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Abstract

Current methods of seismic analysis and design of reinforced concrete (RC) buildings typically consider the walls in
isolation from the rest of the building, or rely on rigid diaphragm constraints. However, recent research on wall-to-floor
interaction has shown that the coupling between the lateral load resisting system and the gravity system may alter the
seismic response of the building and increase design actions on RC walls. Additionally, wall-to-floor interaction can also
restrict the elongation of the plastic hinge of the walls, resulting in an increase in wall axial load. To investigate the effects
of wall-to-floor interaction, a case-study building that represented a common building typology was modelled. The lateral
load resisting system in one direction of the case-study building was composed of a RC wall with columns in close
proximity to the ends of the wall. Non-linear fibre-based models were developed representing the lateral load resisting
system and a series of pushover analyses were conducted to investigate the effects of interactions between the wall, floor,
and columns. The results showed that the interactions increased the system lateral load capacity by approximately 15%
when compared to a model without interaction or coupling between members. In addition, the wall shear and axial demands
increased by 13% and 49% respectively. A series of parametric analyses highlighted a high dependency on the geometry of
the members and layout. Increases of up to 45% of the system lateral load strength and between -200% and +84% of the
column axial load were observed.

Keywords: RC wall; wall-to-floor interaction; reinforced concrete; nonlinear modelling; unintentional coupling, wall
elongation
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1. Introduction

A significant number of mid- and high-rise reinforced concrete (RC) buildings in seismic regions use structural
walls as the primary lateral load resisting system. By following capacity design procedures, ductile RC walls can
be designed to ensure that a flexural plastic hinge forms to allow the wall to withstand large lateral
displacements [1]. Typically the analysis that is conducted to determine the design lateral load demands
considers the walls working in isolation from the gravity load resisting system. However, some researchers have
shown that the floor systems may couple the wall response with the surrounding gravity system [2-4]. As a result
of this unintentional coupling (wall-to-floor interaction), the demands in both the lateral load resisting system

and the gravity system may be altered.

Floor systems may provide constrains between vertical structural elements in both an in-plane and an
out-of-plane orientation. Investigations on the in-plane behaviour of floors interacting with RC walls have
focused on the in-plane flexibility of the floor diaphragm system [5-7] and the design of diaphragms for inertial
and transfer forces [8]. Research results have highlighted the effects of diaphragm flexibility on the dynamic
response of the structure and have proposed suitable methods to design the floor system to withstand the
seismic-induced forces. Research on interaction caused by the out-of-plane behaviour of floors has analysed
wall-to-wall and wall-to-column configurations. Investigations on wall-to-wall coupling have focused on floor
slab design and behaviour [9-11], and on the lateral response of the coupled system [12-14]. Design charts to
determine equivalent effective slab widths have been proposed, in addition to reinforcement detailing to delay or
preclude floor damage around wall ends. Research related to the interaction between walls and the gravity
system (e.g. wall-to-column) have shown both experimentally [2, 4] and analytically [3, 15, 16] that the columns
or gravity load resisting frames act as outriggers that contributes to the lateral strength and stiffness of the
building by the coupling mechanisms shown in Fig. 1. A drawback of the outrigger effect is that the loads
generated could be substantially different to what may have been assumed in the design, with increased axial and
shear forces in the wall and modified axial loads in the columns. Additionally, the floors can restrain the wall
rotation and axial elongation of the plastic hinge further increasing the demands on the wall. These responses not
only may affect the global behaviour (building strength and stiffness) but also the local response of the wall.
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Fig. 1 — Coupling mechanisms

In order to provide guidance on seismic design actions that include consideration for structural
interactions, robust numerical models need to be developed that can capture the non-linear behaviour of full
building structural systems. A 2D numerical model was developed for a case study building that represented a
common building typology consisting of an RC wall coupled to gravity load resisting column. Inclusion of the
floor diaphragm allowed for the effects of wall-to-floor interaction to be quantified from a pushover analysis.

2. Case study building

The case study building used for this investigation was a 8-storey RC wall building with a rectangular floor plan.
The building footprint was 44 m wide by 50 m long. The inter-story height was 3 m in the basement, 4.8 m in the
ground level and 4.25 m in the upper levels. The lateral load resisting system consisted of four moment resisting
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concrete frames in the East-West (E-W) direction and two RC walls in the North-South (N-S) direction. The
floor system was constructed with pre-cast (PC) floor units with an insitu concrete topping. A schematic
representation of the building floor plan and an elevation of the RC wall are shown in Fig. 2.

The RC walls were 300 mm thick, 11800 mm long and extend the full height of the building (44 m).
Details of the wall section reinforcement are provided in Fig. 3(a). The longitudinal reinforcement of the wall
ends at the ground level consisted of 20 layers of 3x25 mm diameter bars spaced at 100 mm centres confined by
12 mm diameter stirrups spaced at 150 mm centres. Longitudinal reinforcement in the central web region of the
wall at the ground level consisted of 25 mm diameter bars spaced at 300 mm centres on each face. Horizontal
wall reinforcement at the ground level consisted of 20 mm diameter bars spaced at 200 mm centres. From level 1
to 3 the reinforcement layout was maintained, but the number of bars in each layer of longitudinal reinforcement
at the wall ends reduced to 2 bars. Levels 4 to 6 retained the same reinforcement layout as for levels 1 to 3, but
the longitudinal bar diameter was reduced to 20 mm and the spacing of the horizontal reinforcement was
increased to 300 mm.
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Fig. 3 — Reinforcement layout for the wall and columns

The columns were 800 mm in diameter and were positioned 1600 mm away from the end of the wall, as
shown in Fig. 2. Details of the column section are provided in Fig. 3(b). Longitudinal reinforcement comprised
of 16x32 mm diameter bars confined by 10 mm diameter spirals spaced at 85 mm centres.

Overall thickness of the precast floor system varied between 150 mm and 175 mm with a topping
thickness between 100 mm and 125 mm. Toppings were reinforced with a mesh of 12 mm diameter bars spaced
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at 300 mm centres in both directions. The wall-to-floor connection was constructed as a cold joint (concrete
poured against an already cured roughened concrete surface) and reinforced with 16 mm diameter bars at
450 mm centres along the length of the wall. In addition to the reinforcement in the wall-to-floor connection,
drag beams provide an additional load path for the floor diaphragm loads to be transferred into the wall, as
shown in Fig. 2. The drag beams were constructed within the floor system and between the PC floor units. The
cross section of the drag beams was 300 mm wide and 150 mm depth reinforced with 4x20 mm diameter
longitudinal bars and 6 mm diameter stirrups spaced at 100 mm centres.
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The specified concrete strength, f.’, was 40 MPa and the reinforcing steel was grade 500E, which has a
nominal minimum yielding strength of 500 MPa, an ultimate to yielding stress ratio between 1.15 and 1.4 and a
minimum strain at fracture of 10% [17].

3. Numerical model

A numerical model was constructed in OpenSees [18] to capture the non-linear response of the lateral load
resisting system in the N-S direction of the building. The structural system was modelled using a 2D approach
and subjected to a lateral pushover analysis. The model represented only a portion of the building structural
system and composed of one wall and the two columns in close proximity to the end of the wall, as shown in
Fig. 2(b). The lateral response of the numerical model accounted for the wall-to-floor interaction and potential
coupling between the wall and the columns. The structural elements below the base (level at which the ground
provides horizontal restraint) of the building were not included in the analysis nor was the portion of the wall on
the 7" level (light steel structure). Both of these levels were not considered to have a significant influence on the
building response for the purpose of this research.

The simulation of axial elongation of RC members is vital to accurately capture structural interactions
between vertical elements. Previous work related to elongation of RC walls has shown that fibre-based models in
OpenSees are able to accurately predict the global and local responses of flexure-dominant RC walls, including
axial elongation [19]. Consequently, the wall and columns in the numerical model were represented with
fibre-based sections, as shown in Fig. 4. The section dimensions and reinforcement were defined based on the
building description provided in the previous section. The fibre-based sections were assigned to
distributed-plasticity force-based beam-column elements. This element definition allows for accurate
representation of both the axial-flexure interaction and the curvature along flexure dominant elements [20].
Shear deformations and bond-slip (at the wall base interface) were included according to recommendations by
Oyen [21] using an aggregated material to the fibre section definition. It is worth noting that this modelling
approach does not capture shear-flexure interaction and it assumes “plain sections remain plain” hypothesis. In
order to properly account for the rotation of the wall section at each level and to capture the uplift at the edges of
the wall panel, rigid beam elements extended from the wall centreline to the ends of the wall section, as shown in
Fig. 4.

The floor system was modelled with an equivalent rectangular elastic section. The equivalent rectangular
floor section was defined based on an 150 mm depth solid slab with an effective floor width and cracked inertia
according to the literature [10, 13, 14, 22]. Additionally, provisions of the New Zealand Concrete Structures
Standard NZS3101 [23] for cracked inertia of beams were taken into consideration. In general, these references
agree that the effective slab widths vary in the range of 0.2 and 1.0 times the span length between the vertical
elements and that the cracked inertia reduces to 30-40% at the ultimate state. Based on these references the width
of the floor section was taken as an effective slab width equal to 30% of the span between the wall and the
column and a cracked section was used with stiffness equal to 32% of the gross section properties. The coupled
and uncoupled model were achieved by using either a fixed end beam element or a truss element as shown in
Fig. 4(a) and Fig. 4(b) respectively.

The fibre discretisation of the element cross sections allowed for the inclusion of the confined and
unconfined regions in the RC sections. The wall ends were discretised into 20 mm wide fibres and the web
region into 30 mm wide fibres. Columns were discretised into fibres of a maximum size of 25x15 mm2. The
non-linear elements used three to four integration points to represent the plastic hinge regions as suggested by
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Martinelli and Fillipou [24]. Gauss-Lobatto was used as the integration scheme for the elements. The nonlinear
geometric behaviour was simulated by using a P-Delta geometric transformation assigned to each element.
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Fig. 4 — Numerical model

Uniaxial constitutive material models were used to describe the material behaviour of the fibres. Concrete
in the fibre sections used the Chang and Mander [25] concrete model modified by Waugh [26] and available in
OpenSees as Concrete07. The stress strain relationship of Concrete07 is shown in Fig. 5(a). It follows Tai’s
equation [27] until it reaches the spalling point, then it follows a straight line with the slope of the Tsai’s
equation at the spalling point. This concrete model provides a good representation of the inelastic concrete
behaviour and considers premature crack closure creating compression stresses before the crack completely
closes.

The reinforcing steel was simulated using the Menegotto and Pinto [28] model, modified by Filippou et al.
[29] and available in OpenSees as Steel02. The stress-strain relationship of Steel02 is shown in Fig. 5(b). It is
described by a linear elastic curve in which the slope represents the steel’s elastic modulus, Eg, then curves and
follows an asymptote that represents the steel strain hardening and has a slope b-E,. Unloading and reloading
paths are modified to capture Bauschinger effects.
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Fig. 5 — Schematic representation of constitutive material models

The unconfined concrete properties and reinforcing steel properties were based on nominal material
strengths and the confined concrete properties were calculated according to the model proposed by Mander et al.
[30]. Key input parameters for the material models were obtained from Collins and Mitchell [31] for unconfined
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concrete in compression and from the fib 2010 Model code [32] for tensile concrete behaviour. Materials were
assigned to the corresponding fibres according to their actual position in the wall and column cross-section.
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Self-weight of the elements were assigned to the element nodes at each level. Imposed loads were taken
from the New Zealand loading standard NZS1170.1 [33]. The imposed loads and self-weight of the floor system
were transformed into equivalent nodal loads by accounting for tributary areas and were assigned at each level of
the structure. The lateral load pattern to conduct the pushover analysis was taken from the Equivalent Static
Method outlined in NZS1170.5 [34] and assigned at each level, as shown in Fig. 4. For calculating the lateral
force distribution according to the Equivalent Static Method it was assumed that all floor levels had the same
mass. The lateral target displacement was 1.5% drift at the top of the level 7.

4. Case-study building model results

The global lateral load response for the pushover analysis of the case study building model with and without
structural interaction included is presented in Fig. 6. The initial stiffness of both the coupled and uncoupled
systems was almost identical, with the coupled system slightly stiffer after cracking. A more significant
difference was observed in the inelastic phase of the building response with a larger post-yield stiffness for the
coupled building model. The strength of the lateral load resisting system was 15% stronger at 1.5% drift when
compared to the strength of the uncoupled system.
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Fig. 6 — Case Study building system response with and without wall-to-floor interaction

Local response parameters were investigated to understand the increased lateral load capacity of the
coupled building model, as plotted in Fig. 7 for the axial, shear and flexural demands on each component. In
Fig. 7(a) it can be observed that when the model does not account for wall-to-floor interaction axial loads in both
the wall and columns are constant throughout the pushover analysis. However, due to vertical displacement
incompatibility between two adjacent elements and wall elongation, points that were originally at the same
height move vertically relative to each other when the system is subjected to lateral displacements. When the
floor coupling is modelled, this relative vertical displacement induced shear and bending actions within the floor.
As a result of this coupling, part of the axial compression forces in column 1 was transferred to the wall. This
process decreased the axial load on the column 1 and increased the axial load on the wall. A similar process
affected the wall and column 2, where part of the axial demands on the wall was transferred to the column 2. For
the coupled model, the axial demands for column 2 and the wall increased by 28% and 49% respectively when
the building was subjected to 1.5% lateral drift, whereas the axial load in column 1 decreased by 67%.

Fig. 7(b) presents the moment action developed at the base of the wall. The figure illustrates that at 1.5%
drift the demands on the wall increased by 4%, being similar to the uncoupled model. Since the system increased
its lateral capacity by 15% at the same lateral displacement, as shown in Fig. 6, it can be derived that the
additional lateral load capacity of the building was primarily provided by the column framing action (outriggers).
From Fig. 7(c), the shear demand rose 13% at 1.5% drift compared to the uncoupled model. This increase in
shear loads on the wall indicates that most of the additional shear actions must be resisted by the wall with little
contribution of the columns.
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Fig. 7 — Case study building component response with and without wall-to-floor interaction

Local wall responses for both the coupled and uncoupled models are shown in Fig.8. The
moment-rotation relationship presented in Fig. 8(a) shows a progressive increase of the wall rotation in the
inelastic phase. At the end of the analysis an increase of 9% in the wall base rotation can be observed in the
chart. This indicates that wall-to-floor interaction caused the plastic rotation of the wall to accumulate over a
shorter portion of the wall base. Despite the increase in rotation of the wall base would suggest an increase in
wall elongation, the chart in Fig. 8(b) actually shows a slightly reduction in elongation between the uncoupled
and coupled model. This is a result of the increased axial load acting on the wall as a consequence of
wall-to-floor interaction. The larger axial load deepened the neutral axis, which not only overcame the effects of
the 9% increase in rotation but reduced the elongation by 3%.
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Fig. 8 — Case study building local response with and without wall-to-floor interaction
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5. Parametric analyses
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The parametric analysis comprised of 12 models. The models were defined based on 3 span lengths, L, between
the wall and the columns and 4 effective slab widths. The cracked inertia of the sections was 32% of the gross
inertia as for the previous analysis. The span lengths selected were L = 1.6 m, 3.2 m and 4.8 m representing one,
two and three times the original model span length. Effective slab width were 0.3L, 0.5L, 0.7L, 1.0L to represent
the range proposed in the literature [10, 13, 14, 22].

Fig. 9 presents the pushover response for the parametric analyses of the lateral load resisting system. The
inelastic lateral load capacity was highly influenced by the selected parameters, with a variance in results of 45%
at 1.5% drift. The stiffness of the coupling elements had a significant effect on the lateral load capacity, with
shorter span lengths and wider span widths increasing the coupling and lateral load capacity more significantly.

Axial, shear, and flexural demands as well as elongation and rotation for the wall are presented in Fig. 10
for each of the parametric analyses. Axial and base shear demands presented in Fig. 10(a) and Fig. 10(b) showed
high variance in the results, especially for the shorter spans. For instance, at 1.5% drift the difference in axial
demand between the shortest span length and largest effective width model and the longest span length and
smallest effective width model was 250%. In contrast, the scatter in wall base moment, rotation and elongation
was considerably smaller, as can be seen in Fig. 10(c), (d) and (e). The difference between the maximum and
minimum values predicted at 1.5% drift for the wall base moment, rotation and elongation were 12%, 27% and
9%, respectively. It is observed that wall demand predictions for the models with longer spans and smaller
effective slab widths were close to the predictions of the uncoupled model (black lines in the charts), mainly
influenced by the reduction on stiffness produced by longer span lengths.
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Fig. 9 — Lateral load response for parametric models

Fig. 11 presents the axial demand in the columns for each of the parametric models. Similar to the wall demands,
the parametric model responses showed a large variation during the pushover analyses, especially for column 1.
It can also be observed that the unloading process of the column 1 was faster for each of the parametric models
than the loading process of the column 2, due to the redistribution of the axial load on column 1 towards the wall
and column 2. Interesting cases for column 1 in Fig. 11(a) were those where the span length was 1.6 m and the
effective slab width was larger than 0.3L. In these cases the column completely unloaded in compression and
then loaded into tension, going from 4000 kN in compression to 4200 kN in tension. Upon calculation of the
maximum available shear capacity [23] provided by the coupling elements it became clear that this behaviour
was not feasible because the coupling elements should have failed at lower load levels.
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Fig. 11 — Axial demand in columns for parametric models
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Floor systems may couple the response of walls with the adjacent vertical gravitational elements (wall-to-floor
interaction). In order to investigate the effects of this type of structural interaction on the demands in structural
components, nonlinear (NL) pushover analyses were conducted to a lateral load resisting system from an
8-storey case-study building. The lateral load resisting system was composed by a rectangular RC wall coupled
with two circular columns. The floor system was modelled using an elastic equivalent rectangular element with
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cracked inertia. According to the analyses performed the following preliminary conclusions about wall-to-floor
interaction can be drawn:

Wall-to-floor interaction produced axial load redistribution between the coupled elements. Comparison
between the models with and without wall-to-floor interaction showed an increase in axial demands of
28% for the column 2 on the compression side, 49% increase for the wall, and a decrease in axial
demand for the column 1 on the tension side of 67%.

The lateral load resistance of the system increased by 15% when coupling was included, while the
flexural demand in the wall increased by only 4%. As noticed during previous investigations [3, 16] the
columns worked as outriggers adding an overturning capacity to the system.

The base shear demands on the wall increased by 13%. Consequently, the wall was required to withstand
most of the additional shear strength drawn by the increase in lateral load capacity.

The parametric analysis showed that the response of the lateral load resisting system was highly
dependent on the stiffness of the coupling elements. Differences in the order of 45% for the system
lateral load capacity, and between -200% to +84% for axial load in the columns were observed amongst
the parametric models analysed.

Despite the floor system being modelled using an effective slab width with cracked inertia, unrealistic
axial loads were transferred between adjacent vertical elements. Improved methodologies are needed to
quantify the NL coupling behaviour of floor systems.
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