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ABSTRACT: Nowadays, composite beams consisting of steel beams and concrete slabs are widely
used in the construction industry. In this research, an experimental study was carried out to investigate
the performance of friction-grip bolted shear connectors in composite beams with cold-formed steel
sections. For this purpose, 17 full-scale push-out tests were tested according to EC4 in order to investigate
the performance of this connection. Of particular interests were load-slip curves, the maximum shear
capacity, ultimate slip (ductility) and failure modes. Experimental results show that the behavior of this
connection is different from that of headed-stud shear connector. The diameter and strength of bolt and
thickness of cold-formed steel section have the most critical effects on the shear capacity and ductility
of these connections with a maximum increase of 67.8, 32.87 and 263.6%, respectively. The results also
highlight that the predominant failure mode in all specimens is bearing. The ultimate slip obtained from
the experimental results with an average of 11.36 mm in all specimens also shows that these connections
have the desired slip characteristic of the EC4 code (=6 mm), therefore they are considered ductile
connections. The results showed that the behavior of these connections is different from the behavior of
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headed-stud shear connectors, and the loading of the connection is done in three stages.

1- Introduction

Underground tunnels are essential for transportation,
energy, water, and mining [1-3]. In underground mines,
tunnel intersections are the most critical points due to sudden
geometric changes and induced stress concentrations [4,5].
Among intersection types, bifurcations (where a main tunnel
splits into two branches) are particularly challenging. The
middle rock pillar between the two branches experiences
high compressive and shear stresses, making it the most
stabilitysensitive zone [6].

Numerical methods, especially the finite difference
method, are widely used to analyze intersection stability
[7]. Previous studies have shown that intersection angle,
excavation sequence, and support systems greatly affect
stability [8,9]. Combined support systems (fully grouted
rockbolts, long cables, steel sets) have been proven
effective [10,11]. This study investigates the H16 bifurcated
intersection in the Parvadeh Tabas coal mine (slope tunnel
S2 and access tunnel MG5 at ~570 m depth). The aim is to
determine induced stresses, stress concentration, and plastic
zone extent using FLAC3D. Model results are validated with
field monitoring data, and the effect of a weak coal seam at
the tunnel floor on plastic zone development is evaluated.

*Corresponding author’s email: milad.shakaramil14@gmail.com

2- Methodology

The Parvadeh coal mine, the first mechanized coal mine
in Iran, has an annual production capacity of about 2.5
million tonnes of raw coal [12]. The study area consists of
mudstone, siltstone, sandstone, and coal seams (B1, B2, CI,
C2, D), with seam C1 being the most important in terms of
thickness and stability [13]. The investigated H16 bifurcated
intersection connects the slope tunnel S2 and the access
tunnel MGS5 at a depth of about 570 m with an intersection
angle of 78°. The slope tunnel has a Dshaped crosssection
(width 5.6 m, height 3.95 m), which gradually widens to a
trapezoidal shape (width 6.9 m) at the intersection. The access
tunnel initially has an irregular trapezoidal crosssection at the
intersection, then transitions to a regular trapezoid and finally
to a Dshaped section.

A finite difference method using FLAC3D software was
used to simulate the rock mass behavior around the H16
intersection. The model dimensions (100x70x100) were
determined based on the SaintVenant principle (five times
the tunnel width) to minimize boundary effects [14,15].
The insitu stress ratio (horizontal to vertical) was set to
K=1.15 based on field measurements. The MohrCoulomb
constitutive model was adopted, and the staged excavation
sequence followed the actual mining plan. The proposed
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Table 1. The characteristics of specimens.

No t Bolt dp D fc
(mm) grade (mm) (mm) (MPa)
1 1 5.6 6 10 30
2 1 5.6 8 12 30
3 1 5.6 10 14 30
4 1 5.6 12 16 30
5 1 8.8 6 10 30
6 1 8.8 8 12 30
7 1 8.8 10 14 30
8 1 5.6 6 14 30
9 1 5.6 8 16 30
10 1 5.6 12 20 30
11 2 8.8 8 12 30
12 2 8.8 10 14 30
13 2 8.8 12 16 30
14 2 8.8 8 12 30
15 2 8.8 10 14 30
16 2 8.8 12 16 30
17 2 8.8 12 20 30

support system includes fully grouted rockbolts (22 mm
diameter, 2.4 m length), long cable anchors (9 m), flexibolts
(6 m), steel sets (TH36, IPB260, IPB320), and wire mesh.
Model validation was performed using field monitoring data
from three sections (2792, 2795, 2798) over five months.
The maximum horizontal displacements were 419, 412, and
370 mm, corresponding to relative errors of 5%, 3%, and 8%,
respectively. These results confirm the good accuracy of the
numerical model.

3- Results and Discussion

The numerical analysis shows that the maximum vertical
induced stress (25.5 MPa) occurs on the left side of the
H16 bifurcation, in the area between the slope and access
tunnels. The stress concentration factor (ratio of induced
stress to initial insitu stress) reaches 1.7 near the left side of
the intersection. Figure 1 presents the contours of vertical
induced stress concentration in the right wall of the slope
tunnel. A notable finding is that even at a distance of 23 m
from the intersection center, the induced vertical stress has
not returned to its initial value (14.9 MPa), indicating a wide
zone of stress disturbance caused by the excavation. The
threedimensional view of induced stresses (Figure 2) clearly
shows that the left side of the intersection (with a smaller
angle) experiences significantly higher stress levels than the
right side, with the maximum stress occurring closer to the
sharp corner. The stress distribution follows a domeshaped
pattern: initially increasing, then gradually decreasing with a
mild slope due to the wide extent of the disturbed zone.

The plastic zone around the bifurcation exhibits a strongly
asymmetric behavior, primarily due to the presence of
alternating stiff and weak rock layers. As shown in Figure 3,
before excavation of the access tunnel, the plastic zone is
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concentrated mainly at the crown and floor of the inclined
tunnel. After excavation of the access tunnel, the plastic zone
expands significantly, especially in the floor (up to 8.7 m
depth) compared to the crown (about 5.7 m). This asymmetry
becomes even more pronounced at the intersection itself.
In some areas, the plastic zone extends up to 14 m on the
obtuseangle side and more than 16 m on the acuteangle side
of the middle rock pillar, while in other regions it remains
limited to 8—9 m. These results confirm that the local geology
and excavation sequence directly control the yielding
mechanism.

The position of the weak coal seam relative to the tunnel
crosssection plays a decisive role in plastic zone development.
When the weak layer is located in the tunnel roof, its influence
on plastic zone expansion is limited. However, when the
weak coal seam is present at the tunnel floor, the plastic zone
expands dramatically downward, leading to severe floor
instability and heave.

This finding is critical for deep coal mines. Therefore,
numerical modeling must accurately incorporate geological
layering, and support system design should pay special
attention to floor conditions. Measures such as deep floor
anchors, increasing floor bearing capacity, and combined
support systems (fully grouted rockbolts, long cables,
and steel sets) are recommended to control plastic zone
development and enhance longterm stability of bifurcated
intersections.

4- Conclusion

In this study, the stability of the H16 bifurcated intersection
in the Parvadeh Tabas coal mine was evaluated using the finite
difference method (FLAC3D). The main numerical findings
are summarized as follows: The maximum vertical induced
stress in the area between the two tunnels reached 25.5 MPa
on the left side of the intersection, which is 1.7 times the
initial vertical stress. The stress distribution in the rock mass
between the two tunnels follows a domeshaped pattern: it first
increases and then decreases with a milder slope, indicating
the wideranging influence of the intersection on the stress
field. As the distance from the intersection center increases,
the extent of the plastic zone continuously decreases in both
tunnels; therefore, the most critical zone is the immediate
vicinity of the intersection. The presence of inclined layers
with different strengths creates an asymmetric plastic zone.
The weak coal seam at the tunnel floor intensifies the plastic
zone and directly leads to floor heave, whereas the same
seam in the roof has little effect on plastic zone expansion.
The measured convergence at various points exceeded 400
mm, and its increasing trend continued even after several
months, indicating that the rock mass has not reached a stable
equilibrium.
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Fig. 1. Bolted shear connectors: (a) Shear connector without embedded nut (b) shear connector with single
embedded nut (c) shear connector with double embedded nut (d) Friction-grip bolted shear connector.

b ad b i oo I 5l eolail b ygiw 4 5 YLasl g oy 5 08 ]
Oen 5 olhe buwg (FGB) SKawk o by oYlail glgl
0397 (sjlolin B Ll glin] 4 A5 (g St [YY-1Y] 45 plo
gl gy Uged V) it a8 BB oy IS5 s Y Lasl opl g
hn VAl By 58, b)) sl [VF] hles 5 TSl by
g shad 4 YLasl ol by cud b a5 AS aseiie 0D Liales]
Cab )b 3335 35l gl )l (St 22 (6)UiB Cuoglio g gy Cunglis
Ly oallilefl 5 oo0e (loJio @l ool » g 2l by
e 5 alle ppomen [YO] hlSan 57 J 58 ity 1) (b
alols g Cunglio gyl 5b )y sl gl oy Ltalesl 51 (V5]
hp VLails Slos i (6)Li8 Cunglio 5 g 9 2 Ege v o
U FE (gileJse g 050 ot cldllas ol 45 .055,5 eslazw! FGB
Cuo S iy Vlal Jld, L FGB iy oYlasl jld) o5 s 0
Cuaglin ey Croglin g yhad aile ol yzal)l 15l priocen ol @oglize
85 B Cou dy9e b Elpge a9 g o Aol g L
HS-) YU plortl b o Vsl i3, [YA V] o Kan 5 TS
loptalefl okl (mg 3V 5l ISte 81 (slays 0 |, (FGB
@ Cooglde g (1> i g5 35 QLG FE (siluJas g (025
2 yte plois 4 g Gl g (SAB0k oy s Jb s
03y 5 kb 4 Jlasl by cd s 4 wioly ()15 Lol b B S L

2. Zhang
3. Liu
4. Fang

VYo

CFS (sl Ll 35305 4088 s 3 oS Vgane 15 clao (VL
At i5leS dxituns lodds LS SiU s gl syg ) \JW &
dlio ol > @y LS Gladge (Sl g (2ol (adge LS
SSL bl alato el gjpe kil @ a8 VOV N | s
Blo S ye glay blie Jl (S 0yb (S Sy 55 se Jsb g
&V 55 9y 2 oS G I Sl il (09Y8 55 b BleS
V2980 5358 ghaie ()lid Cond (Sl oo il S (0 )3
oS s Jds 4 CFS (dlays o wleie 655l ol isleS
ol d Gy e pii el pSSp cual Gln S @blis
ol S xe Jos obel (gl (SBlaok 2 Sy oVlal (S
g Aty Y (Stud Canglio YLl £95 ol 58 e Slaiy By
L SWlaskgy by YLl b S ho glayd aigd o > (o)) 4
o3litsl 2150 gl dlas 1 5 3905 jl laojles dido sae (b ) Gl
ol el a¥lal gg ol o adlo iy bl eslatwl g
ojlw Calw auia g oloj el el colys o odd il Csyu
S 0o b L oSy by ) canl See LT () 09
() S5 3 (o YLl glgl) 558 3Lzl (S
Snd S g cad )b s sl ) TSl ooy cn g, [VFTECA
2 b by OYlasl 5l eslatwl Ly 5l A8 e (Byre by &Y s
el 039 uly (635 blie 5 (i ol | JSutie 8o sy
JStize 8 po (sloy (59, FE (il e g 0358 Sty loj] colalllas

1. Push-out test



Lo bl ISie S po sl ys 5)Slas wyp & [YY] o) K2 5
5 Aged A LALBDD 5y 04D D95 3 puo (53Y 9 xbolie g ¢V gD cawww aSd
aidy )5 4 AN toglio 03) L MI2 g (slo S0 gl )3 o8 S o
5 00 Dyg5 dyw (Vg8 alade Cuolius )»L A5 ialejl g adle og
Sy ol 33 s awy e JB o dy L A e slaasY olaw
o b g ek ¥ g Y sl Coolies b o 3yg8 djus (50 g8 alads
Slodises ;3 a5 Wb asuine WA odlaiwl (£3Y58 eww Y F o ¥ Y L
2 ST IS S 553 S 5 i siaan ¥ (39 ol |
Cad)b &y iged (p b crge 005 393 3y lae pl3g (iiLeS Lol
2 0 i b pedes ¥ g ¥ Cwlbus b sladises o b 295 olS
i U5 oS 5 5, b 4 aid by oS e (Sl o
OB g yg (s oy 353 2l Cd )b y5 g (Sad 0 e
1, CFS ablis b oS o sloys o JS5 U iy o¥lail b, [PF]
Sy e slag 8 b 58 U sl g5 e 305 (g
Conlies b gblin jl Lious €85 518 oy 390 5V 55 i &) L]
sosko FIV @ FIA G g lab (158l Ll eolatw] yedee Voo ) gla
[YF X0 hlSan 5 °lsY ansie (alil]) Jlail e ooy <o o
S B (o o YLl s Slas Dbyl el gl g ptales] A
&S A (g S a5 Ll plsl CFS alaiie b oS o (65Y58 15 5 oA
)b EVlasl opl 3,Skes p a9 B 8l bl alols g lagey s
3 350 (s IS (el Jlasl gl a8 Wl 3135 gl el 2 09Ms
e [YV] e 5 5oy lawgs Gmliwl,aj w503 VO Lol EC4
S o CFS (a5 5, Slas g plSoinl g b caslies il b))l
lodiges sl sladge 5 (B s phSS (2ld Cud)b b plos]
JUasl jo )3 oles cud b a8 widly o)) 5 Ll .cd)5 15 bl 5)ge
Colbes by gblis gl cyissishs YA B AO/S o yio o | Caslins |
Gilw e [YA] 1S g yo0 o 500 (dgh )0 Cowl yioddeo ¥
oy > (P by YLl 18 (o gl Syl addllae s FE
hoglio 03y zuy 5l odlitwl b diges YIS .10305 plosl CFS abolis b S 4o
g ks CFS ghaio ol Coglio 5 caolius il i gjluJae AA
b gy By Juasl 3 Slas o 6)lié Caoglio g g 5]
bl b 5 o slad 3 o5 )5 eons e 35b o §

5. Lawan

M Gl FE (g5le e 5 (058 adllas ol o)l (Stas gy (oglde
B g S S (2l (oD b )b 5l by VLTl oS
by (ol Laly) & A8 paseie ) (g0 3 Shes adgl (0
OhSer g Gigb o el Ll (o3 cud )b s 4 38 EC4
$las s S cov |, FGB Lbyp eVlail lsle ks, Y]
5 485 8 Glojl o g b gl gy diged WY k08 )
O g 9 g oo Aol 5 o (6Lt Cunglie g Canglie 58 3
S Shy cnl pogde b bl 3k by godie Sl ool L
S5 e g oS aen ol VLA glas 2 5 Shes Lo
IS o YL ) by b o 48 3l it gl b o) e
ol CB1S, IS 5] oS (gl o
@ shp OVlail 5 Sles qw)p sl o plol Cliios 5l (S
29 £ Vb gblio b oSy by 3 (o B YL ofy
Sl iy Jlail g9 cntiz 3l ladlo > Bk 5l ad il o
4y 45 ok )| o Loy CFS alaio b S o (slays > eslizl
Cab )b sl [V ] ) em oo 095 o0 a3l Ll 5l 5,90 222
5 sl 4 pludl wad 39 D (£3Yed alate b S po (slayd s
o9y 4 3l aaigad ol ) idged (Bly obie 3 (pBELeS diges
S oslazal (e3¥98 dafio g (5 (oS gpl 5l o2lital 1 ol b0 JUas]
Gl g 1D 485 0500 ISSZ (5o 35 5l oolil g ,5005 slagey
dgrke wge by JUl Colite glabg) g2y 5 aseie badigel
Pgd e Sy b Sy & Cud LS e 5 (b Cd)b pSeie
392 3)95 3 (V9 glatle (lo a8 a5l Ayl sl slaage
2 ladee Sl (B 3 38 o (S8 25 5 28 Slag (Saihe &S
L Sy by oVl V] o Ken 5 Bl b 00 01 by
ol gl 390 olil oy 9 CFS iy o S ye Jos dbul <l
duwlio 1y 7 B g olad Cud b Y Lasl go pl jleolatul 8 5s S
S 3l oalisl [¥Y] o)San 5 "ol sy oo 3500 Sy i sloy b
Sy says D Sy Jos dbul (gl 2, 8o il eslaiwl b 5 Jla]
2, Seo 03l] yiol38l as” by L zobs sl sleiiy CFS alado b
" rmall g e Jlail by bl (I3l el il Aol ials

1. Shi

2. Bamaga
3. Armo

4. Alhajri

wa



MI2 g

s (goYad 35

T T S I o I:I EI | ] I
S
N L

i F 1 1
J33L°J] ]

= Pt p4—p

7cm 20 cm 7 cm
all

115¢cm 7em 11.5cm

.
e Jlo

slad 4y uodE B)s

rmalis VY A /¥

YU gloi () HUS" glod (A1) gl gy aiges Olija ¥ S

Fig. 2. Details of specimens: (a) Side view (b) Top view.

ol ol 0us adls CFS alhatio 55 ¢ e Cudid cidlo i i I

ke Cenglio b P8 5,KLo g 0397 yroshio Vex¥ooxFer L clin
b JI> oo jglaio 4y (F,=7V-MPa) ol cuglio o (F) = ¥Y-MPa)
shls sy b ooy JI3 i glald 3 (g350e g (8] Cyso
S8 Bolbo i )3 (o0 s 2 U9 e 1 HE L S 09 2l Sl
089y ™ 89 o sy pl & cul S5 4 a5V ] ol Dbl ¥
P9 03038 (ygye oy SIS Gy 4 iy Sl e B ead )
6oLt Canglio 4y 5 00d gyl Jas B3 L 59, YA L laJls el 52 09Me
Ll CFS cela b oS yo cladigas cgjloodlol (gl iy 395 olos
01 oty srasko \ oM |y boliing Ul aze Sy 1 oolizl |
Wb SIS &S jelailen ud (gylas [YA] TAIST lasuie lawg
CFS (1) el aun (F,) Cuoli 5 (d,) 5 Joli o oz 55
VLT FGB (o35 5)Ses 2 g 5 0% g o o (C) abolé
V Jgi 5 alialesl sladigal Sl 85 8 )y 350 (2
Hoa CFS culbus (gl poddeo ¥ g ) Cuolbess 93 .l o o0ly L
F & =0 MPa) 0/8 oglio 03, 93 § yiesleo VW 9 Ve A & Jlab
san sy (F,= Ay MPa F, =a5. MPa) A/A 4 (= ¥-- MPa

3. American Iron and Steel Institute Standard

ywy

o 005 oy 1 Ugnd s by YLl B 0 3,95 55 o5V B
B o YLl Jldy CFS sblio L Sy slays o a5 Jb po
& a5 gl 30 gy i) 5 sl 48,5 5 s 350 B3 0 Sl
CFS ghio b S o slays o FGB!' s Ylasl 5 Slas iy p
Ylail g5 cpl og0s pyd Cuwl oddd by (Sl (6)l05)L cou
u.ul b JolS olde pd 6503 VY Lol oad oo flis & ) JSs po
b g (F,) Cooslio 5 (d,) b il a5 plol BCA? aul
ol s Skes 5 o ey e (C) o 4ol § CFS (7)
s sledises Cals ole cgim laisn )3 b o) VL]
@ @l g 48)5 )18 Cou 3y90 Sl gy Cand ploxil hg) (rizpen gl
o3l (lis gl gy sadiges Clija ¥ USS )3 X9 syl Jpads

el 035 031> Oiled Limgh PL’?‘-;‘ J>])A s ¥ USS ) pioren o

(Pl l 3o (399, ¥
2ol ladiges —) =Y

93 3l gl yogs diged yb el o 03l LS Y S5 45 &S jelailen

1. Friction-grip bolted shear connector
2. Eurocode4: Design of composite steel and concrete struc-
tures
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Fig. 3. Research stages.
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Fig. 4. Precast concrete slab construction.
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Fig. 5. Assembling push-out specimens.

Table 1. The characteristics of specimens.
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Table 2. Compressive strength of concrete specimens.
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Table 3. Compressive strength of concrete specimens.
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Fig. 6. Set up of specimens.
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Fig. 7. Loading regime.
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Table 4. Details of push-out tests of specimens.
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Fig. 8. General behavior of load-slip curves for specimens with FGB shear connectors.
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Fig. 9. Type of failure modes in CFS sections: (a) bearing in sheet holes (PT1-8-6-4 and PT2-8-8-4 specimens); (b)
shear of bolt (PT2-5-10-4 specimen )
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Fig. 10. Comparison of load — slip curves for specimens with different parameters. (Continued)
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Fig. 10. Comparison of load — slip curves for specimens with different parameters.
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