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ABSTRACT

Assessment of the seismic response of a gravity load design r.c. building structure is
addressed in this study. It aims at predicting the seismic performance of the structure
to be tested pseudo-dynamically at ELSA in Ispra, within the EU project Seismic
Performance Assessment and Rehabilitation (SPEAR), providing data needed for the
experimental set-up.

The test structure represents a simplification of an actual 3-storey building
representative of older construction in Greece and elsewhere in the Mediterranean
region, without engineered earthquake resistance. The main deficiencies of the
SPEAR test structure are represented by : plain reinforcing bars; slender columns
with largely spaced stirrups; column lap splices in potential plastic hinge zones; lack
of shear reinforcement in beam-column joints; inadequate anchorage of stirrups, and
irregular plan layout.

Two 3D structural models were used, one based on one-component concentrated
plasticity elements, and another one that used distributed plasticity fibre elements for
columns. While the latter model is believed to estimate better the structural response
in the inelastic range, the former model has the advantage of easier interpretation of
results, evaluation of seismic capacity being on the safe side in comparison to the
more complex fibre model. For each of the models, seismic demand was evaluated
by the N2 method and by inelastic dynamic analysis. Two sets of earthquake records
were used. The first one is a suite of seven recorded bidirectional ground motions,
scaled to match the EC8 spectra for soil type C in the constant velocity range. A
second suite of semiartificial earthquake records provided within the SPEAR project
were added later to provide easier comparison of results with other project tasks.
Seismic performance of the SPEAR structure was assessed for three earthquake
intensity levels: 0.1g, 0.2g, and 0.3g.
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1. INTRODUCTION

Reinforced concrete structures in regions of low to moderate seismicity were

traditionally designed for gravity loads alone, without any seismic provisions. This

category of buildings are termed gravity load designed (GLD) frames, and are

characteristic for buildings designed between 1930s and 1970s (Priestley, 1997),

when design codes were implemented containing seismic provisions more or less

equivalent to those currently in practice. Though local design practices and codes

were different in different geographical areas, this problem is common to many

regions, such as USA (Kunnath et al., 1995), New Zealand (Park, 2002), and Europe

(Cosenza et al., 2002, Calvi et al., 2002). The main deficiencies in reinforced

concrete GLD frames are related to poor detailing and lack of capacity design,

leading to reduced local and global ductility. The following are the typical features of

GLD frames (Aycardi et al., 1994, Priestley, 1997, Cosenza et al., 2002):
Columns are weaker than the adjacent beams, leading to a storey mechanism.

= Minimal transverse reinforcement in columns for shear and confinement,
particularly in the plastic hinge zones. Frequently, transverse reinforcement is
anchored with 90° bends in the cover concrete. Large spacing and inadequate
anchorage lead to spalling of compression concrete, buckling of longitudinal
reinforcement and collapse of the plastic hinge regions.

= Little or no transverse reinforcement in beam-column joints, resulting in a high
potential for joint shear failure.

= Discontinuous positive (bottom) beam longitudinal reinforcement in the beam-
column joints.

= Lap splices located in potential plastic hinge zones just above the floor slab
levels.

» Plain reinforcing bars for longitudinal reinforcement, that leads to early loss of
bond and increases deformations in the structure.

» Inclined reinforcement for shear resistance in beams, that is not effective for
shear reversals.

» Lack of structural regularity in plan and/or elevation, further worsening the seismic
response due to torsion and storey mechanisms.
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2. THE SPEAR STRUCTURE

Pseudodynamic testing of a full scale GLD building structure is to be performed at
the European Laboratory for Structural Assessment (ELSA) at Ispra, within the EU
project Seismic Performance Assessment and Rehabilitation (SPEAR). Objective of
the present study is to evaluate the seismic response of the SPEAR test structure,
providing data needed for the experimental set-up.

The test structure was designed by Fardis (2002), and represents a simplification of
an actual 3-storey building representative of older construction in Greece and
elsewhere in the Mediterranean region, without engineered earthquake resistance.
The structure has been designed for gravity loads alone, using the concrete design
code applying in Greece between 1954 and 1995, with the construction practice and
materials used in Greece in early 70's. The structural configuration is also typical of
non-earthquake-resistant construction of that period.

LT

Figure 2-1. A general view of the structure.
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Figure 2-2. Plan dimensions of the SPEAR building (dimensions in m).
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Dimensions in plan of the structure are presented in Figure 2-2. The storey height is
3 m, with 2.5 m clear height of columns between the beams. The specified design
strength of concrete is £,=25 N/mm?, and the design yield strength of reinforcement is
f,=320 N/mm?. Design gravity loads on slabs are 0.5 kN/m? for finishings and 2 kN/m?
for live loads. Slab is 150 mm thick, cast in place monolithically, and reinforced with 8
mm bars at 200 mm. Columns longitudinal reinforcement is composed of 12 mm
plain bars, lap spliced over 400 mm at each floor level, including the first level.
Spliced bars have 180° hooks. Column stirrups are 8 mm plain bars at 250 mm
centres, closed with 90° hooks (see Figure 2-3), and they do not continue into the
joints. Typical beam longitudinal reinforcement is shown in Figure 2-3 and Figure 2-4.
It is composed of two 12 mm bars at the top, anchored with 180° hooks at the far end
of the column. The bottom beam reinforcement consists of two 12 mm bars anchored
at the far end of the column with 180° hooks, and other two 12 mm bars that are bent
up towards the supports. The latter are anchored with downward bends into the joint
core at exterior joints, and continue into the next span at interior joints. Additional
longitudinal reinforcement, as well as bars of greater diameter (20 mm) are used for
some heavier loaded beams (B4,18,32, B7,21,35, B9,23,37). Beam stirrups are 8
mm bars at 200 mm centres, anchored with 90° hooks. A complete description of the
structure is presented in ANNEX |.
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Figure 2-3. Typical beam and column cross-sections (dimension in mm).
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Figure 2-4. Typical beam longitudinal reinforcement.
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The main deficiencies of the SPEAR test structure could be summarised as follows:

= use of plain reinforcing bars

= slender columns (250x250), with largely spaced stirrups

= inclined reinforcement in beams for shear resistance and optimal distribution of
reinforcement

= column lap splices in potential plastic hinge zones

= lack of shear reinforcement in beam-column joints

= inadequate anchorage of stirrups (90° hooks)

= irregular plan layout

Influence of modelling parameters and analysis procedure on the seismic evaluation

of the SPEAR structure was performed in a companion study (Stratan and Fajfar,

2002). Considerable scatter in response was obtained by considering different

modelling options commonly adopted by the engineering profession for seismic

analysis of r.c. frame structures. However, based on the obtained results, two

structural models were identified as representing the "best estimate" of the seismic

response of the SPEAR structure. Analytical modelling of critical elements (columns)

was validated by correlation with experimental tests on specimens similar to the

SPEAR building 250x250 columns available in literature.

In the present study the structural response is assessed by nonlinear dynamic (time-
history) analysis, and by the N2 method (Fajfar, 2000) based on nonlinear static
(pushover) analysis. CANNY 99 computer program (Li, 2002) was used for both
types of analyses.
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3. EARTHQUAKE RECORDS

Seven ground motion records from Southern Europe were selected (see Table 3-1)
from the European strong motion databank (Ambraseys et al., 2000). The selection
of records was based on criteria of magnitude (at least 5.8), peak ground
acceleration (at least 1.5 m/s?), and conformity to the Eurocode 8 spectrum. The
basic characteristics of the records are presented in Table 3-2.

Table 3-1. Earthquake records used in this study.

Earthquake Date Station name Record
name abbr.
Alkion 24.02.1981 | Korinthos - OTE Building AL1
Alkion 24.02.1981 | Xilokastro - OTE Building AL2
Campano 23.11.1980 | Calitri CA1
ucano
Kalamata 13.09.1986 | Kalamata — Prefecture KA1
Kalamata 13.09.1986 | Kalamata - OTE Building KA2
Montenegro 15.04.1979 | Ulcinj - Hotel Albatros MO1
Montenegro 15.04.1979 | Bar - Skupstina Opstine MO2
Table 3-2. Characteristics of the earthquake records.
Record Surfape - wave Epicentral Soll PGA, m/s2 Scaling
magnitude (Ms) | distance | category factor
AL1 6.7 20km soft soil | 2.26 (X), 3.04 (Y) | 1.074
AL2 6.7 19km alluvium | 2.84 (X), 1.67 (Y) | 0.937
CA1 6.9 16km stiff soil | 1.53 (X), 1.73 (Y) | 0.813
KA1 5.8 9km stiff soil | 2.11 (X), 2.91 (Y) | 0.791
KA2 5.8 10km stiff soil | 2.35 (X), 2.67 (Y) | 1.047
MO1 7.0 21km Rock | 1.78 (X), 2.20 (Y) | 0.991
MO2 7.0 16km stiff soil | 3.68 (X), 3.56 (Y) | 0.388

Scaling of the ground motion records was performed in order to bring them to the
same level of seismic intensity. Eurocode 8 (2002) acceleration elastic response
spectrum was used as the target spectrum (PGA=0.2g, soil parameter S=1, Tp=0.2s,
Tc=0.6s, Tp=2.0s, 5% damping). Three-dimensional nonlinear dynamic analysis
requires bidirectional records (vertical component was ignored in this study). It was
decided not to alter the ratio of intensities between the two components. Therefore,
the procedure suggested in FEMA 356, (2000) was used here. It involves
construction of the Square Root of Sum of Squares (SRSS) spectrum from the two
horizontal components of each record, and applying the scaling procedure to the

SRSS target spectrum (one-directional EC8 spectrum times \/5). Scaling procedure
was applied for each record separately, by minimizing the error function. The error
function was defined as the difference between the areas under the SRSS spectrum
of a record and the SRSS of the target spectrum in the period range between T¢ and
Tp. The fundamental period of vibration of the structure is situated in this range. The
mean of SRSS spectra of scaled records, the mean plus/minus standard deviation,
and the target SRSS spectrum are shown in Figure 3-1.
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Figure 3-1. Mean of the Square Root of Sum of Squares (SRSS) of scaled records
and the target EC8 spectrum.
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Figure 3-2. Mean of the X components of scaled records and the target EC8
spectrum.

The applied scaling procedure assures a uniform intensity of seismic input near the
fundamental period of the structure, and enables a direct comparison of the results
from nonlinear dynamic analyses to the simplified pushover (N2) method. Mean of
individual X and Y components of the records are presented in Figure 3-2 and Figure
3-3. A reasonable fit to the target EC8 spectrum could be observed in this case also.
Acceleration time histories of the scaled records, as well as elastic response spectra
of individual scaled and unscaled records are presented in ANNEX II.
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4. STRUCTURAL MODELLING AND ANALYSIS

4.1. Materials

Expected material strengths were estimated by Priestley, (1997), see Table 4-1.
Concrete was considered unconfined for establishing the stress-strain relationship,
as suggested by Priestley (1997) when the following conditions govern:

= stirrups ends not bent back into the core, and

= spacing of stirrups in the potential plastic hinge is such that: s>d/2 or s>16d,

where s is the stirrups spacing, d is the effective depth of the cross section, and dy, is
the diameter of the longitudinal reinforcement.

For the SPEAR building, these requirements imply unconfined conditions for both
beams and columns. Strain hardening was considered for steel and degradation for
concrete in compression. The softening branch of concrete stress-strain relationship
is the one of Kent & Park, described in Penelis and Kappos (1997), see Figure 4-1.
Ultimate steel strain was considered 0.05, according to the FEMA 356
recommendations.

Table 4-1. Material characteristics.

2
Concrete compression strength (f;) 37-5 N/mm
(1.5 fex) ,
: 352 N/mm
| yiel h (f,
Steel yield strength (f,) (1.1 £,)
Ultimate concrete strain 0.0037 (at 0.2f;)
Ultimate steel strain 0.05

where: fy — concrete characteristic (nominal) compression strength; f — steel
characteristic yield strength.
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Figure 4-1. Stress-strain models for steel and concrete.

4.2. Modelling of elements

Inelastic flexural behaviour of elements was considered by one-component lumped
plasticity model and distributed plasticity fibre model. Shear and torsional behaviour
were assumed elastic in all cases.

In the case of the one-component model, all inelastic deformations are assumed
concentrated at element ends (lumped plasticity model). Trilinear moment-rotation
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envelope is used, with Takeda hysteretic rules. The CANNY implementation of the
model is strictly correct only for elements in double curvature bending with the
inflexion point located at the mid length of the member, and it does not account for
axial force-moment (M-N) and biaxial moment (M-M) interaction. A standard moment-
curvature analysis was carried out for each element. For columns, axial force
corresponding to gravitational loading was considered. Cracking curvature ¢, was

defined as the one corresponding to the attainment of the lower cracking moment M,
in the cross section. The yield curvature ¢, and moment M, were determined by a

numerical procedure based on a significant reduction of the slope to the moment-
curvature curve. The ultimate curvature ¢, was determined at the attainment of
ultimate strains in concrete or steel.

The equivalent plastic hinge length was determined according to Paulay and
Priestley, 1992 as:

L,=0.08-L+0.022-d, -f, (4-1)

where L is the shear span of the member (assumed half the clear span for most of
the members), dj, is the diameter of the longitudinal reinforcement, and f, is the yield
strength of the reinforcement.

Mo AN T
L L Lp
! bl g
¢c I Y HW;W‘V‘!‘H\ (I)VT \WTII;'W-N

Figure 4-2. Curvature distribution along the shear span
for trilinear moment-curvature idealisation.

Then, the moment-rotation relationship is obtained by integrating the curvature
distribution along the element length (see Figure 4-2):

0,=¢,-LI3 (4-2)

L M, (o M ([, M, ]

Hy:g.[¢c-(1+My]+¢y {1 My] (2+Myj] (4-3)
L,-(L-05-L,)

0,=0,+(4,-9¢,) (4-4)

L

where ¢ is the rotation at cracking, 6, is the yield rotation and ¢, is the ultimate
rotation.

The distributed plasticity model is based on discretisation of cross-sections at the
element ends into a number of fibres (see Figure 4-3) and the assumption of linear
variation of curvature along the element. Material stress-strain curves presented in
Figure 4-1 were used for steel and concrete fibres. The fibre model accounts
naturally for the interaction of biaxial moments and axial force.
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Figure 4-3. Discretisation of column cross-sections for fibre element.

Insufficient anchorage of reinforcement was accounted for by the procedure
suggested in FEMA356 (2000), by reducing the yield strength of bars proportionally
to the ratio of available anchorage length to the one required for full anchorage:

av (4_5)

where f, is the bar yield strength, /., is the available anchorage length, /yeq is the
anchorage length required for full bar anchorage.

The bar length required for full anchorage was deduced from the provisions of
Eurocode 2 (1999 version, as the last draft do not contain provisions for plain bars),
considering good bond conditions (horizontal bars in lower half of the member), and
sufficient cover to prevent splitting failure (transverse beams present in most cases).
For the sake of simplicity and considering that the bottom bar capacity is critical, no
distinction was made between bottom and top bars required anchorage length. The
bond stress of plain bars is given by:

f,=0.36-f (4-6)
The required anchorage length was determined as:
f
l, =0.7-$-i (4-7)
4 f,

where dp is the bar diameter, and 0.7 is a coefficient accounting for the presence of
hook.
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Table 4-2. Equivalent bar yield strength for insufficient anchorage.

db, mm Ib,av, mm Ib,req, mm fy’eq, N/mm2 fy}eq/fy
12 220 336 231 0.66
20 220 560 138 0.39

The required anchorage length and the equivalent yield strength of beam bars with
insufficient anchorage are presented in Table 4-2. They apply to bottom beam bars
and to beam "montage" bars at the top. Column splices are 400 mm length and
would qualify as fully anchored. Their modelling was not explicitly accounted for.

The procedure adopted here to account for anchorage failure is rather simplistic and
do not reflect all the aspects of this phenomenon. However, very limited information
is available in literature on the behaviour of reinforced concrete elements with this
particular detailing (hooked plain bars). Therefore, the simple procedure described
above was used for all the structural models considered in this study.

Effective widths of beams were determined according to Paulay and Priestley, 1992,
and are presented in Table 4-3 for first storey beams, together with the effective
longitudinal reinforcement. Ends i/ and j are assigned in the positive directions of the
X and Y axes. Upper storey beams are identical to the corresponding elements in the

first storey.

Table 4-3. Beam effective width and reinforcement.

effective width, bottom top web top slab
mm reinforcement | reinforcement | reinforcement
8“8’5?5" 750 2012 ins gilg Eﬁ 398
BA] 750 2012 ins iig :{]ﬁ 808
B2i 1250 2012 ins iﬂg n 1398
B2j 1250 2012 ins gig :{]ﬁ 15¢8
B3i, B3] 1500 2012 ins gﬁg :{‘j 848
BAi 1750 3¢20 ins i$;§ Eﬁ 14¢8
B4j 1750 5020 ins 2012 ful 1548
B6ij 1500 2012 ins gilg Eﬁ 11¢8
B7i 3000 2012 ins gﬁ;g :,[‘j 2508
B7j 1500 2912 ins gi;g :c:ﬁ 768
B8i, B8] 1250 2012 ins gig :{]ﬁ 608
BO 1750 2420 ful ‘;Eg Iﬁ:: 1348
BOj 2000 2620 ins gigg :czﬁ 948
B10i 1250 2012 ins 4912 full 608
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2012 ins
B10j 1250 2012 ins 2¢12 full 8¢$8
2¢20 full
. . 2012 ins
B11i 1375 2012 ins 4412 ful 9¢8
B11j, , 2¢12ins
B12i 750 2612 ins 2012 ful 268
. . 2012 ins
B12j 1250 212 ins 4912 full 9¢8
: 2¢12 full
B13i 1750 3¢20 full 1920 full 18¢$8
. . 2012 ins
B13j 1125 3¢$20 ins 320 full 9¢8
B14i 2612 ins
B14f 1750 2¢20 ins 2912 full 1948
2¢20 full

Note: ins — insufficient anchorage (/,=220mm), full — full anchorage provided.

The yield and ultimate rotations (or curvatures for the B13 and B14 beams), and yield
moments for the one-component modelling of the SPEAR building members are
presented in Table 4-4 and Table 4-5, and graphically in ANNEX IIl. It can be
observed that beams moment capacity is much higher under negative bending (top
reinforcement in tension). Positive flexural capacity of beams is generally lower then
or close to the flexural capacity of 250x250 columns. Rotation capacity of columns is
strongly dependent on the axial force and is lower for first storey columns subjected
to higher axial compression. A comparison of the above analytical plastic rotation
capacities to FEMA356 empirical predictions (tabulated values based on detailing
and magnitude of axial and shear forces) show that the latter are more conservative
for columns, but similar for beams. Even higher rotations at element failure are
predicted by the distributed plasticity fibore model for columns (Stratan and Fajfar,
2002).

Table 4-4. Yield and ultimate rotations, and yield moments for beams.

yield rotation, rad ultimate rotation, rad ield moment. kNm
Element (curvature®, 1/m) (curvature®, 1/m) y ’
POS NEG POS NEG POS NEG
B1i, B5ij 0.0010 0.0022 0.021 0.022 24.7 82.1
B1j 0.0010 0.0024 0.021 0.014 24.7 151.5
B2i 0.0014 0.0041 0.029 0.017 25.3 187.0
B2j 0.0014 0.0041 0.029 0.018 25.3 171.7
B3i 0.0008 0.0023 0.021 0.018 25.6 120.1
B3j 0.0008 0.0023 0.021 0.018 25.6 120.1
B4i 0.0014 0.0056 0.039 0.016 63.0 310.5
B4j 0.0042 0.0045 0.036 0.041 248.2 152.7
B6ij 0.0016 0.0047 0.033 0.025 25.7 142.3
B7i 0.0010 0.0059 0.038 0.014 27.3 336.6
B7j 0.0016 0.0054 0.039 0.020 25.6 214 .1
B8i 0.0011 0.0030 0.025 0.025 254 105.0
B8j 0.0011 0.0030 0.025 0.025 25.4 105.0




Structural modelling and analysis

13

BIi 0.0038 0.0050 0.040 0.027 101.2 2121
B9j 0.0012 0.0048 0.039 0.024 44.9 183.1
B10i 0.0021 0.0030 0.026 0.023 37.3 115.6
B10j 0.0011 0.0036 0.025 0.013 25.3 209.4
B11i 0.0015 0.0044 0.031 0.021 25.5 159.5
B11j 0.0018 0.0039 0.031 0.034 24.7 74.4
B12i 0.0016 0.0036 0.029 0.032 24.7 74.4
B12j 0.0014 0.0040 0.029 0.020 253 159.2
B13i 0.0043* | 0.0052* 0.104* 0.077* 150.5 2174
B13j 0.0018* | 0.0057* 0.105* 0.049* 61.2 232.0
B14ij 0.0017* | 0.0059* 0.105* 0.033* 43.9 289.7

Table 4-5. Yield and ultimate rotations, and yield moments for columns.

Element yield rotation, rad ultimate rotation, rad | yield moment, kNm
C1 0.0050 0.020 39.1
C2 0.0049 0.021 38.2
C3 0.0057 0.013 53.7
C4 0.0053 0.016 45.1
C5 0.0043 0.029 251
074 0.0045 0.026 29.8
C8 0.0043 0.031 23.4
C9 0.0047 0.023 34.2
C10 0.0046 0.024 31.9
C11 0.0046 0.025 31.3
C12 0.0051 0.018 42.2
C13 0.0048 0.022 36.2
C14 0.0043 0.032 22.3
C16 0.0044 0.029 254
C17 0.0043 0.032 20.9
C18 0.0044 0.027 28.6
C19 0.0043 0.030 24.3
C20 0.0043 0.030 23.8
C21 0.0045 0.025 30.3
C22 0.0044 0.028 26.7
C23 0.0044 0.034 19.1
C25 0.0043 0.033 20.7
C26 0.0045 0.035 18.3
Cc27 0.0043 0.032 22.5
cey 0.0040 0.030 60.7

C15Y 0.0040 0.032 53.2
c24Y 0.0041 0.035 45.0
(010),¢ 0.0024 0.018 178.7
C15X 0.0024 0.021 156.1
C24X 0.0025 0.024 131.7




14 Structural modelling and analysis

4.3. Geometry, loading, and analysis procedure

Idealisation of the structure is based on line macroelements placed at the mid-depths
of members, and connected at the nodes. The system of coordinates, axes, and
numbering of nodes are presented in Figure 4-4. Plan dimensions and numbering of
elements are presented in Figure 4-5, and a vertical cross-section through the
structure in Figure 4-6.

;™

>

Figure 4-4. System of coordinates, axes, and node numbers for basement and
storeys 1 to 3.
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Figure 4-5. Plan dimensions and element numbering for storeys 1 to 3 (dim. in m).
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Figure 4-6. Vertical cross-section through the structure (dimensions in m).

Live loads and dead loads from partitions were assumed applied to all the three
stories. Self-weight of r.c. members and the slab was computed considering a
specific weight of concrete of 2500 kg/m®. Gravitational loading for the seismic load
combinations was assumed according to Eurocode 8 and Eurocode 1 as
G+y,-Q=G+0.3-Q, where G is the permanent load (finishings and self-weight of

r.c. slab and members), and Q is the live load. The tributary gravitational load was
assigned to beams, and assumed uniformly distributed on the beam clear span
(between the column faces).

Rigid diaphragm action was considered at the floor levels, due to monolithic r.c. slab.
Masses were determined according to the EC8 as corresponding to the loads from
the G+¢-y, -Q combination, where ¢=0.8 for stories 1-2 and 1.0 for roof.
Translational masses (M) and mass moment of inertia (MMI) were applied at the
centre of mass (CM) of each floor (see Table 4-6).

Table 4-6. Translational masses and mass moment of inertia of the SPEAR building.

Centre of Mass Mass Mass Moment of Inertia
FLOOR 1&2 | X=4.53m 65.5 t 1254 tm?
Y=529m :
X=457m 2
ROOF Y =533m 64.1t 1196 tm

Centre of stiffness for each floor, determined according to EC8 as the centre of
stiffness of column moment of inertia is presented in Figure 4-7. Torsional
characteristics used for classification of building regularity in plan in EC8 are
presented in Figure 4-5, where ey, e, are eccentricities measured along the X and Y
axes respectively, ry, r, are torsional radii, and /s is the radius of gyration of a floor in
plan. The following conditions need to be verified for each principal direction to
consider the structure as regular in plan:

€,<03r, €,6<03-r (4-8)

y y
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r.>1_, r, =1 (4-9)
Thus, the SPEAR structure is classified as irregular in plan according to ECS8
provisions. Torsional eccentricities are larger in the Y direction.
Table 4-7. Torsional characteristics of the SPEAR building.

€ox, M | €gy, M Iy, M ry, m ls, m 0.3rx 0.3r,
FLOOR 1&2 | 1.302 | 1.037 1.44 2.57 4.38 0.43 0.77
ROOF 1.338 | 1.081 1.44 2.57 4.32 0.43 0.77

FLOORS 1&2 ROOF

5.29
5.33

4.25
4.25

Figure 4-7. Centre of mass and elastic centre of stiffness of the SPEAR building.

Seismic response of the SPEAR structure was evaluated by two analysis procedures:
nonlinear dynamic (time-history) and nonlinear static (pushover). Second order (P-
delta) effects were not considered in the analysis due to current program limitation.

In the case of time-history analysis, 5% Rayleigh damping was used, for the first two
modes of vibration. The stiffness-proportional damping was applied to the
instantaneous stiffness matrix. Time-history analyses were performed under
bidirectional pairs accelerograms, applied at 0° and 180° (see Figure 4-8), and the
maximum response quantities were obtained as the maximum of the two analyses
runs, separately for positive and negative values. This procedure was adopted due to
unsymmetrical properties at both the element (beam moment capacities) and
structural (base shear in the Y direction) levels. Additional discussion of the
procedure is presented in Stratan and Fajfar, 2002.

Three earthquake intensity levels were used, corresponding to 0.1g, 0.2g, and 0.3g
peak ground acceleration (PGA) of the target spectrum. The PGA value includes the
code soil coefficient, i.e. it is represent the peak acceleration on top of the soil layer.
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Figure 4-8. Bidirectional seismic inputs.

The pushover analysis was carried out under inverted triangular, uniform, and modal
load patterns. In the case of modal load pattern, translational-only components
(planar patterns) were used. Evaluation of seismic demands was performed by the
N2 method (Fajfar, 2000). It involves a static nonlinear (pushover) analysis of the
MDOF structure combined with a response spectrum analysis of an equivalent SDOF
system. The method was initially restricted to planar structures. The theoretical
background of its extension to asymmetric 3D structures is presented in Fajfar, 2002.
Two techniques for evaluation of seismic response under bidirectional seismic input
by simplified methods like N2 were investigated: the SRSS combination of two
separate analyses in each principal direction, and the pushover analysis under
"bidirectional" load patterns, obtained as an extension of the 100/30 rule. Considering
that modal load pattern provided generally the best fit to the results of dynamic
analyses, and that both SRSS combination and 100/30 patterns provided similar
values of displacement demands (Stratan and Fajfar, 2002), only the results of the
modal pattern with SRSS combination of unidirectional pushovers are presented
herein.

4.4. Structural models

Based on the study of different parameters affecting the seismic response of the
SPEAR structure and the correlation of analytical and experimental element models
for columns (Stratan and Fajfar, 2002), two structural models, which are supposed to
represent the "best-estimate" models, were considered.

The first one, denoted by ETCP, is based on trilinear one-component element
models for both beams and columns and expected material characteristics.
Centreline dimensions were used for the elements to account for additional
deformations not modelled directly (bar slippage and joint shear distortion). However,
the comparison of structural models with and without rigid offsets showed that the
two assumptions alter the relative storey shear capacities. To counterbalance this
effect, first storey columns were considered the same length as second and third
story columns (3m), as the effect of strain penetration and bar slippage may equally
occur at the column-footing interface. Rigid elements were used only at the 250x750
mm column, to account for the finite dimension of this member (see Figure 4-9).
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Beam effective width was computed according to the recommendations of Paulay
and Priestley, 1992. When assessing the beam flexural resistance under negative
moments (top reinforcement in tension), only the top slab reinforcement effectively
anchored was considered. Takeda hysteretic behaviour was used for the elements,
without pinching. Structure members were modelled by line macroelements. One
element per member was generally used, with the exception of the B9-14, B23-28,
B37-42 and B4-13, B18-27, B32-41 beams, due to beams framing from the other
direction. Beam flexural behaviour was modelled by one-component (lumped
plasticity) elements based on moment-rotation relationship. The element formulation
is based on the assumption of double curvature bending (inflexion point at the
midpoint of the element). As this assumption is markedly violated for the B13, 27, 41
and B14, 28, 42 beams, which are in almost uniform bending, the latter were
modelled with a moment-curvature based element, which is appropriate for elements
in near to uniform bending (Li, 2002).

‘ ‘
centreline "o |
dimensionsi
\rigid elements

Figure 4-9. Modelling of joint at the 250x750 column.

The second model was denoted by EFCP and is identical to the ETCP model, with
the exception of columns, which were modelled by distributed plasticity fibre
elements. Columns modelled with fibre element showed very good agreement with
cyclic experiments on isolated columns (Stratan and Fajfar, 2002), and account for
cyclic strength degradation and M-M-N interaction. The fibre column models are
characterised by higher flexibility in comparison to the trilinear one-component model.

Though the ETCP model does not account for some important aspects such as
strength degradation and M-M-N interaction for columns, it was chosen for several
reasons. The first one is that to authors' knowledge, similar models showed adequate
correlation with full-scale pseudo-dynamic tests in the past. Secondly, element
rotation capacities derived in relation to this model are in reasonable agreement with
the more conservative empirical estimates of FEMA356 for GLD frames. And finally,
variants of one-component element models are relatively well-known, and are readily
available in some commercial computer programs. Thus, the ETCP model is believed
to represent a "lower-bound" model in relation to deformation capacity.

On the other hand, the EFCP model is expected to provide a more realistic prediction
of response, considering the good agreement with the experimental results on
columns similar to the ones in the SPEAR structure. At the same time, caution is
needed, as the element formulation effectively accounts for failure due to concrete
crushing only, and is unable to consider other causes, such as attainment of ultimate
strains in reinforcement, buckling of reinforcement, etc.
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5. SEISMIC RESPONSE OF THE SPEAR STRUCTURE

Seismic response of the SPEAR structure was estimated for three earthquake
intensity levels: 0.1g, 0.2g, and 0.3g. Results are presented in more detail for the
0.2g PGA of the target response spectrum, while only the most relevant aspects are
highlighted for the other two levels.

5.1. Dynamic characteristics

Initial periods of vibration are similar for the ETCP and EFCP models (see Table 5-1).
Though all mode shapes have components in all three degrees of freedom (two
horizontal translations and torsional rotations), the predominant directions of vibration
are X translations for the 1! mode, Y translations for the 2" mode, and torsional
rotations for the 3™ mode (see Figure 5-1).

Table 5-1. Initial six periods of vibration for the structural models considered.

Model T4, s To, s Ts, s Ta, s Ts, s Te, S
ETCP 0.570 0.484 0.392 0.198 0.162 0.133
EFCP 0.559 0.476 0.385 0.195 0.159 0.130

ETCP - Mode 1

ETCP - Mode 2

ETCP - Mode 3 ETCP - Mode 4

0+ 10




20 Seismic response of the SPEAR structure

ETCP - Mode 5 ETCP - Mode 6

Figure 5-1. Initial mode shapes of the ETCP model.

5.2. Earthquake intensity level 0.2g
5.2.1. Pushover analysis

The pushover curves in the X (100X) and Y (100Y) positive (P) and negative (N)
directions for the ETCP model are presented in Figure 5-2. The characteristic
structural events are plotted on the graph: first element yield, displacement demand,
and the attainment of ultimate rotation capacity in an element. The latter event is
denoted by DCR=1, which stands for Demand to Capacity Ratio. It can be observed
from the graph that base shear capacity is similar in the positive and negative X
directions, but an important difference exists in the positive and negative Y directions.
This behaviour is related to the strength hierarchy of elements. Generally beams
negative moment capacity exceeds the column moment capacity, so that yielding
occurs only in beams under positive moments and columns. However, this hierarchy
is changed at the 250x750 column to beam interface, so that beams B10, B24 and
B38 may experience yielding under negative moments. Thus, higher base shear
capacity results for the negative Y pushover, when beams at the 250x750 column
interface experience yielding in negative bending.

Displacement demands were determined by the N2 method, additional details on the
bilinear idealization of the capacity curve and the SDOF displacement demands
being presented in ANNEX IV. Attainment of ultimate rotation capacities in elements
are evaluated at displacements higher than the demands for the 0.2g earthquake
intensity level.

The EFCP model showed similar response as the ETCP, but the former is more
flexible (see Figure 5-3 and Figure 5-4). The fibre model shows global strength
degradation (initiation of failure), though at displacements much higher than the 0.2g
earthquake intensity level. The degradation of strength is more pronounced in the X
direction. The amount of strength degradation for the EFCP model is related to
material characteristics and level of axial force in columns (represented by the
pushover analysis), as well as the effects of cyclic bidirectional loading (not
represented by the pushover analysis). The relative strength of steel and concrete
showed to be an important parameter for column response (Stratan and Fajfar, 2002).
More pronounced strength degradation of 250x250 columns was observed when
characteristic material strengths were used instead of expected ones.



Seismic response of the SPEAR structure 21

A comparison of pushover predictions of such response quantities as interstorey drift,
element rotation and element shear force demands to the dynamic analysis is

presented in next chapter.
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Figure 5-2. Pushover curves in the X and Y directions, MODE1 load pattern, ETCP
model, displacement demands for 0.2g intensity level.
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Figure 5-3. Comparison of pushover curves in the X directions for ETCP and EFCP
models, displacement demands for 0.2g intensity level.
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Figure 5-4. Comparison of pushover curves in the X directions for ETCP and EFCP
models, displacement demands for 0.2g intensity level.

5.2.2. Dynamic analysis

Predictions of top displacement and twist demands for the 0.2g earthquake intensity
level are presented in Figure 5-5 and Figure 5-6 for the ETCP and EFCP models
respectively. Higher displacement demands are present at the flexible edge (N51)
than at the stiff edge (N39). Average increase of top displacements (mean dynamic)
at the flexible edge with respect to the centre of mass (R3) amounts to 30% and 16%
for the X and Y direction respectively. Corresponding decrease of top displacements
at the stiff edge with respect to centre of mass amounts to 15% and 10% for X and Y
directions respectively. Thus a higher torsional response is present in the X direction,
even if the initial elastic eccentricity is bigger in the Y direction (see chapter 4.3). The
more flexible EFCP model is characterised by higher displacement demands in
comparison with the ETCP model.

Global strength and stiffness asymmetry in the Y direction causes unsymmetrical
displacement demands in the positive and negative senses of the Y direction. The
increase of displacement demands in the weaker +Y direction is predicted by
dynamic analysis, pushover analysis failing to represent this effect. Pushover
analysis predicts much smaller top twists in comparison with dynamic analysis. Even
if generally maximum twist and maximum displacements do not occur at the same
time, pushover analysis generally underestimated displacement demands at the
flexible edge, providing conservative estimates at the CM and stiff edge only.

Maximum storey twist demands concentrate in the lower two storeys (see Figure 5-7),
pushover analysis providing very low estimates in comparison to the dynamic
analysis. Interstorey drift demands are higher in the first storey for the X direction
(see Figure 5-8), though at the flexible edge approximately uniform drift demands are
noted in the lower two storeys. Due to the effect of strong 250x750 column, a more
uniform distribution of interstorey drift demands is observed for the Y direction. A
comparison of interstorey drift demands of the ETCP and EFCP models is presented
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in Figure 5-10. Approximately the same distribution of drifts along the height is
observed for both models, with higher demands in the case of the EFCP model.
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Figure 5-5. Top twist and top displacement demands at the centre of mass (R3), stiff
(N39), and flexible (N51) edges predictions by nonlinear dynamic and pushover
analyses, ETCP model, 0.2g intensity level.
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Figure 5-6. Top twist and top displacement demands at the centre of mass (R3), stiff
(N39), and flexible (N51) edges predictions by nonlinear dynamic and pushover
analyses, EFCP model, 0.2g intensity level.
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Figure 5-7. Storey twist predictions by nonlinear dynamic and pushover analyses,
ETCP model, 0.29g intensity level.

A global view of element deformation demands for the ETCP model can be observed
in Figure 5-11, where either chord rotation (for most of elements) or curvature (for
B13, 27, 41 and B14, 28, 42 beams) demands are plotted for the frame lines defined
in Figure 4-5. In the same way, Figure 5-12 presents rotation/curvature ductility
demands, only for those elements that have experienced yielding. Distinction is made
in the case of beams between positive and negative bending, the latter being plotted
upwards.

Thus, it can be observed that the plastic mechanism is associated with extensive
yielding of columns. In the X direction column ductility demands are higher in the
lower two storeys, while in the Y direction they are distributed more uniformly along
the height. An increase of ductility demands is present from the stiff to flexible edges
(e.g. from frame line X1 towards X3). The 250x750 strong column experiences
significant yielding in the Y direction at the base only, causing more uniform ductility
demands in the 250x250 columns along the height of the building, and reducing the
risk of a storey mechanism. Higher deformation demands are present for columns in
the X direction. This is caused partially by lower top displacement demands in the Y
direction, especially at the flexible edge, and especially due to more uniform drift
distribution along the height (i.e. lower drift demands at the same top displacement
due to a more favourable plastic mechanism).

Only few beams yield under negative bending moment (top reinforcement in tension)
i.e. B12i, B19j, B10i, and B24i. With the exception of the first one, these are beams
framing into the strong column. Significant yielding (or pullout of bottom bars) of
beams under positive bending moments is however present, mainly for shorter
beams and/or at the exterior beam-column joints, where there is greater chance of
moment reversal due to earthquake loading.

The same conclusions can be observed from the chord rotation and curvature
demands pots in the case of the EFCP model (Figure 5-13). Note that in this case
curvatures are plotted for columns modelled by fibre elements.
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Mean dynamic and pushover estimates of beams chord rotations for the ETCP model
are presented in Figure 5-14. A reasonable agreement between the two analysis
methods is noted. At the same time, the relatively reduced values of rotations in
beams are noted, especially when compared to the capacity. The Demand to
Capacity Ratios (DCRs) in terms of rotations or curvatures are plotted in Figure 5-15.
All of the beams have DCRs less than unity. Diagrams of elastic shear force
demands (Figure 5-16) show that with the exception of short beams B1, B3, BS and
the corresponding upper storey ones, no or little shear force reversal occurs.

Plots of rotation demands in columns (Figure 5-17 through Figure 5-20) show trends
in accordance with drift distributions. Thus, in the case of bending about the global Y
axis (corresponding to X direction displacement demands), column rotation demands
are higher in the lower two stories. For bending about the X axis, rotations are more
uniform across the three stories. Due to concentration of deformations in the lower
two stories in the X direction, rotation demands in the corresponding columns are
considerably higher for bending about the Y axis than for bending about the X axis.
Columns at the flexible edges experience higher rotation demands than the ones at
the stiff edges.

Column rotation DCRs are presented in Figure 5-21 through Figure 5-24. The
maximum DCRs are observed for columns with high rotation demands (at the flexible
edges) and low rotation capacities (higher axially loaded first storey columns). For
bending about the X axis, the critical columns are C2, C3, and C4. The same ones, in
addition to C1 represent the critical elements for bending about the Y axis. However,
the highest DCR of 0.81 for the C3 column shows that the SPEAR structure will resist
the 0.2g intensity earthquake without collapse.

Shear force demands in columns for the ETCP model are presented in Figure 5-25
and Figure 5-26.

In the case of EFCP model somewhat higher rotation demands (see Figure 5-27) and
similar shear force demands (see Figure 5-28) in beams were observed. Column
flexural response is not comparable directly due to different element formulation,
however, the shear force demands were similar for the two models (Figure 5-29).
Significant concrete compressive strains in the softening range were observed for C1
to C4 columns, in agreement with the ETCP model. Concrete spalling is expected for
these elements.

Sample moment-rotation and moment-curvature response of the beam B1, and
columns C2 and C3 for the ETCP and EFCP models are presented in Figure 5-30
through Figure 5-35. Only one or few full cycles in the inelastic range are generally
observed. Though generally column response was characterised by stable hysteresis
loops in the case of EFCP model, in several cases (e.g. C2 column under AL2-0
record) considerable strength degradation was observed, indicating element failure.

Time histories of top displacements and twists for both models are presented in
Figure 5-36 through Figure 5-39. Top displacements at the flexible and stiff edges
are generally in phase, especially for the pre-peak range. Contrary, top twist is
generally not in phase with displacements. Investigation of unidirectional vs.
bidirectional seismic input in a companion study (Stratan and Fajfar, 2002) showed
that under unidirectional seismic input both top displacements and twist were in
phase. Top twist time history is affected significantly by the bidirectional seismic input,
maximum values being always higher than the ones under unidirectional input.
Contrary, top displacements in a given direction under bidirectional seismic input are
governed by the unidirectional time history response in the same direction, and can
both increase or decrease in magnitude with respect to the unidirectional input.
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However, as the influence of the seismic input in the orthogonal direction on top
translations is comparatively small, the displacements at the stiff and flexible edges
are generally in phase also under bidirectional seismic input, at least for highest

peaks.
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Figure 5-8. Interstorey displacement demands in the X direction at the centre of mass
(CM), stiff (X1Y1), and flexible (X3Y3) edges, ETCP model, 0.2g intensity level.
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Figure 5-9. Interstorey displacement demands in the Y direction at the centre of mass
(CM), stiff (X1Y1), and flexible (X3Y3) edges, ETCP model, 0.2g intensity level.
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Figure 5-10. Comparison of interstorey drift demands for the ETCP and EFCP
models at the centre of mass (CM), stiff (X1Y1), and flexible (X3Y3) edges.
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Figure 5-11. Mean dynamic rotation/curvature demands in elements, ETCP model,
0.2g intensity level.
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Figure 5-12. Mean dynamic rotation/curvature ductility demands in elements, ETCP
model, 0.2g intensity level.
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Figure 5-13. Mean dynamic rotation/curvature demands in elements, EFCP model,
0.2g intensity level.
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Figure 5-14. Rotation demands in beams, ETCP model, 0.2g intensity level

(L — left [i] end; R —right [j] end).
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Figure 5-15. Rotation DCRs in beams, ETCP model, 0.2g intensity level

(L — left [i] end; R —right [j] end).
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Figure 5-16. Shear force demands in beams, ETCP model, 0.2g intensity level

(Q1-end 1, Q2 —end)).
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Figure 5-17. Rotation demands in columns (bending about X axis at the bottom end),

ETCP model, 0.2g intensity level.
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Figure 5-18. Rotation demands in columns (bending about Y axis at the bottom end),
ETCP model, 0.2g intensity level.
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Figure 5-19. Rotation demands in columns (bending about X axis at the top end),

ETCP model, 0.2g intensity level.
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Figure 5-20. Rotation demands in columns (bending about Y axis at the top end),
ETCP model, 0.2g intensity level.
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Figure 5-21. DCRs in columns (bending about X axis at the bottom end), ETCP
model, 0.2g intensity level.
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Figure 5-22. DCRs in columns (bending about Y axis at the bottom end), ETCP
model, 0.2g intensity level.
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Figure 5-23. DCRs in columns (bending about X axis at the top end), ETCP model,
0.2g intensity level.
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Figure 5-24. DCRs in columns (bending about Y axis at the top end), ETCP model,
0.2g intensity level.
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Figure 5-25. Shear force demands in columns (along X axis), ETCP model, 0.2g
intensity level.
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Figure 5-26. Shear force demands in columns (along Y axis), ETCP model, 0.2g
intensity level.
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Figure 5-29. Shear force demands in storey 1 columns (along X and Y axes), ETCP
vs. EFCP models, 0.2g intensity level.
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Figure 5-30. Moment-rotation history for the beam B1 left end (i), ETCP model, AL1-0
and AL2-0 records, 0.2g intensity level.
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Figure 5-31. Moment-rotation history for the beam B1 left end (i), EFCP model, AL1-0
and AL2-0 records, 0.2g intensity level.
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Figure 5-32. Moment-rotation history for the column C2 bottom end, ETCP model,
AL1-0 and AL2-0 records, 0.2g intensity level.
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Figure 5-33. Moment-rotation history for the column C3 bottom end, ETCP model,
AL1-0 and AL2-0 records, 0.2g intensity level.
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Figure 5-34. Moment-rotation history for the column C2 bottom end, EFCP model,
AL1-0 and AL2-0 records, 0.2g intensity level.
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Figure 5-35. Moment-rotation history for the column C3 bottom end, EFCP model,
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Figure 5-36. Time histories of top twist and top displacements in the X direction at the
stiff (N39) and flexible (N51) edges, ETCP model, 0.2g intensity level.
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Figure 5-37. Time histories of top twist and top displacements in the Y direction at the
stiff (N39) and flexible (N51) edges, ETCP model, 0.2g intensity level.
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Figure 5-38. Time histories of top twist and top displacements in the X direction at the
stiff (N39) and flexible (N51) edges, EFCP model, 0.29g intensity level.
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Figure 5-39. Time histories of top twist and top displacements in the Y direction at the
stiff (N39) and flexible (N51) edges, EFCP model, 0.2g intensity level.

5.2.3. Shear capacity check

Shear resistance of members

The shear capacity of beams and columns in GLD frames may be insufficient due to

the following reasons:

= columns often have only nominal transverse reinforcement, with spacing similar to
column dimensions
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= beam shear reinforcement is usually in the form of inclined bars, that do not
provide a resisting mechanism at load reversal

= stirrups may not be adequately anchored with 135° hooks, their efficiency being
reduced in this case

Shear capacity of reinforced concrete members is known to depend on the degree of
flexural ductility in the plastic hinge. A distinction can be made between a brittle
shear failure of columns before the flexural strength of the column has been reached,
and ductile shear failure, where a degree of ductility develops in plastic hinges before
shear failure occurs. The predictive model for shear strength of r.c. elements
proposed by Priestley et al. (1994) is used in this study. It consist of three
independent components: a concrete component V,; whose magnitude depends on
the level of ductility, an axial load component V, whose magnitude depends on the
column aspect ratio, and a truss component Vs whose magnitude depends on the
transverse reinforcement content.

Vg =V, +V, +V, (5-1)
with the three components evaluated as:
V, =k-Jf,-0.8-A, (5-2)

k=0.29 for member displacement ductility s, <1 (biaxial), or curvature ductility »z, <1;
k=0.1 for member displacement ductility x4, >3 (biaxial), or curvature ductility zz, >3
k varies linearly between member displacement ductility 1 and 3 (see Figure 5-40).

h-c
V. =——P 5-3
P 2a (5-3)
h — the overall section depth; ¢ — the depth of the compression zone; a = L for a
cantilever column, and a = L/2 for a column in reversed bending.
ASW ’ f w ’ d
vV, =—" .cot30° (5-4)
S
Asw — the total transverse reinforcement area per layer; f,, — the steel yield strength; s
— spacing of stirrups; d — the effective depth

ST N T T - ====- 0.29
B ~¢———— Uniaxial E
§ x Ductility
G Biaxial ____ é
& Ductility
1.2 7 #10.1
T T T T >
1 2 3 4

Member Displacement Ductility

Figure 5-40. Degradation of concrete shear strength with ductility,
(Priestley et al., 1994)

The model of Priestley et al. (1994) was developed for column sections. The
following adjustments have been proposed for evaluation V. in the case of beams
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(Priestley, 1997): k=0.2 for member displacement ductility x, <1 (biaxial), or
curvature ductility , <1; k=0.05 for member displacement ductility «, >3 (biaxial),
or curvature ductility .2, >5; k varies linearly between member displacement ductility
1 and 3.

Even if the spacing of stirrups is large in comparison with the column dimensions,
steel component was considered for all columns due to the 30° angle between the
shear reinforcement and the tension chord in this model. For beams, two shear

capacities were computed, corresponding to negative bending (V:d”‘) when the

inclined reinforcement is effective (V ), and corresponding to positive bending (Vé‘:+ ),

when the inclined reinforcement is ineffective. The following equations apply for

different elements of the SPEAR structure:
= beams:VY =V +V +V,, V" =V +V,

si?

= columns: V. =V, +V,+V,

Table 5-2. Shear capacity (Vry¢) and demands (Vs,) for selected beams and columns.

Element Vg, KN for u=1 (u=3) Vs, kN (ETCP, 0.29)
C3 (250x250) 174.3 (116.1) 35.0
C23 (250x250) 145.4 (87.2) 12.5
C6x (250x750) 341.3 (166.9) 39.1
C6y (250x750) 475.1 (300.7) 119.6
C15x (250x750) 334.4 (160.0) 35.6
C15y (250x750) 464.9 (279.4) 98.3
C24x (250x750) 327.5 (153.1) 23.7
C24y (250x750) 453.8 (279.4) 66.7
BééBé’g 53,155, yM- =327.1(235.3) 504
B’11, ’B12 ’ VRA;” = 2668 (1750) .
Vi-=434.2 (342.4)
B4, B7, B9, B14 “ 88.1
yi = 266.8 (175.0)
513 yM-=561.5 (469.7) 085
y¥ = 266.8 (175.0) '

The shear force demands for ETCP model at 0.2g earthquake intensity level and
capacities for characteristic elements are presented in Figure 5-7. A significant safety
margin over shear failure can be observed, indicating that shear failure of elements is
not likely to occur, even for higher earthquake intensity levels.

Beam-column joints

Shear failure of beam-column joint cores without transverse reinforcement is due to
extensive diagonal tension cracking that may eventually lead to diagonal
compression failure in the joint core (Hakuto et al., 2000). Attempts have been made
to predict the shear failure of the joints by limiting the nominal stress vj, as a function

of concrete compressive strength (f;), tensile strength (\/E ), or by limiting the

principal compression and tensile stresses in the joint. Two mechanisms of shear
resistance are traditionally considered (Paulay and Priestley, 1992): the diagonal
strut mechanism and the truss mechanism. The latter is ineffective in the case of
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joints lacking transverse reinforcement or after bond deterioration between the beam
longitudinal reinforcement and the joint core. Consequently, the shear resistance of
GLD frames beam-column joints will rely on the diagonal strut mechanism only (see
Figure 5-41).

(] b

el s>

Figure 5-41. Concrete diagonal strut mechanism in interior bam-column joints.

In the case of exterior beam-column joints, the extent to which the diagonal
compression strut mechanism can be mobilised depends greatly on the detailing of
longitudinal beam reinforcement. Longitudinal beam reinforcement bent into the joint
core (see Figure 5-42a) will permit the diagonal compression strut to bear effectively
against the bend, since the bearing stresses at the bend of the bar act in the direction
of the strut. When beam reinforcement is bent away from the joint (see Figure 5-42b),
diagonal strut in the joint can not be stabilized, and joint failure occurs at an early
stage (Priestley, 1997).

J\'

’ 7

NG S

A
(a) (b)

Figure 5-42. Mechanism of shear transfer in exterior beam-column joints.

A detailed overview of different provisions for determination of shear capacity of
beam-column joints is presented in Stratan and Fajfar, 2002. Joint shear strength
predictions according to different approaches differed sometimes by more than 100%.
The relatively more conservative provisions of FEMA356 (2000) are used in the
present study for estimation of joint shear capacity:

TR ENA (5-5)
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where 1 = 0.75 for lightweight aggregate concrete and 1.0 for normal weight
aggregate concrete, and y is as defined in Table 5-3. In addition to classification of
beam-columns joints as interior or exterior, FEMA 356 distinguishes another category
of knee joints. The tabulated y values were interpolated for the case of transverse
beams framing into one side of the joint only.

Table 5-3. Values of yfor joint strength calculation, for f, in N/mm?, and p"<0.003,
FEMA 356, (2000).

Interior joint Interior joint Exterior joint | Exterior joint | Knee joint
with without with without
transverse transverse transverse transverse
beams beams beams beams
1.0 0.83 0.66 0.50 0.33

p" - volumetric ratio of horizontal confinement reinforcement in the joint; knee joint =
self-descriptive (with transverse beams or not).

Table 5-4. Joint shear demand (vjn sq), capacity (Vjn,rq), and DCR values for the X

direction.
Joint | Joint | vjnss N/mm?® | vjnrg, N/mm? DCR
ID type ETCP, 0.2g
J1-x int. 2.21 5.57 0.40
J2-x ext. 2.28 3.55 0.64
J3-x ext. 2.92 4.04 0.72
J4-x ext. 2.70 3.55 0.76
J5-x ext. 1.65 3.55 0.46
J6-x int. 1.08 5.57 0.19
J7-x ext. 2.06 3.55 0.58
J8-x ext. 1.48 3.55 0.42
J9-x ext. 2.36 4.04 0.58
J10-x int. 1.70 5.57 0.30
J11-x ext. 1.68 3.55 0.47
J12-x ext. 2.30 4.04 0.57
J13-x ext. 2.09 3.55 0.59
J14-x ext. 1.26 3.55 0.35
J15-x int. 0.88 5.57 0.16
J16-x ext. 1.19 3.55 0.34
J17-x ext. 1.07 3.55 0.30
J18-x ext. 1.76 4.04 0.44
J19-x int. 0.87 5.57 0.16
J20-x ext. 0.76 2.02 0.38
J21-x ext. 1.60 2.02 0.79
J22-x ext. 1.12 2.02 0.56
J23-x ext. 0.63 2.02 0.31
J24-x int. 0.47 5.57 0.08
J25-x ext. 0.75 2.02 0.37
J26-x ext. 0.63 2.02 0.31
J27-x ext. 1.00 2.02 0.49
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Table 5-5. Joint shear demand (v, sq), capacity (Vjn,rq), and DCR values for the Y

direction.
Joint | Joint | vjnss N/mm?® | vjrg, N/mm? DCR
ID type ETCP, 0.2g
J1-y ext. 2.23 4.04 0.55
J2-y ext. 2.29 3.55 0.64
J3-y int. 2.61 5.57 0.47
J4-y ext. 1.73 3.55 0.49
J5-y ext. 1.21 3.55 0.34
J6-y ext. 1.15 3.06 0.37
J7-y ext. 2.62 3.55 0.74
J8-y ext. 2.35 3.55 0.66
J9-y int. 1.87 5.57 0.34
J10-y ext. 1.87 4.04 0.46
J11-y ext. 1.82 3.55 0.51
J12-y int. 2.11 5.57 0.38
J13-y ext. 1.36 3.55 0.38
J14-y ext. 1.04 3.55 0.29
J15-y ext. 1.20 3.06 0.39
J16-y ext. 2.20 3.55 0.62
J17-y ext. 2.00 3.55 0.56
J18-y int. 1.64 5.57 0.29
J19-y ext. 0.97 2.02 0.48
J20-y ext. 0.93 2.02 0.46
J21-y int. 1.02 5.57 0.18
J22-y ext. 0.94 2.02 0.47
J23-y ext. 0.55 2.02 0.27
J24-y ext. 1.16 2.02 0.58
J25-y ext. 1.05 2.02 0.52
J26-y ext. 1.00 2.02 0.49
J27-y int. 0.90 5.57 0.16

Joint shear demands (mean of dynamic analyses for 0.2g seismic intensity level,
ETCP model), capacities according to FEMA356 approach, and the DCRs are
presented in Table 5-4 and Table 5-5. As in case of element shear capacity, a
sufficient safety margin exists between the demand and capacity that shows little
chance for joint shear failure.

5.3. Earthquake intensity level 0.1g
5.3.1. Pushover analysis

Pushover curves for the ETCP and EFCP models with displacement demands
determined by N2 method for the 0.1g PGA are presented in Figure 5-43 and Figure
5-44. Though some degree of yielding is experienced by structural members, the
global structural yield is not attained.
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Figure 5-43. Comparison of pushover curves in the X directions for ETCP and EFCP
models, displacement demands for 0.1g intensity level.
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Figure 5-44. Comparison of pushover curves in the X directions for ETCP and EFCP
models, displacement demands for 0.1g intensity level.
5.3.2. Dynamic analysis

Predictions of top displacement and twist demands for the 0.1g earthquake intensity
level are presented in Figure 5-45 and Figure 5-46 for the ETCP and EFCP models
respectively. Similarly to the 0.2g intensity level, higher displacement demands are
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present at the flexible edge than at the stiff edge, and the torsional amplifications of
displacement demands at the flexible edge are higher for the X direction.
Unsymmetrical displacement demands in the positive and negative senses of the Y
direction are noted for this lower intensity level, indicating that it is attributed not only
to the strength, but also to the stiffness asymmetry.

Distribution of interstorey drifts along the height of the building is similar to the one
under 0.2g seismic input for the Y direction, relatively uniform drift demands being
observed for the three storeys. In the X direction a different response is observed.
Interstorey drift demands are uniform along the height of the building at the centre of
mass and at the stiff edge for the low intensity level. However, at the flexible edge a
concentration of drift demands in the lower storey is observed, similarly to the 0.2g
seismic input (see Figure 5-47 and Figure 5-10). This can be explained by observing
the ductility demand plots for the ETCP model in Figure 5-48. Column yielding is
noted only for the lower two storeys at the flexible edge, which causes an increase of
drift demands in the lower part of the building. Extensive yielding of beams under
positive bending moments is present (pullout of beam bottom bars). Additionally,
plastic deformations are present at the bottom of the 250x750 column for bending in
the strong direction, and for the B10 beam at the interface with the 250x750 column
(under negative bending).

Ductility demands of the EFCP model show yielding of reinforcement in several
columns, with higher ductility demands for the base of the strong C6 column and the
“flexible edge” C1, C2, C5, C10, C11, C14 columns. Concrete crushing is not present
at this level of seismic input. Due to higher displacement demands, the B24 beam
yields under negative moment in addition to the B10 beam.

Sample moment-rotation and moment-curvature response of the beam B1, and
columns C2 and C3 for the ETCP and EFCP models are presented in Figure 5-49
through Figure 5-52.
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Figure 5-45. Top twist and top displacement demands at the centre of mass (R3), stiff
(N39), and flexible (N51) edges predictions by nonlinear dynamic and pushover
analyses, ETCP model, 0.1g intensity level.
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Figure 5-49. Moment-rotation history for the beam B1 left end (i), ETCP model, AL1-0
and AL2-0 records, 0.1g intensity level.
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Figure 5-50. Moment-rotation history for the beam B1 left end (i), EFCP model, AL1-0
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ETCP - 0.1g - C2 - AL1-0 ETCP - 0.1g - C2 - AL1-0
60 o 60
e 40| | e 40|
< 20 < 20
Z 0 Z 0
= =
2 -20| | 2 -20|
= _10 . = _10
.0 | 1 60
~0.02 -0.01 0 00l 002 -002 -001 0 001 002

Mx1 - ROTATION, rad Myl - ROTATION, rad



74 Seismic response of the SPEAR structure
ETCP -0.1g - C2 - AL2-0 ETCP -0.1g - C2 - AL2-0

60 R 60
E 40 [ : E 40 [
< 20/ < 20/
Z o Z 0
= =
o) -20¢ : o) -20¢
= 40/ , = 40/

=60 ] —60 |
-0.02 -0.01 0 001 002 -0.02 -001 0 001  0.02
Mx1 - ROTATION, rad Myl — ROTATION, rad

Figure 5-51. Moment-rotation history for the column C2 bottom end, ETCP model,
AL1-0 and AL2-0 records, 0.1g intensity level.
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Figure 5-52. Moment-rotation history for the column C2 bottom end, EFCP model,
AL1-0 and AL2-0 records, 0.1g intensity level.
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5.4. Earthquake intensity level 0.3g

5.4.1. Pushover analysis

Pushover curves for the ETCP and EFCP models with displacement demands
determined by N2 method for the 0.3g PGA are presented in Figure 5-53 and Figure
5-54. Higher displacement demands are noted for the more flexible EFCP model,
similarly to the 0.2g earthquake intensity level. However, for 0.3g PGA, the structure
approaches failure (as predicted by the pushover analysis), global strength
degradation following at larger displacement demands. Strength degradation is

higher in the X direction.

300

250

N
o
o

150

BASE SHEAR, kN

=
o
o

50

0
-200

Figure 5-53. Comparison of pushover curves in the X directions for ETCP and EFCP

MODE1

— ETCP-100X

A 1styield
® N2 DEMAND

— - EFCP-100X ||

-150

-100 -50 0 50
TOP DISPLACEMENT, mm

100 150

200

models, displacement demands for 0.3g intensity level.

BASE SHEAR, kN
o N
a1 (=}
o S

=
o
o

50

0
-200

Figure 5-54. Comparison of pushover curves in the X directions for ETCP and EFCP

MODE1

— ETCP-100Y
— - EFCP-100Y
A 1styield

B N2 DEMAND

-150

1 1 1
-100 -50 0 50
TOP DISPLACEMENT, mm

100 150

200

models, displacement demands for 0.3g intensity level.



76 Seismic response of the SPEAR structure

5.4.2. Dynamic analysis

Predictions of top displacement and twist demands for the 0.3g earthquake intensity
level are presented in Figure 5-55 and Figure 5-56 for the ETCP and EFCP models
respectively. The same trends described for the 0.2g intensity level are observed.
However, unconservative estimations of top displacements by the N2 method are
noted for the both positive and negative Y directions.

Distribution of interstorey drifts along the height of the building is similar to the one
under 0.2g seismic input for the both X and Y directions (see Figure 5-57). A
concentration of displacement demands in the first storey is present at the flexible
edge (X3 frame line), especially in the case of the EFCP model (due to M-M-N effects
and cyclic stiffness and strength degradation). The yielding pattern of the ETCP
model is basically the same as for the 0.2g earthquake intensity level (see Figure
5-58), but additional members experience yielding in the upper storey.

Beam and column DCRs for the ETCP model are presented in Figure 5-63. Important
damage (DCR>0.5) is observed for beams in the lower storey. With the exception of
the B10 and B24 beams framing into the strong 250x750 column, the rest of the
beams yield mainly under positive bending (pull-out of bottom reinforcement). Higher
DCRs are present for shorter beams (B1,B3, B5) and/or at the exterior beam-column
joints. However, all the beams have DCRs less than 1.

Column DCRs (Figure 5-64 to Figure 5-67) are higher at the first storey, flexible edge
elements. Several columns experience DCRs in excess of 1.0, indicating attainment
of rotation capacity and initiation of collapse. Thus, failure of first storey C2, C3 and
C4, as well as second storey C12 columns is predicted by the concentrated plasticity
ETCP model.

In the case of the EFCP model, slightly higher DCRs are present for first storey
beams. Collapse of distributed plasticity fibre columns is more difficult to monitor than
for the ETCP model. However, significant strength degradation was noted for some
first storey columns under particular earthquake records (e.g. C3 column under AL2,
CA2, KA2 records). Anyway, mean dynamic strain demands in concrete fibres
indicate extensive damage to columns under the 0.3g excitation level. Complete
spalling of cover concrete (strain demands over ultimate concrete strains) are present
for all first storey columns with the exception of C8. Very high concrete strains are
observed for the C2, C3, and C4 columns, which indicate that also core concrete is
severely damaged. Spalling of cover concrete for the second storey C10, C11, C12,
C13 and C15 columns is also expected, but the integrity of the core concrete may be
sufficient to preserve member load-carrying capacity. Low concrete strain demands
are present in the third storey columns.
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Figure 5-55. Top twist and top displacement demands at the centre of mass (R3), stiff
(N39), and flexible (N51) edges predictions by nonlinear dynamic and pushover
analyses, ETCP model, 0.3g intensity level.
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Figure 5-56. Top twist and top displacement demands at the centre of mass (R3), stiff
(N39), and flexible (N51) edges predictions by nonlinear dynamic and pushover
analyses, EFCP model, 0.3g intensity level.
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Figure 5-58. Mean dynamic rotation/curvature ductility demands in elements, ETCP
model, 0.3g intensity level.
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Figure 5-59. Moment-rotation history for the beam B1 left end (i), ETCP model, AL1-0
and AL2-0 records, 0.3g intensity level.
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Figure 5-61. Moment-rotation history for the column C2 bottom end, ETCP model,
AL1-0 and AL2-0 records, 0.3g intensity level.
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Figure 5-63. Rotation DCRs in beams, ETCP model, 0.3g intensity level

(L — left [i] end; R —right [j] end).
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5.5. Difference between the response of ETCP and EFCP models

As it was stated earlier, two models were used two assess seismic performance of
the SPEAR building. The difference between the two models was column elements
modelling (concentrated plasticity one-component elements in the case of ETCP
model, and distributed plasticity fibre elements in the case of the EFCP model).

The main drawback of the ETCP model is that it does not consider the P-M-M
interaction effects, and strength degradation. The EFCP model on the other hand,
while representing well these effects is computationally less efficient, and the results
are much more difficult to process.

The two structural models showed generally a similar response. The EFCP model
was however more flexible than the ETCP one, providing higher displacement
demands (see Figure 5-10). The shape of the column moment-rotation or moment-
curvature hysteresis loops were sometimes quite different for the two models (see
Figure 5-32 to Figure 5-35), the fibre model being characterised by pinching and a
moderate strength degradation, which resulted in lower energy dissipation. Time
history response of the global response parameters (e.g. top displacement) were
however similar for the two models (see Figure 5-68).

The ETCP model had the advantage of easy and meaningful assessment of element
response parameters by DCRs (chord rotation demands are easily compared to
empirical or computed rotation capacities). However, the EFCP model had the
advantage of more "correct" global response, strength degradation being easily
followed on the pushover curves (see Figure 5-3 and Figure 5-4).
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Figure 5-68. Top displacement time histories for the ETCP and EFCP models
under the AL1-0 and AL2-0 records.
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5.6. Evaluation of seismic capacity

By evaluation of seismic capacity of a structure we understand the determination of
the earthquake intensity at which a certain state of damage is imposed to the
structure. Considering that the earthquake records were scaled to a target smooth
design spectrum, a convenient intensity measure in our case is the peak ground
acceleration (PGA).

Different parameters may be used to assess the state of damage imposed to the
structure, ranging from interstorey drift limitation and element plastic rotation capacity,
to more complex and global damage measures, such as the Park and Ang damage
index. A rather simple approach is adopted in this study, namely the attainment of
rotation capacity of the critical structural element (demand to capacity ratio DCR=1).
Failure of a single element does not imply collapse of the whole structure. In the case
of the SPEAR building the critical element is the column C3 from the first storey (see
chapter 5.2), other columns from the same storey following closely. Failure of the
main elements supporting gravity loads is, however, representative of the global
damage to the structure, therefore it is believed that for this structure attainment of
the rotation capacity in the critical column to be a representative damage indicator.
Though the fibre model EFCP is believed to represent better the seismic response of
the SPEAR structure, element DCRs can be directly determined only from the more
simple, concentrated plasticity one-component ETCP model. Concluding, attainment
of a DCR equal to 1.0 in the critical element of the ETCP model is used herein to
characterise the initiation of extensive damage of the structure, though this would not
imply a complete collapse.

Having defined the intensity and damage measures, a relation need to be
established between the two in order to determine the earthquake intensity at which
the damage limit state is attained. This is probably best established using an
incremental dynamic analysis, which is however cumbersome to perform for a
complex structure. A simple estimate of the seismic capacity is to linearly interpolate
the results from dynamic analysis under the 0.2g and 0.3g intensities. This procedure
results in PGAs at initiation of structural failure of 0.24g and 0.23 g for the original
and SPEAR set of earthquake records respectively.

An alternative and more rapid way would be to use the results of the pushover

analysis. The N2 method (Fajfar, 2000) can be adapted in order to determine

intensity of the earthquake motion (PGA), given the target displacement of the

structure (in its original form, the N2 method is used to determine the seismic

demands given the earthquake intensity). Determination of the PGA at failure using

this procedure involves the following steps:

= A series of pushover analyses of the 3D model of the structure in each direction
using bidirectional load patterns (Stratan and Fajfar, 2000).

= Bilinear idealisation of the pushover curve, according to the EC8 draft equal
energy approach.

= Determination of the target displacement Dy, corresponding to the attainment of
DCR=1 in the critical element (C3 column).

= Target ductility: p=Dy/Dy (ratio between the top displacement at failure to the one
at yielding point of the bilinear idealisation)

» Transformation of the MDOF system into an equivalent SDOF system:

. F_Zm,ﬁbi_ m*
_Z:miCDl.2 - Z:micl)i2

= F,*=F,/I', Dy*=D,/l’, T*=2n(m*D,*/F,*)**°
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= Target displacement of the SDOF system: Sq=D*=DyT"
» Determination of the "elastic" spectral displacement demand based on the "equal
displacement" approach (T*>T¢) = p=R,, S¢e=Sqg
. Determigation of the required "elastic" strength in terms of spectral acceleration:
ae = ®" Sge
= Determiantion of PGA at failure based on the EC8 response spectrum
(Te<T*<Tc¢): PGA=S.(T*/Tc)/(2.5 S)

where:

Fy, Dy — yield force (base shear) and displacement of the bilinear idealisation of the
MDOF pushover curve; F,*, Dy*, T*, m* — yield force, displacement, period, and mass
of the equivalent SDOF system; I" - the transformation factor; m; — storey masses; © -
assumed displacement shape; S;c and Sge - values in the elastic acceleration and
displacement spectrum; T¢c and S — control period and soil factor according to EC8.

Estimation of PGA at failure using the above procedure may be determined for all
possible bidirectional patterns. However, following the results of the pushover
analyses presented in chapter 5.2.1, it may be observed that most critical are the
pushover in the X direction. Only MODE1 load distribution is considered here.
Further narrowing search for the critical direction of loading, it may be concluded that
this is the 100X-N 30Y-P load pattern (100% of the load pattern in the negative X
direction plus 30% of the load pattern in the positive Y direction), as it leads to the
highest displacement demands for the 0.2g intensity level. Following the above
procedure, a 0.22g PGA resulted. It is in good agreement with the dynamic analysis
estimation (0.23-0.249).
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6. RESPONSE UNDER THE SPEAR SET OF ACCELEROGRAMS

In order to provide a common base for comparison of results, a set of 16 semiartificial
accelerograms were generated within the SPEAR project ("SPEAR", n.d.). Each of
the components was corrected so as to be compatible with the Eurocode 8 spectrum
for soil class C. Only nine accelerograms from European sites were retained in this
study (see Table 6-1). The comparison of the mean acceleration response spectra of
the considered records with the target EC8 spectrum scaled to 0.2g is presented in
Figure 6-1. A significantly less scatter is observed in comparison with the initial set of
accelerograms (Figure 3-2 and Figure 3-3). Two of the records (KA1 and MO2) are
present in both the initial and SPEAR set of accelerograms.
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Figure 6-1. Mean of the X and Y components of scaled SPEAR records and the
target EC8 spectrum.
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Table 6-1. Earthquake records from the SPEAR set used in this study.

Earthquake name / Date Station name angfrd
Aigio 1995 OTE Als
Athens 1999 Metro ATs
Duzce 1999 Bolu BOs
Duzce 1999 Duzce DUs
Friuli 1976 Forgario Cornino FRs
Izmit 1999 Yarimca IZs
Kalamata 1986 Prefecture KA1s
Montenegro 1979 Hercegnovi Novi MOs
Montenegro 1979 Bar-Skupstina Opstine MO2s

In this chapter the response of the SPEAR structure is assessed once again using
the set of nine semiartificial accelerograms from the SPEAR set, for the sake of
easier comparison with analyses performed by other researchers. It is to be noted
that the same target Eurocode 8 spectrum for soil class C was used for both set of
accelerograms. The main differences between the two sets of records is that the
SPEAR set is much better fitted to the target spectrum, but the characteristics
individual accelerograms as well as the ratio between the two components of a
record are altered.

Considering that the response of the SPEAR structure under the two sets of records
is expected to be similar, the results are presented in less detail for the SPEAR set of
accelerograms, providing however a comparison between the two suits of records.
To distinguish between the two sets of results, a s suffix is added to the structural
models abbreviations in the case of SPEAR suits of accelerograms (i.e. ETCPs and
EFCPs).

Predictions of top displacement and twist demands for the 0.2g earthquake intensity
level are presented in Figure 6-2 and Figure 6-3 for the ETCPs and EFCPs models
respectively. A better agreement between the dynamic and N2 predictions of top
displacement demands is noted for the SPEAR set of records. It can be observed
also that the torsional response is smaller under the SPEAR set of records, (smaller
top storey twist and more uniform displacement demands at the flexible and stiff
edges), see Figure 6-4.

Interstorey drift patterns under the SPEAR suits of records are close to the ones
under the initial records, but the same reduction of the torsional response is noted in
the former case (see Figure 6-5).

A comparison of rotation demands in beams and columns under the two
accelerogram sets are presented in Figure 6-6 to Figure 6-10. Beam rotation
demands are very similar for the two cases. Column rotation demands at a given
storey are more uniform for the SPEAR set of records, a consequence of smaller
torsional response in this case. Shear force demands in beams and columns are
characterised by close values in both cases.

Sample moment-rotation time-histories for beam B1 and column C2, for two of the
records present in both initial and SPEAR accelerogram sets (KA1 and MO2) are
presented in Figure 6-11 to Figure 6-14. Top displacement time histories for the
same records may be observed in Figure 6-15 and Figure 6-16. It can be noted that
the shape of the response is not changed in an important manner from the original to
the semiartificial records, at least for the main peaks. For these two particular cases,
the SPEAR records (KA1s and MO2s) led to an increase of the torsional response.
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However, considering the mean values from each suite of ground motions, the top
storey twists were about 25% lower in the case of the semiartificial set of records.
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Figure 6-6. Rotation demands in beams, 0.2g intensity level, initial (ETCP) vs.
SPEAR (ETCPs) set of records (L — left [i] end; R — right [j] end).
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Figure 6-14. Comparison of moment-rotation history for the column C2 bottom end,
EFCP model, under initial (KA1-0) and SPEAR (KA1s-0) records.
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7. SUMMARY AND CONCLUSIONS

This report describes the assessment of seismic response of a gravity load designed
r.c. building to be tested pseudo-dynamically at ELSA in Ispra, within the EU project
Seismic Performance Assessment and Rehabilitation (SPEAR).

The main deficiencies of the SPEAR test structure are:

= use of plain reinforcing bars

» slender columns (250x250), with largely spaced stirrups

» inclined reinforcement in beams for shear resistance and optimal distribution of
reinforcement

column lap splices in potential plastic hinge zones

lack of shear reinforcement in beam-column joints

inadequate anchorage of stirrups (90° hooks)

irregular plan layout (torsionally unbalanced)

Two 3D structural models were used, one based on one-component concentrated
plasticity elements, and another one that used distributed plasticity fibre elements for
columns. While the latter model is believed to estimate better the structural response
in the inelastic range, the former model has the advantage of easier interpretation of
results, evaluation of seismic capacity being on the safe side in comparison to the
more complex fibre model. For each of the models, seismic demand was evaluated
by the N2 method and by inelastic dynamic analysis. Two sets of earthquake records
were used. The first one is a suite of seven recorded bidirectional ground motions,
scaled to match the EC8 spectra for soil type C in the constant velocity range. A
second suite of semiartificial earthquake records provided within the SPEAR project
were added later to provide easier comparison of results with other project tasks.
Seismic performance of the SPEAR structure was assessed for three earthquake
intensity levels: 0.1g, 0.2g, and 0.3g.

The structure is torsionally unbalanced, with eccentricities higher in the Y direction.
Due to the strong 250x750 column resisting horizontal loading in the Y direction,
base shear capacity is higher in the Y direction. At the same time, the structure is
characterised by unsymmetrical strength and stiffness in the positive and negative Y
direction. As a consequence, displacement demands are higher in the weaker X
direction, and are different in the positive and negative Y direction. The latter
phenomenon observed for time-history analysis, is not represented well by the
pushover analysis. Average increase of top displacements (mean dynamic) at the
flexible edge with respect to the centre of mass amounts to 30% and 16% for the X
and Y direction respectively. Corresponding decrease of top displacements at the
stiff edge with respect to centre of mass amounts to 15% and 10% for X and Y
directions respectively. Thus a higher torsional response is present in the X direction,
even if the initial elastic eccentricity is bigger in the Y direction. Interstorey drift
demands concentrate in the lower two storeys, but are more uniform in the Y
direction.

Damage to the SPEAR structure is dictated by weak columns (with the exception of
the 250x750 C6-20-30 column) and by significantly lower moment capacity under
positive bending for beams. Pullout of bottom beam reinforcement and extensive
concrete spalling are dominant failure modes. Though there is a lack of proper
transverse reinforcement both in elements and in beam-column joints, shear capacity
checks indicate that neither elements nor joints are susceptible to shear failures.
Damage to beams is more important for shorter elements and at the exterior joints,
due to higher potential for moment reversals. Column demand to capacity ratios are
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higher for columns at the flexible edges (higher demands) and for elements with
higher axial loads (lower rotation capacities). Column DCRs are higher for bending
about the Y axis, due to higher displacement demands in the X direction. The critical
column is the first storey central column (C3). Another three columns from the first
storey (C1, C2, and C4) follow closely with slightly lower DCRs.

Pullout of bottom beam reinforcement and yielding of columns is expected already at
0.1g intensity level, but without concrete spalling. Significantly higher damage,
including extensive cover concrete spalling for the C1-C4 columns is predicted at the
0.2g intensity level. Initiation of significant global structural damage is evaluated to
0.24g by dynamic analysis, and 0.22g by the N2 method. However, the distributed
plasticity fibre model indicated that the structure may retain its load-bearing capacity
up to higher intensities (0.3g). This may change however, for more unfavourable ratio
of steel to concrete strength, an increase of steel strength in comparison with the
concrete strength leading to more pronounced strength degradation of columns.

Though a similar response was obtained for both suites of earthquake records,
torsional response was significantly lower in the case of the semiartificial records.
Thus, top storey twists were about 25% lower in the case of the SPEAR set of
records.
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ANNEX I. Description of the SPEAR structure

UNIVERSITY OF PATRAS
STRUCTURES LABORATORY

Description of the 3-storey structure

The structure is a simplification of an actual 3-storey building representative of older construction in
Greece, without engineered earthquake resistance. It has been designed for gravity loads alone,
using the concrete design code applying in Greece between 1954 and 1995, with the construction
practice and materials used in Greece in the early 70’s. The structural configuration is also typical
of non-earthquake-resistant construction of that period.

The storey height is 3.0m, from top to top of the slab (net storey height 2.50m under beams). The
plan of the framing and the cross-sectional dimensions of members (in cms) are given in the
preceding drawings. The slab thickness is 150mm.

At present time the concrete can be considered to have f;.=25MPa. The reinforcement consists of
smooth bars and assumed to have as f, the nominal yield strength (320MPa).

Design gravity loads on slabs are 0.5kN/m? for finishings and 2kN/m?for live loads.
The reinforcement of the various structural elements is given below.
Slabs: 8mm bars at 200mm centres, both ways (or equivalent welded wire mesh)

Beam Longitudinal Reinforcement

Top bars (“montage”): Two 12mm diameter bars, anchored with 180° hook at far end of column,
w/o downward bent.

Bottom bars:

1. Two bars (three in Beam 4) continue straight to the supports, where they are anchored w/
180° hook at far end of column.

2. Two (or 3 in Beam 7 or 4 in Beam 4) bars are bent up towards the supports, at locations
indicated in the drawings; their bent-up ends are bent down at the far end of exterior
columns and anchored w/ 180° hook at the level of the beam soffit; over interior columns
they continue straight into next span, anchored at the top flange w/ 180° hook as indicated
in the drawings.

Added top bars in Beams 9 and 10 over support at column C3: Two 20mm diameter bars are
added at top over C3, bent-down at 45° towards the span very close to the face of C3 and
anchored at beam bottom w/ 180° hooks as indicated in the drawings.

Beam stirrups
8mm diameter bars at 200mm centers, closed at top w/ 90° hooks, as indicated in the drawings.
Stirrups do not continue in the joints.

Column Vertical Reinforcement and Stirrups
1. 12mm bars, as indicated in the drawings, within 8mm diameter stirrups at 250mm centers,
closed w 90° hooks.
2. Clear cover of stirrups: 15mm
3. Stirrups do not continue in the joints.
4. Vertical bars are lap spliced over 400mm at floor level, including the 1% storey (w/ starter
bars); spliced bars have 180° hooks.




Description of the SPEAR structure 113

UNIVERSITY OF PATRAS
STRUCTURES LABORATORY

3.0 | 5.0 | 1,0*1

|
‘ ‘ ‘— 1.70 -
B1 25/50 B2 25/50
—H | |
Cs 25/25 C1 25/25 C2 25/25
w W
= © ™
5.5 8 o ~
g 6.0
g 3 o
4 IS
(=]
Bz 25/50
R B4 25/50
Cq 25/25 | ]|
Cs325/25 Caps/25
@ & w
N o [«
50 N ] ) 4.0
5 & 5
o o o
Be 25/50
Bs 25/50 I H—
-— Ce 25/75 C7 25/25
Cs 25/25

COLUMNS CI-C5 & C7-C9  4d12 COLUMN C6 10012

STIRRUPS ®8/25 STIRRUPS ®8/25
. L]
4 |
e o o




Description of the SPEAR structure

114

oz

[0

0T'0/8® e [

0T0/8d [t} o

[49)

(A9VINOW) TI10T

CINVHd

AdOLVHOgV1 S3ANLONALS
SV1Vd 40 ALISYIAINN

1D

(29V.LNOW) TIOT

I Wvdd

190)




115

Description of the SPEAR structure

|
|
|
| et
|
|

0T°0/80 41 (4L

6 Wvdd

(HDOVINOW) TIdT

¢ NVdd

AdOLVHOgVT STUNLONYLS
SVi.LVd 40 ALISHIAINN

<

SCo




Description of the SPEAR structure

116

ST0

9
€
(4104
0T°0/80) [T 4T
90 8D
(HDVINOW) TIdT
S INVdd
ST0 ST0
9
0T0€
\%§ 07°0/3D 0o 020 0D 0D
._uU (DVINOW) TIDT
LINVdd
¥ WNVdd

AdOLVHOgV1 S3ANLONALS
SV1Vd 40 ALISYIAINN

ST0




117

Description of the SPEAR structure

0TdT

0T°0/80 0o 0Td 0z

¥ INVHd I

ST0

(ADVINOW) TIDT

L NVH4

(480

0T0/80 [41] (48]

LI

ST0

AYOLYHO0gVT STUNLONALS
SVilvd 40 ALISHIAINN

(ADVINOW) TI®T

9 Wvdd

ST0

ST0

90

[49)



Description of the SPEAR structure

€ NVHd

Tt 0TdT

070380 [ [ ﬁ 0To [ 020580 é

OU (IDVINOW) TIDT MU /g (3DVINOW) TI®T
01 Wvdd 6 NVdd
S0 <o <o
v
(48074
0T°0/8® [ [T
(ADV.INOW) T1dT
8 INVdd

AdO1VHOgV1 S3dNLONYULS
SV1Vd 40 ALISH3AINN

118



119

Description of the SPEAR structure

8D

AYOLYHO0gVT STUNLONALS
SVilvd 40 ALISHIAINN

[404

[4t4

0T 0/30

[

1o

0T0/80

(IDVINOW) TI®T

<l Wvdd

6D

(4DVINOW) TIDT

1T NvVdd

S0



Description of the SPEAR structure

120

0T

.

Z

0ov/8d

O
0z/8d 6

0z/8d

0v/8d

0z/8d

0v/8d

ov/8d

ov/gd
0z/8d

ov/8d

&

0z/8d

0L/8d

0z/8d

AdO1VHOgV1 S3dNLONYULS
SV1Vd 40 ALISH3AINN




Acceleration time-histories and response spectra of considered ground motions 121

ANNEX II. Acceleration time-histories and response spectra of
considered ground motions
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Figure A - 1. Square Root of Sum of Squares (SRSS) spectra of unscaled records.
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Figure A - 2. Square Root of Sum of Squares (SRSS) spectra of scaled records.
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Figure A - 3. Acceleration response spectra of scaled records (X components).
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Figure A - 4. Acceleration response spectra of scaled records (Y components).
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Figure A - 5. Acceleration time-histories of horizontal components of scaled ground
motions.



Moment-curvature and moment—rotation idealisation of elements for one-component model

127

ANNEX Ill. Moment-curvature and moment-rotation idealisation of
elements for one-component model
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Figure A - 6. Moment curvature and moment-rotation trilinear idealisations for beams.
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Figure A - 7. Moment curvature and moment-rotation trilinear idealisations for
columns.
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ANNEX IV. Determination of displacement demand by N2 method
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Figure A - 8. Bilinear idealisation of the capacity curves for the positive and negative
pushovers in the X direction, ETCP model.
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Figure A - 9. Determination of displacement demand of the equivalent SDOF system
by the N2 method, ETCP model, 0.2g intensity level.
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Figure A - 10. Determination of displacement demand of the equivalent SDOF
system by the N2 method, ETCP model, 0.1g intensity level.
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Figure A - 11. Determination of displacement demand of the equivalent SDOF
system by the N2 method, ETCP model, 0.3g intensity level.
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Figure A - 12. Bilinear idealisation of the capacity curves for the positive and negative
pushovers in the X direction, EFCP model.
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Figure A - 13. Determination of displacement demand of the equivalent SDOF
system by the N2 method, EFCP model, 0.2g intensity level.
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Figure A - 14. Determination of displacement demand of the equivalent SDOF
system by the N2 method, EFCP model, 0.1g intensity level.
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Figure A - 15. Determination of displacement demand of the equivalent SDOF
system by the N2 method, EFCP model, 0.3g intensity level.
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ANNEX V. The SPEAR set of accelerograms

X COMPONENTS SCALED

T,s

Figure A - 16. Acceleration response spectra from the SPEAR set of accelerograms.
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Figure A - 17. Acceleration time histories of the SPEAR set of accelerograms.



