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Abstract

Recent devastating earthquakes worldwide pointed out the importance of seismic detail-
ing and their influence on the observed damage and subsequent repairability of reinforced
concrete buildings. Several studies and post-earthquake observations remarked the role of
beam—column joints (BCJs) on the global building response and the effectiveness of trans-
verse reinforcement in increasing the joint shear strength and the ultimate deformation.
Although number of experimental and theoretical studies focused on the seismic response
of BCJs, their mechanical behaviour is still a discussed topic. This resulted in number of
design approaches available in worldwide code or standards that lead to different quantity
of joint stirrups. This study focuses on the response of BCJs of a 10-story prototype build-
ing designed according to Japanese standards and tested in 2015 on the E-Defense shak-
ing table. First the damage assessment at global (building) and local (joint) level is per-
formed at increasing intensities and considering the building in the base slip and base fixed
configurations. A refined numerical model is then developed and validated against global
and local experimental results. Then, the joint stirrups are re-designed according to dif-
ferent international standards (ACI, EC8, NZS) and different numerical models are devel-
oped. The numerical results are then compared in terms of interstorey drift demand and
joint shear strain. Finally, a comparison in terms of expected damage varying the design
approach of joint stirrups is proposed.
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1 Introduction

The seismic response of reinforced concrete (RC) buildings to large intensity
earthquakes is often characterized by significant damage to structural and non-structural
components (Kam et al. 2011; Ricci et al. 2011; Leon et al. 2012). This is commonly
associated to significant economic losses and high repair costs (Di Ludovico et al.
2017; Del Vecchio et al. 2020) that may push the stakeholders to decide for the building
demolition and reconstruction rather than a more expensive repair and retrofitting
(Cuevas and Pampanin 2017; Bruneau and MacRae 2019). Post-earthquake inspections
in the aftermath of recent devastating earthquakes (e.g. L’Aquila 2009, Christchurch
2011; Mexico 2017) showed that the shear cracking or brittle failure of under-designed
RC members (e.g. short columns, beam—column joints, RC walls) may significantly
compromise the building response resulting in the building collapse or unusability
(Maeda and Kang 2009; Di Ludovico et al. 2017; Villalobos et al. 2018; Galvis et al.
2020; Lan et al. 2020; Yurdakul et al. 2021b). Often the damage is concentrated into
beam—column joints with premature shear cracking related to the lack of a proper
amount of transverse reinforcement (see Fig. 1) (Kam et al. 2011; Nagae et al. 2015).

Although the evolution of design codes led to the adoption of capacity design rules
into design practice in the 70’s (MOW 1976), minor attention was dedicated to the
detailing of the joint panel. Indeed, the earthquakes in the 80’s (El1 Asnam 1980; Mexico
1985; Loma Prieta 1989) resulted in a focus on these structural members. Before these
events, although in some cases a minimum amount of joint shear reinforcement was
used, the design of joint shear reinforcements was not directly considered in the codes
or standards. This is because of the lack of widely accepted theories and formulations on
the joint capacity, which resulted in a complete overlook in the design and construction
practice (Paulay and Priestley 1992). The advancement in the scientific research pushed
the adoption of design approaches of the into standard or pre-standard documents.
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Fig.1 Damage to reinforced beam—column joints: Uto City Hall collapse in the 2016 Kumamoto
earthquake (curtesy of Jae-do Kang) (a); due to the 2011 Christchurch earthquake (Leon et al. 2012) (b, ¢)
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The first provisions in the United States standards appeared in ACI-ASCE 352 (1976)
to limit the joint shear stresses in the joint panel. These limits were also adopted in ACI
318 (1995) where the nominal shear strength of the joint is proportional to the concrete
compressive strength and depends on the joint type by using empirical values calibrated
on experimental tests (Guimaraes et al. 1989). Furthermore, a minimum amount of
transverse reinforcement is required. It can be assumed at least equal to the half of
transverse reinforcements in the framing columns or other members which are expected
to yield. The same approach is reported in the current ACI 318 (2011) with more details
for minimum amount of internal stirrups and anchorage of longitudinal reinforcements. A
similar approach to the American standards was adopted by the first version of the New
Zealand standards NZS 3101 (1982). A substantial improvement in the New Zealand
standards was achieved after the development of the strut and truss theory by Paulay and
Priestley (1992). Replacing NZS 3101 (NZS 3101 1982), based on the diagonal stress
limitation, NZS 3101 (1995) introduced novel formulations that allow to reduce the joint
transverse reinforcements at least by 30% with respect to the previous code formulations
(Park 1996). The same formulations are adopted by the current NZS 3101 (2006).

Japanese standards AlJ (1989) and following document until AlJ (2010) essentially focused
on the diagonal concrete strut failure, assuming that sufficient joint shear reinforcements (mini-
mum requirements are suggested) were provided in order to avoid other premature mechanisms.

In the European context, Eurocode 8 (EC8, CEN 2004) currently suggests two different
design approaches for joint transverse reinforcement: limiting the principal tensile stress
demand to avoid the joint cracking; preserving the joint panel integrity in the post-cracking
stage based on the strut and truss theory mentioned above (Pauley and Priestley 1992; Fardis
2009) similarly to NZS 3101 (2006). The current Italian building code (D.M. 2018) and its
previous version (D.M. 2008) implemented the same design principles of the EC8 for joints,
thus substituting the previous Ministerial Decree (D.M. 1996, Circolare 1997). The latter
suggested, for the first time in Italy, the use of joint stirrups extending those of the bottom
column into the joint panel. It is worth mentioning that the current D.M. 2018-based design
often leads to a high number of joint stirrups that makes difficult their installation within the
joint panel. This commonly force the designers to use high column cross-sections.

Thus, because the evolution of seismic codes worldwide had significant time differences
country-by-country and because of the absence of a unified approach to design joint stirrups, it
is notable that many structural systems are vulnerable to seismic events because of the lack of
proper amount of transverse reinforcement in the joint panel. This may lead to the cracking of
the joint panel before the full development of the ductility of the framing members often con-
centrating the inelastic demand in the joint region (Hakuto et al. 2000; Nagae et al. 2015; Shio-
hara 2017). Because the joint nonlinear response is mainly governed by a shear mechanism, the
prediction of the ultimate capacity and the joint repairability after significant cracking are criti-
cal issues. This makes the experimental and analytical studies on the influence of joint response
on the seismic performance of RC buildings of paramount importance. Many research studies
focused on these topics in the recent years proposing relevant analytical models (Shiohara and
June 1998; Favvata et al. 2008; Kim and LaFave 2012; Jeon et al. 2014; Favvata and Karayan-
nis 2014) that were also implemented in useful software tools (e.g. ADAPTIC, Izzuddin 2009).
Other studies proposed fragility curves to quantify the damage (Pagni and Lowes 2006; Brown
and Lowes 2007; Lowes and Li 2009) and assess the joint repairability (Yurdakul et al. 2021a).

In this context, a unique experimental program was conducted by using the E-Defense shak-
ing table (Tosauchi et al. 2017; Kajiwara et al. 2021) on full-scale 10-storey RC buildings rely-
ing on shear walls (x direction) and moment resisting frames (y direction) designed according to
Al standard (AIJ 2010). The experimental program had the main scope to assess the influence
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of novel sliding and uplifting base surface to contain the earthquake damage and to assess the
damage evolution and residual capacity on a classic fixed-base structure (Kajiwara et al. 2021).

This study focuses on the nonlinear response of beam—column joints belonging to the
frames in the y direction. First the experimental results of the 2015 test in terms of global
and local (at joint level) response are analysed. The joint shear distortion as well as the
interstorey drift demand are used to quantify the damage states and assess the influence of
the joint on the global building response. A 3D refined numerical model is implemented to
reproduce the building local and global response. This model is later used to quantify the
influence of the joint stirrups design procedure according to different international stand-
ards on the joint response and predicted earthquake damage.

2 Influence of BCJ in the E-Defense 2015 test

The 10-storey full-scale RC building tested in the 2015 is 27.45 m height and has in-plane
dimensions of 12.0 m and 8.0 m measured at the centreline of base columns. It relies on
moment resisting frames (MRFs) in the y direction and dual systems (shear wall + MRF)
in the x direction. The weight of each storey is about 80 tons, and the total weight of
the specimen, including the basement, is about 1000 tons. The structural system was
designed according to AlJ (2010) considering capacity design rules. In turn, column-to-
beam moment capacity ratio higher than one is assumed at all floors to guarantee a beam
sidesway mechanism (Tosauchi et al. 2017). The beam—column joints were designed
considering a ratio of shear force over shear strength acting on beam—column joints equal
to 1.0 or below for all beam—column joints. The minimum shear reinforcement ratio
(i.e. 0.2%) suggested by the code was used for all the joints. Since the main focus of this
paper is the response of BCJs in MRFs, only the response of the building in the y (frame)
direction—where joints resulted more damaged, as described below—is considered. An
overview of the building and structural details of reference joints is reported in Fig. 2 and
a summary of the main properties of BCJ in the frame direction is shown in Table 1. More
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Fig.2 Overview of the building geometry and reinforcement details of reference joints
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details on the building design can be found in Kajiwara et al. (2021), while details on the
adopted numerical model are reported in Di Domenico et al. (2023).

2.1 Main experimental results in E-Defense 2015 test

A series of shaking table tests increasing the earthquake intensity were performed on the
same prototype building tested first in the base slip (BS) and then in base fixed (BF) con-
figuration. They were subject to increasing intensities of 10%, 25%, 50% and 100% of the
Kobe earthquake (JMA-Kobe) corresponding to a peak ground acceleration recorded on
the table of about 0.08 g, 0.20 g, 0.35 g and 0.75 g, respectively. Before the BS test, the
measured fundamental period of vibration was equal to 0.57 s, both in the (x) wall and in
the (y) frame direction.

The main experimental outcomes of the tests performed at E-Defense in 2015 were
described in detail in Kajiwara et al. (2021), Kajiwara et al. (2017), Sato et al. (2017),
Tosauchi et al. (2017). They clearly highlighted a key role of damage in beam—column
joints especially for the fixed-based building configuration (Fig. 3). As a matter of fact,
observed damage during the Base-Slip test was not significant. It mainly consisted of
cracks at the beams ends that were generally lower than 0.05 mm wide. Slight cracks were
observed in some of the BCJs between ground and sixth floor. Furthermore, it was observed
that all reinforcement bars were maintained in the elastic region and the maximum inter-
story drift ratio achieved during the run to 100% of the reference earthquake slightly
exceeded the 0.5%. The latter is commonly considered in international standards (CEN
2004; AIJ 2010) as the threshold for damage limitation in RC frame structures. This
proved the effectiveness of the adopted base-isolation system to preserve the building from
significant damage.

Before the beginning of tests on the BF configuration (i.e., with the specimen fully fixed
to the shaking table after completing the test in the BS configuration), the measured fun-
damental periods of vibration were equal to 0.58 s and 0.85 s, in the (x) wall and in the (y)
frame direction, respectively. This pointed out the (expected) stiffness decrease associated
with the damage observed at the end of the BS test. Then, during the BF test under 50% of
the reference earthquake, cracks at beams ends and in the joint panels were up to around
0.15 mm wide. For increasing seismic intensity to 100% of the Kobe earthquake, the dam-
age in beam—column joints progressed further until the concrete cover spalling with joint
hoops partly exposed. Cover spalling was also observed on the base columns and on the
shear wall. The damage to BCJs was classified as level III or IV (moderate or heavy) accord-
ing to the AlJ- Post-Earthquake Temporary Risk Evaluation of Damaged Buildings damage
classification (JBDPA 2015). Figure 2 shows the final damage state after 100%-Kobe input

[ 100% Kobe - BS 100% Kobe - BF
SR | | U NN N
o s —= |y s
L I o T
EE . _ | e qu ‘MJ
= L | = | ]
] _ L. | _ |

Fig.3 Main damages in frame direction after fixed-based test—interior joint at fourth floor
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Fig.4 Calculation of the experimental joint shear strains

for the Base-Slip and the Base-Fixed building in the frame direction. It can be noted that
damage is concentrated from the first to the sixth floor, especially in beam—column joints. It
is worth nothing that the foundation reported vertical cracks at the top side of the two end-
ing portions. They were related to the lifting of the specimen with the crane.

Since some interior joints in the frame direction were monitored during the tests by
means of two diagonal Linear Variable Displacement Transducers (LVDTs) each, joint
shear strains (yj) can be computed from LVDT deformations (6;) for each seismic intensity
(or, equivalently, for each scale factor, SF) and both the tested configurations, as shown in
Fig. 4. Resulting maximum values of joint shear strain values (y; ,,) for each scale factor
are reported in Fig. 5. It can be noted that maximum joint strains were achieved always
between the third and sixth floor, where, for the Base-Slip building, y;,, ranged from
about 0.1% to 0.2% at 50% Kobe, and from 0.25% to 0.32% at 100% Kobe. In the BF
configuration joint shear strains significantly higher than BS were achieved. The maximum
recorded joint shear strain, ; ., at 100% Kobe is about 1.8%.
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Fig.5 Experimental maximum joint shear strains for the (interior) monitored joints
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Fig.6 Experimental values of y; . versus IDR . and y;,,/IDR,,, ratios for the (interior) monitored
joints—frame direction

Another clear proof of the key role played by beam—column joints in these tests is
provided by the percentage weight of v;,,, on the maximum Interstorey Drift Ratio
(IDR), as shown in Fig. 6. Obviously, the IDR experienced at a given story depends on the
rotational (mainly flexural in this case) contribution of beams and columns at that story and
on the joint shear deformability contribution. Therefore, the role of joints can be quantified
by means of the ratio between y; ,,, and IDR,,, at each story measured in the same (frame)
direction. Figure 6 shows that, for the Base-Slip test, at 100% Kobe, v; ,,,, reaches the 54%
of the maximum IDR (at the fourth floor). Similarly, for the fixed-based building, at the

maximum seismic intensity, y; m,/IDR ., is about 60% (at the same floor).

2.2 Experimental damage to BCJ in E-Defense 2015 test

To further discuss on the role of BCJs on the building response, the experimental local
(joint) and global damage are analyzed in this section. To this end, damage measures at the
building and joint panel level are needed. Different classifications are available in literature
(Pagni and Lowes 2006; Brown and Lowes 2007; Lowes and Li 2009; Cardone 2016). They
were calibrated on different dataset of experimental tests on BCJs designed according to dif-
ferent design principles and, thus, having different geometry and reinforcement details.

In this study, the damage states (DSs), damage descriptions and the fragility functions
proposed in the FEMA P-58/BD-3.8.6 (Lowes and Li 2009) for RC frame sub-assemblages
(i.e. ensemble of columns, beams and joint panel) are used. Experimental data for six RC
frame categories, characterized by different design levels available in the US standards
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Table 2 Definition of damage states (DSs)

IDR (%) for OMF -BYJF Joint shear strain (%)
- L i B d L , 2007
D:gl;ge Damage description Repair action (Lowes and Li, 2009)& 3 (Brown and Lowes )
Mean aev. Mean St.dev.
DSC Hairline cracking Cosmetic repair 0.42 0.18 0.42 0.26

Joint/beam/column crack width > 101
DSO0 0.5 mm (long/transv. Epoxy injection 1.19 : 0.74 0.49
Reinforcement yielding)
Joint crack width >1.3 mm 035
DS1 beam/column crack width >1.5 Epoxy injection 1.75 . na. n.a.
mm
Spalling of concrete in the joint 0.47
>10%, spalling of concrete cover Patch concrete 2.15 . 3.79 1.40
in beams and columns
DS3 Sp alhnfg%fo/‘fggrii:: 3: sjlfll:gf Replace concrete 3.18 0.86 n.a. n.a.
Buckling of column longitudinal Replace reinforcing 0.95

DR reinforcement steel/Replace joint 5.00 n.a. n-a.

for RC members, are available in Lowes and Li (2009). They are: ACI Special Moment
Frames (SMF); ASCE Category 1 Frames (ASCE1); ACI Intermediate Moment Frames
(IMF); ASCE Category 2 Frames (ASCE2); ACI Ordinary Moment Frames Controlled by
Beam Yielding or Joint Failure (OMF-BYJF); ACI Non-Compliant Frames (NCF/ASCE3).
Since the BCJs of the tested building were designed according to non-US standards, it is
not easy to find a direct correlation with one of these categories. In this study, the category
OME-BYIJF is selected since it contains the highest percentage of specimens with a failure
mode similar to that observed on the BCJs of the building prototype (i.e. beam-yielding
combined with a significant joint cracking). Furthermore, within the three categories hav-
ing a similar failure mode (i.e. IMF, ASCE2 and OMF-BYJF), this is the category with the
mean joint transverse steel ratio closest to the 0.2% used in the building prototype.

The DSs, the description of damage, the related repair actions, the mean drift and the standard
deviation (St.dev.) estimated from the experimental database are reported in Table 2, along with
the mean values and standard deviations of joint shear strain at each DS as suggested by Brown
and Lowes (2007). An overview of the damage on the joint panel is reported in Fig. 7 with
reference to a joint subassembly tested by Lehman et al. (2004). It is worth mentioning that joint
shear strain-based damage scale refers to a different dataset of BCJs (Brown and Lowes 2007)
including tests on joints belonging to different categories. This is because experimental data on
joint shear strain were not often recorder or reported in literature and limited data are available.

The DSC refers to slight damage where hairline crackssing (see Fig. 7a) is expected
and a cosmetic repair consisting in the replacement and repair of finishes is suggested. The
joint cracking with crack width>0.5 mm is expected at DSO along with the yielding of
longitudinal and transverse reinforcement. Crack width > 1.3 mm is expected at DS1 (see
Fig. 7b). Epoxy injection with replacement of finishes is suggested at DSO and DS1. The

b) DS0/DS1 c) DS2 d) DS3

\Y/

Fig. 7 Typical damage to RC frame sub-assemblage for each DS (Lehman et al. 2004): DSC (a); DS0/DS1
(b); DS2 (c); DS3 (d)
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Table 3 Main parameters of the adopted fragility curves for damage analysis

b IDR -based
amage fragility curves used herein 1
State 0(%) B
0.8
DSC 0.40 0.40 _
] 0.6
DSO 1.00 0.40 e -
(7]
DSl 1.75 0.40 g o4
o
- 2.25 0.30 02
DS3 3.25 0.40 0
0 1 2 3 4 5 6 7
DS4 5.00 0.40 IDR (%)

DS2 is characterized by significant damage to the joint panel with concrete spalling on a
surface area> 10% (see Fig. 7c). Patching of damaged concrete is suggested in addition to
the repair actions suggested in the lower DSs. It is worth noting that the repair costs associ-
ated to these repair actions may exceed the 50% of the cost of demolition and reconstruc-
tion of the entire joint subassembly, thus making the repair not convenient (Applied Tech-
nology Council 2012). The DS3 reflect a severe damage of the joint panel with spalling on
most of the panel area and crushing of concrete (Fig. 7d). Although replacement of con-
crete is suggested as typical repair action, the repairing could be not sustainable from the
economic standpoint. The DS4 is characterized by the collapse of the joint subassembly
with buckling of column longitudinal reinforcement passing through the joint. Typically,
the joints that achieved this DS have limited residual capacity to sustain seismic actions.

Starting from empirical data reported in Table 2, Lowes and Li (2009) proposed three fragility
curves in terms of maximum achieved IDR for DS1, DS2 and DS3, as lognormal functions
characterised by the logarithmic means and logarithmic standard deviations shown in Table 3.
Herein, such fragility curves are adopted, and integrated, for the purposes of this work, with
two further curves at DSC and DSO0. Thus, the latter are defined, similarly to what suggested for
DS1-DS3 by Lowes and Li (2009), as lognormal fragility curves characterised by a logarithmic
mean equal to median values of data collected by Lowes and Li (2009) for OMF-BYJF joints
at DSC and DSO0, and a logarithmic standard deviation equal to the highest value suggested for
the DS1-DS3 by Lowes and Li (2009) (i.e., 0.40). Assumptions similar to DSC and DSO are
advanced herein for DS4 (which, however, is generally not involved at all in the following damage
analyses). A summary of the main parameters (mean drift, © and standard deviation, f) for the
adopted IDR-based fragility curves is shown in Table 3 along with a graphical representation of
the curves.

Therefore, the DS achieved at each floor under the selected earthquake intensity is attrib-
uted to the building in the BS and BF configurations based on the probability of occurrence
of each DS, estimated by means of the fragility curves defined above. For each test, the
probability of occurrence of each DS can be defined at each storey, given the experimental
value of IDR,, recorded at that storey during the test. The DS with the maximum prob-
ability of occurring at each floor is herein defined as DSp .

The prototype building in the base-slip configuration showed low-sensibility to
damage at moderate and high intensity earthquakes. Indeed, based on the distribution of
IDR,,,, along the height, the DS experienced in the frame direction under 25% and 50%
of the Kobe earthquake can be classified as Null and a few (intermediate) stories reach
DSpmax=DSC. Under 100% of the earthquake intensity (Fig. 8a), the DSp . is still
DSC at almost all floors, but the IDR_,, of 4th floor is closer to the lower bound (16th
percentile) of the DSO and larger cracks are expected. In turn, at 100% Kobe, the building
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Fig.8 Achieved DS during the 2015 test in the base-slip (a) and base-fixed (b) configurations. Colour strips
in IDR_,, distribution plot indicated the 16th—84th percentiles ranges

in the BS configuration mostly experienced a DS =DSC. The attributed DSs well reflect the
experimental observations. Indeed, as reported in Kajiwara et al. (2021), hairline cracking to
structural members with crack width lower than 0.05 mm were observed (see Fig. 8a). The
IDR,,,, for 100% intensity is about 0.6% slightly higher than the limit of 1/200 according to
allowable stress design principles (CEN 2004; ALl 2010). Furthermore, all reinforcements
experienced an elastic response. This confirmed that structural members do not need
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specific repair actions and only cosmetic repair of plaster and finishes could be needed,
along with the effectiveness of the proposed base slip solution to contain the damage under
severe earthquake loads.

Figure 8b reports the damage classification in terms of DSy, of the prototype building
tested in the fixed-base configuration at 100% Kobe. Before considering the maximum seis-
mic shaking, by using the IDR_,, based classification, the buildings experienced a DS Null
and DS =DSC under the 10% and 25% of the Kobe earthquake at most of the floors, respec-
tively. By increasing the earthquake intensity to 50%, intermediate floors (from 2nd to 6th)
showed a drift demand significantly higher than other floors, showing DSp ., =DS0. The
test to 100% of the earthquake intensity confirmed the damage localization at intermediate
floors with a peak IDR_,, at the 4th floor of about 3.05%. By using the drift-based damage
classification, the intermediate floors (3rd to Sth) experienced a DSp,, that can be DS2 or
DS3 with very similar probability, thus confirming the moderate to heavy damage attributed
to BCJs according to the AIJ damage classification (Tosauchi et al. 2017). Under the inten-
sity of 100% Kobe, most of the floors exhibited a DSp,,,, =DS2, thus with spalling of con-
crete cover on the main structural members. Patching or replacement of damaged concrete
is suggested as main repair action. However, the cost of these activities may exceed the 50%
of the cost related to demolition and reconstruction, thus making not convenient the repair.

Even though a good agreement was found between the damage description related to the
adopted IDR-based damage analysis and the experimental one, the same matching is not found
in terms of the local damage at level of the BCJs, if damage classification proposed by Brown
and Lowes (2007) in terms of v; ,,, is adopted. First, it can be noted that any information is
provided for joint shear strain thresholds at DS1 and DS3, due to a lack of experimental data.
Then, comparing the ranges of v;pg; shown in Table 2 with y; ,,,, obtained experimentally
(Fig. 6), it can be concluded that, the maximum damage achieved under 100% Kobe earth-
quake for the BF-test would be classified in the range DS0-DS1(i.e., joint cracking> 1.3 mm).
This does not match with the description of the experimental damage on the joint panels of
the 4th floor where a partly spalling of concrete cover was detected. Therefore, if the dam-
age analysis is performed considering the joint shear strain, y; ,,,c, an underestimation of the
observed damage is found. A possible explanation of such a difference can be found analysing
the dataset of experimental tests used to calculate the joint shear strain-based DSs. Indeed, the
dataset used by Brown and Lowes (2007) contains tests on BCJ subassembly with a transverse
steel ratio in the joint panel higher than that used in the joints of the prototype building or
of the joints considered in the OMF-BYJF category considered to calculate IDR-based DSs.
Therefore, only the IDR, -based classification is actually applied hereinafter.

3 Design of BCJs according to different code prescriptions

BClJs in the investigated prototype building tested in 2015 at E-Defense were designed
according to AIJ (2010) standards. Several other modern codes worldwide consider spe-
cific provisions in the definition of beam—column geometric dimensions and of the rein-
forcement amount in the design of beam—column joints of RC buildings. Despite the object
of these provisions (beam—column joint) and the considered load typology (gravity and
seismic actions) are the same worldwide, existing code prescriptions can be quite different
from country to country, e.g. for what concerns: (1) the computation of the joint strength,
(2) the calculation of the horizontal/vertical reinforcement amount, (3) the effect of biaxial
loadings on the evaluation of joint strength.
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In this work, the current versions of the European (EC8-part 1, CEN 2004), American
(ACI 318 2019) and New Zealand (NZS, 3101-part 1 2006) standards for design are
considered, along with the Japanese code used for the design of 2015 tests (ALJ 2010)—see
Table 4.

Despite of some minor differences in safety factors or for the consideration of reinforc-
ing steel hardening, all codes agree in defining joint shear demand as a function of the
maximum tensile action coming from the yielding of the adjacent beams, in agreement
with (worldwide adopted) capacity design principles.

The first main difference among codes is about the shear mechanisms they consider in
the design formulation depending on the different literature studies.

EC8-part 1 (CEN 2004) and NZS, 3101-part 1 (2006) assume the co-existence of strut
and truss resisting mechanisms for reinforced joints, leading to (1) the definition of geo-
metric joint dimensions necessary to not overcome the diagonal strut compressive strength,
and (2) the calculation of the number of horizontal stirrups and vertical reinforcement in
joints to resist to the portion of shear load that diagonal compressive strut is not able to
absorb (Paulay and Priestley (1992); Fardis 2009). It is worth noting that an alternative
approach for reinforcement design is also allowed by EC8 (EC8-1 in what follows, see
Table 4). The latter (EC8-1 in what follows) can be used equivalently to the previously
mentioned one (EC8-2), and it assumes that stirrups in joints in pre-cracking condition can
offer a beneficial confining effect on the diagonal resisting compressive strut that prevent
joint cracking. EC8-1 and EC8-2 often lead to quite different amount of transverse rein-
forcement (as demonstrated later for the case-study building).

On the other hand, AIJ (2010) and ACI 318 (2019) only prescribe the safety check of
the compressed diagonal strut (or, equivalently, the definition of the joint resisting area).
According to ACI 318 (2019), joint stirrups are designed to match the minimum require-
ments in terms of geometrical percentage (prescriptions related to Special Moment Resist-
ing Frames are used in what follows). As a matter of fact, commentary to ACI 318 (2019),
based on ACI 352R, explicitly allows neglecting the contribution of joint stirrups based on
the experimental evidence (Meinheit and Jirsa 1977) that transverse reinforcement didn’t
provide any beneficial effect on the joint strength if a minimum stirrups amount is pro-
vided. However, the minimum amount of transverse reinforcement required by the ACI
318 is generally very high as shown later and significantly higher than that prescribed by
AlJ (only 0.2%—AI1J 2010). Recent research works (e.g. Shiohara and Kusuhara 2014)
contributed to this topic with the scope to update the design of joint transverse reinforce-
ment in Japanese standards.

Among the codes analyzed herein, the effect of biaxial loading on joint shear strength
is explicitly considered only by NZS-3101, based on Pauley and Priestley (1992)’s recom-
mendations, by means of a factor (C;), which proportionally allocates the beneficial effect
of axial compression load to the two loading directions of the lateral design forces under
biaxial loading.

As a result of the application of the above-mentioned codes, Fig. 9 reports the minimum
required geometric percentage of transverse reinforcement (p;,) for exterior and interior
joints in the frame direction. It is worth mentioning that mean value of mechanical
properties (both for concrete and reinforcing steel) and gravity axial load ratio are used for
this calculation. With reference to ECS, the highest number of stirrups is always provided by
EC8-2 approach. Since approach EC8-1 and ECS8-2 can be alternatively used, the minimum
pjn is assumed herein as representative of EC8-compliant design (namely, always the EC8-1
approach). Looking at EC8-1 approach, p;, increases if f; decreases or when the longitudinal
amount of beam reinforcement increases (as expected due to the increase of joint shear
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Fig.9 Geometric percentage of stirrups designed according to different codes for interior and exterior joints
of 2015-E-Defense tests—1st to 6th floor, frame direction ( “TEST 2015” was designed according to the
AlJ code)

demand in this case). It can be also noted that the highest amount of stirrups percentage
is necessary from the 3rd to the 6th floor (namely, the floors where joints where highly
damaged in 2015-test, as commented in Sect. 2). Lastly, it is worth noting that the highest
amount of required stirrups percentage is (almost always) obtained if ACI-318 prescriptions
are applied (despite it represents just a “minimum amount” according to that code).

It should be noted that modern seismic codes, like those investigated herein, often lead
to a very high number of stirrups; thus, their installation should be checked. As a matter
of fact, Fig. 10 shows a possible reinforcement layout within the joint panel for the joints
with the highest number of stirrups is required by each code. It can be noted that, assuming
the same number of legs and the same diameter of stirrup, EC8 and NZS resulted in a
higher spacing respect to those designed according to ACI. The latter resulted in the lowest
spacing between joint transverse reinforcement with a minimum clear distance of about
20 mm. This does not comply with ACI requirements suggesting a minimum clear spacing
of 1 inch. Also note that in re-designing the joints according to the different codes, the
geometry and mechanical properties are not changed to allow a direct comparison with the

ACI - 3FL interior ECS8 - 4FL interior ZNS - 4FL interior

L 500 J L 500 J L 500
AA : ‘7‘ A-A ‘7‘ A-A i
o )
| |o—d | [ S ‘ ‘ C 500
L 500 J
6 legs ties - $10/50 mm 6 legs ties - $10/80 mm 6 legs ties - $10/90 mm

Fig. 10 Reinforcement layout in joints 3FL-int (designed according to ACI-318) and 4FL-int (designed
according to EC8 or NZS) (dimensions in mm)
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results of the 2015-test, whereas, in a real application, it would be possible to consider an
enlargement of the joint area to allow an easier installation of transverse reinforcements.

4 Numerical structural response depending on the design
prescriptions for stirrups

The effect of design prescriptions for stirrups in joints on the seismic response of the
10-storey 2015-E-Defense building is numerically investigated in this section. The adopted
numerical model will be first described and then applied assuming that the only variable
is the joints transverse reinforcement designed according to the different codes (AlJ 2010;
ECS8, 2005; NZS 2006 or ACI 2019). Joint geometrical properties are keept constant and
equal to those of the 2015-E-Defense test.

4.1 Adopted modelling approach

A three-dimensional numerical model able to explicitly catch the beam—column joints
response is used to simulate the response of the 10-storey 2015-E-Defense building
under imposed ground motions. A structural model of the specimen is built starting from
the foundation beams (i.e., above the slipping interface in the BS test). Thus, nonlinear
dynamic analyses are carried out imposing at the base of the model the displacement time-
histories measured at the level of fundation beams. OpenSees platform (McKenna 2010) is
used in this work, as described in Di Domenico et al. (2023), where all details about mod-
elling can be found. Herein a brief overview of the nonlinear model is provided to lastly
focus the attention on the joint response.

The RC foundation beams are modeled as elastic elements (ElasticBeamColumn Element
in OpenSees), simply supported at the intersection points between foundation beams and col-
umns/shear walls. Their cross-section and material properties are defined based on available
information and technical drawnings by Tosauchi et al. (2017) and Kajiwara et al. (2021).

The RC walls are modelled by using a fiber-based approach. A Force-Based Element
formulation is used with five Gauss—Lobatto integration points. The wall cross-sections
are discretized into 10X 30 fibers for the core, and 3 x9 fibers for the cover. The confin-
ing effect of transverse reinforcement at the wall web is neglected. Longitudinal reinforce-
ments are modelled by means of straight layers of equivalent thickness.

An empirical lumped plasticity approach is used for beams and columns, by implement-
ing a nonlinear spring at both ends of each beam/column, including shear and/or bar slip
contribution to the overall members deformability. The elastic part of columns and beams
is modelled with an ElasticBeamColumn Element. The nonlinear spring is modelled with
a ZeroLength Element. Beams and columns are assumed as flexural members because the
proper design of transverse reinforcement in all members of the specimens prevented shear
failures. The empirical moment-chord rotation (envelope and cyclic) response proposed by
Haselton et al. (2008) is adopted, slightly modified in the ascending branch to also include
the cracking point (assigning a Parallel Material in OpenSees to the ZeroLength Elements
introduced above, as described in Di Domenico et al. 2023 in more detail). Hence, in the
adopted modeling approach the axial force-bending moment interaction is explicitly con-
sidered only for the RC walls, because their response is expected to be particularly influ-
enced by this phenomenon. The comparison between the observed experimental results and
the response predicted through this modeling approach highlighted a quite good predictive
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capacity (generally not lower than a modeling approach including fiber-based elements for
beam and column elements that consider the axial load-bending moment interaction), thus
supporting the modeling assumptions described in Di Domenico et al. (2023).

Second order effects are also considered by means of corotational transformation in
Opensees. Lastly, the behavior of beam—column joints is modeled using the “scissor model”
approach proposed by Alath and Kunnath (1995) for both bending direction—see Fig. 11a.
Rigid offsets are introduced at the intersections between different structural members (defined
as JointOffset in geomTransf attribute of beams and columns in OpenSees); they cover the
joint panel width and height. Rotational springs are implemented between beams and columns
rigid offsets at their centerlines intersections (Fig. 11a)—defined by means of a ZeroLenght
element in OpenSees, and characterized by means of the Pinching4 uniaxial material. In
several studies from the literature (e.g., Celik and Ellingwood 2008; Kim and LaFave 2012;
Jeon et al. 2014), such a spring is characterized by a quadri-linear moment (M;) — rotation
(ej) relationship, derived from to the joint panel shear stress (Tj)—shear strain (yj) response
and made up of four characteristic points (Fig. 11b): cracking, pre-peak, peak and residual
(or “ultimate”). Note that the chord rotation is assumed equal to the shear strain, and the joint
moment M,; is derived from joint shear stress ; based on equilibrium equations, as in Celik
and Ellingwood (2008).

Different works from the literature studied beam—column joints under seismic action, gen-
erally distinguishing between interior and exterior joints, and between reinforced and unrein-
forced joints. Several works focused on the assessment of joint shear strength only, consider-
ing, mechanically or empirically, the contribution of joint stirrups to its strength (e.g. Hwang
and Lee 1999; Vollum and Newman 1999; Fardis 2021, among many others). Fewer works
focused on the definition of the whole nonlinear response of reinforced joints, namely on the
above-mentioned four characteristic points and on the relevant hysteretic response (e.g., Kim
and LaFave 2012; Jeon 2013).

Herein, the nonlinear joint shear stress-shear strain relationship is assessed according to
Kim and LaFave (2012)’s proposal, which was derived from the analysis of a wide database
of experimental tests on beam—column joints reinforced with stirrups. According to this
empirical model, the joint shear strength (T; jeu mode) @0d corresponding joint shear strain
(Yj peak,mode) ar€ obtained by means of empirical equations (see Egs. 1 and 2), depending
on some key parameters: the joint typology (i.e., interior or exterior, through the parameter
JP), the number of beams converging in the joint (through the parameter TB), the amount of
transverse reinforcement in the joint (through the joint transverse reinforcement ratio, JI), the
longitudinal reinforcement in beams (through the beam longitudinal reinforcement ratio, BI),

T
Y
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) _~ pre-p — iy
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4:‘ Rotational M;-8; spring
= around z,.,, axis racking T
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Fig. 11 Adopted numerical model for beam—column joints (a); nonlinear envelope for joint response (b)
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the joint geometrical properties (through the parameter JPRU)/beams eccentricity (e), and the
concrete compressive strength ().
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Key parameters defining the joint response according to the adopted model are sum-
marized in Table 5, considering the different number of stirrups designed according to the
selected codes, along with the predicted failure mode (namely joint shear failure expected
after beam—BJ—or column—CJ—yielding) for both signs of the acting bending moment

on the beam (clockwise, My, or counter-clockwise bending moment, Mcy)-

Table 5 Main parameters adopted to define joints’ response (frame-direction) and failure mode

Floor Joint Type JP TB e Iy Jlgeg Mo Jyzs BI JPRU Failure
Mode
G 6066 6 6 6 6 O Mw Mgy
2FL  Al,A4.D1,D4 Ext 075 1 0 0.009 0.013 0.074 0.024 0.125 0.490 BJ BJ
A2,A3,D2,D3 Int 1 I 0 0009 0013 0.074 0.043 0.102 0.833 BJ BJ
3FL  Al,A4.D1,D4 Ext 075 1 0 0.008 0.012 0.074 0.021 0.110 0.490 BJ  BJ
A2,A3,D2,D3 Int 1 1 0 0.008 0013 0.074 0.038 0.090 0.833 BJ BJ
4FL Al,A4.D1,D4 Ext 075 1 0 0.012 0.024 0.074 0.031 0.136 0490 BJ  BJ
A2,A3,D2,D3 Int 1 1 0 0012 0057 0.074 0.057 0.122 0.833 BJ] BJ
SFL Al,A4.D1,D4 Ext 0.75 1 0 0.014 0.040 0.074 0.029 0.144 0.490 BJ] BJ
A2,A3,D2,D3 Int 1 1 0 0014 0045 0.074 0.053 0.128 0.833 BJ BJ
6FL Al,A4.D1,D4 Ext 075 1 0 0.015 0.051 0.074 0.031 0.153 0.490 BJ  BJ
A2,A3,D2,D3 Int 1 1 0 0.015 0.081 0074 0.071 0.136 0.833 BJ BJ
7FL  Al,A4.D1,D4 Ext 075 1 0 0.013 0.009 0.074 0.027 0.117 0.490 BJ  BIJ
A2,A3,D2,D3 Int 1 1 0 0.013 0.037 0.074 0.049 0.102 0.833 BJ BJ
8FL Al,A4.D1,D4 Ext 075 1 0 0.014 0.009 0.074 0.021 0.103 0490 BJ BJ
A2,A3,D2,D3 Int 1 1 0 0014 0008 0.074 0.038 0.080 0.833 BJ] BJ
OFL Al,A4.D1,D4 Ext 075 1 0 0.013 0.009 0.074 0.015 0.079 0.490 BJ BJ
A2,A3,D2,D3 Int 1 1 0 0013 0018 0.074 0.038 0.079 0.833 BJ BJ
B1,B4,C1,C4 Ext 075 12 0 0.013 0.046 0.103 0.015 0.068 0490 CJ  BJ
B2,B3,C2,C3 Int 1 1.2 0 0.013 0.018 0.103 0.028 0.068 0.833 CI CJ
1I0FL Al,A4.D1,D4 Ext 075 1 0 0.017 0.011 0.072 0.020 0.121 0.490 BJ BJ
A2,A3,D2,D3 Int 1 1 0 0017 0019 0.072 0.037 0.104 0.833 BJ] BJ
B1,B4,C1,C4 Ext 075 12 0 0.017 0.011 0.101 0.020 0.104 0490 CJ CI
B2,B3,C2,C3 Int 1 1.2 0 0017 0.034 0.101 0.037 0.104 0833 CJ] CJ
RFL Al,A4.D1,D4 Ext 05 1 0 0.018 0.012 0.072 0.021 0.108 0.269 CJ]  BJ
A2,A3,D2,D3 Int 1 1 0 0018 0012 0.072 0.039 0.108 0.269 CJ] CJ
B1,B4,C1,C4 Ext 05 12 0 0.018 0.012 0.101 0.021 0.108 0269 CJ CJ
B2,B3,C2,C3 Int 1 1.2 0 0.018 0012 0.101 0.039 0.108 0269 CI  CJ
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Table 6 Parameters used for
Pinching4 material in OpenSees
for beam—column jOil’ltS pos neg pos neg pos neg

rDisp rForce uForce gK1 gDI1 gFl

Exterior 0.26 0.25 0.20 0.21 -0.01 -0.01 1.00 0.24 0.00
Interior 0.25 0.25 025 026 0.00 0.00 0.93 0.29 0.00

[gK2, gK3, gK4, gK5]=[0.00, 0.10, 0.00, 0.95]; [gD2 gD3 gD4
gD5]=[0.00, 0.15, 0.00, 0.95]; [gF2 gF3 gF4 gF5]=[0.0, 0.0, 0.0,
0.0]

It can be noted that the adopted empirical model neglects the eventual effect of axial
load on joint response. Based on the statistical analysis of a wide database of experimental
tests on beam—column joints, Kim and LaFave (2012) found that column axial load does
not significantly affect joint shear strength or joint shear strain.

A modification of the original Kim and LaFave model is applied herein, particularly
concerning joint strength. It is worth noting that shear strength models in the literature are
calibrated or validated by means of experimental tests mostly performed under mono-direc-
tional loadings. Very recent studies from literature showed that joint shear strength under bi-
directional loading, like that suffered by joints in 2015 E-Defense tests, can be significantly
lower than the relevant strength of the same joint under mono-directional loading. Han and
Lee (2020) quantified this effect for corner joints experimentally, finding that such a strength
reduction can reach — 30%. Based on this outcome, a common reduction factor equal to 0.7
(to be multiplied by the Kim and LaFave’s strength) is used for all joints in the adopted model.

Finally, it should be noted that the peak load moment determined from the predicted
(empirical) joint shear strength (M uxmode) Should be furtherly limited to the flexural
strength (Mj,ﬂex) of adjacent beams/columns (which cannot be even overcome), according
to Celik and Ellingwood (2008), namely the peak load moment to be used in the numerical
model for each joint (M; ,,,) can be computed as follows (Eq. 3):

,max

Mj,max = min (M/',max,model;[wj,ﬂex) = min(%,mm,model;min< 2 { Mbeam,ﬂex,i; z Mcol,ﬂex,j))
i J
3)

where My, q e, a0d Mo 4, ; Tepresent the flexural strength of the ith converging beam and
the jth converging column, respectively.

Joint shear stress and shear strain at cracking, pre-peak and “ultimate” points are then
derived by multiplying joint shear stress and strain at peak point by empirically calibrated
factors (Kim and LaFave 2012).

Hysteretic degradation in the cyclic response is also considered as suggested by Jeon
(2013), thus using sets of the parameters for Pinching4 uniaxial material describing hyster-
etic response that are different for exterior and interior joints. They describe the position of
pinching breakpoints (rDisp, rForce and uForce), the unloading stiffness degradation (gK;),
and the reloading stiffness degradation (gD;), as shown in Table 6. No strength degrada-
tion is implemented (i.e., parameters gF; are imposed herein equal to zero), since the M;-6;
response coming from Kim and LaFave’s model already represent the envelope of cycli-
cally degraded nonlinear response.

Figure 12 shows the resulting moment-rotation envelopes for joints from Ist to the
6th floor, in the frame direction, depending on the code adopted for joints stirrups
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Fig. 12 Joint moment-rotation envelopes obtained for stirrups designed according to AlJ (2010) (a) and for
stirrups designed according to EC8/ACI/NZS (b)—Ist to 6th floor, frame direction

design. In this figure, the joint moment is divided by the flexural strength of the adjacent
beams/columns to emphasize what follows. If stirrups designed according to AIJ (2010)
prescriptions are used, in most cases, joint maximum moment (M, ,,,) is determined by
the converging beams/columns flexural strength (M/M, 4, in Fig. 12 equal to 1), except
than for some joints in low-intermediate floors. On the contrary, when py, is defined
according to all the other codes considered herein (EC8, NZS and ACI), M; a4 model
generally results higher than the relevant joint strength obtained with AlJ-compliant
stirrups, and M; is always provided by the converging beams/columns flexural

j,max
strength (M;/M,; g, in Fig. 10 is always equal to 1). As a result, M; ., is slightly higher

,max
(from +5 to+9%) for EC8/ACI/NZS-compliant stirrups with respéct to joints with AlJ-
compliant stirrups, for some joints from the 3rd to the 6th floor (the mostly damaged
in 2015-E-Defense tests). Additionally, it can be noted that joints generally reach
their peak load for shear strain in the range 0.5-1.0% (with lower values for exterior
joints with respect to the interior ones), with not significant difference between AlJ-
compliant and EC8/ACI/NZS-compliant stirrups in joints. A wider range of shear strain
(1.5-2.8%) characterizes the achievement of the “residual” point.

It is worth mentioning here that a slight simplification is introduced in model-
ling the joint with stirrups designed according to EC8/ACI/NZS. As a matter of fact,
such codes always lead to a higher number of stirrups in joints with respect to AIJ
for the prototype building, but each code provides a different transverse reinforce-
ment percentage. EC8, ACI, and NZS produce the same increase in joint strength,
as commented above, but they would also lead to a bit different joint deformability.
According to Kim and LaFave’s model, joint shear strain at peak load (and, in tune,
joint shear strain at all the other characteristic points of the joint response) changes
as a function of py, (see Eq. 2). As a result, a slight reduction in ¥; ,eax moder WOUld be
obtained with respect to the case AlJ-compliant stirrups, for EC8, ACI, and NZS-
compliant stirrups. Nevertheless, in the following models, the same joint shear strain
values are used in defining the joint response for all codes, for sake of simplifica-
tion. It is worth noting that, as shown in what follows, joint deformability demand is
always very small (never beyond the pre-peak point of the joint response) for EC8/
ACI/NZS-model, thus proving that the adopted simplification does not affect signifi-
cantly the final numerical results.
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In summary, two 3D nonlinear models are implemented in OpenSees: the first one
with AIJ (2010)-compliant joints stirrups, and the another one with EC8/ACI/NZS-con-
forming stirrups in joints. Each model is tested by applying at its base the three dis-
placement components (two horizontal components plus the vertical one) of the Kobe
earthquake recorded during the tests, as explained in Di Domenico et al. (2023). The
main results of such numerical analyses are shown in the following sub-section. On the
prediction capability of the adopted model, for what concern the AlJ-compliant stirrups
(that is the 2015-E-Defense test), refer to Di Domenico et al. (2023).

4.2 Numerical results: AlJ- vs- EC8/NZS/ACI design for joint stirrups

The numerical results obtained for the two models mentioned above are reported in this
section, first in terms of maximum achieved IDR (IDR,,,,) at each story (see Fig. 13).
An additional term of comparison is also analyzed, namely the relevant 3D-model
characterized by a linear elastic behavior of beam—column joints, where joint elastic
stiffness simply reflects the shear stiffness of the joint panel. Again, the frame direction
only is investigated, where joints resulted more damaged in 2015-E-Defense tests and
where monitored joints were available (see Sect. 2.1).
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Fig. 13 Influence of the stirrups design in joints on the maximum IDR demand (a) and comparison between
nonlinear joint with AlJ- or EC8/ACI/NZS-compliant stirrups in joints and elastic (El) joints—min—max
ranges (b). (EC8/ACI/NZS- is shortened in this figure as “EC8”)
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Figure 13 shows that, for BS-tests, when joints are modelled as linear elastic
members (“El J”), the maximum IDR demand is generally lower with respect to the
nonlinear modelling of joints, for both models (AlJ- or EC8/ACI/NZS- compliant
stirrups). This is also true, in most cases for BF tests, especially at the higher
stories at the lower shaking intensities. At the highest intensities such an outcome
becomes more difficult to explain looking at joints’ response only, since a significant
nonlinear demand affects also beams and columns ends. In summary, the ratio
between IDR demand related to nonlinear joints modelling and IDR demand related
to linear elastic joints modelling ranges between 0.59 and 1.66 (see Fig. 13b), thus
proving that considering the “real” behavior of beam—column joints in modelling is
certainly paramount for an accurate numerical prediction. Additionally, when AlJ-
compliant stirrups in joints are considered the maximum IDR demand is generally
higher than that obtained for EC8/ACI/NZS-compliant stirrups in joints. Numerical
results obtained for the above-mentioned 3D models are also expressed in Fig. 14 in
terms of maximum joint shear strain (Yj,max) for those (interior) joints in the frame
direction that were monitored during the experimental phases (see Sect. 2.1). In case
of elastic joints, ¥i.max values are always very small, and, thus, joints contribution to
the overall IDR demand is negligible. On the contrary, AlJ-J and EC8/ACI/NZS-J
models provide quite similar v;,,, values for BS-tests; only at the 3rd and the 2nd
stories AlJ-J model leads to slightly higher y;,,, values at 100% Kobe (namely
SF=1). On the contrary, in the BF-tests, v; ,,, values related to AlJ-J model become
significantly higher with respect to EC8/ACI/NZS-J model, especially at the highest
intensities (100% Kobe). Particularly for BF-test at 100% Kobe, in case of AlJ-J
model, most of the monitored joints reach or overcome their peak point according
to the adopted model (see Fig. 14b, where the range related to interior joints only
is reported in grey), staring to degrade and, thus, affecting the resulting expected
damage in joints (as shown in the next section). On the other hand, the EC8/ACI/
NZS-J model provides maximum joint shear strain values that are always lower than
those corresponding to the peak point according to Kim and LaFave’s model, leading
to a lower expected damage level in joints with respect to the AIJ-J model.
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Fig. 14 Comparison comparison between nonlinear joint (with AIJ- or EC8/ACI/NZS-compliant stirrups
in joints) and elastic (El) joint in terms of maximum joint distortion on the monitored joints (see Sect. 2.1):
base slip test (a); base fixed test (b)
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Fig. 15 Comparison comparison between nonlinear joint (with AIJ- or EC8/ACI/NZS-compliant stirrups in
joints) and elastic (EI) joint in terms of joint distortion time history on the monitored joints (see Sect. 2.1),
100% Kobe: base slip test (a); base fixed test (b)

Lastly, Fig. 15 shows the joint shear strain (y;) time history at 100% Kobe for
BS- and BF- tests, for the same joints investigated above in the time interval [10; 25]
s. It can be noted that trends already commented above for v; ,,,, still applies for y;.
Additionally, y; peaks during the time history are almost contemporary if AlJ-J and
EC8/ACI/NZS-J models are compared, for BS-test. This latter remark generally is
less clear for BF-test, especially after the peak joint strain (predicted by the adopted
model) is achieved for the AIJ-J model (dotted lines in Fig. 15b), as occurs in joints
at the 3rd, 4th and 6th floor.

5 Damage analysis depending on the design prescriptions for joint
stirrups

In this section the results in terms of IDR . of the numerical analyses conducted by using
the different numerical models (with stirrups designed according to ACI or EC8/ACI/
NZS standards) are used to assess the attained damage in terms of DSp, .., as performed
in Sect. 2.2 based on experimental data. Thus, Fig. 16 shows the probability of occurrence

Fig. 16 Comparison of predicted DSs by using: BS model with joints designed according to AlJ (a); BS »
model with joints designed according to EC8/ACI/NZS (b); BS model with joints designed according to
ECS8/ACI/NZS and DS for ACI/ASCE compliant BCJs (¢); BF model with joints designed according to
AlJ (e); BF model with joints designed according to EC8/ACI/NZS (f); BF model with joints designed
according to EC8/ACI/NZS and DSs for ACI/ASCE compliant BCJs (g)
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Fig. 17 Comparison between nonlinear models (with All- or EC8/ACI/NZS-compliant stirrups in joints)
and experimental results in terms of attained DS: base slip test (a); base fixed test (b)

of each DS at each floor for 100%-BS and 100%-BF tests when joints stirrups are
designed according to AIJ or EC8/ACI/NZS. It is worth noting that two different damage
classifications belonging to OMF and ACI/ASCE category of BCJs are considered at
this stage. This is to account for the different- and lower- sensitivity to damage of BCJs
designed according to EC8/ACI/NZS standards. The resulting DSp, . is reported in
Fig. 17. The same results are analysed also for lower intensity as commented below.

The damage analysis of the prototype building in the Base Slip configuration shows
very minor differences varying the numerical model of the joint. No significant differences
are visible until 100% intensity in term of DSp, ... Additionally, the predicted damage for
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the building numerical model where joint stirrups are designed according to AlJ is very
close to the actual damage shown in Sect. 2 (Fig. 17a).

With reference to the building in the Base Fixed configuration (Fig. 17b), the DSs
assessed considering the results of the numerical model with joints stirrups designed
according to AIJ well match those assigned according to experimental results (Fig. 17b). A
predominance of DS2 is assessed at 100% Kobe. This matching is confirmed by the good
agreement between the predicted IDR_,, and the experimental one. Nevertheless, a dif-
ference between the experimental observations and numerical model can be observed in
terms of the DS distribution along the height. Indeed, the numerical predictions overesti-
mate damage at the highest floors. This is related to the accuracy of the adopted numerical
model that provides reliable estimations of the peak IDR while it is less accurate in the
prediction of the IDR distribution along the height (see Di Domenico et al. 2023, for more
details).

Additionally, assuming that the joint stirrups were designed according to different
standards (i.e. ACI, EC8 or NZS), the reduction of the joint shear distortion leads to a
decrease of the IDR,, demand at most floors (see Fig. 17b). Assuming the OMF damage
classification, this resulted in a reduction of the number of floors where DSy, =DS2 and
a significant number of floors that experienced a DS0.

It is worth mentioning that comparisons discussed until now are made considering the
same damage classification (joint belonging to the OMF-BYJF category, according to
Lowes and Li 2009) both for the building with joint designed according to AIJ and other
codes (ACI, EC8, NZS). However, as already mentioned above, it should be noted that
increasing the ratio of joint transverse reinforcement a change of the damage classifica-
tion may be needed, especially when joint reinforcement complies with current ACI/ASCE
standards. This may have a significant influence on the expected damage since that a duc-
tile failure of the joint subassembly is expected and the onset of a high damage state could
be achieved at a median drift higher than non-conforming BCJs. Thus, a further reduc-
tion of expected damage (with respect to that estimated herein) could be attained for joints
designed with stirrups compliant with EC8/ACI/NZS standards, due not only to a lower
drift demand, but also to higher IDR thresholds (lower sensitivity of the joint subassembly
to damage). In particular, when IDR thresholds by Lowes and Li (2009) related to ACI
Special Moment Frames (SMF) category are used, at 100% Kobe-Base fixed, a predomi-
nance of DSO at the lowest levels (1st to 4th floor) is found. Intermediate floors (5th to
8th) experienced a DS1, while the 9th and 10th floor experienced a DSO. Thus, the use of
a more appropriate damage classification outlined a significant reduction of the observed
DS with a predominance of DSO and a maximum of DS1 (see Fig. 17b). This remarks the
importance of transverse reinforcement in the seismic response of the joint panel that may
significantly contain the joint shear deformation resulting in a reduction of the global drift
demand, and, in turn, of the expected maximum DS and its extension. This will have a sig-
nificant influence on expected losses under earthquake loads (De Martino et al. 2017; De
Risi et al. 2020; Del Gaudio et al. 2022).

A summary of the damage analysis commented in this section and in Sect. 2 is presented
in Fig. 18, by means of the parameter DS*, defined as in Eq. (4), obtained for all models/
experimental data and plotted depending on the input PGA.

Ns
Zj=] DSPmaxJ
N

DS* = “)

N
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Fig. 18 Summary of DS* obtained for all intensities as a function of the corresponding PGA

The parameter DS* represents the average along the building height of the most likely
damage at each floor, and thus it considers, in a simplified manner, both maximum damage
and damage extension.

For the BS-tests, predicted DS* is technically the same for both the numerical models
and for damage analysis coming from experimental outcomes, at each intensity; the maxi-
mum DS* results a cosmetic damage, and it is achieved at 100% Kobe (PGA=0.75 g). A
similar outcome can be observed for BF-tests, except than at 100% Kobe, where a reduc-
tion in predicted DS* is detected when EC8/ACI/NZS-model results are used, or ACI/ACE
damage classification is adopted.

6 Conclusions

Beam—column joints (BCJs) in RC buildings are often significantly damaged during seis-
mic shakings, especially in absence of a proper design of joints dimensions and stirrups.
The 10-storey building tested at E-Defense in 2015—tested in a base-slip, BS, and a base-
fixed, BF, condition—was an evident proof of the role of joints response and damage to the
global behavior of the building. Indeed, when cast-iron plates were activated at the base
of the building, the observed damage was always very low, from 10 to 100% Kobe earth-
quake, thus proving the efficiency of the adopted base isolation system. On the contrary,
when 50-100% Kobe earthquake was applied to that building in a fixed-base condition,
the main damage was observed in BCJs, which showed wide diagonal cracks and concrete
cover spalling. Assessing the damage in joint sub-assemblages according to Lowes and Li
(2009) damage metric, expressed in terms of IDR thresholds, only cosmetic repair (DSC)
or repair of plaster and finishes (DS0) could be needed after BS-tests, whereas, during the
BF-test at 100% Kobe, the intermediate floors (3rd to 5th) experienced a moderate to heavy
damage (DS2/DS3) in tune with the AIJ damage classification.

Joint stirrups of the 2015-E-Defense building prototype were designed according
to the Japanese standard (ALJ 2010), which suggested to reinforce joint panels with the
0.2% of geometric transverse reinforcement ratio. In this paper, the European (ECS8, 2004),
American (ACI 2019) and New Zealand (NZS 2006) standards are used to re-design the
joint stirrups of the prototype building (keeping constant the mechanical and geometric
properties). Because these code prescriptions rely on different theoretical approaches,
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a different geometric transverse reinforcement ratio is found. However, it is always
significantly higher than 0.2% used in the prototype building.

Thus, a 3D numerical model was implemented in OpenSees platform to reproduce the
10-storey building response and to simulate its behavior depending on the stirrups amount
located in BCJs. A lumped-plasticity approach was used for beams and columns, a fiber
sections with an associated plastic hinge length was implemented for RC walls, and a scis-
sors-model was used for BCJs. Kim and LaFave (2012)’s model was implemented to repro-
duce the BCJs monotonic response, reducing the empirical predicted strength to consider
the contemporary biaxial loading, and limiting it to the flexural strength of the adjacent
beams/columns. As a result of these assumptions, when AlJ-based design is adopted for
stirrups in BCJs, Null damage or DSC are predicted for the BS tests, and a maximum dam-
age DS3 for BF-100% Kobe is obtained, as actually observed during the experimental tests
(even if with some difference in the floor at which the maximum damage is achieved).

The use of larger number of joint stirrups designed according to other international
standards (i.e. ACI, EC8 or NZS) results in a reduction in the joint shear distortion leading
to a decrease of the maximum IDR demand at all the floors. In tune, the expected damage
can be classified as DSO with peak of DS2 at most of the floors by using the same dam-
age classification (OMF-BYJF) used for the reference building. Thus, a reduction of the
number of floors where the maximum damage level is attained (namely a reduction of the
damage extension along the building height) has a direct effect in terms of reduction of the
expected seismic losses for the prototype building. This result is even more clear when a
different and more appropriate damage classification (ACI/ASCE) is used for the building
with BCJs designed according to the EC8/ACI/NZS codes. In this case a predominance of
DSO0, with some floors at DS1, is found.

The above discussed outcomes clearly highlight that a proper amount of transverse rein-
forcement in BCJs may significantly reduce the joint shear strain demand and, in tune, the
overall drift demand, leading to a reduction of the expected damage. This outcome should
be carefully considered following a design oriented to the damage containment in mod-
ern RC buildings that can be easily repaired even after severe ground shakings without
the need of expensive refurbishment or demolition. It is worth mentioning that use a large
amount of joint transverse reinforcement should be balanced by the need of an easy instal-
lation of these reinforcement in practical applications.
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