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Abstract 16 

This paper presents the finite element analysis (FEA) results of a multi-story reinforced concrete (RC) building 17 

having precast and cast-in-place load bearing walls. Door-type cut-out openings (height: 2.1 m, width: 0.9–4.4 m) 18 

were created at the first and second story of the building. Results from experimental tests on axially loaded RC 19 

panels were used to verify the modeling approach. The influence of cut-out openings on the response of individual 20 

RC panels, failure modes, and load redistribution to adjacent members under increasing gravitational loads was 21 

analyzed. Moreover, the wall bearing capacities obtained from FEA were compared with the values calculated 22 

from design equations. The results revealed that the robustness of multi-story buildings having RC load bearing 23 

wall systems decrease considerably with the creation of cut-out openings. However, owing to the initial robustness 24 

of the buildings, large cut-out openings could be created under normal service conditions without strengthening 25 

of the building structure. Furthermore, design equations provided very conservative predictions of the ultimate 26 

axial capacity characterizing the solid walls and walls with small openings, whereas similar FEA and analytically 27 

predicted capacities were obtained for walls with large openings. 28 
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nonlinear static analysis; load-bearing walls.   30 
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1. Introduction 31 

Interventions to existing reinforced concrete (RC) buildings having precast and cast-in-place load bearing wall 32 

panels are common due to, for example, changes in the use and/or function (e.g., conversions of apartment 33 

buildings to office spaces). The new functionality usually requires increased amount of space as well as redesign 34 

and, hence, improved space efficiency of the building. Often, this means cutting new openings: starting from a 35 

regular door opening up to the point where an entire wall must be removed. These actions will inevitably damage 36 

the structure by affecting both the serviceability (admissible stresses, crack widths, and deflections) and the 37 

ultimate (i.e., load-carrying capacity) limit states. 38 

The topic of openings in structural panels has been previously investigated via experimental and numerical 39 

methods [1-3]. Most of the studies have focused on the design aspects of walls with appropriate reinforcement 40 

detailing around the edges of the openings, as required in design codes [4, 5]. However, when openings are 41 

introduced into existing buildings, proper reinforcement detailing around the corner of the openings is lacking. 42 

This issue has rarely been considered [6-11]. Previous experimental studies focused on the effect of cut-out 43 

openings in large elements have shown that these openings are a source of weakness and can size-dependently 44 

reduce the structural stiffness and load-carrying capacity of a building. In all cases, repair and strengthening 45 

measures, using the use of fiber-reinforced composite materials, were proposed with the aim of restoring the 46 

specimen capacity to the pre-opening level. This approach is valid from a research point of view, but the studies 47 

focused on the component level [10, 12-14] rather than on the system level, i.e., the entire building. 48 

In practice, a robustly designed building is characterized by important additional capacities due to the 49 

membrane effect and the redistribution of load effects to adjacent members. In the context of structural 50 

performance, structural robustness indicates the capacity of a building system to withstand the loss of local load-51 

carrying capacity. At the structural level, cut-out openings can be assimilated into element removal scenarios. The 52 

robustness of building systems subjected to element removal, such as column loss due to impact or explosions, 53 

has typically been assessed through numerical,  and analytical strategies (see, for example, [15]). However, 54 

previous studies quantifying the performance of building systems under gravity loads have focused mainly on steel 55 

or RC frame systems, and studies considering the building systems of RC panels are lacking. 56 
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The design and axial capacity assessment of RC walls in current standards [4, 5, 16, 17], is based on empirical 57 

models and calibration against the results of non-linear analysis. Compared with experimental results, these models 58 

provide overly conservative results, especially for walls with openings [1]. 59 

In this work, the influence of cut-out openings on the performance of multi-story residential buildings having 60 

a RC wall structural system is investigated. The performance of the building, in terms of maximum serviceability 61 

load, ultimate capacity, and robustness, is evaluated through non-linear three-dimensional (3D) finite element (FE) 62 

analysis. The adequacy of the modeling strategy is first validated at the component level, by comparing the 63 

numerical results with the experimental results obtained at Luleå University of Technology. The modeling 64 

approach validate using experimental tests on reinforced concrete walls is then applied at the structural level. 65 

Furthermore, the FEM results are compared with the results provided by the design guidelines. 66 

2. Archetype building 67 

The analyzed structure is an existing 11-storey residential building (Fig. 1), located in Romania, with the 68 

vertical load bearing system consisting of precast and cast-in-place reinforced concrete wall panels. The 69 

architectural concept [18] was designed and subsequently put into practice in the 1970s in Romania in area with 70 

varied levels of seismic risk, including low-seismicity regions with a then-current peak ground acceleration of 71 

0.03g. Apartment blocks with structural wall systems, represents a typical structure across Europe, where for 72 

example, these structures represent 40%, 49%, and 45% of the residential building stock in Slovakia, Poland, and 73 

Estonia, respectively [19]. Important differences between the structured built in low or high-seismic regions was 74 

the amount and detailing of the steel reinforcement. For buildings in high seismic area the steel reinforcement in 75 

the concrete walls was designed such that walls panels withstand lateral shear forces and overturning moments, 76 

whereas in low seismic regions, walls were provided a minimum percentage of reinforcement to prevent cracking 77 

due to shrinkage or transportation.  78 

The structural system consists of an integral wall system in which load-bearing walls run in both the 79 

longitudinal and transversal directions of the building. Structural simplicity is achieved by a regular floor layout, 80 

which runs from the foundation to the top of the building (see Fig. 2 for the layout of the 1st floor). The geometric 81 

characteristics of the structural elements are summarized below (the material properties of the structural elements 82 

are given in Table 1): 83 
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a) Walls. Two types of load-bearing walls carry the loads: cast-in-situ RC walls (Fig. 3) and prefabricated 84 

sandwich panels (Fig. 4a). The 150-mm-thick monolithic RC walls are used as interior walls ending with a 170-85 

mm-thick flange toward the edge. The connection with the prefabricated outer walls is realized by casting the 86 

flange in a second stage. Each of these outer walls is a three-layer panel (including 70 mm, 60 mm, and 140 mm 87 

of protective layer, insulating material, and structural concrete, respectively) used to close the building envelope. 88 

In the current analysis, these walls are represented only by the structurally RC layer. 89 

b) Floors. The floor panels (Fig. 4b) are prefabricated with a thickness of 120 mm, with top reinforcement 90 

anchored over the support. A steel wire mesh is used as the bottom reinforcement. 91 

c) Joints and intersections. Shear stresses are transferred by the joints between external and internal walls 92 

through shear keys and welded lap splices, as shown in Fig. 5a–b. At the junction wall-floors, the stresses are 93 

transferred by a tie beam. The connection is realized through lap splices and shear keys, as shown in Fig. 5c–d. 94 

3. Analysis method 95 

The loads in the current analysis (shown in Table 2) are evaluated in accordance with EC 1 [20], although they 96 

might differ from the loads stipulated by previous standards used to design the building. In complex cases, simple 97 

analytical calculations are inadequate for determining the reliability of a given structure, but design codes offer 98 

the possibility of performing a load test [5]. Load testing a real structure is costly, time consuming, and limits the 99 

use of the structure. Numerical simulations of a load test are easier and less expensive than real tests. However, a 100 

FE analysis is typically performed prior to the test, and the test results are then used to verify and calibrate the 101 

model. Nevertheless, the present study considers only a FE-analysis of the building tests. The ACI 318 [5] standard 102 

provides a procedure for determining if a structure is allowed to remain in service. From the load combinations 103 

proposed in ACI 318 [5] load combination given by Eq. (1) was used, as it yields the highest total load, thus, all 104 

subsequent analyses are performed with this combination as the nominal load.  105 

 1.15 1.5 0.4(  or  or )rP D L L S R= + +  (1) 

where, D: dead load, L: imposed load, Lr: roof live load, S: snow load, and R: rain load. Analyses are conducted 106 

considering a change in the building function from a residential to an office building and, hence, an initial live 107 

load of 2.0 kN/m2 is used. Cut-out openings are introduced in the wall panel located along axis D and between 108 

axes 1 and 2 (this panel is referred to as wall D12, see Fig. 2). After the openings are created, a nominal live load 109 
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of 5.0 kN/m2, corresponding to the live load for an office building. The serviceability of the building is 110 

subsequently evaluated.  111 

Afterward, pushdown analysis is performed using the bay pushdown (BP) method [21], where the gravity load 112 

is increased proportionally only in the critical bays, i.e., the regions adjacent to the damaged element, until collapse 113 

occurs. The term damage (in this case) can refer to the complete or partial loss of the carrying capacity of a 114 

structural member. The remaining part of the structure is only subjected to nominal gravity loads. In a uniform 115 

pushdown analysis, the load is increased over the entire story and failure can occur in the weakest part of the 116 

structure, which may lie outside the critical bay. However, in BP, the collapse will correspond to the failure of the 117 

critical bay. Evidence of failure includes cracking, spalling, or large deflections. The capacity of the structure can 118 

be expressed in terms of the overload factor (OF), i.e., the ratio of the failure load and the nominal (design) gravity 119 

loads. The residual capacity (excess capacity) and possible collapse modes can be assessed through OF 120 

determination. 121 

4. Failure criteria 122 

A general acceptance criterion for the behaviour of a structure under loading is that this structure must resist 123 

failure. For example, according to ACI 318 [5], a building can remain in service at a certain load level or be 124 

decommissioned, based on evidence of failure, which is investigated in terms of: spalling or crushing of the 125 

concrete, reinforcement, anchorage slip, crack widths, and deflections affecting the function of the building. 126 

Therefore, regarding failure, two performance levels can be defined as follows: 127 

Serviceability level: In accordance with ACI 318 [5], the acceptance criteria are specified in terms of deflections 128 

and crack openings, with acceptable deflections of structural elements under proof loading given as: 129 

 ∆ =
𝑙𝑙2

20000𝑡𝑡
 (2) 

Where, l is the span of the member and t is the member thickness.  130 

According to EC 2 [4], the appearance and general utility of a structure can be impaired if the deflection of 131 

structural components exceeds the span/250. This standard also suggests that an appropriate limit for element 132 

deflection after construction under quasi-permanent loads can be calculated as: ∆ = 𝑙𝑙/500. From Eq. (2), a ∆ of 133 



6 

4.1 mm is obtained based on the geometries of slabs C and E. In this case, ACI 318 [5] provides a more 134 

conservative limit (than EC 2 [4], i.e. 21 mm), which will be used as the deflection serviceability limit. 135 

Acceptance criteria for the wall panels are set in accordance with ACI 533 [22], which stipulates maximum 136 

allowable crack widths and deflections of 0.3 mm and H/260, respectively (H: height of wall), for normal service 137 

conditions. According to ACI 533 [22], under normal service conditions, cracks up to 0.3 mm wide are structurally 138 

acceptable in precast wall panels. This limitation is consistent with the provision for the exposure classes (except 139 

for classes X0 and X1, where the limit is 0.4 mm) described in EC 2 [4]. A crack opening size of 0.3 mm will be 140 

used as the crack opening serviceability limit. 141 

Ultimate level: The ultimate limit state concerns the safety of people and the ability of the structure to carry the 142 

imposed loads. Exceeding the ultimate load level implies total or partial collapse of the structure. However, failure 143 

involves the collapse of the element, excessive deformation (i.e., concrete crushing), and yielding of the 144 

reinforcement (i.e., large cracks occur). 145 

According to EC 2 [4], limit states prior to structural collapse can be considered rather than the collapse itself 146 

and may be treated as the ultimate limit state. The loss of equilibrium and failure via excessive deformation or 147 

rupture represent relevant limit states that must be verified for an entire structure or part of a structure. For concrete, 148 

deformations exceeding the value associated with concrete crushing are considered excessive. The concrete strain 149 

at peak stress can be determined in accordance with EC 2 [4], where: 150 

 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.7𝑓𝑓𝑐𝑐0.31 (3) 

with fc: concrete compressive strength.  151 

For the wall elements in this study, the total strain at the compressive strength of εcu=1500 µm/m is used to 152 

determine the initiation of concrete crushing. Excessive deformation of the reinforcement occur beyond yielding 153 

of the material. For the wall reinforcement used in the FE model, the yielding strain is εy=1200 µm/m, which is 154 

determined from the design yield stress and the modulus of elasticity (210 GPa). 155 

5. Numerical model 156 

5.1 Model Description 157 

The FE analysis is performed using the ATENA Studio software package [23]. FE models of the archetype 158 

building and the experimentally tested panels are created using (in general) the same modeling strategy. Unless 159 
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otherwise stated, the description provided in this chapter is valid for both the building model and the models of 160 

the experimentally tested walls.  161 

To manage the required computational effort, the FE size is varied depending on the structural element and its 162 

expected behavior during loading. However, in all cases, the concrete is modeled using 3D continuum 163 

isoparametric brick elements having 8-nodes. The steel reinforcement is modeled either as embedded bars in the 164 

concrete using 2-node truss elements or smeared layers of elements with nodes connected to those of the concrete 165 

elements. More specifically, the reinforcement of the first- and second-story wall and slab panels of the critical 166 

bay are modeled discretely, whereas the reinforcement in the joints and tie beams is smeared. 167 

5.2 Material models 168 

A non-linear concrete material model (i.e., CC3DNonLinCemetitious in Atena) is used for structural elements 169 

of the critical bay, whereas, to reduce the computational effort, a linear elastic model is employed for all other 170 

elements. The non-linear material model used for the concrete response is a fracture-plastic model that combines 171 

constitutive models for tensile (fracture) and compressive behavior (plastic) [24]. An orthotropic smeared crack 172 

model based on the Rankine tensile criterion and the yield surface proposed by Menetrey and William [25] are 173 

employed for concrete cracking and concrete crushing, respectively. The tensile response of the concrete is 174 

assumed to be linear-elastic up to the peak value of the tensile strength, ft. The corresponding initial elastic modulus 175 

of the concrete and the strain at this state are Ec and εt=ft /Ec, respectively. After the tensile strength is reached, 176 

tension softening is represented by a fictitious crack model based on a crack-opening law and fracture energy in 177 

combination with the crack band approach (Fig. 6a). The fixed crack model is employed in the present study. 178 

According to Reinhardt et al. [26], crack opening is governed by: 179 

 ( ) ( )
3

3
1 2 1 21 exp 1 expt

c c c

w w wf c c c c
w w w

σ
      =  +  − − + −    
       

 (4) 

Where, w: crack opening, wc: crack opening at the complete release of stress, σ: normal stress in the crack, c1=3 180 

and c2=6.93 are material constants.  181 

The shape function of the concrete in compression (Fig. 6b) is derived from the work of van Mier [27]. 182 

Furthermore, the hardening law for concrete in compression is expressed through an elliptic function of the strains:  183 
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 (5) 

Where, fc0: onset of non-linear behavior, fc: compressive strength of concrete, and p
eqε : equivalent plastic strain. 184 

To avoid mesh dependency, the softening law governing compression results in linearly descending trends with 185 

the end of the curve defined via the plastic displacement wd. The default plastic displacement, wd=0.8 mm, is used. 186 

In this study, other concrete parameters such as the tensile strength (ft), fracture energy (Gf), and modulus of 187 

elasticity (Ec), are evaluated as a function of fc, using the formulas in Table 3. 188 

For the reinforcement modeled as discrete bars (i.e., the reinforcement of the critical bay elements and the 189 

reinforcement considered in the experimental tests) the interaction between the bar and the surrounding concrete 190 

is considered using the Model Code 2010 [28] bond law. For the smeared reinforcement, a perfect bond between 191 

the concrete and reinforcement is assumed. The uniaxial stress state of the reinforcement is defined using a 192 

simplified multi-linear model in accordance with the stress-strain properties of the experimentally tested steel 193 

reinforcement coupons and the design specification of the archetype building. 194 

The modified Newton-Raphson iterative scheme with error tolerances of 1%, 1%, and 0.01% corresponding to 195 

the displacement, residual force, and energy (i.e., convergence criteria), respectively, is used to obtain the solution 196 

for each load increment. 197 

5.3 Model verification 198 

The adopted numerical modeling technique is validated for simulating the non-linear behavior of axially loaded 199 

RC walls with openings. The numerical results obtained for the RC panel with and without openings are compared 200 

with the experimental test results. 201 

5.3.1 Experimental investigation 202 

Half-scale walls representing typical wall panels in residential buildings (1.8 m × 1.35 m × 0.06 m) with and 203 

without cut-out openings, are constructed for testing to failure. The experimental program includes walls with 204 

symmetric openings that replicate solid walls with sawn cut-outs, i.e., no additional reinforcement is placed around 205 

the edges or corners of the openings.  206 
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The test matrix consists of three walls, namely a: solid wall (SW), wall with a symmetric half-scaled single 207 

door-type opening (450 × 1050 mm; SO), and wall with a symmetric half-scaled double door-type opening (900 208 

× 1050 mm; LO). Welded wire fabric reinforcement, consisting of deformed 5-mm-diameter bars with 100-mm 209 

spacing in both orthogonal directions and centrally placed in a single layer, was used to reinforce the walls. The 210 

dimensions and detailing of the specimens are shown in Fig. 7a, with the material properties (average values from 211 

material tests) summarized in Table 4. 212 

The specimens are all cast as solid panels, i.e., with constant thickness, no voids, and no insulating layers, and 213 

designed to carry vertical loads without lateral in-plane forces or transverse loads between the supports. The walls 214 

are subjected to axial loading with a small eccentricity along the weak axis (1/6 of the wall thickness), to represent 215 

imperfections due to thickness variations and panel misalignment during the construction process. To ensure a 216 

uniform distributed load along the length of the wall, four hydraulic jacks are networked together to transmit the 217 

forces to the wall through a loading beam (excluded from Fig. 7b to improve visualization of the test setup). The 218 

specimens are tested in two-way action; side edges are restrained to simulate real transverse walls in a structure 219 

allowing rotation, but preventing translation. The top and bottom boundaries of the specimen were hinged 220 

connections that permit free rotation. Additional details about the experimental program are provided by Popescu 221 

et al. [10]. 222 

Linear displacement transducers are used to monitor the out-of-plane displacements (δ) of each tested specimen 223 

and a 3D optical deformation measurement system (Aramis 5M) commonly referred to as a digital image 224 

correlation (DIC) system, was used to determine the principal tensile strain distribution around the upper-right 225 

corner on the tension side of the specimen (approximately 780 mm × 660 mm). The setup used for these 226 

measurements is described in Sabau et al. [29]. 227 

5.3.2 Finite element modeling of experimental tests 228 

Realistic (insofar as current knowledge permits) behavior should be modeled for all materials and boundary 229 

conditions, thereby verifying that the chosen modeling approach is adequate in representing the behavior of axially 230 

loaded wall panels. Based on the symmetry of the test setup, only half of each specimen is modeled. The boundary 231 

conditions and loading scheme are imposed in accordance with the tests. The self-weight of the specimen is 232 

included in the model, and line supports are used to simulate the supports. Similar to the experimental setup, to 233 
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avoid stress concentrations, linear elastic steel plates (comprising the region between wall edges and the loading 234 

and support points) are added to the model. To simulate the experimental conditions, the bottom line support is 235 

restrained in the vertical, horizontal, and out-of-plane directions, whereas the top and lateral supports are restrained 236 

in the horizontal and out-of-plane directions only. A static non-linear analysis is performed by applying an 237 

incremental vertical displacement of the top loading line. The positions of the loading line and bottom support line 238 

are set to match the eccentricity associated with the experimental tests. 239 

Considering the computation time and numerical accuracy, the mesh is generated using structured elements 240 

with an aspect ratio of 1:2:2 (thickness: length: height), where the unit corresponds to the thickness direction of 241 

the wall. The wall thickness is divided into six elements, thereby yielding a fine 10 × 20 × 20 mm mesh. 242 

5.3.3 Adequacy of the FE model 243 

The FE model should provide an adequate description of the global behavior and failure mode of RC walls. To 244 

check the level of adequacy, the load-displacement response and tensile strain distribution at failure obtained from 245 

the FE analysis are compared with those from the experimental tests, as shown in Fig. 8. 246 

Local measurement results may deviate from the global behavior characterizing a structural element, owing to 247 

the occurrence of stress concentrations or cracks (which may occur in places other than the sensor locations). 248 

Therefore, the adequacy of the model is verified based on the error in predicting the ultimate load as well as the 249 

ability to reproduce the experimentally observed deformations and crack patterns. A value of 0.96 (average error: 250 

<4%) is obtained for the average ratio of the numerical and experimental ultimate loads. 251 

Furthermore, the comparison is made based on the surface strain distribution that is representative of the crack 252 

pattern in concrete elements [30]. The principal tensile strain components at failure of the panels with openings, 253 

relative to the outline of each specimen, is shown in Fig. 8b. The distributions obtained from the FE model and 254 

the DIC system are shown on the left and the right, respectively. The close correspondence between the principal 255 

strain distributions indicates that the experimentally observed deformation and crack patterns are adequately 256 

reproduced by the FE model, confirming the similarity between the boundary conditions of the two cases. 257 

5.4 Building model and analysis setup  258 

Fig. 9 shows an overview of the FE model of the building, for which the first 3 stories were explicitly modeled, 259 

and the discretization used for the members in the critical bay. The critical bay represents the section of the building 260 
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that will most likely be affected by the creation of cut-out openings (see Fig. 2). The critical bay consists of the 261 

following members: the wall with the cut-out opening (i.e., wall D12); the adjacent transversal walls, 1BD, 1DF, 262 

2DB, and 2DF; the slabs of bays C and E. 263 

For the wall with cut-out openings, i.e., wall D12, the wall thickness is divided into six elements and is assigned 264 

finite elements with an aspect ratio of 1:2:2 (thickness: length: height), similar to the tested walls. To reduce the 265 

computational effort, other members of the critical bay are assigned elements with a maximum aspect ratio of 266 

1:4:4. In all cases, a minimum of five elements are spread over the thickness of the structural element, as 267 

recommended by [31], to avoid “shear locking”. The rest of the structure is modeled using only one numerical 268 

element per thickness and maintaining the aspect ratio (1:4:4) of the elements. 269 

The first- and second-story members of the critical bay are assigned non-linear material properties, whereas, to 270 

save computation time, the remaining sections of the building (including the entire third story) are assigned linear 271 

elastic material properties. A preliminary study performed by the authors [32], focused on modeling the slabs of 272 

the critical bay using non-linear properties up to failure. The results indicated that the load-carrying capacity of 273 

the building without openings is limited mainly by the capacity of the slabs. However, several studies have shown 274 

that the capacity of RC slabs can be considerably increased via strengthening [8, 33-36]. The present study focuses 275 

on the behavior of RC walls and, hence, slab strengthening to a capacity beyond that associated with failure of the 276 

other members is assumed. Therefore, after the serviceability load level is reached, failure of the wall panel is 277 

promoted by assigning linear-elastic material properties to each slab in the critical bay. Thus, for serviceability-278 

related analyses and the pushdown analysis, slabs are assigned non-linear material models and linear elastic 279 

material models, respectively. 280 

Imperfections occur in normal construction practices generally within tolerance limits specified construction 281 

guidelines such as [37]. In the analysis, the effects of these imperfections are included by introducing eccentricities 282 

for the critical elements. Walls D12, 1BF, and 2BF are provided with an out-of-plane eccentricity equivalent to a 283 

sixth of the member thickness, (i.e., e = t/6) at the first story, the same as that used in the experimental tests. This 284 

implies that wall panels can be treated as compression members [38], as the resultant of forces acting at the 285 

boundaries of the member passes through the middle third of the section, enabling further comparison with 286 

equations recommended in design guidelines. 287 



12 

The first three stories are explicitly modeled considering the building in the original (AsBuilt) state (i.e., without 288 

cut-out openings). The factored dead, imposed, and live (2.0 kN/m2) loads are applied to each story. For the 3rd 289 

story, loads are multiplied by a factor of 9, representing the number of stories excluded from the analysis. Once 290 

all loads are applied, concrete and reinforcement elements corresponding to cut-out openings are deleted at the 291 

first and/or second story. The live load is then increased by 3.0 kN/m2, as per the change of function scenario, and 292 

the bay pushdown is performed. 293 

This procedure is applied to buildings having door-type cut-out openings of sizes indicated in Table 5. Openings 294 

are created in wall D12 (see Fig. 2) at the first and second story, referred to as 1st and 2st, respectively. To facilitate 295 

subsequent discussions, each analysis case is designated as “Building Oxy”, where x and y (with values ranging 296 

from 1 to 4) represent the size of the opening created at 1st and 2st, respectively, as indicated in Table 5. 297 

For example, Building O23 represents a building with opening O2 (size: 1.6 m × 2.1 m) at the first story and 298 

opening O3 (size: 3.0 m × 2.1 m) at the second story; Building AsBuilt represents the building without any cut-299 

out openings (see Table 6 for a summary of the model names based on the opening configuration). 300 

The total base reaction of the building is monitored. The individual reactions of walls 1BD, 1DF, 2BD, 2BF, 301 

and D12 are also monitored during the FEM analyses, with the sum of these reactions representing the total load 302 

distributed to the critical bay. Similarly, the maximum concrete compressive strain, reinforcement tensile strain, 303 

and out-of-plane displacement are monitored for each panel. 304 

6. Results and Discussion 305 

6.1 Response of wall panels with cut-out openings 306 

Fig. 10 shows the axial load-maximum out-of-plane displacement response of wall D12 at the first and second 307 

story for different sizes of openings created at the first story. The maximum out-of-plane displacement was 308 

recorded approximately at mid-height of the panel, in the panel center for the solid wall, and at the free edge of 309 

the pier for the walls with openings. The compressive strain distribution and crack pattern at the ultimate load on 310 

the face viewed from Slab E, are also shown in the figure. Similarly, Fig. 11–14 show the load response as well as 311 

the strain and crack distribution of wall D12 with openings in the second-story panel. 312 

The wall load-displacement response for the AsBuilt, O10, and O20 cases is similar to the experimentally 313 

determined response (see Fig. 8 and Fig. 10). As shown in Fig. 10, the axial capacity decreases significantly with 314 
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increasing opening size. Failure of the (i) second-story panel in the AsBuilt building occurs via concrete crushing 315 

at the bottom edge of the panel and (ii) first-story panel (i.e., the one with the cut-out opening) in the O10 and O20 316 

cases occurs first. The compressive strain distributions revealed that failure occurred first for the pier adjacent to 317 

the outer walls of the building. Popescu et al. [10] and Sabau et al. [11] determined, via experiments, that for panels 318 

with openings, failure of the piers is non-simultaneous, and occurs first in the panel experiencing the highest out-319 

of-plane displacements. Moreover, full-field measurement on tested walls revealed that the distributions of 320 

compressive strain for the solid panel and panels with openings are similar to those obtained from the FEA. 321 

For buildings O30 and O40, the crack pattern suggests that the solid panel at the second story undergoes shear 322 

failure. Moreover, for openings O3 and O4 (which are larger than 3 m) at the first story, shear failure occurs in the 323 

second-story panel with openings, except for cases where the same opening width is used at both stories. 324 

The maximum axial load for wall D12 and the maximum load applied to the slabs of the critical bay of each 325 

analyzed building are given in Table 7 and Table 8, respectively. As the Table 7 shows, the cut-out opening-326 

induced decrease in the axial load in the wall is non-proportional to the decrease in load-carrying capacity of the 327 

building. Consider the cases of a  0.9-m and 4.4-m wide opening (door), compared to the AsBuilt case, the 328 

maximum load carried by the wall decreases by 14% and 86%, respectively, whereas the load-carrying capacity 329 

of the building decreases by 4% and 70%, respectively. The capacity decrease is therefore more pronounced at the 330 

element level than at the system structural level. Moreover, this difference is more significant for smaller openings 331 

(0.9 m–1.6 m) than for larger openings (3.0 m–4.4 m). For a robustly designed building, the additional capacities 332 

due to the membrane effect and the redistribution of forces to adjacent members limit the cut-out opening-induced 333 

decrease in the building capacity. 334 

6.2 Influence of openings on the load redistribution to foundations 335 

Previous experimental tests have shown that the capacity and the stiffness of solid concrete panels decrease 336 

considerably when cut-out openings are created [10]. At a structural level, such changes can alter the path of loads 337 

in the structures and can lead to higher loads (than the original set of loads) distributed to other elements. 338 

The influence of openings on the axial load distribution between the vertical wall panels is determined from 339 

changes in the total reaction forces at the bottom support of each wall. These forces represent the loads transmitted 340 

to the foundation by the wall panels. 341 
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Fig. 15 shows the reaction coefficient (i.e., the reaction of a wall divided by the total reaction in the critical 342 

bay) of walls 1BD, 1DF, 2BD, 2BF, and D12 for different opening configurations. Fig. 15 a) to e) show the 343 

influence of enlarging an opening of the first story when the wall on the second story is solid or has openings of 344 

different sizes. 345 

The axial load transmitted by wall D12 decreases with increasing size of the opening, whereas the load in the 346 

adjacent wall increases. For example, in the case of Building O40 the reaction force of wall D12 is ∼62% lower 347 

than that of the AsBuilt Building, whereas the force of wall 1BD is ∼60% higher. This indicates that loads are 348 

proportionally redistributed to adjacent members, owing to the creation of openings and the corresponding change 349 

in the wall axial rigidity. Thus, in practical cases of such interventions, the conditions characterizing the 350 

foundations must be investigated. 351 

6.3 Influence of openings on adjacent stories 352 

The location of the cut-out opening at the first or the second story influences the maximum load carried by the 353 

wall, as well as the maximum load-carrying capacity of the building, the results are summarized in Table 7 and 354 

Table 8, respectively. For a manageable computational effort, structural elements considered of secondary 355 

importance to the performed analysis were modeled with a lower degree of detailing. Wall panel D12 (at the third 356 

story), which was expected to mainly to distribute forces to the second story, was considered non-critical for the 357 

analysis and, is assigned linear-elastic material properties, thus the shear capacity of this panel might was 358 

overestimated. This led to higher capacities for the same kind of openings at the second story compared to the first 359 

story. Consider, for example the reduction in the axial capacity of wall D12, compared to the AsBuilt case the 360 

reduction is 86% for case O40, but only 52% for the same opening at the second story (i.e., O04). Moreover, 361 

because shear failure in the third story panel is prevented it can redistribute loads to adjacent members. Therefore, 362 

the maximum applied load decreases by 70% and 8% for cases O40 and O04, respectively. 363 

This indicates that the boundary conditions and the behavior of the adjacent members, significantly influence 364 

the load carried by a wall. Moreover, the choice of material model exerts considerable influence on the capacity 365 

of the structure. Detailed modeling should therefore be performed (i) by employing a non-linear concrete material 366 

model for third-story panels corresponding to second-story panels with large openings and (ii) for the elements 367 
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adjacent to the panels with openings, thereby allowing identification of the failure mode corresponding to the 368 

lowest load level. 369 

Cutting-out same size openings at the first and second story yields a similar decrease in load capacity to that 370 

observed when an opening is created only at the first story (Table 7). For large openings at the first story and 371 

smaller openings at the second story, the second-story panel (in general) undergoes shear failure at lower load 372 

levels than those leading to the failure of same-size openings. When large cut-out openings are required in two 373 

adjacent stories, shear failure can be prevented by using the same opening size at both stories; if different sizes are 374 

employed, the shear capacity of the above-situated panel must be verified. 375 

6.4 Influence of openings on serviceability and ultimate level performance 376 

The influence of openings on the serviceability (total live load: 5.0 kN/m2) is first assessed under the load 377 

combination described by Eq. (1). The out-of-plane deflection of each panel in the critical bay, vertical 378 

displacement of the spandrel composing the opening, and vertical deflection of the slabs are compared with the 379 

respective allowable values defined in Section 4. For all opening configurations, the maximum deflections under 380 

the serviceability load combination are considerably lower than the recommended limits. For example, the 381 

maximum deflection of the spandrel in the O44 case and the allowable deflection determined from Eq. (2) are 382 

∼0.25 mm and 1.3 mm, respectively.  383 

The maximum deflection of the slab comprising the O44 building is 0.75 mm, well below the 4.1 mm allowable 384 

deflection determined from Eq. (2). The maximum displacements of the slabs comprising the first story of the 385 

AsBuilt is 0.50 mm. Therefore a 50% increase slabs’ deflection under the service load is attributed to the creation 386 

of the cut-out openings. 387 

Tables 9 to 12 show the load bearing capacity of the building for the serviceability (i.e., crack width) and 388 

ultimate limit state conditions determined by the initiation of concrete crushing (εc≥1484 µm/m) and yielding of 389 

the reinforcement (εy≥1231 µm/m). 390 

Table 9 shows the applied load where cracks larger than 0.3 mm open in one of the walls comprising the critical 391 

bay. For cases with larger openings at the first story than at the second story, cracks appear first at the bottom of 392 

the second-story wall. Shear cracks and flexural cracks then occur in the second-story wall and spandrel of the 393 

first-story wall, respectively. For cases with smaller openings at the first story than the second story, flexural cracks 394 
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appear first in the spandrel of the second-story wall. Furthermore, an additional characteristic live load of 15–33 395 

kN/m2 (see Table 10) can be applied to the slabs of the critical bay before the serviceability limits characterizing 396 

the concrete wall are exceeded.  397 

Tables 11 and 12 show the applied load associated with concrete crushing and reinforcement yielding, 398 

respectively. With the exception of Buildings O43 and O44, concrete crushing is initiated prior to yielding of the 399 

reinforcement in each building.  400 

The OFs of each analyzed building are shown in Table 13. These factors are determined as the ratio of the 401 

characteristic live load from the pushdown analysis, corresponding to concrete crushing and reinforcement 402 

yielding, and the design live load (i.e., 5.0 kN/m2). To avoid structural failure, the OFs must be greater than or 403 

equal to unity. The obtained OFs indicate that the buildings are quite robust and can potentially accommodate 404 

openings of considerable sizes. The OFs in Table 13 range from 4.1 to 11.7, with the highest and lowest values 405 

occurring for the AsBuilt building and the buildings with the largest openings, respectively. 406 

Previous studies on buildings having seismically designed moment-resisting frame systems under column 407 

removal scenarios [21, 39], have reported OFs ranging from 1.4 to 3.6. Thus, buildings having wall structural 408 

systems are considerably more robust than frame systems. However, the building robustness decreases 409 

significantly with increasing size of the cut-out openings. The OFs of the largest opening sizes considered in the 410 

present study are similar to those obtained for frame structures, confirming that for large opening sizes, the 411 

structural behavior of RC panels is similar to that of RC frames. 412 

6.5 Comparison with design equations 413 

The ultimate load of wall D12 obtained from FEA for each model and the experimentally obtained loads for 414 

the tested panels are presented (see Fig. 16) in terms of the axial strength ratio and the opening size ratio. The axial 415 

strength ratio is defined as N/t·L·fc, where N: axial load, t: wall thickness, L: total length of the wall, and fc: mean 416 

concrete compressive strength. The opening size ratio is defined as L0/L, where L0 and L are the width of the 417 

opening and the total length of the wall, respectively. These ratios facilitate the comparison of elements having 418 

different concrete strengths and different sizes and, in turn, the influence of openings on the ultimate load can be 419 

determined. 420 
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The axial strength ratio obtained via FEA for the case with solid walls is ∼2.5 times higher than the 421 

experimentally obtained ratio. However, the wall boundary conditions imposed in the calculations differed from 422 

those of the experiments. In the experimental tests, the panels are provided with pinned supports, whereas for the 423 

analyzed building, the detailing at the intersections between panels allows flexural moments at the panel edges. 424 

Therefore, in the FEA, the connection between each panel (rather than acting as pinned supports) exhibits flexural 425 

rigidity. In both cases, the axial strength ratio decreases almost linearly with the opening size (the decrease is 426 

higher for the flexurally rigid case than for the pinned supports, as indicated by the slope of the best-fit line). 427 

According to EC 2 [4], the ultimate capacity of the solid RC walls can be determined from: 428 

 𝑁𝑁 = 𝑓𝑓𝑐𝑐 ∙ 𝐿𝐿 ∙ 𝑡𝑡 ∙ Φ (6) 

Where, Φ is the axial strength ratio, i.e., the factor accounting for the influence of the eccentricity, aspect ratio, 429 

and boundary conditions: 430 

 Φ = 1.14�1 −
2(𝑒𝑒0 + 𝑒𝑒𝑖𝑖)

𝑡𝑡
� − 0.02

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒
𝑡𝑡

≤ �1 −
2(𝑒𝑒0 + 𝑒𝑒𝑖𝑖)

𝑡𝑡
� (7) 

Where, 𝑒𝑒0: first-order eccentricity, 𝑒𝑒𝑖𝑖: additional eccentricity (𝑒𝑒𝑖𝑖 = 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒/400) and 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘 ∙ 𝛽𝛽 ∙ 𝐻𝐻: effective 431 

height of the member, where 𝛽𝛽, a coefficient accounting for the aspect ratio of the wall and the number of supports, 432 

is given as: 433 

𝛽𝛽 =

⎩
⎪⎪
⎨

⎪⎪
⎧

1                                         𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑜𝑜𝑒𝑒 − 𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙𝑤𝑤 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑡𝑡𝑒𝑒𝑠𝑠 𝑓𝑓𝑜𝑜 𝑡𝑡𝑤𝑤𝑓𝑓 𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑤𝑤
1

1 + (𝐻𝐻/3𝐿𝐿)2                    𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑤𝑤𝑓𝑓 − 𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙𝑤𝑤 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑡𝑡𝑒𝑒𝑠𝑠 𝑓𝑓𝑜𝑜 𝑡𝑡ℎ𝑓𝑓𝑒𝑒𝑒𝑒 𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑤𝑤

1
1 + (𝐻𝐻/𝐿𝐿)2   𝑖𝑖𝑓𝑓 𝐿𝐿 ≥ 𝐻𝐻  𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑤𝑤𝑓𝑓 − 𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙𝑤𝑤 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑡𝑡𝑒𝑒𝑠𝑠 𝑓𝑓𝑜𝑜 𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓 𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑤𝑤

𝐻𝐻/2𝐿𝐿      𝑖𝑖𝑓𝑓 𝐿𝐿 < 𝐻𝐻                                                                                            

 (8) 

and k is the effective length factor for the support rotational restrains. According to EC 2 [4], k=1 and k=0.5 for 434 

isolated compression members with pinned supports and rotational rigid supports, respectively. However, for walls 435 

having flexurally rigid connections EC 2 [4] recommends that k may be taken as 0.85. Other codes such ACI318 436 

and CSA-04, recommend that the k of OW walls may be taken as 0.8 and 0.75, respectively. The solid wall is 437 

considered as a two-way wall supported on four edges. For the walls with openings, the capacity of each pier (for 438 

a total of two piers) is calculated as two-way compression members supported on three edges, and the values are 439 

then summed. 440 
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Fig. 16 shows the L0/L dependence of the axial strength ratio characterizing a RC wall calculated according to 441 

EC 2 [4], where pinned and rotational rigid supports (i.e., k=1 and k=0.5, respectively) are considered. For k=1, 442 

the axial strength factor is similar to the experimentally observed values. The decrease in the wall capacity relative 443 

to the opening size (as determined from the slope of the lines obtained via linear regression) is also similar to the 444 

experimental values. This is expected, since design models are usually calibrated based on experimental results 445 

corresponding to pinned support conditions. 446 

Considering rotationally rigid, rather than pinned (i.e., k=0.5) supports, EC 2 [4] yields higher capacities than 447 

the FEA. This increase is inversely proportional to the opening size, and the influence exerted by the rotational 448 

stiffness of the support decreases with increasing opening size. However, higher axial strength ratios are obtained 449 

from the FEA (than from the EC 2) of the RC wall as part of the building. This is especially true for L0/L < 0.5. 450 

The EC 2 [4] recommends a factor of k=0.85 and, thus, the contribution of rotationally rigid supports is greatly 451 

underestimated. 452 

For opening size ratios >0.5, shear failure occurs in the panel above the cut-out opening. This behavior is similar 453 

to frame-like behavior, with the upper story wall acting as a deep beam, supported on the piers of the wall with 454 

the cut-out opening (see Fig. 10). 455 

Moreover, EC 2 [4] specifies that elements with aspect ratio below 4∶1 (L/t) should be designed as columns 456 

rather than walls. Considering the geometry of the simulated and tested walls, an L0/L of ∼0.75 yields an aspect 457 

ratio of 4:1 for the piers. A frame-type behavior is observed, however, even for walls with opening ratios of 0.5 458 

(see Fig. 10). Thus, 0.5 can be taken as the critical value that distinguishes between small and large cut-out 459 

openings, representing the limit beyond which the wall-like behavior transforms into frame-like behavior. 460 

7. Concluding remarks 461 

Using Atena [18], a 3D finite element model is developed for an 11-story RC building. The building model is 462 

composed of wall and slab structural elements. The RC material properties and detailing used in the numerical 463 

model are obtained from the original design drawings. Results obtained from FEM analysis of the experimentally 464 

tested RC wall panels correspond closely to the experimentally determined ultimate capacity and deformation. In 465 

addition, the effect of cut-out openings on the behavior of a multi-story RC building is determined through a BP 466 

analysis. 467 
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The limited number of models analyzed indicate that door-type openings having widths of 0.5*the wall width 468 

and >0.5*the wall width can be considered small openings and large openings, respectively. For small openings, 469 

the structural behavior of the wall is similar to that of an axially loaded wall. However, for large openings, the 470 

behavior is similar to that of a frame, and additional checks for shear failures in the adjacent members are required 471 

as the occurrence of shear failure is likely.  472 

Furthermore, the results obtained, where cut-out openings of widths exceeding 80% of the total panel width are 473 

created, suggest that multi-story buildings with RC structural walls can accommodate (i) cut-out openings of 474 

considerable size and (ii) a 3.0 kN/m2 increase in the live load without exceeding the serviceability limits.  475 

However, assumptions as well as limitations described in the paper include that structural elements were 476 

considered ideal (i.e., without pre-existing cracks or initial imperfections due to element curvature, and full 477 

restraints at the member joints are assumed). The structure of an existing building can, however, be weakened, 478 

owing to damage suffered during the service life of the building. Therefore, the results of this study are not directly 479 

applicable to existing structures, as in practice, a cases by case analysis needs to be performed for any building 480 

considering its structural condition. Moreover, further study is required to determine the influence of other 481 

eccentricities (such as the wall deviation from verticality, variation in the wall thickness, and pre-existing 482 

curvatures of the elements) on the structure of the building. 483 

The robustness of the analyzed building is demonstrated by the high overload factors reached before the 484 

ultimate capacity of the structural walls is achieved. For the largest opening sizes used in this study, the building 485 

exhibits similar levels of robustness to seismically designed frame structures [21, 39]. However, the results 486 

revealed that, the buildings’ robustness is significantly reduced by cut-out openings. Therefore, strengthening 487 

solutions aimed at limiting the loss of robustness should be further investigated. 488 

The EC 2 [4] design guideline yields good predictions compared with the capacities obtained from experimental 489 

tests of the wall panels. However, compared with the results of the present FEA study, the ultimate loads predicted 490 

by EC 2 [4] are extremely conservative, especially for the case of solid walls and walls with small openings. 491 

This study was focused on uniform distributed gravitational loads to a partial model of a structure created based 492 

on original design drawings. Further studies are required for determining the influence of lateral loading, such as 493 
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wind or seismic loads, and non-uniform gravitational loading (which may increase the effect of load eccentricity) 494 

on the structure. 495 
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Figure captions 591 

Fig. 1. Perspective view of the analyzed RC building. 592 
Fig. 2. Floor plan layout. 593 
Fig. 3. Reinforcement details of the cast-in-situ RC wall. 594 
Fig. 4. Reinforcement details of the prefabricated RC elements: (a) outer wall; (b) floor panel. 595 
Fig. 5. Joint details: (a) inner – outer walls (horizontal section); (b) inner – outer walls (vertical section); (c) prefabricated 596 
floor – wall panel (vertical section); (d) prefabricated floor – cast-in-situ RC wall. 597 
Fig. 6. Constitutive model for concrete: (a) tensile softening; (b) compressive hardening/softening. 598 
Fig. 7. Configuration of the tested walls: (a) details of the specimens; (b) schematic of test setup. 599 
Fig. 8. Comparison of FEM analyses and experimental test results, a) load-displacement b) principal tensile strain distribution 600 
at failure for panels with openings. 601 
Fig. 9. Finite element model of the analyzed building. 602 
Fig. 10. Wall D12 out-of-plane displacement response for cases with the solid wall at the second story. The compressive strain 603 
and crack (>0.1 mm) distribution corresponding to the maximum load is shown. 604 
Fig. 11. Wall D12 out-of-plane displacement response for cases with opening O1 (0.9×2.1 m) at the second story. The 605 
compressive strain and crack (>0.1 mm) distribution corresponding to the maximum load is shown. 606 
Fig. 12. Wall D12 out-of-plane displacement response for cases with opening O2 (1.6×2.1 m) at the second story. The 607 
compressive strain and crack (>0.1 mm) distribution corresponding to the maximum load is shown. 608 
Fig. 13. Wall D12 out-of-plane displacement response for cases with opening O3 (3.0×2.1 m) at the second story. The 609 
distribution of compressive strains and cracks (>0.1 mm) corresponding to the maximum load is shown. 610 
Fig. 14. Wall D12 out-of-plane displacement response for cases with opening O4 (4.4×2.1 m) at the second story. The 611 
distribution of compressive strains and cracks (>0.1 mm) corresponding to the maximum load is shown. 612 
Fig. 15. Comparison of wall reaction coefficients corresponding to a) the second-story solid wall, and second-story wall b) 613 
O1, c) O2, d) O3, and e) O4. 614 
Fig. 16. Axial strength ratio versus L0/L. 615 
  616 
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Tables 617 

Table 1. Material characteristics 618 
Structural element Material quality 
 Concrete class Reinforcement type 
Prefabricated walls B250 (fck≈16.6 MPa) OB38 (plain bars fyk≈235 MPa) and 

STM (welded wire mesh fyk≈440 MPa) Prefabricated floors 
   
Cast-in-situ walls (flange) B300 (fck≈20.5 MPa) OB38 (plain bars fyk≈235 MPa) Joints and intersections 
   
Cast-in-situ walls (web) B200 (fck≈12.5 MPa) OB38 (plain bars fyk≈235 MPa) 
Note: fck – characteristic concrete compressive strength  
         fyk – characteristic reinforcement steel yield strength  

 619 

  620 
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Table 2. Building loads 621 
Loads Intensity 
Dead load  
 Self-weight 25 kN/m3 
 Flooring 1.0 kN/m2 
Imposed load  
 Live load 2.0 kN/m2 or 

5.0 kN/m2 
 Roof live load 0.4 kN/m2 
Variable loads  
 Snow 3.0 kN/m2 

 622 
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Table 3. Equations used to generate material parameters from the concrete compressive strength 624 
Parameter Formula 
Cylinder strength, fc (MPa)   fc = 0.85 fcm 
Tensile strength, ft (MPa)   ft = 0.24 fcm

  2/3 
Elastic modulus, Ec (MPa) ( )6000 15.5c cm cmE f f= −  
Fracture energy, Gf (MN/m) 0.000025f tG f=  
Note: fcm – mean concrete compressive strength 

 625 
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Table 4. Measured material properties 627 
Property Mean  CoV 
Cubic compressive strength (MPa) 62.8 3.2% 
Fracture energy (N/m) 168 11.9% 
Yield strength of reinforcement (MPa) 632 0.35% 
Strain at yielding (‰) 2.83 8.45% 
Tensile strength of reinforcement (MPa) 693 0.40% 
Strain at ultimate (‰) 48.7 4.82% 

 628 
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Table 5. Opening size summary 630 
Assigned 
number 

Opening size 
(L0 × H0) 

0 
1 

No opening 
0.9 m × 2.1 m 

2 1.6 m × 2.1 m 
3 3.0 m × 2.1 m 
4 4.4 m × 2.1 m 

 631 
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Table 6. Building model matrix relative to opening configuration 633 
Building 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid AsBuilt O01 O02 O03 O04 

O1y O10 O11 O12 O13 O14 
O2y O20 O21 O22 O23 O24 
O3y O30 O31 O32 O33 O34 
O4y O40 O41 O42 O43 O44 

 634 

  635 
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Table 7. Maximum reaction of wall D12 636 
Reaction 

(MN) 
2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 14.1 (0%) 12.7 (10%) 11.0 (22%) 8.8 (38%) 6.7 (52%) 

O1y 12.1 (14%) 11.8 (16%) 10.5 (26%) 8.4 (40%) 6.6 (53%) 
O2y 9.6 (32%) 9.8 (30%) 9.6 (32%) 8.2 (42%) 6.4 (55%) 
O3y 4.7 (67%) 5.3 (62%) 5.5 (61%) 6.2 (56%) 5.7 (60%) 
O4y 2.0 (86%) 1.8 (87%) 1.7 (88%) 1.8 (87%) 2.1 (85%) 

 637 
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Table 8. Maximum uniformly distributed load applied to slabs in the critical bay 639 
Load (kN/m2) 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 201 (0%) 190 (5%) 149 (26%) 142 (29%) 185 (8%) 

O1y 192 (4%) 190 (5%) 146 (27%) 142 (29%) 152 (24%) 
O2y 178 (11%) 181 (10%) 184 (8%) 139 (31%) 151 (25%) 
O3y 91 (55%) 100 (50%) 119 (41%) 144 (28%) 181 (10%) 
O4y 61 (70%) 59 (71%) 58 (71%) 75 (63%) 84 (58%) 

 640 
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Table 9. Maximum applied load from crack opening displacement criteria 642 
Load (kN/m2) 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 50 38 38 34 34 

O1y 44 38 38 37 34 
O2y 44 41 38 38 34 
O3y 44 37 34 37 37 
O4y 42 34 27 23 32 

 643 

  644 



33 

Table 10. Additional characteristic live load from serviceability conditions 645 
Load (kN/m2) 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 33 25 25 22 22 

O1y 29 25 25 24 22 
O2y 29 27 25 25 22 
O3y 29 24 22 24 24 
O4y 27 22 17 15 21 

 646 
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Table 11. Maximum applied load from concrete crushing criteria 648 
Load (kN/m2) 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 89 53 47 37 40 

O1y 53 56 47 37 40 
O2y 53 53 47 38 40 
O3y 44 40 43 34 37 
O4y 39 39 38 34 32 

 649 
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Table 12. Maximum applied load from reinforcement yield criteria 651 
Load (kN/m2) 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 132 121 113 97 93 

O1y 130 125 118 108 93 
O2y 123 121 120 108 96 
O3y 91 76 77 87 97 
O4y 71 47 41 32 38 

 652 
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Table 13. Building overload factor (OF) 654 
OF 2nd Story 

Solid Ox1 Ox2 Ox3 Ox4 
1st

 S
to

ry
 Solid 11.7 6.9 6.1 4.8 5.2 

O1y 6.9 7.3 6.1 4.8 5.2 
O2y 6.9 6.9 6.1 4.9 5.2 
O3y 5.7 5.2 5.6 4.4 4.8 
O4y 5.0 5.0 4.9 4.1 4.1 

 655 
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