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Abstract

In earthquake resistant design of r. c. frame structures with unreinforced masonmga il
containing different in size and position window and door openings, confining elements (tie-
columns) are crucial component of seismic detailing of the structure. Having construction of
the masonry infill wall without confining elements along opening edges, seismic response
prediction becomes unreliable, due to uncontrolled sequenced failure mode of masonry infill
walls, its out-of-plane instability, unfavorable crack distribution and premature andlistal
integration. Confining elements are not subdued to design as moment-resisting r. €. frame
and their construction details are based on simple recommendations. The aim of this study is,
by usage of calibrated computational micromodel in computer program ATENA 2D Eng, to
determine the shear resistance distribution among components of r. c. frames with masonry
infill walls, containing confined door and window openings, at damage grades in compliance
with EMS-98 scale.

Keywords: R. C. Frame, Unreinforced Masonry Infill Walls, Door and Window Opening, R.
C. Confining Elements, Partial Shear Resistance.
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1 INTRODUCTION

In earthquake resistant design of r. c. frame structures with unreinforced masonry infill
walls, containing different in size and position window and door openings, confining elements
(tie-columng constitute an essential part of seismic detailing of the strudug$. Construc-
tion of vertical r. c. confining elements along opening edges can significantly improve the
seismic performance of the structure [4, 5]. On the other hand, having construction of the ma-
sonry infill wall without confining elements along opening edges, seismic response prediction
becomes unreliable due to sequenced failure of masonry infill wall, out-of-plane instability,
unfavorable crack distribution and premature and total collfp<k3]. Confining elements
are not subdued to design as moment-resisting r. c. frames and their construction details are
based on simple recommendations.

The basis for this study were tested 1/2.5 scaled physical models of r. c. frames with ma-
sonry infill walls, containing centrically or eccentrically positioned medium size windows and
door opening (opening to masonry infill wall area ratiooA Ai < 15 % [14]), and walls
without openings (see Figures 1 to 3 and Table 1), designed and constructed in compliance
with [1-3] provisions, as moment-resisting frames by considering the medium ductility form
of seismic construction detailing [4, 5]. Masonry infill walls were made of clay block mason-
ry units that belongdto Group 2 and general purpose masonry mortar of M5 class which sat-
isfied the seismic design requirements for unreinforced structural masonry walls. Model
structures were divided in three groups (see Table 1), namely I, Il and Ill. Group | models
were same as models of Group Il but without confining elements. Tests under cyclic in-plane
shear action revealed the attaining of a very heavy damagamasonry infill wall (DG 4 i.e.
damage grade 4 in compliance with EMS-98 es¢Hb, 16]) ata drift ratio of about 1.25 %,
compared to 0.5 % ia case without confining elements. Furthermore, confining elements
contend the influence of opening and enabled the resistance of structure to horizontal seismic
shear force equal as in the case without opening.
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Figure 1: Design and construction detailing drawings of 1/2.5 scadeffame structure used in laboratory tests
(left) and clay block masonry units used (right) [4,5]
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Figure 2 Tested 1/2.5 scaled r. c. frame structures with masonry infill wallsitong confined openings and
walls without openings [4,5]
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Notations: A, is the area of an opening and is equal to the hefghempening () multiplied by the length of the opening)(IA is the area
of the masonry infill wall and is equal to the heightte masonry infill wall () multiplied by the length of the masonry infill wall)( h is
equal to 1.3 m;is equal to 1.8 m;.gs the eccentricity of the openingig the masonry infill wall thickness and is equal tt20m; P is the
parapet wall height.

Table 1: Classification and description of the specimens tested in the labodadry [
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Figure 3 Vertical r. c. confining element reinforcement and construction details indbs-section (left) and in
elevation (right) [4,5]

At heavy damage of masonry infill wall (DG 3), occurring at drift ratio of 0.75 to 1 %, the
confining elements along opening edge were vulnerable to shear failure in the vicinity of
opening corners (see Figures 2 and 3).

The aim of this study is to determine the shear resistance distribution among components
of tested r. c. frangawith masonry infill walls, containing confined door and window open-
ings, and walls without openings, at damage grades in compliance with EMS-98 scale [15,16]
by using computational micromodels and by employing the nonlinear static analysis.

A patrticular attention was given to the shear resistance contribution and design of vertical r.
c. confining elements constructed along opening edges.

2 COMPUTATIONAL MICROMODEL

A 2D computational simplified micromodel was developed in computer program ATENA
2D Eng [1719] and calibrated against previously described 1/2.5 scaled tested physical mod-
els [4,5], as described in detail in [20] (see Figure 4).

The adopted modelling approach, compared to other available modelling solutions e.g.
[21-27], had the ability to fully simulate tests, to take into account opening type, size and po-
sition and confining elements in a straight forwvard manner, to simulate the complex failure
mechanism precisely and to distinguish the shear resistance distribution among the structural
members [20,2833].

Figure 4 Computational micromodel of r. c. frame with masonry infill wall buil&AIRENA 2D Eng [19]
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The model was limited to 2D actions, as it was in the tests. The geometry characteristics of
the model were adopted the same as of the tested 1/2.5 scale physical models (see Figures 1 to
4). The model was built by using iso-parametric plane FEs (9-node quadrilateral and 6-node
triangular) for concrete and masonry units, and truss elements (3-nodes) for reinforcement and
gap elements for the interface. The finite element mesh size, based on convergence tests, cor-
responded to one quarter of the structural element size as shown in Figure 4.

The masonry units and masonry mortar interface (zero thickness interface) were modelled
separately. The normal and tangential stiffness of the interface were estimated based on the
expressions k—=E/t and k=G/t respectively, where E and G are the modulus of elasticity
and the shear modulus of the masonry unit, and t is the thickness of the mortar joint [17,18].

The adopted constitut laws for each individual material and its properties are given in
Tables 2 to 6. Additionally, the special effect of masonry unit and masonry mortar joint inter-
locking was considered for the bed joints [34] by inclusion of the cohesion hardening
softening function (see Figure 5). All the material properties were determined by standard
tests or by theoretical expressions.

Description Symbol Value Units
Elastic modulus* E 41000 MPa
Poisson’s ratio u 0.2 -
Tensile strength fi 4 MPa
Compressive strength* fe -58 MPa
Specific fracture energy Gt 1.20-1¢ MN/m
Critical compressive displacement Wy -1.0-10° m
Eccentricity, defining the shape of the failure sugfac Exc 0.52 -
Multiplier for the direction of the plastic flow B 0 -
Crack model coefficient (1.0 for Fixed, 0.0 for Retd) - 0 -
Plastic strain at compressive strength gcp -1.417-16¢ -
Reduction of compressive strength due to cracks feum 0.1 -
Crack shear stiffness factor S 20 -
Aggregate size* - 0.016 m
Crack spacing Smax 0.125 m
Tension stiffening Cis 0.4 -

Note: *designates experimentally obtained value as descnibgg5]

Table 2 Concrete properties for material model NonLinCementitious2

Description Symbol Value Units
Elastic modulus* E 210000 MPa
Yield strength* oy 550 MPa
Ultimate strength* [ 650 MPa
Strain at ultimate strength* €lim 0.01 -
Bauschinger effect exponent R 20 -
Menegotte-Pinto model parameter C1 0.925 -
Menegotte-Pinto model parameter Cc2 0.15 -

Note: *designates experimentally obtained value as descnibgd5]

Table 3: Reinforcement properties for cycling reinforcement

Description Symbol Value Units
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Elastic modulus parallel to the head joints* Ex 5650 MPa
Elastic modulus parallel to the bed joints* Ey 850 MPa
Poisson’s ratio n 0.1 -
Tensile strength* fi 18 MPa
Compressive strength parallel to the head joints* fe -17.5 MPa
Compressive strength parallel to the bed joints* fe -2.8 MPa
Type of tension softening Exponential
Specific fracture energy Gt 0.45-1¢ MN/m
Crack model Rotated
Compressive strain at compressive strength in the unzotiapressive test*  ec -1.358-1¢ -
Reduction of compressive strength due to cracks - 0.8 -
Type of compression softening Crush Band
Critical compressive displacement Wy -5.0-10* m
Shear retention factor Variable
Tensior-compression interaction Linear
Note: *designates experimentally obtained value as descnibgg5]

Table4: Properties of the clay block masonry unit for model SBeta
Description Symbol Value Units
Normal stiffness Knn 5.65-16 MN/m?
Tangential stiffness Kt 2.57-16 MN/m?
Cohesion* c 0.35 MPa
Tensile strength* fe 0.2 MPa
Friction coefficient* - 0.24 -
Minimum normal stiffness Kan,min 5.65-18 MN/m?3
Minimum tangential stiffness Ktmin 2.57-16 MN/m?
Function tension softenirgardening Not used
Function cohesion softeninlgardening Used
Note: *designates experimentally obtained value as descnibgd5]

Table 5: Initial properties of bed joints

Description Symbol Value Units
Normal stiffness Knn 8.50-10 MN/m?
Tangential stiffness Ky 3.86-10 MN/m?
Cohesion*
Tensile strength* Adopted from the bed joints
Friction coefficient*
Minimum normal stiffness Kan,min 8.50-16 MN/m?3
Minimum tangential stiffness Kmin 3.86-10 MN/m?

Note: *designates experimentally obtained value as descnibgd5]

Table 6: Initial properties of head joints

The concrete of the confining elements and the lintel were represented by NonLinCementi-
tious2concrete constitutive law. Its compressive strength was equal to 30 MPa, and other pa-
rameters were evaluated by theoretical expressions given in [17,18].
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Figure 5: Mortar interlocking with the masonry units (left) and cohdsadeningsoftening function (right)

3 ANALYSIS AND RESULTS

In order to determine the shear resistance among structure components, namely r. c. frame
Vriitf (KN), masonry infill wall &, (kN) and r. c. confining element:¥. (kN), a displace-
ment controlled nonlinear static (pushover) analysis was employed up to the displacement
d=28 mm i. e. drift ratio &2 %.A d=2 % was adopted as the point of very heavy structural
damage and destruction of the r. c. frame. The displacement controlled approach adopted, en-
abled observation of structure up to the drift ratio of 2 % (1.25 % was maximal drift in force
controlled approach in tests) and of the shear resistance after maximum resistance was
reached, compared to the force controlled approach exercised in tests and in calibration pro-
cedure.

The shear resistance of each component was compared with the shear resistance of the r. c.
frame without masonry infill wall (bare framekMKkN) at drift ratios d(%) 0.10, 0.25, 0.5,
0.75, 1.0, 1.25, 1.5, 1.75 and 2%. The named drift ratios correspond to the damage grades 1 to
5 based on EMS-98 damage scale [15,16]. The shear resistance ratio was expressed as V
VR maxX 100 (%), where ¥t maxiS the maximal shear resistance of the r. c. frame withou
masonry infill wall. The shear resistance values were observed at the feet of the r. c. column, r.
c. confining element or at the base of the masonry infill wall, as the sum of internal forces
along the length of each individual component. In case of the eccentric opening the analysis
was performed separately from left (positive) and right (negative) side.

The results are presented in Figures 6 and 7 and in Tables 7 to 9.

ool VRS — R s VR el VR

Figure6: Shear resistance of r. c. frame without masonry infill wall (left) dmnda frame with masonry infill
wall without openings (right) by components
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Figure7: Shear resistance of r. c. frame with masonry infill wall, contaiotrdined window and door openings,
by components

The damage grades in compliance with the EMS-98 damage scale and corresponding drift
ratio considered in this study were: Grade 1: Negligible to slight damage (no structural dam-
age, slight non-structural damage) atedual to 0.1%; Grade 2: Moderate damage (slight
structural damage, moderate non-structural damage)ranhges from 0.2 to 0.4%; Grade 3:
Substantial to heavy damage (moderate structural damage, heavy non-structural damage) at d
equal to 0.5%; Grade 4: Very heavy damage (heavy structural damage, very heavy non-
structural damage) at thnges from 0.75 to 1.0%; Grade 5: Destruction (very heavy structural
damage) at«equal to 2.0%.
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Group 11l 1l
Number 1 2 1 2 3(P) 3(N) 4 (P) 4 (N)
dr (%) d (mm) Vei(kN) Vit (KN) Vit (KN)
0.0 0.0 0 0 0 0 0 0 0 0
0.1 1.4 80 80 89 77 73 93 66 66
025 35 133 124 147 123 122 155 107 110
0.5 7.0 197 180 218 157 196 230 161 140
0.75 105 235 187 239 149 241 265 160 141
1.0 14.0 223 134 164 74 264 273 90 110
125 175 155 78 171 36 154 273 72 -
15 210 121 81 - 0 110 154 63 -
175 245 121 - - - - - 0 -
2.0 280 121 - - - - - 6 -
V& max (KN) 235 187 239 157 264 273 161 141
Vrmax! VR maxt% 100 (%) 100 79 102 67 112 116 69 60
Table7: Shear resistance contribution of r. c. frame component
Group 1] 1l
Number 1 2 1 2 3(P) 3(N) 4 (P) 4 (N)
dr (%) d (mm) Vet (kN) Vg (kN) Vriti (KN)
0.0 0.0 0 0 0 0 0 0 0 0
0.1 1.4 80 146 77 84 99 84 98 99
0.25 35 133 203 97 133 127 107 138 148
0.5 7.0 197 190 103 179 135 52 142 161
0.75 105 235 189 96 153 104 56 140 152
1.0 140 223 130 79 126 74 65 112 163
1.25 17.5 155 72 63 135 57 65 44 -
15 210 121 94 - 65 73 65 65 -
1.75 245 121 - - - - - 89 -
2.0 280 121 - - - - - 32 -
VR max (KN) 235 203 103 179 135 107 142 163
Virmax! Vrmaxt* 100 (%) 100 87 44 76 58 46 60 69
Table8: Shear resistance contribution of masonry infill wall component
Group 1] 1l
Number 1 2 1 2 3(P) 3(N) 4 (P) 4 (N)
dr (%) d (mm) Vri(kN)  Vgirc(kN) Vritre(kN)
0.0 0.0 0 - 0 0 0 0 0 0
0.1 1.4 80 - 23 18 18 10 23 13
0.25 35 133 - 34 23 24 17 22 9
0.5 7.0 197 - 0 27 11 25 21 17
0.75 105 235 - 0 24 2 18 17 15
1.0 140 223 - 0 24 1 12 23 13
1.25 175 155 - 0 27 0 12 12 -
15 210 121 - - 18 0 9 18 -
1.75 245 121 - - - - - 23 -
2.0 280 121 - - - - - 21 -
Vr max (KN) 235 235 34 27 24 25 23 17
Vi max! Vemax* 100 (%) 100 100 15 12 10 11 10 7

Table9: Shear resistance contribution of r. c. confining element component
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4 DISCUSSION OF RESULTS

Distribution of shear resistance among components of r. c. frames with masonry infill
walls containing confined door and window openings, and walls without openings obtained
by computations using calibrated micromodelgivenin Tables 7 to 9 and Figures 7 and 8,
at selected drift ratios i.e. damage grades in compliance with EMS-98 scale. The shear re-
sistance contribution of r. c. frame and masonry infill wall component reached its maximum
at drift ratio of in either 0.75 % or 1 % in all cases (DGIl4 general, the opening type, pres-
ence and position influence the shear resistance distribution among components.

In Figure 8 given is the overall comparison of ratio of maximum shear resistance of indi-
vidual component and maximum shear resistance of r. c. frame without masonry infill wall
(bare frame) ¥max/ VRt maxx 100 (%0).

As observed in Figure 8, the shear resistance of the r. c. frame components was different
from case to case and was influenced by opening presence. It was lower up to 40 % or equal
in case of walls with window openings and wall without openingshagtter of about 12 to
16 % in the case of walls with door openings irrespective of the opening positidhwas
not significantly affected by loading direction in case of walls with eccentric door or window
openings, as in case without r. c. confining elements [13].

The contribution of the masonry infill wall component was influenced by opening type,
presence and position. The lowest contribution of 44 and 46 % was obtained in the cases of
walls with door openings. The highest contribution of 87 % was in the case of wall without
openings. It was not significantly affected by loading direction in case of walls with eccentric
window openings. In the case of walls with door openings the difference in contribution
caused by loading direction was 12 %.

10
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VR,mux/VR,f,mux x 100 (%)
o
o

B VR,f,f ®mVR,f, VR,if,c

Figure8: Shear resistance of components of r. c. frame with masonry iafllcamparison
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The r. c. confining element shear resistance contribution was in average 11 %, and it was
more pronounced in case of centrically positioned opening (up to 15 % in case of door and
12 % in case of window opening). As shown in Figure 7, the contribution of r. c. confining
elements in case of walls with door opening, was up to drift ratio of 0.5 % (DG 2 or DG 3).
On the other hand, in case of window openings, it was up to the drift ratio of the structure de-
struction.

As shown in Figure 7, in cases of walls with openings, after reaching the maximum shear
resistance (after,€0.75 or 1 %), r. c. confining elements prevented the rapid drop of shear
resistance of masonry infill wall component.

5 CONCLUSIONS

A calibrated computational micromodel of a tested 1/2.5 scaled r. c. frame with masonry
infill wall, containing eccentrically and centrically positioned medium size confined window
and door openings, and wall without openings, was used to determine the distribution of shear
resistance among the structure components. The model had the ability to fully simulate tests
by taking into account opening type, size and position and confining elements in a straight
forward manner.

The following observations and conclusions about the distribution of shear resistance
among the structure components, namely r. c. frame, masonry infill wall and r. c. confining
elements, were drawn, with respect to opening type and position:

e In case of walls with window opening, and wall without opening, the shear resistance

distribution among r. c. frame and masonry infill component was approximately equal,
while in the case of wall with door opening, it was dominant in r. c. frame component.

e In case of walls with eccentrically positioned door openings the shear taken by the r. c.
frame component was higher than in the case of r. c. frame without masonry infill wall
(bare frame) i.e. design value of shear resistance capacity.

e The r. c. confining elements mitigated the influence of the loading direction in case of
walls with eccentrically positioned openings and enabled for the structure to hold shear
resistance to higher drift ratio values.

In general, the shear resistance distribution among the structure components was different
from case to case, and was influenced by opening type and position and the presence of r. ¢
confining element. The construction and design of r. c. confining elements for shear resistance
is fully recommended, in order to provide them with sufficient resistance up to the design drift
ratio values.
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