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Calculating Settlement of Foundations

* Requires:
* Magnitude of settlement, S
» Rate of settlement,

* Compatibility with acceptable behavior of structure
* For well-designed foundations, strains are generally small (¢ < 10! %)

* Total settlement (S) is combined immediate (distortion), S, + consolidation, S_ + creep, S,

S=8. +S +8,
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Calculating Settlement of Foundations

Coarse-grained soils:
* High permeability

* Immediate and consolidation settlements occur together (primarily controlled by G & E’)

* Creep settlements are generally small

Fine-grained soils:

* Low permeability

* If OCR < 4: approx. 80% to 90% of settlements are from consolidation (controlled by M, Cc, Cr)

* If OCR > 4: approx. 50% from consolidation

Most immediate settlements occur during construction (unless rapid loading on soft soils)

Hence, consolidation settlements tend to dominate, in most cases

Settlement using CPT

3



Bearing Capacity of Foundations - CPT

* Settlement criteria generally controls design, but estimates of |

suitable applied loads often guided by bearing capacity (q,,)

estimates
Bothkennar
Bangkok

* Bearing capacity, g, can be estimated directly from CPT:

Quie — & qt(av)

Juay) = average cone resistance below footing, z= B - /g.f"' (Ballina, not full overburdan)
. ' . U2 7 Typical sand Sand
0.15 < a < 0.50 depending on shape of footing and soil type 01 / (drained) ™ _o-memmmoooC
o L==="""
a ~ 0.15 sands and a ~ 0.40 clays o 002 004 208 008 01
S
* Allowable bearing pressure, q,; = q/FoS (with 2 <FoS <5)
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CPT based Settlement N
Traditional Approach - SAND s I e

Schmertmann (1970) — Young’s Modulus E’

o
yv¢1

B/2 (Square footing)
B  (Strip footing)

v R
AZ L Depthto |,

Rigid footing strain influence factor |,

IZ
C.E'

C; = correction for depth of footing

S — C1C2Apz

oO 01 02 03 04 05 06

= 1-0.5(c"/Ap)
C, = correction for creep and cyclic loading B2
= 1+0.2log (10 ty,)
Cs = correction for shape of footing 5 °
= 1.0 for circular footings =
= 1.2 for square footings L
B ; ) 2 28
= 1.75 for strip footings ) S
. . p— o}
c'1 = effective overburden pressure at footing depth E — (XE qC 2
Ap = net footing pressure 8 -
ty = time in ince load applicati Olp ~ 2 SRl
™ years since load application E )
I, = strain influence factor (see Figure 39) + where:
. 7/ o', = effective str t footing depth
Az = thickness of sublayer b

E' — Equivalent Young's modulus = OE (¢ l;p = peak value of strain influence factor

Ap = net footing pressure = q - ¢',
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CPT based Settlement
Tradltlon al Ap p roaCh B CLA Y 1D Consolidation Test

Normally Consolidated, o’;+Ac’, > 6’
5+ A %o ©p Adjusted
0
Sc—(l ) Hlog(—] o |eanne i | fprsample
t €, Oy N / disturbance
5 I
Over Consolidated, o’y+Ac’; <o’ aZ
o
o p— C
C. 0 + Ao § : \
S, = +H-log
1+ e, o
0
1. Layer Division: Divide the compressible clay layer into sub-layers. Laboratory data
2. Parameter Determination: From consolidometer (oedometer) tests:
1. Find initial void ratio (e,) and effective overburden stress (aa).
2. Determine Compression Index (C,) for normally consolidated clay - Log Eff@CtiVe stress G'
2
3. Determine Swell Index (C,) for overconsolidated clay (C, 1 dff 1 1 . .
4. Find pre-consolidation pressure (0'2). Comp cX & 11T1CUu t tO app y 1n pI‘aCtlce
. ’
Needs: C,, C, e,, 0,

3. Stress Increment: Calculate the applied stress increase (Ag”) at the middle of each

layer.
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Traditional Methods using CPT

Traditional CPT methods to estimate either E (sands) or C
been poor

(clays) have

c/t

Typically, CPT over-estimates settlement (i1.e., very conservative)
Traditional approach difficult to apply for interbedded soil

DMT has been shown to have better estimates settlements based on 1D
Constrained Modulus, M

Settlement using CPT



Depth {m)

Interbedded soils?

>
Z
S

10

1z CLAY
14 Traditional methods are difficult / ,,// S \
. SAND to apply in interbedded soils T ' -
20 AO'V
24 Alternate approach:
2s CLAY M by CPT or DMT
N 1D Constrained Modulus, M

Continuous profile for all soils AG

S=>—Y.-AZ
M =2.3(I+e,) &"../C,, M

4&

T T T T T T T T T T
o 2z 4 & 2 10 12 14 16 18 20
Tip resistance (MPa)
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Elastic Moduli of Soils

E =2G(1+v)

(1-v)
(1+v)(1-2v)

TRIAXIAL SIMPLE ONE-DIMENSIONAL ISOTROPIC 0.50 i
SHEAR SHEAR CONSOLIDATION CONSOLIDATION Local Proximeter Measurements g;*.a
i cg ~Q +Koshu
: = > goos —* <~ Nagoya
| q=0,0C M > TR @ .
F q d Ac, ACix o e i § - B o A Hime
=030 -y - +
e T = shear strefs H ks o v . & g o § M OKaku
v g ! =9 b i & 0'20 - --«9—3—“-”2---6----4;’ 05%918 Mt
\\\5»—_» :", ------ / N {l 5 + + '
------ : ,,—;;'?"- o B T i AN e E Acoct % g 9 Ag o oé: © oyl
e 0 4 34 yAg,| | E O **3 o--pogo- B o0 i e
s },’" o ;-_—:— ,"l \\:’:':-/ i E Qo0 Strain Range Relevant o Eberg Clay
s > s 3," - i Lemmm—— i 0.05 for Elastic Deformations & Pisa Clay
. ' of N
— S A ) 0.00 3 ' ; +
— 1 ‘\:.::—f:'- ' A‘gvol 0.001 0.01 0.1 1
) Axial Strain, g, (%)
Young's Shear Constrained Bulk
Modulus Modulus Modulus Modulus
E=q/e, G =1/y, D'=Ac,/Ag, K'= AG /A, forv=20.2
oM E ~24G
’
After Mayne, 2023 M ~ 1.1 E’ (for Sand)
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1D Constrained Modulus

Janbu (1963)

M=K, p, (¢’,/P,)?

Where K, 1s a dimensionless modulus number
For normally consolidated soils (a = 1)

M=K_ o,
For Over consolidated soil (a = 0)
M=Ky Pa
K, controlled by:
OCR in Clay and Dr in Sand

Strain, €

Modulus, M

b) Sand

Stress, ¢!

& T -
,:c':
\
N\ Janbu, 1963
~
o
Y T~

,/
/‘\\- Young

[ | ]
9.~%
- > | -

Stress, o!

Stress, o'

Settlement using CPT
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1D Constrained Modulus

Janbu (1963) Soil Type
Very Soft Clay/Silt
M - Km pa (G’Vo/pa)a Soft Clay/Silt

. . . Medium Clay/Silt
Where K 1s a dimensionless modulus number

For normally consolidated soils (a=1) "

M . ) Loose Sand
o Km G vo

Medium Dense Sand

For Over consolidated soil (a = 0)
Dense Sand/Gravel
M=K, p,

Overconsolidated Clays

K, controlled by:
OCR 1n Clay and Dr in Sand

Modulus Number, K,,
5 - 20
20 - 40

40-80 Janbu, 1963
8010 Typical values
50 -150

150 - 300

300 - 500+

100 - 300+ (high)

Settlement using CPT
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1D M of soils from CPT  Afermayne,2023
1000 3 x ! O Amherst B
3 = - 4 Bangkok AIT
— ; 5 (qt GVO) N & Bothkennar
— © 0. cf® x Drammen
M o (X‘m (qt o DE- 100 SANDyS 4 4 /_ fl._ © Evanston
M=« gl -'p cemented } N e @ Onsoy CLAYS
m qnet 0 Y \“ ,‘_\ S Y x Pisa
<5 b Brent Cross
o ' ” V. ;C}(\Texas Footlng g
g ,p ' Qo' | _oh Sand:B=3m :m:lt;ify
Mayne (2023) g " L SILTS > Cowden UK
= . ' Tre om Test S
1 < (xm < 10 C . 1 \ Em,l;ankment XLilla Mellosa
8 ’ on Silts:D=40m +Fucino v
-— 1 o _9___ - E & Pentre
(© !
-'3 L - ~ Scotland Footing | Piedmont Silt I SILTS
Mayne, suggested: c S on Soft Clay 2 Opetika NGES
O wiky “Hexy ) B=22m Holmen Sand +
D
Ol ~ 5 (average value) v | Za::; : ANC Ticino
m 0.1 + ————rr P ” T © OC Ticino SANDS
0.1 1 _ 10 100 | opc Toyoura Sand
Net Cone Tip Stress, q; - 6, (MPa) 7 OC Toyoura Sand | ¥
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Flat-Plate Dilatometer Test (DMT)

Developed in 1980 by Marchetti
Simple and repeatable

Slower than CPT (by factor of 3 to 4)
Test every 20cm

Provides parameters: I, K and E
Excellent track record for estimating
1D M 1n wide range of soils

Settlement using CPT 13



Flat-Plate Dilatometer Test (DMT)

Measurements: WIRE 15mm
Remame T

* Liftoff pressure, p, I -
* Pressure to expand 1.Imm, p,

«

R,

<
Calculated parameters: MEMSRANE
Material Index, I, =(p,—p,)/ (p, —u,) MEMBRANE
Horizontal Stress Index, Ky =(p, —u,)/ o',

Dilatometer Modulus, E; =34.7 (p; —p,)
Note: E, =34.71, K, &,

Settlement using CPT 4 13



Flat-Plate Dilatometer Test (DMT)

10

Oedometer

DMT

ol

Norway Lacasse, 1986

Depth (m)
o

15

20

Constrained modulus (MPa)

5

10

15

20

{

H

e DMT
o Oedometer

Japan, Iwasaki et al, 1991

+/- 50%

—~. 300
: Al 11
- 250
£ o /[
g B
= pd
N [ ]
E 10 % //-V
el [ |
ol
O o

0O 50 100 150 200 250 300

DMT-calculated settlement (mm)

Hayes, 1990

Settlement using CPT 14



Flat-Plate Dilatometer Test (DMT)

Empirical correlation for 1D M (Marchetti, 1980)
SAND: M =E; (0.5 + 2 log Kp)
CLAY: M =E; (0.14 + 2.36 log K)

Empirical correlation links M to E with K as a
multiplier (K 1s a measure of in-situ state)

Robertson (2009) showed strong link between DMT
and CPT (i.e., can predict K and Ej, from CPT)

1000

CPT-DMT

|

SAND & CLAY [

100+

DMT, Ep /oy,

Ep
=2 =S|
o, Q,

Ep=5(qr-

cFVO)

TTTTT T T T
100 1000

CPT, Qu Robertson, 2009

10

CPT,Qqu

Settlement using CPT
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CPT - DMT

DMT-CPT Correlations (Robertson 2009) plus Marchett1 (1980)

SAND: Ep~5(q,—0,,) and Ky ~ Q, /25 (Robertson, 2009)
M =E; (0.5 + 2 log K;) (Marchetti, 1980)
Hence, M =5 [05 +2 log(O°O4Qtn,cs)] (qt N cyvo) — U (qt — Ovo
@, =5 [0.5+210g(0.04Q,, )] @, =5+-

CLAY: ED =5 (qt — GVO) and KD = O.88(Qt)0'64 (Robertson, 2009)
M =E; (0.14 + 2.26 log Kp,) (Marchetti, 1980)
Hence, M = 5[0.14 + 2.26 10g(0.88(Q,)"*H](q, — ©,,) = ., (4, — Oy,
a, =5[0.14 +2.26 1og(0.88(Q)**Y)] «, =5 +/-

Settlement using CPT
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CPT - DMT

DMT-CPT Correlations (Robertson 2009) plus Marchetti (1980)
Summary:
SAND: M =510.5+210g(0.04Q,, .,)] (4, — O,

where 2 < oy, <11 (for 20 <Q,, .,<200)

CLAY: M = 5[0.14 + 2.26 10g(0.88(Q,)**1(q, — o,
where 2 < o, <8 (for 2 < Q,<$)

Consistent with Mayne lab. data

Settlement using CPT 17



1D Constrained Modulus (M) from CPT

Robertson (2009) — Simplified Method

* Contours of K,, guided by CPT-DMT

links, case history data and lab data
* Controlled by:

* Qs 1n Sands
* Q,1n Clays

thCS =K, Q,, where K_=1n(/,)
Qt — (qt - Gvo)/ G’VO

S

1000

Normalized cone resistance,

100

10

R N RIEEE:

SAND
DRAINED

— 1 CLAY

UNDRAINED

o
-

1 10
Normalized friction ratio, F;

Settlement using CPT
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1D Constrained Modulus (M) from CPT

: 1000 -
Soil Type Modulus Number, Ky, = T T TTTTT T TTTIE
Very Soft Clay/Silt 5-20 Q — o ]
Soft Clay/Silt 20 - 40 1 N
- & 2000
2 SAND
S 100 1200:
Medium Clay/Silt 40 - 80 ® = DRAINED =
2 —
' ° L B :
stiff Clay/Silt 80 - 150 Consistent with @ — 600 _
Janbu typical values | 6 -
O — 400 —
Loose Sand 50 -150 2 - 200
N 10f= —
. @ — — 4 100 =
Medium Dense Sand 150 - 300 g — CLAY = 55 /A
2 u _
Dense Sand/Gravel 300 - 500+ — DRAINED >0 —
- A 5 —]
' 2
Overconsolidated CIays 100 - 300+ (hlgh) 1 | | HEEEER I I L 111l
0.1 1 10
Janbu, 1963 Normalized friction ratio, F,
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1D Constrained Modulus (M) from CPT

Simplified with some conservatism

1000 == |||||y T T TTTE

Robertson & Cabal (2023) = 8 =

For NC soils (a = 1) Q - O =5 o

M — Km G’VO — am (qt - GVO dt | o, =8 53”00_

O(‘m — KM/ Qt g 100 = 12OOE

* When /., <2.2 (coarse-grained soils) % - o =8 500 —
oy = 0.0188[ 10055k +1.68)] < g | T

* When /, > 2.2 (fine-grained soils) 2 r ’ [z

— o, =2
(x‘m_Qt Wheth<8 1 l L1 1 11111 L1 1 1111

o
-

1 10
Normalized friction ratio, F;

o, =38 when Q, > 8

Settlement using CPT
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1D Constrained Modulus (M) from CPT

Simplified with some conservatism

1000 — T T TTTTI T T TTTE

Robertson & Cabal (2023)
M = Oy q(net)

=

When I, <2.2 (SAND)
o, = 0.0188[10(0'5510 +1.68)] < §
2<a,<8

—
o
o

(=

Normalized cone resistance Q)

When 1, > 2.2 (CLAY)

o, = Q, when Q, <8
o, =38 when Q, > 8
I1<eg,<8

1 10
Normalized friction ratio, F,

—_—

o

Settlement using CPT
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Depth {m)

LI I | L I L T

L]

10
11
1z
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

20+

Cone resistance qt

u]

T T T T T T
2 4 & 8 1012 14
Tip resistance (MPa)

Depth (m)

u]

W=l N L R e

pa}

10
11
1z
13
14
15
16
17
18
139
20
21
22
23
24
25
26
27
28
29
20

CPI-DMT Comparison

Morm. Soil Behaviour Type

Clay & sitty clay
Clay & Sty wlay
Sitty.sand. & sandy. =it
Clay &silty clay

Clay. & sifty clay
Clay &silty clay
Glay
Clay
Clay
Clay
Clay & silty clay

ay

nganic zoil

il

Clay & =ity clay
T T T T T T T T T

02 4 &6 8 10121416182
SBTn {Robertson, 1390}

Depth {m)

Constrained Modulus

& DT Crata

10 20 30 40
M{CPT) (MPa)

S0

Depth {m)

LI I | L I L T

Shear strength

— Su peak
Su remolded
A LT Erata

T
100 150
Su (kPa)

200

Depth (m)

Brisbane Airport

OCR

L B L I o R

g+ DMT Data ]
- - . v

CPeT-IT

Settlement using CPT
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Laboratory comparison

. 100.0
Laboratory data from clay sites o Bangiok |
othkennar CLAY Sites ,//
(courtesy P. Mayne, 2008) e -
E A Onsoy },”/
Qt < 8 > oBrent Cross I/,”
8 10.0 1 OI\F;Ienttrt—:;t . l/, HOO B
L < Montalto .
O ™~ Qt ? -Lilla Mellosa ¢ éﬁt‘o’ e e
© 2% o m
(O] ® Ska Edeby e
. . = < Fucino 4 O/Af/‘/ A
Sample disturbance considered to be 2 aPiss Pancons A8 )
: ©  LOT] aamherst P ‘B‘ .'
an 1ssue for structured clay 5 + Evanston R s
0 R L ]
(Bothkennar) 3 L A ™ Bothkennar
R
0.1 4=
0.1 1.0 10.0 100.0
CPT predicted (MPa)
Settlement using CPT 24



Young s Moduli of SAND (E’) — Alternate Approach

E’' =2G(1+v) .
‘: Deformation analyses itablhty analyses |
forv=0.2 1 ] ' 2 gf
9 G, (V) from SCPT Foundations =
O 10 jeee— — 0 4%
E' =2.4G N *--\-& 5
= Sands S
= 0.8 0.8 S
. o
GO at very small strains <10_4 % = \ \\ Sands to clays (PI < 50%) o
5 06 A z 06 &
— 2 7 U-R PMT>( S
Go P (VS) E 041-E'  ~03t004E, 0.4 -a:)]
. = : Initial loadi =
At strains of ~ 10! %, g 0.2 o 0.2 g
, Z Operational strain | Z
E' ~2.4G,_ (0.3 t00.4) : ' :
0.0001 0.001 0.01 0.1 1 10
HGI]CC, E ~G@G Shear Strain, y (%)
av 0
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CPT Soil Behavior Type (SBT)

Robertson, 2016

1000 1000
Soils with microstructure
" | % (e.g. cementation/bonding
100 100 & aging)
= g
=] o
10 10
2
K*; = (G/q.)(Qw)*" 2
1 I .
1 10 100 1000

IG = Go/qn

Settlement using CPT 26



Elastic Moduli of SAND
E’aVN GO
CPT correlations: E’,, = ag (q,— 0,,) = 0 q,

ag =FE',./q, = (G/q,)

For sands with little/no microstructure
(young, uncemented):
1.5<0; <10
Microstructure increases stiffness
Measure V| to get G,
Improved estimate of E’

1000

100

Qtn

10

Soils with microstructure
(e.g. cementation/bonding
& aging)

o= GfaQu*” | % \

10 100 1000
IG = Go/qn

Settlement using CPT
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Case History - Venice

SECTION N-S (Simonini et al, 2004)
EMBANKMENT GPS receiver
ia! /_l ki »
settlement
bel’(;(:}j m\aﬁrf ‘/ plate \." I inclinometer
5 5 AT | N )
54 £ BTN R | R I
10 - [ shaine M4
| — 1 Imicrometer|[} ———_F_
15+ Sl AR : EEE £
20 bt
25| [P
304 |
35+ o o o
Test Site Treporti, Venice, Italy
40 -

05 10 15 0m 40m dimeter, 6.7m high tank
sty sand clovey it Applied stress = 106.5 kPa

sandy silt silty clay
Alternate layers e, : : .
of sandy silt and peat i Varlable aHUVIal SOllS

A ot

Se

o

Settlement using CPT
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Case History - Venice

Before
construction
A DMT

e CPTU

m SDMT

+ SCPTU
QO Borehole

After
construction
A DMT

© CPT

Om 5 10 15
QND
EMBANKMENT

(Simonini et al, 2004)

- B L - e £
o . o -~
o 0 e T e § D O i e | T BN R B i
—— T e e = s { p

-:;}_.l’:‘" =

Test Site Treporti, Venice, Italy
40m dimeter, 6.7m high tank
Applied stress = 106.5 kPa

Variable alluvial soils




Depth below mean sea level (m)

Case History - Venice

Composition (%) Dgy/Dy, U, Iss  LP,Wo, LL (%)  ygat (KN/m3) e,
100 20 40 60 80 0001 01 10 20 40 60 18 19 20 06 08 100 10 20
por e : : ottt T
.. °
/;J | Oc> .o ©
| é:- ° < 27
| +——+ . "' %o 60-120]
| ,.,%_q;'a t e % oo o 3 ) a ' =
I e o ety $%° hd I } r
| n
(U +—ot ° ¢ I }
I o o o w0y |-
| - -, ® | }
| Ocd}/ ° LY oo.,o : }
| LL % LP P & | }
|
: e %o ||
——e—t 00 o o |l-‘
[ — o i
| - e P :I‘
Aolbo——+t [
\ I oy =130 o < i °3.60°+ }
Dsp |
- ot |
| SO IY  FN(
l L) < °$ I l}
| W{- [ N ) LI
l . * o % L%OCR—1—4
> o® * o ° ||
[ ° 1
| % . ..,. }0 |F }
| o . ° |
| fe) . © |1
! = - " K |
| E ® e °o° | }
|
! & Wg=166 o & 450 |||
! o —&.767104 o ° 211374 }
| hd L4
o b® ® o 000 } ‘
| ° o e o 3 o0 | }
! o Ly € 'y
' ® * e ® L }
|
|
I

Depth {rm)

Cone resistance qt

u]
2
4
&

=]
10
12
14
1e
1z
20
22
24
26
28
20

32

24
#6] |
38
40
42
|:| 2 4 A 1|:| 12 14

Tip resmtance (MPa)

Depth {rm)

u]
2_
4
&

g
104
12 A
14 4
16 A
12
20
22
24
26
25
30
32
34
36
38
40
42

44

CPT-14

Friction ratio

E

u] 2 4 & g 10

Rf (%)

Depth (m)

Pore pressure u

"I

18+
20 A
22 A
24 A
26 A
23 A
30 4
32 A
34 A
36 A
38 A
40 o
42 o

44

u] s00
Pressure (kPa)
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[ e R TR AR =

Depth {rm)

Case History - Venice

Total cone resistance Friction ratio Pore pressure OCR Constrained Mod.

— el B b 1] o 0 u} ] [n]
r.-— 1 1 ] 1 1
2 2 — z =
~ : 2 CPT14 2 23
= : + — CPTIS + ] +
e 5 5 4 = =
- = P & ] — CPT16 & &
i Ay 7 7 — 7 7
e : o CPT20 7] &
3 8 5 _PT17 = o ]
104 104 10 10
£ 11 11 11 11
1 12 12 1= 12
- e 127 134 13 ]
“H 144 144 14 - 14
= 15 15 15 15
164 164 16 4 1e ]
;— ) 17 17 174 174
L, 154 154 12 4 15
F 13 13 19 15 4
e — 20 — 20 -— =20 — 20
o E 21 £ 21 E =1 E =1
B S RO £ 2z £ 2z = =z £ =z
T 2z T 2z o =3 & zz
} = O 24 O 24 O =4 o o =g
L 25 25 25 zs
26 4 26 4 26 Ze&
— 27 27 =27 27 4
—_—— 28 28] =1 za
0 29 ] 29 =l 29
i— 20 ] 20 ] B0 =0 4
l_-"-_—-_—I—-——.__ 314 314 F1 7 31_:
o, 32 4 32 4 =2 2z
= — 334 334 33 23 ]
— ' 24 4 24 =4 o Zed
N 354 35 4 =i =5 4
= 26 ] 26 ] =6 3a
e ] 27 27 BT A =7
b 22 4 2% 4 =5 o =2
o 79 4 394 =9 39
e 40 40 40 40
B 41 41 41 - 41 4
s 424 424 42 4z
43 43 43 4= 4
T T T T T T 44 T T T T 44 <+ T T T <+
z 4 & B 10 12 14 i} 1 z 3 4 5 0 500 1000 1500 o = 4 & &5 10 12 14 o =20 40 =3 S0 100
Tip resistance (MPa) RE (%) u (kPa) s R M (PP ad
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[gmm)

Settlement
(98]
()]
(]

Case History - Venice

”‘E“ end of construction

Ze7_ _ Y @065kP)
.80 "

25

=

=

M2.5

% / ijﬂj,;
S Ul ... time (days)
= 209 400 600 {00 1000 1200

surveying
measurements

A

— GPS measurements

383mm Primary consolidation

Depth (m)

10 1

20 -

40

Accumulated displacements (mm)

0 | lQO . 2QO . 3(.)0 | 4QO | 500
A
( End of

Primary

—— Sept 27, 2002 (H=1m)
— — Nov 11,2002 (H=2.5m)
—— Jan 10, 2003 (H=4.5m)
—— Mar 14, 2003 (H=6.7m)
— — Jun 6, 2003 (H=6.7m)
—— Dec 3, 2003 (H=6.7m)
—— Oct 13, 2005 (H=6.7m)
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Depth {m)

Case History - Venice

Cone resistance qt Constrained Modulus

LT S % I

Based on
V. (Go)

1z 124

14 14

1le 16

Depth {m)

I T T T T T T T T
o2 4 & & 10 12 14 ] 20 40 &0 g0
Tip resistance (MPa) M{CPT) (MPa)

1

Depth {m)

u]

o
A
& b

10
12
14
16
12
201
22 -
24 -
26 -
28 -
301
32
34 - e ——
36
38
40 1

42

Yield Stress

Cumulative settlement

= ¥ield Stress
= EF. Strass
= Final Stress

0 200 400 600 200 10C
Stress (kPa)

Cepth (rm)

CPeT-IT Software

= End of Primary
= Derall

)

330mm Primary
110mm Secondary

T T T
10 20 20 40
Settlerment {cm)

=11

Calculation properties

Footing type: Croulsr

Footing dismeter: 40.00 {m)

LB 1.0

Footing pressure: 106,50 (kPa)

Embedment depth: 0,01 {m)

Footing is rigid: No

Femove excavation lbad Mo

Apply 20% mibe: Mo

Czlowlzte secondary settlements: Tes

Time period for primary consclidation: 1 months
Time period for second, settlements: 33 months

* Primarysettlement czloul ztion is performed
according to the following formula;

Ao,
S=% —A-
ZMCPT

* Secondaryloresp) settlement calod ztionis
performed according to the following formals:

S=C,-Az-log(t't,)

wihere t_ is the duration of primany consolidstion

Cl‘
I+¢

o

Ca—o.o4[ J ~ 0.1 (6's/M)
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Depth {m)
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CPeT-IT Software

Cone resistance qt Compression Index Cc Yield Stress Cumulative settlement
] 0 ] 0 = =
. = Yield Stresz — End af Pri - .
5 5] 2 — EFf. Strees 5 - DUE;" nmary Calculation properties
Lab. CC = Final Stress
4 44 4 4 - Footng type: Croulsr
6 A — l LI & Footing dizmeter 40,00 (m)
LBE: 1.0
= 4 o =
8 [ ] 1 Footing pressure: 106,50 (kPa)
o 104 10 104 Embedment depth: 0,01 {m)
1z 12 ° 124 124 330mm Primary Footing is nigid: Mo
14 14 14 14 4 Femove excavation load: Mo
. . 110mm Secondary | s, 205 me: No
1& Czlowlzte secondary settlements: Tes
184 184 Time period for primary consclidation: 1 months
’E 204 = 20 = Time pariod for second, settlements: 33 months
o i — 22 ] —_—
£ 2 2
o244 T 24 a
a 26 26 * Primarysettlement czloul ztion is performed
according to the following formula;
284 28
30 30 Ag
321 321 g = Z — T A~
s LR 36 7 * Sacondary{oreep) settlement calodation is
284 g 4 performed according to the following formals:
40 40 40 -
az 47 42 - 5=C,-Az log(t't,)
+4 44+ 44 7 ; | : : : : wihere t_ is the duration of primany consolidstion
I T T T T T T T — T T T T
u} 2 4 & g 10 12 1« 0,01 U.Il u} 200 400 &00 2800 10C u} 10 20 20 40 S0 C
Tip resistance (MPa) e Stress (kPa) Settlerment {cm) C,=0.04 [I‘J ~ 0.1 (c'y/M)
+¢,
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Advantages and Limitations

Advantages of 1D Constrained Modulus (M)

* Simple to apply

* M can be estimated from CPT & DMT for all soils
* Method accounts for soil type and in-situ state

* Experience shows improved estimates of settlement

Limitations:

* Not all conditions are 1D (however, 1D often reasonable aaumption)

* Simplified approach ignores benefit of increasing M with confining stress for NC
soils (most soils have some stress history)

* Focused on immediate and consolidation settlements, S, & S,

Settlement using CPT 36



Summary

Significant improvement in estimating settlements from CPT (since 2009)
Supported by well documented case histories
Supported by links with DMT with additional case histories
Microstructure can play a role:

 Stiffer response in Sands

* Higher apparent OCR in Clays
Helpful to include Vs measurements with CPT to identify microstructure
and 1mprove interpretation and estimates of settlement (esp. in sands)

Settlement using CPT
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Questions?

probertson2005@me.com

www.cpt-robertson.com



http://www.cpt-robertson.com/
http://www.cpt-robertson.com/
http://www.cpt-robertson.com/
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