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Abstract 

Although conventional reinforced concrete (RC) or hybrid coupled wall (HCW) structures have been used for a number 

of years as seismic resistant system thanks to their lateral strength, stiffness, and energy dissipation characteristics, 

some drawbacks such as expensive detailing, costly foundations, heavy superstructure, difficult restoration works etc. 

have limited their potential from a structural and an economic perspective. To minimize these drawbacks and make 

further advancement, an innovative HCW system is proposed in this study consisting of a single RC wall coupled with 

two steel circular hollow section (CHS) columns via steel coupling links. The RC wall carries almost all the horizontal 

shear force while the overturning moments are partially resisted by an axial compression-tension couple developed by 

the two CHS columns rather than by the individual flexural action of the wall alone. The primary objective in designing 

this system is ensuring a “fuse”-like behaviour of the steel coupling links, i.e. concentrating the seismic damage in the 

coupling links while avoiding any damage in the RC wall as well as in the connections between the links and the 

primary vertical elements (RC wall and CHS column). Multiple case studies with varying coupling ratios are 

investigated through nonlinear pushover analyses to verify the above-mentioned design objective.  

Different configurations are proposed to achieve an efficient link-to-RC wall composite connection, which can ensure 

the “fuse”-like behaviour of the coupling link. The steel coupling links are connected to a steel profile either partly 

embedded in the RC wall or passing through it. The connection zone is designed in such a way that the damage always 

occurs in the steel links (fuses) prior to any damage in the RC wall in general and in the connection zone in particular. 

Case studies have therefore been designed based on the force demands obtained from the global structure and further 

examined through detailed pushover analyses to highlight their applicability in the HCW systems.  

A suitable link-to-CHS column connection is also necessary to ensure the “fuse”-like behaviour of the coupling links. 

However, the conventional open-to-CHS column connections, with beams (or links) directly welded on the tube, are 

often prone to severe local distortion of the CHS column surface, premature flange fractures and excessive welding 

quantity. To avoid such limitations, this paper introduces different types of innovative I-beam-to-CHS-column 

“passing-through” connections. These connections consist of coupling links connected to an I-beam stub (or vertical 

and horizontal plates) entering the CHS column through laser-cut slots. Standard design guidelines have been developed 

in accordance with Eurocode provisions for gravitational and seismic loading scenarios to calculate the ultimate joint 

resistances. Case studies have therefore been designed based on the global demands and further examined through 

detailed pushover analyses in order to validate their compatibility to the HCW systems. 

Based on the design case studies, the primary design objective was achieved in both cases – the global and local 

perspective. Yielding was attained in the coupling links prior to any damage in the RC wall, CHS columns, and the 

connections. Encouraging validations are therefore presented regarding the earthquake resistant potential of the HCW 

system and the applicability of the innovative connections. 

Keywords: Earthquake resistant design, hybrid coupled wall structure, embedded composite connection, open-to-CHS 

connection. 
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1. Introduction 

In the modern construction industry, there is an increasing motivation towards developing better seismic 

resistant structures in order to avoid huge social and economic loses. Engineers and researches have 

therefore tried to develop innovative structures and corresponding design hypotheses to improve the 

structural resistance against the unpredictable challenges offered by the ground motions. Over the past few 

decades, conventional reinforced concrete (RC) or hybrid coupled wall (HCW) systems have proved to be 

among the most effective solutions in high to moderate seismic areas through an architecturally practical 

structural system, large lateral stiffness and strength provided by the coupling effect, and a competent energy 

dissipation mechanism provided by the coupling beams (or links) without significantly affecting the stability 

of the walls [1]. The coupling links act as “fuse” elements and attract the seismic damages prior to the 

primary load-carrying member i.e. the RC wall. Once the links are damaged, they can be easily replaced or 

repaired to restore the structural ability of the whole system. Certain drawbacks have however limited the 

potential of such coupled wall (CW) systems from a structural as well as economic perspective. For instance, 

two RC shear walls used in the conventional CW systems lead to a high overall weight of the superstructure 

and therefore demand an expensive substructure. Additionally, such huge amount of concrete reduces the 

overall ductility of the seismic resistant system, consequently limiting a crucial factor against earthquakes 

[2]. In order to minimize these drawbacks and further improve the combination between RC walls and steel 

coupling links, an innovative HCW system was proposed in the INNO-HYCO project [2] which consisted of 

a single RC wall coupled with two steel side “H” section columns via steel coupling links. These HCW 

systems are principally constructed as a part of a large frame structure (Fig. 1a). While the HCWs act as the 

earthquake resistant systems for the whole structure, the gravitational loads are resisted by the remaining 

parts of the frame (denoted as the “GR part” in Fig. 1a). These systems avoided the foretold drawbacks due 

to a reduced percentage of concrete and fulfilled the primary design objective i.e. yielding of the steel 

coupling links (either in flexure or shear or both) prior to any damage in the primary load carrying members 

(RC wall and steel columns) and therefore, provided an encouraging resistant system. The INNO-HYCO 

system has been further improved and refined in a doctoral research program [3]. Its major findings are 

summarized in the current article.  

In order to ensure that the steel coupling links yield prior to the primary elements of the HCW (Fig. 

1b), their connections with the RC wall as well as the steel columns should be designed in a suitable manner 

i.e. the connections should be able to provide sufficient strength and stay undamaged until yielding is 

obtained in the coupling links. This research study focuses on these connections from a detailed perspective.   

 

Fig. 1 – (a) Plan view and floor geometry of a 6-storey frame structure with positions of the HCW systems 

(b) schematic diagram of the HCW system, (c) an example of the “partly embedded” (denoted as WC-1) 

link-to-wall connection and the “through beam” (denoted as CC-1) link-to-CHS column connection, and (d) 

an example of the “passing-through” (denoted as WC-2) link-to-wall connection and the “through plates” 

(denoted as CC-2) link-to-CHS column connection.  
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Firstly, the link-to-wall “embedded” connections (i.e. coupling links are connected to the RC walls via 

splice/bolted connections with additional steel profiles embedded into the wall as shown in Fig. 1c) were 

investigated via optimizing design guidelines to ensure that the primary design objective of the HCW system 

is fulfilled i.e. yielding occurs in the coupling links prior to any damage in the RC wall or its connections. An 

alternative solution was also developed, namely a “passing-through” configuration (Fig. 1d), where the 

coupling link is connected to a steel profile passing through the RC wall. Detailed studies were conducted to 

analyze both types of configurations and optimized design guidelines were proposed with appropriate 

validations through numerical simulations [3]. Secondly, Circular Hollow Sections (CHS) were used for the 

steel side columns instead of the conventional “H” sections to improve the behaviour as well as the aesthetics 

of the HCW system. The CHS’ resistance against high axial forces and bending in all directions, lighter 

weight, lesser requirement for fire protection materials compared to its equivalent “H” section have already 

been emphasized in several research studies [3]. However, in today’s construction industry, the beam-to-

column connections, involving a CHS column, are generally constructed by directly welding the beams to 

the CHS column wall or by using external ring diaphragms. These techniques lead to definite limitations 

such as local distortions on the CHS wall, substantial use of gusset plates and/or stiffeners, complicated 

fabrication works etc. [4], which have unfortunately limited the CHS’ preference from a designer's 

perspective. Several researchers have therefore searched for alternative solutions to improve the open-to-

CHS column connections. Among such elaborate research work, a “passing-through” approach has proved to 

be a possible alternative to the traditional connections [5] where the primary members are connected to a 

secondary member passing through the CHS column. Nevertheless, a lack of knowledge regarding these 

“passing-through” open-to-CHS connections remained prevalent due to practical difficulties in the 

mechanical cutting process, fabrication as well as controlling the tolerance issues. Thanks to several 

advantages offered by Laser Cutting Technology (LCT) in construction engineering [6], these issues were 

positively managed through automated procedures and precise tolerance control. Therefore, several types of 

“passing-through” pinned (or shear resisting) and rigid (or moment resisting) open-to-CHS connections were 

investigated in the EU-RFCS research project LASTEICON [6]. Such “passing-through” mechanisms 

minimize the local distortions on the CHS column wall and the extensive use of gusset plates and/or 

stiffeners. They also result in a simpler fabrication process. Standard design guidelines were developed to 

design the LASTEICON connections under gravitational and seismic loading conditions. Two different 

“passing-through” LASTEICON moment resisting connections were therefore implemented in the HCW 

systems: (1) the “through beam” connection (see Fig. 1c), constituting of main beams (i.e. the coupling links 

of the HCW) connected to an I-beam stub passing through the CHS column via Laser Cut slots and (2) the 

“through plates” connection (see Fig. 1d), constituting of main beams (i.e. the coupling links of the HCW) 

connected via three plates (two transverse flange plates and a longitudinal web plate) passing through the 

CHS. The applicability of these LASTEICON “passing-through” connections in the HCW systems were 

validated through analytical and numerical simulations. 

This paper aims at summarizing the previous research study [3], dealing with the above-mentioned 

advancements on the INNO-HYCO HCW system, through design case studies complying with the Eurocode 

3 and 8 provisions. It therefore presents a newly modified HCW system consisting of one RC wall coupled to 

two steel side CHS columns via shear/intermediate/flexural coupling links. The link-to-wall connections 

(denoted as “WC”) are assumed to be rigid or moment resisting. The applicability of two different 

configurations, namely “partly embedded” (denoted as “WC-1” in Fig. 1c) and “passing-through” (denoted 

as “WC-2” in Fig. 1d) configuration, are used to design the link-to-wall connections. As the HCW system is 

a part of a large frame, each CHS column shares two different connections with the global structure: a rigid 

connection with the steel coupling links of the HCW system and a pinned connection with the primary beams 

of the GR part (see Fig. 1a). Only the coupling link-to-CHS column connection (denoted as “CC”) is detailed 

in this study to focus on the HCW system rather than the whole structure. Both types of configurations – 

“through beam” (denoted as “CC-1” in Fig. 1c) and “through plates” (denoted as “CC-2” in Fig. 1d) are used 

to demonstrate the applicability of the LASTEICON connections in the HCW systems. 
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2. Design Methodology 

Detailed design guidelines regarding the HCW systems, the link-to-wall connection configurations (WC-1 

and WC-2), and the LASTEICON moment resisting connection configurations (CC-1 and CC-2) were 

developed based on comprehensive parametric studies. Complete details are documented in the doctoral 

thesis [3] and are not discussed here. However, a general framework is provided in Fig. 2 to offer a clear 

perspective about the design procedure. 

 

Fig. 2 – General framework for earthquake resistant design of the HCW system with laser-cut open-to-CHS 

connections 
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3. Design Case-studies  

Two different sets of 6-storey HCW systems were designed using different coupling ratios (CR) 

according to the aforementioned design guidelines to check the compatibility of the LASTEICON moment 

resisting/rigid connections for both link types:  

1. LRS-HCW – a HCW system consisting of LASTEICON Rigid connections and Shear links  

2. LRF-HCW – a HCW system consisting of LASTEICON Rigid connections and Flexural links.  

The seismic design loads for both systems were calculated in accordance with Eurocode 8. The interstorey 

height = 3.50 m, permanent floor loads = 4.30 kN/m2, variable floor loads = 2.00 kN/m2, permanent roof 

loads = 3.30 kN/m2, variable roof loads = 1.97 kN/m2 were considered. Concrete for the RC wall was taken 

as class C30 (fck = 30 MPa) and reinforcements were taken as B450C (fyk = 450 MPa) as per EN 1992-1-1 

[7]. The reinforcements were designed according to the DCM rules stated in EN 1998-1 for ductile walls [8]. 

To maintain an economic efficiency, adequate Built-up I Profiles (BuIP) were developed to design the shear 

critical coupling links for the LRS-HCW system instead of the standard IPE profiles. However, the flexural 

links for the LRF-HCW systems were designed with standard IPE profiles. The link lengths were calculated 

from the corresponding design procedures of the LRS-HCW and LRF-HCW systems [3]. The steel side CHS 

columns were designed for a combination of axial and bending forces and were chosen from the European 

standard CHS profiles classified as Class 1 or 2 sections in compression (i.e. compact sections) according to 

EN 1993-1-1 [9]. The column section, chosen for a specific CR, was used for all storeys to avoid variations 

in link lengths as well as any complications in practical construction. Steel grade S355 (nominal yield stress, 

fy = 355 Mpa) was adopted for both the coupling links and the CHS columns. Finally, the shear design of the 

RC wall was carried out. In relation to the total height of the building (H) = 21 m and a previously suggested 

ratio, H/lw = 10 [2], the length and width of the RC wall was calculated to be 2.1 m (lw) and 0.36 m 

respectively as shown in Fig. 3a. The same cross section of the RC wall was used for both the LRS-HCW 

and LRF-HCW systems. Table 1 shows the outcomes of link, column design and estimated base shears.  

Once the primary design objectives were achieved for the global structure, the link-to-wall 

connections were designed. The moment and shear demands on the link-to-wall connections were 

determined based on the link properties used in the global structure. In order to present alternative 

approaches, both configurations – “partly embedded” (“WC-1” as shown in Fig. 3b) and “passing-through” 

(“WC-2” as shown in Fig. 3c) - were used to design each link-to-wall connection located in the different 

storey levels of both the LRS-HCW and LRF-HCW systems. The offset length, l0, was considered as 100mm 

for all cases. Two plates with dimensions 300mm x 400mm x 25mm were used for the splice connection. 

The embedment lengths, embedded/passing-through profiles were determined from the design guidelines 

mentioned in Section 2. Relevant outcomes of the design calculations such as the embedment lengths and 

sections for WC-1, passing through sections for WC-2, are listed in Table 1. Stiffeners were then provided at 

a distance of 1/6th of the embedment length (le in Fig. 3) from the face of the RC wall and from the end of the 

embedded profile respectively, to prevent local deformation of the flanges in the steel-concrete bearing 

zones. Steel grade S355 (nominal yield stress, fy = 355 MPa) was adopted for the embedded profiles, the 

stiffeners and the beam splice connection plates. 

  

(a) (b)  (c)  

Fig. 3 – (a) Reinforcement detailing for RC wall of the 6-storey HCW system [3] and schematic diagram of 

(b) WC-1 configuration (c) WC-2 configuration  

 

.
2c-0076

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2c-0076 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

 

6 

 

 

 

.
2c-0076

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2c-0076 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

 

7 

 

Similarly, after determining the moment and shear demands from the global structure, the link-to-CHS 

column connections at each storey level were designed using two different types of LASTEICON 

configurations – “through beam” or “CC-1” and “through plates” or “CC-2” – for both types of HCW 

system. A S355 steel grade was considered for all elements. Fig. 4a and Fig. 4b illustrates the schematic 

diagrams for configuration CC-1 and CC-2 respectively with the common geometrical dimensions used for 

all the design case studies. All the connections were investigated through nonlinear numerical simulations in 

order to validate the different types of link failure – a shear failure of the coupling link in the LRS-HCW 

system and a flexural failure of the coupling link in the LRF-HCW system.  

(a) (b)  

Fig. 4 – Schematic diagram of LASTEICON (a) CC-1 configuration and (b) CC-2 configuration 

4. Modelling approach 

The global HCW systems were modelled and analyzed by means of a plane model. The RC wall, links 

and columns were modelled using linear elastic frame elements (axial, flexural and shear deformability) 

while the nonlinear behavior was included using shear/flexural hinges. Fixed boundary conditions were 

assumed for both, the link-to-wall and link-to-CHS column connections. Eccentricities of the connections 

were incorporated through rigid links. The base of the steel side columns were pinned to the ground, whereas 

the base of the RC wall was fixed. In the next step, the detailed link-to-wall connection configurations (WC-

1 and WC-2) were modeled and analyzed through nonlinear static analyses by means of a full 3D model 

using solid elements implemented in DIANA 10.1 [10]. All members were modelled using eight-node 

hexahedral solid elements. A perfect bond was assumed at the steel-concrete interface. Nonlinear plasticity 

was introduced in the RC wall according to EN 1992-1-1, Clause 3.1.7(2) [7]. Elastic-perfectly plastic 

material properties were chosen for the B450C steel reinforcements. Nominal material properties, with strain 

hardening, were adopted for steel grade S355 according to Table 3.1 (EN 10025-2), EN 1993-1-1 [9]. 

Finally, the different link-to-CHS column configurations (CC-1 and CC-2) were similarly modelled with 3D 

solid elements and analyzed in DIANA FEA. To avoid any secondary connection failure and focus on the 

“passing-through” zone, the laser cut slots were made with a zero tolerance, thus assuming a perfectly 

welded connection. The connection between the “through” member(s) and the coupling links was also 

modeled as a welded connection in order to avoid complicated numerical models and other failure 

mechanisms. Similar material properties were considered for S355 as stated above. The detailed models for 

the connections were calibrated against experimental results [3]. Additional details regarding the modelling 

approach of the different systems can also be found in the same study [3]. 

5. Results and Discussions 

5.1 Behaviour of the HCW systems – LRS-HCW and LRF-HCW  

The HCW systems were analyzed through a nonlinear pushover analysis considering a lateral load 

distribution proportional to the first modal deformation. The pushover curves illustrating the base shear 

versus the horizontal displacement of the top most point of the structure are shown in Fig. 5 and Fig. 6 

respectively for the LRS-HCW and LRF-HCW systems. Both types of systems were investigated for three 

.
2c-0076

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2c-0076 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

 

8 

 

different coupling ratios i.e. CR = 40%, 60% (“U” denotes a uniform link distribution i.e. the links at all 

storey levels are designed with the same section) and 80% (“NU” denotes a non-uniform link distribution i.e. 

the links at different storey levels are designed with different sections). Each pushover curve highlights four 

important events: (a) first yielding in the steel links; (b) all links yielded; (c) first yielding in the steel 

reinforcements in the RC wall (attained at the base of the RC wall); and (d) collapse, i.e. ultimate 

deformation in the RC wall. The pushover curves in Fig. 5 and Fig. 6 show that all the steel coupling links 

yielded prior to yielding of the RC wall for both the LRS-HCW and LRF-HCW systems. Therefore, the 

primary design objective was fulfilled. Furthermore, the design hypothesis was verified as all the links in the 

LRS-HCW system yielded in shear and all the links in the LRF-HCW system yielded in flexure. 

 

Fig. 5 - Pushover curves for a 6-storey LRS-HCW 

system 

 

 

Fig. 6 - Pushover curves for a 6-storey LRF-HCW 

system 

 The steel coupling links in both systems successfully redistributed the shear forces in an approximately 

uniform manner at the point of all links yielding as shown in Fig. 7 and Fig. 8. Due to qualitative similarity, 

results are only shown for CR = 60% (with uniform link distribution) to avoid overcrowding of data. Fig. 9 

and Fig. 10 illustrate the bending moments developed in the links at different storey levels of the LRS-HCW 

and LRF-HCW system with CR = 60%. “WC” and “CC” refer to the two different connections of a link 

respectively: the link-to-Wall Connection end and link to-Column Connection. At the point of all links 

yielding in the LRS-HCW, unequal bending moments were noticed at both ends of a particular link (below 

the plastic flexural resistance, Mp,link, of the link section). As shown in Fig. 9, the bending moment at “WC” 

was always observed to be higher than the bending moment obtained at “CC”. This occurred due to the 

different stiffnesses of the RC wall and the steel side CHS columns. At further stages of the analysis (after 

the yielding of all steel links and the RC wall), multiple links were found where the moment demand reached 

Mp,link at the link-to-wall connection end, whereas, it stayed well below the link resistance at the link-to-

column connection end. Nevertheless, determining the unequal bending moments at each end of the steel 

shear links at the condition of all links yielding was found to be rather complicated. As a consequence, the 

maximum possible bending moment which can develop at both ends of the links was assumed equal to 

Mp,link. The steel side CHS columns were therefore designed based on this assumption and a certain 

overdesign of the columns could not be avoided. On the other hand, the LRF-HCW systems ably avoided 

such an overdesign of the CHS columns. As the links were designed to be intermediate/flexure critical, they 

yielded in flexure (or simultaneously in shear and flexure), hence producing equal bending moments (plastic 

flexural resistance of the link, Mp,link) at both ends of the link: “WC” and “CC”. Therefore, the CHS columns 

as well as the connections could be designed with the appropriate demands. The interstorey drifts for both 

the LRS-HCW and the LRF-HCW system were also checked. At the point of all links yielding in the LRS-

HCW system, the maximum drifts were measured to be 0.56% for CR = 40% U, 0.58% for CR = 60% U and 

0.42% for CR = 80% NU. These values stayed compatible with the 1% limit recommended by the EN 1998-

1 guidelines [8] for buildings having non-structural elements of brittle materials attached to the structure. 

Similar agreements were obtained from the LRF-HCW systems as the maximum drifts at the point of all 
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links yielding i.e. 0.58% for CR = 40% U, 0.61% for CR = 60% U and 0.46% for CR = 80% NU, were noted 

to be less than the Eurocode limit.  

Fig. 7 - Shear in the links for the LRS-HCW with 

CR 60% and uniform link distribution 

Fig. 8 - Shear in the links for the LRF-HCW with 

CR 60% and uniform link distribution 

Fig. 9 - Moment in the links for the LRS-HCW 

with CR 60% and uniform link distribution 

Fig. 10 - Moment in the links for the LRF-HCW 

with CR 60% and uniform link distribution 

4.2 Behaviour of the link-to-RC wall connection. 

Both types of configurations, WC-1 and WC-2, were used to design each link-to-wall connection in 

order to show the alternative approaches (see Table 1). They were evaluated through a nonlinear static 

analysis (vertical load acting downward at the opposite end of the coupling link incremented until yielding of 

the link) to validate the global design objective, i.e. yielding of the steel links prior to any or minimal 

damage in the RC wall and the link-to-wall connection. Detailed results are only shown for the LRS-HCW 

and LRF-HCW system with CR = 60% and uniform link distribution due to qualitative similarity. The 

primary objective was achieved, for both WC-1 and WC-2, as the web of the steel links yielded in shear for 

the LRS-HCW systems (as shown by the von Mises stresses in Fig. 11a and 11b) and in flexure for the LRF-

HCW systems (as shown by the von Mises stresses in Fig. 11c and 11d) prior to any yielding in the 

embedded/passing through profile. The von Mises stresses in the embedded profiles for all case studies 

maintained an elastic behaviour at the point of link yielding. However, few vertically cracked elements were 

noticed on the face of the RC wall right above the top flange-to-concrete interface. These cracks originated 

prior to link yielding and could not be avoided with any reasonable capacity design procedure, due to 

obvious spalling of the concrete at the aforementioned location. They were thus considered as inevitable 

minimal damage. These damages could however be reduced by placing a face bearing plate, according to the 

requirements of DCH rules of Eurocode 8. Few longitudinally (along the RC wall length) cracked elements 

were observed at the point of link yielding due to gradual “pulling out” of the profile. Table 2 presents the 

maximum crack widths obtained in the longitudinal and vertical directions at the yielding point of the 

coupling link for both configurations. The maximum crack widths in all cases remained well below the 

.
2c-0076

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2c-0076 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

 

10 

 

recommended serviceability limit of 0.3 mm according to EN 1992-1-1, which indicated that no significant 

damage occurred in the RC wall prior to the link yielding. Hence, the primary design objective was fulfilled. 

An additional check was done following the joint classification guidelines proposed in EN 1993-1-8, 

Clause 5.2.2 [11] to validate if such joints can be assumed as rigid joints in the global structure. Zone 1, 

Zone 2 and Zone 3 stands respectively for rigid, semi-rigid and nominally pinned. The rotational stiffness 

(Si,ini) of all four abovementioned joints were determined from the numerical models and were checked with 

respect to their corresponding coupling link properties (kbEIb/Lb) where kb = 8 as the RC wall acts as a 

bracing system, E is the young’s modulus, Ib is the second moment of area of the link and Lb is the span of 

the coupling link (= llink). The joint showed a rigid behaviour in all the four design cases as illustrated in Fig. 

12. This validated the aforementioned global assumption, since the evaluated deformability remains limited 

enough for the joint to be considered as rigid according to the EN 1993-1-8 definition. 

(a)  (b)  

(c)  (d)  

Fig. 11 - von Mises stresses at link yielding for (a) WC_1.2, (b) WC_2.2, (c) WC_1.6 and (d) WC_2.6 

 

Table 2. Maximum crack widths at the load level corresponding to link yielding 

 WC-1.2 WC-1.6 WC-2.2 WC-2.6 

Max. Longitudinal crack width (mm) 0.093 0.150 0.069 0.069 

Max. Vertical crack width (mm) 0.018 0.230 0.210 0.160 

 

(a)  (b)   

Fig. 12 - Joint classification for (a) WC_1.2 and WC_2.2, (b) WC_1.6 and WC_2.6 

 

4.3 Behaviour of the link-to-CHS column connection.  

The design configurations for the link-to-CHS column connections were similarly evaluated through 

nonlinear static analyses where a vertical load was applied at the left end of the steel coupling link and was 

incremented until its yielding. As mentioned in the previous sections, detailed results are only shown for the 

.
2c-0076

The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2c-0076 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

 

11 

 

connections designed for the LRS-HCW and LRF-HCW system with CR = 60% and uniform link 

distribution due to qualitative similarity. As presented in Table 1, CC-1.2 and CC-2.2 were designed for the 

shear critical links in the LRS-HCW system whereas CC-1.6 and CC-2.6 were designed for the flexural links 

in the LRF-HCW system. The von Mises stresses for CC-1.2 (Fig. 13a) and CC-2.2 (Fig. 13b) highlight the 

fact that the design objective is achieved as the web of the link yields in shear prior to any damage in the 

connections. The front face of the CHS column is deliberately cut to present the stresses in the through parts 

of the connection. Similarly, the design objective for configurations CC-1.6 and CC-2.6 was also achieved 

successfully as the flanges of the coupling links yielded in flexure prior to any damage in the LASTEICON 

connections as shown in Fig. 13c and Fig. 13d respectively. von Mises stresses in the “through” members 

and the CHS column were observed to be well below the yield limit. Qualitatively similar results were 

obtained for all the other connection case studies as the primary design objective was achieved in each case. 

(a)   (b)   

(c)    (d)   

Fig. 13 - von Mises equivalent stresses obtained at link yielding for (a) CC-1.2, (b) CC-2.2, (c) CC-1.6 and 

(d) CC-2.6 connection 

 

Similarly like the link-to-wall connections, an additional check was done as per the joint classification 

guidelines proposed in EN 1993-1-8, Clause 5.2.2 [11] to validate if the LASTEICON joints can be truly 

assumed as rigid joints in the global structure. The rotational stiffness Si,ini obtained from all four design 

cases are plotted in Fig. 14, where the zones were defined based on kbEIb/Lb of the corresponding coupling 

links. Zone 1, Zone 2 and Zone 3 respectively stands for rigid, semi-rigid and nominally pinned. C1.2, C1.6 

and C2.6 were noticed to fulfill the criteria of rigid joints and therefore justified the assumption made in the 

global HCW system. However, as CC-2.2 displayed a semi-rigid behaviour, the actual moment-rotation 

properties of this connection was determined and implemented in the global model to check its influence on 

the structural behaviour. The differences were obtained to be negligible from both a qualitative as well as a 

quantitative standpoint.    

(a) (b)  

Fig. 14 - Joint classification for (a) CC-1.1 and CC-2.1, (b) CC-1.2 and CC-2.2 
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Although full-strength joints could be achieved in all cases using either configuration for both the shear and 

flexure critical links, the “through plates” configuration showed a rather semi-rigid behaviour of the joint 

when they were applied to shear links. However, such an issue can be easily solved by considering thicker 

plates, or the “through beam” configuration can be prioritized for the shear critical links. 

5. Conclusions

This paper investigates the behavior of a newly introduced steel and concrete HCW system made by a single 

RC wall coupled to two steel CHS columns by means of steel links through nonlinear static analyses. 

Encouraging results are obtained, which therefore validate the primary design hypothesis of the coupled wall 

structures, i.e. the considered HCW can be conceived as a seismic resistant system where the RC wall, steel 

CHS columns and their corresponding connections with the links remain undamaged, while the seismic 

energy is dissipated by yielding concentrated in the steel links only. Suitable link-to-wall composite 

connections and innovative open-to-CHS “passing-through” link-to-column connections are proposed which 

can allow an effective concentration of seismic damage in the replaceable steel links prior to any or minimal 

damage in the RC wall as well as the respective connections. Two different types of configurations, namely 

“partly embedded” and “passing-through”, are discussed for the link-to-wall connections. Relevant design 

case studies are presented in order to highlight their compatibility in the HCW systems. Full-strength rigid 

joints could be achieved using either configuration for both the shear and flexure critical links. Similarly, two 

different types of configurations, namely “through beam” and “through plates”, are discussed for the link-to-

CHS column connections. Suitable design case studies are performed.  
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