Sustainable Civil Inf

Hany SheH‘ata"

.Mona Badﬂ Edi
ﬁ"-n 4,




Sustainable Civil Infrastructures

Editor-in-Chief
Hany Farouk Shehata, SSIGE, Soil-Interaction Group in Egypt SSIGE, Cairo,
Egypt

Advisory Editors
Khalid M. ElZahaby, Housing and Building National Research Center, Giza, Egypt
Dar Hao Chen, Austin, TX, USA



Sustainable Civil Infrastructures (SUCI) is a series of peer-reviewed books and
proceedings based on the best studies on emerging research from all fields related to
sustainable infrastructures and aiming at improving our well-being and day-to-day
lives. The infrastructures we are building today will shape our lives tomorrow. The
complex and diverse nature of the impacts due to weather extremes on
transportation and civil infrastructures can be seen in our roadways, bridges, and
buildings. Extreme summer temperatures, droughts, flash floods, and rising
numbers of freeze-thaw cycles pose challenges for civil infrastructure and can
endanger public safety. We constantly hear how civil infrastructures need constant
attention, preservation, and upgrading. Such improvements and developments
would obviously benefit from our desired book series that provide sustainable
engineering materials and designs. The economic impact is huge and much research
has been conducted worldwide. The future holds many opportunities, not only for
researchers in a given country, but also for the worldwide field engineers who apply
and implement these technologies. We believe that no approach can succeed if it
does not unite the efforts of various engineering disciplines from all over the world
under one umbrella to offer a beacon of modern solutions to the global
infrastructure. Experts from the various engineering disciplines around the globe
will participate in this series, including: Geotechnical, Geological, Geoscience,
Petroleum, Structural, Transportation, Bridge, Infrastructure, Energy, Architectural,
Chemical and Materials, and other related Engineering disciplines.

SUCI series is now indexed in SCOPUS
and EI Compendex.

More information about this series at http://www.springer.com/series/15140


User
螢光標示


Hany Shehata - Mona Badr
Editors

Advancements
in Geotechnical Engineering

The Official 2020 Publications
of the Soil-Structure Interaction Group
in Egypt (SSIGE)

@ Springer



Editors

Hany Shehata Mona Badr

Soil-Structure Interaction Group in Egypt German University in Cairo (GUC)
Cairo, Egypt Cairo, Egypt

ISSN 2366-3405 ISSN 2366-3413 (electronic)

Sustainable Civil Infrastructures

ISBN 978-3-030-62907-6 ISBN 978-3-030-62908-3  (eBook)

https://doi.org/10.1007/978-3-030-62908-3

© The Editor(s) (if applicable) and The Author(s), under exclusive license

to Springer Nature Switzerland AG 2021

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Contents

SSIGE Official Publications 2020: Part 1

Assignment of Groundwater Table in Liquefaction Analysis of Soils . . .

Muhsiung Chang, Mei-Shan Chan, Ren-Chung Huang, Togani C. Upomo,
and Rini Kusumawardani

Production Rate Estimation Using System Dynamics (Case Study:

Clamshell Excavation at Top Down Construction). . . ... ...........

Ibrahim Hamdan, Mohamed S. Eid, and Ahmed Elhakeem
Stepped Loading of a Raft Foundation Supported on Deep Soft Clay

Improved with Floating Stone Columns . . . ... ...................

Khaled Hussein Elmeligi, Mamdouh A. Sabry, and Waleed El-Sekelly

The Use of a Robotized Inclinometer System to Measure Deep-Seated
Ground Deformation in a Monumental Area During TBM Tunnel

Excavations. The Case of Rome Subway, New Line C..............

Paolo Allasia, Danilo Godone, Giorgio Pezzetti, Ivan Mammone,
and Eliano Romani

Seismic Site Response Characterization for Suez Canal

Region, Egypt. . . ... ... .. . . ...

Mohamed ElGabry, Hany M. Hassan, Franco Vaccari, Andrea Magrin,
Fabio Romanelli, and Guiliano Panza

Relationships of the Physical and Mechanical Properties Obtained

in Ignimbrites from a Tunnel in Morelia, Mexico . ................

Carlos Luz-Martinez, Eleazar Arreygue-Rocha,
and Luisa Equihua-Anguiano

Implementation of a Single Hardening Constitutive Model for 3D

Analysis of Earth Dams . . .. .................................

Juan Huang and Celso Romanel



vi Contents

Geomembranes to Line Surge Shafts . . ......................... 106
Alberto Scuero and Gabriella Vaschetti

Expanded Polystyrene in Soil Reinforcement . . . ... ........... .... 121
David Carvalho, Roberto Kassouf, Pedro Scatena, and Vilson Scatena

Future of Underground Techniques in Deep Mines of Different
Content Without Catastrophic Risks .. ......................... 136
Olga Hachay and Oleg Khachay

Utilization of Silica Fume and Slag to Improve the Geotechnical
Properties of Expansive Soil . . . .. ..... ... ... .. ... . L. 144
Ahmed Hussien Zaki, Samir Gad, and Mahmoud AbuBakr Alsedik

Effect of Sand Cushion Thickness and Lateral Extension on Heave
of Remolded Swelling Soil . . ....... ... ... .. .................. 155
G. E. Abdelrahman, Youssef Gomaa Youssef, and A. E. Abdeltawab

Dynamic Response of Stabilized Soft Clay Under Cyclic Loading
at Low Shear Strain Level . . .. ... ... ... .. .. ... .. .. .. ......... 164
Ahmed M. Karim, Osama M. Ibrahim, and Mohamed 1. Amer

Review of Soil Improvement Techniques . .. ..................... 175
Mohamed Mamdouh Abdel-Rahman

Numerical Evaluation of Bearing Capacity of Step-Tapered Piles
Using P-Y Curves Analysis. . . ............. . ... .. ........... 200
Amin Shafaghat and Hadi Khabbaz

Using Traditional and Advanced Soil Improvement Techniques
for Swelling Soil Heave Mitigation . . . . . ....... ... ... .......... 213
G. E. Abdelrahman, Y. G. Youssef, and A. E. Abdeltawab

Author Index. . . ... . . .. ... 225



SSIGE Official Publications 2020: Part 1



®

Check for
updates

Assignment of Groundwater Table
in Liquefaction Analysis of Soils
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and Rini Kusumawardani?
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of Science and Technology (YunTech), Yunlin, Taiwan
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2 Graduate School of Science and Technology, National Yunlin
University of Science and Technology (YunTech), Yunlin, Taiwan
d10810212@yuntech.edu. tw
3 Department Civil Engineering, Universitas Negeri Semarang (UNNES),
Central Java, Indonesia
rini.kusumawardani@mail.unnes.ac.id

Abstract. This paper discusses the issue and potential influences of miss-
assignment of groundwater table in the analysis of soil liquefaction. In viewing
that the groundwater table (GWT(y) during subsurface exploration or testing for
evaluating cyclic resistance ratio (CRR) of soils is sometimes mistakenly assumed
the same as the groundwater table (GWT') for computing cyclic stress ratio (CSR)
due to seismic shaking, the results of liquefaction analysis may thus be erroneous.
If the GWT () is assigned higher than the actual level, the CRR and the associated
factor of safety (Fr,), would be overly predicted. Alternatively, if the GWT is
assigned lower than its actual one, the CRR and F 7, would be underestimated. If the
groundwater table during exploration or testing is mistakenly assigned the same
as the groundwater table for computing cyclic stress ratio (i.e., GWT g = GWT; or
“one-groundwater-table, OGT, scenario”), then the variation in the groundwater
tables will lead to the changes in CRR and CSR in the same sense. Owing to differ-
ent rates of change, however, the computed factor of safety (F;, = CRR/CSR),
and the associated liquefaction potential index (LPI), may sometimes result in
an unexpected situation. Namely, a rise in the groundwater tables would cause
an unanticipated increase in the computed factor of safety and a decrease in the
associated liquefaction potential index. Based on results of current study with
assumption of OGT scenario, the LPI could be reduced by 10-30% if GWT|, is
3 m higher than the actual level; or alternatively, the LPI would be increased by
5-45% it GWT( is 3 m lower than the actual one.

1 Introduction

Commonly adopted liquefaction analysis procedures, including methods based on
SPT — N, CPT — ¢, and Vj, etc., involve separate evaluations of the cyclic resis-
tance ratio (CRR) of soils and the cyclic stress ratio (CSR) due to seismic shaking (Youd
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4 M. Chang et al.

et al. 2001; Seed et al. 1985; Robertson and Wride 1998; Andrus and Stokoe 2000). A
factor of safety (F ) against soil liquefaction at a particular depth of concern is obtained
by the ratio of the above two evaluations, i.e., F = CRR/CSR. To assess liquefaction
potential of a soil deposit, a depth-weighted approach is usually adopted with the con-
sideration of liquefaction potential decreasing with the depth. In view of liquefaction
incidents that had often observed within 20 m below the ground surface, Iwasaki et al.
(1982) proposed a depth-weighted procedure, as shown below, by integrating the calcu-
lated factors of safety with depth, which has become most-widely used as the definition
of liquefaction potential index (LPI or Pp):

20m
LPI or Py, = / F -w(z)dz
0

where F = 1 — Fp, ...forF; < 1.0
F=0 ...forF; > 1.0 (D)
w(z) = 10 — 0.5z

Iwasaki et al. (1982) further classified the assessed LPI or Py, into different categories:
(1) 0 < LPI < 5, for low liquefaction risk; (2) 5 < LPI < 15, for high liquefaction
risk; and (3) 15 < LPI, for very high liquefaction risk.

Figure 1 indicates a typical flowchart in conducting a liquefaction analysis. As can be
seen, two groundwater data are required. The groundwater table, GWT(, measured during
the subsurface exploration and testing (e.g., SPT or CPT) is adopted for the assessment
of CRR of soils, and the groundwater table, GWT, is assigned for the design earthquake
condition and for the estimation of CSR due to seismic shaking. These groundwater
tables are dissimilar and should not be confused, since they serve different purposes for
the analysis and would have diverse effects on the assessment. Generally, the influences
of GWTy and GWT on the computed factor of safety, Fr, and liquefaction potential
index, LPI, would follow the trends as bellows (referring to Fig. 1 for symbols):

(GWTo 1) — (079 ) = (N1 1) = (CRR 1) — (FL 1) — (LPI |) @)

(GWT 1) — (0] {) = (CSR 1) — (FL {) = (LPI 1) 3)

It is clear that both groundwaters would influence the associated CRR and CSR in the
same sense. One might expect an increase in the groundwater tables would soften the
ground (or decrease effective stresses), thus reduce factor of safety against liquefaction
and increase liquefaction potential. In view of the definition of factor of safety (F; =
CRR/CSR), however, a decrease in F'; by the increasing groundwater tables would not be
certain, which would depend on the rates of change of GWT, and GWT on Fr. Supposed
the rate of change of GWT( on Fy, is more significant than that of GWT, then the same
rise in both groundwater tables would lead to an increase in Fy, a situation appears
contradictory with the intuition.

Whereas in general practices of liquefaction analysis, the groundwater table, GWTy,
during subsurface exploration and testing is often not employed for computing effective
stresses crv’o, SPT blow counts Ny, and associated CRR. Instead, the groundwater table,
GWT, assigned for design earthquake condition and for estimating cyclic stress ratio due
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NCEER (2001) — Soil Li ion Analysis Flow Chart (SPT-N approach; based on Youd et al. 2001
Groundwater Lable Peak ground EQ magnitude SPT N-value Energyratio | | Groundwater table Fines content
during EQ horizontal M, N ER (%) during SPT FC (%)
Gwr Gwr,
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34— Nigore 135 (10N;gpc+ 457 200

CSR = 0.65 (m) (i) Ta
g /\dy

where g = gravity acceleration T
ra= stress reduction factor
2= depth (m)

_ 1-0.41132%° + 0.04052z + 0001753z
7@ = T=041772%% + 005729z - 0.0062052°% + 000121022

Reference:  Youd et al. (2001). “Liquefaction resistance of soils: summary report from the 1996 NCEER and 1998 NCEER/NSF workshops on evaluation of
liquefaction resistance of soils,” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, Vol.127, No.10, October, pp.817-833

Fig. 1. Seed and NCEER SPT-N liquefaction analysis flowchart based on Youd et al. (2001)

to seismic shaking, is used in replacement of GWTj to compute o, N1 and CRR. The
assignment of GWTy = GWT, termed hereafter as “one-groundwater-table” or OGT
scenario, would be erroneous, since the CRR of soils is not properly evaluated by the
groundwater table at the time of drilling or testing, and the incorrect GWT( might result
in unanticipated F7 assessments as mentioned previously.

Figure 2 illustrates abnormal situations in the assessment of factor of safety due
to OGT assumption. The factor of safety profiles are computed at various depths of a
soil deposit with uniform SPT — N distributions and different groundwater tables. As
seen, the rise in the groundwater table would generally decrease the computed factor of
safety. It is noticed, however, the rise in groundwater table could also lead to unexpected
increases in the computed factor of safety, causing intersections of the factor of safety
profiles as shown in the figure. These abnormal situations appear obvious for the cases
with higher groundwater tables and shallower depths.

Figure 3 also indicates abnormal situations of the computed factor of safety, as dashed
lines in the figure, due to the OGT assumption, where SPT blow counts are corrected
with respect to GWT. Without OGT assumption, the GWTy would be irrelevant to
GWT, and N is solely determined by GWTy, which is kept as a constant herein. Results
demonstrate the computed factor of safety profiles without OGT assumption, as solid
lines in the figure, are consistent as expected, where the rise in GWT will cause a decrease
in F7, and vice versa; with no intersection of the factor of safety profiles.

As discussed, the groundwater tables, GWTy and GWT, should not be misused in
the liquefaction analysis of soils. Actually, this warning has been given by Youd et al.
(2001) with the statements: “The effective overburden pressure o, applied in (9; Cy =

(Pa/a‘ﬁo)o's) and (10; Cy = 2.2/(1.2+ GV’O/Pa)) should be the overburden pressure at
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0.5 1.0 15 2.0 2.5 3.0

Solid lines: GWTy = —1.5m, GWT = 0~ — 5m (N, irrelevant to GWT)
Dashed lines: G GWT = 0~ — 5m (N, relevant to GWT)

Given: M, = 7. =0.25g, ER = 73.5%, Y, = 21.1kN/m?
Given: SPT N = 15 (uniform distribution), FC = 19%
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Fig. 2. Abnormal results of calculated factor of Fig. 3. Calculated factor of safety profiles

safety profiles due to one-groundwater-table due to OGT and non-OGT assumptions

assumption (M = 7.5, PGA = 0.5g, M = 7.3,PGA = 0.25g, FC = 19%,

FC = 10%, uniform SPT — N deposits, uniform deposit SPT — N = 15,

Seed/NCEER2001 method) (Lin et al. 2001) Seed/NCEER2001 method) (Chang et al.
2011)

the time of drilling and testing. Although a higher groundwater level might be used for
conservatism in the liquefaction resistance calculations, the Cy factor must be based
on the stresses present at the time of the testing.” (Note: Cy is a correction factor for
SPT — N values). In many occasions, however, the misuses of GWTj were found in
routine practices of liquefaction analysis; part of reasons might have been due to the
uncertainty or shortage of groundwater measurement data in the borehole logs that
prevents proper assessments of cyclic resistance of soils (Wang et al. 2019).

The misuse of groundwater tables in liquefaction analysis has been addressed by
Wang et al. (2019), based on the borehole data obtained from a recent liquefaction
assessment project in Taipei basin. Preliminary results indicated the difference in the
evaluated liquefaction potentials with or without OGT assumption would appear to be
small. However, this finding was not conclusive since the groundwater tables, GWTy,
were measured during site explorations in flood seasons, which were generally close to
the groundwater tables, GWT, assigned for the liquefaction analyses.

In accordance, the aims of this paper are to further address the issue of misuse of
groundwater tables in liquefaction analysis of soils and to examine potential influences
due to the misuse on the assessment of factor of safety and associated liquefaction poten-
tial. Several cases are employed for the examinations, including a fictitious borehole,
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actual boreholes, and a study site with an area of about 120 km? and a borehole number
of more than 300.

2 Liquefaction Assessments of a Fictitious Borehole

A fictitious borehole is adopted to examine the influence of OGT assumption on the
computed factor of safety and liquefaction potential. The borehole is assumed in a
uniform stratum with a constant SP7 — N value of 10 and a fines content of 20%.
The design earthquake is assumed with M,, = 7.3 and a,;sx = 0.25g. Seed/NCEER
SPT — N based method (Youd et al. 2001) is adopted for liquefaction analysis of soils
at various depths and the depth-weighted procedure by Iwasaki et al. (1982) is employed
for assessment of liquefaction potential in soil deposit up to 20 m deep.

Results of OGT scenario are compared with those of non-OGT scenario, in which
the groundwater table, GWT, for estimating cyclic stress ratio due to seismic shaking is
assumed varied from the ground surface to a depth of -5 m. Considering the groundwater
table, GWT), for assessment of cyclic resistance of soils that could be higher or lower
than its actual level of —2.5 m, the comparisons are discussed separately with results
shown in Figs. 4 and 5, as well as in Tables 1 and 2, respectively.

0.0 0.5 1.0 1.5 2.0 25

Solid lines: GWT, = —2.5m, GWT = 0~ — 2m

Dashed lines: GWTy = GWT = 0~ — 2m

Given: My, = 7.3, @yax = 0.25g, ER = 72%, Y = 20kN/m?
Given: SPT N = 10 (uniform distribution), FC = 20%
Analysis method: Seed / NCEER2001

© o N e &b A b S S o

Depth (m)

—&— GWTo=-2.5m; GWT=0m

—— GWTo0=-2.5m; GWT=-1m

—4&— GWTo=-2.5m; GWT=-2m

=== - GWTo=0m; GWT=0m

= = = GWTo=-1m; GWT=-1m
GWTo=-2m; GWT=-2m

Fig. 4. Calculated factor of safety profiles with OGT (dashed lines) and without OGT (solid lines)
assumptions and where the dashed lines are assigned with GWT{y higher than its actual level of
—-25m
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FL
0.0 0.5 1.0 1.5 2.0 25
0
Solid lines: GWTy, = —2.5m, GWT = —3~ —5m
-1 [ Dashed lines: GWT, = GWT = —3~ — 5m
o | Given: My =73, ayqx = 0259, ER = 72%, Y = 20kN /m?
Given: SPT N = 10 (uniform distribution), FC = 20%
-3 Analysis method: Seed / NCEER2001
4 |
5
-6 }
-7 F
-8 I
—_
9
£
-
= -0}
2 1
-
[= P
13 |
14
15 |
-16 }
—=— GWTo=-2.5m; GWT=-3m
A7 —e— GWTo=-2.5m; GWT=-4m
-18 —Xx— GWTo=-2.5m; GWT=-5m
9 b - -z - GWTo=-3m; GWT=-3m
2 - -¢- = GWTo=-4m; GWT=-4m
- =» - GWTo=-5m; GWT=-5m
-21

Fig. 5. Calculated factor of safety profiles with OGT (dashed lines) and without OGT (solid
lines) assumptions and where the dashed lines are assigned with GWT(y lower than its actual level

of -2.5m

Table 1. Calculated liquefaction potential indices with OGT (case I-A) and without OGT (case
II-A) assumptions and where case I-A is assigned with GWT higher than its actual level of —2.5 m

GWT LPI or PL (%) Error in
Case I-A Case II-A LPI computations
GWT. GWT for case I-A
0= GWTy =
—2.5m
GWT =0~ GWT =0 ~
—2m —2m
0 18.46 26.46 —-30.2%
—1m 15.19 18.37 —17.3%
—2m 12.43 13.11 —5.1%

Figure 4 and Table 1 indicate the results of OGT scenario (dashed lines; Case I-A)
and the associated non-OGT scenario (solid lines; Case II-A), where the groundwater
table, GWTy, in the OGT scenario is higher than its actual level of —2.5 m. It is noticed
when GWT) is mistakenly assigned the same as GWT and also higher than its actual
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Table 2. Calculated liquefaction potential indices with OGT (case I-B) and without OGT (case
II-B) assumptions and where case I-B is assigned with GWT(y lower than its actual level of 2.5 m

GWT LPI or PL (%) Error in

Case I-B Case II-B LPI computations
for case I-B

GWTy = GWT GWTp=—-25m
GWT = -3~ —-5m GWT = -3~ —-5m

—3m 10.18 9.50 7.2%

—4m 8.10 6.73 20.4%

—5m 6.54 4.48 46.2%

level (i.e., OGT scenario; dashed lines; Case I-A), the CRR of soils would be overesti-
mated, leading to a higher estimation of 7 and a lower estimation of LPI; a situation
appears contradictory with the intuition. For the fictitious example discussed herein, the
computed LPI would be decreasing (i.e., less conservative) by 5-30%, if GWTj is 3 m
higher than the actual level.

Figure 5 and Table 2 indicate the results of OGT scenario (dashed lines; Case I-B)
and the associated non-OGT scenario (solid lines; Case II-B), where the groundwater
table, GWTy, in the OGT scenario is lower than its actual level of —2.5 m. It is noticed
when GWTy is mistakenly assigned the same as GWT and also lower than its actual
level (i.e., OGT scenario; dashed lines; Case I-B), the CRR of soils would be underes-
timated, leading to a lower estimation of Fy, and a higher estimation of LPI; a situation
appears contradictory with the intuition. For the fictitious example discussed herein, the
computed LPI would be increasing (i.e., more conservative) by 5—45%, if GWTj is 3 m
lower than the actual level.

The above discussions indicate the OGT assumption would be erroneous in liquefac-
tion assessment of soils, leading to estimated factors of safety or liquefaction potentials
contradictory with the intuitions. The fictitious example shows the liquefaction potential
would be underestimated by 5-30%, if OGT is assumed and GWTj, is higher than the
actual level by 3 m. Alternatively, the liquefaction potential would be overestimated by
5-45%, if OGT is assumed and GWTj is lower than the actual level by 3 m.

3 Liquefaction Assessments of Actual Boreholes

The influences of OGT assumption on the computed factor of safety and liquefaction
potential are further examined through actual boreholes drilled as a part of a field inves-
tigation program for the liquefaction study project in Huwei and Tuku Townships of
Yunlin County, Taiwan, in 2019 (REI 2019). Two boreholes are selected from clayey or
sandy deposits, and results of examination are discussed in the following subsections.

3.1 A Borehole in a Clayey Deposit

Borehole X6-1 is located in Huwei Township of Yunlin County, Taiwan. Table 3 indicates
the material data, soil classifications and SPT blow counts within 20 m deep of the hole.
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As seen, the borehole is in a clayey-silty deposit with relatively few sandy layers. Soil
materials of the deposit are generally soft with SPT — N values less than 10. The
groundwater level GWT{) measured during subsurface exploration is at —2.80 m.

Table 3. Material stratification and data at borehole No. X 6-1, in a clayey deposit of Huwei
township, Yunlin county, Taiwan

Depth | SPT |y FC |LL |PI |USCS
(m) N (kN/m3) (%) | (%) | (%)
value

—-15 |5 18.4 92 |29 |10 |CL
-3.0 4 18.6 9% |28 |8 CL
—4.5 |3 18.3 92 |31 |12 |CL
—6.0 |10 18.7 48 |- |NP |SM
-75 |5 18.3 48 |- |NP |SM
—9.0 |4 18.1 9 |41 |22 |CL
—10.5 |8 18.8 92 |- NP | ML
—12.0|6 18.2 93 |42 |19 |CL
—135 |5 18.5 95 |- |NP |ML
—-15.0 |5 18.1 60 |- |NP |ML
—16.5 |10 18.6 34 |- |NP |SM
—18.0 |6 19.5 58 |- NP | ML
—19.5 | 16 18.2 31 |- |NP |SM

Note: GWT geuar = —2.80m

A design earthquake with M,, = 7.3 and a,,,,x = 0.25g is assigned and a SPT
hammer energy ratio ER = 72% is chosen. As before, Seed/NCEER SPT — N based
method (Youd et al. 2001) is adopted for the analysis and the depth-weighted procedure
by Iwasaki et al. (1982) is employed for assessment of liquefaction potential. The exami-
nation on the influences of OGT assumption is performed with the analysis groundwater
tables GWT varied from the ground surface to a depth of -6 m, which are approximately
3 m above or below the actual groundwater table during drilling at a depth of —2.80 m.

Results of the examination are shown in Table 4. For OGT scenario (Case I) and
GWT) higher than its actual level, the computed liquefaction potentials will be under-
estimated. The computed LP/ would decrease by about 20% if GWTy is 3 m higher
than the actual level. Alternatively, for OGT scenario (Case I) and GWT{ lower than its
actual level, the computed liquefaction potentials will be overestimated. The computed
LPI would increase by about 30% if GWT) is 3 m lower than its actual level. These
findings are consistent with discussions in the previous section.
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Table 4. Errors in liquefaction potential assessment due to one-groundwater-table assumption
(case I) for borehole No. X 6-1, in a clayey deposit of Huwei township, Yunlin county, Taiwan

GWT LPI or PL (%) Error in

Case Case 11 LPI computations

for case |

GWTy = GWTy =

GWT —2.8m

GWT =0~ GWT =0 ~

—6m —6m
Om 13.80 16.97 —18.7%
—1m 11.92 13.92 —14.4%
—2m 10.70 11.04 —3.1%
—3m 9.54 9.46 0.8%
—4m 8.40 7.88 6.6%
—5m 7.28 6.30 15.6%
—6m 6.16 4.79 28.6%

Note: GWTy geruar = —2-80m

Analysis assumptions: My, = 7.3, amax = 0.25g, ER = 72%
Analysis method: Seed/NCEER SPT-N-based method (Youd et al.
2001)

3.2 A Borehole in a Sandy Deposit

Borehole X2-2 is located in Tuku Township of Yunlin County, Taiwan. Table 5 indicates
the material data, soil classifications and SPT blow counts within 20 m deep of the
hole. As seen, the borehole is in a sandy deposit with relatively few silty layers. Soil
materials of the deposit are generally loose to medium dense with SPT — N values ranged
about 5-15. The groundwater level GWT\, measured during subsurface exploration is at
—4.10 m.

A design earthquake with M,, = 7.3 and a,,,,x = 0.25g is assigned and a SPT
hammer energy ratio ER = 72% is chosen. As before, Seed/NCEER SPT — N based
method (Youd et al. 2001) is adopted for the analysis and the depth-weighted procedure
by Iwasaki et al. (1982) is employed for assessment of liquefaction potential. The exami-
nation on the influences of OGT assumption is performed with the analysis groundwater
tables GWT varied from depths of —1 m to =7 m, which are approximately 3 m above or
below the actual groundwater table during drilling at a depth of —4.10 m.

Results of the examination are shown in Table 6. For OGT scenario (Case I) and
GWTy higher than its actual level, the computed liquefaction potentials will be under-
estimated. The computed LPI would decrease by about 10% if GWTj is 3 m higher
than the actual level. Alternatively, for OGT scenario (Case I) and GWT( lower than its
actual level, the computed liquefaction potentials will be overestimated. The computed
LPI would increase by about 10% if GWTj is 3 m lower than its actual level. These
findings are consistent with discussions in the previous section.
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Table 5. Material stratification and data at borehole No. X 2-2, in a sandy deposit of Tuku
township, Yunlin county, Taiwan

Depth | SPT |y, FC |LL |PI | USCS
(m) N (kN/m3) (%) | (%) | (%)
value

—-15| 6 15.6 32 |- NP |SM

—-30/| 6 15.7 5 |- NP | SP-SM

—45| 3 17.7 5 |- NP | SP-SM

—6.0/| 9 19.3 7 |- NP | SP-SM

=75 25 |17.7 63 |- NP | ML

-901| 9 18.1 76 |30 |6 ML
—10.5| 1.5 |16.7 97 132 |4 ML
—120 | 2 18.4 72 |- NP | ML
—135 16 19.0 14 |- NP | SM
—15.0 | 15 19.5 20 |- NP |SM
—16.5 | 11 18.6 8 |- NP | SP-SM
—18.0 | 11 18.5 8 |- NP | SP-SM
—19.5 | 17 19.6 7 |- NP | SP-SM

Note: GWT geuar = —4.10m

4 Assessment of a Study Area with >300 Boreholes

The influences of OGT assumption on the computed factor of safety and liquefaction
potential are also examined through a regional liquefaction study program carried in
Huwei and Tuku Townships as mentioned previously (REI 2019). The study area, with
about 120 km? in size and more than 300 boreholes, is chosen; in viewing that the
examination could consider the variability of borehole data as well as the influence of
OGT assumption on the distribution of liquefaction potentials at the site.

The total number of boreholes considered herein is 331, including 121 existing
boreholes and 210 supplementary boreholes carried in the project (REI 2019). Based
on current codes of Taiwan (MOI 2011 & 2017), a design earthquake is assigned with
M,, = 7.1 at the project site and the peak ground acceleration is determined in accord
with the type of soil deposit where the borehole is located, i.e., amqx = 0.280g for
Type III ground (soft deposits; V39 < 180m/s) or a;qr = 0.308g for Type II ground
(firm deposits; V3o = 180 ~ 270m/s). It is noticed, however, most of the boreholes
considered herein are situated in Type III ground, and only few are for Type II deposits.

The groundwater tables, GWTy p,,;, for assessing cyclic resistance of soils are based
on the measurement during exploration and testing of the boreholes. Without a long-
term monitoring data, the groundwater tables, GWT, for estimating cyclic stress due to
shaking are assumed 3 m above or below the GWTy ,,; at the borehole locations. In
OGT scenario, the GWTy is assumed the same as GWT, and would not be the same
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Table 6. Errors in liquefaction potential assessment due to one-groundwater-table assumption
(case I) for borehole No. X 2-2, in a sandy deposit of Tuku township, Yunlin county, Taiwan

GWT LPI or PL (%) Error in
Case I Case TT LPI computations
GWTy = GWT GWIy=—4.1m forcase
GWT = -1~ GWT = -1~
—7m —7m
—1m 38.33 42.89 —10.6%
—2m 33.35 36.73 -9.2%
—3m 29.22 30.57 —4.4%
—4m 23.81 23.93 —0.5%
—5m 15.19 14.42 5.3%
—6m 13.42 12.27 9.4%
—7m 10.76 10.21 5.4%

Note: GWTy 4euar = —4.10m

Analysis assumptions: My, = 7.3, amax = 0.25g, ER = 72%
Analysis method: Seed/NCEER SPT-N-based method (Youd et al.
2001)

as GWTy proj. The energy ratio for SPT hammer is assumed as 72% for the existing
boreholes. For supplementary boreholes, however, an energy ratio of 82% is assigned
based on onsite calibrations for this project.

As before, Seed/NCEER SPT — N based method (Youd et al. 2001) is adopted
for liquefaction analysis and the depth-weighted procedure by Iwasaki et al. (1982) is
employed for assessment of liquefaction potential. For liquefaction potential contour
plotting, an interpolation technique by Inversed Distance Weighting, or IDW, is used.

Figures 6 and 7 show the results of OGT scenario (Case I-A) and the associated non-
OGT scenario (Case II-A), where the groundwater table GWTy in the OGT scenario
is higher than the project level GWT py; by 3 m. As shown in Fig. 6, when GWT), is
mistakenly assigned the same as GWT and also higher than the project level (i.e., Case
I-A), the computed LPI would be underestimated, with all the computation points falling
on lower side of the diagonal line where LPI s are equal in Cases I-A and II-A. The
average error in LPI computation of Case I-A is —17.3% (underestimated liquefaction
potentials), for all the 331 boreholes evaluated.

Figure 7 shows distributions in area of computed liquefaction potentials for Cases
I-A and II-A. The liquefaction potentials are divided into three levels, based on Iwasaki
et al. (1982), where “LPI < 5” is for low liquefaction risk and shown in GREEN
color, “5 < LPI < 15” is for high liquefaction risk and shown in YELLOW color,
and “15 < LPI” is for very high liquefaction risk and shown in RED color. As seen,
the computed liquefaction potentials for Case I-A are generally decreasing due to OGT
assumption and GWTy higher than the project level. In terms of computed areas, the
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Fig. 6. Calculated indices of liquefaction potential with OGT (case I-A) and without OGT (case
II-A) assumptions where the GWT)) in case I-A is higher than its actual level by 3 m
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Fig. 7. Calculated areas of liquefaction potential category with OGT (case I-A) and without OGT
(case II-A) assumptions where the GWT|) in case I-A is higher than its actual level by 3 m

decrement in liquefaction potentials could be attributed to 8.0% reduction in RED zone,
as well as 3.9% and 4.1% increments in YELLOW and GREEN zones, respectively.
Figures 8 and 9 show the results of OGT scenario (Case I-B) and the associated non-
OGT scenario (Case II-B), where the groundwater table GWTj in the OGT scenario
is lower than the project level GWTy py; by 3 m. As shown in Fig. 8, when GWTj is
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mistakenly assigned the same as GWT and also lower than the project level (i.e., Case
I-B), the computed LPI would be overestimated, with all the computation points falling
on upper side of the diagonal line where LPI s are equal in Cases I-B and II-B. The
average error in LPI computation of Case I-B is +24.3% (overestimated liquefaction
potentials), for all the 331 boreholes evaluated.
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Fig. 8. Calculated indices of liquefaction potential with OGT (case I-B) and without OGT (Case
II-B) assumptions where the GWT|) in case I-B is lower than its actual level by 3 m
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Fig. 9. Calculated areas of liquefaction potential category with OGT (case I-B) and without OGT
(case II-B) assumptions where the GWTy) in case I-B is lower than its actual level by 3 m
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Figure 9 shows distributions in area of computed liquefaction potentials for Cases [-B
and II-B. Similarly, the liquefaction potentials are divided into three levels, i.e., GREEN
(LPI <5), YELLOW (5 < LPI < 15), and RED (15 < LPI). As seen, the computed
liquefaction potentials for Case I-B are generally increasing due to OGT assumption
and GWT) lower than the project level. In terms of computed areas, the increment in
liquefaction potentials could be attributed to 1.1% and 12.4% increases in RED and
YELLOW zones, respectively, as well as 13.5% reduction in GREEN zone.

5 Conclusions

This paper addresses the issue of misuse of groundwater table in the evaluation of soil
liquefaction. The groundwater table during subsurface exploration and testing, GWTy, is
used for assessment of cyclic resistance (or strength) of soils, but is often times assigned
the same as the groundwater table assumed in the analysis, GWT, for estimating cyclic
stress (or load) due to seismic shaking. The misuse would lead to erroneous results which
contradict with the intuitions. Some key points and findings of the study are summarized
as follows:

e Routine liquefaction analysis procedures generally involve separate evaluations of
cyclic resistance ratio of soils (CRR) and cyclic stress ratio due to seismic shaking
(CSR). A factor of safety against liquefaction (Fr) is obtained by the ratio of the
above two, at a given depth of concern, and then integrated with depth to assess the
liquefaction potential index (LPI) for the deposit.

e The groundwater table during exploration and testing (GWTy) is used to calculate
the effective stress and to assess the resistance or strength of soils, CRR, at the depth
of concern. The increase in GWT, will decrease effective stress, which in turn will
increase CRR and F, and thus decrease LPI.

e The groundwater table assumed in the analysis (GWT) is used to calculate the effective
stress and to estimate the load of shaking, CSR, at the time earthquake. The increase
in GWT will decrease effective stress, which in turn will increase CSR, decrease F7p,
and thus increase LPI.

e These groundwater tables serve different functions in the analysis, so as to their
influences on the assessed safety factor and liquefaction potential. Hence, GWT( and
GWT should not be misused.

e General practices in liquefaction analysis would often times assign GWT the same as
GWT, called as one-groundwater-table (OGT) scenario; in which GWTy, and CRR of
soils as well, will go with GWT assumed in the analysis for estimation of CSR. Due
to different rates of change of groundwater tables on the computed of safety factor
and liquefaction potential, results of assessment would be erroneous.

e With OGT assumption and GWTj higher than actual level, the CRR of soils would
be overestimated, thus leading to overestimated F; and underestimated LPI. Alter-
natively, with OGT assumption and GWT lower than actual level, the CRR of soils
would be underestimated, and thus leading to underestimated F7 and overestimated
LPI. Both of the above are erroneous and contradictory to intuitions.
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e Based on results of current study, the LPI could be reduced by 10-30% for the case
of OGT scenario and GWT) is 3 m higher than the actual level; or alternatively, the
LPI could be increased by 5-45% for the case of OGT scenario and GWTj is 3 m
lower than the actual one.
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