The Institution of Structural Engineers

The Institution of Civil Engineers

International Association for Bridge and
Structural Engineering

MARCH 1989

Soil-structure interaction

The real behaviour of structures

Published by the Institution of Structural Engineers



The Institution of Structural Engineers

The Institution of Civil Engineers

International Association for Bridge and
Structural Engineering

Soil-structure interaction

The real behaviour of structures

MARCH 1989

The Institution of Structural Engineers
11 UPPER BELGRAVE STREET, LONDON SW1X 8BH



Constitution

S. Thorburn, OBE, FEng, FIStructE, FICE, FASCE, FIHT, FGS Chairman
Professor J. B. Burland, MSc(Eng), PhD. FEng, MIStructkE, MICE (1/4) Vice-Chairman
R. J. Adam, BSc(Eng), CEng, MICE (3/7)

J. Billam, PhD, CEng, MICE (resigned 1985) (1/7)

J. B. Boden, MSc, CEng, MICE (7/8)

K. W, Cole, MSc, CEng, FICE (2)

R. W. Cooke, BSc(Eng), CEng, MICE (1)

D. J. Curtis, BSc, MSc(Eng), DIC, CEng, MICE (3/8)

David J. Dowrick, BSc(Eng), BE, CEng, FICE, FIENZ - corresponding member
R. Driscoll

H. Faulkner — corresponding member

H. B. Gould, CEng, FIStructE, FICE

D. R. Green, MSc, PhD, CEng, MIStructE (1/7)

P. A. Green, ACGI, BSc, DIC, FGS, CEng, FICE (1/4)

J. M. Head. BSc

J. A. Hemsley, DIC, MEng, PhD, CEng, MIStructE, MICE (1/8)
W, J. Larnach, BSc(Hons), MSc, PhD, CEng, FIStructE, FICE
Professor G. Macchi — corresponding member

K. C. Mead, MA(Cantab), CEng, MICE (5)

R. T. Murray, BSc, PhD, CEng, MICE, MIHT (7/8)

Professor Roy Olson — corresponding member

J. F. S. Pryke, MA(Cantab), CEng, FIStructE, FICE (1/2)

M. F. Randolph, MA, PhD (5/6)

W. J. Rigden, MSc, CEng, MICE (5/6)

R. M. Semple, BSc, MSc, PhD, CEng, MICE (5/6)

Brian Simpson, MA(Cantab), PhD, CEng, MICE (4)

J. E. Spindel, BSc(Eng), PhD, ACGI, CEng, MICE (3)
Professor 1. M. Smith, DSc, CEng, MICE (5/6)

W. J. R. Smyth, BA, BAI, CEng, FIStructE, FICE, FIHT (3)

I. F. Symons, MSc, BSc, CEng, MICE, MIHT (4)

W. R. Varley, BScTech, CEng, FICE (3)

B. P. Wex, OBE, BSc, FCGI, FEng, FIStructE, FICE, FIHT

L. A. Wood, BSc, PhD, CEng, MICE (2/4)

R. J. W. Milne, BSc Secretary

Note on method of preparation

Following the symposium on soil-structure interaction held on 5 December 1984 a decision was
made to extend the 1978 report to cover other than building structures. The Committee divided
into a number of working groups:

1 Building structures (Mr. P. A. Green. Convener)
2 Underpinning (Mr. J. F. S. Prvke. Convener)
3 Bridge structures (Mr. W. R. Varlev, Convener)
4 Earth retaining structures (Dr. Brian Simpson. Convener)
5 Offshore structures (Mr. W. J. Rigden. Convener)
6 Storage tank structures (Dr. R. M. Semple. Convener)
7 Earthworks and buried structures (Dr. R. T. Murray. Convener)
& Tunnels and caverns (Mr. J. B. Boden. Convener)

The reference number against the member's name indicates which Working Group(s) the
member joined. Two of the Working Groups augmented their membership as indicated below:

A Steering Committee guided the Working Groups and finally edited their output into the
present report. The Steering Committee consisted of:

Mr. Sam Thorburn. OBE. FEng (Chairman)

Professor J. B. Burland. FEng (Vice-Chairman)

Mr. R. W. Cooke

Mr. H. B. Gould

Dr. W. J. Larnach

Mr. B. P. Wex. OBE. FEng

Assistance to the Working Group on Tunnels and caverns was given by Mr. B. L. Bubbers.
Mr. L. M. Lake and Mr. R. E. Williams. to the Working Group on Tank structures by Mr. A. F.
Abbs. Dr. D. A. Greenwood. Dr. A. D. M. Penman. Mr. M. A. B. Steel. Mr. M. Sweeney and
Mr. Z. Witkowski. and to the Working Group on Offshore structures by Mr. J. Clarke.
Professor T. J. Poskitt. Mr. V. A. Mirza and Mr. M. J. Reardon. In addition Mr. C. Laird
assisted in the drafting of Section 12 (Buried structures).



Contents

Foreword

Preamble

1 Introduction

1.1
1.2

1.3

1.4

s ot Pt
o <] ~N N

General

Categories of interaction

1.2.1 Category I — Structures
supported by ground

1.2.2 Category 11 — Ground
supported by structures

Ground behaviour

1.3.1 General

1.3.2 Effective stress

1.3.3 Stress history

1.3.4 Influence of non-homogeneity

of soil

5 Theoretical and real behaviour

and ground investigation works

1 Desk studies

2 Soil sampling and testing

3 Fieldtests

4 Rockstrata

5 Groundwater regime

6 Mineralsituation

Allowable movements

Serviceability limits

Definitions of ground and foundation

movement
Dynamic response
References

3
3
3.
ite
4.
4.
4.
4.
4.
4.

— s ()

2 Design philosophy

2.1
22

2.3

Part I: Structures supported by ground

Importance of the soil profile
Idealization and reality

2.2.1 Soilgeometry

2.2.2 Soil properties

2.2.3 Resultantloads

2.2.4 Structural geometry
2.2.5 Structuralloading
2.2.6 Structural properties
Conclusion

3 Historical note

4 Building structures

4.1
4.2

4.3

4.4

4.5

4.6

The construction sequence

Analysis of soil-structure interactton

4.2.1 General

4.2.2 Detailed analysis

Limiting movements

4.3.1 Relative movements affecting
visual appearances

4.3.2 Visible damage

4.3.3 Relative movements affecting
serviceability and function

4.3.4 Limitingrelative settlements

Fundamental damage criteria

4.4.1 General

4.4.2 Limiting tensile strain

4.4.3 Crack propagation

4.4.4 Discussion

Routine guides on limiting settlement

4.5.1 Introduction

4.5.2 Sands

4.5.3 Claysoils

4.5.4 Generalremarks

Criteria for design for dynamic

loading

4.7
4.8

Case histories

Underpinning

4.8.1 General

4.8.2 Design considerations

4.8.3 Soil-structure interaction
aspects

References

5 Bridge structures

5.1

s wNo

5.6

Structural purpose
Interface between bridge and soil
Features of interaction

The reality

Spill-through abutments

5.5.1 Introduction

5.5.2 Design considerations

5.5.3 Ultimate lateral resistance of
piers

5.5.4 Spill-through abutment piers—

at the working condition
5.5.5. Astudy of performance
Construction
References

6 Offshore structures

6.1
6.2
6.3

6.4

6.5

Introduction

Site investigation

Analysis of offshore pile foundations

6.3.1 Introduction

Approach to design

Prediction of foundation
response

Cyclicloading

Structural modelling

Temporary seafloor support
for fixed offshore platforms

Gravity base response in service
conditions

Introduction

Loading regimes

Waves and earthquakes

Quasi-static loads and
displacements

Displacements arising from
cyclicloading

Cyclic degradation arising
from porewater pressures

Dynamic amplification of
displacements

Jack-up units

References

Qoo ovon
Wi wis
AN [FN )

6.4.7

7 Cylindrical storage-tank structures

7.1
7.2

7.3

7.4

Introduction
General description
7.2.1 Tank dimensions
7.2.2 Concrete tanks
7.2.3 Steel tanks
7.2.4 Hydrotest
Foundation considerations for steel
tanks
Soil conditions
Consolidation under tank
loading
Preloading with surcharge
In situ compaction and stone
columns
Piles
Underbase preparation
iting tank distortions
.1 General
.2 Deformation criteria for steel
tanks
.3 Steel overstress criteria
4
5

il W b
0(11 00 DI =

Reinforced-concrete tanks
Cryogenic tanks

-b-h-&- -B-Ih

29
29
29
30

30
30

33
33
33
33
34
36
36
36

37

40
41
43

44
44
44
44
44
45

45
47
47

48

48
48
49
49

49
49
49

49
49
31

53
53
53
53
53
53
54

54
54

54
54

54
55
55
55
55

35

59
59



7.5

7.6

7.7

N~
oo

7.10

w

tability and settlement of steel tanks

5.1 Foundation loads

5.2 Stability considerations

5.3 Settlement prediction

5.4 Immediate settlement

5.5 Long-termsettlement

ontingency and remedial measures

6.1 General

6.2 Tank dimensions

6.3 Bottomslope

6.4 Bottom plating

6.5 Floating-roof tanks

.6.6  Attached pipework

6.7 Tank jacking

6.8 Grouting

6.9 Tank removal and
replacement

6.10 Tank rectification

erformance monitoring
.1 Purpose of monitoring
.2 Measuring settlements
.3 Shell ovality
.4 Excess pore pressures
.5 Lateral soil movements

ite investigation

N NNNNNNNNNANNNIN

g

5
7
2
7
7

NN~

O
o
44
ag
=
o
Q
a
(9}
[723

9
.9.2  Concrete tanks
.9.3 Steeltanks

roject management

10.1 Project organization
.10.2 Functions of participants
7.10.3 Cryogenic projects
7.10.4 Construction aspects
References

NN
©

Part II: Ground supported by

structures
8 Fundamentals

8.1
8.2
8.3

Porewater pressure
Deformation characteristics
In situ stresses

References

9 Retaining walls

9.1
9.2

9.3

00
wn

9.6

9.7

Introduction

Types of retaining structure
requiring consideration of soil-
structure interaction

9.2.1 General

9.2.2 Non-embedded walls

9.2.3 Embedded walls

9.2.4 Short- and long-term

conditions

Earth pressures

9.3.1 Limiting active and passive
pressures

9.3.2 Relationship between earth
pressures and wall
movements

9.3.3 Earth pressures arising from
surcharges

Ground movements

Effect of stiffness on the structural

system

9.5.1 General

9.5.2 Propsand ground anchors

9.5.3 Wall penetration and stiffness

9.5.4 Berms

Effect of type and method of wall

construction

9.6.1 Wallsretaining backfill

9.6.2 Insituwalls

Calculation methods

9.7.1 General

60
60
60
60
61
6l
61
61
61
61
62
62
62
62
62

62
62
62
62
62
62
62
63
63
63
63
63
63
64
64
64
64
64
64

67
68
68
68
68
69

70
70

70
70
71
71

71
71

71

74

75
76

77
77
77
78
78

79
79
79
79
79

9.7.2  Simple calculations
9.7.3 Elasticity calculations
9.7.4 Complete methods
9.7.5 Finite-element methoc.
References

10 Reinforced-soil structures

10.1
10.2

Introduction
Design considerations
References

11 Tunnels and underground openings

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
11.10
11.11
11.12
11.13
11.14
11.15
11.16
11.17

Introduction

The tunnel system
Geotechnical investigations
Ground-support interaction
Time-dependent effects
Elastic interaction
Elasto—plastic interaction
Ground-movement prediction
Initial risk assessment
Stability

Analytical methods

Support types

Design methods

Caverns

Multiple openings
Intersections

Commentary

References

12 Buried structures

12.1

12.2

Stiffness

12.1.1 Rigidstructures

12.1.2 Flexible structures

12.1.3 Intermediate-stiffness
structures

Longitudinal settlement effects

12.2.1 Corrugated-steel culverts

12.2.2 Reinforced-concrete culverts

References

13 Conclusions and recommendations
Appendix Interactive analysis of building

Al
A2

> >
EE OS]

Index

structures

General

The structural model

A.2.1 Introduction

Framed structures

Infill panels in framed
structures

Loadbearing-wall structures
(masonry and in situ concrete)

Large-panel structures

External frames stiffened by
stiff cores (core—column
structures)

Soil model

Analysis

A.4.1 Introduction

A.4.2 Padand strip footings

A .43 Raftfoundations

A.4.4 Piledfoundations

Dynamic response of soil-structure
systems

Dynamic behaviour

Dynamic analysis

Soil models for dynamic
analysis

Models for dynamic analysis

Seismic soil-structure
interaction

References

> Py
PR RN NN
o A W

> P
Lhin Ll
A W=

79
79
80
80
80

82
82
83
86

87
87
87
87
88
89
89
90
90
92
93
94
94
95
95
95
95
95
96

97
97
97
97

97
98
98
98
99

100

101
101
101
102
102

102

103
104

104
104
106
106
166
106
109

111
111
113

113
115

115
115

118



Foreword

Prior to 1970 design practice tended to consider the ground and the structure inrelative
isolation. The Institution of Structural Engineers, in support of the need for recognition
to be given to interactive effects, formed a Special Study Groupin 1971 to study the
matter and make recommendations. This led to the setting-up of an ad hoccommittee
which prepared the state-of-the art report — Structure-soil interaction — publishedin
1978. In accordance with Institution procedures the relevance of the 1978 document to
current practice was reviewed, and the need for revision and extension wasidentified.
The Institution, with the cooperation of the Institution of Civil Engineers and the
International Association for Bridge and Structural Engineering, has responded to the
current demand for adequate definition of the problems presented by interactive effects
and has initiated the preparation of this comprehensive guidance covering most typesof

structure.

Sam Thorburn, Chairman, Joint Committee
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1.1 General

The real behaviour of structures in contact with ground
involves an interactive process beginning with the construc-
tion phase and ending with a state of balance after a period
of adjustment of stresses and strains within the structure
and within the ground influenced by the structure.

Building structures, storage tanks, bridges adjacent to
high embankments on soft ground, buried pipes and
culverts, retention systems, tunnels, and offshore plat-
forms all experience interactive effects.

A retaining structure is a classic example of the problem
of strain and time-dependent effects causing variations in
ground pressures, and of the response of a structure to
these changes.

A subjective decision may be made by designers to
ignore the mechanism of structural behaviour known as
soil-structure interaction, but interaction will occur and its
effects may be more than envisaged. A decision to design a
structure in isolation can result in a satisfactory solution
provided either:

ethe ground can sustain the loading with acceptable
displacements, or

ethe ground is treated by some suitable technique to
provide appropriate stiffness and strength.

Piled foundations often have been employed to provide
relatively rigid foundations and have permitted structures
to be designed in isolation. Piled foundations however,
although reliable, are not necessarily economic and may
result in over-conservative designs in many situations.

A sympathetic treatment of problems of interaction is
required except where either the stiffness and strength of
the ground or of the structure are clearly dominant.

There are situations where interaction results from the
existence of a structure at a particular location rather than
from its weight on the ground. Ground displacements and
accelerations arising from actions such as ground subsi-
dence caused by mineral extraction, major landslips or
seismic events are typical instances.

The actual behaviour of structures relates to the inherent
spatial variations in the ground, and it should be appreci-
ated that these variations are not always readily identifiable
by occasional and local boring, sampling and testing.

1.2 Categories of interaction

The contents of this report are presented in two parts in
order to reflect the two main categories of interaction. Part
I provides guidance for the design of different types of
structure supported by ground, and Part II deals with
situation where ground is supported by structures.

1.2.1 Category I — Structures supported by ground
General

It is important to distinguish between two broad objectives
in carrying out soil-structure interaction analyses: first, and
perhaps of most concern to the engineer, is the need to
estimate the form and magnitude of the relative deflec-

Previous page
is blank
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tions; this information is used to assess the likelihood of
damage and to investigate the merits of different founda-
tion and structural solutions: secondly, is the much more
specialized requirement of calculating the distribution of
forces and stresses within the structure. The second
requirement entails a degree of sophistication and com-
plexity many times greater than the first.

Golder (1969) has pointed out that engineers could
estimate the settlements for a perfectly flexible load or they
could estimate the average settlement of a rigid load, but in
between these limits the engineers could say nothing.
During the past few years progress has been made, but
simple practical techniques are urgently required. Until
this is achieved the knowledge that is being accumulated on
the observed behaviour of structures will be difficult to
apply. De Mello (1969) has emphasized the lack of logic in
relating such information to computed differential settle-
ments that neglect the stiffness of the structures.

Flexible building structures

For many sites underlain by ground that has been subjected
to past loading the structure could be designed in relative
isolation after adopting the following simple approach to
the prediction of ground-structure compatibility.

The structure is considered to be flexible and to apply
loads in a uniformly distributed manner over specific areas.
If conventional geotechnical calculations predict ground
displacements that a basic structure, its cladding, its
partitions and its finishes can accommodate then no further
consideration need be given to interactive effects. If,
however, the calculations indicate movements that cannot
be accommodated then care must be taken to ensure that
the design and details of construction recognize the situa-
tion.

The decision that a building structure can accommodate
the movements that are anticipated can be taken only with
reference to previous experience in similar situations or to
published criteria such as that presented by Burland &
Wroth (1975). The limitations on the use of empiricism in
design practice have been demonstrated by situations in
which problems have arisen. Frequently poor structural
performance has arisen from significant departures from
traditional structural design, routine loading, and familiar
ground conditions. The interaction of cladding and parti-
tion walls within a basic structure must not be forgotten
since the response of the basic structure to loading can be
modified significantly by the incorporation of these secon-
dary elements.

In circumstances where the decision is taken that a
building structure cannot accommodate the movements
that are anticipated from conventional geotechnical cal-
culations — assuming a flexible structure — movement joints
may be introduced to permit articulation and to provide
global flexibility. Care has to be taken in the detailing of
joints in the basic structure, its foundations, and its
cladding and partition walls to permit relative displace-
ments without impairment of appearance, durability,
weathertightness, and acoustic and thermal performance.



Many structures can be modified to accommodate large
movements within the limits of function and aesthetics by
introducing separation joints and using suitable construc-
tion materials.

Rigid building structures

Alternatively, structures having similar functional require-
ments can be designed to redistribute load and so achieve
an acceptable reduction of differential settlement. In these
instances structural design is relatively complex, and
practical treatment of the subject requires reasonable
assumptions to be made regarding physical models for
analysis.

If the stiffness of a structure can be evaluated adequate-
ly, bearing in mind the modifying influence of progressive
stages of construction, and if the ground and its stiffness
moduli can be defined sufficiently by a proper investigation
of the site, reasonable predictions can be made of forces
and displacements.

Powerful analytical techniques are now available to
designers, but at present, there is a paucity of information
derived from carefully conducted full-scale tests on all
types of structure to permit the differences between
idealization and reality to be defined with complete
confidence.

Underpinning
Successful underpinning requires an awareness of the
hidden distributions of strain and stress and of the particu-
lar ground support conditions. Paths of load transfer, both
primary and secondary, need to be fully defined within any
structure to be underpinned, as do the probable concentra-
tions of strain and stress in the building while in its passive
condition. Further, it is important to establish the cause of
settlement in a building that suddenly displays movement
and, in particular, to know whether the event can be
arrested by underpinning alone. Structural strengthening
measures may be an essential requirement in conjunction
with underpinning to arrest movements. Underpinning
may be unnecessary if the event is initiated by a short-term
phenomenon and the movements do not disturb signifi-
cantly the natural state of balance of a building structure.
The transfer of load from a structure to its underpinning
components needs to be carefully executed, and the
mechanism of load distribution has to be identified and
controlled to an extent commensurate with either the
simplicity of the operation or its complexity and the need to
restrict movements.

Bridge structures

Bridge structures are platforms capable of supporting
dynamic loads, and their serviceability limits are different
from those required for building structures. Buildings are
containment structures providing not only structural sup-
port but also an ambience suitable for occupants or for the
storuge of materials.

Piled foundations for bridges do not obviate problems
where soft compressible soils exist, since the major asym-
metric loading imposed by high embankments behind
bridge abutments induce high shear stresses in the soft soils
and cause significant lateral movements of piled abut-
ments.

Consideration has to be given to the particular problems
of interaction presented by bridge structures, and the
assumption of rigid supports at abutments and piers should
not be made on the grounds of simplicity and ease of
calculation.

Offshore structures
The cyclic nature of the environmental loading imposed on
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offshore platforms requires consideration to be given to the
effects of cyclic stresses on soils, to “he potential for
liquefaction, to the possibility of seismicity, and to the
fatigue of structural components.

The installation of fixed or floating pla:forms in offshore
localities resting on or anchored to the seabed creates
structures whose behaviour is interactive. Safe and econo-
mic design of these large structures involving major capital
expenditure requires that dynamic and interactive re-
sponses be recognized in their designs. The economics of a
design are relative since cost depends on structural provi-
sions that may vary depending on the levels of risk accepted
by the owner of the installation and by the certifying
authority. The principal design engineer for an installation
should be aware of the global interactive effects between an
offshore structure, its foundations, ard the soils that
support it.

Storage-tank structures

Tanks are used for the storage of liquids having different
propcrties and wide range of temperature. Steel and
concrete are generally used in the construction of tanks.
The ductility of the former material and the relative
brittleness of the latter enforce the adoption of distinctly
different serviceability limits and structural forms.

Steel storage tanks are often cylindrical with their thin
steel plate bases resting on very soft soils. The loading
intensities applied by the tank bases approach the limiting
soil stresses, and large plastic strains are experienced.
Severe distortion of the steel plates forming the walls and
bases of tanks is often experienced.

The design of tank structures requires careful considera-
tion to be given to the magnitude and rate of settlement,
and to the distortion to which the tank elements can be
subjected. The problem is often one of interaction between
thin shell structures and soft soils, and interactive effects
cannot be avoided if economic designs are to be evolved.

Category II — Ground supported by structures
Earth-retaining structures

Earth-retaining structures are unique in that the walls are
integral components of soil-structure systems deriving
both loading and support from the soil. Strain and time-
dependent forces and movements cause variations in
ground pressures, and retaining structures respond to these
changes in order to maintain a state of balance.

For many traditional gravity or cantilever retaining walls
the magnitudes of the movements required to mobilize full
active pressures behind retaining walls are relatively small.
This phenomenon has encouraged the use of statics in more
complex designs of modern retaining structures where
interactive effects have a major influence.

It is important to take into account in the design of
retention systems the initial in situ stresses, together with
the modifying effects of structural movements on lateral
soil pressures and, in particular, the effects of construction.

Tunnels

The interaction between tunnel linings and the ground
within the effective fields of stress around tunnels demands
recognition in order to comprehend and make allowance
for the real behaviour of these man-made cavities. The
same recognition needs to be given in the design of unlined
tunnels or caverns in competent rocks.

Considerable experience is required or the economic
and safe design of tunnels, and empiricism based on careful
field measurements is still used by engineers. The stress
relief permitted by construction methods modifies the
ground pressures, and interaction is inevitable.

IStructE/Soil--Structure Interaction



Buried structures

Pipes and culverts interact with the ground, and the stresses
generated both in the ground and these structures are
controlled and modified by the strains that occur. Time-
dependent phenomena contribute largely to the variations
in stress that are experienced during the service life of the
structures.

Thin-walled corrugated steel pipes and culverts depend
on interactive effects for their strength and structural
behaviour, and stresses are both applied and resisted by the
ground surrounding them.

1.3 Ground behaviour
1.3.1 General

Ground is the generic term used to describe the basic
elements of soil and rock. Codes of Practice refer frequent-
ly to these main categories of ground as superficial and solid
deposits. The expression soil-structure interaction does not
completely represent the subject since structures founded
on, or retaining, weak rocks can experience interaction
effects.

Inorganic soils are composed of discrete mineral parti-
cles, water and gas in solution, and exist in fully and
partially saturated states. The soil particles vary in shape
depending on origin and attrition and have sizes ranging
generally from large gravel (60 mm) to clay fraction
(< 2pm).

1.3.2 Effective stress

The strength of the discrete particles comprising the soil is
generally large relative to the strength of the mass. Thus
failure takes place at the grain contacts rather than through
the grains. The dependence of the mechanical properties
on the forces acting between the discrete particles is unique
in the science of material behaviour.

The cornerstone of soil mechanics is the effective stress
concept first proposed by Terzaghi (1943). He defined the
effective stress on any plane through the soil as the total
stress on the plane minus the porewater pressure. Since
water cannot carry shear, a shear stress will always be an
effective stress. The effective-stress concept states that the
mechanical properties of a soil, and in particular its
strength, are dependent only on the effective stresses acting
in the soil.

It is evident that in order to define the effective stress on
any element of soil it is necessary to know not only the total
stress but also the porewater pressure. That is why
groundwater conditions play such a vital role in most
ground engineering problems. Changes in groundwater
pressure without changes in total pressure can take place
because of seepage, groundwater-table fluctuations, con-
solidation or swelling. All these effects will give rise to
changes in effective stress and result in important, some-
times catastrophic, soil behaviour.

Fine-grained soils are relatively impermeable, and hence
any tendency to change volume will take place slowly
because of the length of time taken for the porewater to
flow into or out of the soil pores. Therefore changes in
effective normal stress will take place only slowly even
though large rapid changes in total stresses might take
place. Thus in the short term, the strength of the clay will be
controlled by the initial effective stresses giving what is
called the undrained strength, which is sometimes thought
of as an apparent cohesion.

In the longer term, drainage into or out of the soil takes
place giving rise to changes in strength that will be directly
related to the changes in effective stress. The strength of a
soil in terms of effective stresses is defined by the equation:

T = ¢ + 0, tan ¢’

IStructE/Soil-Structure Interaction

where ¢ is the effective angle of friction of the scil, and ¢’ is
the effective cohesion. Both ¢’ and ¢’ relate to the soil in its
undisturbed state of stress history and should be deter-
mined for the range of stresses applicable to the particular
problem. Thus ¢ and ¢’ are not soil constants but depend
on stress history and stress level.

1.3.3 Stress history

Soils often have been affected by past loading, and the
expression overconsolidation ratio is the ratio of the past
maximum vertical effective stress to the present in situ
vertical effective stress.

A soil is described as normally consolidated when an
equilibrium state has been attained under the present in situ
vertical effective stress, being the maximum vertical effec-
tive stress to which the soil has been subjected.

Estimation of overconsolidation is an essential step
during the investigatory phase of a project and is com-
plementary to the determination of the variations of the
strength and of the compressibility of the ground. Overcon-
solidation implies the possible existence of high lateral in
situ stresses relative to the effective vertical stresses in the
ground, and the design of retention systems, tunnels and
buried structures should recognize this situation.

General stress history involves overconsolidation of soils
over such alarge area of ground surface that the dimensions
of a new structure are generally insignificant by compari-
son. The geographical extent of geological events causing
overconsolidation is generally of sufficient dimensions as to
control district, if not regional, geology. Overconsolidation
related to general stress history can result from groundwa-
ter-table movements, soil erosion, glaciation, chemical
weathering, cementation, and secondary compression.

Local stress history is the result of events either natural
and involving desiccation of near-surface layers, or artifi-
cial and related to past loading by former buildings, road
and railway embankments, etc.

1.3.4 Influence of non-homogeneity of soil

The existence of varying stiffness has a very important
influence on the form and extent of the ‘settlement bowl’
around a loaded area. For example, Terzaghi (1943)
showed that an underlying rigid stratum concentrated the
surface movements around the loaded area. Gibson (1967
& 1974) noted a similar effect for increasing stiffness with
depth. Conversely, a stiff overlying layer will disperse the
settlements further from the loaded area. The sensitivity of
surface settlements to non-homogeneity has to be taken
into account in any soil-structure interaction analysis.
Lateral variations of compressibility are clearly significant,
but little investigation work has been carried out on the
influence of this form of non-homogeneity on stress
distributions beneath loaded areas.

1.3.5 Theoretical and real behaviour

The previous brief descriptions of the principles of soil
behaviour are intended to demonstrate that soil variability
is the rule rather than the exception and that the stress
histories of soils and the dependence of mechanical be-
haviour on the effective stresses between the discrete
particles demand recognition.

Theoretical models may not be in exact conformity with
reality but may be sufficient for engineering purposes. A
clear distinction must be made between adequacy and
accuracy, and the reliability of analytical models depends
not only on extensive use but also that the probability of
failure provided by a theoretical model is a true measure.

Terzaghi (1943) expressed the opinion that the differ-
ence between the theoretical and the real behaviour of

—
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ground could be ascertained only by field experience. In
every branch of applied mechanics the researcher or
theoretician considers the behaviour of an ideal material,
and Terzaghi emphasized it was necessary to be aware that
theory has to be combined with a thorough knowledge of
the physical characteristics of real ground with the addi-
tional awareness of the difference between the behaviour
of soils in the laboratory and in the field.

1.4 Site and ground investigation works
1.4.1 Desk studies
Site investigations and ground investigations are separate
but equally important phases of the work required to
provide proper and adequate information for the design
and construction of foundations. The former embraces the
comprehensive investigation of a site, including past use
and environmental constraint, and much of this informa-
tion can be obtained from a desk study and a search of local
archives. The latter is an exploratory and geotechnical
investigation of the ground conditions to determine the
geological structure and the characteristics of superficial
and solid deposits. Both investigatory phases should be
carried out in accordance with BS 5930 (1981). A useful
guide to investigation procedures and equipment is pro-
vided by Weltman & Head (1983).

A site investigation generally involves the acquisition of
information on the following:

e historical use of the site

e ground conditions

e groundwater regime

e mineral support conditions

e type and condition of adjacent buildings.

It is important to identify any buried features associated
with the historical use of sites, and proper and extensive
searches of old records, plans and memoirs should be
made.

In large industrial cities, extensive areas of land surface
are artificial, and have resulted from the deposition of a
wide variety of materials to elevate low-lying ground and to
backfill old stone quarries and clay pits. Fill materials often
comprise boiler ash, steelworks slag, coarse discard from
former mineral workings, chemical waste, demolition
debris and excavation spoil. Household refuse can also be
found within landfill sites. Ancient watercourses have been
placed in culverts throughout the past few centuries and
now exist as buried features. All such historical hidden
features can remain unknown until exposed by the unwary.

1.4.2 Soil sampling and testing

It is generally appreciated that lack of definition of
variations in ground conditions can result in completely
misleading predictions of the performances of foundations.
Prover methods of sampling, soil description, laboratory
testing and field testing are essential if the characteristics of
superficial and solid deposits are to be determined with
acceptable accuracy for rigorous analyses of foundation
behaviour.

In cohesive soils having soft-to-firm consistencies, con-
tinuous piston sampling is now recognized as the best
method of recovering samples in a reasonably undisturbed
condition for testing. The U100 open-drive sampler causes
serious disturbance to the fabric of clay soils, although its
use for recovery of samples of stiff-to-hard overconsoli-
dated clays will probably continue because of the ability of
the sampling equipment to withstand the hard driving
stresses in such soils.

In situations where there are wide variations of results
from routine testing, which are suspected to arise mainly
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from sampling disturbance, it is recommended that the
probable undrained strength of the clay soil be assessed
from correlations between the liquidity index and strength.

1.4.3 Field tests

Cone penetration tests (CPT) and self-boring or push-in-
pressuremeter tests are currently used to determine the
undrained strengths of clay soils, and greater use may be
expected to be made of in situ testing to obviate the effects
of sampling disturbance on laboratory tests. Information
on the in situ condition of fine-grained non-cohesive soils
can be obtained both from the standard penetration test
(SPT) and the CPT. However, good drilling and cleaning
techniques and careful execution of the SFT are essential in
order to ensure that typical values of peneration resistance
are obtained from this form of testing.

1.4.4 Rock strata

A qualitative assessment of the strength of rock strata can
be made from visual examination of rock cores and from
the rock quality designations (RQD). Compressive
strengths obtained from uniaxial compression should be
compared with the subjective assessment of strengths as
defined by the Geological Society Engineering Group
Working Party (1970) and subsequently referred to in BS
5930 (1981).

In order to assess intact rock strength, point load tests
may be carried out on small portions of 1ock cores. Point
load tests should be carried out axially in order to avoid
simply measuring bedding-plane separat.on failures, and
also because axial testing involves a loading direction that is
more representative of the essentially vertical stresses
imposed by foundations.

Considerable use has also been made of the SPT as a
means of assessing the strength and stiffness of rocks. An
extensive study has been made by Stroud (1974) concerning
the SPT in insensitive clays and soft rocks. Stroud demons-
trated that the SPT can be used to estimate the properties of
clays in situ, and extended the correlations for stiff fissured
London clay to a wide variety of clays and weak rocks.

1.4.5 Groundwater regime

The existence of a groundwater regime and the seasonal
movements of the groundwater table has to be defined
during the ground-investigation stage of the work. In-
formation on the behaviour of the groundwater table is
required both to aid the selection of the most suitable form
of construction and to ensure that no adverse change is
made to the groundwater regime during and after construc-
tion. Artificial lowering of the groundwater table to
facilitate subsurface construction can cause significant
increases in effective vertical soil stresses, which may result
in the settlement of adjoining buildings. It should be a
requirement of the investigation works to sstablish the real
groundwater conditions within a site in relation to sources,
piezometric heads, hydraulic gradients, and the influence
of climatic change. The real situation can rarely be
determined during the relatively short period of time
afforded by boring operations, and open-type piezometers
should be installed in boreholes selected because of their
advantageous location within a site in respect of lateral and
vertical variations in the ground conditions.

1.4.6 Mineral situation

It is important carefully to assess the mineral support
conditions under a site by reference to such bodies as
British Coal and the British Geological Survey. The current
state of the art is defined by Healy & Head (1984) and ICE
(1977). The behaviour of old mine shafts and their treat-
ment is described by the National Coal Board (1982). The
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ground displacements caused by mining subsidence are
unrelated to the stresses imposed by foundations unless the
bases are founded unknowingly immediately above voids
caused by mineral extraction.

It is now recognized that although ground displacements
arising from modern active mining may be predicted with
reasonable accuracy, the local and severe ground move-
ments caused by the collapse of old pillar-and-stall work-
ings can be estimated only roughly by empirical rela-
tionships.

1.5 Allowable movements
Compared with the literature on the prediction of settle-
ment, the question of allowable settlements and the
influence on the performance and serviceability of struc-
tures has received little attention. This is remarkable when
it is considered that large sums of money are spent on soils
investigations aimed at assessing probable settlement, and
that the foundations of many large structures are designed
specifically to limit total and differential settiement.
The problem of limiting settlements and soil-structure
interaction forms a part of the much wider problem of
serviceability and structural interaction. There are many
obvious reasons why so little progress has been made on
this universal problem. Some of them are:

e serviceability is subjective and depends both on the
function of the structure and the reaction of the users

e structures vary so much one from another, both in broad
concept and in detail, that it is difficult to lay down
general guidelines as to allowable movements

estructures, including foundations, seldom perform as
designed because construction materials display different
properties from those assumed in design. Moreover, a
‘total’ analysis including the ground and the cladding
would be impossibly complex and would still contain a
number of questionable assumptions

e as well as depending on loading and settlement, move-
ments in structures can be attributed to a number of
factors such as creep, shrinkage and temperature. There
is as yet little quantitative understanding of these factors,
and there is a lack of careful measurements of the
performance of actual structures.

There is a tendency among foundation engineers to
believe that movements of foundations are the major cause
of distress in structures and that by controlling these the
satisfactory performance of the structures is guaranteed.
The symposium on design for movement in structures
(Concrete Society, 1969) clearly demonstrated that this is
far from being true. The proceedings of this symposium
suggest that engineers are in no better position to calculate
relative movements of structural members in working
conditions than they are for calculating settlements. Many
cases are quoted of damage to finishes that result from
movements of structural members rather than foundations.
Moreover, the problem of movement in structures is
becoming more important because of the modern trend
towards longer spans, higher permissible stresses, greater
brittleness of walls and facing materials, and larger non-
structural units.

Another aspect of the problem that engineers may
overlook is that a certain amount of cracking is unavoidable
if the structure is to be economic (Peck et al, 1956). It is said
that it is impossible to build a structure that does not crack
because of shrinkage, creep, etc. Little (1969) has esti-
mated that in one particular type of structure the cost of
preventing any cracking could exceed 10% of the total
structure cost.

In the symposium mentioned above, numerous examples
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are quoted of simple design and construction expedients
that permit the accommodation of movement without
damage, and it appears that the majority of these are
relatively inexpensive. It could be argued that effort should
be placed in developing and applying better design and
construction details rather than in attempting to control
serviceability by limiting movements. It may well be the
case, but if design and construction are to be improved it is
necessary to develop a clearer understanding of the rela-
tionship between movement and damage in various types
of structure, and of methods of estimating such move-
ments.

Simple guidelines are given in Section 4 which may be
helpful in assessing the limiting settlement of buildings.
However, these guidelines must not be treated as general
rules and should never be used as a substitute for a more
detailed evaluation of special features that may affect the
performance of a particular structure.

1.6 Serviceability limits

It is important to differentiate between damage to the
primary support elements of a structure and damage to
cladding, partitions and finishes. Ground movements
affect visual appearance as well as function and serviceabil-
ity, butitis essential to recognize the relative unimportance
of purely aesthetic considerations. Classifications of visible
damage to building structures in relation to widths of
structural cracks vary considerably. The relationship be-
tween serviceability and amount of visible damage is not
simple, and the structural engineer has to make a decision
based on assessment of the particular circumstances. It
should be appreciated that slight damage may be unaccept-
able for a hospital in contrast to an industrial building
where moderate damage is acceptable since it probably
would not affect serviceability or function. Table 1 is
based on BRE Digest 251 (1978) and uses ease of repair of
brickwork and masonry as a measure of the category of
damage. In contrast Table 2 presents a classification of
damage to walls of buildings in relation to their use in
service (Thorburn & Hutchinson, 1985).

Damage should not be related only to the widths of
cracks, and any proper assessment of damage should take
into account the means by which a structure is supported
(i.e. frame or shear wall), its state of balance, the nature of
the cracking (i.e. tensile or shear or a combination of both),
and whether ground movements may be expected to
continue. Differential movements can cause cracking and
separation of walls into units that are then capable of
articulation without experiencing failure provided that the
structure is capable of maintaining its state of balance.
Unfortunately, experience has shown that once cracking
develops, from whatever source, it is probable that move-
ments from other sources will be concentrated at these lines
of weakness. Cracking that is initiated by one cause and is
initially negligible may become excessive and unacceptable
when other movements are superimposed.

1.7 Definitions of ground and foundation
movement
Complete description of the settlement of a structure
requires a large number of observation points so that
detailed contours and profiles of foundation movement can
be plotted. Detailed graphical presentation of observations
becomes cumbersome when correlating a number of stu-
dies, and it is necessary to categorize the various types of
movement that can occur.

A study of the literature on allowable settlements reveals
a wide variety of symbols and terminology describing
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Table 1 Classification of visible damage to walls with
particular reference to ease of repair of plaster and
brickwork or masonry

category
of damage

description of typical damage*
(ease of repair is italicized)

approximate
crack width, mm

*It must be emphasized that in assessin:

Hairline cracks of less than about
0.1lmm width are classed as
negligible

Fine crack that can easily be
treated during normal decoration.
Perhaps isolated slight fracturing
in building. Cracks in external
brickwork visible on close
inspection.

Cracks easily filled. Redecoration
probably required. Several slight
fractures showing inside of
building. Cracks are visible
externally and some repointing
may be required externally to
ensure weathertightness. Doors
and windows may stick slightly.

The cracks require some opening
up and can be patched by a mason.
Recurrent cracks can be masked
by suitable linings. Repointing of
external brickwork and possibly a
small amount of brickwork to be
replaced. Doors and windows
sticking. Service pipes may
fracture. Weathertightness often
impaired.

Extensive repair work involving
breaking-out and replacing
sections of walls, especially over
doors and windows. Window and
door frames distorted, floor
sloping noticeably. Walls leaning
or bulging noticeably, some loss of
bearing in beams. Service pipes
disrupted.

This requires a major repair job
involving partial or complete
rebuilding. Beams lose bearing,
walls lean badly and require
shoring. Windows broken with
distortion. Danger of instability.

3 0.1%*

+ 1.0

3 5.0

Sto 15** ora
number of
cracks >3.0

15 to 25** but
also depends
on number of
cracks

usually >25**
but depends on
number of
cracks

g the category of damage account must be

taken of the location in the building or structure that it occurs.
**Crack width is one factor in assess category of damage and shold not be used on
its own as a direct measure of it.

Table 2 Serviceability limits

degree of damage
crack effect on
width commercial structure and
mm dwelling or public industrial building use
#0.1 insignificant (insignificant |insignificant | none
0.110 0.3 |very slight |very slight |insignificant | none
03to1 |[slight slight very slight aesthetic only.
1to2 slight to slight to very slight accelerated
moderate moderate weathering to
external features
2to 5 moderate moderate slight serviceability of
5t015 [moderate moderate moderate the building will
to severe to severe be affected, and
15t0 25 |[severe to moderate moderate towards the upper
very severe |[to severe to severe bound, stability
may also be at risk
>25 VEery severe |severe to severe to increasing risk of
to dangerous |dangerous |dangerous structure
becoming
dangerous
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foundation movements, much of it confusing. For example,
the term ‘angular distortion’” has been used to describe at
least four different modes of deformation.

In order to tackle the problem of allovsable settlements
and criteria of damage successfully it is necessary to have a
clear and consistent set of definitions describing the types
of movements and deformations experienced by founda-
tions. It is important that the terms should in no way
prejudice concepts about the behaviour of the associated
superstructure since this will depend on & large number of
other factors such as size, details of construction, materials,
time, etc. The list of definitions and symbols below has
been put forward by Burland & Wroth (1975). In present-
ing these it is assumed that the settlemer.t of a number of
discrete points is known (see Fig. 1a). However, the details
of the foundation and structure are deliberately not
specified, and the precise deformed shape between the
observation points is not necessarily known.

Fig. 1 Definitions of foundation movement
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(a) Definitions of settlement p, relative setilement 60,
rotation 8 and angular strain ot

LAD |

o
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(b) Detfinitions of relative deflection A and
detlection ratio A/L
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@
—
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(c) Definitions of tilt w and relative rotation
{angular distortion) /3

The definitions and symbols for the deformation of
foundation are:

e A change of length 8L over a length L gives rise to an
average strain € = 8L/L. A shortening of —8L over a
length L gives rise to a compressive strain € = dL/L.

o Settlement (see Fig. 1a) is denoted by the symbol p and
implies that the displacement is downward. If the dis-
placement is upwards it is termed keave and denoted by
Ph-
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o Differential or relative settlement (or heave) is denoted by
5p (or 8py). In Fig. 1a the settlement of C relative to D
is denoted pcp and is taken as positive. (The settlement of
D relative to Cis denoted by 8ppc which equals — dpcp).
Maximum differential settlement is denoted by 3p,ay.

® Rouation is denoted by ¢ (see Fig. 1a) and is used to
describe the change in gradient of the straight line joining
two reference points embedded in the foundation or
ground.

o Tilt is denoted by w (see Fig. 1c) and normally describes
the rigid body rotation of the whole superstructure or of a
well defined part of it. Normally it is not possible to
ascertain the tilt unless details of the superstructure and
its behaviour are known. Even then it can be difficult
when the structure itself flexes

® Relative rotation (angular distortion) is denoted by B and
describes the rotation of the straight line joining two
reference points relative to the tilt (see Fig. 1c). Note that
the ‘angular distortion’ defined by Skempton & MacDo-
nald (1956) is identical to the relative rotation

® Angular strain is denoted by o. From Fig. 1a it can be seen
that the angular strain at B is given by

5ppa Sprc

Las Lgc
Angular strain is positive if it produces sag or upward
concavity as at Bin Fig. 1a, and negative if it produces hog
or downward concavity. Angular strain is useful for
predicting crack width in buildings in which movement
occurs at existing cracks or lines of weakness. Note that if
the deformed profile between the three reference points
ABC is smooth the average curvature is given by
ZO(B/LAC.

o Relative deflection (relative sag or relative hog) is denoted
by A (see Fig. 1b) and is the maximum displacement
relative to the straight line connecting two reference
points a distance L apart. Relative sag produces upward
concavity (as at B) for which A is positive. Relative hog
produces downward concavity for which A is negative.

o Deflection ratio (sagging ratio or hogging ratio) is denoted
by A/L (see Fig. 1b). The sign convention is the same as
in the previous definition. The deflection ratio is identical
to the ‘relative deflection” quoted by Polshin & Tokar
(1957). When Lag = Lpp or the deformed profile is
approximately circular, o« = 4A/L Ap.

Ag =

The definitions above should be adequate to describe
most types of in-plane deformation, although additions
could be made, e.g. 3-dimensional behaviour such as
warping.

The list of symbols and definitions relates to foundation
and ground movements. Description of the behaviour of
the superstructure has not been attempted since standard
terminology and sign conventions in structural engineering
are widely used and understood.

1.8 Dynamic response

Dynamic soil-structure interaction occurs when a structure
is subject to dynamic excitations. In analysing the response
of structures to dynamic excitations in the ground, soil-
structure interaction is represented by the difference in
calculated response assuming that the motion experienced
by the base of the structure is that which would occur (i) if
the structure were present, and (ii) if the structure were not
present.

The difference between results obtained from assump-
tions (i) and (ii) is a function of the inter-relationship
between the properties of the structure and the soil, and
may give an increase or decrease in response compared
with that obtained using the commonly adopted second
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assumption. In many cases the soil-structure interaction
effect is negligible so that assumption (ii) may safely be
adopted, although it is strictly correct only if the soil is
effectively rigid. In some cases, especially under earth-
quake loadings, allowing for soil-structure interaction may
significantly reduce the calculated responses and is thus a
desirable feature to include in the analyses. To take
account of dynamic soil-structure interaction the analytical
model has to take due account of:

e the stiffness and damping properties of the soil as well as
of the structure; and

ethe travel paths of the waves involved in the dynamic
excitation.

These ingredients are required to model the energy
distribution in the soil-structure system, which requires
adequate modelling of the manner in which energy from
the source enters the system, its behaviour within the
system (including scattering, concentration, dissipation),
and how much energy radiates out of the system.

The creation of rigorous analytical models of the above
type is possible in a few simple situations, but in general
such models rapidly become highly complex within the
limits of what is theoretically possible. Hence designers
need in the first instance to be able to assess by simple
means (e.g. see Appendix A5) whether dynamic soil-
structure interaction is likely to be worth considering, and
then to choose the simplest way of adequately analysir g the
problem.

Energy sources that cause dynamic response in struc-
tures include:

earthquakes, wind, waves

explosions, blasting

mine collapses

machinery in factories

machinery in construction, demolition.

Itis now accepted as good practice to make allowance for
dynamic soil-structure interaction in major structures such
as power plants, offshore platforms and tall buildings, the
energy sources considered mostly being limited to the
major natural causes (i.e. earthquakes and waves, as
appropriate). Wind may also be included in the soil-
structure interaction analysis, but this would normally be
done only if the analytical model has already been set up for
earthquakes or waves. If a structure was considered to be
very wind-sensitive, it might be considered appropriate to
analyse soil-structure interaction in the full dynamic sense,
but normally it would suffice simply to model the soil
stiffness and perhaps soil material damping.

The other energy sources noted above (i.e. those caused
by human activity) sometimes require dynamic soil-struc-
ture interaction studies, the most common probably being
foundations for vibrating machines. In other cases the
nature of the energy sources and the physical situations in
which they arise are so varied or so little researched that
reliable theoretical modelling is usually impossible.
Obviously in such cases normal empirical problem-solving
techniques in dynamic response are required, which may or
may not include some implicit allowance for soil-structure
interaction. Information on the effects of vibratory machin-
ery has been given by Littlejohn (1972), while response of
structures to blasting and underground explosions is discus-
sed in two reports by the American Society of Civil
Engineers (1974 & 1975).

While it is not therefore possible or appropriate to
assemble a set of numerical criteria for all types of loading,
some qualitative design guidance pertinent to dynamic
problems in general can be given. First, the engineer should
attempt to assess qualitatively the vulnerability of the
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structure to the relevant dynamic loadings. The engineer
should decide whether the dynamic response is likely to be
excessive in terms of either stress or motion. Factors worth
examination include resonance (or high dynamic amplifica-
tion) and undue flexibility of the system.

High dynamic amplification may occur when there is a
close match between the forcing frequency and a dominant
structural frequency. This may occur either for the whole
system or locally within the system. It may also be
undesirable to have closely matching frequencies for a part
of a system and for its support.

Undue flexibility either of soil or of structure can lead to
excessive displacements, even in the absence of high
amplification effects. For example, slender buildings or
bridges sometimes are uncomfortable for users during wind
or traffic loading, and flexible buildings are liable to incur
excessive non-structural damage because of lateral drift in
earthquakes. If a structure is to be sited on soft or loose soil,
and is likely to be subjected to significant ground vibra-
tions, it is desirable to have an integrated foundation
structure with sufficient stiffness to prevent excessive
differential movement of column bases.

An outline of the theoretical basis of dynamic soil-
structure interaction is given in Appendix AS.
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Perhaps the most important statement that can be made
about designing for the effects of soil-structure interaction
is:

‘Any design that relies for its success on precise analysisis a
bad design’.

There is a feeling among many geotechnical specialists
that it is necessary to convey to the structural engineer and
client the same degree of apparent analytical precision that
underlies much structural design. Successful design for
soil-structure interaction requires an objective and realistic
assessment of the bounds and confidence limits of calcula-
tions without feelings of guilt or inferiority on the part of
the geotechnical engineer. He has, after all, to deal with by
far the most complex and variable material, composing the
total structure and usually has no ‘say’ in its specification,
manufacture or placement.

2.1 Importance of the soil profile

The prime requirement for successful geotechnical design
is, and always will be, a good ground investigation carried
out with a knowledge of the requirements of the proposed
structure. In order of importance this entails:

(i) a knowledge of the soil profile and groundwater
conditions across the site set in the context of the local
geology and tied in with local experience. This can
usually be achieved only by the engineer visiting the
site

a detailed and systematic description of the soil in each
stratum in terms of its visual and tactile properties. It is
important that the engineer should himself handle the
various soil types and satisfy himself about their
descriptions

the determination of the relevant mechanical prop-
erties of each stratum by means of laboratory and/or in
situ tests.

(ii)

(iif)

The order of importance of these three requirements is
significant. It is not an overstatement to say that in 95 cases
out of 100 the decisions as to the type and depth of
foundations can be made primarily on the basis of (i) and
(ii) above. Moreover, the planning of construction proce-
dures depends heavily on this information. Put another
way, the majority of costly delays and failures result from
deficiencies in the knowledge about the soil profile and
groundwater conditions.

No amount of soil testing or sophisticated analysis can
compensate for a lack of knowledge about the soil profile.
Yet there is an increasing tendency to design on the basis of
numbers contained in soils reports in the mistaken belief
that these give a faithful representation of the properties of
the ground. A sound understanding of the factors influenc-
ing the mechanical properties of the ground is essential.
However this must be coupled with an awareness of the
limitations of theories, testing techniques and information
about the ground conditions.
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Design philosophy

2.2 Idealization and reality

Analytical methods have been developing so rapidly over
the last few years that it is now possible to obtain solutions
to many complex problems which a few years ago would
have been quite out of reach. If used sensibly and with
discernment these powerful analytical methods can be of
considerable assistance in enabling a designer to gain a feel
for the behaviour of a soil-structure system. However, if
used blindly, such methods are a menace and can be
extremely misleading.

The key to successful use is to gain a clear understanding
of the idealizations that are being made and to be aware of
how far they may be from reality. To carry out an analysis
requires knowledge about the geometry, the material
properties and the loading. These may be considered in
relation to the soil and then the structure.

2.2.1 Soil geometry

Every geotechnical problem needs a site investigation, and
on the basis of limited data, judgments and idealizations
have to be made about the continuity and thickness of the
various strata. In most cases the cost of drilling sufficient
boreholes to define the exact geometry of the ground is
prohibitive, and it is seldom that the engineer has more
than an approximate model.

2.2.2 Soil properties

The difficulties of predicting appropriate values of com-
pressibility, undrained stiffness and permeability are con-
siderable. Approximate properties may be adequate for
settlement calculations, but detailed behaviour, such as
local pressure distributions and relative displacements, is
much more sensitive to the form of the stress—strain/time
properties of the soil and their local variations. The task of
accurately ascertaining realistic in situ properties of most
natural soils and the vertical and horizontal variations is
formidable.

2.2.3 Resultant loads
The resultant externally applied loads acting on a structure
supported by ground are usually reasonably well defined.
The greatest difficulties arise for structures subject to
dynamic forces, e.g. earthquakes, wave loading, etc.
For ground supported by structures the loads develop
primarily as a result of structure—soil interaction. These
depend significantly on the soil properties and structural
properties but also on construction procedures. These are
frequently outside the detailed control of the designer and
even the contractor since the weather and other uncertain-
ties play their part.

2.2.4 Structural geometry

The final geometry is usually accurately specified. How-
ever the geometry at any given time during construction is
usually not known with any certainty.
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2.2.5 Structural loading

The structural loading usually cannot be ascertained accur-
ately, and individual members have to be designed to
withstand any likely magnitude and distribution of loads.
Often all the attention in structural design is devoted to the
design of individual members with little or no analysis of
the total structure,

2.2.6 Structural properties

The materials composing the structure are probably some-
what easier to model than the ground. Nevertheless, the
stress deformation properties of the various components
that comprise a building are complex, particularly with
regard to creep, thermal and moisture effects. Moreover,
the actual properties ‘as built’ undoubtedly differ signifi-
cantly from those that are specified. In practice the degree
of fixity at joints is uncertain, and the cladding and infill
panels of buildings have varying degrees of fit. The overall
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stiffness of the structures is therefore difficult to assess with
any accuracy.

2.3 Conclusion

It is evident from the foregoing that even if engineers were
in possession of unlimited analytical povwer the uncertain-
ties in the soil, the structure and the precise excavation/
construction procedure are so great that precision in the
prediction of behaviour would be unlikely to improve
significantly. Analysis is only one of the facilities required
in designing for soil-structure interaction. In most cir-
cumstances the real value of analysis will be in assisting the
engineer to place bounds on overall behaviour or in
assessing the influence of various construction features,
e.g. a local stiffening because of a deep beam or a shear
wall. Recognition of these inevitable uncertainties can lead
only to improved designs.
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Part I:
Structures supported by ground
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Historical note

The 1978 report dealt essentially with building structures. It
has been extended to cover many other types of structure,
and Part 1 covers not only building structures but also
bridge structures, offshore structures and cylindrical tanks.
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4.1 The construction sequence

Building structures

~§ ® oo

Fig. 2 (Burland et al., 1977) is a simple diagrammatic = 8 2 £ 8
representation” of the net loading and settlements of a qf 2 8 ¢
simple framed building founded on a raft during and fd & S 3
subsequent to construction. During excavation some heave N
of the soil will occur. The raft will then be constructed and /—/
will be influenced by the differential settlements thereafter. /
As the structural load is applied short-term settlements i
take place, the part of the structure in existence distorts and d
the overall stiffness gradually increases. The cladding is NN 2 .z.’({//_//_//.// (relative: displacement A to B
then added and may substantially increase the stiffness of \:"‘~- —_——— 2 for claclding and finishes)
the building. Finally, the imposed load is applied. It should . = A(relative: displacement A to B
be noted that not all the components of the building are Immediate \ . for raft and lower levels
subject to the same relative deflections. | Pitapprox) \ . of structure)

The relative deflections experienced by the raft will be A \—-8
the largest. Those experienced by the structural members Long-term settiement
will vary with location and elevation in the building. The |pt A
hatched portion in Fig. 2 represents the relative deflec-

tions, affecting the cladding, partitions and finishes, which
are the cause of any architectural damage.

It is evident from Fig. 2 that the likelihood of damage will
diminish the larger the proportion of immediate- to long-
term settlement py/p, the smaller the ratio of imposed/dead
load, and the later the stage at which the finishes etc. are
applied. It should be noted that the proportion of immedi-
ate- to long-term settlement is influenced by the net

P Fig. 2 Seitlements and rela-
tive deflections during and subsequent 10 construction.

increase in effective stress and the amount of consolidation
taking place during construction. It is frequently stated that
building materials are less prone to damage when distor-
tions develop over a long period and ttis appears reason-
able, although Grant ez al (1972) found little evidence to
support it.

15 storeys Building A
_H _;—H— A [L
_' 35-6m L 123m Major «axis Minor axis
Flexible load . -3 . -3
100 ‘\\\ -\ ----- prediction 2:3x10 2:6x10
, - -
mm = S~ M7 Measured 0-39x103 0-77 x10°2
——— -
200 Major axis " Minor axis
12 storeys Building C
T — Tle———— AL
200} 33:5m - 19-Om Major axis Minor axis
Flexible load ] 3
o 400F _____,.__————"""/’/ - ===== brediction 46 x10 96 x10
’ 3 . 3
600 |- _ ”,’ L \\\5_’,/ Measured 0-96x10 0-95 x10
L s L
800 Major axis Minor axis
12 storeys Building D
AL
Major axis Minor axis
Flexible load . 3 . y3
mm 400 N ey |l e prediction 7-8 x10 10-3x10
600 Se——— e Measured 0-6 x10° 0-75x10°
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4.2 Analysis of soil-structure interaction
4.2.1 General

Charts of the type developed by Fraser & Wardle (1976),
which show the relationship between stiffness and differen-
tial settlement of structures (see Appendix and Fig. A9),
should prove valuable for routine design purposes or for
preliminary design prior to a complete analysis. The
stiffness of the superstructure can be included in this type of
simple analysis using approximate methods outlined by
Meyerhof (1953) for estimating the equivalent flexural
rigidity of a frame superstructure, including panels and
shear walls. This method was endorsed by the American
Concrete Institute Committee no. 436 (de Simone, 1966).

The value of a simple approach of this type is illustrated
in Fig. 3 where observations on four buildings in the city of
Santos, Brazil, presented by Machado (1961) are shown.
The buildings were of reinforced concrete framed construc-
tion, 12 to 15 storeys in height, founded on sand overlying a
soft clay layer. Detailed estimates of the total and differen-
tial settlements were made using traditional methods
assuming a flexible loaded area. It is evident that the
predicted average total settlements are in reasonable
agreement with the observed values, but the differential
settlements are seriously overestimated.

Comparison of the predicted values of deflection with
routine limits would have led to the conclusion that serious
damage would occur. However, the measured relative
deflections were all within tolerable limits. Unfortunately
the structural details of the buildings were not given by
Machado (1961) so that estimates of the relative stiffness
could not be made with any accuracy (Tsytovich, 1961).
Further field studies of this type are required to study the
influence of superstructure stiffness on relative deflections
(Rabinovici, 1970).

4.2.2 Detailed analysis

A high order of sophistication is needed if detailed analysis
of forces and stresses acting on foundations and structural
members is required. The Appendix gives a full discussion
of the technique of interactive analysis.

Numerous studies of this type have been carried out,
often using springs tc represent the soil but recently using
more realistic models. The finite-element idealization is
particularly suited to the solution of plane or axisymmetric
problems (Smith, 1970; and Hooper, 1973). However, only
the simplest of structures can be analysed in this way, and
resort must usually be made to a 3-dimensional analysis.
Examples are given by King & Chandrasekaran (1974 &
1975) and Majid & Cunnell (1976), who have studied the
influence of soil-structure interaction on bending moments
in framed structures.

The use of elastic half-space or layer theory to represent
the ground, coupled with a suitable idealization of the
structure offers many advantages (Fraser & Wardle, 1976).
Meyerhof (1947) obtained results for a simple plane frame
using this approach, and recently studies of increasing
sophistication have been reported including time effects,
non-linearity and changes of stiffness during construction
(see, for example, Sommer, 1965; Heil, 1969; Larnach,
1970; de Jong & Morgenstern, 1971; Larnach & Wood,
1972; Klepikov et al, 1973; Binder & de Ortigosa, 1975; and
Brown, 1975). Very general computer programs have been
written employing these methods (Fraser & Wardle, 1975;
and Wood & Larnach, 1975 a & b) which can handle rafts
and footings of arbitrary shape and rigidity, and superstruc-
tures comprising plate and beam elements. It is to be hoped
that in the near future the influence of pile groups will be
included, perhaps by means of equivalent rafts that take
into account shear deformations as well as bending.
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Programs of this type should prove useful to the engineer
wishing to investigate special soil-structure interaction
problems. However, in doing so the engineer should always
bear in mind the limitations in knowledge about the ground
and structure. Whenever possible, sensitivity studies
should be carried out so that realistic upper and lower
bounds can be placed on the problem. So often papers are
published showing pressure distributions or bending mo-
ment distributions with no indication of the sensitivity of
these to the various assumptions. It is not infrequent that a
foundation that is expected to sag actually experiences
hogging, and an example of such a case is given by Erb
(1963).

4.3 Limiting movements

There are basically three considerations that have to be
satisfied when dealing with the question of limiting move-
ments. These are movements affecting:

e visual appearance
eserviceability and function
estability and structural damage.

This subsection is concerned primarily with the first two,
although the third is discussed briefly.

4.3.1 Relative movements affecting visual appearance
Visible deviation of members from the vertical or horizon-
tal will often cause subjective feelings that are unpleasant
and possibly alarming. Persons vary in their appraisal of
relative movement and are often guided by neighbouring or
adjacent buildings or members. In general, deviations from
the vertical in excess of about 1/250 are likely to be noticed.
For horizontal members it is suggested that a local slope
exceeding 1/100 would be clearly visible, as would a
deflection ratio of more than 1/250.

4.3.2 Visible damage

An important criterion of serviceability is that relating to
visible damage. As mentioned in subsection 1.5 damage is
difficult to quantify as it depends on subjective criteria. Itis
probable that if a simple classification of degrees of damage
were widely adopted some of the subjective element in
judging serviceability might be eliminated.

Table 1 presents a classification of damage recom-
mended by BRE Digest 251 (1978) based on ease of repair
and is derived from the work of Jennings & Kerrich (1962).
Approximate crack widths are listed but intended as
indicators rather than as a direct measure of degree of
damage. It must be emphasized that the classification in
Table 1 relates only to visible or aesthetic damage. In
situations where cracking may permit corrosion of rein-
forcement, or allow penetration or leakage of liquids or
gases, the criteria will be much more stringent. Similarly,
the criteria of cracking of structural members could be
much more stringent (e.g. see BS 8110, 1985, for concrete
members).

The acceptable width of cracking is, to some extent,
related to the scale of the structure. Thus slight crack
widths (3 to Smm) seen at eye level in brickwork in a
low-rise dwelling might be regarded as unacceptable and
would need repair. On the other hand it is likely that no
action would be taken to repair cracks of the same width
occurring at a high level in, say, a multi-storey warehouse
or power station, provided of course that the weathertight-
ness of the structure is not significantly affected.

4.3.3 Relative movements affecting serviceability and
function

There is often no clear distinction between movements
affecting visual appearance and movements affecting ser-
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viceability and function. Often the particular function of
the building or one of its services will dictate limiting
movements, e.g. overhead cranes, lifts, precision machin-
ery, etc. The engineer should question carefully limiting
movements laid down for services as these movements may
be stipulated arbitrarily by the manufacturer and if adhered
to may have a profound influence on the cost and construc-
tion of foundations.

There is also no simple relationship between serviceabil-
ity and degree of visible damage. For example, in a hospital
degree of damage worse than ‘very slight’ may be regarded
as unacceptable, whereas for many industrial buildings
‘moderate’ damage may not in any way affect the ser-
viceability of function of the building. Most residential
buildings will be serviceable with ‘slight’ or even ‘moderate’
damage, although in the latter case the value of the
property may be affected, and this is an important factor.
The difference in cost between foundations aiming to avoid
any visible cracking and those that might lead to some
damage can be considerable.

4.3.4 Limiting relative settlements

Perhaps the best known study of limiting settlements of
structures is that of Skempton & MacDonald (1956), and
guidance for design has been based largely on their work.
There is a tendency to follow these guidelines blindly with
little or no account being taken of the limited range of
structures studied or the criterion that was used to define
limiting relative settlements. Three important points
should be noted about Skempton & MacDonald’s studies:

e they were confined to traditional mill-type steel-framed
industrial buildings, reinforced-concrete framed build-
ings with traditional cladding, and some loadbearing
masonry wall buildings

e the criterion for limiting deformation was the ‘angular
distortion’ 8p/L, which is the same as relative rotation 8
defined in subsection 1.7

eno classification of degree of architectural or visible
damage was used.

The full significance of the choice of deformation
criterion is seldom appreciated. By its very definition the
implication is made that the building will tend to distort in
shear. While this may well be true for framed buildings it is
not necessarily the case for structures in general. Both
Meyerhof (1956) and Polshin & Tokar (1957) recognized
that unreinforced loadbearing walls have a different mode
of deformation from that of framed structures. In recogni-
tion of this difference in behaviour Polshin & Tokar (1957)
recommended that the deflection ratio A/L should be used
as the limiting criterion for masonry and loadbearing walls.

With the distinction between framed structures and
loadbearing walls the limiting deformations recommended
by various investigators are summarized in Table 3.

The following points should be noted about the recom-
mendations in Table 3:

e For framed buildings all the investigators have remark-
ably similar recommendations. Burland & Wroth (1975)
and Grant et al (1974) presented data from some modern
buildings that appeared to confirm these recommenda-
tions

e For loadbearing walls the L/H ratio is significant. The
larger the L/H ratio the higher the limiting value of A/L

e Burland & Wroth (1975) have drawn attention to the fact
that unreinforced walls subjected to hogging are much
more susceptible to damage than similar walls undergoing
sagging. Hogging modes of deformation are likely to
occur adjacent to neighbouring works such as tunnels or
excavations and downdrag by an adjacent building under-
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going settlement. It is also a common mode of deforma-
tion for foundations on swelling and shrinking clays

e None of the investigators has attempted to correlate
deformation with degree of damage. The limiting values
given in Table 3 probably relate to damage not exceeding
‘very slight’ to ‘slight’ in Table 1

e The limiting values of angular distortion for structural
damage in framed buildings are for structural members of
average dimensions. They do not apply to exceptionally
large and stiff beams or columns where the limiting values
of angular distortion may be much less and should be
evaluated by structural analysis.

Table 3 Summary of limiting deformations
(a) Framed buildings and reinforced loadbearing walls

Limiting values of relative rotation (angular distortion) B

Skempton & Polshin &
MacDonald | Meyerhof | Tckar Bjerrum
(1956) (1956) (1957) (1963)
structural
damage 1/150 1/250 1/200 1/150
cracking in 1/300 1/500 1/500 1/500
walls and (but 1/500 (0.7/1000 to
partitions [recommended) 1/1000 for
end bays)

(b) Unreinforced loadbearing walls
Limiting values of deflection ratio A/L for the onset of
visible cracking

Meyerhof Polshin & Tokar Burland & Wroth
(1956) (1957) (1975)
sagging 12500 [L/H < 3; 1/3500 to 1/250(] 1/2500 at L/H = 1

/H < 5; 1/2000 to 1/150(1 1/1250 at L/H = 5
hogging (un- — — 1/5000 at L/H = 1
reinforced) 1/2500 at L/H = S

4.4 Fundamental damage criteria
4.4.1 General

The limiting damage criteria discussed in the previous
subsection may be useful general guides but are unsatisfac-
tory for a number of reasons. The criteria are based on
observations and are therefore essentially empirical and
offer no insight into the cause of damage. The criteria
cannot be used for unusual structures or unusual materials.
Most important of all, the criteria do not encourage the
engineer to examine the details of th: structures and
finishes with a view to checking serviceability.

4.4.2 Limiting tensile strain
With these limitations in mind Burland & Wroth (1975)
suggested that a more fundamental criterion for damage
was required and put forward the idea that a criterion
related to visible cracking would be useful since tensile
cracking is so often associated with set:lement damage.
Following the work of Polshin & Tokar (1957) they
assumed that the onset of visible cracking in a given
material was associated with a limiting tensile strain €y,
The application of the concept of limiting tensile strain
can be illustrated by applying it to the cracking of a simple
beam, which may be thought of as representing a building
(see Fig. 4a). It is assumed that the deflected shape of the
beam is known. The problem is to define the deflection
criteria for initial cracking when the limiting tensile strain is
reached at some point within the beam. Two possible
extreme modes of deformation, bending only and shearing
only, are shown in Figs. 4b and 4c. It is immediately
obvious that the limiting deflection for initial cracking of a
simple beam will depend on the ratio of L/H and on the
relative stiffness of the beam in shear aad in bending.
It can be shown that for a given deflection the maximum
tensile strains are not very sensitive to the precise form of
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loading. Timoshenko gave the expression for the central
deflection of a centrally loaded beam of unit thickness
in both shear and bending as:

18 1 E

L> H G

3
A= PL 1+
48 El
where E is Young’s modulus; G is the shear modulus; and /
is the moment of inertia.

Eqn. 1 may be written in terms of the maximum extreme
fibre strain €y(max) as follows*

A _¢ .L[HE.L.E
L *max) 19y > H G

Similarly for the maximum diagonal strain €q4(max) €qn. 1
becomes:

2
A l: +LHG

18 I E

By setting €max) = £(1im)» €qns. 2 and 3 define the limiting
values of A/L for cracking of simple beams in bending and
in shear. It is evident that for a given value of €, the
limiting value A/L (whichever is the lowest from eqns. 2
and 3) depends on L/H, E/G and the position of the neutral
axis (and hence 1).

For an isotropic beam (E/G = 2.5) with neutral axis
in the middle, the limiting relationship between A/Lgyy,
and L/H is given by curve 1 in Fig 5.
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(a) Beam-simple idealization of building
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Deflected shape of soffit beam

(b) Bending deformation with cracking due to direct tensile strain

(c) Shear deformation with cracking due to diagonal tensile strain

Fig. 4 Cracking of a simple beam in bending and in shear
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II‘; 1g. 5 Influence of E/G on the cracking of a simple rectangular
eam

For a beam that has a relatively low stiffness in shear
(E/G = 12.5) the limiting relationship is given by curve 2. A
particularly important case is that of a beam that is
relatively weak in bending and which is subjected to
hogging such that its neutral axis is at the bottom. Curve 3
shows the limiting relationship for such a beam (E/G =
0.5). These curves serve to illustrate that even for simple
beams the limiting deflection ratio causing cracking can
vary over wide limits.

Burland & Wroth (1975) carried out a preliminary survey
of data for cracking of infill frames and masonry walls and
concluded that the range of values of average tensile strain
at the onset of visible cracking for a variety of common
building materials was remarkably small. For brickwork
and blockwork set in cement mortar &, lies between
0.05% and 0.1%, while for reinforced concrete having a
wide range of strengths the values lie between 0.03% and
0.05%.

In order to assess the potential value of the limiting
tensile strain approach in estimating the onset of cracking
in buildings, Burland & Wroth (1975) compared the
limiting criteria obtained from the analysis of simple beams
with observations of the behaviour of a number of build-
ings, many of them of modern construction. For this
comparison a value of limiting tensile strain &, = 0.075%
was used. The buildings were classified as framed, load-
bearing wall undergoing sagging and loadbearing wall
undergoing hogging. Figs. 6a, b and c¢ (Skempton &
MacDonald, 1956; Polshin & Tokar, 1957; Fjeld, 1963;
Thorburn & McVicar, 1975; Vargas & Silva, 1973; Wood,
1952; Burhouse, 1969; Breth & Chambosse, 1975; Morton
& Au, 1975; Horn & Lambe, 1964; Tschebotarioff, 1938;
Cheney & Burford, 1975; Samuels & Cheney, 1975; Rigby
& Dekema, 1952; and Littlejohn, 1975) show the compari-
son with curves 2, 1 and 3, respectively, from Fig. 5. Also
shown is the criterion of limiting relative rotavion f = 1/300
and the limiting relationship proposed by Polshin & Tokar
(1957) for loadbearing walls. In spite of its simplicity the
analysis based on tensile strain reflects the major trends in
the observations. In particular, the prediction is borne out
that loadbearing walls, especially when subjected to hog-
ging, are more susceptible to damage than framed build-
ings, which are relatively flexible in shear. Clearly there is
scope for more realistic analysis of actual structures using
numerical methods of analysis. It is hoped that the success
of the present over-simplified approach will stimulate
further work along these lines.

At this point it is necessary to emphasize that limiting
tensile strain is not a fundamental material property like
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tensile strength. Mainstone (1975) has pointed out that
local strains during the early stages of crack development
are much smaller than the values of €);, used by Burland &
Wroth (1975). Hence ‘limiting tensile strain’ should be
regarded as a measure of serviceability that, when used in
conjunction with an elastic analysis, aids the engineer in
deciding whether his building is likely to develop visible
cracks and where the critical localities of these might be.
The advantages of the approach over traditional empirical
rules limiting deformation are that:

eit can be applied to complex structures employing well
established stress analysis techniques

e it makes explicit the fact the damage can be controlled by
paying attention to the modes of deformation within the
building structure and fabric

ethe limiting value can be varied to take account of
differing materials and serviceability limit states, e.g.
long experience has shown that the use of soft bricks and
lean mortar can substantially reduce cracking, i.e. it
raises the value of &y, (Girault, 1964).

Limiting strain is preferred to a ‘notional’ tensile strength
as its value does not appear to vary a great deal for a wide
range of types and strengths of common building materials.
Moreover, it retains a physical significance after cracking
which ‘strength’ does not.

4.4.3 Crack propagation

The onset of visible cracking does not necessarily represent
a limit of serviceability. Provided that the cracking is
controlled, as in a reinforced concrete beam, it may be
acceptable to allow deformation to continue well beyond
the initiation of cracking. Cases where the propagation of
initial cracks may be fairly well controlled are reinforced
loadbearing structures and framed structures with panel
walls. Unreinforced loadbearing walls undergoing sagging
under restraining action of the foundations may also fall
into this category. However, Ward (1956) has drawn
attention to such a case where slip along the bitumen
dampproof course resulted in extensive cracking in the
overlying brickwork.

An important mode of deformation where uncontrolled
cracking can occur is that of hogging of unreinforced load-
bearing walls. Once a crack forms at the top of the wall
there is nothing to stop it propagating downwards.

Kerisel (1975) has drawn attention to the growing

- problems of old buildings near tunnels, excavations or new
heavy buildings. The examples he quoted emphasized the
vulnerability of old buildings to the convex deformations
that occurred. He suggested that the critical radius of
curvature for old buildings subject to hogging was four
times that for framed buildings. This is in agreement with
the results given in Fig. 6. D’ Appolonia (1971), Déllerl et al
(1976) and Burland & Hancock (1977) gave detailed
measurements of convex deformations alongside deep
excavations. In these circumstances tensile strains in the
ground may be just as significant in contributing to damage.

Green et al (1975) analysed cracking of brick structures
employing a finite-element method incorporating a brittle
limiting tension material. While such an approach is far too
complex for routine design purposes, it offers a useful
adjunct to future research on the relationships between
movement and damage in buildings. Littlejohn (1975)
described some important experiments on the cracking of
brickwalls subject to mining subsidence. Such studies are
essential to a proper understanding of the mechanisms of
cracking arising from foundation movement.
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Key
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1. Skempton and MacDonald (19553}
2. Fjeld (1963)
3. Thorburn and McVicar (1975)
4. Polshin and Tokar (1957)
5. Wood (1952)
6. Burhouse (1969)
7. Breth and Chambosse (1975)
8. Morton and Au (1975)
9. Horn and Lambe (1964}

10. Tschebotarioff {(1938)

11. Cheney and Burford {1975)
12. Samuels and Cheney (1975)
13. Rigby and Dekema (1952)
14. Littlejohn (1975)

15. Vargas and Silva {(1973)

Fig. 6 Relationship between A/L and L/H for buildings
showing various degrees of damage

Numbered points on the diagram are references, unnumbered points iire from data given by Grant
et al (1974) and Burland & Wroth (1975).
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4.4.4 Discussion

The studies referred to in this subsection have served to
emphasize the complexity of the problem of allowable
movements and associated damage. The simple analogue
of a uniform rectangular beam demonstrates that the
limiting relative deflection will depend on the brittleness of
the building material, the length/height ratio, the relative
stiffness in shear and bending, and the mode of deforma-
tion (sagging or hogging). In addition, the propagation of
cracks will depend on the degree of tensile restraint built
into the structure and its foundation. All these factors point
to framed buildings with panel walls being able to sustain
much larger relative deflections without severe damage
than unreinforced loadbearing walls. The evidence pre-
sented in Fig. 6 supports these conclusions.

It is evident from a study of this subject that there is a
paucity of well documented case histories of damage. Until
an adequate number of case histories becomes available for
a variety of building types the temptation to lay down
definitive rules on limiting deformation should be resisted
as these will tend to inhibit future developments. It is more
important that the basic factors are identified and appreci-
ated by engineers.

4.5 Routine guides on limiting settlement
4.5.1 Introduction

The assessment of limiting settlements of structures is even
more complex than that of limiting deformations as it
brings in the behaviour of the ground and its interaction
with the structure. The problem is essentially one of
estimating the maximum relative deflections and rotations
likely to be experienced by the structure. Analytical
methods of doing this are discussed in the Appendix.
Nevertheless, the practising engineer needs to know when
it is reasonable for him to proceed in a routine manner, and
for this he uses simple guidelines based on previous
experience.

All too often such guidelines are interpreted as providing
rigid rules for ‘allowable maximum settlements’. Terzaghi
(1956) issued a stern warning against such proposals. The
problem is to provide safe simple guides without inhibiting
the search for optimum solutions when appropriate. It is
therefore suggested that the term ‘routine limits’ be used
when such guidelines are proposed.

Following Terzaghi & Peck (1948) foundations on sand
will be treated separately from those on clayey soils. Such a
division does, of course, leave out a wide range of types of
ground for which the engineer must use his judgment and
experience.

4.5.2 Sands

Terzaghi & Peck (1948) suggested that for footings on sand
the differential settlement is unlikely to exceed 75% of the
maximum settlement, and since most ordinary structures
can withstand 20mm of differential settlement between
adjacent columns, a limiting maximum settlement of about
25mm was recommended. For raft foundations the limiting
maximum settlement was increased to 50mm. Skempton &
MacDonald (1956) correlated measured maximum relative
rotation (angular distortion) with total and differential
settlement for 11 buildings founded on sand. They con-
cluded that for a safe limit of B = 1/500 the limiting
maximum differential settlemeni is about 25mm and the
limiting tote! settlements are about 40mm for isolated
foundations and 40 to 65Smm for raft foundations. The
following features should be noted:

ein sands settlement takes place rapidly under load. For
framed buildings, where often a significant proportion of
the load is applied prior to the application of the cladding
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and finishes, the above guides may therefore be conserva-
tive

eno cases of damage to buildings founded on sand were
reported by Skempton & MacDonald (1956) or Grant et
al (1972)

e Terzaghi (1956) stated that he knew of no building
founded on sand that had settled more than 75Smm. Of the
37 settlement instances reported by Bjerrum (1963) only
one exceeded 75mm, and the majority were less than
40mm. None of the cases reported by Meyerhof (1965),
or Schultze & Sherif (1973) exceeded 35mm. A compre-
hensive review of case histories by Burland & Burbidge
(1985) has confirmed that very few cases exist where
buildings have settled more than 75mm on sand.

Therefore few probiems should be encountered with
routine buildings founded on deep layers of sand. Difficul-
ties have occurred when vibration has taken place because
of machinery and traffic or nearby construction. Also,
significant settlements can occur because of large fluctua-
tions in load as with silos (Nonveiller, 1963). Finally, it
should be noted that even small quantities of organic
matter, silt or clay increase the compressibility and variabil-
ity significantly.

4.5.3 Clay soils

Using similar procedures to those described previously,
Skempton & MacDonald (1956) concluded that for founda-
tions on clay the design limit for maximum differential
settlement is about 40mm. The recommended design limits
for total settlements are about 65mm for isolated founda-
tions and 65 to 100mm for rafts. These recommendations
were criticized by Terzaghi (1956) on the grounds that the
relationship between maximum relative rotation B and
maximum settlement in clays is dependent on too many
factors for a single value to be assinged to it. Grant et al
(1972) have added a number of case records to the original
data. These confirmed that there was no simple correlation
between maximum relative rotation and maximum settle-
ment in clays. Nevertheless, the engineer should consider
whether the recommendations by Skempton & MacDonald
(1956) are acceptable as routine limiting values.

Fig. 7 shows the maximum differential settlements 8P,y
plotted against maximum settlements P, for framed
buildings on isolated foundations and for buildings with raft
foundations. Much of the data has been taken from
Skempton & MacDonald (1956) and Grant et al (1972) and
the remainder from recent papers. As far as possible, cases
have been excluded where the thickness of the compres-
sible strata varied or where the loading intensity was
significantly non-uniform. A distinction has been drawn
between buildings founded directly on clayey soils and
those founded on a stiff layer overlying the clay stratum.

In Fig. 7b (raft foundations) framed buildings are
distinguished from buildings of loadbearing wall construc-
tion. The figures against some of the points refer to the
number of storeys. Buildings showing slight to moderate
damage are indicated by full points and those showing
severe damage by crosses. Fig. 7 is similar to one given by
Bjerrum (1963), and his suggested upper limit curves for
flexible structures and rigid structures have been incorpo-
rated. The following features are particularly noteworthy:

ein both Figs. 7a and 7b the ratio between maximum
differential settlement and the maximum settlement
(OPmax/Pmax) is less for building founded on a stiff
overlying layer than for those founded directly on clay

e Bjerrum’s upper limit curves for flexible and rigid
structures appear to be confirmed for undamaged build-
ings, but it is of interest to note that many of the results for
damaged buildings lie above the curve
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Fig. 7 Performance of buildings on clayey soils

ein Fig. 7a some cases of slight damage to buildings on
isolated foundations are reported for differential settle-
ments in excess of 50mm and fotal settlements in excess of
150mm

e in contrast, damage to buildings on rafts (Fig. 7b) has not
been reported for differential settlements and total
settlements less than 125mm and 250mm, respectively.
Even these are not truly representative as one building is
reported as being founded on fill and the Charity Hospital
(Skempton & MacDonald, 1956) has distinctly non-
uniform loading. What is clear from Fig. 7b is that many
buildings on rafts have undergone substantial total settle-
ments with no reported damage.

It must be emphasized that the diagrams are based on
limited data for uniformly loaded buildings founded on
uniform clayey strata. They indicate some of the factors
influencing performance for these conditions. The full
arrows represent the design limits suggested by Skempton
& MacDonald (1956). It is not the purpose of this report to
suggest alternative guides. Fig. 7 shows that there are many
examples of undamaged buildings that have settled more
than the limits given by Skempton & MacDonald (1956).
The recommendations made by Skempton & MacDonald
particularly as regards differential settlements, are prob-
ably reasonable as ‘routine limits’. However, provided that
it can be demonstrated that the deflection ratios A/L or
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relative rotation B (see subsection 1.7) will be within
tolerable limits there appears to be no reason why larger
total and differential settlements should not be accepted.
Methods of calculating A/L, making due allowance for the
stiffness of the superstructures, are discussed in the Appen-
dix. For many stiff buildings on uniform g-ound the limiting
settlements are likely to be governed more by considera-
tions of tilt, damage to services entering the buildings or the
influence on adjacent structures than of damage to the
building itself.

4.5.4 General remarks

The discussion has covered only limiting settlements on
sand and uniform clay soils. Clearly this does not cover the
majority of ground conditions, includingsilts, peat, organic
soils, residual deposits and unmade ground. For most of
these there is no short cut to estimating the probable
maximum distortions of the structure. Estimates have to be
made of the degree of heterogeneity of the ground and its
influence on the structure using such techniques as are
expedient, including borings, probing and in situ testing. It
is also necessary to take account of the proposed founda-
tion construction method, particularly if excavation is
envisaged, as it will often radically affect the compressibil-
ity of the underlying ground. Cases of damage have
resulted from the induced vertical stresses in the ground
locally exceeding the preconsolidation pressure (e.g. Var-
gas, 1955). A case history of such an instance is given by
Burland & Davidson (1976). In such cases the stiffness and
strength of the structure need to be sufficient to resist the
local increase in compressibility of the ground.

This discussion on limiting settlements has also been
confined to simple routine structures. The routine guides
described above should never be applied indiscriminately
to buildings and structures that are in any way out of the
ordinary or for which the loading intensity is markedly
non-uniform. Finally, it must always be borne in mind that
the foundations and underlying ground are a part of the
structure and often an economic solution to a differential
settlement problem can be found by suitable design and
detailing of the structural members and finishes.

4.6 Criteria for design for dynamic loading
Because of the diversity of types of dynamic loading it
would not be appropriate to attempt to sssemble a set of
numerical criteria for all types of loadinz. However it is
possible to give some qualitative design guidance pertinent
to dynamic problems in general.

First, the designer should attempt to assess qualitatively
the vulnerability of the structure to the rzlevant dynamic
loadings. He should decide whether the dynamic response
is likely to be excessive in terms of either stress or motion.
Factors worth examination include resonance (or high
dynamic amplification) and undue flexibility of the system.

High dynamic amplification may occur when there is a
close match between the forcing frequency and a dominant
structural frequency. This may occur either for the whole
system or locally within the system. It may also be
undesirable to have closely matching frequencies for a part
of a system and for its support.

Numerical design relating to the above considerations
are reasonably well developed only for earthquakes, as
reflected in the codes of practice applicable in seismic
regions such as California (?, 1976) or New Zealand (?,
1976), and basic guidance on structural form for earth-
quake resistance is given by Dowrick (1977).

Definitive criteria for damage control for vibrations of
many sources other than earthquakes, such as blast vibra-
tions and ground motions induced by explosions, pile
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driving and various machines, are difficult to develop.
Useful information appropriate to some problems may be
found from Littlejohn (1972) and two reports of the
American Society of Civil engineers (1974 & 1975).

A useful summary of vibration criteria for human
discomfort has been given by Littlejohn (1972). The
classical work of Reiher & Meister (1931) as illustrated in
Fig. 8 remains a valuable source for discomfort criteria, the
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Based on Reiher & Meister (1931)

subsequent recommendations of Postlethwaite (1944) and
Dieckmann (1958) and the German DIN 4025 having
similar results, but with an attempt to define the degree of
discomfort more usefully. Dieckmann’s findings (1958) are
summarized in Table 4.

Table 4 Relationship between vibration amplitude and
frequency for human discomfort (after Dieckmann, 1958)

vertical vibrations horizontal vibrations
up to SHz: K = dff up to 2Hz: K = 24f*
from 5-40Hz: K = 5df° from 2-25Hz: K = 4df?
above 40Hz: K = 2004 above 25Hz: K = 100d
K-value description of discomfort level

0.1 | lower limit of human perception

1.0 | allowable in industry for any period of time
10.0 | allowable only for a short time
100.0 | upper limit of strain or endurance for the average person

(d is the amplitude in millimetres, and f is the frequency in hertz)
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4.7 Case histories

Well documented case histories provide a vital link be-
tween theory and practice. Good examples are rare and
more are needed, but some have been published during
recent years.

In the area of surface foundations, Holland et al (1979)
have studied housing slabs on expansive clays, and Burland
et al (1983) have investigated problems associated with pad
footings on chalk. Cooke & Thorburn (1984) have pre-
sented field data for brickwork housing blocks on strip
foundations in alluvial soil, while Toh et al (1985) compared
the computed and observed behaviour of a raft founded on
a variable sequence of soil and weathered rock. The fact
that appreciable settlements can continue for decades,
even for structures founded on firm interbedded clay and
sand strata, has been demonstrated by Semple & Fenske
(1984) who summarize the settlement records for a stiff
cellular raft obtained during the period 1936-80.

In the case of piled foundations, the work of Cooke et al
(1981) has added considerably to the understanding of field
behaviour for large buildings on London clay by measuring
pile loads, raft contact pressures and settlements. Similar
investigations have been undertaken by Ishihara er al
(1977) for blast furnace foundations in alluvial soil, and by
Leung & Radhakrishnan (1985) for a piled raft in weak
rock. Settlement records for three low-rise buildings on
sand and clay strata have been presented by Kishida &
Tsuji (1979), and an example of foundation failure has been
described by Chin (1979). Comments on the combined
effect of temperature and settlement movements have been
given by Aschieri & Uliana (1984) in a field study of a thick
piled raft.

Burland & Kalra (1986) described an important case
history in which a limited number of piles were successfully
used purely to limit the stresses in a raft foundation. This
novel concept can also be used to control settlements and
bending moments in raft foundations. The use of piles in
this way offers considerable cost benefits.

4.8 Underpinning
4.8.1 General

Foundations need to be underpinned either when a struc-
ture is being distorted by foundation movements or be-
cause proposed new works are likely to cause foundation
failure if the foundations are not improved. If investiga-
tions show that movements are continuing or that the risk
that recent movements will continue is unacceptably high
then underpinning should be considered.

Thorburn (1985) identified three main categories of
structure and classes of underpinning:

Categories of structure

(i) ancient — greater than 150 years since completion
(ii) recent — 50 to 150 years since completion
(iii) modern — less than 50 years

Classes of underpinning
(i) conversion works
(ii) protection works

(iii) remedial works

Shoring generally is used to provide temporary support
to structures while the underpinning works are being
executed. The interaction between shoring and underpin-
ning should be appreciated, and great care must be taken
during the final phase of the operations involving the
removal of the temporary shoring and the acceptance of all
structural loads by the underpinning.

Changes to the state of balance and to the pattern of load
distribution within the structure take place during all
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phases of the underpinning operations, and it is important
to identify the mechanisms of load distribution and load
sharing. An awareness and knowledge of the effects of age
on the durability and performance of the materials and of
the fabric of structures is essential.

Earlier and recent forms of shoring and underpinning
have been described by Prentis & White (1950), Hunter
(1952), Tomlinson (1986) and Thorburn & Hutchison
(1985).

The usual reason for underpinning is to protect a
structure alongside which, or beneath which, substantial
excavations are