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ABSTRACT

In this paper, contribution of infill walls in building’s system properties has been proposed based on identified
system parameters. The stiffness of scale laboratory test models without infill walls have been identified first using
two stages system identification methodology. Then, the stiffness of the same test models with infill walls have been
identified using similar identification methodology. The difference observed between the stiffness of the test models
without infill walls and corresponding test models with infill walls has been utilized to arrive at an empirical
relationship representing contribution of infill walls. All the test models have been subjected to different ground
motions using Shake Table facility and floor responses have been recorded. In the first stage, a parametric subspace
identification scheme (N4SID) has been utilized to identify modal parameters from the recorded acceleration
histories of both bare frame test model and test model with infill walls. The stiffness of the test models have been
evaluated with help of least square technique using the identified modal parameters. Numerical models of all the test
models without and with infill walls have also been developed in SAP 2000 nonlinear (version 12). The modal
frequencies of all the test models have been evaluated and compared with those of identified frequencies.
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1. INTRODUCTION

Generally existing buildings always contain infill walls in the frames. A building with infill walls behaves
differently than that of a bare frame building during an earthquake. The behaviour of buildings during ground
motion depends on the inherent system parameters. Identification of system parameters of existing building is
considered to be very challenging and important requirements for engineers. Detailed review of literatures on system
identification of building indicates that the studies have been carried out mainly on simulated frame buildings
without any infill walls in the frames. Identification of system parameters of existing building based on experimental
studies has been rarely addressed. However, few experimental studies have been found available those accounts for
lateral stiffness due to presence of infill wall in building frames. Experimental studies conducted by Chaker and
Cherifati [1], Mehrabi et al. [2] etc. clearly concluded that the presence of infill wall led to the enhancement of
lateral stiffness as compared to a bare frame building and hence the building exhibited better seismic performance.
Thus, it is understood that the role of infill wall in building frame systems is quite significant and hence an attempt
has been made to evaluate contribution of infill walls in building frames using system identification technique.

This paper uses the advantage of system identification (SID) technique to evaluate system parameters of the
laboratory test models without and with infill walls from the recorded acceleration histories during shake table test.
A parametric state space identification algorithm N4SID (numerical algorithms for subspace state space system
identification) introduced by Overschee and Moor [3] has been utilized by Medhi er al. [4] for identification of
numerical model of multi-storey building. However, the identification models need to be verified before
implementing on existing structure. The verification can be realistically carried out through laboratory based
experimental studies. This paper uses parametric state space models N4SID to identify modal parameters of scale
laboratory test models subjected to various known earthquake excitations. In the State Space form, the relationship
between the input, noise and output signals is written as a system of first order differential or difference equations
using an auxiliary state vector x(f) as mentioned by Ljung [5]. From the state sequences, the state space system
matrices can be easily formed and physical state of the system can be evaluated. N4SID algorithms always make use
of OR and Singular Value Decomposition and hence are always convergent (non-iterative). Least square technique
proposed by Caicedo et al. [6] has been utilized for the evaluation of the stiffness matrix from identified modal
parameters.

2. PARAMETRIC STATE SPACE MODELING
In parametric state space modeling, linear dynamic system can be represented in State Space form as:

x(t)=A x(t)+B u(t) (1a) and y(t) = Cx(t) + Du(t) (1b)
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f(a,t) = Bou(t) and u(t) is the input of the State Space Model. Since modern data acquisition system used for the
collection of output response data are generally digital, Eq. 1a and 1b must be represented in discrete time. Z-
transform of discrete form gives the poles of the system and frequency and damping ratio can be determined easily
as mentioned by Borsaikia et al. [7]. The evaluated system matrix A has been utilized for the evaluation of

eigenvalues (A ) and their corresponding eigenvectors (@ ). However, the modal matrix (¢) corresponds to the non-

physical state of the structure and hence the C matrix is used to transform the computed eigenvector from the non
physical state to the mode shape vector at the structural floor level, where the response data have been measured.
Thus, the modal displacement vector for the structure corresponding to all the modes can be calculated as:

r=Cé 2
The modes evaluated using Eq. 2 are often found to be in complex form. These complex modes are further
processed to obtain normal modes using complex modes and corresponding characteristic roots. In this paper,
identified complete modal matrix and modal frequencies have been used to identify stiffness as all the floors of the
test models are instrumented. Knowing global mass and complete modal matrices, storey stiffness can be evaluated
by solving characteristics equation using least square technique. Identified frequencies are used while solving the
characteristic equation.

3. STUDIES BASED ON LABORATORY TEST MODELS

Laboratory test on models of structures started since World War II as mentioned by Harris and Sabnis [8]. Since
then, number of researchers carried out investigation on laboratory test models. The present scenario of structural
identification has further encouraged us to utilize system identification technique for efficient identification of
laboratory test models. Hence, scale laboratory test models with and without infill walls have been considered for
Shake Table testing to obtain dynamic responses to be used as input in identification scheme. 1/5" reinforced
concrete laboratory test models have been subjected to different time scaled prescribed earthquake excitations for
acquiring structural responses.

3.1 Description of Test Models with Infill Walls

In the present study, three different test models of two storey reinforced concrete building with floor size 2.0 m (2
bays of 1.0 m each) x 1.0 m have been considered. Scale factor (S ) of these models is 1:5 (model: prototype). The
selection of scale factor has been arrived at after fulfilling all the necessary criteria of laws of similitude and
modeling process based on available test facility. The laboratory test models have been constructed with different
column sizes at ground floor to study changes in modal and structural parameters. The descriptions of various
geometrical properties of all test models are furnished in Table 1.

Table 1 Elemental properties of laboratory test models

Particulars Model 1 Model 11 Model 111
Floor Panel Size (mm) 1000 x 1000 1000 x 1000 1000 x 1000
Slab Thickness (mm) 40 40 40
Column Height (mm) at Ground Storey 660 490 660
Column Height (mm) at First Storey 660 660 660
Column size (mm) at Ground Storey 75x75 75x75 100 x 100
Column size (mm)at First Storey 75x75 75x75 75x 75
Beam size (mm) 60 x 90 60 x 90 60 x 90

The reliability of results from a laboratory model testing depends on the precision in fabrication of the structural
model satisfying similitude requirements. The overall depth of the beam for all the floors have been kept 90 mm
measured from top of the slab. The clear heights of columns in both the storey of Model I have been kept as 660
mm. The geometrical properties of first storey elements of all the three test models are similar. However, the
geometrical properties of ground storey of Model II and III are different from those of Model I. The models have
been cast with locally available construction materials. Similar material properties have been kept for the
construction of all the models. Reinforced concrete has been used to construct the test models with Fe 250 mild steel
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and average compressive strength of the concrete has been observed to be 15 N/mm® Some of the physical and
mechanical properties of the materials used are provided in Borsaikia [9]. Material homogeneity has been
maintained by providing similar materials for the construction of all the models.

After completion of the tests of the test models without infill walls, masonry infill walls have been
constructed on the first storey. Three full masonry walls have been constructed at the first storey along the shorter
directions of each of the test models. The thicknesses of all the brick walls have been kept as 60 mm for all the three
models. The laboratory building models with infill walls are renamed as Model W-I for Model I with infill.
Similarly, Model II and Model III are renamed as Model W-II and Model W-III respectively and are shown in the
Fig.1. Traditional clay bricks have been used for the construction of infill walls in the scale test models. The
compressive strengths of brick masonry prisms have been evaluated and average has been found to be 2.00 N/mm”.

3.2 Shake Table Test
Shake Table tests have been carried out for acquiring dynamic responses of the test models subjected to four
different time scaled earthquake motions viz. El Centro (1940) Comp — 180, Victoria (1980) Comp-CPE045,
Parkfield(1966) Comp-C02065 and Koyna (1967) Comp-Transverse. A shake table of size 2500 mm x 2500 mm
and powered by servo-hydraulic actuator has been used to excite test models. This shake table can produce
maximum acceleration up to +2g. The shake table has an operational frequency range 0 to 100 Hz. The test models
have been placid centrally on the table with appropriate clamping as shown in Fig. 1.

(a) Model I (b) Model W-I

Fig.1 Test Model I without and with infill wall at first storey

Additional loads have been placed uniformly on each floor panels to fulfill the similitude requirements. Three
numbers of Uni-axial force balanced accelerometers (Model: ES-U2, Make: Kinemetrics Inc., USA) have been fixed
to each floor of the test model as shown in Fig. 1(a). While table acceleration data from Sensor 1 is used as input to
the identification model, responses from first floor (Sensor 2) and roof (Sensor 3) levels are used as output. These
accelerometers are connected to DAS (Model: MGCplus, Make: HBM, Germany) for recording structural responses
from different floor levels. Displacement histories of prescribed time scaled acceleration histories been applied to
the shake table through digital control system. The amplitude of displacement time history has been scaled down to
10% for the model testing to avoid any damage in the specimen. The sampling rate for data recording has been
considered as 200 Hz.

3.3 Characteristics of Recorded Responses

Few of recorded acceleration responses during shake table excitation with El Centro (1940): Comp — 180 earthquake
are shown in Fig. 2 and Fig. 3. First two columns show structural responses of test Model I and other two columns
represent structural responses of test Model W-I.
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It may be seen that the peak values of accelerations time histories consistently increasing with increase in
floor levels of all the test models. Fast Fourier transform (FFT) of strong motion portions of acceleration time
histories have been performed to obtain corresponding FRFs. The FRFs of floor acceleration time histories for all
the cases of wall opening of all the three test models have been studied for finalizing cut-off as well as re-sampling
frequencies. The FRFs shown in the Fig. 4 indicate predominant frequencies of the test model with full infill wall
(case-1) and hence provides information about the range of expected frequency to be obtained from system
identification.
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Fig. 4 FRFs of first floor responses of test models for El Centro (1940): Comp - 180

The FRF of Model I contains second peak in Fourier amplitude spectra at around 20 Hz and thereafter no
significant peak has been observed in the plots and hence cut-off frequency has been considered to be 40 Hz (twice
the Nyquist frequency). The re-sampling frequency has been considered as 100 Hz to reduce data. Thereafter,
filtering of the recorded data has been carried out using 5" order Butterworth low pass digital filter to remove
frequency components above 20 Hz. Similarly, 5" order Butterworth low pass digital filters have been adopted to
remove frequency components above 22 and 24 Hz of recorded data obtained from Model II and III respectively.
Similarly, FRFs of all the test models have been studied to arrive at low pass digital filters.

3.4 Modal Parameters Identification of Test Models without and with Infill Walls
Recorded table acceleration history has been considered to form the input matrix while the floor acceleration
histories have been considered to form the output matrix of the identification scheme (N4SID). The order of the state
space model has been considered as four for identification of two modal parameters of two storey shear building as
poles exist as pair of complex conjugate corresponding to each frequency. The identified modal parameters of test
Model I without and with infill walls are presented in Tables 3.

Table 3 Identified modal parameters of test Model W-I without and with infill walls

Excitations Models Frequency (rad/sec) Damping (%)
First Mode Second Mode First Mode Second Mode

El Centro (1940) | Without wall 38.09 121.19 5.57 4.73
Comp - 180 With wall 45.95 204.60 5.21 4.47
Victoria (1980) | Without wall 37.93 121.31 5.50 5.10
Comp-CPE045 With wall 45.87 204.85 4.11 4.82
Parkfield(1966) Without wall 38.22 120.87 7.06 4.22
Comp-C02065 With wall 45.85 205.24 6.73 8.35
Koyna (1967) Without wall 38.29 121.65 6.89 4.67
Comp-Transverse With wall 45.94 204.96 4.56 4.67

Substantial increase in identified frequencies as expected have been observed for test models with infill walls in first
storey when compared to those from corresponding test models without infill walls. Similarly, modal parameters of
other two test models without and with infill walls have been identified and found to be consistent for all the
earthquake excitations. Thus, it demonstrates the enhancement of lateral stiffness due to the presence of infill wall.

3.5 Mode Shapes

The modal matrix (@) identified from the system matrix A , corresponds to the non-physical state of the structure
and hence, the output influence matrix C is used to transform the extracted eigenvector from the non physical state
to the mode shape vector at the structural floor level, where the acceleration response data have been measured.
Typical complex mode shapes along the directions of excitation of Model I after processing have been plotted as
shown in Fig. 5.
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Fig. 5 Normalized mode shapes of Model W-I

3.6 Structural Parameter Identification

The identified mode shapes and modal frequencies have been used to estimate the stiffness of the building through
least square solution of the Eigenvalue problem. Lumped floor mass matrices for all the test models without and
with infill walls have been estimated. Approximate lumped floor mass matrices of all the three test models with
infill walls are as:

" 1655 0 " 1645 0 " 1670 0
W-I™ g 1630 WL g 1630 W-IIT™ g 4630

The identified stiffness of all the test models without and with infill walls have been presented in Table 4.

Table 4 Identified stiffness of the test models without and with infill walls in the first storey

Excitations Storeys Stiffness (106) N/m)
Model I | Model W-I | Model I | Model W-II | Model IIT | Model W-III

El Centro (1940) | Ground 9.04 11.88 21.59 25.25 27.80 32.81
Comp - 180 First 9.04 27.11 8.87 26.62 8.86 26.67
Victoria (1980) Ground 9.00 11.83 21.76 25.32 28.03 32.84
Comp - CPE045 First 9.00 26.99 8.90 26.69 8.93 26.69
Parkfield (1966) Ground 8.80 11.82 21.39 25.30 28.14 32.80
Comp - C02065 First 8.80 26.98 8.83 26.67 9.03 26.86
Koyna (1967) Ground 9.01 11.83 21.80 25.29 28.11 32.88
Comp - Transverse | First 9.01 27.00 8.92 26.66 9.02 26.83

3.7 Evaluation of Contribution of Infill Walls

Researchers proposed few strategies to represent infill walls in building frames. Polyakov [10] observed the
behaviour of infilled frame during testing and proposed a simple strategy for replacing the masonry infill with an
equivalent compressive masonry strut as shown in Fig. 6.
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Fig. 6 Equivalent diagonal strut Fig. 7 Stiffness of Model I without and with infill walls

The stiffness of the assumed equivalent diagonal strut depends on thickness and width of the strut (@) and material
properties of the infill wall. In this study, system parameters of three scale test models have been identified using
system identification. These identified system parameters have been utilized to arrive at the dimension of an
equivalent strut. Comparison of the identified storey stiffness of test Model W-I with full infill wall and those of
bare frame model are shown in Fig. 7. Identified storey stiffness corresponding to all the four earthquake excitations
are shown on the same plot. The plot shows the extent of enhancement in first storey stiffness of test Model W-I
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compared to that of test Model I due to the presence of three full infill walls along the direction of excitation at first
storey level. Thus, the increase in stiffness for the presence of one infill wall can be taken as one third of the total
increase in stiffness as shown in Table 4. Similar trends of increase in first storey stiffness have been observed for
remaining two test models. The mean value of increase in lateral stiffness due to the presence of one infill wall
considering all the three models is found as 5.95 x 10° N/m with a standard deviation of 0.06. Identified stiffness
corresponding to all the four earthquake excitations have been considered for the evaluation of mean and standard
deviation. The increase in lateral stiffness due to the infill wall can be resolved along the diagonal direction for
assessing the stiffness of the idealized diagonal strut as represented in Fig. 6. The horizontal length of the infill wall
is 0.925 m and clear height of the wall is 0.610 m and hence diagonal length of diagonal strut is 1.108 m.
The resolved component along diagonal direction can be written as:

(k; ) = k/CosO, where cos@=———, where k; and k; are diagonal and lateral stiffness of the infill wall

respectively. Thus, the stiffness of the diagonal strut can be considered as 7.13x10° N/m. Further, a diagonal strut is
a skeletal member, whose stiffness is taken as:
AE atE ( D/C )t ﬂ E

D D D
where A is the sectional area of the equivalent strut [i.e. width (a) x thickness (equal to the thickness of infill wall,

3)

Ly = 0.060 m)], is the length of the diagonal strut and E is Young’s modulus of Elasticity of the masonry and has

been taken as equal to 550 f,, [Kaushik ez al.,11]. Width of the diagonal strut a is again considered as a fraction of
diagonal length L and hence a factor C as introduced above needs to be evaluated. The average compressive strength
of masonry prism f,, = 2 N/mm’, E,, =1100 N/mm” and hence, Cis obtained as 9.25.

Thus, the stiffness of a diagonal strut may be written as:

(Df9.25)t oo E
k= # @)

4. EXISTING RECOMMENDED METHODS FOR INFILL WALL CONTRIBUTION

In the previous section, numerical models of test models without and with infill walls have been analysed based on
proposed expression for infill wall contribution. However, a number of researchers and agencies proposed empirical
relationships for assessing the contribution of masonry infill to the lateral stiffness of a building. The variations have
been observed in the evaluated stiffness based on different recommendations, which may be attributed to the
influence of country specific design and construction practice. All the existing methods for the evaluation of infill
wall contributions use the concept of an equivalent diagonal strut for masonry infill, where an equivalent strut width
is specified. Some of the available methods have been summarized as below:

(a) The most simplistic approach presented by Paulay and Priestly [12] assumed constant values for the strut
width, a, between 12.5 to 25 percent of the diagonal dimension of the infill, with no regard for any infill or
frame properties.

(b) Stafford-Smith et al. [13] derived complex expressions to estimate the equivalent strut width, a, that
considered parameter like length of contact between the column/beam and the infill, as well as the relative
stiffness of the infill to the frame. The masonry infill panel was represented by an equivalent diagonal strut
of width, a, and net thickness z.

(c) Original Stafford-Smith and Carter [14] equations accounted for varying aspect ratios. They did so by
representing their findings with four curves for aspect ratios (I/4) equal to 1.0, 1.5, 2.0, and 2.5. The width
of diagonal strut was represented by empirical relationship using aspect ratios.

(d) ITK-GSDMA Report [15] modeled the masonry infill within RC frame using an equivalent diagonal strut
as follows:
¢ The modulus of elasticity (in MPa) of masonry, E, was taken as, E, =550 f,, where f,, is the

compressive strength of masonry prism in MPa.
e  For solid walls (without any openings) width of equivalent diagonal strut (W,,) would be taken as one
third of the diagonal length of the infill wall (d).
(e) FEMA 306 [16] recommended expressions to calculate the effective width of diagonal compression strut.
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Table 5 First storey stiffness in (10%) N/m of test model with equivalent diagonal strut using various

recommendations
Analogies Width (m) Sum of Stiffness of three identical walls
Paulay and Priestly (P&P) 0.217 39.53
Stafford-Smith (S-S) 0.355 64.66
Original Stafford-Smith & Carter (OSSC) 0.162 29.51
IITK-GSDMA 0.272 49.73
FEMA 306 0.098 17.85

Diagonal strut (GAP element) in the first storey of the numerically simulated bare frame scaled building Model I
have been modeled using above mentioned stiffness. Evaluated modal analyses frequencies are presented in Table 6.
Table 6 Modal frequencies of the numerical model of test Model W-I for different recommendations of diagonal

strut
Diagonal Strut Analogies Modal Frequencies (rad/sec)
First Mode Second Mode

Paulay and Priestly (P&P) 46.69 248.40
Stafford-Smith (S-S) 47.12 282.36
Original Stafford-Smith & Carter (OSSC) 46.34 227.20
IITK-GSDMA 46.91 264.63
FEMA 306 45.54 193.81

5. COMPARISON OF DYNAMIC RESPONSES OF NUMERICAL MODELS WITH LABORATORY
MODEL BASED RESULTS

Time history analyses of the numerical models without and with infill walls have been carried out with recorded
table acceleration histories acquired during shake table test as input. Few of acceleration histories extracted during
scaled El Centro (1940): Comp - 180 earthquake motion as are shown in Fig.8 and 9.
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Fig. 8 Computed floor acceleration time histories of Fig. 9 Computed floor acceleration time histories of
models without infill walls models with infill walls
The root-mean-square (RMS) values of acceleration amplitudes of dynamic responses at first and roof floor levels of
the numerical models have been estimated and are shown in the figures. Further, the peak values of floor
accelerations are also presented in the Table 7 for comparison of the same with peak floor accelerations of the
corresponding numerical models.
Table 7 Peak values of floor accelerations of different models

Models Descriptions Peak floor accelerations (g)
First floor Roof floor
Experimental Numerical Experimental Numerical
Model W-I Without wall 0.034 0.033 0.037 0.036
With wall 0.040 0.040 0.048 0.049
Model W-II Without wall 0.033 0.033 0.039 0.039
With wall 0.048 0.048 0.059 0.059
Model W-III Without wall 0.035 0.034 0.039 0.039
With wall 0.051 0.051 0.061 0.061

Comparison of acceleration time histories has established a good agreement in the RMS values of acceleration
histories obtained from scale test models and their corresponding numerical models. Peak values acceleration
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histories established a good agreement between scale test models and corresponding numerical models. Thus, the
numerically simulated models are appropriate representations of their respective laboratory models.

6. CONCLUSIONS

Identification of system parameters of three different scale laboratory building models without and with infill walls
at first storey have been carried out using a parametric system identification technique. A substantial increase in the
storey stiffness along the direction of infill wall have been observed in case of the test models with infill walls as
compared to the respective test models without infill walls, which can be easily attributed due to the presence of
infill wall. All these changes in stiffness have been observed to be very consistent for all the three different test
models and studied under four different known seismic excitations. Considering the infill wall as an equivalent
diagonal strut, a simple expression has been suggested to evaluate the stiffness of the strut. The correlation related to
the contribution of infill wall has also been verified with a numerically simulated model. Thus, the studies in this
paper may be concluded as:

® The system identification scheme, N4SID has been found to be efficient tool for determining the infill wall
contribution of prototype buildings.

Infill wall provides a substantial enhancement in lateral storey stiffness along the direction of infill.

The derived empirical expression (based on data from laboratory test models) representing infill wall
contribution has been found to be suitable for modeling infill wall as diagonal strut of numerical models.
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