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Abstract

Within the literature, no examples of equations were found that account for out-of-plane inter-storey drift force
resistance, nor any that tested RC frames under them. Moreover, no studies were even done that combined in-
plane forces. Consequently, this paper presents an equation development for estimating the resistance of RC
frames containing infill walls with and without openings subjected to simultaneous IP and OoP loading. The
equations were derived from data obtained from 3D high fidelity finite-element micromodels calibrated against a
series of small- and large-scale experimental tests. An estimation of resistance is done by obtaining a coefficient
based on the opening area and the angle of the resultant in-plane and out-of-plane load and multiplying it with the
in-plane load-bearing capacity of a bare frame. The derived equation showed a good correlation with the
computational data.
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Abbreviations and notations

Latin based

IP In-Plane

OoP Out-of-Plane

Vr Shear resistance — resultant force

Vrippr  IP Shear resistance of a BF model

ko Coefficient used for calculating the shear resistance of an RC frame with an infill wall and an opening
k; Coefficient used for calculating the shear resistance of an RC frame with an infill wall (no opening)
A, Area of opening

A; Area of infill wall

Greek-based

a The angle of the resultant force Vg
B The ratio of opening to infill wall area (4,/4;)

1. Introduction

Many modern, high-rise structures in Croatia and the rest of Europe are made of reinforced concrete
(RC) frames with masonry infill walls. During an earthquake event, such structures are excited in Out-
of-plane (OoP) and In-plane (IP) directions. Simply by the geometry of frame structures, its IP
behaviour is always governed by inter-storey drift forces. On the other hand, the OoP ones are governed
by both the inter-storey drift and inertial forces. Inertial forces are carried out by the accelerated masses
of the infill wall and the inter-storey drift ones -by the movement of the rigid slab i.e., the frames.

The effects of the earthquake action on frame structures were investigated in IP and OoP directions
separately and in combination. The combined IP and OoP loads were considered in three ways. Firstly,
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previous IP damage followed by OoP load. This combination is the most prevalent in the literature.
Secondly, previous OoP damage followed by IP load and thirdly simultaneous IP and OoP load.
Namely, most of the research that combined the loads was done using inertial OoP load and IP load.
Besides the contribution of the authors of this paper, only two were found that investigated the OoP
inter-storey drift forces on the structural steel frames with masonry infill walls [1,2].

Furthermore, no equations are avaliable to consider OoP inter-storey drift forces or their combination
with IP loads. All the equations within the literature are either flexural or arching-action based i.e.,
grounded on research that used inertial force approaches [3-5].

Consequently, this paper presents a computational study and analytical model development based on
the simultaneous inter-storey drift OoP and IP loads on RC frames with unreinforced masonry infill
walls with and without openings.

2. Methodology

Prior to computational studies and their calibrations, a series of experimental tests were undertaken.
Small-scale experiment tests were undertaken to obtain the mechanical properties of the materials
involved (concrete, rebar, masonry units, mortar). Also, experimental tests were undertaken on scaled
specimens of frames with and without masonry infill walls and openings. In these cases, masonry walls
(shear, compression, bending) were subjected to IP [6] and OoP [7] drift-driven cyclic, quasi-static tests
(Fig. Figure 1). The tested specimens included a bare frame (BF), fully infilled frame (FI), frame with
centric door (CD), centric window (CW), eccentric door (ED) and eccentric window (EW) openings
within the infill wall.

The frame was designed using EN1998 provisions [8] following medium ductility class specifications.

The masonry infill units were locally sourced and classified as Group 2 using the EN1996 provision

[9], and by the same provision, a cementitious mortar was used and classified as M5 [9].
e ¢ 7 ) Lk

Figure 1. Experimental tests. a) OoP bend test on masonry infill wall [10]. b) IP cyclic, quasi-static test on
frames with and without masonry infill walls and openings [11]. ¢) IP cyclic, quasi-static test on frames with
and without masonry infill walls and openings [7]

Based on the OoP wall bend experiments that were done with the load parallel and perpendicular to the
bedjoints (Fig. Figure 1a) and by the IP (Fig. Figure 1b) and OoP (Fig. Figure 1c) cyclic, quasi-static
tests, computational models were developed and calibrated against them [12]. The computational
models were developed using a FEM 3D micromodel approach via Atena Engineering 3D [13] software
with manually edited input files.
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The micromodels used the 3D solid elements to simulate concrete and masonry, 2D elements for
contacts (hed- and bedjoints) and 1D truss elements for rebar (Fig. Figure 2). Nonlinear cementitious
material model was used for both concrete and masonry; interface — gap elements for head- and
bedjoints, and cyclic reinforcement model for rebars.

3D solid elements

___ 1D Truss elements

Interface elements with no
g [l ____———interlocking function

_\

Interface elements with
interlocking function

‘Q’;’;?J \ \\\\l
| |

The calibration process started with IP tests, followed by the OoP bend tests and finally, OoP cyclic,
quasi-static tests. If there were any corrections during the process, it would be reverted to the simulation
of the earlier calibrated models. Furthermore, the calibration process yielded the governing factors of
each experiment.

Figure 2. Parts of the 3D micromodel

With the calibrated models, further simulations were carried out i.e., extrapolated to include
simultaneous IP, OoP and gravitational load along with variating door and window opening sizes and
positions.

Based on the data available in the literature, a limit of opening to infill wall area ratio was found to be
A,/A; €10.1,0.3]. If the ratio is below 0.1, the opening has no influence [9]; whereas if it is above 0.3,
the infill wall does not [14]. Therefore, the ratios that were included in the simulations were
approximately the minimum, mean, and maximum of the limits (4, /4; € = {0.1,0.2,0.3}), an example
of such variating size is visible in Figure 3 on a CW model. The dimensions of openings were chosen
based on architectural standards that present common practices [15].

— =

A,/A; = 1231 % A,/A; = 21.54% A,/A; = 30.15%

Figure 3. Example of opening size variation on CW model

Unlike the calibrated models, the load was monotonic, i.e., the pushover method. This was done since
the computational time was immense, especially considering that there were more than 250 models to
compute.

The simultaneous load was defined by varying the angle @ € {0, 15, 30,45, 60, 75, 80, 85,90}° where
0° is pure IP and 90° pure OoP load. The resultant shear load Vy is calculated by the sum of squares of
IP and OoP load-bearing resistance.
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So, the models were further abbreviated as: model(A,/A;){l,r}. Where the model is one of the BF,
EW, etc.; I,r load direction in case of an eccentric opening.

3. Results and discussions

Since this paper aimed to present the equation development, only the primary outcomes of computations
are presented. An example of load-bearing capacities is presented in Figure 4 in the form of a polar
plot. The polar plot shows the values of load-bearing capacities within the polar coordinate system,
where the angle of the system is also the angle of the resultant force a and the distance from the null
point is the load-bearing capacity. The load-bearing capacity is expressed with its value (vertical axis)
and normalised to a BF model's pure IP load-bearing capacity. The blue-filled curve is the FI’s, yellow-
filled BF’s and cyan-filled of the referent model with openings.

The other polar plots follow the same patterns as those in Figure 4. Namely, the load-bearing capacity
starts as a maximum at pure IP load (a = 0°), and drop with the increase of a whistl finally reaching
the OoP load-bearing capacity of a BF. The decline in load-bearing capacity is gradual up to 45°, while
afterwards, the decline is more rapid. The reason behind it is that up to 45°, the mechanical system is
frame-dominated; afterwards, it is beam-dominated. Also, with the tension introduced by bending the
wall caused by OoP drift-driven load, the beneficial IP-compression strut loses its effectiveness.
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Figure 4. Example of the load-bearing capacity of CW model with different area ratios

Interaction curves were set up for one referent model e.g., CW and plotted against normalized load-
bearing capacity k,, angle of the resultant force a, and the ratio of opening to infill wall area in surface
and contour plots (topographical view of the surface) as visible in examples in Figure 5. Other models
had similar plots, showing a mathematical pattern governing the curves.

Hence, such a mathematical pattern could be exploited to create an equation that could estimate the
load-bearing capacity of an RC frame with a masonry infill wall with or without openings. The equation
(Eg. 1) was arranged in a way so that the IP load-bearing capacity of a bare frame (Vg gr ;p) is multiplied
by a coefficient (k) that considers the sizes of the openings and the angle of the resultant force. Since
the FI models do not have an opening, the coefficient was then divided into that those that take openings
into account (k,) and those that do not (k;). The IP load-bearing capacity of a bare frame was chosen
as a bare frame is an elementary example and IP being more researched. Such a capacity could be
obtained through calculations, numerical computations or experiments.

Vea = Vrprip - k, k € {ko, k;} (1)
From the interaction curves in Figure 5, it is clear that the relation of ¢ and normalized force is of an
exponential kind, while the area ratio § = A,/A; is linear. So, in order to formulate the coefficient k,
first it was related to angle a forming k(a). Multiple equations were tested to fit the data, namely in

the sphere of growth modelling (economic, natural, etc.). A Monomolecular, also known as Brody or
Mitscherlich function, was implemented (Eq. 2).
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Figure 5. Example of interaction curves. a) CD model. b) EW model.

Again, the equation was then correlated to « — k(a) for each model of the same group by different
area ratios g (e.g., CW(0.1), CW(0.2), and CW(0.3)). Using a SciPy curve fit tool [16], the coefficients
were optimised to produce the best fit with the data. So, the coefficients ¢;, ¢,, and c; were S
dependable. Knowing that the g to normalized force has a linear relation, a line equation was used to
calculate their governing function. Finally, with some optimisations and simplifications, the coefficient
for opening (Eq. 3) and without it (Eq. 4) were formed. For the coefficient k, That considers the
openings, parameters a and b can be extracted from Table 1.

k, = a+bB(1 — e 005a(-1) .
k; = 1.53 4+ 0.003(1 — e—0.085a) @
v a € [0,90], € [0.1,0.3]

Table 1. Coefficients needed for Equation (3)

Openin

P g_ . Load direction a b
Type Position
Door Centric / 1.29 0.071
Window Centric / 1.30 0.075
Door Eccentric Left &1 ] 1.30 0.065
Door Eccentric Right |‘| i 1.24 0.070
Window Eccentric Left —» O 1.27 0.070
Window Eccentric Right 0 <« 1.23 0.070

The equations show a good correlation with the simulation data, as visible in the examples in Figure 6.
In Figure 6, the surface is the normalized force calculated using Equations (3,4) with the domain that
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covers a € [0,90] (°) and B € [0.1,0.3]; while the red spheres are the datapoints from micromodel
computations.

Figure 6. Data fitting results. a) CD model. b) CW model. ¢) ED(l) model

4. A worked example for determining the load-bearing capacity
An example of determining load-bearing capacity is described here.

Problem: Determine the load-bearing capacity of a frame with a URM infill wall and centric door
opening under the angle of loading @ = 45° (equal IP and OoP load). The IP load-bearing capacity of
the frame was calculated as Vg ;p g = 400 kN, and the ratio of the opening and infill wall is 4,/A; =
B = 0.24.

Solution with equations: Using Equation (3), one can obtain a more refined answer when compared
to the interaction curves. Firstly, one should obtain coefficients from Table 2: a = 1.29 and b = 0.071.
Then use Equation 8 with the data from the problem and Table 1.

ky= a+ bﬁ(l_e-0.0Sa(ﬂ-l))

1.29 +0.071-0.24(1-¢0-0545024-10)
1.213

Finally, multiply the BF’s IP capacity with ko, thus obtaining the requested capacity:

u

VR.cDa=45=  koVrBFIP
1.213 - 400
485.20 kN

Solution with interaction curves (graphical): The process is described in Figure 7. The first one
should find the appropriate interaction curve. In this case, the CD one. Then find the A./A; and draw a
horizontal line, in this case, red. Next, find the angle and draw the vertical line, in this case, green—
coloured. The intersection of the red and green lines is the requested coefficient. A more conservative
approach would read it as 1.2, more detailed would estimate it as 1.23. Finally, multiply the BF’s IP
capacity with the coefficient, and follow the solutions below.

Detailed approach:

VRcpa—45=  koVrBEIP
1.23 - 400
492 kN

Conservative approach:
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Figure 7. Determination of coefficients for the example

5. Conclusions

Using the calibrated 3D FEM micromodels, a computational campaign was conducted that included
applying simultaneous IP and OoP drift-force on RC frames with and without infill walls and openings.
An angle defines the simultaneous load that the resultant of IP and OoP resistance closes with the IP
resistance. It was found that the greatest load-bearing capacity is with pure IP load that drops with the
angle change until it reaches pure OoP load. With pure OoP load, there is no difference between the BF
or other models with infill walls or openings. The decline in the capacity is gradual up to 45° when
afterwards it is more rapid. Such a decline is due to a shift from the frame- to a beam-based mechanical
system, and by beneficial IP compression strut losing its effectiveness caused by tension from OoP
loads.

It was found that all models had similar angle-openings size-resistance interaction curves, i.e., the same
mathematical pattern that accounts for the ratio of opening to infill wall area and the angle of the
resultant force. Those patterns were used to derive an equation i.e., coefficients to calculate the load-
bearing capacity of an RC frame with a masonry infill wall with or without openings loaded under the
desired angle. The derived equation revealed a good correlation with the computational micromodel
data; yet, it could not be validated against others since there is no like research with OoP drift-force
approaches.
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