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Abstract. To study the axial compression performance of composite constrained
concrete columns with steel tube and prestressed steel hoops, seven groups (three
specimens each group) were subjected to axial compression tests of constrained
concrete columns. The axial compression mechanism of steel tube and pre-
stressed steel hoop composite constrained specimens is analyzed from the de-
struction pattern of the specimen, the destruction pattern of external prestressed
steel hoop, load-displacement curve and load-strain curve. And compared with
steel tube or prestressed steel hoop alone constrained concrete column. The axial
stress performance of composite constrained concrete columns was analyzed by
finite element software ABAQUS. The results show that the steel tube and pre-
stressed steel hoop composite constrained concrete have better bearing capacity
and deformation capacity compared with steel tube or prestressed steel hoop
alone constrained concrete column. As the prestressed steel hoop increases in
prestressing level and the spacing decreases, its bearing capacity also increases.
The load-strain curve of the established model agrees well with the test. There-
fore, it is feasible to analyze the axial compression of the composite constrained
concrete by using the ABAQUS finite element model established in this paper.

Keywords: Steel jackets reinforced concrete, Prestressed steel hoop, con-
strained concrete, Axial compression, Finite element analysis

1 Introduction

The main limitation of the concrete, which is the most commonly used building
material, lies in its brittle failure form that offers little warning before failure occurs.
Enhancing the lateral constraint of concrete serves as a common approach to enhance
both its strength and ductility. Concrete lateral restraint can be categorized into
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passive and active types based on the different methods employed for applying lateral
restraint pressure [1]. The key distinction between these two types of constraints lies
in the fact that lateral pressure exists prior to subjecting concrete to axial load. In
passive restrained concrete, this lateral pressure arises from concrete expansion and is
accompanied by concomitant damage.

Theoretical analysis and experimental research have been extensively conducted
by both domestic and foreign scholars on passive restrained concrete. Various
methods for achieving passive restraint, such as stirrup restrained concrete, steel tube
restrained concrete, and fiber reinforced composite material (FRP) restrained
concrete, have been investigated. It has been found that the bearing capacity of
restrained concrete members can be effectively improved with an increase in steel
content [3-6]. However, studies indicate that when the steel ratio is low, the restraint
effect of a steel tube on concrete is relatively poor, resulting in overall shear failure of
the concrete filled steel tube. To avoid this shear destruction pattern in constrained
fiber-reinforced cementitious composites (CFST), increasing the wall thickness of the
steel tube is necessary. Nevertheless, this leads to an increase in section area and mass
as well as stiffness (primarily flexural stiffness) of CFST components. Consequently,
it reduces their natural vibration period and increases seismic demand [7].
Furthermore, it should be noted that a steel tube only exerts a restraining effect on
core concrete when subjected to axial loads close to its yield load and radial
expansion-induced circumferential stress within the tube [8], which also introduces
stress lag issues .

There is a limited body of research on actively restrained concrete, with existing
studies predominantly concentrating on Shape Memory Alloy (SMA) restrained
concrete and prestressed steel strand restrained concrete. Research [9][10] indicates
that concrete constrained by Shape Memory Alloys (SMA) and prestressed steel
strands can provide effective initial horizontal restraint under load, addressing stress
lag issues. However, it is important to note that if the constrained concrete is
damaged, both SMA and prestressed steel strands may penetrate the concrete, leading
to stress loss. Additionally, active restraint technology is relatively complex, requiring
substantial manpower, mechanical equipment, and resources, which can be time-
consuming and costly. Fakharifar[11] proposed a method combining thin steel plates
with prestressed steel strands to strengthen piers in order to address stress loss
because of concrete penetration during seismic repairs and increased structural
seismic demands during pier repair and reinforcement using thick steel plates. The
results turn out that this method can restore the bearing capacity and ductility of piers
even beyond their original levels while achieving satisfactory repair effects.
Nevertheless, challenges remain such as the need for tensioning prestressed steel
strands using mechanical equipment and additional manpower.

In this study, based on Fakharifar's research, the combination of stainless steel
plate and prestressed steel hoop is used to restrain concrete together to form a mixed
restraint form. The active constraint of prestressed steel hoops can solve the problem
of passive constraint stress hysteresis well, and the existence of steel plates can retain
the prestressed stress well without penetrating the concrete and causing stress loss,
and can effectively constrain the bearing capacity and ductility of concrete. Based on



Experimental Study and Finite Element Analysis of Composite 81

the proposed mixed restraint form, this study performed axial compression tests on 21
concrete specimens, including both unrestrained concrete and steel tube-restrained
concrete, prestressed steel hoop-restrained concrete and mixed restrained concrete
specimens. The composite restraint specimens of steel hoops and prestressed steel
hoops were analyzed from the aspects of load-displacement curve and load-strain
curve of the specimens. On the basis of the experimental research, the finite element
analysis software ABAQUS is used to simulate the axial pressure performance of the
composite constrained concrete specimen, and then promote the further research and
application of the composite constrained concrete specimen.

2 Test profile

2.1  Specimen design

A total of twenty-one 150mm x 300mm concrete cylinders were designed in this
experiment. The influences of three factors on the axial static properties of the
specimens were considered: different constraint types (unconstrained, active, passive
and mixed constraints), the distance between the wires of the steel hooped
(145mm,97mm) and different prestress levels (0.3 and 0.4 times tensile strength).
Detailed design parameters of specimens are shown in Table 1. In Table 1, /4 is the
restrained height of the steel plate, S is the distance between the middle lines of the
steel hoop, and £ is the initial prestress level of the steel hoop.

The specimen preparation involves two main steps: forming the plain concrete
cylinders and applying external constraints. Initially, plain concrete cylinders are cast
alongside a batch of cube and prism test blocks, which are cured under standard
conditions for 28 days. The active constraint utilizes prestressed steel hoops
specifically, 1 mm thick and 26 mm wide 201 stainless steel hoops applied to the
concrete. The passive constraint employs 1 mm thick stainless steel plates, which are
welded to the specimen. For mixed constraints, the process involves wrapping the
concrete with a steel pipe and then applying prestressed steel hoops over the pipe.
When using the steel plate as an external constraint, the thin stainless steel plate is
attached to the concrete cylinder with the steel hoop, ensuring a tight fit with no gaps.
The lower edge of the plate is aligned with the bottom of the concrete specimen,
while the upper edge is positioned 10 mm below the top of the specimen (except for
Group S samples, where it is flush with the concrete height). The steel plate is then
spot-welded in place, and after securing the connection, the steel hoop is removed
before welding the outer steel pipe.

Table 1. Specimen number and parameters

Constrain Constraint
Number . k
t type quantity h(mm) S(mm)
1 plat
PS-3-04-C1,C2,C3  Active plate3 290 132 0.4
hoops
. 1 plate3
PS-3-03-C1,C2,C3 Active 290 132 0.3

hoops
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1 plate3

PS-4-03-C1,C2,C3 Active 290 88 0.3
hoops
P-C1,C2,C3 Active 3 hoops - 132 None
uc-C1,C2,C3 None None - - None
S-C1,C2,C3 Passive 1 plate 300 - None
SC-C1,C2,C3 Passive 1 plate 290 - None

The method for applying prestress to the steel hoop is as follows: The steel hoop,
connected to the strain measuring instrument, is positioned around the outside of the
specimen. The bolt is then turned to secure the steel hoop to the specimen, and the
strain of the collector is set to zero. The bolt is further tightened to apply the initial
prestress. The prestress application is divided into four stages—20%, 50%, 80%, and
100% of the design value. At each stage, prestress is first applied to the middle
section of the steel band and then to the ends until the strain measured by the collector
reaches the specified design initial strain value.

2.2 Material properties

The concrete used in the test was C40 concrete, and the same batch of 100mm side
length concrete cube test blocks and 100mmx100mmx300mm prismatic test blocks
were reserved during the pouring of the specimens. They were maintained by
standard, and their compressive strength and elastic modulus were tested according to
the Standard of Test Method for Mechanical Properties of Ordinary Concrete [13].
The cubic compressive strength fo,=43.3MPa, the axial compressive strength
fp=31.6MPa, and the elastic modulus £=35.7GPa were obtained.

The stainless steel plate and the prestressed steel hoop are both 201 stainless steel,
and the tensile test is carried out according to the method given in the code "Tensile
Test of Metal Materials" [12]. The results are shown in Table 2.In the Table 2, ¢, E, f,
and f, are respectively the thickness, elastic modulus, yield strength and ultimate
strength of stainless steel materials.

Table 2. Steel material properties

Type #(mm) E(MPa) f(MPa) fi(MPa)
Stainless Steel plate 1.00 203400 346.15 618.36
Stainless Steel hoop 1.00 207600 334.33 637.25

2.3  Measurement scheme and loading system

For both unconstrained and actively constrained concrete specimens, two axial strain
gauges and two circumferential BX120-50AA strain gauges are positioned 180 °

apart at the mid-height of the specimens to measure longitudinal and transverse
strains, respectively. Additionally, for specimens subjected to initial prestress, two
BX120-5AA strain gauges, also spaced 180 ° apart, are symmetrically placed to
measure tensile strain. In the case of stainless steel constrained specimens, four
circumferential and four axial strain gauges, all BX120-10AA, are installed at the
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mid-height, with each gauge arranged 90 ° apart to ensure comprehensive strain
measurement. The layout of the Concrete-Filled Steel Tube (CFST) configuration is
illustrated in Fig. 1. For lateral displacement, measurement points are located at the
middle of the specimen, with two sensors positioned 180 °  apart. Vertical
displacement is assessed by directing the laser onto an L-shaped steel sheet attached
to the upper end of the specimen.

The electro-hydraulic servo 20t pressure testing machine produced by Jinan Times
Testing Institute was used for monotonic loading. In order to avoid the uneven surface
caused by the concrete curing process, fine sand is evenly laid at the bottom of the
specimen to avoid stress concentration and premature damage caused by the uneven
bottom surface. A circular loading plate is placed on the top of the specimen to make
the load evenly applied. Before placing the circular loading plate, the specimen is
centered and placed under eccentric compression. During the loading process, the
specimen was controlled by force before reaching 200kN and the loading rate was
0.5kN/min, and then by displacement control and the loading rate was lmm/min until
the end of the test. Fig.2 presents the test setup.

Fig. 1. Schematic diagram of strain gauge layout Fig. 2. Test set up

3 Main test results

3.1 Load-displacement curve

The load-displacement curves illustrated in Fig. 3 display variations in different hoop-
spacing, initial prestress levels, and forms of constraint. Analysis of these curves
reveals that increasing the prestress levels and reducing the spacing enhances the
bearing capacity. Furthermore, it is observed that unrestrained concrete, characterized
by poor ductility, exhibits low bearing capacity and a rapid decline in performance
post-peak load, resulting in brittle failure. Conversely, actively restrained concrete,
reinforced with prestressed steel hoops, demonstrates improved bearing capacity and
ductility, though it still suffers from brittle failure. Notably, passively restrained
concrete, utilizing steel tubes, shows significant improvements in both bearing
capacity and ductility compared to unrestrained concrete. Additionally, mixed
restrained concrete specimens, incorporating both steel tubes and prestressed steel
hoops, exhibit a substantial increase in bearing capacity up to 60% and demonstrate
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excellent ductility. Therefore, it can be concluded that mixed restraint provides the
most favorable ductility performance, followed by steel tube restraint, with actively
restrained concrete outperforming unrestrained concrete. These findings robustly
demonstrate that mixed restraint not only enhances the bearing capacity of concrete
but also significantly improves its deformation capacity.

PS-303-01
o+ PS-3-04-02

i 6 8
Axial Displacement (mm)

0oonon

(©)

(d)

Fig. 3. Specimen load - vertical displacement curve(a)different hoop-spacing (b)prestress

levels (c)constraint forms

3.2

(d)mixed constraint

Load-vertical strain and load- steel hoop strain analysis

The load-vertical strain curves for different constraint types are compared in Fig. 4.
Strain data from the four groups of strain flower specimens were averaged, and only
data within the strain gauge useful range (up to 20000pe) were considered, excluding
values above this threshold. The peak strain observed in unconstrained concrete was
approximately 2000pe. In contrast, prestressed steel hoop actively restrained concrete
exhibited a peak strain of 8790pne, while the maximum strain for the prestressed steel
hoop itself was limited to 1350 €. Prior to reaching yield point, excessive cracking
deformation led to specimen failure. At a load reduction of 95% of its bearing
capacity, the vertical strain reached 18850 pe. For specimen PS-3-03, when its load
was reduced to 82% of its bearing capacity, it experienced a peak strain of 18,667 pe;
similarly for specimen PS-4-03 at a load reduction to 89% of its bearing capacity with

a peak strain value recorded as18160pue.

4 Numerical modeling

4.1 Material constitutive model

This finite element model adopts the stainless steel constitutive model proposed by

Rasmusse KJR[14], as shown below:
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Where: ¢ is the stainless steel strain; o is the stainless steel stress; Ey is the initial
elastic modulus of stainless steel; o2 is the nominal yield strength of stainless steel
and the corresponding stress at the residual strain 0.002; n is the strain hardening
In(20)

1n(o-o.z /o0 )

strain is 0.001, Eo. is the elastic modulus corresponding to the nominal yield point,
and the ultimate strain of ey stainless steel. oy is the ultimate strength of stainless steel;

index, n= , o001 is the corresponding stress when the participating

. . o
m is coefficient, m =1+3.5 =22 .
0

The plastic damage model is adopted for concrete, and the o-¢ model under pressure is
adopted the concrete constitutive model proposed by Han Linhai [15], which considers the
restraint effect of steel tube.

4.2  Contact setting

The interface model between the stainless steel plate and the core concrete consists of
normal contact and tangential bond slip. The normal contact model between the
stainless steel plate and core condensate adopts a "hard contact" approach, allowing
complete transfer of pressure perpendicular to the interface, thereby enabling
separation between the steel plate and the concrete during loading. For tangential
contact, a Coulomb friction model is employed, facilitating shear stress transfer across
the interface. When the shear stress reaches its critical value, relative sliding occurs
with an interface friction coefficient of 4=0.3.

4.3  Initial prestress setting of prestressed steel hoops

The initial prestress of the prestressed steel hoops is established through the cooling
method. When defining material properties, the linear expansion coefficient of
stainless steel hoops is provided first, followed by defining the initial prestressed field
temperature as 0. Subsequently, the temperature value corresponding to the initial
stress is determined using the formula 4 7=o¢/E o in order to define the temperature
reduction in prestressing field 1.

4.4  Element type selection, mesh division and boundary conditions

The stainless steel tube and the stainless steel hoop are shell units (S4) in a four-node
fully integrated format. The core concrete adopts three dimensional solid unit
(C3DS8R) in the form of eight node reduction integral. The boundary conditions
calculated in this paper are to impose fixed boundary conditions on the bottom end of
the member, constrain all degrees of freedom except the axial displacement on the top
of the specimen, and apply the axial displacement by setting the reference point
coupled to the member. The grid division and boundary conditions of the model are
shown in Fig. 5.
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5 Finite element model verification

5.1  Failure pattern

The aforementioned finite element model was utilized to validate the test specimens
of prestressed steel hoop-steel tube mixed restraint concrete. Fig. 6 illustrates a
comparison between the destruction patterns of SC, PS-3-03, PS-3-04 and PS-4-03
specimens in the finite element model and those observed in the actual test specimens.
It is evident that both simulated and tested specimens experienced severe damage and
significant buckling at their midsections, resulting primarily from waist drum type
failure. However, due to less constraint caused by fine sand leveling at its lower part,
the actual test specimen exhibited more pronounced drum bending than its upper part

jritgemeeman

(a) SC (b)PS-3-03 (c)PS-3-04 (d)PS-4-03

Fig.6. Comparison of damage modes between ABAQUS model and test specimens

5.2  Comparative analysis of load-displacement curve and bearing capacity

The comparison between the test results and the simulation results of the load-
strain curves of the specimens is illustrated in Fig. 7. It can be inferred that, overall,
there is a good agreement between the two sets of data, with similar stiffness observed
in the elastic segments and a relatively gentle decline in strain after reaching peak
point, indicating favorable ductility. This phenomenon can be attributed to stainless
steel material's pronounced strain strengthening performance post-yielding, resulting
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in stronger restraint on core concrete once member's elastic stage concludes. From
Table 3, it can be deduced that while the simulated results exhibit higher bearing
capacity values compared to those obtained from testing, they still follow a consistent
pattern. The potential reasons for this disparity may include: (1) The presence of
uniformly distributed fine sand at the bottom of the test setup reduces constraint
effects on specimen's base and leads to concrete crushing; thus resulting in lower
bearing capacity than what was simulated. (2) In contrast to actual tests where
prestressed steel hoops are connected using bolts, simulations employ integral
prestressed steel strips. During later stages of loading, slippage may occur among
bolts securing middle section's prestressed steel hoop which diminishes its restraining
effect and consequently lowers bearing capacity relative to simulation.
Table 3. Comparison of bearing capacity between ABAQUS model and test specimens

Average value

Specimen Number Test Ny
N()y

FE model N,  Ny/Ny

PS-3-03-01  777.700

PS-3-03  PS-3-03-02  743.400 775.1 801.96 0.9665
PS-3-03-03  804.230
PS-3-04-01  871.600

PS-3-04  PS-3-04-02  780.500 814.8 937.41 0.8692
PS-3-04-03  792.200
PS-4-03-01  861.700

PS-4-03  PS-4-03-02  853.400 857.5 970.65 0.8833
PS-4-03-03  857.400
SCo1 688.6
SC SCo2 694.5 688.6 74731 0.8947
SC03 682.8
P01 4943
P P02 520.7 4823 538.08 0.8963
P03 504.4
6 Conclusion

(1)The mixed constrained concrete column effectively restrains the specimens during
the initial loading stage, thereby avoiding the stress hysteretic problem associated
with passive constraint. Additionally, it significantly enhances the axial compression
capacity of the steel plate constraint specimen. As the space between prestressed steel
hoops decreases and the initial prestress level increases, there is a corresponding
increase in bearing capacity. Notably, reducing the space between prestressed steel
hoops has a more pronounced effect on improving bearing capacity.

(2) The mixed constrained concrete column effectively enhances the deformation
performance of the specimen, exhibiting significantly improved ductility compared to
prestressed steel hoop-constrained and steel pipe restrained members.
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(3) Based on the FE model, the calculated results demonstrate good agreement with
operational results. It is confirmed that the presence of the fine sand causes larger
deformations at the lower part of the specimen.
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