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Abstract 18 

The design of concrete walls or columns reinforced by several encased steel profiles, also called 19 

hybrid walls, is similar to the one of classical reinforced concrete, although specific features 20 

require adequate design approaches. Experimental research and numerical models demonstrated 21 

the feasibility and validity of such structural components, but simple and practical design 22 

methods are still lacking regarding their shear resistance. The evaluation of longitudinal shear 23 

action effects at the steel profile concrete interface is a key aspect: research results have been 24 
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achieved in a more or less recent past for different types of connection but without leading to 25 

design conclusions. In this paper, the classical equivalent truss model for reinforced concrete 26 

subjected to shear is extended to take into account the contribution of the encased profiles to the 27 

shear stiffness and strength. Resulting action effects in the steel profiles, in the concrete and at 28 

the steel profile concrete interfaces are established which allows performing design checks for 29 

those three components. In particular, it is evidenced that friction is one of the main component 30 

of the resistance to longitudinal shear at the steel profile-concrete interface. It can be directly 31 

checked since the proposed method clearly identifies the compression stresses at that location. 32 

The validity of the method is assessed by referring to tests results from experimental campaigns 33 

in China and in Europe. Some of these tests were carried out without shear connectors welded to 34 

the encased steel profiles allowing however achieving the full bending resistance of the element 35 

without any apparent problem related to longitudinal shear, like slippage between concrete and 36 

steel profile. For some other tests, failure was observed as a consequence of an insufficient shear 37 

connection. A detailed assessment of these results shows that the new design proposal is perfectly 38 

consistent with all the experimental observations.  39 

 40 

 41 

Keywords 42 
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An Analytical Design Method for Steel-Concrete Hybrid Walls 45 

 46 

1. Introduction 47 

 48 

Structural concrete walls are widely used in building structures to provide lateral strength, 49 

stiffness, and, in seismic regions, inelastic deformation capacity required to withstand 50 

earthquakes. In recent years, steel reinforced concrete (SRC), also called hybrid walls, have 51 

gained in popularity. Such walls include steel profiles encased in what for the rest remains a 52 

classical reinforced concrete (RC) walls. SRC walls offers the following potential advantages 53 

with respect to conventional RC walls: (1) the encased structural steel develops a composite 54 

action with concrete, increasing then the compression, bending and shear strength of the walls 55 

and reducing the necessary total cross-section area; (2) the steel profiles encased along the wall 56 

boundaries increase the deformation capacity and the energy dissipation capacity, these two 57 

properties being required for buildings subjected to earthquakes; (3) the encased profiles enhance 58 

the weak axis stiffness of the walls and delay the possible out-of-plane buckling failure of wall 59 

boundaries; (4) the encased steel profiles can be easily connected with steel and composite steel 60 

concrete floor beams that are often used in buildings. 61 

In the past decade, significant experimental research efforts have been devoted to studying the 62 

behavior of SRC walls: Wallace et al. [1], Qian et al. [2],Ji et al. [7], Ying et al. [3], Dan et al. 63 

[4], [5], [6]. Design provisions for SRC walls have been included in some leading design codes: 64 

AISC 341-10 [8], Eurocode 8 [9] and JGJ 3-2010 [10]. Various types of numerical models have 65 

also been developed for modeling RC walls: multiple vertical-line-element models, Vulcano et 66 

al.[11], Oraksal et al. [12], fiber beam-column models by PEER[13], and multi-layer shear 67 

element models: Miao et al.[14] and  Lu et al.[15]. However, although all these tests and 68 
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numerical models do indeed provide valuable knowledge on the behavior of SRC walls, they 69 

don't directly lead to practical design tools. Resorting in a systematic way to a validation by 70 

testing or by sophisticated FE models requires indeed a huge investment incompatible with the 71 

daily practice of design engineers. Sections 2 to 5 propose an analytical method which allows 72 

simple and easy design checks for SRC walls subjected to axial force, bending and shear. 73 

Sections 6 to 9 present then a validation of the design method by referring to recent experimental 74 

tests. These developments were achieved in the frame of the Smartcoco Project funded by the 75 

European Commision and dealing with different types of steel-concrete hybrid structures Degee 76 

et al. [16]  77 

 78 

2. Analysis and resistance of walls subjected to bending and axial force 79 

 80 

In a wall subjected to a combination of design axial force NEd and bending moment MEd, encased 81 

steel profiles are submitted essentially to longitudinal strains. The contribution of the individual 82 

bending stiffness of each profile to the global bending stiffness can be seen as secondary. For 83 

instance, in the case of the wall section in figure 1, the stiffness EIH of the 3 encased HE120B 84 

sections is equal to 5.45.1012 Nmm2. In comparison, the wall stiffness EIwall calculated for 85 

instance according to Eurocode 4 [17] expression is much greater: 86 

EIeff,II = 0.45 EcmIc + 0.9 EsIs + 0.9EaIa = 2,88.1014 Nmm2     (1) 87 

where subscripts a stand for steel profiles and subscript s for classical reinforcing bars. 88 

The ratio EIH/EIwall is smaller than 2%. This means that the second moment of area of encased 89 

steel the profiles, just like the one of classical reinforcement bars, does not significantly 90 

contribute to the global wall bending stiffness, so that the section strength in combined bending 91 

and compression can be evaluated by common methods used for usual reinforced concrete.  92 
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Besides that, it has been shown by Bogdan et al. [19] that the Plastic Distribution Method (PDM), 93 

as defined in Eurocode 4 [17] or in AISC2010 [18], and which assumes rectangular stress blocks 94 

can also be used. 95 

A subsequent question rises: can a steel profile be reduced to a single bar in the model of the 96 

cross-section, or is a group of bars required? The second solution is seen as preferable given that 97 

a model with a single bar provides only an approximation of the position of the plastic neutral 98 

axis of the wall. The modelling of each steel profile by means of two circular bars for each flange 99 

and two for the web -Figure 1- was proved valid by Bogdan et al. [20] who showed that the 100 

interaction curves of axial force N - bending moment M were practically identical for profiles 101 

modelled explicitly or by such a set of bars. A modelling with bars was also proved valid for 102 

columns with 4 encased profiles. 103 

 104 

Figure 1 - Wall with 3 encased HEB120 profiles. Left: real section. Right: model with bars 105 

diameter D=21mm for the web and D=29.4mm for the flanges. Other characteristics: HEB120 106 

height h = width b = 120mm; flange thickness tf=11mm; web thickness tw= 6.5mm. Wall width 107 

bw=250mm. Longitudinal bars diameter: 20 mm. Ratio of cross-sectional area of encased profile 108 

to area of boundary zone 250x240mm: 5.7%. 109 
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 110 

Yield stress and elongation capacity are similar in encased profiles and standard reinforcing bars, 111 

but profiles do not present surface indentations. The bond strength of profiles is 7 times lower 112 

than the one of ribbed bars and the difference increases for higher concrete classes. It is shown in 113 

Plumier et al. [21] that, although profiles exhibit a larger surface to develop the bond, this does 114 

not compensate the low bond strength. This results in the fact that a specific design check is 115 

required for encased steel profiles, demonstrating that the longitudinal shear between profiles and 116 

concrete can effectively be resisted by an adequate shear connection. 117 

Moreover, the effect of the shear force Va= Va,Ed in each profile on its resistance to axial force has 118 

to be considered in the evaluation of the wall resistance to combined bending and axial force, see 119 

section 5. 120 

The possibility to define by a straightforward analytical method the transverse shear in each 121 

profile as well as the longitudinal shear between steel profiles and concrete corresponding to the 122 

applied axial force NEd, bending moment MEd and shear VEd. is thus a need for a practical 123 

implementation in the daily design practice. 124 

The classical beam theory was the first reference used to establish a complete calculation 125 

procedure for beams subjected to shear  Plumier et al [22]. However, this procedure exhibits two 126 

drawbacks. First, the classical beam theory is strictly valid only for elements made of a 127 

continuous material resisting equally to tension and compression and not subject to cracking, 128 

which is in principle not the case of concrete. Second, the method requires the partition of the 129 

wall into subdivisions which are either only reinforced concrete or concrete reinforced by 130 

encased profiles. In each subdivision, the calculation of the moment of inertia and of a set of first 131 

moment of area corresponding to each plane section where shear is calculated have to be made, 132 

so that the calculations become long and tedious. 133 
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For those reasons, it was decided to develop an alternative analytical method based on the 134 

Mörsch truss model  Mörsch [23], this latter being the internationally recognized reference 135 

method in reinforced concrete codes like Eurocode 2 [27] or ACI318-14 [30]. 136 

 137 

3. Action effects on walls subjected to bending, shear and axial force 138 

 139 

3.1 General concept 140 

The total deflection of walls subjected to shear and bending is the sum of a bending component 141 

and a shear component, as illustrated in Figure 2:  142 

tot = M V          (2) 143 

In the truss analogy which is used in reinforced concrete design, bending and shear are taken into 144 

consideration in a single truss model in which deformations involve all bars, which all contribute 145 

to the truss stiffness by their axial stiffness EA. The individual bending and shear stiffness EI and 146 

GA of the bars are neglected. As explained in section 2, this simplification is acceptable for 147 

bending stiffness but is questionable for shear stiffness if bars are encased steel profiles: a hybrid 148 

wall in which the shear stiffness of concrete would be null keeps the shear stiffness of the 149 

encased profiles. 150 

The contribution of encased profiles to shear stiffness can be calculated with the analytical 151 

method proposed in 3.2, which is based on the following model and remarks. 152 

 153 
 154 
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Figure 2. Components of the deformation of walls. 155 
 156 
The reference model for shear in reinforced concrete elements is a truss with compression 157 

diagonals in concrete and transverse steel ties, while the chords are the truss components 158 

designed to resist the bending moment.  159 

In the truss analogy, the model is the same for bending and shear effects, but the respective 160 

contributions of shear and bending deformation to the total deformation can be identified.  161 

 162 
a) Hypothesis 1 b) Hypothesis 2 163 

 164 
Figure 3. Deformed shapes of a truss in bending and in shear. 165 
 166 

If we consider as Hypothesis 1 a situation where the diagonals and transverse bars are axially 167 

infinitely stiff, the horizontal displacement  at the top of the truss is only due to the axial 168 

deformation of the chords. T169 

 parameter EI, and M .  170 

If we consider as Hypothesis 2 a situation where the chords are axially infinitely stiff, the 171 

deformation  is only due to the axial deformation of the diagonals and transverse bars. This 172 

situation shown in Figure 3b) is equiva GAs, 173 

and V. Axial forces in the bars of the truss are the same for Hypotheses 1 and 2, since the 174 

truss system is statically determinate. The encased steel profiles are longitudinal reinforcements 175 

which are part of the chords, but we have shown earlier that their own bending stiffness does not 176 
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influence significantly the bending stiffness of the truss. It results that only the shear stiffness 177 

GAs of the steel profiles has an influence on the shear stiffness of the truss. 178 

A total shear VEd acting on the truss will be distributed between two shear resisting systems 179 

working in parallel and thus proportionally to their relative shear stiffness: Vc into a truss with 180 

bars subjected to axial forces and Va into the set of steel profiles subjected to shear. Figure 4.  181 

 182 
 183 
Figure 4. Distribution of the total shear VEd in two shear resisting systems working in parallel. 184 
 185 
 186 
 187 

3.2 Shear stiffness of the truss 188 
 189 
The evaluation is mad  z being the distance between the compression 190 

and tension chords. In walls with huge encased sections, it is proposed to consider z as the 191 

distance between the center of the encased profiles.  is the inclination of the concrete 192 

compression diagonal. The height of the wall corresponding to a unit cell  is z . For an 193 

applied shear Vc, the total horizontal displacement RC of the application point of Vc is: 194 

 RC c s            (3) 195 

in which c is the horizontal displacement of the application point of Vc due to the shortening diag 196 

of the diagonal compression strut and s the horizontal displacement due to the elongation of the 197 

    VEd 

 Va      Vc 
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stirrups. The elongation of the chord in tension and the shortening of the chord in compression do 198 

not influence the horizontal displacement of the application point of Vc. The compression 199 

diagonal characteristics are (Figure 5):  200 

Fdiag= Vc           (4)  201 

ldiag            (5) 202 

bdiag = bw           (6)  203 

hdiag =            (7) 204 

Adiag = bwhdiag = bw          (8)  205 

Ediag = Ec           (9) 206 

The coefficient is introduced to take into account the encased profiles which constitute 207 

 is explained in 208 

3.5. 209 

The displacement c is: cos sin
2 sin cos

c
c diag diag

c w

V

E b
  (10) 210 
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 211 
 212 
 213 

h truss subjected to shear and components of the deformation  214 
 215 
 216 
The tension force in the stirrups on the unit cell with height z cot  is:  217 

Fstirrups = Vc           (11) 218 

As is realized by n stirrups with spacing s over the height zcot : n = zcot   (12) 219 

cot cot
stirrup c c c

stirrup s
s s s s s sw s sw

F z V z V zs V s

E A E A E A z E A
      (13) 220 

where Asw is the section of one stirrup section (note: it generally means 2 bars] 221 

1

cot sin cosRC s c c
s sw c w

s
V

E A E b
       (14) 222 

The shear stiffness SRC d concrete and stirrups, is: 223 
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1
1

cot sin cos

RC

s sw c w

S
s

E A E b

        (15) 224 

If 45°, SRC becomes: 225 

1
2RC

s sw c w

S
s

E A E b

          (16) 226 

 227 
3.3 Shear stiffness of the encased steel profiles 228 

The total horizontal displacement SP of the application point of the applied shear Va for a number 229 

N of identical encased steel profiles and the shear stiffness SSP for the set of N profiles are 230 

established as follows.  231 

/ /a vG V NGA           (17)  232 

cot ( cot ) /SP a vz V z NGA          (18) 233 

( ) / cotSP vS NGA z           (19) 234 

If 45°, SSP becomes: ( ) /SP vS NGA z        (20) 235 

where Av is the shear area of one steel profile and G is the shear modulus of steel (80769 MPa). 236 

 237 
3.4 Distribution of shear between Mörsch truss and the steel profiles 238 

For a total shear VEd applied to a section of wall with encased steel profile, the total transverse 239 

shear Va applied to the N encased steel profiles is found as:  240 

/ ( )a Ed SP SP RCV V S S S           (21) 241 

and is supposed equally shared between the N profiles. 242 

The shear applied to Mörsch truss is:     243 

/ ( )c Ed RC SP RCV V S S S           (22) 244 
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 245 

3.5 Contribution of encased profiles to the stiffness of the compression diagonal 246 

Encased profiles constitute ssion struts (See Figure 6). A part Fa of 247 

the inclined compression force Fdiag goes through the profiles while another part Fc is applied to 248 

the concrete around the profile, Fa and Fc being in proportion to the relative stiffness Ka of the 249 

profile and Kc of the concrete around the profile. Figure 7.  250 

 251 

Figure 6. Forces in action at an internal profile. 252 

For the H profile oriented as in Figure 7, the stiffness Ka of the profile, with concrete between 253 

flanges included, and Kc of the concrete around the profile are found as:  254 

sinc w
c

E b b
K

h
         (23) 255 

*

2 2
sin

( ) /
f f

a s

w w c s

t h t
K E

b t b t E E
      (24) 256 

where Ec
* is a concrete modulus taking into account the effect of confinement. 257 

   Fdiag 

Fdiag 

 

    Vl Vl 
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sin   along the diagonal is h/sin   258 

The reference stiffness of a similar full concrete zone is: 259 

sinf c w
c

E b
K

h
          (25) 260 

The equivalent modulus Ec
e for the encased profile zone is: 261 

c a ce
c f

c

E K K
E

K
          (26) 262 

The coefficient  is then: 
e
c i c i

c

E z L E L

zE
     (27) 263 

where Li represents the distance between the encased profiles  see Figure 8. For example, for the 264 

wall of Figure 1 and assuming Ec =30000MPa and Ec
*=45000MPa,  is equal to 1.24 265 

 266 

Figure 7. Distribution of Fdiag into Fa in the profile and Fc in concrete.  267 

 268 
Figure 8. Symbols used in the definition of  269 

 270 
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For the H profile oriented as in Figure 9, Ka and Kc are: 271 

 
* sinc w

c

E b h
K

b
         (28) 272 

*2 2 sinf s f c

a

t E h t E
K

b
        (29) 273 

The reference stiffness of a full concrete section without encased profile becomes here: 274 

sinf c w
c

E b
K

b
          (30) 275 

The coefficient  is then derived as above from eq. (26) and (27). For example, for the wall of 276 

Figure 1 and profiles oriented like in Figure 9 and assuming Ec=30000MPa and Ec
*=45000MPa: 277 

 is equal to 1.34 278 

 279 

Figure 9. Distribution of Fdiag into Fa in the profile and Fc in concrete  280 

 281 

3.6 Action effects at the interface between concrete and encased profiles 282 

 283 

The steel profiles that are present in the chords of the truss model are named 284 

profiles while those not in the chords or boundary zones are named  profiles.  285 

The nodes of the truss model are in the chords; these are the convergence points of the 286 

compression strut force Fdiag, the tie force in the stirrups Fstirrup and a vertical force Vl which 287 

 
 
 

 

b 
Fc/2 
 
Fa  Fdiag 
 
Fc/2 
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equilibrates the vertical component of Fdiag. Figure 10. Vl is induced in the steel components of 288 

the chord through longitudinal shear. The horizontal component of Fdiag is a compression force 289 

which equilibrates Fstirrup. Over a height of wall zcot  :  290 

Vl =Fdiag cos  = Vc cot          (31) 291 

Fstirrup=Fcomp=Fdiag sin =Vc         (32) 292 

If 45°:  Vl = Vc          (33) 293 

 294 

Figure 10. Equilibrium at a node of the truss model. 295 

 296 

The chord is constituted of classical bars and of the external steel profile, and the longitudinal 297 

shear force Vl is distributed between these components. The shear force applied to the profile is: 298 

,
prof

l a l
prof bars

A
V V

A A
         (34) 299 

where Aprof is the profile section and Abars the area of the bars in the chord zone.  300 

For the sake of simplicity and some additional safety, it could be considered in design that: 301 
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Vl,a=Vl           (35) 302 

The distribution of Vl,a around the encased profile depends on the general distribution of forces 303 

around that profile, which has been related in 3.5 to the relative stiffness Ka of the profile, 304 

concrete between flanges included, and Kc of the concrete around the profile. Expressions (36) 305 

and (37) can be used to estimate the component Vl,a,int which is introduced in the profile on the 306 

side facing the concrete compression diagonal and the compoment Vl,a,ext which is introduced on 307 

the other half of the profile: ,
, ,int

l a a
l a

a c

V K
V

K K
      (36)   308 

,
, ,

l a c
l a ext

a c

V K
V

K K
         (37) 309 

For example, for the wall of Figure 1 the contributions Vl,a,int and Vl,a,ext are equal to:   310 

Vl,a,int = 0.66 Vl,a and Vl,a,ext = 0.34 Vl,a . 311 

With the data of Figure 1, but profiles oriented like in figure 9, it yields: 312 

Vl,a,int = 0.55 Vl,a  Vl,a,ext=0.45 Vl,a . 313 

These results indicate that shear connection should be provided on both sides of the external 314 

profiles in order to resist the applied longitudinal shear Vl,a , with 55 to 65% of Vl,a to be resisted 315 

on the side facing the interior of the wall.  The proportion will of course vary, depending on the 316 

dimensions of the section and of the encased profiles. Some variability also results from the 317 

uncertainty on the modulus Ec* of the confined concrete. In practice, an equal resistance 318 

VRd Vl,a,int=Vl,a,ext=0.5 Vl,a can be provided on both sides of the encased profiles. 319 

For a partially encased steel profile in a boundary zone, like the example in figure 10, the applied 320 

longitudinal shear is 100%Vl,a  on the side of the profile facing the diagonal compression strut. 321 
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 322 

Figure 11. Node equilibrium in case of a partially encased steel profile and external ties 323 

 324 

Internal profiles do not participate to the Mörsch truss but the inclined diagonal compression 325 

force has to go through the profiles-see Figure 6. A longitudinal shear Vl,a is applied on each side 326 

of the profile and resistance to Vl,a has also to be provided on both sides of each internal profile.  327 

 328 

4. Resistance to longitudinal shear at steel-concrete interface 329 

 330 

4.1 Resistance to longitudinal shear at steel concrete interface in the context of Eurocode 4 331 

 332 

Resistance Vl,Rd to an applied longitudinal shear Vl,a can be provided by bond, friction and shear 333 

connectors, appropriate partial safety factors being considered. The design check in external 334 

profiles and internal profiles should be respectively:  335 

Vl,a Vl,Rd            (40) 336 

2Vl,a Vl,Rd           (41) 337 

Eurocode 4 allows to sum up the bond, friction and shear connectors contributions in order to 338 

obtain the necessary total resistance Vl,Rd :  339 
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Vl,Rd,total,= VRd,bond + VRd,friction + VRd,connectors        (42) 340 

Bond strength VRd,bond can be calculated with the design shear strength Rd defined in Table 6.6 of 341 

Eurocode 4, amplified by a factor  greater than 1.0 if the concrete cover is greater than 40 mm.  342 

VRd,bond is the product of Rd by an area equal to the product of the height zcot  of steel profile by 343 

half the perimeter of the steel profile times  in internal profiles and by the complete perimeter in 344 

external profiles. 345 

Friction strength VRd,friction can be calculated with a µ friction coefficient equal to 0.5 (for steel 346 

without painting). Friction results from the compression forces Fa which are part of the 347 

compression strut force Fcomp explained in 4.:  348 

VRd,friction = 0.5 Fa          (43) 349 

Local compression struts at shear connectors welded on the web of an H section can provide an 350 

additional friction strength which may be assumed equal to PRd/2 on each flange and for each 351 

horizontal row of studs if the conditions defined in figure 12 are respected. PRd is the design value 352 

of the shear resistance of a single connector.  353 

 354 

Figure 12. Additional frictional forces PRd/2 in composite columns by use of headed studs 355 

(Eurocode 4 Figure 6.21) 356 

 357 
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A resistance VRd,connectors to longitudinal shear can also be provided by connectors, headed studs, 358 

welded plates or other. With headed studs, if the distance from the wall or column surface to the 359 

connector is less than 300 mm, measures should be taken to prevent longitudinal splitting.  360 

With welded plates, measures should be taken to prevent spalling of the concrete if the 361 

compression struts developed at the connector is directly facing a wall face: stirrups or links 362 

designed to resist a tension force equal to the shear capacity of the connector should be placed at 363 

each connector. Plates welded on an encased profile, like in Figure 13, can achieve a direct 364 

bearing for the concrete compression struts and provide resistance to longitudinal shear. They can 365 

be designed by a "strut and tie" method. In the case of Figure 13, the resistance to longitudinal 366 

shear VRd  is equal to:  367 

VRd = ab* c,Rd,max          (44) 368 

where  a is the width of the plate: a=(b-2tw)/2  and b* is the length of the plate: b*=h-2tf  369 

c,Rd,max is the concrete strength in a compression strut: 370 

c,Rd,max = 0,6 fcd           (45) 371 

with -fck/250             (46) 372 

               373 
 374 
 375 

Figure 13. Strut and tie model to determine the welded plate connector strength 376 

 377 

     Ftie 

 

  VRd                          Fstrut 
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4.2 Consistency of longitudinal shear Vl found by beam theory and by truss model. 378 

 379 

Figure 14. Model considered to apply the theory of beams  380 

 381 

The beam theory applied under the hypothesis that the beam consists of two flanges of area Achord 382 

with a web considered as a plate with a negligible contribution to inertia I defines a longitudinal 383 

shear Vl  at the chord: 384 

Vl =Vc S z / I            (47) 385 

where z is the lever arm of internal forces, S the first moment of area of a chord (S=Achord z/2)  386 

and I the second moment of area of the beam (I=2Achord (z/2)2).  387 

It results that Vl = Vc     388 

which is identical to (26) obtained with the truss model for = 45°. 389 

 390 

5. Resistance of walls to transverse shear 391 

In a wall subjected to combined compression NEd, bending moment MEd and shear VEd, the design 392 

checks should be carried out as follows. 393 

Under combined compression NEd and bending moment MEd , the encased steel profiles are 394 

simply additional longitudinal reinforcements which participate to the resistance (see 3.) and the 395 

reinforced concrete section should be checked accordingly. 396 

With an applied shear force Vc defined by (8), classical checks of reinforced concrete should be 397 

used. In the context of Eurocode 2, the most restrictive of the ultimate limit state VRd,max 398 

corresponding to concrete compression struts crushing or VRd,s corresponding to yielding of the 399 

 

Achord 
 
Achord 
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transverse reinforcement governs the design. If VRd,max > VRd,s , the ultimate limit state of the RC 400 

wall in shear corresponds to yielding of transverse reinforcement, which, like yielding in shear of 401 

the steel profiles, is a plastic mechanism. In that case, the maximum shear resistance of a wall 402 

with encased profiles can be estimated as the addition of the resistance of reinforced concrete 403 

corresponding to the yielding of stirrups to the resistance of the steel profiles in shear VRd,a :  404 

VRd = VRd,s + Vpl,Rd,tot           (48) 405 

where Vpl,Rd,tot is the sum of the shear resistance of the encased profiles. 406 

Due to their stiffness in shear, the steel profiles attract a part of the shear and are thus subjected to 407 

a combination of axial and shear stresses. The steel profiles should then be checked in axial 408 

tension or compression (resulting from bending MEd + axial force NEd) combined to shear Va 409 

defined by (7). Shear can reduce the tension or compression resistance of the profile. The 410 

corresponding rule in Eurocode 3 is that the effect of shear on tension/compression resistance is 411 

negligible if the calculated shear Va,i in one profile i complies with: 412 

 Va,i  0,5 Vpl,Rd.           (49) 413 

If the calculated shear Va,i in one profile is such that: 0,5 Vpl,Rd < Va,i  Vpl,Rd , 414 

the tension or compression resistance of the shear area Av of the steel profile reduces to: 415 

 (1- )Av fyd            (50) 416 

where  = (2Va,Ed/Vpl,Rd -1)2         (51) 417 

Such a loss is likely to affect the profiles in the boundary zones, but normally not the internal 418 

profiles. 419 

 420 

6. Assessment of the proposed analytical method 421 

 422 

6.1 Specific features of the reference experiments 423 
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 424 

The assessment of the proposed analytical method resorts to results from experimental tests by 425 

Qian[2], Dragan [25] and Huy [26], specifically selected because of the following interesting 426 

features. 427 

In the tests presented in Qian[2], no shear connectors are present on the encased steel profiles and 428 

the ultimate bending moment is achieved without any problem related to longitudinal shear 429 

between concrete and steel profiles.  430 

In the tests of the Smartcoco Project [2] [25] [26], 12 walls have been tested. They are 431 

characterized by the same dimensions and encased profiles, with some tests including shear 432 

connectors and other not. Different types of connectors and different orientation of the encased H 433 

sections are also tested. The high steel profile content of the Smartcoco specimens provides 434 

useful information for the practice since one of the main aims of hybrid walls is a reduction of the 435 

walls dimensions in plan. 436 

 437 

6.2 Definitions of parameters used to characterize the test specimens 438 

Besides geometrical data, the main parameters used to characterize the tested specimens are the 439 

steel profile content a, the total steel content s,tot, the mechanical ratio  of Eurocode 4 [17] and 440 

the plastic resistance to compression Npl,Rd of Eurocode 4:   441 

a = Aa / Ac            (52) 442 

s,tot=(Aa+As)/Ac           (53) 443 

=Aafyd/Npl,Rd           (54) 444 

Npl,Rd=Aafyd+0.85Acfcd+As fsd           (55) 445 

where Ac is the gross area of concrete and Aa the total area of steel profiles.  446 

As is the total area of re-bars in the section. 447 
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fyd is the yield stress of the steel profiles  448 

fsd is the yield stress of the reinforcing bars. 449 

A difficulty in the comparisons comes from to the variability of the resistance to longitudinal 450 

shear. Eurocode 4 [17] indicates a design shear strength Rd=0.3 MPa for concrete encased steel 451 

sections and a friction coefficient =0.5 at concrete-steel profile interface, while Rd measured in 452 

tests can be significantly greater. Push out tests of steel profiles in Degee et al.[16] showed values 453 

of Rd above 0.9MPa. Bond strength and friction coefficient depend actually strongly on the 454 

surface state and are characterized by a large scatter. In the following, the assessment of design 455 

situations is made based on the Eurocode 4 design values: Rd =0.3 MPa and =0.5. For the 456 

comparison of calculation results to experimental results, probable average values of R and  are 457 

selected: R=0.6MPa and =0.6. 458 

 459 

7 Assessment of the analytical method on tests at University of Liege. Dragan et al. [25] 460 

 461 

7.1 Test specimens, testing conditions and global results. 462 
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 463 

Figure 15. Test configuration. Wall section and position of the strain gages and rosettes 464 

 465 

The specimens are cantilever walls. Specimen ARC is a reference reinforced concrete specimen 466 

with the same bars as the composite walls BS, CS, CSN, DS and DSN. Specimens ARC, BS, CS, 467 

DS are tested in pure bending under a static horizontal load V. Figure 15. Specimens CSN and 468 

DSN are additionally subjected to a constant axial force N=1000 kN. The characteristics of the 469 

specimens are shown in Figure 16. All wall sections are: bw x h = 240 x 880 mm. The shear span 470 

ratio, or aspect ratio, of the tested walls is equal to R=H/2h=1800/880=2.05 with H measured 471 

from the basis to the level of horizontal load application axis. The total height of the walls is 2250 472 

mm. All specimens comprise 3 encased steel profiles HEB100 class S460 with web parallel to the 473 

wall faces. No shear connectors are present in specimen BS. Headed studs are present in 474 

specimens CS and CSN. Plate connectors are installed in specimens DS and DSN. The total shear 475 

area of three steel profiles is v = 904 x 3 = 2712 mm². Stirrups are at 100mm step s. The 476 

longitudinal reinforcement ratio s is 1.19 %. The total reinforcement ratio s,tot is 3.5%. The 477 
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mechanical ratio  (eq.(54)) is equal to 0.41. The concrete characteristic strength established by 478 

tests on cylinders is fck = 55 MPa. Steel profiles have a perimeter of 536mm. Reinforcement are 479 

made of S500 steel. 480 

    481 

Specimen ARC. Cross-sections  Specimen BS cross-section 482 

  483 

Specimen CS and CSN cross-sections Specimen DS and DSN cross-sections 484 

Figure 16. Sections of Smartcoco D6-2 specimens [5] 485 

 486 

Figure 17 shows Horizontal Force  Displacement diagrams at the load application level. The 487 

reference reinforced concrete specimen ARC and, amongst the SRC specimens, CS and CSN 488 

with headed studs connectors behaved in a ductile way and reached plastic bending. Specimens 489 

with plate connectors suffered early failure due to a lack of transverse stirrups supporting the 490 

compression struts from each plate connector; this was expected, but nevertheless tested to 491 

confirm that design guidance should require these local stirrups. 492 
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 493 

Figure 17. Horizontal Load-Horizontal Displacement diagram 494 

 495 

7.2 Resistance of walls to transverse shear 496 

The following parameters are used in the calculations: z= 540 mm, Ec=33000 MPa, 497 

Ec
*=49500MPa and =1.17. Expressions (15), (16), (19) and (21) are used to obtain the results of 498 

Table 1 with three hypotheses on : =45°, 40° and 30°.  499 

All 
Specimens 

Shear stiffness 
SRC 

(N/mm) 

Shear stiffness 
SSP 

(N/mm) 

SRC 

SRC+SSP 

SSP 

SRC+SSP 

Resultant 
calculated shear 

Va in profiles 

at VEd = 600 kN 
(kN) 

 = 45° 568.103 406.103 0.58 0.42 252 
= 40° 659.103 340.103 0.66 0.34 204 
 = 30° 875.103 234.103 0.79 0.21 126 

Table 1. Calculated distribution of shear between RC truss and steel profiles SP. 500 

 501 
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A comparison of calculated and measured resultant shear forces in steel profiles is made at  502 

VEd = 600 kN (load level lower than the yield load, see Table 2). The shear stresses are measured 503 

by means of 9 strain rosettes placed on the steel profiles web at 0 mm, 270 mm and 540 mm from 504 

the wall base. The 90° rosettes are glued on the profiles and protected against moisture before 505 

pouring concrete. The maximum and minimum principal stresses and the maximum shearing 506 

stress max at a rosette are deduced from the 3 strain measurements according to a processing 507 

which can be found in TML [28]. The shear force Va is found for each profile as:  508 

Va = Av x max          (56) 509 

where Av is the shear area of the profile defined in Eurocode 3[29], herein roughly equal to the 510 

web area. 511 

The measured shear is different in the 3 encased profiles for one given specimen. There is 512 

however some regularity in the total of the shear measured in the three profiles, except with 513 

specimens DS and DSN in which the measures at rosettes may have been influenced by the plate 514 

connectors reaction to compression struts. In specimens BS, CS and CSN, the agreement between 515 

measured to calculated shear in profiles is acceptable and safe-sided for =40°, with "calculated 516 

vs. measured" ratios ranging from 1.58 to 1.00 with an average equal to 1.17. 517 

Specimen 
 

Level 
Of 

Gages 

Measured Total 
Shear in profiles 

kN 

Calculation 
Measured 
At  

Calculation 
Measured 
At 40° 

Calculation 
Measured 
At 30° 

BS 
1 162 1.52 1.22 0.74 
2 148 1.66 1.34 0.81 
3 125 1.97 1.58 0.96 

CS 
1 201 1.22 1.01 0.59 
2 191 1.29 1.03 0.63 
3 192 1.28 1.03 0.63 

CSN 
1 X X X X 
2 169 1.46 1.17 0.71 
3 199 1.23 1.00 0.60 

DS 
1 192 1.28 1.03 0.63 
2 137 1.79 1.44 0.88 
3 132 1.86 1.50 0.91 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

DSN 
1 X X X X 
2 114 2.15 1.73 1.05 
3 87 2.82 2.27 1.37 

Table 2. Total shear of 3 steel profiles at VEd= 600 kN. Comparison to calculation results. 518 

 519 

Shear in the steel profiles is low and does not reduce the capacity of the profiles in tension:  520 

Va = 369 kN at VE =900 kN   Vpl,Rd     521 

Va/Vpl,Rd = 0.51    = (2 x 369/720  1)2 = 0.0006  522 

The RC walls resistance to shear is calculated with the effective material strength.  523 

Concrete compression struts failure:  VRd,max = 240 x 540 x 0,6 x 55 = 4276kN 524 

Yielding of transverse steel:   VRd,s = 308 x 540 x 500 / 100 = 832 kN 525 

Yielding of 3 steel profiles in shear:  VRd,a  526 

The maximum applied load is VEd=1050kN in specimens CS and CSN. This gives the 527 

contribution of steel profiles to global shear resistance, since the RC wall resistance is VRd,s=832 528 

kN . 529 

The maximum VEd in tests is lower than the theoretical maximum resistance Vpl,Rd + VRd,s 530 

(1552kN) since other ultimate limit states are reached for lower load levels: specimens CS and 531 

CSN fail in plastic bending for VEd = 1050 kN; specimen BS (without connector) exhibits a bond 532 

+ friction failure for VEd = 830 kN; and specimens DS fail in shear at VEd = 830 kN due to a lack 533 

of stirrups. 534 

 535 

7.3 Longitudinal shear at concrete-profile interface. 536 

The evaluation of longitudinal shear is made for a transverse shear force EdV equal to the 537 

maximal horizontal load, VEd = 900 kN (specimen CS), which corresponds to full plastic bending 538 
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of the wall. =40° is considered for the compression struts and Vl,a is calculated considering (31) 539 

and (34) with Abars of 2 diameter 20 and Aprof  of one HEB100 in the chord zone.  540 

The results given in Table 3 show that in the framework of a design procedure (1st line in Table 541 

3), shear connectors are required to provide at least a shear resistance of (564  384) = 180kN 542 

over . The transverse shear force failure EdV corresponding to the estimated 543 

failure of specimen BS is equal to 900 x 525 / 564 = 838 kN, which represents a good estimate of 544 

the actual failure load of the specimen BS (830 kN). 545 

Specimen BS 
VEd 

(kN) 
Va 

(kN) 
Vc 

(kN) 
Vl,a 

(kN) 
VRd,bond* 

(kN) 
VRd,friction 

(kN) 
VRd,total Vl,a 

(kN) 

With design parameters 900 306 594 564 82 302 384 < 564 
With average parameters 900 306 594 564 163 362 525 < 564 

*VRd,bond includes the factor of Eurocode 4 for concrete cover greater than 40mm; here 1,6 546 

Table 3. Applied and resistant longitudinal shear in specimen BS (no shear connectors). 547 

 548 

8 Assessment of the analytical method on tests at INSA Rennes [26] 549 

 550 

8.1 Test specimens, testing conditions and global results 551 

 552 

Figure 18. Smartcoco D6-1 test configuration 553 

 554 
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A 3-point bending test configuration is used to evaluate the resistance of walls to combined 555 

bending and shear without axial force. See Figure 18. The specimens are shown in Figure 19. The 556 

wall sections are bw x h = 250 x 900 mm². The shear-span ratio, encased profiles sections, yield 557 

stress and longitudinal reinforcement ratios are the same as for the specimens tested at the 558 

University of Liege, described in 7. The profiles flanges are parallel to the wall faces so that the 559 

total shear area of three steel profiles is equal to v = 6360 mm². No shear connectors are present 560 

in specimen BW. Diameter 16mm headed studs are used in specimens CW and CWHC with a 561 

spacing of 200mm. Plate stiffeners 80 x 40 x 10mm are used as connectors in specimens DW and 562 

DWHC with a spacing of 200mm. The stirrups are made of diameter 14mm S500 bars (actual 563 

yield stress 633 Mpa) with a spacing of 200mm in specimens ARC, BW, CW and DW (shear 564 

reinforcement ratio w=0.62 %) and with a spacing of 100mm in specimens BWHC, CWHC and 565 

DWHC ( w=1.23 %). Concrete strength on cylinders at the test day is 32 MPa, except for 566 

specimen BWHC (26 MPa).  567 

                          568 

Specimens BW & BWHC  CW & CWHC  DW & DWHC 569 

Figure 19. Sections of the specimens. Unit: mm. 570 
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 571 

Figure 20. Experimental load displacement curves (note: Applied Shear VEd = 0.5 Applied Load). 572 

 573 

8.2 Resistance of walls to transverse shear 574 

The assessment of the shear force acting on the steel profiles is carried out for the maximum total 575 

transverse shear force EdV reached for each test. Figure 20 and Table 5. The parameters used in 576 

the calculations are: z=560 mm, =45°, Ec=33000 MPa and =1.16. Expressions (15), (16), (19) 577 

and (21) are used to obtain the results of Table 4. The shear resistance of the walls calculated 578 

with the actual material strength are given in Table 5. 579 

 580 

Specimens 
Shear 

stiffness SRC 
(103 N/mm) 

Shear 
stiffness SSP 
(103 N/mm) 

SRC 

SRC+SSP 
SSP 

SRC+SSP 

Resultant calculated 
shear Va  

in profiles 
at VEd=600kN 

(kN) 
BW  CW - DW 303 917 0.25 0.75 450 

BWHC  CWHC-DWHC 569 917 0.38 0.62 372 

Table 4. Calculated distribution of shear in RC truss and steel profiles SP. 581 

 582 

Specimen 
VEd 

(kN) 
VEd,max 
(kN) 

VRd,s 

 (kN) 
Vpl,Rd,tot 
(kN) 

Vpl,Rd,tot+VRd,s 
(kN) 

Vpl,Rd,tot+VRd,s VRd,s 
Vc 
kN 

VEd,s 
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VEd VEd Vc 

BW 807 1914 790 1069 1859 2.30 0.98 194 4.07 

BWHC 725 1922 1580 1069 2649 3.60 2.17 275 5,72 

CW 840 1944 790 1069 1859 2.22 0.94 202 3.91 

CWHC 905 1922 1580 1069 2649 2.93 1.75 344 4.59 

DW 884 1988 790 1069 1859 2.10 0.89 212 3.72 

DWHC 887 1901 1580 1069 2649 2.99 1.78 337 4.68 

Table 5. Shear resistance of the RC walls 583 

 584 

It can be seen in Table 5 that, without the contribution Vpl,Rd,tot of the steel profiles to the total 585 

shear resistance, the specimens BW, CW and DW would have failed in shear by yielding of 586 

stirrups, since ,Rd sV  is smaller than VEd. Moreover, since (Vpl,Rd,tot + VRd,s) is much greater than 587 

VEd, the observed ultimate limit state is a ductile bending. 588 

In order to assess the evaluation of the shear force Va in the steel profiles obtained by using the 589 

analytical model, a value of the total acting shear force equal to VEd=600kN is considered, 590 

namely a lower load level than the yield load of the walls in plastic bending (note: VEd=600kN 591 

correspond to a total applied load of 1200 kN in Figure 20). Experimental values of the shear 592 

force in the steel profiles is established from measurements by rosettes on the flanges. The central 593 

line of rosettes R2-R5-R8 (see Figure 21) is located at a distance greater than the section height 594 

both from the load introduction point and from the supports and can therefore be considered as 595 

not influenced by local disturbances. This line is thus selected for further comparison. 596 
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 597 

Figure 21. Position of the rosettes. 598 

Specimen 

Shear 
force  

rosette 
R2 

(kN) 

Shear 
force 

rosette 
R5 

(kN) 

Shear 
force 

rosette 
R8 

(kN) 

Measured 
Total 
Shear 

In profiles 
(kN) 

Calculated 
Total 
Shear 

In profiles 
(kN) 

 
Ratio 

Calculation 
Measured 

  
BW 129 40 64 493 450 0.91 

BWHC 105 48 32 392 372 0.95 
DW 129 32 64 477 450 0.94 

Note: due to deficient rosettes, CW, CWHC and DWHC do not provide comparable data. 599 

Table 6. Comparison of measured and calculated shear in profiles at VEd = 600 kN 600 

 601 
It can be noticed that, in all specimens, the measured shear forces are different for the 3 encased 602 

profiles, though there is a regularity in the difference, the lower profile of Figure 21 being 603 

systematically more stressed. The sum of the individual shear measured in each profile fits well 604 

with the theoretical predictions, with calculation/measurement ratios ranging from 0.93 to 0.96.  605 

Shear in the profiles remains low enough not to reduce the capacity in tension. At most, at 606 

VEd=900 kN, Va/Vpl,Rd,tot is equal to 684/1689 = 0.40 < 0.50 so that interaction between axial force 607 

and shear in the profile can be neglected -Eurocode 3[29]. 608 

 609 

8.3 Assessment of expressions for longitudinal shear at concrete-steel profiles interface. 610 

                              

 

600 mm                  600 mm                            900 mm 
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The evaluation is made for a transverse shear force EdV equal to the maximum load in each test. 611 

=45° is considered for the compression struts and Vl,a is calculated using (31) and (34) with Abars 612 

of 2 diameter 20 and Aprof  of one HEB100 in the chord zone. 613 

 
Spec. 

VEd 
(kN) 

SRC 

SSP+SRC 
Va 

(kN)
Vc 

(kN) 
 Vl,a 
(kN) 

VRd,bond* 
(kN) 

VRd,friction 

(kN) 
VRd,total Vl,a 

(kN) 

1 BW 807 0.25 605 202 181 73 87 160 < 181 
2 BWHC 725 0.38 450 275 256 73 124 197 < 256 
3 CW 840 0.25 605 235 188 73 91 164 < 188 
4 CWHC 905 0.38 561 344 321 73 155 236 < 321 
5 DW 884 0.25 663 221 198 73 95 168 < 198 
6 BW 807 0.25 605 202 181 86 116 202 > 181 
7 BWHC 725 0.38 450 275 257 86 165 251 < 257 

*VRd,bond including factor of Eurocode 4 for concrete cover greater than 40mm; here =1,7 614 

Table 7. Evaluation of applied longitudinal shear Vl and comparison to the design resistance to 615 

longitudinal shear VRd,total provided by bond and friction calculated with design values (lines 1 to 616 

5) and calculated with average experimental values (lines 6 and 7) . 617 

 618 

The main observations are as follows: 619 

For design conditions, VRd is lower than Vl,a in all specimens and shear connectors are required to 620 

provide at least a shear resistance equal to [Vl,a - VRd] height. This 621 

corresponds to the experimental observation: specimens without connectors did not reach an 622 

ultimate state in bending. 623 

The transverse shear force VEd corresponding to a longitudinal shear failure at concrete-steel 624 

profiles interface in specimen without connectors is correctly estimated by the proposed method 625 

as far as the most likely values of bond and friction parameters are taken into consideration, i.e. 626 

kN for specimen BW and 251 257kN for specimen BWHC (see Table 7 last two 627 

lines). 628 
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 629 

9 Assessment of the analytical method based on tests at Tsinghua University [2] 630 

   631 

9.1 Test specimens, testing conditions and global results 632 

In this test series, no shear connectors are placed on the encased CHS steel profiles and, in spite 633 

of this, the full ultimate bending moment is achieved without problem related to longitudinal 634 

shear, such as slippage between concrete and steel profile. The characteristics of specimens SW2 635 

to SW6 are given in figure 22. Wall sections are h x bw = 1300 x 160 mm, with a wall height 636 

H=2600 mm. The aspect ratio of walls is H/h = 2.22. The yield stress of the circular hollow 637 

sections CHS 114x3.36 is 388 N/mm2 with an area of the section of 1167.9 mm2.  The yield 638 

stress of the CHS 88x3.36 is 380 N/mm2 with an area of the section of 893.4 mm2.  The shear 639 

area Av of one steel profile is estimated as half of the total steel section area. The shear area Av of 640 

the CHS 114x3.36 and the CHS88x3.36 are thus respectively 583.9 and 446.7 mm2. Normal 641 

longitudinal reinforcement are T12 with a yield stress of 389 N/mm2. Transverse reinforcement 642 

are T8@150 with a yield stress of 330 N/mm2; they provide Asw=100.6mm2 per stirrup. a ranges 643 

from 1.12 to 2.12% and s,tot from 2.12 to 3.12%. 644 

 645 
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  646 

Figure 22. External dimensions and sections of the tested walls (in mm). 647 

 648 

A constant compression force N is first applied and kept constant during the consequent cyclic 649 

application of a progressively increased horizontal force V, with force reversal. The compression 650 

force N is in the range 0.55Npl,Rd to 0.73Npl,Rd. The force displacement curves in Figure 23 are the 651 

backbone curves of the cyclic tests.  652 

 653 

Figure 23. Envelope of experimental curves [1]. 654 

The observed failure mode is a plastic bending (cracks perpendicular to the wall axis) with a 655 

yield plateau during which diagonal shear cracks appear progressively. 656 
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 657 

9.2 Resistance to transverse shear and distribution of applied shear 658 

Compression struts are assumed inclined at 45° and the z. For 659 

specimens SW2 to SW5, z = 1170mm; for specimen SW6 is z = 1000 mm.  660 

The elastic modulus Ec is considered the same for all specimens, i.e. Ec = Ecm = 34000 MPa. For 661 

specimens SW2 to SW5,  = 1.11, and for specimen SW6,  = 1.21. The encased profiles are 662 

concrete filled tubes. Concrete is then likely to contribute to the shear stiffness and strength of the 663 

tubes, but to an extent which, to our knowledge, is not covered by any commonly accepted 664 

model. The choice is made here to handle the encased as circular hollow sections (CHS) 665 

and thus to neglect any contribution of the concrete infill. In Table 8, the distribution of shear is 666 

defined for an applied shear VEd equal to the experimental yield load level. 667 

 668 

Spec. Encased 
Steel 
CHS 
Profiles 

Total  
Shear 
Area Av  
(mm2) 

Shear 
Stiffness  
SSP 

(N/mm) 

Shear 
Stiffness  
SRC 

(N/mm) 

 
SSP 

SSP+SRC 

 
 VEd 
 
(kN) 

 
Va  
 
(kN) 

 
Vc 
 
(kN) 

SW2 2x114x3.36 1167 81.103 129.103 0,386 601 232 369 
SW3 2x114x3.36 1167 81.103 129.103 0,386 617 238 379 
SW4 2x114x3.36 1167 81.103 129.103 0,386 647 250 397 
SW5 2x88x3.36 934 65.103 129.103 0,335 598 200 398 
SW6 4x88x3.36 1868 151.103 129.103 0,539 697 375 322 

Table 8. Distribution of the applied shear in the wall and the encased profiles. 669 
 670 
It is necessary to check if shear influences the CHS resistance to axial forces.  Table 9 indicates 671 

that Va, is close to the sum of the plastic strength in shear Vpl,Rd,tot of the 3 encased profiles, 672 

corresponding to a clear influence of the shear on the axial capacity of the tubes: yielding of the 673 

most stressed tube is achieved in a shear-tension interaction state. However, it is also recalled that 674 

these tests are largely entering the plastic domain, so that some strain hardening takes place, 675 

which can possibly increase the yield stress in shear 73. 676 
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 677 

 
Spec 

VEd 
kN 

Va 
kN 

Vpl,Rd,tot 
kN 

Va 
Vpl,Rd,tot 

SW2 601 232 261 0.89 
SW3 617 238 261 0.91 
SW4 647 250 261 0.96 
SW5 598 200 209 0.96 
SW6 697 375 418 0.90 

Table 9. Check of shear level in encased  678 

 679 

The average measured concrete resistance fcm is given in Table 10. For design strength, the 680 

concrete resistance is: fcd = 19.1 MPa. The effect of the applied compression force on the shear 681 

resistance resistance of the concrete has been taken into account by means of the coefficient cw 682 

of Eurocode 2[27], based on the average compression stress cp.  It can be observed in Table 10 683 

that VRd,max > VRd,s so that the ULS in shear of the RC wall corresponds to yielding of transverse 684 

reinforcement. The design resistance of walls calculated as VRd = VRd,s + Vpl,Rd,tot provides a fair 685 

estimate of the real resistance:  the ratios of calculated to experimental resistance range between 686 

0.78 and 0.92, with an average equal to 0.84; here again, strain hardening contribute to explain 687 

why the experimental yield load is greater than VRd. 688 

Spec. 
fcm 

 
MPa 

cp 
fcd 

cw 
VRd,max 

 
kN 

VRd,s 
 

kN 

Vpl,Rd,tot 
 

kN 

VRd = 
Vpl,Rd ,tot+ VRd,s 

kN 

Vy 

Exp 
kN 

VRd / Vy 

Calcul 
Experim 

SW2 42.5 0.55 1.13 443 258 261 519 601 0.86 
SW3 38.9 0.60 1.00 443 258 261 519 617 0.84 
SW4 38.5 0.72 0.70 443 258 261 519 647 0.80 
SW5 44.8 0.70 0.75 355 258 209 467 598 0.78 
SW6 47.8 0.73 0.68 710 221 418 639 697 0.92 

Table 10. Evaluation of steel profiles contribution to shear strength 689 

A complementary way to check the validity of the proposed analytical expressions consists in 690 

calculating the contribution of the steel profiles to the shear resistance as the difference between 691 
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the resistance measured on composite walls (specimens SW2 to SW6) and the resistance of the 692 

reference RC wall (specimen SW1) at the yield initiation and at the maximum load. 693 

At yield :   VRd,a = Vy,SWi  Vy,SW1   694 

At maximum load : VRd,a = Vp,SWi  Vp,SW1   695 

where  Vy,SWi is the yield resistance of wall i and Vp,SWi is the maximum resistance of wall i 696 

      Vy,SW1 = 422 kN and Vp,SW1 = 503 kN 697 

The columns (Vy - Vy,SW1) and (Vp  Vp,SW1) in Table 11 show that encased profiles contribute to 698 

the shear resistance of walls. Their contribution is properly estimated by the expression of the 699 

shear resistance of the steel profiles. There is a remarkable agreement between the experimentally 700 

measured contribution of the steel profiles to the maximum shear strength (Vp  Vp,SW1), the 701 

calculated contribution of the steel profiles to shear strength Va and the plastic shear strength of 702 

the encased profiles Vpl,Rd,tot. 703 

Spec. VEd 

kN 
VEd - Vy,SW1 

kN 
Vp 
kN 

Vp  Vp,SW1 
kN 

Vpl,Rd,tot 
kN 

Va 
kN 

SW2 601 179 718 215 261 232 

SW3 617 195 738 235 261 238 
SW4 647 225 771 268 261 250 
SW5 598 176 719 216 209 200 
SW6 697 275 851 348 418 375 

Table 11. Evaluation of steel profiles contribution to shear strength by comparison to reference 704 

RC specimen SW1. 705 

 706 

9.3 Assessment of expressions for longitudinal shear at concrete-profiles interface 707 

Vl,a is calculated referring to (31) and (34) with Abars of 6 diameter 12 and Aprof  of one 708 

CHS114x3.36 in the chord zone of specimens SW2 to SW5 and 2 CHS 88x3.36  in the chord 709 

zone of specimen SW6. 710 
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As explained in 6.2, two different evaluations are made concerning the resistance to longitudinal 711 

shear at the steel concrete interface. The results in Table 12 show that design resistance to 712 

longitudinal shear is sufficient, so that shear connectors are indeed not mandatory. The second 713 

evaluation, made with probable values of average bond resistance and friction, strengthen this 714 

conclusion. Table 13. 715 

 
Spec 

Vy = VEd 
 

kN 

Va  
 
kN 

Vc 

 
kN 

Vla 
 

kN 

1 Profile 
perimeter 

mm 

VRd,bond 
 

kN 

VRd,frict. 
 

kN 

VRd,total Vl,a 
 

kN 
SW2 601 232 369 232 357 63 185 248 > 232 
SW3 617 238 379 238 357 63 190 253 > 238 
SW4 647 250 397 250 357 63 199 262 > 250 
SW5 598 200 398 250 277 42 199  250 
SW6 697 375 322 232 277 83 161 244 > 232 

Table 12. Evaluation of applied longitudinal shear Vla and comparison to the design resistance to 716 

longitudinal shear VRd,total provided by bond and friction calculated with design values. 717 

 718 

 
Spec 

Vy = VEd 
kN 

Va 
kN 

Vl,a 

kN 
VRd,bond 

kN 
VRd,frict. 

kN 
VRd,total  Vla* 

kN 
SW2 601 232 232 126 221 347  > 232 
SW3 617 238 238 126 227 350  > 238 
SW4 647 250 250 126 238 364 > 250 
SW5 598 200 250 84 239 323 > 250 
SW6 697 375 232 166 193 359 > 232 

* with R=0,6MPa and  = 0,6  719 

Table 13. Evaluation of applied longitudinal shear Vl,a and comparison to the longitudinal shear 720 

resistance VRd,total considering probable values of bond resistance and friction. 721 

 722 

10 Conclusions 723 

An analytical method for the design of walls with several encased steel profiles, or SRC walls, or 724 

steel-concrete hybrid walls is proposed. It allows checking walls subjected to a combination of 725 

applied axial force, bending and shear. In particular, the method quantifies the load sharing 726 
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between concrete and encased profiles regarding the transverse shear and defines as well how to 727 

properly evaluate the longitudinal shear at the concrete-steel profiles interface; this latter 728 

information is necessary to design adequately shear connections of the profile. 729 

The assessment of the proposed analytical method by comparison with experimental results 730 

allows drawing the following conclusions:  731 

1) The encased profiles contribute undoubtedly to the shear stiffness and the shear resistance of 732 

hybrid walls. 733 

2) The proposed design method provides a good estimate of the part of the applied shear that is 734 

applied to the encased steel profiles; this allows performing design checks dedicated to the 735 

interaction shear and axial force in the encased profiles. 736 

3) The method provides a fair estimate of the longitudinal shear applied at the concrete-steel 737 

profiles interfaces for a given applied transverse shear. Tests where the calculated longitudinal 738 

shear effect approaches the longitudinal shear resistance evaluated with probable values of bond 739 

resistance Rm and friction coefficient  show a failure related to this mechanism. This means that 740 

the method allows correctly estimating the level of applied transverse shear leading to a failure by 741 

excessive longitudinal shear. 742 

4) When used with design values of the bond and friction parameters taken from Eurocode 4, the 743 

method provides a safe-sided design against longitudinal shear at the concrete-steel profiles 744 

interfaces. 745 

5) The experiments with mechanical shear connectors have shown that the summation of 746 

individual components of the resistance due to bond, friction and connectors is effective. 747 

6) Plate connectors can be effective if the induced local compression struts activated by the load 748 

transfer from the profile to the concrete are supported in an adequate way; this can be achieved 749 

either by the appropriate orientation of the compression struts toward the wall core, or by means 750 
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of stirrups located around each profile in cases where the compression struts face an external side 751 

of the wall. 752 

 753 
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