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Abstract

The three-stage construction of concrete-encased concrete-filled steel tubular (CE-CFST)
arches introduces two-stage preloads (namely, two-stage initial stresses) within the mem-
bers that critically affect their seismic behavior. This paper presents a numerical investiga-
tion into this phenomenon, employing a validated nonlinear fiber element model. The key
finding is a stress-induced redistribution of internal forces that produces a dual effect: it
enhances lateral capacity and ductility at low global axial compression ratios (1 < 0.5) but
impairs them at high ratios. For instance, at n = 0.3, gains of 3.4% in strength and 18.9% in
displacement were observed. Based on parametric and theoretical analysis, a degenerate
trilinear restoring force model is proposed, establishing a restoring force model for the
seismic analysis of pre-stressed CE-CFST members.

Keywords: concrete-encased concrete-filled steel tubular columns; preload; seismic per-
formance; monotonic compression-bending behavior; fiber element method; restoring
force model

1. Introduction

The concrete-encased concrete-filled steel tubular (CE-CFST) member is a composite
system characterized by its configuration: internal CFST components are surrounded by an
outer reinforced concrete (RC) encasement. Representative cross-sections of this member
are provided in Figure 1 [1]. This hybrid design effectively addresses several limitations
inherent in conventional RC structures, such as their high self-weight, limited ductility
under seismic loads, and construction complexities. Integrating the advantages of tradi-
tional CFST and RC components, CE-CFST members demonstrate enhanced mechanical
properties—including high compressive strength and ductility, improved durability, ex-
ceptional fire resistance, and simplified beam-column connections [2-6]. Such merits have
prompted its broad use as a primary structural component, such as in high-rise buildings,
heavily loaded beam bridge piers, and large-span arch ribs [6].

The construction advantages of CE-CFST arch ribs have directly fueled their adoption
in large-span bridges. This is evidenced by their use in 11 of the world’s 30 longest concrete
arch bridges, including the record-setting Tian’e Longtan Bridge completed in 2024. The
construction process, illustrated in Figure 2, comprises three sequential stages [7]: (1) the
erection of hollow steel tubes, (2) the filling of these tubes with in-tube concrete to form
the CFST component, and (3) the casting of the surrounding RC encasement. This method
offers significant on-site benefits, primarily by reducing the hoisting weight—as only the
hollow steel tubes need to be lifted—and minimizing formwork requirements.

Buildings 2025, 15, 4379

https://doi.org/10.3390 /buildings15234379


https://doi.org/10.3390/buildings15234379
https://doi.org/10.3390/buildings15234379
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings15234379
https://www.mdpi.com/article/10.3390/buildings15234379?type=check_update&version=1

Buildings 2025, 15, 4379 2 of 25

€ T d £ — )
’
e )e o J e \e o
RC RC RC RC

(a) (b) (c) (d)

Figure 1. Representative cross-sections of the CE-CFST column. (a) Circular steel tube core and square
concrete encasement; (b) Square steel tube core and square concrete encasement; (c) circular steel tube
core and circular concrete encasement; (d) Multiple circular cores and voided square concrete-encased.
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Figure 2. Construction procedure of the CE-CFST arch rib.

However, this highly efficient method introduces non-negligible two-stage preload
(namely, two-stage initial stresses) to such structures. These develop sequentially: the first
stage from the self-weight of the steel tube and in-tube concrete, and the second from the
outer concrete encasement. A critical difference in arch ribs is that these stress-inducing
loads act vertically against the curved axis, amplifying the stress levels. This is exemplified
by the Tian’e Longtan Bridge [8], where preloads peaked at 270 MPa (steel tube) and 25 MPa
(in-tube concrete), corresponding to notably high ratios of 0.76 and 0.72, respectively.

Obviously, the two-stage preloads in CE-CFST arch ribs lead to substantial differences
in stress states under post-construction loads compared with those in conventionally cast-
in-place integral members. Consequently, it is essential to examine the mechanical and
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seismic performance of CE-CFST arch ribs considering these two-stage preloads. Moreover,
CE-CFST arch ribs are subjected mainly to combined compression and bending, similar to
eccentrically loaded straight columns. The equivalent beam-column method is therefore
frequently employed to evaluate arch structure capacity, leveraging this fundamental
similarity [9-12]. Therefore, the seismic performance of phased-constructed CE-CFST
arch ribs can be investigated using corresponding CE-CFST columns incorporating two-
stage preloads.

To date, numerous studies have examined the seismic performance of integrally
formed CE-CFST columns. These investigations have comprehensively assessed specific
performance metrics such as failure modes, hysteretic behavior, displacement ductility, en-
ergy dissipation, sectional strain distribution, and load-bearing capacity under monotonic
and cyclic lateral loading. Existing seismic studies on CE-CFST columns have extensively
covered conventional parameters like axial compression ratio, material strengths (in-tube
concrete, encased concrete, and steel tube), stirrup ratio, and diameter-to-thickness ra-
tio [2,13,14]. Beyond these, the role of preloads has been separately investigated. For
the second-stage preload, simulated by preloading the CFST component, research by Li
etal. [15,16] and Huang et al. [17,18] suggests a beneficial effect, enhancing ductility and
seismic performance, which led to the proposed predictive formulas. In contrast, studies
on the first-stage preload within the steel tube, such as those by Yu et al. [19], report a
detrimental impact, reducing initial stiffness and lateral load-bearing capacity. The funda-
mental limitation of these prior works is their isolated consideration of either the first- or
second-stage preload. This approach fails to capture the sequential construction process
where the first-stage preload in the steel tube precedes and interacts with the second-stage
stress applied to the composite CFST. Consequently, the coupled effect of these two-stage
preloads remains unquantified, rendering existing models inadequate for representing
the true preload state in CE-CFST arch ribs. These two-stage preloads result in a coupled
stress history and a distinct internal force distribution that cannot be simply superimposed
by two separate single-stage analyses. Consequently, the seismic performance under the
combined two-stage preload condition is anticipated to be fundamentally different from
that predicted by existing single-stage models. Given this pronounced gap between the
simplified single-stage models in existing literature and the actual two-stage stress history
in practice, there is an urgent need to develop a new analytical framework that can explicitly
account for the coupled effects of two-stage preloads. However, the combined mechanical
effect of these preloads remains unexamined in the existing literature.

The monotonic compression-bending test, a fundamental seismic assessment method
in seismic evaluation of CE-CFST columns, is characterized by the application of a constant
axial load while the column is simultaneously subjected to a monotonically increasing
lateral load. On the one hand, it reveals the plastic evolution and ductility reserves of the
composite members under static loading, providing insight into their deformation capacity
during seismic events. On the other hand, the material’s constitutive relationships and
failure modes established through monotonic loading provide a foundational basis for
further modeling seismic performance.

Simultaneously, a restoring force model is essential to capture the stiffness degradation,
strength attenuation, and energy dissipation of CE-CFST columns with two-stage preloads
under seismic loads. Cai et al. [20] and Ke et al. [21] experimentally developed skeleton
curves and restoring force models for CFST and high-strength CE-CFST columns. But no
model exists for CE-CFST columns subjected to the two-stage initial preloads. Currently,
restoring force models for RC and steel-concrete composite members are generally cate-
gorized into two types [22]: curve-type models, consisting of curves and straight lines,
and polyline-type models, composed of multiple straight-line segments. The fundamental
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difference lies in their computational behavior: in curve-type models, the stiffness changes
at every iteration step, leading to high computational cost, whereas polyline-type models,
with fewer parameters and fixed segment stiffness, significantly reduce computational
effort [23]. Although curve-type models can better capture specific response nuances, their
complexity limits widespread use. Therefore, the polyline-type restoring force model is
adopted in this study.

This study examines the combined influence of the two-stage preloads (acting on
the steel tube and in-tube concrete) on the seismic performance of CE-CFST columns.
Accordingly, a generalized fiber element method was proposed to predict their monotonic
compression-bending behavior, explicitly incorporating these preloads. In contrast to
existing models that are limited to single-stage stress conditions, the proposed model
explicitly simulates the sequential application of preloads and their coupled effect on the
composite section. Subsequently, a systematic parametric study was then performed using
this method to evaluate the full-range structural response under combined axial-sustained
and lateral-monotonic loading, across different preload combinations. The extent of this
influence, and the mechanisms of the preloads on compression-bending behavior, were
systematically elucidated. Following this, the key parameters controlling preload effects
were identified through a parametric study. Guided by this parametric investigation and
theoretical analysis, a restoring force model that accounts for two-stage preloads was
subsequently developed for CE-CFST columns. This model can serve as a foundational
constitutive relationship for the seismic design of CE-CFST structures.

2. Fiber Element Method for Analysis of Monotonic
Compression-Bending Behavior

2.1. Fundamentals and Procedures of the Fiber Element Method

This study investigates a CE-CFST column characterized by a hybrid cross-section,
integrating a square outer RC encasement with a single circular inner CFST; see Figure 1a.
A baseline member was designed following code provisions and engineering practice, as
detailed in Figure 3. The column measures 900 mm in total length, with a 300 x 300 mm
outer RC section and a 168 mm-diameter inner steel tube. Longitudinal reinforcement
comprises four 12 mm-diameter bars on each face, confined by 6 mm-diameter stirrups
spaced at 60 mm centers. The specified concrete grades were C70 for the core and C50 for
the encased concrete, conforming to the Chinese code [24]. The steel tube exhibits a yield
strength of 345 MPa, while both longitudinal and transverse reinforcement have a yield
strength of 335 MPa. Furthermore, the axial compression ratio is set to 0.3, a value that
typically corresponds to the maximum ultimate bending moment capacity of such columns,
as defined by Equation (1) [25]. The complete loading sequence applied to the column is

depicted in Figure 4.
"= i 0
fcu,outAco + fcu,coreAci(l + 1‘86)
A
. )
AleCll,COTE

where N represents the total axial compressive load, including the loads causing the
two-stage preloads; feyout and foucore represent the axial compressive strength of the
encased concrete and in-tube concrete, respectively; Ac, and A.; represent the area of the
encased concrete and in-tube concrete, respectively; f, and As represent the steel tubular
yield strength and area, respectively; and ¢ represents the confinement coefficient of the
inner CFST.
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Figure 3. Configuration and dimensions of the baseline member (unit: mm).
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Figure 4. Total loading sequence for the baseline member.

To isolate the individual effects of the first- and second-stage preloads, a preload
coefficient was defined for both the steel tube and the in-tube concrete, conceptually treating
these stresses as pre-stress. The coefficient for the in-tube concrete is directly determined by
that of the steel tube from the second stage. Consequently, the latter coefficient is utilized
to characterize both materials, in accordance with the computational forms provided in
Equations (3) and (4).

o+

Bs = 7, ®)

_ %

h

Be (4)
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where s and B, represent the preload coefficients for the steel tube and in-tube concrete,
respectively, and 01 and oy represent the steel tubular stress values after applying first-stage
preload and second-stage preload, respectively.

The fiber element method was selected for this study due to its optimal balance
between computational accuracy and efficiency. The analytical model was developed based
on the following key assumptions:

1. Uniform distribution of preloads: The preloads are uniform throughout the cross-
sections of the steel tube and the in-tube concrete.

2. Plane section assumption: Cross-sections that are plane before deformation remain
plane after deformation. Accordingly, the increments of normal strain vary linearly
over the cross-section height.

3.  Negligible shear deformation: Shear deformation is disregarded in the analysis.

4. No interfacial slip: Full composite action is maintained at the steel-concrete interface,
precluding any interfacial slip.

5. Linear curvature distribution: The sectional curvature is postulated to vary linearly
along the column height H, as schematically represented in Figure 5. The lateral
displacement (A) at the column top is consequently governed by the curvature (&) at
the critical bottom section through the following expression:

Axial compression load (N)

%ij

Horizontal
monotonic

load (P)

|
|

|

\ /Simpliﬁcation of the

~ Steel tube \,/ curvature distribution
\

|

|

|

|

-2

Figure 5. Schematic diagram of the computational principle.

_ 1. 0
A=Z¢H (5)

The fiber element method, following the nonlinear computational algorithm for beam-
column members, simulates the full-range monotonic compression-bending response of
CE-CFST columns through an incremental iterative process, as detailed in Figure 6.

2.2. Constitutive Relationships of Materials

The fiber element method computes the mechanical response by first deriving fiber
strains from the plane section assumption and then converting them to stresses through
material constitutive relationships. Therefore, computational accuracy for this method
necessitates precise constitutive models. The load-bearing materials in CE-CFST columns in
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the longitudinal direction are categorized as follows: in-tube concrete, stirrup-confined en-
cased concrete, unconfined cover concrete, steel tube, and longitudinal reinforcement bars.

Input parameters
Given curvature (9)

v
Assume the initial strain (g)of
the compressive edge

€
<

Calculate the axial strain of
other fibers

Redefining € by

bisection method

Calculate the stress of each
fiber and resultant force (Ng)

@bhs(N — Ny) < 0.0005N +

Yes

No

Calculate the displacement
of the top of the column A

|

Calculate the lateral load P and
draw the -\ curve

<re >

Yes

Over

Figure 6. Fiber element method workflow.

2.2.1. Concrete

The concrete in CE-CFST columns is stratified into three types according to confine-
ment conditions: in-tube concrete, stirrup-confined encased concrete, and unconfined cover
concrete, each assigned a specific constitutive model. The constitutive behavior of the
in-tube concrete, accounting for the steel tubular confining effect, was governed by the
model from Han et al. [26] (Figure 7a). Meanwhile, the constitutive relationships for the
stirrup-confined concrete and unconfined cover concrete were both defined in Chinese
code [27]. All three types utilize the same tensile stress—strain relationship established by
Shen et al. [28].

oA &é, oA

s 0.01E
I3) ﬁ ___________________________ g

\J

(a) (b)

Figure 7. Constitutive relationships. (a) In-tube concrete; (b) steel.
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2.2.2. Steel

The constitutive model of both the longitudinal reinforcement bars and steel tube
is characterized by a bilinear elastic-plastic model [26], as defined in Equation (6) and
illustrated in Figure 7b.

oc=E;xe e< gy
_ (6)
0=fy+001E(e—¢;) e, <e¢

where E;, and ¢, represent the elastic modulus and yield strain of the steel tube and the
longitudinal reinforcement bars, respectively.

2.3. Validation of the Proposed Fiber Element Method

To address the lack of direct experimental data on CE-CFST columns with combined
two-stage preloads, the present model was validated against existing research. The ver-
ification encompassed three critical scenarios: CE-CFST columns without preload [2,14],
CFST columns with first-stage preload [19], and CE-CFST columns under second-stage
preload [16]. Table 1 summarizes the key specimen parameters and experimental results.
Here, P.yp is the average ultimate lateral load-bearing capacity from experimental tests
in both positive and negative loading directions, and Py;;, is the corresponding value pre-
dicted by the fiber model. The comparison yields a mean Py / Pexp ratio of 0.96 with
a standard deviation of 0.113, indicating close agreement between numerical predictions
and experimental measurements.

Table 1. Experimental ultimate strength and predicted ultimate strength of CE-CFST columns.

D (mm) B fy fc,uut/fc,cure N Pexp Pﬁb

Specimen Type ~ Specimen t (mm) (mm) (MPa) (MPa) (KN) Stirrups B B2 &N)  (KN) Pfip/Pexy
ccst

[y  168x576 300 354 530/722 1038  6@63 - - 2682 2334 087
CCs2 168 x 5.76 300 354  530/722 1025  6@80 - - 2665 2336 0.8
CCS3 168 x 576 300 354 540/673 1377 6@47 - - 2427 2400 099
CE-CFST CCS4 168 x 576 300 354 540/67.3 1365  6@60 - - 2335 2390 102
column without ~ CCS5 168 x 5.76 300 354  583/687 1708  8@65 - - 2522 2489 099
preload CCS6 168 x 5.76 300 354 583/687 1697  6@65 - - 2497 2464 099
CCS7 168 x 5.76 300 354 594/741 2045  8@5%6 - - 2422 2507 104
CCS8 168 x 5.76 300 354 594/741 2040  6@50 - - 2607 2475 095
CCS9 168 x 5.76 300 354 57.1/731 2201  8@48 - - 2627 2459 094
CCSI0 168 x 5.76 300 354 57.1/731 2188 6@44 - - 2807 2415 086
CE-CFST S[g]l 60 x 2 150 353 336/524 0 6@00 - - 426 465 109
COI”“;ZI‘(’):;h"“t sC2 60 x 2 150 353  336/524 282 6@0 - - 558 508 091
P sC3 60 x 2 150 353  336/524 564  6@100 - - 618 426  0.69
CFST column [11\’{)1] 219 x 4 - 36 /223 900 - 0 - 76 663 087
with firststage 219 x 4 - 316 /223 900 - 04 - 55 647 118
p M3 219 x 4 - 36 /223 900 - 06 - 72 639 089
CE-CFST D B4x25 202x205 24 £1/855 60 ses0 - 03 97 1152 L1
ggigﬁn;‘:ﬂ; 52 84.4 x 2.5 200 274 53.8/855 870  5@50 - 031 146 1458  1.00
g 53 844 x 2.5 200 274 532/855 1063  5@50 - 028 166 1428 086
P S-4 89 x 5 200 274 720/855 1081  5@50 - 03 169 1642 097

Note. D and t represent the steel tubular outer diameter and wall thickness, respectively; B represents the
cross-sectional side length of the CE-CFST column; fc oy and f core are the cylinder compressive strengths of the
encased concrete and the in-tube concrete, respectively; and N represents the axial compression force.

Furthermore, given that the load—displacement curves under monotonic lateral load-
ing correspond well to the skeleton curves under cyclic loading for RC or steel-concrete
composite columns [26], the experimentally measured skeleton curves from CE-CFST quasi-
static test (Qian et al.) [14] were compared with the monotonic load—displacement curves
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300

predicted by the fiber model. As shown in Figure 8, the numerical predictions demonstrate
strong agreement with the experimental measurements.

200

100

P (kN)
o

—100

T T 300 T T T

200

—200 —— —— Measured =200 _ ’ —— Measured
T - - - Predicted T - - -- Predicted
7300 1 1 1 7300 1 1 1
=30 -15 0 15 30 =30 -15 0 15 30
A (mm) A (mm)
(a) (b)
300 T T T 300 T T T
200 200
100 100
Z o Z o
_ A
—100 —100

—200 —— Measured A —200 ‘ , —— Measured
- - - Predicted T - - - Predicted
_300 1 1 1 _300 1 1 1
=30 -15 0 15 30 =30 -15 0 15 30
A (mm) A (mm)
(©) (d)

Figure 8. Measured and predicted monotonic loading load-displacement curves. (a) Specimen CCS3;
(b) Specimen CCS4; (c) Specimen CCS5; (d) Specimen CCS7.

The verification study demonstrates that the developed fiber element method ac-
curately captures the monotonic compression-bending behavior of the members. This
outcome establishes the method as a robust tool for systematically investigating the influ-
ence of two-stage preloads on CE-CFST column performance.

3. Effects of Two-Stage Preloads on Monotonic Compression-
Bending Behavior

3.1. Effects of Two-Stage Preloads on Lateral Load—Displacement Relationship

The lateral load—displacement relationship serves as a critical indicator for assessing
the complete structural behavior of CE-CFST columns subjected to lateral load. Accordingly,
an in-depth analysis of this relationship is conducted first. Figure 9 compares the lateral
load—displacement curves obtained under various preload combinations. The parameters
of these columns correspond to those of the baseline member presented in Figure 3.

Both the steel tube and in-tube concrete preloads demonstrate negligible effects on the
load-displacement curves. A key observation is that during the initial loading phase, the
curves for specimens with different preloads nearly coincide, indicating a negligible effect
during this stage. With further loading, however, the structural response is characterized
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by reduced stiffness, lowered ultimate lateral resistance, and increased displacement at
peak load due to preloads. These effects become more pronounced with increasing preload.
For example, as shown in Figure 9a, when . = 0, the ultimate lateral load-bearing capacity
with Bs = 0.2, 0.4, and 0.6 decreases by 1.0%, 2.2%, and 3.4%, respectively, compared to the
case with s = 0, while the corresponding displacements increase by 6.41%, 11.7%, and
18.9%. Similarly, for specimens with . = 0.2, 0.4, and 0.6 (Figure 9c), the ultimate lateral
load-bearing capacity decreases by 0.3%, 0.9%, and 1.7%, respectively, with corresponding
displacement increments of 2.3%, 7.5%, and 14.7%, relative to the case with . = 0. These
results demonstrate that preloads significantly improve ductility, as observed in the con-
verging post-peak load—displacement curves. This enhanced energy dissipation capacity
is vital for seismic safety, transforming the design strategy for CE-CFST columns from
compensating for initial stresses to actively leveraging them.

0 10

A (mm)

(a)

. 250 . ;
200 _ 1
\ ~ 150 F ,;7‘;/ ‘ i
— 50 & 100 /i B.=0 i
----p=02 i ----p=02
—--p=04 50 H' ——-p=04
B=0.6 B.=0.6
20 30 % 10 20 30
A (mm) A (mm)
(b) (c)
Figure 9. Load-displacement curves under varying preload combinations: (a) B = 0; (b) B¢ = 0.2; (c)
Bs = 0.6.

3.2. Effects of Two-Stage Preloads on Load-Bearing Mechanism

This study employed the fiber element method to disaggregate and assess the individ-
ual axial and lateral load contributions within CE-CFST columns, thereby clarifying their
load-bearing mechanism under two-stage preloads. Figure 10 illustrates the evolution of
the encased concrete’s contribution ratio to both axial and lateral load resistances under
various preload combinations.

1.0
g 08 . .
k| 2 09
2 2 03
@« el
g 8 §O.7
—_ 9 " i
g g § 0.6
= = 5 0.5F :
3 S S04t
wD03F / — /080 ] 5 203l ST
g Eo02p --—--B=064=0 T £ 0al ---=-B=0.6 5=0
2 8 8, : _ -
g olp e B=0.6 =06 1 g ot 777 Calia
200 : ' 0.0 ' '
(=™
0.00 0.04 0.08 0.12 0.00 0.04 0.08 0.12
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Figure 10. Curves of load proportion carried by encased concrete with curvature under varying
preload combinations: (a) Axial load; (b) lateral load.

Figure 10a demonstrates consistent trends in the axial load proportion borne by the
encased concrete across various preload states. This proportion initially rises but later
declines with increasing lateral load. The structural response can be explained as follows:
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the initial application of lateral load causes the sectional neutral axis to move, which
redistributes more axial force to the peripherally located encased concrete. After the
attainment of the peak lateral load, the axial force progressively redistributes toward the
inner CFST due to ongoing plasticity and concrete cracking. The presence of preloads
continuously influences this load distribution mechanism.

The impact of preloads is immediately evident in the reduced load contribution of the
encased concrete. At the onset of lateral loading, its contribution ratio falls to 20% (with
preloads) from a baseline of 57% (without preloads). Although this ratio later rises to
a peak of 56% in the presence of preloads, it remains notably lower than the 66% peak
observed in the stress-free column. This difference arises mainly because the preloads alter
the strain distribution under axial loading, which accentuates disparities in stress develop-
ment between the core and encased concrete during flexural loading, thereby leading to
distinct patterns of axial load redistribution. Furthermore, the encased concrete in CE-CFST
columns typically exhibits lower ductility under combined compression and bending than
the inner CFST core of such columns. This issue is mitigated by the introduction of preloads,
which shift the axial load away from the encased concrete and thereby reduce its axial
compression ratio. This mechanism leads to improved ductility of CE-CFST columns under
the influence of preloads, demonstrated in Section 3.1. By the final loading stage, the axial
load contribution ratio of the encased concrete stabilizes at approximately 48% under all
preload conditions.

Figure 10b indicates that the encased concrete generally makes a substantial contri-
bution to the lateral load resistance in CE-CFST columns. This occurs primarily because
the centrally located CFST component of the cross-section provides limited resistance to
bending. Moreover, the lateral load contribution ratio of the encased concrete exhibits a
consistent evolutionary pattern under all preload conditions: during the initial loading
stage, it accounts for more than 90% of the total lateral resistance; as loading continues, this
proportion gradually decreases and eventually stabilizes at approximately 70%.

To elucidate this behavior, the lateral load contributions between the encased concrete
and the inner CFST component under different preload combinations were examined, as
plotted in Figure 11. The results illustrate that preloads decrease the lateral load contribution
of both components before the peak load is reached. This is attributed to the way preloads
alter the actual axial compression ratios: they lower the ratio for the encased concrete
but increase it for the inner CFST. Consequently, the lateral capacity of both components
diminishes when subjected to very high or very low axial compression ratios. Nevertheless,
the proportional reductions in lateral load sustained by the encased concrete and the
CFST are similar, leading to a relatively constant load contribution ratio between the two
components. In the post-peak stage, the lateral load contributions from both components
stabilize at comparable levels, regardless of the preload conditions.

In conclusion, the initial loading stage is particularly critical for CE-CFST columns, as it
is where the preloads exert their most substantial influence on the subsequent compression-
bending behavior. As deformation progresses, a convergence in the axial and lateral
load distribution among the components occurs. This progressive load redistribution is
the underlying mechanism that drives the post-peak load—displacement curves toward
alignment, as evidenced in Figure 9.

3.3. Effects of Two-Stage Preloads on Compression Zone Depth

In the seismic design of concrete structures, the compression zone depth is a criti-
cal indicator. It refers to the vertical distance between the neutral axis and the extreme
compression fiber, marking the effective depth of concrete engaged in carrying compres-
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sion. Figure 12 compares the evolution of the compression zone depth with the sectional
curvature of CE-CFST columns under various preload combinations.
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Figure 11. Curves of lateral load carried by different components with curvature under varying
preload combinations: (a) Encased concrete; (b) inner CFST.
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Figure 12. Variation in compression zone depth with curvature under varying preload combinations:

(@) Bc=0; (b) Bc =0.2; (c) Bs = 0.6.

As demonstrated, increasing s and B, promotes an earlier shift from full to partial
compression in the cross-section. Moreover, both the reduction rate and magnitude of
compression zone depth increase with the sectional curvature. With other conditions
identical, the maximum difference in the compression zone depth reaches 32 mm between
CE-CFST columns with different 5, and 78 mm for those with different 3., indicating that
B¢ has a more pronounced influence on the compression zone depth.

3.4. Effects of Two-Stage Preloads on n-P Relationship

As a fundamental parameter controlling seismic ductility in RC and composite
columns, the axial compression ratio (1) is critically examined. Figure 13 provides a com-
parison of the n—P relationships, illustrating the variation in lateral ultimate load-bearing
capacity for CE-CFST columns under various preload combinations.

The findings indicate that preload exerts a negligible effect on the critical axial compres-
sion ratio (1) corresponding to the balanced failure between large and small eccentricities
in CE-CFST columns. However, the influence trend of preload on P diverges near an axial
compression ratio of approximately 0.5. Specifically, when n < 0.5, P decreases slightly with
increases in the preloads. Conversely, when n > 0.5, P improves to some extent with in-
creases in the preloads. The phenomenon fundamentally stems from how preload modifies
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the failure state. For a fixed axial load (i.e., a constant 1), preload notably alters this depth at
failure, which lowers lateral capacity under low n but has the opposite effect under high #.
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Figure 13. n—P Curves under varying preload combinations: (a) S = 0; (b) B = 0.2; (c) Bs = 0.6.

4. Parametric Analysis of Monotonic Compression-Bending Behavior

Existing studies have demonstrated that structural parameters—comprising the axial
compression ratio (1), steel tubular diameter-to-thickness ratio (D/t), stirrup spacing (s),
and encased concrete thickness (f,)—are critical factors influencing the seismic performance
of CE-CFST columns without preloads. This study employed a parametric analysis to
systematically investigate the role of these parameters on how two-stage preloads affect
the column’s monotonic compression-bending response. In each course of each analytical
process, only one of the aforementioned parameters was varied while the others were held
constant. To facilitate comparative analysis, an influence coefficient for the ultimate lateral
load-bearing capacity (K,) was defined, as expressed in Equation (7).

Pyo
Ky =5 @
where P,g and P, represent the lateral ultimate load capacities of CE-CFST columns without
and with preloads, respectively.

4.1. Effect of Axial Compression Ratio (n)

In the design of both RC and steel-concrete composite columns, the axial compression
ratio (n) is a primary factor that controls the achievable lateral load-bearing capacity and
ductility. This study examines its effects across a range of 0.2 to 0.7.

Figure 14 presents the relationship between K, and the preload coefficients under
different scenarios: Figure 14a shows the variation when only the steel tubular preload
coefficient (fs) is modified, while Figure 14b displays the corresponding changes for
adjustments in the in-tube concrete preload coefficient (8.). The results indicate that at axial
compression ratios n < 0.5, K}, consistently decreases as the preload coefficients (85 and B)
increase, with maximum reductions of 3.2% and 2.5% observed, respectively. For identical
preload coefficients, the absolute values of K, under different axial compression ratios
differ by up to 1.2%. Conversely, when n > 0.5, K}, increases with rising preload coefficients,
reaching maximum increments of 1.4% and 9.9%, respectively. Under identical preload
conditions, the variation in K}, across different axial compression ratios reach up to 8.1%.

These results identify the axial compression ratio (1) as a key determinant that moder-
ates the effect of two-stage preloads on K. The underlying principle is that over 70% of
the lateral load is consistently carried by the encased concrete throughout the monotonic
compression-bending process. The presence of preloads alters the internal load distribution,
reducing the actual axial compression ratio on the encased concrete. This redistribution
mitigates the weakening effect of a high global axial ratio (1), thereby enhancing the ul-
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timate lateral capacity. These insights lead to distinct design strategies: in regions with
n < 0.5, the beneficial effect allows for more economical designs. In regions with n > 0.5,
the preload-induced reinforcement should be leveraged and can be further enhanced by
increasing the cross-sectional area or specifying a lower diameter-to-thickness ratio.
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Figure 14. Influence of preload coefficients on K, under varying axial compression ratios: (a) 8 = 0.2;
(b) Bs = 0.6.
4.2. Effects of Steel Tubular Diameter-to-Thickness Ratio (D/t)

The seismic performance of both the inner CFST component and the overall column is
primarily controlled by the steel tubular diameter-to-thickness ratio (D/t), as it determines
the degree of confinement provided to the in-tube concrete. This ratio was investigated by
varying the tube thickness to 4, 6, 8, and 10 mm.

Figure 15a,b contrast the variation of K, with s when only the steel tubular preload or
the in-tube concrete preload is modified, respectively. As observed in Figure 15a, for a given
Bs, Kp decreases with reducing D/t ratio. At a fixed D/t ratio, the maximum and minimum
reductions in K, are 3.3% and 2.1%, respectively, resulting in a difference of 1.2%. From
Figure 15b, an inverse relationship between K, and the D/t ratio is indicated for a given f.
At a constant D/t ratio, the reduction in K, ranges from 1.3% to 2.1%, corresponding to a
variation of 0.8%.
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Figure 15. Influence of preload coefficients on K, under different diameter-to-thickness ratios:
Bc =0.2; (b) Bs = 0.6.
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These findings confirm that the D/t ratio plays a dual role: it modifies the influence
of steel tubular preload on K, while concurrently governing the sensitivity to in-tube
concrete preload. The underlying mechanism is that for a given j;, a thicker steel tube
(corresponding to a smaller D/t ratio) carries higher preload, thereby supporting a larger
proportion of the axial load. This lowers the actual axial compression ratio in the encased
concrete, thereby diminishing its lateral load capacity. Therefore, one should specify
a maximum D/t ratio in critical regions (e.g., lower piers) to enhance stability, and permit
a higher ratio in secondary areas to optimize economy.

4.3. Effects of Stirrup Spacing (s)

The stirrup ratio, a key parameter of the encased concrete’s strength and ductility, was
investigated by modifying the stirrup spacing. The analysis considered spacings of 40, 60,
80, and 100 mm.

Figure 16 examines the effects of preloads on K, under different stirrup spacings,
presenting results for the steel tube (Figure 16a) and the in-tube concrete (Figure 16b) sepa-
rately. Figure 16a demonstrates that K, increases with reduced stirrup spacing at a constant
Bs- And at a constant stirrup spacing, K, decreases with increasing s, with maximum
and minimum reductions of 3.4% and 1.8%, respectively, resulting in a difference of 1.6%.
From Figure 16b, for a given B, K, remains largely unchanged with decreasing stirrup
spacing. Under fixed stirrup spacing, K, decreases as f. increases, showing maximum
and minimum reductions of 2.5% and 1.6%, respectively, with a difference of 0.7%. These
results demonstrate that stirrup spacing governs how steel tubular preload affects K}, while
playing an insignificant role in the in-tube concrete’s preload effect.
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Figure 16. Influence of preload coefficients on K, under different stirrup spacings: (a) 8. = 0.2; (b)
Bs = 0.6.

4.4. Effects of Encased Concrete Thickness (t)

The ratio of the steel tubular diameter to the cross-sectional width was examined by
varying the encased concrete thickness. The parametric study considered thicknesses of
280 mm, 300 mm, and 320 mm to quantify its influence on mechanical performance.

Figure 17a,b present the evolution of K, with preloads in the steel tube and in-tube
concrete, respectively, across different encased concrete thicknesses. This visual similar-
ity between the two sets of curves indicates that the encased concrete thickness plays
a negligible role in moderating the influence of either type of preload on Kp,.
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Figure 17. Influence of preload coefficients on K, under varying encased concrete thicknesses: (a)
Bc =0.2; (b) Bs = 0.6.

The above parametric analysis reveals that the principal parameters governing the
steel tubular preload effect on Kp are the axial compression ratio (1), stirrup ratio, and steel
tubular diameter-to-thickness ratio (D/t). For the influence of in-tube concrete preload,
the axial compression ratio (1) and the steel tubular diameter-to-thickness ratio (D/t) ratio
emerge as the key factors. Consequently, these identified parameters require comprehensive
consideration in both predicting the ultimate lateral-bearing capacity of CE-CFST columns
with two-stage preloads and developing corresponding restoring force models.

5. Establishment of Restoring Force Model of CE-CFST Columns with
Two-Stage Preloads

To comprehensively elucidate the seismic property of CE-CFST columns under two-
stage preloads, in addition to assessing their monotonic compression-bending behavior, it
is imperative to develop a restoring force model capable of predicting hysteretic response.
This model incorporates the skeleton curve with hysteretic rules to quantify structural
strength, stiffness, and degradation characteristics, thereby enabling accurate prediction of
structural member behavior under cyclic seismic loading. Accordingly, this study proposes
a degenerate trilinear restoring force model illustrated in Figure 18 for CE-CFST columns
with two-stage preloads.

Figure 18. Degenerate trilinear restoring force model.

5.1. Establishment of Skeleton Curve

Establishing the skeleton curve is the primary step in formulating the degenerate
trilinear restoring force model. This curve is defined by three critical points (A, B, and C
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in Figure 18): Point A (the yield point) defines the onset of the hardening stage; Point B
(the peak point) indicates the transition from the hardening to the descending stage; and
Point C (the failure point) defines the termination of the skeleton curve. Consequently,
the key model parameters include: yield load (Py), elastic stiffness (Kj), ultimate lateral
load-bearing capacity (P,) and its corresponding peak displacement (A,), degradation
stiffness in the descending stage (K;), failure load (P;), and unloading stiffness (K;).

This study employs a combined approach of curve fitting and theoretical calculation
to determine these key parameters. The restoring force model for CE-CFST columns incor-
porating two-stage preloads was developed by integrating the identified parameters with
established hysteretic rules. Theoretical calculations utilize the same constitutive models
and fundamental assumptions outlined in Section 2.2, while concrete’s tensile contribution
is neglected to streamline the computational procedure. The selection and calculation
procedures for the key parameters are detailed in the following sections. According to the
parametric analysis, the parameters fall into two distinct categories: those sensitive to the
two-stage preloads and those largely unaffected by them.

5.1.1. Parameters Unaffected by Two-Stage Preloads
1. Yield load

The yield load Py is calculated using the following formula [27]:
P, =0.6P, (®)

where P, is the ultimate lateral load-bearing capacity.
2. Peak displacement

The peak displacement (A,) is predicted using the following formula [29]:
¢u = €cul/C )

1
Ay = gcpuH2 (10)

where &, represents the ultimate curvature corresponding to the peak load; €, represents
the ultimate compressive strain of concrete at the compression edge; and c represents the
vertical distance between the neutral axis to the concrete compression edge.

3.  Failure load

The failure load (P;) is given by the following expression [30]:
P, = 0.85P, (11)

4. Unloading stiffness

The unloading stiffness (K;) is determined using the following formula [27]:

Kq |Ar| <Ay

U@ e "

where A, denotes the displacement at the unloading point, and ( is an empirical coefficient
taken to be 1.2.

5.1.2. Parameters Affected by Two-Stage Preloads

1.  Elastic stage stiffness
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The initial elastic stiffness (K;) for CE-CFST columns without preloads is calculated
according to the pure bending member stiffness formula provided in a previous study [25]
(Equation (13)). Furthermore, given that the axial compression ratio (1) negligibly impacts
the flexural stiffness in the elastic stage, the elastic flexural stiffness can be accurately
estimated by applying the calculation method devised for pure bending members, as given
in Equation (13).

Kl - 3(Es,sls + Es,lIl + Ec,corelcore + Ec,outlout)/I_I3 (13)

where the elastic modulus and moment of inertia are defined as follows: Es s and I for the
steel tube; E; ; and I; for the longitudinal reinforcement bars; E¢ core and ey for the in-tube
concrete; and E¢ oyt and Iy for the encased concrete. H represents the column height.

However, under two-stage preloads, the steel tube may yield before the lateral load
reaches 0.6P,, leading to lower elastic stage stiffness in CE-CFST columns than predicted
by Equation (14) (see Figure 9). Thus, the elastic stiffness K, for columns under two-stage
preloads is derived from calculated K; values through regression analysis. Regression data
were obtained from the elastic stage stiffness values derived from parametric analysis re-
sults of the baseline member under various preload combinations, as presented in Section 3.
The regression curve incorporates the influence of both the first-stage preload coefficient
(B1) and the second-stage preload coefficient (82). The specific calculation is given by the
following formula:

Ka/Ky = f(B1) - f(B2) (14)

where f(B1) and f(B,) are influence factors of the first- and second-stage preloads on
elastic stage stiffness, respectively. The specific formulas for these factors are as follows:

f(B1) = B12—0.996p, — 0.885 (15)

f(B2) = —0.7238,2+0.674p, + 0.885 (16)
2. Ultimate lateral load-bearing capacity

An accurate prediction of the ultimate lateral load capacity (P,) in compression-
bending CE-CFST columns is achieved by employing the superposition method outlined
in previous studies [27,28,31-33]. This approach divides the cross-section of CE-CFST
columns into two distinct components: the encased reinforced concrete (RC) element and
the CFST element. The composite capacity of the CE-CFST column is determined from the
separate load-bearing capacities of its individual components, with the specific calculations
provided below:

N = Ny + chst (17)

M = Mrc + Mcfst (18)

where Nyc and N5 represent the axial force resisted by the encased concrete component
and the CFST component, respectively. M. and M,f,; represent the bending moment
resisted by the encased concrete component and the CFST component, respectively.

To determine the ultimate lateral load capacity (P,) of CE-CFST columns, the estab-
lished internal-external force relationship M = PL + NA is applied once the ultimate
sectional capacity (N, M) is known.

(a) Contribution of encased RC component

Figure 19 [29] depicts the calculation model, which represents the encased concrete
cross-section as an I-section and is further idealized using an equivalent rectangular
stress block.
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Figure 19. Simplified cross-section and strain of the encased concrete section.

Since the encased RC component is not subject to preloads, its axial force (N;.) and
bending moment (M) capacities are evaluated based on established methods for conven-
tional RC members under compression-bending [24,34]. The computational model, shown
in Figure 19 [31], idealizes the cross-section as an I-section using an equivalent rectangular
stress block. The capacities are then calculated based on the average compressive stress
(a1 fc,out), the equivalent compression zone height (51c), and the effective area (A, out) of the
encased concrete, as detailed in Equations (19)—(22) [24,25], where a1 and 1 are reduction
coefficients specified in a previous study [24].

Nye = a1 feout Aeout + ZUliAli (19)
B B
My = ‘lec,outAe,out E — Xcout | T+ ZUHA” E X (20)
c—xy
01 = Eg j€cu L (ol < fr) 1)
i = €eculc—xp5)/c (22)

where A, and Aj; represent the areas of the equivalent stress block of the encased
concrete and the longitudinal reinforcement bars, respectively. x4+ and x;; represent
the distances from the centroids of the encased concrete equivalent stress block and the
longitudinal reinforcement to the compression edge, respectively. o; and ¢; represent the
stress and strain in the longitudinal reinforcement.

(b) Contribution of CFST Component

The axial force and bending moment resisted by the CFST component are calculated
following established methods [24,27,34]. In this model, the in-tube concrete is idealized
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using an equivalent rectangular stress block (Figure 20), enabling the computation of axial
force (Ncore) and bending moment (M) through the following simplified expressions [27]:

Neore = 'YAC,Coreo'e,core (23)

Meore = 7Ac,coreae,core (0-5B - xe,core) (24)

where 0e core Tepresents the stress at the centroid of the compression zone of the in-tube
concrete, Xecore represents the distance from the centroid of the compression zone to the
compression edge, and A is the area of the compression zone. 7 is the equivalent
area coefficient.
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Figure 20. Strain in the in-tube concrete section.

It is important to note that the in-tube concrete is subjected to second-stage preload,
which must be accounted for in the calculations. As illustrated in Figure 20, the depth of
the neutral axis (c;) determined from analyzing the CFST component in isolation differs
from that of the overall composite section (c). This isolated neutral axis depth (c;) for the
CFST component is calculated using the following formula:

¢ = (ﬁnys —|—1>c (25)

Essecu

The axial force (Ns) and bending moment (M;) resisted by the steel tube are determined
by the following simplified expressions [32]:

N; = klfysAs (26)

M;s = kaysAsD (27)

Critically, the steel tube experiences combined first- and second-stage preloads, which
must therefore be accounted for in the analysis. As shown in Figure 21, this results in
a distinct neutral axis depth (cy) for the steel tube alone, differing from that of the global
composite section (c). This isolated neutral axis depth (c;) for the steel tube is determined
using the following expression:

(B1 +/32)fys+1 c

28
Essecy (28)
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Figure 21. Strain in the steel tube section.

The relevant parameters in Equations (23)—(28) can be found in the references [27,34].
3. Degradation stiffness in descending stage

The degradation stiffness (K) is determined through regression analysis, utilizing data
obtained from the parametric analysis of CE-CFST columns subjected to different preload
conditions as presented in Section 3. The regression model incorporates the influence of
multiple parameters: the first-stage preload coefficient (81), second-stage preload coefficient
(B2), axial compression ratio (n), stirrup ratio (p), and steel tubular ratio («, defined as the
steel tubular volume to the total specimen volume). The calculation is performed as follows:

Ki/Ka = —f(B1) - f(B2) - f(n) - fp) - f(a) (29)
F(B1) = 0.057B + 0.501 (30)

£(B2) = 0.467B, + 1.025 (31)

f(n) =3.921n + 0.852 (32)

fp) = —8.662p + 0.854 (33)

f(&) = 0.691a 4 0.062 (34)

5.2. Hysteretic Rules

As shown in Figure 18, the hysteretic rules for the restoring force model of CE-CFST
columns under two-stage preloads can be concluded as follows:

1. Elastic stage (O-A): For loads below the yield load (Py), both loading and unloading
are collinear along segment O-A, defining the stage of constant stiffness K,.

2. Hardening stage (A-B): When the load exceeds P, but remains below the ultimate load
P, the loading path follows segment A-B. Unloading from any point 1 on segment
A-B is directed toward point 2, with both loading and unloading stiffnesses equal to
K,. The absolute load value at point 2 is one-fifth of that at point 1. Reloading then
commences in the reverse direction from point 2 to point 3, where the absolute load
value equals that at point 1. Subsequent loading continues to point 1’ on the skeleton
curve. These rules are repeated analogously for forward loading, thereby completing
a full hysteretic loop.

3. Descending stage (B-C): Upon exceeding the peak displacement (A,) while remaining
below the failure displacement (A;), the loading path follows segment B-C. Unloading
from any point 4 on segment B-C proceeds toward point 5 with unloading stiffness
(Kr). The absolute load value at point 5 equals one-fifth of that at point 4. Reloading
then continues in the reverse direction from point 5 to point 6, where the absolute
load value matches that at point 4. Subsequent loading proceeds to point 4’ on the
skeleton curve, and the same rules apply for forward loading, thereby completing the
hysteretic loop.
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4. Loop continuation: The complete restoring force model is assembled through the
systematic synthesis of all hysteretic loops, each generated by the aforementioned
rules, with the skeleton curve serving as the foundational backbone.

5.3. Validation of the Restoring Force Model

To validate the accuracy of the restoring force model, eight CE-CFST specimens were
designed and subjected to numerical analysis. The basic parameters, including geometric
dimensions and material mechanical properties, are consistent with those of the baseline
member described in Section 2.1.

The investigated parameter combinations and their corresponding peak loads, as
calculated by the fiber element method and the restoring force model, are detailed in
Table 2. The parameters include the preload coefficients (81, B2), axial compression ratio
(n), stirrup ratio (p), and steel tubular ratio (x). Here, Py is the average ultimate lateral
load-bearing capacity calculated by the restoring force model in both positive and negative
loading directions. The comparison yields a mean Pres/ Py;p ratio of 0.98 with a standard
deviation of 0.0004, indicating close agreement between the fiber element method and
restoring force model. As shown in Figure 22, the hysteretic behavior from the proposed
model exhibits strong consistency with the reference skeleton curves generated by the
fiber element method. These results validate the rationality and accuracy of the developed
restoring force model.

Table 2. Comparison of results between the restoring force model and fiber model.

Specimen B1 B> n P @ Py P Pres/Prip
1 0 0 0.3 0.022 0.034 198.8 194.8 0.98
2 0.2 0.2 0.3 0.022 0.034 193.9 193.9 1.0
3 0.2 0.2 0.2 0.022 0.034 193.6 189.8 0.98
4 0.2 0.2 0.4 0.022 0.034 179.6 176.04 0.98
5 0.2 0.2 0.3 0.032 0.034 197.1 193.1 0.98
6 0.2 0.2 0.3 0.016 0.034 191.7 187.9 0.98
7 0.2 0.2 0.3 0.022 0.023 1874 183.6 0.98
8 0.2 0.2 0.3 0.022 0.045 197.2 193.3 0.98
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Figure 22. Comparison of the restoring force model with numerical analysis results: (a) Specimen
1; (b) Specimen 2; (c) Specimen 3; (d) Specimen 4; (e) Specimen 5; (f) Specimen 6; (g) Specimen 7;
(h) Specimen 8.

6. Conclusions
Based on the research results, the following conclusions are derived:

1.  Two-stage preloads significantly alter the internal force distribution by reducing the
axial compression ratio (1) carried by the external reinforced concrete (RC) component
and conversely increasing that borne by the internal concrete-filled steel tubular
(CFST) component. This redistribution alters the relationship between the axial
compression ratios of these components and their respective critical axial compression
ratios. This redistribution consequently exhibits a threshold behavior around n = 0.5:
it enhances both the lateral ultimate bearing capacity and ductility at lower ratios
(n < 0.5) but impairs them at higher ratios (n > 0.5). For the baseline columns with
n = 0.3, the ultimate lateral load-bearing capacity and its corresponding displacement
were maximally improved by 3.4% and 18.9%, respectively, across the investigated
preload combinations.

2. The preloads lead to a significant reduction in the compression zone depth of the
CE-CFST section. Specifically, as the preloads increase, the transition from a fully
compressed cross-section to a partially compressed cross-section occurs at an earlier
stage. Moreover, both the rate and magnitude of the reduction in compression zone
depth with increasing sectional curvature become more pronounced. The baseline
columns show a maximum compression zone depth variation of 32 mm with changes
in steel tubular preload, compared to 78 mm with in-tube concrete preload variation,
demonstrating that the in-tube concrete preload has a significantly more pronounced
effect on compression zone development.

3. Parametric analysis reveals the axial compression ratio (1), stirrup ratio (p), and
diameter-to-thickness ratio (D/t) as dominant factors governing steel tubular preload
effects. In comparison, in-tube concrete preload is primarily moderated by n and
D/t ratios.

4. Following the conventional framework for curve-type restoring force models, a special-
ized degenerate trilinear model was established for CE-CFST columns with two-stage
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preloads using parameters derived from monotonic compression-bending analysis.
Consequently, it can serve as a practical sectional constitutive relationship for the seis-
mic analysis of structures incorporating CE-CFST members with two-stage preloads.

This study provides a fiber model and a restoring force model for the monotonic
compression-bending performance and seismic performance of CE-CFST columns subjected
to two-stage preloads, respectively, which provides a basis for future research. In addition,
the proposed restoring force model should be extended to general cyclic loading scenarios
to fully capture energy dissipation and strength degradation under repeated seismic loads.
These advances hope to provide reference for the seismic design of CE-CFST columns
subjected to two-stage preloads.
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