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Abstract The results of shaking table tests of a series of 1:5 scale masonry building models
have been used for the assessment of values of structural behavior factor q for masonry struc-
tures, seismic force reduction factors proposed for the calculation of design seismic loads
by Eurocode 8, European standard for the design of structures for earthquake resistance.
Six models have been tested, representing prototype buildings of two different structural
configurations and built with two different types of masonry materials. The study indicated
that the reduction of seismic forces for the design depends not only on the type of masonry
construction system, but also on structural configuration and mechanical characteristics of
masonry materials. It has been also shown that besides displacement and energy dissipation
capacity, damage limitation requirement should be taken into account when evaluating the
values of behavior factor. On the basis of analysis of experimental results a conclusion can be
made, that the values at the upper limit of the proposed range of values of structural behavior
factor q for unreinforced and confined masonry construction systems are adequate, if push-
over methods are used and the calculated global ductility of the structure is compared with
the displacement demand. In the case where elastic analysis methods are used and significant
overstrength is expected, the proposed values are conservative. However, additional research
and parametric studies are needed to propose the modifications.

Keywords Masonry · Shaking-table tests · Models · Displacement capacity · Damage
limitation · Design seismic load · Earthquake resistance · Behavior factor

1 Introduction

According to European standard for earthquake resistant design of structures, Eurocode 8
(2004), the structure should be designed to withstand the earthquake with return period
475 years and 10% probability of exceedance in 50 years, “without local or global collapse,

M. Tomaževič (B) · P. Weiss
Slovenian National Building and Civil Engineering Institute, Dimičeva 12, 1000 Ljubljana, Slovenia
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thus retaining its structural integrity and a residual load bearing capacity after the seismic
events” (no collapse requirement). However, the structure shall be also designed to with-
stand an earthquake having a larger probability of occurrence than the design earthquake,
i.e. earthquake with return period 95 years with 10% probability of exceedance in 10 years,
“without the occurrence of damage and limitation of use, the costs of which would be dis-
proportionately high in comparison with the costs of the structure itself” (damage limitation
requirement). When verifying the seismic resistance, it has to be verified that for all structural
members as well as for the structure as a whole, the design resistance capacity Rd, calcu-
lated by taking into account the characteristic strength values and partial safety factors γM

of members’ materials, is greater than the design value of combined action effect Ed, which
includes seismic actions.

The form of seismic action to be used in seismic resistance verification depends on the
importance and complexity of the structure under consideration. In the case of structures
with regular structural configuration, such as masonry structures, the calculations are simpli-
fied by taking into account only one horizontal component of the seismic ground motion and
analyzing the structure in each orthogonal direction separately. Non-linear dynamic response
analysis is replaced by equivalent elastic static analysis, where the design seismic loads are
evaluated on the basis of the design response spectra, considering the structure as an equiv-
alent single-degree-of-freedom system. To obtain the design spectra, the ordinates of the
elastic response spectra are reduced by a factor, which takes into account the displacement
and energy dissipation capacity of the structure under consideration. This factor is generally
called “force reduction factor” or, by terminology used in European standard for earthquake
resistant design, “structural behavior factor q”.

Experimental data, on the basis of which the q-factor values in the standard have been pro-
posed, are scarce. In their previous studies the authors of this paper indicated that the values
proposed at the lower limit for plain, confined and reinforced masonry may be considered
conservative (Tomaževič and Weiss 1994; Tomaževič and Klemenc 1997). In an analytical
study, Moroni et al. (1992) found that the proposed values of force reduction factors for
confined masonry systems, obtained on the similar basis as in the Eurocode 8, are reason-
able. Recently, cyclic lateral resistance tests of walls have been used to assess the values of
structural behavior factor (Da Porto et al. 2009).

Alcocer et al. (2004) gave experimental indication regarding the displacement capacity
of confined masonry structures in correlation with damage to masonry walls and usability
of buildings. Mexican data are in good agreement with the results, which the authors of this
paper obtained by testing different other types of masonry. On the basis of such information,
damage limitation criteria have been defined (Tomaževič 2007) which have been taken into
consideration in this analysis.

To enhance the existing information regarding the possible ranges of values of structural
behavior factor q , the seismic behavior of typical Central European masonry buildings with
different structural configurations and qualities of masonry materials has been investigated
also at Slovenian National Building and Civil Engineering Institute (ZAG) in Ljubljana,
Slovenia. The main results of experimental study are presented and discussed in this paper.

2 Experimental program and description of tests

Six models representing buildings of two different structural configurations and constructed
with two different types of masonry materials have been tested on a simple uni-directional
seismic simulator. Models type M1 (Fig. 1a) represented a two-story terraced house with
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Fig. 1 Configuration and dimensions of models. a Terraced house models M1 and b apartment house models
M2. The arrows indicate the direction of seismic excitation. Dimensions in cm

Fig. 2 Disposition of tie-columns of the terraced hose model M1-1-d in plan (a) and (b) reinforcement of the
tie-columns. Dimensions in cm

the main structural walls orthogonal to seismic motion. The length of a typical section of
such building is 10 m, and the width is 6 m. Models type M2 (Fig. 1b) represented a three-
story apartment house with uniformly distributed structural walls in both directions. Typical
dimensions of such prototype building in plan are 18 by 12 m. Four models of the first and
two models of the second type have been tested. In the case of the terraced house, two models
have been built as either partly (model M1-1c) or completely confined masonry structures
(model M1-1d, Fig. 2). The description of the tested models is given in Table 1.

The models have been constructed by respecting the technology of construction and
masonry bond of the prototypes. Instead of traditional masonry bond, the internal struc-
tural walls of the prototype buildings of both structural configurations are interconnected
with peripheral walls by means of steel connectors, placed in each second bed joint at the
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Table 1 Description of models

Designation Type Masonry Confinement

M1-1 2-story terraced house Type 1 No confinement

M1-2 2-story terraced house Type 2 No confinement

M1-1c 2-story terraced house Type 1 Confined staircase walls

M1-1d 2-story terraced house Type 1 Fully confined walls

M2-1 3-story apartment house Type 1 No confinement

M2-2 3-story apartment house Type 2 No confinement

Fig. 3 Masonry bond: internal walls are connected with peripheral walls by means of steel connectors

vertical connection plane between the walls. In the case of the models, steel connectors have
been modeled with thin steel strips 35/5/1 mm (length/width/thickness, Fig. 3).

The models, built at 1:5 scale, have been designed by taking into account the laws of
complete (true) model similitude (Langhaar 1951; Tomaževič and Velechovsky 1922; Harris
and Sabnis 1999). In the case of true models, the strength properties of prototype masonry
are reduced at geometrical scale, whereas the strains, specific mass and material damping
remain the same as in the case of the prototype. If a quantity qM is measured on the model,
the relationship qP = qMSq applies for the quantity qP which refers to the prototype, where
Sq is a scale factor. The relationships between the model and prototype quantities for the
cases of the general and true model similitude are given in Table 2.

When designing the models for the shaking table tests, not all details of structural configu-
ration of the actual buildings have been modeled. As the size of the exact replicas of the actual
prototype structures, considered in the design, exceeded the dimensions of the steel platform
of the shaking table installed at ZAG, the actual dimensions of the models have been adjusted
to fit the platform. Consequently, the dimensions of the prototypes, represented by the tested
models are slightly smaller than those of the actual buildings. However, the wall/floor area
ratio, slenderness and restraint conditions of the walls remained the same, so that the models
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Table 2 Scale factors Sq for
main physical quantities: general
equations and values for 1:5 scale
complete model

Quantity General equation Complete model

Length (L) SL = LP/LM SL = 5

Strain (ε) Sε = εP/εM Sε = 1

Strength ( f ) Sf = fP/ fM S f = SL = 5

Stress (σ ) Sσ = fP/ fM Sσ = SL = 5

Modulus of elasticity (E) SE = Sσ /Sε SE = SL = 5

Specific weight (γ ) Sγ = γP/γM Sγ = 1

Force (F) SF = S2
L Sf SF = S3

L = 125

Time (t) St = SL
√

Sγ Sε/Sf St = √
SL = 2.24

Frequency (ω) Sω = 1/SL Sω = 1/
√

SL = 0.45

Displacement (d) Sd = SL Sε Sd = SL = 5

Velocity (v) Sv = Sε
√

Sf/Sγ Sv = √
SL = 2.24

Acceleration (a) Sa = Sf/(SL Sγ ) Sa = 1

adequately represented all structural characteristics of the prototypes. On the basis of the
characteristics of structural geometry and model material properties (reduced strength and
unchanged specific weight), it can be concluded that both, in-plane and out-of-plane behavior
of structural walls have been adequately simulated.

The influence of two different masonry types, typically used in Germany, on the seismic
behavior of buildings, has been also studied. To compare the behavior, masonry consisting
of calcium silicate units, laid in thin layer, class M15 mortar (masonry Type 1) and masonry
consisting of hollow clay units, laid in general purpose, class M5 mortar (masonry Type 2),
have been selected (Oetes and Loering 2006). The dimensions of units of both masonry types
are 500/250/175 mm (length/height/thickness).

Because of the small scale at which the models have been built and tested, the model units
have been manufactured as solid units with gross dimensions and strength scaled according to
model similitude rules. For practical reasons, and because the preliminary studies indicated
that there is little, if any, influence of the modeled mortar type on the compressive strength
of model masonry, only one type of mortar has been used for the construction of model
masonry. Model masonry units with dimensions 100/50/35 mm (length/height/thickness)
have been made by pouring especially designed mortars, composed of sand, lime, cement,
vermiculite and water, into steel form. Several mixes have been tried before the final selection.
Model units, representing the calcium silicate blocks have been cast with a mix, consisting
of cement, lime and sand in the proportion of 1:1:9. Model units, representing hollow clay
blocks, however, have been cast with a mix, consisting of cement, lime, sand and vermiculite
in the proportion of 1:1:0.25:6. Portland cement PC 45, hydrated lime and river-bed sand,
aggregate size 0–4 mm, have been used.

Lime mortar with a small quantity of Portland cement added in order to accelerate hard-
ening has been used for the construction of both types of models. The mortar consisted of
Portland cement PC-45, hydrated lime and river-bed sand (aggregate size 0–1 mm) in the
proportion of 0.4:1:11. The added quantity of water was such as to obtain 210 mm diameter
flow by the standard flow test.

The mechanical properties of model masonry materials, which control the seismic behav-
ior of model buildings, are correlated with the target prototype values in Table 3. Although
several attempts have been made to reduce the mechanical properties of all masonry con-
stituents as close as possible to the requirements of complete modeling, not all physical
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Table 3 Correlation between the target prototype and actual model values of mechanical properties of masonry
units and masonry

Quantity Prototype Model S = P/M

Type 1:calcium
silicate units

Compressive strength of units ( MPa) 20.0 6.12 3.3 (5.0)

Specific weight of units (kN/m3) 20.0 19.7 1.0 (1.0)

Compressive strength of masonry ( MPa) 15.0 4.54 3.3 (5.0)

Tensile strength of masonry ( MPa) 0.15 − 0.25 0.06 2.5 (5.0)

Type 2:hollow
clay units

Compressive strength of units ( MPa) 12.0 2.91 4.1 (5.0)

Specific weight of units (kN/m3) 7.7 6.8 1.1 (1.0)

Compressive strength of masonry ( MPa) 5.6 1.85 3.0 (5.0)

Tensile strength of masonry ( MPa) 0.14 − 0.19 0.06 2.8 (5.0)

S = the actual scale factor (factors of complete model similitude are given in parentheses)

Fig. 4 Typical damage pattern of a prototype (a) and (b) model calcium silicate units wall at the end of the
lateral resistance tests. Fig. 3a adopted from Oetes and Loering (2006)

quantities have been modeled as expected. Despite that, good correlation between the failure
mechanisms and damage propagation, resistance and displacement capacity as well as energy
dissipation characteristics of the model and prototype masonry walls has been obtained (see
Figs. 4 and 5). Failure mechanisms and the shape of hysteretic behavior of the prototype
and model masonry walls were almost identical. This indicates that, despite the differences
between the target and actually achieved values of mechanical properties of model masonry
and masonry constituents, the basic requirements for the similitude in non-linear behavior
and failure mechanism have been fulfilled.

By comparing the hysteretic relationships shown in Fig. 5, for example, it can be seen that
in terms of displacements, the tested models can be considered as true models. The actual
scale factor (Sd = dmax,P/dmax,M = 16,66 mm/3,11 mm = 5,36) is slightly greater than
Sd = SL = 5. In terms of resistance, however, the similitude is slightly distorted. The actual
scale factor in this case (SF = Hmax,P/Hmax,M = 148,49/2,02 kN = 73,5) would correspond
to the modeling scale 1:4,1 instead of 1:5. The distortion should be taken into consideration
when referring the results of the model tests to the prototypes.
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Fig. 5 Hysteresis loops obtained by lateral resistance tests of a prototype (a) and (b) model calcium silicate
units wall. Fig. 5a adopted from Oetes and Loering (2006)

Floor slabs, staircases and vertical confining elements have been made of micro-concrete,
with compressive strength reduced according to the rules of complete model similitude and
reinforced with steel reinforcement. Since the mechanical properties of steel have not been
modeled, the amount of steel has been reduced in accordance with the force modeling factor.
Therefore, similar diaphragm action of floors and similar distribution of forces onto the walls
has been achieved as in the case of the prototypes. Similarly, micro-concrete and commer-
cially available steel wire with reduced area have been used to reinforce the vertical confining
elements of models M1-1c and M1-1d. In the case of model M1-1-d, 4 bars of Φ 3.2 mm
fully annealed wire (yield stress 266 MPa) have been placed in the tie-columns at the corners
and wall intersections, and 2 Φ 3.2 mm bars in the tie-columns at the ends of the walls.
Φ 1.1 mm wire has been used for stirrups (see Fig. 2b).

A gap between the stairs and the floor slabs has been provided at each floor level in order
to prevent possible negative effect of the relatively rigid staircase on the seismic response
of the models. In order to ensure the similitude of distribution of masses along the height of
the tested buildings and similitude of precompression in structural walls (i.e. compressive
stress/compressive strength of masonry ratio), the missing live load has been simulated by
fixing the adequately distributed steel blocks on the floor slabs. In the case of the terraced
house models M1, 170 kg mass was fixed at the first and 290 kg at the second floor level,
whereas in the case of the apartment house models M2, 300 kg mass was fixed at the first
and the second floor, and 480 kg mass at the third floor level. Additional mass at the top floor
included the mass of the roof structure. The masses, concentrated at floor levels, as well as
the total mass of the models are given in Table 4, whereas the correlation of wall/floor mass
ratio for the prototype and model structures is given in Table 5.

The models have been built on r.c. foundation slabs, bolted to the moveable steel plat-
form of the shaking table. Displacement transducers (LVDTs) and accelerometers have been
placed in the center and at both edges of floor slabs at each floor level (Fig. 6). After each
test run, the models have been inspected for damage, and the changes in dynamic properties
of the models have been determined by analyzing the records of free vibrations obtained by
hitting the top slab of the model with impact hammer.

Shaking-table motion simulated the 24 s long strong phase of the north-south component
of the ground acceleration record of the Montenegro earthquake of April 15, 1979, obtained at
Petrovac, with peak ground acceleration ag,max = 0.43 g. The acceleration and displacement
time history of the strong phase of the earthquake are shown in Fig. 7, whereas the acceler-
ation response spectra of the record are compared with the Eurocode 8 design spectrum for
firm soil in Fig. 8.
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Table 4 Masses of masonry walls mw, floors mf (dead load) and weights ml (live load), concentrated at floor
levels, and total mass of the models mtot (in kg)

Model 1st floor 2nd floor 3rd floor Total mass

M1-1 Masonry mw 178 89 −
M1-1c Floor slab mf 118 118 −
M1-1d Weights ml 170 290 −

Total/floor 466 497 − 1052

M1-2 Masonry mw 61 30 −
Floor slab mf 118 118 −
Weights ml 170 290 −
Total/floor 349 428 − 807

M2-1 Masonry mw 206 206 103

Floor slab mf 218 218 218

Weights ml 300 300 480

Total/floor 724 724 801 2352

M2-2 Masonry mw 70 70 35

Floor slab mf 218 218 218

Weights ml 300 300 480

Total/floor 588 588 553 1764

Table 5 Wall/floor mass ratio (mw/mf+l) of the prototype (P) and model structures (M)

Model mwP m(f+l)P mwP/m(f+l)P mwM m(f+l)M mwM/m(f+l)M
(kg) (kg) ratio (kg) (kg) ratio

M1-1 22200 35300 0.63 178 288 0.62

M1-2 10000 35300 0.28 61 288 0.21

M2-1 25700 67900 0.38 206 518 0.40

M2-2 11600 67900 0.17 70 518 0.14

Fig. 6 Instrumentation of models: terraced house model (a) and (b) apartment house model. Arrows indicate
the direction of seismic excitation
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Fig. 7 Acceleration and displacement time history of the N-S component of the 24 s long strong phase of the
Montenegro earthquake of April 15, 1979, Petrovac record

Fig. 8 Comparison between the acceleration response spectra of the N-S component of the Montenegro
earthquake of April 15, 1979, Petrovac record, with the Eurocode 8 design spectrum for firm soil

To obtain the model earthquake, the duration of the strong phase of the actual record has
been reduced according to the rules of the complete similitude (time scale factor St = √

SL

= 2.24), whereas the accelerations remained the same (acceleration scale factor Sa = 1.0).
Modeled acceleration time history has been integrated and the calculated displacement time
history of the model earthquake has been used as the input signal to drive the shaking table.
The intensity of the shaking in each subsequent test run has been step-wise increased by
adjusting the maximum amplitude of the calculated displacement time history.
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Fig. 9 Correlation between the acceleration response spectra of the model earthquake (a) (b) model earth-
quake compressed in time by 2-times with modeled Eurocode 8 design spectrum

Fig. 10 Absolute acceleration response spectra of the shaking table motion during test runs R100: a models
M2-1, M2-2, and M1-1 b models M1-2, M1-1c, and M1-1d. The range of natural periods of the tested models
is indicated with dashed lines

In the case of testing of models M2-1, M2-2, and M1-1, mechanical malfunction distorted
the shaking-table motion. In order to reduce the error and improve the correlation between the
response spectra of the model earthquake and Eurocode 8 design spectrum in the frequency
range of maximum amplification (Fig. 9), the duration of the modeled earthquake has been
compressed 2-times. Although the malfunction has been repaired, models M1-2, M1-1c, and
M1-1d have been subjected to earthquake motion, compressed in time.

Despite a significant shift of peak acceleration values in the acceleration response spec-
tra, both types of simulated earthquakes had similar spectral amplifications in the frequency
range of the tested models (Fig. 10). Consequently, both types of simulated earthquakes had
similar effects on the tested models.

The models have been tested in a sequence of test runs with intensity adjusted to 5%
(R005), 10% (R010), 25% (R025), 50% (R050), 75% (R075) and 100% (R100) of displace-
ment amplitudes, obtained by the integration of the model earthquake. Shaking with intensity
of 125% and repeated shaking with intensity of 150% has been needed to cause the collapse
of models M2-1 and M1-1d, respectively.

3 Test results and analysis

The failure mechanism did not depend on materials of construction, but depended on struc-
tural configuration. Whereas limited stiffness and resistance of the staircase walls in the
case of the terraced house models M1 did not prevent the flexural behavior of the walls,
orthogonal to seismic excitation, no such phenomena have been observed in the case of the
apartment house models M2 with uniformly distributed structural walls in both orthogonal
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Fig. 11 Confined terraced house model M1-1c (a) and (b) apartment house model M2-2 at the ultimate state
before collapse

directions. In both cases, however, shear cracks, which developed in the walls in the direc-
tion of seismic motion, caused severe stiffness degradation, loss of resistance of the structure
and final collapse of the models. The unreinforced terraced house model M1-1 and apart-
ment house model M2-1, made of masonry Type 1 exhibited quite brittle behavior and
collapsed soon after the occurrence of the first damage, whereas the behavior of similar
models M1-2 and M2-2, made of masonry Type 2 was more ductile. Although severely
damaged after the attainment of maximum resistance, these models withstood additional
shaking before collapse. Typical damage to plain terraced-house and apartment-house model
at ultimate state before collapse is shown in Fig. 11. In Fig. 11a, the horizontal flexural
cracks in the walls of model M1-1, orthogonal to seismic excitation, can be clearly seen. As
a result of partial collapse of the walls on one side of the model at ultimate state, torsional
vibration took place, causing diagonally oriented cracks in the walls, orthogonal to seismic
excitation.

Vertical confining elements significantly improved the behavior of the terraced house
models. Even in the case where the walls have been only partly confined (model M1-1c),
the resistance and displacement capacity of the model was improved. In the case where the
confining elements have been placed as required by the standard (model M1-1d), the model
withstood repeated severe shaking before collapse. The model collapsed when subjected to
sinusoidal excitation with frequency which followed the decayed natural frequency of the
model.

As can be seen, the damage to structural walls was concentrated in the first story, indicat-
ing the prevailing shear type mechanism of seismic behavior. Limited amount of damage to
the walls in the upper stories has been observed at collapse in all cases, including confined
terraced house models M1-1c and M1-1d. Typical acceleration and displacement response
time histories in the initial and non-linear phases of testing of representative models are
shown in Figs. 12, 13, 14, and 15. The analysis of vibration response records indicated pre-
dominant effect of the first mode of vibration. Typical response shape values, obtained by
evaluating, normalizing and averaging several consecutive displacement amplitude peaks of
the measured displacement response of the models at individual story levels, are presented
in Fig. 16.
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Fig. 12 Typical acceleration (a) and (b) displacement response of the terrace house model during the initial
phase of testing of model M1-1c

Fig. 13 Typical acceleration (a) and (b) displacement response of the apartment house model during the
initial phase of testing of model M2-2

The first natural frequency of vibration and coefficient of equivalent viscous damping
have been evaluated by Fourier analysis of free vibrations, excited by hitting the top floor
slab of each model with an impact hammer. The parameters have been measured on virgin
models before the beginning of shaking tests as well as after each successive test run. The
changes in the first natural frequency of vibration and damping during the shaking table tests
can be seen in Table 6.

On the basis of displacement and acceleration response time history records and taking into
account the masses of the models, concentrated at each floor level, the relationships between
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Fig. 14 Typical acceleration (a) and (b) displacement response of the terrace house model during the non-
linear phase of testing of model M1-1c

Fig. 15 Typical acceleration (a) and (b) displacement response of the apartment house model during the
non-linear phase of testing of model M2-2

the seismic shear forces developed in the models and displacements have been analyzed. At
each instant of time, the seismic shear force has been evaluated as the sum of products of
masses, concentrated at the levels of floors mi (Table 4) and measured acceleration values
at the same level ai, above the story considered: Si = �mjaj (j = i…n). Typical hysteretic
relationships between the story shear and relative story displacements, obtained during the
initial and non-linear phases of testing of models M1-1c and M2-2, are presented in Figs. 17
and 18, respectively.
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Fig. 16 Typical first vibration mode shapes of (a) terraced house building model M1-2 and (b) apartment
house building model M2-2

Table 6 Changes in first natural frequency of vibration f (Hz) and damping ζ (% of critical) of the tested
models during the shaking tests

Model M1-1 M1-2* M1-1c* M1-1d* M2-1 M2-2

Test run f (Hz) ζ (%) f (Hz) ζ (%) f (Hz) ζ (%) f (Hz) ζ (%) f (Hz) ζ (%) f (Hz) ζ (%)

Virgin 18.3 6.3 17.0 3.4 23.5 14.7 23.7 7.9 18.8 2.1 12.4 2.0

R005 17.3 4.9 16.1 3.3 21.6 8.9 – – – – – –

R010 17.2 5.9 – – 20.2 9.4 21.1 7.8 18.5 2.9 12.7 2.6

R025 17.1 5.5 13.9 3.3 17.6 8.2 19.2 8.2 18.0 2.2 12.5 2.0

R050 15.0 6.5 9.7 5.3 8.2 7.8 18.0 7.4 17.2 3.2 12.0 2.4

R075 13.8 6.7 8.2 5.8 5.2 16.8 16.2 6.3 16.2 3.2 11.6 2.4

R100 – – 3.6 9.6 – – 3.5 11.1 15.1 4.0 10.8 2.9

* Duration of shaking 5.4 s

Fig. 17 Typical story shear-relative story displacement hysteresis relationships, obtained by testing of model
M1-1c in the linear (a) and (b) non-linear phase of vibration
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Fig. 18 Typical story shear-relative story displacement hysteresis relationships, obtained during testing of
model M2-2 in the linear (a) and (b) non-linear phase of vibration

On the basis of the observed vibration mode, damage propagation and mechanism of
collapse, it can be concluded that story mechanism governed the behavior of the tested
models. Consequently, the resistance and displacement capacity of the tested structures can
be determined by the resistance curve of the first story of the models. The values of the
maximum base shear developed during the individual phases of testing have been calcu-
lated as the sum of products of masses, concentrated at the levels of floors mi and mea-
sured maximum values of accelerations at the same level ai : BS = �mjamax,j.(j = i…n).
The resistance curve of the model under consideration has been evaluated as a relation-
ship between the maximum resisted base shear and corresponding first story drift (relative
story displacement), developed in the structure at the same instant of time. Only one point,
representing the maximum base shear, has been plotted for each consecutive testing phase.
For easier comparison, the base shear and first story relative displacement are expressed
in a non-dimensional form of the base shear coefficient, BSC, and the first story drift, Φ,
respectively. Base shear coefficient is the ratio between the base shear BS and the weight
of the model above the foundation W : BSC = BS/W , whereas the first story drift, Φ, is
the ratio between the first story relative displacement, d , and story height, h : Φ(in%) =
(d/h)100.
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Fig. 19 Seismic resistance curves in the form of the base shear coefficient-first story drift angle relationships
for terraced-house models M1 (a) and (b) apartment house models M2

Following the testing routine, models have been tested by subjecting them to simulated
earthquakes with increased intensity of motion in each subsequent test run. However, since
the dynamic properties of the models changed as the result of stiffness degradation caused
by the damage to structural walls, different structures have been actually tested each time,
subjected to a stronger shaking during each subsequent test run (see Table 6). Nevertheless,
the curves represent the actual resistance curves of the tested structures reasonably well. The
resistance curves are presented separately for the terraced and apartment house models in
Fig. 19.

The results of tests are summarized in Table 7, where the values of the actually measured
base shear, BS, and first story relative displacement, d , as well as the base shear coefficient,
BSC, and story drift, Φ, at the crack (damage) limit, Φcr , (occurrence of the first significant
cracks in the walls), maximum attained resistance, ΦRmax , and just before collapse, Φu , are
given for models M1 and M2, respectively. For information, expected prototype BSC values
are also given in Table 7. Since the shear mechanism determined the seismic resistance of
model buildings, tensile strength of model masonry has been taken into consideration for
scaling the model values of BSC. In the case of the models, made of Type 1 masonry, the
acceleration scale factor Sa = S f /(SL Sγ) = 0.50 has been taken into account, whereas in
the case of the models, made of Type 2 masonry, the acceleration scale factor Sa = 0.56 has
been considered (see Table 2 for general equation and Table 3 for correlation between the
target prototype and actual tensile strength values of model masonry).

The resistance of models built with weaker masonry (masonry Type 2, models M1-2 and
M2-2) was smaller than the resistance of equivalent models built with stronger masonry
(masonry Type 1, models M1-1 and M2-1). However, the degree of improvement depended
also on structural configuration. Increased shear strength of masonry resulted into smaller
improvement of lateral resistance in the case of the terraced house models M1 than in the case
of the apartment house models M2 with regular structural layout. As can be seen in Table 7,
the ratio BSmax, M1−1 BSmax, M1−2 = 1.39 has been obtained in the case of the terraced house
models M1 and BSmax, M2−1/BSmax, M2−2 = 1.96 in the case of the apartment house models
M2. If expressed in terms of the base shear coefficient, the differences in resistance are not
so large, because they are partly compensated by greater mass of masonry in the case of Type
1 masonry buildings. If referred to prototype buildings, the relationships change because of
the actual strength scale factors, which have not been the same for both masonry types.

In the case of both structural types, i.e. terraced house models M1 and apartment house
models M2, the behavior of stronger models was brittle (models M1-1 and M2-1 made of
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Table 7 Parameters of seismic resistance measured on the models and values referred to prototype buildings
at characteristic limit states

Model Limit state BS (kN) d ( mm) BSCM BSCP Φ (%)

M1-1 Crack limit 3.47 1.35 0.34 0.17 0.26

Maximum resistance 4.90 4.22 0.47 0.24 0.82

Before collapse 4.01 4.69 0.39 0.19 0.91

M1-2 Crack limit 3.52 3.09 0.44 0.25 0.60

Maximum resistance 3.52 3.09 0.44 0.25 0.60

Before collapse 1.91 17.78 0.24 0.13 3.43

M1-1c Crack limit 7.21 8.55 0.90 0.45 0.28

Maximum resistance 7.21 8.55 0.90 0.45 0.28

Before collapse 4.00 21.77 0.39 0.20 4.20

M1-1d Crack limit 12.65 1.39 1.23 0.61 0.27

Maximum resistance 17.47 7.20 1.69 0.85 1.39

Before collapse 7.57 14.49 0.73 0.37 2.80

M2-1 Crack limit 12.21 1.05 0.53 0.26 0.20

Maximum resistance 15.19 1.79 0.66 0.33 0.35

Before collapse 10.43 2.46 0.45 0.23 0.46

M2-2 Crack limit 6.88 1.72 0.40 0.22 0.33

Maximum resistance 7.74 3.65 0.46 0.26 0.71

Before collapse 6.17 9.14 0.34 0.19 1.77

Type 1 masonry), whereas the displacement capacity of less resistant models was improved
(models M1-2 and M2-2 made of Type 2 masonry). In the specific case tested, this is in
good correlation with the results of cyclic lateral resistance tests of model masonry walls.
However, additional experimental research is needed to generalize this conclusion.

As regards the displacement capacity of tested structural types, the terraced house models
M1-1 and M1-2 withstood larger displacements just before collapse than respective apart-
ment house models M2-1 and M2-2. As can be seen in Table 7, the ratio Φu,M1/Φu,M2 was
practically the same in the case of models made of both masonry types. The value of ratio
Φu,M1−1/Φu,M2−1 = 1.98 has been obtained in the case of Type 1 masonry, whereas in the
case of Type 2 masonry, the ratio was Φu,M1−2/Φu,M2−2 = 1.94.

The behavior of partly and fully confined models M1-1c and M1-1d has been significantly
improved as regards both, lateral resistance and displacement capacity. However, although
the confining elements prevented collapse, significant damage occurred in the models’ walls
at large lateral displacements.

To analyze the differences in energy dissipation capacity, the amount of dissipated hys-
teretic energy has been compared with input seismic energy in each testing phase (Housner
1959; Bertero and Uang 1992). The cumulative input energy, Einp,cum, represented by the
work of the actuator from the beginning of test (initial test run R1 = R005) to the end of the
test run under consideration (test run Ri), has been evaluated by:

Einp,cum = me

Ri∑

R1

t0∫

0

|am(τ )vr(τ )| d τ, (1)
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Table 8 Cumulative input, Einp,
and dissipated hysteretic energy,
Ehys, at maximum resistance of
the models

Model Einp (Nm) Ehys (Nm) Ehys/Einp

M1-1 − − −
M1-2 431 78 0.18

M1-1c 924 342 0.37

M1-1d 1618 667 0.40

M2-1 565 94 0.17

M2-2 1827 630 0.34

Fig. 20 Hysteretic energy dissipation capacity of apartment house models M2-1 (a) and (b) M2-2 after the
end of test run R100

where am(τ ) = the shaking-table acceleration time history at the given instant of time;
vr(τ ) = the relative velocity of the response of the model, idealized as a single degree of
freedom system, at the same instant of time; t0 = the duration of excitation during each indi-
vidual test run; and me = the equivalent mass of the model, idealized as a single degree of
freedom system. The actual response of the models has been taken into account by idealizing
the tested structure with an equivalent single degree of freedom system (Tomaževič 1987).
The equivalent mass, me, of the model, idealized as a single degree of freedom system, has
been calculated by:

me =
n∑

i=1

mi
i, (2)

where Ψi = modal shape vector, and mi = mass, concentrated at i-th floor level (see Fig. 13
and Table 4 for the first mode of vibration shapes and masses, respectively). The values of
vr(τ ) have been calculated by taking into consideration the measured relative displacement
response of the model at the position of the mass of the equivalent single degree of freedom
system.

Typical relationships between the calculated cumulative input energy Einp and cumula-
tive dissipated hysteretic energy Ehys at the attained maximum resistance of the models are
given in Table 8. Although not much can be concluded on the basis of comparison of the
absolute values, the ratios between the dissipated and input energy at this particular testing
phase confirm the conclusions drawn on the basis of the analysis of the response of models
to simulated seismic motion. In the case of the models with improved displacement capacity,
the ratio between the dissipated and input energy has been also increased. Typical diagrams,
which show the relationship between the input and dissipated energy, however are shown in
Fig. 20.
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Fig. 21 Definition of structural behavior factor

4 Displacement capacity and structural behaviour factor

4.1 Structural behavior factor

If a regular structure possesses displacement and energy dissipation capacity, it may be
designed using conventional elastic analysis model for the ultimate design loads, which are
equal to elastic seismic forces, which would develop in an equivalent ideal elastic structure,
reduced by a factor, called force reduction factor or structural behavior factor. According
to Eurocode 8, “the behavior factor q is an approximation of the ratio of the seismic forces
that the structure would experience if its response was completely elastic with 5% viscous
damping to the minimum seismic forces that may be used in the design—with a conventional
elastic analysis model—still ensuring a satisfactory response of the structure”. The definition
can be expressed by:

q = Se/Su, d, (3)

where Se = seismic force developed in a completely elastic structure and Su,d = the design
seismic load.

The definition is explained in Fig. 21, where the resistance curve of an actual structure, ide-
alized with ideal elastic—ideal plastic relationship, is compared to the response of equivalent
ideal elastic one with the same initial stiffness characteristics.

The structure is considered earthquake resistant, if the design resistance, Ru,d, is equal to
or greater than the design seismic load, Su,d. Since the elastic analysis methods do not take
into consideration the redistribution of seismic loads after yielding of individual structural
elements, and the mean values of mechanical properties of materials are reduced by partial
safety factors, γM, the design resistance of the structure, Ru,d, is only an approximation of
the actual maximum resistance, Rmax(Rmax,id). In the case that the design resistance of the
structure, Ru,d, is smaller than Rmax(Rmax,id), the reserve strength (overstrength), expressed
in terms of overstrength factor ρ = Rmax/Ru,d(Rmax,id/Ru,d), results into increased value
of behavior factor:

qρ = ρq. (3a)

Taking into consideration energy conservation principle and making equal areas below the
ideal elastic and idealized elastic-plastic resistance-displacement relationships of the structure
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(Fig. 21), the structural behavior factor q can be also expressed in terms of the global ductility
factor of the structure under consideration, μu = du/de, where de = the displacement of the
structure at the idealized elastic limit and du = the displacement at ultimate limit, as follows:

q = (2μu − 1)1/2. (4)

whereas the basic definition (Eq. 3) expresses the behavior factor q in terms of forces, Eq. 4
expresses the definition in terms of global ductility of the structure. Eq. 3 is based on the
assumption that maximum displacements of elastic and elastic-perfectly plastic systems with
the same initial stiffness are equal, when subjected to the same earthquake. Eq. 4, however, is
based on equality of energy potentials of elastic and non-linear systems: the areas under the
elastic response line and actual response curve are equal. In other words, Eq. 4 determines
also the minimum ductility capacity requirement, which should be fulfilled if the behavior
factor q is used for seismic resistance verification:

q(Eq.3) ≤ q(Eq.4). (5)

This makes possible the use of the idea of reduction of seismic forces also in the case where
the resistance curve of the structure, calculated by pushover methods, is used for seismic
resistance verification. However, in such a case not only the resistance, but also the displace-
ment capacity of the structure should be verified. In other words, if the seismic resistance of
a masonry structure is verified for the design seismic loads, calculated by taking into account
the structural behavior factor q , its global ductility should not be less than:

μu,min = (q2 + 1)/2. (6)

Basically the same principle is suggested in Eurocode 8 for the determination of the target
limit displacement in the case of pushover analysis (Eurocode 2004).

4.2 Displacement capacity and damage limitation

However, if structural behavior factor is determined on the basis of the displacement and duc-
tility capacity of the structure, damage limitation requirement should be taken into account.
Taking into consideration fact the values of story drift at characteristic limit states are similar
in all cases (see Fig. 16 and Table 7), an attempt has been made to correlate the observed
damage, displacement capacity and limit states. On the basis of the results of this and some
previous studies (Tomaževič and Weiss 1994; Tomaževič and Klemenc 1997) trends can be
seen and ranges of story rotation values at the attainment of characteristic limit states can
be evaluated. The following ranges of values of story drift have been obtained (Tomaževič
2007):

• At crack limit: Φcr = 0.2 − 0.4%;
• At maximum resistance: ΦRmax = 0.3 − 0.6%, and
• At limit state of collapse: Φu = 2.0 − 4.0%.

Similar observations have been reported by other researchers (e.g. Benedetti et al. 1998;
Zonta et al. 2001; Alcocer et al. 2004; Naseer 2009). Because of different structural con-
figurations, materials and construction systems, the values at ultimate state near collapse
vary substantially. However, in the particular case studied, all models exhibited non-linear
behavior with lesser or greater degree of displacement and energy dissipation capacity (see
Fig. 19).

In order to analyze the displacement capacity, the experimentally obtained resistance
curves have been idealized with bilinear ideal elastic—ideal plastic relationship (Fig. 22). In
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Fig. 22 Idealization of resistance curve and definition of limit states (adapted from Tomaževič 2007)

the idealization of the experimental curve, the initial slope of the idealized envelope (effec-
tive stiffness, Ke) is defined with a secant stiffness, obtained by connecting a conventionally
defined point on the segment of the experimental curve between the test runs, where the first
damage and significant change of the first story stiffness has occurred, with the origin. The
principle of best fitting of the idealized bi-linear relationship with the experimental curve
has been followed. The ultimate resistance of the idealized envelope Rmax,id is calculated by
taking into account the equal energy dissipation capacities of an actual and idealized struc-
ture: the areas below the actual and idealized curves should be equal. Knowing the effective
stiffness and idealized maximum resistance, story drift at the idealized elastic limit, Φe,id,

can be calculated. As a result of such idealization, story drift at the idealized elastic limit,
Φe,id, is usually greater than story drift at the occurrence of cracks, Φcr.

In the idealization of the experimentally obtained resistance envelope, story drift at the
point where the resistance of the structure degrades to 80% of the maximum, is usually defined
as the ultimate. In other words, story drift at 20% of strength degradation is considered as
the maximum value which can be taken into consideration for the evaluation of the idealized
design ultimate global ductility factor of the structure: μu,d = Φ0,8Rmax/Φe,id. It is assumed
that a ductile structure, although severely damaged, will resist such a displacement without
risking collapse (no collapse requirement).

Four main limit states, which are used in seismic resistance verification and determine the
usability of buildings, are defined on the resistance curve:

• Crack (damage) limit state, where the first cracks occur in the walls, causing evident
changes in stiffness of the structural system (Rcr, Φcr). Crack limit on the resistance
curve is sometimes associated with the serviceability limit state of the structure;

• Maximum resistance (Rmax, ΦRmax);
• Design ultimate limit state, where the resistance of the system degrades below the accept-

able level (0, 8Rmax, Φ0,8Rmax). Conventionally, 20% of degradation of maximum resis-
tance is acceptable. Consequently, part of the resistance curve, where the resistance
degrades below 80% of the maximum, is no more considered for design purposes.
It only provides information about additional ductility and energy dissipation capacity,
i.e. additional safety of the structure;

• Limit of collapse, defined by partial or total collapse of the structure (Ru, Φu).
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Fig. 23 a Damage grade 3, observed after the attainment of maximum resistance (Model M1-1c, R050,
Φd,u = 0.9%) and b damage grade 4–5, observed just before collapse (Model M2-2, R100/3, Φu = 1.77%)

A recent study indicated (Tomaževič 2007) that in the case where the shear behavior prevails,
characteristic damage grades as defined by EMS-98 scale (European 1998) can be attributed
to so defined characteristic limit states as follows:

• Grade 2 (“slight structural damage, cracks in many walls” by EMS-98): formation of
the first, hardly visible diagonally oriented cracks in the middle part of the wall. Light
damage can be attributed to crack (damage) limit.

• Grade 3 (“moderate structural damage, cracks in many walls” by EMS-98): increased
number of cracks with limited width (less than 0,2 mm wide), oriented diagonally in
both diagonal directions. This is moderate, repairable damage, which may be defined as
acceptable damage at serviceability limit state, develops somewhat after the attainment
of maximum resistance.

• Grade 4 (“heavy structural damage, serious failure of walls” by EMS-98): increased num-
ber of more than 1 mm but less than 10 mm wide diagonally oriented cracks. Crushing
of individual masonry units. This is heavy damage, which is in most cases repairable, but
sometimes repair is not economical. Grade 4 damage is observed near the point which
is defined as the design ultimate limit state, where the actual resistance of the structure
degrades to 80% of the maximum.

• Grade 5 (“total or near total collapse” by EMS-98): increased width (more than 10 mm)
of cracks, crushing of units along both wall diagonals. Severe strength degradation and
final collapse. It is obvious that grade 5 damage defines the ultimate state of collapse.

Taking into consideration the acceptable level of damage, the deformations, where the
masonry buildings are safe and usable, attain the deformations at maximum resistance and
slightly beyond. In this range, damage to structure, not exceeding grade 3 damage, is expected.
The range of deformations, where the masonry building is still safe but no longer usable (no
collapse requirement), spans from the maximum resistance to the ultimate limit state. In
this range of deformations, damage grade 3 to damage grade 4 is expected. Typical damage
observed at these states is shown in Fig. 23.

As the analysis of the observed behavior of tested models indicated, damage grade 3
develops slightly after the attained maximum resistance. The analysis further indicated that
such damage generally occurs at story drifts, equal to approximately 3-times of story drift at
the occurrence of the first cracks in the walls, or 3-times of story drift at the idealized elas-
tic limit. Since damage grade 4 is usually not economical to repair, not only the resistance
degradation (80% of the maximum resistance is considered as design ultimate), but also the
damage limitation requirement has been considered when evaluating the behavior factor q
in this study.
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If the occurrence of damage grade 3 is considered as appropriate measure for damage lim-
itation, displacement capacity of a masonry structure beyond the relative story displacement
(drift), equal to 3 times of displacement (drift) at the occurrence of the first cracks in struc-
tural walls, is not taken into account in earthquake resistance verification. Considering the
idealized curve, the design ultimate state may be defined by either the displacement (drift)
value where the resistance degrades to 80% of the maximum, or the displacement (drift)
value, which attains 3-times the value of the displacement (drift) at the idealized elastic limit,
whichever is less:

Φd,u = min{Φ0,8Rmax; 3Φcr}. (7)

It is obvious that resistance degradation represents the no collapse requirement, whereas the
damage limitation requirement is represented by the limited story drift. If the smaller value is
considered for the evaluation of design parameters, such as behavior factor q , both require-
ments will be fulfilled at the same time. It is therefore, not needed that the masonry buildings
be checked for the serviceability limit state. As has been observed within the framework of
this study, the limiting value of story rotation Φd,u = 3Φcr

(
3Φe,id

)
prevailed in most cases.

4.3 Evaluation of structural behavior factor q

The following ranges of values of structural behavior factor q are proposed in Eurocode 8
for different masonry construction systems:

• for unreinforced masonry: q = 1.5 − 2.5,
• for confined masonry: q = 2.0 − 3.0,
• for reinforced masonry: q = 2.5 − 3.0.

Although the use of values at the lower limits of proposal is recommended, the National
Annexes may specify the values to be used in individual EU member states. Using advantage
of the experimental data, an attempt has been made to verify the proposed code values for
unreinforced and confined masonry.

Taking into consideration the basic, simple definition of behavior factor q , given by Eq. 3,
the value of factor q is evaluated as a ratio between the response of an ideal elastic structure
and the response of an actual non-linear structure to the same strong earthquake. In the par-
ticular case studied, the maximum seismic force developed in the elastic system, subjected to
shaking-table motion where the analyzed model attained its maximum resistance, has been
compared to maximum (idealized) resistance of the same model, obtained by testing.

EAVEK, a commercial computer program for seismic analysis of multi-story buildings,
has been used for the calculation of the seismic response of the elastic structures (Fajfar
and Kilar 1992). In the calculation, the models have been modeled as simple multi-degree
of freedom shear systems. Story stiffnesses, evaluated on the basis of the measured story
shear-story drift relationships (Figs. 17a and 18a), obtained in the initial phases of testing,
and masses, concentrated at floor levels (Table 4), have been used as input parameters. The
maximum values of the base shear and first story drift of the calculated ideal elastic response
are summarized in Table 9. The calculated values are given in the non-dimensional form
of the base shear coefficient, BC Se, and first story drift, Φe. It is interesting to see that the
calculated maximum values of the elastic drift, Φe, are in most cases close to the experimen-
tally observed values of the story drift at the crack limit, Φcr. In the same table, the resulting
values of behavior factor q obtained by the basic simple definition (Eq. 3), are also given.

Typical examples of evaluation of factor q are shown in Figs. 24, 25 and 26 for the terraced,
confined terraced and apartment house models, respectively.
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Table 9 Values of structural behavior factor q(Eq.3), evaluated as a ratio between the calculated elastic
response (BSCe) to excitation in the test run where the maximum resistance has been attained, and the actual
maximum resistance (BSCmax)

Model BSCe Φe (in %) BSCmax Φcr (in %) q(Eq.3) = BSCe/BSCmax

M1-1 0.74 0.43 0.47 0.26 1.56

M1-2 0.91 0.11 0.44 0.60 2.05

M1-1c 2.19 0.43 0.90 0.28 2.43

M1-1d 2.80 0.33 1.69 0.27 1.65

M2-1 1.05 0.13 0.66 0.20 1.59

M2-2 0.83 0.31 0.46 0.33 1.78

Fig. 24 Evaluation of factor q for the terraced house model M1-1

Fig. 25 Evaluation of factor q for the confined terraced house model M1-1d
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Fig. 26 Evaluation of factor q for the apartment house model M2-2

Table 10 Values of structural behavior factor q(Eq.4), evaluated on the basis of available ductility (μu =
Φ0.8Rmax/Φe,id) and damage limitation requirements (μu = 3Φcr/Φe,id)

Model Φei,d (in %) Φ0.8Rmax (in %) Φcr (in %) 3Φcr (in%) q(Eq. 4) = (2μu − 1)1/2

μu = Φ0.8Rmax/Φei,d μu = 3Φcr/Φei,d

μu q μu q

M1-1 0.24 0.89 0.26 0.78 3.70 2.53 3.25 2.35

M1-2 0.05 1.20 0.60 0.16 24.00 6.85 3.20 2.32

M1-1c 0.17 2.60 0.28 0.84 15.29 5.44 4.94 2.98

M1-1d 0.17 1.81 0.27 0.81 10.65 4.50 4.76 2.92

M2-1 0.07 0.42 0.20 0.60 6.00 3.32 8.57 4.02

M2-2 0.16 1.65 0.33 0.99 10.31 4.43 6.18 3.37

The values of behavior factor q , evaluated on the basis of the global ductility of the tested
models (Eq. 4), are given in Table 10. As a result of definition of initial story stiffness for the
calculation of elastic response, the story drift at idealized elastic limit, Φe,id, is smaller than
the story drift at the first cracking of the walls, Φcr. Consequently, the ductility values are rela-
tively high. In the analysis, the actual displacement capacity, i.e. ductility factor evaluated by
considering the no collapse requirement Φd,u = 0.8Rmax, as well as displacement capacity,
limited in order to prevent excessive damage to structural walls, i.e. ductility factor evaluated
by considering the damage limitation requirement Φd,u = 3Φcr, have been considered. As
can be seen, the values of factor q in Table 10 are greater than the values given in Table 9 in
all cases.

The comparison of values given in Table 10 also indicates, that in the case where the
actual displacement capacity is taken into consideration, the differences observed in the
behavior of unreinforced masonry models reflect in the values of behavior factor q (like
brittle behavior of models M1-1 and M2-1 against improved behavior of models M1-2 and
M2-2—see Fig. 16). In the case of the terraced house models with confined structural walls
(models M1-1c and M1-1d), the values are higher than in the case of the respective plain
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masonry structures. However, if the values of behavior factor are evaluated by taking into
consideration damage limitation requirement, the differences in factor q , evaluated for dif-
ferent structural types, are not significant. Moreover, the values, evaluated on the basis of
experimental results, are well within the range of values, proposed by the code for seismic
resistance verification of unreinforced and confined masonry structures. Although significant
differences in the behavior have been observed with regard to different masonry materials
and construction systems, damage limitation requirements limit the use of the available
displacement and energy dissipation capacity in the design. Although all tested types of
structures will fulfill the safety requirements of the code, their actual safety level will not be
the same.

4.4 Design resistance capacity and overstrength

It has to be pointed out, that the values of behavior factors q , given in Tables 9 and 10,
have been evaluated by taking into consideration the actual, and not the design resistance
capacity of the tested models. Therefore, these values represent a safe level of seismic
force reduction also in the case where a pushover method is used for seismic resistance
verification.

As has been mentioned, conventional elastic analysis methods do not consider redistribu-
tion of seismic forces. Also, mechanical characteristics of materials are reduced with partial
safety factors so that, consequently, the design resistance of the structure is to a greater or
lesser extent smaller than the actual one. According to definition, the values of behavior
factor q may be modified by considering the possible overstrength resulting from the use of
specific design methodology (Eq. 3a). On the basis of analysis of more than 40 unreinforced
masonry buildings, Magenes (2006) reported mean values of overstrength factor, ρ, ranging
from 1.8 to 2.4, depending on construction system.

To estimate the overstrength resulting from the reduction of mechanical characteristics of
masonry as required by Eurocode 8, the resistance of the tested models has been evaluated
with a pushover method (Tomaževič and Weiss 1990), where the resistance curve of the criti-
cal story, which determines the relationship between the resistance and story drift, is obtained
as a superposition of idealized resistance curves of all walls in the critical story. To calculate
the design resistance of the tested models, instead of the mean values of the tensile strength of
masonry, given in Table 3, characteristic values have been taken into account. Two different
values of partial safety factor for masonry, γM, have been taken into consideration, namely
γM = 1.5, representing design situation in the case of good quality control, and γM = 2.0,

representing the average design and construction situation.
The results of calculations are given in Table 11. In the table, the calculated maximum

values of the base shear coefficient, BSCd,max, are correlated with the experimental ones,
BSCmax. Unexpectedly great differences between the experimental and calculated values
of seismic resistance in the case of the partly and fully confined terraced-house models
(Models M1-1c and M1-1d) are the consequence of requirements of Eurocode, which do
not allow that the confining elements (tie-columns) be taken into account as lateral load
resisting elements of the structure. The resulting values of overstrength factors, ρ, are also
given in Table 11. As can be seen, substantial overstrength has been be observed, although
a mechanism model has been used for the calculation of design resistance of the tested
model structures. Similar values of overstrength factors have been reported by Magenes
(2006).
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Table 11 Comparison between the maximum experimental and calculated (design) resistance of tested models

Experimental Calculated Overstrength
Model BSCmax BSCd,max BSCmax/BSCd,max

γM = 1.5 γM = 2.0 γM = 1.5 γM = 2.0

M1-1 0.47 0.32 0.32 1.48 1.49

M1-2 0.44 0.35 0.31 1.28 1.42

M1-1c* 0.90 0.32 0.32 2.80 2.83

M1-1d* 1.69 0.32 0.32 5.27 5.32

M2-1 0.66 0.42 0.40 1.57 1.64

M2-2 0.46 0.33 0.29 1.42 1.61

* According to Eurocode, vertical confining elements should not be considered as lateral load resisting elements
of confined masonry structures

5 Conclusions

The results of shaking table tests of a series of 1:5 scale masonry building models have been
used for the evaluation of values of structural behavior factor q , seismic force reduction factor
proposed by Eurocode 8 for the calculation of design seismic loads for masonry structures.
Six models have been tested, representing prototype buildings of two different structural
configurations and built with two different types of masonry materials.

The experimental study indicated that, in addition to construction system (plain, con-
fined masonry) and mechanical characteristics of masonry materials, seismic behavior
and displacement capacity of masonry buildings depend also on structural configuration.
Consequently, although such tests are helpful, the values of behavior factor q cannot be
assessed by means of only ductility tests of individual structural walls. In order to assess
realistic values of reduction factors, experimental testing should be carried out. Numer-
ical simulation based on the input data obtained by testing of individual walls is not
enough.

As indicated by this study, all tested types of masonry buildings exhibited displacement
capacity, which allows the reduction of elastic seismic forces in the case where conventional
elastic analysis methods are used for seismic resistance verification. It has been also shown
that besides displacement and energy dissipation capacity, damage limitation requirements
should be taken into account when evaluating the values of behavior factors. To limit the
damage caused by the design earthquake, only part of the available displacement and ductil-
ity capacity of the structure should be taken into consideration for the assessment of values
of structural behavior factor q .

The analysis of experimental results has shown, that the values at the upper limit of the
Eurocode 8 proposed range of values of structural behavior factor q for unreinforced and
confined masonry construction systems, i.e. q = 2.5 in the case of the regular unreinforced,
and q = 3.0 in the case of the regular confined masonry structures are adequate, if pushover
methods are used for seismic resistance verification. However, in this case, the calculated
displacement capacity of the structure should be verified and compared with displacement
demand.

In the case where elastic analysis methods are used and significant overstrength is
expected, the proposed values are conservative. However, additional research and parametric
studies are needed to propose the modifications.
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