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Abstract: This paper presents first a valid, fully non-linear 2-D numerical model that can capture realistically the in-plane
hysteretic behaviour of reinforced concrete (R/C) frames with masonry infills when they are subjected to combined verti-
cal and cyclic horizontal loads in order to predict their post-elastic earthquake bahaviour. The effectiveness of this simula-
tion was validated by comparing the numerically predicted behaviour with results from a series of pseudo-dynamic tests
whereby a number of 1:3 scale, one-bay, one-story R/C frame specimens, including relatively weak masonry infills, were
subjected to combined vertical and cyclic horizontal seismic-type loads. The role of the interface between the masonry in-
fills and the surrounding concrete frame was also included in this simulation. Next, this paper deals with the applicability
of this successful non-linear masonry-infill concrete-frame numerical simulation to predict realistically the seismic behav-
iour of prototype multi-story R/C frame structural formations with masonry infills. The major obstacle here is the compu-
tational time and memory requirements needed for the completion of such a numerical analysis including all the non-
linear mechanisms which were employed in the preceding simulation of the single-story one-bay R/C frame with masonry
infills. In order to overcome this obstacle, use was made of an equivalent post-elastic “pushover” type of analysis that
draws information on the stiffness and strength variation from one-bay, one-story R/C masonry infilled unit frames that
compose a given multistory structural formation. In doing so, the fully non-linear numerical simulation of the single-story

units that compose this structural formation, presented in the first part, is utilized.

Keywords: Numerical simulation, Masonry-infilled R/C frames, Equivalent step-by-step elastic analysis for buildings.

1. INTRODUCTION

Many researchers in the past have attempted validations
of numerical simulations of the non-linear behaviour of unre-
inforced masonry similar to what is tried here, employing
non-commercial or commercial software [1]. Da Porto,
Guidi, Garbin, Modena [2] carried out an extensive experi-
mental program employing small masonry assemblages and
subjecting them to uni-axial and diagonal compression tests
as well as in-plane cyclic shear-compression tests, aimed at
defining the in-plane cyclic behaviour of three types of load
bearing masonry walls assembled with perforated clay units
and various types of head and bed joints.

Significant research effort has also been devoted to the
analysis of masonry infilled frames utilizing the finite ele-
ment method. Dhanasekar and Page 1986 [3], developed an
iterative non-linear finite element model incorporating a
biaxial strength envelope for the infill and one-dimensional
joint element to model the interface between infill and sur-
rounding frame. Zarnic 1995 [4], proposed two models, one
for the simulation of the inelastic response to monotonous
loading and the other for the simulation of the inelastic re-
sponse to dynamic loading. These two models are based on
experimental and analytical research involving 34 one-bay
one-story models. The first model can be used for the quick
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judgment of the stiffness and the load-bearing capacity of
infilled frames; it assumes a tri-linear relationship between
deformation and base shear. The second model, which is
incorporated in a computer program for dynamic analysis,
includes frame elements, which are modelled as flexural
springs, and masonry infills, which are modelled as pairs of
compressive longitudinal springs. Zarnic, Selih, Damjanic
and Gostic 1995 [5], developed a two-dimensional plane-
stress finite element model for un-reinforced and reinforced
masonry infill using a Drucker-Prager type yield surface.
The behaviour of reinforcement for the frame is idealised
using a uni-axial elastoplastic model resisting only axial
forces whereas the contact between the frame and the ma-
sonry infill is modelled with a 10mm thick interface layer.
Singh, Paul and Sastry 1997 [6], presented an inelastic finite
element model to simulate the entire time history response of
reinforced concrete masonry infilled frames. This inelastic
model is capable of predicting the sequence of the formation
of plastic hinges in the surrounding frame as well as that of
cracks in the infills. Gosh and Amde 2002 [7], proposed a
finite element simulation to study the failure modes of in-
filled frames employing a variety of different frame-infill
strengths, as described by the analytical methods of previous
investigators (Riddington 1984 [8], Pook and Dawe 1986
[9]). They compared their predictions with the experimental
results of previous researchers and they proposed two failure
criteria for the masonry infill; the first includes a homogeni-
sation approach together with the Von Mises criterion for
plane stress condition and a smeared crack model, whereas
in the second approach the mortar joints of the masonry infill
are modelled assuming a combination of the Mohr-Coulomb
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yield criterion together with a yield criterion in tension. As-
teris [10] investigated the use of micro-modelling in predict-
ing the behaviour of infilled frames whereas Manos et al.
[11] validated a micro-modelling as well as a macro-
modelling numerical approach capable of capturing the be-
haviour of masonry assemblages and masonry-infilled R/C
frames subjected to combined vertical and cyclic horizontal
seismic-type loading.

Stylianides 1985 [12, 13], conducted an extensive ex-
perimental program with sixteen single-story one bay 1/3
scaled masonry infilled R/C frame models. These specimens
are used here for the validation of the numerical model pro-
posed in this study. The influence of the important parameter
concerning the level of interaction between the masonry in-
fill and the surrounding R/C frame is also looked at by
Stylianides [12]. Carydis et al. [14] also pointed out the sig-
nificant influence on the observed behaviour of masonry
infills exercised by the gap (0,5 cm to 1 cm) between the
masonry infill and the surrounding R/C frame which resulted
from shrinkage during the construction period of the ma-
sonry infill. Valiasis [15] studied additionally the influence
of axial load on the columns of the surrounding R/C frames,
the length over height ratio of infilled R/C frames, the rein-
forcement ratio and the thickness of the infill masonry pan-
els.

In the first part of the current study, presented in section
2, a macro-modeling technique for the numerical simulation
of masonry infill panels is adopted. Prior to simulating the
behaviour of these masonry infill panels, this technique was
validated with experimental results obtained either from di-
agonal compression tests on square masonry panels or from
racking tests with masonry piers (Manos et al. [11],
Thauampteh [16]. Both the square masonry panels, tested
under diagonal compression, and the masonry piers, tested
under simultaneously vertical compression and horizontal
racking cyclic forces, had the same mechanical characteris-
tics as the masonry infills used for the construction of ma-
sonry-infilled R/C frames that are included in this paper
(Thauampteh, [16]) and Manos et al. [17]). The experimental
results from these tests compare reasonably well with the
predictions from the numerical simulation. This provided the
necessary confidence that the proposed numerical simulation
can successfully capture the non-linear behaviour of ma-
sonry-infilled R/C frames. In this effort the same macro-
model validated before is selected to be used in the numeri-
cal simulation of the masonry infill R/C frame behaviour
including stiffness and strength degradation. This is done by
numerically simulating the non-linear behaviour of the ma-
sonry infill itself, the formation of plastic hinges for the R/C
frame at pre-defined locations and the sliding or the separa-
tion of the masonry infill from the surrounding R/C frame.

A number of single-story one-bay R/C frame scaled
specimens with masonry infills were constructed and tested
at the strong reaction frame of the Laboratory of Strength of
Materials of Aristotle University of Thessaloniki (Thauamp-
teh [16]). The emphasis in the first part of this paper, pre-
sented in section 2, is to employ the proposed numerical
simulation for approximating the observed in-plane cyclic
response of masonry infilled R/C specimens from this ex-
perimental sequence [16] as well as of the experimental se-
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quences conducted by Stylianides [12]. The validation of the
proposed numerical approach was done through: a) the com-
parison between the numerical and experimental cyclic re-
sponse of the infilled R/C frames under the combination of
vertical cyclic horizontal loads, b) the comparison of the
damage patterns predicted numerically and observed ex-
perimentally, c) the comparison of the shear behaviour of
masonry infills themselves, assuming different interface and
levels of interaction between the infills and the surrounding
R/C frame.

The significance of the out-of-plane behaviour of the ma-
sonry infills is pointed out by Carydis et. al [14], as is also
seen from damage observations after strong earthquake
events. However, in all these studies as well as in the present
investigation only the in-plane behaviour is examined.
Moreover, the possibility of the R/C structural elements de-
veloping shear mode of failure should also be investigated,
as such a mode of failure is, in many practical cases, a realis-
tic possibility. This is being currently investigated; however,
it can not be easily validated due to lack of available experi-
mental data. Consequently, all the examined R/C infilled
frames were numerically simulated without the capability of
developing shear mode of failure on their R/C structural
members. As the validation of the proposed numerical simu-
lation was performed by Soulis [18] directly with the results
obtained from the 1/3 scaled specimens tested by either
Stylianides [12] or Thauampteh [16], any influences arising
from scaling were ignored. It is expected that such influences
cannot be significant as the used masonry infills were con-
structed with prototype burnt clay units together with proto-
type mortar mixes and mortar joints that were approximately
9mm to 10mm thick, which is close to the thickness of proto-
type mortar joints. This type of weak masonry employed as
masonry infill was dominated by the compression-shear
(frictional) non-linear mechanism that developed at these
joints.

Soulis [18], also studied the capability of the proposed
numerical simulation of capturing the experimental behav-
iour of multi-story 2-D frames. The numerical simulation
proposed in the first part was used to simulate the behaviour
of such three-story structural formations including masonry
infills; in particular a multi-story planar R/C frame structure,
that was constructed and tested at the University of Califor-
nia, Berkeley by Klingner and Bertero [19] was examined.
Reasonably good agreement was observed between the nu-
merical results and the experimental measurements regarding
the hysteretic behaviour of the “bare”, and infilled three-
story specimens. Next, a “pushover” analysis was performed
for a planar 6-story infilled RC building. This analysis was
accomplished to a satisfactory degree despite the significant
number of finite elements utilized in the numerical simula-
tion and the high computational requirements. In order to
overcome this difficulty a new equivalent analysis is pro-
posed and validated, aiming to incorporate the influence of
the masonry infills for multi-story structural formations. For
this purpose, the previously mentioned planar 6-story struc-
tural formation is selected for the validation of the proposed
equivalent method of analysis. More specifically, as will be
described in section 3 of this paper, the masonry infills of
this planar 6-story, R/C structure are modeled as diagonal
strut members as proposed by Holmes [20, 21]; however,
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these are modeled with multi-linear properties. The numeri-
cal response obtained from a “pushover” analysis employing
these “multi-linear” diagonal struts is compared with the
corresponding predictions employing the fully non-linear
approach presented in the first part of this paper.
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Fig. (1). Masonry infilled R/C frame 1% specimen and design de-
tails [12].

Stirrups 1 5.57.5¢cm

| T | . lel
‘ | 4055 ¢ o
Al P )

10.0cm

>
0.155

0,845

B B Section A-A
- D [ o - Stirrups ©5.5/5 cm
| L ] f
4955 < S
o
' 110em
D C Section B-B
Section i
: dotd 414 2512
o e
212
! | — v Stimups $10/10 cm
I | | e ss .

T 414 4014 2012
— i Section D-D Section C-C

Plan view

Fig. (2). Masonry infilled R/C frame 2" specimen and design de-
tails [16].

2. NUMERICAL SIMULATION OF THE BEHAVIOUR
OF MASONRY-INFILLED R/C FRAMES SUBJECTED
TO CYCLIC HORIZONTAL AND VERTICAL IN-
PLANE LOADS

A series of reinforced concrete infilled frames were sub-
jected to cyclic horizontal loading during the experimental
investigation that took place in the Laboratory of Strength of
Materials of the University of Thessaloniki ([16, 17]). The
first group of one-bay one-story frames were 1/3 scaled
models with height over length ratio equal to 1.5 (I/h=1.5).

Manos et al.

The cross-section of the columns was 150mmx150mm and
that of the beam 100mmx200mmm and reinforcement ratio
equal to 0.01 (p=1%). An axial load level of 80KN was ap-
plied at the top of each column by a hydraulic actuator. This
was kept constant during the cyclic horizontal loading. Lat-
eral load was applied by placing two single hydraulic actua-
tors at the level of the horizontal axis of the R/C beam. Two
types of masonry panels were employed for the construction
of the masonry infilled R/C frames. One was constructed
with mortar type O (relatively weak) and the other with mor-
tar type S (relatively strong). The thickness of the masonry
infills was 63mm. The wedging condition of the masonry
infill within the frame was studied by testing either a speci-
men with a 1mm gap between the infill and the beam or of a
specimen where the masonry infill was built in contact with
the columns without this gap. These specimens were ten
weeks old when tested. A brief description of the 1 group of
specimens is provided in Table 1, while Fig. (1) presents
structural details of a typical frame of the 1* group of speci-
mens. These frames are designated with the code names
FIN, F2N, F6N. Tables 2 and 3 list the mechanical proper-
ties of the materials used in the construction of these R/C
masonry infilled frames.

The second group of one-bay one-story frames was also
subjected to cyclic horizontal loading during the experimen-
tal investigation that took place in the Laboratory of Strength
of Materials and Structures of the University of Thessaloniki
(Thauampteh [16]). This group of specimens include one-
bay one-story 1/3-scale models with overall external dimen-
sions 1720mm (length) x 1000mm (height) and a length over
height ratio equal to 1.7 (I/h=1.7, Fig. 2). The cross-section
of the columns was 110mmx110mm and that of the beam
100mmx155mmm. The reinforcement ratio was equal to
0.00785 (p=0.785%). Axial load equal to 50KN was applied
at the top of each column by a hydraulic actuator. This was
also kept constant during the cyclic horizontal loading.

The results of the full study are included in the work by
Thauampteh [16], where the behaviour of ten “bare” and
masonry infilled specimens is examined in detail. Moreover,
the extensive comparison of various numerical simulations
with the behaviour observed by Thauampteh [16], as well as
by Stylianides [12], Valiasis [15], and Yasin [22] for the
masonry infilled R/C frames is included in the work by
Soulis [18] where the conclusions of the corresponding ex-
tensive validation, utilizing the results of all these experi-
mental studies [12, 15, 18, 22] are also presented. Finally, a
summary of the most important conclusions of this valida-
tion between the proposed numerical simulation of the ma-
sonry is presented in a recent publication of Manos et al.
[11]. Due to space limitations, the validation of the proposed
numerical simulations presented here is limited to the ma-
sonry infills utilising only three specimens investigated by
Thauampteh [16] as well as three specimens investigated by
Stylianides [12]. The specimens examined by Thauampteh
[16] are the ones designated with the code names
F3N(R1f,0w)s, F3N(R1f,0w)*s , F3N(R1f,R1w)s. Brief in-
formation on the selected masonry infilled R/C specimens
together with the experimental arrangement and the loading
sequence is listed in Table 1 and depicted by Figs. (2) and
(3a,b,c,d,e).
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Table1. Outline of all Specimens for the 1% and 2" Group of Specimens
Frame Length over Height Vertical load on Col- | Technical description Masonry Infill Technical description
Code name ratio umns (KN) of masonry infill thickness (mm) of the interface be-
tween frame and infill
1% group of specimens
FIN [12] 15 80 mortar S 63 mortar S thickness
10mm (without plaster)
F2N [12] 15 80 mortar O 63 mortar O thickness
10mm (without plaster)
F6N [12] 15 80 mortar O 63 1mm gap
2" group of specimens
F3N(R1f,0w)s 17 50 mortar V1 58.5 mortar H thickness
(Repaired) [16] 10mm (without plaster)
F3N(R1f,0w)*s 17 50 mortar V1 58.5 mortar H thickness
(Repaired) [16] 15mm (without plaster)
F3N(R1f,R1w)s 1.7 50 Infill with mortar V1, 78.5 mortar H thickness
(Repaired) [16] reinforced with rein- 15mm. The reinforced
forced plaster, and plaster is not in contact
transverse reinforce- with the surrounding
ment type IT frame

F3N(R1f,0w)*s is the same as specimen F3N(R1f,0w)s but having 15mm interface between frame and infill.

a) Test specimen [16]

2 | O(t) mm
13: 10 10
5

3 . il

b) Test specimen [16]
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d) Loading sequence [16]

¢) Loading sequence [12]

,WVAVAMMMW\
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e) Loading sequence [16]

Fig. (3). (a) Test set up of frame with repaired masonry infill F3N(R1f,0w)s, b)Test set up of frame whereby the masonry infill had both
its faces covered with reinforced plaster( F3N(R1f,R1w)s, c) Loading sequence for frames FIN, F2N, F6N d) Loading sequence for

frame F3N(R1f,0w)s, e) Loading sequence for frame F3N(R1f,R1w)s".
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Table2.  Strengths of Masonry Infills and Concrete for the 1% and 2" Group of Specimens
Masonry infill Masonry Infill Compressive Shear strength of | Compressive Compressive Compressive
thickness (mm) strength of ma- masonry under strength of ma- strength of con- strength of mortar
sonry (N/mm?) diagonal com- sonry units crete (N/mm?) cylinders (N/mm?)
pression (N/mm?) | (N/mm?)
1% group of specimens Virgin infill [12]
O 63 1.86 0.26 5.96 27.9 24
S 63 2.94 0.32 5.96 27.9 124
2" group of specimens Virgin infill [16]
Vi 58,5 2,765 0.180 6.50 25.9 1.125
2" group of specimens Reinforced infill
Infill with mortar 78,5 3,75 0.44 6.50 25.9 1.125
V1, reinforced
with reinforced
plaster
Table3. Tensile Strength of the Reinforcement used in 1% and 2™ Group of Specimens [12, 16]
Ala Yield stress Ultimate strength Strain at yield &5, (%) | Strain at ultimate Young Modulus
f,, (N/mm?) f.u (N/mm?) stress g (%) (N/mm?)
®5.5 (1st group) 311 425 0.8 22.0 6.5X10*
®5.5 (1st group) 360 542 0.6 20.0 6.5X10*
® 8 (2™ group) 340.0 467.1 0.170 205 2.0x10°
@ 6 (2™ group) 348.0 457.0 0.174 18.0 2.0x10°
® 2.7 (2™ group) 271.0 395.0 0.135 19.0 2.0x10°

As already mentioned, the influence exerted by the inter-
face between the masonry infill and the surrounding frame
was examined extensively in both studies by Thauampteh
[16] and by Soulis[18]. The validation presented here, al-
though using only the selected specimens is well representa-
tive of the most important concluding observations from all
these studies where all the relevant results are also included
[12, 15, 16, 22]. Tables 2 and 3 list the mechanical properties
of the materials used in the construction of the 1% and 2™
group of specimens.

The cyclic loading was applied gradually through an im-
posed cyclic horizontal displacement sequence. For the ma-
sonry infilled frame specimens F1N, F2N and F6N the load-
ing sequence is depicted in Fig. (3c), employing an eight-
step sequence with two load reversals per step. For the ma-
sonry infilled  frame  specimens  F3N(R1f,0w)s,
F3N(R1f,0w)*s this was done with a six-step sequence (Fig.
3d) employing three full reversals for each step up to the
level where the angular distortion for the tested frame
reached the value of 8.6%o0. For the masonry infilled frame
specimen F3N(R1f,R1w)s (Fig. 3e), three full load-reversals
for each displacement level were employed with a ten-step
sequence, up to the level where the angular distortion for the
tested frame reached the value of 26.73%.

2.1. Simulation of the Beam/Column R/C Elements and
the Plastic Hinge Formation

The finite element simulation employed for the R/C
frame with the masonry infill is shown in Fig. (4). In the
numerical model of the surrounding R/C frame the beam and
the two columns are simulated, together with the locations of
possible plastic hinge formation at the ends of each element
(Fig. (4) detail No 4 and 5). Thick beam elements, able to
deform and rotate in plane, were employed for both the col-
umns and the beam. Rigid beam elements were also em-
ployed to simulate the corner connection between the beam
and the column (Fig. 4, detail No. 4). A number of non-
linear 2-D joint elements were also employed at the ends of
each column (Fig. 4, detail No. 5 and Figs. 5a and 5b). The
formation of plastic hinges at each end of the beam is
achieved by a number of flexural non-linear 2-D joint ele-
ments simulating the flexural moment against the elas-
tic/plastic rotation at this location (Fig. 5, detail No. 4, Figs
6a and 6b). This time not only the flexural behaviour is
simulated, by the moment versus the elastic/plastic rotation
(with the presence of axial load) relationship, but also the
slip of the reinforcement. These non-linear 2-D joint ele-
ments are also represented in Fig. (5b) by the “z” symbol.
The measured mechanical properties of the concrete and
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Fig. (5). (a) Cross section of column with the reinforcement and the simulation of plastic hinge, b) Combination of joint elements used in
LUSAS software [1] for the estimation of Moment-Rotation curve for column cross section.

reinforcement for the tested specimens are utilized to obtain
the necessary values for the properties of these non-linear 2-
D joint elements.

In Fig. (7a) moment-rotation relationship for the beam
cross-section, the calculated by a specialized software

(RCCOLA [23]) and based on its particular detailing and
material properties, is compared with the corresponding be-
haviour produced by this non-linear 2-D joint element simu-
lation. Similar comparison is made in Fig. (7b) for the col-
umn cross-section with the axial load level equal to 50KN;
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Fig. (6a). (a) Cross section of beam with the reinforcement and the simulation of plastic hinge, b) Rotational joint element used in LUSAS
software [1] for the estimation of Moment-Rotation curve for beam cross section.
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Fig. (7). (a) Moment-Rotation curve for beam cross section, b) Moment-Rotation curve for Column cross section.

this axial load level was employed for all the R/C masonry
infilled specimens of the 2" group. As can be seen, these
non-linear 2-D joint elements successfully simulate the flex-
ural moment - elastic/plastic rotation, calculated by means of
a specialised software (RCCOLA [23]). Thus, they are ex-
pected to simulate in a realistic way the non-linear flexural
behaviour of the critical sections of the examined reinforced
concrete frame elements.

2.2. Simulation of the Masonry Infill

Plane stress elements are used for simulating the masonry
infill (Fig. 4 detail No 1); they are connected to the surround-
ing frame by a different series of 2-D joint elements that
simulate the masonry infill to R/C frame interface (periph-
eral mortar joint), as described below. The selection of size
of these plane stress elements was decided in a way that
minimizes the computational cost but attains a satisfactory
degree of accuracy for the simulation of the masonry infill
behaviour. It is assumed that a single material law including
an isotropic modified VVon Mises failure criterion governs the
behaviour of the masonry infill. The mechanical elastic and

post-elastic properties of the different masonry panels that
are utilized in this numerical simulation are listed in Table 4.

The initial yield surface assumed in this analysis is
shown in Fig. (8). The compressive assumed behaviour is
modelled by a stress-strain relationship shown in Fig. (9),
which includes a softening branch to simulate masonry
crushing. The tensile assumed behaviour upon cracking is
modelled by a stress-strain relationship shown in Fig. (10)
where a softening branch is also employed. The strength
properties and the plastic strain degradation used for the nu-
merical simulation of the masonry infill as indicated by Figs.
(8,9,10) and Table 4, are based on the corresponding proper-
ties used for the successful numerical simulation of the ma-
sonry behaviour when subjected to diagonal compression (
Soulis [18]).

2.3. Simulation of Interface Between the R/C Frame and
the Masonry Infill

The interaction between the R/C frame and the masonry
infill has a critical role, as it asserts an important influence
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Table 4. Mechanical Properties of Infills Used in the Numerical Simulations

Test No. Frame E Young Poisson ratio fx Measured f Assumed E,. Softening E Softening
Code name Modulus Compressive Tensile strength | Modulus under Modulus under
(N/mm?) strength of of masonry compression tension
masonry (N/mm?) (N/mm?) (N/mm?)
2
(N/mm’) (as % of f,)
1 FIN 2000 0,18 3,0 0,5 (16.7%) -20 -20
2 F2N 1500 0,18 1,80 0,30(16.7%) -20 -20
3 F6N 1500 0,18 1,80 0,30(16.7%) -20 -20
4 F3N(R1f,0w)s 1000 0.2 1.2 0.2 (16.7%) -10 -10
5 F3N(R1f,0w)*s 1000 0.2 1.2 0.2 (16.7%) -10 -10
6 F3N(R1f,R1w)s 3500 0.2 45 0.8 (17.7%) -5 -5

F3N(R1f,0w)*s is the same as specimen F3N(R1f,0w)s but having 15mm interface between frame and infill.
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Fig. (8). Failure surface of masonry infill.
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Fig. (9). Effective stress versus plastic strain for compressive assumed behaviour.
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Effective stress versus plastic strain
for tensile assumed behavior
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Fig. (10). Effective stress versus plastic strain for tensile assumed behaviour.

Table5. Mechanical Properties of the Interface used to Simulate the Mortar Joint Between Infill and Surrounding Frame (S, O,
1mm gap, H)

Ala Simulation of | E G fi Measured | fi, Assumed | to Local bond | p

joint interface Young Shear Modulus | Compressive Tensile shear strength | Eriction coeffi-

between frame | modulus ) Strength of | Strength of | of mortar | sient

o (N/mm?°) 2
and infill N/mm? mortar mortar (N/mm°)
(N/mm’) (N/mm?) (N/mm?)
(as % of f;)

1 S mortar 430 180 2.6 0.26(10%) 0.26 0.2
2 O mortar 250 106 1.86 0.18(10%) 0.18 0.5
3 1mm gap 2 1 0.25 0.025(10%) 0.0125 -
4 H mortar 60 26 0.60 0.06(10%) 0.078 0.58

on the resulting state of stress of the masonry infill and con-
tributes to the development of the various masonry failure
modes. For this purpose, two sets of non-linear 2-D joint
elements are used to simulate the separation and slip be-
tween frame and infill as well as the transfer of compression
and shear for the three different types of interface. The first
set of these 2-D joint elements (Fig. 4 details No 2 and No 3)
is active in the direction transverse to the interface; it is of a
frictional type, where the value of friction coefficient is in-
troduced (Table 5) which was shown to yield reasonably
good behaviour during the numerical simulations of the di-
agonal compression [18]. The second set of non-linear joint
elements (Fig. 4 details No 2 and No 3) is active in both the
transverse and the normal to the interface directions. In the
normal to the interface direction these joint elements have
elastic and post-elastic force/displacement properties based
on measured compressive strength values listed in Table 5
(resulting from the corresponding interface area) together
with an assumed post-elastic softening behaviour. Similarly,
the elastic and post-elastic force/displacement properties of
these joint elements in the transverse direction are based on
assumed local bond shear strength with a softening nature
(Table 5). Both these two sets of non-linear 2-D joint ele-
ments are placed in the perimeter of the masonry infill - R/C
interface as shown in Fig. (4) by the symbol “z” (Fig. 4 de-
tails No 2, and No 3). For the specimens F1N, F2N it is as-

sumed that the interface between the frame and the infill is
the same with the mortar type used for the construction of
the infill panel. The 1mm gap in the numerical simulation of
F6N frame is simulated, by decreasing substantially the
stiffness of the interface used in the numerical simulation of
mortar type O. For specimens F3N (R1f,0w)s, F3N
(R1f,0w)*s, F3N(R1f,R1w)s , mortar type H was used to
simulate the interface (see Table 5). Rigid beam elements
were introduced to link the thick beam elements representing
the R/C frame beam and columns with these non-linear joint
elements in this way numerically approximating the interface
between masonry infill and R/C frame.

2.4. Validation of the Proposed Numerical Simulation for
the Masonry Infilled R/C Frame

The validation of this proposed numerical simulation of
the masonry infill - R/C frame behaviour is presented here
by comparing the numerically-predicted with the observed
behaviour in terms of: a) load-displacement hysteretic
curves, b) shear stress-shear deformation curves of the infill
behaviour when different interface is used between the ma-
sonry infill and the surrounding frames, c¢) the damage of the
masonry infills.

The comparison of experimental and numerical cyclic re-
sponse for the masonry infilled R/C frames FIN, F2N, F6N,
F3N(R1f,0w)s ,F3N(R1f,0w)*s, F3N(R1f,R1w)s is depicted
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in Figs. (11) to (16), respectively. The employed numerical Horizontal load-Horizontal displacement diagram
simulations predict successfully the strength and load- mesonrynfled fame FINR110ns
displacement hysteretic behaviour that are observed experi-

mentally for all the examined specimens. This is further dis-
cussed in the concluding observations 1 to 6.

30000 4
20000

10000

Horizontal load- Horizontal displacement diagram
masonry infilled frame FIN

100000

Horizontal Load (N)

——Experimental behavior

30000 4 — Numerical behavior

-40000 J

Horizontal Displacement (mm)

Fig. (14). Comparison of experimental and numerical cyclic re-
sponse infilled frame F3N(R1f,0w)s.
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Fig. (11). Comparison of experimental and numerical cyclic re-
sponse infilled frame F1N.
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100000 Fig. (15). Comparison of experimental and numerical cyclic re-
i i sponse infilled frame F3N(R1f,0w)*s.
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Fig. (12). Comparison of experimental and numerical cyclic re-
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Fig. (16). Comparison of experimental and numerical cyclic re-
sponse infilled frame F3N(R1f,R1w)s.

Horizontal load- Horizontal displacement diagram
masonry infilled frame F6N
80000

The experimentally-observed and numerically-predicted
damage to masonry infill is presented for frames F1N, F2N,
F6N, F3N(R1f,0w)s, F3N(R1f,0w)*s, F3N(R1f,R1w)s in the
following Figs. (17) to (22). Reasonably good agreement can
be seen in these figures. The damage patterns of the masonry
M infill observed during testing were well approximated by the
proposed numerical simulation. The well known damage
- Expermental behavir patterns for relatively weak “Greek” type masonry in the
 umericalbehaior form of either diagonal cracking or compression failure in
the regions where the masonry infill corners meet the R/C
Horlzontal Displacement (mm) column to beam joint, are reproduced quite well by the pro-
. . . . - posed simulation. This is also further discussed in the con-
Fig. (13). Comparison of experimental and numerical cyclic re- . .

o cluding observations.
sponse infilled frame FEN.

Horizontal Load (N)
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a) Damage pattern [12] b) Damage pattern [18]

Fig. (17). (a) Damage pattern of masonry infill observed experimentally for infilled frame F1N, b) Damage pattern (x) predicted numeri-
cally.
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a) Damage pattern [12] b) Damage pattern [18]

Fig. (18). (a) Damage pattern of masonry infill observed experimentally for infilled frame F2N , b) Damage pattern (x) predicted numeri-
cally.
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Fig. (19). (a) Damage pattern of masonry infill observed experimentally for infilled frame F6N , b) Damage pattern(x) predicted numeri-
cally.

1. The contact interface of the masonry with the surround-
ing frame will not be represented in the direct way em-
ployed before in section 2.3. As a result, the masonry in-
fill 2-D representation, as outlined in section 2.2, will

2.5. Simplification of the Numerical Simulation of the
Masonry Infill Frame Response for a Single-Bay One-
Story Infilled frame

In this section, a simplification of the masonry infill frame also be replaced by the well known equivalent diagonal
response for a single-bay one story infilled frame will be strut model (Fig. 23). On the contrary, all the aspects of
examined_ Th|s Simplification W|" have the fo"owing Char- the relnforced concrete frame I’epresenta’[lon, deSC”bed In

acteristics: section 2.1, will be retained.
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Fig. (20). (a) Damage pattern of masonry infill observed experimentally for infilled frame F3N(R1f,0w)s, b) Damage pattern(x) predicted

numerically.
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Fig. (21). (a) Damage pattern of masonry infill observed experimentally for infilled frame F3N(R1f,0w)s*, b) Damage pattern(x) predicted

numerically.
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Fig. (22). (a) Damage pattern of masonry infill observed experimentally for infilled frame F3N(R1f,R1w)s, b) Damage pattern(x) predicted

numerically.

2. The equivalent diagonal strut will be a multi-linear
model, active in compression only. Its force — displace-
ment properties are defined by a “pushover” type of
analysis in such a way that the total force — displacement
response of the R/C infill frame, with the diagonal strut

in-place, in terms of envelope curve, is as close as possi-
ble to the envelope curve of the numerical simulation of
the same problem whereby the contact interface and the
masonry infill were simulated separately (sections 2.3
and 2.2, respectively).
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3. Because the non-linear mechanisms and its properties of
the R/C frame standing alone remain the same the non-
linear response that arises at either the interface or at the
masonry infill, which were addressed separately by the
simulation of sections 2.3 and 2.2, is approximated this
time in a combined way, utilizing the multi-linear equiva-
lent diagonal strut approximation. It is obvious that
through this simplified numerical treatment one loses the
directness of treating this problem with a clear represen-
tation of the various non-linear mechanisms as they
physically occur at either the contact interface or the ma-
sonry infill. Moreover, the degree of approximation of
the masonry infill — contact interface — R/C frame inter-
action by the equivalent diagonal strut is based on the va-
lidity of the full non-linear treatment of the masonry infill
— contact interface — R/C frame problem, which was
demonstrated in sections 2.1. to 2.3.

I ]
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Fig. (23). Equivalent diagonal strut model.

The purpose for this simplification is to numerically
simulate by this simplified numerical approximation the re-
sponse of multi-story infilled R/C frames, as will be dis-
cussed in the following section 3, based on the successful
representation by the multi-linear equivalent diagonal strut
model of each of the individual single-bay one-story infilled
frame, that such a multi-story frame can be decomposed. In
order to verify the degree of approximation of this simplified
approach it will be applied in two distinct cases. First, the
scaled models presented in section 2.4. namely specimen
FIN (Fig. 11) and specimen F3N(R1f,R1w)s (Fig. 16), will
be simulated. In this case the results from the simplified ap-
proach utilizing a tri-linear diagonal strut model will be
compared to the corresponding numerical results of the more
explicit numerical simulation (fully non-linear) presented in
sections 2.1. to 2.3. as well as with the corresponding ex-
perimental results. Figs. (24a) and (24b) depict the compari-
son of the predicted behavior, in terms of envelope curves
resulting from a “pushover” type of loading, whereby the
infill was simulated with a tri-linear equivalent strut with the
corresponding behavior of the same infill frame that was
simulated according to the fully non-linear treatment pre-
sented in section 2.3. and 2.4. This is done for specimen F1N
in Fig. (24a) and for specimen F3N(R1f,R1w)s in Fig. (24b).
The envelope curve as resulted from the experiments is also
plotted in this figure. As can be seen, the envelope curve
predicted with the tri-linear diagonal strut compares quite
well to both the experimental envelope curve as well as to
the one resulting from the fully non-linear treatment. This
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Pushover envelope curves for the masonry infilled
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Fig. (24). (a) Comparison of envelope curves for masonry infilled
model frame F1N.
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Fig. (24). (b) Comparison of envelope curves for masonry infilled
model frame F3N(R1f,R1w)s.

was achieved by a relatively small number of trials for the
properties of the diagonal struts retaining the same numerical
simulation for the surrounding R/C frame for both numerical
simulations as the one described in section 2.1. This com-
parison is extended for the case of cycling loading that was
utilized during the experiments, as depicted in Fig. (3). The
properties of the tri-linear diagonal strut model defined be-
fore were kept unaltered. The numerical results obtained this
time by employing either the tri-linear diagonal strut simula-
tion for the masonry infill or the fully non-linear treatment
are compared in Figs. (25a) and (25b) for specimens F1N
and F3N(R1f,R1w)s, respectively. In these figures, the ex-
perimental load-displacement (P-3) curves, recorded during
testing, are also plotted. As can be seen, the (P-3) cycling
curves predicted with the tri-linear diagonal strut compare
quite well to both the corresponding (P-3) curves obtained
from the experiments as well as with the ones resulting from
the fully non-linear treatment (sections 2.1. to 2.3).

It must also be underlined again that the degree of ap-
proximation of the masonry infill — contact interface — R/C
frame interaction by the equivalent diagonal strut is based on
the validity of the full non-linear treatment of the masonry
infill — contact interface — R/C frame problem, which was
demonstrated in sections 2.1. to 2.3. The duration of the fully
non-linear cyclic numerical simulation is 30minutes with
424Mbytes memory requirements whereas the simulation of
the cyclic response with the equivalent diagonal strut lasts
20minutes with 221Mbytes memory requirements. The
“pushover” analysis for defining the multi-linear properties
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Fig. (25). (a) Comparison of cyclic response for specimen F1N.
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Fig. (25). (b) Comparison of cyclic response for specimen
F3N(R1f,R1w)s.

of the equivalent diagonal strut lasts less than 50seconds
with relatively low memory requirements. These computer
time and computer memory values are from analyses that
were performed on a computer with the following specifica-
tions: AMD Athlon (tm)64x2 dual, core processor
4200+2,20GHz , 896 MB Ram. Thus, considerable gains in
terms of computer time as well as computer memory re-
quirements results from adopting the multi-linear diagonal
strut approximation together with a “pushover” type of
analysis. The application of such a simplification for multi-
story R/C infilled frames is outlined in section 3.

3. AN EQUIVALENT STEP-BY-STEP ELASTIC
ANALYSIS FOR MULTI-STORY R/C BUILDINGS
WITH MASONRY INFILL

3.1. Outline of the Methodology

Previous studies as well as the extensive experimental
and numerical investigation conducted before by the authors
and briefly reported here demonstrated that the stiffness and
strength added in single-story R/C frames through the use of
masonry infills can be affected by various non-linear mecha-
nisms such as:

a) The non-linear behaviour of the R/C frame.

b) The non-linear mechanisms that develop at the interface
between the R/C frame and the masonry infill with the
individual mechanical properties and their interactions.
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c) The level of shear deformation that develops in the ma-
sonry infill and consequently its non-linear behaviour for
that level of shear deformation.

Consequently, the development of all these non-linear
mechanisms dictates the total behaviour of masonry infill
frames and renders an elastic type of analysis a crude ap-
proximation. In the first part of this paper (section 2) it was
shown that all these (a to ¢) non-linear mechanisms are quite
successfully simulated numerically by the proposed “fully
non-linear” numerical treatment, which will be designated in
this section as type A numerical simulation.

The major obstacle in extending this type of full non-
linear numerical treatment (simulation type A) to a multi-
story masonry-infilled R/C frame structure, in order to simu-
late separately all these non-linear mechanisms for the R/C
frame members, the masonry infills, and the interfaces be-
tween the R/C frames and masonry infills, is the computa-
tional time and computer memory requirements needed for
the completion of such numerical analysis. It is believed that
all these dominant non-linear mechanisms that develop in a
single-story masonry infilled R/C frame, as described in the
first part of this paper, can also develop in the same way in a
multi-story R/C frame structure with masonry infills when
subjected to “seismic type” loading. In the second part of this
paper, presented in this section, the non-linear response of
masonry infilled multi-story framed R/C planar structural
formations is addressed through a step-by-step equivalent
post-elastic “pushover” analysis to confront the obstacle of
the high computational requirements of the fully non-linear
approach; this is done by utilizing the full non-linear re-
sponse of a number of “single-story” infilled frame units that
such a multi-story structure can be decomposed to. It must
be stressed that only in-plane stiffness and strength variation
of these masonry infilled units is considered in this approxi-
mation whereas the out-of-plane behaviour and its possible
effects, although important, are not addressed.

Pushover analysis is a nonlinear static procedure which
validity and applicability have been extensively studied in
literature. According to Eurocode 8 Part 3 (EN 1998-3):
paragraph 4.4.4 (1) Nonlinear static (“pushover”) analysis is
a non-linear static analysis under constant gravity loads and
monotonically increasing horizontal loads. (2) Buildings not
complying with the criteria for regularity in plan shall be
analysed using a spatial model. (3) For buildings complying
with the regularity criteria the analysis may be performed
using two planar models, one for each main direction.

According to Eurocode 8 Part 1 (EN 1998-1):4.3.3.4.2.3
(1) The relation between base shear force and the control
displacement (the “capacity curve”) should be determined by
“pushover” analysis for values of the control displacement
ranging between zero and the value corresponding to 150%
of the target displacement. (2) The control displacement may
be taken at the centre of mass of the roof of the building. The
top of a penthouse should not be considered as the roof.

This approximate “pushover” analysis, outlined in the
following steps al to hl and summarized in Table 6, deals
with the non-linear behaviour of masonry infilled multi-story
R/C frames, with respect to their in-plane stiffness and
strength variation, utilising the findings of the in-depth re-



268 The Open Construction and Building Technology Journal, 2012, Volume 6

search in the behaviour of the single-story masonry infill
R/C frame units; this was presented in the first part of this
paper (section 2) and is also included in the work reported by
Manos, Soulis and Thaumpteh ([11, 16-18]). The objective
of this section is to approximate the complex behaviour of
multi-story R/C infilled frames by applying the simplified
equivalent diagonal strut simulation briefly presented in sec-
tion 2.5, so that a realistic solution of such practical prob-
lems becomes attainable in terms of computer time and com-
puter memory requirements.

An equivalent post-elastic numerical simulation is pro-
posed (Type B simulation) for multi-story R/C frame struc-
tural formations that include masonry infills. This type B
simulation is built assuming that the masonry infills are simu-
lated with diagonal strut members, having multi-linear me-
chanical characteristics, whereas the R/C structural members
have the capability of developing plastic hinges at their ends,
as described in section 2.1. Steps al to h1 are then followed.

al) This multi-story structural formation is decomposed to a
number of individual single-story masonry infilled frame
units that are grouped according to their common geo-
metric and mechanical characteristics of the R/C ele-
ments and their masonry infills, in order to minimize in
this way the number of different units to be analysed in
the next steps (steps bl to el).

bl)For each one of these single-story masonry infilled R/C
frame units a simulation type A is prepared in order to
obtain through a “pushover” type of analysis the full non-
linear response for each individual single-story masonry
infilled R/C frame composing the multi-story structural
formation. As described in sections 2.1., 2.2., and 2.3. of
this paper this type A simulation includes the following:

The numerical simulation of the masonry infill utilizing
non-linear plane stress finite elements (section 2.2.).

The numerical simulation of the surrounding R/C frame
with linear elastic beam and column members together
with predetermined locations of possible plastic hinge
formation at the ends of each element (section 2.1.).

The numerical simulation of the interface between the
R/C frame and the masonry infill with 2-D non-linear
joint elements in the axial and transverse direction (sec-
tion 2.3.).

cl) For each one of these single-story masonry infilled R/C
frame units a “pushover” type A analysis is performed and
the horizontal load (H) versus horizontal displacement ()
or shear strain (y) response curve is obtained, as indicated
by (Fig. 26). The accumulation of damage to the masonry
infills is also obtained linked to the increase of the shear
strain levels as it results from this fully non-linear type A
simulation (as indicated in Figs. (27a) to (27f).

d1)For each one of these single-story masonry infilled R/C
frame units a number of type B simulations are next pre-
pared. Each one of these type B simulations assumes that
the R/C members of the surrounding frame retain their
capability of developing plastic hinges at their ends as in
b1) above whereas the masonry infill is replaced with an
equivalent multi-linear diagonal strut member with prop-
erties as explained in el) below.

Manos et al.

Push over curve from full non-linear response of a single
storey masonry infilled R/C frame unit, Simulation type A
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Fig. (26). The fully non-linear type A response, obtained for each
single-story frame.
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Fig. (27) (b) State of masonry damage at strain level 1.0%.
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Fig. (27). (d) State of masonry damage at strain level 2.0%.
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Fig. (27). (f) State of masonry damage at strain level 3.0 %.

el) A “pushover” type B analysis is now performed for the
same single-story units of step d1; the objective here is to
obtain horizontal load (H) versus horizontal displacement
(8) or shear strain (y) response for a number of inter-story
drift values corresponding to a number of pre-selected
shear-strain levels for the masonry infill (e.g. 0.1%,
0.15%, 0.2%, 0.25%, 0.3%, etc.). The type B response
results should be in reasonable agreement with the re-
sponse values obtained through the fully non-linear type
A simulation for the same infill masonry single-story
frame unit. This is achieved through a trial and error ap-
proach by adjusting properly in the type B analysis the
multi-linear properties of the diagonal strut that replaces
the masonry infill for each one of the single-story ma-
sonry infill R/C frame units studied by type A simulation
in step c1. This is shown in Fig. (28) for one such ma-
sonry infilled frame unit.

f1) In order to predict the performance of the multistory
structural formation through such a type B simulation a
“pushover” analysis is performed next whereby all the
R/C members of the multi-story structure retain their ca-
pability of developing plastic hinges at their ends as in
b1) and el) above whereas all the masonry infills are re-
placed with an equivalent multi-linear diagonal strut
member with properties found in the previous step (el).

g1) At pre-selected intervals (i+1) of this “pushover” analysis
of the multi-story structure with target top story dis-
placement corresponding to shear strain levels already
examined in steps d1) and el) (e.g. 0.1%, 0.15%, 0.2%,
0.25%, 0.3%, etc. ) the actual story displacements and
forces as well as the shear-strain levels y;.,. for each ma-
sonry infill are recorded.

h1)The performance of each masonry infill for the multi-
story structure is assessed through the corresponding in-
dividual masonry infilled R/C frame unit forming the
multi-story structural formation, as found in step c1. This
is done by using the corresponding full non-linear re-
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sponse type A simulation (see description of step c1) and
the obtained in interval i+1 of step g1) values of the shear
strains 7.,  for each masonry infill of the multi-story
structure. In this way, the expected performance (devel-
opment and propagation of damage) can be deduced for
each masonry infill of the multi-story structure, as shown
in the Figs. (29a) and (29b).

Comparison between push over curves obtained from Simulation
A and Simulation B of a single storey masonry infilled R/C frame
unit

i g !nflll omo?e Slr‘riubnor‘\ Type A

i | :

S ' 3 i
|

|
1 |
e o I
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| |

1 | | |
== Inelastic frame and infill behavior
curve,Simulation type A

Horizontal Load (KN)

— frame and equivalent multi-li
diagonal strut,Simulation type B
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1
1.5 2 25 3 3.5 4 45
Shear deformation (*/,)

Fig. (28). The properties of a Multi-linear diagonal strut are found
approximating for each single-story infilled frame the stiffness and
strength variation as obtained from its fully non-linear A type simu-
lation. This is done for preselected shear strain values (e.g. 0.1%,
015%, 0.2%, 0.25%, 0.30% and 0.35%).

3.2. Validation of the Proposed Equivalent Step-by-Step
Type B Analysis

A six-story masonry infilled planar frame structural for-
mation is selected for the validation of the proposed method
of analysis when this structure is subjected to seismic-type
horizontal loading. More specifically an outer planar section
of a 6-story masonry infilled R/C building is studied. The
results from the application of the proposed step-by-step
equivalent “pushover” type B analysis for this 6-story R/C
frame with masonry infills will be compared with the results
from a “pushover” fully non-linear type A numerical simula-
tion of the same structure.

3.2.1. Description of the 6- Story R/C Building Numerical
Simulation

A characteristic plan view of the 6-story masonry infilled
R/C building is shown in Fig. (30).The outer facade of this
6-story building is shown in the Figs. (30) and (31). Only a
section in the large dimension of the structure will be utilized
for the application of the proposed analysis (Fig. 31).

The height of the structure is 18m. Table 7 lists the cross
sections of the columns and beams together with a cross sec-
tion of wall of the 6-story structure. The following vertical
loads are imposed apart from the self-weight:

The self-weight of the masonry infills (3,6KN/m?), ap-
plied at the perimeter of the structure.

The validation of the proposed equivalent type B “push-
over” analysis for frame No. 4 will proceed as described in
Table 6 and outlined in section 3.1. Fig. (32a) depicts the
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Predicted shear strain value for the approximation of damage in
the single storey masonry infilled R/C frame unit
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Fig. (29). (a) For strain y;, (e.g. 3,2°,) of the type B simulation find from step c1) of type A simulation the masonry infill damage.
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Fig. (29). (b) Damage pattern of the infill, as predicted from the full non-linear analysis (type A) for the shear strain level 3,2°/,

Table 6. Steps of Equivalent Step by Step Elastic Analysis for the Examination of the Ultimate State of Masonry Infills
Multi-story frame. Decompose the multi-story structural formation to individual single-story one-bay masonry infilled R/C frame units (fig-

Step al: ure 29a). Group these units according to their common geometric and mechanical characteristics of the R/C elements and masonry infills, in
order to minimize the number of different units to be analysed in the next steps.

Step bl: Single-story units. Prepare simulation type A for each one of these single-story units in order to obtain their full non-linear response.

Step c1: Single-story units. Perform a “pushover” analysis with simulation type A for each single-story unit and obtain its full non-linear response
together with the accumulation of damage of the masonry infills that can be linked to the increase of the shear strain levels.

Step d1: Single-story units. Prepare a number of simulations type B for each one of these single-story units by replacing the masonry infill with an
equivalent multi-linear diagonal strut member whereas retaining the capability of the R/C members to develop plastic hinges at their ends.

Step el: Single-story units. For each single-story unit obtain horizontal load (H) versus horizontal displacement (3) or shear strain (y) response curve
from “pushover” analyses employing simulation type B. Adjust the diagonal strut properties in such a way that both type A and type B simu-
lations result in approximately the same stiffness and strength variation for the chosen shear strain levels for the masonry infill (e.g. 0.1%,
0.15%, 0.2%, 0.25%, 0.3%, etc.).

Step f1: Multi-story frame. Perform a “pushover” analysis with simulation type B for the multistory structural formation having replaced the masonry
infills with the equivalent multi-linear diagonal struts found from step el. For every interval (i+1) of this analysis a target top story displace-
ment is set. Each time the target displacement value is such that corresponds approximately to shear strain levels already examined in steps
dl)and el) (e.g. 0.1%, 0.15%, 0.2%, 0.25%, 0.3%, etc.)

Multi-story frame Record at pre-selected intervals (i+1) of step f1) and for target top story displacement that corresponds to shear strain

Step g1 levels (e.g. 0.1%, 0.15%, 0.2%, 0.25%, 0.3%) the actual story displacements and forces as well as the shear-strain levels v, for each ma-
sonry infill as they result from the type B analysis.

Multi-story frame Assess the performance of each masonry infill of the multi-story structure by using the corresponding full non-linear re-

Step hi: sponse type A simulation (step c1) and the obtained shear strains vi.; values in the previous step (g1) for each masonry infill of the multi-
story structure at interval i+1.
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Fig. (30). Plan of a typical floor level (dimensions in meters).
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Fig. (31). Typical section of structure, frames 1-4, (dimensions in meters).
Table 7. Cross Sections of Columns, Beams and Wall of the 6-Story Structure
Story Columns K1-K5, K14-K18 Columns Shear Wall Beam Beam Beam
K6,K9,K10,K13 K7-K8-K11-K12 TYi BXi17) BYi7 015 BYS
1%-5% 40/40 45/45 400/25 20/60 20/60 30/90

The marble coating of each floor 1,3kN/m?
Imposed vertical live load is assumed to be Q=2kN/m?

numerical simulation of frame No. 4 whereby the masonry
infills are simulated as multi-linear diagonal strut members
(Simulation type B) whereas Fig. (32b) depicts the fully non-
linear simulation of the R/C frame with the masonry infills
and their contact interfaces (simulation type A, section 2).
For the fully non-linear “pushover” type A analysis of the 6-
story structure, the maximum target displacement at the top
was set equal to 35mm, with the displacement profile along
the height of the building assumed to be triangular. The re-
sulting in this way displacements were imposed at each floor
level in a gradual increasing fashion. The corresponding lat-

eral forces at each floor level resulting from this fully non-
linear analysis were recorded especially for horizontal
maximum top displacement levels of 10mm, 20mm, 25mm
and 35mm. The corresponding deformation pattern of the
whole structure at each floor level was predicted by both
type A and type B simulations. By comparing the load-
deformation obtained through either the type A (fully non-
linear approach) or the type B (equivalent post-elastic with
multi-linear struts approach) the validity of the type B ap-
proximation of the masonry infill response will be assessed.

The following are also assumed to be valid:
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- The properties of beam elements are based on the T-
beam elements cross-sections.

- Very close to column to beam connection the region is
regarded as rigid.

- Thick beam elements are utilized in the numerical simu-
lation of the column and beam R/C members.

- Itis assumed that the frame members are constructed b%/
reinforced concrete (Young Modulus E=2,9x10" kN/m?,
Poisson ratio v=0,2, specific weight y=25kN/m°).

Manos et al.

the interface between the R/C frame and the masonry infill
(Figs. (34a, 34b) and (34c).

a) Simulation of the masonry infill. The simulation of the
masonry infill, utilizing non-linear plane stress finite ele-
ments, was described extensively in section 2. This is also
followed here (Fig. 34b). The isotropic nonlinear material
law of Modified Von Mises was utilized. The failure surface
of masonry infill is depicted in Fig. (33) together with the
adopted mechanical properties of the masonry infill listed in
Table 8.

b) Simulation of the beam/column R/C elements and the
plastic hinge formation . The simulation of the surrounding
R/C frame is done with linear elastic beam and column
members together with predetermined locations of possible
plastic hinge formation at the ends of each element the same
way as described in section 2.1.

¢) Simulation of interface between the R/C frame and the
masonry infill The numerical simulation of the interface be-
tween the prototype R/C frame and the masonry infill is done

Table 8.

Mechanical Properties and Failure Surface Em-
ployed in the Numerical Simulation

Mechanical properties used for the simulation of masonry infills for
Fig. (32). (a) Type B numerical simulation of 6-story plane struc- the 6-story structure
ture with masonry infills simulated as diagonal struts.
2500
g Young Modulus (N/mm?)
Poisson Ratio 0,18
Tensile strength(N/mm?) 0,2
Compressive strength (N/mm?) 25
Softening Modulus under compression (N/mm?) 0
Softening Modulus under tension(N/mm?) 0

Fig. (32). (b) Type A numerical simulation of 6-story plane struc-
ture with masonry infills simulated as plane stress elements.

3.2.2. Numerical Simulation of the 2-D 6-Story Structure
with Masonry Infills

A) Fully non-linear masonry infilled R/C frame response
(simulation type A): The successful numerical simulation
that has been proposed in section 2 will be applied first for
the whole 6-story structure. The horizontal load-horizontal
displacement fully non-linear response curve resulting from
this simulation will include non-linear mechanisms for the
masonry infill, the surrounding R/C frame, the interface be-
tween the masonry infill and the surrounding prototype
frame. Described briefly in what follows is the numerical
simulation of the masonry infill, that of the R/C frame and of

Failure surface of the masonry infill of the 6-story stucture
(principal stresses o1, 62)

. .
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Tension
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% fc =2.5 MPa ‘

_> <_ Compression <_ _’
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Fig. (33). Failure surface of the masonry infill of the 6-story
stucture (plane stress elements).
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Fig. (34). (b) Fully non-linear masonry infilled R/C frame simula-
tion (type A) : Fig. 34c) Non-linear surrounding R/C frame- with
multi-linear diagonal for masonry infill (type B).
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Fig. (34). (c) Non-linear surrounding R/C frame- with multi-linear
diagonal for masonry infill (type B).

in the same way as described in section 2.3, utilizing non-
linear joint elements in the axial and transverse direction.
This interface is assumed to have been built with mortar type
V1 (see Thauampteh [16] and Table 5) with mechanical
properties typical to the ones used in the Greek building
practice.

B) Non-linear surrounding R/C frame with multi-linear
diagonal struts (Simulation type B): Next, the proposed
equivalent type B numerical simulation that has been pro-
posed in section 3.1. will also be applied for the whole 6-
story structure.As was done in simulation type A here too the
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numerical simulation of R/C members will be done with
linear elastic beam and column elements together with pre-
determined locations of possible plastic hinge formation at
the ends of each element (Fig. 34c). The properties of each
equivalent diagonal strut is determined with successive ap-
proximations as described in step el of section 3.1 and
Table 6.

Influences arising from the vertical load. The axial load
acting vertically on the columns of the 6-story structure is an
important parameter and as such it should be taken into ac-
count in both A and B types of numerical simulation of the
single-story masonry infilled R/C frame (steps bl to el),
acting at the top of the columns of these single-story ma-
sonry units. For this purpose, the axial load level acting on
the columns of the 6-story structures was determined from
the vertical load combination G+0,3Q and is shown in
Fig. (35). The mean axial load that is applied at the top of the
columns of the R/C single-story frames located at the ground
floor of the 6-story structure is 438 KN. Naturally, the col-
umns of higher storys are subjected.to lower axial-load val-
ues. This will be utilized in the next section. -

g 2w 7. 1
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Fig. (35). Axial loads acting on the columns of the 2-d masonry
infilled 6-story building.

3.2.3. Comparison of Results of the Proposed Type B
Analysis with those of the fully Non-linear Type A Analysis

Fig. (36) depicts the base shear — top displacement pat-
tern obtained either by the fully non-linear “pushover” type
A analysis for the 6-story structure, when the top displace-
ment reached the target value of 10mm, or the proposed
equivalent type B analysis with the multi-linear diagonal
struts. The target displacement corresponds to approximately
0.1% shear strain level for the masonry infills. The employed
type B simulation is also depicted in the top left of Fig. (36)
together with the horizontal story displacements at this maxi-
mum shear strain level (0.1%). As can be seen, the load-
displacement response obtained by the step-by-step equiva-
lent post-elastic analysis is in good agreement with that
predicted by the fully non-linear analysis. Using the pro-
cedure of step hl of section 3.1., the predicted masonry
damage along the height of this structure was also obtained;
this is shown at the top right of Fig. (36) as well as in Fig.
37).
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Comparison of the predicted failure in infills for the 6-storey
structure simulated with Simulation type A and type B,
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Fig. (36). Base shear — top story displacement “pushover” response
as predicted by either type A or type B (y = 0.1%).

Figs. (37a) and (37b) depict in more detail the predicted
damage of the masonry infills of the 6-story structural for-
mation as it resulted from either the fully non-linear type A
or the equivalent type B numerical simulations, respectively.
As can be seen, good agreement is obtained between the
masonry infill damage predictions of the equivalent type
analysis with those resulting from the fully non-linear type A
approach for the whole 6-story structure.

The same as before is also done for a top story displace-
ment corresponding to either 0.2% or 0.3% of the building
height. For top story displacement corresponding to 0.2% of
the building height the type A and B response curves are
depicted in Fig. (38) whereas the relevant damage patterns
for either type A or type B analysis are shown in Figs. (39a)
and (39b), respectively. Similarly, for top story displacement
corresponding to 0.3% of the building height the type A and
B response curves are depicted in Fig. (40) whereas the rele-
vant damage patterns for either type or type B analysis are
shown in Figs. (41a) and (41b), respectively. As can be seen
from these figures there is reasonably good agreement in the
pushover “top story versus base shear” response of the 6-
story structural formation predicted by the equivalent type B
analysis with that predicted with the considered more accu-
rate fully non-linear type A analysis. Moreover, there is also

Manos et al.

reasonably good agreement between the damage patterns of
the masonry infills predicted by the type B simulation as
explained in step h1) of the outlined methodology in section
3.1 with the corresponding damage patterns of the masonry
infills, as predicted by the more accurate fully non-linear
type A analysis.

The duration of the fully non-linear cyclic numerical
simulation for a maximum shear strain level y = 0.3% was
95minutes whereas the simulation of the cyclic response
with the equivalent diagonal strut lasted 80minutes. The cor-
responding “pushover” analysis for this strain level when
employing the fully non-linear simulation of the masonry
infilled frames lasted 50 minutes whereas the “pushover”
analysis with diagonal struts lasted 2 minutes and 30 sec-
onds. Thus, considerable gains in terms of computer time as
well as computer memory requirements results from adopt-
ing the multi-linear diagonal strut approximation together
with a “pushover” type of analysis. One should also add to
the time and effort required for the “pushover” analysis with
diagonal struts the time and effort needed to define the prop-
erties of the diagonal struts for each individual one-bay sin-
gle story infilled frame that the complex frame structure is
decomposed to (step al to el, Table 6).

Comparison of the predicted failure in infills for the 6-storey
structure simulated with Simulation type A and type B,
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Fig. (38). Base shear — top story displacement “pushover” response
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Fig. (37). Detail of masonry infill damage patterns, as predicted by either type A or type B simulations, for top story target displacement

equal to 0.1% of the building height.
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Fig. (39). Detail of masonry infill damage patterns, as predicted by either type A or type B simulations, for top story target displacement

equal to 0.2% of the building height

Comparison of the predicted failure in infills for the 6-storey
structure simulated with Simulation type A and type B,
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Fig. (40). Base shear — top story displacement “pushover” response as predicted by either type A or type B (y = 0.3%).

as predicted by either type A or type B (y = 0.2%).
4. CONCLUDING OBSERVATIONS

The strength and load-displacement hysteretic behaviour
observed during the experiments of single-story one-bay
masonry-infilled R/C frames examined in this study is suc-
cessfully predicted of by the proposed numerical simulation.

The development of plastic hinges at the predetermined
positions of columns and beam of the surrounding R/C frame
observed during the experiments as well as the damage pat-
terns for the masonry infill, in terms of crack propagation is
also successfully predicted.

Finally, the dissipated energy during the experimental
“seismic-type” cyclic-loading sequence is in good agreement
with that resulting from the proposed numerical simulation.

The employed numerical simulation of masonry-infilled

R/C frames having their infill repaired with reinforced plas-
ter, predicts successfully the observed during testing increase

in stiffness, strength and energy dissipation due to this pres-
ence of the partially reinforced masonry infill.

The proposed numerical simulations of masonry infills
incorporates influences arising from the interface between
the masonry infill and the surrounding R/C frame, as these
are found to be important in obtaining realistic predictions of
the masonry infill to frame interaction. Thus, the proposed
numerical simulation seems to represent in a reasonable way
the most important influences that the interface between ma-
sonry infill and the surrounding frame could exert on the
cyclic behaviour of such structural assemblies in terms of
stiffness, strength and modes of failure, as demonstrated
from the observed behaviour.

The proposed numerical simulation can accommodate the
use of an interface provided that the mechanical properties of
the constituents of such an interface are known. The extreme
cases that can be dealt with are either that of a fully rigid
interface or that of a gap between the masonry infill and the
surrounding frame.
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Fig. (41). Detail of masonry infill damage patterns, as predicted by either type A or type B simulations, for top story target displacement

equal to 0.3% of the building height.

The damage patterns of the masonry infill observed dur-
ing testing were well approximated by the proposed numeri-
cal simulation. The well known damage patterns for rela-
tively weak “Greek” type masonry in the form of either di-
agonal cracking or compression failure in the regions where
the masonry infill corners meet the R/C column to beam
joint, are reproduced quite well by the proposed simulation.

Based on the successful validation of the proposed nu-
merical simulation of the non-linear response of single-story
one-bay masonry-infilled R/C frames an equivalent “push-
over” analysis is proposed next for predicting the behaviour
of masonry infills from their interaction with the surrounding
R/C structural elements when these masonry infills are in-
corporated within multi-story frame structural formations.

By comparing the response of a planar multi-story R/C
masonry-infilled frame, as predicted by the fully-nonlinear
simulation type A validated in the first part of this paper and
the proposed equivalent “pushover” type B analysis, it can
be demonstrated that this proposed “equivalent pushover
analysis” is quite successful in predicting reasonably well the
““top story versus base shear” response.of this 6-story struc-
ture used for validation purposes.

By comparing the response of a planar multi-story R/C
masonry-infilled frame, as predicted by the fully-nonlinear
simulation type A validated in the first part of this paper and
the proposed “equivalent pushover” type B analysis, it can
be demonstrated that this proposed “equivalent pushover”
analysis is quite successful in predicting reasonably well the
propagation of the masonry infills damage along the height
of the 6-story structure used for validation purposes.

The computational time needed for this “equivalent
pushover” analysis is considerably less than the computa-
tional time needed for the fully non-linear analysis of multi-
story masonry infilled R/C frames when all the non-linear
mechanisms of structural members are included, presented in
the first part of this paper. Thus, it can be used as a useful
design tool in order to assess the state of masonry infills
within complex multi-story structural formations. The pro-
posed approach can also be utilized in the seismic- design for

assessing the state of masonry infills and their potential
damage for either newly designed or for an existing struc-
tures as part of a potential damage screening process.

It must be stressed that the proposed “equivalent push-
over” analysis is an approximation. It approximates part of
the non-linear bahavior and the masonry-infill to surround-
ing frame interaction utilizing the stiffness and strength
variation of masonry infilled single-story one bay frame
units that the multi-story structure is decomposed to. In this
framework, given the computer time and computer memory
gains that can be achieved by the proposed approximations it
can be utilized in practical applications following the proce-
dures that are generally recommended for such “pushover”
type of analyses in the relevant codes of practice for earth-
quake design [24].
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