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Before you speak,
THINK..

T-Is it true?

H - Is it helpful?

| - Is it inspiring?

N - Is it necessary?
K-lIs it kind?

THINKING MINDS
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Construction

Buildability concerns require data
to influence choice of most
appropriate construction method

- -

Alternative Design Construction Process
influences choice of
appropriate design

parameters

(ICE, Manual Geotechnics, 2012)

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 14/200



\*N}‘ ).».05 9 &30 yko YO )’| ).5))4 u)b L 6&&'.0&&@ 39 CFEM, 1992 Ao g d‘b °
! ,o)"z[ oLg la AGloS ¥ ‘_}5|A.‘> & 30 0

W LiG 1y gole tulpl Jgl Ailed g8 9 wll gole S Lyl 9 oo yuo) H5 .
D90 LS 35 0590 dw A Sl xS0

0315 g i aigS 10 3530 Hl 9 3550 50 3yg0 S Gygeo d ola b aileS gy loges .
e el Sl 45 olin (ot 45 D9l o

wdlygo p3Y AbS b oly duw Ygoxe &350 yio VB¢ 31 jieS M b loploasbu o @

aled Plis slawl | Slazsle Comal | Cols 1
v oals b b Lf:d,.r'.:»a-h:;'-l...._@%
Y L | 3 a8 Jdl e
‘ - NIl
Eosbysals et | L e Oletle S
¥ buge| JTo IR o
Y f"S C:f_r:_-.ﬁlit

JFoF widaw] (S o lw] Hlaid o  cwdigeo plli ylojla o oMo/ 250 (awgd o )bl drwsi 0,509, b cwdigeo slogS) oy lois b | o picuininw 15/200



o3l Hb 5l Jeols (Al s ial581 4 ol ios o Flalllo 4ileS b g ol Gos JSlos
1O L g oy a4 (1 &S 310019 (wled i Hlado 1Y ¢ jlmo 90 51 (S0 5l JeS 4 SIS 0
S g @l ] 50 (S 50 P ao s ol jo

95T re S b g puwy Souw 4 a5 (89 398 b, Lomo I Jolo (Ll Bos yo Glals ¢
O g5 51,8 aasdlo 8 550 Wilgh L0 Sl Oy w9 Ciw

.

S P YV -

S P P fiY -6l o °

< P PV Do pS o

J

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 16/200



g L lho pdi Col (S0 dbly y g il g G0le ST () €95 5] yms S ST @
Lol erlnb o) @ (oo’ (pdd o5 @ b2 po aelgd 5l o y Gaoe sl (o) 2
2545 518 Sl i3 s 10

tS)L""Ls’ |RV-Y > bl a5 ‘s:l.bw )‘| )Auub ‘_’él.o.d U wb bals 9 Laolg °
Dol dolol c wdy o1y s sy g lap S o s

F 3l yieS Wl ilw o Thw 4 bgo po Coound (3 W oyl 50 AT L g ol Gos Slus @

D guid dgg.&ﬁ P b @Gloel 5o o510 o) b gy oo 4 aSCu| )80 b 2o

3o oyl 30 yo ¥ Blus Wb ales' b g ol SO 3 g 99 0595 39y w4 S|
i oo )b b g Sowdizd’ £33l (ol Soww &5 090 Jolo ylaobol B 08 g0

(Sowers, 1970) baileS Gocg Slowi s Cp IS Jordlygmwd

e ) daul M’ Gl S 8a g ot y1) pela Solda Jilaa Gac®
Slodie s e 100-300 6S""+Ds¢
L i 200-400 58%7+Dy
s s el 300-1000 38™+Dy

2 Ol sut Gl Gee DDy plaal olik slaas S

JFoF widaw] (S o lw] Hlaid o  cwdigeo plli ylojla o oMo/ 250 (awgd o )bl drwsi 0,509, b cwdigeo slogS) oy lois b | o picuininw 17/200



Gavg = olosblo 31 b buwgio i

- k]
2.5 rulm —l.8 ’on/m Gl).,-u y IO

0.0 0.2 0.4 0.6 0.8 1.0

q“g /B (lon/mJ)

S5 5510 b3l 5l ol 25 gl bl 5 (H) JLsst ges sl -

(YY) ool

0.0 0.2 04 0.6 0.8 1.0
Has /B (ton/m3)

S5 550G o3l ) ol 5 50l bl 5 (H) LSt Ges jslis o

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 18/200



| gasvadinb Jgoro gaswaib
(Clays) by 4, * (Gravel) . ® |

- dilocdd e

(Granular) glails (Sand) awlo ®

(Silt) sY
= 6\3‘0}%)

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 19/200



Hilodisy 9 (s I zad

Dl 9 O 03

o2 Ab Sl

Uowldig$ o SiG9iJ (Lo

—IA 9 doli

19y § g dlocw 0 SIS N5 Oluo g

e RS ' S .o . N B o & P e
Ao 4O g ngadadg.oa ‘fJ LSJ"J“"JS"*')"""" “5[:’.) ng.s)l.: u.d)b .dd".}w.u& ‘SLQJl?
Cogb ) sl 4 x> sl g Cuaglie dualls sl pas b oS

.‘05 a)o

TE TS T CRYY- P PRSP SUR VI L G JUUEL SPPA Sp SV FIUVE- N SR FH O PRSP YR g ERL

Cogh ) pods 4 > et § Cwoglie  Stslg oS

e fiie-rained | course-grained
£ o |, [ |
£ Clay Silt Sand Gravel 5 - .. . m
o - - - - - - = & [SOV) )Q MLO.D 'b 9 )J
o
100 fine |medium | course | fine | medium |course | fine | medium| course | 5 50
— &
Ei. a0 a4 1 - L b Cagb,
o -
I ‘,/ / Gravel Sand o 47 - & , . il
E a0 "; Fa = L 40 d)'?)"‘ 03» Inorganic clays (;f — {
x 3 high plasticit 3 t
B Fli ff / Jlr / ,..-"f 3 - — | ol 5 P
C [ T g i T =
c = N i | T T 5
o ] zf Jlr ]TIEd urn Sand f’ - 2 a0 — B j i ghe Micaceous or diatomaceous
I / || {7~ Clayey Gravel with Sand 2 — A Medi —_fine sandy and silty soils;
= §0 1 8 Low plastic inorganic — )I:gtlium - £elastic silts; organic silts,
. fine Sand ,F""- - “clays; sandy and 5 :norqacnic clays, and silty clays -1
EI 40 C 20 - silty clays \ clayé = O*H — [
u / - JI /Jr oy == — - 4 - |
':.% 0 /L -‘“I# J||' ’f —Silty clays; —_ IS i N L‘" — T
5 0ess .--"“I clayey silts — / i { MH ]
-

" /,t" o - {f / 10 —and sanrdi =5 " " Inorganic and organic silts ~ =
o — — ] 7E CLML—A : |__and silty clays of low i
= S / 4 > i — ———= plasticity; rock flour; it il 1

0 | ) —ML— - ———— FA silty or clayey fine sandsf — —

0.002 0.008 n.oz2 0.0@ 0.z .63 2 6.0 20 63 0 10 20 30 40 50 0 0 30 % 5
Grain or Sieve Sizes in mm Liquid limit

590 Wil LS Ay O,

Sudils &y jgi (S
Sl 8|33| Gowaiub ol oolawl

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 20/200



Joxo 30 (i g p51 9 8591
(French, 2000) Jfxo ;o b 9 o515 (wlw! p dilo 3y g dilocad jo s guvaid

oSl e 9 e (K5 g5 Tyl S g
S T Ha 15 0 MMLS & (o sn fe S Ol 5 ol a3y OISl Ja b T i€ ey .
— — 3 (s
0 S Ol 50 Ol (S G, 0 MMLS 4 ooy fre g 2 0¥ SSE I GuS Glipsl e |

S go 008 wls (BIA 1 o) Ol g0 S plada oIS &y im0 KUK L toadt Alasiu oS

.m;u&d)glﬂ\,auwueﬁQuiS;lpuidug:Mt_:“; La gy

WS oA b gl a s HBESS L;ﬁJquIJQTQIJSw:eSIJSAQM (Lacsliis)

JJJGOUJ‘):UU‘:\.C&‘U:\JJ‘J&BQJ‘JJL&MMC_\.A.UJ‘)J“A“JL\%PJJ‘:L”‘-A

.J‘Jeﬁ‘JOTO‘ﬁwom‘J‘fJJm‘%m LAL)-UJ

.J}olal%ﬂlJlT_uiQTJJQljwm@_ugpjabeﬁbcﬂdmgﬂgQb:;u.al:&.";u.n

B slanl Sl 5T Ho g sladlos by oF o) po cowd (AL L S50 408w La

.L‘adﬁbad_)aﬁ‘;ﬂ_)dﬁb\uh\i:m slsa
il e JAlRTe 5 5 solALL slls 5 sy slas LA addad |

Wl po HEES) 5 T BT 5 sud suly pod Srewy 5o St L

VP wibw!l (S lw! lessbe cwadgeo plas lojlw (oDl 1550 tlawgs Hlaul drwgi 0,509, b (owastn gl sla sl (o piwsws | 21/200



b )
B ;8 =
}L }L ;5 a5
> (el [FE (clale)! (clale)o!
i: ol i: ltel> Cldaly
1 11
slisl g5l Jlon! S13398 5w cdls ] @S1y5 51 g cdls

> 9 05 s asli L

O 9 ‘54)9 ﬁ’élﬁ.o b Sl A TY) SO Lo 6Lb)l$

1ol il (T oy liwo] 3 ais o o olli7 Lol o oMol pi55 Lauwgd sl drwwsi 9,505, b mwiigro (U Hlaylais Lo oy oo 22/200



Hilodisy 9 (s I zad

Dl 9 O 03

o2 Ab Sl

Uowldig$ o SiG9iJ (Lo

—IA 9 doli

1 Void Ratio J=d=s e= W/Vs 0.1-15
2 Porosity S 92 A n=Vv/V=e/1+e 9-60 %
3 Water Content EIPNZPIRVZIPR w= Ww/Ws x 100 3-70 %
4 | Degree of Saturation gl ax s Sr= Vw/Vv x 100 2-100 %
5 Specific Gravity ok S Gs= Ws/Vs.yw 26-28
6 Wet Density SR ES wet= = WIV 1.1 — 2.1 ton/m3
Fpie
7 Dry Density SuA (p grazte UJI ~d = ydry/V 1-1.9 ton/m3
8 Saturated Density glubl o g0z vJs Vsat = Ysat/\V 1.2-2.3
. WP Ha=Fe )3 , i B
9 Submerged Density 55 absge Vv’ = ‘ysat- yw 04-11
10 Air Content I8 Suo)s A= Va/V x 100 5-130
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(Holtz et al., 2023) 8 Sdos g )yl bl » I Elg3l AS g 5 LW

Symbol Value as Subgrade| Value as Subbase | Value as Base
Maior Divisi When not Subject | When not Subject | When not Subject
jor Lavisions Letter | Hatching | Color Name to Frost Action to Frost Action to Frost Action
(D (2) 3) 4 ) (6) @) C)) ©®
Well-graded gravels or gravel-sand
GW mixtures, little or no fines Excellent Excellent Good
Red Poorl ded 1 1 d
JA 0or y g]’ﬂ C gravc S Oor gl’ﬂVC =san -
GRAVEL GP " mixtures, little or no fines Good to excellent| Good Fair to good
AND : ol le i
GRAVELLY GME d . | | it Good to excellent| Good Fair to good
ty g S, PTE -sand-silt = I B e e
SOILS ; Sile ilty gravels, gravel-sand-silt mixtures - P tarins
u Yellow Good Fair :
1 Suitable
[ Cla s, gravel-sand-cl
yey gravels, gravel-sand-clay B Poor to not
SOILs Sw wfil:l'lgf':z?enis;;:gss or gravelly sands, Good Fair to good Poor
o Red I oorly graded 1 I P
Ay 'oorly graded gravels or gravelly . . 'oor to not
SAND SP .-&: sands, little or no fines Fair to good Fair Suitable
Sj:rrjng i d Fair to good Fair to good Poor
SOILS SM} Silty gravels, sand-silt mixtures =~ = |f---mmemmmemmmm e e e e e
fu Yellow Fair Poor to fair Not suitable
1
SC ﬁ’ Clayey sands, sand-clay mixtures Poor to fair Poor Not suitable
Inorganic silts and very fine sands,
SILTS ML rock flour,silty or clayey fine sands Poor to fair Not suitable Not suitable
or clayey silts with slight plasticity
AND
CLAYS i“r Green Inorganic clays of low to medium
LL IS CL ( / plasticity, gravelly clays, sandy Poor to fair Not suitable Not suitable
LESS // clays, silty clays, lean clays
FINE- THAN.3D Organic silts and organic silt-clays . .
GRAINED OL of low plasticity Poor Not suitable Not suitable
SOILS
SILTS Inorganic silts, micaceoas or diatomaceous . :
AND MH fine sandy or silty soils, clastic silts Poor Not suitable Not suitable
CLL ISS CH Blue lnglr,‘g;:m claya of high plasticity, i Poor to fair Not suitable Not suitable
GREATER : : :
Organic clays of medium to high s .
THAN 50 OH plasticity, organic silts Poor to very poor | Not suitable Not suitable
HIGHLY ORGANIC . L. . . .
Pt Orange| Peat and other highly organic soils Not suitable Not suitable Not suitable

SOILS
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(Holtz et al., 2023) 8 Sdos g )yl bl » I Elg3l AS g 5 LW

Potential Compressibility Unit Dry Densities Typical Design Values
Frost and Drainage Compaction s ) Subgrade Modulus
Action Expansion Characteristics Equipmen Ibf/ft kg/m’ CBR K (1bffin.*)
a0 (11 (12) 13 14) (15) (16) A7)
NOHC.tO very Almost none Excellent Crawler-type tractor, rubber-tired 125-140 | 2000-2240| 40-80 300—500
slight roller, steel-wheeled roller
None to Almost none | Excellent Crawler-type tractor, rubber-tired {4 ;40| 1760-2240| 30-60 300-500
very slight roller, steel-wheeled roller
Slight to Very slight Fair to poor Rubber-tired roller, sheepsfoot 125-145 | 2000-2320| 40-60 300-500
medium roller, close control of moisture |~ ~ "~~~ =~ = 7| "7 """
Slight to Slight Poor to practically Rubber-tired roller, 115-135| 1840-2160| 20-30 200-500
medium impervious sheepsfoot roller
Slight to Slight Poor to practically Rubber-tired roller, 130—145 | 2080-2320| 20-40 200-500
medium impervious sheepsfoot roller
Nonetovery | Ajmost none Crawler-type tractor, 110-130| 1760-2080| 20-40 200-400
slight ) Excellent rubber-tired roller
None tovery | Aj1most none Crawler-type tractor, 105-135| 1680-2160| 10-40 150-400
slight o TR Excellent rubber-tired roller =135
Slight to . . Rubber-tired roller, sheepsfoot
A Vi slight 3 s — 1920-2160| 15-40 150—-400
high ety 8UE Fair to poor roller, close control of moisture 120-135 540 150000
Slight to Slight to Poor to practically | Rubber-tired roller, 100-130 1600—2080T 10-20 100-300
high medium impervious sheepsfoot roller
Slight to Slight to Poor to practically | Rubber-tired roller, 100-135| 1600-2160| 5-20 100-300
high medium impervious sheepsfoot roller
Medium to Slight to Rubber-tired roller, 15 or
very high medium Fair to poor sheepsfoot roller, close 90-130 | 1440-2080| | . 100-200
control of moisture o
Medium to icall Rubber-tired roller, 15 or
high Medium Practically sheepsfoot roller 90-130 | 1440-2080| '] 50-150
impervious ess
Medium to Medium to Rubber-tired roller, 5or
. ¢ ? 90-105 | 1440-1680 0-100
high high Poor sheepsfoot roller less 3
Medium to . Sheepsfoot roller, 10 or
. High ai " . -1 1280-1 —1
very high i Fair 1o poor rubber-tired roller 80-=103 RO-~1680 less S0-100
Medium High Practically Sheepsfoot roller, 90-115 | 1440—-1840| 12 ©F 50-150
impervious rubber-tired roller less
Medium High Practically Sheepsfoot roller, 80-110 | 1280-1760| > °F 25-100
impervious rubber-tired roller less
Slight Very high Fair to poor Compaction not practical
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Darcy (1856):

v = ki

S 0095 ygo i 3 gl U

v = Flow Velocity v’ G.—1
k =Permeability Coefticient o — = m
I = Hydraulic Gradient Ywater

e . _

(a) Downward seepage (B U s

F

o, =Yz +izv, =¥z +)s2| 0, =¥7 —iz¥, =YZ — js2
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Jod 5l (2 sl 4 bgr o &5 WS (0 9 0 1) (695090 (o b (Sl g iss e
Wil oo (6,185 ,5L g ol (ygumlaiss

Gn3 JasllnSs gyl 5l B3gazme ol p3Y o) 595 Sl Jlasl dmti 0
233 )5 cyaass T Jollioyo

9 ‘5;"-" ‘SLQ‘S)Lé-" ththlS &‘J)’ HUITWOWE! L:JL:-MJL%O ).b LQJJ.(J)L; o_g‘ )L)._s_o . .'..'.*”' °
D10 cogo i Pl bdylges 2l4b

Q Q Q
Y Ac,

Z

BxL
o __ 9.xBx z

* (B+Z)(L+Z) |

Distribution of stress at different depths
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T=c+o' tang

T= shear strength,

c= effective or total cohesion,

@= effective or total friction angle,

o' = effective or mean confining stress acting on the shear surface.

E E

g Tan ¢ E

= Y

E ©

7] @ _

il ﬁ [p 3 0
G
« = Normal Stress (o)k >
Tensile Strength ) Mormal Stress (o)
Drained Undrained
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Gl § o b5 Ldlaio g gdiio T g )5

/
= = = e
t=0=>u,=Ac,,, , Ac =0 1 ¢ .
T Reloading
, —
t=co=u,=0 , Ac =Ac, |
Recompression |
Curve |
I
| C
P ke }P+AP }p.mp 15le AL I - c
5 . & . I o
J N ) nloadin,
; g/,27 " g | - - ﬁ g | Uloding
\HY W ) A4 ) | L
/ ' /BN | / | Virgin
=0 =e Elo,
y — u=u, / 1 u=ugtu : - u=uh+3e 1 1 : u=u, | ¢
T TTT7 2777, / / 77722277 22777 Z L2277 Log (1] !
t=t, =, t=t,
(a) (b) ©) (d) e- log o’ formulation of the soil

stress- strain curve
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Slawlo Jilige pyg8 S (5 pIgdegdi S yo O slaiulojl

S PH sl 5 ol gus sla g crmani Jho 159595 9 (ol ool @
(58704 (Y 2 (5 )90 ST 1 by Ceogliio 6l ol )by (rmnd gl losl
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e e e e

fe=====r

T Y Fa” Conso :dometers ;

i

[

el & @ HC RCT
o Upg@ r— A uc |TTX Lpsc;se &) >
- S > <« ?
=& i .

' DSS [ ) —
l O
5 Tv C CIUC CKoUC CKoUE CIUE
wa pu .:, Permeameters lso CIDC CKoDC CKQDE CICE
— r : Consol ¢ v B ol .
3 + == = — —
3 =000
A
Grain size analyses Mechanical oedometer Triaxial apparatus (iso-consols, CIUC,
Hydrometer Consolidometer CKoUC, CAUC, CIUE, CAUE,
Water content by oven  Constant rate of shear (CRS) CKoUE, stress path, CIDC, CKoDC,
Liquid limit cup Falling-head permeameter CIDE, CKoDE, constant P')
Plastic limit thread Constant-head permeameter  Pplane strain apparatus (PSC, PSE)
Fall cone device Flow permeameter True triaxial (cuboidal)
Pocket penetrometer Direct shear box Hollow cylinder
Torvane : Ring shear Torsional Shear
Unconfined compression Unconsolidated undrained Tx Resonant Column Test device
Miniature vane Simple shear Non-resonant column
Digital image analysis Directional shear cell Bender elements
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Caigdi 9 mons | ullud 9 (0 alxs

Iilauins 9 (s A zos

CONDUCTIVITY
* Hydraulic: k, k;,
= Thermal: k,

» Electrical: Q, {

= Chemical: D;

* Transmissivity
* Permittivity

COMPRESSIBILITY

* Recompression, C,

* Yield Stress, o' (and YSR)

* Preconsolidation, o,” (and OCR)
= Coef. of Consolidation, c,

* Virgin Compression, C.

= Swelling index, C;
RHEOLOGICAL

* Creep, C_.

Strain rate, o¢e/ot

Age (T)

* Creep rate

* Time to creep rupture, t,

STIFFNESS

= Stiffness: Gy= Gax

» Shear Modulus, G' and G,
= Elastic Modulus, E' and E,,
» Bulk Modulus, K’

= Constrained Modulus, D’

» Tensile Stiffness, Kt

= Poisson’s Ratio, v

» Effects of Anisotropy

* Nonlinearity (G/Gax VS V)

STRENGTH

* Drained and Undrained t,ax

= Peak (s,, ¢’, ¢)

* Post-peak

* Remolded/Softened/CS

* Residual

= Cyclic Behavior

* Geosynthetics: tensile strength,
pullout resistance, interface shear

t th.
e (Mayne, 2009)
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SSwSig 5 s sl )b

Lo LS 45 (C,) Sopid ]

Soil C;
Normally consolidated medium sensitive clays 0.2 to0.5
Chicago silty clay (CL) 0.15to 0.3
Boston blue clay {CL) 0.3t00.5
Vicksburg buckshot clay (CH) {15 to 0.6
Swedish medium sensitive clays (CL-CH) 1to3
Canadian Leda clays {CL-CH) 1tod
Mexico City clay (MH) - Tto 10
Organic clays (OH) ' 4 and up
Peats (Pt) 10 to 15
Organic silt and clayey silts (ML-MH) 151040
San Francisco Bay mud (CL) 4tol2
San Francisco Old Bay clays {CH) 0.7 to 0.9
Bangkok clay {CH) (04
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(SwSigl ) sl ol 4l

ol 51 sig0 Jolo 5 SE a5 SKhaol asl;

Factor Effect

Void ratio, e el, &l

Angularity, A Al, ¢1

Grain-size distribution c,l, ¢!

Surface roughness, R | RT, ¢1

Water content, w wl, ¢l slightly
Intermediate principal stress bps = oy, (see Sec. 13.11)
Particle size, $ No effect (with constant )
Overconsolidation or prestress Little effect |

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 35/200



S99 5 Sldcwd

* < . & rt
[¥¢] Steel Y s b ~ LQ 3 ‘ b ‘ 3
_ 095 s bl bl
Intact Rocks
R ]
Woeathered Rocks

(s2ilyn Sim) ]
(&) Ice
(s o) il : ‘e
[+l Sand . .
) Clay [}

&obaisl g &9 pw

Soo by s i
c_iiuw 9 JL‘S ).b ,nl."u‘ J:ls

Lpo) Sea Water

(i <|Fresh Water

0 1000 2000 3000 4000 5000 6000 7000 8000

(Y5 Steel i i [

——————————————————————————————————————————————————————————

Intact Rocks | : : T . A S g v
Py S S S des s bl s sgamo

ooy S

(&) Ice_

(o o) Till | ==

[asls) Sand_ ___ === A R

B N N R o (S 58 3985 b g (6 S Aiges pus

——————————————————————————————————————————————————————————

»el) Sea Water |

(s <) Fresh Warer'_i _____________ _i ______________ ;F _____________ _‘; ______________ ) B3 )o JM }| °° - |

0 1000 2000 3000 4000 4.&.3‘ " 6L¢MY )*’L’ I )
(M) Vs o gon oo . T 56 e 2ol
. . . O0E 9 ) P b oo
9wy a0 ey digod
S 9 S wdlan glgil 5,08
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S99 5 Sldcwd

Seismograph Spectral Analyzer
DHT oscillosco + Vibratory Source
SFLS + ImPact Source SFRS S Deains pe ry
_ Cased V.RW
Receivers Geophones Sosahoies %
C— e "R u)g)g)g ® *_FAA_«.H—H
”~t ——— - -—— Ry
L SERS S py il high \ ‘&
\.\ L:-.*..E.. P v HH Layer 1 ‘__, frequencies w
: P> = TS
L ¥ medium
Layer 2 V,VH . frequency @
A;""- content
SRFS = Surface Refraction Survey Vertical Layer 3 CHT low
SFLS = Surface Reflection Survey Source ANEE frequency
SASW = Spectral Analysis of Surface Waves A A A |. . content
MASW = Multichannel Analysis of Surface Waves B dieg Vv V V
MMASW = Multi-Modal Analysis of SW V. HV M
CSW = Continuous Surface Waves » R_S:HT
PSW = Passive Surface Wave Testing Rotary e A | ‘ i 7 A '. :
ReMi = Reflection MicroSeis Source P LTk Rayleigh Waves
SLP=§ ion L Probe V:HH
— uspens ogger Pro | s s . SASW
CHT = Crosshole Test A :
RCHT = Rotary Crosshole g MASW
DHT = Downhole Test Torsional BTSD SLP X * MMASW
UHT = Uphole Test Source V.HH = CSW \
SCPTu = Seismic Piezocone Test ,"',—--;‘\ V. WV v = PSW Ambient
SDMT = Seismic Flat Dilatometer Test do T . 2 * ReMi Sources
BTSD = Borehole Torsional Shear Device V
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SPT
TxXPT SWs RCPTu Plate _ LPT
e CPMT - SDMT  penetrometer s
HF T-b Suspension SCPMTu
pur | KeSB CPTU | scPTu | 1ganl Pt7 Logging ~ MASW [f
=1 FTS csw PPT |HPT
BST l AutoSels Shaker L]
- g N
‘ 2 { 8 QU
! | il S q

T
P=—
(I
0
|

I8
% _.n@vﬂ & ' -

o
4
i}
a
¢
<==

u 2 QL
Standard Penetration Test Total Stress Cell Suspension Logger

Texas Penetration Test Freestand Torsional Shear Crosshole Geophysical Test

Vane Shear Test Cone Penetration Test Downhole Test

Pressuremeter Test Piezocone Penetration Spectral Analysis of Surface Waves
Cone Pressuremeter Resistivity Piezocone Modal Analysis (Rayleigh Waves)
Dilatometer Test Seismic Cone Continuous Surface Waves

Screw Plate Test Seismic Flat Dilatometer Standard Penetration Test with Torque
Ko Stepped Blade T-Bar Penetrometer Large Penetration Test

Swedish Weight Sounding Ball Penetrometer PiezoProbe Test

Hydraulic Fracture Plate Penetrometer Seismic Piezocone Pressuremeter
Borehole Shear Test Plate Load Test Helix Probe Test
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> 19 Slocud £15i1 B g 430 duli

SPT Standard Penetration Test

DMT Dilatometer Test

MCPT Mechonical Cone Penetration Test
ECPT Electrical Cone Penetration Test

o
Self ~Boring Pressuremeter
P /
Q.
.‘é Menard Pressuremeter
wi v
> Borehole Shear
- SPT 7
o Vane Shear
o l /_—~ECPT
MCPT —DMT
Drive Cone
Hand /Pene?rometer
Gepstick
Heel Print

Relative Test Accuracy
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15 39 lcud £1551 3,15 g dusli

Soil Parameters
Sroup Deies Soil type [Profile| u | *¢' | Su | Ip |mv| ow | k | Go | 6» | OCR | 6-¢

Penetrometers [Dynamic € B ] 1 I 2 L s () s e - C -
Mechanical B A/B S lelie B e == e | e C -
Electric(CPT) B A -|C|BIJ|AB|C]|-]-| B |BC| B -
Peizocone(CPTU) A A A | B|B |AB|B |AB|B B |BIC| B C
Seismic(SCPT/SCPTU) A A A B|AB|/AB B|AB/B| A | B | B B
Flat dilatometer(DMT) B A C|B | B | C|B|]=|=]8B|B B C
Standard penetration test(SPT) A B = | €| C B | ~|=|=«| € - B -
Resistivity probe B B - | B|C|]A|C]| - |- - - - -

Pressuremeters |Pre-bored(PBP) B B = € [CBIE 1L BLE B | C & C
Self boring (SBP) B B |Ayw| B | B | B | B |Any| B | A |[AB| B [AB@
Full displacement(FDP) B B -|C[B|C|C|C]|-]|]Ap| C C C

Others Vane B C - - A - - - - - - | BIC B

Plate load ¢ - = || Bl B|IB|lLCIC| A |€| B B
Screw plate C C -|C|B|B|B|[C|C|[A|[C]| B -
Borehole permeability C - A | - - - - | B|A| - - - -
Hydraulic fracture - - B | - - - - C|C - B - -
C 1:osspol e/downhole/surface C C ) ) ) ) o e A ) B )
seismic

Applicability: A, high; B, moderate; C = low; —, none.
*¢, Will depend on soil type; (1), Only when pore pressure sensor fitted; (2), Only when displacement sensor fitted.
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(SPT) & ylwiliw! 3985 wlo 3T

Standard Penetration Test (SPT)

63.5«kg Drop
t Hammer Per, ASTM D 1586
Repeated|y
Falling 0.76 m ¢
¢ Need to Correct to a Reference
Anvil i Energy Efficiency of 60%
(ASTM D 4633)

Borehole
Drill Rod I
("N” or Note: Occasional
A" Type) Fourth Increment Used
to provide additional
Split-Barrel soil material
(Drive) Sampier
[Thick Hollow
Tubej: fl
0,0, = 50 mm
|.D, =35 mm
L= 760 mm \
- TR
= n g
8 s £¢
et ___ T
c
fe E_-< £ e SPT Resistance (N-value)
23 © -g e irst Increment or “Blow Counts” is total
$E[ s — = g number of blows to drive
3 p E 38§ Second Increment sampler last 300 mm (or
L5 = — 2 blows per foot),
= sv haief . g Ll

Third Increment
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SITE: NZPOOIW — NAZARE PAULISTA / SP
PFroject Locotion [ROD. DOM PEDRO |, KM 49, S/N (SP &5) e ‘ a4 p
Barenale: SP Gl CJ J b,
PENETRATION RESISTANCE SPT
Congle  [Depth layer
taney M) | Bevetion Graphic Description of Strotao
"N® Vol
olues 0 10 20 30 40 50
™) o
o0a | 100.00
sort 2 2 3 |y °
i5 15 15
3 33 B[]S
i5 15 15
3 3 5 fy 8
Megium 75 15 78
St g
4 4 5 .
= = = |+ Reddish sandy cloy
oso0| 15 18 15
5 1.7 |y 14
15 15 15 1
z L2 s 18
s 75 15 15 ‘
5 82 |5 17
i85 16 18
s a 13 22
5 15 15 |8 \
20,00
Vary 10 12 14 2
stft s 115 |° \
15 16 18 ED
1030 75 15 15 J9 \
37
16 17 20
Hord 5 15 15 ) gray sondy clay
15 17 19 36
12:43 5 1515 f2
85,00
3 - 12,45 — End of Borehole
4 There was ne detectable
presence of waoter
5
6
20,00
7
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Hilodisy 9 (s I zad

Crwodi 9 srosi

b 9 1D slxs

o2 Ab Sl

gl Aisd piisa | iS5 Nige

—IA 9 doli

s S 1w SPT Zull Of i 08 guano

Material Description SPT (N Value) Corrected SPT ((No)60)
Very Soft <2 -
Soft 2-5 -
Clay Firm 5-10 -
Stiff 10 -20 -
Very Stiff 20 - 40 -
Hard >40 -
Very Loose <4 <3
Loose 4-10 3-8
Clean sand Medium Dense 10 - 30 8-25
Dense 30-50 25-42
Very Dense >50 >42
Very Loose - <3
Loose - 3-7
Fine sand Medium Dense - 7-23
Dense - 23 -40
Very Dense - >40
Very Loose - <3
Loose - 3-8
Medium Sand Medium Dense - 8-25
Dense - 25-43
Very Dense - >43
Very Loose - <3
Loose - 3-8
Coarse sand Medium Dense - 8-27
Dense - 27 -47
Very Dense - >47
(Look, 2007)
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(CPT) bg 0 g slo)yT

Cable to Computer

Electric Cone

Penetrometer
with 60° Apcx\
d =36 mm (10 cm?)

or
d =44 mm (15 cm?)

1. Saturation of Cone Tip Cavities
and Placement of Pre=Saturated
Porous Filter Element,

2, Obtain Baseline Readings for
Tip, Sleeve, Porewater Transducer,
& Inclinometer Channels

Continuous
Hydraulic Push
at 20 mmi/s; Add
rod every 1m,

Cone Penetration Test (CPT)
per ASTM D 5778 procedures

Cone Rod
(36- mm diam.)
inclinometer

1 f, = sleave friction

Readings taken

u, = porewater pressure every 10 to 50 mm:

<<—— a_ = net area ratio (from triaxial calibration)

q. = measured tip stress or cone resistance a,

AAA

q. = corrected tip stress = g, + (1=a,)u,
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(CPT) bg 0 394 yusloT
SCPTU at Golden Ears Bridge

ConeTec, Vancouver, BC

CPTu Tip q, (MPa) Sleeve f; (MPa) Porewater u, (MPa) Shear Wave V. (m/s)
0 5 10 15 20 25 00 01 02 03 ¢ 1 2 3 4 0 100 200 300 400 500
N
I
—f —
L
|
— o # -
E I
2 A
3 =
o JW o
|
T
0t = I
o |
100 3 | | | | . | | | | \ \ | |
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Soil

Very loose

Loose
Medium dense

Dense

Very dense

Very Soft

Soft
medium

Hard

(Look, 2007)
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Dl 9 O 03

o2 Ab Sl

(CPT) gy 39 yislo )T
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CPTu §CPT bl wlulp S g L8, guavaidb

Sands and
Gravels

(4)

Clays, Silts and Sands

Collapsible
and Sensitive

(1)

Consolidated Soils

Mixed Deposits;

()

Clays and

Over-

()

Peats

(2)

fs

Schematic chart for soil behavior classification (Eslami et al. 2020)
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(VST) gy b slo s vy gmboyl

S ISl g el b

o5 Sl Vane Shear Test (VST)
Vane @ Torquemeter (o2 WPt ialeil)
Rods —>> (g ygt28)
(cns s des) C : C :
4 oy b
03 Py o83 ) LSy

(45 )
Four-Bladed
Vane Shear
Device:
D =62,5 mm
H=130 mm
e=2mm

...............

N
AT
Vv

blade width =D
(45 sl )
blade thickness = e
(45 <l )

O BN (g P90 3y ) (658 il g g 8B 2 Y

s3)e BA Jusl ¥

o o2 S S ojlul ¥
29 wiclae Ub)? e.)),i Cud clls ‘_{‘x Sk
(00l (o505 (o551 Canglia )
Undrained Shear Strength: S,, =6 T/(TnD?) For H/D = 2
In-Situ Sensitivity: S, =8, (peak)/S,, (remolded)
(o canls)
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Il Ssladies 9 (53 zad Cas9.45 9_srori’ Dl 9 O 03 B Ab Silo Uowldig$ o SiG9iJ (Lo —IA 9 doli

sl SIS plgd b 3 4

S
: e 5 &{z )

g

&

B okl
25-50 < 10 mm & '

100-200 <l mm | : | VSt | Very stiff | <
R <‘3‘)‘9 v ]

: : H Hard e
.éjw.‘l DL"q_l ﬁ)_’)—; ..Jl J= ’

=200 ~ 0 mm
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4\1.»9)‘;7[:‘5&)*0‘)(43&65)4369):&%&‘Sbau.l.»at\m@‘_g)‘ﬁ)b
Jb‘_g)a)bud).b

SR Sl gl yolyly 0

o JodlluSe 0 po 0

S 3o Ll Sy bl 30 b (e s bl 50 S dsmias¥ Jgota *

Dgud o0 odlaiwl (g youdilw £o g FO (¥ a8 L 0,5 sldaxas )l Jgoro job

Uze: tangeént or
seeant line

-
1;__.':
-
2 g 2]
= CAd

Deformation, &

b & gy & Jordl e (ol
OV yiilo o9 3 colaswl

T TS RO A IRARYPE
eI W ‘5)‘:&5‘)%
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Methods of Interpreting Ground Behavior from In-Situ Tests

Full-Scale
Interpretative Scheme Simulation Model Structural
o Response
Q Empirical Methods »;.... hir,
In-Situ 4+ Correlation Vet e“ *
Testing + Regression L BT
+ Neural Network ", ."‘ o M A
& 0 Analytical Models y;»++ %% O Empirica)=-=-===#
Ll . StaticsiDynamics ", % = & eg.tzcourves b § 4
s +  Elasticity/Plasticity , %,
Up e » Cavity Expansion .'x.o' ¢ a 0 Analytical """ t
% S 3 o _.t-f"','ﬂ Elastic Pil A A
% * 0 Numerical Methods *-**"" &, » e.g. Elastic Pile
« Finite Differences ~"*=, "
+ Finite Elements “A 0 Numerical------ > AP 1A
1 + Discrete Elements .‘ » FLAC, PLAXIS,
o Experimental Tests &' ABAQUS, CRISP
» Calibration Chamber . P
X H eCt ..l.....
- Centrifugal Models dirS. aees

» Full-Scale Load Tests """’
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(Holtz et al., 2023 — Coduto et al., 2016)

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 52/200



99 sbsk

fasimd jlsldons g (55953 4Y) 3b s lw gyl

Open
structure
Water infiltration
High Significant volume

sensitivity > change at full
saturation or near
Additional loading

Geologically
young
Soils
saturation

Low inter-
particle
strength

Partial
saturation
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Image A, initial view; Image B, after a small amount of water has been introduced; Image C,48hour time
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77 (undisturbed)

7 (remolded)

Range of §,
Condition U.S. Canada Sweden
Low sensitive 24 <2 <10
Medium sensitive 4-8 2-4 10-30
Highly sensitive 8-16 4-8 >30
Extra sensitive 16 8-16 >50
Quick — >16 >100
Greased lightning — >>16

Leda clay from Ottawa, Ontario

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 55/200



IG5 i i v¥iv)
D 9 (AU
9 9 .
pyret 2 STITTEN
foain> s Ll lo
oAb
il
! Uowldig$ o
o —IA 9 doli

Sl g JT s

/a . —
s )' 9 é ! & “ é I ‘ &
* . - 5
y r" * R - . i
(SN X ‘5’ | é‘g.o 6L¢MLA|

y *e
lgo..qg.b)m)a
G." Sk € uf
“ )
Lo Sl ‘_s-,‘&‘s-OM)QA’ }‘Wl)dl’
s o >

1FeF Widaw olewl (swkigo plli7 b wikigo O P
[ oy MS
O e
/ ylois L
o .o
,olév ylo jlw
)
“;O)L«J/m ’,
'M")’"‘fé W'J)&
[ =
‘;l.b}ﬂ/‘bb
5 4 Loz L



Hilodisy 9 (s I zad g b 9 pioni bl 9 Lo 03 o Ab Hlo

LS g o IS

S )Lé.‘> }‘ J.ob Sl
| @%L“ ‘:’l”"l‘é (S S
@m “_s.’faw ‘Sbwl.od.q:
(nall;
b j (o> Ol gk
Gbad A aigli 150 9 S Sy 4 S €——
S 5l
RWIRS (I o gy S
Mo € Slawbo s> Crmiiad 03930
o) g o35 9 o) dlas

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 57/200



S 9919 y wriwmo SIS

(dunlo) glails g3 S5 b oliguusy 15l ouny

03lg )b ¥l 30 o ST 0 4y blod € R s (215l ) dsame S5
*e )
g ol glo i o JLast €— LA

J

o> bl g glo o> Ol Zg 5

oo Si hell €—— g3 ol HLAS il

433 (—Qf 9, 6@ Sgs 3,l9 gy 4y b

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 58/200




SiSigh} 157 5 SN o

SS9 5 135 50 E iy 3,lge

S 9§ Olalllas Cgr 010,18 09205 9 039 1 (AT Glooguas g Joxo Condgo -
adlaio (cogas (omlidsipmoy =Y

Soloxo g lojlw calizeo gladiar 08l ()L g b £ 5l Slads Y
Wl 9 (Sl 195 «Siglg 0ad (a4 by o Colw (p)lse 3l slasdls —F
SrSuged g 5 k> sla g, =0

by yo gL logei ol pod a4y 23T 9 I 50 sl siulojl (65 9 Connd 7

SB 50 Of 8y () O pgdy Ol puuis =

$lbS Sol olwl 2 (o) Jad9 5 —A

S (Sl 9 (K8 Sluoguas -4

L o Candd Glxo Coglio =Ye

w9 21 8lgy g (Sl il y Wiile (SoiST 85 i yblio Juumilly (quwy 3 =)
it Joll S s 5 i 3 citito Yl 40 S ils jLid ol ps Y

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 59/200



St 3 AN i

SoSST 935 )13 50 @y 9,lg0

s Joall S sy i 9 ciito Yy S il Lid ol ps Y

axdllao 3yg0 Jxo S g O (o buowid Slasino =V F

CSlugme) o)) (Sl g Al @ bgr o (ST 955 syl VD

oilwy sl g =ik (pgpas 10 Lolpiay g avoy -VF

S 5 0T 35 o 2ol 51 Juolo 0195 5 prlen Jolse b abli 5 (5314455 g g —IY
T Sl (KigSr 5 405 golen by oo —IA

ol itk slogad 5 5 ke (5,10 pogs (Kigfar —14

‘_SaLQ-WH-’ ‘.sl.b).’i.obl.; 9 Jag‘g) l@&gl.o}‘ o e o ‘_slbc.;gagm =Y
&=y 9 galo =YY
ciditen 9LAS § gl oy (KK 955 ilalllae )l dbols Sl (SS9 G5,

< =l s el i o Lo gl ulojl SOyp i 0

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 60/200



—IA 9 doli

U9

Lo

L Ab

b 9 1D slxs

Chigli 9 _prari

b e

g Vi)

ISilauin> 9 s

o 0

61/200

]
I
T
I
T
I
T
I
T
T T

303)"/9thb‘

¢

&
|

I SHHHHTHA :

| B e N mE i B gl g E gl gl r

| L e ininlig iy igligag igll L

1 Byl plgipnl i

- y “- /ﬂ .......... L

[ e T L T O e s I 1 I A A r

e i LI -- HAnfn nim o

<+ 1 THHH HHHKME

Aa 0y /M HHHHHHHE

L - THHHHHKME

e

¥4 Wl SHHEME M

PRl R Ry (bt N NN NS B iy B B

R N

4 - gigligigigligl=

‘_ﬂﬂ.ﬂ_ /kxul..lllul..l F

o
2

4400
4375
4225
4200
4175
4150
4125

G4
G

Plan View

Gl

@ Clay
E Limestone

a0

E Coal
Sand

a0 800 G50

Legend

Eg Tl
Pest

o0
Distance

5350 600 &30

200

Location: Someplace, somewhere
Date: 11/02/2000
Scale Bar

300 350 400 450 500
Drawn By M. Fraser

Project: Tutorial
Froject Mumber; 2000-001

200 230

140

100

A

a0

]

AFE

GAEA Technologies
44 Canadian Oaks Dr.

Whithy, OM L1N 8Y3

CANADA

JFeF aideo! oy oy biaw] Lot s swiguo pllis (ylojlw o oSaol pi53 thawsg Iyl drawsi 9,505, b wiigo slosS) Ao



Log of Borehole: s :’ g6 & ‘ o @ o > EW‘ oo0e
ProjectNo.: y) w) 9 u W
*
ACME Consulting Limited Project: Port Sidney Oil Terminal
44 Canadian Oaks Drive Client: Inter-Island Gas Enclosure: 1
Whitby, Ontario ; : g
Location: Port Sidney ProjectManager: M Fraser DIRECT SHEAR TEST DATA (ASTM D3080)
SUBSURFACE PROFILE SAMPLE
Project e el Test Pit No. TP.1
e E’ 5 = Well Completion Details Depth (m) 1.0
= Description w @ @ = Location ok
= = £ = o 3 . :
= c = £ é’ o = Box Diametey 10%10%2
a @ a 2| &|le| £ ‘
: wTm o3 Project No. 1200000 Soil Type sC
=0 1
3 Ground Surface | 101 2.00
i Asphalt O s 180 3
13 Fill Z 3 - ~
El 5 , 1 40 | 180 Z & 140
= Sand and gravel fill, some organic % 2 T g ~
3 debris. 98 o Z = B e
34 - @ o 2 -
3 W[l Sandy Silt 3 2 30 | 220 | & & 2 080 P
S Muoist, brown to grey sandy silt S o & oso ~
= = 5 Zis = Y
3 with embedded gravel. 96 ZE c 2 o |/
i 3 5 7 B @ )
3 and _é - 8 0.20
5 Medium to fine sand, occasional 3 75 | 380 1 E“ = 0.00
3 I £ < o 0 05 1 15 2 25 3 15
2 clay lenses. Strong 2 @ Normal Stress {kglem2)
‘ f hydrocarbon odour. 2 : T —
ES = s ! -~ il
2 4 50 | 450 = : e o e (T
93 : =1
E_ w | R 1.2 — N
= @ [ = . -
= 90 9 K o g — | eeeer
: 5 & 2 & ;
T 5 55 | 315 = | HE=IE 2
E 7 Chy (K] E L g; : 08 % s i it
T / Mottled brown and grey silty clay. g // = ;’ - 08 -
¥ Some sandy lenses. = s M AT —
1334 / X — %’2 e 2
El / g7 | B 80 | 210 - ¥z
= P 3 o
i' . Sand 14 = E 0 2 Horlzonil Dlsplaoemems[mmj 8 1o
154 Compact, coarse to medium = §
3 wl o
T sand. Shell fragments. 5 i | 138 = 2
12 =t @ g Water Normal Angle Of
3 @ ] Content |DryDensity| stress Shear stress Shear Cohesion | internal
I [ ¥ at Failure at failure [ Digpl Resi friction
16 _5 82 % @ ot Ya on T C @
= 19 o) | em) | ooy | gpemn) | @m | gwemn | degree
E 0.59 0.38 4.50
= 6.2 1.73 1.33 0.78 6.00 0.05 29
Drifled By: ABC Drilling Company Hole Size:12" 3.04 1.73 7.00
Drill Method: H/S Auger Datum:Local
Drill Date:02-06-2000 Sheetdofd Shear rate: 1.2 mm/min Sample type: Remolded test type: Quick
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Is One Number Enough ?

¢, = undrained strength Dy = relative density
OCR = overconsolidation 74 = dry unit weight
Yooy = Total unit weight LI = liquefaction index

¢' = friction angle
¢' = cohesion intercept

I, = rigidity index

e = void ratio

¢' = friction angle 4 n = porosity
K, = lateral stress ' ,/ q,: = bearing capacity
V. = shear wave -4 s, = preconsolidation

G' = shear modulus
C. = compression index E' = Young's modulus

k, = subgrade coef <= =) ¥ = dilatancy angle

¢, = adhesion CLAY SAN/) 9 = pile end bearing
k = permeability N f. = pile skin friction

V, = compression wave
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ST 93 e 30 Caxdad puc suiiS ol | Lol ol

) (SIS Gy
Sobol slacuaks cuc g g So)ludl glalas  °
Jod 3l L6 sballs g Jow jo coxlad pue  °
G155k 50 Comlad pue

( Real Ground )::)( Model Ground )j@sign using Grou@:( Design Result >

Spatial variability Transformation
Load uncertainty
; |
Measurement error - g it
Statistical @’ value
estimation error ; ; Modelli
! : odellin
SPT N-value SPT N-value ‘ ' uncertaintf;rf
.
.
. ™
.
. Mean £ s.d.
. 1} i}
v v
Mean +s.d.

A procedure for geotechnical RBD (Honjo, 2011)
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Variability from laboratory testing
(Phoon and Kulhawy, 1999)

Test Property Soil type Coeffidient of variation (%)
Range Mean
Atterberg tests Plasticity index Fine grained 551 24
Triaxial compression  Effective angle of friction ~ Clay, silt 7-56 A e 3 e1s . .
Direct shear Shear strength, C, Clay,silt 19-20 2 Variability from in-situ testing
Triaxial compression ~ Shear strength, C, Clay,silt 838 9 (PhOOH and KulhaWy, 1999)
Direct shear Effective angle of friction ~ Sand 13- = — )
Direct shear Effective angle of friction ~ Clay ¢ Test Equipment  Oper/proc. ~ Random  Total* Range”
Direct shear Effective angle of friction ~ Clay,silt 3
Atterberg tess Plastic limit Fie grained 7 Sandardpeneraton st (SPT) 005-075 005075  0.1-015 014100 0.5-045
Triaxial compression  Effective angle of friction Sand,silt 9. Mechanical cone penetration test (CPT) ~ 0.05 0.00-0.15"  0.10°-0.15" 015022 015025
Atterberg tests Liquid limit Fine grained 3 Electric cone penetration test {ECPT) 0.03 0.05 005¢-0.100  007-0.12°  0.05-0.15
_— : ; : _ Vane shear test (VST) 0.05 0.08 0.10 0.14 0.10-0.20
Uit wegh Density Fineganed b biometrtest(OMT) 005 005 00 0l 005015
Pressuremeter test, pre-bored (PMT) 0.05 0.12 0.10 0.16 0.10-0.208
Self-boring pressuremeter test (SBPMT)  0.08 0.15 0.08 0.19 0.15-0.258

" COV(total)* = COV(equipment)? + COV(operator/procedure)’ + COV(random}’.

® Because of statistical estimation uncertainty and subjective judgment involved in estimating COVs, ranges represent
plausible magnitudes of measurement uncertainty for field tests.

“d" Best- to worst-case soenarios, respectively, for SPT.

*! Tip and side resistances, respectively.

¥ Itis hikely that results may differ for py, p; and p;., but data are insufficient to clanfy this issue.
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ANNUAL PROBABILITY OF “FAILURE"

St Dbl 9 L 03

LIVES LOST
1072 101 10? 10! 102 108 104
1{}[} | | |

— Marginally Accepted

~ Accepted

1077 OTHER LNG
STUDIES

/ﬁMEHﬁS 2, *,
(_avemon ) | T8
108 107 108 102 1010
% LOST

108 T T
104 108

Risks for engineering projects
(Withman, 1984)
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(Duncan, 2000)
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(Coduto et al., 2016) Torre Latino Americana g
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o 9 Y «awlo - Becarra slaaiiys AN-b/b
Cce=4-10 o 5 SGilsdg Tacubaya YY/A )

Su=35-70 kPa, v o Fee U )er Cugb,
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Classic log & SPT result (Zeevaert, 1957)
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Velocity in m/s Velocity in m/s
10 100 1000 O1 0 100 - 1000

Depth in m

50 i 50

— (. values — (. values
® V_ values g t ® V_values

60 60
Site 7 (in Fig.4) E}, Site 5 (in Fig.4)
65 65 1
0.1 1 10 0.1 1 10
q. iIn MPa q. in MPa

Stratigraphic characteristics of Mexico City soil deposits
(Romo & Garcia, 2003)
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2. Foundation Systems: Form & Function
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Knowledge Based, Construction Technology, Optimization
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Salgado (2008):

Foundation engineering tools are:

* Soil & Rock Mechanics

* Codes & Standards

* Experience & Empiricism

* Publications: Where to Go for Help
* Conferences & Short Courses

* Computers

Multidisciplinary: Structural,
Geotechnical and Constructional
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Footing _

Sand’ Sand Sand

Surface Found. Skirted Found. Pier Found.
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Well Foundations
Floating Foundations
Box Foundations

Top-Down Construction

Piled Raft Foundations B LUTE R
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* Pad Foundation * Ring Foundation  Conical Foundation
* Grillage Foundation * Hyperbolic Foundation * Isolated Foundation
* Root Foundation  Stepped Foundation * Sloped Foundation

* Shell Foundation ¢ Attached Single Foundation < Jacking Foundation
* Spherical Dome * Cantilever (Strap) Foundation ¢ Drilled Displacement Pile

Colimn Loads

iron plate ~¢————column

steel
beams
(grillage)

Nw

|

Ring Beam

Convex Shell
concrete pad Section B - B

Column Column Column
EI I:l Spherical Shell
(a) Pad Footing (b) Stepped Footing (c) Sloped Footing
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GeoSystems encompasses a broad area in geotechnical and geological
engineering, environmental geotechnics, geohydrology and applied geophysics.
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(a) (b) (<)

Balance of stresses in foundation excavation

Principles of floating foundation; and a typical rigid raft foundation

s JIs
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I
(@

Various foundation systems; a) grid shallow foundation, b) embankment on rigid
intrusion stabilized soil, ¢) semi-deep box foundation, d) piled raft foundation (PRF)

Ground
Level

Raft

Cushion

(c)
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@ (b) (©)

Examples of three primary type of structures based on the form a) the cables of the
Golden gate bridge, (one-dimensional), b) the shell roof of the opera house of
Sydney, (two-dimensional), ¢) ancient pyramids of Cairo (three-dimensional)
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(e)

W
P

Different structural systems load transfer mechanisms: a) form-act structure;
b) vector-act structure; c¢) section-act structure; d) surface-act structure;
e) hybrid structure (adapted from Engel, 2013)
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1. One-Dimensional (Linear) Foundations: Piles & Drilled Shafts

Slaswg 9 aw b o £lgil: Glaxio sla o -Y

2. Two-Dimensional (Planar) Foundations: Footings, Mats & Shells

w9 S po a3y (g 09,5 1 cox> b o -V

[
¢ d qrow
errpneSY gp=) ey & e

3. Three-Dimensional (Volumetric) Foundations: PRF & Massive Treatment

GRS

=]

H [

(a) (b) ©
Typical categories of foundations based on form and prevalent applied loads a) one
dimensional, b) two dimensional, ¢) three dimensional (Ebrahimipour & Eslami, 2024)
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One-
Dimensional
(Linear)

Vector-acting

- Two- Section-acting
FOU ndatlon Dimensional &
(Planar) Surface-acting

Systems

Three-
Dimensional
(Volumetric)

Block-acting

(Ebrahimipour & Eslami, 2024)
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Foundations
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Vector-acting
Foundations
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Section-acting
Foundations
(2D)
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Hemsley (2000)
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Hemsley (2000)
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Hemsley (2000)

Floor levels _ Central core _
Raking column Raking column
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™

0-6m

N / 7

(Hemsley, 2000) Al Faisaliah Slosis o gooso (ygumwlaisd alaio
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3. Geotechnical & Structural Design
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Following issues are realized in efficient foundation engineering practice
including technical, practical and economical aspects; mainly focusing on

performance-based design:

Bearing Capacity

Serviceability (Settlement and Torsion)
Structural Design

Stability Control

Full or Model Scale Testing
Constructional Aspects

Durability

N SH 0 k¥ DD -

Economic Requirements
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Fellenius (2015):
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Terzaghi (1943)

quit = CN¢ + qNg + 0.5yBN,

C = cohesion parameter
q = surcharge around the foundation equals to yD¢
Y = average effective unit weight of the soil below and around the foundation

B = foundation width

D¢ = embedment depth of the foundation A ——

Rough Foundation Strip Footin
Surface ™~ - i :

N¢, Ng, N, = non-dimensional factors ! .

*~. neglected Effective overburden. -
b

. D o q=v.D, .-
LT l_l,_lfi\_ | lal ““bl TLENL L

0 XEHE NI BRI TP
AP TONC SETTRN AR
Shear .4 u‘-.q_/ \,{[ N\ G i
Planes /T N\ /d\J
e | \ f
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De Beer (1945) Berezantsev and Prandtl (1921)  Bishop, Hill,
Jaky (1948) Yaroshenko (1962) Reissner (1924) and Mott  (1945)
Meyerhof (1951) Vesic (1963) Caquot (1934) Skempton, Yassin,
Buisman (1935) and Gibson (1953)
Terzaghi (1943)
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7, <3MPa 7, <150KPa Yamashita et al, yaAv
HS YA A A Y Decourt, \aAAY
r, <7.5MPa r, <170 KPa
Glocd o CAY \ Meyerhof
(s oS -, ¥0 Y Meyerhof, yvaasaavs
-, ¥ ARy Decourt, YaAY
-,Y \- Shiori and Fukui
-, YA Y50 AWWAY (SIS an 5 ol
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CPT & CPTu bl g Gaos s 5950 cud b

I.s _ qca fs
I' qumm (|

- o b g

Iy ¢ C,0) ¢ (;, fS}Wr‘ 6‘%539)

similarities between the cone penetrometer and piles

Penetrometer can be realized as a model pile.
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CPT & CPTu bl g Gaos S 5950 cud b

- Begemann ( 1963, 1965, 1969) TCD-03 (Gavin and Lehane, 2003)

- Meyerhof ( 1956, 1976, 1983) 15 Fugro-05 (Kolk et al., 2005)
Aoki and Velloso (1975) UCD-05 (Gavin and Lehane, 2005)
n Nottingham (1975), Schmertmann (1978) F i/ ICP-05 (Jardine et al., 2005)
Penpile (Clisby et al.1978) UWA-05 (Lehane et al., 2005)
Dutch (de Ruiter & Beringen, 1979) 101 NGI-05 (Clausen et al., 2005)
Philipponnat (1980) Cambridge-05 (White & Bolton, 2005)
LCPC (Bustamante & Gianeselli, 1982) 221 German (Kempfert and Becker, 2010)

n Cone-m (Tumay & Fakhroo, 1982) )0 UCD-11 (Igoe et al. 2010, 2011)

Price and Wardle (1982) V-K (Van Dijk and Kolk 2011)
Gwizdala (1984) SEU (Cai et al. 2011, 2012)

Unicone (Eslami & Fellenius, 1997) HKU (Yu and Yang, 2012)
KTRI (Takesue et al., 1998) 13 UWA-13 (Lehane et al., 2013)

Enhanced UniCone (Niazi and Mayne,
2016)
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Load

il glageds B3,
Sins 3 5120 Jloans SOSTS o
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o w15 g o s S

Displacement

Effect of Pile depth and Soil
density (Look, 2007)
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S 5b i S S g s (0L ) QG

2500
]
b 2000 | T T T T
i L
/ 1500 |
p-4 B Displacement
-g x Load = 753004 = Displacement) + 0,002
o . T 1=496, 1=12283
-~ Displacement 3 [ a b
Load = - -
a + (b x Displacement) 1000
| == =Measured
500 | s Fitted
0 ||||||||||||||||||||||||
. 0 10 20 30 40 50
Displacement .
Displacement (mm)
(@) (b)

Hyperbolic function and relevant parameters: a) illustrative concept, b) typical
case (Eslami & Ebrahimipour, 2024)
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(Eslami & Ebrahimipour, 2024) gws B Sulo— b jL8, 9 ygo Jolgs

FELADD: Foundation Engineering Load And Displacement Database

o0 Embedment Depth s 9 ’r)r' Lo u:))_’ 03/ gﬁb °
:5”” lyo sboginlojl + o lwle—)b sloools ¢

St S A N B \. """"
2 - T g g 090 VY Jolboslo SSb

© W !

Two [ S oeSeommoommmmes bolio s g amlo oy yo oilyal @
500 :;::"’ — Fo OF B 7 o Hgde Gos *
r sioakeo VIF G YYFO axy o
ou.J.Llln..L.ztallllalullllalollllsu ‘51.239‘5&)195@456 *

Displacement (mm)

Effect of pile embedment depth H g ldgd oo copls gblic  °
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Dl 9 O 03

I Sslainy 9 (5 Ai R0 Lo li 9 saosi
(Eslami & Ebrahimipour, 2024) gws B Sulo— b jL8, 9 ygo Jolgs

Breadth Deposit Type
2500 2500
< 350 mm L 110, D00 II:: + 00014 Clay
= 350 M € B € 500 mm ! - 7065, e
& » B > 500 mm \..."..ld'.suli !!!!!! | w— = Sand
2000 F_Leettt 2000 | » s s Mixed | »
. a® . (L OHMD6 3 1) 0. 00 14
._.- - 7I45, D 17052
L] - . -
. - - - -
. - ------ i ..q..\--" sssssasssny
1500 S ‘\ 1500 | e —
. -~ L 0. D IELR
1'. ” L - 0 - 359.9, -~ 1179.¢
: ’ I:l'.':::::\ (1] :lrl-tl-‘r-f" ..
- ’ B B | -. - o - Z p_———
o . |
1000 . . m 1000 } -
« J L WoeiT =) 500080
Y t=zs61, P52
:'r' Val [ \
500 :' 500 } ’ . o
[0.0014 % D) | 0.0045
; f=2229,1=7376
U i i PR TR TR SR T T TN T T
0 10 20 30 40 50 0 10 20 30 40 50
Displacement (mm) Displacement (mm)
Effect of deposit type

Effect of pile breadth
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Normalized Load

(Eslami & Ebrahimipour, 2024) gws B Sulo— b jL8, 9 ygo Jolgs

Normalization Approach: Relative Displacement & Normalized Load:
« Load: Brinch-Hansen 80% (1963) * 1% - 0.5Pu(FS=2)
 Displacement: Breadth * 5% — 0.8Pu
* 10% — 0.9 Pu
Embedment Depth Surrounding Soil Type
1.0 1.0 1.0
08 F 0.8 [ 0.8
07 T 07 | 07 |
06 | 06 | 06 |
05 p 0.5 0.5
04 | 04 | It 0.4
03 | 03 03
02 F i — o2 1 i i P 02 ¢ —
01 ff i H N e 01 S — o1 : : : - T::,:d
I I R SRS i cverurestl SOOS 8 SRS SRt RPN A : ;
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 ® 10 11 12 13 14 15 0 1 2 3 4 5 € 7 8 9 10 11 12 13 14 15
Relative Displacement (%) Relative Displacement (%) Relative Displacement (%)
(a) (b) ©

Normalized hyperbolic trending of load-displacement for dominant factors: a)
embedment depth, b) breadth, ¢) surrounding soil type (Eslami & Ebrahimipour, 2024)
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Loading condition of foundation
(pressure bulb)

Sylas,L .
Siloml °
0y <l

*

Pressure bulb of A ‘Q’Ia‘ 0 e 9 )é °
single pile
Resultant pressure P;esstaret'bulb adpad
bulb of pilespin cluster n%ﬂ?cgﬁggi\‘,’; sﬁ{, ‘g.l.s." ‘SLQ & e e °
Seolod )b e
S Sow g olaxin °
o Clazin

zj, = depth of influence below footing
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Cc =0.009 (LL-10)
S, =——log— C.=04(e. -025)
C.=0.0l(w-5)
C,. =0.002G.

S.=AH =H.m Ao’
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g Recompression
Initial
curve

» 1 logc c/l/
1 1 Final
Ae \:\g’/

e Case 1
o0’ o o
o (log scale)
/
O, Initial
—F‘ 1 Log Cycle
4 R c
O o, -
C CupreSSI.O
rve lon
Ae 1 Log Cycle
B Final Case 11
"
1
1
1]
1]
1]
1}
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|
o0 o’ oz

o' (Log Scale)
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il Sl Gl aw ;0 0.5 x 2 x 12 m olel & o bl SO (gL cud b

y=18 2%, S,=z+4(y), a=1,

m3’

N.=5,9and 12 (from shallow to deep condition)

0.5

0.5 12

Df=0m

12

Df=1m

12

Df=12m

05
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Y o, low 59 9,05 Jlo

a) Shallow foundation b) Semi-deep foundation ¢) Deep foundation Jo of 3

Quit = SuN¢ Quit = SuN¢
Quic = SuNe +4 z=1m z=12m > S, = 12 + 4 = 1622
m
z=05m-S,=05+4
ton ’ q =5X9=45t0—n Ne =12
= 45—2 ult mz
m ton
Qe = 45 X 5+ 0 Qpase = 45X 12 X 0.5 quie =16 x12 =192 —
ton = 270 ton
=225 — Qpase = 192 X 1 X 0.5 =96 ton
m? Qs = Q. Sy
Pye = 225x12 % 1 05 m As = & Su
= 270 ton z=6m—>Su=6+4=10t°—n
s = a.S,=1 m?
t
Qenatt s = a.5,=1x 10 = 10—
=45 X2 x(12+05)x1 Qunare = 10 X 2 X (1 + 0.5) x 12

= 112.5 ton = 360 ton

Qtotal = Qbase T Qshaft
=96 + 360 = 456 ton

o Qtotal = Qpase T Qshaft

=270+ 112.5 = 382.5 ton
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tdow bod dawlo 1y gy Gl aw jo ddlb-Fe Bl SO Gl 9 g )b el )b
O (59 ymnn 9 s VO a4y (o230 401 (A
#0108 (g8 Gos b Holl (o Wjgo a9 o YO sy a4y (o2 p0 0], (&
P95l G5l b oS 50 9 50 18 (980 Goe 0 YO v (o po w0, (&

— IS
15m[ " Fine-grained Mixture 15m 15m i HE
rETTETTTEy W s W
a Massive
25m ] 25m 25m Improved
Zone
Rock
Soil Layer ylton/m®) | e | C | K | Suaglkg/em?) | E(kg/em?)
Fine-grained Mixture 2 - - 104 0.5 200
Clay (Pre Improvement) 1.2 2 07 | - 0.25
Clay (Post Improvement) 15 2 0.22 0.4
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a) quit = NSy + gy , The average of S,, between the ground surface to Z=40 m should be used. & g‘ )
15 x 0.5 + 10 x 0.25 kg ton
Suarg = 25 =0 T e
ton
Quit = 514 x4+ 0= 206@
ton
q= 40x1 =40 F

Fine-grained mixture:

KxqxB 0.4x40x 25
SFine—grained mixture — E = 200 x 10

=0.2m =200 mm

Clay:

, ton
crO:15x2+12.5><(1.2—1):32.5F

q x B? 40 x 252 ton
Aq = - — 91 —
(B+2)2  (25+27.5)2 m?

ton

0} =0y +Aq=325+9.1 =416 —

CH o7 0.7x25 416

Setay = ———log — = 1 = 0.625m = 625
Cay =1 fe, Sof 1+2 5325 m e

Stota] = 200 + 625 = 825 mm
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b) quic = NS, + 05, The S,, of the clay layer should be used. Jé of 3
ton
Quit = 5.14 X254+ 15%x 2 = 42_9F
ton
Clnet=*f}0><1—15><2=10F

Clay:
, ton
0p=15%x2+4+125%x(1.2—-1) =325 —

q X B2 10 X 252 ton

NCEY VS

Aq

) , ton
0} =0p+Aq=325+44 =369 —

CH of 07%x25 369

log—

Sclay = —o— = 1 = 0.322m = 322
Clay =14, Bol 1+2 ©325 m mm

Stotal = 322 mm
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¢) Quit = NS, + gy, The S,, of clay layer after improvement should be used. J’ of )
ton
Quit = 5.14 X4+ 15%x 2 = 50.6F
ton
Qnet=40X1—15X2=10F

Clay:

, ton
0p =15x2+125x (1.5-1) =363 —;

q X B2 10 x 252 ton

= = =44 —
(B+7Z)2 (25 + 12.5)2 m?2

Aq

ton
o, = ol +Aq = 36.3 + 4.4 = 40.7 —

mZ
o _CH of 022x25 407 .
Cay =T 1e, 5o  1+2 8363 -~ o m=z7nmm

Stotal - 91 mm
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Ilauien 9 (5 Ak %o Cagdi 9 srori Sl 9 3 L Ab ko 9wl Aig9 aiussin G wdipo | IR 9 dolin
f -] )w 60 9 )U J&o
s led byl 5 b g g pSlhanl g conlo

MPa ,
K = BOT , E; = 60 MPa, f'. =25 MPa, E. = 23 GPa

BxL=2x2 m, t=0.8 m BxL=2x15 m, t=0.8 m

BxL=15x15m, t=1m
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AL method Jé b‘)
_ «|KsB 30 x 2 s o
Single: 1 = = 1 =03-AL=06< 7 — Rigid
HEL 4% 23 % 10% x 55 x 2 % 0.8%
_ +|KsB -, 30 x 2 _
Strip: A = 2E = 1 =03 - AL = 4.5 > n — Flexible
4x23x103xﬁx2x0.83
+|K.B 30 x 15 _
Mat: A = AE T = 0.25 - AL = 3.75 > w = Flexible
4><23x103xﬁ><15><13
Kk method

[o]

Si 1-1?—1(E
ingle: K = E.

k= 52
S TAVVAV]

)(t)3 1 /23 %103 (0.8)3 504> 0.5 > Ricid
_ e —_— = 4. D =
L) ~12\7 60 2 ‘gt

3

Pl (Bx10° (0'8) 0.005 < 0.5 — Flexibl
=—— || — = 0. D =
12\" 60 15 extbre

Strip: K ! (E“) (t)g L (23x10° ( ! )3 0.0095 < 0.5 — Flexibl
. = —|— — = — o = V. e R d
MR =0\E/\L) T12\7 60 15 exibre
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dyg0 0¥ gd g Cwls Jgus vio wlal w9590 goSId WA L ST o S (ol

oo Lod pund |y 503

Live load = 900 kN Dead load = 1200 kN
Column dimensions: 45 x 45 cm f. =21 MPa
Foundation dimensions: 280 x 280 cm fy = 300 MPa
P=2100 kN 45 cm x45 ¢cm

AEEAEEEREERALT
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Determining the effective depth based on two-way shear:

Ar 280 x 280 1.7xD+1.4xD 1.7x1200+1.4x900
= = 38.7, qu = =

Based on Table A and using % = 39.3,q, = 0.4 MPa
C

d

B=1.2 —-d=12X45=>54cm

Determining the effective depth based on one-way shear:

B (280 — 45) _ 235

ap > > = 117.5cm

Based on Table B and using q, = 0.4 MPa

Aay, Ad
120-100 45.6-38
117.5-100 X=>? d=38+X=38+6.5=44.65 cm

Determining the required reinforcement:
qu X a% = 4.09 X 117.5% = 56467.6 kg = 565 kN

Based on Table C and using q, X af = 565 kN, d = 55 cm

g, X a; Ag
60-50 20.9-17.3 )
56.5-50 X=>? As=17.3+X=17.3+2.34=19.64 cm
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W lod o |y Al syl i 50 g Olasin b L8L b0 Gaos o <o)l

Tu
_ |

12 m [

1.5m
1.5m

T 1 ]
| B 1

t
b =80 cm, B = 200cm, S, = 20 kPa,, Ysar = 1.95—3, Yeon = 2.45 t/m’
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Foundation’s weight (Wy): Jé of 3

T (0.8 +2
— X

4 2
W = V; x ¥ = 13.053 X (2.45 — 1) = 18.927 ton

T 2 T
Ve = [Z x 0.8% x 12| + ) x 1.5‘ + [Z x 2% x 1.5| = 13.053 m®

Soil’s weight (Wj):

1T Tr 0.8 + 2\?
VS:[ZX(ZZ—O.BZ)X12]+Zx(zz—( z ))x1.5]:34.o71m3

W, =V, Xy = 34.071 x (1.95 — 1) = 32.367 ton

T=axS,=1x%x2=2t/m?
A, = X2 X 15 = 94248 m? T<Wp+Weoi +7.Ag

Shear resistance (7Ay):

TXA; =2 X94.248 = 188.496 ton

T, = W; + W, + tA, = 13.053 + 34.071 + 188.496 = 235.62 ton
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Tip Resistance
q,(MPa)

0 20 ¥ «

0

Sleeve Friction
f, (kPa)

100 200 300 0

Porewater Pressure
u, and u, (MPa)

0.1 02 03!

bbbl

vo

-yl

10

o
020
02

013
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VD)M‘SO}Q)‘,J&

—IA 9 doli
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Load (kN)

5000
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3500

3000

2500

2000

1500

1000
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0

o U“)‘)S (Sllty Sand) )|¢¢..¢.L:.w

L 4

0

10
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50
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Meyerhof (1983) & of 3
Shaft Resistance:

21+20+24+13+32+43+27+33+27+27+49+ 45+ 38+ 35
Nave—shaft = 14 =3

r, = 2N,,. = 2 X 31 = 62 kPa
A, = DL = (0.41)(14.5) = 18.677 m?

R, =r,A;, =62 X 18.677 = 1157.974 kN = 115.8 ton

Tip Resistance:
Effect Zone = [D — 8B,D + 3B] = [11.22 m, 15.7 m]

45+ 38+ 35 + 36
Nave-base = p) = 38.5

C1 = Cz =1
I, = 400C;CoN,yo_pase = 400 X 38.5 = 15400 kPa

nD? _1r><0.412
4 4

=0.132 m?

At:

Ry =rA; = 15400 x 0.132 = 2032.8 kN = 203.3 ton

Total Bearing Capacity:

R, =R, + R, =203.3 + 115.8 = 319.1 ton
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Eslami & Fellenius (1997)

Shaft Resistance:

9E-geomean — 16.25 MPa

Silty Sand: C; = 0.01

Is = Csqg-geomean — 0.01 X 16.25 = 162.5 kPa
Ag = nDL = (0.41)(14.5) = 18.677 m?

Ry = r;Ag = 162.5 X 18.677 = 3035.013 kN = 303.5 ton

Toe Resistance:

Effect Zone = [D — 4B,D + 4B] = [12.86 m, 16.14 m]
QE-geomean = V27.88 + 24.9 + 19.9 = 24 MPa

Iy = qE—geumean = 24000 kPa

nD?  mx 0.41%
4 4

A = =0.132 m?

Ri = Ay = 24000 X 0.132 = 3168 kN = 316.8 ton

Total Bearing Capacity:

R, = R, + R, = 316.8 + 303.5 = 620.3 ton

Jo ol

Z (m) q(MPa) | u;(MPa) | qg(MPa)
0-1 5 0.07 493
1-2 12 0.04 11.96
2-3 15 0.04 14.96
3-4 8 0.05 7.95
4-5 9 0.05 8.95
5-6 24 0.05 23.95
6-7 21 0.09 20.91
7-8 17 0.125 16.875
8-9 16 0.18 15.82
9-10 16 0.18 15.82
10-11 20 0.16 19.84
11-12 25 0.15 24.85
12 -13 26 0.15 25.85
13-14 29 0.125 28.875
14 -14.5 30 0.1 29.9
Z (m) qi(MPa) | u,(MPa) | qg(MPa)
13-14 28 0.12 27.88
14 - 15 25 0.1 24.9
15-16 20 0.1 19.9
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Hyperbolic Asymptote
Limit Load = 5580 kN

6000 i

5500

5000 Maximum Measured
Load = 4400 kN

4500

4000

Brinch Hansen 80% (1963)

3500 Ultimate Load = 4770 kN

3000

10% B
Ultimate Load = 3890 kN

Load (kN)

2500

2000

Davisson Offset Limit (1972)

1500 Ultimate Load = 3040 kN

1000

500

0 10 20 30 40 50 60 70 80 90 100 110 120
Displacement (mm)
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4. Failures & Damages of Foundations
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R. Peck (1967) - The Man of Judgment:
Iigis ood Ny o Jdo SO 0 Y (o sloo gy
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(b)

Bearing capacity failure of a) silo foundation (Kimmerling, 2002)
and b) shallow foundation (Prakash, 2007)
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(Nordlund and Deere, 1970) Fargo puS sokw —¥ 0 ylows (Jos 8 390

sl 4Bl 158 (Y g (A (5 505b Cady) @ VB0 Jlw yo S JLil (sl ggpi b 0
i Doy YYY KPa @ 059 (p] j0 00d) 5b yjlado  ©
a 5L YL ey bojlw (pl cglow 6 25,b 5 Jolo (AL Jlosl )L lwgio ul38l Jdo a0

..39.0.3 Coormmiind

Su—avg = 40 kPa — qy = 5.14 X 40 = 205.6 kPa < qy;ye = 227 kPa Failure!!!
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(no cracks) {often without cracks) {with cracks)
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. — PaEs bulbs
N M Combined
pressure bulbs
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Failure of a 2500-ton capacity silo
damaging adjacent barns

Leaning twin silos caused by non
uniform settlement in zone of
overlapping pressure bulbs.
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- when p;>=c

1om 2T iom_

P
I s=— P S=gH=g H="1_2H
l+e, “7p, It+e
) ) e recompression
= Silo A| | Silo B - when P1<o, and p, >C, A / '
g H - el |~ compression
S = —[Cclg(—") + Cclg(&)} e
200 kPa| |200 kPa Ite, b Ty €, Fomntonnn- _—
' prellevel o A
! C.=0.6 P
= C.=0.1 :
= c;lz 2.0 Pi GD P2 p(lg)
| y=20 kN/m’
able 1.1 Calculated settlements under Point E;.
i Z; AH, v G, AG,, AG., AG., Ap
2 o2 , ) D
) | m | (m) | &N | EN/mMY) | (KN/mM?) | (kKN/m?) | (kKN/m’) | (cm)
1 5 10 10 50 80 1 81 83.6
2 15 10 10 150 29 & 35 18.2
3 25 10 10 250 13 6 19 6.4
Total settlement 108.2
P o] oy gl 5 o s ki s o jlas s o Sleo] 55 Loy cyltgly dnawss 95500, b ki (slog loy a5l oy s 160/200
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Corner of Slab
e Edge of Slab
Center of Slab

SWELL %
MOVEMENT

. VERTICAL LOAD

Uniformly Loaded

Rectangular Slab :;h ; b
M‘t‘tlﬁ/i SRR,
Uniform Swell Pressure
| T

Non-Uniform Direction and Movement
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This damaged building
in Dawson City,
Canada, shows what can
happen when the warm
interior of a building
causes the permafrost
underneath to thaw.
Credit: Andrew Slater

S ol S (

*

Uneven thawing
damaged this road

in Tibet. Credit:
Tingjun Zhang
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S. Retrofit & Strengthening
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*Soil Improvement 39590 S Gluogas wudi glp (O ®

*Soil Treatment
*Soil Stabilization

* Ground Modification

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 176/200



Il il asiss 9 5 iy 203 a9 di 9_stoxs Sl 9 1D 5olxs o5t > Ib (Silso CpawlAigd i | iGei) pwdige | S4B 9 doliny

10905 mndll 35 oes WIS B a3 1y Lyl (4165 o0 45 3,10 3929 (g 3luntr 09 B¢ 31 i
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(Densification) jlwesS| o Y -

(Physical & chemical modification) o lowd — SO 8 (6 3lwgs Y

(Hydraulic modification) S.Jg o gjlus —F -
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General Soil Treatment Methods
1 Sheet piling 11 Sump pumping 21 Surcharge fills 31 Soil nailing
2 Slurry trenches 12 | Wellpoint systems 22 Pre-wetting 32 | Cement-clay grouts
3 Diaphragm walls 13 | Bored shallow wells | 23 Hydrocompaction 33 Silicate grouts
4 Bored pile wa lls and 14 Deep-bored filtre 24 Vibrocompaction 34 Resin grouts
secant piles wells
5 Ll e e 15 | Jet eductor systems | 25 Dynam'lc 35 Comp afztlon
membranes compaction grouting
6 Freezing 16 | Vacuum dewatering | 26 Compaction piles 36 Jet grouting
: : Dynamic static or : . Cement & lime
7 Filter drains 17 Rollers 27 | Particulate grouting | 37 stabilization
8 Drainage galleries 18 Electrical 28 Blastin 38 Mix-in-place piles
8¢ 8 stabilization & P P
9 Sl an.d band 19 Preloading 29 Mecham.cal 39 Heating
drains compaction
10 Lime columns 20 Vibro replacement 30 Reinforced earth 40 | Remove and replace
stone columns
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100

20

80

70

60

50

40

Percent Finer by Weight

30

20 -

10

Gravel Sand _ Silt Clay
Particulate Grouts: C3 |
Mmm fine Cement: C3

V]brator_y Probes: C1, C2
| R N,

Note: The order of the methods

- Che'rnmal Grouts: C3 | is not related & the
e — percent finer scale
Explnswe Cﬂmpactmn Cl |
- Deep Dynamic Cﬂmpactmn Cl CZ |
. Compacnon Grout: Cl1, CZ D1 |

|

|

| V1br{) Replacement Cl1, C2,C4, DI
| Drains: C4 (Cl, C2, D)*

| T Compaction Piles: C1, C2, C4, D1
|

|

|

|

. Jet Groutmg D1

Ad.lnlxtures C3
Deep Soil Mlxlng: C3

Soil Reinfnrcmnent* D1

Mnst L1queﬁab]e Soils|7
(Tsuchida 1970}

B o [ |
Pntentml]}r Liquefiable
Soils (Tsuchida 1970) Precompression
| | S |
10 1 0.1 0.01 0.001 0.0001

*Depends on type of drain. Particle Size (rum)

Applicable grain-size ranges for liquefiable soil improvement methods
(Mitchell and Gallagher, 1998)
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Slurry grouting (Intrr.vsion) Compaction grouting Chemical grouting Jet grouting (Replacement)
(Displacement% (Permeation) ‘

1l
|l
|
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(d)
Foundation sectional enlargement: a) excavation around the footing, b) drilled holes, ¢)
inserted dowels bars, d) plain concrete in the extended area, e) reinforcement bars
arranged surrounding the footing, and f) fresh concrete cast in the enlarged area of the
footing (Zumrawi & Aldawi, 2019)

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 182/200



Il il asiss 9 5 iy 203 a9 di 9_stoxs Sl 9 1D 5olxs o5t > Ib (Silso CpawlAigd i | iGei) pwdige | S4B 9 doliny

397 90 & Sl ! 1

S92 g0 o Slal ol 38l 51 o daigoes

-
) -4:' oy W -,??
AR

AR

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 183/200



Il adins 9 (5 Ik 20 Car98i 9 prori hlwd 9 D 03 B Ab Silo Ul AigS adruasns iG9i ) (v g0 —IA 9 doli

(JE2) 5ho 2 — (it S @owd 3 03 L

. o g ' - .
g g | g 5 |
o ;-',x ! d_‘, .-:".‘ !
.-.B'.‘»“ "'rd : : ! .’.F E
55 ! 3 : x 2507 | FOUNDATION o :
C‘ /J = .| FOUNDATION o {ﬁ,‘ BRACKET UK :
-------- | BRACKET ' 4.....| BACKFILL
EXCAVATION J
T0 EXPOSE -
: GROUTED :
FOUNDATION + | SHAFT SCREW- :
A, | SCREW-PILE ] :
P 1
B ,.;:

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 184/200



(g 5ue) o 35 31 05Uk
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i ] l /7 RPN\ AN
[+ ] [ |
‘Y .
4% £ 5 " ;
{ ‘ I‘ _{: Micropile : 7 720NN
" o N 2|
3 A .
| o 8 34
. Rebar
BEGIN DRILING COMPLETE REMOVE INNER PLACE REMOVE COMPLETE PILE
SORINSTALLATION DRILLING TO DRILLBITE  RENFORCEMENT &  TEMPORARY (CASING MAY BE
OF TEMPORARY DEPTH ROD {IF USED) GROUT (BY TREMIE) CASING, INJECT LEFT IN PLACE
CASNG FURTHER GROUT THROUGH THE ) R
UNDER COMPRESSIBLE \
PRESSURE AS STRATUM)

APPLICABLE

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 185/200



(90 @i 31 00Lait) 31 3 Jlosh —V 0 slosh ok 3 590

S ODES 9 £3589 )0 Fao Jolgs ¥

OgawlNigh i jO Cuxd aY g9 ™

Ogwlaigh o5 Cwles ®

S SeSeal ™

o A U giw ad (pw cawlio alold Sgues ™

oleisle Olid o 9lo Cwund 50 Jlaaslu wlas jl Jol> ;L cilil =

‘5.").?‘ )'S O‘) ’:’

L oygiw o gl oV g8 w815 g cdgn oy giuw syl ™
Ogewlaigt 4 Jlail g gols sl ™

b ygiw 0g0d (JPLh Cpr SS9 (A5 (ol 512! ™
al) Hgrwlaigd 4 JLail b (09l o gl 21

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 186/200



Il adins 9 (5 Ik 20 Car98i 9 prori hlwd 9 D 03 B Ab Silo Ul AigS adruasns iG9i ) (v g0 —IA 9 doli

(90 @i 31 00Lait) 31 3 Jlosh —V 0 slosh ok 3 590

JFeF aideo! oy S oy liaw] Loz s o ollis (ylojlaw o oMol 2SS g Iyl drwsi’ 3,505, b swnkigro 508! Al Loz L oy pyissns 187/200



Il il asiss 9 5 iy 203 a9 di 9_stoxs Sl 9 1D 5olxs o5t > Ib (Silso CpawlAigd i | iGei) pwdige | S4B 9 doliny

(oo S 8929 9 (5 )yl gD 0 3198 ) (w950 350 sgar —A 0 ylows (Jos 8 590

Shelly et al. (1997) Metropolitan 4 El Sagrario L.

Metropolitan Cathedral El Sagrario Church
(1560-1813) (1749-1768)
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rés sionce, Mpp
SCE-2 SCE=-1 SCE-5
Note Symbo!s
~ The three cone penetrotion soundings located in front of MNAF Phregtic level

the Cothedral show sirotigrophical orofiles in which the SCE Electric cone penetroter boring
highest resisience carres,nono‘s to the cenler ond 7t

decreoses loterclly. This conditon hes induced titing of

the Cathadrol westwerd and of the Sogrorio easiware

FIG. 2. Results of CPT Borings and Stratigraphical Cross Section along Cathedral's and Sagmno's Southem Atrivm
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Shelly et al. (1997) Metropolitan 4 El Sagrario gu..JS

Addition of 1500 piles b, 5l

Construction of 240 shafts some 60 m deep and 2.4 m in diameter

Construction of an impervious barrier along with water injection walls

Underexcavation (2200 m3 of soil)

|- 33198m’

274.71m

Injected areas

A vertical shaft
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6. Summary & Prospect
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