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®3 AFEDINREE R 3 EAE e SR bR(Beam])

Table 3 Main performance indicators of different reinforcement forms (Beaml)
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26 - -261.54 7.66 -230.08 6.60 -2.23 -7.93 3.56 39.80
1 276.24 16.14 239.90 14.05 2.49 7.83 3.14 10.92
1ol - =267.76 10.17 -232.05 7.52 -2.38 =7.96 3.34 31.19
+ 279.76 17.22 240.99 14.57 2.51 7.53 3.00 5.82
162 - —-272.22 11.89 -233.67 8.26 -2.41 =7.96 3.30 29.36
+ 271.39 14.08 236.84 12.60 2.40 7.96 3.31 16.94
163 - -258.42 6.37 -224.61 4.07 -2.24 -7.73 3.44 35.04
F4 AFEINEDE A 3 EAE GE fE bR (Beam2)
Table 4 Main performance indicators of different reinforcement forms (Beam?2)
Bilg's nEorm M kN P/% M /KN Pa% 0,/%rad  6,/%rad u P/%
+ 360.83 — 352.18 — 3.14 5.99 1.91 —
YID
- -367.11 — -359.80 — -2.88 -5.94 2.07 —
A 408.62 13.24 378.82 7.57 3.86 7.93 2.06 7.79
6 - -375.1 2.18 -373.66 3.85 -2.93 -7.96 2.72 31.58
+ 434.04 20.29 421.6 19.73 3.68 7.96 2.16 13.37
1l - -418.26 13.93 -412.38 14.61 -3.20 -7.83 2.45 18.43
A 431.81 19.67 416.77 18.34 3.70 7.96 2.15 12.76
162 - -416.09 13.34 -407.26 13.19 -3.22 -7.53 2.34 13.34
1 442.46 22.62 426.16 21.01 3.79 7.73 2.04 6.90
193 - —421.06 14.70 -410.85 14.19 -3.27 -7.96 2.44 17.97

4.4 AEMERRHRABERATE

AR AN B AN S B 1T, F AN IR I 75 28 fo ik
HOOR A, MRS I 5. &1 (i
BUBRHERC EARUHEY (GB/T 51366—2019, LLF f&#k
ChRvEY )29, 3 P HE IR -1y i om i R g AT B HE s
A, DLSEMR S EERR, A1), #
JEMBHERE . MRLEH . BT =B

WeHER(CO)=1E a8 x HEi i+ (11)

Hop, WEEhEEE & 5 E0R = SAHEBUN A B
PG NGB HEBOH 7 B B AR AR A 1
AN SCHRBFF FU R 2 1Y), IR S TR il THLMR. 4
M g TR R 7 kIR T ChRdE) Bk
C. MED. Bk E. HMHEE 78 2012 FF 4840

X 3 FEL PR 1 B HE TSR T 0.8843 kg CO, /(KW =h) #E 4T
5.

NG R AR FEAE AR R T AR
FF—80, NQ355B. Hkhiafl & BbniE i BRAE
500 km, B9#FIE % T2 1% FH v 30 ¢ 1) B AL FiA
WML, IR 22 I8 T % FmT 2 2 ¢ (R Y 8 07
I8 . it LB R 5 R A T IR HL BX1-400
(32 kV+A), HUE EFFLLE R 60%, HHE S b [
PR TR, R G YRS 20 m i HA H AL
FAGYENS hifil,

W n [ i AR e meHE O A R X(12),  #
B HEBOH 5 a0 =0(13)~3(16) :

C=C,+C+C,, (12)
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x5 @M. BT AR
Table 5 Carbon emission factors of materials, transportation and
energy

ESi] icHE R A
A 2400 kg CO, /t
J5 241300 2.230 kg CO, /kg
AR PR 7R (B 30 ) 0.087 kg CO, /(t*km)
AR SE T RIS i (R EE 2 )2 0.286 kg CO, /(t*km)
317 7 D) %IH1(60 mm)2) 59.35 kW-h/& HE
JELHETHE[45 cmx35 cmx45 cm]?) 6.70 kWeh/& ¥
R IENL BX1-400(32 kV-A)P 96.53 kWeh/&G ¥t

Ak X g 0.8843 kg CO, /(kW+h)

Ao, ComE ISR S BRHEGE, kg COLs C,
FPEHE P B bR, kg CO, Cy AR RIS i
B B R, kg CO,; Cp, i T B Bei s i
kg CO,..

(MBI B

Co= SMF, (13)

i=1
K, MONPPEHERER, . m’. m; FoONPPR
MiHE R T, kg CO,/tv kg CO,/m*. kg CO, /m’,
Q)M EHE T B

Cys: zMiDiFi (14)

i=1
b, MOAMERERER, . m’ m’: D NARL
IEHIEES, km: FoNEH LRMARE T, kg CO,/
(tkm).

()it T Bt
%=Z@ﬁQ (15)
- L or (16)
jzi T 20Wi [

26 WHER AN [ A

Table 6 Carbon emissions and reinforcement costs

A, B, NAEREE, kWeh; F, NREIR
RN 7, kg CO,/(kWeh); O, NIR#: TR &,
m; W ONEUE FOEEFREEE, % ROATE LHURAL G
PERIRERE, kWeh/&EHE,

MEHEFER GiTTI 5 18 2% BFER, 1 mIR4ETH
0.8 kg 175k o NI AT 1T AR AE AR 22 1) 1 R
o il THREF AR LA R N T 9% 3305y, B AENAS 5000
Je/t. K5k 6 Jt/kg. HLT 0.50 76/(kWeh), A T80 7t/
m R, HHAERNKRHR. 4t R, &
A2 RN M Re o] 3k R e HE s A [ BT 7 R
A, BAARIE I IG-3 A IR R wHE
FEXF A« o ] e A AR ARG e o 7 2

5 g

AT X 8 FEHT A= LB X ) — N E BN HE 2
FOT Rt s MBE BT FT, 6 5 RidE AT B S B ek
P, TR SRR N T 5, IExE A
T RN JE RO AL I ] 4 R DL R AR PR A R
i BRI SEPESEPERERRAR, AERAT

(&R RPURRSE, AR5 BN E
Pro, ST RO A AN AL 55 R 5 A AT M
BRI S it BoR, W RS A DU Ay AR B R 52N
W J5, 7 SR R it R G, BRI AL I
5, BB R, TR TR AR L
DXI, I ARG PR 8T I 18 A 5 A A 1 R 4 P
KAt

(2) 5 BT R B, T SN [ i 9 ]l 2
VIG5 W RERE R, A PR AR B 0 AR BR 4% fy 1 25 32
> 0.08 rad I ARE I JBA I BB, T RE MRS
HA R PR IERE

\ s R kg CO,, 3
il bES JA# kg HUbk & PER/ 6 JE — - e A/ G
PRI MRS i i T BRHEU B
1G-1 119.072 2224 422.89 13.97 189.84 626.71 1326.79
1G-2 113.198 2235 409.50 13.76 190.81 614.07 1331.48
1G-3 105.843 2.077 382.06 12.81 177.27 572.14 123745
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Highlights Graphical Abstract

For a multi-story steel frame in an
8 degree seismic area, three
novel joint reinforcement
schemes are proposed. FE
simulations show a 20.29%—

Study on Reinforcement Method and after-Reinforcement Performance of
Beam-Column Joints in an in-Service Multi-Story Steel Frame

22.62% increase in ultimate research background reinforcement schemes

bearing capacity, with significant " reinforcement needs of in-service JG-1: Triangular plates on beam flanges
. . by steel structure nodes = ny .
improvements in ductility and = original node issues: insufficient JG-2: Flange plates + vertical stiffeners
hysteresis performance. weld strength, weak JG-3: Triangular plates on both flanges

L column—strong beam violation
Considering performance, cost, and

carbon emissions, the scheme of
welding triangular steel plates to
the beam flanges is optimal,
offering a valuable reference for
similar reinforcement designs.

performance enhancement conclusion

* load-carrying capacity: JG-3 improves by optimal choice: JG-3 (best balance of

+22.6% performance, cost, and sustainability) '
* ductility enhanced: full hysteretic loops

#  carbon footprint optimized: lowest for JG-3

Abstract: With the increase of the stock and service time of in-service steel structures, the reinforcement of existing steel
structures has become an important demand in structural engineering. In this study, the typical middle column joints in an in-
service multi story steel frame structure were evaluated. The steel frame structure is in the area with the seismic fortification of
8 degrees, including 5 stories above ground and a basement. The analyzed joint in the steel frame included the welded flange
connections and the bolted web connections, and the beam section is enlarged near the connections by increasing the beam
depth. According to the standard for seismic design of buildings (2024 edition, GB/T 50011—2010), the joint can satisfy the
requirements for the section modules of variable section beams, as well as the requirement for the panel zone yield strengths.
However, the original joint in the steel frame cannot meet the requirements for the strong joint-weak member criterion, or pass
the ultimate moment resistance check considering the connection coefficient. Furthermore, with the consideration of the 70
percent strength reduction of the welds due to the welding quality, the risks of the joint unexpected failure would further

increase. Therefore, local reinforcement of the joint is required to guarantee the safety of the steel frame structure.

Finite element models were established in the software ABAQUS for the analysis of the joint behaviour before and after
reinforcements. Solid elements were used in the models, and the material properties were simulated by the bilinear dynamic
hardening constitutive relationships with von Mises yielding criterion. The interaction between the welds and the corresponding
steel plates in the joints were simulated by tying, and the contacts in the bolted connections were considered by penalty function
in the tangential direction and hard contact in the normal direction. The friction coefficients for the beam web-connecting plate

contacts and the bolt nut-steel plate contacts were taken as 0.35 and 0.05, repsectivley. The beam-end loads were controlled by
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the inter-story drift angle according to the American seismic design code for steel structures ANSI/AISC 341.

Based on the safety and seismic assessment results of the prototype steel frame structure, and in accordance with the current
seismic assessment standard for buildings (GB/T 50023—2009), the comprehensive safety assessment of the structure is rated as
Deu level and the seismic capacity assessment is rated as Dse level, which has seriously affected the overall safety of the
structure. As the original design cannot meet the requirement of strong beam-weak column, firstly the columns were reinforced
by welding angle steel at the four corners of the box column. Then, three kinds of reinforcement schemes, including welding
steel plates on the beam flanges marked as JG-1, welding vertical stiffeners based on JG-1 marked as JG-2, and welding
triangular plates on the lower flange of the beam marked as JG-3, are proposed, and the seismic performances of the joints after
reinforcement are studied by finite element numerical simulation. Under axial force and the beam end cyclic loads, the stress
development, failure mode and hysteresis performance and main performance indicators of the reinforced joints are the focus of
the analysis. The stress distribution and development trend of the three reinforcement forms are generally the same. After
reinforcing the original joints, the plastic deformations of the joint are transferred to the beam cross-section. The beam and
reinforcement plate have a good synergistic effect, achieving the purpose of joint reinforcement. Also, the joints after
reinforcements would develop full hysteresis curves under cyclic loads, indicating satisfactory plastic deformability and good
seismic performance. Generally, compared to the original joints, the joints after reinforcements can develop increased resistances,
with the ultimate moment resistances of the joint JG-1, JG-2 and JG-3 increasing by 20.29%, 19.67% and 22.62%, respectively.
Also, all the reinforced joints show better ductility.

Besides the mechanical behaviors, the carbon emissions and costs of different reinforcement schemes based on the amount of
steel used and actual construction were also calculated to further evaluate different reinforcing configurations and choose the
most economical and carbon friendly scheme. Based on the standard for carbon emission calculation of buildings (GB/T 51366—
2019), the emission factor method is used to account for carbon emissions during the reinforcement process, expressed in terms
of carbon dioxide equivalent. The carbon emissions in three stages, including the material producing, the material transportation,
and the field construction, were considered. Multiple factors affecting carbon emissions were considered in the analysis,
including the consumption of building materials, transportation distance of materials, carbon emission factors of transportation
vehicles, construction energy consumption, and welding engineering quantity. Among the three reinforcing configurations, the

cost for JG-1 is the largest, while JG-2 would develop the most carbon emissions.

Considering steel consumption, reinforcement costs and carbon emissions, welding triangular steel plates on the upper and
lower flanges of the beam is the optimal reinforcement form. The performance and results of each scheme can provide reference

for the reinforcement design of existing steel frame beam-column joints.

Keywords:: existing buildings; steel frame structure; joint reinforcement; finite element analysis; carbon emission calculation



