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Preface

CEN committee TC250 is currently working on an update of the Eurocodeso8uhittee SC10,

in charge of updating EN 199®4sis of structural andeotechnical designhas installed a
working group to produce a backgr ouBadkgrodm@s u me n
of the Eurocodesodo, with the intention to docu
all Eurocodesand the mplementation of reliability aspects in them. As part of that effort,
guantitative information on the inherent variability and uncertainty in loads, material properties and
models is compiled. ISSMGIEC304 identified this as an opportunity to provide aergiew of

the relevant information available in the geotechnical literasud as the statistics of soil/rock
properties The EPRI TR105000 report (Phoon et al. 199%ovided an overview of the statistics

of inherent soil properties and measuremerdrgribut these statistics haveot yet been updated
systematically since 199&\so, rock properties were not covered by the II8000 report. Other

than soil/rock propertieand measurement errpthere are also other important statistics, such as

the satistics oftransformation uncertails and model factors.

The current technical report ientitled fiStateof-the-Art Review of Inherent &friability and
Uncertainty in @otechnicalProperties and Models It contains the following seven chapters as

shownin the following table.

Table P1. Titles of theseven chapteris thereport

Chap| Title Contributors
1 Site-specific statistics for Zheng Guan, Y*Chi Chang,yu Wang(lead), Adeyemi Aladejare
geotechnical properties Dongming Zhang, and Jianye Ching

2 Site-specific correlations betweg Yelu Zhou, Dongming Zhang (lead), and Jianye Ching
soil/rock properties

3 Summary of random field Armin W. Stuedlein (lead), Brigid Cami, Diego Di Curzio, Sina|
parameters of geotechnical Javankhoshdel, Shichi Nishimura, Wojciech Pula, Giovanna
properties Vessia, Yu Wang, and Jianye Ching

4 Statistics for geotechnical desig| ChongTang(lead) and Richard Bathurst
model factors

5 Statistics for transformation Jianye Chindlead) and Ali Noorzad
uncertainties

6 Determhing characteristic value| Zi-Jun Cao (lead), Jianye Ching, GHai Gao, Mikhail
of geotechnical parameters and| Kholmyansky, Ali Noorzad, Timo Schweckendiek, Johan Spra

resistance: an overview Mohammad Tabarroki, Xiaohui Tan, Yu Wang, Tengyuan Zha
andYan-Guo Zhou
7 Numerical &idences for Giovanna Vessia (lead), Ya®uo Zhou, Andy Leung, Wojciec

worstcase scale of fluctuation | Pula, Diego Di Curzio, Mochammad Tabarroki, and Jianye Chi

The current technical report has the following features:

1. It seves as an update for the TIR5000 report on the statistics of inherent soil properties.
Chaper 1 compiles he site-specificstatisticsfor univariate soil propertiehapter 3 compiles
the random field parameters (e.g., the scales of fluctuationpétiat variability of soilsMany
of the statistics are new.

2. It contains statisticshat are notcovered bythe TR105000 report. Chapter dompiles the
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site-specific statistics for some rocknd rock mass properties. Chapter 2 compiles the
site-specific orrelations between soil/rock properties. Chapter 5 compiles the statistics for
transformation uncertainties.

3. Chapter 4 compiles thetatistics of geotechnical design model factoShapter 6reviews
methods that etermire the characteristic valueefinedby the Eurocode 7. Chapter 7 reviews
somenumerical evidences for the woisdse scale of fluctuation.

Many of the newupdatesn #1 and #2 abovare based on the databases in 304dB, an-apess

database sharing initiative developed by ISSMGE TC304

http://140.112.12.21/issmge/tc304.htm?=6

While updating of the Eurocodes triggered the workrenpresent statef-the-art review, we trust
that the information contained will be a valuable resouncether codes of practice as well as for
researchers and practitioners in the field of geotechnical reliability.

We would like to acknowledge titeemendousfforts contributed bythe seven groups of experts
This report would not be possibléthout ther efforts

Editors
Jianye Ching (Chair of TC304, ISSMGE)
Timo Schweckendieknember of TC304, ISSMGE
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1. Site-specific statistics for geotechnical properties

Zheng GuanYu-Chi Chang Yu Wang, Adeyemi Aladejare, DongngiZzhang andJianye Ching

1.1 Introduction

The proper characterization of the variability of geotechnical properties for a specific site plays a
critical role in reliabilitybased design (RBD) of geotechnicaustures (e.g., Phoon and Kulhawy
1999; Baecher and Christian 200Fenton and Griffiths 2008; Cao et al. 201Blpwever, in
geotechnical site investigation, sigpecific measurement data are usually sparse and limited,
particularly for small or mediursized projects (e.g., Wang and Cao 2013). This leads to the
difficulty in obtaining meaningful sitspecific statistics (e.g., megn, and coefficient of variation,
COV) of geotechnical properties from s#pecific measurement data. To deal with these
challenges, sparse sigpecific data might be integrated with prior knowledge such as typical
ranges oft and COV (e.g., Phoon and Kulhawy 1999; Wang and Cao 20&3)underlines a need

to summarize the typical values of sgjgecificu and COV from previoustudies and reports.

The EPRI TR105000 report (Phoon et al. 1995), denoted bylDR00O0 later, complied statistics

of some soil properties from the literature. Since themil| property statistics have not been
systematically updated. Nonetheless, smu@/rock databases have been collected recently, as
shown in Tablel.1. The purpose of the current report is to extractspeific statistics from these
databases to serve as an update fedTH000.

Table 1.1. Soil/rock databases

. # dat # sites/
Database Reference Parameters of interest aa s1es

points studies
CLAY/10/7490 Ching and Phoon (2014) LL, PI, LI, Siv/Pa, Si/Pa S/Siv, S, Gk, Gu, By 7490 251 studies
SAND/7/2794 Ching et al. (2017) Dso, Cu, Dr, Siu/Pa, i, Getn, (N1)6o 2794 176 studies
ROCK/13 Aladejare and Wang (2017) r, Gs, laz, n, w,g, RL, S, Sht, Iss0, Sci, B, N
ROCK/9/4069 Ching et al. (2018) g n, R, S Sby, lssg Vp, Sci, B 4069 184 studies
ROCKMass/9/5876 Ching et al. (2020) RQD, RMR, Q, GSIEm, Eem, Eim, B, i G 5784 225 studies
CLAY/8/12225 Ching (2020) LL, PI, w, e,SiW/Pa, C, Cur, G/ 12225 427 studies
CLAY/12/3997 Ching (2020) LL PL LI Si/Pa S i/Pa /S v, Ko, B/S i, By, G, 3997 237 studies
Neo/(s iv/P2)
SAND/13/4113 Ching (20D) e D, siPas ip/EPDa’MTf?' E'ifJT‘:’Cll{‘/'liq' (N1)eo, Kowr, 4113 172 studies
SH.CLAY/11/4051 Zhang et al. (2020) LL, PI, LI, e,Ko, S jW/Pa, SiucsTyS iv, SuvsTyS jvs 4051 50 sites in
SucsT), SvsT), PIS iv Shanghai

r = density;n = Poisson ratiog = unit weight;f j = effective friction angles% = preconsolidation stress® = vertical effective
stress;swt = Brazilian tensile strengtsc = uniaxial compressive strength of intact rock)N= Ned/(s'v/P2)%% By = CPT pore
pressure ratio = o)/ (q-tv); Ce = compression indexCur = unload/reload index; &= coefficient of uniformity; ¢ = coefficient of
consolidation; B = median grain size; D= relative density; e = void rati&bmr = soil modulus determined by DMEbmm =
normalized bwvr = (EDMT/Pa)/(SIv/Pago'S; Epmt = soil modulus determined by PMEs = drained modulus of sandEepmtn =
normalized Bwr = (Epmt/Pa)/(S v/Pa)%; Edn = (E4/P»)/(s v/Py°5; Eam = dynamic modulus of rock masssnE= elasticity modulus of rock
mass; E= Y o u n aléssof inteotdock; & = deformation modulus of rock mass; Eundrained modulus of clay;s& specific
gravity; GSI = geological strength index; E slake durability index;sto = point load strength index for diameter 50 mm; K
atrest lateral eaht pressure coefficient; dir = dilatometer horizontal stress index; LI = liquidity index; LL = liquid limit; n =
porosity; Ma = effective constrained modulus determined by oedometer=Mormalized M = (Md/Ps)/(s\/P3°% Neo = corrected
SPTN; P2 = amospheric pressure = 101.3 kPa; Pl = plasticity inflex;specific penetration resistance from the CPT (unique to
China); Q = Qsystem; g = cone tip resistance; g corrected cone tip resistanceunde (q/Pa)/(sWPa)°5 qu = (q-ly) M &
normalized cone tip resistance; g (g-w2) /v @ effective cone tip resistance; R L-type Schmidt hammer hardness; RMR = rock
mass rating; RQD = rock quality designation;=SShore scleroscope hardness; -BP¥ standard penetration tesbhl count; $=
sensitivity; & = undrained shear strength for clay® = remouldeds;; W = hydrostatic pore pressure; @ CPTU pore pressure;
UCST =unconfined compression soil tegs = P-wave velocity; VST =vane shear tesiv = water content.

1
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To exract reliable statistics, only sites in the databases with morelthalata points are used.
There are also sites in the databases with more than 30 data points. -Bpedfte statistics for
these sites are considered to be very reliable. In Talllethere is a municipal database of
Shanghai (SFCLAY/11/4051).

1.2 Data Tables

The data tables for sispecific statistics of clay, sand, and rock properties are shown in the
Appendix. These sitgpecific statistics are extracted from the databaseSable 1.1. The
site-specific statistics in TR05000 are not included in these data tables.

1.3 Summary Figures

Based on the data tables in the Appendix, summary figures for clay, sand, and rock are developed.
These figures show the distributions of sifeecific statistics. Sitepecific statistics for more than

30 data points are marked as red, whereas those 80 tlata points are marked as yellow. The
city-specific statistics for this municipal database are shownluesc r o sxe s FOr compar
the results for TRLO5000 are also shown in the figures as grey triangles.

1.3.1 Figures for clay properties
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Figure 1.1. Statistics for Atterberg limits (PL and LL) of clays
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Figure 1.2. Statistics for water content (w) and liquidity index (bf)clays
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Figure 1.3. Site-specific statistics for plasticity index (PI) of clays
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Figure 1.5. Statistics for overconsolidation ratio (OCR) of clays

100 ‘ ‘
@ C_(>30samples)
[e} CC (10-30 samples)
801 v Cur (=30 samples) |
v C,, (10-30 samples)
~ 60r
o
= v @
O
O 40 i .O. L r ®
W e Q
L ]
20t ¥ )
0 i i L L
0 0.5 1 1.5 2

Mean of C_or C
c ur

2.5

Figure 1.6. Statistics for compression {Cand unloaereload (G) indices of clays
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Figure 1.8. Statistics for CPT tip resistance: @ ¢) and normalized tip resistanca:jof clays
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Figure 1.9. Statistics for CPT pore pressure coefficiend) (& clays
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Figure 1.10. Statistics for SPT blow count (N) of clays
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Figure 1.11 Statistics for bwvr, Epmt, and M of clays
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Figure 1.12 Statistics foilKo and Komr of clays

1.3.2 Figures for sard properties
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Figure 1.13 Statistics for void ratio (e) of sands
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Figure 1.14. Site-specific statistics for friction anglé Y of sands and clays

100 .
® N (>30 samples)
O N (10-30 samples)
80 w (N,)y, (=30 samples) | |
7 (N‘I)ED (10-30 samples)
4 TR-105000
~ 60 A
i F'y
>
8 i bt N
40 + A
vV Ay 4 .
% a4 .
2
20 © i
kv
0 : |
0 20 40 60 80

Mean of N or (N1 )50

Figure 1.15. Statistics for SPT blow count (N) of sands
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Figure 1.17. Statistics for bvr and Eewmt of sands
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Figure 1.18. Statistics foilKo andKpwmr of sands

1.3.3 Figures for intact rock properties
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1.3.4 Figures for rock mass properties
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Figure 1.23. Statistics for RQDbf rock masses
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Figure 1.24. Statistics for RMR, GSI, and Q of rock masses

100 103 [ 017

(Ab O 10-30 samples

80 - (e

60 &
b o

COV (%)

40t o ®

20 -

D L Il Il
107 10° 10" 102
Mean of Em (GPa)

Figure 1.25. Statistics for deformation modulus«{Eof rock masses

10



Sate-of-the-art review of inherent variability and uncertainty, March 2021
1.4 Summary Tables
Based on the sispecific statistics in the Appendix and those in-T0%000, summary tables
(Tables1.2, 1.3, and1.4) for clay, sand, and rock are developed. These summary tables summarize
the mean and range of thigesspecific statistics. For example, the first item in TabRindicates
that the sitespecific COVfor LL of clay rangs from 3.4-3%% with mean =15.68%. Note that these
tables are developed based on the combined results of Appendix &r@b060.

Table 1.2. Summary of sitespecific statistic$or clay

Property # # casegroup Site-specific mean Site-specific COV
groups Range Mean Range Mean  95% CI Range Mean 95% CI
LL (%) 103 10-2229 69 19.3158.6 55.6 24.7-95.1 3.4-39 156 4.8-35.1
PL (%) 87 10-299 41 13.9112.7 29.1 17.2-76.2 29381 135 3.935.0
Pl (%) 94 10-4044 93 6.2-60.8 29.0 10.556.2 6.5-57 23.5 6.8-47
w (%) 111 10-439 76 13.1-:120.2 43.5 13.77104.9 3.546 15.3 4.9-30
LI 49 10-2067 68 0.092.47 093 0.092.31 5.8-88 245 5.870.5
OCR 24 10-56 17 0.903.15 169 0.903.11 1.2-39 17.8 1.5-38.8
C. 18 17-136 53 0.192.15 063 019215 18.1-47.3 356 18.1-47.3
Cur 9 17-115 44 0.030.21 010 0.030.21 22.650.5 42.4 22.650.5
f (9 13 5-51 19 3-33.3 15.3 3-33.3 10-50 21.3 10-50
s (kPa) 91 9-393 59 6.3-712.8 148.0 7.2-558.4 6-56 28.2 9.9-53.5
s/Siv 45 10-352 27 0.051.14 039 0.061.07 3.2-39.4 20.8 5.0-39.3
S 17 10-384 51 2.2-38.6 8.8 2.2-38.6 12.463.4 30.8 12.463.4
Oc 11 47-53 50 1.2-2.1 1.65 1.2-2.1 16-40 28.4 16-40
O 9 - - 0.4-2.7 1.54 0.4-2.7 2-17 7.9 2-17
Ou 21 12-42 17 2.0413.2 599 2.0413.13 58398 175 5.8-39.7
Bq 26 11-47 20 0.17-0.99 057 0.180.96 6.558.3 20.3 6.6-55.8
SPT-N 11 12-61 27 175753 33.0 175753 15957 30.7 15.957
Eomr (MPa) 25 10-32 17 0.71-33.7 7.2 07632.36 4.6458 240 5.356.6
Epwr (MPa) 4 10-22 15 22.1-160.6 68.0 22.1-160.6 19.839.1 29.3 19.839.1
Md (MPa) 5 10-13 1 049460 266 049460 20.846.8 34.6 20.846.8
Ko 8 10-264 45 0.482.88 128 0.482.88 2.4-22 135 24220
Kbmt 47 10-50 18 1.3415.12 391 1.7012.69 6.2-49.4 18.2 6.3-40.6
Table 1.3. Summary of sitespecific statisticéor sand
Property # # casegjroup Site-specific mean Site-specific COV
groups Range Mean Range Mean 95% CI Range Mean 95% CI
e 6 11-17 14 047-0.63 055 047063 7-19.9 11.1 7-19.9
f 23 10-136 32 32.352 38.4 324515 4.2-125 7.9 4.3-12.4
Oc 49 102039 125 0.7-26 3.3 08513.17 17-81 39.7 17.077.4
Qcin 25 10-28 15 14.1-254.6 90.4 14.2247.4 11568 36.9 11.968
SPT-N 26 10-300 62 6.874 329 6.873.3 18462 34.3 18561.0
(N1)so 9 11-35 21 57-28.6 153 57-286 16.538.8 32.2 16.538.8
Eomr (MPa) 53 10-25 14 221714 26.2 5.6362.0 7-92 37.0 87-73.0
Epwr (MPa) 7 10-53 26 5.2426.1 126 52426.1 15.768 34.3 15.7-68
Ko 4 13-15 15 0.642.20 116 0.64220 25.836.9 33.1 25.836.9
Kbwmr 15 10-25 15 19283 151 19283 20-99 44.3 20-99
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Table 1.4. Summary of sitespecific statisticéor rock and rock mass

Proper # # cases/group Site-specificmean Site-specificCOV
operty groups Range Mean Range Mean 95% CI Range Mean 95% CI
n (%) 31 10-262 38 0.236.2 6.9 0.2-33.1 151151 50.1 2.7-114.7

> (KN 56 10-778 44 54301 246 18.028.1 0.4215 5.2 0.6-18.5
Vp(km/s) 32 10-27 15 0.81-6.03 3.90 120597 147447 14.1 2.1-40.7

Ru 23 10-355 53 26.362.6 399 26.362.2 3.0374 19.1 3.2-37.1

S 9 11-31 22 13.476.1 47.0 13.476.1 8.1-353 19.1 8.1-35.3
Iss0 (MPa) 58 10-1305 63 0.179.04 3.69 1.21:9.02 5.1:91.5 344 5.1:91.4
Ubt (MPa) 31 10-43 18 2.3519.4 923 32194 6.664.5 25.8 6.6-61.7
di (MPa) 116  10-470 29 1.92269 66.6 8.7-151.2 5.7-108.4 33.8 6.6-84.1
E (GPa) 53 10-99 26 0.13-85.9 24.37 0537749 3.873.7 334 3.867.6

RQD 43 10-80 21 25.695.8 65.6 26.392.8 4.8-1148 299 55108.9

RMR 55 10-330 31 20.381.2 53.7 25.2-81.2 4.7-46.8 21.3 6.2-39.1

GSI 22 10-111 23 13.664.5 444 14.064.2 3.057.0 19.9 3.1-56.4
Q 26 10-28 18 0137428 11.7 0.1670.17 17.6303.5 104.7 19.4-289.4

Em (GPa) 16 10-28 19 0.11-:35.1 13.6 0.11-35.1 14.7-103.0 55.6 14.7-103.0

1.5 References

Abdou, M., & Mahmoud, A. N. (2013). Correlation of Sandstone Rock Properties Obtained From Field and
Laboratory Tests. International Journal of Civil and Structural Engineering, 4(1), 1

Adebayo, B., & Umeh, E. C. (2007). Influence of Some Rock Properties on Blasting Perfodn@ase
Study. Journal of Engineering and Applied Science, 2(2141

Agarwd, K. B. (1967).The Influence of Size and Orientation of Sample on the Undrained Strength of
London Clay.(Ph.D.). University of London, London, UK.

Aggistalis, G., Alivizatos, A., Stamoulis, D., & Stournaras, G. (1980). Correlating uniaxial compressive
strength with schmidt hardness, point load index, young's modulus, and mineralogy of gabbros and
basalts (Northern Greece). Bulletin of the International Association of Engineering Geology, 22(1),
3-11.

Aladejare, A.E. and Wang, Y. (2017). Evaluation ofkrgmoperty variability. Georisk: Assessment and
Management of Risk for Engineered Systems and Geohazards, 1141), 22

Aladejare, A. E. (2020). Characterization of the petrographic and physicomechanical properties of rocks

from Otanmaki, FinlandGeotechital and Geological Engineerirftn Preses).

Aggistalis, G., Alivizatos, A., Stamoulis, D., & Stournaras, G. (1996). Correlating uniaxial compressive
strength with Schmidt hardness, point l oad ind
basalts forthern Greece). Bulletin of Engineering Geology and the Environment| 22, 3

Ajalloeian, R., & Mohammadi, M. (2013). Estimation of limestone rock mass deformation modulus using
empirical equations. Bulletin of Engineering Geology and the Environmgfa), 5641550.

Akbar, A., Arshad, M., & Clarke, B. G. (2008, Aprit4). Site Characterization Using CPT, DMT, SPT and
Laboratory Tests Results. Paper presented at the 3rd International Conference on Site Characterization
(ISC'3), Taipei, Taiwan.

Alexander L. G. (1960). Field and Laboratory Tests in Rock Mechanics. Paper presented at the 3rd
AustralianNew Zealand Conference on Soil Mechanics and Foundation Engineering, Sydney,
Australia.

12



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Al-Quadhi, A:A. A., & Janardhana, M. R. (2016§eotechnical Chacterization of the Volcaniclastic
Rocks in and around Taiz City, Yemen. Global Journal of Advanced Engineering Technologies and
Sciences, 3(4), 131.

Amundsen, T., Lunne, T., Christophersen, H. P., Bayne, J. M., & Barnwell, C. L. (1985). Advanced
Deepwater Soil Investigation at the Troll East Field. Paper presented at the Offshore Site Investigation,
London, UK.

Anderson, J. B., Ogunro, V. O., Detwiler, J. M., & Starnes, J. R. (2006). DMT Testing for the Estimation of
Lateral Earth Pressure in PiedmonsRleal Soils. Paper presented at the 2nd International Conference
on the Flat Dilatometer, Washington D.C.

Anderson, T. C. (1982). Discussion: C&tay Prediction of Undrained Strength. Journal of the
Geotechnical Engineering Division, 108(1)-920.

Arman, H., Ramazanoglu, S., & Akinci, A. (2007). Mechanical and physical properties of the Kandira stone,
Kandira, Turkey. Bulletin of Engineering Geology and the Environment, 66(3)3331

Arroyo, M., Di Mariano, A., Monaco, P., Devincenzi, M., & Perez (2008, April £4). SDMT-based Deep
Excavation Design. Paper presented at the 3rd International Conference on Site Characterization
(ISC'3), Taipei, Taiwan.

Arslan, M., Khan, S. M., & Yaqub, M. (2015). Prediction of durability and strength from Schmidtrre:bo
hammer number for limestone rocks from Salt Range, Pakistan. Journal of Himalayan Earth Sciences,
48(1), 913.

Aydin, A., & Basu, A. (2005). The Schmidt hammer in rock material characterization. Engineering Geology,
81(1), 114.

Azimian, A., & Ajalloeian, R. (2014). Empirical correlation of physical and mechanical properties of marly
rocks with P wave velocity. Arabian Journal of Geosciences, 8(4)-2069.

Azzouz, A. S., & Lutz, D. G. (1986). Shaft Behavior of a Model Pile in Plastic Empire Claysal ®f
Geotechnical Engineering, 112(4), 3896.

Azzouz, A. S., Baligh, M. M., & Ladd, C. C. (1982). Cone Penetration and Engineering Properties of The
Soft Orinoco Clay. Paper presented at the 3rd International Conference on the Behaviotghot€ff
Structures, Cambridge, Massachusetts, United States.

Baecher, G. B. & Christian, J. T. (2003). Reliability and statistics in geotechnical engineering. John Wiley &
Sons, Hoboken, New Jersey.

Bagde, M. N., Raina, A. K., Chakraborty, A. K., & Jethwa, J.200Q). Rock mass characterization by
fractal dimension. Engineering Geology, 62)] 14%155.

Balci, C., Copur, H., & Tuncdemir, H. (2004). Estimation of optimum specific energy based on rock
properties for assessment of roadheader performance. SouwthrAlfistitute of Mining and Metallurgy,
104(11), 63%42.

Baligh, M. M., Ladd, C. C., & Vivatrat, V. (1980). Cone Penetration in Soil Profiling. Journal of the
Geotechnical Engineering Division, 106(4), 4G1.

Baroni, M., & Almeida, M. de S. S. (2017)o@pressibility and Stress History of Very Soft Organic Clays.
Proceedings of the Institution of Civil EngineeiGeotechnical Engineering, 170(2), 1480.

Bartlett, S. F., & Lee, H. S. (2004 stimation of Compression Properties of Clayey Soils, S&é Malley,

13



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Utah (UT-04.28).

Bastola, S., & Chugh, Y. P. (2019hear Strength and Stiffness of Bedding Planes and Discontinuities in the
Immediate Roof Rocks Overlying the NO 6 Coal Seam in lllinois. Paper presented at the International
Symposium on Rocknd Mechanics, Montreal, Canada.

Basu, A., & Kamran, M. (2010). Point load test on schistose rocks and its applicability in predicting uniaxial
compressive strength. International Journal of Rock Mechanics and Mining Sciences, 47828.823

Basu, A., Cadstino, T. B., & Bortolucci, A. A. (2008). Evaluation of rock mechanical behaviors under
uniaxial compression with reference to assessed weathering grades. Rock Mechanics and Rock
Engineering, 42(1), 793.

Battaglio, M., Bruzzi, D., Jamiolkowski, M., & Ineellotta, R. (1986). Interpretation of CPT's and CPTU's.
Paper presented at the 4th International Geotechnical Seminar, Singapore.

Bearman, R. A. (1999). The use of the point load test for the rapid estimation of Mode | fracture toughness.
International durnal of Rock Mechanics and Mining Sciences, 36(2);2&7.

Been, K., Lingnau, B. E., Crooks, J. H. A., & Leach, B. (1987). Cone penetration test calibration for Erksak
(Beaufort Sea) sand. Canadian Geotechnical Journal, 24(451601

Begonha, A., & Sgueira Braga, M. A. (2002). Weathering of the Oporto granite: geotechnical and physical
properties. Catena, 49¢), 57-76.

Bell, F. G. (1978). The physical and mechanical properties of the fell sandstones, Northumberland, England.
Engineering Geology, 12-29.

Bell, F. G., & Lindsay, P. (1999). The petrographic and geomechanical properties of some sandstones from
the Newspaper Member of the Natal Group near Durban, South Africa. Engineering Geology, 53(1),
57-81.

Bell, F. G., Entwisle, D. C., & Culshaw, M5. (1997). A geotechnical survey of some British Coal Measures
mudstones, with particular emphasis on durability. Engineering Geology, 46(2)2915

Bieniawski, Z. T. (1978). Determining rock mass deformability: experience from case histories.ibnarnat
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 15(847237

Bihs, A., Marchetti, D., & Long, M. (2010). Interpretation of CPTU and SDMT in Organic, Irish Sails.

Bihs, A., Nordal, S., Boylan, N., & Long, M. (2013, Septemb&21). Interpretation of Consolidation
Parameters from CPTU Results in Sensitive Clays. Paper presented at the 4th International Conference
on Site Characterization 1S Porto de GalinhaBernamuco, Brazil.

Birid, K. (2014). Comparative Study of Rockdgls Deformation Modulus Using Different Approaches.
Paper presented at the 8th Asian Rock Mechanics Sympositbé, 8ttobor 2014, Sapporo, Japan.

Bjerrum, L. (1954). Geotechnical Properties of Norwegian Marine Clays. Géotechnique, 49), 49

Bjerrum, L. (1967). Engineering Geology of Norwegian Normdllgnsolidated Marine Clays as Related to
Settlements of Buildings. Géotechnique, 17(2),188.

Bjerrum, L., & Lo, K. Y. (1963). Effect of Again of the Sheairength Properties of a Normally
ConsolidatedClay. Géotechnique, 13(2), 1457.

Borsetto, M., Giuseppetti, G., Martinetti, S., Ribacchi, R., & Silvestri, T. (1983). Design and construction of
the Timpagrande Powerhouse. Rock Mechanics and Rock Engineering;1163.85

Bosco, G., & Monaco, P. (2016eptember B). Strain Moduli of Alluvial Soils from CPT, DMT, Vs, and

14



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Lab Tests. Paper presented at the 5th International Conference on Geotechnical and Geophysical Site
Characterization ISG, Gold Coast, Queensland, Australia.

Bozbey, I., & Togrol, E(2010). Correlation of standard penetration test and pressuremeter data: a case study
from Istanbul, Turkey. Bulletin of Engineering Geology and the Environment, 69(45ER5

Brahana, D. C., & Wang, J. (1998). Performance of In Situ Testing Methodesdittihg Deep Foundation
Capacity. Paper presented at the 1st International Conference on Site Characterization (ISC'98), Atlanta,
Georgia, USA.

Briaud, J. L. (1997). The National Geptechnical Experiment Sites at Texas A&M University: Clay and Sand,
A Sunmary (NGESTAMU-007).

Briaud, J. L., Nicks, J., Rhee, K., & Stieben, G. (2007). San Jacinto Monument Case History. Journal of
Geotechnical and Geoenvironmental Engineering, 133(11),-1337.

Cabrera, M., Combarros, M., & Macedo, A. (2013). ReliabilityPossuremeter Tests. Paper presented at
the 4th International Conference on Site CharacterizatiorlIRrto de GalinhaBernamuco, Brazil.

Cadling, L., & Odenstad, S. (1950). The Vane Borer. Paper presented at the Royal Swedish Institution,
Stockholm.

CamerorClarke, I. S., & Budavari, S. (1981). Correlation of rock mass classification parameters obtained
from borecore and situ observations. Engineering Geology, 1ZJ11953.

Cao, L. F, Chang, M. F., Teh, C. I, & Na, Y. M. (2001). Baalculation of consolidation parameters from
field measurements at a reclamation site. Canadian Geotechnical Journal, 389.755

Cao, L. F, Chang, M. F,, Teh, C. I, Choa, V., & Na, Y. M. (2008). Characterizatieclaimedsandfill by
seismicconetest. 3d International Conference on Site Characterization (ISC'3), Taipei, Taiwan.

Cao, L. F,, Peaker, S. M., & Ahmad, S. (2016, Septemi&r Bse of Flat Dilatometer in Ontario. Paper
presented at the 5th International Conference on Geotechnical and Gealp8itsicCharacterization
ISC-5, Gold Coast, Queensland, Australia.

Cao, Z., Wang, Y., and Li, D. (2016). Sipecific characterization of soil properties using multiple
measurements from different test procedures at different locatign8ayesian sequeial updating
approach. Engineering Geology, 211, 11%1.

Carrassco, A. L., Soto, A. R., & Torres, M. (2006). Geotechnical Correlations in Madrid Soil from SPT and
Pressuremeter Tests. Paper presented at the 2nd International Conference on the Fatdjlato
Washington D.C.

Cavallaro, A., Grasso, S., & Ferraro, A. (2016, Septemkgx. Study on Seismic Response Analysis in
ivincenzo Bellinid Garden area by Seismic Dil a
International Conference on Gedbmical and Geophysical Site Characterization-8@old Coast,
Queensland, Australia.

Cavallaro, A., Grasso, S., & Maugeri, M. (200&)lay Soil Characterization by The New Seismic
Dilatometer Marchetti Test (SDMT). Paper presented at the 2nd Interla@onference on the Flat
Dilatometer, Washington D.C.

Ceryan, N., Okkan, U., & Kesimal, A. (2012). Prediction of unconfined compressive strength of carbonate
rocks using artificial neural networks. Environmental Earth Sciences, 68(331807

Ceryan, S.Zorlu, K., Gokceoglu, C., & Temel, A. (2008). The use of cation packing index for characterizing

15



Sate-of-the-art review of inherent variability and uncertainty, March 2021
the weathering degree of granitic rocks. Engineering Geology;28@0-74.

Chang, M. F. (1991). Interpretation of overconsolidation ratio from in sita ledRecent clay deposits in
Singapore and Malaysia. Canadian Geotechnical Journal, 28(222510

Chapman, G. A., & Donald, I. B. (1981, Junell®. Interprtation of Static Penetration Test in Sand. Paper
presented at the 10th International Conferenne Smil Mechanics and Foundation Engineering,
Stockholm.

Chatziangelou, M., Christaras, B., Dimopoulos, G., Soulios, G., & Kilias, A. (2@port of unstable
wedges along the Platamon railway tunnel under construction, in northern Greece. Enginesdgg Ge
65(4), 233243.

Chen, C. S., & Hsu, S. C. (2001). Measurement of Indirect Tensile Strength of Anisotropic Rocks by the
Ring Test. Rock Mechanics and Rock Engineering, 34(4),32943

Chen, B. S., & Mayne, P. W. (1994). Profiling the OverconsolidaRatio of Clays by Piezocone Tests
(GIT-CEEGEQ91-1).

Cheshomi, A., & Ghodrati, M. (2014). Estimating Menard pressuremeter modulus and limit pressure from
SPT in silty sand and silty clay soils. A case study in Mashhad, Iran. Geomechanics and
Geoengineeng, 10(3), 19402.

Chin, C. T., Cheng, T. Y, and Liu, C. J. (1989). Relationship between undrained shear strength and
overconsolidation retio of Taipei silt. Journal of the Chinese Institue of Civil and Hydraulic Engineering,
1(3), 245250.

Chin, C. T,, uann, S. W., & Kao, T. C. (1988). SEPT Correlations for Granular Soils. Paper presented at
the 1st International Symposium on Penetration Testing, Orlando, USA.

Chin, C., Crooks, J., & Moh, Z. (1994). Geotechnical properties of the cohesive Sungsbsits d€gipei.
Geotechnical Engineering, 25(2).

Ching, J. and Phoon, K.K. (2014). Transformations and correlations among some parameters dhelays
global database. Canadian Geotechnical Journal, 51(6H&®%3

Ching, J., Lin, G.H., Chen, J.R., andd®h, K.K. (2017). Transformation models for effective friction angle
and relative density calibrated based on a multivariate database of-g@ansel soils. Canadian
Geotechnical Journal, 54(4), 4801.

Ching, J., Li, K.H., Phoon, K.K., and Weng, M.@0(8). Generic transformation models for some intact
rock properties. Canadian Geotechnical Journal, 55(12),-1702.

Ching, J. (2020). Unpublished databases.

Chitty, D. E., Blouin, S. E., Sun, X., & Kim, K. J. (1994). Laboratory Investigation and Asabjshe
Strength and Deformation of Joints and Fluid Flow in Salem Limestone {DRI83-63).

Chun, B:S,, Lee, Y-J., Seo, DD., & Lim, B.-S. (2006).Correlation deformation modulus by PMT with
RMR and rock mass condition. Tunnelling and Undergroundé&pechnology, 21¢3), 23£232.

Chun, B:S., Ryu, W. R., Sagong, M., & Do,-N. (2009). Indirect estimation of the rock deformation
modulus based on polynomial and multiple regression analyses of the RMR system. International
Journal of Rock Mechanics @mMining Sciences, 46(3), 64558.

Chung, S. G., Ryu, C. K., Jo, K. Y., & Huh, D. Y. (2005). Geological and Geotechnical Characteristics of
Marine Clays at the Busan New Port. Marine Georesources & Geotechnology, 23{3%1235

16



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Clough, G. W., & Denby, GM. (1980). SeHBoring Pressuremeter Study of San Francisco Bay Mud.
Journal of the Geotechnical Engineering Division, 106(1)635

Cooling, L. F., & Skempton, A. W. (1942). A Laboratory Study of London Clay. Journal of the Institution of
Civil Engineers 17(3), 251276.

Coon, R. F. (1968). Correlation of Engineering Behavior with the Classification-ssfuirRock. (Ph.D).
University of lllinois, Urbana, lllinois.

Coutinho, R. Q., Bello, M. I. M., & Pereira, A. C. (2006). Geotechnical InvestigatioheoRecife Soft
Clays by Dilatometer Tests. Paper presented at the 2nd International Conference on the Flat Dilatometer,
Washington D.C.

Coutinho, R. Q., Bello, M. I. M., & Soares, F. L. (2008). Geotechnical Investigation of the Recife Soft Clays
by Piezocoe Tests. Paper presented at the 3rd International Conference on Site Characterization, Taipei,
Taiwan.

Cozzolino, E. V. M. (1961). Statistical Forecasting of Compression Index. Proceeding of the 5th
International Conference on Soil Mechanics and Found&iwineering, Paris, 1, 83.

Cruz, I. R. (2009). An Evaluation of Seimic Flat Dilatometer and Lateral Stress Seismic Piezocone. (MASc).
University of British Columbia (Vancouver), Vancouver.

, & . (1996). . [Geotechnical Propges of
the Clay Deposits from #itu Test on Keelung River Reclaimed Land]. (54), 5566.

da Fonesca, A. V., & Coutinho, R. Q. (2008, Apr#ll Characterization of Residual Soils. Papeispnted
at the 3rd International Conference on Site Characterization (ISC'3), Taipei, Taiwan.

Danielsen, B. E., & Dahlin, T. (2009). Comparison of geoelectrical imaging and tunnel documentation at the
Hallandsas Tunnel, Sweden. Engineering Geology, 19Y,(318129.

DeGroot, D. J., & Lutenegger, A. J. (2002). Geology and Engineering Properties of Connecticut Valley
Varved Clay. Paper presented at the International Workshop on Characterisation and Engineering
Properties of Natural Soils, Singapore.

DehghanS., Sattari, G., Chehreh Chelgani, S., & Aliabadi, M. A. (2010). Prediction of uniaxial compressive
strength and modulus of elasticity for Travertine samples using regression and artificial neural networks.
Mining Science and Technology (China), 20(11,46.

del Potro, R., & Hurlimann, M. (2008). Geotechnical classification and characterisation of materials for
stability analyses of large volcanic slopes. Engineering Geology2Q8(417.

Di Mariano, A., Amoroso, S., Arroyo, M., Monaco, P., & Gens, (2019). SDMTBased Numerical
Analyses of Deep Excavation in Soft Soil. Journal of Geotechnical and Geoenvironmental Engineering,
145(1).

Diamantis, K., Bellas, S., Migiros, G., & Gartzos, E. (2011). Correlating Wave Velocities with Physical,
Mechanical Prperties and Petrographic Characteristics of Peridotites from the Central Greece.
Geotechnical and Geological Engineering, 29(6), 10362.

Diamantis, K., Gartzos, E., & Migiros, G. (2009). Study on uniaxial compressive strength, point load
strength indexdynamic and physical properties of serpentinites from Central Greece: Test results and
empirical relations. Engineering Geology, 108(3199207.

Din-er, K., Acar , A. & Ur al , S. (2008) . Esti mat

17



Sate-of-the-art review of inherent variability and uncertainty, March 2021
cdiche deposits. Bulletin of Engineering Geology and the Environment, 67(33&53

Din-er, ., Acar , A. ¢obanoj !l u, ., & Ur as, Y.
compressive strength and Yo un gftssBulletm @fuEngineerinfor a
Geology and the Environment, 63(2), 1#48.

Eden, W. J., & Crawford, C. B. (1957). Geotechnical Properties of Leda Clay in the Ottawa Area. Paper
presented at the 4th International Conference on Soil Mechanics and Fougahafioeering, London.

Eden, W. J., & Hamilton, J. J. (1957). The Use of A Field Vane Apparatus in Sensitive Clay. In Symposium
on Vane Shear Testing of Soils (pp-33): A.S.T.M.

El-Naga, A. (1996). Assessment of geomechanical characterization of a @&k using a seismic
geophysical technique. Geotechnical and Geological Engineering, 14(40291

El-Naga, A., & Al Kuisi, M. (2002). Engineering geological characterisation of the rock masses at Tannur
Dam site, South Jordan. Environmental Geology, # B¥-826.

Endait, M., & Juneja, A. (2014). New correlations between uniaxial compressive strength and point load
strength of basalt. International Journal of Geotechnical Engineering, 9(435348

Exadaktylos, G., Stavropoulou, M., Xiroudakis, G., dmisia, M., & Schwarz, H. (2008). A spatial
estimation model for continuous rock mass characterization from the specific energy of a TBM. Rock
Mechanics and Rock Engineering, 41(6), -B3A.

Fenton, G. A., & Griffiths, D. V. (2008). Risk assessment intg@mical engineering. John Wiley & Sons,
New York, USA.

Finno, R. J. (1989). Subsurface Conditions and Pile Installation Data. 1989 Foundation Engineering
Congress Test Section. Geotechnical Special Publication(Z3)), 1

Finno, R. J., & Chung, C. K. (129) . Stress Strain Strength Respons
Clays.Journal of Geotechnical Engineering, (1@, 16071625.

Foa, S. B., Passos, P. G. O., Assis, A. P., & Farias, M. M. (2004). Site Characterisation foiBluldire]
Interaction Poblem in Brazil. Paper presented at the 2nd International Conference on Site
Characterization, Porto, Portugal.

Frough, O., & Torabi, S. R. (2013). An application of rock engineering systems for estimating TBM
downtimes. Engineering Geology, 157, 11123.

Frough, O., Torabi, S. R., & Yagiz, S. (2014). Application of RMR for Estimating fRéas$s Related TBM
Utilization and Performance Parameters: A Case Study. Rock Mechanics and Rock Engineering, 48(3),
13051312.

Geotechnical Engineering Office (GEO), 19&ut slopes 11 NWA/C55 and C56 Ching Cheung Road,
Unpublished. Civil Engineering and Development Department of the Government of the Hong Kong
Special Administrative Region.

Ghionna, V. N., & Jamiolkowski, M. (1991). A Critical Appraisal of Calibratidma@ber Testing of Sands.
Paper presented at the 1st International Symposium on Calibration Chamber Testing, Potsdam, New
York.

Ghosh, D. K., & Srivastava, M. (1991pointload strength: An index for classification of rock material.
Bulletin of the Interndonal Association of Engineering Geology, 44(1);3%

Giacheti, H. L., Peixoto, A. S. P, Mio, G. D., & Carcalho, D. d. (2006). Flat Dilatometer Testing in Brazilian

18



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Tropical Soils. Paper presented at the 2nd International Conference on the Flat&@égtovashington
D.C.

Giao, P. H., & Hien, D. H. (2007). Geotechnical characterization of soft clay along a highway in the Red
River. Lowland Technology International, 9(1),-238.

Gorski, B., Conlon, B., & Ljunggren, B. (2007). Forsmark Site Investigafimiermination of the Direct
and Indirect Tensile Strength on Cores from Borehole KFMO1D7([?6).

Greeuw, G., Smits, F. P., & Van Driel, P. (1988). Cone Penetration Test in Dry Oostershelde Sand and The
Relation with A Cavity Expansion Model. Paper prted at the 1st International Symposium on
Penetration Testing, ISOPIT Orlando.

Gregersen, O., & Lgken, T. (1979). The quitly slide at Baastad, Norway, 1974. Engineering Geology,
14(23), 183196.

Gupta, V., & Sharma, R. (2012). Relationship betwisadtural, petrophysical and mechanical properties of
quartzites: A case study from northwestern Himalaya. Engineering Geolog¥363%9.

Hanzawa, H. (1979). Undrained Strength Characteristics of an Alluvial Marine Clay in the Tokyo Bay. Soils
and Foudations, 19(4), 684.

Hasancebi, N. (2016). Effect of Porosity on Uniaxial Compressive Strength of Sasaltic Rock from
Diyarbakir, Turkey. In R. Ulusay, O. Aydan, H. Gergek, M. Ali Hindistan, & E. Tuncay (Eds.), Rock
Mechanics and Rock Engineering: Frora fPast to the Future (1 ed., pp. 33M): CRC Press.

Hashemi, M., Moghaddas, S., & Ajalloeian, R. (2009). Application of Rock Mass Characterization for
Determining the Mechanical Properties of Rock Mass: a Comparative Study. Rock Mechanics and Rock
Engineering, 43(3), 305320.

Hassanpour, J., Rostami, J., Khamehchiyan, M., Bruland, A., & Tavakoli, H. R. (2009). TBM Performance
Analysis in Pyroclastic Rocks: A Case History of Karaj Water Conveyance Tunnel. Rock Mechanics
and Rock Engineering, 43(4), 4245

Heidari, M., Momeni, A. A., Rafiei, B., Khodabakhsh, S., & TorHbiveh, M. (2012). Relationship
Between Petrographic Characteristics and the Engineering Properties of Jurassic Sandstones, Hamedan,
Iran. Rock Mechanics and Rock Engineering, 46(5), 1104911

Hight, D. W., McMillan, F., Powell, J. J. M., Jardine, R. J., & Allenou, C. P. (2003). Some Characteristics of
London Clay. In T. S. Tan, K. K. Phoon, D. W. Hight, & S. Leroueil (Eds.), Characterisation and
Engineering Properties of Natural Soils (V@] pp. 851907). Netherlands: Balkema, A A.

Houlsby, G. T., & Hitchman, R. (1988). Calibration chamber tests of a cone penetrometer in sand.
Géotechnique, 38(1), 3%4.

Huang, A. B. (1991). Calibration Chamber Testing: Proceedings of the First Inteahadigmposium on
Calibration Chamber Testing/ISOCCT1, Potsdam, New Yorikk28une 1991: Elsevier.

Huang, A. B., Hsu, H. H., & Chang, J. W. (1999). The Behaviour of A Compressible Silty Fine Sand.
Canadian Geotechnical Journal, 36(1),184.

Huang, A.B., Hsueh, CK., O'Neill, M. W., Chern, S., & Chen, C. (2001). Effects of Construction on
Laterally Loaded Pile Groups. Journal of Geotechnical and Geoenvironmental Engineering, 127(5),
385-397.

Huntsman, S. R., Mitchell, J. K., & Klejbuk Jr., L. W. (1986ateral Stress Measurement During Cone

19



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Penetration. Paper presented at the In Situ'86, Virginia Tech, Blackburg, Virginia.

Isik, N. S., Doyuran, V., & Ulusay, R. (2008). Assessment of deformation modulus of weak rock masses
from pressuremeter tests andssdc surveys. Bulletin of Engineering Geology and the Environment,
67(3), 293304.

Iwasaki, K., Tsuchiya, H., Sakai, Y., & Yammamoto, Y. (1991, Septemk@). 3pplicability of the
Marchetti Dilatometer Test to Soft Ground in Japan. Paper presentedrtethational Conference on
Geotechnical Engineering for Coastal Development: Theory and Practice on Soft Ground
(GEO-COAST'91), Yokohama, Japan.

Jacob, K., & G, H. (2016). Study on the Relationaship of Compression Index from Water Content, Atteberg
Limits and Field Density for Kuttanad Clay. International Journal of Innovative Research in Technology,
3(4), 3338.

Jafari, A., Mollaee, M., & Shamsi, H. (2007). Investigation into ground convergence effect on TBM
oerformance in squeezing ground. Paper presdeait the 11th Congress of the International Society for
Rock Mechanics,-43 July, 2007, Lisbon, Portugal.

Jhanwar, J. C., Jethwa, J. L., & Reddy, A. H. (2000). Influence afegk blasting on fragmentation in
jointed rocks in an opepit manganese mi Engineering Geology, 57¢)), 1329.

Jizba, D. L. (1991). Mechanics and Acoustical Properties of Sandstones and Shales. (Ph.D.). Stanford
University,

JordaBordehore, L. (2017). Stability Assessment of Natural Caves Using Empirical Approaches and Rock
Mass Classifications. Rock Mechanics and Rock Engineering, 50(8,225413

JordaBordehore, L., Toulkeridis, T., Romefrespo, P. L., JordBordehore, R., & GarcaGarizabal, 1.
(2016). Stability assessment of volcanic lava tubes in the Galdpagos amgjimeering rock mass
classifications and an empirical approach. International Journal of Rock Mechanics and Mining
Sciences, 89, 567.

Judeel, G. d. T. (2003). Study of the effects of shaft pillar extraction on a vertical shaft located in highly
stratified and poor quality rock masses. Paper presented at the 10th International Congress on Rock
Mechanics, Jonhannesburg, South Africa.

Kahraman, S. (2001). Evaluation of simple methods for assessing the uniaxial compressive strength of rock.
International durnal of Rock Mechanics and Mining Sciences, 38(7); 381

Kahraman, S., & Alber, M. (2006). Estimating unconfined compressive strength and elastic modulus of a
fault breccia mixture of weak blocks and strong matrix. International Journal of Rock Ntechad
Mining Sciences, 43(8), 1271287.

Kahraman, S., Fener, M., & Gunaydin, O. (200Rjedicting the sawability of carbonate rocks using
multiple curvilinear regression analysis. International Journal of Rock Mechanics and Mining Sciences,
41(7), 11231131.

Kahraman, S., Gunaydin, O., & Fener, M. (200B)e effect of porosity on the relation between uniaxial
compressive strength and point load index. International Journal of Rock Mechanics and Mining
Sciences, 42(4), 58889.

Kaiser, P. K., MacKay, C.& Gale, A. D. (1986). Evaluation of rock classifications at B. C. Rail tumbler
ridge tunnels. Rock Mechanics and Rock Engineering, 19(4)2285

20



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Kamei, T., & Tanaka, M. (2003). The Interpretation of The Flat Dilatometer Tests in Ariake Clay, Southwest
Japan. Memoirs of the Graduate School of Science and Engineering Shimane University. Series A, 37,
1-6.

Kasim, M., & Shakoor, A. (1996). An investigation of the relationship between uniaxial compressive
strength and degradation for selected rock typesnEagng Geology, 44(4), 213227.

Kavur, B., Gtambuk Cvitanovil, N., & Hrgenjak, P.
jack test results of rock mass deformation modulus. International Journal of Rock Mechanics and
Mining Sciences, 3, 102114.

Keffeler, E. R. (2014)Measurement and Prediction of-8itu Weak Rock Mass Modulus: Case Studies
from Nevada, Puerto Rico, and Iran. (Ph.D. doctoral dissertation). University of Nevada, Reno, Reno,
Nevada, USA. (UMI 3638210)

Kelly, R. B., Pineda, J. A., Bates, L., Suwal, L. &.Fitzallen, A. (2017). Site characterisation for the
Ballina field testing facility. Géotechnique, 67(4), 2300.

Khabbazi, A., Ghafoori, M., Lashkaripour, G. R., & Cheshomi, A. (2013). Estimation of the rock mass
deformation modulus using a rock cldgsition system. Geomechanics and Geoengineering, 8(1),
46-52.

Khaksar, Griffiths, & McCann. (1999). Compressioraid sheawave velocities as a function of confining
stress in dry sandstones. Geophysical Prospecting, 47(450837

Khanlari, G., & Abdior, Y. (2011). Estimation of Strength Parameters of Limestone Using Artificial Neural
Networks and

Khanlari, G., meybodi, R. G., & Mokhtari, E. (2012). Engineering geological study of the second part of
water supply Karaj to Tehran tunnel with emphasissqneezing problems. Engineering Geology,
145146, 917.

Kinner, E. B. (1970)Load-Deformation Behavior of Saturated Clays During Undrained SliPactor of
Science). Massachusetts Institute of Technology.

Kinner, E. B. (1970). LoatDeformation Behavioof Saturated Clays During Undrained Shear. (Doctor of
Science). Massachusetts Institute of Technology.

Kiran Jacob, Hari G (2016). Study on the relationship of shear strength from water content, Atterberg limits
and field density for Kuttand clay. Interi@tal Journal of Innovative Research in Technology, 3(4),
33-38.

Kitagawa, T., Kumeta, T., Ichizyo, T., Soga, S., Sato, M., & Yasukawa, M. (1991). Application of
Convergence Confinement Analysis to the study of preceding displacement of a squeezingnedck tu
Rock Mechanics and Rock Engineering, 24(1}531

Klanphumeesri, S. (2010). Direct Tension Testing of Rock Specimens. (M.Eng.). Suranaree University of

Technology.

Kocbay, A., & Kilic, R. (2006). Engineering geological assessment of the Obruk ta(Cerum, Turkey).
Engineering Geology, 87, 14148.

Ko-kar, M. K., & Akgg¢n, H. (2003a). Engineering g
southern Turkey. Engineering Geology, 68(3 141158.

Kocgkar, M. K., & Akguin, H. (2003b). Miaodology for tunnel and portal support design in mixed limestone,
schist and phyllite conditions: a case study in Turkey. International Journal of Rock Mechanics and

21



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Mining Sciences, 40(2), 17B96.

Koncagul, E. C., & Santi, P. M. (1999). Predicting thcanfined compressive strength of the Breathitt
shale using slake durability, Shore hardness and rock structural properties. International Journal of Rock
Mechanics and Mining Sciences, 36(2), 11338.

Konrad, J. M., & Law, K. T. (1987a). Undrained shdaersgth from piezocone tests. Canadian Geotechnical
Journal, 24(3), 39205.

Konrad, J. M., & Law, K. T. (1987b). Preconsolidation pressure from piezocone tests in marine clays.
Géotechnique, 37(2), 17190.

Koutsoftas, D. C., & Ladd, C. C. (1985). Desigtrengths for an Offshore Clay. Journal of Geotechnical
Engineering, 111(3), 33355.

Koutsoftas, D. C., Foott, R., & Handfelt, L. D. (1987). Geotechnical Investigations Offshore Hong Kong.
Journal of Geotechnical Engineering, 113(2),185.

Kramadibrata,S., Saptono, S., Wattimena, R. K., Simangunsong, G. M., & Sulistianto, B. (2011, October
18-21). Developing a Slope Stability Curve of Open Pit Coal Mine by Using Dimensional Analysis
Method. Paper presented at the 12th International Congress on RocknidsciSRM, Beijing, China.

Ku, T., & Mayne, P. W. (2015). In Situ Lateral Stress Coefficient (KO) from Shear Wave Velocity
Measurements in Soils. Journal of Geotechnical and Geoenvironmental Engineering, 141(12).

Kulhawy, F. H., & Mayne, P. W. (1990). Maal on Estimating Soil Properties for Foundation DesiipRI
Report EL-6800,Electric Power Research Inst., Palo Alto, @hited States

Phoon, KK., Kulhawy, FH., and Grigoriu, MD. (1995). Reliability-basedDesign of Foundations for
TransmissiorLine Structures. EPRReportTR-10500Q Electric Power Research Inst., Palo Alto, CA
United States

Kumar, S., Kumar, K., & Dogra, N. N. (2017/Rock mass classification and assessment of stability of
critical slopes on national highw&2 in Himachal Pradesidournal of the Geological Society of India,
89(4), 407412.

Kumari, W. G. P., Ranjith, P. G., Perera, M. S. A., & Chen, B. K. (2016). Investigation on temperature
dependent mechanical behaviour. In R. Ulusay, O. Aydan, H. Gergek, M. Ali Hindistan, &nEayr
(Eds.), Rock Mechanics and Rock Engineering: From the Past to the Future (1 ed.;258)253

Kuo, C. C.(1994). (DMT) . (MSc). National Taiwan University,
Taipei, Taiwan.

Kurtulus, C., Bozkurt, A., & Endes, H. (2011). Physical and Mechanical Properties of Serpentinized
Ultrabasic Rocks in NW Turkey. Pure and Applied Geophysics, 169(75;11215.

Kurtul us, C. , Cakl r, S. , & Yojurtcuojl u, A . C. (
Mechanical Properties. Soil Mechanics and Foundation Engineering, 52(6353848

Lacasse, S., & Lunne, T. (1982). Penetration Tests in Two NpamweClays. Paper presented at the 2nd
European Symposium on Penetration Testing, Amsterdam.

Ladd, C. C. (1972). Test embankment on sensitive clay. Paper presented at the Specialty Conference on
Performance of Earth and EaiSlupported Structures, Purduaeiiersity, Lafayette, Indiana, USA.

Lama, R. D., & Vutukuri, V. S. (1978Handbook on Mechanical Properties of Rocks (Vol. 3).

Larsson, R., & Eskilson, S. (1989). Dilatometerférsok i lera: Statens Geotekniska Institut.

22

NN



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Larsson, R., & Mulabdic, M. (1991%hear Moduli in Scandinavian Clays.

Lee, K. L., & Seed, H. B. (1967). Drained Strength Characteristics of Sands. Journal of the Soil Mechanics
and Foundations Division, 93(6), X141.

Leong, E. C., & Rahardjo, H. (2002). Characterization and EngineerbgeRes of Singapore Residual
Soils. Paper presented at the International Workshop on Characterisation and Engineering Properties of
Natural Soils, Singapore.

Liu, C. C. (1999).A Generalized Effective Stress Constitutive Model for Taipei C{&¥1.D.). National
Taiwan University of Sceince and Technology, Taipei, Taiwan.

Liu, S. Y., Shao, G. H., Du, Y. J., & Cai, G. J. (2011). Depositional and geotechnical properties of marine
clays in Lianyungang, Chin&ngineering Geology, 121-2), 6674.

Long, M. M, Gudjonsson, G. & Callanan, F.(2007). Sampling, In Situ Testing and Long Term Settlement of
Soft Soils at the Loughmore Link Embankments. Proceedings of the Soft Ground Engineering
Conference, Athlone, Ireland.

Lunne, T., Christophersen, H. P., & Tjelfa,l. (1985). Engineering use of piezocone data in North Sea clays.
Paper presented at the 11th International Conference on Soil Mechanics and Foundation Engineering,
San Francisco.

Lunne, T., Powell, J. J. M., Hauge, E. A., Mokkelbost, K. H., & UglowMI. (1990). Correlation of
Dilatometer Readings with Lateral Stress in Clays. In N. R. C. (NRC) & T. R. B. (TRB) (Eds.),
Dynamic Testing of Aggregates and Soils and Lateral Stress Measurements 1990 (Vol. 1278, pp.
183-193). Washington, D.C.: TransportatiBesearch Board.

Lutenegger, A. J. (1986). Dynamic Compaction in Friable Loess. Journal of Geotechnical Engineering,
112(6), 663667.

Majdi, A., & Beiki, M. (2010). Evolving neural network using a genetic algorithm for predicting the
deformation modulus afock masses. International Journal of Rock Mechanics and Mining Sciences,
47(2), 246253.

Marchetti, S. (1980). In Situ Tests by Flat Dilatometer. Journal of the Geotechnical Engineering Division,
106(3), 299321.

Marchetti, S. (1985). On the Field Determafion of KO in Sand. Paper presented at the 6th International
Conference on Soil Mechanics and Foundation Engineering, San Francisco, USA.

Marchetti, S. (1991) . Di scussion of iSettl ement
Leonards and J. .OFrost (July, 1988, Vol. 114, No. 7). Journal of Geotechnical Engineering, 117(1),
174-179.

Marchetti, S., Monaco, P., Totani, G., & Calabrese, M. (2001). The Flat Dilatometer Test (DMT) in Saoll
Investigation- A Report by the ISSMGE Committee TC16.

Margues, A. d. A., Paes, B. S. T., Marques, E. A. G., & Pereira, L. C. (2Cb#elations between Uniaxial
Compressive Strength and Point Load Strength for Some BrazilianGiagte Metamorphic Rocks.
Revista Brasileira de Geologia de Engenharia e AmbieRBGEA), 4(1), 4758.

Maugeri, M., & Monaco, P. (2006liguefaction Potential Evaluation by SDMT. Paper presented at the 2nd
International Conference on the Flat Dilatometer, Washington D.C.

Mayer, J. M., & Stead, D. (2016). A Comparison of Traditionap®Htath, and Geostatistical Techniques in

23



Sate-of-the-art review of inherent variability and uncertainty, March 2021

the Stability Analysis of a Large Open Pit. Rock Mechanics and Rock Engineering, 50(3% 927

Mayne, P. W. (1991). Determination of OCR in Clays by Piezocone Tests Using Cavity Expansion and
Critical State Congas. Soils and Foundations, 31(2); B5.

Mayne, P. W. (2008). piezocone profiling of clays for maritime site investigation. Paper presented at the 11th
Baltic Sea Geotechnical Conference, Gdansk, Poland.

Mayne, P. W.,, & Frost, D. D. (1988). Dilatometer gexience in Washington, D.C., and Vicinity.
Tranportation Research Record(1169).286

Mio, G. D., & Giacheti, H. L. (2004). Integration of Testing Data in A Site Investigation Program: Examples
from Tropical Soils Sites. Paper presented at the 2nd &tteral Conference on Site Characterization,
Porto, Portugal.

Mishra, D. A., & Basu, A. (2013)Estimation of uniaxial compressive strength of rock materials by index
tests using regression analysis and fuzzy inference system. Engineering Geology680, 54

Mlynarek, Z., Gogolik, S., Gryczmanski, M., & Uliniarz, R. (2012). Settlement Analysis of A Cylindrical
Tank Based on CPTU and SDMT Results. Paper presented at the 4th International Conference on
Geotechnical and Geophysical Site Characterizationp BlerGalinhas, Brazil.

Modoni, G., & Bzbéwka, J. (2012). Analysis of Foundations Reinforced with Jet Grouting. Journal of
Geotechnical and Geoenvironmental Engineering, 138(12)-1432.

Mohamad, E. T., Jahed Armaghani, D., Momeni, E., & Alavi Nezhadikibhd, S. V. (2014). Prediction
of the unconfined compressive strength of soft rocks: a-BP&®@d ANN approach. Bulletin of
Engineering Geology and the Environment, 74(3),-785.

Moon, V., Russell, G., & Stewart, M. (2001). The value of rock massifitati®n systems for weak rock
masses: a case example from Huntly, New Zealand. Engineering Geology, 6:61), 53

Moradi, M. R., & Farsangi, M. A. E. (2013). Application of the Risk Matrix Method for Geotechnical Risk
Analysis and Prediction of the Advea Rate in Rock TBM Tunneling. Rock Mechanics and Rock
Engineering, 47(5), 1951960.

Mor adi an, Z . AL, & Behni a, M. (2009) . Predicting
Modulus of Intact Sedimentary Rocks Using the Ultrasonic Testnlienal Journal of Geomechanics,
9(1), 14109.

Munshi, M. K. (2003). Geotechnical Characterization of Soft Soil along MoHldbapara Road Section at
Bagerhat. (Master Thesis). Bangladesh University of Engineering and Technology, Bangladesh.

Mustafa, S.,Khan, M. A., Khan, M. R., Hameed, F., Mughal, M. S., Asghar, A., & Niaz, A. (2015).
Geotechnical study of marble, schist, and granite as dimension stone: a case study from parts of Lesser
Himalaya, Neelum Valley Area, Azad Kashmir, Pakistan. Bulletin ofikeering Geology and the
Environment, 74(4), 1475487.

Nazir, R., Momeni, E., Armaghani, D. J., & Amin, M. F. M. (2013ediction of Unconfined Compressive
Strength of Limestone Rock Samples UsingTipe Schmidt Hammer. Electronic Journal of
Geotechical Engineering, 18/I, 176T775.

Nazir, R., Momeni, E., Armaghani, D. J., & Amin, M. F. M. (2013b). Correlation Between Unconfined
Compressive Strength and Indirect Tensile Strength of Limestone Rock Samples. Electronic Journal of
Geotechnical Engineemn 18/1, 17371746.

24



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Nefeslioglu, H. A. (2013). Evaluation of g@oechanical properties of very weak and weak rock materials
by using nordestructive techniques: Ultrasonic pulse velocity measurements and reflectance
spectroscopy. Engineering Geology, 18@20.

Nejati, H. R., Ghazvinian, A., Moosavi, S. A., & Sarfarazi, V. (2013). On the use of the RMR system for
estimation of rock mass deformation modulus. Bulletin of Engineering Geology and the Environment,
73(2), 531540.

Ng, I.T., Yuen, K:V,, & Lau, C-H. (2015). Predictive model for uniaxial compressive strength for Grade |l
granitic rocks from Macao. Engineering Geology, 199328

Nicksiar, M., & Martin, C. D. (2012). Evaluation of Methods for Determining Crack Initiation in
Compression Tests on WePorosity Rocks. Rock Mechanics and Rock Engineering, 45(4)660.7

Ohtsubo, M., Higashi, T., Kanayama, M., & Takayama, M. (2007). Depositional geochemistry and
geotechnical properties of marine clays in the Ariake Bay area, Japan. Paper presergedsat th
International Workshop on Characterisation and Engineering Properties of Natural Soils.

Ohtsubo, M., Takayama, M., & Egashira, K. (1982arine Quick Clays from Ariake Bay Area, Japan.
Soils and Foundations, 22(4),-80.

Olsen, H. W. (1982). Geptagical Profiles for ThirtyOne Sites on the Midtlantic Upper Contenental
Slope: U.S.G.S.

¥zkan, K., Er dem, B. , & Ceyl anojl u, A. (2015) . C
classifications utilized in mine shaft stability analysesenmational Journal of Rock Mechanics and
Mining Sciences, 73, 281.

Palchik, V., & Hatzor, Y. H. (2004). The Influence of Porosity on Tensile and Compressive Strength of
Porous Chalks. Rock Mechanics and Rock Engineering, 37(434881

Palchik, V. (199). Influence of Porosity and Elastic Modulus on Uniaxial Compressive Strength in Soft
Brittle Porous Sandstones. Rock Mechanics and Rock Engineering, 320303

Panthi, K. K., & Shrestha, P. K. (2018). Estimating Tunnel Strain in the Weak and Sehok Mass
Influenced by Stress Anisotropy: An Evaluation Based on Three Tunnel Cases from Nepal. Rock
Mechanics and Rock Engineering, 51(6), 1-8%38.

Pappalardo, G. (2014). Correlation BetweeiWdve Velocity and Physidallechanical Properties of
Intensely Jointed Dolostones, Peloritani Mounts, NE Sicily. Rock Mechanics and Rock Engineering,
48(4), 17111721.

Parkin, A., Holden, J., Aamot, K., Last, N., & Lunne, T. (1980). Laboratory Investigation of CPT's in Sand
(521089).

Parry, R. H. G. (1968). Hi¢ and Laboratory Behaviour of a Lightly Overconsolidated Clay. Géotechnique,
18(2), 151171.

Pavlovic, M. (1970, September -26). Determining of Quasihomogeneous Zones of Elasticity and
Deformability of Rock Mass in Tunnel, on the Basis of in situ Irigasbn. Paper presented at the
Second Congress of the International Society for Rock Mechnaics, Belgrade, Yugoslavia.

Penna, A. S. D. (2006). Some Recent Experience Obtained with DMT in Brazilian Soils. Paper presented at
the 2nd International Conferenoa the Flat Dilatometer, Washington D.C.

Phoon, K. K., & Kulhawy, F. H. (1999). Characterization of geotechnical variability. Can. Geotech., 36(4):

25



Sate-of-the-art review of inherent variability and uncertainty, March 2021
612-624.

Phoon, K.K., Kulhawy, F.H., and Grigoriu, M.D. (1995). ReliabilBgsed Design of Foundations for
Transmission Line Structure, Report-TR5000, Palo Alto, Electric Power Research Institute.

Pinto da Cunha, A. (1991). Scale effects in the determination of mechanical properties of joints and rock
masses. Paper presented at the 7th International Coogr&sxk Mechanics, Aachen, Deutschland.

Pittino, G., Gegenhuber, N., Reiter, F., & Frohlich, R. (2016). Ultrasonic wave measurement during uniaxial
compression tests. In R. Ulusay, O. Aydan, H. Gergek, M. Ali Hindistan, & E. Tuncay (Eds.), Rock
Mechanicsand Rock Engineering: From the Past to the Future (1 ed., p{363§5

Powell, J. J. M. & Uglow, I. M. (1988). The interpretation of Marchetti dilameter tests in UK clays.
Proceedings of ICE Penetration Testing in the UK, Birmingham, pp2289

Quiros,G. W., & Young, A. G. (1988). Comparison of Field Vane, CPT, and Laboratory Strength Data at
Santa Barbara Channel Site. In A. F. Richards (Ed.), Vane Shear Strength Testing in Soils: Field and
Laboratory Studies (pp. 36#L7). West Conshohocken: A.S.TRégression Analysis. Australian
Journal of Basic and Applied Sciences, 5(11), 10453.

Radhakrishnan, R. , & Leung, C. F. (1989) . Load T
Geotechnical Engineering, 115(6), 7568.

Rajabzadeh, M. A., Moosavinasab, Z., & Rakhshandehroo, G. (2011). Effects of Rock Classes and Porosity
on the Redtion between Uniaxial Compressive Strength and Some Rock Properties for Carbonate
Rocks. Rock Mechanics and Rock Engineering, 45(1),1223

Ramana, Y. V., & Venkatanarayana, B. (1973). Laboratory studies on kolar rocks. International Journal of
Rock Medtanics and Mining Sciences & Geomechanics Abstracts, 10(5%8%5

Ranasooriya, J. (2009). The Reliability of Rock Mass Classification System as Underground Excavation
Support Design Tools. (Ph.D). Curtin University, Perth, Australia.

Robertson, P. KCampenella, R. G., & Gillespie, D. (1988). Excess Pore Pressure and the Flat Dilatometer
Test. Paper presented at the 1st International Symposium on Penetration Testing, Orlando, USA.

Rocha, B. P., dos Santos, R. A., Bezerra, R. C., Rodrigues, R. A.,cddiaH. L. (2016)Characterization
of Unsaturated Tropical Soil Site by In Situ Tests. Paper presented at the 5th International Conference
on Geotechnical and Geophysical Site Characterization, Gold Coast, Queensland, Australia.

Rochelle, P. L., ZebdM., Leroueil, S., Tavenas, F., & Virely, D. (1988). Piezocone tests in sensitive clays of
eastern Canada. Paper presented at the First International Symposium on Penetration Testing, Orlando,
United States.

Roque, R., Janbu, N., & Senneset, K. (198¥sic Interpretation Procedures of Flat Dilatometer Tests.
Paper presented at the 1st International Symposium on Penetration Testing, Orlando, USA.

Rouainia, M., Elia, G., Panayides, S., & Scott, P. (2017). Nonlinear {Hhétaent Prediction of the
Performane of a Deep Excavation in Boston Blue Clay. Journal of Geotechnical and
Geoenvironmental Engineering, 143(5).

Roy, M., Tremblay, M., Tavenas, F., & Rochelle, P. L. (1982). Development of a-gjatsi piezocone
apparatus. Canadian Geotechnical JourngR)1980188.

Rutledge, P. C. (1939). Compression Characteristics of Clays and Application to Settlement Analysis.
(doctoral dissertation). Harvard University.

26



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Sabatakakis, N., Koukis, G., Tsiambaos, G., Papanakli, S. (200&)x properties and strengtariation
controlled by microstructure for sedimentary rodksgineering Geologyd7, 80 90.

Sabatini, P. J., Bachus, R. C., Mayne, P. W.,, Schneider, J. A., & Zettler, T. E. (2002). Geotechnical
Engineering Circular NO.5: Evaluation of Soil and Rock Prioge (FHWAIF-02-034).

Salgado, R., Bandini, P., & Karim, A. (2000Bhear Strength and Stiffness of Silty Sand. Journal of
Geotechnical and Geoenvironmental Engineering, 126(5)4831

Sandven, R. (2003). Geotechnical Properties of a Natural Silt Déposined from Field and Laboratory
Tests. In T. S. Tan (Ed.), Characterisation and Engineering Properties of Natural Soils (Vol. 2, pp.
12371276): CRC Press.

Sandven, R., Orbech, T., & Lunne, T. (2004). Sample Distribution in Highly Sensitive Clgyst Pa
presented at the 2nd International Conference on Geotechnical and Geophysical Site Characterization,
Porto, Portugal.

Santagata, M., Germaine, J. T., & Ladd, C. C. (2005). Factors Affecting the Initial Stiffness of Cohesive
Soils. Journal of Geotechmicand Geoenvironmental Engineering, 131(4),-430.

Sapigni, M., Berti, M., Bethaz, E., Busillo, A., & Cardone, G. (2002). TBM performance estimation using
rock mass classifications. International Journal of Rock Mechanics and Mining Sciences, 39(6),
771-788.

Sarkar, K., Tiwary, A., & Singh, T. N. (2010). Estimation of strength parameters of rock using artificial
neural networks. Bulletin of Engineering Geology and the Environment, 69(45E29

Sarkar, K., Vishal, V., & Singh, T. N. (2011). An Empiti¢zorrelation of Index Geomechanical Parameters
with the Compressional Wave Velocity. Geotechnical and Geological Engineering, 30(2);2169

Sarpun, Y. H., Hersat, S., B, Ozkan, V., Tuncel, S., & Yildiz, A. (2010, Juti).7The Elastic Properties
Detemination of Volcanic Rocks by Using Ultrasonic Method. Paper presented at the 10th European
Conference on Nebestructive Testing 2010, Moscow, Russia.

Senneset, K., Sandven, R., Lunne, T., By, T., & Amundsen, T. (1988). Piezocone Tests in Dilty Sails. Pap
presented at the First International Symposium on Penetration Testing, Orlando, United States.

Shalabi, F. I., Cording, E. J., & Adattamleh, O. H. (2007). Estimation of rock engineering properties using
hardness tests. Engineering Geology, 99(3L38-147.

Sharma, P. K., & Singh, T. N. (2007). A correlation betweemaRe velocity, impact strength index, slake
durability index and uniaxial compressive strength. Bulletin of Engineering Geology and the
Environment, 67(1), 122.

Shrestha, G. L. (2005%tress Induced Problems in Himalayan Tunnels with Special Reference to Squeezing.
(Eng.D.). Norwegian University of Science and Technology, Trondheim.

Silvestri, V. (2003). Assessment of sblfring pressuremeter tests in sensitive clay. Canadian Geigt@chn
Journal, 40(2), 36387.

Simons, N. E. (1960, June). Comprehensive investigations on the shear strength of an undisturbed Drammen
clay. Paper presented at the Research Conference on Shear Strength of Cohesive Soils, Boulder,
Colorado, United State.

Singh, R. (2011). Deformability of rock mass and a comparison between plate jacking and Goodman jack
tests. International Journal of Rock Mechanics and Mining Sciences, 48(7312208

27



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Singh, R., Vishal, V., Singh, T. N., & Ranjith, P. G. (2012). A comipagsstudy of generalized regression
neural network approach and adaptive ndumzy inference systems for prediction of unconfined
compressive strength of rocks. Neural Computing and Applications, 23(250699

Skempton, A. W. (1961). Horizontal Stressin An Overconsolidated Eocence Clay. Paper presented at the
5th International Conference on Soil Mechanics and Foundation Engineering (5th ICSFE), Paris.

Swolfs, H. S., & Kibler, J. D. (1982). A Note on the Goodman Jack. Rock Mechanics-86, 57

Tahei, A., & Tani, K. (2009). Assessment of the Stability of Rock Slopes by the Slope Stability Rating
Classification System. Rock Mechanics and Rock Engineering, 43(33321

Tahir, M., Mohammad, N., & Dia, F. (2011). Strength Parameters and TheirRleronship for
Limestones of Cherat and Kohat Areas of Khyber Pakhtunkhwa. Journal of Himalayan Earth Sciences,
44(2), 4551.

Takemura, J., Watabe, Y., & Tanaka, M. (2006, November 16). Characterization of Alluvial Deposits in
Mekong Delta. Paper presentatthe 2nd International Workshop on Characterisation and Engineering
Properties of Natural Soils, Singapore.

Tamrakar, N. K., Yokota, S., & Shrestha, S. D. (2007). Relationships among mechanical, physical and
petrographic properties of Siwalik sandston€entral Nepal Suilimalayas. Engineering Geology,
90(34), 105123.

Tan, Y.C., Gue. S.S., Ng, H.B. & Lee, PT. (2003). Design Parameters of Klang Clay, Malaysia. 12th Asian
Regional Conference on Soil Mechanics and Geotechnical Engineering, Singaper8thwugust,

2003, 47.

Tanaka, H., Locat, J., Shibuya, S., Soon, T. T., & Shiwakoti, D. R. (2001). Characterization of Singapore,
Bangkok, and Ariake clays. Canadian Geotechnical Journal, 38(2%40®78

Tanaka, H., Shiwakoti, D. R., Mishima, O., Watalfg, & Tanaka, M. (2001). Comparison of Mechanical
Behavior of Two Overconsolidated Clays: Yamashita and Louiseville Clays. Soils and Foundations,
41(4), 7387.

Tavenas, F. A., Blanchette, G., Leroueil, S., Roy, M., & Rochelle, P. L. (1975, #ndifficulties in the
In Situ Determination of Ko in Soft Sensitive Clays. Paper presented at the Geotechnical Specialty
Conference on In Situ Measurement of Soil Properties, Raleigh, North Carolina, United States.

Tong, L. Y, Liu, S. Y., Qiang, W., Du, G. ¥, Cai, G. J. (2013). In Situ Evaluation of KJsing Piezocone
Tests for Bridge Foundations. Paper presented at the 4th International Conference on Site
Characterization 1S@, Porto de GalinhaBernamuco, Brazil.

Torok, A ., & Vaséarhelyi, B. (2010). The Inénce of fabric and water content on selected rock mechanical
parameters of travertine, examples from Hungary. Engineering Geology;4)1 2@r245.

Totani, G., Calabrese, M., & Monaco, P. (1998). In Situ Determination by ¢lat Dilatometer (DMT).

Paper presented at the 1st International Conference on Site Characterization (ISC'98), Atlanta, Georgia,
USA.

Totani, G., Totani, F., Monaco, P., & Simeoni, L. (2016, Septemi®r Site Investigation, Monitoring and
Stability Analysis of a Builup Slopelnvolved by Gas Pipeline Explosion. Paper presented at the 5th
International Conference on Geotechnical and Geophysical Site Characterizatibn G&tl Coast,
Queensland, Australia.

28



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Tschuschke, W., Kmiecik, G., & Mikos, A. (2013), Brofiling in Mine Talings Based on SCPTU and
SDMT. Paper presented at the 4th International Conference on Site CharacterizatnPiG@ de
GalinhasPernamuco, Brazil.

TuYrul, A. (1998). The application of rock kmass ¢
limestone, Atatirk dam, Turkey. Engineering Geology, 80(337%345.

Tumac, D., Bilgin, N., Feridunoglu, C., & Ergin, H. (2006). Estimation of Rock Cuttability from Shore
Hardness and Compressive Strength Properties. Rock Mechanics and Rock EngirE¥Bing
477-490.

Ulusay, R., Tureli, K., & Ider, M. H. (1994). Prediction of engineering properties of a selected litharenite
sandstone from its petrographic characteristics using correlation and multivariate statistical techniques.
Engineering Geology,&1-2), 135157.

Vasconcelos, G., Lourenco, P. B., Alves, C., & Pamplona, J. (2007). Prediction of the mechanical properties
of granites by ultrasonic pulse velocity and Schmidt hammer hardness. Paper presented at the 10th
North American Masonry Conferencst. Louis, Missouri, USA.

Verwaal, W., & Mulder, A. (1993). Estimating rock strength with the equotip hardness tester. International
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 30{652659

Villet, W. C. B., & Mitchell, J.K. (1981). Cone Resistance, Relative Density, and Friction Angle. Paper
presented at the ASCE Symposium on Cone Penetration Testing and Experience, New York.

Wang, C. C., Huang, A. B., Ho, Y. T., & Lee, J. T. (2013). Geotechnical Site Characterizatiestwoir
Sediment. Paper presented at the 4th International Conference on Site CharacterizatioRd&ede

GalinhasPernamuco, Brazil.

Wang, C., & Zhu, H. (2016). Combination of Kriging methods and rfialtital analysis for estimating
spatial distibution of geotechnical parameters. Bulletin of Engineering Geology and the Environment,
75(1), 413423.

Wang, Y. & Cao, Z. J. (2013). Probabilistic characterization of Young's modulus of soil using equivalent
samples. Engineering Geology, 159, 41063.

Watabe, Y., Tanaka, M., & Takemura, J. (2004). Evaluation e$itin KO for Ariake, Bangkok and
Hai-Phong Clays. Paper presented at the 2nd International Conference on Geotechnical and
Geophysical Site Characterization, Porto, Portugal.

Watabe, Y., Tanaka, M Tanaka, H., & Tsuchida, T. (2003). Ibnsolidation in a Triaxial Cell and
Evaluation of InSitu KO for Marine Clays with Various Characteristics. Soils and Foundations, 43(1),
1-20.

Wei, L., Pant, R., & Tumay, M. T. (2010). Evaluation of undrained rsti@angth of soft NevDrleans clay
using piezocone. Paper presented at the 2nd International Symposium on Cone Penetration Testing,
Huntington Beach, CA, USA.

White, D. J., Pham, H. T. V., & Hoevelkamp, K. K. (2007). Support Mechanisms of Rammed Aggregate
Piers. I: Experimental Results. Journal of Geotechnical and Geoenvironmental Engineering, 133(12),
15031511.

Windle, D., & Wroth, C. P. (1977). In Situ Measurement of the Properties of Stiff Clays. Paper presented at
the 9th International Conference oail3viechanics and Foundation Engineering, Tokyo, Japan.

Yagiz, S., Akyol, E., & Sen, G. (2008). Relationship between the standard penetration test and the

29



Sate-of-the-art review of inherent variability and uncertainty, March 2021

pressuremeter test on sandy silty clays: a case study from Denizli. Bulletin of Engineering Gedlogy a
the Environment, 67(3), 40510.

Yanjun, S., Yongyue, S., Guangxiang, Y., & Yuanchun, S. (2007, 3uB).9Discontinuity Distribution in
Granite and Its Effects on Rock Mass Classification. Paper presented at the 11th Congress of the
International So@ty for Rock Mechanics, Lisbon, Protugal.

Yél maz, I ., & Yuksek, A. G. (2008) . An example of
estimation of rock parameters. Rock Mechanics and Rock Engineering, 41({5j9%81

Yin, J. H. (1999). Properties and behaviour of Hong Kong marapogits with different clay contents.
Canadian Geotechnical Journal(6&6 10851095.

Zhang, D., Zhou, Y., Phoon, K. K., and Huang, H. (2020). Multivariate probability distribution of shanghai
clay properties. Engineering Geology, 2Z85675.

Zhao, J., &Li, H. B. (2000). Experimental determination of dynamic tensile properties of a granite.
International Journal of Rock Mechanics and Mining Sciences, 37(58&&1

Zhu, G., Yin, XH., & Graham, J. (2001). Consolidation modelling of soils under theetebankment at
Chek Lap Kok International Airport in Hong Kong using a simplified finite element me@aakadian
Geotechnical Journal, 88, 349363.

Zolfaghari, A., Sohrabi Bidar, A., Maleki Javan, M. R., Haftani, M., & Mehinrad, A. (2015). Evaludtion o
rock mass improvement due to cement grouting byyQem at Bakhtiary dam site. International

Journal of Rock Mechanics and Mining Sciences, 74488

Zorlu, K., Gokceoglu, C., Ocakoglu, F., Nefeslioglu, H. A., and Acikalin, S. 2008. Prediction ofalniax
compressive strength of sandstones using petrogiagdgd models. Engineering Geology, 96,
1417 158.

30



Sate-of-the-art review of inherent variability and uncertainty, March 2021
1.6 Appendix: data tables for sitespecific statistics of clay, sand, and rock properties

Table 1.A1. Site-specific clay propertgtatistics(datdbases: CLAY/10/7490, CLAY/8/12225, CLAY/12/3997 & SEFLAY/11/4051)

Source Site Description Property NO(' oétgsés) Range of data Prrggzrr]ty Property COV (%)
_ ¢ (kPa) Cohesion 42 4.0-29.0 13.7 38.0
‘QV,?S%S{]S Sf\%i%ﬁ;‘i'[’(os;;rgg;) O Friction angle 42 8.432.5 21.1 227
E (MPa) Youngo6s mc 42 2.313.9 5.2 51.9
w (%) Natural moisture conten 56 26.648.1 36 14.3
Chinetal  raipei City Hall Station LL (%) Liquid limit 56 21.946.8 36 16.4
1994 '”(E?;Vyvf‘ n Pl (%) Plasticity index 56 5.929.1 14.9 35.0
2t (KN/m?) Total unit weight 56 17.920.9 19.0 3.3
LL (%) Liquid limit 2229 26.3-58.7 40.3 22
PL (%) Plastic limit 2350 13.843.50 22.25 9
Pl (%) Plasticity index 4044 10.3-30.9 18.2 18
w (%) Watercontent 4011 23.3063.60 43.29 15
LI Liquidity index 2067 0.492.19 1.15 22
e Void ratio 3875 0.67-1.86 1.24 14
Zhang et al. Shgr;%ggggelay At-rest lateral pressure
(2020) SH-CLAY/11/4051 Ko coefficient 264 0.430.65 0.51 9
S/Siv Normalized UC 148 0.100.59 0.19 34
S uc 181 1.57.6 5.2 28
S/Siv Normalized VST 352 0.220.71 0.31 23
S VST 384 2.7-7.8 3.95 17
o i rsei?sctiggce rati‘;e”e”atior 1148 2.5546.05 5.71 45
Gregersen anc  BaastadNorway) w (%) Natural moisture conten 32 25.0-35.7 30.1 9.8
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Laken (1979) LL (%) Liquid limit 30 19.1-43.2 31.9 24.6
PL (%) Plastic limit 30 11.2-28.7 21.2 21.8

Pl (%) Plasticity index 30 5.0-17.5 10.7 36.6

S Sensitivity 21 1.56.0 3.7 35.7

w (%) Natural moisture conten 47 27.7-74.0 60.1 15.9

LL (%) Liquid limit 47 60.5-96.6 83.5 10.4

Hanzawa NatsushimdJapa PL (%) Plas-ti-c Ii-mit a7 25.2-60.8 38.6 14.2
(1979) Pl (%) Plasticity index 47 35.354.7 44.9 11.5
LI Liquid index 47 0.8-1.0 0.9 5.8

s/Siv Normalized VST 17 0.50-0.67 0.60 7.7

w (%) Natural moistve content 31 28.957.8 48.4 15.5

LL (%) Liquid limit 31 24.551.2 38.3 16.3

PL (%) Plastic limit 31 16.7-24.8 21.2 9.3

Portsmouth, New

Ladd (1972) Hampshire (USA) Pl (%) Plasticity index 31 7.8-26.8 17.1 25.8
LI Liquid index 28 1.332.53 1.76 15.2

S/Siv Normalized VST 19 0.180.31 0.24 19.2

S Sensitivity 18 7.312.9 9.5 18.6

w (%) Natural moisture conten 55 32.450.5 40.8 13.8

LL (%) Liquid limit 54 40.8-60.0 51.1 10.5

PL (%) Plastic limit 54 20.8-29.2 23.9 9.7

Bjerrum and Pl (%) Plasticty index 54 19.2-31.7 27.1 12.9
Lo (1963) Skabo, Oslo (Norway) LI Liquid index 54 0.3-0.8 0.6 21.9
su (kPa) VST 42 21.4-37.8 28.8 14.9

s (kPa) uc 20 21.7-45.9 30.4 19.4

S Sensitivity 48 2.6-8.9 5.2 23.5

and Taipei w (%) Natural moisture conten 23 25.540.8 36.2 10.6
(Taiwan) LL (%) Liquid limit 23 30.1-48.4 39.4 12.3
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(1996) PL (%) Plastic limit 23 19.5-24.6 22.6 6.6

Pl (%) Plasticity index 23 8.8-23.7 16.8 22.5

Bq Pore pressure paramete 23 0.10-0.77 0.61 277

OCR Over consolidation ratio 17 1.131.53 1.30 10.2

w (%) Natural moisture conten 60 50-95 67.5 18.4

LL (%) Liquid limit 60 68-131 91.7 18.6

Jacob and G _ PL (%) Plastic limit 60 29-69 46.2 16.1
Kuttanad(India) .

(2016) Pl (%) Plasticity index 60 27-62 45.6 23.1

LI Liquid index 60 0.3-0.7 0.5 17.6

Ce Compression index 60 0.38-0.79 0.57 18.2

w (%) Natural moistire content 40 20.5-36.8 28.4 15.7

LL (%) Liquid limit 39 30.045.5 38.7 155

Kinner (1970) ?SgtAo)” PL (%) Plastic limit 39 17.523.9 20.1 12.0

Pl (%) Plasticity index 39 12.522.5 18.6 22.2

LI Liquid index 36 0.24-0.61 0.42 20.1

w (%) Natural moisture conten 35 14.927.7 22.5 16.5

LL (%) Liquid limit 30 32.7-56.4 41.5 12.9

PL (%) Plastic limit 30 16.0-23.9 194 8.3

Lunne et al. Sleipner Area Pl (%) Plasticity index 30 15.9-32.6 22.2 18.2

(1985) (Norway) LI Liquid index 30 -0.11-0.35 0.19 60.6

B CPT‘é;’gﬁ]gtrgfsure 2 10.030.63 0.34 58.3

G Normrggizsetgncfe”e tip 26 2.649.92 4.68 39.8

Mayne (1991) Jameszavg%\ﬁrginia w (%) Natural moisture conten 33 27.7-43.4 35.2 10.7

LL (%) Liquid limit 32 23.1-41.4 31.4 19.3

Ezjleggg‘ Toyon, Oslo (Norway) PL (%) Plastic limit 32 16.4-26.6 20.9 1.1

LI Liquid index 32 0.6-3.1 0.8 33.0
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w (%) Natural moisture conten 37 26.541.3 35.5 10.6
LL (%) Liquid limit 37 19.4-39.0 24.8 18.0
Manglerud (Norway) PL (%) Pastic limit 37 14.9-24.8 18.1 12.6
S/Siv Normalized VST 20 0.05-0.22 0.13 33.4
S/Siv Normalized UC 13 0.03-0.17 0.05 17.9
w (%) Natural moisture conten 38 28.5-44.7 35.2 13.7
LL (%) Liquid limit 38 31.845.8 38.1 8.6
PL (%) Plastic limit 38 18.2-24.8 21.2 8.3
Drammen (Norway) Pl (%) Plasticity index 38 9.4-23.4 16.9 20.5
LI Liquid index 35 0.5-1.38 0.80 29.1
Bq CPTgaﬁgﬁeﬁgSS“’e 40 0.45-0.90 0.71 16.1
LL (%) Liquid limit 48 22.061.0 43.3 23.2
PL (%) Plastic limit 48 15.0-30.0 22.5 20.5
) ) Pl (%) Plasticity index 48 6.0-34.0 20.4 29.3
Olsen (1982) Mid-Atlantic (USA) ——
LI Liquid index 48 0-3.7 13 43.0
Ce Compression index 40 0.1-0.7 0.38 39.8
Cur Swell index 40 0.01-0.11 0.06 44.3
w (%) Natural moisture content 33 54.7-80.4 64.6 9.7
LL (%) Liquid limit 33 64.1-104.2 87.8 9.8
PL (%) Plastic limit 33 24.541.6 33.0 16.9
Cao et al. Singapore Pl (%) Plallstif:it%/ index 33 39.6-70.2 54.8 13.0
(2001) LI Liquid index 33 0.24-0.98 0.59 29.2
OCR Over consolidationatio 30 1.12-2.37 1.67 34.6
C. Compression index 46 0.56-1.27 0.87 18.1
Cur Swell index 46 0.05-0.25 0.16 22.6
Chung et al. Busan w (%) Natural moisture conten 55 23.277.3 53.5 26.0
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(2005) (South Korea) LL (%) Liquid limit 55 30.974.3 54.6 20.6
PL (%) Plastic limit 55 14.6:55.7 28.1 26.8
Pl (%) Plasticity index 55 10.7-40.0 26.6 27.7
LI Liquid index 55 0.19-2.04 0.97 38.4
S/Siv Normalized VST 26 0.28-0.70 0.39 25.6
OCR Over consolidation ratio 56 0.131.60 0.90 36.6
S/Siv Normalized UC 46 0.04-0.56 0.29 39.0
Ce Compression index 56 0.151.05 0.55 40.7
w (%) Natural moisture conten 33 32.0-78.0 47.3 26.6
LL (%) Liquid limit 33 34.078.0 50.7 21.4
Munshi PL (%) Plastic limit 33 13.0-50.0 26.7 23.2
Bangladesh o
(2003) Pl (%) Plasticity index 33 7.0-51.0 23.9 35.6
LI Liquid index 29 -0.3321.89 0.75 63.9
Ce Compression index 33 0.19-0.65 0.32 30.4
w (%) Natural moisture conten 32 32.3-86.5 47.3 240
LL (%) Liquid limit 31 48.5-84.1 62.3 11.5
Santa Barbara
Quiros and Young Channel, PL (%) Plastic limit 32 28.5-37.4 32.2 6.6
(1988) California Pl (%) Plasticity index 31 16.0-48.1 30.3 19.2
(USA) S/Siv Normalized VST 15 0.3-0.7 0.49 28.0
S/Siv Normalized UU 10 0.32-0.69 0.44 24.0
LL (%) Liquid limit 35 50.2-74.4 63.5 11.6
PL (%) Plastic limit 35 29.0-38.3 34.6 5.9
LI Liquid index 35 0.7-1.8 1.0 21.8
Lﬁ]cna:as(i%gg;j Norway S/Siv Normalized VST 30 0.2-0.5 0.3 21.4
w (%) Natural moisture conten 45 57.370.0 63.4 6.0
LI Liquid index 40 0.42-1.14 0.74 22.7
Bq CPTu pore pressure 47 0.3-0.7 0.5 19.1
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parameter
qu Normalized cone tip 42 4.926.67 5.83 5.8
resistance
Cooling and London
Skempton (UK) PL (%) Plastic limit 100 21.7-31.9 26.7 9.4
(1942)
Carrassco et . . Standard penetration tes
al. (2004) Madrid (Spain) SPT-N blow count 40 42.395.9 75.3 15.9
large clay waste
Totani et al. disposal at Santa
(1998) Barbara opespit mine Eomr (MPa) Modulus from DMT 32 8.69-18.15 12.22 20.2
(center Italy)
. o Pl (%) Plasticity index 48 5.76-25.46 15.23 31.9
Liu (1999) Taipei (Taiwan) -
S/Siv Normalized CIUC 43 0.150.37 0.24 26.1
Chin et al. o w (%) Natural water content 32 23.7-52.6 38.2 22.9
Taipei (Taiwan) o
(1989) Pl (%) Plasticity index 32 7.6-26.2 16.4 36.2
w (%) Natural water content 49 56.6-74.0 64.0 6.1
LL (%) Liquid limit 49 39.655.5 51.1 7.6
PL (%) Plastic limit 46 27.832.3 30.9 4.1
DeGroot and Amherst Pl (%) Plasticity index 49 11.825.0 20.7 14.5
Lu(t;ggg)ger Massachusetts (USA) LI Liquidity index 49 1.2-2.9 17 21.6
Bq CPTu pore pressure 2 0.63.0.96 0.75 13.1
parameter
S Sensitivity 47 4.8-23.2 10.6 47.2
S/Siv Normalized VST 50 0.23-0.68 0.38 26.6
w (%) Natural water content 42 70.8-90.0 78.4 5.9
LL (%) Liquid limit 46 60.596.6 83.2 8.1
Natsushima (Japan) —
(1979) Pl (%) Plasticity index 41 37.854.7 45.4 10.4
LI Liquidity index 46 0.76-0.99 0.89 5.8
S/Siv Normalized VST 18 0.50-0.67 0.60 7.5

36



Sate-of-the-art review of inherent variability and uncertainty, March 2021

w (%) Natural water content 33 25.029.4 27.1 5.0
A(%gg?l Wraysbury (UK) / Normalized CIUC 21 0.16:0.29 0.23 15.8
S/Siv
! Normalized UU 12 0.39-1.24 0.71 32.8
Cozzolino _ LL (%) Liquid limit 35 47.1-136.4 95.4 26.3
Santos (Spain) .
(1961) Ce Compression index 52 0.341.75 0.95 37.4
LL (%) Liquid limit 26 27-70 48.6 22.3
Bartlettand ~ Salt Lake City, Utah PL (%) Plastic limit 26 9-45 22.1 37.2
Lee (2004) (USA) OCR Over consolidation ratio 27 0.66-2.68 1.33 39.0
Ce Compression index 35 0.131.03 0.50 42.2
Finno and ] w (%) Natural water content 47 18.4 52.6 28.1
Chicago (USA) : -
Chung (992) OCR Over consolidated ratio 16 0.81-2.41 1.57 34.9
Briaud et al C. Compression index 32 0.06-0.48 0.26 43.3
' Houston (USA) -
(2007) Cur Swell index 30 0.030.15 0.08 48.4
Liu et al . . w (%) Natural water content 136 30.3-753 52.3 19.2
' Lianyungang (China) —
(2011) Ce Compression index 136 0.20-1.03 0.59 29.0
Giao and Hien Red River Delta Ce Compression index 115 0.07-0.33 0.19 36.5
(2007) (Vietnam) Cur Swell index 115 0.0060.106 0.04 45.8
LL (%) Liquid limit 15 66.9-257.3 158.6 37.9
PL (%) Plastic limit 12 48.2-182.6 112.7 38.1
Baroni et a| Jacarepagué Low|and: Pl (%) PlaSt|C|ty indeX 12 18.8-96.3 49.6 44.4
(2017) (Brazil) S Sensitivity 21 1.22-13.41 7.26 50.5
(o Compression index 44 0.354.22 2.15 40.9
Cur Swell index 28 0.06-0.47 0.21 48.1
Tan et al ) w (%) Natural water content 65 90.5136.3 97.0 29.3
' Klang (Malaysia) —
(2003) Ce Compression index 63 0.232.39 1.25 42.9
Long et al. Belfast (Northern Ce Compression index 40 0.08-1.26 0.63 46.3
(2007) Ireland) Cur Swell index 38 0.01-0.26 0.12 49.5
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w (%) Natural water content 60 50-95 67.5 18.4
LL (%) Liquid limit 60 68-131 91.7 18.6
Kuttanad (India) .
(2016) Pl (%) Plasticity index 60 27-62 45.6 23.1
LI Liquidity index 60 0.250.74 0.47 17.6
Ce Compression index 60 0.38-0.79 0.57 18.2
Pl (% Pasticity index 35 8.57-49.0 29.1 29.4
Yin (1999) Tseung Kwan O (Hong (%) y .
Kong) Ce Compression index 35 0.09-1.24 0.59 47.3
Zhu and Chek Lap Kok Ce Compression index 62 0.097-0.498 0.305 34.8
Graham International Airport
(2001) (Hong Kong) -
Cur Swell index 62 0.0090.060 0.031 35.6
w (%) Natural masture content 14 49.0-61.5 53.5 7.0
LL (%) Liquid limit 14 61.7-88.4 72.1 9.4
0 o
Koutsoftas New Jersey Offshore PL (%) Plas.tl.c I|.m|t 14 26.4-36.1 30.9 10.7
and Ladd (USA) Pl (%) Plasticity index 14 32.7-52.3 41.2 11.9
(1985) L] Liquid index 14 0.47-0.63 0.55 11.1
S/Siv Normalized UC 14 0.82-1.42 1.02 15.2
S/Siv Normalized VST 12 0.89-1.20 1.03 10.3
w (%) Natural moisture conten 10 43.6-68.9 55.8 17.4
LL (%) Liquid limit 10 28.4-44.3 35.9 17.0
PL (%) Plastic limit 10 16.9-24.3 23.1 12.6
Tavenas et al. Saint-Alban, Quebec 0 o
(1975) (Canada) Pl (%) Plasticity index 10 10.520.0 15.2 24.9
LI Liquid index 10 1.953.42 2.47 19.2
S/Siv Normalized UU 1 0.53-0.75 0.63 11.7
S/Siv Normalized VST 15 0.52-1.01 0.61 19.9
Clough and Hamilton Air Force w (%) Natural moisture conten 16 82.093.9 90.0 3.5
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Denby (1980) Base(USA) LL (%) Liquid limit 16 81.2-96.0 88.3 4.9
PL (%) Plastic limit 16 36.546.9 40.0 6.8

Pl (%) Plasticity index 16 42.6-:52.1 48.3 6.8

LI Liquid index 16 0.89-1.22 1.04 9.3

S/Siv Normalized VST 16 0.230.44 0.34 18.9

w (%) Natural moisture conten 19 28.1-49.9 42.2 16.4

LL (%) Liquid limit 19 49.8.98.5 81.4 13.3

PL (%) Plastic limit 19 16.9-31.4 26.1 13.8

Pl (%) Plasticity index 19 32.9-68.6 55.3 15.6

Azz0Uz and Empire, Louisiana LI Liquid index 19 0.09-0.41 0.29 27.2
Lutz (1986) (USA) S/S v Normalized VST 13 0.11-0.25 0.19 23.6
Bq Pore pressure paramete 13 0.22-0.62 0.54 19.0

S/Siv Normalized UU 10 0.10-0.41 0.21 39.2

S/Siv Normalized UC 13 0.06-0.28 0.20 29.3

G Normrggizsetgncé’e”e tip 13 5.156.44 5.75 10.3

w (%) Natural moisture conten 12 30.7-40.4 34.9 7.7

LL (%) Liquid limit 10 19.3-38.6 34.6 8.0

Simons Drammen(Norway) PL (%) Plas.ti.c Ii.mit 10 16.7-20.1 18.5 5.8
(1960) Pl (%) Plasticity index 10 11.419.4 16.1 14.3
LI Liquid index 10 0.71-1.33 1.06 15.8

S/Siv Normalized VST 12 0.080.22 0.16 24.8

w (%) Natural moisture conten 13 31.041.0 37.7 7.0

LL (%) Liquid limit 13 15.023.0 19.3 12.0

Finno (1989) Ez’jgzt)on PL (%) Plastic limit 13 10.023.0 18.3 17.8
Pl (%) Plasticityindex 14 17.0-28.0 22.8 10.2

LI Liquid index 13 0.06-0.35 0.24 47.6
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S/Siv Normalized VST 11 0.17-0.37 0.25 22.7
Bq Pore pressure paramete 14 0.28-0.89 0.69 23.8

S Sensitivity 12 1634 2.2 247

S/Siv Normalized UC 10 0.12-0.36 0.21 39.4

G Normrg!izsigncé’e”e tip 14 2.65.3 35 27.5

w (%) Natural moisture conten 13 42.1-89.8 68.5 26.8

LL (%) Liquid limit 13 41.559.6 52.6 1.4

PL (%) Plastic limit 13 22.4-28.8 25.5 9.3

Pl (%) Plasticity index 13 18.8-32.1 27.1 16.2

Konradand  Gloucester, Ontario LI Liquid index 13 0.68-2.41 1.56 31.6

Law (1987a) (Canada)

Bq Pore pressure paramete 13 0.67-0.84 0.74 8.2

OCR Over consolidation ratio 13 1.43-2.16 1.68 11.2

S/Siv Normalized VST 11 0.42-0.64 0.51 15.7

G Nornlggizsigncé’e”e tip 13 5.2-7.3 6.2 9.7

w (%) Natural moisture conten 13 25.864.1 43.3 25.6

LL (%) Liquid limit 13 39.0-87.7 60.8 26.9

PL (%) Plastic limit 13 17.1-32.5 23.4 18.6

Pl (%) Plasticity index 13 21.0-65.1 37.4 35.2

Kgﬁt?fg;t;s)et Hong Kong LI Liquid index 11 0.340.75 0.56 25.6
S/Siv Normalized VST 13 0.45-0.88 0.61 25.4

Bq Pore pressure paramete 13 0.26-0.83 0.62 26.3

OCR Over consolidation ratio 12 1.9-3.8 2.7 23.8

G Normrggizsetgncfe”e tip 13 5.8-16.9 105 35.7

w (%) Natural moisture conten 12 61.9-85.3 75.0 7.7

Roca‘;'é%)et al. LOUi?C"gféfal)’ebeC LL (%) Liquid limit 12 61.571.1 64.8 5.2
PL (%) Plastic limit 12 25.2-28.4 26.3 4.0
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Pl (%) Plasticity index 12 35.843.6 38.5 6.6
LI Liquid index 12 1.01-1.56 1.27 12.6
Bq Pore pressure paramete 11 0.180.71 0.60 24.9
o Normalized cone tip 12 10.2-16.6 13.2 17.0

resistance
LI Liquid index 13 0.54-0.92 0.74 17.2
Chang (1991) Norfolk Road S/Siv Normalized UU 13 0.11-0.22 0.16 23.4
9 (Singaporg S/Siv Normalized VST 12 0.20-0.36 0.24 17.9
e Normalized cone tip 12 1.593.26 229 217

resistance
Bq Pore pressure paramete 14 0.36-0.60 0.51 16.1

A | Delta Amacuro -

Zﬁ;ég al. Offshore s/Siv Normalized VST 14 0.14-0.33 0.21 22.8
(Venezuelx Qu Normallged cone tip 14 3451 39 11.9

resistance
w (%) Natural moisture conts 12 60.9-73.2 65.7 4.7
LL (%) Liquid limit 12 73.6104.5 91.5 9.2
PL (%) Plastic limit 12 34.540.4 38.6 4.9

0 o i

Azzouz et al. Tucupita Offshore Pl (%) Plasticity index 12 39.1:64.5 52.8 13.4
(1982) (Venezuela LI Liquid index 12 0.41-0.78 0.52 20.8
Bq Pore pressure paramete 13 0.39-0.52 0.45 9.3
S/Siv Normalized VST 10 0.180.38 0.24 22.2
Qu Normalized cone tip 13 3.56.2 4.4 15.3

resistance
w (%) Natural moisture conten 17 43.1-102.7 67.1 28.4
LL (%) Liquid limit 15 27.552.0 39.8 19.4
Roy et al. Saint_A|ban' Quebec PL(%) Plastic limit 15 14.8-25.2 21.0 14.8
(1982) (Canada) Pl (%) Plasticity index 10 11.820.7 16.2 20.1
LI Liquid index 15 0.96-3.32 2.25 27.1
Bq Pore pressure paramete 17 0.27-0.34 0.31 7.4

41



Sate-of-the-art review of inherent variability and uncertainty, March 2021

OCR Over consolidation ratio 14 2.182.43 231 3.7

S/Siv Normalized VST 14 0.53-0.63 0.56 6.0

T Nor”:;‘;‘giz;gncé’e”e tip 14 8.7210.64 9.65 6.0

w (%) Natural moisture conten 17 39.479.5 55.2 19.4

LL (%) Liquid limit 17 61.4-437.8 83.6 254

PL (%) Plastic limit 17 19.6-40.0 28.0 22.2

Pl (%) Plasticity index 17 37.5116.6 55.5 37.6
Baligh etal. East Atchafalaya Basir LI Liquid index 16 0.230.66 0.48 27.4

(1980) (UsA)

Bq Pore pressure paramete 17 0.17-0.39 0.26 29.2

OCR Over consolidation ratio 17 1.11-1.94 1.32 14.5

S/Siv Normalized VST 18 0.31-0.44 0.39 8.5

G Nornlggizsigncé’e”e tip 17 3.054.10 3.76 9.0

Bq Pore pressure paramete 20 0.62-0.94 0.80 9.9

Amlunfg»geg et Troll ESSL North Sea S/Siv Normalized VST 18 0.230.46 0.29 18.1
al. ( ) (Norway) W Normr:!izsignc:ene tip 18 4.67-8.46 5,62 17.0
LI Liquid index 15 0.88-1.20 0.98 7.5

Baallltt?lggigg)at Upp()lsavcgg\éﬁ.;,by Bq Pore pressure paramete 15 0.831.07 0.99 6.5
OCR Over consolidation ratio 15 1.12-1.40 1.17 5.6

w (%) Natural moisture conten 11 42.0-76.4 52.7 17.9

LL (%) Liquid limit 1 57.5105.1 76.9 16.7

PL (%) Plastic limit 11 24.0-37.1 28.6 13.2

Wei et al. New Orleans (USA) Pl (%) Plallsti.citY index 1n 30.6-68.0 48.3 21.0
(2010) LI Liquid index 1 0.30-0.61 0.49 18.4
Bq Pore pressure paramete 12 0.24-0.76 0.55 29.6

S/Siv Normalized UU 12 0.13-0.24 0.19 17.2

On Normalized cone tip 12 1.92-4.00 2.52 22.0
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resistance
w (%) Natural moisture conten 12 37.1-73.3 60.3 15.4
Chang (991) Kg:ﬁggp%?j)” Bq Pore pressure paramete 13 0.55-0.80 0.66 13.1
o Normrg!izsﬁgncé’e”e tp 13 1.542.40 2.04 12.4
w (%) Natural moisture conten 13 30.047.0 41.4 12.5
LL (%) Liquid limit 13 32.1:51.1 43.9 12.1
(1980) (USA) Pl (%) Plasticity index 13 12.6-28.7 20.9 22.0
LI Liquid index 13 0.59-1.48 0.89 27.4
Bq Pore pressure paramete 12 0.130.73 0.56 31.3
Konrad and :
Law (1987b) Saint-Marcel (Canada) Bq Pore pressure paramete 17 0.38-0.52 0.46 9.6
w (%) Natural moisture conten 26 14.526.2 22.3 11.8
LL (%) Liquid limit 26 37.1-49.7 46.1 6.5
0 T
Lunne etal.  Gullfaks A, North Sea PL (%) Plastic limit 26 16.3-21.3 19.7 5.8
(1985a) (Norway) Pl (%) Plasticity index 26 17.829.9 26.4 9.6
Bq Pore pressure paramete 26 0.08-0.51 0.37 32.0
G Norn::lslizsignc:ene tp 13 8.2-12.2 10.3 11.9
w (%) Natural moisture conten 33 27.7-43.4 35.2 10.7
- Bq Pore pressure paramete 19 0.34-0.67 0.55 12.8
Mayne (1991) Jamestown, Virginia —— .

(USA) OCR Over consolidation ratio 19 1.72-3.50 2.78 17.3
G Normrg's'izsetgncfe”e tp 19 4883 6.9 13.9
Bq Pore pressure paramete 18 0.07-0.29 0.17 41.9

Senneset et al Stjgrdal(Norway) i i
(1988) G Normalized cone tip 18 45135 73 34.7

resistance

Anchorage, Alaska Bq Pore pressure paramete 22 0.430.91 0.68 20.4

Mayne (2003 . - -
(USA) O Normalized cone tip 22 5.3-11.0 8.1 22.2
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resistance
Bq Pore pressure paramete 18 0.68-0.86 0.78 7.3
Mayne (2008) Brisbane (Australia i i
yne (2008) ( ) T Normalized cone tip 18 2433 2.9 9.0
resistance
Cadling and
Odensad Gothenburg (Sweden) S Sensitivity 17 4.515.4 9.1 30.9
(1950)
w (%) Natural moisture conten 18 62.9152.5 104.4 24.6
LL (%) Liquid limit 18 51.7-146.3 81.1 354
Ohtsubo etal. . . .. PL (%) Plastic limit 18 22.356.0 37.6 26.2
Shiroishi, Saga (Japan —
(1982) Pl (%) Plasticity inde 18 22.396.5 435 47.0
LI Liquid index 18 0.89-2.62 1.70 30.6
S Sensitivity 14 13.4-101.2 38.6 63.4
w (%) Natural moistureontent 13 61-90 79.4 10.4
LL (%) Liquid limit 13 53-72 64.3 8.1
0 o -
Eden and Hkesbur. Ontario PL (%) Plastic limit 13 25-28 26.4 2.9
Hamilton (Cana)c/ia) Pl (%) Plasticity index 13 26-46 38.0 13.8
(1957) L| Liquid index 13 1.201.68 1.40 10.7
S Sensitivity 12 2.57-7.84 4.36 39.3
S/Siv Normalzed VST 12 0.621.04 0.84 15.1
w (%) Natural moisture conten 10 70.4-84.0 78.4 6.3
LL (%) Liquid limit 10 46.2-75.8 65.6 14.1
Eden and National Research PL (%) Plastic limit 10 25.4-30.2 28.0 5.3
Crawford Council, Ottawa —
(1957) (Canada) Pl (%) Plasticity index 10 17.2-46.5 37.6 24.4
S Sensitivity 10 3.011.7 6.7 40.1
S/Siv Normalized VST 10 0.91-1.51 1.14 16.0
Andresen and w (%) Natural moisture conten 17 26.4-43.6 35.7 12.6
. Olso (Norway) —
Bjerrum 1957 LL (%) Liquid limit 17 30.553.0 42.3 15.3
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PL (%) Plastic limit 17 18.1-30.7 22.0 15.1

Pl (%) Plasticity index 17 11.631.9 20.3 24.0

LI Liquid index 17 0.48-0.95 0.68 20.1

S Sensitivity 17 2.0-4.8 35 26.1

S VST 15 21.945.3 33.2 19.6

PL (%) Plastic limit 15 33.7876.5 52.2 22.2

A?ldgeé;’” Rio(gfa‘;ﬁ;‘e"o LI Liquid index 15 1.09-1.63 1.32 11.6
S Sensitivity 13 2.2-5.0 3.9 23.5

Parry (1968) La“”?gj;‘:?élg‘sma”i‘ S/siv Normalized VST 17 0.250.77 0.64 7.6
w (%) Natural moisture conten 20 15.554.1 44.1 12.7

LL (%) Liquid limit 19 27.357.0 45.3 11.7

PL (%) Plastic limit 19 15.4-20.9 19.3 4.5

Lunne etal.  Gullfaks Location C, Pl (%) Plasticity index 15 23.836.3 28.7 12.6
(1985b) North Sea (Norway) LI Liquid index 16 0.61-1.40 1.05 20.6
Bq Pore pressure paramete 40 0.45-0.90 0.71 16.1

OCR Over consolidation ratio 25 1.49-2.90 211 18.3

G Nornqrg!izsignc:ene tip 15 5.3-9.0 6.4 15.4

w (%) Natural moisture conts 24 22.4-46.5 34.0 20.7

R(ligesg?e I(BL?;E:)n (o Compression index 24 0.16-0.47 0.31 33.4
Cur Swell index 24 0.03-0.11 0.07 36.4

OCR Over consolidtion ratio 16 0.81-2.41 1.57 34.0

Bri(az%%% al. '?SUSS:;” C. Compression index 17 0.09-0.48 0.31 40.6
Cur Swell index 17 0.03-0.26 0.12 50.5

w (%) Natural moisture conten 18 57.1:155.9 109.1 26.0

Oht(sz‘g%o?)et 3l shiroishi, Saga (Japar LI Liquid index 18 0.89-2.41 1.32 26.2
s/Siv Normalized VST 18 0.26-1.15 0.51 36.4
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S Sensitivity 18 1541 26.4 284
B(Jlegg“?r;‘ Norway S/Siv Normalized VST 18 0.16:0.25 0.21 13.3
w (%) Natural moisture conten 20 44.490.0 67.8 18.0
LL (%) Liquid limit 20 60.093.0 76.8 13.6
PL (%) Plastic limit 20 24.1-68.6 45.0 19.3
" . :he cor_lfluer:jcg of the Pl (%) Plasticity index 20 17.654.0 31.8 32.7
ayne an nacostia and Potom
Fros),/t (1988) rivers, Washington ° OCR Over consolidation ratio 22 1.37-3.00 1.87 23.0
D.C. (USA) SPTEN Standard penetration tes 17 1.052.76 1.75 24.2
blow count
Eowmr (MPa) Modulus from DMT 21 3.11-8.78 4.85 33.0
Lateral earth pressure
Kowmr coefficient from DMT 20 2.40-3.89 2.92 11.9
Epmr (MPa) Modulus from DMT 18 8.96-18.15 12.91 18.7
Montalto(Italy) Lateral earth pressure
Marchetti Kowmr coefficient from DMT 18 3.134.35 3.55 9.2
1980 Lateral earth pressure
(1980) Porto Tolle (Italy) Komr coeficient from DMT 20 1.46-2.16 1.91 10.1
Conca del Fuuno Lateral earth pressure
(Italy) Kowmr coefficient fom DMT 25 2.653.30 2.96 6.2
Cheshomi and SPEN Standard penetration tes 15 8.97.50.33 2733 5.1
Ghodrati Mashhad (Iran) blow count ' ' ' '
(2014) Epmt (MPQ) Modulus from PMT 15 10.343.8 23.0 39.1
w (% atural moisture conten .2-39. . .
(%) N | moi 10 19.2-39.2 26.9 21.6
Briaud (1997) . TAMU Riverside LL (%) Liquid limit 10 42.576.7 64.2 17.1
Campus, Texas (USA) PL (%) Plastic limit 10 13.632.3 19.7 28.5
Pl (%) Plasticity index 10 28.960.9 44.6 20.7
Skempton coefficient of earth
(1961) Bradwell (UK) Ko pressure at rest 12 1.46-2.8 2.14 22.0
Watabe et al. w (%) Natural moisture conten 16 32.1-43.7 37.0 9.5
(20?]3‘);%“50 Drammen (Norway) LL (%) Liquid limit 16 18.222.1 20.2 55
Mulabdic PL (%) Plastic limit 16 34.848.1 40.5 10.2
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(1991) Pl (%) Plasticity index 16 15.5-26.0 20.3 15.6
Lateral earth pressure

Kowmt coefficient from DMT 16 2.964.52 3.85 16.2

w (%) Natural moisture conten 18 16.568.7 59.5 10.3

LL (%) Liquid limit 18 22.925.8 24.7 3.4

Watabe et al. pusan, Yang PL (%) Plas-ti-c Ii-mit 18 52.471.7 61.6 9.3

(2003) Pl (%) Plasticity index 18 29.6-16.1 37.0 14.6

OCR Over consolidation ratio 10 1.151.31 1.22 4.3

Kowr Laeral eanh pressure 94 2.083.16 2,67 9.9

OCR Over consolidation ratio 16 1.81-2.21 1.96 6.2

w (%) Natural moisture conten 24 51.099.9 83.9 16.3

Watabe et al. LL (%) Liquid limit 24 28.554.2 44.6 15.5
(2003)Tanaka YOkOh?ma port, o

etal (2001a) 'amashita (Japan) PL (%) Plastic limit 24 54.9125.0 106.4 19.7

Pl (%) Plasticity irdex 24 29.6-46.1 37.0 14.6

Kow Latera) earlh pressure 26 2.103.11 2.57 7.6

w (%) Natural moisture conten 13 64.0-87.2 73.8 9.1

LL (%) Liquid limit 13 61.272.1 66.6 4.7

Tanaka et al. o PL (%) Plastic limit 13 23.326.0 24.7 3.6

(2001a)Silves Louiseville, Quebec —

tri (2003) (Canada) Pl (%) Plasticity index 13 36.846.1 41..9 6.5

LI Liquid index 13 0.98-1.48 117 12.4

Kow é‘oa;fef{gtf]?;trgrﬁ’]%sl\j‘%re 13 5.07-11.95 7.28 317

OCR Over consolidation ratio 17 1.39-2.18 1.62 14.3

w (%) Natural moisture conten 16 91.6152.4 120.2 18.9

_Kamel (38‘33) Ariake Sea (Japan) LL (%) Liquid limit 16 68.0128.3 104.2 16.7

PL (%) Plastic limit 16 31.552.2 44.1 12.3

Pl (%) Plasticity index 16 36.5-80.6 60.2 20.8
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LI Liquid index 16 1.07-1.65 1.27 12.6

S/Siv Normalized VST 15 0.27-0.49 0.37 16.2
Lateral earth pressure

Kowmr coefficient from DMT 17 1.73-3.36 212 21.6
w (%) Natural moisture conten 10 47.7-98.0 74.5 20.6
LL (%) Liquid limit 10 61.6-109.3 87.4 17.4
PL (%) Plastic limit 10 22.6-35.8 26.6 16.4
. .
Watabe et al. Ekachai, Bangkok Pl (%) Plasticity index 10 39.075.4 60.8 18.8
(2004) (Thailand) LI Liquid index 10 0.61-0.90 0.78 12.8
OCR Over consolidation ratio 10 1.17-1.87 153 14.8
Eowmr (MPa) Modulus from DMT 13 1.022.46 1.12 33.9
Lateral earth pressure

Kowmr coefficient from DMT 13 2.284.48 2.86 20.8
w (%) Natural moisture conten 13 46.6-60.2 55.3 7.5
PL (%) Plastic limit 13 21.0-25.1 23.5 4.3
(2001b)Wata Merlion park Pl (%) Plasticity index 13 40.0-57.0 50.1 9.9

be et al. (Singapore) —
(2003) LI Liquid index 13 0.57-0.74 0.64 9.2
S/Siv Normalized VST 10 0.14-0.35 0.23 25.8

Lateral earth pressure
Kowmr coefficient from DMT 15 2.383.94 2.95 14.9
w (%) Natural moisture conten 10 58.3-66.5 61.6 4.8
PL (%) Plastic limit 10 29.1-36.5 33.4 7.6
LL (%) Liquid limit 10 53.7-69.0 59.1 8.5
Lu?1n9698; al. Onsoy (Norway) Pl (%) Plasticity index 10 19.232.5 25.9 15.7
LI Liquid index 10 0.91-1.30 1.10 1.4
Ko coefficient of earth 13 0.530.68 0.61 8.4
pressure at rest

S/Siv Normalized VST 16 0.26-0.28 0.27 3.2
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Lateral earth pressure

Kowmt coefficient from DMT 20 2.97-3.67 3.23 6.4
w (%) Natural noisture content 17 23.831.3 28.5 6.6
PL (%) Plastic limit 17 25.933.2 28.7 7.3
_ LL (%) Liquid limit 17 67.4-81.2 73.9 4.8
Lunne et al. Madingley England .
(1990) (UK) Pl (%) Plafst_lcr[y index 17 40.2-52.7 45.2 7.0
Ko coefficient of earth 10 1.07-1.73 1.49 17.3
pressure at rest
Lateral earth pressure
Kowmt coefficient from DMT 13 6.1510.8 7.91 16.9
w (%) Natural moisture conten 16 27.933.1 304 52
PL (%) Plastic limit 16 49.566.3 58.4 8.9
0 P
Hight et al. Canons Park, London LL (%) Liquid limit 16 71.3-83.3 76.2 5.2
(2003) (UK) Pl (%) Plasticity index 16 13.4-21.8 17.8 12.3
Epmr (MPa) Modulus from DMT 10 18.2927.82 22.8 11.1
Lateral earth pressure
Kowmr coefficient from DMT 16 3.30-19.53 11.51 31.0
w (%) Natural moisture conten 11 23.7-29.2 27.3 6.9
PL (%) Plastic limit 11 35.851.4 43.2 13.4
Higzhg ;;)al- Waterl(aok)l-ondon LL (%) Liquid limit 11 58.0-72.1 68.8 7.0
Pl (%) Plasticity index 11 20.5-34.0 25.7 16.2
Ko coefficient of earth 13 1.09-1.54 1.29 11.0
pressure at rest
Takemura et Can Tho site, Mekong Epmr (MPa) IiVI(t:)dullus frtcr:m DMT 11 3.04-4.55 3.71 12.2
al. (2006 Delta (Vietnam ateral eartn pressure X
(2006) ( ) Komr coefficiert from DMT 11 2.52:3.11 2.87 7.1
Eomr (MP3) Modulus from DMT 16 2.41-3.82 3.01 13.7
Coutinho et
al. SPTN 23 1-4 2.3 34.8
(2006)Coutin  RRS1, Recife (Brazil) Mg (MPa) Constrained tangent 13 2384 45 321 20.8
ho et al. modulus
(2008) Ko Lateral earth pressure 23 2505 28 361 25 8

coefficient from DMT

49



Sate-of-the-art review of inherent variability and uncertainty, March 2021

OCR Over consolidation réd 1 0.841.04 0.94 7.8
Constrained tangent
RRS2, Recife (Brazil) Md (MPa) modulus 1 0.31-0.86 0.49 37.2

Lateral earth pressure

Kowmr coefficient from DMT 17 2.28-3.66 271 12.0
w (%) Natural moisture conten 17 56.1-72.2 63.1 7.1
LL (%) Liquid limit 17 39.855.5 50.8 7.2
PL (%) Plastic limit 17 24.3-33.5 304 7.2
Pl (%) Plasticity index 17 12.1-23.9 20.4 15.6
DeGroot and o
Lutenegger  CVVC: New England LI Liquid index 17 1.232.91 1.65 24.4
(USA)
(2002) Eoumr (MPa) Modulus from DMT 13 4.7-3.4 5.0 4.6
S Sensitivity 19 4.6-7.6 6.11 12.4
S/Siv Normalized \6T 17 4.6-7.5 0.06 20.5
Lateral earth pressure
Kowmt coefficient from DMT 17 2.455.25 3.59 23.9
Leong and Jurong Formation . .
Rahardjo residual soil SPT-N Standatl)rlt(jwp\)lecrgzt;]?tlon tes 14 6.8-29.2 20.1 36.0
(2002) (Singapore)
w (%) Natural moisture conten 12 30.540.0 35.6 10.2
. Pl (%) Plasticity index 12 3.2-9.0 6.2 35.2
Bihs et al. Kvennild (Norway)
(2013) y OCR Over consolidation ratio 1n 1.452.62 1.09 17.4
Mg (MPa) Constrained tangent 10 232551 411 26.4
modulus
w (%) Natural moisture conten 13 19.923.5 21.9 6.1
PL (%) Plastic limit 13 17.921.2 20.1 5.9
Cabrera et al. tunnel next Barcelona 0 PSR
(2013) (Spain) LL (%) Liquid limit 13 26.3-31.8 29.7 51
Pl (%) Plasticity index 13 7.1-11.4 9.6 11.6
Epmt (MPa) Modulus from PMT 13 15.0-26.9 22.1 19.8
Tong et a|_ Nanjing Fourth Bndge w (%) Natural mOiSture conten 18 299.1-46.6 34.3 14.1
(2013) site A, China PL (%) Plastic limit 18 16.5-25.2 20.8 12.6
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LL (%) Liquid limit 18 27.4-39.4 33.4 13.1
Pl (%) Plasticity index 18 9.2-16.4 12.6 18.8
SPTN Standard penetration tes 12 6.3-1.0 79 15.9
blow count T ' '
W?Z”glzt) al. Tse”?%’zuev'\‘larﬁ)se“’o” Eowr (MPa) Modulus from DMT 10 1.47-2.43 1.80 14.6
N1, north side of Lateral earth pressure
Tevere river (Italy) Kow coefficient from DMT 24 1.353.90 1.96 18.1
N2. northside of Eowmr (MPa) Modulus from DMT 18 3.90-11.48 8.40 28.0
Tevére river (Ital Lateral earth pressure 3
B'az(;l(; sgd (Italy) Kowmr coefficient from DMT 18 1.57-2.51 2.13 14.9
(2016) N3. north side of Epmr (MPa) Modulus from DMT 24 2.3814.74 8.23 43.9
Tevére river (Ital Lateral earth pressure
(Italy) Kowmt coefficient from DMT 24 1.54-2.96 2.28 13.8
South side of Tevere Lateral earth pressure
river (Italy) Kowmr coefficient from DMT 16 1.143.01 212 23.1
Cao et al Bradford West Eowmr (MPa) Modulus fom DMT 23 1.34-8.59 5.49 27.6
(2016)  CWilimbury, Ontario K Lateral earth pressure ”n 3.09.6.64 5.00 2.3
(Canada) DT coefficient from DMT s ' '
— Mq (MPa) CO”S::]‘Z'SESJ sangent 10 0.481.52 0.89 46.8
(2010) . Limerick (Ireland) Lateral earth pressure
Kpwmt coefficient from DMT 10 2.51-5.14 3.37 29.1
200th Street Overpas: Eowmr (MPa) Modulus from DMT 1 0.99-2.10 154 24.2
test, Vancouver Lateral earth pressure
w (%) Natural moisture conten 10 38.4-49.9 42.5 8.5
Cruz (20@) PL (%) Plastic limit 10 22.9-28.3 26.4 6.0
Colebrook Overpass, —
(Canada) Eomr (MPa) Modulus from DMT 12 0.24-1.09 0.71 35.3
Lateral earth pressure
Kowmr coefficient from DMT 13 2.12-2.80 2.40 8.0
Iwasaki et al. Komatsugawa, Tokyo OCR Over consolidation ratio 10 1.42-2.22 1.75 16.2
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(1991) Bay (Japan) Lateral earth pressure i
Kowmr coefficient from DMT 12 3.91-4.01 3.30 11.0
i coefficient of earth
Windie and oo o kg Ko pressure at rest 10 2.20-3.60 2.88 17.2
Wroth (1977) ’
Epmt (MPaQ) Modulus from PMT 10 38.0-90.6 66.2 22.0
OCR Over consolidation ratio 1 1.151.19 117 1.2
Lilla Mellosa, Eomr (MPa) Modulus from DMT 13 0.60-2.01 1.10 39.4
Stockhdm (Sweden) K Lateral earth pressure 12 206519 371 16.1
LaErslf_(I)n and DMT coefficient from DMT ke ' '
skiison Ska-Edeby, Stockholm Lateral earth pressure
(1989) (Sweden) Komr coeficient from DMT u 3.115.57 3.82 221
Eowmr (MPa) Modulus from DMT 13 0.50-1.79 1.08 34.8
Norrkoping (Sweden)
Kowr Latera) earth pressure 13 2.083.65 3.04 16.7
Rolbe rtson et Langley Sge' BC Eowmr (MPa) Ii\fl;t):rillus ;rr;)]n; rII(:Z/IS'IL'”e 14 1.16-3.98 1.93 29.9
al. (1988 Canada -
(1988) ( ) Komr coefficient from DMT 16 5.21-7.57 6.08 1.2
Ro(qggse)t al. Glrzlva, Sjor ;ial Epmr (MPa) Ii\f:tt):;llu: ;rr:r)]n; r[;i/ls'll;re 15 1.52-3.00 2.32 20.7
1 Norwa
y Kowmr coefficient from DMT 18 3.588.79 4.98 28.3
Carrassco et . . Standard penetration tes
al. (2004) Madrid (Spain) SPT-N blow count 19 39.378.4 55.9 19.3
Standard penetration tes
Carrassco et d d S i SPT‘N blOV?/ count 40 423’959 753 159
al. (2004) Madrid (Spain)
Epmt (MPQ) Modulus from PMT 22 68.3-271.0 160.6 36.1
OCR Over consolidation ratio 14 2.255.07 3.15 26.4
Sandven et al. Trondheim (Noway) C ined
(2004) Mq (MPa) onswraries fangent 13 2.8 4.6 41.9
Cavallaro et Catania STM M6 Eowmr (MPa) Modullus fr%m DMT 19 2.587.05 4.63 23.2
al. (2006) (taly) Ko CLoaet]?nrg ef]?:fr T 19 2.033.41 2.47 16.5
Cavallaro et Bellini Garden, Catanic Eowmr (MPa) Modullus fr(?]m DMT 19 16.67-24.37 19.32 1.1
al. (2016) (taly) Kowr Lateral earth pressure 18 5.62-8.00 6.85 9.3

coefficient from DMT
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Totanietal.  Colle Cretone, Pineto Eomr (MPa) Modulus fromDMT 19 27.71-28.58 33.72 10.1

2016 Ital Lateral earth pressure
(2016) (Italy) Kowr cosfficient from DMT 19 6.36-8.54 7.16 8.2
w (%) Natural moisture conten 17 39.552.0 46.1 7.5
PL (%) Plastic limit 19 26.0-39.1 32.2 10.7
LL (%) Liquid limit 19 53.0-84.5 69.8 135
Totani etal, Caigliano river, (italy) Pl (%) Plasticity index 19 22.2:49.9 37.6 18.8
(1998) Eour (MPa) Modulus from DMT 21 9.21-15.19 11.40 17.2
Lateral earth pressure
Kowmr coefficient from DMT 21 3.355.58 4.67 175
Santa Barbara (Itg) Kowr aer g'eiﬂtrgrﬁ’]rgs,\j‘#e 48 1493.11 203 20.2
w (%) Natural moisture conten 15 17.6-27.2 22.0 12.8
PL (%) Plastic limit 15 15.1-21.3 17.3 12.7
Chenand  Port Huron, Michigan LL (%) Liquid limit 15 26.0-41.2 32.7 184
Mayne (1994) (USA)
Epmr (MPa) Modulus from DMT 26 4.24-10.72 6.38 28.2
Lateral earth pressure
Kowmr coefficient from DMT 16 3.50-4.50 3.94 8.5
w (%) Natural moisture conten 14 29.3-38.3 32.4 8.3
PL (%) Plastic limit 14 16.521.6 18.3 8.9
Rouainia etal.  Western Avenue in LL (%) Liquid limit 14 32.1-44.8 37.9 9.6
(2017) Allston, Boston (USA) —
Pl (%) Plasticity index 14 14.4-24.7 19.6 164
Ko coefficient of earth 18 0.521.12 0.81 20.8
pressure at rest
OCR Over consolidation ratio 10 1.31-2.14 1.78 12.8
Kelly et al. Ballina, New South S Sensitivity 13 2.33.8 2.9 14.9
(2017) Wales (Australia)
Lateral earth pssure
KowmT coefficient from DMT 24 1.68-9.95 4.16 49.4
White et al. IA Highway 191 Eowmr (MPa) Modulus from DMT 12 0.51-2.59 1.40 45.8
(2007) (Neola, lowa) (USA) Kowr Lateral earth pressure 12 0.82-2.08 1.34 28.0

coefficient from DMT
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coefficient of earth

Ko 17 0.46-0.50 0.48 24
Santagata et pressgre at rest
al. (2005) w (%) Naturalmoisture content 17 33.4-39.0 35.9 5.0
LI Liquid index 17 0.43-0.68 0.55 14.3
National Taiwan Lateral earth pressure
Kuo (1994) University (Taiwan) Kowr coefficient from DMT 12 2.355.41 3.58 25.5
Powell and Lateral earth pressure
Uglow (1988) Grangemouth Kowmr coefficient flom DMT 15 2.834.29 3.33 12.2
AlemoaSantos, Sao Lateral earth pressure
Penna (2006) Paulo (Brail) Kowmr coefficient from DMT 23 0.852.11 1.87 14.3
Sabatini et al. Va?loe nml?/lcz;ig:;c?x:;tts K Lateral earth pressure 17 2 50.6.80 4.06 30.0
(2002) Y. (USA) pMT coefficient from DMT oI : '
sugarcane field beside
Huang el. high-speed rail Kowr Lateral earth pressure 2.033.99 2.90 23.7
(2001) (Taiwan) coefficient from DMT
- Lateral earth pressure
Venezia Lido (Italy) Kowmr coefficient from DMT 23 1.42-2.80 191 16.9
Marchetti et . Lateral earth pressure
al. (2001) Stagno Livorno (ltaly) Kowmr coefficient from DMT 23 2.06-3.89 2.66 15.8
Lateral earth pressure
S. Barbara (Italy) Kowmr coefficient from DMT 11 12.1619.84 15.12 13.7
Table 1.A2. Site-specific sand properttatistics(daabases: SAND/7/2794 & SAND/13/4113)
Source Site Description Property NO(' oétisgs Range of data Property mean Prop((a(;ot))/ cov
Lee and Seed  Sacramento River o -
(1967) Sand . (0 Friction angle 39 30.940.9 34.2 7.7
Kulhawy and - o -
Mayne (1990) Ticino - (9 Friction angle 64 32.647.5 52.0 9.3
Normalized cone tip
i . 35 17.6-106.8 62.4 31.2
chin e, 1oag) A Fonerfary o
9 (N1)so Normalized SPN 35 6.2-33.3 19.1 35.0
Huang et al. o . Normalzed cone tip
(1999) Mia-Liao, Taiwan Qein resistance 40 40.4-245.2 142.4 34.1
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Washed mortar

Normalized cone tip

Huang (1991) sand Oetn resistance 42 15.3-406.7 160.8 71.7
Bozbey and SPT-N Corrected SP-N 53 15.1-70.5 45.9 31.3
Istanbul (Turkey)
Togrol (2010) Epur (MPa) Modulus fom PMT 53 11.7-39.6 26.1 29.2
Natural moisture
Ching Cheung w (%) content 31 14.745.8 24.1 27
Roﬁd 'a”gs“de in o (ka/ne) Bulk density 31 1.7:2.1 2.0 4.9
ong Kong -
GEO (1989) (Completely ra (kg/m®) Dry density 31 1.1-1.9 1.6 9.5
decom_lio)sed ¢ (kPa) Cohesion 30 1.7-39.6 17.5 51.4
ranite
g . (9 Friction angle 30 29.245.6 37.0 9.6
d o(kN/m?) Dry unit weight 14 15.7-17.0 16.4 2.6
e Initial void ratio 14 0.53-0.66 0.59 7.2
Been et al. (1987 (Mgtr?it(de) D (%) Initial relative density 14 69.2-98.9 86.3 1.1
Getn Co”eCteg Cnorma"zeo' 14 30.2-265.6 146.7 45.8
a (A) Friction angle 14 31.440.2 36.1 7.8
Parkin et al. Horeund Getn CO”eCtegcnorma"Zed 28 68.5430.9 254.6 40.1
(1980) a (A) Friction angle 28 38.549.8 45.7 5.3
Houlsby and , Getn Corrected normalized g 26.2-484.3 196.7 68.0
Hitchman (1988) Leighton Buzzard _ qc
a (A) Friction angle 19 33.246.4 39.5 11.5
Villet and Getn Corrected normalized ¢ 46.2-171.9 101.4 39.8
Mitchell (1981) ~ -One Star 60% , -
a (A) Friction angle 16 35.545.4 39.9 8.7
Getn Corrected normalized g 73.0-199.4 144.4 27.2
Monterey 0O _ qc
a (A) Friction angle 16 36.1-40.7 38.1 4.2
Greeuw et al Getn Corrected normalized 63.6.261.4 131.2 55.1
(1988) ' Oostershelde qc
a (A) Friction angle 10 35.543.2 39.0 7.2
Unknown Toyoura Jectn Corrected normalized 1 27.6:297.0 116.8 68.0
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(2001)

qc
a (A) Friction angle 11 34.644.1 39.1 7.6
e Initial void ratio 17 0.54-0.70 0.63 7.0
A Ottawa .
. (9 Friction angle 17 20.1-36.5 32.3 5.9
e Initial void ratio 13 0.48-0.66 0.60 10.9
B Ottawa .
2 (9 Friction angle 13 32.540.8 35.7 7.9
Salgado et al. e Initial void ratio 12 0.42-0.58 0.53 1.3
C Ottawa —
(2000) ) Friction angle 12 33.7-41.3 37.0 6.2
e Initial void ratio 17 0.32-0.61 0.47 19.9
D Ottawa -
G Friction angle 17 32.445.5 38.3 12.5
e Initial void ratio 11 0.380.54 0.47 10.4
E Ottawa -
. (9 Friction angle 1 34.3-38.8 35.9 4.8
) Dso (Mm) Median grain size 25 2.183.67 2.80 14.3
Huang (1991) Messina -
(N1)eo Normalized SPN 25 21.2-39.5 28.6 16.5
Ghionreand |, Coastal Dso (mm) Median grain size 22 1.454.96 3.00 32.0
Jamiolkowski Plain -
(1991) (N1)eo Normalized SPIN 25 14.431.9 22.1 25.6
Chapman and o .
Donald (1981) Frankston . (0 Friction angle 11 35.2-41.4 39.6 5.0
Caissonretained
Huntsman etal.  Island, Canadian coefficient of earth
(1986) Beaufort Sea Ko pressure at rest 15 0.751.99 1.09 35.6
(Canada)
Ko coefficient of earth 15 0.32-1.23 0.64 34.0
pressure at rest
Unknown Mantova (Italy) Normalized cone tip
Qec1n resistance 15 66.9-148.9 94.4 24.3
(N1)eo Normalized SPIN 17 5.9-191 13.1 30.6
Marchetti (1980) Torre Oglio (ltal i i
(1980) glio (Italy) Gern Normalized cone tip 99 13.1.145.7 21 45.2
resistance
Marchetti etal. - ot (italy) Eour (MPa) Modulus from DMT 13 10.7-35.3 20.8 38.9
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Ya(%'éoeg)a" Denizli (Turkey) Epwr (MPa) Modulus from PMT 10 8.2-15.4 10.6 29.0
Kuo (1994) Wugu Ind_ustrlal Getn Normall_zed cone tip 1 27.874.9 46.9 3.0
Area (Taiwan) resistance
Marchett (1985 Po River Valley Epwr (MPa) Modulu§ from DMT 25 30.0-105.0 60.0 32.5
(Italy) Getn Normalized conetip g 66.0-220.9 120.0 34.6
resistance
Sandven (2003)  Halen (Norway) Eowmr (MPa) Modulus from DMT 10 5.14-8.32 6.36 16.0
Nanjing Fourth (N1)eo Normalized SPIN 29 4.3-11.7 5.7 36.3
(China) SPTN test blow count 24 4.3-11.0 7.3 18.4
Miynarek et al. Cylindrical tank Epwr (MPa) Modulu's from DMT 11 30.2-84.5 56.0 277
(2012) (Poland) Gt Normalized cone tip 12 62.82975 161.9 49.9
resistance
Tschuschke et al. Zelazny Most dump Normalized cone tip
(2013) (Poland) Ge1n resistance 28 19.9101.3 55.0 33.4
N1, norj[h side of Getn Normallged condip 18 6.1-57.2 28.2 61.1
Tevere river (ltaly) resistance
Bosco and N3, north side of Normalized cone tip
Monaco (2016)  Tevere river (ltaly) Ge1n resistance 1 8.0-30.2 15.2 43.0
south side of Tevert Getn Normah;ed cone tip 14 6.3-25.1 141 385
river (Italy) resistance
Fraser River Delta (N1)eo Normalized SPIN 16 13.6-34.9 21.9 32.2
in Richmond, - -
Vancouver Getn Normalized cone tip 12 56.7-140.3 79.9 30.5
(Canada) resistance ) ) ) ’
Massey Tunnel,
Cruz (2009) Richmond, Getn Normah;ed cone tip 15 41.1-77.0 541 18.0
Vancouver resistance
(Canada)
Patterson Park, . .
Delta, Vancouver Gt Normalized cone tip 10 83.3122.6 100.5 15.0
(Canada) resistance
Giacheti et al. Bauru, Sao Paulo ot Normalized cone tip 15 37.053.5 146 15
(2006)Mio and (Brazil) e resistance s ' '
Giacheti (2004) Sao Carlos, Sao (N1)eo Normalized SPIN 18 3.4-135 8.9 36.7
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Paulo (Brazil)

Normalized cone tip

Oc1n resistance 12 11.5-37.6 19.4 36.1
Foaetal (2004) Sdvador, Bahia (N2)so Normalized SPTN 11 4.0-15.0 8.4 38.4
' state (Brazil) ) ' ' '
Carrassco et al. . . Standard penetration
(2006) Madrid (Spain) SPT-N test blow count 22 40.5-99.0 69.4 23.8
Cajar?g:ézﬁo Paulc g (MPa) Modulus from DMT 19 20.2-62.1 326 29.6
Penna (2006) 1\ 540 Paulo (N1)so Normalized SPTN 17 18143 9.7 38.8
(Brazil) Eoumr (MPa) Modulus from DMT 14 8.9-33.4 22.6 32.8
Anderson et al. Stgtgjxgei\:gi?le" Neo Corrected SPTN 12 5.2-10.0 6.8 20.6
(2006) Carolina (USA) Eour (MPa) Modulus from DMT 12 8.7513.17 11.72 10.9
Mauaeri and San Giuseppe La
9 Rena, Catania Eowmr (MPa) Modulus from DMT 18 37.998.8 71.4 24.6
Monaco (2006) |
(Italy)
Rocha et al UNESP research Eomr (MPa) Modulus from DMT 20 27.1-48.8 36.5 18.1
(2016) ' site, Bauru, Sao
Paulo (Brazil) Epmt (MPQ) Modulus from PMT 14 19.5-32.8 15.6 15.7
da Fonescaand Subway Station, coefficient of earth
Coutinho (2008) Sao Paulo (Brazil) Ko pressure at rest 13 1.0-3.8 2.2 36.9
Akbar et al. River Ravi, Lahore
(2008) (Pakistan) Nso Corrected SP-N 10 9.6-21.5 14.9 27.1
Changi East
Cao et al. (2008) reclamation site Epmr (MPa) Modulus from DMT 12 23.353.5 36.2 30.0
(Singapore)
Changi East
Cao et al. (2008) reclamation site Epmr (MPa) Modulus from DMT 10 27.6-46.4 35.7 17.9
(Singapore)
Epmr (MPa) Modulus from DMT 11 39.1-59.5 51.5 10.4
Rampal (fine sand i i
pal ( : Gen Normalized cone tip 1 53.5-103.1 71.4 19.5
Arroyo et al. resistance
(2008) Eomr (MPa) Modulus from DMT 1 9.3-57.2 38.6 45.7
Rampal (silt i i
pal (silt Gen Normalized cne tip 1 10.953.4 26.1 46.5
resistance
Totani et al. Parma in Po River Eowmr (MPa) Modulus from DMT 13 8.0-25.8 14.0 36.8
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(1998) plain (Italy) (clay)
Parma in Po River Eowmr (MPa) Modulus from DMT 12 5.2-30.3 15.0 39.3
plain (Italy) (silt)
Brahana and At'anta O|ymp|c N60 Corrected SP-N 12 7-18 13.4 28.2
Wang (1998) Stadium (USA) Epwr (MPa) Modulus from DMT 11 5.68-13.47 10.28 25.6
i ; Normalized cone ti
Sabatinietal, Fiedmont PFOV'TCG Qetn resistance P n 18.9-36.1 271.7 17.7
(2002) In westcentra
Alabama (USA) Epmr (MPa) Modulus from DMT 10 1.47-2.83 2.21 194
Verge de
Di Mariano et al Montserrat Station,
(2019) ' Llobregat River Eowmr (MPa) Modulus from DMT 12 10.942.0 26.9 37.2
delta, Rercelona
(Spain)
L“(tleggegf’er Russe (Bulgaria) Eowr (MPa) Modulus from DMT 12 5.63-26.63 13.40 46.4
Huang et al sugarcane field
(20%1) ' beside higkspeed Epmr (MPa) Modulus from DMT 12 7.1327.34 15.61 41.6
rail (Taiwan)
Marchetti (1991) Po river (Italy) Epmr (MPa) Modulus from DMT 15 25.2652.00 34.93 20.3
Modoni and Bojszowy Nowe Eowmr (MPa) Modulu§ from DMT 15 26.7-78.2 49.9 32.5
Bzéwka (2012) (Poland) Gtn Normalized cone tip 4 81.7-185.3 135.8 21.5
resistance ) ' ' '
Ku and Mayne coefficient of earth
(2015) San Matteo (ltaly) Ko pressure at rest 15 0.43-1.15 0.71 25.8
Table 1.A3. Site-specific intact rock property statistitdatabases: ROCK/13 & ROCK/9/4069)
No. of
. o Property
Source Site Description Property tests Range of data Property COV (%)
- mean
(030
Uniaxial compressive
Diamantis etal.  Western Othrys mt., Gree, Sci (MPa) strengtFr)] 32 19.2125.7 60.3 44.8
(2009) (Serpentinite) lsso (MPa) Point load index 32 1.04.9 3.1 35.1
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n (%) Porosity 32 0.44.6 1.5 70.6
g (KN/m?) Unit weight 32 24.426.7 25.6 2.2
i (MPa) Uniaxial compressive 63 6.3107.5 43.1 52.8
strength
Metsovo Llodttr:mneh Epirus, lsso (MPa) Point load index 63 0.34.5 1.36 69.85
orthern
Greece (Gabbro) E (GPa) Youngo6s mc 63 1.09.8 4.5 50.9
Schmidt hammer
Aggistalis et al. R rebound number 63 19.557.2 322 25.0
(1996) 8 (MPa) Uniaxial compressive 30 17.1:91.2 46.7 41.0
strength
Metsovo [r\loa?htunnel, Epirus, lss0 (MPa) Point load index 30 0.7-3.4 31 26.5
orthern
Greece (Basalt) E (GPa) Youngo6s mc 30 1.212.1 5.1 51.8
R, Schmidt hammer 30 21.8 55.0 42.4 16.1
rebound number
fiei (MPa) Uniaxial compressive 1.351.6 26.8 52.2
strength
(2007) central Nepal (Sandstone) Ei (GPa) Youngo6s mc 44 0.1-1.1 0.8 32.3
R Schmidt hammer 44 1253 31.6 325
rebound number
Zorlu et al. (2008) Karakaya, Greece (Sandstone e (MPa) UnlaXftIr(é(;r;[pr)]res&ve 61 17.5107.8 57.9 43.7
o Uniaxial compressive
dei (MPa) strength 43 3552 43.4 12.6
Arman et al. . . Iss0 (MPa) Poirt load index 43 3.04.0 3.7 11.9
Kandira, Turkey (Limestone) . — -
(2007) Ut (MPQ) Brazilian tensile strengtt 43 4.0-16.0 10.7 21.0
R Schmidt hammer 43 3340 36.0 5.7
rebound number
G (MPa) Uniaxial compressive 44 8.1-35.6 21.6 32.6
strength
YJE?eakz(gSSS) Sivas, Turkey (Gypsum) Iss0 (MPa) Point load index 39 1.23.2 2.5 20.6
Ei (GPa) Youngds mc 39 15.7-42.8 28.0 26.8
R Schmidt hammer 39 27-48 37.1 14.9
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rebound number

Uniaxial compressive

i (MPa) strength 40 6.31965 64.2 86.5
} (glcm®) Density 40 2.1-2.7 2.5 5.6
Aydi?zggg)Basu Hong Kong (Granite) E: (GPa) Youngbs mc 40 4553.2 22.6 17.0
n (%) Porosity 40 1.321.0 9.8 61.8
R, Sehmidt hammer 40 20-65.8 47.9 26.2
8 (MPa) U”iaXi:‘:rZ%rgtﬁreSSive 114 9.8130.2 52.6 45.4
Isso (MPa) Point load index 149 1.2-15.1 6.3 45.0
- , g (KN/m3) Unit weight 172 22.328.3 25.7 4.0
Kocbay and Kilic North Anatolian Fault Zone,
(2006) Turkey (Baslt) E (GPa) Youngds mc 99 8.9-89.1 39.3 43.8
n (%) Porosity 172 2.1-14.9 7.2 35.7
% Poisson ratio 172 0.20.4 0.3 9.7
Gs Specific gravity 172 2.83.0 2.9 1.7
ciisgr?l?zgrl]g) lllinois (USA) g(kN/m?) Unit weight 44 17.525.9 228 8.1
g (kN/md) Unit weight 66 16.320.1 18.2 4.5
Ne(fze;ligiglu Firuzkdy, Istanbul (Turkey) e (MPa) Uniaxizlr(é?]rgtpf)]ression 66 0.74.1 1.9 40.1
E (GPa) Young's Modulus 65 0.030.44 0.13 60.0
g (KN/m?3) Unit weight 40 20.525.7 23.4 5.4
Ajglzci)g]i?r? é%‘i 2) Shiraz, Fars Province (Iran) e (MPa) Uniaxigir(é?]rgtf) ression 40 15.388.9 47.8 41.1
Ei (GPa) Young's Modulus 40 5.6-30.7 15.9 41.2
g (KN/m3) Unit weight 40 25.427.1 26.3 1.5
Aﬁr(]jeillglra(rizg?(lj) Hamadan Province (Iran) Isso (MPa) I.-“’oi-nt load indexn 40 1.255 3.7 27.8
(i (MPa) U“'ax'zir‘;‘r’]rgtﬂess'on 40 56.2104.0 87.1 14.0
Dia’?;gfls)m al. Greece R SChrT;‘rjér:‘:S”S‘mer 35 59-65 62.6 3.0
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Uniaxial compression

Usi (MPa) strength 35 65.2241.6 142.1 32.2
Ei (GPa) Youngbs Mc 35 26.469.3 44.6 30.7
R, Schmidt hammer 30 25.630.5 27.9 5.1
hardness
(2010) (Afghanistan) & (MPa) UnlaX|2:r(;(r)1rgtﬁre55|on 30 92 2715 39.0 32.3
Ei (GPa) Young's Modulus 30 3.011.5 5.4 37.1
R, Schmidt hammer 44 12-53 32.1 31.7
hardness
Tamrakar et al N Isso (MPa) Point load index 44 0.054.00 1.27 75.5
(2007) . Siwalik Hills (Nepal) Uniaxial compression
dei (MPa) strengt'f] 44 1.351.6 26.7 52.2
Ei (GPa) Young's Modulus 44 0.061.09 0.75 323
R Schmidt hammer 145 16.856.5 43.7 17.1
o hardness
Ng et al. (2015) Com;;gﬁ'rﬁ’?d%o&a;czgaca” lsso (MPa) Point load index 145 1.088.56 4.85 36.0
fiei (MPa) U“'ax'zir‘é?]rgtﬂess'on 145 20.3112.9 53.9 34.3
Iss0 (MPa) Point load index 30 0.67-3.43 2.07 39.7
Aggistalis et al . o Uniaxial compression i
(1980) Epirus (Greece) Ue (MPa) strength 30 17.1:91.2 46.7 41.0
E (GPa) Young's Modulus 30 1.2012.07 5.05 51.8
Endait and Junej: Isso (MPa) Point loadindex 41 0.1-9.1 3.8 81.1
¢ Mumbai (India iaxi i
(2014) (India) fiei (MPa) U“'ax'gir‘;g‘tﬂess'on 41 2.2181.7 84.5 66.4
Diamantis et al Iss0 (MPa) Point load index 32 1.044.93 3.08 35.1
' Mount Othrys (Greece iaxi i
(2009) ys ) (i (MPa) U“'ax";‘ir‘;‘r’]rgtﬂess'on 32 19.2125.7 60.3 448
Aggistalis et al Iss0 (MPa)) Point load index 62 0.344.54 1.75 54.6
' Epirus (Greece iaxi i
(1980) pirus { ) {iei (MPa) U”'ax'zlr‘;‘r’gtﬂess'o” 62 6.3107.5 42.5 52.6
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Ei (GPa) Young's Modulus 62 0.969.84 4.45 50.5
Maﬁquo‘t‘aa(ggls) Al-Jouf universiy (KSA) fie (MPa) U”'ax'g‘:r‘;%rgr‘tﬂess'on 30 26.0.36.2 28.8 7.7
Shore Scleroscope
Koncagiil and Breathitt (USA) S hardness 31 14.947.6 26.6 348
Santi (1999) o Uniaxial compression
Uci (MPa) strength 31 30.7-99.5 65.8 22.3
Cegg?ze)t al. Trabzon (Turkey) i (MPa) U”'ax'glr‘;%gtﬁress'on 55 7.324.1 14.1 27.2
Begonha and i (MPa) Uniaxial compression 4 60-157 98.7 23.2
Sequeira Braga Oporto (Portugal) strength
(2002) E (GPa) Young's Modulus 48 5.0316.94 9.99 27.7
g (KN/md) Unit weight 21 19.523.9 21.9 6.1
i Schmidt hammer
Shg%tggt al. Chicago (USA) R hardness 21 24-45 33.0 21.9
fiei (MPa) U“'ax'g‘t'r‘éf]mpress"’e 21 21.496.6 53.6 42.2
gth
n (%) Porosity 15 27.547.2 36.2 15.7
Palchik (1999) Donetsk (Ukraine) fiei (MPa) U”'ax';'r‘é‘;gtﬂress"’e 15 7.1-19.8 12.7 29.1
E (GPa) Young's Modulus 15 1425 1.92 19.5
n (%) Porosity 27 5.6-10.1 7.5 18.9
s, Shore scleroscope o7 49-98 76.1 171
hardness
i pt (MPa Brazilian tensile strengtt 27 6-20 14.9 24.4
Bell and Lindsay Durban (South Africa) o ) : - g
(1999) Isso (MPa) Point load index 27 313 9.0 30.3
fiei (MPa) Uniaxial compressive 27 77-214 136.6 25.6
strength
Ei (GPa) Young's Modulus 27 10.9-99.9 52.3 51.4
n (%) Porosity 25 10.2-20.5 13.5 18.4
Bell (1978) England(UK) s S“Ofafgfé‘s’:wpe 28 24-60 42.6 23.4
Gt (MPa) Brazilian tensile strengtt 27 2.1-95 6.6 26.9
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Iss0 (MPa) Point load index 28 0.2-9.5 4.68 54.1
fie (MPa) Uniaxial compressive 29 33.2-112.4 78.4 30.8
strength
Ei (GPa) Young's Modulus 18 19.7-46.2 32.7 20.3
g (KN/m?) Unit weight 10 23.825.1 24.6 15
Bell et al. (1997 England (UK iaxi i
(1997) gand (UK) 8 (MPa) Uniaxial compressive 10 25.7-45.4 35.5 17.9
strength
Ghosh and Chamba (India) Iss0 (MPa) I?ow_ﬂ load mdex_ 11 2.04-5.88 3.65 42.7
Srivastava (1991) i (MPa) Uniaxial compressive 25-119 58.2 50.6
strength
n (%) Porosity 20 34175 8.6 44.9
- Isso (MPa) Point load index 20 3.17-5.56 4.23 16.0
Heu;arl etal Hamedan (Iran) . Uniaxial compressive
(2012) e (MPa) 20 44.992.5 69.8 23.2
strength
E (GPa) Young's Modulus 18 6.1-12.4 8.4 23.4
g (KN/m?3) Unit weight 10 25.9-26.2 25.9 0.4
Texas (USA) n (%) Porosity 10 4-14 7.9 40.1
Ve (km/s) P-wave velocity 10 4.50-5.13 4.81 4.5
g (kN/md) Unit weight 17 26-26.8 26.2 11
Texas (USA) n (%) Porosity 17 0.87-9.5 4.3 49.4
Ve (km/s) P-wave velocity 17 4.51-5.54 5.11 5.3
. g (KN/m?3) Unit weight 13 23.926.5 25.2 3.0
Jizba (1991) .
Texas (USA) n (%) Porosity 13 4-13.5 7.9 34.8
Ve (km/s) P-wave velocity 13 4.06-4.90 4.57 55
g (kN/md) Unit weight 15 25.9-26.7 26.2 1.2
Texas (USA) n (%) Porosity 15 4.9-20.0 9.8 41.7
Vp(km/s) P-wave velocity 15 4.055.00 4.46 6.3
g (KN/m3) Unit weight 12 25.927.6 26.3 1.8
Texas (USA) -
n (%) Porosity 12 1.2-6.6 4.3 37.3

64



Sate-of-the-art review of inherent variability and uncertainty, March 2021

Vp(km/s) P-wave velocity 10 5.21-5.86 5.32 3.6
g (KN/m?) Unit weight 18 22.927.1 25.3 7.0
Schmidt hammer
Ar?zét)nlg; o Salt Range (Pakistan) R hardness 18 19-44 3.7 21.4
8 (MPa) Uniaxial compressive 18 42-108 74.3 30.8
strength

Cpt (MPa) Brazilian tensile strengtt 20 2.58.7 5.4 34.8
Palchik and Iss0 (MPa) Point load index 18 1.694.28 2.61 28.7

H Adulam (Israel) . Uniaxial compressive
atzor (2004) e (MPa) strength 12 20.963.3 47.6 28.6
Ei (GPa) Young's Modulus 12 9.3-20.5 14.8 25.3
g (KN/m?) Unit weight 27 25.7-27.2 26. 1.4
. Vp(km/s) P-wave velocity 27 1.84-6.54 5.05 30.1

Moradian and Ghareh Tikan (Iran) . Uniaxial compressive
Behnia (2009) dei (MPa) strength 27 40.7-143.1 82.2 31.6
E (GPa) Young's Modulus 27 13.7-90.5 48.9 47.8

Sharma and . . o Uniaxial compressive
Singh (2007) Jharia (India) Ue (MPa) strength 10 22-28 25.6 6.7
g (KN/m?3) Unit weight 25 25.2-27.5 26.3 2.3
n (%) Porosity 25 2.4-10.4 5.3 37.2
Pazggillf)rdo Taormina (Italy) Vp(km/s) P-wave velocity 25 3.36.32 5.17 16.9
fiei (MPa) Uniaxial compressive 25 15.2.112 75.0 39.2

strength
E (GPa) Young's Modulus 25 2.4-18.8 11.2 50.0
g (KN/m?3) Unit weight 20 26.527.2 26.8 0.7
n (%) Porosity 20 0.06-0.4 0.22 39.6
. Vp(km/s) P-wave velocity 20 5.366.25 5.82 4.7
Mishra and Basu Malanjkhand (India) - — :

(2013) Uyt (MPa) Brazilian tensile strengtt 20 10.519.8 15.5 15.6
Iss0 (MPa) Point load index 19 5.66-14.13 9.02 23.8
(i (MPa) Uniaxial compressive 5, 91.5201.7 150.1 18.9

strength
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g (kN/md) Unit weight 20 26.9-28.6 27.7 1.8
n (%) Porosity 20 0.2-0.54 0.39 26.6
Vp(km/s) P-wave velocity 20 5.12-6.25 5.84 5.8
Jharkhand (India) Cioe (MPa) Brazilian tensile strengtt 20 6.1419.5 12.3 20.8
Iss0 (MPa) Point load index 20 1.157.42 3.79 40.9
G (MPa) Uniaxial compressive 20 21.495.1 46.5 40.8

strength
g (kN/m?3) Unit weight 20 21.325.5 23.0 5.4
n (%) Porosity 19 2.9-15.5 9.8 a4.1
Vp(km/s) P-wave velocity 20 2.734.99 3.62 20.5
Andhra Pradesh (India) Gyt (MPa) Brazilian tensile strengtt 20 2.014.3 6.4 55.9
Iss0 (MPa) Point load index 18 1.2511.49 5.03 59.8
fiei (MPa) Uniaxial compressive 20 12.8172.0 57.4 72.4

strength
Gorski et al. Vp(km/s) P-wave velocity 20 4.935.21 5.07 15

Forsmark (Sweden) " — -
(2007) Ut (MPQ) Brazilian tensile strengtt 20 17.222.1 19.4 7.1
g (kN/md) Unit weight 18 17.2-22.9 19.6 8.1
n (%) Porosity 18 16.2-32.5 25.0 17.2
R. Schmidt hammer 18 16.9-40.3 26.3 24.3
hardness
Shore scleroscope
i S 18 8.4-24.6 134 35.3
D'r(]g%:)g; al. Adana (Turkey) hardness

Ve (km/s) P-wave velocity 18 0.44-1.58 0.81 4.7
Isso (MPa) Point load index 18 0.78-2.08 121 33.7
s (MPa) Uniaxial compressive 1 2.7-10.4 5.6 40.7

strength
Ei (GPa) Young's Modulus 18 0.181.40 0.62 58.4

Cooper Basin (Australia) -

(1999) n (%) Porosity 22 2.6-16.6 9.7 44.8
Kahraman and Attendorn (Germany) Gci (MPa) Uniaxial compressive 24 9.8-86.6 32.8 69.2
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Alber (2006) strength
Ei (GPa) Young's Modulus 24 3-16.8 9.6 38.3
g (kN/m?) Unit weight 10 17.5-26.5 21.4 17.9
. R. Schmidt hammer 10 24.853.4 35.4 27.7
Dinger et al. . hardness
Bodrum Peninsula (Turkey) — -
(2004) 0 (MPa) Uniaxial compressive 10 32,9108 598 45.9
¢ strergth ' ' '
Ei (GPa) Young's Modulus 10 5.1-21.2 10.6 53.2
Dehbid (Iran) n (%) Porosity 14 0.30-0.86 0.46 36.4
n (%) Porosity 24 0.17-2.89 0.52 113.6
Raja?zzgfle)h etal bt (MPa) Brazilian tensile strengtt 10 4.4-10.6 6.7 32.2
Neyqiz (Iran iaxi i
yqiz (Iran) G (MPa) Uniaxial compressive 10 43.1.101.8 63.0 6.3
strength
E (GPa) Young's Modulus 10 5.9-15.9 11.6 30.0
Kockar and o Uniaxial compressive i
Akgiin (2003a) Antalya (Turkey) Ue (MPa) strength 12 28-117 73.3 42.9
Nicksiar and Oekarshamn (Swed i (MPa) U“'ax'g‘t'r‘éf]rgtﬂress"’e 10 171-294 226.9 13.8
Martin (2012) skarshamn (Sweden)
E (GPa) Young's Modulus 10 72-80 75.7 3.8
Schmidt hammer
RL hardness 20 20.655.4 45.6 17.6
S Shore scleroscope 20 28.3.65.3 54.9 15.5
hardness
Basu et al. (2008, Sao Paulo (Brazil) Vp(km/s) P-wave velocity 20 1.935.51 451 18.3
fiei (MPa) Uniaxial compressive 20 73-214 151.9 28.5
strength
E (GPa) Young's Modulus 20 41.1-70.2 58.9 15.3
Basu and Kamrar harkhand (india) Iss0 (MPa) I?0|r-1t load mdex. 15 1.085.93 3.58 40.0
(2010) fiei (MPa) Uniaxial compressive ;5 40.1-107.9 77.4 24.0
strength
Gupta and _ _ g (kN/m?) Unit weight 18 17.526.5 21.4 17.9
Himalaya (India) -
Sharma (2012) n (%) Porosity 18 0.315 0.66 40.3
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Vp(km/s) P-wave velocity 18 1.485.53 3.84 31.5

8 (MPa) U”'ax'girgargtﬁress've 18 46-141 88.6 31.1

Ve (km/s) P-wave velocity 20 4.11-5.29 4.84 7.1

Kurtulus et al lso (MPa) Point load index 20 2.41-7.85 5.50 27.5

' Ezine (Turkey) . Uniaxial compressive

(2011) dei (MPa) strength 20 32.7-114.3 81.5 29.7

Ei (GPa) Young's Modulus 20 3.45.4 4.5 13.5

g (KN/m3) Unit weight 14 23.329.1 26.8 5.6

Saroun et al Ve (km/s) P-wave velocity 14 3.264.71 3.83 12.7

P ' Afyonkarahisar (Turkey) R Uniaxial compressive

(2010) dci (MPa) strength 14 13.257.1 34.7 40.6

Ei (GPa) Young's Modulus 14 18.4-47.1 30.9 24.3

g (KN/md) Unit weight 10 20.0-23.3 21.2 6.0

Siwalik (India) Ve (km/s) P-wave vebcity 10 2.10-2.54 2.28 8.0

i (MPa) U“'ax'g‘t'r‘éf]rgtﬂress"’e 10 20.1-48.6 32.4 30.9

g (kKN/md) Unit weight 10 22.523.6 22.9 15

Sa(”;g;f)t al. Gondwana (India) Ve (km/s) P-wave velocity 10 2.352.64 2.49 3.9
fiei (MPa) U”'ax'st'r‘éf]r;tﬂress"’e 10 39.0-45.5 41.2 5.7

g (kKN/md) Unit weight 10 21.923.6 22.5 2.6

Deccan Trap (India) Ve (km/s) P-wave velocity 10 2.153.02 2.54 14.6
i (MPa) Uniaxial compressive 50.373.2 60.2 15.9

strength

g (kN/md) Unit weight 10 24.526.5 25.5 2.7

Sarkar et al Vp(km/s) P-wave velocity 10 2.55-3.85 3.15 13.4
(2010) Himachal Pradesh (India) lsso (MPa) Point load index 10 2.81-3.91 3.35 11.0
G (MPa) U”'ax':‘t'r‘;‘r’gtﬂess“’e 10 68.4-84.5 75.2 8.0

Tahir et al. (2011) Kohat (Pakista) Cpt (MPa) Brazilian tensile strengtt 15 3.996.82 4.91 13.7
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Isso (MPa) Point load index 15 1.50-2.89 1.93 16.3
i (MPa) Uniaxial compressive 15 26.6-49.0 38.0 14.7
strength

Cpt (MPa) Brazilian tensile strengtt 15 5.54-7.89 6.97 9.8

Cherat (Pakistan) lss0 (MPa) Point load index 15 1.952.70 2.26 11.6

8 (MPa) Uniaxial compressive 15 29.461.8 49.8 18.7

strength
n (%) Porosity 20 1.3-18.5 7.9 73.2
Ceryan et al Vp(km/s) P-wave velocity 20 2.06-5.32 3.61 30.6
5008) Kurtun (Turkey) . Uniaxial compressive

( ) dei (MPa) strength 20 2.8-200.3 74.9 89.5

Ei (GPa) Young's Modulus 15 4-37.5 17.1 59.6

n (%) Porosity 10 2.2-2.6 24 5.7

Ve (km/s) P-wave velocity 10 4.20:4.70 4.46 4.3

Kurtulus et al Gyt (MPa) Brazilian tensile strengtt 10 5.0-6.2 5.6 6.6
(2016) Akveren (Turkey) lsso (MPa) Point load index 10 2.883.32 3.12 5.1
(i (MPa) U“'ax'g‘t'r‘éf]rgtﬂress"’e 10 28-33 30 6.5

E (GPa) Young's Modulus 10 49-65 54.4 8.7

Nigeria fiei (MPa) U“'ax'g‘t'r‘éf]rgtﬂress"’e 10 59.899.8 82.8 18.5

G(rjneebr? %/go?)r;c)i Shagamu (Nigeria) e (MPa) UnlaXftIr(é(;rgtﬁres&ve 10 60.3-97.4 82.5 17.6
Lagos (Nigeria) fiei (MPa) U“'ax'g‘t'r‘éfgtﬂress"’e 10 67.3119.2 96.8 21.1

n (%) Porosity 18 16.217.2 16.8 15

Chitty etal. o Uniaxial compressive !

(1994) Salem (USA) dei (MPa) strength 14 46-59.3 51.1 8.5

Ei (GPa) Young's Modulus 14 25.2-29.6 26.9 55

P'tzlzné)lzg al. Tauern Window (Austria) Vp(km/s) P-wave velocity 13 2.34-3.53 2.94 16.2

Kumari et al. . . o Uniaxial compressive

(2016) Strathbogie (Australia) Ui (MPa) strength 1 76.3143.3 118.2 18.4
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Ei (GPa) Young's Modulus 1 6.3-9.1 8.0 12.4
Che(;oe:)nlo)l Hsu Hualien (Taiwan) ot (MPa) Brazilian tensile strengtt 12 3.4510.97 7.65 31.0
Isso (MPa Point load index 15 2.2-4.0 3.14 18.1
Ulusay etal, KozluZonguldak (Turkey) =50 )
(1994) Ei (GPa) Young's Modulus 15 17-112 59.1 48.8
M“?;%ffsft . Azad Kashmir (Pakistan) lsso (MPa) Point load index 13 0.524.54 232 44.7
g (kN/m?3) Unit weight 11 24.526.6 25.8 2.3
S %Orﬁafgféggc"pe 11 49-71 57.5 11.9
Puerto Rico (USA) Uniaxial compressive
{ia (MPa) Strengtﬁ’] 1 11.255.1 32.3 38.5
Sh?;%t(’;?‘;t al. E (GPa) Young's Modulus 1 16.2-41.1 26.4 30.4
g (KN/m?3) Unit weight 14 20.4-25.9 23.5 6.5
Schmidt hammer
Detroit (USA) R hardness 14 23-45 34.7 17.3
fiei (MPa) U”'ax'g‘t'r‘é‘;gtﬂress"’e 14 19.9109.9 57.7 46.7
g (KN/m?3) Unit weight 14 18.325.2 22.5 10.2
Schmidt hammer
Dinger et al. q insul K R hardness 14 27.952.4 43.1 17.5
(2004) Bodrum Peninstla (Turkey) o Uniaxial compressive
8 (MPa) strength 14 38.5112.7 82.5 25.7
E (GPa) Young's Modulus 14 7.8-28.3 13.6 25.8
Kocgkar and o Uniaxial compressive i
Akgiin (2003a) Antalya (Turkey) Uei (MPa) strength 15 3-104 50.9 66.5
Isso (MPa) Point load index 10 5.0-7.9 6.5 13.7
Marques et al_ Braz” |350 (MPa) P0|nt |0ad indeX 10 5.1-10.7 8.0 21.3
(2014) lsso (MPa) Point load index 10 1.85.1 3.6 23.7
Iss0 (MPa) Point load index 1 3.29.0 4.6 34.5
Himachal Pradestindia) -
(2010) Vp(km/s) P-wave velocity 10 3.054.26 3.68 12.5
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Isso (MPa) Point load index 10 1.2-2.3 17 22.6
fie (MPa) Uniaxial compressive 10 24.2-49.3 37.4 22.9
strength
g (KN/m?) Unit weight 10 25.8-26.5 26.1 1.0
Vp(km/s) P-wave velocity 10 3.52-4.23 3.85 6.2
Isso (MPa) Point load index 10 3.85.3 4.6 114
8 (MPa) Uniaxial compressive 10 93.2112.3 99.4 6.8
strength
g (kN/m?3) Unit weight 10 25.7-26.4 26.0 1.0
Vp(km/s) P-wave velocity 10 2.14-2.49 2.27 5.2
Isso (MPa) Point load index 10 1.0-1.8 1.3 20.7
fiei (MPa) Uniaxial compressive 30.328.5 24.1 11.6
strength
g (kKN/md) Unit weight 24 20.2-34.7 27.0 15.8
Ve (km/s) P-wave velocity 24 1.253.91 2.13 26.5
Mohamad etal. ~ Nusajaya, Desa Tebrau and Ot (MPa) Brazilian tensile strengtt 24 0.8-4.2 2.35 46.2
(2014) Mersing, Johor (Malaysia) : -
Iss0 (MPa) Point load index 24 0.34.1 19 70.2
fiei (MPa) Uniaxial compressive 24 5.561.1 27.7 65.3
strength
R. Schinidt hammer 19 52.7.61.3 57.8 5.2
ardness
Vasconce'os et al VP(km/S) P-wave Velocity 19 1.90-4.78 3.08 28.8
(2007) Portugal o Uniaxial compressive
Uci (MPa) 19 26-159.8 92.0 47.0
strength
E (GPa) Young's Modulus 19 11.0-63.8 34.4 56.0
3 : .
Ramana and g (kN/m°) Unit weight 10 29.4-31.0 30.1 19
Venkatanarayana Mysore State (India) Vp(km/s) P-wave velocity 10 5.22-6.65 6.03 7.8
(1973) E. (GPa) Young's Modulus 10 59.1-109.3 85.9 195
. R Schmidt hammer 20 28.939 35.1 7.5
Nazir et al. . hardness
(2013a) Malaysia o Uniaxial compressive
Ui (MPa) 20 52.285.6 71.6 12.8
strength
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g (kN/md) Unit weight 12 16.329.2 24.3 17.2
R, Schinidt hammer 26 8.1-:65.8 40.6 33.2
Kahraman (2001) Turkey : -
Isso (MPa) Point load index 28 0.2312.01 2.99 91.4
8 (MPa) Uniaxial compressive 28 4.4152.7 50.5 66.8
strength
Nazir et al Uot (MPa) Brazilian tensile strengtt 20 3.0214.2 7.16 36.1
' Malaysia iaxi i
(2013b) Y G (MPa) Uniaxial compressive 20 21.2100.7 59.6 31.9
strength
R, Schmidt hammer 12 2350 38.3 22.1
hardness
B 1 K Cpt (MPa) Brazilian tensile strengtt 12 3.8418.42 11.80 40.3
carman (1959) ? {ia (MPa) Uniaxial compressive 12 47.8274.8 141.9 46.3
¢ strength ' ' ' )
Ei (GPa) Young's Modulus 12 15.964.2 44.1 36.1
Zhao and Li ) ot (MPa) Brazilian tensile strengtt 23 7.7-17.1 11.6 21.5
Singapore
(2000) Ei (GPa) Young's Modulus 22 25.7-56. 40.2 19.9
n (%) Porosity 13 0.1813.3 4.3 105.2
R. Schmidt hammer 13 32,156 16.9 18.0
hardness
Kahraman et al. Turkey Vp(km/s) P-wave velocity 13 3.7-6.2 5.24 17.6
(2004) Cpt (MPa) Brazilian tensile strengtt 13 2.210.2 5.18 39.6
fiei (MPa) Uniaxial compressive 13 45.4175.0 91.8 45.2
strength
Isso (MPa) Point load index 13 1.67.1 4.7 31.3
g (KN/m?3) Unit weight 10 16.7-27.1 22.6 21.5
Balci et al. (2004) Turkey Cpt (MPa) Brazilian tensile strengtt 10 1.2-11.6 5.3 64.5
G (MPa) Uniaxial compressive 10.8173.6 68.2 80.2
strength
g (KN/m3) Unit weight 15 20.831.3 26.6 11.1
S'?zggl‘;t) al. India Ve (km/s) P-wave velocity 15 2.153.67 2.81 17.3
Gci (MPa) Uniaxial compressive 15 29-61.8 44.0 22.6
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strength
Kasim and o Uniaxial compressive
Shakoor (1996) usS Uei (MPa) strength 22 34-209.6 127.6 38.3
KIarzgglir(r);eesn Thailand Cpt (MPa) Brazilian tensile strengtt 15 7.811.8 9.9 14.4
n (%) Porosity 22 0.0610.7 2.68 107.3
R. Schmidt hammer 15 44.356.5 48.5 6.9
hardness
Kahggg‘sn) etal. Turkey (o (MPa) Brazilian tensile strengtt 11 5.7-18.1 11.2 42.1
Iss0 (MPa) Point load index 22 2.913.3 8.1 47.7
8 (MPa) Uniaxial compressive 22 26.1-210.6 108.9 50.2
strength
g (kKN/md) Unit weight 25 19.0-26.6 24.2 9.24
verwaal and n (%) Porosity 21 0.437.9 8.86 115.1
Muld Netherlands o Uniaxial compressive
ulder (1993) e (MPa) strength 25 22-203 106.7 56.5
E (GPa) Young's Modulus 25 9-80 45.0 49.6
g (kKN/md) Unit weight 27 23.925.4 24.7 1.4
B o Uniaxial compression
vasg?r:gfy??gom) Sutto (Hungary) fei (MPa) strength 27 66.8124.3 93.8 21.8
(e (MPa) Uniaxial compression 5, 19.2125.7 60.3 44.8
strength
Plt;uznocagg al. Diyarbakir (Turkey) Gci (MPa) Unlax?:r(é?]rgtpr)]res&on 28 24.090.5 43.6 37.9
{iei (MPa) U“'ax'gir‘;g‘tﬂess'on 27 77.0214.0 136.6 25.6
Bell and Lindsay . Sh |
Durban (South Africa ore scleroscope ]
(1999) ( ) S e 27 49-98 76.1 17.1
Cpt (MPa) Brazilian tensile strengtt 20 6-20 14.9 24.4
Bell (1978) England (UK) Cpt (MPa) Brazilian tensile strengtt 27 2.1-95 6.6 26.9
fiei (MPa) Uniaxial compression 10 25.7-45.4 35.5 17.9
Bell et al. (1997) England (UK) strength
g (KN/m3) Unit weight 10 23.825.1 24.6 15
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o Uniaxial compression
Ghosh and fa (MPa) atro ngth)} 10 25.0-83.3 52.1 435

Chamba (India)

Stivastava (1991) lss0 (MPa) Point load index 10 2.045.47 3.43 42.2
Heidai et al i (MPa) Uniaxial compression 5, 44.982.5 69.8 23.2
(2012) ' Hamedan (Iran) strength
Ei (GPa) Young's Modulus 20 3.17-5.56 4.23 16.0
8 (MPa) Uniaxial compression 12 20.963.3 47.6 28.6
strength
HI;?;(::H((Z%B% Adulam (Israel) Isso (MPa) Point load index 18 1.69-4.28 2.61 28.7
Ei (GPa) Young's Modulus 12 9.3-20.5 14.8 25.3
Gyt (MPa) Brazilian tensile strengtt 20 2.58.7 5.4 34.8
Moradian and , {i (MPa) U”'ax'a: i oo 97 40.7-143.1 82.2 31.6
Behnia (2009) Ghareh Tikan (Israel) streng
g (KN/m3) Unit weight 27 25.7-27.2 26.4 1.4
o Uniaxial compression
Pappa|ardo Castelmoh (|taly) Ui (MPa) Stl’ength 21 47.3112.0 84.0 26.3
(2014) g (kN/md) Unit weight 25 25.2-27.5 26.3 2.3
g (kKN/md) Unit weight 20 16.4927.17 16.81 0.7
_ _ G (MPa) Uniaxial compression 5, 91.5201.7 150.1 18.9
Malanjkhand (India) strength
Iss0 (MPa) Point load index 19 5.66-14.13 9.02 23.8
Mishra and Basu Cpt (MPa) Brazilian tensile strengtt 20 10.519.8 15.5 15.6
g(KN/m nit weight . . . .
(2013) KN/m? Unit weigh 20 26.8828.55 27.70 1.8
Gyt (MPa) Brazilian tensile strengtt 20 6.14-17.47 12.16 29.8
Jnarkhand (India) leso (MPa) Point load index 20 1.157.42 3.79 40.9
(e (MPa) Uniaxial compression 5, 21.3695.14 46.53 40.8
strength
Go(rzscl)%% al. Forsmark (Sweden) Cpt (MPa) Brazilian tensile strengtt 20 17.222.1 19.4 7.1
Dinger et al g (KN/m?) Unit weight 18 17.3222.94 19.63 8.1
' Adana (Turke iaxi i
(2008) (Turkey) {iei (MPa) U”'ax'zlr‘;‘r’gtﬂess'o” 18 2.651041 5.63 40.7
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Iss0 (MPa) Point load index 18 0.78-2.08 1.21 33.7
Ei (GPa) Young's Modulus 18 0.181.4 0.62 58.4
R, Sehmidt hammer 18 16.940.3 26.3 24.3
ardness
S Shof scleroscope 18 8.4-24.6 13.4 35.3
ardness
g (kN/md) Unit weight 18 17.3-22.9 19.6 8.1
'f}g;?r?;‘gogg‘d Attrndorn (Germany) E; (GPa) Young's Modulus 22 4.615.8 9.52 33.4
Rajabzadeh et al . E (GPa) Young's Modulus 10 5.9-15.9 11.6 28.0
2011 Neyriz (Iran) " — -
(2011) Ot (MPa) Brazilian tensile strengtt 10 4.4-10.6 6.7 32.2
Kogkar and o Uniaxial compression
Akgiin (2003a) Antalya (Turkey) Usi (MPa) strength 12 28-117 73.3 42.9
Nicksiar and {ici (MPa) Uniaxial o oo g 171-294 226.9 13.8
Martin (2012) Oskarshamn (Sweden) strengt
E (GPa) Young's Modulus 10 72-80 75.7 3.8
R Sehmidt hammer 19 36.2455.38 46.91 11.9
Basu et al. (2008 Sao Paulo (Brazil) Shore scleroscone
S P 19 44.9565.32 56.31 10.6
hardness
o Uniaxial compression
Uci (MPa 15 40.1-107.9 77.4 24.0
Basu (gg‘iofamrar Jharkhand (India) @ (MPa) strength
Iss0 (MPa) Point load index 15 1.085.93 3.58 40.0
Gupta and _ _ i (MPa) Uniaodal coTression g 46.0-141.0 88.6 31.1
Sharma (2012) Himalaya (India) strengt
g (kKN/md) Unit weight 18 25.527.7 26.4 2.5
fiei (MPa) U“'ax'gir‘é%mtﬂress'on 20 32.7-114.3 81.5 29.7
Kurtulus et al. . K . 9 .
(2011) Ezine (Turkey) lsso (MPa) Point load index 20 2.41-7.85 5.50 27.5
Ei (GPa) Young's Modulus 20 3.4-5.4 4.5 13.5
o Uniaxial compression
Uci (MPa 14 13.257.1 34.7 40.6
Sa(rgggoe)t al. Afyonkarahisar (Turkey) « (MPa) strength
Ei (GPa) Young's Modulus 14 18.4-47.1 31.0 24.3
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g (KN/m3) Unit weight 14 23.2-29.1 26.8 5.6
Sa{;g;g)t al. HimachalPradesh (India) lsso (MPa) Point load index 10 2.81-3.91 3.35 11.0
i (MPa) Uniaxial compression 15 26.6-49.0 38.0 14.8
strength
Kohat (Pakistan) lsso (MPa) Point load index 15 1.52.9 1.93 16.3
Tahir et al. (2011) Uot (MPa) Brazilian tensile strengtf 15 4.0-6.8 4.9 13.7
G (MPa) Uniaxial compression 15 29.4-61.8 49.8 18.7
strength
Cherat (Pakistan) lsso (MPa) Point load index 15 2.02.7 2.26 11.6
Gyt (MPa) Brazilian tensile strengtt 15 5579 6.9 9.8
s (MPa) Uniaxial compression 10 28-33 30.0 6.5
strength
Kurtulus et al. Akveren (Turkey) Isso (MPa) Point load index 10 2.9-3.3 3.12 51
(2016) E (GPa) Young's Modulus 10 49-65 54.4 8.7
Gyt (MPa) Brazilian tensile strengtt 10 5.0-6.2 5.6 6.6
Nigeria fiei (MPa) Uniaxial compression 10 59.8-99.8 82.8 18.5
strength
Adebayo and L o Uniaxial compression
Umeh (2007) Shagamu (Nigeria) Ue (MPa) strength 10 60.3-97.4 82.5 17.6
oo o Uniaxial compression
Lagos (Nigeria) Ue (MPa) strength 10 67.3119.2 96.8 21.1
Chitty etal. o Uniaxial compression
(1994) Salem (USA) e (MPa) strength 14 46.0-59.3 51.1 8.5
o Uniaxial compression
Ulu(igg f)t al. Kozlu-Zonguldak (Turkey) Ui (MPa) strength 15 55.0-96.0 70.7 15.8
Iss0 (MPa) Point load index 15 2.2-4.0 3.14 18.1
fiei (MPa) Uniaxial compression 1 11.2-55.1 32.3 38.5
Shalabi et al. Puerto Rico (USA strength
(2007) erto Rico (USA) E (GPa) Young's Modulus 1 16.2-41.1 26.4 30.4
g (KN/m3) Unit weight 1 24.526.6 25.8 2.3
Dincer et al. . o Uniaxial compression i
(2004) Bodrum Peninsulérurkey) Ui (MPa) strength 12 70-112.7 89.2 15.2
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Ei (GPa) Young's Modulus 12 9.3-18.3 14.6 19.5
g (kN/md) Unit weight 14 18.3-25.1 22.5 10.2
R, Schmidt hammer 24 24.8053.40 39.9 23.1
hardness
; o Uniaxial compression
Dlrztzzggz; al. Turkey Uci (MPa) strength 24 32.93112.7 73.05 35.7
Ei (GPa) Youngsd mc 24 5.0521.18 12.34 37.7
g (KN/m?) Unit weight 24 17.4526-50 22.04 13.7
n (%) Porosity 204 0.229.3 4.66 104.3
g (KN/m?) Unit weight 468 14-26.3 23.22 12.7
R, Schmidt hammer 280 11-52 28.9 37.4
hardness
Greece (Sandstone) - :
Iss0 (MPa)) Point load index 828 0.27.6 1.88 91.5
fiei (MPa) Uniaxial compression 226 2.5252 48.53 108.4
strength
Sabatakakis et Ei (GPa) Youngsd mc 36 3.4271.75 26.36 66.31
al. (2008) n (%) Porosity 262 0.044.25 0.54 105
g (KN/m?3) Unit weight 778 22-28.2 26.17 2.9
N Schmidt hammer 355 1657 41.8 13.8
: hardness
Greece (Limestone) - :
Iss0 (MPa) Point load index 1305 2-7 3.99 28.3
fiei (MPa) Uniaxial compression 470 25-294.05 68.23 65.3
strength
E (GPa) Youngs6 mc 85 4.7-196.26 73.17 73.7
W (%) Water content 15 0.01-0.04 0.02 50.00
Otanmaki, Finland (Gabbro) n (%) Porosity 15 0.130.48 0.29 34.48
adeiare (2020) 8ot (MPa) Brazilian tensile strength 15 6.812.6 9.88 18.02
Aladejare (2020) We (%) Water content 10 0.020.12 0.05 80.00
Otanmaki, Finland (Granite) n (%) Porosity 10 0.291.64 0.73 58.90
8ot (MPa) Brazilian tensile strength 10 7.1-12.7 10.41 18.83
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Table 1.A4. Site-specific rock mass property statist{database: ROCKMass/9/5876)

No. of
Source Site Description Property tests Range of data Property Property COV (%)
> mean
(030
Orangé Fi:]twril'g)rwnel (South RQD Rock quality designatior 14 56.4-99.1 86.6 12.8
Bieniawki (1978) Dworshak Dam (USA) RQD Rock quality designatior 21 59.6-93.2 82.1 12.5
OrangeFlz?ri'gg;w nel (South Em (GPa) Modulus of deformation 7 0.221 0.69 41.4
Sa‘z'zgonéze)t al Maen Tunnel (ltaly) RMR Rock mass rating 330 13-96 67.7 24.7
The Di v4pitrjine ¢ RQD Rock quality designatior 42 10-100 69.7 47.9
Ozkan et al. (Turkey) RMR Rock mass rating 39 51-80 64.5 11.6
(2015) The Divpitrine < .
RMR Rock mass rating 35 50-72 60.7 11.6
(Turkey)
Ne(J;lglzt)al. Gotvand Dam (Iran) RMR Rock mass rating 49 30-76 50.5 23.0
Hassanpour et al Karaj Water Conveyance Tunn RMR Rock mass rating 37 36-74 56.0 13.9
(2009) (Iran)
Kaiser et al. Tumbler Ridge Tunnels .
(1986) (Canada) RMR Rock mass rating 49 20-71 49.0 26.8
Chatziangelou et Platamon Railway Tunnel RMR Rock rpass rating 43 14.570 39.6 38.0
al. (2002) (Greece) Gs| Geological strength 43 225525 37.7 24.5
index
Waikato Coal Region (New RQD Rock quality designatior 80 58-94 80.2 11
Moon et al. Zealand) RMR Rock mass rating 65 51.2-72 64.8 6.6
(2001) Jinzhou (China) RMR Rock mass rating 32 56-78 71.9 7.8
Iran RMR Rock mass rating 74 39-85 61.7 20.0
Chun et al RQD Rock quality designatior 61 15-100 77.9 29.8
) Korea -
(2009) RMR Rock mass rating 61 21-92 62.3 23.2
Coon (1968 Dworshak (USA RQD Rock quality designation 40 35-92 74.18 16.9
quality g
Majdi and Beiki Geological strength !
(2010) Iran GSl index 111 26-89 54.3 22.4
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b Bay (China) RMR Rock mass rating 23 67-92 81.2 8.6
i aya Ba ina
Yaz%%% al. yasay Q Rock mass quality 11 33.657.6 46.9 17.6
Jinzhou (China) RMR Rock mass rating 32 56-78 71.9 7.8
Kramadibrata et Tutupan open pit coal mine . )
al. (2011) (Indonesia) RMR Rock mass rating 22 23-71 44.3 35.2
| RQD Rock quality designation 10 30-85 63.9 27.7
i ran
Kha(bZté)alZ:;)et al. RMR Rock mass rating 10 39-56 488.1 1.9
Iran RMR Rock mass rating 74 39-85 61.7 20.0
L RMR Rock mass rating 16 48-63 56 8.0
El-Naqga (1996) Wadi Mujib (Jordan) -
Q Rock mass quality 16 2.8-18.3 10.2 53.9
Africa) Q Rock mass quality 24 0.02-200 13.4 303.5
and Budavari (South Africa) -
(1981) Q Rock mass quality 22 0.09-89.7 10.1 209.2
The Delvers Street Tunnel RMR ROCk mass I’ating 10 28-74 45.9 32.4
(South Africa) Q Rock mass quality 10 0.01-4.75 1.37 112.3
. RMR Rock mass rating 21 13-42 29.0 31.1
TuYrul Atatirk Dam (Turkey) -
Q Rock mass quality 21 0.051.9 0.64 87.5
RMR Rock mass ra 29 34-63 46.1 17.1
Kumar et al. Himachal Pradesh (India) : g.
(2017) GSl Geological strength inde; 29 17-33 23.1 15.4
RMR Rock mass rating 23 14-58 30.6 32.8
Has(r;%rgé)e tal Borujen (Iran) GSI Geological strength indes 23 22-60 43.4 18.6
Q Rock mass quality 23 0.0052.5 0.36 159.3
Orangé Figi'(l:';)nnel (South RQD Rock quality designation 44 56.4-99.1 86.6 12.8
Blarg;vg)s ki Dworshak Dam (USA) RQD Rock quality designation 21 59.6-93.2 82.1 12.5
OrangeFlZ?riZ;;mel (South Em(GPa) Modulus of deformation 7 0.22-1 0.69 41.4
El-Naga and Al Tannur Dam (Jordan) RQD Rock quality designation 11 44-57 49.1 9.1
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Kuisi (2002) RMR Rock mass rating 1 52-60 56.1 4.8
GSlI Geological strength indes 1 48-57 52 5.4
Q Rock mass quality 1 2.435.92 3.98 29.5
RQD Rock quality designation 17 50.3100 89.9 15.0
Taiz (Yemen) RMR Rock mass rating 17 52.1-80.3 67.8 12.1
GSlI Geological strength indes 17 33.672 58.2 20.6
Ajalloeian and RMR Rock mass rating 28 41-70 57.8 14.9
Mohammadi Khersan Il Dam (Iran) GSlI Geological strength indes 28 37-64 48.0 15.4
(2013) Em (GPa) Modulus of deformation 28 3.4-40.5 21.3 58.6
Al-Quadhi and RQD Rock quality designation 12 85.2-100 95.8 4.8
Janardhana Taiz (Yemen) RMR Rock mass rating 12 62.8-80.3 72.1 6.7
(2016) GSlI Geological strength indes 12 52.972 64.5 8.8
JordaBordehore . . -~
et al. (2016) Mirador (Ecuador) RQD Rock quality degjnation 15 41-100 84.1 18.0
Jad&Bordehore Sucre, Isabela (Ecuador) Q Rock mass quality 12 4.3-12.2 7.4 36.9
et al. . . .
. RQD Rock quality designation 10 10-86 75.4 30.7
(2016)JordaBo Chato (Ecuador) Q quaTly cesig .
rdehore (2017) Q Rock mass quality 10 0.3-15 4.93 114.7
o RQD Rock quality designation 15 35100 78.3 30.6
Primicias (Ecuador) -
JordaBordehore Q Rock mass quality 15 0.22-100 22.9 133.3
(2017) _ RQD Rock quality designation 27 76-100 87.9 7.1
Cueva de Los Verdes (Spain) -
Q Rock mass quality 27 2.8-150 29.9 138.5
RMR Rock mass rating 31 31-80 55.7 19.0
Kumar (2002) Himalaya RQD Rock quality designation 15 5575 65.7 9.8
GSI Geological strength indes 12 32-67 53.6 18.2
RQD Rock quality designation 21 46.9-78.1 64.7 11.8
Zolfazggi\g)et al Bakhtiary dam site (Iran) Q Rock mass quality 21 0.92-5.02 2.44 57.3
Em (GPa) Modulus of deformation 21 2.9-55 4.4 25.6
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Kavur et al RMR Rock mass rating 19 32-77 53.2 22.8
' Karun3 (Iran)
(2015) Em(GPa) Modulus of deformation 19 1.2-54 12.5 101.7
o RQD Rock quality designation 26 10-50 25.6 51.5
Shrestha (2005) Khimti tunnel (Nepal) -
Q Rock mass quality 26 0.0050.60 0.13 118.4
Hassanpour et al Karaj Water ConveyaecTunnel RMR Rock mass ratin 37 36-74 56.0 13.9
(2009) (Iran) 9 ' '
K'taa%";al)et al Nou Tunnel (Japan) RQD Rock quality designatin 26 11.2.80.3 36.9 54.3
RMR Rock mass ratin 12 62.578.5 69.6 6.4
Exaldaktylos et West Rail Line (Hong Kong) .g
al. (2008) Q Rock mass quality 12 2.579.2 22.8 120.2
Ba(gz%e(:)g)t al. Dongargaon fluorite mine (India RMR Rock mass rating 14 23-52 37.3 20.3
del Potro and
Hurlimann Tenerife (Spain) GSl Geological strength indes 26 39-80 53.9 20.3
(2008)
Khaég'g‘{';)at al. Karaji Tehran tunnel (Iran) RMR Rock mass rating 24 21-75 20.3 29.0
Pavlovic (1970) Unknown En(GPa) Modulus of deformation 27 3.545.1 30.6 39.0
b Bay (China) RMR Rock mass rating 23 67-92 81.2 8.6
i aya Ba ina
Ya’(”z%r(‘)% al. yasay Q Rock mass quality 23 33.6180.5 74.3 60.0
Jinzhou (China) RMR Rock mass rating 32 56-78 71.9 7.8
Kramadibrata et Tutupan open pit coal mine . i
al. (2011) (Indonesia) RMR Rock mass rating 22 23-71 44.3 35.2
RQD Rock quality designation 26 34.9-100 85.1 19.0
KChungcheongio ki RMR Rock mass rating 26 46-86 71.5 16.3
yungsangdo (Korea)
En(GPa) Modulus of deformation 26 3.02-35.7 17.9 51.8
Cr(lggoeet)al. Chungcheonglo and RQD Rock quality designation 18 13.1-99.8 71.4 38.4
Kyungsangdo (Korea) RMR Rock mass rating 18 43-94 66.7 20.8
Chungcheonglo and RQD Rock quality designation 23 35.999.9 75.5 26.6
Kyungsangdo (Korea) RMR Rock mass rating 22 32-84 65 24.1
Kockar and Il eksu tunne RMR Rock mass rating 27 31-59 45.1 29.4
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Akgun (2003b) Q Rock mass quality 27 0.137.31 3.03 98.5
RMR Rock mass rating 17 18-54 40.8 29.0
GSlI Geological strength indes 14 10-50 34.3 44.3
Keffeler (2014) Nevada (USA) -
Q Rock mass quality 17 0.0086.6 112 158.2
Em (GPa) Modulus of deformation 14 0.002-1.03 0.29 103.0
The Huai Saphan Hin Power RQD Rock quality designation 10 32-99 81 25.8
R _ (HSHP) Tunnel (Thailand) Q Rock mass quality 10 0.04-6.6 3.16 92.1
anasooriya -
(2009) The $§r:?12(l)((j§rip f :;‘,klgl)ghway RMR Rock mass rating 19 30-73 56.2 24.6
The Namroud Water Resource RMR Rock mass rating 11 17-40 26.9 34.0
Project Diversion Tunnel (Iran)
Birid (2014) Mumbai (India) RMR Rock mass rating 22 9-67 35.0 46.8
Al(elgaénod)er Turmut (Australia) Em (GPa) Modulus of deformation 18 4.9812.0 8.1 23.9
RQD Rock quality designation 24 73.287.5 81.9 7.8
Singh (2011) Baspa Hyg:]cc)j?gctnc project Q Rock mass quality 24 1.7-7.6 5.2 49.7
En(GPa) Modulus of deformation 24 3.6-13.9 7.2 42.7
RQD Rock quality designation 10 9.8100 55.7 59.4
Isik et al. (2008) Ankara (Turkey) GSlI Geological strength indes 12 8-53 22.2 57.0
En(GPa) Modulus of deformation 23 0.02-0.27 0.11 55.8
Tumac et al. K@Zczksu tunnel . . .
(2006) (Turkey) RQD Rock quality designation 15 75-90 87 6.1
Borsetto et al. . ‘ RQD Rock quality designation 189 0-100 54.6 54.4
Timpagrande Powerhouse (Italy :
(1983) Em(GPa) Modulus of deformation 21 0.3-26.2 6.7 70.1
Frough et al. Karaj Tehran water conveyanct . i
(2014) twnnel (Iran) RMR Rock mass rating 10 21-75 53.2 31.4
Moradi and Zagros long water conveyance . : .
Farsang{2013) wnnel (Iran) RQD Rock quality designation 15 12.579 45 46.9
Panthi and Kaligandaki headrace tunnel .
Shrestha (2018) (Nepal) Q Rock mass quality 14 0.02-2 0.75 106.1
Mayer and Steac Ok Tedi mine site (Papua New : L i
(2016) Guinea) GSl Geological strength indes 10 29-53 44.2 17.9
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RQD Rock quality designation 10 16.498.6 70.8 501
.SWOIfS and South Table Mountain (USA) Q a Y g -
Kibler (1982) Em(GPa) Modulus of deformation 10 12.943.2 27.8 39.8

i RQD Rock quality designation 12 12.562.5 375 51.3
Danielsen and Hallandsas Tunnel (Sweden) Q uaty 9 :

Dahlin (2009) Q Rock mass quality 12 0.01-5.5 1.29 153.4
RQD Rock quality designation 16 1595 57.6 47.9
Frough and . ; -
Torabi (2013) Karaji Tehran tunneflran) RMR Rock mass rating 24 21-75 50.3 29.0
Q Rockmass quality 24 0.00350 7.11 153.6
Jhanwar et al. _ _ _ RQD Rock quality designation 11 40-65 49.1 24.0
Dongri-Buzurg mine (India) X
(2000) RMR Rock mass rating 1 24-65 38.4 35.6
Lama ad : . i
Vutukuri (1978) Japanese Hydro Projects (Jape Em (GPa) Modulus of deformation 21 1.0-10.1 3.73 73.2
Ja(fggoe%t)al. Nosoud water tunnel (Iran) GSlI Geological strength indes 11 21-56 37.2 33.3
Pinto da Cunha Karun dam site .

(1991) (Iran) En(GPa) Modulus of deformation 11 6-57 26.9 73.7
Judeel (2003) KIerksdorg}gioclg)ﬂeld (South GSlI Geological strength indes 11 27-65 48.4 30.1
Radhakrishnan

and Leung Singapore RQD Rock quality designation 16 1553.8 30.3 35.6

(1989)

Taheri and Tani ) GSlI Geological strength indes 10 46-50 48.4 3.0
Australia : :
(2009) GSlI Geological strength iex 10 40-45 42.4 5.4
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2. Site-specific correlations between geotechnical properties

Yelu Zhou, Dongming Zhangnd Jianye Ching

2.1 Introduction

It i's well known that soi l parameters are ge
large number of transformation models demonstréite usefulness of bivariate relationships
between soil parameters. The concept of a correlation expands the determiviistic of a
relationship, such as a mean trend, to a probabilistic notion that describssetigth of the
relationship ontop of the mean trend. In this report, the -specific bivariate correlation
coefficients are computed based on the multivariate soil databases shown iB.Taktde that for

the soil databases (clay and sand), mostrpaters do not have a uf@imensionlesg butfor the

rock and rock mass database®ost parametersave units Most databases are generic (global),
except that SFCLAY/11/4051 is a municipatlay database of Shanghai. Three types of correlation
coeffidents are considered: (a) the Pearson predwhent correlation coefficienr); (b) the
Spearman rank correlatanoe f f i ci ent (r); and (c) thdt)Kenda

Table 2.1. Soil/rock databases

# data # sites/

Database Reference Parametersfanterest points studies
CLAY/10/7490 Ching and Phoon (2014) LL, PI, LI, S\/Ps S'p/Pa, S/SVv, S, Qt1, G, Bq 7490 251 studies
SAND/7/2794 Ching et al. (2017) Dso, Cu, Dr, S'W/Ps, f i, Qn, (N1)eo 2794 176 studies
ROCK/9/4069 Ching ¢ al. (2018) g N, R, Sy Sby, lssg Vp, Sqi, B 4069 184 studies

ROCKMass/9/5876 Ching et al. (2Q0) RQD, RMR, Q, GSI, i, Eem, Eim B, < O 5784 225 studies
CLAY /8/12225 Ching (2020) LL, P, w, /Py, C, Cs, G 12225 427 studies
CLAY/12/3997 Ching (2020) LL, Pl, LI, $\/Ps S'o/Ps /Sy, Ko, EW/S 'y, By, Gha, Neo/(S u/Pa) 3997 237 studies
SAND/13/4113 Ching (2020) e D, svP, SIPIEP;A::' SJTS‘"ME@" (N1)so, Kowr, 4113 172 studies

SHCLAY/11/4051 Zhang et al. (2020) LL, PI, LI, e,Ko, Sv/P4, SJ(UCST/SAG/, SuvsTysG, 4051 50 sites in

SqucsT), SvsT), pIS& Shanghai

g = unit weight;f j = effective fricton angle;s% = preconsolidation stress% = vertical effective stressu = Brazilian tensile
strengthsci = uniaxial compressive strength of intact ro@ki)so = Neo/(sv/P2)®5 Bq = CPTpore pressure ratio =uo)/(c-tv); Ce

= compression inde Cs = swellingindex; Cu = coefficient of uniformity;cy = coefficient of consolidatiorDso = median grain size;
Dr = relative densityg = void ratio;Epmt = soil modulus determined by DMEopmm = normalized Bur = (Eomt/Pa)/(s'v/P3)°5,
Epmt = soil nodulus determined by PMEq = drained modulusof sand Epvt = normalized Ewr = (Epmt/Pa)/(s v/P2)°5; Edan =
(Ea/P2)I(s'\/P2)°%; Edam = dynamic modulus of rock mad&sm = elasticity modulus of rock mas§;= Youngo6s modul us of
Em = deforma&ion modulus of rock mas&, = undrainednodulus ofclay; GSI = geological strengtindex; kso = point load strength
index for diameter 50 mm; K= atrest lateral earth pressure coefficientiMf = dilatometer horizontal stress index; LI = liquidity
index; LL = liquid limit; n = porosity;M = effective constrained modulus determined by oedoméfaer= normalized M=
(M/P2)/(sv/P2)°%; Neo = corrected SRN; Pa = atmospheric pressure = 101.3 kPa; Pl = plasticity index;specific penetration
resistane from the CPT (unique to China) = Qsystem; g = cone tip resistance; ¢ corrected cone tip resistancen @
(q/P2)/(sWP)°% au = (q-Ov) A & normalized cone tip resistances g (q-w2) © & effective cone tip resistancei R L-type
Schnidt hammer hardness; RMR = rock mass rating; RQD = rock quality designatienSi$re scleroscope hardness; $PF
standard penetration test blow count-Sensitivity; § = undrained shear strength for clay¢ = remouldeds; uo = hydrostatic pore
pressure; = CPTU pore pressure; UCSTunconfined compression soil teéf = P-wave velocity; VST =vane shear testv =
water content

2.2 Summary Tables

Tables2.2-2.6 summaize some sitaspecifc correlation coefficients between different paramet

pairs for the databases in TaBll&. All correlation coefficients in this report are s#eecific in the
84



Sate-of-the-art review of inherent variability and uncertainty, March 2021

sense that they are computed for each site, not for the entire soil/rock database.

2.3 Key observations

1.

Figure 2.1 compares the sHgpecific r coefficients forthe global vs. Shanghai municipal
databasedt shows that the sitspecificr 6 s tHe &hranghai databas®stly span in a narrower
range than those fohe global database

. Evans (1996) classified into 5 categories based on its magaéu The correlation isvery

strongwhenr|| Q 0s.t8 ong rjlwb.&mo de r6a tOe | Wk @awedk widerD.Q |
O r|k 0.4 and very weak whefn | < 0.2. The results in Table.1-2.5 are shaded by different
colors according téther median \alue  media): red means very strong, orange means strong,
yellow means moderate, green means weak, and blue means very weak.

Figure 2.2 compareghe histograra of site-specific r median for normalized vs. nomormalized
parameter pairsn ROCK/9/4069(e.g, IssoEi Vs. Issdsci-Ei/sci). It shows that|site-specific

I mediar] decreaseafter normaliation

. Figure 2.3 compareghe histogram of site-specific r median for global vs. Shanghaimunicipal

sites It shows that the sitepecificr 6 atamunicipalsale seenstronger than thosa aglobal
scale.

Figure2.4 compareshe histograms of sitspecificr medianbetween nosdimensional parameters
for clay vs. rock. There is no clear difference between soil and rock in the general trends.

1.20
1.00 | == ==
0.80 | —
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0.40
0.20
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-020 i Q3+1.5%IQR _E_
-0.40 Q3 (0.75factile) l
00 | zowm ] [
-0.80 | !
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-1.20
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a)
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Figure 2.1. Boxplots ofsite-specificr for: a) LL-PI; b) LL-Ko; ¢) LL-s/0'; d) LI-S; e) LI-Ko; f)
LI-s/0'; g) w-Ko; h) w-s,/0'y. Thelower andupper edgeof thebox mearfirst and third quartiles
(25%at 75% percentil®, whereashielower andupper bas meanthe further extensions of the
above mentioned quartiles y5times of IQR( | Q R7swpercertilel } 25% percentily
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Figure 2.2. The histograraof site-specificr medgianfor normalizedvs. nornormalizedparameter
pairsin ROCK/9/4069
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Figure 2.3. The histograms ddite-specificr medgianfor global vs. Shanghai miaipal clay sites
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Figure 2.4. The histograms ddite-specificr medianOf NOrmalized parametefsr clay vs. rock
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Table 2.2. Summaryof sitespecific correlationgor CLAY/10/7490, CLAY/8/12225, and

CLAY/12/3997

No No. of Value

Property of. tests/site Typcla of

pairs ) correlation  2.5% 25% . 5% 97.5%
sites Range Mean percentile percentile Median percentile percentile
70 10639 30 Kendall -0.06 0.29 0.52 0.66 0.91

w-Cc 70 10639 30 Pearson -0.37 0.43 0.72 0.86 0.98
70 10639 30 Spearman -0.07 0.38 0.70 0.83 0.98
18 1035 16 Kendall -0.40 0.02 0.34 0.48 0.73

w-Cs 18 1035 16 Pearson -0.58 0.16 0.33 0.68 0.90
18 1035 16 Spearman -0.58 0.08 0.37 0.66 0.89
99 10-57 16 Kendall -0.70 -0.24 -0.05 0.24 0.72

w-si/ 101 1057 16 Pearson -0.92 -0.38 -0.06 0.35 0.85
99 1057 16 Spearman -0.83 -0.35 -0.05 0.32 0.84
21 1041 18 Kendall -0.59 -0.08 0.20 0.48 1.00

w-Ko 23 1041 17 Pearson -0.91 -0.13 0.01 0.54 1.00
21 10-41 18 Spearman  -0.72 -0.14 0.29 0.64 1.00
41 10-50 15 Kendall -0.58 -0.29 -0.02 0.34 0.72

w-E/ U 41 1050 15 Pearson -0.94 -0.41 -0.07 0.58 0.82
41 1050 15 Spearman -0.75 -0.33 -0.03 0.46 0.85

67 10605 32 Kendall -0.01 0.31 0.53 0.68 0.86

LL-Cc 67 10605 32 Pearson -0.07 0.47 0.67 0.87 0.97

67 10605 32 Spearman -0.04 0.42 0.71 0.86 0.96

14 1033 14 Kendall -0.44 0.04 0.27 0.42 0.87

LL-Cs 14 1033 14 Pearson -0.51 0.01 0.46 0.58 0.95

14 1033 14  Spearman -0.55 0.02 0.36 0.59 0.95

86 10-57 16 Kendall -0.70 -0.27 -0.02 0.25 0.84

LL-s/ {0 86 10-57 16 Pearson -0.77 -0.40 0.00 0.31 0.85
86 10-57 16  Spearman -0.83 -0.35 -0.04 0.36 0.93

20 1041 19 Kendall -0.32 -0.02 0.18 0.33 0.73

LL-Ko 23 1040 19 Pearson -0.57 -0.02 0.12 0.39 0.88

20 1041 19 Spearman -0.44 -0.04 0.21 0.49 0.83

35 10-29 15 Kendall -0.52 -0.19 0.02 0.44 0.72

LL-E/ @ 35 10-29 15 Pearson -0.60 -0.40 0.06 0.50 0.84
35 10-29 15 Spearman -0.69 -0.27 0.09 0.58 0.84

65 10605 27 Kendall -0.02 0.26 0.42 0.63 0.87

PI-C. 65 10605 27 Pearson 0.08 0.29 0.56 0.81 0.97

65 10605 27 Spearman -0.01 0.35 0.55 0.77 0.96

15 1033 14 Kendall -0.43 0.05 0.29 0.52 0.67

PI-Cs 15 1033 14 Pearson -0.46 0.12 0.45 0.60 0.90

15 1033 14  Spearman -0.52 0.03 0.41 0.68 0.86

45 10113 19 Kendall -0.40 0.06 0.29 0.54 0.80

LI-St 45 10113 19 Pearson -0.57 0.12 0.53 0.68 0.87

45 10113 19 Spearman -0.52 0.06 0.42 0.69 0.94

74 1057 16 Kendall -0.73 -0.25 -0.11 0.34 0.54

LI-OCR 77 1057 16 Pearson -0.79 -0.38 -0.03 0.29 0.83
74 1057 16 Spearman -0.85 -0.39 -0.16 0.41 0.70

64 1057 16 Kendall -0.69 -0.16 0.06 0.29 0.59

Ll-s/ 64 10-57 16 Pearson -0.88 -0.22 -0.04 0.33 0.78
64 10-57 16 Spearman  -0.82 -0.26 0.10 0.39 0.78

LI1-Ko 9 11-41 19 Kendall -0.74 -0.33 -0.10 0.16 0.79
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No No. of Value

Property of. tests/site Typcla of

pairs . correlation  2.5% 25% . 5% 97.5%

sites Range Mean percentile percentile Median percentile percentile
9 11-41 19 Pearson -0.85 -0.41 -0.14 0.14 0.69
9 11-41 19 Spearman  -0.90 -0.43 -0.17 0.17 0.87
34 1027 15 Kendall -0.74 -0.39 -0.14 0.10 0.72

LI-E/ @ 39 1027 16 Pearson -0.88 -0.49 -0.01 0.10 0.88
34 10-27 15 Spearman -0.87 -0.6 -0.15 0.16 0.89
38 1041 15 Kendall -0.88 -0.72 -0.52 -0.24 0.44

Bs-OCR 38 1041 15 Pearson -0.98 -0.90 -0.68 -0.38 0.50
38 1041 15 Spearman -0.95 -0.85 -0.70 -0.25 0.56
30 1040 15 Kendall -0.86 -0.50 -0.16 0.06 0.39

Bo-su/ il 30 1040 15 Pearson -0.93 -0.73 -0.03 0.10 0.67
30 1040 15 Spearman -0.96 -0.63 -0.12 0.06 0.58
25 1024 16 Kendall -0.76 -0.58 -0.28 -0.09 0.64

BrEJ 0 25 1024 16 Pearson -0.88 -0.75 -0.55 -0.26 0.65
25 1024 16 Spearman -0.90 -0.76 -0.38 -0.13 0.78

90 1059 15 Kendall -0.76 -0.30 0.17 0.63 0.96
OCRs/ ju 92 1059 15 Pearson -0.89 -0.35 0.30 0.96 0.99
90 1059 15 Spearman  -0.89 -0.38 0.25 0.81 0.99

25 1050 15 Kendall 0.07 0.27 0.42 0.59 0.93

OCREJ/ ji 25 1050 15 Pearson 0.27 0.46 0.77 0.91 0.99
25 10-50 15 Spearman  0.10 0.38 0.59 0.74 0.98

37 1059 16 Kendall -0.59 -0.01 0.29 0.62 0.82

Ou-Su/ 37 1059 16 Pearson -0.79 -0.13 0.59 0.91 0.99
37 1059 16 Spearman -0.71 -0.05 0.40 0.79 0.94

7 13-43 19 Kendall 0.18 0.38 0.51 0.66 0.87

Or-Ko 8 12-43 18 Pearson 0.00 0.29 0.599 0.81 0.86
7 13-43 19 Spearman 0.22 0.47 0.67 0.82 0.97

42 10-33 16 Kendall -0.33 0.19 0.43 0.61 0.83

qu-BE/ @ 42 1033 16 Pearson -0.37 0.54 0.71 0.91 0.99
42 10-33 16 Spearma -0.41 0.27 0.56 0.77 0.95

18 1039 17 Kendall -0.79 -0.46 -0.01 0.38 0.84

s/ Ko 21 1039 16 Pearson -0.83 -0.44 0.00 0.53 0.98
18 1039 17 Spearman -0.87 -0.64 0.00 0.51 0.94

1 18-18 18 Kendall 0.05 0.05 0.05 0.05 0.05

s/ WCe 1 18-18 18 Pearson 0.07 0.07 0.07 0.07 0.07
1 18-18 18 Spearman  0.06 0.06 0.06 0.06 0.06

4 10-17 14 Kendall -0.07 0.06 0.33 0.57 0.69

EJ Ko 5 10-17 13 Pearson -0.19 0.05 0.35 0.43 0.60
4 10-17 14  Spearman -0.09 0.10 0.46 0.71 0.85

1 10 10 Kendall -0.21 -0.21 -0.21 -0.21 -0.21

Ko-Ce 1 10 10 Pearson -0.28 -0.28 -0.28 -0.28 -0.28

1 10 10 Spearman -0.28 -0.28 -0.28 -0.28 -0.28

C.C. 33 10115 22 Kendall -0.15 0.15 0.33 0.58 0.86

i 33 10115 22 Pearson -0.48 0.20 0.46 0.73 0.96
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No No. of Value

Property £ tests/site Type of

pairs : correlation  2.5% 25% . 75% 97.5%
t . . . .
sftes Range Mean percentile percentile Median percentile percentile

33 10115 22 Spearman -0.25 0.19 0.47 0.74 0.95

Note HEUINCaNSCIISHE N grange means strongellow means moderatgreen means weaknd
blue means very weak

Table 2.3. Summaryof sitespecific correlationsor SHCLAY/11/4051

NoO No. of Value
Property of. tests/site Type of
i ; i 0, 0, . 0,
pairs sites Range Mean correlation 2.5% 25% Median 5% 97.5%
percentile percentile percentile percentile

14 1038 24  Kendall -0.67 -0.45 -0.22 -0.07 0.08

LL-s/ &' 14 1038 24  Pearson -0.75 -0.63 -0.47 -0.34 -0.05
14 1038 24 Spearman -0.83 -0.64 -0.34  -0.18 0.07

11 1059 19  Kendall 0.23 0.45 0.56 0.75 0.82

Pl-Ko 11 1059 19  Pearson  0.50 0.64 0.79 0.87 0.95
11 1059 19 Spearman 0.32 0.63 0.75 0.88 0.93

12 1038 26  Kendall -0.17 -0.03 0.16 0.32 0.57

LI-St 12 1038 26  Pearson -0.21 0.07 0.20 0.38 0.79
12 1038 26 Spearman -0.24 0.00 0.22 0.40 0.76

11 1059 19  Kendall -0.24 -0.05 0.15 0.34 0.48

LI-Ko 11 1059 19  Pearson -0.18 -0.14 0.29 0.57 0.60
11 1059 19 Spearman -0.35 -0.10 0.21 0.47 0.62

14 1038 24  Kendall -0.29 0.15 0.28 0.35 0.49

Ll-s/ @' 14 1038 24 Pearson -0.30 0.18 0.31 0.42 0.67
14 1038 24 Spearman -0.48 0.20 0.39 0.49 0.66

11 1059 19  Kendall 0.33 0.49 0.60 0.73 0.90

w-Ko 11 1059 19  Pearson  0.42 0.64 0.75 0.90 0.95
11 1059 19 Spearman 0.41 0.64 0.78 0.88 0.97

18 1041 23  Kendall -0.45 -0.35 -0.10 0.05 0.33

w-s/ 8' 18 1041 23 Pearson -0.73 -0.38 -0.19 -0.03 0.37
18 1041 23 Spearman -0.66 -0.50  -0.15 0.06 0.41

1 12 12 Kendall 0.03 0.03 0.03 0.03 0.03

Kos/ 0" 1 12 12 Pearson  -0.05 -0.05 -0.05  -0.05 -0.05
1 12 12  Spearman  0.05 0.05 0.05 0.05 0.05

3 1021 14  Kendall -0.51 -0.42 -0.16 0.16 0.27

pd &Ko 3 10-21 14 Pearson -0.80 -0.74 -0.56 0.04 0.25
3 10-21 14  Spearman -0.70 -0.61 -0.35 0.19 0.37

of B i 13 11141 24  Kendall -0.18 0.25 0.42 0.46 0.58
13 1141 24 Pearson 0.06 0.61 0.68 0.85 0.94
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No No. of Value

Property £ tests/site Type of

pairs : correlation  2.5% 25% . 75% 97.5%
t . . . .
sftes Range Mean percentile percentile Median percentile percentile

13 1141 24  Spearman -0.20 0.33 0.57 0.63 0.76

Note HEUINCaNSCIISHE N grange means strongellow means moderatgreen means weaind
blue means very gak

Table 2.4. Summaryof sitespecific correlationsor SAND/7/2794 and SAND/10/4113

No. of Value
tests/site Type of
correlation  2.5% 25%
percentile percentile

No.
of
sites Range Mean

Property
pairs

75% 97.5%

Median . .
percentile percentile

4 12-72 40 Kendall 0.13 0.18 0.28 0.37 0.42
Dr-Mn 4 12-72 40 Pearson -0.04 0.09 0.26 0.36 0.43
12-72 40 0.16 0.26 0.40 0.50 0.56

15 10-21 14 Kendall -0.54 0.00 0.38 0.69 0.75

(N1)60-Qm 15 10-21 14 Pearson -0.70 0.23 0.48 0.85 0.91
15 10-21 14 Spearman -0.73 0.05 0.55 0.86 0.91

21 10-21 15 Kendall -0.60 -0.03 0.20 0.46 0.82

(Nl)GO'KDMT 21 10-21 15 Pearson -0.70 -0.08 0.34 0.64 0.90
21  10-21 15 Spearman -0.76 -0.04 0.23 0.61 0.94

45 10-31 17 Kerdall -041 0.14 0.37 0.53 0.77

Qu-Kpmr 45 10-31 17 Pearson -0.57 0.16 0.55 0.75 0.89
45 10-31 17 Spearman -0.52 0.21 0.52 0.69 0.91

2 12-30 21 Kendall 0.43 0.43 0.52 0.61 0.61

EpmTn-Mn 2 12-30 21 Pearson 0.55 0.55 0.59 0.63 0.63
2 12-30 21 Spearman 0.59 0.59 0.68 0.78 0.78

2 12-30 21 Kendall 0.54 0.54 0.59 0.64 0.64

Komt-Mn 2 12-30 21 Pearson 0.65 0.65 0.69 0.72 0.72
2 12-30 21 Spearman 0.71 0.71 0.76 0.81 0.81

Note HEUINCaNSEIISHEgrange means strongellow means moderatgreen means weand
blue means very weak

Table 2.5. Summary of sitespecific correlationfor ROCK/9/4069
No. of

Property I\(I)(f)' tests/site_ Type of Value
: : ) _ :
pairs tes Range Mean correlation  2.5% 25% Median 7 97.5%

ercentile percentile ercentile percentile

11 1066 24 Kendall -0.04 0.17 0.29 0.61 0.75
0-Ei 11 1066 24 Pearson -0.04 0.11 0.42 0.84 0.90
11 10-66 24 earman -0.09 0.27 0.41 0.78 0.90
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No No. of Value
Property £ tests/site Type of
. ( ; 0 0
pairs sites Range Mean correlation  2.5% 25% Median 5% 97.5%

iercentile iercentile iercentile iercentile

11 1045 20 Kendall -0.65 -0.62 -0.52 -0.35 0.33

N-Ubt 11 1045 20 Pearson -0.90 -0.79 -0.70 -0.44 0.38
11 1045 20 Spearman -0.84 -0.78 -0.68 -0.45 0.53

26 1055 25 Kendall -0.84 -0.67 -0.54 -0.31 0.13

N-Sci 26 1055 25 Pearson -0.92 -0.88 -0.73 -0.45 0.05
26 1055 25 Spearman -0.96 -0.85 -0.73 -0.45 0.19

17 1045 24 Kendall -0.71 -0.63 -0.55 -0.36 0.02

n-E 17 1045 24 Pearson -0.91 -0.81 -0.72 -0.47 -0.11
17 1045 24  Spearman -0.90 -0.80 -0.72 -0.46 -0.01

20 1055 24 Kendall -0.87 -0.76 -0.55 -0.34 0.16

n-Vpe 20 1055 24 Pearson -0.95 -0.88 -0.72 -0.46 0.14
20 10-55 24  Spearman -0.96 -0.89 -0.71 -0.43 0.27

9 13145 41 Kendall 0.05 0.28 0.54 0.67 0.76

R -lss0 9 13145 41 Pearson 0.05 0.38 0.70 0.88 0.89

9 13145 41 0.06 0.40 0.74 0.83 0.90

9 10-44 25 Kendall -0.21 0.39 0.57 0.74 0.74
RL-Ei 9 10-44 25 Pearson -0.27 0.65 0.78 0.89 0.93
9 10-44 25 Spearman -0.30 0.54 0.70 0.89 0.90
8 13145 40 Kendall -0.33 0.35 0.57 0.71 0.80
RL-Vp 8 13145 40 Pearson -0.44 0.55 0.76 0.89 0.97
8 13145 40 Spearman 0.50 0.73 0.86 0.93

8 10-36 20 Kendall -0.28 0.32 0.51 0.72 0.81
Ob-Vp 8 10-36 20 Pearson -0.44 0.50 0.66 0.82 0.92
8 10-36 20 Spearman -0.40 0.48 0.68 0.87 0.94

12 1062 30 Kendall -0.05 0.25 0.43 0.63 0.79
Isso-Ei 12 1062 30 Pearson -0.12 0.38 0.63 0.81 0.98
12 1062 30 Spearman -0.04 0.34 0.59 0.79 0.93
18 10-145 28 Kendall -0.15 0.50 0.61 0.82 1.00
lsso-Vp 18 10-145 28 Pearson -0.20 0.63 0.78 0.95 0.99

18 10-145 28 Spearman -0.23 0.68 0.77 0.95 1.00

n-Ei/s i 17 1045 24 Kendall -0.48 -0.13 -0.05 0.18 0.54
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No No. Of Value
Property of. tests/site Typle :?f > > -
airs . correlation 5% 5% . 5% 7.5%
P sites Range Mean percentile percentile Median percentile percentile
17 1045 24 Pearson -0.77 -0.19 0.01 0.36 0.77
17 10-45 24 Spearman  -0.63 -0.14 -0.06 0.26 0.71
9 10-44 25 Kendall -0.35 -0.26 -0.14 0.09 0.34
RL-Eilsci 9 10-44 25 Pearson -0.63 -0.43 -0.20 0.09 0.53
9 10-44 25 Spearman -0.45 -0.37 -0.23 0.05 0.41
9 13145 41 Kendall -0.15 -0.05 0.06 0.10 0.17
RL-Is50Sci 9 13145 41 Pearson -0.24 -0.07 0.13 0.28 0.31
9 13145 41 Spearman -0.23 -0.08 0.10 0.11 0.24
12 1062 30 Kendall -0.57 -0.02 0.10 0.28 0.45
Isso/sci-Eilssi 12 1062 30 Pearson -0.80 0.04 0.21 0.42 0.60
12 1062 30 Spearman -0.79 0.04 0.13 0.40 0.63
13 1043 22 Kendall -0.21 0.05 0.24 0.32 0.85
OpdScirlssosci 13 1043 22 Pearson -0.15 0.22 0.46 0.83 0.94
13 10-43 22  Spearman -0.36 0.07 0.36 0.45 0.93

Note HEUINCaNSCIISHE N grange means strongellow means moderatgreen means weaind
blue means very weak

Table 2.6. Summaryof sitespecific correlationfor ROCKMASS/9/5876

No No. of Value
Property of' tests/site Type of
i ) i 0 0
pairs sites Range Mean correlation  2.5% 25% Median 75% 97.5%

ercentile percentile ercentile percentile

15 10670 22 Kendall 0.23 0.48 0.61 0.73 0.98

RQOD-Q 16 1070 22 Pearson -0.80 0.41 0.65 0.75 0.85
15 1070 22 Spearman 0.25 0.62 0.73 0.86 0.99

9 10146 34 Kendall -0.83 0.26 0.39 0.55 0.57

RQD-EnE 9 10146 34 Pearson -0.92 0.37 0.50 0.68 0.69
9 10146 34 Spearman -0.94 0.36 0.55 0.70 0.72

20 10330 43 Kendall -0.01 0.43 0.53 0.72 0.89

RMR-Q 21 10330 41 Pearson -0.06 0.29 0.56 0.76 0.99
20 10330 43 Spearman -0.05 0.56 0.70 0.88 0.96

16 10715 103 Kendall 0.09 0.46 0.60 0.72 0.76

RMR-Em 16 10715 103 Pearson 0.00 0.58 0.68 0.86 0.86
16 10715 103 Spearman 0.11 0.62 0.75 0.89 0.91

9 11418 63 Kendall 0.09 0.23 0.50 0.62 0.76

RMR-Eem 9 11418 63 Pearson 0.00 0.41 0.50 0.68 0.86
9 11418 63 Spearman 0.11 0.36 0.66 0.78 0.91

Note HEUINCaNSCIISHE N grange means strongellow means moderatgreen means weaind
blue means very weak
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3. Summary of random field model parameters of geotechnical properties

Armin W. Stuedlein, Brigid CamiPiego Di Curziqg Sina JavankhoshdelShirrichi Nishumura,
Wojciech Puh, Giovanna Vessia, Yu Wangnd Jiang Ching

3.1 Introduction

Random field theory (RFT) represents a robust framework for the evaluation of spatial variability.
Whereas regression analyses invoke classical statistics with the necessary and fundamental
assumption that all data (e.g.;Situ measurements) exhibit identical likelihoods of representation

and lack of correlation, RFT acknowledges and leverages the losgigaific dependence of soil
properties. Specifically, soil properties within any one depositional unit are autocorrelgieenA

soil measurement of interest, g(z), may be separated into two components including a trend function,
t(z), and a randomly fluctuating component, w(z), as:

9(2)=1(2) +w(2) (3.1)

where z =depth and w(z) represents inherent soil variabilitghtbuld be noted that the assessment

of random fields commonly requires conditioning to obtain weak stationarity (i.e., statistical
homogeneity), which may be achieved through progressive detrending, differencing, or variance
transformation of the measuredil parameter. Acceptable stationarity may be characterized by a
conditioned dataset with constant mean and an autocovariance that is a singular function of
separation distand&enton 1999; Cafaro and Cherubini 2002).

The inherent spatialariability of a measured soil property can be sufficiently characterized by its
mean, the variance or coefficient of inherent variability (COV), and the scale of fluctuation (i.e.,
measure of autocorrelation length; VanMarcke 1977, 1983). déf@icient of inherent ariability is
defined as:

cov, (2)= 22 (32)

where sy = standard deviation of the fluctuating component of a measured, stationary soil
parameter. The scale of fluctuatiah, or the lag distance within which soils exhibit relatively
strong correlation is the third parameter required to completely descfibige random field within

the RFT framework. Smaller magnitudes efdescribe short autocorrelation lengths and more
variable soil conditions, whereas larger indicate longlived autocorrelation and more
homogeneous soil conditions. The determinatib@OVy andd should proceed carefully in order

to prevent ovefitting during conditioning of the data to achieve weak sterity.

3.2 Summary Tables and Figures
Table3.1 and Figure8.1 and3.2 summarize the typical ranges in the vertical and hot&scale
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of fluctuation, d, reported in the literature. Tabl@2 provides a comprehensive summary of
previously reported. Table3.3 provides a comprehensive summary of previcusported vertical
and horizontalCOVy. Table3.1 and Figure3.1 are extacted from Cami et al. (2020), whereas
many cases in TabR2 are also extracted from Cami et al. (2020).

3.3 Key Observations

1. In general, far moreata is available in the vertical direction owing to the difficulty in obtaining
sufficient data in thedrizontal direction to compute random field model parameters (Bahle
Figure3.1).

2. Data for the vertical direction is generally considered more reliable than that in the horizontal
direction, owing to the use of more sophisticated methods availableletermining the
autocorrelation length when data is plentiful.

3. The available data suggest that the soil autocorrelation length anisotropgh(i.€\) ranges
from 3 to 500 (Figure8.2), whereas Tabl8.3 indicates no significant difference between the
horizontal and vertical COV. The most typical value fat, / dv is around 120 (Figure3.2).

4. Random field model parameters reported in the literature span a wide range in geotechnical
properties; however, those associated with the cone penetration Bast #& most frequent
owing to the ease with which data may be obtained with the CPT and frequency of data samples
associated with any given sounding.

Table 3.1. Ranges oty andd, for various soil types (Cami et al. 2020)
i dn (M) dv (M)
Soil type ) . . .
# studies | Min Max Average | # studies| Min Max Average

Alluvial 9 1.07 | 49 142 13 0.07 1.1 0.36
Ankara clay - - - - 4 1 6.2 3.63
Chicago clay - - - - 2 0.79 1.25 091
Clay 9 0.14 | 163.8 31.9 16 0.06 | 3.62 1.29
Clay, sand, silt mix 13 1.2 | 1000 201.5 28 0.06 21 1.58
Hangzhou clay 2 40.4| 45.4 42.9 4 0.49 0.77 0.63
Marine clay 8 8.37| 66 30.9 9 0.11 6.1 155
Marine sand 1 15 15 15 5 0.07 7.2 143
Offshore sail 1 24.6 | 66.5 45.6 2 048 1.62 1.04
Over consolidated clay 1 0.14| 0.14 0.14 2 0.063 | 0.255 0.15
Sand 9 169 | 80 24.5 14 0.1 4 1.17
Sensiive clay - - - - 2 1.1 2.0 1.55
Silt 3 12.7| 455 33.2 5 014 | 7.19 2.08
Silty clay 7 9.65| 45.4 29.8 14 0.095| 6.47 1.40
Soft clay 3 222 | 80 47.6 8 0.14 6.2 1.70
Undrained engineered so - - - - 22 0.3 2.7 1.42
Water congnt 9 2.8 22.2 12.9 8 0.05 6.2 1.70
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Figure 3.1. Histograms fod, andd, (extracted from Cami et al. 2020)
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Figure 3.2. Variation of vertical scale of fluctuatiody, with horizontal scale of fluctuatioms, for
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Table 3.2. Summaryof scales of fluctuation reported in the literature

Data
Site Location | Geomorphogy Soil type Type of Measuremen Parameter sourii dings interval | SOR (M) SOFR (m) Method | Model Reference
(m)
Loose sandy
soils, cohesive
i i CPT 71 0.05 0.1-3.9
Taiwan Alluvial plane soils, medium % MM SExp | LiuandChen (2010)
denseo dense
sands and clay
layer CPT fs 71 0.05 0.21.9
Beaufort . .
Region, | artificial island | ' hed sandm CPT G 18 002 | 1.6913.69| 0.420.44 MM | SExp | UoretCabotetal,
artificial island (2014)
Canada
Taiyuan,China Silty clay SPT N value 6 39.4
Taiyuan,China Clay SPT N value 6 45.1 MM Li and Xie £000)
Hangzhou, .
China Silty clay SPT N value 7 34.56
Tianjin,
China Muck clay CPT Oc 25 0.180.54 MM Guo et al(2017
. Loess MM Zhang and Liy201
China CPT fs 0.261.12 g 2019
Muck clay CPT Oc 65 6.5314.83 0.1581.0
Tianjin, Cl c 6 8.3 01320322 | "™ 1(2009
China ay PT Oc 5 .37 .1320. Yan et al.( )
Silty clay CPT Oc 65 9.65 0.0950.426 MM
N(':%?r?:’ Mucky clay CPT Oc 9 0.320.49 MM Wang and Che(2019
Nanjing, Silty clay CPT Oc 57 0.250.39 MM Xue (2011
China Silty sand CPT (o 57 0.250.58
Silty cla CPT f 12 0.250.83
Hangzhou, y °dy : MM WU et al.(2005)
China Clay CPT fs 12 0.161.26
o Silty Clay SPT N value 109 0.41-0.82
xalang, Silt SPT N value 109 0.460.75 MM Luo et al.(2008
Sand SPT N value 109 0.560.94
College . Kulatilake & Um
Station. TX. Clay CPT O 6 0.02 0.17 0.55 MM | SExp (2003)
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USA

Sa”dSZ'rtﬁj: Silty CPT G 22 0.02 0721308 | MM | SExp
Sa”dssz':rfa Clear cPT e 22 0.02 0.961 2.82 MM | SExp
Cf‘;;”e‘ifgtaen d cPT e 22 0.02 1.56i 3.72 MM | SExp
Sa”dcslgg: Hard cPT e 22 0.02 0.617 1.95 MM | SExp
Cl?t/ifsrlf:?;;/ery e Ge 24 0.02 0.97i 3.14 MM | SExp
Clay site: sand CPT Qe 24 0.02 0.38i 0.77 MM SExp
Cli¥if?|f:?$;/ery P Ge 24 0.02 0.59i 2.98 MM | SExp

Clay site: hard CPT .

Stgggﬁg% oy G 24 0.02 0.26i 1.33 MM | SEXD | pcavas vanmarcke
USA Sa”dsfé'rt]‘z Silty cPT fs 22 0.02 1.21-3.04 | MM | SExp (2003)
Sa”dssi';ﬁa Clear CPT fs 22 0.02 0831234 | MM | SExp
Clsai/’gss'taen ] CPT fs 22 0.02 1251353 | MM | SExp
Sa”dcslgs: Hard CPT fs 22 0.02 0361 1.93 | MM | SExp
C'zi’ifsf'é?;;’ery cPt fs 24 0.02 3341 12.00 | MM | SExp
Clay site: sand CPT fs 24 0.02 0.917 2.93 MM SExp
C'?t’h?f'tcelg;’ery CPT fs 24 0.02 0341 0.78 | MM | SExp
Clay jg‘; hard CPT fs 24 0.02 0.30i 1.55 | MM | SExp
Clay CPT e 11 0.049 0.851 6.13 | SVR | Sph
Clay CPT ) 11 0.049 0.91i 494 | SVR | Sph
Missour. USA Clay Sample Cc 0.305 0.881 3.05 SVR Sph Onyejekwes Ge
' Clay Sample € 0.305 0.551 4.66 SVR | Sph (2013)

Clay Sample 5 0.305 0.581 6.92 | SVR | Sph
Clay Sample Wi 0.305 0.55i 506 | SVR | Sph
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Clay Sample Preconsolidation 0.305 0.64i 1.90 | SVR | Sph
stress;s’p
Friction angé, i
Clay Sample f O 0.305 0.3371 2.01 SVR Sph
Clay Sample PL 0.305 0.551 4.42 SVR Sph
Clay Sample S 0.305 0.8271 1.43 SVR Sph
Clay Sample Whn 0.305 0.9171 7.10 SVR Sph
LO”QC’J'E"A"’ WA, Silt CPT o) 10 0.05 0.11i 0.46 MM | Varies |  Stuedlein (2011)
Medium Siiff to CPT G 9 002 | 40t09.90| 0167048 | MM | Varies
Baytown, TX, Stiff Clay lei \
USA Stiff to Very Stff ——| Stuedlein et ak2012)
Clay CPT G 3 0.02 2.9771 9.20 0.541 1.17 MM Varies
Hollywood, . | Clean and silty O 25 0.02 1.61 6.7 0.331 0.78 , Bong and Stedlein
Beach Deposits CPT MM Varies
SC, USA P sand fs 25 0.02 | 16067 | 0.26( 0.98 (2017)
Hollywood, . | Clean and silty Qein 25 0.02 1.61 6.7 0.351 0.67 , Bong and Stuedlein
Beach Depositg CPT MM Varies
SC, USA P sand etnes 25 002 | 167156 | 0287082 (2018)
Clayeysilt to
silty clay: upper o 5 0.2071 0.44 -
Taranto, Italy clay CPT MM CExp Cafarczz%gzr;erublnl
Clayey silt to G 5 0.197 0.72
silty clay: lower
7.861 . ML,
o 7 0.05 1365 0.631 0.77 MM
Sand ML
Fr 7 0.05 5.361 9.13 0.227 0.47 '
Wufeng, MM .
. — Xiao et al. (2018)
Taiwan 7 0.05 11.19i 0.361 0.40 ML,
Clay G : 24.99 oot . MM
11.161 . ML,
Fr 7 0.05 19 55 0.157 0.16 MM
Mainly
Oakland, SMK;
California, - Silt mixtures CPT Jein 2 0.05 - 0.820.96 MM also Uzielli et al. (2005)
USA SEXp,
and

! The soil types refer to thelassification byRobertson (1990)The different number of soundings among the two parameters, at each location and for each soil type class, depends
on cases where Autocorrelation models were not applicable or the CPT profiles wetatiworary.
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QExp
Oakland, I\ég)r:ly
California, Silt mixtures CPT Fr 1 0.05 0.49 MM P:
also
USA
SEXp
Oakland,
California, Sand mixtures CPT Fr 1 0.05 0.60 MM CExp
USA
Mainly
QEXp;
Oakland, also
California, Clean sand CPT Oc1n 3 0.05 0.681.11 MM SMK,
USA CExp,
and
SEXp
Mainly
Oakland, Sal\l/ls}é’
California, Clean sand CPT Fr 1 0.05 0.60 MM CE
USA X,
and
SExp
Mainly
Mid-America Sal\l/ls};'
earthquake Silt mixtures CPT Oc1n 2 0.05 0.330.73 MM SE
regions, USA xP
and
QExp
Mid-America '\C":%X”"Y
earthquake Silt mixtures CPT Fr 1 0.05 0.40 MM alsg’
regins, USA SExp
Mainly
QEXp;
Mid-America also
earthquake Clean sand CPT Jein 19 0.05 0.390.97 MM SMK,
regions, USA CExp,
and
SExp
Mid-America Mainly
earthquake Clean sand CPT Fr 11 0.06 0.280.59 MM SMK;
regions, USA also
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CEXxp,
and
SEXp

Texas,
USA

Silt mixtures

CPT

Q1N

0.05

0.99

MM

Mainly

SMK;
also

SEXxp,
and

QExp

Texas,
USA

Silt mixtures

CPT

Fr

0.05

0.120.13

MM

Mainly
CEXxp;
also
SEXp

Texas,
USA

Sand mixtures

CPT

Q1N

0.05

0.35

MM

SMK

Adapazari,
Turkey

Clay, silty cly

CPT

Cein

0.05

0.280.64

MM

Mainly
CEXxp;
also
SMK,
SEXp,
and

QExp

Adapazari,
Turkey

Clay, silty clay

CPT

Fr

0.05

0.26:0.45

MM

Mainly
SExp
also
SMK,
and
CEXxp

Adapazari,
Turkey

Cleansand

CPT

Cein

0.05

0.390.79

MM

Mainly
QExp
also
SMK,
CExp
and
SEXp

Adapazari,
Turkey

Clean sand

CPT

Fr

0.05

0.190.26

MM

Mainly
SMK;
also
CEXxp,
and
SExp
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Mainly
Treasure CEXxp;
Island, San also
Francisco Bay, Clay, silty clay CPT Oc1n 4 0.05 - 0.130.23 MM SMK,
California, SEXp
USA- and
QExp
Mainly
Treasure s
Island, San Sai(g’
Francisco Bay, Clay, silty clay CPT Fr 3 0.05 - 0.130.28 MM SMK
California, an d,
USA CExp
Konaseema, . Haldar aml Sivakumar
India Stiff clay CPT Oc 1 0.05 - 0.85 MM SEXp Babu (2009)
?a"’l‘\:‘vg’:] C;a”d{aagfs CPT e 71 0.05 - 0.1-3.9 MM | SExp
Voantn Sg’% ;’n ; Liu and Chen (2010)
aniin, y CPT fs 71 0.05 - 0.21.9 MM | SExp
Taiwan clayey layers
Tarsuit P45
island,
Canadian sand CPT % 18 005 | 1.6913.69| 0.420.44 MM | SExp | UloretCabotetal.
(2014)
Beaufort Sea,
Canada
Urmia, Cgfg a\?vtijﬂ:);%?nlc Jamshidi Chenaand
Y, y CPT e 8 0.020.1 - 0.21-2.33 MM - Kamyab Farahbakhst
Iran and sandy
¢ C (2015)
inclusions
Central Lignite CPT O 42 0.05 : 0.440.56 MM | SExp
Europe .
Cental — Baginska et al. (2016
Lignite CPT fs 42 0.05 - 0.360.45 MM SEXp
Europe
Taranto, Italy Yellow clay CPT e 15 0.05 - 0.1950.436 MM SExp
Kawa and Pula (2020
Taranto, Italy Blue-gray clay CPT e 15 0.05 - 0.1850.720 MM SExp
Bologna Siltand sand CPT G 182 0.05 | 140011000 2.30 SVR | Sph
district, Italy mixtures
. SExp Vessia et al. (2020)
Bologna Silt and sand CPT fo 182 0.05 6000 215 SVR | (0
district, Italy mixtures
Sph(y)
Bologna Claysilt CPT e 7 0.05 - 0.131.03 MM QExp, | Pi ec z-W &Es & @
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district, SEXp et al. (2017)
Italy
S Silt mixture - .
Brindisi, (silty clay and CPT S 6 0.02 1.6 MM | SExp | CherubiniandVessia
Italy . (2005)
clayey silt)
0.20.4
(upper
Stiff brownishyellow
Taranto, overconsolidateg layer) -
Italy Taranto clay CPT Oc 15 0.2-0.7 MM Cherubini et al. (2007
(lower grey
layer)
o Alluvial S 2 1.42.6 o
Fivizzano, Italy Deposits Down Hole S > 1820 Cherubini et al. (2007
Ankara Clay Wi 4-6.2
Ankara Cla w 2555
Ankara, Turkey y n Akbas and Kulhawy
Ankara Clay S 3-Jan (2010)
Ankara Clay SPT N value 3-3.8
NGES afTexas Sand CPT 0o, s 2—25,. 7-19 0.263.14 MM Akkaya and
A&M, USA Clay CPT 0, fs 22?' 1340’ 0.33.62 MM Vanmarcke (2003)
Karameh Dam, i 210 Al-Homoud and
Jordan S Tanash (2001)
Alonso and Kriz&
Clean sand and (1975) Lumb (1975)
sand fill SPT N value 0.34 reported by Huber
(2013)
Organic soft clay VST S - 1.2 Asaoka and Grivas
Organic soft clay VST S - 3.1 (1982)
New York Soft \C(!?r{’ New VST S 2.56 SExp | Bakerand Callg(2006)
Sensitive clay VST S 46 2 Baecher (182)
Begchag Lionite mi
(Central V\'/g’;'tg ;‘J‘;‘% CPT Oe 4 0.835 0.150.22 SExp | Baginska etal. (2018
Poland)
CPT e Isotropic 0.36:0.56 SExp | Baginska et al. (2016
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QExp
CEXxp
Bangkd,
Thailand Very soft clay VST S 41 1 221 11 Bergado et al. (1994)
SEXp
Sand and clay CPT Ot 333 0.01/0.02| 12.216.1 0.07-0.78 MM SMK
QExp
Marine Clay CPT Oc 0.78 SExp
Marine Sand CPT Oc 0.08 SMK
Continental Clay CPT Oc 0.21 SMK
Marine Alluvial
Pearl River Clay CPT Ge 12.15 0.5 SExp Bombasaro and Kaspg
Estuary, China Marine Alluvial (2016)
clay with sand CPT Oc 15.67 0.29 SEXp
laminae
Marine Alluvial
sand CPT Oc 15 0.07 SEXp
Fluvial alluvial CPT G 15.06 0.08 SExp
clay
Fluvial alluvial
sand CPT Oc 16.11 0.38 SEXp
Onshore sandy
soils (loose to
Jijel port, medium dense s
Algeria sands, dense fin UC and DPL Oc 10 0.02 0.321.32 (0.78) Bouayad (2017)
sands and silty
sands)
Taranto, Italy Taranto clay CPT Oc 15 0.2 0.1950.72 CExp Cafaro(gggz(;herubml
Sudian iy Alluvial deposit CcPT Goan 16 005 | 1115 0.20.29 MM Cai et al. (2016)
Deltaic Soils, Campanella et al.
Canada Sand CPT Oc 0.025 0.130.71 (1987)
Lian-Yun-Gang Undrained UCor .
City, China engineered slop VST Sy 1.04 APM Chai et al. (2002)
. - CPT:
SaintHilaire, CPT,VST BCPT 1 502 15 SVR | Sph | Chiasson et al. (1995
Canada 27 VST )
VST: 0.5
Sandy soil CPT Oc 0.1-1.0 QExp Cheng et al. (2000)
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Clay CPT e 0.1-1.8 CExp
Soft clay CPT % 0.22.0 Bin
Gulf of Mexico Offshore soils Sample S 16 9000 7.1-9.1 Cheo?zgrii)Gilbert
Clay CPT 042-0.96 Cherubini et al. (207
Montreal Sensitiv clay VST s, 27| Foam 4 Chiasson et al. (1995
Clay VST S 461 60 2.06.2 SExp Ching et al(2011)
e I s T
J%rﬂgz;?y' Sensitive clay VST S 35 DeGroc()iggg) Baeche
Canada . '
engtjjigg(re?g:jeglop L</%'cl)'r S 1.2 APM Eide aérig??c)ilmberg
5]22?1:1§r,k Clayey silty sand CPT Oc1n 21 0.02 0.2-0.5 MM Firouzia(rzll())?r:)jpey et
enguiggtra?g:jeglop Li/%g Su 0.62 APM
enguiggtra?g:jeglop L{l/%%)_r Su L APM
engL]Jng(ra?g:jeglop g/%gr Su 0.6 APM
e s et e
engL]Jirr:g;?;ar:jeglop li/%gr Su 1 APM
en&r?gg?;nglipe li/%gr Su 1.8 APM
eng;Jirr:g;?(lar:jeglop l</%(T)r Sy 1.25 APM
en;ggémegbp L\J/%-?r S 0.72 APM RPre?Z?(TQ?T)j, La
- ochelle et al.(1974)
Shanc?;]; sy 031042 (SZE;EB Haldar and Sivakumal
';?tgaTﬁglg‘a Silty clay CPT e 1 0.2 0.86.1 SExp Babu (2009)
Undrained UC or S 2.5 APM Hanzawa (1983)
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engineered slop VST Kishida et al. (1983)
: Hanzawa et al. (1980
Undrained UC or
engineered slop VST Su 2.5 APM Haii’;\zia‘l"’; ({;9&(3139)’94
Undrained UC or '
engineered slop VST Su 0.57 APM
Cape Cod,
Massachus k 16 2-10 0.21 SVR SExp Hess eal. (1992)
USA
Clay 0.252.5 SExp | Hicks and Samy (2002
Ol\;fzzt;;e(:?;;s CPT Ge 30 Hoeg (1977); Tang
1979
(different levels) cPT Ge 3560 ( )
Tokyo, Japan Soft clay ucc S 5 lor2 40 2 Honjo and Kuroda
Tokyo, Japan 5 80 4 SExp (1991)
Clay Gt 1.22 1.22 SExp | Hsu and Nelson (2006
Emme Valley,
Berne, k 16 1520 0.63 Hufschmied (1986)
Switzerland
. Undrained uCor
Chicago, USA engineered slop VST S 8 1.6 APM Ireland (1954)
Adelaide 0.060.25 (mean
Australia Clay CPT Oc 200 0.005 0.14 0.148) MM SEXp Jaksa (1995)
Relatively
South Parlands homsci%;anous,
Adelaide, ' CPT Oc 30 0.005 0.632.55 Jaksa et al. (1999)
. overconsolidateq
Australia
clay known as
Keswich Clay
0.1 or Jamshidi Chenari ang
Urmia, Iran clean sand, clay CPT O, fs 8 0 02 SExp | Kamyab Farahbakhsh
' 0.21-2.33 (2015)
In situ soils 30i 60 1.06.0 SExp Jietal. (2012)
Offshore sand CPT e 14-38 0.66-0.99
Offshore soils CPT 24.666.5
Offshore soils Sample S 0.487.14 Keaveny et al. (1989)
Offshore soils CPT e 14-38
Offshore Sample S 0.66-.99
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cohesive soill
Offshore soll uu S - 3.6
Offshore soll DST S - 1.4
Kulatilake and Ghosh
Clean sand CPT Oc - 1.6 (1988)
. Lacasse and de
Silty Clay CPT 28 5-12 1.42 Lambellerie (1995)
Offshore sand CPT Oc 25-67¢ MM SEXp 4 Nad
; Lacasse and Nadim
Laminated clay CPT Oc 9.6 - (1996)
Dense sand CPT Oc 37.5 -
Portsmouth, Undrained UC or
N.H., USA engineered slop VST Su 3 0.94 APM Ladd (1972)
Undrained UC or
engineered slop VST S 3 2.5 APM Lafleur et al(1988)
Ta'ygl‘;’; silty DST 36.2417 | 0.370.58 Bin
Taiyuan silty DST 361414 0.350.49 Bin
clay
Taiyuan silt DST 41.545.1 0.610.84 Bin
Taiyuan silt DST 41.845.5 0.54/0.92 Bin )
Hangzhou silty Li etal. (2003)
gclay DST 405454 | 052075 Bin
Hang(flgg” silty DST 404452 | 0.490.71 Bin
Hangzhou clay DST 0.50.77 Bin
Hangzhou clay DST 0.590.73 Bin
5 ! SEXp Lingwanda et al.
Clay-bound sang CPT Oc 6-13 0.341.7 MM Sph (2017)
- Sa”‘i’l ;"t’ and CcPT O fs 126.9163.9 MM | SExp
T Sand s}illt " 71 0.05 Liu and Chen (2006)
c’Iay : CPT O, fs 66-1546 0.181.96 MM | SExp
onshore alluvial
vuanlin deposits (loose
Taiwan' sandy sails, CPT e 71 0.05 62-2000 1.722.53 SExp | Liuand Chen (2010)
cohesive soils,
medum dense tg
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dense sands an
clay layers)

Offshore clays CPT (o8 0.051 Liu et al. (2015)
Tarsuit P45, Filled sand in . Lloret-Cabot et al.
Canada artificial Island CPT Ge 18 171159 0.4 MM (2014)
Mag'”e clay, 1327 SExp Matsuo (1976)
apan
50-70 SVR Sph
40-60 SVR Sph
40-70 SVR Sph Mulla (1988)
60-80 SVR Sph
40-60 SVR Sph
Veda, Sweden Clay CPT o 16 20 0.4 MM Muller et al. (2014)
CDP1 Different soil
Platform, : CPT Oc 39 0.180.39 Nadim (2015)
units
North Sea
Clay and silt clay CPT Oc 283, 225 MM Ng and Zhou (2010)
Yan'an silty clay 1.47
Yan'an silty clay 1.44
J|ang(z::1aa;ng silty| 6.47 |
Jiangzhang silty| Nietal. (2002)
2.96
clay
Tongguan silt 7.19
Tongguan silt 1.2
NGESUH, . . A:12 O'Neill and Yoon
USA Alluvial deposit CPT Oc B: 44 0.15 2-7 1-2 SVR (2003)
onshore alluvial
deposits (loose
sandy soils,
cohesive soils, CPT fs 0.181.96
medium dense t Oguz et al. (2019)
dense sands an
clay layers)
Clayey silty sand CPT fs 0.2
North Sea Offshore sand CPT 18 0.4-2.9 ML Overgérd (2015)
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and clay
sublayers
Onshore two Pantelids and
clay sites 0.11:0.29 Christodoulou (2017)
Clay S 5 0.86.1(2.5)
Sand, Clay CPT Qe 7 0.1-2.2 (09) Phoon and KUIhaWy
Clay CPT o 10 0.2-0.5 (0.3) (1999a)Phoon and
Clay VST S, 6 46-60 2-6.2 Kulhawy (1999Db)
Clay, loam Wh 3 1.612.7 (5.7)
Clay CPT S, 5 0'9’62'15(;"‘*""”
X: 2 2366 0.1-2.2 (mean
Clay CPT G 2.7 (mean 44.5 0.9)
- Phoon et al. (1995)
Sand and clay CPT % x:11 3-80 (mean| 0.2-0.5 (mean
z: 10 47.9) 0.3)
X: 3 46-60(mean
Clay VST S 76 50.7) 2-6.2 (mean 3.8
Treasure Islang
Naval Station Offshore CPT, Lab tests S 0.02 0.380.8 Phoon et al. (2003)
California sediments
USA
Pilot (1972), Pilot et al
Undrained UCor (1982),
engineered slop VST Su 0.962.7 APM Talesnick and Baker
(1984)
Sand SPT N value 12.1 0.95 Popescu et al. (1995
Isatropic
0.5. rarely .
- S more than Rackwitz (2000)
10
Undrained UCor -
engineered slop VST S 2.5 APM Ramalrgg)gégjao et al.
Undrained UCor '
engineered slop VST S 1.8 APM Ferkh and Fell (1994)
Rehfeldt, Gelhar, et al
Columbs, (1989)Renhfeldt,
Mississippi, k 12.7 1.6 Hufschmied, et al.
USA (1989) Young and

Boggs (1990)
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58 0.15 7.522.6 1-2.3 SExp
Rehfeldt et al. (1992)
58 0.15 2550 153 SExp
Clay DST 92.4 1.2-2 QExp Rorold (1990)
750 SVR Sph Rosenbaum (1987)
Clay CPT Oc 10162 1.3'4.0 SEXp Salgado and Kim
Sand CPT e 35i 75 2.213.0 SExp (2014)
Lodalen, Oslo, Undrained S, 14 18 APM Sevaldson (1956)
Norway engineered slop
Very soft clay ucCor
(sand inclusion) VST 0.160.32 (0.23)
SEXp
Mud and very CPT 0.141 (0.37) QExp
soft clay CEx
o P_| YanandGuo(2015)
Very soft clay CPT 0.160.57 (0.37)
and clay
Clay CPT 0.130.32 (0.24)
Silty Clay CPT Oc 0.1-0.43 (0.23)
CPT 1319 3 SVR SExp
Marine Clay S 6 Soulie' et al(1990)
Sensitive clay S 30 3
Canadian
Forces Base :
Borden, VST k 0.20.3 2.8 0.12 Sudicky (ﬁ’ggg})
Ontario, yberg
Canada
55 EX
QExp Tang (1979)
CPT 3560 QExp
CPT 5.689.27 SVR
8.8920 SVR Unlu et al (1990)
4.027.5 SVR
Sand, Clay, Silt
Turkey and (Mixture) Ge 40 0.05 0.131.11(0.7) -
North America Sand, Clay, Silt Uzielli etal. (2005)
! ’ CPT Fr 25 0.05 0.12-0.6 (0.36)
(Mixture)
Superficial soft CPT Soil layer 22.2 ValdezLlamas et al.
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clay thickness (2003)
Supeficial soft W
clay " 0.82.0
Deep deposits
with alternating " 1000 21
clayey and sand
soils
New Liskeard S. N value 25 46 5 Vanmarcke (1977)
varved clay
Leidschendam Vrouwenvelder and
Netherlands Sand ki 18 25 22-34 SExp Calle (2003)
Deltaic Soils, Wickremesinghe and
Canada Sand CPT Oc 0.025 0.240.32 Campantia (1993)
Undrained CPT S 0.3 APM Wilkes (1972)
engineered slop
: ucCor
Chicago clay VST S - 0.4 Wu (1974)
North Sea Fine sand ucC Oc 24 26 0.4 MM SEXp Wu et al. (1987)
Clay CPT 1Gi 40 0.5'3.0 SEXp
Alluvial soil 30i 49 0.210.9 SEXp
Ocean and lake
sedimentary 40i 80 1.3/8.0 Wu et al. (2011)
soils
Moraine soll 2
Aeolian soll 1.217.2
Undrained S, 15 APM Wu et al. (198)
engineered slop
Chicago clay UC or 0.791.25 SEXp
VST .
Saturated clay Xie (2009)
' 1.252.86
Japan
Tianjin pot clay e 8.37 0.1320.322
T'a”“'llggn silty CPT G 9.65 0.095 0.426 Yan et al. (2009)
Tianjin port silt CPT Oc 12.7 0.1401.0
SExp Zhang and Chen
Sandy CPT N value 3 1.363.01 QExp (2012)
Sand, Clay, Silt SPT e - 0.364.92 MM - Sasanian et al. (2018
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(Mixture)
Adapazari area Sand, Clay, Silt i i Pishgah and Chenari
Turkey (Mixture) cPT Ge ! 0.02 0.16 VRF (2013)
Sand, Clay, Silt MM, Eslami Kenarsari et al
(Mixture) CPT Oc - 0.441.52 VRE SExp (2013)
Sand, Clay, Silt i Jamshidi Chenari et a
B.C., Canada (Mixture) CPT G 1 0.5 SExp (2018)
Canadian (0-3 m below ses
Beaufort sea i CPT Oc 6 9 55 Zhang et al. (2016)
bottom)
shelf
CPT Oc 0.61.4
CPT Oc 7 0.591.44 APM
CPT Oc 0.4-1.7
Fineto medium CPT Oc 0.351.5 MM Sph
grained kaolinic CPT Qe 0.341.4 MM SExp
sands_tones CPT e 10 MM T .
overlain by Prastings (2019)
consolidated CPT N1o 0.318
clay-bound DPL N1o 5 0.540.98 APM
sands DPL Nio 0.381.5 MM | sph
DPL Ni1o 0.371.59 MM SExp
DPL Neo 7 1.7-4.2 APM
SPT M 7 2.52.9 APM
Japan Marine bay Clay, Silty Clay ucC S 1 0.250.5 1.225 MM SExp Matsuagr;%Asaoka
Egké?] Marine bay Clay uc S 1 231 660 MM SExp
Hoklfai do Matsuo (1984)
Japan Alluvial Layer Organic clay ucC S 1 36 105 MM SEXp
Japan Alluvial Layer Sand CPT Ot 3 0.05 0.30.5 MM SExp HonJ(()Z%rfzg)take
O\I;:ygwa Embankment Silty sand CPT o 10 YXO %5 20 1.02 ML SExp
Kygto X '5 Imaide, et al. (2015)
Japan Embankment Silty sand CPT Ot 11 Y- 0.05 20 0.92 ML SExp
Hiroshima , X: 2.0 .
Japan Embankment Silty sand CPT log (N value) 8 Y- 0.05 4.8 0.58 MM SExp Imaide, et al. (2019)
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Okayama Embankment, | Silty sand, Clay, X:5 I
Japan Alluvial layer Sand CPT log (N value) 24 Y- 0.05 20 0.92 ML SExp | Nishimura et al. (2017
Okayama | £ ponkment | Silty sand sws N value 15 | X205 542 4.06 MM | SExp | Nishimura et al. (2016
Japan Y: 0.25
Okayama | £ ponkment | Silty sand sws N value 9 X: 5 308 1.20 MM | SExp | Nishimura et al. (2010
Japan Y: 0.25
Table 3.3. Summaryof the coefficient of inherent variability reported in the literature
. Data
Site . Type of . . COV, CcovV,
Location Geomophology | Soil type Measuremen Parameter # soundings m'zerz]:\)/al (%) (%) Method | Model Reference
Clay CohesionC (kPa) 9-16
Jiangsu, Clay Friction angel, () 16-73 Zhang et al.
China Clay Youngos ,En 1oL (2009)
(MPa)
. Naturalmoisture 49 sets (including 2695
Silty clay contentw (%) samples) 2-18
Naturalmoisture 15 sets (including 1185
Clay contentw (%) samples) 15
Silty sand Naturalmoisture 22 sets (including 550 3.17
contentw (%) samples)
. C 42 sets (including 2100
0 -
Silty clay Liquid limit, wi (%) samples) 4-18
Clay Liquid limit, w (%) | L2 Sets (including 996 1-15
samples)
. . . 50 sets (including 2900 i
Jiangsu, Silty clay Unit weight,o samples) 1-5 Zhang et al.
China Clay Unit weight,o 15 sets (including 1200 1.4 (2010)
samples)
. . . 21 sets (including 504
Silty sand Unit weight,o samples) 1-4
Silty clay Plasticity index, p1 | 14 S€ts (including 364 0-38
samples)
. Co 14 sets (including 364
Silty clay Liquidity index, LI samples) 11-47
Silty clay Void ratio, e 16 sets (including 512 5-15
samples)
Silty sand Void ratio, e 14 sets (including 252 6-19
samples)
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Youngds ,h Hn

30 sets (including 960

Silty clay (MPa) samples) 5-48
Youngo6s ,HBn{ 7 sets(including 427 .
Clay (MPa) samples) 1234
. Youngo6s ,Bn({ 12 sets (including 252
Silty sand (MPa) samples) 1551
: : 43 sets (incluithg 1419 :
Silty clay CohesionC (kPa) samples) 7-51
Clay CohesionC (kPa) 12 sets (including 540 1344
samples)
Silty sand CohesionC (kPa) 12 sets (including 192 23106
samples)
: . 43 sets (including 1419
Silty clay Friction angle,f () samples) 7-54
— 12 sets (including 540
Clay Friction angle, 7 () samples) 7-28
. . 12 sets (including 192 :
Silty sand Friction angle,f () samples) 7-31
Natural moisture
contentw (%) 656 samples 4.2-37
Plasticity index, PI 153 samples 1536
Clay content (<2um) 143 samples 7.833
CD and CU o
Paris, Ypresian | yiavial tests | FHCtON angel, () 91 samples 23.824.1 Khadija et al.
France plastic clay CD and CU (2020)
e CohesionC (kPa) 65 samples 13-38
triaxial tests
Youngds ,hHn
(MPa) 123 samples 59-68
Oedometer | Coefficient of earth 70 samples 6.833
test pressure at reso
College
Station, Kulatilake &
e Clay CPT Oc 6 0.02 5-36 MM SExp Um (2003)
USA
Sand site: .
College Silty Sand CPT Oc 22 0.02 327 69
Station Sand site: CPT Akkayad
' ' Qe 22 0.02 151 75 MM SExp | Vanmarcke
TX, Clean Sang (2003)
USA Sand site: CPT % 22 0.02 33-70
Clayey
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Sand
ﬁ:{‘ dd gl'g;: CPT % 22 0.02 4-53
Clay site: CPT
very stiff Oc 24 0.02 307 66
clay
C'Z‘Z e CPT O 24 0.02 71 31
Clay site: CPT
very stiff Oc 24 0.02 487 100
clay
E;% i'lg CPT % 24 0.02 157 72
gii;dsiﬁ CPT fs 22 0.02 447 82
Cslggﬂ o) CPT fs 22 0.02 181 67
Sand site: CPT fs
Clayey 22 0.02 341 71
Sand
>an ddé'l';‘? CPT fs 22 0.02 817 56
Clay site: CPT fs
very stiff 24 0.02 307 58
clay
Clay site: CPT fs 24 0.02 157 44
Clay site: CPT fs
very stiff 24 0.02 3971 82
clay
ﬁ;’% i‘lf; cPT fs 24 0.02 15- 60
Longvie . .
W, WA, Q””V""Y' NC Silt CcPT G 10 0.05 821 241| MM | Varies S“;gd'e'”
USA eposits (20112)
Medium 137 | 16.1i
Baytown | Marine deposits|  Stiff to CPT Ot 9 0.02 i .
. 55 76.8 . Stuedlein et
, TX, Stiff Clay MM Varies al. (2012)
USA . . Stiff to . '
Marine Deposits Very Stiff CPT O 3 0.02 | 9-14| 7.87 10.8
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Clay
. 37.8i
Hollywo Clean and o 25 0.02 | 971 80 558 Bong and
od, SC, | Beach Deposits silty sand CPT 171 17 2| MM Varies Stuedlein
USA fs 25 0.02 66 70.2 (2017)
Hollywo CPT Geun 25 002 |9-81| 348 Bong and
.| Clean and 52.1 . .
od, SC, | Beach Deposits silty sand 10- 11 1i MM Varies Stuedlein
USA OciNes 25 0.02 é5 3é_0 (2018)
Mainly
Oakland SMK;
, Silt also
Californi i mixtures CPT Gean 2 0.05 i 1820 MM SExp,
a, USA and
QExp
Oakland Mainly
s : Silt CPT Fr 1 0.05 | - 17 | mm | CEXm
Californi mixtures also
a, USA SEXp
Oakland
, Sand
Californi i mixtures CPT Fr 1 0.05 i 38 MM CExp
3, USA S Uzellietal.
QEXV_ (2005¥
Oakland P:
also
Californi - Clean sand CPT Oc1n 3 0.05 - 1825 MM gll\z/l)}:
a, USA P,
and
SEXp
Mainly
Oakland SMK;
, also
Californi - Clean sand CPT Fr 1 0.05 - 22 MM CExp,
a, USA and
SEXp
Mid-Am Silt Mainly
erica i mixtures CPT Ge1n 2 0.05 i 19-28 MM SMK;

2 COV, values refer tohte Inherent Coefficient of Variation, calculated after the vertical trend removal.
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earthqua also
ke SEXp,
regions, and
USA QEXp
Mid-Am
erica Mainly
earthqua : Silt CPT Fr 1 005 | - 18 mMv | CBXP;
ke mixtures also
regions, SExp
USA
. Mainly
Mid-Am .
erica QEXp;
earthqua also
ke - Clean sand CPT Oc1n 19 0.05 - 17-38 MM SMK,
. CEXxp,
regions, and
USA SExp
Mainly
. Secon
Mid-Am d-orde
erica ]
eaﬁgqua . Cleansand  CPT Fr 11 005 | - 1031 | MM | Marko
regions v; also
USA CExp,
and
SEXp
Mainly
SMK;
Texas, Silt also
USA i mixtures CPT Gean 1 0.6 i 33 MM SEXp,
and
QExp
Mainly
Texas, Silt CExp;
USA - mixtures CPT Fr 2 0.05 - 1315 MM also
SEXp
Texas, Sand
USA - mixtures CPT (oSTY 1 0.05 - 24 MM SMK
Adapaza . Mainly
f, - C'?I'AS'"V CPT Gen 5 005 | - 1121 | MM | CExp;
Turkey Y also
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SMK,
SExp,
and
QExp
Mainly
Adapaza Clay, silt Sj;(g

r, y, Sty CPT Fr 3 0.05 1421 | MM
clay SMK,

Turkey

and
CExp
Mainly
QEXp;
Adapaza also
ri, Clean sand CPT Oc1n 3 0.05 20-24 MM SMK,
Turkey CEXxp,
and
SEXp
Mainly
Adapaza Sal\l/ls}g

ri, Clean sand CPT Fr 2 0.05 4859 MM
CEXxp,

Turkey

and
SEXp
Treasure Mainly
Island, CEXxp;

San Clay, silt also

Francisc Y, Sity CPT Qoin 4 0.05 2.5 MM | SMK,
clay

o0 Bay, SEXp,

Californi and

a, USA QExp

Treasure Mainl

Island, y

San . SExp;
Francisc Clay,sity | cpp Fr 3 0.05 1018 | mm | 20

clay SMK,
o Bay,

A and
Californi CEx
a, USA P
Konasee Haldar and

ma, Stiff clay CPT e 1 0.05 37 MM SExp | Sivakumar

India Babu (2009)
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Central - 23.5588.
Europe - Lignite CPTu Oc 42 0.05 16 MM SEXp Baginska et
Central I 31.9911 al. (2016)
Europe - Lignite CPTu fs 42 0.05 153 MM SExp
Detrend
Bologna +Resid Pi eczy
district, Clay silt CPT S 7 0.05 17-51 uals Koz §goet
Italy Analys al. (2017)
es
Undrained su 89 327
shear test
Atterberg LL 181 14.1 N
Matera Matera Alt_t|mt|)ts Cherubini
' erberg and \éssia
Italy blue clay Limits PL 181 16.2 (2005)
Unit weight g 579 4.6
Natural water Wi 579 12.9
content
. Atterberg LL 21.8
Silt limits
N mixture Atterberg Cheubini
Brindisi, ity cl limits PL 20.7 d .
Italy (silty clay _ ' and Vessia
and clayey| Unit weight g 4.9 (2005)
silt) Natural water
content Wi 26.4
Fivizzan Alluvial Down Hole Vs 7-9.2 Cherubini et
o, ltaly Deposits Vp 6.87.9 al. (2007)
Matsuo and
Japan Marine bay (?Iay, or ucC S 1 0.250. MM SEXp Asaoka
Silty Clay 5
(1977)
'gc;k)gc;] Marine bay Clay uc S 1 231 MM SExp
par Matsuo
Hokkaid Organic (1984)
0 Alluvial Layer i uc S, 1 36 MM | SExp
Japan y
. Honjo and
Japan | Alluvial Layer Sand CPT Ot 3 0.05 MM SExp Otake (2012)
Okayam , X: 5.0 Imaide, et al.
a Embankment | Silty sand CPT Ot 10 ¥ 0.05 ML SExp (2015)
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Japan
Ijggt;n Embankment | Silty sand CPT (o 11 \)(( :05_605 ML SEXp
Hiroshi .
Jma Embankment | Silty sand CPT log (N value) 8 \);02005 MM SExp Ima(uzdoel,ge)t al
apan
Okayam Embankment +| Silty sand, X: 5.0 Nishimura et
Ja?)an Alluvial layer Clail/, Sand cPT log (N value) 24 Y: 0.05 ML SExp al. (2017)
Okayam I
; ay Embankment | Silty sand SWS N value 15 5:5'255 MM SExp N:jhg&%ﬁ
apan
Notations
Type of measurement:
CPT Cone/piezoncone penetration test
VST Vane shear test
ucC Unconfined compression
SPT Standard penetration test
DST Direct shear test
DPL Dynamic probing light
SWS Surface wave seismology
Properties:
Oc Cone tip resistance
OciN Normalized cone tip resistance
Ot Corrected cone tip resistance
fs Sleeve friction
Fr Friction ratio
Sy Undrained shear strength
k Hydraulic conductivity
N value SPT-N value
N1o Number of blows per 100 mm of penetoatifor DPL
Neo Energy normalized SRN value
Whn Natural water content
WL Liquid limit
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Wp
Cc
Cs
LI

d
€

Method:
APM
MM

ML
VRF
SVR

Plastic limit
Compression index
Swell index

Liquid index

Unit weight

Void ratio

Approximate method proposed by Vanmarcke (1977)
Autocorrelation function fitting (method of moments)
Maximum likelihood

Variance reduction function fitting

Semivariogram

Autocorrelation model

SEXp:
SMK:
QEXp:
Bin:
CExp:
Sph:
Tri:

Single exponential
Secondorder Markov
Squared exponential
Binary

Cosine exponential
Spherical

Triangular
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4. Statistics for geotechnical design model factors

Chong Tangnd Richard Bathurst

4.1 Introduction

During the historical development of the mechanics of deformable solids, the problems in
geotechnical engineering are often categorized into two distinct groups, namely elasticity and
stability (e.g., Terzaghi 1943; Terzaghi and Peck. 1948; Chen 1975). Htei®igroblems deal

with stress or deformation of soil without failure, such as point stress beneath a footing or behind an
earth retaining wall, deformation around a tunnel or an excavation, and settlement analysis. The
stability problems are associatetth the determination of a load that will cause the failure of saill,
such as bearing capacity, passive and active earth pressure, and slope stability. In many design
codes/manuals (e.g., CEN 2004; AASHTO 2017; JRA 2017; CSA 2019), elasticity is usually
considered as a serviceability limit state (SLS), while stability is frequently considered as an
ultimate limit state (ULS). For practical design convenience, many useable and oftentimes
analytically tractable models (link between theory and practice) bese developed for elasticity

and stability analyses of geotechnical structures. Because of the natural (or inherent) variability of
geomaterial properties, assumptions and simplifications made by calculation models and the
difficulty to model constructiomlisturbance, the predicted response will deviate from the measured
one (typically on the safe side). This deviation can be directly captured by a ratio of the measured
value (X») (e.g., load test) to the calculated value)(¥at is called a model factdl (=Xm/Xc)

(ISO 2015). This method is practical, familiar to engineers, and grounded realistically on a load test

database. The quantity X could be a load, a resistance, or a displacement, etc.

The simplest way to characterize the model factor M is liulzde the mean (bias) and coefficient

of variation (COV) (dispersion). The mean of M would provide an engineer with a sense of the
hidden factor of safet{fS) that either adds or subtracts from the nominal global FS, depemding o
whether the calculation method is conservative (mean>1) or unconservative (mean<l) in the
average sense. It should not be inferred that a calculation method is conservative or otherwise for a
specific case because M takes a range of values in actimitgd it is random) that may depend on

the scenarios covered in the database used in calibration. This random nature is practically
significant, because it implies that a calculation method can be unconservative when applied to a
specific case even thoudie method is conservative on the average. Therefore, it is also necessary
to consider the degree of scatter (dispersion) in M and to ensure probability of a measured value

being lower than the calculated value is capped at a known value say p%. Tlsscoleeeptually
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similar to EN 19971:2004 (CEN 2004), 2.4.5.2 (11) which recommends a cautious estimation (or
characteristic value) for a geotechnical desi
probability of a worse value governing the aceuace of the limit state under consideration is not
greater than 5%. 0 The model factor statistice:s
load and resistance factor design (LRFD) of foundations (e.g., Paikowsky et al. 2004, 2010;
Salgado et al. 2Z1; Ng and Fazia 2012; Abtarsakh et al. 2013; AbdelSalam et al. 2015; Seo et al.
2015; Stark et al. 2017; Asem et al. 2018; Machairas et al. 2018; Asem and Gardoni 2019; Heidarie
Golafzani et al. 2020; Petek et al. 2020; Tang and Phoon 2021). The Feétighatay
Administration mandated the use of LRFD for all federally funded new bridges after September
2007 (e.g., Brown et al. 2010, 2018; Hannigan et al. 2016; AASHTO 2017).

4.2 Summary Table

Table4.1 summarizes previous studies on the characterizafiomodel factors mean (bias) and

COV (dispersion). The dataset used in calibration include laboratory (scaled model or prototype in a
centrifuge facility) (representing controlled soil condition) or in situ (representing natural soil
condition) load tes. The results cover various geotechnical structurgs @hallow foundations,
offshore spudcans, pipes, anchors, drilled shafts, driven piles, rock sockets, helical piles,
mechanically stabilized earth walls, soil nail walls, slopes and braced extayatnd a wide range

of geomaterials from soft clay to soft rock. Two typical limit states (i.e., ULS and SLS) are
calibrated. The mean and COV values and number of tests (N) averageddatargroups that

belong to the same geotechnical structuretlstate, and geomaterial are presented inreig.1.

4.3 Key Observations

1. Characterization of ULS model factor received most of the attention in the literature (foundation
capacity is the most prevalent), while characterization of SLS model factdatisealy limited.

This is because only strength parameters (e.g., cohesion, friction angle, or uniaxial compressive
strength) are required in stability analysis that are familiar to engineers and are most often
measured in field or laboratory tests.

2. Basedon the mean of model factothe bias of calculation model is classified as (1)
unconservative (mean<1), (2) moderately consce
(mean>3). Based on the COV of model factor, the dispedi@alculation model is classified
as: (1)l ow (COV<O. 3), (2) meald i(WBm (hG .g3hO qavad/0>. 06.)6,)
di spersi ono means f-Wwersg Mhis ghreéer classifioatiod schkemé& v i ¢
deemed reasonable based on the extensive statistical analyses covering numercusiagote
structures and soil types. It is consistent with the thiszeclassification for soil properties
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(Phoon et al. 2003), the degree of site and model understanding in the Canadian Highway
Bridge Design Code (CSA 2019) and the geotechnical complelsisg being considered in the
new draft for Eurocode 7 ParilEN 19971:202x

Unconservative

Moderately conservative Highly conservative
e =

T

)

]
A |

OShallow foundations (Bearing) (n=9, N=106)

] |
] |
; A i ¢ Shallow foundations (Settlement) (n=13, N=268)
: &) : A Ground anchors (Pull-out) (n=22, N=125)
§ 09 F : : X Offshore spudcans (Punch-through) (n=8, N=67)
& : O : XDeep foundations (Compression) (n=89, N=36)
3 < : o o : ODeep foundations (Tension) (n=29, N=42)
g i : .0 : + Deep foundations (Lateral) (n=18, N=74)
= : : ODeep foundations (Settlement) (n=44, N=47)
% 06 fp--==--d-cmm oo - - - - ORock shafts (Compression) (n=21, N=159)
L“) ” : & : AMSE (Load, Geosynthetic) (n=7, N=99)
_§ 2 : @) : OMSE (Load, Steel) (n=13, N=82)
< § ]l( : R BMSE (Pull-out) (n=15, N=137)
& :& X | ®MAW (Load) (n=3, N=27)
A

03 FF------ Tmmmmmm e — = -1- - - - AMAW (Pull-out) (n=1, N=28)
' @®SNW (Load) (n=8, N=84)
EISNW (Pull-out) (n=2, N=52)
© SNW (Facing tensile force) (n=2, N=33)
ASlope (Global stability, man-made) (n=11, N=51)
@ Slope (Global stability, Natural) (n=2,N=9)
4

1
|
|
|
|
|
|
|
3

Bias=Mean of model factor

Figure 4.1. Classification of model uncertainty based on the mean (bias) and COV (dispersion) of

model factor, where n = number of data groups, Nimimer of tests averaged ovedata groups,

MSE = mechanically stabilized earth wall, MAW = mwdtichor wall, and SNW = soil nail wall.

(Image taken from Tang et al. 2020a)
3. Few calculationmethods are of low dispersion (or high precision). The modebrfacOV

values for (1) the factor of safety of marade slopes, (2) the pullout capacity of pipes
(laboratory tests on scaled models in 1g condition) and (3) the plratigh capacity of
offshore spudcans in stiffversoft clays or clay with sand (centrge tests that are laboratory
tests on scaled models in ng condition) are around 0.3. For these three cases, soil samples are
well-prepared, corresponding to lower geotechnical variability. In addition, slope stability is an
important and classical probleim geotechnical engineering that has been extensively studied
since the 1930s, leading to the better understanding of slope failure mechanism and improved
analysis methods (Duncan et al. 2014). For pullout capacity of pipes and-thumaegh
capacity of éfshore spudcans, due to the increasing demand of offshore oil and gas, many
laboratory tests were performed to study the underlying mechanism and improve the
performance of thealculationmodels as reviewed by Tang and Phoon (2021). Therefore, they
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correspond to a high to typical degree of site and model understanding (i.e. low to medium
dispersion).

Calculationmethods for the capacity of shallow and deep foundations in soil, steel reinforced
earth walls and soil nail walls are of medium dispersion. iBhexplained by the fact that field

load tests or observations are mainly used, corresponding to higher geotechnical variability than
laboratory tests. Foundation analysis and design in soil is another important and classical
problem in geotechnical engiaring that has been studied over one century (e.g.,
load-displacement response and lgemhsfer mechanism). They correspond to a typical degree

of site and model understanding.

Calculationmethods for foundation settlement, foundation capacity in rao, gggosynthetic
reinforced earth walls are of high dispersion (low precision). The reasons may include: (1) soil
stiffness is more difficult to predict than strength parameters; (2) only rock compressive strength
is incorporated into calculations that msufficient, as rock mass is usually composed of joints,
seams, faults, and bedding planes; and (3) the interaction between geosynthetic and soil is more
complicated than that between steel reinforcements and soil. They correspond to a lower degree
of siteand model understanding.

Assessment of design methods for ladiggmeter operended piles (LDOEPS) (Petek et al. 2020)
and laterally loaded piles (e.g., Phoon and Kulhawy 2005; Briaud and Wang 2018) is relatively
limited. This is because significant cledbes are involved addressing both problems, such as
complicated behaviour (e.g., plug and development of internal friction) and difficulty in
LDOEPs installation and obvious deficiencies in current limit state design methods for laterally
loaded piles thaonly cover a specific behavior and lack the ability to properly accommodate
both ULS and SLS.
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Table 4.1. Summary of mean and coefficient of variation (COV) for geotechnical design model factordXz X

Calibration database Cdculation method for M
Geostructure | Limit state Ground condition Data range N Method to determine X XdJreference = COV | Source
Shallow Bearing Clay (natural) B=0.3'3.1m 30 Chin (1970) Hansen (1970) 1.25 | 0.37 | Strahler and
foundation s=201 139 kPa Stuedlein (2014)
B=0.35.0m 42 Hirany and Kulhawy (1988) | Ve si | (197 3) 1.05 | 0.29 | Tang et al. (2020a
D/B=0.Gi5.7
s,=9 200 kPa
Sand| Controlled BOO. 1 m 138 |[Vesi |l (1963) |AASHTO (2007) 1.67 | 0.25 | Paikowsky et al
0.1<BO1.0|21 1.48 | 0.39 | (2010)
Natural B>1.0m 6 1.01 | 0.23
0.1<BO1.0|8 0.99 | 0.41
Field B=0.254.0 m 113 | Housel (1966) Vesi i (1973) 1.33 | 0.62 | Tang et al. (2020a)
(d=0A) |D/B=0.6i6.1 106 | Hirany and Kulhawy (1988) 1.64 | 0.47
76 10%B 1.77 | 0.43
Chamber B=0.301.22m 17 Housel (1966) 2.34 | 0.56
(d=0A) |D/B=0.G2.0 72 | 10%B 2.45 | 0.62
=271 46°
Chamber B=0.30m 27 Hirany and Kulhawy (1988) 1.21 | 0.33
( d>0A) | D/B=0.0i3.0
«=3540°
Centrifuge B=0.307.0 m 48 Peak 1.20 | 0.35
(d=0A) |D/B=0.6:3.0
=411 48°
Centrifuge B=0.90'2.54 m 93 1.09 | 0.22
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(d>0A) |D/B=0.0
=411 44°
Rock (natural) RMRO85 7 Hirany and Kulhawy (1988) | Carter and Kulhawy (1988) 1.81 | 0.84 | Paikowsky et al
6 50RMR<85 |22 3.54 | 0.49 | (2010)
44 0RMR<65|8 11.1 | 0.40
3ORMR<44 |21 24.3 | 0.55
RMROS85 7 Goodman (1989) 1.46 | 0.14
6 50RMR<85 |22 1.22 | 0.74
440RMR<65|8 1.06 | 0.44
3 OR MR 21 1.24 | 0.44
Eccentric Sand B=0.051.0 m 43 Vesil (1963) Effective width 1.83 | 0.35
41 Two-slope 1.61 | 0.40
43 |Vesi |l (1963) | Fullwidth 1.05 | 0.42
41 Two-slope 0.92 | 0.46
Inclined Sand B=0.051.0m 39 Vesil (1963) AASHTO (2007) 1.43 | 0.30
Shallow Inclined Sand B=0.051.0m 37 Two-slope AASHTO (2007) 1.29 | 0.35
foundation Tension Clay (natural) B=0.383.05m 118 | Housel (1966) IEEE (2001) 1.15 | 0.36 | Tang et al. (2020a)
s~=15 300 kPa 74 Meyerhof and Adams (1968) 1.37 | 0.38
Sand (natural) B=0.6112.5m 106 IEEE (2001) 1.10 | 0.33
=30 49° Meyerhof and Adams (1968) 1.19 | 0.42
Punchthrough| Sandoverclay B=0.83.0m 27 Peak Load spread (1H:3V) (BSI 2020a] 1.49 | 0.31 | Tang and Phoo
(centrifuge) Hy/B=0.53.0 Load spread (1H:5V) (BSI 20204 2.37 | 0.38 | (2019a)
D:=88%, «,=32° Punching shear (BSI 2020a) 1.61 | 0.46
Su0=8.7i 45 kPa Punching shear (InSafeJIP 2011) 1.69 | 0.39
Okamura et al. (1998) 0.90 | 0.12
Ullah et al. (2017) 0.82 | 0.19
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Settlement Sand (natural) B=1.0/'10.0 m 268 | syat elastic limit L Terzaghi and Peck (1948) 3.71 | 0.65 | Akbas (2007)
(Hirany and Kulhawy 1988) | Gibbs and Holtz (1957) 1.37 | 0.64
Alpan (1964) 1.70 | 1.04
Meyerhof (1965) 2.40 | 0.90
Peck and Bazaraa (1969) 1.62 | 0.70
Peck et al. (1974) 2.76 | 0.92
D'Appolonia et al. (1970) 1.45 | 0.60
Schultze and Sherif (1973) 1.07 | 0.65
Anagnostopoulos et al. (1991) | 1.44 | 0.84
Burland and Burbidge (1985) 1.45 | 0.63
Parry (1971) 1.24 | 0.87
Schmertmann et al. (1978) 2.03 | 0.69
Berardi and Lancelotta (1991) 1.55 | 0.79
Bridge 57 All Schmertmann et al. (1978) 1.21 | 1.13 | Samtani and Allen
40 | All (se>12.7 mm) 0.87 | 0.86 | (2018)

61 All Hough (1959) 0.90 | 1.01
49 All (s¢>127 mm) 0.66 | 0.45

Anchor Pullout Sand (natural) B=0.302.39 m 45 Housel (1966) IEEE (2001) 1.48 | 0.39 | Tang et al. (2020a)
Meyerhof and Adams (1968) 1.45 | 0.37
Sand (controlled) B=0.100.44 m 162 IEEE (2001) 0.94 | 0.47
Meyerhof and Adam§L968) 0.99 | 0.45

Pipeline Upheaval Sand (1gmodel | D:=5i 85% >300 | Peak Pedersen and Jensen (1988) 0.93 | 0.21 | Stuyts et al. (2016)
buckling 53%, centrifuge D/B=0i 20 White et al. (2008) 1.05 | 0.21
29%, full-scale 18%) Byrne et al. (2013) 0.88 | 0.20

Sand (controlled) B=0.0150.45m 143 | Peak Schaminee et al. (1990) 1.21 | 0.39 | Ismail et al. (2018)
L=0.0753 m Bransby et al. (2002) 1.41 | 0.37
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D/B=0.1' 8 White et al. (2001) 1.02 | 0.30
DNV (2007) 1.09 | 0.32
Offshore Punchthrough| Sandoverclay B=3.0020.0 m 103 | Peak Load spread (1H:3V) (BSI 20204 1.89 | 0.27 | Tang and Phoo
spudcan (centrifuge) U=-p1° Load spread (1H:5V) (BSI 20204 2.48 | 0.32 | (2019a)
H/B=0.16'1.17 Punching shear (BSI 2020a) 2.86 | 0.30
Di=44i 99% Punching shear (Ire8eJIP 2011) | 2.44 | 0.24
(=311 34° Okamura et al. (1998) 0.87 | 0.22
Suo=7.2 44.8 kPa Ullah et al. (2017) 1.02 | 0.17
Clay-sandclay B=6.016.0 m 28 Peak Load spread (1H:3V) (BSI 20204 1.59 | 0.18
(centrifuge) U =-03° Load spread (1H:5V) (BSI 20204 2.02 | 0.22
H¢/B=0.251.04 Punching shear (BSI 2020) 1.94 | 0.23
Di=44i 89%, «,,~=31° Punching shear (InSafeJIP 2011) 1.71 | 0.17
suo=4.4i 34 kPa Okamura et al. (1998) 1.00 | 0.21
Ullah et al. (2017) 1.06 | 0.13
Rock socket | Bearing Rock (natural) RMRO85 16 Hirany and Kulhawy (1988) | Carter and Kulhawy (1988) 3.42 | 0.55 | Paikowsky et al
6 50RMR<85 |35 3.93 | 0.45 | (2010)
440RMR<65|9 6.82 | 0.92
RMRO85 16 Goodman (1989) 1.59 | 0.51
6 50RMR<85 |35 1.40 | 0.52
440RMR<65|9 1.47 | 0.62
B=0.102.5m 128 | Hirany and Kulhawy (1988) | Teng (1962) 24.4 | 1.07 | Tang et al. (2020a)
D/B=1.0r31.3 Coates (1967) 1.63 | 1.07
0c=0.5/99 MPa Rowe and Armitage (1987) 1.95 | 1.07
En=7.8275113 MPa Zhang and Einstei(1.998) 1.11 | 0.86
GSI=7.595 Asem (2019) 1.78 | 1.01
RQD=20 100% ARGEMA (1992) 1.23 | 0.93
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118 Abu-Hejleh and Attwooll (2005) | 1.74 | 0.87
127 Stark et al. (2017) 1.38 | 0.81
125 Asem et al. (2018) 1.07 | 0.50
265 | Maximum load Teng (1962) 18.4 | 1.43
Coates (1967) 1.23 | 1.43
Rowe and Armitage (1987) 1.47 | 1.43
Zhang and Einstein (1998) 1.02 | 1.00
Asem (2019) 1.38 | 1.34
ARGEMA (1992) 1.40 | 0.88
Shearing B=0.102.44m 169 | Peak Reynolds and Kaderabek (1980)| 1.13 | 0.70 | Tang et al. (2020b)
D/B=0.54'17.3 Gupton and Logan (1984) 1.70 | 0.70
0c=0.48 20 MPa Rosenberg and Journeaux (1976/ 1.23 | 0.79
En=47.6 6061 MPa Horvath and Kenney (1979) 2.20 | 0.80
Williams et & (1980) 1.18 | 0.89
Rowe and Armitage (1987) 1.01 | 0.80
Kulhawy and Phoon (1993) 1.01 | 0.80
Miller (2003) 1.14 | 0.80
AASHTO (2017) 1.43 | 0.80
Asem and Gardoni (2019b) 1.19 | 0.60
Xu et al. (2020) 1.39 | 0.88
Meigh and Wolski (1979) 1.97 | 0.73
Abu-Hejleh and Attwooll (2005) | 1.31 | 0.70
Settlement Rock (natural) 37 sn at Q=50%Q. Kulhawy (1978) 1.64 | 1.73 | Muganga (2008)
Steel H pile | Bearing Clay (natural) B=0.280.41 m 26 Davisson (1972) API (1974) 1.26 | 056 | Tang and Phoo
D/B=16i 95 Burland (1973) 0.96 | 0.61 | (2018a)
16 Vijayvergiya and Focht (1972) 0.74 | 0.39 | Paikowsky et al
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17 Tomlinson (1986) 0.82 | 0.40 | (2004)
16 API (1989) 0.90 | 0.41
Sand (natural) B=0.280.42m 36 Davisson (1972) SPFMeyerhof (1976) 152 | 0.66 | Tang and Phoo
D/B=22110 Burland (1973) 0.78 | 0.47 | (2018a)
Nordlund (1963) 0.82 | 0.52
19 Nordlund (1963) 0.94 | 0.40 | Paikowsky et al
18 SPFMeyerhof (1976) 0.81 | 0.38 | (2004)
19 Esrig andKirby (1979) 0.78 | 0.51
18 SPT97 1.35 | 0.43
Mixed (natural) B=0.280.42 m 29 Burland (1973) 0.81 | 0.40 | Tang and Phoo
D/B=17 85 (2018a)
20 Tomlinson (1986)/Nordlung 0.59 | 0.39 | Paikowsky et al
(1963) (2004)
34 API (1989) /Nordlund (163) 0.79 | 0.44
32 Esrig and Kirby (1979) 0.48 | 0.48
40 SPT97 1.23 | 0.45
Steel pipe pile| Bearing Clay (natural) B=0.110.81 m 110 | 10%B BSI (2020b) 1.02 | 0.32 | Tang and Phoo
D/B=7.9 200 NGI-05 (Karlsrud et al. 2005) 1.10 | 0.29 | (2019b)
P1=111 160% SHANSEP (Saye et al. 2013) 1.14 | 0.27
OCR=143.2 ICP-05 (Jardine et al. 2005) 1.06 | 0.28
S=1i17
18 Davisson (1972) Tomlinson (1986) 0.64 | 0.50 | Paikowsky et al
19 API (1989) 0.79 | 0.54 | (2004)
12 Esrig and Kirby (1979) 0.45 | 0.60
19 Vijayvergiya and Focht (1972) 0.67 | 0.55
12 SPT97 0.39 | 0.62
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Sand (natural) B=0.140.76 m 68 10%B BSI (2020b) 1.11 {054 | Tang and Phoo
D/B=13 251 NGI-05 (Clausen et al. 2005) 1.05 | 0.41 | (2018h, 2019b)
«=30142° 29 ICP-05 (Jardine et al. 2005) 1.13 | 0.30
D=15/93% Fugro05 (Kolk et al. 2005) 0.95 | 0.36
UWA-05 (Lehane et al. 2005) 1.08 | 0.37
19 Davisson (1972) Nordlund (1963) 1.48 | 0.52 | Paikowsky et al
20 Esrig and Kirby (1979) 1.18 | 0.62 | (2004)
20 SPTMeyerhof (1976) 0.94 | 0.59
19 SPT97 1.58 | 0.52
Mixed (natural) 13 Tomlinson (1986)/Nordlung 0.74 | 0.59
(1963)
32 API (1989)/Nordlund (1963) 0.80 | 0.45
29 Esrig and Kirby (1979) 0.54 | 0.48
33 SPT97 0.76 | 0.38
Concrete pile | Bearing Clay (natural) B=0.110.81 m 65 10%B BSI (2020b) 1.09 | 0.34 | Tang and Phoon
D/B=7.9 200 NGI-05 (Karlsrud et al. 2005) 0.95 | 0.26 | (2019Db)
PI=11i 160% SHANSEP (Saye et al. 2013) 1.01 | 0.34
OCR=143.2 ICP-05 (Jardine et al. 2005) 1.04 | 0.35
S=1i17
18 Davisson (1972) Vijayvergiya and Focht (1972) 0.76 | 0.29 | Paikowsky et al
17 API (1989) 0.81 | 0.26 | (2004)
8 Esrig and Kirby (1979) 0.81 | 0.51
18 Tomlinson (1986) 0.87 | 0.48
Sand (natural) B=0.140.76 m 50 10%B BSI (2020b) 0.95 | 0.37 | Tang and Phoo
D/B=13 251 NGI-05 (Clausen et al. 2005) 0.83 | 0.33 | (2018b, 2019Db)
=301 42° 40 ICP-05 (Jardine et al. 2005) 1.13 | 0.29
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D=1593% Fugre05 (Kolk et al. 2005) 0.87 | 0.41
UWA-05 (Lehane et al. 2005) 1.00 | 0.33
36 Davisson (1972) Nordlund (1963) 1.02 | 0.48 | Paikowsky et al
35 Esrig and Kirby (1979) 1.10 | 0.44 | (2004)
36 SPTMeyerhof (1976) 0.61 | 0.61
36 SPT97 1.21 | 0.47
Mixed (natural) 33 Tomlinson (1986)/Nordlung 0.96 | 0.49
(1963)
80 API (1989)/Nordlund (1963) 0.87 | 0.48
80 Esrig and Kirby (1979) 0.81 | 0.38
71 SPT97 1.81 | 0.50
30 Nottingham and Schmertman 0.84 | 0.31
(1975)
B=0.356 0.914 m 80 Modified Davisson Bustamante ahGianeselli (1982)| 1.07 | 0.39 | Amirmojahedi and
D=11i61m (AASHTO 2017) Nottingham and Schmertmar 1.21 | 0.35 | Abu-Farsakh (2019)
(1975)
De Ruiter and Beringen (1979) | 0.95 | 0.36
Price and Wardle (1982) 0.83 | 0.34
Fugre05 (Kolk et al. 2005; 1.34 | 0.45
Van Dijk andKolk 2010)
ICP-05 (Jardine et al. 2005) 1.33 | 0.45
NGI-05 (Clausen et al. 200% 1.24 | 0.45
Karlsrud et al. 2005)
Tumay and Fakhroo (1982) 1.36 | 0.35
Aoki and Velloso (1975) 0.77 | 0.51
Salgado et al. (2011) 1.29 | 0.56
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UWA-05 (Lehane et al. 200§ 1.17 | 0.31
2013)
Concrete/stee| Bearing Sand (natural) B=0.2351.372m 43 Hansen (196380% CPTFMeyerhof (1983) 0.91 | 0.45 | Moshfeghi and
pile D/B=17.1'85.2 Nottingham and Schmertmar 0.86 | 0.31 | Eslami (2018)
(1975)
De Ruiter and Beringen (1979) | 0.69 | 0.41
Kempfert and Becker (2010) 0.98 | 041
Bustamante and Gianeselli (1984 0.93 | 0.43
Eslami and Fellenius (1997) 1.12 | 0.19
Fugro05 (Kolk et al. 2005) 1.00 | 0.43
ICP-05 (Jardine et al. 2005) 1.00 | 0.43
NGI-05 (Clausen et al. 2005) 1.12 | 0.42
UWA-05 (Lehane et al. 2005) 0.88 | 0.40
Bearing/ Mixed (natural) B=0.1141.50 m 60 Hansen (196380% Schmertmann (1978) 1.12 | 0.35 | Heidarie Golatani et
Tension D/B=10.3 111 De Ruiter and Beringen (1979) | 1.14 | 0.41 | al. (2020)
Bustamante and Gianeselli (1984 1.29 | 0.47
CPTFMeyerhof (1983) 0.99 | 0.44
Eslami and Fellenius (1998) 0.99 | 0.33
SPTFMeyerhof (1976) 1.13 | 0.52
Shioi andFukui (1982) 0.98 | 0.43
Bazaraa and Kurkur (1986) 1.57 | 0.50
Briaud and Tucker (1988) 0.85 | 0.40
Décourt (1995) 1.12 | 0.54
API (2000) 1.14 | 0.44
CGS (2006) 0.87 | 0.86
Driven pile Bearing Clay (natural) B=0.2541.524 m 41 Davisson (1972) Tomlinson (1986) 1.20 | 0.47 | Machairas et al
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Sand (natural) D=3.0555m 114 Nordlund (1963) 1.60 | 0.88 | (2018)
Mixed (natural) 58 Tomlinson (1986)/Nordlung 1.43 | 0.94
(1963)
RC Soil (natural) 29 Tomlinson (2986)/Nordlung 2.30 | 0.70
(1963
SC 135 Tomlinson (1986)/Nordlung 1.28 | 0.65
(1963)
Steel H pile 9 Tomlinson (1986)/Nordlung 0.90 | 0.56
(1963)
SPC 27 Tomlinson (1986)/Nordlung 1.45 | 0.96
(1963)
SPO 11 Tomlinson (1986)/Nordlung 2.37 | 1.24
(1963)
Helical pie Bearing Clay (natural) d=38 114 mm 176 | 10%B+QL/AE Capacityto-torque correlation 1.10 | 0.23 | Tang and Phoo
Sand (natural) D/B=3i 70 115 1.39 | 0.33 | (2018c)
Clay (natural) d=3857 mm 53 Individual plate bearing 1.25 | 0.41
Sand (natral) D/B=8.4/ 110 49 1.46 | 0.42
Clay/sand (natural) | d=38 89 mm 27 Least value of individual platf 1.79 | 0.50 | Cherry and Souiss
27 bearing, cylindrical shear an 1.79 | 0.60 | (2010)
21 capacityto-torque correlation 1.78 | 0.54
18 1.99 | 0.52
Clay/sand (natural) | d=0.168 0.508 m 83 5%B Capacityto-torque correlation 125 [ 0.36 | Tang and Phoo
B=0.356 1.016 m 47 CGS (2006) 1.17 | 0.36 | (2018c, 2020)
D/B=4.1i 20 47 ISHF (Lutenegger 2015) 1.06 | 0.45
s=12-305 kPa 47 BSI (2016) 1.04 | 0.35
=301 45° n=26
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S/B=1.54.5
Soil/rock (natural) 46 NA Bearing (SPT) amh cylindrical| 1.06 | 0.55 | Perko (2009)
shear
Drilled shaft | Bearing Clay (natural) B=0.351.52m 64 Modified Davisson Brown et al. (2010) 1.41 | 0.63 | Tang et al. (2019)
D/B= 1.656 (AASHTO 2017)
s=411 246 kPa
BOO. 6 m 22 Davisson (1972) 1.02 | 0.41 | AbdelSalan et al.
(2015)
53 Reese and O'Neill (1988) 0.90 | 0.47 | Paikowsky et al
13 0.84 | 0.50 | (2004)
40 0.88 | 0.48
Sand (natural) B=0.352.00 m 44 Modified Davisson Brown et al. (2010) 1.19 | 0.39 | Tang et al.2019)
D/B=5.1 59 (AASHTO 2017)
=30/ 41°
BOO. 6 m 45 Davisson (1972) 0.91 | 0.40 | AbdelSalam et al
(2015)
B=0.4582.135m 24 5%B O'Neill and Reese (1999) 1.14 | 0.58 | Ng and Fazia (2012)
D/B=4.0545.3 Brown et al. (2010) 1.21 | 0.60
B=1.0'1.8 m 11 Davisson (1972) O6 Nei | | and Reeg0.60 |058 |Zzhang and Chi
D/B=11.264.2 17 1.06 | 0.28 | (2009a)
32 Reese and Wright (1977) 1.22 | 0.67 | Paikowsky et al
12 1.45 | 0.50 | (2004)
9 1.32 | 0.62
32 Reese and O'Neill (1988) 1.71 | 0.60
12 2.27 | 0.46
9 1.62 | 0.74
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Mixed (natural) BOO. 6 m 90 Davisson (1972) Brown et al. (2010) 0.81 | 0.37 | AbdelSalam et al
(2015)
B=0.611.83 m 34 5%B O'Neill and Reese (1999) 1.27 | 0.30 | Abu-Farsakh et al
D/B=7.2'34.5 Brown et al. (2010) 0.99 | 0.30 | (2013)
44 Davisson (1972) Reese and O®lll (1988) 1.19 | 0.30 | Paikowsky et al
21 1.04 | 0.29 | (2004)
12 1.32 | 0.28
10 1.29 | 0.27
44 Reese and Wright (1977) 1.09 | 0.35
21 1.01 | 0.42
12 1.20 | 0.32
10 1.16 | 0.25
Gravel (natural) B=0.591.50 m 41 Modified Davisson Brown et al. (2010) 1.69 | 0.47 | Tang et al. (2019)
D/B=6.2i 30 (AASHTO 2017)
<371 47°
Pile Bearing Soil (natural) B=0.360.46 m| 68 10%B+QL/AE Bustamante and Gianeselli (1983 1.15 | 0.43 | Briaud and Tucke
foundation (square concrete) 15 Bustamante and Gianeselli (1987 1.32 | 0.44 | (1988)
B=0.300.41 m| 77 Coyle and Castello (1981) 1.19 | 0.66
(drilled shaft) 63 MSHD (1972) 1.15 | 0.70
D=3.0025.0m 53 Briaud and Tucker (1984) 1.40 | 0.51
68 De Ruiter and Beringen (1979) | 1.49 | 042
68 Clisby et al. (1978) 0.72 | 0.38
77 API (1984) 0.92 | 0.58
68 Schmertmann (1978) 1.48 | 0.74
23 Tumay and Fakhroo (1982) 1.99 | 0.43
53 SPTFMeyerhof (1976) 1.73 | 0.72
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68 Briaud et al. (1986) 2.78 | 0.59
Steel pipe p# | Tension Clay (natural) B=0.1/0.81 m 64 10%B BSI (2020b) 0.88 | 0.28 | Tang and Phoo
D/B=12110 NGI-05 (Karlsrud et al. 2005) 0.99 | 0.26 | (2019b)
Pl=12110% SHANSEP (Saye et al. 2013) 1.04 | 0.30
OCR=143.2 ICP-05 (Jardine et aR005) 1.02 | 0.34
S5=1i8.3
Sand (natural) B=0.250.76 m 63 BSI (2020b) 1.15 | 0.61
D/B=19 84 NGI-05 (Clausen et al. 2005) 1.16 | 0.49
=30 42° 40 ICP-05 (Jardine et al. 2005) 1.26 | 0.36 | Tang and Phoo
D=31i 97% Fugro05 (Kolk et al. 2005) 1.49 | 0.77 | (2018b)
UWA-05 (Lehane et al. 2005) 1.20 | 0.36
Drilled shaft | Tension Clay (natural) B=0.361.80 m 32 Modified Davisson Brown et al. (2010) 1.11 | 0.28 | Tang et al. (2019)
D/B=3.4/55 (AASHTO 2017)
=21 250 kPa
13 Davisson (1972) Reese and O'Neill (1988) 0.87 | 0.37 | Paikowsky et al
(2004)
Sand (natral) B=0.301.31m 30 Modified Davisson Brown et al. (2010) 1.28 | 0.33 | Tang et al. (2019)
D/B=2.543 (AASHTO 2017)
=30 45°
11 Davisson (1972) Reese and O'Neill (1988) 1.09 | 0.51 | Paikowsky et al
Reese and Wright (1977) 0.83 | 0.54 | (2004)
Gravel B=0.432.26 m 109 | Modified Davisson Brown et al. (2010) 1.14 | 0.43 | Tang et al. (2019)
D/B=1.7717.3 (AASHTO 2017)
=421 48°
14 Davisson (1972) Reese and O'Neill (1988) 1.25 | 0.29 | Paikowsky et al
Reese and Wright (1977) 1.24 | 0.41 | (2004)
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16 Carter and Kulhawy (1988) 1.18 | 0.46
O'Neill and Reese (1999) 1.25 | 0.37
39 Reese and O'Neill (1988) 1.08 | 041
25 Reese and Wright (1977) 1.07 | 0.48
Helical pile Tension Clay (natural) d=38 114 mm 147 | 10%B+QL/AE Capacityto-torque correlation 0.95 | 0.27 | Tang and Phoo
Sand (natural) D/B=101 62 105 1.09 | 0.31 | (2018c)
Clay/sand (natural) | d=38 89 mm 91 NA Cylindrical shear 1.50 | 0.79 | Hoyt and Clemencs
B=0.1520.508 m Individual plate bearing 1.56 | 0.82 | (1989)
n=2 14 Capacityto-torque correlation 1.49 | 0.59
d=3889 mm 25 10%B+QL/AE Least value of individual plat{ 1.43 | 0.43 | Cherry and Souiss
39 bearing, cylindrical shear an 1.31 | 0.54 | (2010)
20 capacityto-torque correlation 156 | 0.43
25 2.08 | 0.53
Clay/sand (natural) | d=0.168 0.406 m 28 5%B Capacityto-torque correlation 0.92 | 0.38 | Tang and Phoo
B=0.304 1.016 m 31 CGS (2006) 1.26 | 0.32 | (2018c, 2020)
D/B=4.2 24 31 ISHF (Lutenegger 2015) 1.22 | 0.39
5,=24-300 kPa 31 BSI (2020b) 1.18 | 0.33
«=30145° n=26
S/B=1.53
Soil/rock (natural) 66 NA Bearing (SPT) andcylindrical | 0.87 | 0.46 | Perko (2009)
shear
Clay/sand (natural) | d=0.0890.406 m 36 Average of failure loady Meyerhof (1983) 1.79 | 0.71 | Fatehetal. (2017)
B=0.3550.762m interpreted by  Modified Schmertmann (1978) 1.42 | 0.49
D/B=6.43 23.9 Davisson (AASHTO 2017) De Ruiter and Beringen (1979) | 1.4 | 0.54
n=15 Hansen (196380%, and| Bustamante and Gianeselli (1984 1.06 | 0.51
S/B=1.54.5 Mazurkiewicz (1972) Eslami and Fellenius (1997) 1.98 | 0.55
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methods Fugre05 (Kolk et al.2005; Van| 1.58 | 0.52
Dijk and Kolk 2010)
ICP-05 (Jardine et al. 2005) 0.84 | 0.68
UWA-05 (Lehane et al. 200% 0.9 0.46
2013)
NGI-05 (Clausen et al. 200§ 1.07 | 0.39
Karlsrud et al. 2005)
Kempfert and Becker (2010) 1.71 | 0.56
Clay/sand d=0.1140.406 m 23 Mazurkiewicz (1972) Bustamante and Gianeselli (1982 0.76 | 0.46 | Tappenden (2007)
(natural) B=0.356 0.914 m
D/B=6.4318.8
n=13, S/B=1.53
Clay (natural) d=73 114 mm 47 NA Individual plate bedng 1.03 | 0.46 | Perko (2009)
Sand (natural) B=0.203 0.457 m 54 1.16 | 0.72
D/B=2.57 66 54 Individual plate bearing (SPT) 1.34 | 0.61
Clay (natural) n=1 4 32 Cylindrical shear 0.82 | 0.32
Sand (natural) 42 Cylindrical shear 1.07 | 0.54
Clay (natural) 47 Lest value ofndividual plate 1.03 | 0.46
Sand (natural) 54 Bearing (SPT) and cylindricg 1.34 | 0.6
shear
Soil/rock (natural) 112 Bearing (SPT) and cylindricg 0.97 | 0.53
shear
Drilled shaft | Lateral Clay (controlled) B=0.0890.175m 45 Lateral or moment Ilimif Reese (1958) 0.90 | 0.24 | Phoon and Kulhawy
D/B=3.00'7.98 (Hirany and Kulhawy 1988) | Hansen (1961) 1.22 | 0.25 | (2005)
h/D=0.03 4.01 Broms (1964a) 1.46 | 0.36
Stevens and Audibert (1979) 0.70 | 0.24
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Randolph and Houlsby (1984) 0.84 | 0.4

Clay (natural) B=0.081.98 m 27 Reese (1958) 0.94 | 0.35
D/B=2.2510.49 Hansen (1961) 1.24 | 0.32

h/D=0.03 6.83 Broms (1964a) 1.55 | 0.42

Stevens and Audibert (1979) 0.73 | 0.33

Randolph and Houlsby (1984) 0.87 | 0.34

Clay (controlled) B=0.0890.175m 47 Chin (1970) Reese (1958) 1.43 | 0.26
D/B=3.007.98 Hansen (1961) 1.95 | 0.28

h/D=0.03 4.01 Broms (1964a) 2.28 | 0.35

Stevens and Audibert (1979) 1.12 | 0.28

Randolph and Houlsby (1984) 1.33 | 0.27

Clay (natural) B=0.081.98 m 27 Reese (1958) 1.40 | 0.33
D/B=2.2510.49 Hansen (1961) 1.85 | 0.31

h/D=0.03 6.83 Broms (1964a) 229 (041

Stevens and Audibert (1979) 1.09 | 0.32

Randolph and Houlsby (1984) 1.30 | 0.32

Sand (contribed) B=0.0760.152 m 53 Lateral or moment limif Hansen (1961) 0.71 | 0.36
D/B=2.619.03 (Hirany and Kulhawy 1988) | Broms (1964b) 1.20 | 0.42

h/D=0.06 4.99 Reese et al. (1974) 0.82 | 0.51

Sand (natural) B=0.051.62m 22 Hansen (1961) 0.56 | 0.39
D/B=2.497.03 Broms (1964b) 1.26 | 0.35

h/D=0.00'5.37 Reese et al. (1974) 0.81 | 0.39

Sand (controlled) B=0.076 0.152 m 55 Chin (1970) Hansen (1961) 1.05 | 0.32
D/B=2.619.03 Broms (1964b) 1.77 | 0.44

h/D=0.06 4.99 Reese et a(1974) 1.19 | 0.48

Sand (natural) B=0.051.62 m 22 Hansen (1961) 0.83 | 0.30
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D/B=2.497.03 Broms (1964b) 1.89 | 0.33
h/D=0.00'5.37 Reese et al. (1974) 1.19 | 0.30
Driven pile Settlement Clay (natural) 5=9.61 500 kPa 21 Sn at Q=50%Q. Coyle(Briaud et al. 1986) 1.26 | 0.45 | Briaud and Tucke
12 Penpile (Clisby et al. 1978) 1.51 | 0.35 | (1988)
30 Verbrugge (1981) 1.82 | 0.44
Pile 22 60FZ06 model ( Fr al 1.41 | 0.44 | Abchir et al. (2016)
foundation 0AB106 mo dethl 2018)b 0.78 | 0.40
0AB206 model ( Abl 0.66 | 0.67
Driven pile Mixed (natural) 23 Sn at Q=50%Q. Coyle (Briaud et al. 1986) 0.44 | 1.30 | Briaud and Tucke
10 Penpile (Clisby et al. 1978) 0.99 | 0.72 | (1988)
22 Briaud andTucker (1988) 0.57 | 1.07
19 Verbrugge (1981) 0.71 | 0.77
33 Coyle (Briaud et al. 1986) 1.49 | 0.76
20 Penpile (Clisby et al. 1978) 1.56 | 0.60
32 Briaud and Tucker (1988) 1.18 | 1.01
27 Verbrugge (1981) 1.02 | 0.63
CEP 29 Sm at Q=50%Qa Load transfer analysis 1.18 | 0.78 | Gurbuz (2007)
Elastic solution (Poulos 1994) 1.11 | 0.65
CFA 31 Load transfer analysis 0.94 | 0.50
Pile 62 6FZ6 model ( Fr a 1.23 | 0.64 | Abchir et al. (2016)
foundation 6 A B 1 @el (Wahir et al. 2016) | 1.02 | 0.71
06AB206 model ( Ab 0.88 | 0.99
Drilled shaft Soil (natural) B=1.01.8m 24 sm at Q=50%Qa Vesil (1977) 0.24 | 0.38 | Zzhang and Chy
D/B=11.264.2 12 Mayne and Harris (1993) 0.64 | 0.22 | (2009b)
19 Reese and O'Neill (1989) 1.80 | 0.31
19 Load transfer curves using Hor 0.90 | 0.39
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Kong beta method

12 Load transfer curves usin 1.05 | 0.41
correlations withSPT blow count
Rock (natural) B=1.0'1.5m 14 Vesil (1977) 0.87 | 0.30
D/B=17.558.3 14 Kulhawy and Carter (1992 0.81 | 0.24
0c=15 202 MPa (100%)
RQD=29 100% 14 Kulhawy and Carter (1992) (85% 1.01 | 0.24
RMR=1779% 14 Kulhawy and Carter (1992) (70%] 1.22 | 0.34
14 Load transfer method using th 1.21 | 0.30
ASTM correlation
5 Load transfer method usin 0.57 | 0.61
correlation with RMR
14 Load transfer method wusin 1.11 | 0.30
correlation with RQD
Displacement Soil (natural) B=0.1561.02 m 51 Sm at Q=40%Q: 0FZ6 model ( Fr a 1.26 | 0.56 | Abchir et al. (2016)
pile D=4.0054.0 m 6AB16 model ( Ab| 0.93 | 0.60
6AB26 model ( Abj 0.81 | 0.77
Replacement B=0.196/1.92 m 39 Sm at Q=40%Q: 6FZ6 model ( Fr a 1.26 | 0.66 | Abchir et al. (2016)
pile D=3.543.4m 6AB16 model ( Ab| 1.02 | 0.75
6AB26 model ( Abl 0.89 | 1.09
Pile B=0.1561.92 m 90 0FzZ6 model (Fr a1.26 |0.60
foundation D=3.554.0 m 06AB16 model ( Ab 097 | 0.66
6AB26 model ( Ab 0.84 |0.90
Slope Global Real case histories | d =i 20° 83 FS=1 Direct 1.07 | 0.21 | Travis et al. (2011)
stability LL=19i 197% 134 Bishop (1955) 1.00 | 0.20
PL=5 107% 43 Force 0.95 | 0.20
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P1=61 105% 41 Complete 0.97 | 0.15
Embankment (fill) d = 148° 27 F&=1 Bishop (1955) 1.11 | 0.28 | Bahsaret al. (2014)
H=2118.7 m Spencer (1967) 1.19 | 0.27
Excavation (cut) d = P4B° 7 Bishop (1955) 0.89 | 0.28
H=5118.8 m Spencer (1967) 0.90 | 0.26
Natural slope d = p5g° 9 Bishop (1955) 1.41 | 1.00
H=7.634m Spencer (1967) 1.57 | 0.96
Excavaton Base heave Real case histories | He=3.0019.7 m 24 F$=0.8 Modified Terzaghi (1943) 1.02 | 0.16 | Wu et al. (2014)
stability He=0.3123.7 m (total failure) Bjerrum and Eide (1956) 1.09 | 0.15
Be=4.00 70.0 m FS=1.2 Slip circle (JSA 1988) 1.27 | 0.22
(near failure)
F&=1.2
(nonfailure)
MSE Load Geosynthetic Cohesionless backfil| 114 AASHTO (2014) 0.45 | 0.92 | Allen and Bathursi
Cohesive backfill 79 0.16 | 1.46 | (2018)
All soil 193 0.33 | 1.14
Stiff wall face (sand)| 73 0.33 | 0.96
Flexible wall face| 41 0.66 | 0.73
(sand)
Battered wall (all| 50 0.58 | 0.92 | Allen and Bathursi
soil) (2015)
Vertical wall (all| 143 0.24 | 1.05
soil)
Steel strip Strip (¢>45°) 21 PWRC (2003) 2.57 | 0.44 | Miyata and Bathurs
Strip (35<«04 5 A | 93 1.12 | 0.33 | (2012a)
Strip (1O3 5 A) 40 0.53 | 0.48
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Strip 104 AASHTO (2014) 1.29 | 0.58 | Allen and Bathursi
Bar mat 29 0.85 | 0.41 | (2018)
Welded wire 52 1.07 | 0.4
All 185 1.16 | 0.55
Cohesionless soll 104 Allen and Bathurst (2015, 28) 0.95 | 0.31 | Bozorgzadeh et a
Bathurst et al. (2013) 1.00 | 0.47 | (2020)
Bathurst and Yu (2018) 1.00 | 0.39
Steel grid c=0, 0 97 BSI (2010) 1.36 | 0.50 | Miyata and Bathurs
Simplified method (AASHTQ 1.01 | 0.45 | (2019)
2017)
PWRC (2014) 1.41 | 0.47
c 0@D 113 BSI (2010) 1.19 | 0.64
AASHTO (2017) 0.89 | 0.59
PWRC (2014) 1.23 | 0.63
c=0, 0 97 Coherent gravity metho( 1.36 | 0.50 | Bathurst et al. (2020
(AASHTO 2017)
Bathurst and Yu (2018) 1.00 | 0.32
Allen and Bathurst (2015, 2018) | 0.99 | 0.35
Pull-out Geosynthetic Uniaxial HDPE 159 AASHTO (2007) 2.02 | 0.47 | Huang and Bathurs
Biaxial PP 25 2.68 | 0.5 (2009)
Woven PET 134 2.41 | 0.59
All 318 2.23 | 0.55
Huang and Bathurst (20p9 1.07 | 0.36
Geogrid Gravel to fine sand | 194 PWRC (2000) 1.11 | 0.23 | Miyata and Bathurs
Sand 160 1.28 | 0.27 | (2012c)
Silty sand 149 1.75 | 0.37
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All 503 1.35 | 0.38
Smooth steel strip 47 Berg et al. (2009a, b) 2.73 | 0.48 | Huang et al.Z012)
Ribbed steel strip 38 25 0.54
Soil type | 36 PWRC (1988) 1.45 | 0.39 | Miyata and Bathurs
A(laboratory) (2012b)
Soil type A(in situ) | 128 1.42 | 05
Soil type B (in situ) | 43 3.27 | 0.4
Strip Cohesionless soll 180 AASHTO (2017) 253 | 0.46 | Bozorgzadeh et a
PWRC (2014) 2.34 | 0.47 | (2020)
Miyata and Bathurst (2012b) 1.00 | 0.40
Steel grid Laboratory, c=04>0 | 129 Peterson and Anderson (1980) | 0.64 | 0.87 | Miyata et al. (2018)
Laboratory, c>04>0 | 56 2.39 | 0.76
Laborat o0)185 117 | 1.17
I n si t>0, 17 406 | 1.12
Laboratory, c=04>0 | 129 Jewell et al. (1984 2.49 | 0.77
Laboratory, c>04>0 | 56 12.56| 0.78
Laborat o0)185 554 | 1.31
I n si t>0, 17 24.74| 1.51
Laboratory, c=04>0 | 129 Nebeshima et al. (1999) 1.16 | 0.79
Laboratory, c>04>0 | 56 3.46 | 0.62
Laboratory — c«&00| 185 1.86 | 0.95
I n si >0, 17 5.39 | 1.03
Laboratory, c=04>0 | 129 Berg et al. (2009a, b) 1.33 | 0.44
Laboratory, c>0,4>0 | 56 2.44 | 0.52
Labor at 0185 1.67 | 0.59
I n si t>0, 17 1.53 | 0.69
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Laboratory, c=04>0 | 129 Revised Berg et al. (2009a, b) 1.15 | 0.43
Laboratory, c>0,4>0 | 56 2.16 | 0.53
Laborat o0)185 1.45 | 0.61
I n si t>0, 17 135 | 0.71
Laboratory, c=04>0 | 129 Yu and Bathurst (2015) 1.07 | 0.34
Laboratory, c>0,4>0 | 56 2.26 | 0.32
Laborat o0)185 1.43 | 0.52
I'n si w0, 17 2.65 | 0.56
Laboratory, c=04>0 | 129 Revised Yu and Bathurst (2015) | 1.00 | 0.34
Laboratory, c>0,4>0 | 56 1.01 | 0.33
Laborat o6 1185 1.00 | 0.34
I n si t>0, 17 1.14 | 0.35
MAW Load c=0, 0 18 PWRC (2002) 0.98 | 0.67 | Miyata et al. (2009)
c>0, &0 18 0.57 | 0.79
c 060 36 0.78 | 0.76
Pull-out c O6>p 28 PWRC (2002) 1.21 | 0.35 | Miyata et al. (2011)

SNW Load Longterm All soil 54 AASHTO (2014) 0.95 | 0.38 | Linetal. (2017a)
Shortterm All soil 45 0.66 | 0.52

Cohesive 92 CABR (2012) 0.6 1.01 | Yuan et al. (2019)
Cohesionless 52 0.64 | 0.92
All soil 144 0.62 | 0.97
Cohesive 92 CECS (1997) 0.65 | 0.74
Cohesionless 52 0.58 | 0.71
All soil 144 0.62 | 0.73

Pull-out Hong Kong data CDG sall 74 GEO (2007) 2.98 | 0.36 | Linetal. (2017b)
CDV saoll 30 3.58 | 0.43

171




Sate-of-the-art review of inherent variability and uncertainty, March 2021

Face tensile | Long term All facing 42 Lazarte et al. (2015) 0.85 | 0.43 | Liu et al. (2018)
Short term 23 0.77 | 0.67

Note:

Xm=measured responseg>€alculated response; M=model factor #X.) ; N=number of tests or data points; @ =mean
sio=undrained shear strength atthe sura of t he c¢cl ay | ayer; D/ B=frietionbargte nRMRtrock nzass irating;/Bdratie of thiglkmessaofi g | e ;
sand layer to foundation width;£relative density;«.,=constant volume friction angle of sangd=measured settlement=salculded settlement; L=length of pipeline;
U=foundati on bauwiexial canpressivae steehgth ;of rack;=elasticity modulus of rock mass; GSl=geological strength index; RQD=rock quality
designation; @=failure load interpreted by thel , methodin Hirany and Kulhawy (1988); Pl=plasticity index; OCR=overconsolidation ratigo8 sensitivity; d=shaft
diameter of helical pile; n=number of bearing helices; S/B=ratio of helix spacing to diameter; Q=applied load; L=pil&fargdssectional ara of pile; E=elasticity
modulus of pile material; h/D=ratio of lateral load eccentricity to shaft deptc&lculated capacity; §a=failure load interpreted by the Davisson (1972) offset limit
method; SPT=standard penetration test; ASTM=American Softdetyesting and Materials; LL=liquid limit; PL=plasticity limit; kSactual factor of safety; H=slope

height or wall height; Eexcavation depth; wall embedment depth; Bexcavation width; CEP=closexhded pile; CFA=continuous flight auger pile; RC=rdun
concrete; SC=square concrete; SPC=steel pipe closed; SPO = steel pipe open; SNW=soil nail wall; and MSE=mechaniea lgasthbiliall.

The mean (bias) & and COV values in Akbas ( 200 7yalbbickling okoffshdrel pipeline fanduMadhairasietah s e |
(2018) for driven pile capacity were calculated for the ratio of calculated over mradasaponse.
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5. Statistics for transformation uncertainties

Jianye Ching andli Noorzad

5.1 Introduction

Transformation models (Phoon and Kulhway 19§@antify correlation behaviors among various
soil'rock parametersTransformation models are used to mfeotechnical properties from indirect
measurements. A sigpecific transformation model can be calibrated with direct and indirect
measurements from a site. When such a model is used, spatial variability, measurement errors, and
statistical uncertaintpropagate into the uncertainty of the spatial average, which is the variable of
interest in most geotechnical analyses (van der Kroget et al. 20860l compilations of these
models are available in the literature (e.g., Kulhamg Mayne 1990 Mayne etal. 2001; Zhang

2016).

A transformation model is usually developed by regression based on a soil/rock dataset, so it is
suitable for the range of conditions found in the dataset. The resulting regression equation does not
provide an exact fit to the dat, and the variability is called the transformation uncertainty. When
implemented to a future case that is not within the regression dataset, a transformation model may
exhibit both bias and variability. Ching and Phoon (2014) defined the bias (b) effidieot of
variation (COV) () as the sample mean and sample COV of the following ratio:

_ measured target value

51
prediction made by a transformation mic 1)

The bias (b) and COVYd) of a transformation model can be calibrated by a generic soil/rock
database. Tablé.1 gives the detailsfosome generic soil/rock databases, labelled as (material
type)/(number of parameters of interest)/(number of data points). For instance, consider the first
transformation model in Tabl2. The targetvalue is §%Pa (s."® is the remolded undrained shea
strength; Ris one atmosphere pressyraid the prediain is 0.0144 L1-24 (LI is liquidity index).

For all cases in the CLAY/10/7490 database (see Tatewith simultaneous knowledge af

and LI, theireratios can be computed, and b ahafresimply the sample mean and sample COV of
thesee ratios. In principle, b = 1 is desirable because this means that the prediction is unbiased,
wheread = 0 is desirable because this means tharddiction is 100% accurate. In this report, b
andd of someexisting transformation models found in the literature are calibrated by the generic
soil/rock databases in Tatiel.

5.2 Summary Tables

Tables5.2 to 5.5 summarize the calibrated b atidalues of some existing transformation models
for clay, sand, rck, and rock mass, respectively. The n value in the third column is the number of
calibration cases with simultaneous knowledge of measured value and prediction.
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Table 52. Soil/rock databases

Database Reference Parametes of interest #daa - # sites/

points studies
CLAY/10/7490 Ching and Phoon (2014) LL, PI, LI, S\/Ps Sp/Pa, S/SVv, S, Ot1, Gu, Bq 7490 251 studies
SAND/7/2794 Ching et al. (2017) Dso, Cu, Dr, SW/Ps, f i, Qm, (N1)so 2794 176 studies
ROCK/9/4069 Ching et al. (2018) g N, R, S Sby, lssg Vp, Sci, B 4069 184 studies
ROCKMass/9/5876 Ching et al. (2Q0) RQD, RMR, Q, GSI, &, Eem, Eim B, i G 5784 225 studies
CLAY /8/12225 Ching (2020) LL, Pl,w, esVy, C, G, G 12225 427 studies
CLAY/12/3997 Ching (2020) LL, PI, LI, $\/Ps, S'y/Pa, S/S'y, Ko, Ei/S'y, By, G, Neo/ (S u/Ps) 3997 237 studies
SAND/10/4113 Ching (2020) e, D, Sv/Ps, S'o/Pa, Ko, B, Qun, By, (N1)s0, Kpmt 4113 172 studies

Note: g = unit weight:f ; = effective friction angles$ = preconsolidation stress$ = vertical effective stress;n: = Brazilian tensile
strength;sci = uniaxial compressive strength of intact ro@ki)eo = Nsd/(s'v/P)°% Bq = CPTpore pressure ratio ={uio)/(q-0v); Ce
= compression indeXCs = swellingindex; Cu = coefficient of uniformity;c, = coefficient of consolidatiorDso = median grain size;
D = relative densitye = void ratio;E4 = drainedmodulusof sand Ea1 = (E4/P.)/(s\/P5)°5, Eam = dynamic modlus of rock mas$em =
elasticity modulus of rock mas§ = Youngés modulBss deforimationmiodulast of rock mdds; = undrained
modulus ofclay; GSI = geological strength indexsd = point load strength index for diameter 50 mg; = atrest lateral earth
pressure coefficienKpmr = dilatometer horizontal stress indéx;= liquidity index; LL = liquid limit; n = porosity;Neo = corrected
SPEN; P2 = atmospheric pressure = 101.3 kP&= plasticity indexQ = Qsystem;gc = cone tipresistanceg = corrected cone tip
resistanceQmn = (/Pa)/(s v/P)%% qu = (g-0v) A & normalized cone tip resistanap; = (g-U2) A 8 effective cone tip resistancig]
= L-type Schmidt hammer hardnegdyIR = rock mass ratingRQD = rock quatly designationS, = Shore scleroscope hardness;
SPFN = standard penetration test blow couBit= sensitivity; s = undrained shear strength for cla/® = remouldeds;; uo =
hydrostatic pore pressung; = CPTUpore pressureyp = P-wave velocity;,w = water content

Figure 5.1 shows the calibrated (laf) values.According to the classification for model bias
proposed byhoon and Tang (2019,similar classification is adopted fibre transformatiorbias
1. Highly overestimatior{b < 0.5);

Moderatelyoverestimaton( 0. 5 O b < 1) ;

3. Moderatelyunderestimatiof 1 O b < 2) ;
4. Highly underestimatiof 2 O b < 3) ;
5. Very highlyunderestimatiof b O 3) .

According to the classification for model COV proposed Byoon and Tang (2019 similar
classification is addpd forthetransformation COV:
1. Low variability (d < 0.3);

Medium varioc®i) ity (0.3 O

2.
3. High vari ak09;ity (0.6 O
4. Very high variability 1O 0. 9)

5.3 Key observations

1. Most transformation models have 0.5 < b < 2 (hamely, moderate unaetestir moderate
underestimate).

2. Most soil models (clay and sand) and intact rock models B&/e€ d < 09 (median to high
variability). However, rock mass models have the largest variability. Most of them ard with
0.9 (very high variability).

3. Most clay models for sand OCR (05 jp) have 0.3 <d < 0.6 (median variability).

4. Most clay models for €and G have 0.6 <d < 0.9 (high variability).

5. Most sand models fdrj and D haved < 0.3 (low variability). In particular, all sand models for

f i have verylow variability (d° 0.1).
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6. All soil models for modulus (e.g., plar, Ebmt, @and M) haved > 0.6 (high to very high
variability). Moreover, they are fairly biased with 1.5 < b < 2.3 (moderate to high
underestimation).
7. All soil models for Kk have 0.3 <d < 0.9 (median to high variability).
8. In general, the COVs for transformation uncertainties are significantly larger than those for
spatial variability. The latters (COVs for spatial variability) usually range from 0.1 to 0.5.

%.rerestlmate:mvarestlmm]le Underestimate : Underestimate | Underestimate
18l (high)  (moderate)  (moderate) | (high) | (very high)
: | | | |
| | | -
| | | * Clay- 5,
L | | |
1.5 Very & | | ¢ Clay-8,
high I | | < Clay-OCRor &'
| | A Ll P
12 N | | F | o Clﬂy- SLJ
= I I I Clay-C_orC
= A 0 Al ® y-C.orC,
% + A ﬁg_ A | o Clay-K,
O 08 ____Ii___:; I __T__- & Clay - Modulus B
Hi9h¢ la R| O A, | o 4 Sand-D_
DB____q___gl_Q_O__ﬁ___l__ ® Sand- g |
’ : @ Ilao o —Ir &  Sand - Modulus
Medium | % 0] | m Sand- KU
03____:__3_”']_5______:__. o Intactroc:k-.rrci L
Low | 4 | A Intact rock - Modulus
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Figure 5.1. Calibrated (bd) values
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Table 5.2. Transformation models for clay

Data
- : restriction/ | Calibration
Model Literature n Transformation model b d Application database
range
s,"¢ — LI Locat and Demers (1988)| 899 she/P, ~ 0.0144 x LI~2*4 1.92 1.25 CLAY/10/7490
S, — LI Bjerrum (1954) 1279 S, ~ 1008L1 2.06 1.09 CLAY/10/7490
T Stas and Kulhawy (1984)| 249 0, /P, = 10117 162XU 2.94 1.90 S< 10 CLAY/10/7490
O’ —_— a—
? ‘ Ching and Phoon (2012b)| 489 6} /B, ~ 0.235 X LI~1319 x 5,053 132 | 0.78 CLAY/10/7490
Su— ' Mesri (1975, 1989) 1155 s,(mob) /a', =~ 0.22 1.04 | 055 CLAY/10/7490
S
(O,—u) — OCR Jamiolkowskiet al. (1985) | 1402 sy (mob) /o', ~ 0.23 x OCR®® 111 | 0.53 CLAY/10/7490
s
(G,—u) — OCR - §; Ching and Phoon (2012b)| 395 | s,(mob)/c’, =~ 0.223 x OCR®82% x § 012 0.84 0.34 CLAY/10/7490
v
() - cer Ching and Phoon (2012a)| 423 |  su(mob)/o’, ~ — 3t~ %)/ 7", 005 | 04 .
a', “ * " 29.1 x exp(—0.513B,,)
OCR — CPT Chen and Mayne (1996) | 690 OCR =~ 0.259 x [(q; — 0,,) /0’ ,1*1%7 1.01 | 042 CLAY/10/7490
Kulhway and Mayne (1990] 690 OCR = 0.32 X (q; —0,) /0", 1.00 | 0.39 CLAY/10/7490
P Chen and Mayne (1996) | 690 oy /P, = 0227 % [(q; — 0,) /P ]**%° 0.99 0.42 CLAY/10/7490
O’ a—
P Kulhway and Mayne (1990] 690 o, = 0.33 X (q; — 0,) 0.97 0.39 CLAY/10/7490
c 1 Skempton (1944) 3398 C. = 0.007 x (LL — 10) 1.59 0.90 | Remolded clay| CLAY/8/12225
¢ Terzaghi and Peck (1967)| 3398 C. = 0.009 x (LL — 10) 1.24 0.90 CLAY/8/12225
C. —PI Kulhawy and Mayne (1990] 2964 C. =~ PI/73 131 0.91 CLAY/8/12225
C.—LL — G, Nagaraj and Murty (1985)| 1523 C. ~0.2343 x (LL/100) X G 1.06 0.81 CLAY/8/12225
y C / S
Cs — € Peck and Reed (1954) 668 Cs = 0.208 X ¢, + 0.0083 0.31 0.69 CLAY/8/12225
C.—w Azzouz et al. (1976) 771 C. =~ 0.003 X (w + 7) 047 | 0.67 CLAY/8/12225

179




Sate-of-the-art review of inherent variability and uncertainty, March 2021

Cs — PI Kulhawy and Mayne (1990] 847 Cs = P1/385 0.96 0.63 CLAY/8/12225
Cs— LL Isik (2009) 846 Cs ~ 0.0007 X LL + 0.0062 1.55 | 0.64 CLAY/8/12225
Ko — OCR 1009 Ko = [1—sin(¢")] x 0CRs™(#) (f.lgozg) (f(.);:’;g'g) CLAY/12/3997
Mayne and Kulhawy (1990 = =
ok 124 Ky ~ 0.27 X Kpyr 092 | 045 CLAY/12/3997
oM Powell and Ugbw (1988) | 124 Ky ~ 0.34 X Kppp®5° 122 | 0.30 CLAY/12/3997
Ky — Ngg — @' 74 Ky ~ 0.073 X Ngo /(0" /P 2.16 | 0.70 CLAY/12/3997
e Kulhawy et al. (1989) ° /(T o/Fa)
K, — CPT 74 Ky = 01 x (g —0,)/0",, 118 | 0.74 CLAY/12/3997
Eppr — Neo K“'“”éﬁi;ﬁf;\f‘}ylgzgggp 812 Epyir /Py = 19.3 X Ngo 003 1.60 | 1.28 CLAY/12/3997
M'—CPT Mayne (2007) 111 M' ~5X (q; —oy) 1.57 0.75 CLAY/12/3997

Note s(mob) = undrained shear strength mobilized in embankment and slope failures (Mesri and Huvaj 2007 prEssuremeter modulus;iM™ effective
constrained modulus.

Table 5.3. Transformation models for sand

Data
: : restriction/ | Calibration
Model Literature n Transformation model b d Application database
range
Terzaghi and Peck (1967)| 198 D, (%) = 100 X +/(Ny)g0/60 1.05 0.23 | (Ngo < 60 | SAND/7/2794
Dy — SPT Kulhawy and Mayne (1990] 199 | D,.(%) ~ 100 x (NVu)eo 1.01 0.21 SAND/7/2794
r [60 + 251og,o(Dsy)] X OCRO18 ' '
D, — CPT Jamiolkowski et al. (1985)| 681 D, (%) = 68 X [log,(Q¢n) — 1] 0.84 0.33 Qi <300 | SAND/7/2794
4 —D, Bolton (1986) 391 0 =0 +3x(n[10-m(p',)]-1) 1.03 | 0.052 SAND/7/2794
# — SPT Hatanaka et al(1998) 58 o ~ [V 154X (N)go +20 - (Ny)go = 26 107 | 0090 | (N)e < 150| SAND/7/2794
40 (NDgo > 26
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Chen (2004) 59 0" & 27.5 4 9.2 x log,o[(N1)eo] 1.00 0.095 SAND/7/2794

. RObertsonlgg% Campanellj  gq ¢’ ~ tan~1[0.1 + 0.38 x log,,(q; /)] 093 | 0056 SAND/7/2794

Kulhawy and Mayne (1990] 376 ¢~ 17.6 + 11 x 1081 (Qp) 0.97 0.081 SAND/7/2794

Epmr — Neo K“'h"c")?%’,g”e‘{ 211?2/{158%990) 1081 Eppr/Pa = 9.08 X Ngo 6 2.24 1.05 SAND/10/4113

Epmr — Neo Mayne and Frost (1989) | 591 Epur/ Py = 22 X Ngo*®2 1.69 0.72 SAND/10/4113

M' — CPT Mayne (2007) 113 M' =5X(q; — 0,) 1.57 0.76 SAND/10/4113

K, —OCR | Mayne and Kulhawy (1990] 1207 Ko ~ [1 = sin(¢")] x OCR*"(9") e SAND/10/4113

Note: Eomt = pressuremeter modulusgir = pressuremeter modulus;j M effective constrained modulus.
Table 5.4. Transformation models fantactrock

Model Literature n Transformation model b d Ep%ﬁlcgetisgﬂcrté%%e ng%)argggg
O — M Kilic and Teymen (2008) 911 0. ~ 147.16 x ¢~0:0835n 0.91 0.75 0.16 <n<37.81 | ROCK/9/4069
0. — R, Karaman and Kesimg2015) 664 o, ~ 0.1383 x R, '7*3 0.78 | 0.53 | 11.82<R<59.59 | ROCK/9/4069
Oei — Sp, Altindag and Guney (2010) | 297 0. =~ 0.1821 x §, 15833 1.15 | 0.65 9<S$,<100 ROCK/9/4069
Ooi — Opt Prakoso and Kulhaw§2011) 525 Oy = 7.8 X 0pt 1.31 | 050 5 < 25.64 ROCK/9/4069
Oci — s, Mishra and Basu (2013) 1074 O = 14.63 X I, 1.18 0.45 | 115</;,, <14.13| ROCK/9/4069
o —Vp Kahraman (2001) 1247 0, ~ 9.95 X V121 1.26 | 0.63 1.02 <\ <6.3 ROCK/9/4069
E;—R, Katz et al. (2000) 289 E; ~ 0.00013 x R, *0997* 1.47 0.99 24.01< R.<73.3 | ROCK/9/4069
E;,—S, Deee and Miller (1966) 197 E; = 0.739 x 5§, + 11.51 0.61 0.71 11<$,< 105 ROCK/9/4069
E; — o, Deere and Miller (1966) 1152 | E; =~ 0.303 X g,; — 0.8745 1.23 | 0.94 21< g,; <1330 | ROCK/9/4069
E; —Vp Yasar and Erdogan (2004) 192 E; = 10.67 xVp —18.71 0.90 0.72 3.11<Vp<5.6 ROCK/9/4069

Note:s. in MPa; Ein GPa; is0in MPa;sp in MPa; Wk in km/s;n in %
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Table 5.5. Transformation models for rock mass

Model Literature n Transformation model b d Epegﬁc;i%rr:crt;\rée ngggggg
Coon and Merritt (1970) | 147 E,./E; = 0.0231 X RQD — 1.32 1.26 1.09 57 <RQD < 100 | ROCKMass/95876
fm = i~ RQD Zhang and Einstein (2004) 161 E,,/E; = 10°0186XRQD~1.91 1.54 | 0.89 0<RQD <100 | ROCKMass/9/5876
Bieniawski (1978) 1091 E,, =2XRMR — 100 0.57 1.48 50 < RMR < 85 | ROCKMass/9/5876
E,, — RMR Gokceoglu et al. (2003) | 1749 E,, = 0.0736 x ¢%0755xRMR 1.53 1.21 20 <RMR < 85 | ROCKMass/9/5876
Serafim and Pereira (1983] 1749 E,, = 10% 0.51 1.00 20 <RMR < 85 | ROCKMass/9/5876
En,—Q Grimstad and Barton (1993 288 E, =25 % 10g,0(Q) 0.58 | 0.88 1.1<Q<1000 | ROCKMass/9/5876
E,, —GSI Hoek and Diederichs (200§ 349 E, =100 X ) _:17_5:2%13255, (8 f%) (Dl g%) 10< GSI< 100 ROCKMass/9/5876

Note: s in MPa; B, in GPa; D is disturbandactor Hoek and Diederichs 2006
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6. Determining characteristic values of geotechnical parameters and resistance:
an overview

Zi-Jun Cao, Jianye Ching, Gitui Gao, Mikhail Kholmyansky, Ali Noorzad, Timo
Schweckendiek, Johan Sprp#8ohammad Tabarroki, idohui Tan, Yu Wang, Tengyuan Zhao,
Yan-GuoZhou (Alphabetical Order)

6.1 Introduction
Determining design values of geotechnical parameters or resistance is indispensable in geotechnical
design practice. Depending on design approaches adopted, the dalsiga of geotechnical
parameters and resistance are often derived from their respective characteristic values. For example,
when partial material factor design methods (e.g., Design Approach 3 in Eurocode 7) are applied,
characteristic values of geoteated parameters are needed while characteristic values of
geotechnical resistanc@.g., pile compressive resistance) are used in resistance factor design
methods (e.g., Design Approach 2 in Eurocode 7) (CEN 2004; Orr 2017). Selection of characteristic
values of geotdmical parameters and resistance is an intriguing issue and has attracted much
attention (e.g., Schneider 1997; Hicks and Samy 2002; Honjo 2009; Schneider and Schneider 2013;
Hicks 2013; Orr 2000, 2017; Wang et al. 2017; Zhao et al. 2018;&@n2019; Hicks et al. 2019;
Prastings et al. 2019; van der Krogt et al. 2019; Ching et al. 2020; Tabarroki et al. 2020; Lansivaara
et al. 2020). Despite these efforts, the ways of determining the characteristic values of geotechnical
parameters and sestance remain debatable. A diversity of definitions and selection methods of
characteristic values of geotechnical paramsetand resistancean be found in the geotechnical
literature and national (or regional) design codes with consideration of véa@ass. For example,
in Eurocode 7, Clause 2.4.5.2(4)P lists the following six factors that shall be taken into account for
selection of characteristic values of geotechnical parameters
flgeological and other background information, such as data fromaqareyprojects;(F1)
fthe variability of the measured property values and other relevant information, e.g. from
existing knowledge; (F2)
fthe extent of the field and laboratory investigation; (F3)
fthe type and number of samples; (F4)
fthe extent of the zone gfound governing the behaviour of the geotechnical structure at the
limit state being considered; (F5)
fthe ability of the geotechnical structure to transfer loads from weak to strong zones in the
ground. (F6)
Not e t RlafiF60t hhen fp ar e n g baehsitens arefadded by authars of this report for
the convenience of discussions. The above six factors include aspects on prior knolealge (
F2), spatial variability and statistical uncertainti€? @ndF3), data quantity and quality~4), and
limit state & response of the geotechnical structéi® gndF6). Although some of these aspects

may have been considered in other national (or regional) geotechnical codes as well, definitions of
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characteristic values are often worded to avoid being toochpésge, allowing geotechnical
engineers to exercise their engineering judgment and experience to select characteristic values at a
site in a subjective way. Nevertheless,astbeen observed that such a subjective reasoning might
result in a wide spreadf selected characteristic values for a given set of site investigation data
(Bond and Harries 2008, Orr 2017) . Di fferen
characteristic values can be attributed to differences in their level of expertiseeddt@m their
educational background, differences in deliberate practices, as well as various cognitive biases and
limitations (Vick 2002; Cao et al. 2016).

Alternatively, statistical methods can be employed in selection of characteristic values of
geotehnical parameters and resistance. Several statistical methods have been developed in the
literature. To facilitate the understanding and selection of these methods, this report presents an
overview on existing statistical methods of determining charatitervalues of geotechnical
parameters and resistance. The overview covers both frequentist and Bayesian formulas to calculate
characteristic values of geotechnical parameters. Frequentist and Bayesian schools assert different
interpretations of probabiiit i.e., relative frequency versus degreédelief (e.g., Vrouwevelder

2002; Baecher and Christian 2003). This leads to the use of different probabilistic terminologies in
practice, such as Aconfidence interfvcarleodi bm | i
interval o. Neverthel ess, this report wi || no
frequentistic and Bayesian interpretations of probability since frequentist probability axioms are
identical to Bayesian probability axioms. $hallows interchangeably implementing frequentist and
Bayesian approaches in practice, e.g., statistics estimated from Bayesian approaches can be used ir
frequentist formulas to calculate the characteristic values.

6.2 Definition of characteristic values of geotechnical parameters and resistance

Tables 6.1 and 6.2 summarize, respectively, definitions of characteristic values of geotechnical
parameters and resistanicegeotechnical design codes (including Eurocodes, CHBDC in Canada,
ASSHTO LRFD BDS in \$A, Australia Standard, and CIGE in China) and the literature. A glance
reveals that these definitions are far from a clear cut. Canadian Foundation Engineering Manual
(CFEM) (CGS 2006), AASHTO LRFD BDS (i.e., AASHTED17), Australian Standard AS5100.3

(SA 2004), and CIGE (MOHURDPRC 2009) incorporate the conservatism into selection of
characteristic values{, of geotechnical parameters. Euroc@d€CEN 2004) and CHBDC 2019
(CSA 2019) share a similar definition ¥k that considers both the conservatism @ a cautidus
estmaté ) and physi c adffectingtbhetoecarrereanf tieilimitestate a Witdin the

zones of influence of applied load} . Mor eover, Eurocode 7 distin
global and local failures, for whichhé zones of ground affect the behavior of geotechnical
structures at the limit state are of different sizes with respect to the scale of fluctuation (SOF) of
geotechnical parameters (e.g., Frank 2004; Orr 2017; Prastings et al. 2019). For the global failur
scenario with a size of the influence zone much greater than the SO, sheuld be a cautious
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estimate of the mean valwdgthin the influence zone affecting the occurrence of limit state. The
influence zone can be a surface or volume of ground, depeon the design problems concerned.

For the local failure scenario with a size of the influence zone smaller than the S&Fshioald

be taken as a cautious estimate of the lowest or highest value within the influence zone. These
considerationshighlight the significant role of geotechnical spatvariability and its interaction

with ground mechanical responses in selection of characteristic geotechnical parameters.

Table 6.1. Definition of characteristic values of geotechnical parameters

Sources Clause Definition

EN 19971 (CEN 2.4.5.2(4)P The characteristic value of a geotechnical parameter shall be selectt

2004) cautious estimate of the value affecting the occurrence of the limit ste

2.4.5.2(11) If statistical methods are used, the refaderistic value should be derive
such that the calculated probability of a worse value governing
occurrence of the limit state under consideration is not greater than 5
NOTE In this respect, a cautious estimate of the mean value is a sel
of the mean value of the limited set of geotechnical parameter ve
with a confidence level of 95%; where local failure is concerne:

cautious estimate of the low value is a 5% fractile.

CHBDC 2019 6.2 Characteristic geotechnical parameter® a cautious estimate of tF
(CSA 2019) mean value of a geotechnical parameter for individual strata withir

zones of influence of applied loads.

CFEM (CGS Frequently, the mean value, or a value slightly less than the me
2006) selected by geotechnical enging as the characteristic value.
AS5100.3 the characteristic value of a geotechnical parameter should
(SA 2004) conservatively assessed value of the parameter

AASHTO LRFD C10.4.6.1 For strength limit states, average measured satdigelevant laboraton
BDS (AASHTO test data, in situ test data, or both were used to calibrate the resi
2017) factorséit may not be possible
the properties needed for design. In such cases, the Engineer may
choice lut to use a more conservative selection of design paramet
mitigate the additional risks created by potential variability or the pai

of relevant data.

CIGE 2.1.13 Representative value of geotechnical parameters and it usualydak
(MOHURDPRC the 5% quantile value.
2009)
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Table 6.2. Definition of characteristic values of geotechnical resistance

Sources

Clause

Definition

EN 19971
(CEN 2004)

7.6.2.2(7)P

When deriving the ultimate characteristic compressive resisRudeom
valuesR;m» measured in one or several pile load tests, an allowance st
made for the variability of the ground and the variability of the effec

pile installation.

8.4(10)P

For grouted anchorages and screw anchorages, the characteristic v
the pul-out resistanceRak, shall be determined on the basis of suitabi
tests according to 8.7 or comparable experience. The design resi

shall be checked by acceptance tests after execution.

8.5.2(3)

The characteristic value should be related o ghitability test results b
applying a correlation factas.

NOTE 8.5.2(3) refers to those types of anchorage that are not indivic
checked by acceptance afisased & mustlbi

based on experience or provided for ia tational annex.

CHBDC 2019
(CSA 2019)

6.2

Serviceability geotechnical resistancé the load that the ground ce
support at serviceability limit states, usually at a predefined deformati
the ground or structure, estimated using characteristic deitat
parameterspJlitimate geotechnical resistancéd the maximum load tha
the ground can support at ultimate limit states, estimated

characteristic geotechnical parameters.

NBCC Us
Guide (NRC
2011)

Commentary
K

the [characteristic] resistances t he engi neer ds b

resistance

NCHRP Report
507 (Paikowsky
et al. 2004)

The nominal values (e.g., the nominal strengtf),aRe those calculated t
the specific calibrated design method and are not necessarily the

(i.e.,the mean loads or mean resistance (Figure 1).

AASHTO

LRFD BDS
(AASHTO
2017)

10.6.3.1.2a

The nominal bearing resistance shall be estimated using accepte
mechanics theories and should be based on measured soil paramete
soil parameters used ihe analyses shall be representative of the soil s

strength under the considered loading and subsurface conditions..

10.6.3.2.2

The nominal bearing resistance of rock should be determined
empirical correlation with the Geomechanics RMR systdmcal
experience shall be considered in the use of these-esapirical

procedures.

10.6.3.2.3

The nominal bearing resistance of foundations on rock shall be deter
using established rock mechanics principles based on the rock
strength parametgr The influence of discontinuities on the failure mc

shall also be considered.
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Characteristic values of geotechnical resistance are needed in resistance factor design approache:s
(e.g., Design Approach 2 in Eurocode 7 and LRFD in North America). Itlshalointed out that,
in some design codes (e.g., ASSHTO LRFD BDS) ,
l i eu of Acharacteristic resistanceo while it
rol e of i c har adnt design scaldulations. éeniors ttaah 2016) summarized
definitions of characteristic geotechnical resistance in geotechnical design codes, including
Eurocodes, CHBDC, NBCC, ASSHTO LRFD BDS, and Australian Standard. In general, with
design calculation mode the characteristic geotechnical resistance can be calculated based on
characteristic values of geotechnical parameters. Fenton et al. (2016) observed different degrees of
conservatism in characteristic geotechnical resistance adopted in Eurocodesrégmérierican
design codes. Eurocode 7 also allows deriving characteristic values of pile resistances from load test
results and soll test profiles and pallt resistance of anchors from the suitability test results by
applying correlation factors (e.@@auduin 2002; Orr 2017).

6.3 Methods of determining characteristic values of geotechnical parameters
An overview of existing statistical methods of determining characteristic values of geotechnical
parameters give two observations:
fDifferent methods @y be developed based on probability distributions of different random
variables, such as the basic variaklée.g., soil shear strength parameters), statistical mean
(Xm), spatial averageXy), and effective (or mobilized) propert)Xd) of X within influence
zones;
fSophistication of different methods varies in a wide spread to account for different uncertainty
sources, as discussed below.

6.3.1 Characteristic value based on the probability distribution of the basic random variable
Assume that the basirandom variableX that represents an uncertain geotechnical parameter
follows a Gaussian distribution. If Gaussian distribution parameters can be determined based on
unlimited test results, thé can be calculated as:

MP1: Xk :@'Ngs = %(1'N95Vx) (6-1)

wheremn, sx, andVx (=sx/m) arethe mean valuestandarddeviation, and coefficient of variation

of X, respectively and Ngs = 1.645. Eq. 6.1) gives the point estimate of 5% quantile of the
Gaussian random variab¥eas the characteristic value. It accourtisthe uncertainty in estimated
value ofX in a gross manner. Neither statistical uncertainty nor spatial averaging are considered by
Eqg. 6.1). In this report, methods for determining characteristic values of geotechnical parameters
and resistance are den e d b yandii MR #r@gectively, which will not be defined again in

the remaining part of this report. Moreover, most of the methods summarized in this report provide
formulas to calculate the characteristic values based on the Gaussian assumpgonth@/
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coefficient of variationis large, it is more appropriate to assume the lognormal distribution to avoid
negative values. It is straightforward to extend Gaudsémed formulas to obtain formulas for the
lognormal distribution. This report will ges lognormal counterparts of some methods for
illustration, but not provide all of them for the sake of conciseness.

6.3.2 Characteristic value considering the statistical uncertainty

With a limited number of test data, it is impossible to determinestétestics (i.e., mean value and
standard deviation) of with complete certainty. Statistical uncertainty is unavoidable. Hence, the
statistics (e.g., mean valu&, of X are random variables themselves. Depending on whether the
standard deviation (i.esx) of X is known or not, a different type of distribution should be adopted
(JGS 2004; DNV 2010; 1502394 2015). When #heis known or assumed based on the prior
knowledge, the normal distribution is adopted. For the global failure scenark,¢he te taken as

the 5% factile oXm:

MP2: X, = xm-l\gssT;:xm(l- hgs%) (6.2a)

wheren is the number of test dat&or the local failure scenario, thé can be taken as the 5%
factile of X with the consideration of the statistical uncertaintiXini.e.,

1 1
MP3: X, = XNy, [1 5 =X (1N, /1 FV) (6.2b)

When thesxi s unknown, tdisthbationSs adapek rSimidady, for the global failure
scenario, th&x can be taken as the 5% factileXaf

\,
MP4: X, = Xyt =X 7) (6:3a)
where Sk is the sample estimate of standard deviatiggy1 is a Stal e nttfa@ter evaluated for a
95% confidence level andl degrees of freedom. For the local failure scenarioXtlvan be taken
as the 5% factile ok with the consideration of the statistical uncertaintiini.e.,

MPS: X, = X, L 4 S,= XLk 11 FV) (6:3b)

Although theXx given by MP2 and MP4 are defined based on the distributiofmafith a 95%
confidence level, different confidence levels can be applied to represent different degrees of
conservatism. For example, in Russian Code of Practice (88.,22.13330.2016; SP
23.13330.2018), 95% confidence level is used to selecting characteristic values for design
verification of ultimate limit states using MP4 while 85% confidence level is adopted for
serviceability limit states.
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For considerations of pcticalimplementationsSchneider (1997) proposed the following simple
formula based on MP2 and MP4:

MP6: X, = xm(l-V—ZX) (6.4)

The MP6 generally provides a good, but slightly conservative, approximation to MiR2>fa0
and MP4 forn > 13. Smilarly, CIGE of China (MOHURDPRC 200% provides another
approximate formuladiP4 t o avoi d t h dfaagtorvehensigrelaively Smalt d e nt 06 ¢

MP7: X, = xm[l-(%r?4 +4r']—f7§vx] (6.5)
MP7 gives the sam¥ valueasMP6 forn = 13. MP2MP7 accounfor the statistical uncertainty in
Xm, Which is indicated by the number, of test results in the formulas. For illustration, Figare
compares characteristic values calculated from MPPTY based on prescribed valuesmf 30, sx

= 6, Xm = 27.68,5« =7.37,Vx = 0.27, anch =16, among whictXm, Sk, andVx are estimated from 16
random samples of a Gaussian random variable mith30 andsx = 6. It is shown that the MP2,
MP4, MP6, and MP7 for the global failure scenarieeghigher characteristic values than MP3 and
MP5 for the local failure scenario and MP1 with unlimited test results.

While spatial variability and averaging will be the focus of the methods discussed in the next
section, it is important to notice that §phaveraging is already involved in the methods eluded on
hitherto. The implicit assumption for the global failure scenario addressed by MP2 and MP4 (and to
some degree MP6 and MP7) is that all spatial variability averages. Hence, for the global failure
scenario, only the statistical uncertainty in the spatial average is considered. For the local failure
scenario addressed by MP3 and MP5, on the other hand, the implicit assumption is that no
averaging at all occurs, and that the lowest ground propeng Waltheconsidered volume governs

the failure behavior of the geotechnical structure. These two extremes are in fact the upper and
lower bound cases for the more sophisticated treatment of spatial averaging discussed in the next
section.
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Figure 6.1. Comparison of characteristic values calculated from MPI

6.3.3 Characteristic value based on the probability distribution of the spatial average

The size of influence zones affecting geotechnical structure responses can Hargerdan that
involved insitu and/or laboratory tests. It is more appropriate to consider the spatial average of
geotechnical parameters over the influence zone of geotechnical structure respongbsirthan
values at a point (or testing) ley®anmacke 1977) The estimate of the spatial average, of X

may also be affected by other uncertainty sources arising during site investigation, such as
measurement errors, statistical uncertainty, and transformation uncertainty. Its total coefficient of
varnation, Vror, can be written as (Phoon and Kulhawy 1999):

Vier =GV N WG (6.6)

where G2 is the variance reduction function quantifying the extent of reduction in variance due to
spatial averaging (Vanmarcke 197¥), Vv, V1, andVs are coefficients of variation representing
inherent spatial variability, measurement errors, transformatimcertainty, and statistical
uncertainty, respectively. Note that E.6) is based on an additive uncertainty model, by which

the total uncertainty is attributed tmherent spatial variabilityq, measurement errorsg,,
transformation uncertaintg, and statistical uncertaintg, and these uncertainties are assumed to

be independent. Herein, the definition\4f Vv, Vr, andVsis nontraditional in the sense that they

are defined as the ratio of their respective standard deviations over the mesaaf¥alrather than

their respective mean values that are usually equal to zero. Moreover, when calibrating a design
code, the code writer shall define which uncertainty sources are included in characteristic values
and which are considered by partialttas. For example, ¥+ has been considered in calibration of
partial factors, it can be set to zero in E6), to avoid accounting for it more than once during the
design process.

190



Sate-of-the-art review of inherent variability and uncertainty, March 2021
For a separable correlatidanction, theG?2 can be written as (e.g., Vanmarcke 2010; Schneider
and Schneider 2013; Orr 2017):

G=G b (67)

whereG?, i = X, Y, Z are the respective variance reduction functions in the two horizontal directions
(X andY) and the vertical dition (Z), and theG? can be approximately calculated as (Schneider
and Schneider 201®rr 2017):

G'=(gL)g { M) gfor L>q (6.8)

G'=1Ag3y) for L ¢d (6.9)

whered, i = X, Y, Z is the sale of fluctuation (SOF) in thedirection; L; is the length of the
influence zone along thedirection.

Depending on the value oftor, Schneider and Schneider (2013) suggested the normal and
lognormal distributions oKa, based on which thé can becalculated as the 5% quantileXt

MP8: X, = X,,(1 -NysVior) for Vio; <0.3, Normal distribution (6.10a)
In(1+Vor )
MP9: X, =X, %— for ;o 2 0.3, Lognormal distribution (6.10b)

\l 1+VT2CJT

As indicated by Egs.6(8)-(6.10), MP8 and MP9 account for not only various uncertainties in
estimatedXa (i.e.,F2andF3) b ut thd extent dfi the zone of ground governing the behavior of

the geotechnical structure at limit statg.e., F5). Van der Krogt et al. (2019) observeatltq. 6.6)
assumes that thmeasurement errors, statistical uncertainty, and transformation uncertainty are
systematic errors that are not subject to spatial averaging. This assumption is conservative since it
leads to overestimation &fror. They also dmonstrated that considering the spatial averaging of
measurement errors and transformation uncertainty may lead to further reduction in uncertainty,
resulting in a higher characteristic value. It is noteworthy that Ching et al. (2016) presented some
realcases showing that transformation uncertainty is indeed not subjected to spatial averaging.

By ignoring measurement errors, statistical uncertainty, and transformation uncerkdirftyand
MP9 can be simplified as:

MP10 X, = Xm(l -NJS\/lGl) for V, <0.3, Normal distribution (6.11a)
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O.z}ln(yv,zqz)
’1_"_\/'2 G|2

Similarly, an evolution committee of CEN proposed another simplified formula (Orr 2017):

MP1L X, =X, for V, 2 0.3, Lognormal distribution (6.11b)

MP12: X, = X -a( X X )Jd,/ L, (6.12)

whereXextr is the expected extreme valueXofiven a large number of testscan be taken as 0.5,
0.75, and 1.0, reflecting the extent and quality of field and laboratory investigations or estimation
method, type of tests for selexwy derived values, and sampling methods and levels of experience
(Orr 2017). Assume th¥exir is smaller tharXm by 3 times of standard deviation, agids taken as a
typical value of 1m. Then, MP12 is-veritten as:

MP13: X, = X 3aS./1/ L=X (1 3a\/1/ L. (6.13)

Shen et al. (2019) performed a comparative study on MP1, MP4, MP6, MP11, and MP13 from a
perspective of design robustness. Based on the comparative study, the following formula for
calculatingX«x was proposed:

MP14: X, = X_(1 -AV,) (6.14)

Shen et al. (2019) commented that the optimal valué of Eq. 6.14) depends on many factors,

such as the preference in a tradieconsideration (e.g., cost versus robustness), the cost function in
local practice, the level of variation of the noisettrs (including the effect of spatial variability),

and the fical cul ated r i s&=0.7,withwhch Eghgel4) has thegsgmees t e d
format as MP6 suggested Bghneider (1997)ut more conservative.

6.3.4 Characteristic value based aime Bayesian theory

All the above formulas for the characteristic value are frequentist Qmisg et al. (2021) derive
the Bayesian formulas for the characteristic value. The derivations assume that &othx are
unknown and follow a prior probability density function (PDF) that is noimarsegamma. If the
prior PDF is norinformative, Ching et al. (2021) show that

MP15: X, = Xm(l -rgsynl\/ & VE A+ V§/+r) for normal distributior (6.15a)
A~ n Yn ) 2 \2 2/ N .
MP16: X, :(Oi:l Xi) 3g 1 47 W VE W for lognormal distributiol (6.15b)

Herein, it is necessary to distinguisty and V; in this report. TheV, denotes the coefficient of
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variation of the inherent spatial variability, but te in MP1-MP7, MP13, and MP14 represents
the coefficientof variation of X estimated from data without distinguishing different uncertainty
sources Moreover, theVror is the coefficient of variation of the total uncertainty with explicit
quantification of different uncertainty sources (i&. g,, &, ande).

6.3.5 Characteristic value based on responses of geotechnical structures in spatial variability

In terms of the ultimate limit state (ULS), effects of spatial variability on the response of the
geotechnical structure are tvold: the spatial averaging effect that results in the uncertainty
reduction, and the wegkath effect that seeks out the failure mechanism with the least resistance
and causes the reduction in the mean value of the effective or mobilized shear strength (Hicks and
Samy 2002; Hicks 2013; Ching and Pho®@12, Hu and Ching 2015; Ching et al. 2016, 2017). The
effective or mobilized propertyXg, is defined as the homogeneous property that gives the same
response (e.g., factor of safelys) as the response with explienodelling of the spatial variability.

The former factor (spatial averaging) has been considered byM#R3, MP15 and MP16, but the

latter factor (weak path) has not been considered. Hicks and Samy (2002) and Hicks (2013)
proposed to select geotechniadiaracteristic parameters based on the random finite element
met hod (RFEM) (Fenton and Griffimhsn206m8)xs, rwlp
MP17 provides reliabilitybased characteristic values either based on the probability disiriafti

Xe or, equivalently, by backalculating the quantile of from 5% fractile ofFS determined from

the RFEM. Detailed implementation proceduresMi®17 are not repeated here, which can be
referred taHicks and Samy (2002), Hicks (2013), and Hickslet2z919).

The MP17 successfully considers both the spatial averaging effect and thepatbaleffect.
Nevertheless, it requires RFEM, which is not trivial for geotechnical practitioners. To address this
issue, Ching and Phoon (2013), Hu and Ching (2045, Ching et al. (201&017) proposed a
weakestpath model (WPM) to modé&{e. Based on the WPM, thé: is modeled as the minimum of

the Xa valuesalong a numbems, of independent representative potential slip curves (RPSCs), i.e.,
Xe = min(Xa,1, Xa,2, € , Xans), WhereXa,i, i = 1, 2.,ns denotes the spatial averageXadlong thei-th

RPSC. However, Ching and Phoon (2013), Hu and Ching (2015), and Ching et al. Q0716
called Xg as the mobilized strength rather than the effective strength, althbagiwo terms are
equivalent. Tabarroki et al. (2020) further calibrated the WPNKbyalues simulated by RFEM

and developed the simplified formula for the 5% fractileXef defined as the mobilizatiemased
characteristic valuexi™®, and referredtosa iMP180 and AM190 in this r

MP18: X = X_ 3(1 &s%ﬁlvTOT) for Normal distribution (6.16a)

MP19: X=X 3exp(a5% «j Ingl G#Vo, )3/,/1 GAr;, for Lognormal distribution(6.16b)

whereasy is the 5% fractile of the minimum of standard normal random variables, and it can be
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calculated agTabarroki et al. 2020

a,,= F'g 0.95" (6.17)

As indicated by Eq.G.17), theasy is reduced t61.645 whems = 1. Theasy has been cdrated
from RFEM for several geotechnical problems for a scenanéxef 0.3 andadk = 13 ¢, as shown

in Table 3.The G in Eq. 6.16) is the variance reduction factor along a classical slip surface. It can
be determined by Eq.8) and 6.9) with L = the length of the classical slip surface @né& SOF
along the classical slip surface, which can be approximately estimated as (Vanmarcke 1977):

.8 Dx a1 dp+Dh D
S rp wid F0z+n %5 (6.18)

wh e rze zg axade thglenth of segments approximating the classgigd surface, e.g., see

Figure 6.2 for the footing foundation. Note that characteristic values derived from MWD
correspond to the 5% quantile of the geotechnical structure response while the characteristic values
derived from MPiMP16 refer to the % quantile of a single soil parameter. This makes a huge
difference for multlayered and mukvariate problems, as discussed later.

Table 6.3. Equations foilsy for different problems (sourc&abarroki et al. 2020
Problem Type of slip curve Use (for Vx = 0.3 anddk = 1C db)
Soil column subjectec
to axial loading

Slip curve is lowly constrainec  Use, = -0.48x (/L) 0-36-1.645

Shallow foundation  Slip curve isntermediately

— . Uboe = -0.21% (/L) ©-%>-1.645
Basal heave stability constrained § wb)

Retaining wall Slip curve is highly constraine  Usy = -0.04x (i/L) °®"-1.645
Friction pile

) , Slip curve is fully constrained Usos = -1.645
(compressive loading
B
+—>
Az, =V2 X B/2 Az N | Az
Ve >N~ . R
Az, =2 X B/2 Ax
Ax=2xB

L=vV2xBx(n/4+1)
Figure 6.2. Approximation of the classical slip curve for a footing foundaticr0j (source:
Tabarroki et al. 2020
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6.3.6 Characteristic value of the profile of geotechnical parameters over depth
Some geotechnical parameters may exhibit an obvious spatidldven depth. Such a spatial trend
was not considered by MRP19 described previously. For example, if a linear spatial trend is
observed, the profile of over depth can be represented as (e.g., Frank 2004):

X=X, +b(z -7 (6.19)

where Z is the depth of the gravity center of a numimeigf X measurements (i.exif X2, ¢ , %) at
different depthsz, 2, &, Xm is the statistical mean of themeasurementdj is a regression
coefficient and represents the slogettee linear trend line over depth. Then, for local and global
failure scenarios, the characteristic valu¥s; of X at the depthz can be calculated using the
following formulas (e.g., Frank 2004; Prastings et al. 2019):

MP20: X, ,=gX, #(z 9 gi.. $: forlocalfailure scenarios (6.20a)

MP2L: X, ,=@gX, #(z 2 g&.. $: forglobalfailure scenarios (6.20b)

wheretosn2i S a  Stifagtar evaluated for a 95% confidence level arfldegrees of freedom;

s.and s, ,are respective standard deviations<aind its mean value at a depthzptnd they are

given by:
a .0
1 & 1 (z-2 o _
Su= 2 M agx %) Hz 9% (621a)
& a(z-2) @
C i=1 -
a , 0
1 @3 (z-2 a B
e [ *(—)2 adx %) %z )-8 (6.21b)
# ald g

Determining the caracteristic value of the profile of geotechnical paranmsebver depth can be

more challenging if a nelinear spatial trend is exhibited by test data though some methods have
been suggested to assess such trends (e.g., Muller et gl b8s and Larsson 2019). This
challenge is more profound when only seadsita over depth are obtained from site investigation
Recently, Wang and Zhao (2017) afidao et al. (2018) proposed a Bayesian compressive sensing
(BCS) approach for probabilistic interpolation of the profile of geotechnical parameters over depth
from garse data. Ching and Phoon (2020) proposed a Bayesian approach that can handle
MUSIC-X site investigation data, where M stands
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S for fAsparseo, I for fAincompl etteidal 1G fvoarr yfi pnc
approach considers both the spatial correlation (correlation among different locations) and cross
correlation (cross correlation among different soil properties) when interpolating the profile of
geotechnical parameters. These apgreamot only provide the expected (or mean) profile of the
geotechnical parameter concerned but also give the confidence interval of the estimated profile to
guantify its associated uncertainfyhe lower bound of the confidence interval can be taken as a
guantile profile of the geotechnical parameter. For example, the lower bound of the 90% confidence
interval of the estimated profile from BCS corresponds to the 5% quantile profile, which can be
taken as the characteristic value over depth. These-lBS&& and MUSIGX methods for
determining the profile of the2chamdaclik®P230dii
report. Detailed algorithms and implementation of BCS and MuUSKEan be referred to ¥gand
Zhao (2017), Zhao et al. (2018), ZhaalawWang (2020), Zhao et al. (2020), and Ching and Phoon
(2020).

6.3.7 Characteristic value of multiple correlated geotechnical parameters

Geotechnical designs may involve multiple geotechnical parameters as input. A straightforward way
to determine multiariate characteristic values is to specify the same fractile (e.g., 5% fractile) for
each geotechnical parameter to obtain a vector (Xg.,0f characteristic values of multiple
geotechnical parameters (e.g., Tang et al. 2018; Ching et al. 2020). &thisdhowever, does not
consider the correlation among geotechnical parameters. Alternatively, multivariate characteristic
values can be baatalculated from the cumulative distribution function (CDF) of the performance
function concerned in design, whighves reliabilitybased multivariate characteristic values (e.g.,
Hicks et al. 2019; Ching et al. 2020). Determining reliabiiased multivariate characteristic
values often requires probabilistic analyses that may not be familiar to geotechnicéibpeasti

To address this issue, Ching et al. (2020) proposed a practical approach to determine
reliability-based mul ti variate <characteristic values
(ERD). The ERD characterizes the degree of redundancy of therrparfce function, and it
represents the effective number of independent standard normal random variables that affect the
limit state (Ching et al. 2015). Detailed calculations of ERD for a given performance function are
referred to Ching et al. (2015, 202®ased on the ERD, the requirédor selecting multivariate
characteristic values for the 5% fractile performance is determined as follows:

h=F §-1.645ERD (6.22)

Varkey et al. (2020) further extended Eq. (22) to account for the spatial eneedfpct over the
influence zone:

h=F §-1.645 &, /VERD (6.23)
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where G? is the variance reduction function quantifying the variance reduction due to spatial
averaging over the influence zone. Onftés computed, the characteristic value for eactihef
multivariate inputs should be taken as fidractile, rather than the 5% fractile. This method of
selecting multivariate characteristic valuesie f er r e d 40t o nast hiMP2 epor t .

6.3.8 Characteristic value as an average with qualitative adjasint to factors F1F6

Rather than trying to address the effect of factéisF6 by calculation, the Swedish
Implementation Commission of European Standards in Geotechnics (IEG) introduced a practice
where a bestestimate value is adjusted to the relevaatidires of-1-F6 through a conversion factor

d. This practice utilizes an opening in aEuroc
conversion factor shall be applied [to the characteristic value] where it is necessary to convert the
test results into values which can be assumed to ragrése behaviour of the material or product

in the structure or the grourd.

For convenience, the Swedish practice redefines the characteristic value so that the conversion
factor becomes an integrated part of it:

MP25: X, =h X, ... (6.24)

where XchoseniS either a subjective, besstimate (i.e. nogautious) mean value, or a calculated
mean valueXm. TheXchosenmay be a weighted mean value with respect to the accuracy of the used
investigation method, e.g. through a multivariate appr¢@ting et al. 2010; Prastings et al. 2017).

All uncertainty in the characteristic value is consequently assigned]|. tdhe Swedish
implementation guidelines to Eurocode 7 (IEG, 2008) defij@s a product of eight stfactors:q

= 1db ds ds ds ds 7 ds. Table6.4 shows their respective purposes. Eachfaator d has been
calibrated by IEG for a large number of combinations of geotechnical structure types and soil types,
to address the features BR-F6 (while F1 is addressed bychose). The number ofpossible
combinations are extensive and not presented here. Though, to give a brief exardpletpsdbis

either 0.9, 0.95, 1.0, 1.05, or 1.1, when evaluating undrained shear strength in a slope stability
problem; the selected value depends both am m@any different investigation methods that were
used and on the judged variability of the results, as detailed in a description for each value.

Typically, the totald would end up between 0.8 and 1.2 for most combinations of geotechnical
structures and ail types. Thus, theXk can notably be larger thaX., which may seem
counterintuitive at first, considering the often expressed need for cautiousness in determining
characteristic values. The reason is that the later applied fixed partial fagtoprovdes a
substantial safety margin when determining the design vlwe K«/ m) @nd such a large safety
margin was not found to be needed for all situations, i.e. in case of very favorable conditions with
high-quality geotechnical investigations. By atiag the conversion factod, IEG managed to
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create a flexible framework that allows detailed adjustments to accouftl{B6, while still
following the Eurocode requirements. The method does however come with a degree of subjectivity,
as the selection cfomed; requires engineering judgement. Further details on the Swedish method
to determine characteristic values can be found in Prastings et al. (2017; 2019), and in the Swedish
implementation guidelines to Eurocode 7 (IEG, 2008) [Swedish only].

Table 6.4. Definition of conversion sufactorsd; that modifiesXx in the Swedish implementation
guidelines to Eurocode 7, and their connection to fa¢iis6

d Definition F1-F6

du The inherent variability of the material properties F2

d2 Number of indepetlent measurement points F3

ds Uncertainty related to the assessment of soil properties F2,F3, F4

da The location of measurement points in relation to the structure F3

ds The extent of the ground zone governing the behaviour of F5
geotechnical structaerat the limit state being considered

ds The ability of the geotechnical structure to transfer loads { F6
weak to strong zones in the ground

d Type of failure mechanism (i.e. ductile or brittle failure) )

ds The sensitivity of the material dgsi property on the limit state  (-)

6.4 Methods of determining characteristic values of gotechnical resistance

When resistance factor design methods are applied, the characteristicRealole geotechnical
resistance is needed. It can be estimateah ftharacteristic values of geotechnical parameters using
a design calculation mod®, which can be written as (Bond and Harries 2008):

MR1: R = M(X,) (6.25)

Fenton et al. (2016) pointed out that the variability of geotechnical resissageaerally less than
the variability of geotechnical parameters at a point level due to spatial averaging, and suggested
that theR« can be evaluated as:

MR2: R =m/k, =l 1645/, (6.26)

wherekg is the resistance bias factar and Vg arethe nmean valueand coefficient of variatioof
geotechnical resistance, respectively. As indicated by @&26)( the resistance bias factks (i.e.,
m/R) is equal to 1/(41.645/r). AssumingVr = 0.15, thekr is calculated as 1.33 fdDesign
Approach 2in Euocode 7 (Fenton et al. 2016). The sakaevas also assumed for Australia by
Fenton et al. (2016) while the = 1.1 was assumed in North American design codes (e.g., CHBDC,
NBCC, and AASHTO LRFD BDS).
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For pile designs, Eurocode 7 also provides correldators to determine characteristic values of
pile resistance based on static pile load tests, ground test results, and dynamic impact tests.

MR3: R, =Min PRucan Run 1219 3 5 ang=2, 4, 6 (6.27)

RS

whereRmeanandRmin are the mean and minimuwalues of the pile resistance measured from load
tests or calculated from ground test reswdisand3» are correlation factors to derive characteristic

values from static pile load test® and 3; are correlation factors to derive characteristic values
from ground test resultsys and 3s are correlation factors to derive characteristic values from
dynamic impact tests. The values3gf 3 are provided in Appendix A.3.3.3 of Eurocode 7 (CEN

2004), which are shown in Tab&5-6.7. Detailed discussionsnathese correlation factors can be

found in Bauduin (2002) and Orr (2017).

Table 6.5. Correlation factors-to derive characteristic values from static pile load tests (After CEN

2004)
aforn= 1 2 3 4 O 5
3 1.40 1.30 1.20 1.10 1.00
3 1.40 1.20 1.05 1.00 1.00

Table 6.6. Correlation factors-to derive characteristic values from ground test results (After CEN

2004)
aforn= 1 2 3 4 5 7 10
33 1.40 1.35 1.33 1.31 1.29 1.27 1.25
3y 1.40 1.27 1.23 1.20 1.15 1.12 1.08

Table 6.7. Correlation factors-to derive characteristic values from dynamic impact tests (After

CEN 2004)
aforn= O 2 05 01 O1 O 2
35 1.60 1.5 1.45 1.42 1.40
3 1.60 1.35 1.3 1.25 1.25

199



Sate-of-the-art review of inherent variability and uncertainty, March 2021
Table 6.8. Overview of factorsK1-F6) addressed by different methdd@4P1-MP25) for
determining geotechnical characteristic parameters

Methods F1 F2 F3 F4 F5 F6
MP1 O D O O O O
MP2 O D O D O O
MP3 O D O D O O
MP4 O D O D O O
MP5 O D O D O O
MP6 O D O O O O
MP7 O D O D O O
MP8 O ) D D D O
MP9 O ) D D D O
MP10 O ) O O D O
MP11 O o O O D O
MP12 O o O O D O
MP13 O ) O O D O
MP14 O D O O O O
MP15 D ) D D D O
MP16 D ) D D D O
MP17 D o D D o o
MP18 O o D D o O
MP19 O o D D o O
MP20 D o o D O O
MP21 D o o D O O
MP22 o o o D O O
MP23 o o o o O O
MP24 D o D D o O
MP25 » D D D D D

Note: @: Addressed:D Partially addressed;: Not addressed

6.5 Summary

This report provides an overview of statistical methods of determining characteristic values of
geotechnical parameters and resistance. Definitions of characteristic valuesotethgical
parameters and resistance in geotechnical design codes (including Eurocodes, CHBDC in Canada,
ASSHTO LRFD BDS in USA, Australia Standard, and CIGE in China) and the literature were
summarized in Table8.1 and6.2. These definitions of geotedbal characteristic values are often
worded to avoid being too prescriptive. This provides flexibility to geotechnical engineers to select
characteristic values of geotechnical parameters and resistance for a specific project by exercising
their engineerig judgment and experience in a subjective way.
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Statistical methods (including frequentist and Bayesian approachesd)jow determining
characteristic values of geotechnical parameters (e.g.;MWH2b) and resistance (e.g., MRAR3)

in a quantifiable way. T&n MPEMP19 were developed based on distributions of different random
variables (including basic random variallestatistical meatXm, spatial averag¥a, and effective

or mobilized property<e). The MPD-MP23 can be used to determine the profile of daftarsstic
geotechnical parameters over depth, and the MP24 gives the characteristic values of multiple
parameters with consideration of cra@ssrelation among them. Characteristic values derived from
MP1-MP16 and MP2eMP22 refer to the 5% quantile of angjle soil parameter or its profile over
depth, and MP23 (MUSKX method) is able to give the profiles of multivariate characteristic
values as the same quantile of multiple soil parameters. In contrast, the characteristic values
calculated by MP1-MP19 andMP24 correspond to the 5% quantile of the geotechnical structure
responseThe MPEMP24 were developed based on different assumptions considering different
uncertainties in estimated geotechnical parameters, and some factors FEtredignentioned in
Euromde 7, Clause 2.4.5.2(4)P were taken into account, as summarized i6.8able

The MP17and MP25 were found to be the only methods that are able to address all the six factors.
For MP17 this is thanks to the prominent flexibility of uncertainty and ohtéstic modelling
provide by RFEM. Nevertheless, it shall be pointed out that, in practice, whether characteristic
values derived from MP17 account for all the six factors is a matter of detailed modelling in
implementation. MP25 addresses the factéisF6 in a more qualitative way through a
combination of many prealibrated conversion factors, which are provided to the engineer in a
large number of tables. While less mathematically rigorous than many of the other methods, MP25
provides a straightforwardvay for the practicing engineer to account explicitly for all aspects
F1-F6.

As for characteristigeotechnical resistance, it can be calculated either from characteristic values of
geotechnical parameters using a design calculation model (i.e., MRY)amplying the resistance

bias factor (i.e., MR2)Eurocode 7 also provides correlation factors to determine characteristic pile
resistances based on static pile load tests, ground test results, and dynamic imgjaet, te5RS).
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7. Numerical evidences for worstcase scale of fluctuation

Giovanna VessiaYan-Guo Zhoy Andy Leung Wojciech Pu&, Diego Di Curzig Mohammad
Tabarrokj and Jianye Ching

7.1 Introduction

The worstcase scale ofiuctuation (worstcase SOF) is a phenomenon observed in the literature
(e.g., Fenton and Griffiths 2003; Jaksa et al. 2005; Fenton et al. 2005; Breysse et al. 2005; Griffiths
et al. 2006; Soubra et al. 2008; Vessia et al. 2009; Ching and Phoon 2013; @idredubra 2014;

Hu and Ching 2015; Stuedleamd Bong2017) where more complex neglassical mechanisms can
occur when the SOF of the soil spatial variability (usually modeled by a random field) is
comparable to some multiple of the characteristic lengthe geotechnical structure (e.g., width of

a footing, distance between shallow pads, height of a retaining wall). The complex behavior
typically manifests itself most clearly when the mean response from random field realizations is
compared with the moinal response produced by a soil mass taking mean properties everywhere.
At the worstcase SOF, the discrepancy between the mean response and the nominal response is the
largest. The existence of a wocstse SOF indicates that adopting the nominal respos
unconservative. The concept of the warase SOF is valuable in reliabilibased design (RBD),
because in the absence of a-specific SOF, the use of the worsise SOF may ensure a
conservative design.

7.2 Summary Table

Table7.1 summarizesgst studies that report woisise SOFs. The characteristic length in the fifth
column is mostly chosen by the current report rather than by the past studies. Right now, the
characteristic length is mostly chosen to be related to the dimension of thehgesztkestructure.

7.3 Key observations

1. In terms of problem types, only five problem types have been investigated by the past studies in
Table 7.1, including footing (43% of the studies), retaining wall (14%), soil column (18%),
basal heave (7%), slop&l@s), and pile (7%). In terms of limit states, 75% of the studies are for
the ultimate limit state (ULS) (strength and capacity), whereas 25% are for the serviceability
limit state (SLS) (settlement and deformation).

2. All studies adopted numerical modelsinwestigate worstase SOFs. Among them, 72% of the
studies adopted random finite element analyses (RFEA), 7% adopted random finite difference
analyses (RFDA), 11% adopted random limit equilibrium methods (RLEM), and 11% adopted
numerical models calibradle by RFEA/FFDA/RLEM. None of the studies in the table
investigated worstase SOFs based on reairld field tests or model tests.

3. In terms of problem dimensions, 7% of the studies investigated 1D problems, 75% investigated
2D problems, and 18% investigdt8D problems.
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4. The definitions for worstase SOFs are not uniform. Most of them are defined as the SOF that
produces the minimal mean strength/capacity/FS, maximal aledeyn probability, or maximal
mean demand (e.g., mean settlement, mean moment,|ateah force, etc.).

5. For many cases in the table, the waxate SOFs are found to be around the characteristic
length (worstcase SOP characteristic length), but there are also cases where thecaeest
SOF is far from the characteristic length.

6. For the cases focusing on ULS, theiogworstcasemean response)/(nominal response) varies
from 05t0 1.0, wher e fAnominal responseo refers to t
analysis with soil parameter fixed at the mean value of the random fieklrdtio seems to
depend onthe following three factors: JaCOV of random field (b) problem type; (c)
isotropy/ansotropy. Figurer.1 shows how this ratio varies with COV. Erg 1la shows thahé¢
ratiois larger for anisotropic cases @ dv) and smallefor isotropic casedd = d). Figure7.1b
shows that the ratio is the largest for retaining wall and smallest for soil column.

7. For compressive strength of a soil column, some studies investigated 3D problems7Higure
shows the rgos (worstcasemean response)/(nominal respongej both 2D and 3D casek
seems that this ratio is not significantly affected by the problem dimension.
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Table 7.1. Summaryof worstcase SOFs in the literature

Response &

Worstcase

Random field characteristics

Simulation | Characteristic 1D/2D/3D (Worstcase mean response)/
Reference problem type definition method length Isotropic/anisotropic Worstcase SOF (nominal response)
cov
Settlement of a| Underdesign . 3D random field of E
Ja(';%%g; al.| hinepad footing | probabilityis | RFEA . F:gf_\'”% dwdh, = 1 and 2 1S
system maximal P 9 COV=0.1and 0.5
Differential Standard .
Fenton and settlement deviation of Footing 3D random field of E
Griffiths different RFEA . ddy =1 13S
(2005) be;ctwe.en two settlement is spacing (S) COvV=0.1t0 4
ootings .
maximal
0.88 for COV =01
Bearingcapacity| Mean of log , 0.81 for COV=0.2
Fen_to_n and factor of a strip | bearingcapacit Footing width 2D random f|e_lds of ¢ ant 0.73 for COV=10.5
Griffiths . . RFEA dn/dy =1 lto 5B _
(2003) footing on a ef y factor is (B) COV=01to5 0.62 for COV = 1
soil minimal o 0.51 forCOV =2
0.45forCOV =5
Bearing capacity| . 2D random fields of andf _ _
Soubra etal] under punching Mean bgar_lng Footing width dw/d, = 0.25 to 25 13 B for isotropic 0.93 for COX _ 0.2 & COM _ 0.1
. capacity is RFDA _ . : 0.90 for COMd=0.4& COV =0.1
(2008) failure mode for minimal (B) COV,=0.2t00.4 53 B for anisotropic 0.89 for CO\ = 0.2 & COV = 0.15
a strip footing COV: =0.1t00.15 ' - e
Active lateral Underdesign . 2D random fields of andg
Fe?ztggse)t al, force for a probability is RFEA Wall(n)e ight d/d, =1 0.5t0 BH
retairing wall maximal COV =0.02and 0.5
Mean footing 1D random field of soil
rotation is subgrade modulus k 0.2S
maximal
Mean sewer Footing
ipe bendin i i
Breysse et | Settlement of a pmpoment isg N#]g] deer;c::l ! spacg:Lng S) lto 2L
al. (2005) footing system maximal MCS Pipe length
Mean different (L)
settlement .
between Very conplicated
footings is
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maximal
Griffiths et | Bearing capacity] Mean bearing Footing width 2D isotropic random field of,s
al. of a strip footing capacity is RFEA (E?) dwdy =1 0.5t0 BB 0.58 for COV=1
(2006) onf =0 soil minimal COV=0.25t08
0.80 fordW/B =1
Vessia et al Bearing capacity] Mean bearing Footing width 2D random fields of ¢ anid 13 B for isotropic 0.82 ford/B =5
(2009) ‘| of astrip footing capacity is RFEA (B?) dw/d, = 0.5t0 25 0.3t0 0.8B for 0.85 fordw/B = 10
on ¢f soil minimal COV.=0.56 & COV =0.24 anisotropic 0.87 fordy/B = 30
0.88 fordy/B = 50
: Compressive .
nggoind strength of a Mean strength REEA Column 2D (rja/r:jdo_mlfgti of 1BW 0.8 fordwdy =1
(2013) undrained soil is minimal width (W) '&6\7 Z02 0.82 fordy/d, = @
column o
Ahmed and [')s,left[(telreemmelilt Underdesign Footing 2D random field of E
Soubra . probability is RFDA . dw/dy = 11030 13S
between strip X spacing (S) -
(2014) footings maximal COV =0.15
Hu and Ag'r\éee l% re;al Mean active Wall heiaht 2D random fieldof s,
Ching retaining wall in lateral force is RLEM (H) 9 ddy =1 0.1t00.2H 1.24 for COV = 0.3
(2015) Clgy maximal COV =0.1100.3
Stuedlein Differential Underdesign | Numerical . . i
and Bong settlement of | probability is model + s F%?i;ung(gs) 2D cggggéogzlé%r]lfjgggleld 13S
(2017) footings maximal MCS Facing
Risk of rainfall , .
Ali et al. Risk ofan induced slope Slope 1D random f|el_cb_f hydraulic
L ) . RLEM . conductivity k 13H
infinite slope ailure is thickness _
(2014) f I fail hick (H) COV = 1
maximal -
Compressive - _
Pan et al. strength of a Mean strength REEA Column 3D rar(;d/c(;m_ﬂleld of s 18D 8?3 1]:8: ggx _ 8%
. .. . h Oy = . - .
(2018) Cﬁgiféﬁﬁfﬁd 's minimal diameter (D) COV = 0.2t0 0.4 0.66 for COV = 0.4
Scenario 1: 2D random fieldg
. . . of ¢ Scenario 1: 8xB
Pula et al. Bearlng cape_tcny Undqug&gn Footing wdth d/dy =1 Scenario 2: local
of astrip footing | probability is RFEA _ .
(2017) on of soil maximal (B) COV:=0.1t04 maximum effect not

Scenario 2: 2D random field

observed
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of ¢ andf
dwdy =1
Case A: COVY=0.1to 4 and
COV: =0.2
Case B: COY= variable and
COV; = const.

Javankhoshd oo ¢ oopoo o Probability of | oo o) Slope height 2D random field of &
el et al. Slope failure is M (H) dn/d, varies
(2017) P maximal CoV=0.5

Bearingcapacity Mean -
Luo and . . . . . 2D random field of & . .
Bathurst fa:cctor_ of a strip bearflngcapacn REEA Footlnt] width dd, = 1to 20 0.25 to 1xB Very compllcattla(];j, depending on
(2017) ooting on a y factor is (B) COV =05 several factors
cohesive slope minimal )
. Mean .

Allahverdizade| Compressive . , 2D random fields of ¢ anid 0.86 for COV =0.2
hetal. strength of a Cgtrr’geisge RFEA B'OC(‘;‘)""dth dh/dy = 1 0.1to 1xB 0.80 for COV = 0.3
(2016) square block mini?nal COV.= COV = 0.2t00.5 0.67 for COV = 0.5
e Passive lateral | Underdesign . 2D random fields of ¢ anid

C;”f?;g%g)t force for a probability is RFEA Wall(n)e ight dwdy =1 0.1to 0.5xH
' retaining wall maximal COV =0.02to 0.5

Tabarroki et| FS of acohesive MeanFSis | RFEA/RLE | Slope height 2D random_ﬂeld of s 0.97 for COVf 01

al. (2013) slope minimal M (H) dn/dy =1 0.1~1xH 0.91 for COV=0.3
' COV=0.1t00.5 0.80 for COV = 0.5

. Compressive .
Namikawa 3D random field of g 0.88 for CQ/ = 0.2

and Koseki|  Sirendih ofa | Mean strengih - ppep di;ﬁgg}”@) chd, = 1 0.5xD 0.81 for COV = 0.3
(2013) column COV=0.2t00.4 0.73forCOV=0.4

0.98 fordW/d, =1 & COV =0.1

0.9 fordydy, =1 & COV =0.3

0.81 ford/d, =1 & COV = 0.5
FS for basal , o, 0.98 fordr/d, = 10 & COV = 0.1

Ching et al. heave of an Mean FS is REEA erY(\e/?rl:laltion 2D rgn/goinlfgdlgég Y 0.1~0.4xH 0.93 fordw/d, = 10 & COV = 0.3
(2017) excavation in minimal %epth (H) CE)VV; 011005 o 0.86 fordy/d, = 10 & COV = 0.5

clay ' ' 0.98 fordw/d, = 30 & COV = 0.1

0.94 fordw/d, = 30 & COV = 0.3
0.89 fordw/d, = 30 & COV = 0.5
0.98 fordn/dy, = 100 & COV =0.1
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0.96 fordy/d, = 100 & COV = 0.3
0.9 fordy/dy = 100 & COV = 0.5

. . Mean Semitheore .
Naghibi et Differential differential tical model | Pile spacing 2D random_ﬂeld of E
settlement of a . . di/dy =1 1xS
al. (2016) two-pile system settlement is | validated by (S) COV = 010 0.5
maximal RFEA ) )
. : Standard Width of pile 3D random field of E
Leung and Differential dewatlon_ of group (B) d/B = 0.5, 1 and
settlement of a differential RFEA . ’ 0.5to 1xB
Lo (2018) pile group settlement is Length of pile d/L=0.15101
maximal group (L) COv=0.25and 0.5
Scenario A:
0.93 fordr/d, =1 & COV =0.1
0.78 fordi/d, =1 & COV = 0.3
0.65 fordr/d, =1 & COV = 0.5
0.93 fordy/d, = 10 & COV = 01
0.78 fordy/d, = 10 & COV = 0.3
0.64 fordy/d, = 10 & COV = 0.5
Scenario A: 0.92 fordn/d, =30 & COV =0.1
2D random field ofé; 0.78 fOI’dh/d\/ =30&COV=0.3
0.65 fordy/d, = 30 & COV = 0.5
Scenario B: 0.93 fordy/dy = 100 & COV = 0.1
Mobilized shear Mean 2D random field of ¢ ¢ 0.79 fordy/d, = 100 & COV = 0.3
Tabarroki | strength of a soil mobilized sheal REEA Column _ 0.5xW 0.65 fordy/d, = 100 & COV =0.5
(2020) column under strength is width (W) Scenario C: '
compression minimal 2D random field of tan' Scenario C:

dn/dy = 1to 100
ForA& B: COV=0.1t100.5
For C: COV =0.0500.2

0.97 fordy/d, =1 & COV = 0.05
0.94 fordy/d, =1 & COV = 0.1
0.87 fordi/d, =1 & COV =0.2
0.97 fordw/d, = 10 & COV = 0.05
0.95 fordy/d, = 10 & COV = 0.1
0.88 fordy/d, = 10 & COV = 0.2
0.97 fordw/d, = 30 & COV = 0.05
0.95 fordy/d, =30 & COV =0.1
0.88 fordn/d, =30 & COV = 0.2
0.98 fordy/d, = 100 & COV = 0.05
0.95 fordy/d, = 100 & COV = 0.1
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Mobilized shear
strength of a
retaining wall

Wall height
(H)

0.89 fordy/dy = 100 & COV = 0.2

0.05xH

Scenario A:

0.98 fordy/d, =1 & COV =0.1

0.9 fordyd, =1 & COV =0.3
0.81 fordy/d, =1 & COV = 0.5
0.99 fordy/d, =10 & COV = 0.1
0.95 fordy/dy = 10 & COV = 0.3
0.88 fordy/d, = 10 & COV = 0.5

1 fordi/d, =30 & COV =0.1
0.98 fordy/d, = 30 & COV = 0.3
0.94 ford./d, = 30 & COV =0.5

1 fordy/d, =100 & COV =0.1
0.99 fordy/d, = 100 & COV = 0.3
0.97 fordy/d, = 100 & COV = 0.5

Scenario B:

0.99 fordi/d, =1 & COV =0.1
0.92 fordi/d, =1 & COV = 0.3
0.83 fordi/d, =1 & COV = 0.5

1 fordi/d, =10 & COV =0.1
0.97 fordy/d, = 10 &COV = 0.3
0.92 fordy/d, = 10 & COV = 0.5

1 fordy/dy =30 & COV =0.1
0.99 fordw/d, = 30 & COV = 0.3
0.96 fordy/d, = 30 & COV = 0.5
1 fordy/d, =100 & COV =0.1

0.99 fordn/dy, = 100 & COV = 0.3
0.97 fordi/dy, = 100 & COV = 0.5

Scenario C:

1 fordy/d, =1 & COV = 0.05
0.98 fordi/d, =1 & COV =0.1
0.95 fordi/d, =1 & COV =0.2
1 fordy/d, =10 & COV = 0.05

0.99 fordy/d, = 10 & COV = 0.1
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Mobilized shear
strength of a striy
footing

Footing width
(B)

1 fordw/dy = 30 & COV = 0.05
0.99 fordkw/d, =30 & COV =0.1
0.98 fordw/d, = 30& COV = 0.2
1 fordv/dy = 100 & COV = 0.05

0.99 fordy/d, = 100 & COV = 0.1
0.97 fordw/dy = 100 & COV = 0.2

0.1to 0.5xB

Scenario A:

0.98 fordy/d, =1 & COV =0.1

0.9 fordyd, =1 & COV=0.3

0.8 fordyd, =1 & COV =0.5
0.98 ford./d, =10 & COV = 0.1

0.9 fordyd, =10 & COV=0.3
0.81 fordy/d, = 10 & COV = 0.5
0.98 ford./d, =30 & COV =0.1

0.9 fordyd, =30 & COV=0.3

0.8 fordy/d, =30 & COV =0.5
0.97 fordw/d, = 100 & COV = 01
0.88 fordy/d, = 100 & COV = 0.3
0.78 fordy/d, = 100 & COV = 0.5

Scenario B:

0.98 fordi/d, =1 & COV =0.1
0.9 fordy/d, =1 & COV =0.3
0.8 fordy/d, =1 & COV =0.5

0.98 fordy/d, = 10 & COV = 0.1
0.9 fordyd, =10 & COV =0.3
0.8 fordyd, =10 &COV =0.5
0.98 fordy/d, =30 & COV = 0.1
0.9 fordyd, =30 & COV =0.3
0.8 fordyd, =30 & COV =0.5
0.99 fordy/d, = 100 & COV = 0.1
0.91 fordy/d, = 100 & COV = 0.3
0.81 fordy/d, = 100 & COV = 0.5

Scenario C:
1 fordy/d, =1 & COV = 0.05
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Mobilized shear
strength of a
deep excavation
in clay

Penetration
depth (H)

0.98 fordW/d, =1 & COV =0.1
0.95 fordW/d, =1 & COV =0.2
1 fordw/dy = 10 & COV = 0.05
0.98 fordw/dy, = 10 & COV = 0.1
0.94 fordw/d, = 10 & COV = 0.2
1 fordiw/dy = 30 & COV = 0.05
0.98 fordw/d, =30 & COV =0.1
0.94 fordw/dy, = 30 & COV = 0.2
1 for dw/dy = 100& COV = 0.05
0.98 fordy/d, = 100 & COV = 0.1
0.93 fordy/dy = 100 & COV = 0.2

0.2xH,

Scenario A:

0.99 fordy/d, =1 & COV =0.1

0.88 fordy/d, =1 & COV = 0.3

0.75 fordi/d, =1 & COV = 0.5
0.98 fordy/d, =10 & COV = 0.1
0.88 fordy/d, = 10 & COV = 0.3
0.76 fordy/d, = 10 & COV = 0.5
0.98 fordy/d, =30 & COV =0.1
0.88 fordy/d, = 30 & COV = 0.3
0.77 fordy/d, = 30 & COV = 0.5
0.98 fordy/d, = 100 & COV = 0.1
0.89 fordy/d, = 100 & COV = 0.3
0.78 fordy/d, = 100 & COV = 0.5

Scenario B:

0.98 fordi/d, =1 & COV =0.1

0.91 fordi/d, =1 & COV = 0.3

0.82 fordi/d, =1 & COV = 0.5
0.98 fordy/d, = 10 & COV = 0.1
0.93 fordy/d, = 10 & COV = 0.3
0.85 fordy/d, = 10 & COV = 0.5
0.98 fordy/d, =30 & COV =0.1
0.94 fordy/d, = 30 & COV = 0.3
0.88 fordy/d, = 30 & COV = 0.5
0.98 fordy/d, = 100 & COV = 0.1
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0.97 fordy/d, = 100 & COV = 0.3
0.93 fordy/dy = 100 & COV = 0.5
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