


























































































































































































































































































































































































































This software is licensed to: Southern California Geotechnical

CPT name: CPT-4

Estimation of post-earthquake settlements
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Abbreviations
G: Total cone resistance (cone resistance q. corrected for pore water effects)
I Soil Behaviour Type Index
FS: Calculated Factor of Safety against liquefaction

Volumentric strain: Post-liquefaction volumentric strain
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Procedure for the evaluation of soil liquefaction resistance, NCEER (1998)

Calculation of soil resistance against liquefaction is performed according to the Robertson & Wride (1998) procedure. The
procedure used in the software, slightly differs from the one originally published in NCEER-97-0022 (Proceedings of the NCEER
Workshop on Evaluation of Liquefaction Resistance of Soils). The revised procedure is presented below in the form of a
flowchart!:

-
]

q, : lip resistance, £, - sleeve friction

Ty Ty in-8itn vertical total and effective stress |
units : all in kPa ,J

nitial stress f:xp-nnen!.a :n= 1.0 and calculate Q, F, and T,
<164 n=05
f1od <l <330, n=(I—-1.64)03+05
ifl.>330,n=140
iterate until the change inn, An < 0.01
if @y, = 300 kPa, let n = 1.0 for all soils

“updated from
Robertson and
Wride (1998)
Y
!,,- § "
0= (q‘_cm'}(.’,, Fe 1, 100
100 {Q._ _Gw} )
L I.=4/}3.47-log@)* +(1.22 +log F)" |

s ' 3

ifL=164 K. =10
if 1.64 <1, <260, K, =-0403 1. +55811° 216317 +33751,— 17.88
if I = 2.60, evaluate using other criteria; likely nonliquefiable if F > 1%
BUT, if I6d <1, <236 and F < 0.5%, sct K, = 1.0

v
{ (G, = K0 ]
v

- . 3
CRR, .= 93| Yt | L 008, if 50 < (qyy)ec < 160
7 1000
1 2| Wandes | e
(‘RRTS =833 m";— + 005, if {L]L-IN}C,, = 50

\_if I, = 2.60, evaluate using other criteria; likely nonliquifiable if F > 1%

1 “Estimating liquefaction-induced ground settlements from CPT for level ground", G. Zhang, P.K. Robertson, and R.W.I. Brachman
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Procedure for the evaluation of soil liquefaction resistance (all soils), Robertson (2010)

Calculation of soil resistance against liquefaction is performed according to the Robertson & Wride (1998) procedure. This
procedure used in the software, slightly differs from the one originally published in NCEER-97-0022 (Proceedings of the NCEER
Workshop on Evaluation of Liquefaction Resistance of Soils). The revised procedure is presented below in the form of a

flowchart!:

CPT

qu fs. Ovo, O've, pa = 1 atm
all same units as p,

2

Initial stress exponent: n = 1.0; Calculate Qy, F, I¢

n=0381(1.) + o.os[ﬂ] ~0.15

a

n=<1.0

Iterate until change in n, An < 0.01

7 ¥
of2)
O.VG
Y
o, {M.)]C FerPe 00
pG (QS -0-\'0)

1. =[3.47-1080, } +(1.22+10gF, F "

1. <2.50

IfIc < 1.64, K. = 1.0
When 1.64 < 1. <2.60
Ke=5.581" - 0.403 I' - 21.63 I.? + 33.751.— 17.88) K, =6x107(1, )*

If 1.64 <I. <2.36 AND F; < 0.5%, set K. = 1.0

'

Quies= Ke* Qu

4

CRR,, =0.0530, K,

1 P.K. Robertson, 2009. “Performance based earthquake design using the CPT”, Keynote Lecture, International Conference on
Performance-based Design in Earthquake Geotechnical Engineering — from case history to practice, IS-Tokyo, June 2009
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Procedure for the evaluation of soil liquefaction resistance, Idriss & Boulanger (2008)

q.: tip resistance, f.: sleeve friction
Oy, Oyos In situ vertical total and effective stress

—> Qoin =

v

m = 1.338 - 0.249 x (qun)™***
iterate until change in m, Am < 0.01

1 v

Qeines =9ean + Ay
where :

{1.63+ 2.7 _( 15.7 j]
AQ.y = [5‘4 + 916-161\1 J e FC+0.01 | FC+0.01

CRR

M=7.5, 0yo=1

=0.80x

Sy

o] VN

xK,

v

CRR

M_7.5,0,-1 €

p 2 3 4
qclNcs+ DelNes | | DelNes n Gl Nes 3
540 67 80 114
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Procedure for the evaluation of soil liquefaction resistance (sandy soils), Moss et al. (2006)

CPT

qt.l fs.l Ic

I, < I, cut-off

Initial estimate using raw tip measurements, friction
rato. Calculate ;. Repeat until an  acceptable
convergence tolerance is achieved.

f
R:]2
f
c=f, | —

1

f3

qt,1=cc| At

CRR =exp

%

043
1

*0g D.110 R¢ |+ D.001-Re |+ c [+ 0.850 R ¢ |-0.848 -InM,, |- 0.002 -|n[c5'\f ]— 20923 +1.632 0" 1 |

1177
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Procedure for the evaluation of soil liquefaction resistance, Boulanger & Idriss(2014)

f FS =CRR.\4=7.5,a;=1am. 1
’L - CSR.V=7.5:0':=laxm J‘

( 1 1 ) (" 2 3 4 )
- O-v amax s qcl.\'cx ch\'c: ch\'c: qcl_\'c:
CSRyssp iy =065 — 2=y —— — o + - + -2.80
e o g ‘MSFK, - p[ 113 (1000) ( 140 ) ( 137 ) )
L T J \_ Y,
|
a4 N il y )
rd = exp[a(z)+ﬂ(Z)M] ch\'c: _ch\' +chL\'
Qoy 9.7 157 Y
_ 2 =119+ exp|1.63—————
a(z)——1.012—1.126sm(m+5.133) Ag..y ( 14'6J P[ FC12 (FC+2
i Z qc
B(2) 0.106+0.1185m[1128+5.142) G *p
. 1 y, .
(" ) ) Y Cre =(%] <1.7
K,=1-C,ln| 2 |<1.1 g
2 0264 :
m=1.338-0249(q,,y..) with 0.264<m<0.782
1
.= o3z < 0.3 N~ | e
37.3-827(q, 10z ~
L (geves) ) ( FC=80(I,+Crc)-137 with 0%<FC<100%
~ L ~N r - 405
( {1 ) = G T A i . ]
MSF =1+(MSF.o.~1)| 8.64ex| yj—msz 1, _(3 47-log(Q)) +(1.22+log(F)) T
g 3 4. =0, P . ’
MSF._ =1.09+| Je1¥ | <2 QO=| =—= || == | with0.5<n <1.0 per Robertson & Wride (1998)
= \ 180 L A%
\ J
' /.
et s N 0,
o, and o, at start of earthquake shaking s q, _O—WJ i
\ y,

7~
.

( o, at time of CPT sounding )
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Procedure for the evaluation of liquefaction-induced lateral spreading displacements

T icmefaction natential analvcic
tn calenlate FQ N kone ar
In«l\'\nn

Mmcino the N(CFFR SPT-
(PT-haced methnd (Vand ot al

20010

-
Qite invectioation Neacion Gronnd
with SPT ar earthamake oenmetry
A A

Ve

QPT data with Maoment maonitide (Geametrie narameterc
content of parthamale (M. for pach af diffarent
or CPT data and nealr anrface 7onea in level (ar
N\ acceleration (ama\ oentlv clanino) orannd
with (or withant) a free
/ fape
A

S\

7 anec with three mainr

arnmetric narametere ar
lecc - free face heiocht (M
the dictance tn a free face

(T ar/and clane (Q)

7 onec writh

mare than

three mainr

aenmetric

narametere

Calenlation af the lateral

dienlacement index

Mmcinog Fionre 1 and Fanation RN

y
1
M e, < 14

nr

(A ee < TN

avalate
nntential
nf
flavw

linmefaction

—

v

\ A
T /T
Arland Fvaliatinn nf
Q lateral

dienlacremente

haced an

Estimated lateral displacement, LD

Far aently cdlanine arnnind withant a free face

TN=/WQLnM .TNT

Far level orannd with a free face

TN=A.am%8.1nr

(frv NNO0L - Q ~ 2 KON

nther
annrnachec
an d
enaineering

indoment

—

(for S < T /H < AM

! Flow chart illustrating major steps in estimating liquefaction-induced lateral spreading displacements using the proposed approach
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of
0.0

05 1.0

1.5

Factor of safety, FS

1 Figure 1

s a o o o 3 o n o o b o s o s 0o o o s b s s 53

2.0

Zmax

LDI=

V max -

1 Equation [3]

1 "Estimating liquefaction-induced ground settlements from CPT for level ground", G. Zhang, P.K. Robertson, and R.W.I. Brachman
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Procedure for the estimation of seismic induced settlements in dry sands

Average shear stress, Ty

Ty =CSR -0y =065 -—mm

v

Estimate small shear strain modulus, Gy

“Og0 " Ta

G, =00188 -[10‘“5”‘1’533]-(qt - 5,)

v

Estimate shear strain amplitude, 7y

{(based on Pradel {1998))

1+

+ . .bR
T=l1L]-R-1nn (%)

T
R= Gl(Note Ty and G same units)
0

w=00389 [ 22 |+ 0124
Pa
b = 6400 [U_"]
Pa
Estimate volumetric strain in 15 cycles

-120
R (N lj Glgs
Cray1sy = ¥ |0 —

20

M 1dsogs =

Volumetric strain in design earthquake
045
N
T,.-€ 1=
Tol Tol{15) [15 ]
- 217
He=(M-4

¥

Seismic settlement, s

GWT
s=12- tl‘zml-dz

Robertson, P.K. and Lisheng, S., 2010, “Estimation of seismic compression in dry soils using the CPT” FIFTH INTERNATIONAL CONFERENCE ON
RECENT ADVANCES IN GEOTECHNICAL EARTHQUAKE ENGINEERING AND SOIL DYNAMICS, Symposium in honor of professor 1. M. Idriss, San
Diego, CA
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Liquefaction Potential Index (LPI) calculation procedure

Calculation of the Liquefaction Potential Index (LPI) is used to interpret the liquefaction assessment calculations in terms of
severity over depth. The calculation procedure is based on the methology developed by Iwasaki (1982) and is adopted by AFPS.

To estimate the severity of liquefaction extent at a given site, LPI is calculated based on the following equation:

0

LPI = ‘[ (10-0,5,) X F, xd,

where:

F.=1-F.S.whenF.S. less than 1
F. = 0 when F.S. greater than 1

z depth of measurment in meters

Values of LPI range between zero (0) when no test point is characterized as liquefiable and 100 when all points are characterized
as susceptible to liquefaction. Iwasaki proposed four (4) discrete categories based on the numeric value of LPI:

e|lPI=0 : Liquefaction risk is very low
0 <LPI <=5 : Liquefaction risk is low
e 5 < LPI <= 15 : Liquefaction risk is high

*LPI > 15 : Liquefaction risk is very high
Ff_ . __}
0.0 1.0 2.0 0 =1
0 - 1 (1] |.|‘
e J}r_) ‘-_-—_-?J
2 —
5 3
f
: | ) —
w10} / 10 = —7'
= A S
a A, ‘_?'I']
15} N, 15 /
D'\N e
\ ]
EY /
! |
20 b\ / |

Graphical presentation of the LPI calculation procedure
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Shear-Induced Building Settlement (Ds) calculation procedure

The shear-induced building settlement (Ds) due to liquefaction below the building can be estimated using the relationship
developed by Bray and Macedo (2017):

. HL
In(Ds) =cl1+ ¢c2+LBS +0.58 = Ln (Tanh (T)) +

5

4.59 = Ln(Q) — 0.42 = Ln(Q)? — 0.02 = B +
0.84 » Ln(CAVdp) + 0.41 » Ln(Sal) + ¢

where Ds is in the units of mm, cl= -8.35 and c2= 0.072 for LBS < 16, and cl= -7.48 and c2= 0.014 otherwise. Q is the
building contact pressure in units of kPa, HL is the cumulative thickness of the liquefiable layers in the units of m, B is the
building width in the units of m, CAVdp is a standardized version of the cumulative absolute velocity in the units of g-s, Sal is
5%-damped pseudo-acceleration response spectral value at a period of 1 s in the units of g, and € is a normal random variable
with zero mean and 0.50 standard deviation in Ln units. The liquefaction-induced building settlement index (LBS) is:

LBS:ZW@%({:

where z (m) is the depth measured from the grouna surrace > u, w Is a rounaation-weighting factor wherein W = 0.0 for z less
than Df, which is the embedment depth of the foundation, and W = 1.0 otherwise. The shear strain parameter (¢_shear) is the
liquefaction-induced free-field shear strain (in %) estimated using Zhang et al. (2004). It is calculated based on the estimated Dr
of the liquefied soil layer and the calculated safety factor against liquefaction triggering (FSL).
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