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Abstract

Support characteristics of Eco—Spiral Bolt (ESB)
as multipurpose support member

By Jeongdu Noh
Adv. Prof. : Seong—-Seung Kang, Ph.D,
Dept. of Energy and Resources Engineering

Graduate School of Chosun University

This study is to defined the characteristics of Eco-Spiral Bolt (ESB) as
multipurpose support member which was developed for improvement of ground
strength among various geotechnical problems. For this purpose, we analysed
the difference of ground behavior along the twisted angle of Eco-Spiral Bolt, a
ratio of borehole diameter and Eco-Spiral Bolt width, and ground structure of
single layer and multi-layer using FLAC 3D based on Finite Difference Method
(FDM).

By the results of ground behavior along the twisted angles of Eco—Spiral
Bolt, 0°, 15° 30° 45° 60° the pull-out load at 8 mm with the maximum
displacement was 0°=63.9 kN, 15°=21.9 kN, 30°=62.9 kN, 45°=76.4 kN, 60°=135.3
kN, respectively. The maximum shear stress between Eco-Spiral Bolt and grout
of the X-Y section at a depth of 70 cm was 0°=564.36 kPa, 15°=135.26 kPa,
30°=511.49 kPa, 45°=434.62 kPa, 60°= 411.69 kPa, and 0°=13.42 kPa, 15°=150.35
kPa, 30°=511.63 kPa, 45°=441.79 kPa, 60°=425.77 kPa in the X-Z section. In
conclusion, it is considered that the optimal twisted angles of Eco-Spiral Bolt is
most suitable between 30° and 45°.

By the results of ground behavior along a ratio of borehole diameter and
Eco-Spiral Bolt width (Dyy/ Weep), 1.5, 2.0, 3.0, the pull-out load at the 8 mm
with the maximum displacement was 15=187.57 kN, 2.0=425.85 kN, 3.0=741.02
kN, respectively. The maximum shear stress between Eco-Spiral Bolt and grout

of the X-Y section at a depth of 70 cm was 1.5=1052.38 kPa, 2.0=2652.35 kPa,

_ix_
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3.0=4589.42 kPa, and 1.5=953.67 kPa, 2.0=3016.76 kPa, 3.0=6667.32 kPa in the
X-7 section. In conclusion, it is considered that the maximum shear stress on
the boundary between Eco-Spiral Bolt and grout increased with increasing a
ratio of borehole diameter and Eco-Spiral Bolt width, and the optimal ratio of
borehole diameter and Eco-Spiral Bolt width was 1.5.

By the results of ground behavior along ground structure of single layer
and multi-layer, the pull-out load at the 8 mm with the maximum displacement
was 79.94 kN. The maximum shear stress between Eco-Spiral Bolt and grout of
the X-Y and X-Z sections at a depth of 70 cm was 441.40 kPa and 452.02 kPa,
respectively. In conclusion, it is considered that the support effect of Eco-Spiral

Bolt was greater in multi-layer than single layer.
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3o} SFAE o E-~v)eld EE(Eco-Spiral Bolt, ESB):= A ofx|Hle] 7 -$-of =
AAel sldwtozr xukyl A3 AL 4= 9lo] <k

o} AolEBEY} Ut olEL dukA-FT T YR-AH AR TERS-ES] wt
Zgolv}p FaE-S o] gsto] Ak dA 3 AA HFEE FHole THOEA
F32 EEo datiofo A Al&¥ tHFarmer, 1975; Kaiser et al., 1992; Yazici &

Kaiser, 1992; Hyett et al, 1992, 1995, 1996; Benmokrane et al, 1996; Li &
Stillborg, 1999; Cao et al., 2013; He et al, 2015). °o|& &< 7" = 40 o]
A E ARGEEes 19809 dAjol o= kA Il om Al E
A o] o]t ABMAYS, AnkeMe] AwA AE, ABH JFs v
4, ARta et Auas A Ateld] FHEY 5 U A7 FH
W, 2 AikEe] od) ARFHozAM vALF] ol Ak gyd el
S tHFarmer, 1975; Kaiser et al., 1992; Yazici & Kaiser, 1992; Hyett et al.,
1992, 1995, 1996; Benmokrane et al., 1996; Li & Stillborg, 1999; Cao et al., 2013;
He et al., 2015).
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Mechanically Coupled) Systems, CFC(Continuously Frictionally Coupled)
Systems, DMFC(Discretely Mechanically or Frictionally Coupled) Systems®
= F 9t} CMC Systems® AWMEIH$E T g8 o] &35t Amas9)
ShA owtel]l L A3 Al7]E e Zelhy CFC Systemst =W = A (Swellex) 2E
7F sl E e Al2"ol DMFC Systemst® DEE, 8343% Shell 5 & ddE
B E EEo s3dd i Windsor, 1997; Cao et al, 2013; He et al.,, 2015). o] -2
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& %], 2009, 2010; #7%

Lo Eslal o m-Axold HE9) %c}?} N
9], 2005), Q1A Fe o]t o FZ-AFlo
2009, A7gd 9], 2011), dekxwt L A}
Al 7Nz2A AT wEY e el

oA 2 A TA L o] oA AYIH A e AREEEH A
A8 Agd dEE I8 ARAA oFZ-aveld HES AHEALS A4
A wiow gpHsted vk ol& flstd, AA, FAEHAY =9
71%% FLAC 3DE ol&stdth &4, dli-~3teld EEQ HEF 7
Ehube A HbAF o] 2ol S Attt AA, AlgE A8 T o -3t
o] E wlo] w& AWAEY Zolx A4 2
A ools-aTteld BES AHEA AolHE AT thalA, ol ARE
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2. Ay

2.1 AUA g

FA A ol gE BAHANBEA oi-Avie]ld BHE EAL AHEUAER
AE, Bolil, A EEAN ORFE, AHE, FIE A§Y 248 Ade
AE, A8E, 45, UFrebEs, A3y, 1A Eelth o)y &4 e A7 98l
oF-~3fold EES THGE Az & dE4EAY, AsdsAd, hEdd
AR, Ak A EE 22 Aokl Figure 2-15 o si-2A3to]ld BES RAL
2A, Z3(steel bar)e] FEdWEE 3 A AlA THE WA E FHel A HA o)
(4% 9, 2005, 2010). AUAI g AMEH dlFZ-~Teld BEE % 75 mm, 7
7 9 mm, 2°] 540 mmeo] 32, AL SD350]tH(Table 2-1)

(@ .
th|cknessI
V) | width
(b) length
thickness
PQPPIGG PP
length
Figure 2-1. View of (a) steel sheet bar and (b) Eco-Spiral Bolt by twisting force.
Table 2-1. Dimension of the Eco-Spiral Bolt.
Thickness (mm) Width (mm) Length (mm) Material symbol
9 75 540 SD350
_ 4 _
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Figure 2-2. Specimens for physical and mechanical tests.
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REElE FAAe dx =4L thgeo HAL g Tﬂr(Flgure 2-3). WA A
AolH 2 ULVAC KIKO. Inc. ¢ REW S
A ZE o] 800 Pa(6 torr)e]ste] Z-g- )
H AEHES ZEds JH-600 F55A &4 FAe A& by ¥Wa, 0.001 g
Al Aol 7bs 3 Precisa Gravimentrics AGS] R 2 ¥ 3 Precisa Balances
320XT Al2l= AAAES olgste] AlgHe F3FA(M,,) e SHdqH 2ea

APAL Fxo Ade] gL How wWE Hohlal AFAY W dx ¥

AV

M 3 me 2EE FARE o] fdl AldHe] dxFAMM,,)E SATH v
SFAl, 3T, dx2FAE 44 olgste] 4 QDR H

WEE 3oH(ISRM, 1981; sh=-¢tuk3-aha] 2010).

ox 9N SA449

X

D% (p;) = (1—n)X GgXns) X p, lkg/m’] 2.1

Desicator

Vacuum
pump

(a) Saturation

Figure 2-3. Process of density measurement; (a) desiccator and vacuum oil
pump for saturation, (b) measurement of immersed and saturated weights and

(c) drying oven for measurement of dry weight.
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Figure 2-4. Apparatus of the uniaxial compression test in laboratory.
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20 3 slgA o7} 7ls3sekHFigure 2-6).
Half ball bearing
( Ja Elpperjc:w (
/ \ < zwoe‘ng‘l"vie on dowel
- ;Guidepim
< Lowerjaw
Testsp\;cwmen _Bailhan tést machine
Figure 2-6. A view of the Brazilian test for indirect tensile strength in

laboratory.
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Figure 2-7. Result of compression test on Eco-Spiral Bolt uniaxial.

Table 2-3. Mechanical properties of Eco-Spiral Bolt by uniaxial compression test.

Uniaxial compression Young's modulus Poisson’s ratio
strength (MPa) (GPa) (v)
122 64 0.28
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Figure 2-8. Mohr-Coulomb envelope of specimen.

Table 2-4. Mechanical properties of specimen by Brazilian, uniaxial compression,

and triaxial compression test.

BCS ucCs TCS
(MPa) (MPa) (MPa)
04 0.44 7.0 13.0 18.3 21.6
O3 0.0 0.0 1.0 2.0 3.0
. . - Young's .,
Density Cohesion Friction angle Poisson’s
: . Modulus .
(kg/m*) (MPa) ) (GPa) ratio
1694.8 11 45.8 4.4 0.20
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o= =4 TFEM(Finite element method), FDM(Finite difference method),
BEM(Boundary element method)e.® & F 9, EdA&£x mde
DEM(District element method)e] t3% 4 ¢]th(Figure 3-1). FEM< 84 & 7]3s}%
Aow Hoste] vAWMPE AAE FIWAFA S S kil FDMEe 848 &
gtalo] g A slal time stepd A RE=E Hotst vHAFE A EE 44 gth. BEM

Finite element method(FEM)
Soilworks, GTS-NX

Finite difference method(FDM)

Continuous model

FLAC, FLAC 3D

Boundary element method(BEM)

Examine 2D

Numerical analysis

District element method(DEM)

UDEC, 3DEC, PFC

Discontinuous
model

Blocky analysis method
SWEDGE, UNWEDGE

Figure 3-1. The sort of numerical analysis.

— 12 —
Collection @ chosun



e FDM 7| 7ke] 3

Itascartell A 7l

T
R

A -of| A
FLAC(Fast Lagrangian Analysis of Continua) 3D 4.0 version

2

2.
=

o)

= B

F ok, FLAC 3D

S

3

BN

A Q.
1=

o

S

Null model, 37}#¢] ¥ 2dup 9713] 9

lo] Wdsfo] Slrh

T
R

13711¢] °]
Wil explicit 7] ¥

gtth. FLAC 3D el

7 &=

Lagrangian A4

o
T

)1\1,

29 e A

3L

4 2

=

<

3

2

Fel A1§27h
239 Wel 99 gl

= WHAAAE AbEs

Ab-g-3}al, FISHE

= 9o
o =

3L

o
T

Mohr-Coulomb

st3], 2005; Itasca, 2009).

ol

=

&

9

w7 ¢

Skl

A%

a4 &

ittt FLAC 3D 4

3 HEs

of o

A+ Figure 3-23 7t} A

ol

2 m, 2°] 2 m¢ A

=4
i=]

©

Qe 3

R

O

@A

A
2

3l

F tH(Figure 3-3).

&3]

|
&

o=

10,000 M2 2 1,000 4 107132 thro] A

4r

<

(step) F+

B Agle] wg

A7]E Ze°] 100 cm, YWH] 10 cm, 77 1 cm ©]H, H]EH

Fol 15, 2.0, 3.000

TO=Z 3

45°0] Rdlg 1.0 7]
A )

Z3tE 150 cme] A

AFEE 50 cm,

T
R

=z
.

_13_

Collection @ chosun



w ‘ :' _
§: Length ¥
P9 1m
?
9
®
Lezngmth ground L=
Depend on the mode!
Thickne P
10 m \

~_

1 pitch » /
Diameter 2 m E-\

Width, 100 mm

Figure 3-2. Geometry numerical model.

Loading speed = (step/20000y'2 x 1.0E-5)|

o o o
» o ©

Loading speed (mistep)

[}
N

0]
0] 5000 10000 15000 20,000
Caaulation step

Figure 3-3. Calculation of loading speed.
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Aut 2 Aol B4

kx| utol| A o & zal)
A8 FLAC 3D FA &4 A&H
Aol = o]¥
7}gste] s Astaith o
2HE Ao,

o3

IEEE]

wgol WE AUAES AR
+ Table 3-13% 2t ZE3 Yo
WA, THPES AHE, FRE NS Ry

a7y
o dAARE AUAY 29

Table 3-1. Input data for FLAC 3D numerical analysis.

i Young’s i , i Friction Tensile
Density dul Poisson’s | Cohesion ) . h
modulus . angle streng
kg/mr t MP
ke/m) |~ opy | Mo | (MPa) ©) (MPa)

ESB 7850 64 0.28 -

Grout 1694.8 4.4 0.2 11 45.8 0.4
Sandy soil 1631 0.008 0.3 0 28 0
Weathered

. 1835 0.027 0.3 7 30 0
soil
— 1 5 —
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Grout

L 10 cm Eco-Spiral Bolt

Sandy soil

Figure 3-4. Schematic diagram of X-Y section and for the twisted angles of

Eco-Spiral Bolt.

Table 3-2. Properties of Eco-Spiral Bolt according to the twisted angle.

twisted angle (°) 0 15 30 45 60
Number of pitch 1 3 6 10 17
Pitchs length (cm) 100 37 17 10 6
ESB width (cm) 10 10 10 10 10
ESB length (cm) 100 100 102 100 102
ESB thickness (cm) 1 1 1 1 1
Grout diameter
10 10 10 10 10
(cm)
Grout depth
100 100 100 100 100
(cm)
Sandy soil diameter
200 200 200 200 200
(cm)
Sandy soil depth
200 200 200 200 200
(cm)

_ 17 _
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—> Eco-Spiral Bolt

Sandy soil

Sandy soil

Sandy soil

Figure 3-5. Numerical model along the twisted angle; (a) twisted angle

(b) 15°, (¢) 30°, (d) 45°, (e) 60°.
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33 AFE AJ|/dFm-~vtold BE X Hlo] m}E At
A% A 3A
Aold BEQ FAZLE ARES A4 &7 AlWES H&, Ao, 1)
TE A FHo 2getE PEY 59 ald g3 AA g8d 5 AdrhHyett
, 1992). whEhA] B A= oledt A& awele] 1EhfE Auke] A7
o Agke] dgke Hrhstaal stk ol & 98] HlEW 7 45° dm-2sfold
BEZ gom ANFF AH/dz-veold BE Z H(Dgy/ Weep)E 10, 15,
2.0, 3.0 T 4714 A-5-ol e mestste] o] & Atold] #AE EASA 1 FEFE
H7l g e 9% md xukm ggeEe HAV|E= Table 3-33 -l
Figure 3-62 o] EA w2 Yebd Ao, Dyy/Wygpel WE FA &4 2de

HojFEoh FAEAL2 F 10,000 stepl =
Fol Auke] WSt A

RS

L)

Table 3-3. Dimensions of ground and grout for numerical

borehole diameter and Eco-Spiral Bolt width (Dgy/ Wgep).

sFlaz, 1,000 step @ = 10 GAZ v

analysis on a ratio of

ESB twisted ) ESB thickness
ESB width(cm) ESB length(cm)
angle(®) (cm)
45 10 100 1
Sandy soil Borehole (Grout)
Diameter (cm) 200 15 20 30
Length (cm) 200 100 100 100
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@) Eco-Spiral Bolt

Eco-Spiral Bolt

A

Dpy WEess,

A

Grout

Sandy soil
Sandy soil

}

Eco-Spiral Bolt Eco-Spiral Bolt

Sandy soll

Figure 3-6. X-Y section for numerical analysis on (a) a ratio of borehole
diameter (Dyy) and Eco-Spiral Bolt width ( Wygp) and numerical model of (b)
DBH/WESB = 15, (C) DBH/WESB = 20, (d) DBH/WESB = 3.0.
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GUZ/ e Ao wE di-szte]d HE og AWAF 54 &
Astz] e FAlA S FaeAT. FAEA EE2 Figure 3-7¢ £tk AW
oM AE 50 cm ¥E7bAE AAEZC] EAS, AEEF Wl 150 cm F7
o F3tEZo] EAFHTable 3-4). o A¥k Wol Zo] 100 cm, % 10 cm, F4 1
cm, Q1 HEH 7} 45°¢] o|m-AFeld BEFZ MA3 & 2898 #gdste] a4
A Fh QIEslES X ARAFE Fste] olsm-2stold BE A g 7}
stATh shEel e AR et QIdslFe] ot o Fm-AToldEES] ARk Pk

o
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N
N
ol
ol
38
O

) Eco-Spiral Bolt
Sandy soil

(0]
o
o
=
=

-

Weathered soil

Figure 3-7. Numerical model for the multi-layer structure.

Table 3-4. Dimensions of ground for numerical analysis on the multi-layer

structure.
ESB twisted ESB width ESB length ESB thickness
angle (°) (cm) (cm) (cm)
45 10 100 1
Sandy soil Weathered soil
Diameter (cm) 200 200
Length (cm) 50 150
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Table 4-1. Results of numerical analysis along the twisted angles of Eco—Spiral

Bolt by pull-out test.

Maximum

shear stress

at 70 cm
(kPa)

564.36

135.26

511.49

434.62

411.69

Maximum

shear stress

of axial
direction

(kPa)
13.42

150.35

511.63

441.79

42577

Maximum
displacement
(mm)

8.18

8.16

8.27

8.10

8.24

Maximum
pull-out load
(kPa)

64.43

2212

63.43

76.44

136.62

Twisted

angle (°)

15

30

45

60
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Pull-out load (KN)

Figure 4-1. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with the twisted angle 0°.

Displacement (nm)
o o
S 8

0.01

~y

0 = =1
0.1 03 05 07 09
DOistance frombarehdle center (M)

Figure 4-2. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with the twisted angle 0°.
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(a) 1000 (b) 2000

| 0.0000E+00

v
v

Figure 4-3. Results of numerical analysis on displacement along pull-out load in

1.0000E-05
2.0000E-05
3.0000E-05
4 0000E-05
5 0000E-05
6.0000E-05
7.0000E-05
8 0000E-05
I 9 0000E-05
1 0D0DE-D4

case of Eco-Spiral Bolt with the twisted angle 0°.
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(a) 1000

(e} 5000 step

{g) 7000 step (h) 800

2.5000E+04
5.0000E+04
7.5000E+04
1.0000E+05
1.2500E+05
1.5000E+05
1.7500E+05
H 2.0000E+05

I 0.0000E+00

2.2500E+05
2.5000E+05

{j) 10000 step

Figure 4-4. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt with the twisted angle 0°.
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(a) 1000 step (b) 2000 step ¢) 3000 ste

(d) 4000 step (e) 5000 step (f) 6000 step

(g) 7000 step (h) 8000 step (i) 9000 step
2 D000E+05

2 2500E+05

2 5000E+05
(j) 10000 step I EI%SE;:E?
FR. | =gl =}

E+04

5 0000E+04
T 5000E+04
1.0000E+05

1. 7500E+05

Figure 4-5. Results of numerical analysis on maximum shear stress of X-Y
section with each step along pull-out load at a depth of 70 cm in case of

Eco-Spiral Bolt with the twisted angle 0°.
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Figure 4-6. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with the twisted angle 15°.

0.06

0.4

Displacement (nm)

i

0.02

0
01 03 05 07 09

DOistance frombarehdle center (M)

Figure 4-7. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with the twisted angle 15°.
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Figure 4-8. Results of numerical analysis on displacement along pull-out load in

case of Eco-Spiral Bolt with the twisted angle 15°.
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(h) 8000 (i) 9000
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Figure 4-9. Results of numerical analysis on maximum shear stress of X-Z
section along pull-out load in case of Eco-Spiral Bolt with the twisted angle

15°.
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Figure 4-10. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with

the twisted angle 15°.
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Figure 4-11. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with the twisted angle 30°.

DOistance fromborehde center (M)

Figure 4-12. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with the twisted angle 30°.
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Figure 4-13. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with the twisted angle 30°.

_ 37 _
Collection @ chosun



(b) 2000

() 600D

(h) 8000 (i) 9000

I 0.0000E+00

(7]
ik
Hi 2 5000E+04
n 5 D00DE+04
i 7 5000E+04
i 1.0000E+05
T 1.2500E+05
1.5000E+05
1.7500E+05
2 D000E+05
2 2500E+05
P 2 5000E+05
{j] 10000 I 2 BDODE+05

Figure 4-14. Results of numerical analysis on maximum shear stress of X-Z
section along pull-out load in case of Eco-Spiral Bolt with the twisted angle
30°.
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Figure 4-15. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with

the twisted angle 30°.
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Puil-out load (KN)

Figure 4-16. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with the twisted angle 45°.
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DOistance frombarehde center (m)

Figure 4-17. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with the twisted angle 45°.
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Figure 4-18. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with the twisted angle 45°.
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Figure 4-19. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt with the twisted angle
45°.
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Figure 4-20. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with
the twisted angle 45°.
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Figure 4-21. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with the twisted angle 60°.

Figure 4-22 Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with the twisted angle 60°.
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Figure 4-23. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with the twisted angle 60°.
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Figure 4-24. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt with the twisted angle
60°.
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Figure 4-25. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with

the twisted angle 60°.
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Table 4-2. Results of numerical analysis on Dyy/ Wgep by pull-out test (twisted

angle of Eco-Spiral Bolt: 45°, width: 10 cm, length: 100 cm, thickness: 1 cm).

Maximum .
) Maximum
Maxmum Maximum shear stress
] ) shear stress
Dyp/ Wisp pull-out load | displacement of axial o7
at 0.7 m
(kPa) (mm) direction
(kPa)
(kPa)
1.0 76.44 3.10 441.79 43462
15 185.57 8.17 953.67 1052.38
2.0 430.29 3.32 3016.76 2652.35
3.0 743.69 3.25 6667.32 4589.42
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Figure 4-26. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with Dpy/ Wgep  1.5.

Displacerment (nm)

01 ~ a3 a5 o7 o9
DOistance frombarehde center (m)

Figure 4-27. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with Dgy/ Wgep  15.
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Figure 4-28. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with Dpy/ Wgep 15.
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Figure 4-29. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt with Dpy/ Wgsp 15.
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Figure 4-30. Results of numerical analysis on maximum shear stress of X-Y

section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with
Dyy/Wesp  15.
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Figure 4-31. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with Dpy/ Weep  2.0.

DOistance fromborehde center (M)

Figure 4-32. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with Dgy/ Wgep  2.0.
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Figure 4-33. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with Dpy/ Wgep 2.0.
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Figure 4-34. Results of numerical analysis on maximum

section along pull-out load in case of Eco-Spiral Bolt with

Collection @ chosun

(b) 2000

(e) 5000

{h) 8000

0.0000E+00
1.0000E+05
2 D000E+05
3.0000E+05
4 0000E+05
5.0000E+05
6.0000E+05 I
7 .0000E+D5

_62_

8.0000E+05
9.0000E+05
1.0000E+06
1.1000E+06
1.2000E+06
1.3000E+06
1.4000E+06
1.5000E+06

(c) 3000

(f) 6000

(i) 9000

shear stress of X-Z

Dpul Wysp  2.0.



(b) 2000 step (c) 3000 step

(d) 4000 step (e) 5000 step (f) 6000 step
(9) 7000 step (h) 8000 step i) 9000 step

0.0000E+00 8.0000E+05
1.0000E+05 9.0000E+05
2 D000E+05 1.0000E+06

3.0000E+05 1.1000E+06
4.0000E+05 1.2000E+06
5.0000E+05 1.3000E+06
6.0000E+05 I 1.4000E+06
7 .0000E+D5 1.5000E+06

(j) 10000 step h

Figure 4-35. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with
DBH/ Wegsp  2.0.
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Figure 4-36. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt with Dgy/ Wges 3.0.
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w s
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Figure 4-37. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt with Dgy/ Wysp 3.0.
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Figure 4-38. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt with Dpp/ Wgep 3.0.
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Figure 4-39. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt with Dgy/ Wgsp 3.0.
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Figure 4-40. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt with
DBH/ Wgsp 3.0.
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AAA 0w F7AGUA dls-asteld REe Te9E AW AugHel PF
Hol ehd & & F ek EatFo]l AFUA EaBL u) AjAwse] o
A-zxvteld BE E3} g 372 SdE $4L Holn

Table 4-3. Result of numerical analysis along the multi-layer structure by

pull-out test.

Maximum Maximum shear Maximum shear
Maxmum pull-out . .
displacement stress of axial stress at 0.7 m
load (kPa) .
(mm) direction (kPa) (kPa)
30.69 3.33 452.02 441 .4
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100

Pull-out load (KN)

Figure 4-41. Relationship between pull-out load and displacement in case of

Eco-Spiral Bolt in multi-layer structure.
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Figure 4-42. Relationship between displacement and distance from borehole

center in case of Eco-Spiral Bolt in multi-layer structure.
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Figure 4-43. Results of numerical analysis on displacement along pull-out load

in case of Eco-Spiral Bolt in multi-layer structure.
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Figure 4-44. Results of numerical analysis on maximum shear stress of X-Z

section along pull-out load in case of Eco-Spiral Bolt in multi-layer structure.
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Figure 4-45. Results of numerical analysis on maximum shear stress of X-Y
section along pull-out load at a depth of 70 cm in case of Eco-Spiral Bolt in

multi-layer structure.
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Figure 5-1. Result of (a) pull-out load and (b) maximum shear stress with the

twisted angles.
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Figure 5-2. Result of (a) pull-out load and (b) maximum shear stress with
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