisting geotechnical experts.

One common measure is the maximal deflection of the sup

port wall (Fig.l). Several factors contribute to this deflection: 

elastic bending of the wall (ut, maximal in between supports),

deflection of the wall due to slip-out of anchors (u a ), and transla

tion/deflection of the whole wall together with the supported soil 

body (tit maximal on wall top for shallow pits, but also u ;  on the 

toe for deep pits with high water pressures). In most cases the ma

nufacturing tolerance of the final basement walls and the protection 

of sewers, cables and pipes close to the wall define the limit. Even 

more important serviceability demands follow from neighbouring 

buildings. For rigid structures the average settlement s vm and 

the tilt a  are appropriate measures. Limits are defined in regard 

to interconnected buildings and service pipes. Where differential 

settlements between foundations are possible, they must be 

restricted to quantities well below structural damage to avoid plas

ter cracks and jamming doors. But also absolute and differential 

displacements in horizontal direction (shm, A s/,) have to be taken 

into consideration. In regard to different construction stages, addi

tional serviceability criteria may be necessary.

2 LIMITATIONS OF DEFORMATION PROGNOSIS

2.1 Full-scale field test

In 1993 a full-scale field test with a single-supported sheet-pile wall 

of 5 m height was carried out in sandy soil near Karlsruhe. The 

test load was realised with a water bassin. 43 prediction studies
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Fig. 2 F low  schem e o f  the  o bservational m ethod

EARTH P R E S S U R E S  BENDING M OM EN TS D ISPL A CE M E N TS

0.00 1.00 m 2.00 m 3.00 m 4.00 m 5.00 m

10

p = 10 kN/m

I____I_____I_____I_

20 40 60 80 
kPa

80 60 40 20 0 -20 -40 
mm
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d efo rm ations

were carried out by interested geotechnical experts from 14 diffe

rent European countries. The predictors were asked to base their 

analyses not only on calculation models of their choice, but also 

on their own evaluation of various soil test results handed out to 

them. Fig.3 shows the significant differences between the predicted 

earth pressures, bending moments and deformations. Comparison 

with measurements shows, that all three results had not only been 

overestimated, but also that the reliability of the predicted wall per

formance is quite insufficient. Test layout and results are reported 

elsewhere in detail (von Wolffersdorff 1994 and 1997).

2.2 Unreliability o f  numerical prognoses 

Following reasons are responsible for the uncertainties:

Most commonly used evaluations of the problem are based 

on too simple mechanical models, i.e. the modelling of the 

wall as an elastic beam supported by linear or non-linear soil 

springs (22 prognoses). Earth pressure redistribution is of

ten estimated by means of empiric rules (3 prognoses) or in

combination with the spring model. Evaluations of the elas

tic wall bending alone, however, cannot supply information 

about the deformation history of the soil body behind the wall 

and subsequent ground settlements.

• Finite-element-models have become a powerful tool espe

cially when interface elements are included. The problem 

here is that the constitutional laws commonly available for 

FE-calculations (18 prognoses, most of them with Mohr- 

Coulomb) do not describe the soil realistically. The capillary 

cohesion for example, can considerably decrease the earth 

pressure. The introduction of more appropriate constitutio

nal laws (like hypoplasticity, Gudehus 1995 and 1996) into 

common-type FE programs has been started (Hügel 1995).

• In spite of the extensive soil investigation the knowledge of 

stress history, geological inhomogeneity and state parameters 

usually remains quite insufficient. For example, it c o u l d  not 

be recognized in the predictions that the earth pressure after 

wall installation was quite different from the assumed in- 

rest-distribution. Even the best continuum model, however, 

would essentially suffer from the uncertainty of the initial 

situation.
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Fig. 4  Survey  cross section  show ing  geology, construction  and m easuring  insta lla tion

A verification of serviceability state is obviously not possible based 

on calculations alone, not even with the most sophisticated nume

rical models (Nova et al. 1995). Prognoses should therefore be 

accompanied by measurements according to the diagram in fig.2.

3 STRUTTED RETAINING STRUCTURE - DESIGN AND ME

ASURING CONCEPT

The observational method will be demonstrated using the example 

of a 20 m deep excavation pit adjacent to an existing 16-storey 

building under construction 1995-96 in Berlin (more information 

is given in: Mayer & Kudella 1996; Sanger & Mayer 1996). The 

pit within a shallow large excavation area has dimensions of 58 m 

x 18 m and will house an automatic parking system (fig.4). The 

soil consists of medium sand intersected by a significant marl layer. 

The watertight construction is provided by a slurry wall with hung- 

in sheet piles of the required static length. In 40 m depth the wall 

is enbedded in an impervious brown coal clay layer. The wall was 

supported by cut-and-cover slabs at its ends respectively 3 sets of 

struts in the center part, two of them to be incorporated into the 

built-in construction.

The measuring concept was planned in such a way to indicate 

deformations relevant for the serviceability state, i.e. especially set

tlements of the nearby tower block. Wall deflections and horizontal 

deformations of the surrounding soil were measured by means of 

10 inclinometers in the diaphragm wall itself, in 2 m distance from 

the wall and around the tower block. Vertical deformations were 

recorded using 5-phase-extensiometers and a special extensiometer 

for the bottom heave. Strut forces were controlled with pressure 

cells and water pressures with piezometers. The tower block had 

its own automatic 12-point precision-levelling system. Except for 

the inclinometers all data were recorded on-line.

4 EVALUATION OF PROGNOSES AND MEASUREMENTS

4.1 Calculations based on Finite-Element-Models and comparison 

with observation

The numeric deformation prognosis plays an important part for the 

understanding of the deformations in the support system and the 

adjacent soil. It helps to localize useful positions of the measuring 

devices. The effect of various construction operations or alterations 

in the construction progress can be judged in advance. In some 

cases the prognosis may also reveal that predefined criteria are 

unrealistic under the given circumstances and have to be corrected.

As early as in the planning stage a deformation analysis was 

carried out using the Finite-Element-Program TUNNEL (Hilber &
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Fig. 5 C om parison  o f  p rognoses and  m easurem ents fo r  a  se lected  w all section

Raisch 1982). The calculated wall deformations, bottom heaves 

and some minor differential settlements of the existing tower block 

coincide quite well with the measurements. Fig.5 shows a com

parison of wall deflections and horizontal displacements between 

FE-prognoses and measurement. Even the original wall design 

based on the elastic beam showed a rather good coincidence with 

measurements, because the elastic properties of the wall govern the 

deformations. The real advantage of the FE-model is the incorpo

ration of soil deformation in the interaction area of foundation and 

excavation pit.
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T able 1 N orm alized  d efo rm ation  v alue for c alcu lated  and m easured  d efo rm ations

deformation reference length first prognosis measurement improved prognosis limit value

u t H  = 16 m 5 mm 9 mm 6 mm 200 mm

u b Ls\u — 23 ni 36 mm 39 mm 39 mm 200 mm

U f L = 40 m 6 mm 20 mm 20 mm 200 mm

S v m D  = 19 m 7,7 mm 6,8 mm 7,3 mm 40 mm

tan q 2,61 • IO-4 2,55 • IO"4 2,65 • IO-4 6,66- IO-4 (= 1/1500)

M  (W, equal) 7,49 ■ IO- “ 8,53 • 10~4 8,35 ■ 10"4 7,24 • 10_J

M  (W , weighted) 3,04 • 10-4 2,95 • IO"4 3,07- 10-4 1,43 • 10-J

4.2 Actualization o f prognoses

Normally it will be necessary to repeat the deformation analysis 

with updated input data during the construction process. The aim 

of these improved prognoses is to include additional information 

about the stratification, water levels and design adjustments into the 

consideration rather than to adapt the prognoses to the observation.

Additional soil exploration provided new evidence about a dis

tinct offset in the marl layer leading to higher differential settle

ments for the building. On the other hand, construction procedures 

such as slurry wall cutting, jet-grout underpinning of the exis

ting foundation, and compensation grouting were connected with 

additional settlements, which had not been modelled in the first 

prognosis. Observation, however, could be used to verify additio

nal FE-models trying to describe these types of soil disturbance.

4.3 Supervision o f criteria

The last step of the flow scheme is the verification itself. The given 

ultimate limit values for serviceability criteria have to be reduced 

to so-called threshold values. The reduction factors used hereby 

are comparable to the safety factors for ultimate limit state. Until 

now they are specified in regard to each individual project. The 

measurement equipment allowed any violation of serviceability 

criteria to be supervised with an automatic multi-stage alarm sys

tem. Critical settlement rates of the tower block and - depending 

on the construction progress - either critical water pressures or strut 

forces were reported to the supervising engineers.

Of course the observational method must include suitable cons

truction measures to be undertaken in case of any catastrophic 

deformations. During construction, unforeseen events caused loa

ding situations for the retaining structure affecting even structural 

safety. Thanks to the automatic supervision system, appropriate 

countermeasures could be provided to maintain an acceptable sa

fety level at minimal extra costs and extra time demand. Careful 

consideration of serviceability state may often be accompanied by 

additional benefit for ultimate limit state evaluation.

5 NORMALIZED DEFORMATION LIMITS

Decisions for further procedure have to be made after each compari

son of prognosis and measurement and after verification of criteria. 

Such comparisons lack uniqueness when several deformation cri

teria have to be met. Gudehus has proposed a uniform weighted 

deformation limit allowing the verification of several criteria in one 

single relation similar to the ultimate limit state (Gudehus 1995):

1

+  wm 2 +  Wa (tana)2 \

In this formulation 5 deformation criteria have been normalized by 

suitable reference lengths. The weighting factors W Ub +  W ut + 

W u¡ +  W !rn W a = 1 are to be chosen according to the ser

viceability demands. They represent the relative importance of 

the different criteria just like partial safety factors in the ultimate 

limit concept. There are two options for the choice of ’’correct” 

reference lengths:

•  Lengths with a physical causal connection to the deformation

(for example ut, referred to the average distance of wall sup- 

ports b). The quotient then describes a ’’system stiffness”, and 

each type of construction is represented by typical values.

•  Lengths with a relation to serviceability needs (for example 

s m referred to the diameter of sensible service pipes Dp). In 

this case the use of absolute tolerances, though still practised 

in most cases, should consequently be avoided.

Table 1 shows the normalized deformations due to prognosis 

and observation compared with the predefined limits due to the 

above equation. The limit values for u t /H ,  u t , /L ,w and uj/L  

refer to the design tolerance of the built-in construction parts. For 

W ut = W ub =  W uf = W lm = W a =  0 ,20  they are not 

compatible to the much more restrictive settlement criteria of the 

existing building, and therefore prognosis and boundary value dif

fer by almost one decade. The relation improves when repla

cing W ut = W ub =  0,0025, W uf = 0 ,0 1 ,  W ,m = 0,20 and 

W a = 0,785. The weighting factors are not only meant to value 

the relative damage when losing a certain aspect of serviceability, 

but at the same time to assess the probability that the system viola

tes this particular limit. Consequently the most restrictive criterium

- which will normally be related to the greatest possible damage - 

governs the normalized deformation value. A major shortcoming 

of the proposed formulation is the fact, that one overcritical defor

mation component may still remain undetected if others stay below 

the limit.

The authors hope that far more data of carried out retaining 

structures will be collected, systematized and discussed in the near 

future in order to evaluate the practicability and possibility of ge

neralizing the proposed verification concept.
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