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Fig. 1. Stress-strain diagram of materials used in numerical

model, a) steel, b) compressive behavior of concrete, c) tensile
behavior of concrete
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3. Stress triaxiality

1. Concrete Damage Plasticity
2. Ductile Damage
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3. Embedded region
4. Hard contact

1. Displacement Damage Evolution
2. Energy Damage Evolution
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Fig. 2. Details of boundary and loading conditions, a) boundary
conditions of CFST column connection to the foundation, b)
ATC-24 standard cyclic loading protocol
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Fig. 3. Mesh-geometry and loading location in the finite element
model of CFST column connection to the foundation
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Fig.4. Geometry of CFST column connection to the foundation in Lehman and Berg research [13], a) Side view of EMB80 connection
geometry, b) Side view of EMB96 connection geometry, ¢) Foundation cross-sectional dimensions
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Fig. 5. Comparison of hysteresis diagram of numerical and experimental model of CFST column connection to foundation, a) EMB80
specimen, b) EMB96 specimen
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Details of the specimens [13]

Experimental Model ™5 1 5/ T D [, (MPa) | fuee (MPa) | for (MPa)
EMBS0 specimen | 508x1830 | 80 | 0.9 379 56.9 69.3
EMBO6 specimen | 610x1830 | 96 | 0.9 290 74 68.3
secant stiffness ield force Max. force yield displacement ductili total ener
specimen Y ) displacement | equal to 85% i &
K (kN/mm) Py (kN) Pinax (KN) 8y (mm) 3y (kN) n E(kN.mm)
EMS80-Exp. 9.50 280.74 608.10 29.55 125.84 4.26 448083.55
EM&80-Abaqus 10.20 307.36 584.04 30.13 123.51 4.10 410206.19
The ratio of
experimental to 0.93 1.09 0.96 1.02 0.98 0.96 0.92
numerical index
EMO96-Exp. 11.65 431.65 727.70 37.05 125.10 3.38 602617.74
EM96-Abaqus 12.40 456.36 738.23 36.80 123.19 335 645198.02
The ratio of
experimental to 0.94 1.06 1.01 0.99 0.98 0.99 1.07
numerical index

Table.1. Summary of dimensions, materials and comparison of experimental and numerical results
14
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Fig. 6. Comparison of failure mode in numerical and experimental model, a) Numerical failure mode, b) experimental failure mode
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8. Hysteresis curves of the studied models for the Column foot connection conditions parameter
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Fig. 9. Hysteresis curves of the studied models for the depth of the embedded foot of the column parameter

3. Park method

1. General Yield Moment Method
2. Equivalent Elastoplastic Energy Method
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Fig. 10. Secant stiffness of the hysteresis loops
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specimens Ksee (KN/mm) P, (kN) Pumax (KN) 3, (mm) 3. (KN) D E(kN.mm)
CCFC-A-0.2-30-0-S 4.72 163.54 210.51 34.67 82.82 2.39 90650.59
CCFC-A-0.2-40-0-S 4.97 176.93 222.85 35.63 84.65 2.38 93061.06
CCFC-A-0.2-50-0-S 5.20 190.11 234.41 36.59 86.47 236 95806.87
CCFC-A-0.2-30-0-NC 7.08 231.92 282.98 32.74 87.38 2.67 121968.14
CCFC-A-0.2-40-0-NC 7.38 248.58 297.13 33.71 89.20 2.65 124168.84
CCFC-A-0.2-50-0-NC 7.55 264.30 306.54 34.99 92.23 2.64 128171.64
CCFC-A-0.2-30-0-C 10.07 300.50 345.10 29.85 92.41 3.10 137135.63
CCFC-A-0.2-40-0-C 10.31 311.03 353.73 30.17 93.31 3.09 150337.26
CCFC-A-0.2-50-0-C 10.60 323.26 360.63 30.50 93.99 3.08 148265.12
CCFC-B-0.2-30-0.5-S 721 189.23 225.06 26.23 83.65 3.19 156606.47
CCFC-B-0.2-40-0.5-S 7.71 213.62 248.60 27.70 85.49 3.09 166068.01
CCFC-B-0.2-50-0.5-S 8.37 236.43 269.35 28.26 87.33 3.09 168683.96
CCFC-B-0.2-30-0.5-NC 10.97 271.67 300.08 24.77 88.25 3.56 208808.63
CCFC-B-0.2-40-0.5-NC 11.63 296.57 327.52 25.50 90.09 3.53 216508.97
CCFC-B-0.2-50-0.5-NC 12.37 327.53 350.97 26.47 92.85 3.51 219800.31
CCFC-B-0.2-30-0.5-C 15.65 353.52 375.10 22.59 93.76 4.15 267536.05
CCFC-B-0.2-40-0.5-C 16.28 375.54 394.60 23.07 94.68 4.10 275818.97
CCFC-B-0.2-50-0.5-C 16.64 395.94 408.10 23.80 96.52 4.06 276525.27
CCFC-C-0.2-30-0.5-S 9.23 207.33 239.10 2247 84.91 3.78 182533.73
CCFC-C-0.2-40-0.5-S 10.02 230.75 260.39 23.02 86.77 3.77 188118.60
CCFC-C-0.2-50-0.5-S 10.76 254.48 281.12 23.64 88.64 3.75 196815.42
CCFC-C-0.2-30-0.5-NC 13.80 292.80 320.09 21.22 89.57 422 251360.89
CCFC-C-0.2-40-0.5-NC 14.70 321.04 343.80 21.84 91.44 4.19 256479.34
CCFC-C-0.2-50-0.5-NC 15.40 349.29 362.94 22.68 94.24 4.16 262211.93
CCFC-C-0.2-30-0.5-C 19.37 374.82 385.65 19.35 95.17 4.92 315853.51
CCFC-C-0.2-40-0.5-C 20.20 399.31 406.86 19.76 96.10 4.86 319896.43
CCFC-C-0.2-50-0.5-C 20.59 419.80 419.59 20.39 97.97 481 323029.70
CCFC-D-0.2-30-0.5-S 11.48 241.36 276.69 21.02 87.45 4.16 307375.11
CCFC-D-0.2-40-0.5-S 12.55 271.19 304.21 21.61 89.38 4.14 315411.26
CCFC-D-0.2-50-0.5-S 13.54 300.34 329.82 22.19 91.30 4.11 333820.08
CCFC-D-0.2-30-0.5-NC 17.22 341.94 371.58 19.85 92.26 4.65 412781.93
CCFC-D-0.2-40-0.5-NC 18.39 375.90 400.15 20.44 94.18 4.61 429704.51
CCFC-D-0.2-50-0.5-NC 19.30 409.47 422.94 21.22 97.07 4.58 459397.73
CCFC-D-0.2-30-0.5-C 23.81 431.01 44236 18.10 98.03 5.42 470392.58
CCFC-D-0.2-40-0.5-C 24.99 462.08 468.01 18.49 98.99 535 491606.14
CCFC-D-0.2-50-0.5-C 25.59 488.18 485.03 19.07 100.91 5.29 531488.81
CCFC-B-0.2-50-1-S 9.91 257.28 319.58 25.97 84.87 3.27 188740.55
CCFC-B-0.2-50-0.75-S 8.97 239.48 290.86 26.69 84.64 3.17 175394.47
CCFC-B-0.2-50-1-NC 15.03 368.74 429.35 24.53 90.57 3.69 247848.47
CCFC-B-0.2-50-0.75-NC 13.48 330.67 406.12 24.53 87.38 3.56 232276.54
CCFC-B-0.2-50-1-C 20.44 481.79 506.38 23.57 103.12 438 316374.76
CCFC-B-0.2-50-0.75-C 18.32 422.94 457.74 23.08 98.42 426 295943.68
CCFC-C-0.2-50-1-S 12.80 288.29 329.96 22.53 92.50 4.11 224688.21
CCFC-C-0.2-50-0.75-S 11.67 260.52 304.66 2232 87.66 3.93 216954.50
CCFC-C-0.2-50-1-NC 17.79 393.62 403.31 22.12 102.22 4.62 312190.23
CCFC-C-0.2-50-0.75-NC 16.90 353.36 391.93 20.90 94.47 452 303378.42
CCFC-C-0.2-50-1-C 24.10 45481 470.49 18.87 103.12 5.46 390953.57
CCFC-C-0.2-50-0.75-C 22.54 429.90 455.68 19.08 99.71 5.23 369675.44
CCFC-D-0.2-50-1-S 16.09 296.63 348.64 18.43 93.55 5.07 406143.65
CCFC-D-0.2-50-0.75-S 14.56 281.90 345.28 19.36 88.87 4.59 366988.49
CCFC-D-0.2-50-1-NC 23.33 399.95 460.76 17.14 95.90 5.59 547717.61
CCFC-D-0.2-50-0.75-NC 21.55 389.37 444.17 18.07 94.81 5.25 51743591
CCFC-D-0.2-50-1-C 31.99 471.73 539.68 14.93 97.80 6.55 641527.92
CCFC-D-0.2-50-0.75-C 28.64 464.57 514.82 16.22 95.10 5.86 587741.33

Table.2. A summary of the cyclic characteristic values of the CFST connection to the foundation
O olid Cuglie il Gl e teed slaadls Kl e plralr gl e Y JSJ

21 18 15
18 —— CCFC-A-0.2-30-0-C 15 3 —— CCFC-A-0.2-30-0-NC —CCFC-A-0.2-30-0-8
----- CCFC-A-0.2-40-0-C - ===es CCTFC-A-0.2-40-0-NC 12 kS =====CCFC-A-0.2-40-0-5
15 — = COFC-A-0.2-50-0-C 12 3 — = CCFC-A-0.2-50-0-NC ! = =CCFC-A-0.2-50-0-8
g2 ‘g .9
g 3 R
6 [
3 3 3
L] 0 0
0 20 40 60 80 100 1] 20 40 60 &0 100 0 20 40 60 80 100
Displacement (mm) Displacement (mm}) Displacement (mm)

Fig. 11. Displacement-Secant stiffness curves of hysteresis loops for the compressive strength concrete parameter

\Yo



I PICOUPR[T S P e e

O sl L g 53 0l O g5 CFST 0 gow Ll glas o 53,5 g34s anlllas

CFST 05 Jlail Jliy Saaalsy s a4 s 3550 (sl 503
Sladi s 53 ( Shiypame 5 Jlail K55 4 0 genldi b 4
SOl b b (00,05 ahaie) ;1S (D/) sl 4 kb oo |
03 o Caslae &S pladi el 5o Conl o sdaline (6 YL (65 ]
b 4 WSl ol s e bl anl il Lol
Al 2 bedasile DlpdS (il Al (Rl e peals
Olgen o Cosl 0 Jool O gl 58 45 CFST O 2 Il S0 580
3 S es das o OLE bl cpl 55 baaasiie a5 LB 215
Sl O3 CFST 0 s JLail L sglin 53 0 5te i JLs
SO ol aglie bl s 6 ] Chas
Ospde 5 CFST 0 g shie (S5 ,25 Lol 15 CFST 0 g2 JLail
e Ll o slis (g 55 b o5 4 CFST Oge Sas
S s oS ol ol sl e 56551 SOl (Jluas|

Ll 33 35 o) (OF)

JUS T (i
B B N Y N P L Lo
d..sd\c\}-ﬁ Lg)(.lfjbdod@wm cﬂti}&.::m‘?l C.«:Li 339
)’\4.5}5;.,\..5Ul;f{)&ﬂ)dlﬂ)’uﬂ.?uiﬁjevhi)bﬁg)m)ﬂa
Jﬁj;b-‘w|ﬂ°~)>kp C,.\»‘ M.u".;“ JJB dJ\.A éﬁ‘; A ld
Oy S NP edige ASSLAT B, (Sl o
e 53 5 oBalesl j3 s €ged 55 edd ol SnSo
Cov SKanSE S 5 S Olge 4 Llges olesl s
Shgsde Jde 53 Js e 4 350 eslinal (glas S S
Slawslie (18) K5 53 ol ol oslazal ad- 55 S- 30
Jlasl il Ll L5 L (gade (glad god 53 00ls C)de-

] 0 4:‘)\ Q}:«N‘v\ajﬁ MCFST g)}:.w

I Sl dasiin I ki gy O0—
Waaglie o e glaaasilie SlpaaS en a0 S5 ol ol
odd 4ty O gl b 4 CFST § s Jlail (655 5 6 iy S5O
A Gl a8l (gla s sad s i ol OF) IS s 5 oo
S Sl ey Sl el S o bl
i b 5 @ 555 Sl S (gl e slaaasiis
o3l 0 5 gl 53 51 oS 8 sl 5 0k B ,me B 5D F K
S i 3 lraasiin 51K a slie Sloi RSN H NGV e
el g g3 3105 S a3 o o dasiiie S0 kil 5 (5300
CCFC-A-0.2-40- (CCFC-A-0.2-30-0-S & 305 4es ;3 & 305 (5
Yo Caslis b &0 sladasiis CCFC-A-02-50-0-S 5 0-S
Skl Ol 5 odd S 5 5w e Ol JSULIS
0 G JSLLKS 00 5 8 Cglin L glad s (sladasiin
CCFC-A- & 503 53 o . Coosl 00 drslies JISLLKL Y0 & 0
CCFC-A- 4405 4 s CCFC-A-0.2-50-0-S 5 0.2-40-0-S
Conglin il Ol e« il doys Ve 50 5 4 0.2-30-0-S
V¥ 5 Sl Olee s deoss V) 5T\ a5 dged 53 ol
oL Gl s 350 G sad w3 Sl 0l Jol- s s
5 SRS (sl e SRl p e o2 LS sl
Gl il 0 ol A3 Y 5T YO DA LS (55
(e SR gy OFST O g glade (55,25 Ll 2l
Lo s VW 5 XY AV NV Lo a 6550 5 sy JK8 ccaslia
CFST Oy Jlail S8 el lp ol ol ol
w4 G5 s Gl S aslis (e I G
Ogpde Olpe a3l (8l 5 o ol Auoys YOA 5 V0 () 1)
S S (sl ¢ Rl o i CFST O S
53l 0 ol doy3 YY 5 YETYE YO 5w 655 s

O b Jlasl Loyl 5 sl (gl i o= memd (6531 sla pomn N Y IS

400

100

Cumulaive

Cumulstive encrgy dissipation
y

Drift ratio (%)

Drft ratso (%)

6 ] 1] o 2 4 [ ] 10
Daft ratio (%)

Fig. 12. Cumulative energy -drift curves for the column foot conditions parameter
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parameter, ¢) column foot connection condition parameter, d) embedded depth parameter
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Fig. 14. Failure mode of numerical specimens in different conditions of CFST column connection to the foundation, a) embedded
column without stiffener, b) base plate, ¢) embedded column with ring stiffener, d) embedded column with longitudinal stiffener
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Abstract

In this paper, a finite element analysis of the behavior of embedded CFST columns to the foundation under
axial-lateral combined loading. First, the proposed finite element model is compared and analyzed by the
experimental results of previous research, which showed that the local damage, failure patterns and hysteresis
curves were consistent. A detailed parametric study to evaluate the cyclic behavior of embedded CFST
columns to the foundation with the characteristics, the ration diameter to thickness, embedded length,
compressive strength and connection conditions CFST column to the foundation. Based on the parametric
study, the values of stiffness, strength, ductility and energy for the studied specimen have been calculated. The
results showed that using the proposed finite element model, weak cyclic behavior for CFST connection to the
foundation in the conditions of connection with the base plate and better cyclic behavior for the CFST column
and its connection to the foundation in the embedded conditions is obtained. In addition, the hysteresis
behavior of the CFST column connection with the embedded stiffener plate is much better than the embedded
connection without the stiffener. The rings stiffener of the hysteresis diagram changes compact condition with
increasing concrete strength. In addition, lateral strength, lateral stiffness, ductility performance and
cumulative energy dissipation also increased in compact specimens with increasing confine concrete. The
failure modes of the CFST connection to the foundation with the base plate are the same as the embedded
connection mode without the stiffener and with the ring stiffener. The failure modes in these three modes are
from the connection as a tearing steel pipe at the end of the column. In the case of an embedded connection
with a longitudinal stiffener, it is a diagonal crack of the concrete on the foundation. Lateral strength, lateral
stiffness, ductility performance, and cumulative energy also increase with increasing steel pipe thickness.
CFST column burial conditions with hardeners have a positive effect on the hysteresis rings of CFST
connection to the foundation, and this type of connection has been able to significantly improve lateral
strength, lateral stiffness, ductility and dissipative cumulative dissipation energy.

Keywords: Concrete filled Steel tube, Column connection to foundation, stiffness, embedded length, finite
element analysis
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