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Abstract:  This paper proposes an L-shaped column grouted sleeve connection for beam-column joints in modular prefabricated
steel structures and investigates its bending-shear performance. Six L-shaped column grouted sleeve connection
specimens were designed and fabricated. Three-point and four-point bending tests were conducted, followed by finite
element parametric analysis. The study primarily examines the combined bending-shear capacity and pure bending
capacity of the connection under different inner sleeve lengths. Experimental results indicate that within the tested

range of inner sleeve lengths, increasing the inner sleeve length significantly enhances the connection’s combined
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bending-shear capacity, pure bending capacity and ductility. For grouted connections with identical dimensions, the

combined bending-shear capacity and pure bending capacity are nearly equivalent. Finite element analysis reveals that

when the inner sleeve length exceeds a specific threshold, further increases in inner sleeve length have limited effects

on the connection’s bending-shear and pure bending capacities. Increasing the inner sleeve length improves the stress

state at the axial weld of the L-shaped column body. The combined bending-shear capacity and pure bending capacity

of the grouted connection are jointly governed by the failure resistance of the grout material and the inner sleeve cross-

section. Specifically, the anti-failure capacity of the grout interlayer is influenced by the inner sleeve length, while that

of the inner sleeve cross-section depends on its resistance moment of the normal section. Additionally, the bending

capacity of the L-shaped column grouted connection varies with the direction of the bending moment, reaching its

minimum value under weak-axis positive bending.
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Table 4 Characteristic load of specimens
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23 MZE

TR A 3 ) e R Ay 20, AN [ I AR 43 2 0 A7 - AR
KR 13,14 15978 o HH Bl 13 110« A% i b B 305 149 iz
ARGy A AN I 5], 52 TR XS rh A B3 2, B = A0
B AT HMEE R

P 14 AT 3R Sw R A SEAR ST 2 R 4 1L
M, TE L 4 Kb K B de /N R R AR A IR Y R AZ R B 2%
IR 58 WLFT 1 S5 3 o S R AR S BTE (6 14k

P PR 15 A AT : PN AR A K HE S AR B 1 A2 RS
SO 2 L MR AT N B R R, AR
I [ o A8 /0N il 100 A7 D7 R ZS BRR 114 i 3 T AR 4 A
32 SIAE B0 JE 58 T RS M 2400 R AR L R 0 BIDRE 5k 3
e KRR ST, 191y 7 B0 A 1) g AR 25 2R T

DL 2 vh S MR Y i IR A2 0.47 %6 (B4 700 pe)



H O R 5284

18AE /107
-25 20 -15 -10 -5 0 5
AFrmE--__me A ®
B - @ ik F2w3p- 1.
- - & R F3w3p-1
~ Cr - -ﬁt’ﬁ:SW?)p—l*
= —o— i 2w3p-2 |
bl —A— i fF3w3p-3 &
REsw3p-s
FI »

-10 -5 0 5 10 15 20
2. 3+ SMAE /107
a) fF3p AR5
1838 /107

-25 =20 -15 -10 -5 0 5

g Sy R A
= \

- @ -t 2wdp 1"
- A - F3wap-1 )
- B -1 Swap-1 E'Y
—@—i\ff2wdp-2

R Swap-5 »

1 1 1

1
-10 -5 0 5 10 15 20
2 3. SNAR /107

b) W fF4p &%
B13 ERBRmERBDRIETHAI

Fig. 13 Column surface strain group I at the

beginning and end of the grouted region

- @ -t fF2w3p-A —e— Rk {F2w3p-F
o5 - &-iRX3w3p-A —A— X F3w3p-F _ 5
- # - F5w3p-A —m— R AF5w3p-F

20 o----0---070

T

s Mg Al s
5 m b S
T} | {-10 =
2 5| N {-15 g

of —a _E{-20

_5 1 1 1 1 !/ 1 —25

s 4 3 2 1 0
frE

a) RA3p#R5|
- @ - 2wdp-A —o— i fF2wap-F

250 _A-RfF3wap-A —A— RE3wApF 75
- # -l 5Swap-A —m— A Swap-F
20 40
. A g2
T L = S | ~~~A 15
L 1s N
>~ h |
= 10} B 1_
%\5 0 - //. 10
=i » 1-15
0F 420
-5 1 1 1 1 1 1 -25
5 32
frE

b) B fF4p A7
El14 ERKEFEEREEZESAN
Fig. 14 Column surface strain group Il in

grouting length direction

or —i:3w3p-HO
— iR 5w3p-HO
4+ — —fF3w3p-E0
c - —&5w3p-E0
S 2 [
i
;‘
0 =S e = s
_2 1 1 1 Il ]
0 25 50 75 100 125
255 / (kN-m)
a) W F3p &7
— iR fF2wdp-HO
8 —— i {F3wdp-HO
— i F5wap-HO
OF — — A fF2wap-E0
T al = =R {F3w4p-E0
= 7 = — s 5w4p-E0
)
;1
0 ===
_2 1 1 1 L ]
0 25 50 75 100 125

T4 / (kN-m)
b) W fF4p R751

B15 HmAREEEE
Fig. 15 Variation of hoop strain at the end

of the column

VE Sy 98 M T IR B 40 5 A o, 4 00 A5 6 AR B /IME /N T
—4 700 B fie KRAE K T4 700 W], ) 5 R4S F I X &
Az AR R IR o A5 A I 7R SR B DX Y JeE IR 10 4
FOPIN . ST B BB S, LI AL
HE BBV T A DX 82 W O AE = a5 A 2
J5 2T LI A i iR X3 e AR — 3,

x5 ERXEXLE

Table 5 Comparison of yield regions

A5 R IR 3,
2w3p x
2w4p x
3w3p A1.HO
3wdp A1.HO
Sw3p AO.A1.A2 A3 F5.H1
Swidp AO0.A1.A2 .A3.A5.D5.F5

ARNAE /107

3 BRTEMSH
31 BRTEEMETL
3.1.1 WM AMEER

0 A A R e O S 3 S A PR TR L AR
AR B A IR 5 0 O OB R o BB () S ) - A ) AR
M an 1l 16 it |, st A e B0 DL 3R 2, YA FA LRI 0.3,



5 33

LR EE

TR Y P REAE T 33

400 —=— WEH
—e— LiEkE:
300' 1 1 1 1 ]
0 005 010 0.5 020 025
Wb

E 16 SHAMESSMN -1k

Fig. 16 True stress-plastic strain curves of steels

3.1.2 RELARHER

TR BE ok HI CDP 28 PR A AL, 45040 2 B0 RO T 6 fn 3k

6 T 71 , TRk + 52 1R A # AR s Mander B3¢ %) 5 R ¢ + 44

PRI I 0 7 | 32 A K SR FY AL T W7 2L BE A AP AT g Y
H4E CEB-FIP(2010) Vi i .

£6 CDPEiSH
Table 6 CDP plastic parameters
WA /() e  fi/fe K
38 0.1 1.16 0.666 7

Y ¥

0.005

3.1.3 JL&RBIE T

AR v BRI SR P R L A 22 AR
A FAY T A P ) 5 S A 5 1T S S e TR A DA T R 14 BRAR BE AT
TN S e g Ak g WP (B I T 2 TE L el A R 4 AT 17
PR

)7

z{x zhx
a) HE%3p b) HiRdp
B 17 ZEEEJLTER

Fig. 17 Assembly geometry model

AR 43 o O 2R SR FH 38 FH 2l 5 1) A7 O 18 Ay e 2 ik
I IAT Ry o B 84 . 38 FH B2 i i) R B R B S 2% T M
KICHR[22-24 ] IF &5 G S PR 1H AD FRE BL 0.4, Y &
AR B T, i B S e 2 T 3R £ AR 2 T A AE AR X v
gy, FL IR 56 v 2 2 o T T A A T VI ST IR kY R 4
FHS 7% 3Gk [ 25BN 0.15,

WA A R i AR F PR E T AR T
TR Yo AR TR e o % R 249 B 5 A g S DA f i 2 TET RS
FE g, I e T B AR T 24 SR o K S A 1 3R TR
B E— I EE AR — A3 B8 X RS e U, Jr
WAL RS, = s g i U,=—70 mm, WU & 2 U,=

—40 mm,

5 TR ) A R /N 2 TR B BOR  TH BORG JEE  E
A TR B 4 R BT ROSE A2 7 R s, 6 A% a3 245 2R 4
I8 7 o H: v DU i i 288 1) S PR 15 970 43¢ T A7 A6 AH X 38 3l
X 32 DB AT 19 A Sl 23, LA YR Al S 4D 45 A R 5 A R 2 )
7y 0 3JEHIT .

®7 WHERATRIICE
Table 7 Summary of element size of different parts
A4 # 5L R~ /mm BAER
nEE 12 C3D8R, C3D6
BEEH S5(kE),I0(AEEAK) C3DSR, C3D6
LG4 14 C3D8R, C3D6
VLR 10(3p),5(4p) S4R

@

b) WEH

a) VEF X

¢) LIEHE
d) #HK)Z e) PLHTHE
E18 ME% 4
Fig. 18 Mesh generation

3.2 BRTEBIGIF
3.21 ®WIFERX

25 BB A S AL RS T I A B T AR 0L A i IR AR 2
K19 Bros , B IR B F1 B 455 MPa. i & 19 Rl A1 . b %5
PO KB 8, LR R R A e IR 1 XA
K, 525 50 i R B AR AT o AE X L LB A B b
[f] 5 4 47 24 10 o7 B, A5 A 3w 2R A1 Y Mises i I EE K, H
HE S AR 0 5 2 KR B K 5 BT Sw3p #E A IR Y 45 A%
R T g

3.2.2 TaH-UBmMm&LTEL

A7 BR o A5 480 5 3 0 T A5 %) far 28— % it £ X Lk dn &
20 i 7 R A R, BRR BE - on e AR TR E AR, B
A BR IC 43 BT 4 i v T

3.3 ART=ESH
331 ERRZWMGNH®
W 21 BrR S AN 22 18] S T2 HE SR e 2 45 i



34 fE LA i 28 %
a) BiALw3p b) #EA2w4p !
I a) BA2w3p  b) HRI3w3p ) BiZsw3p
c) HAI3w3p d) #R3wap i j
d) *“E;Zw4p e) FiAI3wap ) FASwap
0 0.1 02 03 04 05 0.6 07 08 09 10
o) ZIEBGE T
3 4
=) ISR f) Sl 2 RERGHE
| 20|0 300 400 | | Fig. 21 Damage distribution of the grout
Q) N Jhh L (B MPa)
19 FHFEBFHIFEKX .
Fig. 19 Failure modes of models
1201 - g | gwgpgﬁ y y y
[a W. 1] 1] 1]
——ﬁtmﬁﬁ% a) #EA2w3p b) EERI3w3p c) BAY5w3p
7 — W 3wapids:
g — Brswapidde
Z - - R2w3pA IR
I - -l 3w3p7ﬁI3E7_B
W W FswapH o
p - —BF2wap A IR 7T
~ — 3 3wapH IR IT
— — Rk swapF RIT d) #iADwap ¢) BiI3wap f) R Swap
0 20 40 60 80
£1F% / mm

20 ARTESRETH - L3It
Fig. 20 Comparison of load-displacement curves

between finite element and test results

TR TN i I S O 1 S iV 1 O o S A o s N S I
SR < B A2 A SO 40 T SR 7 AE R Y 2w il 3w R B
R A2 LN S B T A X S R A W R 1, X 5
SRNG5S LI AE Z 8 A7 18 5K AH X 45 2l (9 30
FAHW 5

332 HNEBHNERZNIARE

P 22 SR R Al B P 8 1 e 2 0 S RS B A vp 46
R IR N 7 R 572 MPa, B 45 19 i IR B 7 3 5 58
NS T AR o R BT AU Sw RGN INEE EA TR
JIR B B, A 5 AR g P 5 4 BT Ak A o B i B A TR R
R K E N EE R R B T R

34 BARETSHESW

i 23a) ~d) s i E T AR ZSECT = singk B
TR AL A A 70 mm B A AR T K-K S A oK E . H
HR AL 2w R A XN BB K 100 mm, B2 AL 3w & 41

0 100 200 300 400 500 572 600 700 750

o) RIJIBhE(HAL: MPa)
22 NEBNASH

Fig. 22 Stress distribution of the inner sleeve

XL YA KB S 140 mm, FEARBI DL A4 . 18] 23b)
Hh DA A R E A 0 SR D 1 AR D 00 o JRE 4 5 5 PR A
e J2 SR JEE LR S 1B 23¢) T, R 5 1) 4 R B
24 JT 7R Ry i ) LB AL A9 5.0 5 1 23d) 8 g g d
i LI R O K T i LA B3 F Al

H B 23a) AT, A — 5 1B A oy A R
AT AR T SR BT R EE I S ST K
BT PETHIEEELF O 00 HEM LN AE T« N 48 I B2 0
A 25 B2 P 8 A7 T AT 1) R P L 2 A 9 K e )2 19
K 2 T3 e J2 T R BURE Ty, o 2 (i 2 4 10 O B 4
) DX b 9 e 2 A AR N A IR AR

G E FORHEN A TN R S KN
PERHRPT S A, &5 R AN 15T 23b) Pl . Ehl’é"l_f’ﬂlzxﬂ:ljﬂﬁ
A B A Ay P 6 JE X L BT A R A g Y 2 A
FHILF- AT LA 2200 5 25 A 380 0K B2 AR A8 I, 384 i 9 2 4 )R
JE A BEA AL T TS AR T .



5 33

LA A I A S 12 D PR RE AT 5 35

H P 23¢) TR« 2 T SR 4 A 55 b OE 1) 2 A I AT
TREE ) fe A1, 7 58 i I 17 52 25 I BB R 200 R

H 1] 23d) T . AR I BE B I R R 4
AR50 B IR A G s W B KRB AR 4k,
HAYUB R S50 R R A G

140
120

2546 / (KN-m)
o ® o
S o | )

4?00 140 180 220 260 300
WEEKE / mm
a) NEEKE

—o— 2w R %1 R4w R 51

—A— R F3w R~ RFSw RS
WEow R —k— K7W R 5

160
140 +
§ 120 b
§ ]00,-
w 80h——A—A—A—4
T 60
40
6 8 10 12 14
WEEEE /mm
b) NEEERE
—o— i fF2w &% 4w R 5
A RF3wW RS e W FswRS
140 RIFow R T —— XM Tw R 5
120
=
5 100
é 80
w60
40 ]
mpos  mneg Xxneg Xpos n
LT
c) BT
—o— 2w R RiF4w R 51
A R3w R e W FSwRT
120 kfow R —*— A Tw RSl
100
E
E 80
5:4 60
L 40
20 1 1 1 1
0 0.1 0.2 0.3 0.4
R
d) BJa7;
E23 AREASHFMW
Fig. 23 The influence of different parameters
4 Zig

AR SCE A X 6 A A A LR R S T R =

x5 IE A

T R FHLTH] 55 1 1 17

] 55 b 67 17
X IE [
El24 THEXEFAME

Fig. 24 Bending moment vector direction

SN T GG N A, IR 45 S A BRIC T, 5 T L
ERS

(1) $2 T L AT 8 3R 5% 4 i L 25 R 380 1), 7 22 [ A5
Pl N B AR RO A RE | JRE R O T M S B BT O B . AR AR S
A E RO 5 F T, 9 2 BEI B AE 220 mm i [ A I, 38
TN BE T A7 0 T 3 4 B 028 7R AT 5 2 IR B
Wz [, 5T R 81 LA R T 4 T SO /)
F3%-

(2) Fhy T 1 35 3 4 B O S0 BROTRT , 0 5 /R O B
DAL LA O A 202 i S S IR S /R R i
HREEIIAIE , — 3% B 4 % 22 fE A B P (Y 13266

(3) %l & LE X 47 L IR AL 9 3R i 32 A (AT 0 AE ) 1Y 52
M P PA S A I RE TR« YA K R R N, A 9 0
3 B A il L R R T 5 A R R BRI R AR A 4T
0 A 1 B b s L 4 8 DR B

B 30k

[1] FARAJIAN M, SHARAFI P, KILDASHTI K. The
influence of inter-module connections on the effective length
of columns in multi-story modular steel frames[J].Journal of
Constructional Steel Research, 2021, 177: 106450. DOI:
10.1016/j.jesr.2020.106450.

[2] YANG N X, XIA J W, CHANG H F, et al. The flexural
mechanical response of a novel plug-in self-locking inter-
module connection for modular steel buildings [ J]. Engineering
Structures, 2024, 308: 118008. DOI: 10.1016/j. engstruct.
2024.118008.

[3] LIUJD,CAO X Y, YAN S C, et al. Research on seismic
behavior of tapered-head bolted inter-module connection of
modular steel buildings [J]. Engineering Structures, 2024,
304:117586.DO1:10.1016/].engstruct.2024.117586.

[ 4] XPRE HATIG , BV, 55 BEHIL A9 25 1 4 25 T vl 0 2B 99 AR
ST TEREBT S [J/OL]. T2 Jj 2%, 2024 : 1-13(2024-02-22) .
https: //link.cnki.net/urlid/11.2595.03.20240221.1653.010.
DENG Enfeng, DU Youpeng, QIAN Hui. Investigation on
shear performance of fully prefabricatedliftable connection of
modular steel structures [J/OL]. Engineering Mechanics,

2024:1-13(2024-02-22) .https: //link.cnki.net/urlid/11.2595.



36

H O R

528 %:

[ 6]

[9]

[10]

[11]

03.20240221.1653.010.(in Chinese)

LIU X C,LI B Z,CHEN X S, et al.Seismic performance of
bolted middle joint for modular steel structure[J].Journal of
Constructional Steel Research, 2024, 220: 108861. DOI:
10.1016/].jesr.2024.108861.

LEE K, CHO B H, RASMUSSEN K J R, et al. Experimental
and numerical investigation of bolt-free preloaded connection for
steel-framed modular buildings [J]. Journal of Constructional
Steel Research, 2024, 220: 108827.DOI: 10.1016/j.jcsr.2024.
108827.

LIT,LTIY,MUSHI W, et al. Experimental study of the static
and hysteretic performance of grouted steel beam-column
inter-connections for modular integrated construction [J].
Engineering Structures, 2024, 305: 117735. DOI: 10.1016/j.
engstruct.2024.117735.

HRALEE, FME LR, 55 R AL A E G e [R] P R
HUURETERER IR UF T [T]. 2 UM 45 40 3t Ji , 2024, 26(5) : 1-
11.DOI:10.13969/j.cnki.cn31-1893.2024.05.001.

ZHANG Zhonghao, WANG Yan, AN Qi, et al. Seismic
performance test on inner sleeve splicing joints between
modules of modular steel frame[J].Progress in Steel Building
Structures, 2024, 26 (5) : 1-11. DOI: 10.13969/j. cnki. cn31-
1893.2024.05.001.(in Chinese)

DENG R, YANG J D, WANG Y H, et al. Cyclic shear
performance of built-up double-corrugated steel plate shear
walls: Experiment and simulation [ J]. Thin-Walled Structures,
2022,181:110077.DOT1:10.1016/].tws.2022.110077.

YANG S C,JIN S S, WANG Q Y.Modular corrugated steel
plate shear wall: The relationship of matching with boundary
column in terms of stiffness and strength [J]. Journal of
Constructional Steel Research, 2025, 227: 109341. DOI:
10.1016/j.jesr.2025.10934 1.

API RP 2A-WSD-S2 Recommended practice for planning,
designing and constructing fixed offshore platforms-working
stress design[ S].

GB/T 228.1—2021 § @Ak RLAN LY 25 17820« 3 Il 40
Jrkls].

GB/T 228.1—2021 Metallic materials—Tensile testing: part
1:Method of test at room temperature[ S|.(in Chinese)
GB/T 50081—2019 i & 1= ¥ B Jy % 1k fg ik 50 J7 i 4
HELS].

GB/T 50081—2019 Standard for test methods of concrete

physical and mechanical properties[ S].(in Chinese)

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]
[22]

[23]

[24]

[25]

BS EN 12390-1: 2021 Testing hardened concrete-shape,
dimensions and
moulds[ S].

BS EN 12390-2: 2019-TC Testing hardened concrete -
making and curing specimens for strength tests [ S].

BS EN 12390-13: 2021 Testing hardened concrete - determination

and other requirements for specimens

of secant modulus of elasticity in compression[ S].

BS EN 12390-3: 2019-TC Testing hardened concrete -
compressive strength of test specimens[ S].

TGS, vk s R, A0S AR R B A e I T E LS
eI TR I ,2017,34(3) : 36-46.DO1: 10.6052/j.issn.
1000-4750.2016.03.0192.

FENG Peng, QIANG Hanlin, YE Lieping. Discussion and
definition on yield points of materials, members and
structures [ J]. Engineering Mechanics, 2017, 34(3) : 36-46.
DOI:10.6052/j.issn.1000-4750.2016.03.0192.(in Chinese)
Dassault Systemes.SIMULIA User Assistance 2024[ EB/
OL].https://help.3ds.com/2024/English/DSSIMULIA _
Established/SIMULIA _Established _FrontmatterMap/
DSDocHome.htm.

MANDER J B, PRIESTLEY M J N, PARK R.Theoretical
stress-strain model for confined concrete [J]. Journal of
Structural Engineering, 1988, 114 (8) : 1804-1826. DOI:
10.1061/(ASCE)0733-9445(1988)114:8(1804).

CEB-FIP Model code 2010 final draft volume 1[ S].

YAN X Y,SHI S, YU J T, et al. Experimental and numerical
investigation of multi-cavity concrete-filled double-skin steel
tubular short column [J]. Journal of Constructional Steel
Research, 2025, 227:109357.DO1:10.1016/j.jesr.2025.109357.
KABIR M I,REHAN M S, AHMED Z, et al.Numerical and
analytical evaluation of the compressive performance of Steel
Tube (ST) -reinforced Concrete Filled Stainless Steel
Tubular (CFSST) columns[J].Results in Engineering, 2025,
25:103904.D0O1:10.1016/j.rineng.2024.103904.

DAI Z Q,PANG S D, LIEW J R. Axial load resistance of
grouted sleeve connection for modular construction [J].
Thin-Walled Structures, 2020, 154:106883.DO1:10.1016/
J.tws.2020.106883.

DORN M,HABROVA K,KOUBEK R, et al. Determination
of coefficients of friction for laminated veneer lumber on steel
under high pressure loads[J].Friction, 2021, 9(2) : 367-379.
DOI:10.1007/s40544-020-0377-0.



