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This is a study on a confined masonry slender walls building in a high seismic area. The
structure also contains frames, but the walls bear most of the gravity and seismic loads.
The building will be used as a school. It will be built in Bucharest, Romania. It contains a
ground floor and 2 stories above it. Story height is 4m. The structure is interesting as it is
not common practice to use slender masonry walls for buildings with large bays. Such a
structure is allowed by the design codes in force but this solution is not often used. The

building will be studied in the elastic state, as the structure bears important gravity and
seismic loads, then in the plastic state to establish the walls stresses development and the
failure mechanism. It is interesting to see how the walls behave in the nonlinear stage, as
they are slender, but masonry is a stiff material.

1. Introduction

The paper presents the behavior of slender walls confined
masonry buildings, in high seismic areas. The literature points out
that slender masonry walls may experience buckling [1] and the
axial bearing capacity may be calculated on the deformed shape
[2]. Slender walls have less shear force bearing capacity [3].
Confined masonry walls behave well under seismic loading, [4],
as the concrete elements increase the energy dissipation, ductility
and cracking pattern [5]. Reinforcement bars connecting tie
columns to the masonry panels help them work together better [6].
Confining clamps at tie columns tops and bottoms are very
important for preventing their shear failure [7]. Masonry walls can
behave well in the nonlinear state, as their ductility may be
improved by using proper confining reinforced concrete elements
[8]. Three dimensional analyses are important as they are able to
capture the collapse mechanisms well [9]. Laboratory tests show
that confined masonry walls main failing mechanism is diagonal
cracking, sliding on the bed joint of brick mortar [10]. It is
adequate to analyze a structure’s behavior in the plastic stage, to
predict its possible failure mechanism, and the maximum base
force it can bear. The moment-curvature diagram may show the
ductility or stiffness of the building in study [11]. The structure
analyzed here is mostly composed of confined masonry walls, but
there are also frames due to the illumination condition. Confined
masonry walls are the main bearing elements. The building in
study is composed of a ground floor and 2 stories above it. Story
height is 4m, and the bays spans are up to 9m, so the masonry
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walls are very slender. This is a special structure, as nowadays it
is most common to use masonry structures with bays up to 5Sm and
story heights up to 3.2m, because masonry is a fragile material
and does not behave well under seismic loading. The design codes
in force used to design the structure are: [12—18]. The building is
a school. It will be built in Bucharest, Romania. This is considered
a high seismic area according to the seismic code in force, as the
seismic acceleration is 0.30g (g is the gravity acceleration) [18].
The building’s behavior is studied for both elastic and plastic state.

2. Building Description

The structure in study is composed of 3 stories: a ground floor
and 2 floors above it. The bays are up to 9m and the story height
is 4m. This is regarded as a large bay confined masonry walls
building. Confined masonry means that the brick walls are framed
by reinforced concrete elements: tie beams (belts) at each story
level, placed horizontally and slender columns placed vertically.
Those reinforced concrete elements work together with the brick
panels. Walls are 30cm thick so the slender columns and the belts
need to be 30cm wide. It is allowed to design such buildings in
high seismic areas [18]. For confined masonry buildings, in the
design code it is recommended to use less strong concrete, class
C12/15 or C16/20 [12, 16], because it interacts better with
masonry. In Figures 1 and 2 the walls are red, slender columns are
green, belts and beams are blue, short beams are white and slabs
are grey. This building measures 35m on direction X and 22.25m
on Y. Distances between load bearing elements are given in
meters. The software used for analysis is ETABS 2016.
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Figure 1 Floor plan

Figure 2 Building in 3D
3. Structure Design Theory
3.1. Materials Used

Materials used here are: concrete C16/20 with Ec=29000N/mm?
(E is elasticity modulus) [16] and vertical perforated bricks
290-140-88 (mm) with Ey=4500N/mm? [12] with standard
strength f, =10N/mm? and mortar M10 [12]. Reinforcement bars
are S345 Es=210000N/mm? [16]. The walls stresses analyzed are:
Ox, Oz, Txz, Txy and Ty,. They are compared to the masonry strengths
(1), 2), (3), (4) and (5) [12]. Horizontal design compression
strength is fiq and the vertical one is fq.

fha = fu/ym=0.98/2.2=0.445 N/mm? (1)
fy = filym=4.5/2.2=2.04 N/mm?> (2)

fik and fi are the characteristic masonry compression strengths. ym
is the insurance factor [12]. Design shear strength for horizontal
direction fyq; (3) is calculated by using the characteristic strength
(fvk,0) and the unitary vertical stress (c6q) [12].

fua) =T 0/ym+0.4-64 =0.3/2.2+0.4-0.1= 0.18 N/mm? 3)

Design strength for horizontal and vertical stresses perpendicular
to the wall (fxa1 and fia2) are calculated in (4) and (5) using the
characteristic strengths (fuq and fuo) [12]. Concrete and steel
reinforcement bars design strengths are determined in (6) and (7)
using the characteristic values (fox and fyx) [16].
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fuar= fua/yn=0.24/2.2=0.11 N/mm? @)
fur= Fua/yn=0.48/2.2=0.22 N/mm? (5)
fu=falyn=16/1.5= 10.6N/mm? (6)
fy=Fy/ym=345/1.15=300 N/mm> 7

3.2. Seismic Action Evaluation

The coefficient ¢, is calculated using the base force Fy in (8)
according to [18]. yr.= 1.2 is the building’s importance-exposure
coefficient, Bo= 2.5 is the elastic spectrum maximum value, q is
the structure’s behavior factor, q=2.25-a/0= =2.25-1.25 [18],
aw/o = the base shear force value for the failing mechanism/the
base shear force value for the first plastic hinge, m = building’s
mass, 1 = 0.88 is the reduction factor according to & (damping
ratio for masonry) = 8% [16]. A = 0.85 for 3 stories buildings, a,
=0.30g [18] and G = building’s weight.

Fo=y1e  Bo-ag m- A n/q=cs- G=0.24-G[kN]  (8)

3.3. Walls Bearing Axial Force

The bearing axial force Nrq for masonry walls is calculated using
[12]. Nrq = wall’s bearing axial force at the bottom story, ®im)=
min (®; ;&) wall strength reduction factor (buckling factor), ®;
= wall strength reduction factor at the wall’s top and bottom, @y,
= wall strength reduction factor at the wall’s center, t = wall
thickness, e;= wall eccentricity at the top and bottom and A= wall
section area [12]. The load combination used to determine Ngg
here is: 1.35-permanent loads+1.5-variable loads.

Nrd = Pim) - A - fy ©
O; =1-2-¢i/t (10)
ei=epitent+e>0.05-t (11)

eoi= 0, vertical loads eccentricity, enm= eccentricity from forces
perpendicular to the wall, N; = axial load from the upper story
wall and N> = load from the slabs above the story [12]. Mumg) =
bending moment from forces perpendicular to the wall, e,=
accidental eccentricity and hs = story height [12].

ehm(i) = Mhm¢i) /(N1+ZN2) (12)
e;=max(t/30;hs/300;1cm) (13)
€m = 2/3 ‘€oitehmtea (14)

Table 1 Walls strength reduction factor at middle story height (®,,)

slenderness | masonry relative eccentricity ep/t
(hs/)max type 0.05 | 0.10 | 0.15 | 020 | 0.25 | 0.30
15 CM 0.75 | 0.64 | 0.53 | 042 | 0.32 | 0.22

In Table 1, CM means confined masonry. The maximum walls
slenderness allowed is 15 [12]. @y, is determined from Table 1,
according to hs/t [12], em = wall eccentricity at middle story height
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and enm = eccentricity from forces perpendicular to the wall, at
middle story height [12].

3.4. Walls Bearing Bending Moment

The bearing bending moment Mgq for masonry walls associated
to the design axial force Ngg [12] is calculated in (15). Walls
compressed area is Ac. The bearing bending moment borne by the
masonry area is Mraoy (17). yc is the distance from the wall’s
weight center to the compressed masonry area center [12]. The
bearing bending moment borne by the slender columns
reinforcement at the wall ends is Mgraus) (18). The load
combination used to determine Ngq and Mgq here is:
1.0-permanent loads+0.4-variable loads+1.0-seismic loads.

Mra= Mram) + Mrdcas) [kNm] (15)
Ac=Ngg/(0.85f3) [mm?] (16)
Mgraovy) = Ngd * Yo [KNm] (17)
Mracas) =l As-fya [kNm] (18)

fya= 300N/mm? is the reinforcement bars design strength. l,sis the
distance between slender columns at the walls ends. As is the
slender columns longitudinal reinforcement area. Cc is the
compressed area gravity center. C is the wall section gravity
center. S is the seismic action [12]. b=n-t and n=f.4/fa.

b=t" fea/fa (19)
las
As
S
— -
Yo IC

Figure 3 Wall horizontal section
4. Building Design Results

The results shown here are story displacements, steel
reinforcements in concrete elements and efforts in the walls most
vulnerable to seismic action. They are vulnerable because they are
slender and not connected to other walls on the other direction, so
they are susceptible to fogging.

4.1. Building Story Displacements

The story displacements will be checked for the elastic state, for
both directions X and Y. In the elastic state, the maximum relative
story displacements are dr=0.07cm on direction X and dr=0.15cm
on direction Y. Maximum displacements are calculated with
formulas (20) and (21), considering the building has fragile non-
bearing elements, are checked for direction X (0.098cm< 2cm) in
(20) and for direction Y (0.21cm<2cm) in (21). hs =4m is the story
height, v=0.5 is a reduction factor for class I and II importance
buildings and q=2.81 is the structure’s behavior factor [18].

dr -v-q=0.10cm < 0.005 -hs=2cm (20)
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dr -v-q=0.21cm < 0.005 -hs=2cm (21)

4.2. Reinforcement for Concrete Elements

According to the design results [16], the reinforced concrete
elements dimensions and reinforcements are described in Table 2.
As is the longitudinal reinforcement in concrete slender columns,
belts, columns and beams [16]. The bars are seen in each figure
as black circles and the diameter (®) of bars is 16mm.

Table 2 Concrete elements reinforcement

Column Slender Column Column Beams and
30x50 column 30x30 30x40 As 30x60 As belts 30x40
As —8D16 As —4D16 —6D16 —12016 As —8D016
A0 l — 1 = NG
I i o0 A—30— I D | [ T
A—30—~

4.3. Confined Masonry Walls Susceptible to Fogging

The most susceptible walls to loss of axial bearing capacity due
to buckling are P1, P2 and P3 seen in Figure 1. They are situated
on direction X. Those walls are not connected to other walls on
the perpendicular direction.

Table 3 Confined masonry walls with high fogging probability

P1 P2 P3

Ned | Dim) | Nra Ned | Pim) | Nra Ned | Pim) | Nra
[kN] [kN] | [kN] [KN] | [kN] [kN]

story 3| 640 | 0.22 | 1368 | 637 | 0.23 | 1422 | 745 | 0.28 | 1931
story 2| 1289 | 0.62 | 3857 | 1238 | 0.62 | 3835 | 1498 | 0.64 | 4413
story 1| 1918 | 0.66 | 4106 | 1909 | 0.86 | 5319 | 2231 | 0.7 | 4827

5. Building Nonlinear Analysis

Two pushover cases (PX and PY) are used for the building’s
nonlinear analysis. Each case determines the building’s stresses
and plastic hinges development on an orthogonal direction.

5.1. Plastic Hinges in Final Stages

Figures 4 and 5 show the final stages of development for plastic
hinges on both directions. The color code is the following: B (pink)
means the plastic hinge is formed, IO (blue) is for immediate
occupancy, LS (light blue) is for life safety, CP (green) is for
collapse prevention, C (yellow) means the plastic hinge reaches
the limit and the element gives out, D (brown) means the load was
redistributed and E (red) means collapse. Those colors are seen in
the figures that show the pushover analysis last steps. For both
pushover cases, the analysis ends when plastic hinges reach stage
D. For PX, there are fewer hinges in stage D. Hinges in stage D
are formed at the ends of walls coupling beams. Figures 4 and 5
show the plastic hinges but also the masonry walls as translucent
light grey. This is done in order for the figures to be more
complete and the masonry walls not to obstruct the plastic hinges
visibility.

5.2. Pushover Diagrams

The pushover diagrams show a stiff behavior on both directions.
There are 24 steps for the nonlinear analysis on direction X and
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beams and walls as the stress is transmitted between those

elements. There are also increased stress values at the walls
crushed and the other is stretched. The maximum value for each

corners on the same direction as the pushover case, one corner is
stress is written after the analysis step number.
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greater than 2269242kN/m for

21 steps on direction Y. Some steps are far from each other and
some are very close, so they look overlapped. The rigidities

remain the same until the structure becomes a mechanism. The
structure’s rigidity (base force/top displacement ratio) on

direction X is 3806501kN/m,
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increase of stress at the walls bottoms. This means that the

For walls perpendicular to the pushover case there is an
walls are subjected to fogging, as they are very slender.
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Figure 6 Pushover curves for PX and PY

Figure 5 Plastic hinges for case PY at step 21
5.3. Walls Stresses

Figure 4 Plastic hinges for case PX at step 24
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direction Y. The building reaches a higher displacement (143 mm)
The maximum value for each stress is written after the analysis

and a higher base force (545091kN) for direction X.
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step number. The highest values are reached at joints between
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Figure 11 PX step 1 t.,=0.25N/m
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Stresses o, clearly surpass the strengths fq at steps 4 and 5. The
crushing and stretching at the walls bottoms is more visible for

o,. The wall fogging is also present here.
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are greater than fuq
is also transmitted to the walls connected perpendicular to

is taken mostly by the walls on the stress direction. The stress

Stresses Tx,
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6. Discussions

The building has a slender structure and the walls are made of a
low strength material. There are 3 walls susceptible to fogging as
they are developed on one direction only. The reinforced concrete
elements are placed in accordance with the masonry code in force
[18]. Additional reinforced concrete bands or lintels and slender
columns may be provided in walls. In this latter case, walls would
behave less slender. The walls fogging phenomenon would be less
visible, as the confined masonry walls would behave more like
concrete walls.

The building’s lateral displacements in the elastic stage are lower
than the maximum values accepted by [18]. The reinforcement
needed for beams, columns, bands and slender columns is within
the range demanded by [18]. This means the efforts in concrete
elements are within the desired range for the elastic state.

The nonlinear analysis ends when plastic hinges reach stage D for
both pushover cases PX and PY. There are more hinges in stage
D for PY. Hinges in stage D are seen at the ends of walls coupling
beams. The pushover diagrams show a higher rigidity on
direction X. For case PX, the graphic has a higher slope. This
slope is calculated as the base force/ top displacement ratio. This
ratio is called rigidity. Both diagrams show the same rigidity, as
both their slopes remain unchanged until the analysis ends. The
analysis ends when the structure is turned into a mechanism by
the plastic hinges giving in. The structure gives in at a lower base
force and displacement on direction Y. This is explained by the 3
walls susceptible to buckling on that direction. All masonry walls
crack before the plastic mechanism is reached. The fogging
phenomenon is seen very clearly for stresses ox and c,. All
masonry walls get local damage from crushing at the bottoms
before the structure turns into a mechanism.

7. Conclusions

The building can bear both gravity and seismic loads, although it
has a slender structure and the walls are made of a low strength
material.

Lateral displacements generated by the seismic combination are
allowed by the code in force.

Confined masonry walls developed only on one direction are
susceptible of fogging.
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In the nonlinear stage the building remains stiff until it turns into
a plastic mechanism.

Both pushover diagrams PX and PY are straight lines, so the
structure’s rigidity is maintained the same until it collapses.

The structure reaches lower stress values in walls on direction Y.
Conflict of Interest
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