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An Experimental Study on the Bonding Characteristic of Steel Tubular Joint Connection filled
with Fiber Reinforced High Performance Cementeous Grout
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Abstract

This paper deals with the bonding characteristic of grouted joint connections of monopile support structures for offshore wind
power facilities. For the integration of pile connection of wind power supporting structure, fiber reinforced high performance
cementeous grout was developed and the ultimate compressive strength of it is 125MPa and the direct tensile strength is 7.5 MPa
at 7 days. To assess the bond strength of grout filled in pile connection, small scaled direct bond tests under axially loaded was
performed and analyzed according the existing guidelines. The fiber volume fraction (0%, 0.5% and 0.9%), aspect ratio of fiber
(60 and 80) and the ratio of height to spacing of shear key (0.013 and 0.056) were adopted as the experimental variables. From
the test results, the maximum bond strength among the all specimens was 30.8MPa and the bond strength of grouted connection
was affected by the ratio of height to spacing of shear key than the fiber volume fraction.
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Table 1¢:= Jonkmane et al. (2009)°] #|A]St NREL 5SMW

Table 1 Shape specification and transition piece geometry
of NREL standard 5MW wind turbine (Jonkman,
2009; Nedz7ad Dedi¢¢, 2009)

Rotor Configuration 3 Blade
Rotor size (m) 126
Tower Height (m) 90
Rotor Weight (kN) 1,200
Tower Weight (kN) 2,250
Nacelle Weight (kN) 3,000
Typical TP Diameter (m) 6.0
Typical Pile Diameter (m) 5.65
Grout Thickness(t,) (mm) 125
Grout Length(Z,) (m) 10
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Fig. 2 Failure modes of axially loaded grouted joints (Hordyk
1996; Lotsberg, 2010)
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Shear strength of grout :
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Fig. 3 Grouted pile to sleeve (TP) connection
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Table 2 Chemical properties of cement grout

S?reesrllilh SiOy | AlzOs | FexOs | CaO | MgO | BaO SOs | Ig—loss
(MP2) @ | D | B | @D | @B | @ | R (%)

140 20.30 | 14.70 | 1.33 | 41.50| 1.63 | 0.00 [18.70 | 1.84

(@) Straight Fiber

(b) SEM Image

Fig. 4 Straight stainless steel fiber image used for high
perfomance cementeous grout
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Fig. 5 Cross—sectional detailing of bond specimens

Table 3 Experimental variables

Fiber Volume . Shear key pattern
. Fiber length
Fraction (%) Ws=0 | Ws=0.013 | Ws=0.056
0% - 2 2 2
12mm 2 2 2
0.5%
16mm 2 2 2
12mm 2 2 2
0.9%
16mm 2 2 2




Fig. 6 Test Setup

£ UTM= ARgsto] Hg|Alo] WhA o2 W olsF 8mm7}
Al 02mm/min®] £EZ e 7HEIh FAEEA Y]
TS H7FE) 91819 Fig. 63 12 FXHAV|HE A
2L Ao}, EES Sl

4.1 IMs J2RES| M=EM

AFESEY Afdolel O ARRA 135 E
(HPCG)2| 457518 A¥-= Fig 7¢ L‘rEhH o} A
YEo] SR ASAETE oRE eI e, A
Zole] ke 4] ¢k o7 Yepytt AP uet 1Y
A5y 28949] ok 739 01, 7Y st 28 A9l A9
FYsto] ARG Al ARV Y T s BloE I
=k

I IHES] st s Brlsl] flste] KS
L5104¢] we} REEF=e) A= Frleigion, 4
= Fig. 8o elsisich

PFES} Akl ArEddEel S71EeTs Q)

7} S7khs Zlo® EAEgIon, 289 I Hulghk>
9.4MPa (7dH] 53, &30& 0.9%)%} 9.36MPa (4] 40,
ERE 0.9%) 2 HAEH 7Y QP EL] Aol FY
H] 53, 908 0.9% WiFolA A@A Q] ARAFE vt
w7 UrE}M_Ur 4] 409 7T 0.9%-E| A2
89MPa= AZE o] Aoz 7Y SIS QP EI) 28
A AT 95%E A3l EAESITh

F

140

E\ --------- -C-l-l.
2 130 e e B
% 120 4/
5 4
2 Vi
» 110
2 | &
= 100 -
@
=4
g 90
) 0 5 10 15 20 25 30
Curing time(days)
—0 ool +0.5%-12mm == 0.5%-16mm
--9--0.9%-12mm =———0.9%-16mm
Fig. 7 Compressive strength of HPCG
10

-

Direct terwile strength (MPa)

=
L

—0

--@--0.9%-12mm

10 15 20 25 30
Curing time(days)

soles(5%-12mm =<h= 0.5%-16mm

0.9%-16mm

Fig. 8 Direct tensile strength of HPCG

TPES] AAARe FUF 28wk 7RI
? A 10}03 OU% @4_ Table 4] xm } e A e

of 12mm¢} 16mm2] ﬁ%@oliﬂ J2 A %?9&34

= gaEglon,

V2Pl S7KE 0% etk $U% 4
Foli= Af2ol} Ao)A5E Frrt

o )
o 7(11:

om, AAAEHIE 3‘1@47} A3] 3_1535]%5}1 k)=
ZHEF 5.0mm 7HA 2 kit

AdAy} Faee q%icﬂgiqw 719

=

o
oot
s

[o #d

PRI =)

27 ATEEe] 571

e

Yoy
P
-

o o

SIRAXSHCIX| PR 2sts| =27 X18H X6=(2014. 11) 25



Table 4 Summarized test results

Initial Strength Ultimate Strength DNV-0S-J10

NORSOK

3 S S S Elastic Total —E;Z‘;ZC
t
(I\Zgzi (mllﬁ) (I\ZEZ)S (mll'ﬁ) Thf Ths Thy Tokf Thks Thkg Energy Energy (%)
0-0-0 1.5 0.08 1.5 0.08 2.0 0.00 30.4 13.1 13.1 8.6 19.6 702.1 35.8
0—-0-0.013 13.0 0.41 15.3 1.02 2.0 7.3 30.4 13.1 30.0 7.7 453.9 6697.6 14.8
0—0-0.056 26.0 0.24 29.7 0.89 2.0 21.8 30.4 13.1 53.7 5.9 950.8 14448.8 15.2
0.5-12—0 2.2 0.18 2.2 0.18 2.0 0.0 30.9 13.1 13.1 8.7 16.5 1045.8 63.4
0.5-12-0.013 15.0 0.15 15.4 0.56 2.0 74 30.9 13.1 30.1 7.8 540.2 8161.7 15.1
0.5-12—-0.056 23.6 0.58 28.3 1.50 2.0 22.2 30.9 13.1 54.0 6.0 870.6 12496.4 14.4
0.5-16—0 2.7 0.15 2.7 0.15 2.0 0.0 30.4 13.1 13.1 8.6 84.7 1492.9 17.6
0.5-16-0.013 15.3 0.63 175 1.05 2.0 7.3 30.4 13.1 30.0 7.7 565.1 7539.7 13.3
0.5-16—0.056 22.7 0.37 30.8 1.59 2.0 21.9 30.4 13.1 53.7 5.9 785.0 14185.7 18.1
0.9-12-0 2.1 0.12 2.1 0.12 2.0 0.0 31.1 13.1 13.1 8.8 14.8 1022.7 69.1
0.9-12-0.013 14.8 0.53 16.2 0.94 2.0 7.5 31.1 13.1 30.1 7.8 536.7 8741.5 15.0
0.9-12-0.056 25.9 0.52 27.7 1.59 2.0 22.4 31.1 13.1 54.1 6.0 948.7 15232.3 16.3
0.9-16—0 1.83 0.15 2.3 1.48 2.0 0.0 31.3 13.1 13.1 8.8 16.8 1073.3 63.9
0.9-16-0.013 16.2 0.66 17.3 1.00 2.0 7.5 31.3 13.1 30.2 7.9 593.3 9020.5 15.2
0.9-16—0.056 25.0 0.45 28.0 1.19 2.0 22.5 31.3 13.1 54.2 6.1 893.8 13331.6 14.9
0.9-16-0.056
I Aspectraﬁn(h-"s) of shear keys
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Fiber volume fraction(%)
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