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Abstract

:

This paper proposes a review of the previous research work and the representative publications regarding the seismic behavior of the concrete-encased steel (CES) columns. Concrete-encased steel sections are composed of steel sections encased in reinforced concrete members. The research work recently showed increased attention to this type of column due to its advantages compared to conventional reinforced concrete columns. Firstly, the analytical studies of the behavior of the CES columns under axial loads, including comparative studies between different research works, are presented. Then, the behavior of the CES columns under combined axial and flexural loads is also highlighted. An overview of the analytical confinement material models is addressed. In addition, the discussion and summary of the seismic behavior of the CES columns and the important parameters affecting the seismic behavior of these types of columns are included. Although important progress has been made by the previous studies in the CES columns under the axial load and the combination of axial and seismic loads, they fundamentally focused on the building columns, and little attention was paid to the impact of lateral reinforcement and their configuration in bridge piers. Due to the lack of studies on the parameters affecting the seismic behavior of the bridges, more studies should still be made to better understand the behavior of the CES bridge piers. This paper provides a reference for the research and engineering practice of concrete-encased steel bridge piers. It also concludes with suggestions for future studies to integrate the seismic requirement of the CES bridge piers in Canada.
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1. Introduction


Engineers have traditionally employed structural components made of steel forms combined with either plain or reinforced concrete. Earlier constructions only focused on the fire and corrosion resistance that the concrete provided for the steel shapes. However, studies on the strength of these members were carried out in the early 1900s, and by 1924, design guidelines had been developed. With the introduction of contemporary composite frame construction in tall structures in recent years, engineers have proposed innovative and practical ways to increase the resistance and ductility of concrete and steel reinforcement bars by using steel sections encased in concrete, also known as concrete-encased steel (CES) sections [1].



The use of concrete-encased columns in structures can reduce the size of the columns and reduce construction costs. In addition, its corrosion and fire resistance are both highly improved. Compared to ordinary columns, steel columns encased in concrete have substantially fewer long-term failures. It has been demonstrated that the ultimate axial load capacity of the CES columns is higher than a reinforced concrete column. This means that the structural steel improved the ultimate load resistance of the CES column [2]. Furthermore, an analytical and experimental study reveals that the axially loaded CES columns can sustain higher axial loads and undergo a smaller axial deformation compared to a conventional reinforced concrete column [3]. The steel and concrete composite building technology combines the flexibility and stiffness of reinforced concrete with the assistance of reinforcing bars to create a cost-effective structure. Generally speaking, the idea that two or more components are combined to make an efficient structure is what gives composite buildings their strength [4]. Nevertheless, the CES columns have certain limitations too. In some cases, it is difficult to cast the concrete since the steel ratio is high and the space between the steel section and the rebars makes it difficult to pour the concrete. During the design phase, the engineers must be extremely mindful of any potential issues with the positioning of the reinforcing steel and congestion as they impact the pier’s constructability, just like with any other concrete column with reinforcing steel [1]. Furthermore, the initial cost of construction of a CES column could be higher than a conventional reinforced concrete column. However, the increase in durability of the CES columns can justify a higher initial cost.



Major infrastructure, including railroads and bridges, ought to be built to withstand significant seismic ground motion. In the CES columns, integrated concrete and steel profile sections help to obtain a high load-carrying capacity and high ductility. Figure 1 presents an example of a recent bridge construction using concrete-encased steel columns in China in 2024 [5].



The application of the CES column in buildings is more frequent than in bridges. Most applications on bridges until now have been on the steel–concrete composite high bridge piers. More specifically, in the mountainous regions, where large quantities of rebars are required as well as concentrated stirrups are required for a conventional reinforced concrete column. In addition, a large number of stirrups and reinforcing bars lowers the quality of construction and reduces efficiency while also making construction more challenging.



As illustrated in Figure 2, hybrid hollow high piers, which are a form of CES columns, offer a new approach to reducing the excessive use of steel bars in traditional bridge piers. A portion of the axial direct reinforcing bars installed using the conventional method are replaced by structural steel and stirrups or spiral reinforcement. When compared to typical reinforced concrete piers, the hybrid hollow high pier has a number of advantages, including increased earthquake resistance, increased economy and efficiency during construction, improved quality and aesthetics, and the preservation of the environment [6].



In the context of the Canadian weather, the CES piers help to increase the durability of the bridges in harsh winter environments. Increasing the durability of the infrastructure becomes one of the most important aspects of the bridge design in view of its large impact on the economy. Reinforcement corrosion directly causes concrete deterioration, specifically in the bridge piers. In order to melt down the ice on the roads, the de-icing salts are spread out on the road during the winter. However, most bridge piers that are near the roads are in the splash zone of the mix of de-icing salt and the melting water caused by passing vehicles. Once the water is absorbed and combined with chloride ions, the corrosion process on the reinforcement rebars begins [8]. With the corrosion of the reinforcement rebars, the expansion causes concrete cover spalling, the reinforcement rebars become more exposed to the watery de-icing salt, and the corrosion process accelerates quickly, causing a significant reduction in the reinforcement and therefore leading to a load capacity reduction of the bridge. In CES piers, since the steel profile is in the center of the column, the possibility of the penetration of the de-icing salt to the steel profile reduces considerably. However, the reinforcing rebars are still exposed, but the risk is less since the central steel profile can carry the vertical load without the contribution of the reinforcing rebars. Thus, the use of CES piers can improve the impact on the traffic during the repair works. In the case of conventional reinforced concrete columns, the repair of the corroded rebars causes a bridge closure, either partially or completely because of the reduction in the capacity of the column during the repair works. However, using the CES piers can allow us to keep the bridge open during the repair of the corroded rebars since the steel profile can assure the capacity of the bridge for the service load.



The CES column has great potential to be widely used in future construction as engineering constructions evolve toward high-rise buildings, heavy-loading structures, and large-span bridges. Given the lack of well-developed Canadian design code specifications, it is crucial to compile the body of knowledge describing the behavior of the CES columns in order to facilitate the codification of the design guide.



This paper aims to present a thorough analysis of different CES column configurations, emphasizing their axial, flexural, and seismic performance as well as analytical modeling techniques. The main objective of this review is to present a thorough, insightful, and useful overview of the field of bridge engineering, with a special emphasis on the concrete-encased steel (CES) column pier section. The goal of this study is to be a useful resource by illuminating the subtleties and complexity of different CES section calculations in bridge performance and analysis.



There are four main sections to this paper. The CES column configuration and their analysis methods are covered in Section 2 and Section 3 respectively. The axial and flexural behavior of the CES columns is shown in the Section 4. The seismic and cyclic performance of the CES columns is reviewed in the Section 5, and recommendations for further research are offered in Section 6.




2. Typical Configuration of Concrete-Encased Steel Columns


A concrete-encased column has a concrete-covered steel specimen inside of it. The steel specimen’s buckling behavior is improved, and its strength is further increased by the concrete surrounding it. One significant benefit of this encasement is its ability to prevent corrosion and fire.



Some of the typical configurations of the CES columns are presented in Figure 3. It should be noted that the configuration of the steel section, rebar ratio, and transversal reinforcement have an impact on the resistance and the ductility of the CES column.



The CES sections are not presented in the Canadian bridge design code CSA-S6 [9]. However, the American Concrete Institute code ACI 318-8 [10] prescribes that the cross-sectional area of the steel should be at least 1% of the total cross-sectional area. Also, the cross-sectional area of the steel should not exceed 8% of the total cross-sectional area [10]. According to the AISC 360-22 [11] the cross-sectional area of the steel profile should be at least 1% of the total cross-sectional area, and the minimum reinforcement ratio of the longitudinal rebars should be 0.4% of the total cross section.



Since there is no requirement to be found in the Canadian bridge design code CSA-S6 [9] regarding the CES sections, the requirements of the American Institute of Steel Construction code AISC 360-22 [11] are presented in this paper. According to the AISC 360-22, concrete shall have a specified compressive strength, fc′, of not less than 21 MPa nor more than 69 MPa for normal-weight concrete. The specified minimum yield stress of structural steel and the reinforcing rebars used in calculating the strength shall not exceed 525 MPa and 550 MPa, respectively [11].




3. Simulating the Behavior of the Concrete-Encased Steel Columns


For different configurations of the CES columns, the resistance of the confined concrete can be defined accordingly. Moreover, an extensive amount of research has been conducted to gather information regarding past research work on analytical models that consider the effect of confinement and other factors into account in order to simulate the actual mechanism of the CES columns [12].



The CES columns were analyzed using the fiber section model. The section is divided up into “n” fibers, which are not necessarily all of identical sizes. The stresses are integrated into the cross-sectional area in order to determine the straining actions, such as moment or force. Each steel reinforcing bar, structural steel section, or concrete fiber has a specific set of material properties. Fiber stresses are calculated from them using the “plane sections remain plane” theory along with relevant constitutive models. There are several formulas for calculating the strain on the fiber as the loads increase. The section axial strain and curvatures with respect to a fixed reference system were described and they did not have to monitor the evolution of the neutral axis (NA) position [13].



Additionally, the impact of the load on the position of the natural axis (NA) was studied [14]. In order to calculate the stresses of the fibers and modules of elasticity, it should determine a constative model for uniaxial models for steel and concrete including the confinement effect. It was discovered that during an increase in the load, the CES column provided its initial strength against lateral shear. It should be noted that the initial stiffness in the model equations should be considered adequately [15,16,17,18].



The impact of flange shear studs for increasing stiffness and bending strength, the concrete’s compressive strength, the mechanism of shear resistance of the CES section, and the necessary confinement level to provide appropriate ductility under seismic loading were all explored [16].



In order to account for the confinement impact on the CES columns made of cross-shaped steel and to predict the analytical axial load–displacement relationships of the columns [19,20], we adapted Mander’s model. The structural steel segment increases the confining stress in the concrete zone. The confinement regions can be made simpler by transforming the parabolic sections, presented in Figure 4, into rectangular regions [21]. By considering the effect of unstiffened elements of the steel section on the confinement, one-half of the corresponding steel area is taken to calculate the confining stress [22].



As presented in Figure 4, the concrete section in the CES column’s cross section is divided into three sections, unconfined concrete (UC), partially confined concrete (PC), and highly confined concrete (HC). The stress–strain curves for the concrete are presented in Figure 5a. The steel section is also divided into three sections, the steel flange and the steel web as presented in Figure 5b, and the longitudinal reinforcement as presented in Figure 5c. Consequently, six distinct uniaxial stress–strain relationships are presented in this section [19].



Due to the steel flanges’ bending stiffness, the steel section of the CES column could contribute to the expanded concrete’s lateral confining pressure. The Mander model, first introduced for reinforced concrete [16], can be applied to HC in CES columns as long as it is established that the steel section’s effective lateral confining pressure exists. Consequently, by closely examining the lateral interaction between the concrete and steel section, a unified stress–strain relation is provided for HC.



Based on the Mander model, the stress–strain relationship for PC is established. The Mander model predicts that hoops will yield at the maximum strain of confined concrete, but other experimental research work showed that high-strength hoops might not yield when the confinement effect is minimal [24]. As a result, modifications are required to determine the real stress in hoops. Therefore, it is imperative to ascertain the real stress status of the hoops, and the iterative process was used in this instance [25].



It should be noted that the parameters that can impact the resistance of the confined concrete are the distribution of the longitudinal reinforcing bar, the volumetric ratio of the lateral reinforcement, and the spacing of the stirrups [16]. A reduction in the stirrup spacing enhances the post-peak behavior of the axial load–deformation behavior.



Furthermore, in order to investigate the confinement impact for highly and partially confined concrete, the confinement factors (Kp and Kh) have been suggested [22]. The concrete strength     f   c c   ′     for partially and highly confined concrete is described as presented in Equations (1) and (2), respectively, while     f   c o   ′     is the compressive strength of the unconfined concrete.


      f   c c   ′   = K   p   .   f   c o   ′    



(1)






      f   c c   ′   = K   h   .   f   c o   ′    



(2)







The relations of the tie spacing versus the confinement factor Kp for partially confined concrete for columns are shown in Figure 6 [22]. The effectiveness of confinement by lateral reinforcement can be shown in Figure 6. It can be concluded that reducing stirrup spacing increases the confinement factor Kp.



The form of the structural steel section, which applies confining stress to the core concrete, affects the confinement factor Kh for highly confined concrete. The steel profile form versus confinement factor Kh relations and their impact on the efficiency of confinement are displayed in Figure 7. The structural steel, especially the cross-shaped section, increases the confining effect. The explanation for the change is that in contrast to I- or H-shaped steel sections, which confine the concrete in just one direction, cross-shaped steel sections can produce confining pressure in both directions, resulting in a greater value of the confinement factor Kh [22].



The effect of concrete confinement improves the ductility of CES columns but has little impact on the axial capacity since it activates after cover spalling. In addition, compared to shear-dominant CES columns, the flexural dominant CES columns benefit more from the confinement effect provided by stirrups [23].



Another research work has developed an analytical model to predict the axial compressive behavior of CES columns [19]. The confinement factors Kp and Kh for PC and HC, respectively, are described as follows:


    k   p   = − 1.254 + 2.254  1 +    7.94   f   l e , p   ′       f   c o   ′       − 2      f   l e , p   ′       f   c o   ′       



(3)






    k   h   = − 1.254 + 2.254  1 +    7.94   f   l e , h   ′       f   c o   ′       − 2      f   l e , h   ′       f   c o   ′       



(4)







As presented in Equation (3),     f   l e , p   ′     is the effective confining pressure from stirrups. It can be obtained as follows:


    f   l e , p   ′   = ξ   f   r h    



(5)




where     f   r h     is the real stress in the stirrups, and ξ is the confinement effectiveness factor for the partially confined concrete.



The confinement effectiveness factor for the partially confined concrete can be presented as


  ξ =      1 −   0.5   E   s     ε   c o       f   y , h         f   c o   ′     14   E   s     ε   c o       



(6)







The real stress in the stirrups     f   r h     can be obtained as follows:


    f   r h   =    0.5     E   s     ε   c o     1 − 14 ζ     



(7)




where     E   s     is the elastic modulus for steel,     ε   c o     is the peak strain of the unconfined concrete, and the ζ is the coefficient in the simplified method for partially confined concrete presented as follows:


  ζ =    ξ   E   s     ε   c o       f   c o   ′       



(8)







As presented in Equation (4),     f   l e , h   ′     is the effective lateral confining pressure for highly confined concrete. It can be obtained as follows:


    f   l e , h   ′   =   f   l e , p   ′   +   f   l e , s   ′    



(9)




where     f   l e , p   ′     is the effective lateral confining pressure from stirrups presented previously in Equation (5), and     f   l e , s   ′     is the effective lateral confining pressure from the steel section presented as follows:


    f   l e , s   ′   =   k   e s     k   e a     f   l s   ′    



(10)




where     k   e s     is the stress effectiveness coefficient considering the uneven distribution of confining pressure,     k   e a     is the confinement effectiveness coefficient considering different confining states in highly confined concrete, and     f   l , s   ′     is the nominal confining pressure between highly confined concrete and steel sections in the CES column which can be obtained as follows:


    f   l , s   ′   =    2   3      q   u    



(11)




where     q   u     is the maximum lateral pressure between the highly confined concrete and steel sections in the CES column presented as follows:


    q   u   =      t   f   2     4   b   2        f   y , f    



(12)




where     t   f     is the thickness of the steel flange, b is the cantilevered length of the steel flange, and     f   y , f     is the yield strength of the steel flange.



The stress effectiveness coefficient in Equation (10) is given by


    k   e s   =    3 λ   2 λ + 1     



(13)




where λ is the blocking ratio of the steel section presented as follows:


  λ =    b   h     



(14)




where b is the cantilevered length of the steel flange, and h is the clear distance between two steel flanges in the steel I section.



The confinement effectiveness coefficient     k   e a     can be obtained as follows:


    k   e a   =    1 −   π   4       1 −   λ   3       2     1 −   1   2       1 − λ     2       



(15)







In order to better understand the process of deriving the confinement factors (Kp and Kh), Figure 8 presents a flowchart process calculation.



In this section, two methods are reviewed in order to obtain the confinement factors for partially confined concrete and highly confined concrete (Kp and Kh). The first method presented by [22] is based on the shape of the steel section as well as the longitudinal distance between the stirrups while the second method is based on the shape and the dimension of the steel section as well as the stirrups [19]. The confinement factors calculated from both methods are comparable for a steel I section encased in a rectangular concrete section.




4. Axial–Flexural Behavior of Concrete-Encased Steel Columns


Since axial compression is an uncommon loading scheme in real construction, research on the behavior of the axial–flexural interaction is necessary because the CES bridge piers are typically subjected to a combination of axial force and bending moment. However, there are a few experimental investigations of the eccentric-compressed CES columns. The limited number of experimental investigations reveals the axial–flexural failure mechanism, and Figure 9 illustrates the common failure modes [26]. In other words, tension failure and compression failure are two distinct groups into which axial–flexural failure may fall. Important elements having an impact on the CES column axial behaviors include the concrete strength, the end eccentricity ratio, the slenderness ratio, the structural steel index, and the transverse reinforcement ratio [27].



Concrete cracking and the occurrence of the longitudinal bars’ yield strength at the tension side are characteristics of tension failure, while concrete cover spalling and crushing, rebar buckling, and stirrup opening are features of compression failure. These are followed by the longitudinal rebar yielding at the tension side [29]. While some specimens experience the cover spalling phenomena, it is not as noticeable as it is in specimens that are concentrically compressed. This could be due to the concrete’s enhanced deformability under flexural loading and its non-uniform compressive stress distribution [30]. It is possible to approximate the overall deflection along the height as a half sinusoidal wave, and as there is no visible bond slippage between the steel section and the concrete up until failure, the cross-section analysis can assume a flawless bond [31]. It appears that an increase in structural steel strength has minimal effect on the CES strength for columns that have higher relative slenderness ratios due to the flexural buckling failure mode [32].



Figure 10 presents the axial–flexural behavior of the CES column according to the Architectural Institute of Japan Standard [33].



Axial force–bending moment (N-M) interaction diagrams are typically utilized to illustrate the axial–flexural capacity of CES columns. These diagrams can be condensed into piece-wise diagrams to make calculations easier. The estimated bending moment capacity is decreased by a reduction coefficient in order to account for the potential non-attainment of the full plastic stress distribution. Figure 11 presents the axial–flexural diagram of a CES column according to [34]. Figure 11a presents the cross-section capacity of CES columns under external forces, through seven interaction diagrams from a 3D surface on the coordinate system. Figure 11b shows cutting of the 3D surface in a longitudinal direction while Figure 11c shows that cutting of the 3D surface in a latitudinal direction results in a bundle of curves [34].



Another important aspect of the design of the CES columns is the slenderness ration (L/b). The Canadian bridge design code CSA-S6 [9] does not include CES section requirements. However, according to the British code BS.5400-5 [35], the slenderness range for columns L/b should be less than or equal to 30 [35].




5. Concrete-Encased Steel Column Behaviors under Cyclic Loads


In this section, a review of the recent study on the seismic and cyclic behavior of the CES columns is presented. In addition, the parameters that can have an impact on the seismic behavior of the CES columns, such as steel ratio, shear span ratio, axial load ratio, embedded depth ratio, steel shear connections, and concrete resistance are highlighted in detail.



A large amount of CES column test data are gathered and reviewed in this paper from a recent decade’s worth of research. Based on material composition, this review does not include stainless steel, steel fiber-reinforced concrete, recycled aggregate concrete, ultra-high-performance concrete, or engineered cementitious composite because of differences in material properties.



The primary approaches applied to evaluate the seismic performance of CES columns in laboratory settings are low reversed cyclic loading and constant axial force. In order to simulate a seismic event, the CES column is first loaded axially to reach the target load ratio. After that, it is loaded horizontally with reversed displacement increments. An important performance indicator for evaluating energy dissipation capacity, load-bearing capacity, displacement ductility, stiffness degradation, capacity deterioration, etc., is the hysteresis curve (P-Δ). CES columns typically fail in flexural mode, shear–flexural mode, and shear mode, depending on the primary design parameters.



In seismically active regions, the CES column’s exceptional seismic performance is important. Due to this particular advantage, a significant amount of the present review has been conducted to examine the seismic behavior of CES columns using quasi-static loading, in which the column top is subjected to a low reversed cyclic horizontal force and a required axial compressive force. The shear span ratio, axial load ratio, stirrup arrangement, confinement ratio, shear connectors, and material strengths are among the important factors that have an impact on the seismic behavior of the CES columns [12].



According to the research study, when using a sufficient amount of steel, CES column specimens have remarkable cyclic strength and ductility [26]. CES column specimens, in particular, have a high load-bearing capability even after longitudinal bar buckling and spalling of the concrete cover. Based on these tests, the ultimate state and the restorable limit state were determined to be local buckling of the H-shaped steel followed by spalling of the concrete cover.



The seismic behavior of 26 steel concrete composite columns under low cyclic reversed loading has been studied [36]. According to this study, under seismic load, the steel–concrete composite columns exhibit a bending failure mechanism. The deformation capacity is great, and the strength depreciation is modest. It demonstrates that the composite steel–concrete members have advantageous seismic behavior. As presented in Figure 12, all of the studied samples showed signs of bending failure, and the failure mechanism followed the standard procedures for bending failure members.



Five CES columns that were designed to collapse in flexural tension or flexural compression have had their cyclic behavior examined experimentally by [37]. According to current seismic evaluation rules, CES columns with non-seismic detail and low axial loads controlled by flexural tension appear to meet the acceptance criteria. However, the high axial loads controlled by flexural compression and the lack of seismic details in CES columns make them deficient for current seismic assessment acceptance standards [37]. These results show that the presence of the steel section in the concrete column helps to improve the seismic behavior of the CES column even with no additional seismic consideration for the rebars and the stirrups.



It appears that one of the key elements impacting the seismic performance of CES columns is the shear span ratio. While numerous elements influence the damage pattern collectively, an increase in span ratio tends to shift the damage from a shear-dominant failure to a bending-dominant failure. The outcome shows that the shear span ratio and the slenderness ratio have a significant impact on the behavior of CES columns. According to [38], ductility increased, and the failure process slowed down as the ratio of shear span increased. The long columns’ carrying capacity decreased as the ratio of slenderness increased, yet the chance of an abrupt collapse increased [39].



Table 1 summarizes some related previous research regarding the seismic behavior of the concrete-encased steel bridge piers. It shows the name of the authors, the year of the study, the type, and the achievement of analysis.



One of the other most important factors affecting the cyclic behavior of the CES columns is the axial load ratio. Many researchers have examined the impact of this parameter. The capacity of energy dissipation, ductility, carrying capacity, stiffness degradation, and axial load distribution on the column are all impacted by the axial load ratio. A significant influence on the hysteresis behavior was the ratio of the applied axial compressive load [12]. Because of a significant increase in the moment of secondary bending caused by the axial loads, the columns appeared to have less capacity for energy dissipation and displacement ductility when the applied axial load was 40% of the ultimate load, as opposed to the columns with 20% of the axial ultimate load [22]. The carrying capacity, damage pattern, and deformation ability of the high-resistance CES columns are all impacted by the axial load ratio. The axial load ratio was the most influencing factor on the ductility of columns [38]. The axial compression ratio has an impact on the seismic resistance behavior of CES columns with high-strength concrete [39]. This has a detrimental influence on the deformation capacity and the energy dissipation capacity [41].



Furthermore, a larger load ratio is shown to reduce energy dissipation and deformation capacities [6]. However, a high load ratio increases the longitudinal reinforcing bars’ dowel action and prevents the spread of oblique shear cracks, increasing the load-carrying capacity to some degree [41]. Regarding the impact of shear studs, it was found that while they improve the deformation capacity and lessen stiffness degradation, they do not affect the seismic behavior preceding concrete cover spalling [41]. It has been demonstrated that a bigger steel section size results in superior ductility and less stiffness degradation when considering the steel area ratio. It was found that structural steel is more advantageous in the event of a big axial load [41], while another researcher notes that the influence of the steel ratio is more significant under a low axial load ratio [40].



One other factor that has an impact on the seismic behavior of the CES column is the embedded depth ratio. The steel section of the CES column is embedded in the foundation. This length is known as hb. The height of the steel section is also known as the ha. The ratio of the embedded length of the steel section to section height is known as the embedded depth ratio, and it presented as     h   b   /   h   a    .



To preserve the CES column’s strength capability and seismic behavior, an appropriate steel embedding depth is needed [42]. Also, the steel-embedded depth ratio for the CES column subjected to monotonic loading has been studied, and it was found that 1.67 was a suitable value for an ordinary CES column [43]. However, it is recommended that the minimum steel embedded depth ratio for the CES columns should be a minimum of 2.5 in order to take safety precautions into account [36]. For this reason, the Chinese specification [44] prescribes a minimum embedded depth ratio of 3 for the CES columns.



Another parameter that has an impact on the seismic behavior of the CES column is the shear connector. On the CES composite specimens with steel shear connections, numerous analytical and experimental investigations have been carried out to examine the behavior of shear connectors under axial loads and combinations of axial and seismic loads. The findings demonstrated that, in comparison to non-seismic shear capacities, seismic loads cause a 40% decrease in the shear stud’s capacity. This reduction happens as a result of seismic fatigue of the weld/connector materials and concrete crushing, which moves the stress distribution up the connector’s shank and onto its head. This increases the connector’s bending stresses and leads to earlier failures [12]. The shear stud capacity was unaffected by the studs’ shear connectors’ initial bending. Similar to static capabilities, the concrete strength had an impact on the seismic shear capacity of the studs [45]. As stiffness deterioration decreased, the columns with studs shown in Figure 13 demonstrated a greater capacity for deformation and energy dissipation.



Many types and strengths of concrete have been used in composite buildings and substantial research in recent years. Concrete with a compressive strength greater than 50 MPa is referred to as high-strength concrete [46]. This type of concrete can be made with premium aggregates and superplasticizers, and its strength can even surpass 100 MPa. The cyclic behavior of CES columns with long webs of cross-shaped steel was more influenced by the concrete strength when the concrete strength rose, increasing the columns’ shear capacity and a decrease in their ability to deform [47]. Additionally, as concrete strength grew, so did the capacity of long CES columns [39]. The common failure modes of cyclically loaded high-strength CES columns, shear failure, shear–flexural failure, and flexural failure, are shown in Figure 14.



Based on the lateral displacement capacity of the column and its integration with the curvature distribution, the following equation for the length of the plastic hinge of the CES column is calculated and proposed [26]:


    L   r p   =   0.5 d + 0.05 h       1 + 0.04   t   e k          M   m       M   y 0      − 0.25   + 12     D   r   − 12    



(16)







In Equation (16), the Mm is the maximal moment, My0 is the yield moment, Dr is equal to the rebar diameter in mm, and tek is the ratio of As/Ar. Here, As is defined as the gross area of the steel section, and Ar is the gross area of the longitudinal rebars. Also, d is considered the effective column depth, and h is the column length. Figure 15 presents the plastic hinge length along the column height [26].



When assessing seismic performance, the CES column’s ductility is an essential metric. As seen in Figure 16, the ductility coefficient is essentially calculated as the ratio of lateral displacement corresponding to ultimate displacement and yield displacement, derived from the specimen’s backbone curve. Generally speaking, excellent ductility is considered to be displayed by CES columns with a ductility coefficient greater than 3 [23].



Given the divergent perspectives, additional experimental research is required to elucidate the impact of steel sections at different load ratios.



Effect of Transverse Reinforcement on Behavior of Concrete-Encased Steel Columns


A large number of research works have been carried out in the past decade on the impact of transversal reinforcement on the behavior of the CES columns. The stirrup effectively confines the core concrete, and the seismic behavior of the CES compression-bending members is directly impacted by the stirrup spacing. It was found that as stirrup spacing increases, bearing capacity and ductility decrease [47]. Additionally, when the stirrup spacing increases from 75 to 100 mm, bearing capacity and ductility are reduced to a higher amount than when the spacing grows from 50 to 75 mm. This indicates that if the stirrup spacing stays below a particular threshold, it does not affect the ductility of CES columns. It suggests that the maximum stirrup spacing interval in the seismic area needs to be restricted. For this reason, the Chinese specification [44] suggests a value of 100 mm as the maximum spacing of stirrups for CES columns [47].



According to the experimental results, the CES column specimens’ damage process usually includes the following: the deterioration of the concrete core; local buckling of the H-shaped steel flange; cracking on the buckled steel flange; longitudinal reinforcement bar buckling; and flexural cracks and spalling of the concrete cover at the base of the column. Figure 17 presents the rebar buckling caused by cyclic loading on the specimen of the CES column [26].



The confinement effect provided by stirrups is greatly reduced in short CES columns because the shear deformation allows for the stirrups to sustain a large amount of shear stress. As a result, the confinement stress acting on the concrete is reduced. Previous studies on confinement have shown that the stirrup’s ability to confine can resist shear failure, keep the steel bar from buckling, and provide a pressure of confinement for the core concrete, all of which significantly increase the material’s capacity and ductility. In addition, the stirrups serve to secure the longitudinal bars during construction and prevent them from buckling outward under pressure. This is particularly important for columns subjected to eccentric stresses, as it prevents spalling of the outer concrete cover, even at low load levels [12].



The stirrup ratio has a significant impact on how steel–concrete composite columns behave under seismic loads [36]. Increasing the stirrup ratio improves the seismic behavior, particularly when the axial compression ratio is high.





6. Critical Views and Recommendations for Future Research


This study is a comprehensive compilation of information on several types of steel columns encased in concrete. A thorough literature review on various steel configurations for use in bridge applications has shown a lack of real-world project experience and a variety of current systems and tests.



In addition to emphasizing areas for development and improving construction techniques, this thorough review is essential for directing future research and promoting these technologies. CES technology opens the door for creative solutions in the industry and helps to navigate the difficulties of constructing bridges. A short list of the analytical parameters is provided, emphasizing how the analysis procedure uses them. The findings can be resumed as follows:




	
Fiber element modeling is a reliable method in order to represent the seismic behavior of the CES columns.



	
Confined concrete could be presented as highly confined concrete or partially confined concrete depending on the position of the concrete in the CES columns.



	
The length of the plastic hinge should be calculated for the CES column considering the presence of the steel profile embedded in the section as well as the rebar ratio.



	
The configuration of the transversal reinforcement also has an impact on the resistance of the CES columns.








Based on the model presented by [22], partially confined concrete could be modeled using the Kp coefficient factor and highly confined concrete could be modeled using the Kh coefficient factor in the CES column. However, based on the configuration and the shape of the steel section, these factors should be different.



The durability and seismic performance of concrete-encased steel bridge piers should be the main topics of future research. Evaluating these construction techniques’ sustainability from an economic and environmental standpoint is essential. Additionally, research ought to focus on developing more robust designs, especially for areas with strong seismic activity.



It should be noted that the torsional behavior of the CES bridge piers has not been considered in this paper. There is very little research on the torsional behavior of the CES columns in the buildings only [48]. Primarily, the torsional mode is not dominant in the seismic behavior of the bridges. However, in irregular or skewed bridges, the torsion effect could be more important. For this reason, future research should focus on the torsional behavior of the CES bridge piers as well as their impact on the seismic behavior of the bridge.



Future designs of concrete-encased steel columns will be greatly influenced by the analytical methodology discussed in this paper. Apart from the suggested configurations, the design parameters are also discussed. Bridges built with concrete-encased steel columns are more durable, leading to higher-quality structures.




7. Conclusions


This study discusses various analytical methods for concrete-encased steel columns. The configuration of the steel section and its seismic performance have been considered the primary subject of the current study since the seismic behavior of the CES columns is one of the most important factors in a successful design. Reviewing recent research, several facets of this issue are covered.



Even while CES columns have been the subject of numerous publications, manuals, and creative studies, there is still much room for more research on this topic. The requirements and needs of new projects might not be met by the commonly offered research studies, particularly in areas with high seismic demand. Developing and testing innovative steel and lateral reinforcement configurations for high seismic zones is one area that could use further improvement and investigation. There should be sufficient ductility and resistance in these CES portions to withstand seismic events.



Furthermore, considering the increasing emphasis on sustainability, future studies and implementations of innovative construction methods must prioritize environmental sustainability over structural soundness.
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Figure 1. Tian’e Longtan Bridge constructed using CES columns, reprinted with permission from [5], 2024, www.highestbridges.com, accessed on 15 June 2024. 
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Figure 2. Hybrid hollow high pier of bridge constructed using CES concept; dimensions are in millimeters; reprinted with permission from [7], 2018, www.actec.or.jp. 
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Figure 3. Typical cross section of CES columns. (A) H shape section, (B) Combined I shape section, (C) I shape section. 
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Figure 4. Definition of confinement of CES columns, reprinted with permission from [23], 2023, Journal of Building Engineering. 
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Figure 5. Stress–strain relationship of materials in CES section, reprinted with permission from [18], 2015, Journal of Constructional Steel Research. 
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Figure 6. Confinement factor (kp) for partially confined concrete, reprinted with permission from [22], 2006, Journal of Constructional Steel Research. 
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Figure 7. Confinement factor (Kh) for highly confined concrete, reprinted with permission from [22], 2006, Journal of Constructional Steel Research. 
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Figure 8. Confinement factor process flowchart. 
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Figure 9. Failure mode for eccentrically loaded CES column, reprinted with permission from [28], 2021, Journal of Building Engineering. 
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Figure 10. Axial–flexural behavior of CES column according to AIJ-2014 code [33], reprinted with permission from [30], 2019, Construction and Building Materials. 
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Figure 11. Three-dimensional N-M surface and 2D biaxial N-M curves obtained by fiber section analysis, (a) 3D interaction diagrams, (b) longitudinal direction cut from 3D interaction diagram, (c) latitudinal direction cut from 3D interaction diagram, reprinted with permission from [34], 2022, Advances in Structural Engineering. 
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Figure 12. Flexural failure of the four studied specimens, (a,b) cover spalling, (c,d) reinforcement buckling, reprinted with permission from [36], 2014, Journal of Structural Engineering. 
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Figure 13. Cross section of CES column with shear connectors. 
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Figure 14. Typical failure mode of cyclically loaded high-strength CES column, reprinted with permission from [23], 2023, Journal of Building Engineering. 
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Figure 15. Plastic hinge length along the column, reprinted with permission from [26], 2010, Journal of Bridge Engineering. 
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Figure 16. Ductility coefficient calculation on hysteresis curve, reprinted with permission from [23], 2023, Journal of Building Engineering. 
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Figure 17. Damage to the column under cyclic loading, reprinted with permission from [26], 2010, Journal of Bridge Engineering. 
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Table 1. Summary of some related previous research.
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	Author
	Type of Analysis
	Achievement of Analysis





	Hassan et al., 2021

[37]
	Seismic performance of steel-reinforced concrete composite columns
	CES columns with non-seismic detail and low axial loads controlled by flexural tension appear to meet the acceptance criteria



	Dong et al., 2021

[40]
	Seismic behavior of large-size encased cross-section steel-reinforced columns
	The influence of the steel ratio is more significant under a low axial load ratio



	Naito et al., 2011

[26]
	Ductility evaluation of concrete-encased steel bridge piers
	When using a sufficient amount of steel, CES columns have remarkable cyclic strength and ductility



	Chen et al., 2014

[36]
	Study on seismic behavior of fully encased steel–concrete composite columns
	Under seismic load, the steel–concrete composite columns exhibit a bending failure mechanism



	Yang and Li, 2012

[39]
	Study on behaviors of steel-reinforced concrete columns
	The long columns’ carrying capacity decreased as the ratio of slenderness increased



	Zhang et al., 2012

[38]
	Flexural behavior of SRC columns under axial and bilateral loading
	The axial load ratio was the most influencing factor on the ductility of columns



	Zhu et al., 2016

[41]
	Experimental study on steel reinforced concrete columns under cyclic lateral force
	The axial compression ratio has an impact on the deformation capacity and the energy dissipation capacity



	Zhang et al., 2019

[6]
	Study on ultimate load and ductility of concrete-encased steel composite columns
	A larger load ratio is shown to reduce energy dissipation and deformation capacities
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