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Estimation of Reliability Level and Applicability of LRFD Based on Standard
Drawings of Railway Cantilever Retaining Walls
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Abstract

Recently, geotechnical engineering researches have been conducted on the Limit State Design (LSD) for deep and
shallow foundations; however, there are very few studies on the retaining wall. As a basic study for the introduction
of the LSD of a railway retaining wall, this study evaluates whether the reliability index satisfies the target reliability
index for each failure mode in the standard drawing of the retaining wall. It also analyzes the feasibility of the LSD
method by using the Load and Resistance Factor Design (LRFD) for the standard drawing of a retaining wall. In a
portion of the standard drawing of the railway retaining wall, the reliability indices of the sliding and bearing capacity
failure modes did not satisfy the target reliability index, and could not satisfy the limit state by the LRFD. Hence,

the standard drawing of the railway retaining wall will need to be revised if the LSD is to be applied.
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Table 1. Minimum factor of safety for retaining walls
Failure mode Normal conditions Earthquake conditions
Sliding 1.5 (2.0%) 1.1 (1.5%)
Overturning 2.0 1.5
Bearing capacity 3.0 2.0
Overall stability 1.5 1.2
xConsidering passive earth pressure on the sliding
Table 2. Specified design strength and unit weight of retaining wall materials
Material Strength (MPa) Unit weight (kN/m?) Friction angle (deg.)
Reinforcing rod 400 -
Reinforced concrete 30 24.5
Unreinforced concrete - 23.0
Asphalt pavement - 22.5
In—situ soil - 20.0 35
) ) horizontal - 19.0 30
Backfill soil ——
inclination of 1:1.5 - 20.0 35
Table 3. Surcharge load acting on the surface backfill of retaining wall
Surcharge load (kN/m?)
Load type - X ; .
Conventional railway Highspeed railway
@ 15 15
7 35 35
[0 73/B 78/B
2T Y HEZQ MZE+F 2 LRFD B84 EIt 63



Table 4. Structural element of standard drawings of railway retaining walls

. Wall height Slope angle of Slope height .
Retaining wall type (m) backil (m) Num. of drawings
) Gravity type 1.0, 2.0, 3.0 Horizontal, 1:1.5 1.5, 3.0 9
Gravity type - - -
Semi—gravity type 2.0, 3.0, 4.0 Horizontal, 1:1.5 1.5, 3.0 9
) Reversed—T type 3.0, 4.0, 5.0, 6.0, 7.0 Horizontal, 1:1.5 2.5, 5.0 15
Cantilever type
L type 3.0, 4.0, 5.0, 6.0, 7.0 Horizontal, 1:1.5 2.5, 5.0 15

Table 5. Specification of standard drawings of railway cantilever retaining walls

Wall | Slope angle Height of retaining wall (m) Width of retaining wall and backfill (m)
No. of backfill Ha Hb Hc Hd He Ba Bb Bc Bd Be Bf Bg
1 Horizontal 0.40 2.60 0.00 0.30 1.00 1.20 0.60 0.40 0.05 0.40 0.15 0.00
2 1:1.5 0.40 2.60 2.50 0.25 1.00 1.00 0.60 0.40 0.05 0.40 0.15 1.00
3 1:1.5 0.40 2.60 5.00 0.30 1.00 1.20 0.60 0.40 0.05 0.40 0.15 1.20
4 Horizontal 0.40 3.60 0.00 0.35 1.00 1.75 0.65 0.40 0.07 0.40 0.18 0.00
5 1:1.5 0.40 3.60 2.50 0.35 1.00 1.65 0.65 0.40 0.07 0.40 0.18 1.65
6 1:1.5 0.40 3.60 5.00 0.35 1.00 1.75 0.65 0.40 0.07 0.40 0.18 1.75
7 Horizontal 0.50 4.50 0.00 0.40 1.00 2.15 0.75 0.50 0.09 0.40 0.26 0.00
8 1:1.5 0.50 4.50 2.50 0.40 1.00 1.95 0.75 0.50 0.09 0.40 0.26 1.95
9 1:1.5 0.50 4.50 5.00 0.40 1.00 2.15 0.75 0.50 0.09 0.40 0.26 2.15
10 Horizontal 0.60 5.40 0.00 0.45 1.00 2.60 0.80 0.60 0.11 0.40 0.29 0.00
11 1:1.5 0.60 5.40 2.50 0.40 1.00 2.40 0.80 0.60 0.11 0.40 0.29 2.40
12 1:1.5 0.60 5.40 5.00 0.40 1.00 2.50 0.80 0.60 0.11 0.40 0.29 2.50
13 Horizontal 0.70 6.30 0.00 0.50 1.00 3.20 0.90 0.70 0.13 0.40 0.37 0.00
14 1:1.5 0.70 6.30 2.50 0.50 1.00 2.80 0.90 0.70 0.13 0.40 0.37 2.80
15 1:1.5 0.70 6.30 5.00 0.50 1.00 3.20 0.90 0.70 0.13 0.40 0.37 3.20
q,=35kN/m’ A AdEo] diFE A% Fxo|BE 83| &-8o] A
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Table 6. Statistical properties (COV) of random variables for limit state functions

Rand o Reference This
andom variables
(1) 2 (3) (4) (5) (6) (7) study
In—situ Unit weight (kN/m?) " 0.085 | 0.08 - 0.08 | 007 | 005 0.05 0.07
soil Angle of friction (deg.) oA 0.160 0.10 0.10 0.15 0.10 0.10 0.05-0.20 0.15
Backfil Unit weight (kN/m®) % 0.080 | 0.08 - 0.08 | 007 | 0.05 0.05 0.07
soil Angle of friction (deg.) ?, 0.085 0.10 0.10 0.10 0.10 0.10 0.05-0.20 0.10
Unit weight of _ _ _ _
Reinforced concrete (kN/m®) e 0.065 0.06 0.04 0.04
Horizontal ground k, - 035 | 0.12 - - - |000-030]| 025
acceleration coefficient
Surcharge Track (dead load) @ 015 | 0.10 - 0.30 - - - 0.10
load Train (live load) 0 0.35 0.30 - 0.06 - - 0.00-0.40 | 0.25
Reference: (1) Park et al. (1988), (2) Song (1989), (3) Sim (1990), (4) Jung and Yun (1998), (5) Mandali et al. (2011), (6) Juang et
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285|=2& HI31A M10=



7t 4 glen, ERAFEAeE 585 A A
HAET o] A=A ANA oA+ AE7}
th A[Rbgek fofef Alg 4ol 2ol AgHE 7]
AE7He] o4, o8- 8AM Y e ol

] EpEo] A7) el B

529 BEAHEAGT} 2 g0l k. o]

3229l A4 34| =gFolli= Meyerhof(1994)
, 1997)2] Al2|x=2]4=7} Q). Meyerhof
(199)= F+2=9 387X 9 25 v ARE
Aste] s 71zl tigt Al =A4E 25, BEv 2 &
Wzl tieh Al =A4E 3.0, 84 71300 iRk Al
F|EX|4E 352 AIokston, vl 3 THUSACE, 1997)
oAM= A=Al thet 7|t $1%(hazardous)
o A =-S(high)2] AR TEl] eI sck
Y| Zof 8t B3R AR = X4 Barker et al.(1991),
Zhang et al.(2001), Paikowsky et al.(2004) 5-°| 3}=5*#]
FAAAR L] AgAE Bt e A9 o
ko2 AQbe wf glom, ehiol thet HEAIR =]
TE 0r=3.0, TEHQ Ffole EEY oq84e 1Y
st BRAHAEAFE fr=2.322 A5k
QL. 7] 20| A= Barker et al.(1991), Kulicki et al.(2007),
Phoon and Kulhawy(2002) 5-°] 5;=3.2~4.0 HY=Z A|
OF=] At Foye et al.(2006)2 F27|29] RA|H K=o
2 olgh 9T AN o mEA s Fat

oo 2 984 1T ol SRAFEA s

ol

35

[
o

(=]
in

imﬁ“g
20

OH=30m
HH=40m
AH=50m
¢H=6.0m
OH=70m

Reliability Tndex([)

15 1.6 1.7 1.8 19 20 21
Factor of Safety(Fs)

(a) Normal conditions

B,=3.00] 71zE0] A A peya ARk Akeh
At}h. AASHTO(2010) A|HFA 2] 7]20] ¥ Paikowsky
et al(2010)2] AL HE BIEAHE o] W2 G
BNE dEste] 7|20 FRAIFEAFE ;=30
o 2 ZAA3%E v Itk D’Appolonia(1999), Allen et al.
(2001), Huang(2010) 5-& 7} & g0 T3t H3x4l |
ERLE §,=2.33202 A0t} o, Soil-Nailingo]| T
3k LRFD ¢17(Lazarte, 2011)0| A= w228 P=1%
off th-a-He FRAFHEAFE ;=233 02 4833

2 AtolAs F2EY] S8%E, 58-S EdAH S 2
20HHE 7)E 50| §ARE B E-8 ¥ 3} Soil-Nailing
o] JHEAIF =R 5;=2.335 A=A A Br]E
o g AAstal, g9 &, A=, AR Y Hy o

X

B A7 SRAREA S TEeleA] HE

3 QoA Sulo) Hlme Aot 3
EHSE o] &31o] AAXIZ|AFsl4(First Order Reliability
Method, FORM)2 =353l om, dAAI= sl o=
AE AR AP0t 58-S AARM 2R E HE
H PdEate] WA S Figs. 3~53} Table 79 UER 3]
o} A=A A SAVEE ot vl @ el A
7} SEHSE] Hatgol A Taylor A7NE ©]-83t
AR o, AR 7RIS FIske] Hatell digt gEd
AHHER] FAIAIE dLe]sto] A2 =%
= ol o] o, AR =4 AT
32 SERPY FlA o= R A

hey
=]
T

=
5
=25 |
2
Z20 | ©H=30m
= HH=40m
" AH=50m
15
©H =60m
OH=7.0m

L5 16 17 18 1.9 2.0 21
Factor of Safety(Fs)

(b) Earthquake conditions

Fig. 3. Relationship of reliability indices versus factor of safety for sliding failure



79| e FlsterEel ouls 2 e 8
Aut AAN AN S BA A T EER 7}
HE7) o] SBUSTE HTFLESL ofd A9 41
EAG7E BABIPE THsAl onR Skl B
W EEAAE 25 JFEED SRS k] Ua
s

U9 Aw, BF, A o] F7IALE A

17|47} %ﬂs}% AFE ®oou, ancua
Z718-0] Ak Ao A= Jo]lE H itk AR

mT%

B, A AEH, AA] 2K 2ok o A=
PR MBI WA A0 2o 7
o] FisP et yhelo] X|2A] S5 A4 A=

ahjo Az QFAEo] ZAFatRE AT A0 HAY
o] Z7alo] Aol Mol o Uekytr). AR
A Gt ol A ob-go] 4~69] WSo] A AlZE
57} A@H 0z 27T} gha gl 6 o4kl 19

&) A FEaI o] tiRt AFEAeE 175~
326 MR 15| REE T 10HT(67%)9] Ele
7F BERAE| E A4 2338 WESHA] ks 2O 3

7HESITE ol AA HE §9 BEES AR EgEo]
Ze o Algo] AW REE 0 67%7) ERAIZ =]
I561A] Jste] ARt 9k ks /e Wkl ‘ilE}
3’43 Ueh7] Hrhs SE3E diojeE g5
ATE Foto] HlwA 2 YA ap
574144 OV=0.15)7} 2}-§-5 o] AZE=A|57} v
oz Helth wehi 3k A gHo] HA
X}E—é— w0 pAisto] YAHke| W RapEzte]
SATE Bkl AE e A7 Zasi
[RA] A ep 2 0A] Sgakaof ot Al
HreApe BE BXAREASE wESth
, B18-3 A hHgo] A V=

(Fs=3.0)}c} o> IA A E x| Gupa]o] Al =%

=)
R

ol
-

Hn

éfﬂurlrm{mﬂ
> o 2 [N
¥R (B o o (E

rﬂo

N

S u )
RUNEE)

=

=3

AME AFEAF7E 23~25 WOIR Lehgc. SE 0.84~1.892) W92 A orkATE A1 714] 158

18.0 18.0

15.0 S 15.0

5 o so L

ot

@ ]') 0 ée @ 1') 0 |-
5 5
E O =
90 ax> .90
E @H=3.0m E ©H=30m
£ 60 ||BH=40m = 60 | o HBH=40m
~ AH =5 0m m %G AH=50m

30 ||eH=60m 3.0 W ¢H=60m

OH=7.0m OH=7.0m
0.0 - : : : 0.0 : : : :
15 18 21 24 27 3.0 15 18 21 24 27 3.0
Factor of Safety(Fs) Factor of Safety(Fs)
(a) Normal conditions (b) Earthquake conditions
Fig. 4. Relationship of reliability indices versus factor of safety for overturning failure
3.0 3.0
25 | 25 |
B %

;'5 2.0 %; 20 PN
= - (o] = [
13 15 =] ®
E ©H=-30m {} é g ©H=30m
10 | |BH=40m =10 L HH=40m
™ AH=50m P @ AH=50m

05 ||eH=6.0m 05 | ©H =6.0m

OH=70m OH=7.0m
0.0 : : : : 0.0 : : : .
0.0 20 4.0 6.0 80 10.0 0.0 20 4.0 6.0 8.0 10.0
Factor of Safety(Fs) Factor of Safety(Fs)

(a) Normal conditions

(b) Earthquake conditions

Fig. 5. Relationship of reliability indices versus factor of safety for bearing capacity failure
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Table 7. Relationship of reliability indices versus factor of safety

Normal conditions Earthquake conditions
Wall - H o B He s o BC s o BC
No. (m) (m) (m)
Fs B Fs I3 Fs I3 Fs 8 Fs 8 Fs I3
1 3.00 2.20 0.00 1.57 1.77 2.42 9.10 4.55 1.66 1.83 2.90 2.05 5.85 4.86 1.39
2 3.00 2.00 2.50 1.78 2.16 2.61 12.35 | 8.93 2.49 1.86 2.87 1.74 3.60 4.87 1.86
3 3.00 2.20 5.00 1.82 1.88 2.67 | 13.38 | 9.30 2.32 1.95 2.90 1.87 3.87 5.49 1.89
4 4.00 2.80 0.00 1.60 1.91 2.45 9.13 3.65 1.51 1.79 3.03 1.94 5.47 3.50 1.48
5 4.00 2.70 2.50 1.90 2.68 2.63 | 13.67 | 7.26 2.50 1.80 3.18 1.58 3.77 3.07 1.45
6 4.00 2.80 5.00 1.73 2.04 2.55 | 12.08 | 6.97 2.39 1.85 2.90 1.7 3.88 3.72 1.67
7 5.00 3.40 0.00 1.55 1.75 2.47 9.08 3.29 1.42 1.7 2.78 1.86 5.21 2.86 1.30
8 5.00 3.20 2.50 1.90 2.69 2.60 | 14.02 | 6.40 2.45 1.85 3.27 1.56 3.67 2.65 1.27
9 5.00 3.40 5.00 1.72 2.14 2.56 | 12.91 | 6.34 2.39 1.82 2.90 1.66 3.23 3.08 1.44
10 6.00 4.00 0.00 1.55 1.76 2.50 9.16 3.06 1.34 1.69 2.75 1.81 5.03 2.46 1.14
11 6.00 3.80 2.50 1.89 2.78 2.71 14.37 | 6.29 2.48 1.85 3.14 1.63 4.01 2.66 1.32
12 6.00 3.90 5.00 1.66 2.07 2.54 | 13.73 | 5.77 2.35 1.76 2.88 1.59 3.14 2.53 0.84
13 7.00 4.80 0.00 1.65 2.05 2.76 | 10.43 | 3.13 1.32 1.72 2.78 1.92 5.37 2.45 1.13
14 7.00 4.40 2.50 2.06 3.26 2.77 | 1476 | 6.14 2.49 1.94 3.31 1.66 4.19 2.62 1.31
15 7.00 4.80 5.00 1.87 2.71 2.78 | 15.91 | 6.32 2.53 1.72 2.89 1.61 3.92 2.40 1.15

Note: SL (Sliding),

OT (Overturing), BC (Bearing capacity)

Table 8. Design points and sensitivity factors for bearing capacity failure mode (No. 7)

Random variables Normal conditions Earthquake conditions
Design point (z*) Sensitivity factor («) Design point (z*) Sensitivity factor («)
M 18.90 —0.0553 18.89 —0.0625
0N 29.40 —0.7705 29.57 —0.8131
Yo 19.03 0.0148 19.06 0.0374
by 27.30 —0.6308 27.72 —-0.5701
Ve 24.51 0.0068 24.51 0.0061
k, - - 0.077 0.0901
G 14.95 0.0122 14.96 0.0200
G 34.79 0.0698 - -
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Table 9. Load factor for permanent load
Load combination Yoo Yev Y51 YrsH Yer Probable use
Strength |—a 0.90 1.00 1.75 1.75 1.50 SL/OT/BC
Strength 1-b 1.25 1.35 1.75 1.75 1.50 BC (max. value)
Strength IV 1.50 1.35 - - 1.50 BC (max. value)

Note: DC (Dead load of structural components and nonstructural attachments),

EV (Vertical pressure from dead load of earth fill)
LSV (Vertical live load surcharge),

LSH (Horizontal live load surcharge)

EH (Horizontal earth pressure load, applied to both Pav and Pah)

Table 10. Resistance factors for geotechnical resistance of shallow foundations at the strength limit state (AASHTO, 2012)

Method / Soil / Condition Resistance factor
Theoretical method (Munfakh et al., 2001), in clay 0.50
Theoretical method (Munfakh et al., 2001), in sand, using CPT 0.50
Bgaring 4 Theoretical method (Munfakh et al., 2001), in sand, using SPT 0.45
resistance Semi—empirical methods (Meyerhof, 1957), all soils 0.45
Footings on rock 0.45
Plate Load Test 0.55
Precast concrete placed on sand 0.90
‘ Cast—in—place concrete on sand 0.80
Sliding or Cast—in—place or precast concrete on clay 0.85
Soil on soil 0.90
P Passive earth pressure component of sliding resistance 0.50
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Table 11. Result of retaining wall design by LRFD and ASD

Load and Resistance Factor Design

Allowed Strength Design

. Standard
Failure drawing Strength I-a Strength |-b Strength IV Required | Actual
mode No. : : : Fs Fs A (%)
OR, | vQ, | A (%) | 08, | 7Q, | A (%) | ¢R, | 7@, | A (%) | (B/3) (e)
1 120 | 117 | 98 | 120 [ 123 | 95 | 124 | 65 53 | 150 | 1.57 95
2 90 99 | 110 | 120 | 99 83 | 142 | 99 70 | 150 | 1.78 84
3 109 | 117 | 107 | 145 | 117 | 81 | 170 | 117 | 69 | 150 | 1.82 82
4 196 | 176 | 90 | 208 | 183 | 88 | 194 | 106 | 55 | 1.50 | 1.60 94
5 166 | 173 | 105 | 223 | 173 | 78 | 264 | 173 | 66 | 1.50 | 1.90 79
6 175 | 199 | 114 | 233 | 199 | 85 | 276 | 199 | 72 | 150 | 1.73 87
B 7 266 | 243 | 92 | 280 | 252 | 90 | 270 | 156 | 58 | 150 | 1.5 97
rei:'s‘f;”ngce 8 220 | 244 | 106 | 312 | 244 | 78 | 371 | 244 | 66 150 | 1.90 79
9 249 | 288 | 116 | 335 | 288 | 86 | 397 | 288 | 72 | 150 | 1.72 87
10 349 | 320 | 92 | 365 | 331 | 91 | 363 | 216 | 59 | 150 | 1.55 97
11 304 | 324 | 107 | 412 | 324 | 79 | 489 | 324 | 66 | 150 | 1.89 79
12 318 | 381 | 120 | 428 | 381 | 89 | s07 | 38 | 75 | 150 | 1.66 90
13 409 | 407 | 100 | 445 | 419 | o4 | 493 | 285 | 58 | 150 | 1.65 91
14 428 | 46 | 97 | 578 | 416 | 72 | 685 | 416 | 6 150 | 2.06 73
15 482 | 506 | 105 | 642 | 506 | 79 | 757 | 506 | 67 | 150 | 1.87 80
1 055 | 0.46 | 84 | 055 | 037 | 67 | 055 | 018 | 32 | 037 | 0.3 84
2 050 | 026 | 52 | 050 | 017 | 35 | 050 | 013 | 26 | 033 | 0.13 39
3 055 | 026 | 47 | 055 | 017 | 31 | 055 | 013 | 23 | 037 | 013 35
4 070 | 064 | 9t | o070 | 051 | 73 [ o070 | 027 | 39 | 047 | 042 o1
5 067 | 037 | 55 | 067 | 025 | 37 | 067 | 019 | 29 | 045 | 0.19 43
6 070 | 039 | 56 | 070 | 027 | 39 | 070 | 021 | 31 047 | o0.21 46
Eccentricity 7 085 | 081 | 95 | 0.85 | 063 | 74 | 0.85 | 0.34 | 40 0.57 0.52 92
(S\f;ttj;fsg 8 080 | 046 | 58 | 080 | 0.31 | 39 | 080 | 0.24 | 30 | 053 | 0.24 45
resistance) 9 085 | 048 | 57 | 050 | 0.33 | 67 | 085 | 0.26 | 31 057 | 0.26 46
10 1.00 | 097 | 97 | 1.00 | 074 | 74 | 100 | 041 | 41 0.67 | 0.61 91
11 095 | 051 | 54 | 095 | 034 | 36 | 095 | 026 | 27 | 063 | 0.6 M
12 097 | 057 | 59 [ 097 | 040 | 41 | 097 | 031 | 32 | o065 | 0.31 47
13 120 | 1.05 | 87 | 120 | 079 | 66 | 120 | 0.44 | 37 | 080 | 0.64 80
14 110 | 057 | 52 | 110 | 038 | 34 | 110 | 028 | 25 | 073 | 0.8 38
15 120 | 059 | 49 | 120 | 039 | 32 | 120 | 029 | 24 | o080 | 0.29 36
1 304 | 217 | 72 | 312 | 234 | 75 | 330 | 140 | 43 | 300 | 455 66
2 417 | 151 | 36 | 436 | 160 | 37 | 447 | 167 | 37 | 300 | 8.93 34
3 420 | 152 | 35 | 460 | 162 | 35 | 470 | 169 | 36 | 300 | 9.30 32
4 315 | 286 | o1 | 327 | 305 | 93 | 349 | 196 | s6 | 3.00 | 3.65 82
5 473 | 211 | 45 | s00 | 225 | 45 | 513 | 236 | 46 | 300 | 7.26 41
6 479 | 223 | 47 | 506 | 238 | 47 | 520 | 249 | 48 | 300 | 6.97 43
. 7 327 | 339 | 103 | 344 | 357 | 104 | 371 | 241 | 65 | 300 | 3.29 91
rei?;!ﬂge 8 509 | 262 | 51 | 543 | 279 | 51 | 560 | 292 | s2 | 3.00 | 6.40 47
9 528 | 274 | s2 | s62 | 202 | s2 | 579 | 305 | 53 | 3.00 | 6.34 47
10 341 | 386 | 113 | 362 | 404 | 112 | 393 | 283 | 72 | 300 | 3.08 98
11 567 | 207 | s2 | 607 | 317 | s2 | 627 | 332 | s3 | 300 | 6.29 48
12 564 | 327 | 58 | 606 | 347 | 57 | 626 | 362 | s8 | 300 | 577 52
13 370 | 395 | 107 | 394 | 426 | 108 | 427 | 313 | 73 | 300 | 3.13 96
14 623 | 336 | 54 | 669 | 359 | 54 | 692 | 375 | 54 | 3.00 | 6.14 49
15 666 | 346 | 52 | 712 | 370 | 52 | 736 | 388 | 53 | 3.00 | 6.32 47
BT 2% OET ATAE U (RFD MBS BIF 73
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Fig. 10. Utilization factor of LRFD and ASD for various failure
Table 12. Summary of utilization factor of retaining wall
Load and Resistance Factor Design Allowable Stress
Failure mode Strength |-a Strength |-b Strength IV All Design
Range Average Range Average Range Average Range Average Range Average
Sliding resistance 90~120 104 72~ 95 84 53~75 64 53~120 84 73~97 86
Eccentricity resistance 47~ 97 66 31~ 74 50 23~41 31 23~ 97 49 35~92 57
Bearing resistance 35~113 65 35~112 65 36~73 53 35~113 61 32~98 58
All failure mode 35~120 78 31~112 66 23~75 50 23~120 65 32~98 67
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