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ABSTRACT

The estimation of liquefaction resistance is thst fstep in assessing the liquefaction hazard.nExe impor-
tant step is the assessment of possible consequendrguefaction. The Siting case of downtown las
metro blue line is presented to outstand some efitiportant differences, related with liquefactassess-
ment, between the recommendations proposed byutecéde 8 Part 5 and those followed by the Stat
Practice (1996 NCEER and 1998 NCEER/ NSF Workshopsud et al., 2001), as well as to outstanal t
guidelines for assessing the residual strengthstifidess of potential liquefiable soils are statking in the
Eurocode 8, or in any other international code.effort should be made to fill in this gap.

Keywords: Liquefaction assessment , State of Reckurocode 8 — Parte 5, pagtiefaction residual she
strength and shear strain.

1. INTRODUCTION

LNEC researchers are often requested, by diffegemérnment ministries and private consulting firmeste-
vise projects of major geotechnical works. For s@xieeme cases they have to carry out their owdiessuto
provide reference guidelines for external projemtsulting firms. This was the case of the studytiier rein-
forcement of the alluvium soils adjacent to the fddunnel and the West Tower building in Terreim d
Paco, Lisbon (Salgado, 2005, 2007 and 2008a). T$tesées outstand that the proceedings to assegsoth
tential for liquefaction of alluvium soils, altholgfairly well established, there are still someaortant dif-
ferences, between the recommendations proposedukeliyurocode 8 — Part 5 and those recommended by the
State of Practicel096 NCEER and 1998 NCEER/ NSF Workshopsult et al., 2001). Another very important
issue, outstanded by the Terreiro do Paco cadmisthiere is a lack of guidelines, in engineeringcpce
(Pike, R. 2001), or any international code, to gttite possible consequences of liquefaction, inod
guidelines for estimations of residual shear stifeagd stiffness of potential liquefiable soils.

2. GEOLOGICAL AND HISTORIC SETTING

The “blue line” of Metropolitano de Lisboa (Lisbdfetro) has been expanded from its downtown Chiado’s
station towards the Tagus’s river water front witto additional stations: Terreiro do Pac¢o and Ap8lonia
(Fernandes et al., 2007). Within the Terreiro dodParea, in front of the Navy Tower, the metro eincuts
an existing fossil valley, of an old creek tribytdao the Tagus River, Figure 1. This valley hasnbiiéed in,
through the times, with alluvium deposits whichwaitternatively from clayey and silty sands to saadd
silty clays, which overlay, in turn, formations thfe Miocene. As the city of Lisbon grew to the rivient
these deposits were covered by heterogeneousBéfere 1755 the water front was located as showkig-
ure 1. In November 1755 the city of Lisbon washyita major earthquake, M 8, and downtown was com-
pletely destroyed. The reconstructed front linghiswn in Figures 1 and 2, where is also shownehgo-
rally embankment that was built, previously to Metro tunnel construction, for consolidation, caoinfig and
uplift restrain purposes.
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FIGURE 1. Lisbon water front: a) before downtown constructibaot showing the geometry of the water
front after the 1755 earthquake; b) before and #fie 1755 earthquake

FIGURE 2. Air photograph of Terreiro do Paco (Vasconcelos(Misdo, Agosto 2000)). Photograph modi-
fied by Salgado (2008a) to show location of crasgiens A (tunnel ring 145), B (176), D (213) and252).
The metro tunnel (Blue line - trogo 61) is locatedler the embankment. The tunnel diameter is ab@um
and the width of each tunnel ring is 1.2 meter.uei@ction is predicted to occur in soil n°® 5 betwéaanel
ring n® 110 and 270.



3. LIQUEFACTION ASSESSMENTS: COMPARISON BETWEEN THE
RECOMENDATIONS BY THE EUROCODE 8 AND BY THE CURRENT
STATE OF PRACTICE

Based on in situ (SPT, CPTU, Vs-Cross hole) andribry testing (sieve, sedimentation, Atte-
berg limits, resonant column, dynamic hollow cykndstatic and dynamic simple shear) and
following State of o the Art and Practice proceduféoud et al., 2001) the sandy alluvium de-
posits correspondent to soil n°® 5, located betweenel ring n° 110 (West side) and n°® 270
(East side), are considered to be potential ligiddi (Salgado, 2005) if the site is shaken by an
earthquake with high magnitude (M=8). The FactoiSafety against Liquefaction was com-
puted to be between 0.5 and 0.7, i.e. significalayer then 1.25, which is the limit recom-
mended by the Eurocode 8-Part 5, EC8-P5.

The procedures recommended by the EC8-P5, regaticknfiquefaction assessment were also

followed. The results show, despite the differenbesveen the EC8-P5 and those recom-

mended by the State of Practice (Youd et al., 2004} the same zones and about the same lev-
els of Factor of Safety against Liquefaction artawied. Nevertheless, is considered important

to outstand these differences here for referengeoges.

3.1 Factor of safety against liquefaction

A soil is considered liquefiable when the cyclisistance ratio, CRR, is less or equal to the cy-
clic stress ratio times a factor of safety agdigstefaction, FSL:

CRR<FSL.CSR (1)
where:

CSR =1,/0,c' (2)

Ta~ average cyclic shear stress mobilized by thergeiaction
Ovo = effective vertical stress before the seismimac

3.2 Estimations of CRR

The EC8-PFecommends that:

CRR= CRRs. MSF A3)

Where CRR;is the cyclic resistance ratio correspondent teanthquake with magnitude, M =
7.5 and MSF is the magnitude scaling factor.

The State of Practice recommends that:

CRR=CRRjs. MSF . Ko . Ko (4)
were Ko is the static shear stress correction factor amiskhe overburden correction factor.
Both EC8 and the State of Practice recommend tBeCERR, 5 as the reference resistance ratio.
Based on the work developed by Seed (1983) {Rfan be estimated from in situ SPT and

CPT test data based on historic data corresporiddeatel ground conditions and confining ef-
fective vertical stress of about 1 atmosphere.



To take into account different magnitude valueshbmtoceedings recommend the use of the
scaling factor MSF. However, one of the differenteshe recommended MSF value to con-
sider. The EC8-P5 recommends Ambrasey's (1988)ngcéhctor, while, Youd et al. recom-
mends Idriss (1995) scaling factor. Several retetinops between MSF and,Mire presented in
Figure 3, where Mis referred as the moment magnitude. Relationdhgbeeen N, and other
magnitudes scales are presented in Figure 4.
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FIGURE 3. a)- Relationships between,Mind MSF (Youd et al., 2001); b) Relationships be-
tween Mw and other magnitude scales (Heaton et282 as referred by Youd et al., 2001)

For the case under study two different earthquakeces were considered, defined based on the
ECB8 (Serra, 2002), namely a nearby source chaizatieby a magnitude, M=5.9 and maximum
base accelerationna = 269 cm/é and a distant source characterized by a magnitg®,0

and maximum base acceleratiopaa@ 160 cm/ & The magnitude scaling factors, MSF, rec-
ommended to be used, by the EC8-P5 and the St&eacfice, are as shown in Table 1.

TABLE 1. Recommended MSF values by the EC8-P5 and the &tRi=ctice

MSF QD/(2)
Magnitude ECS8 State of
Practice
(1) (2)
5.9 2.27 1.80 1.261
8.0 0.67 0.84 0.798

Seed (1983) to expand his empirical approach toirgdoground and higher levels of confining
stresses developed the factors &d Ko which are not considered in the EC8 proceedings bu
are referred in the State of Practice (Youd ef8l01) and included in eq.(4).

Ka is a factor to take into account the effect ofisthias mobilized by the sloping ground. Be-
cause there is, yet, no agreement to which valuesé and, also, because the slopes at the site
in Terreiro do Paco, are about 6%, then, a valu€oft 1 was considered (Salgado, 2005) in
the liquefactions assessment study.



Ko is a factor to take into account the effect othlgigconfining stresses. Although the liquefac-

tion resistance increases with increasing confistngss the ratio of this resistance with the con-
fining stress is lower then unit for confining vatuhigher then 1 atmosphere, as is shown in
Figure 5. In this figure is also presented the eStdtthe Art ( Idriss and Boulanger, 2004) as

well as the curves developed by Hynes and Olse@9)1&hich were endorsed by the State of

Practice (Youd et al., 2001).

The Terreiro do Paco study (Salgado, 2005) adodiewes and Olsen work, andokwvas esti-
mated by the following equation:

Ko = (6'vo/Pa)™ (5)
using f = 0.75, which corresponds to the alluviwi 8° 5 (relative density, B50%), then, k&

= (ov/Pa) °%° . Using the range of’\, between 160 to 220 kPa, computed for Terreiro do
Paco, then, Kvaries between 0.89 and 0.82, with an averaoes\afl(.855.
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FIGURE 5. Ko versus ¢ /Pa), after Idriss and Boulanger (2004)

The CRR values, in terms of CRR estimated by the two approaches, EC8 (from gy afil
State of Practice (from eq. (4), withok= 0.855), are presented in Table 2.

TABLE 2. Recommended CRR values by the EC8 and the St&eaofice

CRR (D)/(2)
Magnitude ECS8 State of
Practice
(1) (2)
5.9 2.27 1.54 1.474
CRRs5 CRRys
8.0 0.67 0.72 0.931
CRR/s CRRys




It may be seen that when using the EC8 proceedimggquefactions resistance correspondent
to M=5.9 is 1.47 higher then the estimated by tta#eSof Practice proceedings, however, when
considering M=8 the ECS8 resistance drops to 0.9B@tomputed by the State of Practice.

3.3 — Estimation of CSR

According to the State of Practice (Youd et alQP0a simplified procedure to estimate CSR is
the proposed by Seed, H.B. and Idriss, I.M. (19iaimely:

CSR =T4/0,, = 0,65 (@lan)-(o-v/O-vo').rd (6)

whereT,, is the characteristic value of the shear stredsilmed by the seismic actiow, is the
total vertical stressj,o' is the effective vertical stress; g is the aagien of gravity; gaxis the
maximum surface acceleration and rd is the redadtotor with depth. For routine practice and
noncritical projects the following equations mayused to estimate average valuesqdfLiao
and Whitman, 1986):

rq= 1.0 —0.0076% (forz<9.15m) (7a)
rq=1.174 — 0.026Z for 9.15m<z<23 m (7b)

However, the Terreiro do Pacgo case is not a rowdindy. The area under study is vast (length
of the tunnel is about 360 m and the thicknes$i@falluvium in the vicinity of the tunnel varies
from 20 to 50 m), therefore it is difficult to qué#g a single value for g due to the expected
effects of local amplification or de-amplificatiai the local acceleration. Therefore, it was de-
cided that the estimations of CSR would be caraetliby one-dimensional dynamic analyses
using the latest version of the program SHAKE. Thisgram was originally developed by
Schnabel et al. (1972) and later modified by Idassl Sun (1991) and is referred here as
SHAKE91.

The required input data for the analysis is lisietbw:

a) Maximum bedrock (base) acceleration, {gh)yxpected in depth and a set of at least 3 accel-
erogrames defined according to the response spestracommended by part 1-1 of the Euro-
pean code 8 for a soil of class A and within theidRuese seismic zone A;

b) Definition of the estratigraphy and type of s@bove bedrock;

c¢) Characteristic values for unit weightand plasticity index, Ip, correspondent to eaqgie tof
soil;

d) Distribution in depth of the maximum shear magylGmax;

e) Estimations for the degradation of the shearutusdwith the increase of the cyclic shear
strain mobilized by the seismic action;

f) Estimations of the increase of coefficient ofrgang, 3, with the increase of the cyclic shear
strain mobilized by the seismic action.

These data were estimated as follows:

a) Maximum base (bedrock) acceleration, gah)and ten (10) artificial accelerograms were de-
veloped by LNEC (Serra, 2002). Two types of setsagtions were considered: i) seismic ac-
tion 1, E1, with (ah)ax=269cm/$, correspondent to a moderate earthquake locatsidoat fo-



cal distance; ii) seismic action 2, E2, with (@h)=160cm/$ correspondent to an earthquake
with high magnitude and greater focal distance.

b) The geological stratigraphy and the type ofsswaikre supplied by FERCONSULT (2002),
based on the in situ results provided by the bdeshaf the series 400 (Teixeira Duarte, 2001).

c) The unit weighy, and the plasticy index, IP, values presented inlel8 were considered by
LNEC (Salgado, 2004) for the analysis.

d) The characteristic values of Gmax were estimagdg equation (8) where Vs is the shear
wave velocity measured in sity,the unit weight and g, the acceleration of gsavit

Gmax= (VS Y)/g (8)

The in situ measurements of Vs were carried outNgC (2002). The measurements were car-
ried out every 1.0m following the “cross-hole” metlology at four (4) locations near by the

boreholes S400, S404, S406 and S414. The locatitmese holes is shown in Figure 6 and 7
(section B). The results obtained are in FigurEf®imations of Vs for the locations of the other

boreholes (S401, S402B, S403, S405, S407, S408A58%10, S411, S412, S413 e S415 were
carried out by Salgado (2004, 2008) based on thesumed Vs and correlations with other local

geotechnical characteristics. This issue is addesssection 3.3.1.

e) and f) Estimations of the degradation of Gmaa #ie increase 8 with increasing cyclic
shear strain were based on published values (\Myddtand Dobry, R, 1991) as shown in Fig.
9. These curves were validated by laboratory tgstarried out at IST (Santos, J.A. and Lopes,
I., 2001) on samples retrieved from the local allav deposits at the near by Metro Station, as
presented in Figure 10.

It may be seen that the behavior of the soil sastem the Terreiro do Paco alluvium tested
(IP from 9% to 31%) match well the data reported/ligetic and Dobry (1991).

TABLE 3. Soil types, unit weight and Plasticity Index

Soll type no. Unit Wei%ht, Ip(%)
(see Figure 7)| y (KN/m?) (average)
New fill 19 0
1 19 3,7
3 17 16,3
4 17 13,5
5 17 3,3
6 17 14,2
8 21 8,0




I 4 L b
....4_,_,,_!:-{‘\ _. gty s22
W

F"//
PVE RUA
DO_AR AL

PVB MARINHA (&1 62,5
SE—o \

PC-1 A \

v METRO TUNNEL
| D BLUELINE _
?ER?\\—,

T

< B LEGEND

«‘ .
W - - - : -30 Top of Miocene
o o Cross section —— (NGP)

® AGPL. (1957) » Radio[1966]-$—Tecnasol, FGE (1995) (& SeHung("I__‘Q_I_BL!'JI X Teixeira Duarte (2001) * TecnasolFGE(2003)° Teixeira Duarte,
Geotest (2004)-CPTU

FIGURE 6. Site plant with location of in situ testing (Salga@005, 2008)

Y-AXIS (meters)

220 _
4 West Tower
165 =
] > = 3 3
s RS 9 fo —f e
| ol N W 200 i 0N
110
— =0
. '2“ —
- £
55 = — =40 En
@ - 50 T2
| =
L)
— -80 W
u T I T | T I T | T I T | T I I '1““

0 55 110 165 220 275 330 385 440
X-A XIS (meters)

FIGURE 7. Cross section A : Heterogeneous fills (Soil 1)t swfanic clay (soil 2); silty Clay to clayey Silt
alluviums (soils 3 and 4); potentially liquefiakdiuvium sand (soil 5); silty Clay alluvium (soil);6coarse
sand (soil 7); Miocene (soil 8), West Tower stoayrfdation (soil 9)



Vs (m/s)

Depth (m)

—— 5400 —=— 5404 —— 5406 —— 5414

Figure 8. In situ measurements of Vs

G/Gmax

-

0,2

0,0
00001

10
Cyclic shear strain , Y (%)

~N
w

“ o v S
(@]
(o]
P
n
\‘ 1
\\
33 5 3

IP:0

15

Damping, B (%)

o il . . X
0,0001 Qo01 001 01 1 10

Cyclic shear strain , y (%)

FIGURE 9. Reduction of Maximum shear moduli
and increase of dampinf, with increasing cyclic
shear strain as a function of plasticity index, Ip,
(after Vucetic and Dobry, 1991)

1 - "’.
‘ Mo [ | k |
0.9 | 4. e
I8
0.8 e :
0.7 &
08 IP=15| #CR
2 uTC, N=1
S o5 K
& o, : T ATC, N=20
© 0.4 ; T -
o5 IP=(0 ‘
0.2 ‘[ ™ %
0.1 !
o \m A ‘ Ll
1.E-08 1.E-05 1.E-04 1.6-03 1.E-02 1E-01
CRTC1
30.0 4 T
P l T
I
25.0 . :
Y
(]
20.0 v
= /; N
® 150 P
= P=o- /
2 #CR
100 AT nTC N=1 [[]T]|
£ 1L IP=15
ATC, N=20
5.0 » "ﬂ
e[l ® ‘ \
0.0 i
1.E-06 1.E-08 1.E-04 1.E-03 1.6-02 1.E-01
Y
1
T (! T [
0.9 ‘ ! ‘ d ‘ ‘ ‘ ‘ ‘
0.8 | ; N =
| . |
o7 S NP ;@ .
o 0.6 ‘ T #CR
gosﬁ] I |P—15 K mTC, N=t [
04 4 ‘r } ——H 2 ATC, m=20|-
oaT‘» ‘ ! Hi
5 |
0.2 1 T
l el | W
0.1 - ‘* T
Lot T i a1l
0
1.E-08 1.E05 1.E-04 1.E-03 1.E-02 1.6-01
CRTC7
30.0 ‘ \“\
| | | “
26.0 - - !
odf R
20,0 A ‘
AL | A A |
§ 15.0 i ‘
= TEENMIIZ P J
10.0 bzgiiy 17 #CR T
) ?’/ g N mTC, N=1
5.0 (‘/ 1oIP =301 L o 1o, Ne20fHHH
Al oot !
0.0 4 } !
1.E-06 1.E-05 18U 1.E-03 1.6-02 1.6-01
i - N
05 LT | T,
0.8 ‘\
0.7 {
|
061 IP=30"
0.5 +——
0.4
0.3 +
0.2 + H ;
0.1 1}* y ‘ ]
o LN il
0 L Ll
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01
v
CRTCS8
25.0 — 7
l |
|
20.0
LN
ph 4 i
_ 150 i :
® w // #CR ;
PUI . uTC, N=1 |
’ AR e, N=20f | [[[}
i p IP|=|30 ||| [T M=
5.0 L4
P
. | b s:’T
0.0 d
1.6-06 1.E-05 e 1E® 1.E:02 1.E-01

Figure 10. Comparison between laboratory test
results (resonant column and cyclic torsional jests
carried out by Santos and Lopes (2001) on allu-
vium soil samples (IP from 9% to 31%) and
Vucetic and Dobry reported data (1991)



3.3.1 — Estimation of Vs from CPT test data

Proceedings, that account for the soil type (coteesr non-cohesive), for the estimation of Vs frtme
measurements of the point resistangeaqgd lateral, fs, obtained during a CPT test wieneeloped (Salgado
2005, 2008b) and used for the assessment of theféigtion potential of the alluvium soils locatedthe vi-
cinity of the underground tunnel of Metropolitan® ldsboa located in Terreiro do Paco.

The estimatiom of Vs is obtained through£s From eq. (8):
Vs = (Grax (9h)) ©)
Non-cohesive soils

Based on the work carried out by Hardin and Drrieyik972) and Seed and Idriss (1970), Seed et 286)1
show that:

Gmax= 1000 (K)max (6'm) Y2 in psf (10)

wherec', is the mean efective stress ang)(l« is a coeficient that reflects the relative densitythe soil
that can be estimated by the following equation:

(K2) max= 20(N)eo ™ (11)

where (N)eo is the normalized SPT N value corrected to a hamanergy of 60%. Equation (9) is expressed
in psf units and can be converted to a generaltegquas a function of the atmospheric pressure, pa

Gma= 21,7 (K)max Pa €' mpa)* (12)
then, substituting in (8) we can obtain Vs from)@:
Vs = (21,7 (20 (Weo *°) pa 6'w/pa)"* (gh)) ¥ (13)
To estimate Vs from CPT data is, then, necessagstimate (Nso from the same CPT data. Several re-
searchers have been developing such correlatiotifeegsresented in Figure 11, after Terzaghi e{18196).
From the data reported from Seed and De Alba (19B6)following relationship ie developed:
0o/Neo = 600 (Do) °??®  in kPa (14)

where @ is the cone point resistance angid the mean grain size of the soil.
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FIGURE 11. Correlations betweendpand the ratio between gc angyNTerzaghi et al. 1996)
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Salgado (2005, 2008b), using test data from thevialin samples of Terreiro do Paco, developed thewe
ing correlation between the fines content, FC agg(Eigure 12)

FC =4,79 3 *%°
or

DSO — 10((|Og FC —log 4,79)/-0,856) (15)
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FIGURE 12. Correlation between §9and FC (Salgado, 2005, 2008b)

Based on the work by Robertson (1990) the relatipnbetween FC and Ic, the soil behavior type index
given by:

FC =0.0, when Ic <1.26 (ap
FC (%) = 1.751¢*° - 3.7, when 1,265 Ic < 3,5; 16b)
FC=100.0, when Ic> 3.5 (16c)

The value of Ic (Robertson 1990) is given by:

Ic = ((3,47 — log QF + (log F + 1,22f) * 711
where Q is the normalized point resistance of threec
Q = ((ac —ovo) / pa) (pak’vo) (18)
and F the normalized friction:
F=(fs/(qc -ow)) x 100 % (19)
where fs is the correspondent friction sleeve.

Therefore, using eq.s (14) to (19) it is posstblestimate khfrom the CPT test data (qc and fs). To obtain
(N1)so the following equation by (Liao e Whitman 1986):

(N1)6o= Neo(pais’y) (20)

The results estimated with the above procedures w@mpared (Figure 13 and Table 4) with the resldts
tained with the procedures proposed by Lunne €1887):
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CIC]_/(N]_)so =0,85 (1- |C/4,6) (21)

where qg= qc (paé’\)
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FIGURE 13. (Ny)socsfrom SPT and CPT test data

TABLE 4. (Ny)socsaverage values (Figure 13 data)

CPTU - CPTU - SPT
Lunne et al. | Salgado (2005
(1997) 2008b)
12.574 12.572 12.736

The test data considered was obtained in 3 CPTsI (EPTulR, CPTu2 e CPTu3, Teixeira Duarte 2084,
the SPT test data from 7 test holes (S402 to SB€iXeira Duarte, 2001. The;Mata was corrected to take into
account the fines content following the procedyresposed by Idriss (Youd et al. 2001) and are reteby
(N1)socsi-€., correspondent to a clean sand with fineaandf 5% or less.

Cohesive soils

Weiler (1988) shows that the correlation betwegpxGand the undrained shear strength,can be ex-
pressed by the following equation:

Gmax=k (22)
where k is a function of the plasticity index, #hd the overconsolidation ratio, OCR, as presentd@ble 5.

TABLE 5. Ratios for (Gmax/g), Weiler (1988)

IP(%) OCR=1 OCR=2 OCR=3
15-20 1500 1250 1000
20-25 1100 650 800
35-45 600 520 450

Using the data correspondent to OCR=1, then Figgdrevas developed. Preliminary analysis carriedbyut
Salgado (2005) considered k= (Gmax/ 1500 correspondent to the silty clay alluvidp=(14%). Later the
work was refined (Salgado, 2008b) using CPTu antke¥sdata and it shows that, for IP values betwl&eh
and 16.2, k 1750. Therefore, knowing, & possible to estimate Vs using the following aopn:

Vs = (Gnax (9h) 2 = (k & (gh)) (23)

12
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Then, the next step is to estimate Cu from CPTdatt. The analysis of the undrained shear streingpin
CPT test data has been carried out using the foltpvelationship:

Nkt = (G- ovo) / G (24)
where grepresents the total stress, given by:
qt= g+ u (1-a) (25)

where uyis the total dynamiporepressure 1+ A u) and “a” is net ratio area of the cone (Roberaod
Camapanella, 1982). In the present study a = @#&8ed on published work by Hamza et al. (20053}, &&n
vary between 10 and 30 with increasing Ip, as prteskein Figure 15.
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Z [ Canadian Clays (La Rochelle et al. 1988) & |
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Plasticity Index, Ip, %

FIGURE 15. Correlations between Ip anddNconsidering field vane test data corrected withrfBj@’s fac-
tor (Hamza et al. 2005)
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For the Terreiro do Paco study case using the Yfalde and CPT test data an average value@fNL2 was
obtained (Salgado, 2005, 2008b), considering aevalu = 1,04 from Figure 16 (Bjerrum, 1972).

iy
-4 Update  Bierrum Dora
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- " R Fooring
& Excovotion
B . .
”, 2 .- Y
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& __\mé ¢ ; ® *
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I al
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osf |° 1
® . -
B fa)
asf . a0 o e
— Terreiro do Pago / .
- -Bierrum Carrection y
04 | | ] } | | | j ] |
o 20 40 &0 &0 X2 120
1, (%)

FIGURE 16. Bjerrum’s field vane correction factor

For calibration purposes in Figure 17 is presentddes of cu obtained from field Vane tests, singilear
(SS) laboratory test results as well as valuesuoéstimated from CPTu test data, using ¥ 12, and Vs
field (CH) test data using k=1750. The data comeslg to in situ testing carried out along crossiced
(Figure 18). A good correlation was obtained.
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© 40 2% 0 i 5
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20 R
0
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* VANE(S404) o VANE(S405) A S.S(LNEC)
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+ VS(Gmax/CU=1750)

FIGURE 17. Undrained shear strength, cu, test data (Salgdd, 2008b)
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FIGURE 18. Site location of field tests (Salgado, 2005, 2008)

Then, to estimate the distribution of Vs from CR§ttdata we can use equation (13) for noncohesil® s
and equation (23) for cohesive soils. To differatatiwhen the CPT cone is going through sandy soils
clayey soils, we can use the Soil Behavior Typexadc, developed by Robertson (1990) as presantéd-

ble 6 and Figure 19.

TABLE 6. Boundaries of soil behaviour type (Robertson, 1990)

I

a

Soil Behav- zone Soil Behaviour
iour Type Index, Type
Ic
lc<1,31 7 Areia com gravit
Iha a areia densa
1,31<Ic<2,05 6 Areias: areia lin
pa a siltosa
2,05<Ic<2,60 5 Misturas areno
sas: areias siltosas
siltes arenosos
2,60<Ic<2,95 4 Misturas siltosal
siltes argilosos a
argilas siltosas
2,95<1c<3,60 3 Argilas: argilag
siltosas a argilas
Ilc> 3,60 2 Solos organicos:
turfas

Based on the Soil Type behavior index, Ic, sandlg $oon-cohesive) are characterized by 12,60 (i.e. F&
35%) and equation (12) will be used, and clayelssaie defined by Ic > 2,6 (i.e. FC> 35%) and eiguat

(22) will be used.
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FIGURE 19. CPT-Based Soil Behavior-Type Chart proposed by Rebe (1990)

In situ Cross Hole (CH) test data correspondei®404 and S406 (see Figures 6 and 18) are preserftegt

ures 20 and 21 respectively. In the figures is plesented the distribution of the fines conte, &sing red
color for the clayey soils and blue color for samstyls. It may be seen that a good agreement biasned
between the Vs data estimated from the CPT teatatat the measured CH-Vs.
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FIGURE 20. Comparison between CH Vs test data and predictisimgy CPT test data (S404 and CPTulR)
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TERREIRO DO PACO - CPTUZ2
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FIGURE 22. Comparison between CH Vs test data and predictisimgy CPT test data (S406 and CPTu2)

3.4 — Results
3.4.1 — Acceleration and CSR

To illustrate the results obtained from the dynaBiake analysis in Figures 23 and 24 are preseespac-
tively the distributions of accelerations and CSRsus elevation correspondent to the location 6454
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Accereleration /g

@ Close source (M=5.9) B Distant source (M=8)
Soil 5

FIGURE 23. Distribution of acceleration (S404)

It may be seen that despite the difference betwleeibedrock acceleration correspondent to the dosece,
(ab)nax = 269 cm/é (M=5.9) and the acceleration correspondent todiseant source (ah)x= 160 cm/é
(M=8), the out come in terms of the CSR is reveideel to the site natural frequency, as shown inr€i¢4,
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where the CSR mobilized within the liquefiable dmylthe distant source earthquake is higher thenmrtbbi-
lized by the close source earthquake.

To see the influence of MSF (magnitude scalingdigdhe values of CSR presented in Figures 24 were
vided by the magnitude scaling factors, MSF. InuFég25 was applied the MSF proposed by Idriss (Yetud

al. 2001), where MSF = 1.8 for M=5.9 and MSF = 0f84M=8 (see Table 1). However, if the MSF pro-
posed by the EC8 (after Ambraseys, 1985) is corsiléhen Figure 26 is obtained instead.
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FIGURE 24. Distribution of CSR (S404)
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FIGURE 25. S404 - Distributions of CSR / MSF (from StatePoéctice, 2001 — after Idriss, 1996)

3.4.2 — Assessment of FSL
Comparing the cyclic resistance ratio, CRR, obthifodlowing the procedures outlined by Youd et(2D01)
with the CSR values presented in Figure 24, therdibtribution of the Factor of Safety against lataction,
FSL, was obtained for the location of all the seddcSPT and CPT test holes (Salgado, 2005, 20B8#% of
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CRR and CSR for the location of Section A (Figui@, Section B (Figure 28) Section D (Figure 29) and
Section C (Figure 31), where are presented the @R&obtained using different sources (SPT, CPTVand
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CSR / MSF (Ambraseys)

¢ Close source (M=5.9) B Distant Source (M=8)

Soail 5

FIGURE 26. S404 - Distributions of CSR / MSF (from EC8, 2004fter Ambraseys, 1988)
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FIGURE 27. Section A: CRR and CSR
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FIGURE 28. Section B: CRR and CSR
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Sec. D (tunnel): CSR & CRR
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FIGURE 29. Section D: CRR and CSR
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FIGURE 30. Section C: CRR and CSR

It may be seen that FSL, computed using the Sta@amtice procedures (Youd et al., 2001) varigsvéen
0.5 and 0.7 and is quite lower then, 1.25, whicthéslimiting value recommended by the ECS8. If R&lve
been computed using the EC8-P5 procedures, themasd would, also, be considered liquefiable tith
FSL varying between 0.47 and 0.65.

4.0 - CYCLIC MOBILITY
4.1 — Liquefaction potential of silty soils
Another important issue was to confirm that theysalluviums were not liquefiable, and, what itle corre-
spondent “Cyclic Mobility Potential”. The major amern was the possible degradation of stiffnessshiear
strength of the alluvium soils located in the vitjrof the tunnel (soils 3 & 4, see Figure 7). &tatyclic and
post cyclic simple shear tests were carried outirsisturbed samples taken from the vicinity of thwenel
shaft. The results indicate (Serra, 2008) thatetlvegis no reduction in shear strength and in sorsescaas

observed an increase. Also, no reduction of shéaress took place.

To complement the assessment the Modified Chineseri@ (Seed and Idriss, 1982) was consideredyésal
do, 2005, 2008a). Later an update was carriedadoifing Boullanger and Idriss (2006) criteria.

Plots of the data used for the assessment is pessenFigures 31 to 33.
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The data presented in Figure 32 was separatedjimd-83 (Salgado, 2008a).
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4.2 Cyclic mobility of silty and clayey soils

The assessment of the cyclic mobility potentiaiheaf silty and clayey alluvium soils (no. 3, 4 andv@s car-
ried out (Salgado, 2005, 2008a) by “Block Dynamacialysis assuming that the liquefiable sandy alionvi
would be treated, therefore not interfering witk tiesults. The analyses were carried out usinglegtee of
freedom dynamic model (Salgado, 1981) following Newk's approach (1965). The results obtained are
presented in Figures 34 and 35 where are preseasetts published by the several researchers liSted
yield acceleration is designated by N. The analysigcate that the displacements for sections A Brate
sensitive to the adjacent building loads and thatdifferential displacements between sections @ Rrare
sensitive to o the heterogeneity of the local umedc shear strength (Table 5). A summary of thaltesare

presented in Table 6 considering a factor of safeé®#1 and in Table 7

TABLE 7. Undrained shear strength

Section Mean value of cu (kPa)
A soils3,4 46.5
B soils 3,4 47.4
B soil 6 43.9
D soils 3,4 73.8
D soil 6 89.3
C soil 3,4 60.0
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TABLE 8. Cyclic mobility results (FS=1)

Section| Yield | Earthquake N/a Max.
acc. Source* Disp.
(9) (cm)
A 0.130 El 0.48 3.0
B 0.063 E2 0.39 13.0
D 0.123 El 0.45 <4.0
C 0.146 El 0.54 1.5

E1 — close source (M=5.9 ; (ak)= 269 cm/§)
E2 — distant source (M=8; (ah)k= 160 cm/$§)

When considering a FS = 1.4 (the recommended \@jube EC8)

TABLE 9. Cyclic mobility results (FS=1.4)

Section| Yield | Earthquake N/a Max.
acc. Source Disp.
(9) (cm)
A 0.053 E2 0.33 16.0
B 0.028 E2 0.18 67.0
D 0.123 El 0.45 4.0
C 0.113 El 0.54 2.7

The results computed with FS = 1.4 were later eordd by FE pseudo-dynamic analysis and the sait-tre
ment of sandy liquefiable soils was extended irtldéptreat the clayey alluvium soil no. 6.
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FIGURE 34. Post cyclic displacements versus acceleration ratio
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5.0 - CONSEQUENCES OF LIQUEFACTION

Guidelines to help project engineers to deal whth ¢consequences of the liquefaction problem areoot
ered in any international code. Based on the egpee of LNEC researchers, while reviewing (naticarad
international) geotechnical projects, it is possital state that the need for such guidelines isra important
issue and an effort should be made to fill in tiap.

Some project engineers still believe that if liqaetion develops at a site then a major flow slide global
disaster will take place. Such was the case ofeifrerdo Pago (T.P.) square site.

To clarify this issue the writer followed an apprbacombining empirical experience and simplifieddle
ling (Salgado, 2005, 2007, 2008a). Empirical exgraré based on sound historic data as the advaotage
given enough confidence to our engineering decssiS8mplified modelling, when well supported byocaiisd
data base is a powerful tool to analyse differémtations for remediation purposes. Therefore,dseas the
possible consequences of liquefaction at the Tt®tle following procedures were considered:

)] empirical and semi empirical models were used tkema f' screening of the possible post-
liquefactions displacements that might develofhatsite;
i) secondly, Limit Equilibrium, LE, together with Dgmic Block stability analysis were carried out,

using published historic residual shear strength,da assess the potential for local flow sliding;

i) to compute displacements at key locations, sucthe@detro tunnel and the West Tower building,
Finite Element Pseudo Dynamic analysis were themechout to analyse the post-liquefaction, local
safety;

iv) the displacement results obtained by the threerifit methods were compared to confirm the poten-
tial seriousness of the problem;

V) a remediation solution was then design and tested refine it, with the Finite Element code used in
the previous analysis (Salgado, 2005, 2007, 2008a).

5.1 Empirical and semi-empirical models

The empirical models developed by Hamada et aBgJL@nd Youd et al. (2002) show that their predicsi
based on regressions analysis, is within a fadi@.2b to 2.00 of the recorded data. About the stared
was obtained by the semi-empirical models develpfé@moto et al. (1998) and Zhang et al. (2004 Th
first three models were considered here with thia daown in Table 10.

The relationship between fines content, FC, andnnggain size, D50, of the potential liquefiableuallm
(deposit n° 5) encountered at the tunnel site i(sectA, B and D) and Station site (data from 50 il
samples) are presented in Figure 36. In this égsialso shown the boundaries recommended by ¥bal
(2002) for the use of their MLR model. Only 7 datants (with FC>53%), plot outside of the boundsirad
the data analysed by Youd et al.

Terreiro do Paco Tunnel and Station: FC versus D50

(50 SPT soil samples)
70 -
60 2 j \
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Fines Content, FC, (%)
8

20 X= x e - Youd's boundary (2002)
10 >><<x X
X A
0
0,01 0,1 1 10

Mean grain size, D50, (mm)

FIGURE 36. FC versus D50: Terreiro do Pacgo data
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TABLE 10. Data used with the simplified models
Sec-| T FC | D50 | Shamoto et| (Nj)
tion | (m) | (%) | (mm | al. (1998) | 6ocs
) ((yDmaxad%0)

A 10.0| 22.0] .168 24.1 12.2
B 8.5 | 28.5| .125 22.8 12.6
D 6.0 | 23.0/ .160 24.8 12.0
C 1.0 | 26.0] .139 21.3 1311

where T is the thickness of the liquefiable depdblt)socsthe average equivalent clean sand normalized value
of SPT and () max) aiS Shamoto’s correspondent average maximum resgihgar strain. The average slope,
0, is 6%, the maximum base acceleration, {gb)s .163g, the earthquake magnitude, M, is equ8ldand the
equivalent source distanceg Ris estimated to be 55 Km (Youd et al, 2002). Tdilowing equations were
considered to estimate the potential post-liquefadtorizontal displacements (D or Dh):

Hamada et al
D=0.75xT"?¢ 3 (26)

Youd et al,

log Dh = -16.213+1.532 M-1.406 log R*
-0.012 R+0.338 log S+0.540 logT+3.413
x log (100-F)-0.795 log (D50+0.1 mm) (27)

where: R* = (10%8M2®%4R: (R=R,,)

Shamoto et al
Dh= Ch x (Dh)max. = Ch k(y:)max dz (28)

where: Ch=1 (water front) and(Dh)max is assume@Fkxav X T
Estimations of the potential post-liquefaction tisements are presented in Table 11 and Figure 37.

TABLE 11. Post-liquefaction displacements (meter)

Section | Hamada et Youd et | Shamoto
(Tunnel al. al. (2002) et al.
ring no.) (1987) (1998)
A (145) 4.30 2.42 2.41
B (176) 3.97 1.89 1.94
D (213) 3.34 1.80 1.49
C (252) 1.36 0.64 0.21

5.2 LE static and dynamic block analysis

These above predictions indicate that, based daritislata cases, significant potential total, différential,

displacements can develop at the T.P. site. Howdesrause these predictions do not take into atdben
influence of the weight of the existing buildingsich as the West Tower (Figure 1), then the disphents
can be significantly higher at section A and sec#blocations. This means that the estimationshefdis-

placements must reflect the influence of the I¢@adtor of Safety, FS.
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Predictions of Post-Liquefaction Displacements by
Simplified Models
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FIGURE 37. Predictions of Post-liquefaction displacementsimps$ified models

Dynamic Block analyses were carried out using a ifieat version of the computer code developed by
Salgado (1981). The accelerograms were developata(S).P, 2002) based on the spectral accelenation
sponse proposed by the Eurocode 8 and correspota pe 2 seismic action (great focal distarveigh

long duration (M=8) and a base acceleration,{gb)60 m/s.

To account for the degradation of the shear modduesto liquefaction a modified version of Newmark”
model (1965) was developed. This modified modellg&#o, 2005) considers an elastic-plastic stress-
displacement relationship rather then the rigidsfitaapproach considered in Newmark’s model. Bastte
acceleration data the other main input data paenmebnsidered in the analysis were the yield acatbn
ratio, g§/g, computed from the LE analysis and the limitthgplacement, D estimated by D, = T x vy,
wherey, is the liming shear strain as defined by Seed et al. (L979

5.2.1 — Residual and limiting shear strain

Residual shear strength and the correspondentdistiear strain are two key parameters to charaetdre
post-liquefaction response of sandy deposits. énatiialysis carried out by Salgado (2005, 2007, 2008s

assumed that the stress-strain behaviour of theefied soils is characterized by an elastic ptastodel

where the yield strain corresponds to the limitshgar strain, that is estimated from the histositacet pre-
sented in Figure 38, and the yield shear strengttesponds to the post-liquefaction residual segangth of
the liquefied soils, as is discussed below.

At the time of the study (Salgado, 2005) estimatiohresidual shear strength could be assessed bpsa
the historic published data by Seed and HarderQ188d by Olson and Stark (2002).

The major differences, between the two, besidesuslecof different sets of data, were that SeedHarder
consider the residual shear strength versus theiivalgnt clean sand SPT corrected blowcount,
(N1)socs (Figure 39) and Olson and Stark consider the tedidtrength ratio (residual shear strength /ahiti
effective vertical stress) versus the “SPT cormediowcount, (N)so “ (Figure 40). Many people did not
know how to use Seed and Harder’s data for thes¢haé considered effective vertical stresses hitien 1
atmosphere (100 kPa).

In 1999 Byrne and Beaty propose to normalize Sedd-arder’s data as shown in Figure 41.In thisrégs

also presented Idriss (1998) data that has also haenalized by Byrne and Beaty. These two setiatdt are
referred here as Modified Idriss (1998) and Modifeed and Harder (1990).
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(N1)60cs versus Limiting Shear Strain

£ —e— Seed's Lower bound

E/:) —m— Seed's Upper bound

§ A Shamoto et al.(1998)

% o Zhang et al.(2004)

-g X Byrne (1991)

E ‘ ‘ ® Upper S.F.Dam

) 0 10 20 30 40 50 X Lower S.F.Dam
(N1)60cs O Duncan Dam

FIGURE 38. Limiting Shear strain data versus 1§bdcs includesthe lower and upper bounds from Seed
(1979), and data correspondent to Duncan Dam (Rilid Salgado, 1994); Upper S. Fernando Dam (Bgtne
al. (1992) and Lower S. Fernando Dam (Salgado, 1982lgado(2005)

- 2000 L I T I I

® Moasured SPT and Critical Strength Dala
1600 |~ © Estimated SPT and Critical Strength Data 7
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$

400 § Lower San

Farnande Dam

Residuat Shear Strength, S, pst

a 0 i 1 l
0 4 8 i2 16 20 24

Eguivalent Clean Sand (N1)gg.cs, blows/ft

FIGURE 39. Residual Strength ratio versus;Jdcs(Seed and Harder, 1990)
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FIGURE 39. Residual Strength ratio versus;jpd (Olson and Stark, 2002)
Because the local confining effective vertical stes within the liquefiable sandy alluvium rangéseen

160 to 220 kPa the approach proposed by Byrne aadyB1999) was considered as well as the data pub-
lished by Olson and Stark (2002), Salgado (2005).

DA

“iod. Seed & Horder {19940}
[ per and Lower Bound]
[ )

.

Mod. 1driss
[ 199%)
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i} 5 {[H] (] 20
{3 oo

» Duncan dam (200, 400, 600 kFa)

n J Pit sond

o Mildved Lake sand

o Massey zand

& FQ-Induced Case Histories {Idriss, 1993)

FIGURE 40. Residual Strength ratio versus;jp.s(Byrne and Beaty, 1999)

28



Therefore to account for the effect of the confineffective stress, on the data shown in FigureS2fgado
(2005) followed a similar approach as the propdseByrne and Beaty (1999):

(Sr/c\/o,) = (Sr/c\/o,)]_ X KG* (29)
where Ks* is assumed to be equal do the facterdéfined by eq. (5), namely:

Ko* = Ko = ((ovo/Pa)™ ; with f=0.75 (30)

and (Sré.0)1 is the strength ratio correspondent to the condjrstress of 1 atmosphere, Pa, and assumed by

Salgado(2005) to be obtainable directly from Fighraising Hynes and Olsen (1999) data, i.&* IS as-
sumed to be equal to the coefficient Ksed to account for the reduction of the liquedactesistance ratio
with increasing confining stress (Youd et al. (208fter Hynes and Olsen (1999)). The factor f =c@&e-
sponds to the relative density,430%, of the alluvium soil n° 5.

Only recently Idriss and Boulanger (2007) propos@drrelation that considers the residual streragib (for
confining effective vertical stresses up to 400 )k&ad takes into account Seed’s (1987), Seed amdeHa
(1990) and Olson and Stark (2002) sets of datair€igl.
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FIGURE 41. Residual shear strength ratio versus equivaleahcdand SPT blowcount {]ocs

Because of its importance the residual strength datrespondent to the Terreiro do Paco case tteglbere
against the data published by Idriss and Boula(®f#7) as is shown in Figure 42.

It may be seen that a very good agreement is @atdietween the data used by Salgado (2005) armbthe
lations developed later by Idriss and Boulange0@0In fact the soil data obtained from the saalliyvium
located beneath the Metro tunnel indicates thatetiee a high potential for void redistribution effe and
therefore the shear strength obtained from Olsa@hS&tark (2002) was considered for the design ofsthie
treatment project activated at the site in Aug§i72
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& Tunnel - Mod. Idriss (1998)
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A Tunnel - Olson ans Stark, average (2002)
X Crest - Mod. Idriss (1998)
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— Void redistruibution effects are expected to be neg ligible (Idriss&Boulanger, 2007)

—Void redistruibution effects could be significant ( Idriss&Boulanger, 2007)

FIGURE 42. Residual shear strength ratio versus equivaleancsand SPT blowcount (Nocs (Terreiro do
Paco data)
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5.2.2 — LE and Block Analysis

Based on historic data presented in Figures 3&m41 the following different options, listed imbfle 12,

were studied by Salgado (2005). The soil typesidensd for the stability analysis are shown in Fegd3
(Cross section B).

The following data was considered in the analySables 13,14, 15 and 16). The LE results are pteden
Table 17 and Figure 43 and the Block analysis tesuk in Table 18 and Figure 44.

WEST

. Tunnel

|'|'|I|'
.
'
L

FIGURE 43. Cross section B. Location of Solil types and failsmeface

TABLE 12. Options considered with the Block dynamic analgsid Finite Element analysis

Note: (N)socswas computed from the average value of the datgM)gh computed from the mean value of

the data.

Parameter Mod. Mod. Mod.
Newmark-| Newmark-| Newmark-
1 2 3

Residual | Mod. * Mod.* Average
shear Idriss Seed and| of Olson

strength (1998) Harder | and Stark

ratio (Figure Lower (2002)
(Srloyo) 40) bound (Figure
(1990) 39)
(Figure
40)

Limiting Average Upper Upper
shear | of Seed et| bound of | bound of
strain al. (1985) | Seed et al.| Seed et al

(v0) (1985) (1985)

(Figure

38)

* Byrne and Beaty (1999)

TABLE 13. (Njp)socsand (N)so (Salgado, 2005)

18

Section Tunnel West Tower/Creg
(N1)socs | (N1)so | (N1)eocs | (N1)so
A 12.2 7.1 17.3 13.1
B 12.6 6.4 14.8 12.3
D 12.0 6.9 17.4 13.0
C 13.1 7.8 14.3 12.4
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TABLE 14. Residual shear strength ratio and limiting sheairstlata. Tunnel location (Salgado, 2005)

Section Mod. Mod. New- Mod.
Newmark-1 mark-2 Newmark-3
Stlove® | y. | Srlow | yL | Stlow | YL
A .155 .39 .103 .50 .083 .50
B .160 37 112 48 .078 A48
D .139 .40 .089 52 .082 .52
C 174 .34 127 .46 .089 46
TABLE 15. Residual shear strength ratio and limiting sheaiirstlata. Crest location (Salgado, 2005)
Section Mod. Mod. Mod.
Newmark-1 | Newmark-2 | Newmark-3
SI’/GVO’ YL SI’/GVO’ YL SI’/GVO’ YL
A .334 22 .293 .29 .128 29
B .270 .26 234 .34 122 .34
D .346 21 .309 .28 127 .30
C .205 31 167 .40 123 40

Tables 14 and 15 present the strength parameteespondent to the potential liquefiable alluviusoi( n° 5
in Figure 2) which was subdivided, in Figure 43tarsoil n° 4 (tunnel) and soil n°® 8 (crest) redpely. Ta-
ble 16 presents the strength parameters correspotudthe other soil types.

The dynamic model computes the displacements dsawéhe number of pulses, NP, using Newmark's-equa
tion: D = (V*/ (2gN)) NP, where: N=y&g, D the displacement obtained with the rigid ptasodel and the
velocity, V is assumed = (ab)max. (m/sec). Thedaesaof NP were used with the Finite Element Pseudo
Dynamic analysis (Salgado, 2005).

TABLE 16. Strength parameters (Salgado, 2005)

Soll Phi Cu Unit
© (kPa) Weigh
(KN/m3)
1 30.0 0.0 18.0
2 0.0 23.0 17.5
3 0.0 47.4 17.5
4 Table 14 17.5
5 0.0 43.9 17.5
7 0.0 59.2 17.5
8 Table 15 17.5
9 0.0 96.5 17.5
10 0.0 200.0 24.0
TABLE 17. Static Factor of Safety, FS (*), and yield acceileraratio, g g .No building loads, BL=0
Section Mod. Mod. Mod.
Newmark-1| Newmark-2| Newmark-3
FS &g | FS a/g | FS /g
A 3.39 | .073| 2.62| .049 2.01 .032
B 3.81 | .097| 3.24/ .062 2.62 .045
D 3.63 | .073| 2.79] .050 2.68 .046
C 3.85| .102| 3.220 .079 2.69 .060

(*) LE analysis were carried out following Sarmaiethod
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TABLE18. NP and Disp.(meter) (BL=0)
Section Mod. Mod. Mod.
/ring n°| Newmark-1| Newmark-2| Newmark-3

NP | Disp.| NP | Disp.[ NP | Disp.
A/l145 | 40| 2.15 7.2 3.32 10,3 4.18
B/176 | 1.6 | 150 2.6] 242 47 284
D/213 | 38| 154 75 239 82 250
C/l252 | 14| 0.72] 29 0838 49 0.89

Predictions of Post-Liquefaction displacements by
simplified models (BL=0)

—e— Hamada et al.(1986)

—=8— Youd et al. (2002)

—a— Shamoto et al.(1998)

X Mod.New mark-1(Mod.ldriss
(1998);av. Seed et al(1984)

X  Mod. New mark-2 (low bound
Seed & Harder (1990)- upper
bound Seed et al.(1984))

® Mod.New mark-3 (av.
Tunnel Ring n° Olson&Stark(2002)-upper
bound Seed et al. (1984))

Horizontal Post-liquefaction
Displacement (meter)

100 150 200 250 300

FIGURE 44. Dynamic Block analysis results (BL=0)

The above results correspond to the situation witbailding loads (BL=0). To study the effect oétiveight
of the buildings the analysis were repeated consigd3L=127.5 kPa (Section A) and BL=200 kPa (Swatti
B). The results obtained are presented in Tablenti®0 and Figure 45.

TABLE 19. Static Factor of Safety, FS, and yield acceleratatio, §/g (BL>0)
Section Mod. Mod. Mod.
Newmark-1| Newmark-2| Newmark-3
FS &g | FS &g | FS a/g
A 1.98 | .053| 1.55| .029 1.19 .01
B 1.60 | .049| 1.40] .032 1.22 .01

(ool

TABLE 20. NP and Disp.(meter) (BL>0)
Section Mod. Mod. Mod.
Newmark-1| Newmark-2| Newmark-3
NP | Disp.| NP | Disp.| NP | Disp.
A 6.5 | 2.56| 11.0 439 133 7.01
B 76 | 2.28| 11.3 352 132 4.56
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Predictions of Post-Liquefaction displacements by
simplified models (BL>0)
—e— Hamada et al.(1986)
8
5 7 o —=— Youd et al. (2002)
236
5 ©
gr \E’ 5 P —a— Shamoto et al.(1998)
g 5
= 8 37 X Mod.New mark-1(Mod.Idriss
*g 2 5 | (1998);av. Seed et al(1984)
NBA
2 1 X Mod. Newmark-2 (low bound
04 Seed & Harder (1990)- upper
bound Seed et al.(1984))
100 150 200 250 300
® Mod.New mark-3 (av.
Tunnel Ring n° Olson&Stark(2002)-upper
bound Seed et al. (1984))

FIGURE 45. Dynamic block analysis results (BL>0)

It may be seen that a flow slide condition is n@dicted from the analysis. However, the resultficiate that
potential high differential displacements might wccat the T.P. site. Therefore, was necessary parek the
above study with Finite Element (F.E.) analysiageess the displacements mobilized at key locasiocis as
the Metro tunnel and the adjacent West Tower bugidi

6 F.E. PSEUDO-DYNAMIC ANALYSIS

6.1 Summary of the approach

The analyses were carried out, by Salgado (2008)wing the pseudo-dynamic approach developed by
Byrne et al. (1992) and later considered in the dnnDam study (Pillai and Salgado, 1994). The appro
incorporates inertia forces through the use ofignse coefficient. The magnitude of the seismicfioent is
such that the computed displacements satisfy tta¢ émergy balance of the system (eq. 30). Thelatisp
ment of a single degree of freedom system can bgputed directly by solving eq. (30) as described by
Byrne (1991). For a multi-degree-of-freedom systampseudo-dynamic method incorporating post liquefa
tion stress-strain curves can be used with a staiie element code (Byrne et al (1992). The appsde
seismic coefficient is found by an iterative corgieg procedure.

Wext - Wint = - 1/2 M \ (31)
Applying this concept to Newmark's model for a $engulse, the displacement, D, is given by:
D = V2/ (2gN) (32)

where N is the yield acceleration ratio of the islidblock. For a number of pulses, NP > 1, thendise
placement is given by:

D = (V2/ (2gN)) NP (33)

where V is the velocity at the time liquefactiortiggered and assumed to be equal to 0.163 milsevélue
of (abax(in m/sec). The values of NP used with the FE asiglgre in Tables 18 and 20.
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6.2 Cases studied

The three different options presented in Table &2ewconsidered by Salgado (2005) to characterz@als-
sible post-liquefaction response of the liquefiatdedy alluvium soil (soils n® 4 and 8).

A first a set of analysis was carried out with nolding loads (BL=0). The results are presenteBigure 46,
together with the results estimated by the emginuadels.

Finite Element Pseudo-Dynamic Results (BL=0)

¢ Hamada et al. (1986)

B Youd et al. (2002)

A Shamoto et al. (1998)

—>»— Finite Hement-1 Pseudo-
dynamic

(meter)

—¥— Finite Element-2 Pseudo-
dynamic

—e— Finite Element-3 Pseudo-
dynamic

Post-liquefaction displacements

Tunnel ring n°

FIGURE 46. F.E. Pseudo-dynamic results (BL=0)

To study the effect of weight of the existing bunigs (see figure 1) the analysis for section A Bnaere re-
peated. The results are presented in Figure 1Zhegevith the results obtained with the dynamic dglo
analysis. A good agreement was obtained.

Comparison between Finite Element Pseudo-
Dynamic and Dynamic Block analysis results

—«&—— Finite Hement-3
Pseudo-dynamic

—&— Finite Hement-2
Pseudo-dynamic

—aA— Finite Hement-1
Pseudo-dynamic

— - %X—- Mod. New mark-3
Dynamic model

- - -X- - - Mod. New mark-2
Dynamic model

100 150 200 250 300 |- -®- - - Mod. N?W mark-1
Dynamic model

Post-Liquefaction
Displacements (m)

Tunnel ring n°

FIGURE 47. Study of the influence of building loads on thertehlocation.
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The correspondent global F.E. displacements, bipo@, are presented in Figures 13. It may be $ean
very large horizontal and vertical displacemenesaso computed for the location of the West Tolaeld-

ing.
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FIGURE 48. Diagram of displacements. Deformed mesh and vedtplot. Section B - Option 3 (scale ex-
aggeration = 3)

6.3 Soil treatment

Several solutions were studied to assess the rffaser’t and economic one. The analysis were cdraet
considering the alluvium soil treated, with colunufget-grouting, to be equivalent to a soil chaeaezed
with an equivalent shear resistance and stiffnesk fanction of the percentage of the ground treatme
(GT%).The stability analysis (LE and FE) considetteel Partial Factors of Safety recommended by thre-E
code 8, namely,, = 1.4 andyy = 1.25. The results obtained in terms of GT% wbemsidering the three (3)
different stress-strain options (see Table 12) wetevery different as presented in Table 19, hav&ption

3 (Olson and Stark) is requires a higher valu&®f Normalizing by the values correspondent to @p8 it

is obtained the data presented in Table 20. Consgléhat the costs to implement Option 3 are Siomleu-
ros then the correspondent costs of the othermgpace listed in Table 21.

TABLE 19. Required ground treatment data (Salgado, 2005).

Eurocode | Ground Treatment (%) — Section B
8 (assuming shear resistance of |jet
Partial grout = 3.65 MPa)
Factors of
Safety Option 1 —| Option 2 —| Option 3 —
Mod. Mod. Seed Olson and
Idriss and Stark
(1998) Harder, (2002)
low bound
(1990)
ON (>1*) | GT=7.00%]| 7.35% 7.67%
OFF GT=5.60%| 5.96% 6.32%
(=1*%)

*veu= 1.4 andyy = 1.25;
** v.,= 1.4 only for the treated soil
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TABLE 21. Required ground treatment data normalized by 7.67%

Eurocode | Ground Treatment (%) — Section B
8 (assuming shear resistance of |jet
Partial grout = 3.65 MPa)
Factors of
Safety Option 1 —| Option 2 —| Option 3 —
Mod. Mod. Seed Olson and
Idriss and Stark
(1998) Harder, (2002)
low bound
(1990)
ON (>1%) | 0.91 0.96 1.00
OFF 0.73 0.78 0.82
(=1*)

* ** gee Table 20

TABLE 22. Required investment (Euros)

Eurocode | Ground Treatment (%) — Section B
8 (assuming shear resistance of |jet
Partial grout = 3.65 MPa)
Factors of
Safety Option 1 —| Option 2 —| Option 3 —
Mod. Mod. Seed Olson and
Idriss and Stark
(1998) Harder, (2002)
low bound
(1990)
ON (>1*) | 455 M 4.80 M 5.00 M
OFF 3.65M 3.90M 4.10 M
(=1*)

* ** see Table 20

Based on the above results the Portuguese Govetntrmrgh the Administration of Metropolitano desti
boa, decided to carry out a 5 million Euro grourghtment operation, which was carried out in AuQi7
to improve the local ground conditions. The finabjpct design was carried out by Mineiro et al.Q@0
based on this study, with LNEC’s continuous tecahstipport.

The final, agreed, solution, which was implemerntedgh the execution of 2.0 m diameter jet-groutoy
umns and 1.2 and 1.4 m diameter cast in placeareied piles, is similar to one of the solutionsdstd by
Salgado (2005) as shown in Figure 49.

6.0 - CONCLUSIONS

This study outstands that the procedures for lagcteins assessment recommended by the EC8-P5igre sl
htly different from the recommended by the Stat@@ictice (Youd et al. 2001), namely on the reconded
magnitude scaling factors, MSF, where for a magieifuM=8, the State of Practice recommends a MSF=
0.84, while the EC8-P5 recommends a MSF=0.67. @mother hand, the State of Practice recommends the
use of the overburden correction factok, but the EC8-P5 omits its use. For the TerreiroPdgo case
(whereos ‘\, rangesetween 160 to 220 kPa)ke 0.86. Therefore, combining the influence of theRvisghd

Ko, when following the State of Practice procedutdsecomes that MSF xd<= 0.84 x 0.86 = 0.72 which is
very close to the MSF=0.67 recommended by the E&E8FRis means that for the Terreiro do Paco case it
did not make any difference in the outcome of tluel\s Both procedures predict very low Factorsaiesy
against Liquefaction, FSL varying between 0.5 @ O.

This study also outstands that, at present, there@guidelines in the Eurocode 8 to assess tbsilgle con-
sequences of the liquefaction phenomenon.
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A summary of the procedures followed by LNEC (Sdtya2005) to deal with this issue are presente@. Th
studies carried out show that simplified empiri@atl semi-empirical modeling, based on historiar#égost-
liquefaction displacement data, were fundamentajite enough engineering confidence to the FE Rseud
Dynamic analysis procedures followed in the presturdy, as well as, to the political and enginegdeci-
sion to develop and activate the correspondent d&tien soil treatment project. The study also shbat
the post-liquefaction residual shear strength amred in the analysis by Salgado (2005) is in \gogd
agreement with the data published by Idriss and@wler (2007).
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FIGURE 49. Location of the treated zone (top); vectorial disgiment plot. Section B - Option 3 (scale ex-
aggeration = 5)
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