Verification of Design Method of Pipeline
Crossing Fault with Earthquake Resistant Ductile
Iron Pipe Using Large-scale Split-box test

KUBOTA Corporation Keita Oda
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Background

There are approximately 2,000 active fault in Japan

% @DSubsequent Aftershock of the
[ 2011 Great East Japan Earthquake

Source: Headquarters for Promotion of Earthquake Research, Japan

Public Works Research Institute, Japan



ERDIP (Earthquake Resistant Ductile Iron Pipe)

Rubber gasket Lockring Spigot projection

Extension/
Contraction

Spigot Socket



ERDIP (Earthquake Resistant Ductile Iron Pipe




ERDIP (Earthquake Resistant Ductile Iron Pipe)

ERDIP have no documented damages in past

earthquakes. v
. 4 ;__ﬁ"';w 0

I 2004 Niigata Prefecture Chuetsu I ®

1995 Kobe |

2016 Kumamoto

@ 6 (Japan seismic intensity)
F O 7 (Japan seismic intensity)

= Active fault



Our goal of research

e To confirm how large can ERDIP pipeline
withstand fault displacement.

e Jo create countermeasures against large
displacement.

Deflection of joint

"
Extension/contraction of joint
y & 2 7

Fault movement



Previous research

—| Large box experiment

Movable

FEM analysis

(MPa)

Non-linear FEM analysis using
beam or shell model

Actuators considering geometric and
material non-linearity
ltems Criteria
Axial force < 3D kN D: diameter in mm

Joint deflection angle

< Allowable deflection angle

Stress on pipe body

< Proof stress (270 MPa)

—> No plastic deformation




Purpose of this study

We have to know whether the pipeline behavior
during a fault movement becomes more
excessive than assumed

-

Testing under the extreme conditions.

Four-point bending test Large scale split-box test

Specimen i -
(DN150 GX-typeu 2§
bt i




Four-point bending test set-up
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Bending specimen during and after the test

[12.2° 1]
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Test result (Joint deflection angle <12.2)

No leakage occurred at 12.2°, which is 1.5 times
the performance limit of GX-type joint

700 B I S R m— 30
600 |- 470
c P ; 460 €
= 500 |- 12.2 =
£ 150 £
< 400 =
z 142

300 |-
e = 130 g
S 100 41 110 €
0 P 0
O ] HI I | ] I ]

0 5.810 15 20 25 30 35

/oint deflection angle (° )

The design performance limit of GX-type joint




Test result (Joint deflection angle =212.2)

The first leakage was observed at 12.2°
The leakage stopped at the deflection of 16.6°

700 | H | / L | | 80
< Fiist Stroke - < Second Stroke=>]
600 - E ,’./ y 16.6° 170
' 12.2° |4/ 460 €

£ s00 =5t | M2
= 50 x
< 400 =
z 2

300 -
(@)
£ 30 2
g’ 200 20 2
© o
< 100 | 10 £
m ; m

0 | | | 1L |

0O 5810 15 20 25 30 3
Joint deflection angle (® )

The test was stopped when the joint reached
the joint deflection of 32°
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Large scale split-box test set-up

Fault rupture plane
247 in \ 232in

(627 m) [5.89 m)

DN 1 50 _[;9033":"] 164 in ;154 Iggﬂadirl"r!]

BT m] ) 7/ BATm]
GX-type ERDIP [ " =
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= N2 T e
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_ 21 el
p/ L
/ / / / Plan view
Ends of pipes were fixed
Actuators

(D Pressurized with water to approximately 550 kPa (80 psi)

(2 Moved one of the two boxes using the actuators




Test procedure

Fixed

110mm

Fixed

ég Lock
Fa@disp@:eme?t& Q / L
= Lock Lock Lock
LockLock All joint fully extended

/
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Backfill sand conditions

Items

Conditions

Type

Global average dry unit weight
Global average moisture content
50% particle diameter
Coefficient of uniformity
Coefficient of curvature

Friction angle

Glacio-fluvial sand

16.6 kN/m?> (105.6 1b/ft?)
3.7%

0.59 mm

3.35

0.83

42
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Large scale split-box test
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Test box after the test
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Specimens after the test

e No leakage immediately occurred even though

the fault displacement exceeded 1.1m.

e \When the fault displacement was 1.13m, the
end of the spigot of joint S5 passed the rubber

gasket and leakage occurred.

Leakage from joint S5

Each Jomts are deflected and ERDIP pipeline absorb
the fault displacement.
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Test result of joint deflection angle

Axial Displacement (m)
0.25 0.50

15

-+ S5 -4 S15 -~ S18
10 = =+ N5 —¢- N15 —5— N18

Joint Rotation (degrees)
o

-5 —
10 -
_15 1 I | I 1 I [ l |
0 0.25 0.50 0.75 1.00 1.25
Fault Displacement (m)
— — L —
N18 N15 N5/ Fault S5 S15 S18 Fixed

Movable
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Test result of joint opening

Axial Displacement (m)

0.25 0.50 0.75
10 . I . I - A 250
All Joints

gL | =85 —=N5
< —— S15 = N15 =200
"‘é; -~ S18 —— N18
§ 6 —{ 150
O €
k= E
S 4
K — 100
(@)
©
¢
< 2 — 50

) 0 v e =g U3 | 1 0

0 0.25 0.50 0.75 1.00 1.25
Fault Displacement (m) 37 8 in (O 96m)
— — L —
Movable N18 N15 N5/ S5 S15 S18 Fixed
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Test result of joint opening

Average Joint Opening (in.)

Axial Displacement (m)

0.25 0.50 0.75
10 T [ T [ T R 250 @
All Joints Leakage\
= 85 —+— N5 @ .
81| e 515 e N15 200 The end of the spigot passed the
- S18 —— N18 rubber gasket and leakage occurred
6 — 150
E \
E ™\
4 — 100
2 —1%0 « 210mm
0 A ., —0= 1 0

0.50 0.75 1.00 1.25
Fault Displacement (m)

0 0.25

When the fault displacement was 1.13 m, the amount
of extension of joint S5 reached 210 mm.

At this time, the end of the spigot passed the rubber
gasket and leakage occurred.
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Pipeline behavior exceeding performance limit

Deflection of the joint

No leakage occurred until the joint deflection reached
12.2° (which is approximately 1.5 times larger than the
maximum joint deflection i.e., 8" )

Extension of the joint

No leakage occurred until the joint extension reached
210mm (which is approximately twice larger than the limit
performance)
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Conclusion

e The ERDIP pipeline could absorb Ilarge fault
displacement well and no leakage occurred when the
joint deflected and extended to a large extent.

e It was not until the joint deflection reached 12.2° which
IS approximately 1.5 times larger than the maximum
joint deflection i.e., 8° that no leakage was visually
observed.

e |t was not until the joint extension reached 210mm
which is approximately twice larger than the Ilimit
performance that no leakage was visually observed.

Pipeline design method based on the performance limit
of the ERDIP joint can result in a satisfactory advantage
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Thank you for your attention.
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Joint opening =

(64 + 85 + 6¢)

3

Displacement gauge

| /?E)

Deflection

Deflection angle = tan

—1] (6A -

Displacement gauge
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Joint opening =

Deflection
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Large scale box experiment
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Analysis model

Pipe

Ground spring

Joint spring

/_H

Basic test fr rotation spring

Axial direction spring

Rotation spring

Orthogonal direction spring

8/\ A §A
s | 2
T Kb Joint direction g Krb 3
Jointdisp. % | _Keer"- angle = | KeAp> Jointdisp. & |AKs
J0|.nt 5. 0.
spring
K, i 9.20x103 (kN/m) K, | 1.66x10%(kN - m/deg) K, © 2.0%x106 (kN/m)
K, i 1.98x10° (kN/m) Ky | 4.28x10°(kN - m/deg)
o, i +£0.0475(m) 0, 3.2 (deg)
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Result comparison

= FEM analysis results were similar to the experiment

results.
= FEM analysis can be used for safety assessment of fault

crossing pipeline.

Pipeline displacement Joint deflection angle
1200 : 10
— 1000 —>—Experiment 4.4° ’g)a 8 | e Experiment
£ [ | ——Analysis s 6 H , .
° ° — e Analysis '

E 00 6.4.73.2 3 y <
é 600 K" S 2

g /) s O

8 400 i g -2 ;

o . i

2 200 = -4 I

2 3.9° 76.3° o -6 ]

= 0 36° £ -8 .

8 -200 * 2.10

- 210 5 0 5 10 -10 5 0 5 10

Distance from fault plane(m) Distance from fault plane(m)
DL



Study of reverse fault




Study of reverse fault




Pipeline movement

C B A
e e e e e D -
C B A
e E ________________________ E _______________________ _\E
C
¢ v B A
I _______________________ I __________________________ .,. .................
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Property of ductile cast iron

500 — w
Tensile stress: 420MPa

400 —
’CU\ /
A 300 f/‘
\2_, Proof stress: 270MPa
v 200
(7))
|
N 100 1 /

05

: 20000 40000 60000
2000 Strain(u)
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Joint spring for shell element

Axial direction spring Normal direction spring

N

Tangential direction spring

N ¥ ¥ ¥ ¥

IIIII
11111
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Spring of unit

Q (]
8 A + A 8 A
2 £5 2
© Kb T £ Krb E Ks
< GC) o O
< Ka [aa] E Kra _(./C)
Joint Joint Ba Joint
displacement deflection displacement
angle
Axial direction spring Rotation spring Orthogonal direction spring
Ka [9.20 x10*(kN/m) Kra |[1.66 x10°(kN-m/deg) |Ks [2.0 x10°(kN/m)
Kb [1.98 x10°(kN/m) Kib  |4.28 x10°(kN-m/deg)
Sa  [-0.3(m) 0a  |0.5(deg)
[} (]
8 A +— A 8 A
) a0 ‘= )
w c
‘© Kb S g Krb It Ks
= g o ]
< Ka o E Kra %
Joint 8- Joint B, Joint
displacement deflection displacement
angle
Axial direction spring Rotation spring Orthogonal direction spring
Ka [9.20 x10*(kN/m) Kra |1.66 x10*(kN-m/deg) |Ks |2.o x10°(kN/m)
Kb |1.98 x10°(kN/m) Kb |4.28 x10%(kN-m/deg)
Oa +0.0475(m) 0a 3.2(deg)
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Example of a basic test

. Load
Displacement gauge l

10m

——Ted reault /f

] eeeess Jaint garing /

Eending moment (kK-m)

2 |
Joint deflection angeideg)

Rotation spring
N
€
g
Joint direction § Kea Krb
angle = -
Ba
K. 1.66 X102(kN- m /deg)
Ky 4.28 X102(kN- m /deg)
8 3.2 (deg)
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Design of fault crossing ERDIP
(Example: DN1500mm US-type ERDIP)

Analysis conditions

Orthogonal e Faultdisplacement
displacement
0.1~3.0m

_______________________________________ A N

US-type ERDIP
(DN 1500, Length: 4m)

Analysis object range: 200m

B — | | | | i —
Fix Fault crossing angle 60° Move
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Analysis result

Fault . Joint
. Axial force Stress )
displacement (kN) (MPa) deflection
(m) (deg)
1.0 2,212 25 3.1
: 1.6 4,314 49 3.7
2.0 5,760 67 4.0
3.0 9,460 111 4.6
Limit value 4 500 270 (Elastic limit) 4.0

Accommodate about 1.6m displacement
(The stress within elastic limit)
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LDAPS(Large Displacement Absorption Pipeline System)

LDAPS- - -ERDIP with multiple LDAPS UNIT

ERDIP Joint

LDAPS UNIT
Pem— sm—-

Unit absorbs large

fault displacement

Construction of LDAPS UNIT

Fault

LDAPS UNIT |
movement

(

Amount of extension/contraction

=

ERDIP Long-body ERDIP
Socket piece collar Spigot piece Straight pipe Long-body
socket (mm) collar (mm)
+30 +300
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Analysis result(1/2)  [Axial force]

) S 36
Fault displacement: 3.0m pan:som

Unit

0

-2000

N
o
o
o

-6000

Axial force(kN)

-8000 |[-e~LDAPS

——ERDIP(Non-LDAPS) y9460kN

-100 -80 -60 -40 -20 O 20 40 60 80 100
Position of pipes and joints(m)

-10000

Axial force of LDAPS less than 3DkN (4,500kN)
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Analysis result(2/2)  [Tensile stress]

Fault displacement: 3.0m

LDAPS LDAPS UNIT
Maximum stress: 78 MPa

AR sEEi)

LDAPS UNIT

H=E =

ERDIP (Non-LDAPS)

Maximum stress: 111MPa

N

i

i

Stress within elastic limit (270MPa)
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Fault type in Japan

Reverse fault Normal fault Strike—slip fault

»M« «w» ’&“

Number 196 28 165




Fault in Japan
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Fault displacement(m)
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Cost effective

DN1500 US-type joint , pipeline length: 200m

250

200

150

100

50

ERDIP LDAPS ERDIP
(4m) (2m)
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Comparison of Joint Structure

[General (Push-on) J Oint} [Earthquake Resistant J oint}

(Flexible Joint) (Chain structure Joint)

Rubber Gasket

Rubber Gasket Lock Ring

Spigot Projectiﬁ
(3 Expand {——> Expand / Contract
] Deflect } Deflect

@ Lock
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Fittings joint of ERDIP

Fittings

ﬂ

1l

j— v

PR ey No movement

Fitting is provided with restrained joint.
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Water Eigeline IN Jagan

Materials used in Pipeline Construction in 2013

DIP 59.3%

1.4x around

90% of ductile
iron pipe is
earthquake-resistant

35,000 miles (~1.4 around the earth)
of ERDIP installed as of FY2013

Total: approx. 8,000 miles

Source: Japan Water Works Association (JWWA)



Major Earthquakes after the 1995 Kobe Earthquake

Nansei Islands ' 5"? Name Date Dc.apth & Mg| . Max:
epicenter intensity
1995 the Kobe Earthquake |January 17, 1995 14km 7.3 7
2000 Tottori-ken Seibu
A Earthquake October 6, 2000 9km|7.3 6+
- D',_ﬁ' 10
(2003 mid Miyagi) July 26,2003 12km | 6.4 6+
. ) 2004 the Mid Niigata

‘ Seismic Intensity 7 O Prefecture Eartr?quake October 23, 2004 13km 6.8 !

. Seismic Intensity 6+ (2004 mid Niigata) October 23,2004 12km | 6.0 6+

Q Seismic Intensity 6- (2004 mid Niigata) October 23,2004 14km | 6.5 6+

Active fault 2007 Noto Hanto Earthquake | March 25, 2007 11km|6.9| 6+

2007 Niigata Chuetsu-oki
Earthquake July 16, 2007 17km | 6.8 6+
2008 Iwate-Miyagi Inland June 14, 2008 skm | 7.2 6+
Earthquake
2011 the Great East Japan March 11, 2011 2akml 9.0 7
Earthquake
(2011 Ibaraki-oki) March 11,2011 43km | 7.6 6+
(2011 north Nagano) March 12,2011 8km 6.7 6+
(2011 east Shizuoka) March 15,2011 14km | 6.4 6+
(2011 Miyagi-oki) April 7,2011 66km 7.2 6+

Sources: Website of Headquarters for Earthquake
o ! Research Promotion Japan Meteorotlogical’Agency



—No damagcon ERDIP __

(Large ground deformation)

1995 Kobe Earthquake

Ground Subsidence
4.3 feet (1.3m)

- HITH

2000 Tottori Earthquake

| Erop 12"
(No damage)

ERDIP 67
(No damage)

=l :
e} l ; !! -

. L|quefact|on
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No damage on 12" ERDIP

chourea grouna By |sunam|;

Tsunami at 2011 Great East Japan Earthquake

.

3

. e,
VEE L g e &
¥ § o = - - # ’ 3
¢ H d - - i . .
= e ) T 7 # - 2 |
. J ; g S - [
’ ¥ R L
4 ¥ - ; . B ]
i - . N
- "R Y = - ” ¥
i TV p T By .
» (e o oA e -
i . s =
a - i = 5 p i
- b . pe -
4 e ¥ - F L3
= T 5
i
=

ERDIP 12”
o (No damage) i
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No damaage on 16”’(400mm
and 6”(150mm) ERDIP

Landslide caused by heavy rain / typhoon

ERDIP 16" |
(No damage)

ERDIP 6”
(No damage)

City of Usui
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Design flow

G) Analyze pipeline with standard length pipes )

ii) Result (Ref. *1)

i) Set preliminary span of unit (Ref. *2)

iv) Re-Analyze

NG

v) Result of axial force (< = 3DkN)

Readjustment (Ref. *3)

NG

vi) Result of deflection angle
(< = allowable value

Readjustment (Ref. *4)

NG

vii) Result of stress (< = proof stress)

OK Readjustment (Ref. *4)

Giii) Finish )

Axial force: 3 DkN and under |
Joint deflection angle : allowable deflection angle and under 1
|
|

: Stress generated on pipe body: Proof stress (270MPa) and under

(*2)
______________________________ |

Based on the result of i), Deflection angle 4

. i - B

set unit location where joint 2]

deflection angle is equal or

less than threshold value ot |

[Bt(=1° )]

In case of right figure,
set unit between D and E.

. 52 (Analyze condition iii))
Change span of unit.
S1:52=f1:f2 L S1(New condition),
’ ’ | |

(S: span, f: axial force) >
oipt position Z

Based on the axial force
result of iii),

calculate 51 as following formula. f1/{=3DkN)
S1<f1/f2xS2

(S1is round downed to

multiples of pipe length) V Axial force F

2 (Analyze result)

(1) Shorten span of unit !
(2) Shorten pipe length
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Example of design of fault-crossing pipeline

Denali earthquake, 2002, US
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Example of design of fault-crossing pipeline

GUIDED SUPPORTS |

| 14 TOTAL) L
Ly gt N

BALL JOINT (2]
UP TO 12° ROTATION

SCOTT BLAIR, PIPELINE TO SURF SEISMIC WAVES(2014)
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Test result (6 in.)

100 | | | | | |
Leakage Stopped Loading Stopped
l ‘ba —{600
I
First / 500
. Leakage
<1 —{ 400
© w©
2 S0 Significant <
@ Leakage — 300
o Depressurized——
— 200
25—
Kubota ERDIP
8in. (150 mm) — 100
Bending Test T1 ./
0 Lo J )

0 S 10 15 20 25 30 35
Joint Rotation (degrees)
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Vertical String Pot Displacements (in.)

L=

n

=

]
o

4L
(=]

4L
o

-20

100 75 50 25

Test result (6 in.)

— Kubota ERDIP
Gin. {150 mm}
Bending Test T1

~

Center Disp. )
in. (mm)
-~ 4 (102)
—A— 8 (203)
—+= 12 (305)

—=— Max
| |

A

Spigot Side

-50 75
Bell Side

Distance from Pipe Center (in.)

200

100

-100

-200

-300

-400

-500

-100

E
r

o

60






Axial force

510kN (3.4DkN)
120
| I / I I 500
Kubota, 6 in. '\ Fautt displacement(m)
100 = ERDIP
[} 0309 |,
) / —A— 0.6 —+ 1.1
o
=,
o — 300
o —~
£ Z
© —200 =
O
o
L
o — 100
>
<
0
20 | | | |
-300 -200 -100 0 100 200 300

Distance from Fault (in.)
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Test result (6 in.)

L% ]

Horizontal String Pot Displacement (in.)
o

Kubota ERDIP
& in. {150 mm)
Bending Test T1

0=16.6"°
Spigot Broke

= 100

HSPs

-~ Crown
—2— Invert

—1-2%

— -50

—-75

= -100

5 10 15 20 25
Joint Rotation (degrees)

30

35

(mm)
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Test result (6 in.)

700

600

500

I~
=
-

Cad
(-
-

Moment (Kip-in.)

200

100

Significant Leak

t=14.3"

First Leak
— 0 =12.2"

<—First Stroke — = Second Stroke™

0 =166
Spigot Broke
Leak Stopped

6in. (150 mm)

Bending Test T1

Kubota ERDIP _{ 50

— 40

0 5 10 15

20 25 30

Joint Rotation (degrees)
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Moment (KN=m)
—_ [\ (O8] P [0 [@)) ~J o0
(e (e (e (e [e) [e) [e) [e)

(e

Moment vs. rotation

Water leakage
0.4 ~1.0L/min
(12° ~16" )

&

’
¢ Kubota

- -’ test result

A
A 4

The load decreased and I
the water leakage stopped

N

Completion of the test
(Limit of the test device)

N

Interruption of the test
(Adjustment of the test device)

5 10

12°

16

15 20

Rotation (deg)

25

30

32

35
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Test result

(6in.)

0.01

0.008

0.006

0.004

0.002

Strain

-0.002

-0.004

-0.006

Joint Rotation (degrees)

| | I I I I
Strains Kubota ERDIP
H—©~- Bell Crown 6in. (150 mm) _{pg
—— Bell Invert Bending Test T1
-5~ Spigot Crown
|\ —+ Spigot Invert | — 0.6
/ Yield Limit
— ], — 0.4
Prop Limit
— _I —02
= 0
. —-02
Prop Limit
B FirstLeak | —-0.4
4 h 1220  Yield Limit
I I I I I I 06
0 5 10 15 20 25 30 35
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Test set-up (12 in.)

— Strain Gage Plane
,_ North - Vertical Sinng Pot
i B Joint Siring Pot

Sin. : in.
= 1775 mm] Tie1 mE] [Frsmml ™
B59 B21 bl | $21 — 550
| — - r—
| , ~6.0in , : _ : 6.01n. |
uim 152 Tmm] Zaxy TTS2Z ] mn
L 5.31n,
(135 mm]
EE - ]
3o e T
) ~~-Temporary- |
r Supports
= i m mil -
VSP 68 VP 48 V3P 30 | VSIE‘£J [ VSP -30 VSP <48 VSF €68
20.0in. 18.01in. 30.0in. 30.0in. 18.0in. _| _ 200in.

T [508 mm] T [@57 mm] [762 mm] [762 mm] [457 mml (508 mm]




Test result (12 in.)

. N : — i mh :
Bell Strain Gages ! il = - N Spigot Strain Gages
P 4 ] = . il . : .
i in Central Portion 2 — 4 Il in Central Portion
Ll " i - d " i (] 3 3
] ? . A — : 4 ¥y .

' d' Kubota 12 in. (300 mm)
ERDIP GENEX T2




Test result (12 in.)

100

75

50

Pressure (psi)

25

Joint Rotation ( degrees

| I
— 600
’ Leak/
L ower 200
Pressure
— 400
Second Drop =
- o
=
— 300
Repressurize/
Depressurize — 200
Kubota ERDIP 1
L 121in. (300 mm) =100
Bending Test T2
| | 0
0 5 10 25
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Test result (12 in.)

1 2
U / I’
<
@ 4 — -100
-
b
£
LK)
L]
o
% o
2 . —{-200 E
_'5 e
o
(=} [ ]
g Center Disp.
= in. (mmp
T 1 -0~ 3(76) | —4-300
_ﬂ:; —#r— 6 (152)
= Kubota ERDIP = 9{229)
12in. (300 mm) —— Max
Bending Test T2 . d
gl —L 1| T e e
80 60 40 20 0 -20  -40 -60 -8BO

Eell Side Spigot Side
Distance from Pipe Center {in.)
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Test result (12 in.)

4 | | | | = 100
Kubota ERDIP
__ 3 12in. (300 mm) —75
= Bending Test T2
é 2 Spigot Cracked — 20
L f '
S 1
2
o 0 0
(o
(=) ]
= — 25
= -1
@
S -2 —{ 50
B
S
3 {75
4 I I L1 | = -100
0 5 10 15 20 25

Joint Rotation (degrees)

(mm)



Test result (12 in.)

Kip-in.)

[
4+

Momen

2000

1500

1000

500

Kubota ERDIP
12in. (300 mm)
Bending Test T2

0=12.4~

— 200

— 150

— 100 =

10 15
Joint Rotation (degrees)
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Test result (12 in.)
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