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Limit state design
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EN 1990 3.3 Ultimate limit states

(4)P The following ultimate limit states shall be verified where they are relevant :

— loss of equilibrium of the structure or any part of it, considered as a rigid body ;

— failure by excessive deformation, transformation of the structure or any part of it into
a mechanism, rupture, loss of stability of the structure or any part of it, including
supports and foundations

— failure caused by fatigue or other time-dependent effects.

Serious failures involving risk of injury or major cost.

Must be rendered very unlikely. An “unrealistic’ possibility.
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EN 1990 3.3 Ultimate limit states

Serious failures involving risk of injury or major cost.

Must be rendered very unlikely. An “unrealistic’ possibility.
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EN1997-1 2.4.7 Ultimate limit states — STR, GEO

— internal failure or excessive deformation of the structure or structural elements, including
e.g. footings, piles or basement walls, in which the strength of structural materials is
significant in providing resistance (STR);

— failure or excessive deformation of the ground, in which the strength of soil or rock is
significant in providing resistance (GEO);

NOTE Limit state GEO is often critical to the sizing of structural elements involved in foundations or
retaining structures and sometimes to the strength of structural elements.




EN1990 3.4 Serviceability limit states

(1)P The limut states that concern :
— the functioning of the structure or structural members under normal use :

— the comfort of people :
— the appearance of the construction works,

Inconveniences, disappointments and more manageable costs.

Should be rare, but it might be uneconomic to eliminate them
completely.

: ARUP



EN1990 3.4 Serviceability limit states

Inconveniences, disappointments and more manageable costs.

Should be rare, but it might be uneconomic to eliminate them
completely.
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Limit state design

* An understanding of limit state design can be obtained
by contrasting it with “working state design”.

* Working state design: Analyse the expected, working
state, then apply margins of safety.

» Limit state design: Analyse the unexpected states at
which the structure has reached an unacceptable limit.

* Make sure the limit states are unrealistic (or at least
unlikely).

ARUP
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Fundamental limit state requirement

Ed
E Fy 5 Xy ;ay = E
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E = action effects

F = actions (loads)

R = resistance (=capacity)
X = material properties

a = dimensions/geometry

d = design (= factored)

k = characteristic (= unfactored)

rep = representative
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Partial factors recommended in EN1997-1 Annex A (+UKNA)

Values of partial factors recommended in EN1997-1 Annex A (+ UKNA)

Actions  |Permanent unfav | 1,35
fav
Variable unfav 1,56 1,3
Soil tan ¢' 1,25
Effective cohesion 1,25
Undrained strength 1,4
Unconfined strength 1,4
Weight density
Spread  |Bearing
footings | Sliding
Driven  |Base
piles Shaft (compression)
Total/combined
Shaft in tension
Bored Base
piles Shaft (compression)
Total/combined
Shaft in tension
CFA Base
piles Shaft (compression)
Total/combined
Shaft in tension
Anchors | Temporary
Permanent
Retaining |Bearing capacity
walls Sliding resistance
Earth resistance
Slopes Earth resistance
|:| indicates partial factor = 1.0
13

1,25
1,25
1,4
1,4

1,3
1,3
1,3
1,6
1,6
1,3
1,5
1,6
1,45
1,3
1,4
1,6
1,1
1,1

Design approach 2

DA2 - Comb 1

Al
1,35

1,5

M1

R2

1,4
1,1
1,1
1.1
11
1,15
11
1.1
11
1,15
1,1
1,1
1,1
1,15
1,1
1,1
1,4
11
1,4

DA2 - Slopes
Al M=R2
1,35 1,35
1,5 1,5 1,3
1,25
1,25
1,4
1,4
1,1
1,1
1,1
1,1

C:\BX\BX-C\EC7\[Factors.xls]

25-Nov-06 17:26
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Partial factors recommended in EN1997-1 Annex A

Values of partial factors recommended in EN1997-1 Annex A

Actions  |Permanent unfav | 1,35
fav
Variable unfav 1,56 1,3 1,3
Soil tan ¢' 1,25 1,25
Effective cohesion 1,25 1,25
Undrained strength 1,4 1,4
Unconfined strength 1,4 1,4
Weight density
Spread  |Bearing
footings | Sliding
Driven  |Base
piles Shaft (compression)
Total/combined
Shaft in tension 2
Bored Base ,25)
piles Shaft (compression) :
Total/combined 1,15
Shaft in tension 1,25
CFA Base 1,1
piles Shaft (compression)
Total/combined
Shaft in tension 1,25
Anchors | Temporary
Permanent 1,1
Retaining |Bearing capacity
walls Sliding resistance
Earth resistance
Slopes Earth resistance
|:| indicates partial factor = 1.0
14

1,1

Design approach 2
DA2 - Comb 1
Al M1 R2
1,35
1,5
4
]
1,1
1,1
1,15
A
1
1,1
1,1
1,1
1,15
1,1
1,1
1,4
1,1
1,4

Design approach 3
DA2 - Slopes DA3
Al M=R2 |A1 A2 M2 R3
1,35 1,35
1,5 1,5 1,3
Structur{Geotech| 1,25
tions |actions | 1,25
1,4
1,4

1.1
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Partial factors for DA1 — UK National Annex

C:\BX\BX-C\EC7\[Factors.xIs]

Actions |Permanent unfav | 1,35
fav

Variable unfav 1,5

Soil tan ¢'
Effective cohesion
Undrained strength
Unconfined strength
Weight density

Spread Bearing

footings _ [Sliding

Driven Base

piles Shaft (compression)
Total/combined
Shaft in tension

Bored Base

piles Shaft (compression)
Total/combined
Shaft in tension

CFA Base

piles Shaft (compression)
Total/combined
Shaft in tension

Anchors |Temporary
Permanent

Retaining |Bearing capacity

walls Sliding resistance
Earth resistance

Slopes Earth resistance

1,3
1,25
1,25
1,4
1,4

[ indicates partial factor = 1.0

1,3

1,25
1,25
1,4
1,4

EC7
values

1,71.5 1,3
1.5/1.3 1,3
1.71.5 1,3
2.01.7 1.6
2.01.7 1,6
1.6/1.4 1,3
2.01.7 1.5
2.01.7 1.6
As 1.45
for 1.3
bored 1.4
piles 1.6
1,1 1,1
1,1 1,1

ARUP



2.4."7 Ultimate Limit States

2.4.7.1 General

(1)P Where relevant, it shall be verified that the following limit states are not exceeded:

— loss of equilibrium of the structure or the ground, considered as a rigid body, in which the
strengths of structural materials and the ground are insignificant in providing resistance
(EQU);

— internal failure or excessive deformation of the structure or structural elements, including
e.g. footings, piles or basement walls, in which the strength of structural materials is
significant in providing resistance|(STR)

— failure or excessive deformation of the ground, in which the strength of soil or rock is
significant in providing resistance @;

— loss of equilibrium of the structure or the ground due to uplift by water pressure (buoyancy)

or other vertical actions|(UPL)

— hydraulic heave, internal erosion and piping in the ground caused by hydraulic gradients

(HYD}

. ARUP



DA1 Combinations 1 and 2 correspond to STR and GEO?

Actions

Permanent

unfav
fav

1,35

Variable

unfav

Soil

tan ¢'

Effective cohesion

Undrained strength

Unconfined strength

Weight density

1,5 1,3
1,25
1,25
1,4
1,4

2.4.7 Ultimate Limit States

2.4.7.3 \Verification of resistance for structural and ground limit states in persistent

1,25
1,25
1,4
1,4

and transient situations
24.7.3.4.2 Design Approach 1

(1)P Except for the design of axially loaded piles and anchors, it shall be verified that a limit

state of rupture or excessive deformation_will not occur with either of the following
combinations of sets of partial factors:

Combination 1: A1 *“+” M1°“+" R1

Combination 2: A2 *+" M2 “+" R1

where “+” implies: “to be combined with”.

STR and GEO both designed for the same partial factors

ARUP



HK/~FE 8" Lumb Lecture

« Limit state design

* Holistic design — structures and ground

» Practical approach to characteristic values
of soil parameters

« ULS and SLS design requirements

« Water pressures

« Ground anchors

« Retaining structures — numerical analysis

» The future




B &«




— ey e
we AR A

v
L Y N
= R

:!E-
\l
R
+F
T!'.
Y [

o

- -~

n_'.r";'s" _ :
T T

‘zl

+m S s . p
'-' ANy Y

P
[~ &




rFEre=
.rrnn
. EE
| H-HH
[

-150m

-50

o
:-:ﬂ:-:-:m- | Bhous

Hm-!-!ﬁ!n-!!!nﬂ.-- __| “!.ﬁr

FOS > 1 for characteristic
- but not big enough

soil strengths

NELIEHHES _ﬂ_



| § ]
id
- -
L ||
" |

The slope and retaining wall are

-150m
all part of the same problem.

R E DR E
113311111111121111
i i ]l i

b

ALY

|

|
|

Structure and soil must be

n
=
-

TRy |

-100

b\ B EERNINNNERNNINENININE

|l

-50

|
[

g

ibtaktersaiatden

-0

0 50 100 150 200 250m

ARUP



24

Partial factors for DA1 — UK and MS National Annex

Actions |Permanent unfav | 1,35
fav

Variable unfav 1,5 1,3 1,3
Soil tan ¢' 1,25

Effective cohesion 1,25

Undrained strength 1,4

Unconfined strength 1,4

Weight density
Spread  |Bearing
footings _ [Sliding
Driven Base
piles Shaft (compression)

Total/col .

sin o Should DA1-1 and DA1-2 give
Bored Base ?
iles Shaft (cc h |
e St tha ggme result”

Shaft in’ ) . . .
=== * lhen what’s the point in doing
piles Shaft (C( .

waw WO calculations?

Shaft in
Anchors |Temporary

Permanent
Retaining |Bearing capacity
walls Sliding resistance

Earth resistance
Slopes Earth resistance

[ indicates partial factor = 1.0

C:\BX\BX-C\EC7\[Factors.xIs]

1,25
1,25
1,4
1,4

EC7
values

1,715 1,3
1.5/1.3 1,3
1.71.5 1,3
2.01.7 1.6
2.01.7 1,6
1.6/1.4 1,3
2.01.7 1.5
2.01.7 1.6
As 1.45
for 1.3
bored 1.4
piles 1.6
1,1 1,1
1,1 1,1

ARUP



EN1990 — choice of partial factor values

C7 Approach for calibration of design values

(2) Design values should be based on the values of the basic variables at the FORM de-
sign point, which can be defined as the point on the failure surface (g = 0) closest to the

average point in the space of normalised variables (as diagrammatically indicated in
Figure C2).

(3) The design values of action effects £y and resistances Ry should be defined such that
the probability of having a more unfavourable value 1s as follows :

P(E>Ey)= @ (+oxp)
P(R<Ry)= @ (-arf)

(C.6a)

Design consistently at B standard (C.6b)

deviations from the mean

where :
[ 1s the target reliability index (see CO).
or and agr, with | < 1, are the values of the FORM sensitivity factors. The value of
a 1s negative for unfavourable actions and action effects, and positive for resis-
tances.

ARUP




0.7and 0.8 or 1.0 and 0.4 ?

ar and ar may be taken as - 0,7 and 0,8, respectively, provided
0,16 < op/og < 7,6 Provided the uncertainties of loads and (C.7)
resistances are reasonably similar ...

where or and or are the standard deviations of the action effect and resistance, respec-
tively, in expressions (C.6a) and (C.6b). This gives :

PE>E)=A0TH) se this approach (C.8a)

P(R<Ry)= &-0,80) (C.8b)

But if one type of uncertainty is really dominant ...

(4) Where condition (C.7) is not satisfied & = = 1,0 should be used for the variable with
the larger standard deviation, and a = + 0,4 for the variable with the smaller standard

deviation.

ARUP



Ratio of  achieved to 3 required

1.2 A ‘
Less economic
1.1 |

SAFETY RATIO

0-6 | | |

0 0.2 0.4 0.6 0.8 1
GE/(GR+GE)

C:\BX\BX-C\EC7\Papers\Paris Aug06\[Paris-Aug06.xIs]
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Ratio of B achieved to B required

1.2 ‘
| Typical
1 foundations

| el

1 .
@)
=L 7 N
o 0.9
- N
o |
& 0.8 I
o Slope | 0g=-0.7, 0ig=0.8
stability ' o
0.6| I I foundations
0 0.2 0.4 0.6 0.8 1

GE/(GR-I-GE)
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0.7and 0.8 or 1.0 and 0.4 ?

ar and ar may be taken as - 0,7 and 0,8, respectively, provided
0,16 < op/og < 7,6 Provided the uncertainties of loads and (C.7)
resistances are reasonably similar ...

where or and or are the standard deviations of the action effect and resistance, respec-
tively, in expressions (C.6a) and (C.6b). This gives :

PE>E)=A0TH) se this approach (C.8a)

P(R<Ry)= &-0,80) (C.8b)

But if one type of uncertainty is really dominant ...

(4) Where condition (C.7) is not satisfied & = = 1,0 should be used for the variable with
the larger standard deviation, and a = + 0,4 for the variable with the smaller standard

deviation.

ARUP



Ratio of B achieved to 3 required
1.2 |
Uneconomic
11 - og=-0.4, 0g=1.0 oeg=-1.0, 0g=0.4
" I~
9 1 - s | . \— [ s
> N
o 0.9 / \
> / \ \
W gg / \
TH 7 N
< Unsafe / \
» Y og=-0.7, 0g=0.8
0.7 N
/ \
// \
0.6 . \
0 0.2 0.4 0.6 0.8 1
GE/(GR+GE)

C:\BX\BX-C\EC7\Papers\Paris Aug06\[Paris-Aug06.xIs]
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Ratio of B achieved to 3 required

A .
1.2 + Uneconomic ‘
|

1 1 | (x,E='O.4, (x,R=1 .0 aE='1 -0, aR=0.4
‘ N - ;,\—
@) /
= /D
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x y / \
> \ \
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L N
< \
(/p) OLE=-0.7, 0(.R=0.8 \
N
N\
\
0.4 0.6 0.8 1
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Combinations 1 and 2 in EC7 - DA1

Actions  |Permanent unfav | 1,35
fav

Variable unfav 1,5 1,3 1,3

Soil tan ¢' 1,25 1,25
Effective cohesion 1,25 1,25
Undrained strength 1,4 1,4

Unconfined strength 1,4 1,4
Weight density

* Just like load combinations, extended to include
variables on the resistance side.

* All designs must comply with both combinations in
all respects, both geotechnical and structural

* Turkstra’s principle for load combinations -
extended

ARUP
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Fundamental limit state requirement
Rd
R,=R{ F, ; X,;a

Rd - R{%: rep‘ ad}

Jn
IA

IA

E F, ; X,;a} = E,

E{x Frep; a) = E,
or E{ Frop(Xd ) a5} = R, @ R.d. (LRFD)
or % E. =E,

D
so in total

JE E{%: repm ad} = Ed = Rd - R{7F Frep Xk/y : ad}/yR

d = design (= factored)
k = characteristic (= unfactored)

IA

|
Jn
IN

IA

E = action effects

F = actions (loads)

R = resistance (=capacity)
X = material properties

a = dimensions/geometry

rep = representative

ARUP
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Fundamental limit state requirement
Ed Rd
E F,; X,:a)=E,<R=RF, ; X,;ay

E % Frepad} = E, < R,=R{x /:relo a,)

IA

or E{) Frop

or % E =E, <R, %

so in total

JE E{%: Frepm ad} = Ed = Rd - R{7/F Frepm; ad}/yR
N———— N———

Concrete and steel: 2 standard deviations from the mean test result.

ARUP
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Characteristic values in EC7/

2.4.5.2 Characteristic values of geotechnical parameters

(1)P The selection of characteristic values for geotechnical parameters shall be based on derived values resulting from laboratory and field tests,
complemented by well-established experience.

(2)P The characteristic value of a geotechnical parameter shall be selected as a cautious estimate of the value affecting the occurrence of the limit
state.

(3)P The greater variance of ¢' compared to that of tane' shall be considered when their characteristic values are determined.

(4)P The selection of characteristic values for geotechnical parameters shall take account of the following:

geological and other background information, such as data from previous projects;

-- the variability of the measured property values and other relevant information, e.g. from existing knowledge;

-- the extent of the field and laboratory investigation;

-- the type and number of samples;

the extent of the zone of ground governing the behaviour of the geotechnical structure at the limit state being considered,;

- the ability of the geotechnical structure to transfer loads from weak to strong zones in the ground.

(9) Characteristic values can be lower values, which are less than the most probable values, or upper values, which are greater.

(6)P For each calculation, the most unfavourable combination of lower and upper values of independent parameters shall be used.

(7) The zone of ground governing the behaviour of a geotechnical structure at a limit state is usually much larger than a test sample or the zone of
ground affected in an in situ test. Consequently the value of the governing parameter is often the mean of a range of values covering alarge
surface or volume of the ground. The characteristic value should be a cautious estimate of this mean value.

(8) Ifthe behaviour of the geotechnical structure at the limit state considered is governed by the lowest or highest value of the ground property, the
characteristic value should be a cautious estimate of the lowest or highest value occurring in the zone governing the behaviour.

(9) When selecting the zone of ground governing the behaviour of a geotechnical structure at a limit state, it should be considered that this limit
state may depend on the behaviour of the supported structure. For instance, when considering a bearing resistance ultimate limit state for a
building resting on several footings, the governing parameter should be the mean strength over each individual zone of ground under a footing,
if the building is unable to resist a local failure. If, however, the building is stiff and strong enough, the governing parameter should be the mean
of these mean values over the entire zone or part of the zone of ground under the building.

(10) If statistical methods are employed in the selection of characteristic values for ground properties, such methods should differentiate between
local and regional sampling and should allow the use of a priori knowledge of comparable ground properties.

(11) If statistical methods are used, the characteristic value should be derived such that the calculated probability of a worse value governing the
occurrence of the limit state under consideration is not greaterthan 5%.

NOTE In this respect, a cautious estimate of the mean value is a selection of the mean value of the limited set of geotechnical parameter
values, with a confidence level of 95%; where local failure is concerned, a cautious estimate of the low value is a 5% fractile.

(12)P When using standard tables of characteristic values related to soil investigation parameters, the characteristic value shall be selected as a
very cautious value.

ARUP



Characteristic values in EC7 — definition (2.4.5.2)

(1)P The selection of characteristic values for geotechnical parameters shall be based on
results and derived values from laboratory and field tests, complemented by well-established
experience.

(2)P The characteristic value of a geotechnical parameter shall be gelected as a gautious
estimate of the value affecting the occurrence of the limit state,

(4)P The selection of characteristic values for geotechnical parameters shall take account of
the following:

— geological and other background information, such as data from previous projects;

— the variability of the measured property values and other relevant information, e.qg. from
existing knowledge;

— the extent of the field and laboratory investigation;
— the type and number of samples;

— the extent of the zone of ground governing the behaviour of the geotechnical structure at
the limit state being considered:;

— the ability of the geotechnical structure to transfer loads from weak to strong zones in the
ground.

. ARUP
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Characteristic values in EC7/

2.4.3(4) also mentions:

— many geotechnical parameters are not true constants but depend on stress level and mode
of deformation;

— soil and rock structure (e.g. fissures, laminations, or large particles) that may play a
different role in the test and in the geotechnical structure;

— time effects;

— the softening effect of percolating water on soil or rock strength;
— the softening effect of dynamic actions;

— the brittleness or ductility of the soil and rock tested;

— the method of installation of the geotechnical structure;

— the influence of workmanship on artificially placed or improved ground;

— the effect of construction activities on the properties of the ground.

ARUP
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Characteristic values in EC7
2.4.5.2 Characteristic values of geotechnical parameters

(5) Characteristic values can be lower values, which are less than the most
probable values, or upper values, which are greater.

(6)P For each calculation, the most unfavourable combination of lower and upper
values of independent parameters shall be used.

(7) The zone of ground governing the behaviour of a geotechnical structure at a
limit state is usually much larger than a test sample or the zone of ground
affected in an in situ test. Consequently the value of the governing parameter
is often the mean of a range of values covering a large surface or volume of
the ground. The characteristic value should be a cautious estimate of this
mean value.

(8) If the behaviour of the geotechnical structure at the limit state considered is
governed by the lowest or highest value of the ground property, the
characteristic value should be a cautious estimate of the lowest or highest
value occurring in the zone governing the behaviour.

“Cautious” — worse than most probable.

ARUP



Characteristic values in EC7 — zone of ground

(7) The zone of ground governing the behaviour of a geotechnical structure at a limit state is
usually much larger than a test sample or the zone of ground affected in an in situ test.
Consequently the value of the governing parameter is often the mean of a range of values
covering a large surface or volume of the ground. The characteristic value should be a

cautious estimate of this mean value.

“Cautious” — worse than most probable.

— bl

-~ T e
\
N
Estuarine beds ~
Sands with Clay lenses —
e
=

S

—
e i —

Small building on estuarine beds near slope
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Characteristic values in EC7 — zone of ground

(7) The zone of ground governing the behaviour of a geotechnical structure at a limit state is
usually much larger than a test sample or the zone of ground affected in an in situ test.
Consequently the value of the governing parameter is often the mean of a range of values
covering a large surface or volume of the ground. The characteristic value should be a
cautious estimate of this mean value.

Cone Resistance (MPa)

5 10 15 20
o A

o

Depth (m)
(631

10
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Characteristic values in EC7 — zone of ground

2.4.5.2 Characteristic values of geotechnical parameters

(9) When selecting the zone of ground governing the behaviour of a geotechnical structure at
a limit state, it should be considered that this limit state may depend on the behaviour of the
supported structure. For instance, when considering a bearing resistance ultimate limit state for
a building resting on several footings, the governing parameter should be the mean strength
over each individual zone of ground under a footing, if the building is unable to resist a local
failure. If, however, the building is stiff and strong enough, the governing parameter should be
the mean of these mean values over the entire zone or part of the zone of ground under the
building.

Thoughtful interpretation — not simple averaging

7.6.2.2
(9) For structures having sufficient stiffness and strength to transfer loads from "weak" to

“strong" piles, the values of & and & may be divided by 1,1, provided that & is never less than
1,0.
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Characteristic values in EC7 — definition (2.4.5.2)

(2)P The characteristic value of a geotechnical parameter shall be selected as a cautious
estimate of the value affecting the occurrence of the limit state.

(10) If statistical methods are employed in the selection of characteristic values for ground
properties, such methods should differentiate between local and regional sampling and should
allow the use of a priori knowledge of comparable ground properties.

(11) If statistical methods are used, the characteristic value should be derived such that the
calculated probability of a worse value governing the occurrence of the limit state under
consideration is not greater than 5%.

NOTE In this respect, a cautious estimate of the mean value is a selection of the mean value of the
limited set of geotechnical parameter values, with a confidence level of 95%; where local failure is
concerned, a cautious estimate of the low value is a 5% fractile.

(12)P When using standard tables of characteristic values related to soil investigation
parameters, the characteristic value shall be selected as a very cautious value.

ARUP
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0.5 SD below the mean?

A suggestion:
When:

* alimit state depends on the value of a parameter averaged over a large
amount of ground (ie a mean value), and

* the ground property varies in a homogeneous, random manner, and
» atleast 10 test values are available

Then: A value 0.5SD below the mean of the test results provides a useful
indication of the characteristic value

(Contribution to Discussion Session 2.3, XIV ICSMFE, Hamburg. Balkema.,
Schneider H R (1997) Definition and determination of characteristic soil properties.
Discussion to ISSMFE Conference, Hamburg.)
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0.5 SD below the mean?
- a useful consideration, not a rule

1.2

0

0.8 1

5% fractile of
mean values

0.6 1

More remote when
dependent on

specific small zone.

0.4

0.2 -

5% fractile of
test resuts

B

Results of
soll tests

2 -1.5 -1 -0.5

-3 -2.5 -
<+ SD from mean

0 0.5 1
Mean

C:\bx\EC7\[EC7 .xls]

26-May-03 10:10
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A USA proposal — 25% fractile

PROBABILITY DENSITY

0.5

0.45 -

0.4

0.35

0.3 1

0.25 1

0.2 {

0.15 1

0.1

0.05

5% fractile of
mean values

75% exceedence
for tests

5% fractile
of test
results

Results of
soll tests

\

-1

0

1 2

TEST RESULTS (SD from mean)

3

C:\BX\BX-C\EC7\[EC7a.xls]

14-May-09 11:20
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Characteristic values in EC7/

* NOT a fractile of the results of particular, specified laboratory tests on
specimens of material.

* A cautious estimate of the value affecting the occurrence of the limit state

* Take account of time effects, brittleness, soil fabric and structure, the effects
of construction processes and the extent of the body of ground involved in a
limit state

* The designer’s expertise and understanding of the ground are all encapsulated
in the characteristic value

* Consider both project-specific information and a wider body of geotechnical
knowledge and experience.

* Characteristic = moderately conservative = representative (BS8002) = what
good designers have always done.
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Square footing

v =17 kN/m3

A

=

y

l G, = 700 kN
A

im

7R

—

A 4

Ultimate bearing capacity

Undrained: R/B

=(T+2) c,5, + ¢

Drained: R/B=c'Ns. +q Nsq +0.5 Y BN,s,

50

2
B c, = 50 kPa

c'=0, ¢ =25°
v = 20 kN/m3

Limiting settlements:
20 mm short term (undrained)

30 mm long term (drained)

‘/
.. 45 ]
. A
= 40 o+ I'g
Z 35 A .
5 +
£ 0 47 /UNT./
-
8 25 4 Ng ,"‘ -
= -+ w
_ -~ _-EN
g 2 A=t /,/ g
gﬂ —+= -t (a"
£ 15 oY 1o 8
& 10 B e
S -
sF,.o.- L 1
0
20 22 24 26 28 30 32 34 36

Angle of shearing resistance, ¢ (%)

Partial factors Y., =14 7,=1.25

‘ To satisfy ULS requirements:

(5)P A limiting value for a particular deformation is the value at which a serviceability limit state,
such as unacceptable cracking or jamming of doors, is deemed to occur in the supported
structure. This limiting value shall be agreed during the design of the supported structure.
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6.6 Serviceability limit state design

6.6.1 General

(1)P Account shall be taken of displacements caused by actions on the foundation, such as
those listed in 2.4.2(4).

(2)P In assessing the magnitude of foundation displacements, account shall be taken of
comparable experience, as defined in 1.5.2.2. If necessary, calculations of displacements shall
also be carried out.

(3)P For soft clays, settlement calculations shall always be carried out.

(4) For spread foundations on stiff and firm clays in Geotechnical Categories 2 and 3,
calculations of vertical displacement (settlement) should usually be undertaken. Methods that
may be used to calculate settlements caused by loads on the foundation are given in 6.6.2.

(16) For conventional structures founded on clays, the ratio of the bearing capacity of the
ground, at its initial undrained shear strength, to the applied serviceability loading should be
calculated (see 2.4.8(4)). If this ratio is less than 3, calculations of settlements should always
be undertaken. If the ratio is less than 2, the calculations should take account of non-linear

stiffness effects in the ground.
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Square footing

=17 kN/m3

G, = 700 kN
A /R

im
B v
—> =
?
B* c, = 50 kPa
c'=0, ¢ =25°

v = 20 kN/m?

Limiting settlements:

20 mm short term (undrained)
30 mm long term (drained)

Ultimate bearing capacity

Undrained: R/B = (+2) ¢ s, + ¢

Drained: R/B=c'Ns. +q Nysq; +0.5 7 BN,

50

.. 45 3
z +/
= 40 o+ I'g
zu 35 _ e ~ =

- — =
£ a0 4 AN

-
8 25 4 Ng ,"‘ -
= b -¥ - - N

g 2 + - om0

=t ~m

gﬂ —+= -t —-
£ 15 -
§ - e

10 .,
S -

sF,.o.-- L 1

0

20 22 24 26 28 30 32 34 36
Angle of shearing resistance, ¢ (°)

Partial factors Y., =14 7v,=1.25

To satisfy ULS requirements:

Undrained: B=1.73m
Drained: B=2.02m
SLS:

SLS using ¢ /3 B=244m
SLS using c,/2 B=2.04m

Working bearing pressure = 237 kPa
Working bearing pressure = 174 kPa

Working bearing pressure = 120 kPa
Working bearing pressure = 171 kPa
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Settlement prediction by Bolton et al

1.00 [emneme- e T P EFTRRPERR D
i Data in the region close to M = 1 can
[ correspond to y/y,, . , greater than 25
0.90 ¢ (generally no higher than 10); these clays
[l have a high ductility and exhibit higher
0.80 H strains at failure than the model would
i predict. !
)0} S | SEEEE—— L S . i = P SRR !
g | | ® i i
L I 1 i i X
0.60 f------------ e O i S $ommmm e dmemm o ;
& | | | e i
< 050 [---—------ —+-1
P C :A T
0.40 [-----------3 max
0.30
——————— c,/2 (M=2)
0.20 | (20 g-omo-]
0.10 D -~ -—-------—-- Y
0.00 T T T T T T T T T T T T
2.5 3.0 3.5

Vardanega, P.J. and Bolton, M.D. (2011) Strength mobilization in clays and silts. Canadian Geotechnical Journal
48(10):1485-1503.

McMahon, B.T., Haigh, S.K., Bolton, M.D. (2014) Bearing capacity and settlement of circular shallow foundations
using a nonlinear constitutive relationship. Canadian Geotechnical Journal 51 (9): 995-1003.
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Square footing
* Design for undrained ULS only —

1 Gy = 700 kN likely to fail at SLS.
A SR
G v * Design for ULS drained —
DB N marginal at SLS
¢, = 50 kPa
¢'=0, ¢'=25° * ¢,/3 — small settlements
v = 20 kN/m?
Limiting settlements: ° Cu/ 2 — non-linear

20 mm short term (undrained)
30 mm long term (drained)

Criterion Width B | Working | Undrained settlement Drained settlement
required | bearing Bolton E/c. =300 | Bolton E/cu =200
pressure Yv=2 = 1% @
m kPa mm mm mm mm
ULS undrained 1.73 237
ULS drained 2.02 171
SLS cu/3 2.44 120
SLS cu/2 2.04 171

. ARUP
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250

Square footing
50 Bolton
- 200 &“
G, =700 kN E 40 | Drained Bearing =~
= - _ ~L pressure pog
y=17 kN/m? 1m & Bolffon "~~~ g 2
<_BT_> = E= Undrained - 100 o
' c, = 50 kPa e :
c'=0, ¢ =25° o E/Cu=300" — — — == 50 @
v =20 kN/m3 F=2 F=3
: | | ;
1.60 1.80 2.00 2.20 2.40 2.60
Footing width  m
Criterion Width B | Working | Undrained settlement Drained settlement
required | bearing Bolton E/c, =300 | Bolton E/cu =200
pressure Yv=2 = 1% M= = 1%
m kPa mm mm mm mm
ULS undrained 1.73 237 30 18 48 35
ULS drained 2.02 171 20 15 33 29
SLS ¢u/3 2.44 120 13 13 22 25
SLS ¢y/2 2.04 171 20 15 33 30
Settlement limits 2.10 159 19 15 30 28
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Square footing

=17 kN/m3

G, = 700 kN
A /R

im

Design for undrained ULS only —
likely to fail at SLS.

Design for ULS drained —
marginal at SLS

. v
«—> =
B? . _sokpa * ¢,/3 —small settlements
=0, ¢ =25° .
e * ¢ /2 —non-linear
y = 20 kN/m? u
Limiting settlements:  Necessary to check both ULS and
20 mm short term (undrained) SLS: SLS may govern
30 mm long term (drained)
Criterion Width B | Working | Undrained settlement Drained settlement
required | bearing Bolton E/c, =300 | Bolton E/cu =200
pressure =2 = 1% @
m kPa mm mm min mm
ULS undrained 1.73 237 30 18 48 35
ULS drained 2.02 171 20 15 33 29
SLS ¢v/3 2.44 120 13 13 22 25
SLS cv/2 2.04 171 20 15 33 30
Settlement limits 2.10 159 19 15 30 28
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Grand Egyptian Museum

-4400
Valley Zone Plateau Zone
200 +70mND
Aeclian soil with some Made Ground
o e *BOMND
4700
Y G d b S LS Mixed depositional environment
-4800 Ove rn e including alluvial, fluvial and aeclian
sediments
4000 i
i
5000 +25mND i +25mND
Aeolian soil with some Made Ground Transition zone between mixed
5100 RO, v o s e e s and alluvial depositional environments
Transition zone between mixed N/
h : 7 +12mND
5300 +10mND and alluvial depositional environments - +10mND
! i ! i Alluvial depositional environment ! Alluvial depositional environment
2400 600 3200 3600 A0 !
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Design for Collaborative Learning
Detailed Design
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-Sand and clays | v 3

*Governed by long
term bearing capacity
(ULS)

« Careful consideration
of relevant load
combinations

G

GONTINUATION AT
REFER TO BAG. 179

&

a—}—'_E'-—i-—-_a—- I

COVENTRY UNIVERSITY ECB
FOUNDATION ARRANGEMENT
SCIENCE BUILDING

39216 FIGURE 1
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Greengate Public
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- footbridge near
Manchester
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Section 7 — Pile foundations
7.6.1.1 Limit state design

(1)P The design shall demonstrate that exceeding the following limit states is sufficiently
improbable:

— ultimate limit states of compressive or tensile resistance failure of a single pile;

— ultimate limit states of compressive or tensile resistance failure of the pile foundation as a
whole;

— ultimate limit states of collapse or severe damage to a supported structure caused by
excessive displacement or differential displacements of the pile foundation:;

— serviceability limit states in the supported structure caused by displacement of the piles.




SLS also covered by ULS factors

7.6.4 Vertical displacements of pile foundations (Serviceability of supported structure)

7.6.4.1 General

NOTE For piles bearing in medium-to-dense soils and for tension piles, the safety requirements for the

ultimate limit state design are normally sufficient to prevent a serviceability limit state in the supported
structure.
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2.4."7 Ultimate Limit States

2.4.7.1 General

(1)P Where relevant, it shall be verified that the following limit states are not exceeded:

— loss of equilibrium of the structure or the ground, considered as a rigid body, in which the
strengths of structural materials and the ground are insignificant in providing resistance
(EQU);

— internal failure or excessive deformation of the structure or structural elements, including
e.g. footings, piles or basement walls, in which the strength of structural materials is
significant in providing resistance|(STR)

— failure or excessive deformation of the ground, in which the strength of soil or rock is
significant in providing resistance @;

— loss of equilibrium of the structure or the ground due to uplift by water pressure (buoyancy)

or other vertical actions|(UPL)

— hydraulic heave, internal erosion and piping in the ground caused by hydraulic gradients

(HYD}

. ARUP



2.4."7 Ultimate Limit States

2.4.7.1 General

(1)P Where relevant, it shall be verified that the following limit states are not exceeded:

— loss of equilibrium of the structure or the ground, considered as a rigid body, in which the
strengths of structural materials and the ground are insignificant in providing resistance
(EQUJ;

— loss of equilibrium of the structure or the ground due to uplift by water pressure (buoyancy)

or other vertical actions|(UPL)

— hydraulic heave, internal erosion and piping in the ground caused by hydraulic gradients

(HYD}}
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2.4."7 Ultimate Limit States

2.4.7.1 General
(1)P Where relevant, it shall be verified that the following limit states are not exceeded:

— loss of equilibrium of the structure or the ground, considered as a rigid body, in which the
strengths of structural materials and the ground are insignificant in providing resistance
(EQUJ;

— internal failure or excessive deformation of the structure or structural elements, including
e.g. footings, piles or basement walls, in which the strength of structural materials is
significant in providing resistance|(STR) Ye=1.0,1.35, 1.5 etc

— failure or excessive deformation of the ground, in which the strength of soil or rock is
significant in providing resistance (GEO]; Ye=1.0,1.35, 1.5 etc

— loss of equilibrium of the structure or the ground due to uplift by water pressure (buoyancy)

or other vertical actions|(UPL) Yeast= 1.0/1.1, Ve, = 0.9
— hydraulic heave, internal erosion and piping in the ground caused by hydraulic gradients
(HYD]' Trast = 1-39; Yrsw = 0.9

. ARUP
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“Design” water pressures in EC7

(6)P When dealing with ground-water pressures for limit states with severe consequences
(generally ultimate limit states), design values shall represent the most unfavourable values
that could occur during the design lifetime of the structure. For limit states with less severe

consequences (generally serviceability limit states), design values shall be the most
unfavourable values which could occur in normal circumstances.

(7) In some cases extreme water pressures complying with 1.5.3.5 of EN 1990:2002, may be
treated as accidental actions.

(8) Design values of ground-water pressures may be derived either by applying partial factors

to characteristic water pressures or by applying a safety margin to the characteristic water level
in accordance with 2.4.4(1)P and 2.4.5.3(1)P.

ARUP
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29

2.4.2 — Actions The “‘single source principle

(9)P_Actions in which ground- and free-water forces predominate shall be
identified for special consideration with regard to deformations, fissuring,
variable permeability and erosion.

NOTE Unfavourable (or destabilising) and favourable (or stabilising)

permanent actions may in some situations be considered as coming from a

single source. If they are considered so, a single partial factor may be applied to
the sum of these actions or to the sum of their effects.

ARUP
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Slightly more complex problems

/<\ AN

Tank
Weight Wt

?,7//////////////,7/17/////////////1,// Gz

(1 A A O O B A A B B O
Concrete Slab with its weight Wc

Uplift U

d

Zmﬂ |||<]

variable
water level
Insides
T3
variable
—= Groundwater

level

76

ot 1,5 (physically impossible)

Level-2m+/-1m

Vy =24 kPa

0
4 —zzip-0.4
N N
2 1,8m 1.35-1.8m | 7.2m | 1.35-7.2m |
28 A
Water table TTTTTTL 7T Y

Water pressure A

8,2 B

AT

Water PFESSUFEKpartiaI factor y on water pressure is 1.35
V=97 kPa
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Explicitly accommodate the worst water pressures
that could reasonably occur

i

Water
main

=

777N
VA

free water table

—L

72
W

Sand

Sand

L

v = 10 KN/m?3
3m

1m rise in water level multiplies BM
by about 2.5 — outside the range
allowed by factors on the water
pressure or water force.
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Use of an offset in water level?

Water
main
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- Gmundw.;atertabﬁe

HYD — Equation 2.9

Water

Groundwater table

EC7 {2.4.7.5(1)P} states: “When considering a limit state of failure due to heave
by seepage of water in the ground (HYD, see 10.3), it shall be verified, for every
relevant soil column, that the design value of the destabilising total pore water
pressure (u,,., ) at the bottom of the column, or the design value of the seepage
force (S,.4) In the column is less than or equal to the stabilising total vertical
stress (0,,,.,) at the bottom of the column, or the submerged weight (G ,,.,) of
the same column:

Uga S Owp.q (2.9a) —total stress (at the bottom of the column)

7

-9 Sisa = G g (2.9b)” — effective weight (within the column)



M Gmum:i‘:nﬁater table
HYD — Equation 2.9 '*
Water

E‘-mundwater table ]|

f 4

| Gl B P b '-1

.I 42t :. Sand '|

i ]

Annex A of EC7 provides values for partlal factors to be used for HYD 7/G st = 1 35
and ;..,;, = 0.9. But the code does not state what quantities are to be factored.
Maybe:

zl/fl;ccllst Mdst;k < 7/G;stb O-stb;k (29&) 1. 3 5 /0.9 — 1. 5

Vo:dst Sastke = Voosw O ,stb;k (2.9b)

In this format, the factors are applied to different quantities in 2.9 a and b.

Uga S Owp.q (2.9a) —total stress (at the bottom of the column)

A

7

31 Sisa = G g (2.9b)” — effective weight (within the column)
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HYD — Equation 2.9

v 77 AN

7m

Orr, TLL (2005) Model
Solutions for Eurocode 7
Workshop Examples.
Trinity College, Dublin.

im

VIZZ N\
e

O\
\ AN

Uniform per eab\ﬂity




HYD — Equation 2.9 —

L 1

Ugrg S Oupq (2.9a) —total stress (at the bottom of the column)

7

Susa < G g (2.9b)” — effective weight (within the column)

Apply %45 = 1.35 to: Apply .5 = 0.9 to:
Pore water pressure U ... Total stress o, 2.78
Seepage force S, .« Buoyant weight G, . 6.84

Y. o U, < % N O; . (2.9&) OI’I‘, T.L.L. 2005.

Gdor ik Groth Zatbik Model Solutions for Eurocode 7

Vordst Sasik < Yorsw O suv (2.9b) Workshop Examples.

Trinity College, Dublin.
83



HYD — Equation 2.9 —

7m

7~ —1 | Tim s
// y // /*‘ﬂ 178 N
f/f P ; e / //’ ?
/ / / # /
/ VAN

eab\ﬁy

RN m\\\

Ugrg S Oupq (2.9a) —total stress (at the bottom of the column)

7

Susa < G g (2.9b)” — effective weight (within the column)

APPlY 754 = 1.35 to: APPlY Y55 = 0.9 to: H

‘!f /-‘“' / ,_/ 4 | '| \ \ \
| j/ }H f U/:i ;Ren\

Pore water pressure U ... Total stress o, 2.78
Seepage force S, .« Buoyant weight G, . 6.84
Excess pore pressure U, ., — ¥, 2 Buoyant density 6.84
Excess head (W g - %,2) /%0 Buoyant density 6.84
Excess pore pressure or excess head Total density 6.1

84
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Groundwater table
w7

Safety Against Hydraulic Heave (HYD in EC7)

Water

Groundwater table
'\;;'
A

Conclusions

Not good to factor total water pressures

- Factoring differential or excess water pressure
may be OK. (ie excess over hydrostatic)
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Terzhagi’s rectangular block

e

Permeable
layer

Possible '

failure
zo0ne

Das (1983) Fig 2.47

Fi Fi Fd
Impermeable layer

Fi

G' = buoyant weight

S = seepage force
due to excess water pressure

Dimensions t x t/2

Fy=G'/S
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Factors of satety for HYD

7 L4 [ 4
Impermeable layer

Das (1983) Fig 2.47

Publication and any limitations Values
Williams B P & Waite D (1993) 1.5t02.0
for clean sands

Kashef, Abdel-Aziz Ismail (1986) 4to03
Harr, M E. (1962) 4t05
German practice — unfavourable soils 1.9
(DIN 1054/A2 2014) - favourable soils 1.42
Swedish practice — coarse soils 1.5
(Ryner et al 1996) — silty material 2.5
Dutch practice (van Seters 2013) 2.8
Das (1983), quoting Harr (1962) 4t05




Essential to assess correct water pressures (permeabilities)
v ...then F; seems to be jrrelevant

89

1.00E-06 1.00E-05 1.00E-04
Permeability m/s

=
No

=

.00E-03
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Why b=t/2? A narrower block would be more critical.
Include friction on the side of the block?

90

layer

T . A

H:I
+

v v
p T ol P 'P;:;silﬂlé b
failure
zo0ne
Permeable

Das (1983) Fig 2.47

Fi Fi Fd
Impermeable layer

G' = buoyant weight
S = seepage force

due to excess water pressure

Dimensions t x t/2

+=G'/S
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Equipotentials tor uniform permeability — F. = 1.5

Simpson, B & Katsigiannis, G (2015) Safety considerations for the HYD limit state.
Submitted for ECSMGE, Edinburgh.
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Effect of friction on the Terzaghi block

- 10
. 9 |\
__Zh_ 6m g 3 \
R — -
R e 5 \
P =l Wy T \
/TR 5 5 Y
S 4 = ~
o | S o o _+friction
L. 3 - e o
Ahft=2 , |
FT =1.5 1 K‘m
N |
0 b=t/2 T T T 1

0 2 4 6 8
Column widthb (m)
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Effect of friction on the Terzaghi block

N

Ah/t =2

6m No friction

v
=
(00)

=
o))

)<
[EY
D

=t
N

D lel
|

o
0o

S
>
e
/ |
/’
Factor of safety
[N

o
o))

©
~

f

o .
|

I b=t/2 I T T 1
4 6 8

Column width b (m)
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Effect of friction on the Terzaghi block

N

Ah/t =2

No friction

v
=
(00)

=
o))

|

I|<
=
D

+ friction

—2 Ah/t=3

=
N

RN

G " R o
y
l

_frictol

o
)

E
Fd
/
Factor of safety
Y

o o
A~ O

o
l

a b=t/2 I T T |
4 6 8

Column width b (m)
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Effect of friction on the Terzaghi block

i 2
. 18 Ah/t =2
I 6m No friction
Ah 1.6
Y v 1.4 friction
N = . + 1ric —
ST g, Ah/t=3
] Y .
/’7?\%'\ 3 —X Ah/t=3.33
R o 1 = friction
208
S
0.6
0.4
0.2 2 3
0 + b=t/2 | | | |
0 2 4 6 8

Columnwidthb (m)
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Effect of friction on
the Terzaghi block

PR T T o (S
]
l

10 I 2
9 \ | 1.8 ﬁhf/t = 2
\ o friction
S Ahft=2| 18
- 7 F -~ 1 5 — - 1.4 +fr'|ct'|on —g
85 =42 | 5 Ah/t=3
;s . 5t — Ah/t=3.33
o 3 ‘l o 1 =+ friction
g 4 S £ 08 -
E | S - o friction &
3 | == " 06
2
1 I 0.2
0 T T T O I I
0 2 4 6 0 2 4 6 8
Column width b (m) Column widthb (m)

ARUP



97

Conclusions of EG9

* Not good to factor total water pressures
- Factoring differential water pressure may be OK.

* Design for F=... 1s no use if the pore pressures (permeability
distribution) are not properly understood.

« ULS design water pressure derived without factors (1% chance)

- No factors on effects of water pressure — eg seepage force S.
- But could be factors on structural effects of water pressures —eg BM

* Take directly assessed ULS design water pressures (1% chance)
with factored strengths of materials. Consider all failure
mechanisms. Simple!

* Special case: Terzaghi block — only consider one mechanism so
add a factor of safety (1.57).
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HK/~FE 8" Lumb Lecture

« Limit state design

« Holistic design — structures and ground

» Practical approach to characteristic values
of soil parameters

« ULS and SLS design requirements

« Water pressures

« Ground anchors

« Retaining structures — numerical analysis

» The future




Ground anchors —
EC’7 Section 8
and the new UKNA
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EC7 Section 8 — Anchorages (existing)

EN 1997-1:2004(E)

Section 8 Anchorages

8.1 General

8.1.1 Scope

(1)P This Section applies to the design of tempgsary and pe anﬁ&%
#rof slo es,‘\e tl.ﬁlels;
s lplift forﬁg% .

it“%en orce#d a load bearing formation of soil or rock.

S applicable to;

— to support a retaining structure;

— to provide the stabj

-stressed anchorages consisting of an anchor head, a tendon free length and a tendon
bond length bonded to the ground by grout;

— non pre-stressed anchorages consisting of an anchor head, a tendon free length and a
restraint such as a fixed anchor length bonded to the ground by grout, a deadman
anchorage, a screw anchor or a rock bolt.

(3) This Section should not be applied to soil nails.

(4)P Section 7 shall apply to the design of anchorages comprising tension piles.
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EC7 “Evolution Groups™
EGO Management and oversight
EG1 Anchors
EG2 Maintenance and simplification
EG3 Model solutions
EG4 Numerical models
EG5 Reinforced soil
EG6  Seismic design
EG7 Pile design
EG8 Harmonization
EG9  Water pressures
EG10 Calculation models
EG11 Characterization
EG12 Tunnelling
EG13 Rock mechanics
EG14 Ground improvement

ARUP



Three European documents

« EN 1537
Execution of special geotecricaiwvork — Ground anchors

« EN I1SO 22477-5

Geotechnical investigation and testing — Testing of geotechnical structures — Part 5:

Testing of anchorages

» Eurocode 7 — EN 1997-1 — Section 8 — Anchors + UKNA

And the existing British code

* BS 8081 — Ground anchorages (being revised as NCCI)
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EN 1997-1:2004/A1:2013

Eurocode 7 (2004) with amendment (2013)

Section 8 - Anchors

8.1 General
8.2 Limit states

8.3 Design situations and actions
8.4 Design and construction considerations|
8.5 Limit state design of anchors

8.6 Tests on anchors

8.7 Lock-off load for pre-stressed anchors |

8.8 Supervision, monitoring and maintenance
+UKNA

dt

Motherhood and apple pie?
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ULS:@ULS;d max (FULS;d ) |:serv;d)
~—~

Anchor

force Proof
Check load, Pp Sufficient to prevent supported structiire FULS;d
behaviour e —_———

I

I

I

I |

| exceedingULS Fsenid . — @ —
I

I

I

Sufficient to prevent
<« SLS supported structure
exceeding SLS

I
Pre-load and testing
EN 22477-5

BS 8081

105

Time

F ¢ — the force required to prevent any ultimate limit state in the supported structure
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8.5 Limit state design of anchors
8.5.1 General

(1)P The design value of the geotechnical ultimate limit state resistance of an anchor, Ry s.4, shall satisfy the
following inequality:

ULS: Eysq = max (Fyis.g s Fserva)
Epsa = Rusg Il | . s P | (8.1)
I F
B Sufficient to prevent supported structure 3
Where- : ﬂ‘ﬁedﬂg_u.l—i _____ FSEWL__U,LS.IG_
| g = -——-——- _____ :v_ -
Ejsa =Max(Fyse Feena) : e I' ny v /7 " (8.2)
FSer\r;k__--__‘“
and where: Sufficient to prevent
SLS supported structure
exceeding SLS
FSen.r;d = yServ X FSen.r;k ' (8'3:‘

NOTE 1 The value of partial factor ), may be set by the National Annex. The recommended value for persistent

and transient situations is given in Table A.18.

(2)P When a separate evaluation of the serviceability limit state of the anchor is required the evaluation shall
be carried out using Formula (8).4).

F

Servk —

<R

sSLsd

(8.4)

NOTE 1 The National Annex may set whether a separate evaluation of the serviceability limit state of the anchor is
required.

NOTE 2  The National Annex may set whether the verifications for ultimate limit state and serviceability limit state are to
be carried out separately or in a combined procedure.



8.5.1 General

(1)P The design value of the geotechnical ultimate limit state resistance of an anchor, Ry s4, shall satisfy the
following inequality:

E. .. <R (8.1)

ULsd — ° "uLsd

Ruise  design value of the resistance of an anchor complying with ultimate limit state criteria
Small factor v,y s

Rusk  characteristic value of the resistance of an anchor complying with ultimate limit state criteria

Take the worst
Rusm Measured value of the resistance of an anchor complying with ultimate limit state criteria

8.5.2 Geotechnical ultimate limit state resistance

(1)P The measured geotechnical ultimate limit state resistance of an anchor as defined in 8.5.2(2)P shall be
determined from a number of investigation or suitability tests (n) carried out in accordance with
EN ISO 22477-5.

NOTE The test method to be used to determine the measured resistance and the number of tests n may be set in the
National Annex.
* Investigation or suitability tests must be used to check Ej; ¢4
* Investigation tests not used much on small contracts. Suitability tests on working anchors.
* Investigation or suitability tests may optionally check behaviour at F, , (NA)
* All grouted anchors must have acceptance tests

* Acceptance tests may check Ey; 5.4 and/or F (NA)

serv;k
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8.5.1 General

(1)P The design value of the geotechnical ultimate limit state resistance of an anchor, Ry s4, shall satisfy the
following inequality:

E. .. <R (8.1)

ULsd — ° "uLsd

Ruise  design value of the resistance of an anchor complying with ultimate limit state criteria
Small factor v,y s

Rusk  characteristic value of the resistance of an anchor complying with ultimate limit state criteria

Take the worst
Rusm Measured value of the resistance of an anchor complying with ultimate limit state criteria

8.5.2 Geotechnical ultimate limit state resistance

(2)P The measured ultimate limit state resistance of an anchor Ry s, shall be determined by load tests as the
lesser of the proof load or the load causing a limiting condition (R,,). The limiting condition depends on the test
method and may be:

— the asymptote to the creep rate versus load curve, or;
— the load corresponding to a limit value of the creep rate (ay.s), or;

— the load corresponding to a limit value of load loss (k.y.s)-

Thus:
—  Rysm =Min{R_(ay or kys)and R, (8.5)
NOTE The limit value of the creep rate (auLs) or load loss (ki.uLs) may be set by the National Annex, which may

ARUP



110

(2)P When a separate evaluation of the serviceability limit state of the anchor is required the evaluation shall
be carried out using Formula (8 .4).

Foonx = Reisa (8.4)

Servk —

NOTE 1 The National Annex may set whether a separate evaluation of the serviceability limit state of the anchor is
required.

NOTE 2  The National Annex may set whether the verifications for ultimate limit state and serviceability limit state are to
be carried out separately or in a combined procedure.

Table A.NA.21 — Limiting criteria for investigation, suitability and acceptance tests for persistent and
transient design situations at the ultimate and serviceability limit states

Test Limiting Investigation and suitability tests Acceptance tests
Method ° iteri
eme eriterion uLS SLS uLs sLs
(Eq. 8.5) (Eq. 8.8) (Eq. 8.13) (Eq. 8.14)
K 5% per 2% per 5% per 2% per
log cycle of time log cycle of log cycle of time | log cycle of time®
time®
2
azb 5%As” per log 2%Ae5LSd per log S%A s per log 2%As15 per log
cycle of time cycle of time cycle of time cycle of time

*  For a description of the test methods see EN ISO 22477-5, or EN 1537:2013. Pending the publication of EN ISO 22477-5,
the procedures of BS8081 may be substituted for Test Method 2, adopting the limiting criteria shown in this table.

b a,is the creep rate determined by Test Method 2, from the displacement per log cycle of time at constant anchor load (as
defined in EN ISO 22477-5).
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8.5.2 Geotechnical ultimate limit state resistance

R = min{ﬁ’m (anLS or kI;ULS)

and Pp} (8.5)

ULs:m

NOTE The limit value of the creep rate (auis) or load loss (ki-us) may be set by the National Annex, which may
specify the use of an asymptote to the creep rate versus load curve in place of a specified value for ay.s. Recommended
values for persistent and transient situations are given in Table A.21.

(3)P The characteristic value of the ultimate limit state geotechnical resistance of an anchor, Ry sy, shall be
derived from:

\min CEN value: & 4=1.0
RULS;I( = ULi;m UK Value: gULS = 1.35 FSCI'V;k/EULS;d (86)
< 1.0, if Eypgq > 1.35F, 4

NOTE 1  Values of the correlation factor £, s may be set by the National Annex. Recommended values for persistent
and transient situations are given in Table A.20.

(R

NOTE 2  The minimum number of investigation and suitability tests n to be carried out to determine (Ruis:m)min may be
set by the National Annex. Recommended values for persistent and transient situations are given in Table A.20.

(4) Investigation tests should normally be loaded to the estimated ultimate resistance of the ground/grout

interface and may require tendons and other structural components of greater capacity than used in suitability
or acceptance tests.

(5)P The design value of the geotechnical ultimate limit state resistance of an anchor shall be derived from:

r_PRus CEN value: v, ;15=1.1 =UK value

uLsd = :Va;ULS SO RULS,III = 1'1XRULS,d Z 1'1EULS,d >> F ??

serv;k

SO RULS;rn = 1.1x (RULS;d 2 EULS;d)X1'35 Fserv;k/EULS;d ~ 1'SFServ;k
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Anchor :
force Proof | Rysar
load, P : y Y
check p | 1.5 |:SerV'd
behaviour | v’
I -——— = -—-rr-""T == -~ -~ -
I YServ \ v
|:Serv;k -
Sufficient to prevent
\ | <« SLS supported structure
Pre-load and testing | exceeding SLS
EN 22477-5 |
BS 8081 |
+ Working life R Fuis:a
I
1
Time

F ¢ — the force required to prevent any ultimate limit state in the supported structure
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Table A.NA.21 — Limiting criteria for investigation, suitability and acceptance tests for persistent and

113

RULS;m = L.1x (RULS;d = EULs;d)X1-35 Fserv;k[EULS;d = I'SFServ;k

I{SLS;m =F

servs;k

transient design situations at the ultimate and serviceability limit states

Test Limiting Investigation and suitability tests Acceptance tests
Method criterion ULS sSLS ULS SLs
(Eq. 8.5) (Eq. 8.8) (Eq. 8.13) (Eq. 8.14)
ki 5% per 2% per 2% per 2% per
log cycle of time log cycle of log cycle of time | log cycle of time®
9 time®
s’ 5%Aans perlog 2%As15° per log 5%A.ns per log 2%A.s15 per log

cycle of time

cycle of time

cycle of time

cycle of time

Advice on design of anchors to achieve these
performance requirements will be provided in
BS 8081 (2015).
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Summary

Anchor validation based only on
testing — no reliance on
calculations.

No requirement for big overall
FOS.

But contractor will need to be
confident that every anchor will
pass the acceptance test. Low
creep at fairly high loads.

So he might introduce extra
margins to be sure of this.

EC7 gives the test criteria, but
doesn’t advise how to achieve
them. BS8081 will do this.
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9.8 Serviceability limit state design

9.8.1 General

(1)P The design of retaining structures shall be checked at the serviceability limit state using
the appropriate design situations as specified in 9.3.3.

(2)P Design values of earth pressures for the serviceability limit state shall be derived using
characteristic values of all soil parameters.

(5) The design values of earth pressures should be derived taking account of the allowable
deformation of the structure at its serviceability limit state. These pressures may not
necessarily be limiting values.

ARUP



9.8.2 Displacements

(1)P Limiting values for the allowable displacements of walls and the ground adjacent to them
shall be established in accordance with 2.4 .8, taking into account the tolerance to
displacements of supported structures and services.

(2)P A cautious estimate of the distortion and displacement of retaining walls, and the effects
on supported structures and services, shall always be made on the basis of comparable
experience. This estimate shall include the effects of construction of the wall. The design may
be justified by checking that the estimated displacements do not exceed the limiting values.

(3)P If the initial cautious estimate of displacement exceeds the limiting values, the design shall
be justified by a more detailed investigation including displacement calculations.

(4)P It shall be considered to what extent variable actions, such as vibrations caused by traffic
loads behind the retaining wall, contribute to the wall displacement.

(5)P A more detailed investigation, including displacement calculations, shall be undertaken in
the following situations:

— where nearby structures and services are unusually sensitive to displacement;

— where comparable experience is not well established.

(8) The behaviour of materials assumed in displacement calculations should be calibrated by
comparable experience with the same calculation model. If linear behaviour is assumed, the
stiffnesses adopted for the ground and structural materials should be appropriate for the
degree of deformation computed. Alternatively, complete stress-strain models of the materials
may be adopted.
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9.8.2 Displacements

(1)P Limiting values for the allowable displacements of walls and the ground adjacent to them
shall be established in accordance with 2.4 .8, taking into account the tolerance to
displacements of supported structures and services.

(2)P A cautious estimate of the distortion and displacement of retaining walls, and the effects
on supported structures and services, shall always be made on the basis of comparable
experience. This estimate shall include the effects of construction of the wall. The design may
be justified by checking that the estimated displacements do not exceed the limiting values.

(3)P If the initial cautious estimate of displacement exceeds the limiting values, the design shall
be justified by a more detailed investigation including displacement calculations.

Numerical analysis often used for SLS.
Nothing new in EC7.

(5)P A more detailed investigation, including displacement calculations, shall be undertaken in
the following situations:

— where nearby structures and services are unusually sensitive to displacement;

— where comparable experience is not well established.

(8) The behaviour of materials assumed in displacement calculations should be calibrated by
comparable experience with the same calculation model. If linear behaviour is assumed, the
stiffnesses adopted for the ground and structural materials should be appropriate for the
degree of deformation computed. Alternatively, complete stress-strain models of the materials
may be adopted.
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HKA~E 8" Lumb Lecture

Eurocode 7 — Good practice in geotechnical design

.; « Use of numerical methods for ULS

— Can numerical methods be used for all design approaches?
> — How should strength factors be applied?

: — Does FEM give the wrong failure mechanism?
— Use of advanced soil models for ULS
. — Undrained behaviour and consolidation

— — K, and soll stiffness
— Staged construction

« Simpson, B and Junaideen, SM (2013)

Use of numerical analysis with Eurocode 7.
18th South East Asia Geotechnical Conference, Singapore.
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HKA~E 8" Lumb Lecture

.; « Use of numerical methods for ULS

— Can numerical methods be used for all design approaches?
: — How should strength factors be applied?

= — Does FEM give the wrong failure mechanism?
— Use of advanced soil models for ULS
y — Undrained behaviour and consolidation

— - K, and soill stiffness
— Staged construction
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Partial factors recommended in EN1997-1 Annex A (+UKNA)

Values of partial factors recommended in EN1997-1 Annex A (+ UKNA)

Actions Permanent unfav ,35
fav

Variable unf, 1,56 1,3

Soil tan ¢' 1,25
Effective cohesion 1,25
Undrained strength 1,4
Unconfined strength 1,4
Weight density

Spread  |Bearing

footings | Sliding

Driven Base

piles Shaft (compression)
Total/combined
Shaft in tension

Bored Base

piles Shaft (compression)
Total/combined
Shaft in tension

CFA Base

piles Shaft (compression)
Total/combined
Shaft in tension

Anchors | Temporary
Permanent

Retaining |Bearing capacity

walls Sliding resistanc
Earth resistance

Slopes Earth resistance

125

1,25
1,25
1,4
1,4

1,3
1,3
1,3
1,6
1,6
1,3
1,5
1,6
1,45
1,3
1,4
1,6
1,1
1,1

Design approach 2
DA2 - Comb 1
Al M1 R2
1,35
1,5
1,4
1,1
1,1
1,4
1,1
1,4

ign approach 3
DA2 - Slopes A3
Al M=R2 #'|A1 A2 M2 R3
1,35 1,35
1,5 1,5 1,3
Structur{Geotech| 1,25
actions |actions | 1,25
1,4
1,4

1.1
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HKA~E 8" Lumb Lecture

.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B - K, and soill stiffness

— Staged construction
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Fundamental limit state requirement

IA

Ed
E F,; X,;a} = E,
E{y% F.: X/%,; aj} = E,

rep’

Ry
Ri=R{ F, : X,:aj}
Ry = R{J Freps Xd Has @4}

IA

IA

or E{» Frep; X/ @y = Eq< Ry= R/ = R0z (LRFD)
OI’ 7/EEk =Ed S Rd=Rk/7/R
so in total

% BV Freps Xd Has @ad = Egq < By = RUE Freps Xd s @0l IR

(a) Reduce strength, increase the loads, and check equilibrium
OR
* (b) Find the remaining FOS?
OR
* (b) “c-0 reduction”

127
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Pre-factored strength, or c-¢ reduction?

Max wall displacement 48mm: Large displacement
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HKA~E 8" Lumb Lecture

.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B - K, and soill stiffness

— Staged construction

ARUP




Wrong failure mechanism?

Max wall displacement 48mm Large displacement
] bl B
"T==X
\\\\\\\ SN
N TR
R %w -
5.000 I i} i \ ~
o] I
ERRE SR S S S ?Tf_TTTf_rT_'_f—'PT—T_T_T S\ D
P 1 N 7
-10.00 7 . f ’ f‘f‘f‘i‘f‘z g fif E’E s f 1 1 -10.00 7 E § //Zf : 1
R A ‘ SN AN
N o P
‘‘‘‘‘‘‘‘‘ 1 SN L
A5.00 7 - b ' sl * ' ' '
] o -15.00 - - . ~ A,
. xbcaps:Debifabsfdl | 1 . D . i) S s Ty SR AR
------------ I = o A
20 Yo = 1.25 | oo R Y, =1.45

There is no “right” failure mechanism

e Because failure isn’t the “right” answer!

 EC7 is interested in proving success, not failure.
* Finding FOS useful for design refinement, but not for final verification.

Plastic models of structural elements useful in ULS analysis.
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.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B - K, and soill stiffness

— Staged construction
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Factoring advanced models

—0', ¢/, ¢, not explicit parameters
eg Cam Clay, BRICK, Lade etc
Change to Mohr-Coulomb for the factored calculation?
If v.=Y, this 1s the code tactor on drained strength, however derived.

Consider: 1s the model’s drained strength more or less reliable than
those used in conventional practice?

- eg the model might take good account of combinations of principal

stresses, direction (anisotropy), stress level etc.

- Possibly modify factors in the light of this.
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.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B - K, and soill stiffness

— Staged construction
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Undrained strength in effective stress models

Reliable computation of undrained strength from effective stress
parameters 1s very difficult.

EC7 generally requires a higher factor on undrained strength (eg
1.4 on c¢,) than on effective stress parameters (eg 1.25 on c¢’, tan¢’).

t= (6, - oy))/2

Incorrect undrained strength Method A

Mohr-Coulomb
—no dilation

Method B

o .
z Correct undrained stress path
\

§'= (0, +0)/2
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c,/1.4 doubles bending moment when sensitive

-200

50
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NUMERICAL ANALYSIS RESULTS
COMPARISON OF METHODS A AND B
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Undrained strength in effective stress models

Reliable computation of undrained strength from effectiv
parameters 1s very difficult.

€ stress

EC7 generally requires a higher factor on undrained strength (eg

1.4 on ¢,) than on effective stress parameters (eg 1.25 on

tang@").

c',

The drafters assumed that effective stress parameters would be

used only for drained states.

The higher factor (eg 1.4) was considered appropriate for

characteristic values of ¢, based on measurement, which 1s
generally more reliable than values computed from effective

stress parameters.

So it 1s unreasonable to adopt a lower value for the latter.
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Time-dependent analysis

* Beyond EC7!
* Geotechnical category 3

Section 2 Basis of geotechnical design

2.1 Design requirements

(12) The procedures of higher categories may be used to justify more economic designs, or if
the designer considers them to be appropriate.

(20) Geotechnical Category 3 should include structures or parts of structures, which fall outside

the limits of Geotechnical Categories 1 and 2.

(21) Geotechnical Category 3 should normally include alternative provisions and rules to those
in this standard.
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.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B — K, and soll stiffness

— Staged construction

ARUP




140

K

o

 Inreality, K, 1s not a simple function of soil strength (¢").

* So it 1s not sensible, and not a Eurocode requirement, to factor
K, or vary it as a function of ¢'. In situ stresses are taken as a
separate parameter — an action.
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Soil stiffness
* CIRIA Report C580 recommends that stiffness should be

reduced (halved) for ULS analysis. No other publication has a

similar requirement.

* The reason for this was that
larger strains may be mobilised
in ULS analyses — it was not an
additional safety margin.

* This reasoning may apply to Strategy 1, but not so clearly to
Strategy 2 since, in many cases, most of the displacement has
already taken place when the strength i1s reduced. If the soil is

close to failure, stiffness will not be important.

* So reduction of stiffness for ULS analysis is not recommended.
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.E; « Use of nhumerical methods for ULS

— Can numerical methods be used for all design approaches?
— How should strength factors be applied?

— Does FEM give the wrong failure mechanism?

— Use of advanced soil models for ULS

— Undrained behaviour and consolidation

B - K, and soill stiffness

— Staged construction

ARUP
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ULS for staged

Strategy 1

Compute using
factored strength

Factor material
strengths

[
Initial state?

v

Excavate to 5m —
wall cantilevering

v

Install prop at 4m
depth

'

Excavate to 10m

No further factors
on strut forces or
BMs

construction — single propped example

Strategy 2

Compute using unfactored
parameters

Initial state

Y

Excavate to 5m —
wall cantilevering

Compute using
factored parameters

Could be critical for wall
bending moment

Install prop at
4m depth

A 4

A 4

Could be critical for wall
,| length, bending moment

Excavate to 10m

Apply factors on
strut forces or
BMs

and prop force

No further factors
on strut forces or
BMs

ARUP



o Florence Rail Station
e - 25m deep, 50m wide,

550m long

- Mezzanine level prop
- High groundwater level

Simpson, B and Hocombe, T
(2010) Implications of modern
design codes for earth retaining
structures. Proc ER2010,
ASCE Earth Retention
Conference 3, Seattle, Aug
2010.
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Eurocode case study: High speed rail station, Florence, Italy

*  454m long, 52m wide and 27 to 32m deep
* 1.2 to 1.6m thick diaphragm walls

e Three levels of temporary strutting.

ARUP



Eurocode case study: High speed rail station, Florence, Italy

e SLS analyzed as if London Clay using the BRICK model.
e Time dependent swelling and consolidation.
e Eurocode 7, DA1, Combinations 1 and 2 analysed using FE and Oasys FREW.

ARUP
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Eurocode case study: High speed rail station, Florence, Italy

* Eurocode 7 readily used with FE for this large project.

* Geotechnical and structural design readily coordinated.

ARUP
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Partial factors for DA1 - UKNA

C:\BX\BX-C\EC7\[Factors.xIs]

Actions  |Permanent unfav | 1,35
fav
Variable unfav 1,5 1,3
Soil tan ¢' 1,25
Effective cohesion 1,25
Undrained strength 14
Unconfined strength 1.4
Weight density
Spread Bearing
footings _ [Sliding
Driven Base
piles Shaft (compression)
Total/combined
Shaft in tension
Bored Base
piles Shaft (compression)
Total/combined
Shaft in tension
CFA Base
piles Shaft (compression)
Total/combined
Shaft in tension
Anchors | Temporary
Permanent
Retaining |Bearing capacity
walls Sliding resistance
Earth resistance
Slopes Earth resistance

[ indicates partial factor = 1.0

1,3

1,25
1,25
1,4
1,4

EC7
values
1,71.5 1,3
1.5/1.3 1,3
1.71.5 1,3
2.01.7 1.6
2.01.7 1,6
1.6/1.4 1,3
2.01.7 1.5
2.01.7 1.6
As 1.45
for 1.3
bored 1.4
piles 1.6
1,1 1,1
1,1 1,1
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ULS for staged

Strategy 1

Compute using
factored strength

Factor material
strengths

[
Initial state?

v

Excavate to 5m —
wall cantilevering

v

Install prop at 4m
depth

'

Excavate to 10m

No further factors
on strut forces or
BMs

construction — single propped example

Strategy 2

Compute using unfactored
parameters

Initial state

Y

Excavate to 5m —

Compute using
factored parameters

Could be critical for wall
bending moment

wall cantilevering

Install prop at
4m depth

A 4

A 4

Could be critical for wall
,| length, bending moment

Excavate to 10m

Apply factors on
strut forces or
BMs

and prop force

No further factors
on strut forces or
BMs

ARUP



Florence Station — comparison of bending moments

45 Prop and excavation levels
Stage 1 2 3
40 - - -
35
= 35001 ULS design prop forces
30 S 3000- FREW analyses
’é‘ N
= @ 2500- EcC
Q25 — S B C2, Strategy 1
g g 2000+ E C2, factors at first exc. only
20 o 15001 [7] C2, factors at second exc. only
= & C2, factors at third exc. only
E 1000+ B2, Strategy 2
15 3
= 5004
O' .
10 1 2 3
Prop 1 @ 41m, Prop 2 @ 31m, Prop 3 @ 25.5m,
5
-6,000 -4,000 -2,000 0 2,000 4,000 6,000 8,000
Bending Moment (kNm/m)

== (2, factors all stages (Strategy 1)

=== (C2,factoring stages separately (Strategy 2)
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Summary — numerical analysis

* FEM analysis of SLS 1s conventional — nothing new.
* FEM can also be used for ULS
* Design Approach 1 1s well suited to this.

 Difficult to distinguish favourable and unfavourable actions from
the ground — the “star” approach for these.

* The code requirement 1s best checked by applying fixed factors to
strength — method (a).

* “c- 0 reduction” might be useful for design refinement — method (b).
* Plastic modelling of the structure would be beneficial.

*  When advanced soil models are used, it may be best to switch to
Mohr-Coulomb for the ULS check.

ARUP
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Summary — numerical analysis

* QGreat care 1s needed in modelling undrained situations using
effective stress parameters — requires a good advanced model.

* The full value of vy, should be applied for undrained materials.
* Factoring of K, and stiffness i1s not recommended.

» “Strategy 2” — applying factors to stages individually — 1s
recommended.

- Analyse DA1-1 first, then check critical stages for DA1-2.

- Computing effort might be reduced if stages for which DA1-2 is critical
can be established for a given range of situations.

* EC7 Evolution Group

ARUP



HK/~FE 8" Lumb Lecture

« Limit state design

« Holistic design — structures and ground

» Practical approach to characteristic values
of soil parameters

« ULS and SLS design requirements

« Water pressures

« Ground anchors

« Retaining structures — numerical analysis

* The future
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The future

* Evolution groups => extensive revisions of most sections

* About to start re-drafting for 2020(?)

* Reorganised into three parts: General, Testing, Specific elements
* Harmonisation — simplifying the Design Approaches

» Consequence classes — variations to partial factors (1.25 — 1.27)

* Additional sections
- Reinforced ground
- Ground improvement
- Rock mechanics

* Numerical analysis — section or sub-section

ARUP



HK/~FE 8" Lumb Lecture

« Limit state design

» Holistic design — structures and ground

» Practical approach to characteristic values
of soil parameters

« ULS and SLS design requirements

« Water pressures

« Ground anchors

« Retaining structures — numerical analysis

« The future

Thanks for
listening




