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Abstract — This study proposes a long-bolted connection to improve the constructability of H-section modular units, which is
often limited when using standard-length bolts. To evaluate the slip resistance under bolt pretension, simple tension tests were
performed on 16 specimens with variables including bolt layout, hole diameter (standard and oversized), and loading direction.
The experimental results showed that the average slip coefficient of the sandblast-cleaned long-bolted connections was 0.61
(ranging from 0.52 to 0.70), exceeding the design value of 0.5. With a coefficient of variation (COV) of 0.092, the reliability of
the results was confirmed. Consequently, it is validated that a slip coefficient of 0.5 can be applied to long-bolted connections
according to current design codes. While oversized holes showed no significant performance degradation compared to standard
holes, a resistance factor of 0.85 is recommended to ensure the serviceability of the modular system.

Keywords — Inter-modular connection, Long-bolted connection, Slip-critical connection, Slip coefficient, Sandblast-cleaned

surface, Slip strength tests
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Table 1. Mechanical properties of long bolts
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Tensile load, T.L. | Tensile stress, T.S.
(kN) (MPa) (MPa)

Yield stress, Y.S.

Elongation, E.L Reduction of area,

%) RA. (%) Hardness

326.3 1,077 959

18.0 66.0 C32

Table 2. Test specimens of long-bolted connections

Specimen” I;I)(c)).l t(;f Bolt layout” B;thszle)e B(()ilti-:ri)lzetyr)p ¢ Loading direction
4-LL-M22-SH-LD 4 2 rowsx2 cols Standard (24 mm) Longitudinal direction (LD)
4-LL-M22-SH-TD 4 2 rowsx2 cols Standard (24 mm) Transverse direction (TD)
4-LL-M22-OH-LD 4 2 rowsx2 cols Oversized (26 mm) Longitudinal direction (LD)
4-LL-M22-OH-TD 4 2 rowsx2 cols F10T M22 Oversized (26 mm) Transverse direction (TD)
6-LL-M22-SH-LD 6 2 rowsx3 cols Standard (24 mm) Longitudinal direction (LD)
6-LL-M22-SH-TD 6 2 rowsx3 cols Standard (24 mm) Transverse direction (TD)
6-LL-M22-OH-LD 6 2 rowsx3 cols Oversized (26 mm) Longitudinal direction (LD)
6-LL-M22-OH-TD 6 2 rowsx3 cols Oversized (26 mm) Transverse direction (TD)

Note: Local flange deformation occurred uniformly across all specimens during pre-tensioning.

“ In specimen names, 4 and 6 denote number of bolts; LL: Long length; M22: Bolt diameter; SH and OH: Standard hole and Oversized hole; LD and TD:

Loading direction.

? Bolt layout is presented as rows (along beam length) x columns (transverse to beam length).

7283 =8y 38 ABE(EE AR023) 20261 69 97
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Fillet welding

(a) Longitudinal direction (LD)

(a) Transverse direction (TD)

Fig. 3. Configurations of test specimens according to loading directions
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Fig. 4. Fabrication drawings and geometrical details of test specimens
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Table 3. Summary of test results

Slip Maximum | Nominal slip strength” Design slip strength’
Specimen No.| strength, | strength, Failure mode
Pyiip (KN) | Ppax (KN) | Pyiip,p (KN) | Pyip /Psiipn | ¢Psiipo (KN) | Pyip /6P, p
#LLMZSHLD |50 || P [0 | %1 [0 | Fillrweld ot
FLLMSHTD 50076 %P1 5] 1 95| Groove weld ot
#LLMIONLD |15 sy | %0 151 "7 [ ist | ot sion ot
HLLMROKTD =i 705 9090 | 77T 0 T Groove weld actue
CLLM2SHLD |5 e oo | 20 i B3 5| N seoon fseus
GLLMZZSHTD |02 1386 5] B6 [ T Grooveweld uctur
GLLMZZORLD |15 et | 1938 1| M®1 5 o rion e
GLLMZZORTD |59 8505 B8 50 1% 1 Gromeweld Tt

“Nominal slip strengths are calculated by Egs.(1) and (2) based on the slip coefficient of 0.5 as per the design code and the target tightening torque of 800 N-m

» Design slip strength obtained by applying the resistance factor () to the nominal slip strength (¢=1.0 for SH; $=0.85 for OH)
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Fig. 9. Load-displacement curves obtained from tests
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(b) Failure patterns in TD (transverse direction) specimens: groove weld fracture and bearing-induced deformation

Fig. 10. Representative failure modes and observed deformations of test specimens

™ 1,499.4 kN, T 1,440.6 kN)} v gt A7},
EE 4] AdAE vnEstso] ol 1oy &
E o/ A¥AI= o1& Zolstitt. AA ettt 5
HAE A3lsto] v YA E T o] A k2 LAYst
A Fokont, £uH gEo g st 27| A4 AUt

4
o
o
ol
HT
N
iz
o
Hu
>
)
>
1o ot

iR
o,
ok
cﬁ,‘i
2
4
)
2.
H
o
S
juiel)
__):1_1“
i
Mo
o
=
o
x

ko
r
T
oftl
N
il
£
N,
ro
o
o
4o
o
4
o
(i,
[
-
ool o =@ oflh

> oo X, T

oA shero] WAYstoIT). thil, 67 BE %
(6-LL-M22-SH-TD, 6-LL-M22-OH-TD)+<= 4
& WA HE] WY Ho Yol B

2887 FE7t AAoR 97 i
aso] WAIT o] F § R Theko] WAt

4= Qlth(Fig. 9(g), Fig. 9(DoIA =33 744

érﬂw
o = oo
i
m

pou)

o
o

e

oL
2
ol
-
e
0%
N

T3, 5t A9 A2 dAdA7 AdAos FA
A7 TD A9 4%, A% A5 HAHANA 2EF
g A2 HYZF EWHA ] F33 HPo] el
o, ol S HEF HolA HAA AY As
o] o] Fo{He& AU

utgho] ARt BHFS2 AA| BEY Fx2ECe
ZASHA ek= AP A AdAlel71ol, dA e 3t g9t
A Al o] ofYAIT, £ Aol #5d
A9 AGH (T, SEHEIGE 5ol A8
Me 2A A HE7F 283t bl
A= v InEAS ol
APA A 2F o o]
71e], ofefl disf A= F7F AF-E S HFLA St

B S
o
.
rhe

—_

42 W\ RS @ W DAL B

2 oA AYE 5ol ASE vnyg =t 7
A v nFG =t XYETE S-goto] AT 1)
DHAASE Hrista, 24 AAEE 822459
E35], A H v nEAsE @ B3R AF A7
(KDS 14 31 25)"0]| 4] BFEZ o] BEEZZ O ti 3] A

0
%

v}
)

N

sk = A8 AR (Ed A12022) 20261 6 103



H3% BEe AL90) 4371 FBE g5 vndAS 71
Aets “RrFol 1 BEtAE HEst A T 1]

TFA S 0.59 BlaLsto] 11 Bhg/d& HESIAT
B A3 A E73F £ 800 N'-mo] ZF BEEo] 28
w3, 7|0l wet r| P ASE 0.5% 7HEE A, A
Lz

Y} E = 227.27 kNO]D‘r. ]% H}%&i EE
4 o7f2 A" ARy I nEZ== 74
909.1 kN, 1,363.6 kNO & AFH =T}, Table 20] A &+
T = Axol, AN ASH v IHEBE(Pop)
A7 OiH] 1.04-1.48 5230 2 Uept o], 7T A7t
Ag AES AAVIHZE Y] 1.04-1.74 /3|5t
EdHZ9 AE Hr

Table 4= AFAE v| TG A5 A4 Ao} 11 A4t
I4-& et 2 AIAE2 DY E AFEoHA] G2
P IR %‘j%}'—r—i A= A7, A (Dol h;=1.0,

.l;

o o i =

N, =28 H&sto] 4 3)F Zo] v nPAF(E A
4% 4 ok
w= 51111/2N 711) (3)

o714, N HRRO] AHSE BE Soln, 7 BE
g =98 B 295 @deld. 7

Table 4. Evaluation of slip coefficient for each specimen
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Specimen No No. of bolts, | Average tightening torque | Average pretention Slip strength, Slip
P N, (EA) per bolt, z (N-m)“ per bolt, 75 (kN) Py, (KN) coefficient, u

1 800 227.27 944.1 0.52

4-LL-M22-SH-LD 2 4 800 227.27 1,004.2 0.55
1 800 227.27 1,250.5 0.69

4-LL-M22-SH-TD 2 4 779.9 221.56 1,134.6 0.64
1 800 227.27 1,129.6 0.62

4-LL-M22-OH-LD 2 4 745.56 211.81 1,187.7 0.7

1 800 227.27 1,278.6 0.7

4-LL-M22-OH-TD 2 4 897.62 255 1,345.3 0.66
1 800 227.27 1,558.1 0.57

6-LL-M22-SH-LD 2 6 819.14 232.71 1,686.6 0.6
1 800 227.27 1,727.0 0.63

6-LL-M22-SH-TD 2 6 856.74 243.39 1,617.0 0.55
1 800 227.27 1,542.6 0.57

6-LL-M22-OH-LD 2 6 770.09 218.77 1,591.4 0.61
1 800 227.27 1,557.1 0.57

6-LL-M22-OH-TD 2 6 802.79 228.06 1,712.1 0.63
Average (Avg.) 0.61
Standard deviation (S.D.) 0.056
COV (=S.D./Avg.) 0.092

“ In cases where the tightening torque for a specimen’s bolts was not directly measured, the target torque of 800 N-m was used for calculation.

104 3H=7d7-2018] =4 A38¢ A3 2 (Td A2022) 20261 62



Aol F& 4A ZHo|H FEF A4 R4S B
Bg 5 0eS Flstert

74e] o] 2 AolS BAY 23, FU Ao
A TD (A7) SFA7FLD (Qoleh) AP A =k
A 02 e 1y BES tehiic. ol TD A
A A 7 g2 HE G BBA 2] S WY

9, mlm
o

=)

)

Y

ool -
2

Jo

o

ot

o,

X,

Aol Aoz g7 344+
A& Az At
SE 71 A7]eh #Hsto, A AAV|IECM = &
=70l disl 1.0, Fe gl 3 0.859] 7*5117‘
T8 AEoIES oL vk Iy 2 AY 2
I, 7 27100 wE g A vAUF‘E} iﬁ}h
WAEA Fron, 2512 dF A7y AFA ol A
B &2 A7 AP =7 = sk
o] Borello et all'19] AFLoj| A H ¥ H}Q} Zo],
EETYH 73 9] w5t v nE Ak Apel7t
AHH o2 7 gfrt= AT AARET. AISC 360-22
Commentary J.9"o] wmaw, oo 28He
0.859] Alps A+ A0 29444, E] 2t
A 7Fed, 28 2 27] e 2 o= A4
Aol 52 TTH2E AHsto] AAlE dAH HHF
Jofet. THEbA FEERTR 490l AlLH] A
1431 AHEA T 22 ALEste], B A&
| 3 71=3 5 ARt WA 0.859) FEAA
FAshE Aol gl d Aos dodn. 53] £
ﬁ—"rmﬂ/ﬂ AABHE F=EATRF7E H85He Bed
TE=S AAHA 24 dAGY HEE 2E JF
7 2 ofEddthe M2 1T 0, olHT B

2

p

[‘

_.NJ

>

548

£ AT AL 71 HY Y BE 1 B2 Qo] BET
5] AFHS AN 1) FRES AEY A5
% BE 7 48 AL At Aok FEEY
o] nngASE AgHo B A9 e
W, BE N4, BE 7Y 278 28 W5 A4
o & 16749 ARl et e A A eyl
1A% BAtEon, 2 2R et P

() A 23, & ddAle nnddE EE ol&
=

AG Asol Aol w5 o] A8 =7}

rlr ﬁ
_(?L
38,
Latv)
X olN

siohrb 2= A 0] 22 AlE| o A=
¥ RnE A3H 9 unILe ;6101 A7 %=
(KDS 14 31 25)°] w2 33 H A IHYE
£ TISHE A0 R e} JREYFRY vl
A 452 AT,

ORELEEESSL R

& 7leao] euHnd, SEHFE] J%l%EH
7t AN 2 =E2 —711 Zo] ofy7]of =}
Al3] ThFA] eFgton, AA e AA A o]
gt AE7F dashylo] 5 B dd23E &

g2 mAe FANHETEE, Fuugs
5ol A= AES Aolct.

() MEBGAE Held FREHTR S B3t 0|1
YASL 0.61(FA 0.52-H1) 0.70)2 455 o]
71249 058 A35teiT. b FRERT
50 SfsiAE By Z12o0] whet nl g A% 0.5
2 A8kt ol B BAsT 4 2
3} e ol A Fl A S} ks A e
/I sistent A] 01 9 4299 484 5

1 58 0859 3

H
2
oy
X,
4
i
)
olo r
o o
[
N F
o,
o o
)
o)
o
i

@ B ATE AAZERE £Y A5 239

A T
ol HEd 52 o E‘i"% ol FEES| At
ot wAYSel vAs Pl HsiE %
0447}—’? glofol & o= Atz o]t

& A7t BRedod, FEE JAgd4el 7
Egﬂi EE A% 049 a3l dijte] 2
A& Ao et

N

P

o] AfoA AHEE FEE= (FHHFEEA Al
TEALH, AHAA A (F), (F)F3ol AR <} 2025

FH7}ZEH] =57 A38W ABE(EH A2025) 2026 62 105



HY7% B A904SR JRE HH ol nd A% 37t

HUr A7 AE AFALAA ] AFu| (A S
RS-2024-00346347) 2| o]l oJgt Ax}o] YR,

ZF31 23 (References)

[1] Bae, B.Y., Kim, K.R., Cha, H.S., and Shin, D.W. (2012) To
Improve Production Process of the Modular using the
Conveyor System, Korean Journal of Construction
Engineering and Management, KICEM, Vol.13, No.5,
pp-103-112 (in Korean).

[2] Lee, K.B., Kim, K.R., Shin, D.W., and Cha, H.S. (2011) A
Proposal for Optimizing Unit Modular System Process to
Improve Efficiency in Off-Site Manufacture, Transportation
and On-Site Installation, Korean Journal of Construction
Engineering and Management, KICEM, Vol.12, No.6,
pp-14-21 (in Korean).

[3] Park, K.S., Lee, S., Lim, S., and Bae, K.W. (2009) The
Behavior on the Beam of Light Steel Section with Shapes
Changed of Connections, Journal of the Architectural
Institute of Korea Structure & Construction, AIK, Vol.25,
No.1, pp.89-96 (in Korean).

[4] Lee, S., Park, K.S., Hong, S.Y., and Bae, K. (2015)
Behavior of C-Shaped Beam to Square Hollow Section

Column Connection in Modular Frame, Journal of
Korean Society of Steel Construction, KSSC, Vol.27,
No.5, pp.471-481 (in Korean).

[5] Lee, S.J., Kwak, E., Park, J.-S., Kang, C., Shon, S. (2017)
Structural Performance of the Modular System with Fully

Restrained Moment Connections Using Ceiling Bracket,

Journal of the Architectural Institute of Korea Structure &
Construction, AIK, Vol.33, No.12, pp.37-44 (in Korean).

[6] Jang, D.H., Oh, K., Kang, C., and Lee, K. (2019) Seismic
Performance Evaluation of H-Shape Beam-to-Column
Connection in Modular System, Journal of Korean
Society of Steel Construction, KSSC, Vol.31, No.5, pp.
339-347 (in Korean).

[7] Ministry of Land, Infrastructure and Transport. (2024)
Design Standard for Steel Connections (Load and
Resistance Factor Design), KDS 14 31 25:2024, MOLIT
(in Korean)

[8] Korean Agency for Technology and Standards. (2022) Set
of High Strength Hexagon Bolt, Hexagon Nut and Plain
Washers for Friction Grip Joints, KS B 1010:2022, KATS
(in Korean).

[9] Ministry of Land, Infrastructure and Transport. (2024)
Structural Bolted and Pin Connections, KCS 14 31
25:2024, MOLIT (in Korean).

[10] Park, Y.M., and Seong, T.R. (2000) Experiments on Slip
Coefficients of High-Strength Bolt Connection with
Weathering Steel (1), Journal of Korean Society of Steel
Construction, KSSC, Vol.12, No.2, pp. 167-175 (in
Korean).

[11] Borello, D.J., Denavit, M.D., and Hajjar, J.F. (2009)
Behavior of Bolted Steel Slip-Critical Connections with
Fillers, Report No. NSEL-017, Department of Civil and
Environmental Engineering, University of Illinois at
Urbana-Champaign, USA.

[12] American Institute of Steel Construction. (2022)

Specification  for  Structural  Steel
ANSI/AISC 360-22, AISC, USA.

Buildings,

8 % 2AFNE RELC] WY EES X843 HY
SIS, FEE AR A S T2 o vl A%
7t ke 8 a2 A5kl 3 16702 A A of sl T
£.9] g4t v L A5 0.61(0.52-0.70) = APF E]of A A 7|&
BE 59T meba AR E AR A4 A 8
RETHI A HolA & Aol & HolA] ¢
kgt

Gl L' T HL AEE HER

TAHEEES A8 HY 7} L& 7F A3HE 0 A 24 BAS A5 Qo FBE AT AAE A
5 L
GAE A ”%1 v AEg
21052 3joIgLe
A8 7] %] w1 1A% 0.55 2 85
FokoLt, Al ATIS) AHRE T ste] | 7|% 5

IS v A, MEERAE A2 R,

2 E2E 8jY, 4 AA (xS 9 ILY), 182
awz A JRE W
SAS(COV) 0.0922 H|o]E| 9] A1=1 =
o] S FAGY. £ 7L
& U 0.859] FEAHA > 8-S A

0

U nEdE A9

106 3H=7d7-2518] =4 A38¢ A3 2 (Td A2022) 20261 62



	H형강 모듈러 시스템의 상 ∙ 하부보 장볼트 접합부 미끄럼계수 평가
	Abstract
	1. 서론
	2. 볼트접합부 거동 및 설계기준
	3. 실험 계획
	4. 실험 결과 및 분석
	5. 결론
	참고문헌(References)
	요약


