Bulletin of Earthquake Engineering
https://doi.org/10.1007/510518-024-02016-6

ORIGINAL ARTICLE |

®

Check for
updates

Code-based brittle capacity models for seismic assessment
of pre-code RC buildings: comparison and consequences on
retrofit

Santa Anna Scala’ - Maria Teresa De Risi' - Gerardo Mario Verderame'

Received: 13 May 2024 / Accepted: 4 September 2024
© The Author(s) 2024

Abstract

The existing Reinforced Concrete (RC) buildings stock is often characterized by a signifi-
cant seismic vulnerability, due to the absence of capacity design principles, even in regions
with high seismic hazard, such as Italy. Approximately 67% of existing RC buildings in
Italy have been designed without considering seismic actions (GLD), resulting in very
low transverse reinforcement amount in beams and, particularly, in columns. Additionally,
beam-column joints typically totally lack stirrups. Consequently, shear failures under seis-
mic actions are very likely for this pre-code building typology, often limiting their seismic
capacity. However, the assessment of shear failures in beams/columns or joints varies
significantly from code to code worldwide. The main goal of this work is to quantify the
impact of different code-based brittle capacity models on the seismic capacity assessment
and retrofit, focusing on GLD Italian pre-1970 RC buildings. This comparative analysis
is carried out by first considering three current codes, emphasizing their, even significant,
differences: European (EN 1998-3-1. 2005), Italian (D.M. 2018), and American (ASCE
SEI/41 2017) standards. Then, shear capacity models prescribed by the current drafts of
the next generation of Eurocodes are implemented and compared to the current models.
The assessment includes: (i) a parametric comparison among models; (if) the evaluation
of case-study buildings capacity in their as-built condition and after shear strengthening
interventions. The latter is performed on 3D “bare” models, due to the lack of practical
guidance in most codes on modelling masonry infills.
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1 Introduction

Post-earthquake surveys worldwide have brought to light the significant impact of shear
failures in beams, columns, or beam-column joints on the seismic performance of existing
reinforced concrete (RC) buildings. Recent catastrophic seismic events (e.g., Verderame et
al. 2014; Masi et al. 2019) have highlighted the detrimental effects of inadequate transverse
reinforcements or the absence of seismic detailing, especially in joint regions and columns,
on the structural response. Consequently, ensuring the accurate estimation of shear capacity
is imperative for a comprehensive evaluation of the structural performance (Karakas et al.,
2022; Lupoi et al. 2004) and the design of effective retrofitting strategies.

In the literature, a multitude of shear capacity models for existing beam-column elements
have been formulated by means of an empirical approach. Several of these (Priestley et al.
1994; Sezen and Moehle 2004; Biskinis et al. 2004; Kowalsky and Priestley 2000) forecast
a deterioration in shear strength under seismic cyclic loading as ductility demand rises.
Nonetheless, despite being conceptually rooted in the same theory, these models exhibit
significant differences. Shear resistance is primarily attributed to two factors: one associ-
ated with the presence of transverse reinforcements, and the other reliant on the concrete
resisting mechanisms. Nevertheless, some models relegate the strength cyclic degradation
to the concrete resisting contributions only (e.g, Priestley et al. 1994), owing to a progres-
sive reduction in load-carrying capacity with crack propagation. Other models extend the
shear strength degradation to the contribution of transverse reinforcement, considering
the potential loss of anchorage and bond capacity of the reinforcement due to concrete
cracking (Sezen and Moehle 2004; Biskinis et al. 2004). In addition, among the various
capacity models, there is not unanimous agreement on the definition of resistance contribu-
tions, especially about the concrete strength contribution. For example, Sezen and Moehle
(2004)’s model evaluates this contribution using the Mohr’s circle approach including the
influence of axial load. In contrast, Biskinis et al. (2004)’ s model considers the axial load
with an additional resistance contribution, not subjected to any cyclic degradation effect.

In addition to empirical capacity models, the shear strength of RC elements can be
assessed through the application of the Modified Compression Field Theory (Vecchio and
Collins 1986) or its simplified variants (Bentz et al. 2006; CSA Standard, 2006; Model
Code, 2010; Marcantonio et al. 2015). This theory represents the latest advancement of
an approach that originated in the early 1900s, according to which the shear strength of a
RC element is governed by a truss mechanism (Ritter 1899; Morsch 1909) with compres-
sive stresses inclined at 45° to the longitudinal axis of the element. This very first model
neglected any contribution by the cracked concrete, potentially resulting in overly con-
servative estimates of shear strength for elements with limited transverse reinforcement.
Moreover, studies from the 1980s revealed that the inclination angle is seldom exactly 45°.
The necessity for a rational determination of this angle gave rise to the Compression Field
Theory (CFT, Collins 1978), subsequently modified to consider the tensile stresses in the
cracked concrete (MCFT, Vecchio and Collins 1986). The method estimates the inclination
angle based on the strain distribution in the cross-section of the element and it has been sug-
gested by the Model Code (2010) - with different levels of approximations (Model Code,
2010; Biskinis and Fardis 2020).

In last years, many experimental works have been conducted focusing on the estimation
of the shear strength of beam-column joints without transverse reinforcement, which typi-
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cally characterize existing buildings. Most of these studies focus on exterior joints (e.g.,
Vollum and Newman 1999; Pantelides et al. 2002; Tsnos, 2007), generally more vulnerable,
identifying the parameters that can most significantly affect joint strength. Among these
parameters, in addition to joint configuration (interior or exterior) and concrete compressive
strength (Priestley 1997; Kim and LaFave 2012), the joint aspect ratio, the beam longitu-
dinal reinforcement ratio (Park and Mosalam 2012), and the column axial load (Priestley
1997) were identified as key factors, as also confirmed by Jeon et al. (2014) based on a wide
experimental dataset. Nevertheless, there is not a full consensus within the research com-
munity about the influence of some factors on the joint shear strength. For example, several
studies acknowledge the influence of axial force only on the deformability of the joint and
not on its strength (e.g. Fujii and Morita 1991; Park and Mosalam 2012). An increase in
column axial load has not or limited influence on interior and exterior joints strength respec-
tively, according to Fujii and Morita (1991). A detrimental effect on the joint shear strength
due to high axial loads has been observed by Li et al. (2015).

The discrepancies among the different brittle capacity models proposed in the literature,
both for beam/column elements and beam-column joints, have been integrated into various
national standards (e.g., EN 1998-3, 2005; D.M. 2018; ASCE/SEI-41, 2017; NZS 3101,
20006), and, thus, the assessment of the seismic capacity of RC buildings is based on techni-
cal codes that rely on (often very) different capacity models.

This study aims at investigating the potential impact of using different code-based brittle
capacity models first in terms of parametric comparison and, then, by applying them on the
seismic assessment and retrofit of RC case-study buildings. This assessment is conducted
through nonlinear static pushover analysis within the N2 framework (Fajfar 2000) on Italian
pre-1970 (“pre-code”) case-study buildings with different numbers of stories, in both the as-
built condition and after the implementation of a retrofitting strategy that addresses brittle
tensile-only failures (De Risi et al. 2023a). Three current code prescriptions are considered
herein: the current Eurocode 8 (labelled “EC8 2005 in what follows) (EN 1998-3, 2005),
Italian technical code D.M. (2018) (labelled “NTC 2018” hereinafter), and American stan-
dards “ASCE/SEI” (ASCE/SEI-41, 2017). Based on European and Italian codes (EC8 2005;
NTC 2018) approach, the building capacity at the Severe Damage (SD) Limit State (LS)
is always assessed as that corresponding to the first failure attained at that LS. It is worth
noting that this choice of “failure” criterion is certainly conservative with respect to the
“real” (sidesway or gravity load) collapse of a building (Shoraka, 2013), as well know, but
it is also more conservative with respect to other code-based approach (e.g. Turkish TBEC
2018, according to which a certain percentage of RC members can reach a given LS). Due
to the main aim of this study, the sole distinction among the code cases applied herein lies in
the implemented brittle capacity models, while the framework for determining the seismic
capacity remains consistent with the European codes: the seismic demand is uniform across
all code cases (in contrast to Dhanvijay and Nair, 2015), and the ductile capacity of beam/
column elements is always defined as prescribed by EC8 2005 (and NTC 2018).

Within the codes framework, brittle failures are typically identified through post-pro-
cessing the data obtained from (linear or) nonlinear analyses. However, it is worth noting
that American standards also explicitly provide tools to model the nonlinear behaviour of
shear-sensitive elements, including beam-column joints (i.e., scissor model, Alath and Kun-
nath 1995), providing the backbone for their implementation (ASCE/SEI-41, 2017; Hassan
2011; Hassan and Elmorsy 2022a,b).
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Lastly, it is worth noting that, very recently, some works from the literature focused on
the analysis of the capability of code prescriptions to catch real capacity and seismic damage
extend and severity in existing buildings. Cook et al. (2023) and Sen et al. (2023) analysed
the results of structures experimentally damaged via shake tables testing, to compare the
experimental response with the simulated outcomes following ASCE/SEI 41 application,
aiming at promoting its improvement. Similarly, in European context, a challenging work
is currently ongoing by several European research groups to update the current European
standards (e.g., Fardis (2021), Biskinis and Fardis (2020), Franchin and Noto (2023), Mara-
nhao et al. (2024), among others). Therefore, a focus on the brittle capacity models of the
(current draft of the) incoming second-generation Eurocode 8 - currently ongoing and in its
final steps of development - is carried out in this work. Some studies from the literature have
already started analysing the main differences compared to the current version. For instance,
the design of moment resisting frame RC buildings according to the second-generation code
has been compared to the previous EC8 version in Maranhao et al. (2024). The next-genera-
tion EC8 will modify the current shear strength model of beam-column joints (Fardis 2021)
and change significantly the brittle capacity model to be used for beam/column members,
moving from the empirical model by Biskinis et al. (2004) (EC8 2005) to a MCFT-based
approach (Biskinis and Fardis 2020). Such novelties could potentially be very impactful
and, thus, they are investigated in this work.

2 Overview of the current code-based shear capacity models
worldwide

In this section, a description of some of the main shear capacity models currently adopted
worldwide for beams/columns and joints is provided. The capacity models adopted by the
current European (EC8 2005), Italian (NTC 2018; Circolare 2019), and American (ASCE/
SEI) technical standards are analysed. A parametric comparison is also carried out to iden-
tify hierarchies and trends in resulting strengths.

2.1 Beams/columns shear strength models

Nowadays, worldwide, the shear strength of existing RC beam/column elements is gener-
ally evaluated using “degrading” models (De Luca and Verderame 2013), which predict a
decreasing shear strength as the plastic displacement demand increases.
According to EC8 2005, the shear strength (Vy) of a beam/column element is calculated
as proposed by Biskinis et al. 2004 (VR g1s), namely, as the sum of three contributions:
1 I [h—x

[Vy +k(Ve+ Vo) = —
el Vel Lr

Ao
min (N; 0.55Af,) + k ((A \/f?—\‘, + T‘ />:| (])

VrEcs = VRBIS =

y
)i

In Eq. (1), the coefficient y,, accounting for uncertainties in fitting experimental data, is
equal to 1.15 for primary elements. Vy is the contribution due to the presence of compres-
sive axial load N (Paulay and Priestley 1992). The latter is limited to 55% of the maximum
axial load that the concrete section can sustain (i.e., A f., being A, the area of the concrete
cross-section and f. the concrete compression strength). h is the section height, x the neutral
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axis depth, and L, the element shear span. The contribution of the post-cracking concrete
resistance mechanisms, V.., can be expressed as o times \/fc~ A.. The term o depends on the
total geometric percentage of the longitudinal reinforcement, £ tot, and on the slenderness
of the element, Ly /h. Lastly, the contribution of the transverse reinforcement, V., is the
same proposed by Ritter-Morsch model (Ritter 1899; Morsch 1909). Thus, it depends on
the stirrups area (Agy), yielding strength (fyw), and spacing (s), and on the internal lever arm
(z) - assumed hereinafter as 0.9 times the cross-section effective depth, d.

According to EC8 2005, Vy, degrades by means of the coefficient, k. The latter decreases
as displacement ductility demand (p,) increases (Fig. 1), moving linearly from 1 (no degra-
dation) to 0.75 (maximum degradation).

It is worth underlying that the EC8 2005 provides materials strengths reduction factors
for safety check at SD LS. In particular, the mean strengths resulting from in-situ tests must
be divided by the partial safety factor (y,=1.50 for concrete and y,=1.15 for steel) and by
the Confidence Factor (i.e., CF) depending on the Knowledge Level (KL). In this work, a
comprehensive KL has been always assumed, and, thus, CF=1.00.

The same shear capacity model is (partially) adopted also by Italian technical code (NTC
2018), which introduces a modification for low p, levels, by using the truss model of shear
resistance with variable inclination diagonals (Biskinis and Fardis 2004). The latter is here-
inafter referred to as Variable Inclination Truss (i.e., VIT) model. In particular, Vy is the
same provided by EC8 2005 model when p,23 (i.e., Vi ntcis =Vr, geg)- When py <2, Vi is
the maximum between the values provided by EC8 2005 model and VIT model. Lastly, for
intermediate ductility demand, Vi yrcyg is obtained by linearly interpolating between the
two models (Fig. 1a). As well known, according to VIT model (prescribed for not-seismic
loadings by NTC 2018 and EN 1998-1, 2004), the shear strength (VR vIT) is the minimum
between compressed strut strength, Vg, and the tensile strength of the transverse reinforce-
ment, Vgs, i.e. (in case of stirrups):

1 ASVVfVV\'
: *— 0.9d cotd
tanf +cotd = s 0-9d co > 2)

Vrvir = min(Vge; Vrs) = min <a v f.bd-

In Eq. (2), 4 is the inclination angle of the compressed struts with respect to the longitudinal
axis of the element, b the web width, ;, is equal to 0.5, and @ ¢ is a function of N. According
to Italian code, cotf in Eq. (2) mut be limited between 1.00 and 2.50.

Vi 1 Veawazas k
. kmax

1.00
- N

0.70 m
'min, ASCE/SET

(a) (b)

Fig. 1 Shear capacity model according EC8-2005 and NTC 2018 (a); degradation coefficient according
to EC8 2005 and ASCE/SEI-41 (b)
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Similarly to European code, Italian guidelines also require that materials strengths must
be divided by the partial materials factors and by the CF for safety checks at SD LS.

The model adopted by ASCE/SEI (VR,ascE) is based on Sezen and Moehle (2004)’s
model, i.e. an additive degrading model relying on two contributions: V., due to concrete
post-cracking mechanisms and axial load, and V.

0.5/, - N
Ly/d 0.5vFA,

VRA,ASCE =k (V(’, + Vw) =k [( > 08A< + Vur (3)

where V, has the same meaning of Eq. (1). According to this model, the degradation coef-
ficient k is equal to 1.00 for p,<2, and 0.70 for pu, =6, varying linearly between these two
bounds (Fig. 1b). ASCE/SEI model predicts a higher strength degradation compared to EC8
2005. Indeed, on one hand, the “residual” strength is derived from a lower degradation coef-
ficient k (k = 0.70); on the other hand, this coefficient multiplies all the strength contribu-
tions (even that related to the axial load).

The material strengths to be used for assessment are, also in this case, the reduced
strengths. However, while y, assumes the same value provided by European codes, v, is
higher (i.e., 1.25). Furthermore, this standard prescribes that, in case of “comprehensive”
knowledge (maximum level), CF is equal to the 1.

In existing structures, especially if designed for gravity loads only, structural elements
often have low transverse reinforcement ratios. In this hypothesis, the strength provided
by the VIT model, coincides with Vg evaluated with cotd = 2.5. Thus, in these cases,
Vevit = min(Vge; Vrs) = Vgs = Vyeotd = 2.5V,

For high plastic demands, Italian and European codes provide the same shear strength.
On the contrary, a difference is observed when p,<3. This difference (Eq. (4)) is maximized
in absence of strength degradation (k = 1) and can be expressed as the sum of three terms.
They depend on five parameters: axial load ratio v = N/ (A.f.), mechanical percentage
of shear reinforcement w g = Agfy/ (b - s+ f.), the above-defined Ly /h, £ tot, and the
mean concrete compressive strength, f..,.

7 EC8-VIT
p BOS=VIT _ AV

11.40p o, (1 - 0.161%)
+
‘ACfCHl

4 —12Twe 4
Lv T SW
T]V t('I!l

= (0.33v — 0.37v?)

In Eq. (4), A VRPC8VIT is the difference between Vr ecs and VR viT, and it is normalized
with respect to the quantity A.- f.,,. So, when the combination of the five parameters above
leads to positive values of AVy, VR Ecs>VRviT. Note that f, and f., represent both the
concrete compressive strength, but the latter is a mean value (derived from in-situ tests),
whereas the former is evaluated as f. = f.,,/ (CF - ~ ).

The same normalized difference can be evaluated by comparing the non-degraded shear
strengths resulting from the European and American codes, as shown in Eq. (5) (which
results quite similar to Eq. (4)):

@ Springer



Bulletin of Earthquake Engineering

AVRECS_ASCE

ECS—ASCE _
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Note that the expressions above assume that:

P tot is not lower than 0.50% (in tune with the definition of a in Eq. (1));

W sw is compatible with the assumption of a weakly reinforced element (i.e., not ex-
ceeding 0.07, value which provides cotd always limited to 2.5), as typical in existing
buildings;

Ly /h ranges between 2 and 4 (considering the limitations of ASCE model);

the cross-section height, h, has been confused with its effective depth, d, for sake of
simplicity.

Figure 2 shows the isocurves corresponding to A Vi = 0 resulting from Eq. (4) (in grey
scale) and Eq. (5) (in blue scale). They display when the code models provide the same
strength. Three possible values of Ly /h and f,,, are assumed in Fig. 2 (i.e., Ly/h = 2;3; 4,

-3

L/h

=4

L,/h

0.3
A

f,,=10 MPa ;=20 MPa

0.4
0.3
02
0.1

1007 1.00%

100

0.4

0.2
0.1

=007
=t 2T

W F=T007 |
- /) s

0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06

W W,
swW sW sW

(AVRECS—VIT> e (AVRECS—ASCE> "
Acfcm Acfcm

Fig.2 Isocurves corre‘s/ponding to A V' r =0, varying L’—V, fc, W sw, V,and P tot , resulting from the

comparison between

R,EC8 with VR,V 1T (in gray scales and with VR, ASCE (in blue scale)
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and f.,, = 10; 20; 30MPa). The axial load ratio v varies between 0 and 0.5. Each isocurve
corresponds to a different value of P ot (ranging between 0.50% and 2.00%). It can be noted
that:

e for low values of W sw and high values of ¥, VR Ecs results higher than the other two
models. Actually, according to NTC 2018, for VR rcs>VRviT, VRNTCI8= VR,ECS,
and, thus, both codes provide exactly the same shear strength;
the area where A Vi > 0 covers wider ranges of W sw and v values when P tot is high;
the latter effect is more pronounced when comparing Vr rcs and VR asce, and when
considering upper bounds of f,,, and lower bounds of Ly /h.

Another useful representation of the differences among the considered models is shown
in Fig. 3. A “central” value of 5 FO8-VIT (and 5 PC8-ASCE) 5 calculated by using mean
values (within the above-defined ranges of variation) of the 5 key parameters (central value
of 7 POS=VIT and 5 ECS=ASCE regults —0.010 and 0.021, respectively). Then, the 5 param-
eters have been varied one-by-one to assume their upper or lower bound values (within
the above-defined ranges of variation), and corresponding 7 PC8-VIT (and 5 FC8-ASCE) are
evaluated. Lastly, the relative variation () of 7 FC8~VIT(and 5 PC8-ASCE) with respect to
the central value is plotted in Fig. 3a (and b). It is clear that W sw has the greatest influence
on n PC8-VIT followed by v, Ly/h and p,,. The latter three parameters become more influ-
ent on 7 PO8~ASCE '\whereas f,, always has a quite small importance in these comparisons
(especially when comparing EC8 and ASCE).

A similar comparison can also be carried out focusing on the residual shear strength.
The latter comparison makes sense only if VR gcs and VR, aAscE are compared, since, when
u,>3, VRNxTC1s= VR,Ecs. By using the maximum degradation factors (i.e., k equal to 0.70
and 0.75 respectively for Vr asce and VR Ecs), a small modification is observed in the coef-
ficients of Eq. (5) (the values 0.40, 11.40, and 0.12 are replaced with 0.28, 8.52, and 0.05,
respectively). The isocurves in Fig. 2 tend to shift towards lower © and higher W sw values,
making the area with positive A Vg much wider than that obtained for the non-degraded
strength.

[ Lower bound
Il Upper bound

| [ Lower bound
[ Upper bound

S5 4 3 210 1 2 3 4 5 S 4 3 210 1 2 3 45
AV, EC8-VIT" AV, EC8—ASCE
(i) (M)
Az:fcm ACme
() (®)

Fig. 3 Tornado diagrams for sensitivity analysis
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2.2 Beam-column joints strength models

The capacity models of beam-column joints prescribed by current global standards differ
to each other significantly both for reinforced (Del Vecchio et al. 2023) and unreinforced
joints, especially when comparing the European approach with the American one.
According to EC8 2005, the shear strength of a beam-column joint is evaluated as in
EN 1998-1, 2004, for newly designed buildings, by means of two safety checks (related to
a tensile and a compressive failure mode). These checks can be reformulated in terms of
joint shear stress 7 ; = Vj/A; (where Vj is the joint shear load and A; the joint horizontal
area, according to EN 1998-1, 2004) and normal vertical stress o v = N/A. (due to the
axial force related to the column above the joint). By assuming a joint without stirrups (as
typical in existing buildings), Eq. (6a) represents the tensile failure check, whereas Eq. (6b)

the compressive failure check:
oy
Tjgfm/1+—L (62)
f(zt
oy
Tj <77f(~4/1*n—} (6b)
&

In Eq.s (6), 1 is equal to 0.60(1 - f,/250) for interior joints and 0.48(1 - £, /250) for exterior
ones; f, is the concrete tensile strength (according to EN 1992-1-1, 2004). This strength, as
well as the concrete compressive strength f., is intended to be the mean strength reduced
by CF and partial materials safety factors (EC8 2005). Thus, f,x = fetm/(CF - v .) with
fom = 0.30¢/ (fs)?)- Conversely, fo is a characteristic concrete compression strength
value, assumed equal to (f.,, — 8)MPa (EN 1992-1-1, 2004).

For existing buildings, the Italian standard (Circolare 2019, C8.7.2.3.5) prescribes a dou-
ble strength check for joints that are not fully confined according to Eq.s (6), as well. Nev-
ertheless, it assumes 7 = 0.50 and f., = 0.30/f. (with f. = f,,/(CF - v .)). As a results,
comparing Italian and European codes, a difference in safety checks results is obtained even
if both use Eq.s (6). Figure 4 shows this difference, distinguishing between exterior (“EXT
J”) and interior (“INT J”) joints, and assuming three f_ values to fix ideas.

f,,=10 MPa f,,=20 MPa

INT J
------- EXT J

0 0.1 02 03 04 05 0 0.1 02 03 04 05 0 0.1 02 03 04 05
v v v

mmm NTC 2018 EEE ECS 2005
Fig. 4 Beam-column joint strengths according to EC8 2005 and NTC2018, given the joint configuration

and the concrete compressive strength (tensile check with solid lines; compressive check with dotted
lines)
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For low values of f ., (f,,, = 10 MPa), NTC 2018 model provides higher tensile joint
strength (solid lines in Fig. 4) compared to EC8 2005; conversely, at higher values of f,
(f., = 30 MPa), the hierarchy is reversed, with almost coincident strengths if f,,, =20 MPa.

Regarding the compressive safety check (dotted lines in Fig. 4), EC8 2005 model pro-
vides a lower resistance in the case of exterior joints and a higher strength for interior ones.

However, for both European standards, the joint strength results as the minimum between
those produced by Eq.s (6), given the value of v. In other words, for low values of axial load
ratio, the joint strength is limited by that corresponding to diagonal cracking (i.e. tensile
failure), while for high v, the joint fails due to compression failure.

According to American standard (ASCE/SEI), a joint shear stress capacity equal to
Ay’ /1. is assumed, being A=1 for normal-weight aggregate concrete. The y’ coefficient
(see Table 1) depends on various parameters: joint typology (i.e., interior, exterior, or knee
joint), presence/absence of transverse beams, presence/absence of “conforming” transverse
reinforcement. Note that according to the American Code, if the stirrup spacing in the joint
is less than or equal to half the column cross-section height, then the joint is considered as
conforming. Otherwise, the joint is nonconforming. Thus, unlike EC8 2005 and NTC 2018,
American standard prescribes a single safety check (Eq. (7)):

i<y Vi ™)

It should be noted that, while European standards lead to a joint strength variation with N,
the American guideline always provides the same joint strength irrespective of the axial
load level.

Another main difference of ASCE/SEI approach compared to European codes lies in the
possibility of explicitly modelling the behaviour of the joint - possibility that could signifi-
cantly impact the assessment outputs. This modelling is allowed by European standards as
well, which, however, do not provide specific reference models.

In Fig. 5, the trend of the joint strength (expressed as 7 j/v/fem) is provided for fixed
values of f.,, depending on v, according to all the strength models above.

For European models, the joint strength is evaluated for each axial load value as the
minimum between tensile and compressive strength. This type of representation can be
considered as a strength domain. Indeed, considering a given joint typology (i.e., interior or
exterior) and a given f,,,, the demand joint shear load (i.e., Vj) and axial load (i.e., N) allow
deriving the 7 j — ¥ coordinates of a “demand point”. If this point is inside or belongs to the
boundary of the domain (related to the specific strength model), then the joint is on the safe
side. The ascending branches of these domains represent the tensile check; the descending
branches the compressive check.

Regarding American Code, joints are assumed as non-conforming herein, since, typi-
cally, stirrups in joints are totally missing in existing buildings. For interior joint (espe-

Table 1 Values of y' (= o/ \f,) ac: Transverse Interior joints Other joints

cording to ASCE/SEI (in MPa™)  reinforcements with  Without With  Without Knee
trans- trans- trans-  trans- joint
verse verse verse  verse

beams beams beams beams
Nonconforming 1.00 0.83 0.67 0.50 0.33
Conforming 1.67 1.25 1.25 1.00 0.67
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f,,=10 MPa f,,=20 MPa f,,=30 MPa

EXTJ
M
TJ:‘ (
=
T
1
1
1
1
'

1
1
T
\
1
1
1
1
1
1
1
1
1
1
T
\
1
1
1
1
1
1
1
1
1

w trans beams

. : wotransbeams | L o o e e e e e el b e -
: 506
& Z_o04
=
02
0
0 01 02 03 04 050 01 02 03 04 050 01 02 03 04 05

v v 14

mmm NTC 2018 mmm FEC82005 mmmm ASCE/SED

Fig.5 Strength domains of beam-column joints according to NTC2018, EC8 2005 and ASCE/SEI, given
the joint configuration and the concrete compressive strength

cially with transversal beams and low f.,, values), the joint strength is overestimated by
ASCE/SEI compared with the European codes. Conversely, for exterior joints, the hierarchy
among the models depends on v and on f., values.

Moreover, ASCE/SEI provides a different strength for knee joints (i.e., y' = 4 YMPa).
Being located on the top floor of the building, for these joints, zero axial load can be assumed.
Thus, the joint strength according to European models can be obtained assuming o = 0
in Eq.s (6) (i.e., v=0 in Fig. 5), generally resulting lower than joint strength by ASCE/SEL

3 Shear capacity models according to the next-generation of
Eurocodes

In the previous section, the capacity models prescribed by current standards have been anal-
ysed and compared. However, a paramount work is currently ongoing by European research
groups to update the current European standards with a second-generation of Eurocodes in
the next years. Significant changes will be carried out to the shear strength models of both
beam/column elements and beam-column joints, as highlighted by the recently published
works from the literature (Biskinis and Fardis 2020; Fardis 2021; Franchin and Noto 2023).
Thus, in this section, the capacity models introduced by the incoming second-generation
of Eurocodes will be first analysed, emphasizing their evolution with respect to the current
version. The current available drafts of the second-generation of Eurocodes adopted herein
are prEN 1998-3:2023, FprEN 1998-1-1:2024 (along with its previous draft FprEN 1998-1-
1:2022), and FprEN 1992-1-1:2023, along with the relevant references from the literature,
recalled in the next sub-paragraphs.

@ Springer



Bulletin of Earthquake Engineering

3.1 Beams/columns shear strength

In the second-generation of Eurocode 8-part 3 (prEN 1998-3:2023), the shear capacity of
existing RC beams and columns must be evaluated according to a model based on the vari-
able inclination, 0, between the compression stress field in the member web and the member
axis (Biskinis and Fardis 2020).

PrEN 1998-3:2023 prescribes to evaluate the shear strength, VR Ecs—2ud, according to
FprEN 1998-1-1:2024, by using the mean values of the material properties and also follow-
ing FprEN 1992-1-1:2023 suggestions, even if with some modifications explained below.
VR,ECs—2nd can be expressed as in Eq. (8):

Agwlyw -~
VR,EC8—2nd = Min <T} 0.9d cotf ;0.5 v f.b,0.9 d) + W )

In Eq. (8), Vy is evaluated similarly to Eq. (1), and the variable inclination 0 has the same
meaning of the VIT model, ranging between 1 and cotd i, (see Eq. (9)). The latter depends

on the axial load, N.
v 9
cotl pin > cotf = —-1>1 )]
w SW

However, cotf may exceed the upper limit, cotf ;,, if the deformation state of the cross-
section is analysed. In fact, the value of ;, is not necessarily a constant value (i.e., 0.5 as
prescribed by the VIT model), and it can be obtained based on the state of strains of the
member according to Eq. (10) (FprEN 1998-1-1:2024):

1 1
_— <1
1.6 <1+110<ex+ (ex+0.001)cot29>) - (o

V=

where the reduction factor 1/1.6 is applied to account for cycling loading (Biskinis and
Fardis 2020), and € x is the average strain between the bottom and top chords, ranging
between 0 and 0.02 (FprEN 1998-1-1:2024). Note that, strictly speaking, according to
FprEN 1998-1-1:2024 draft, ;, in seismic loading conditions should be always higher
than 0.5/1.6 (=0.31). However, the latter prescription was not present in the previous draft
(FprEN 1998-1-1:2022), nor in original works by Biskinis and Fardis (2020); additionally,
it would result very close to the TIV model and in a not safe-sided prescription. Thus, it has
not been applied in what follows.
€ x is calculated as in Eq. (11) (FprEN 1992-1-1:2023):
ry

exitexe 0.5 (f“‘ﬁ) + (Awh“c) if the flexural compression chord isin compression
) s [() + ()

where Ay and Ag. are the areas of the longitudinal reinforcement in the flexural tension
chord and flexural compression chord, respectively; A.. is the area of the flexural compres-

11)

€Ex —
if the flexural compression chord isin tension
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sion chord. Lastly the “chord forces”, F4q and F.q4, are defined as a function of the flexural
(Mgq) and shear (Vgq) demand, and of axial force.

Ftd A Mgg + 1 AVEdcot(i +N
F.g==% 2 Mgy _n AVEd(OW +N (12)
cd — 2

V4

Moreover, in member end-zones expected to enter the inelastic range, the values of Mpq
and Vg from the analysis should be multiplied by the chord rotation ductility factor, / A.
It is worth noting that the approach proposed in Eq. (12) is a simplified approach, based on
the assumption of the equal displacement rule. Nevertheless, the effective average strain € x
should be rigorously evaluated, considering the curvature and the neutral axis depth of the
cross-section (Biskinis and Fardis 2020).

The additional tensile axial load, Vggcotf , and factor ;, depend on cotd , resulting in
an iterative procedure to derive the inclination 0 and, thus, the shear capacity VR ECs—2nd.

Lastly, in the code-based safety check at SD LS, the shear resistance of existing members
(prEN 1998-3:2023), should be divided by the corresponding safety factor related to the
resistance, Ypq (pPTEN 1998-3:2023). The latter accounts for uncertainty in the shear strength
assessment and is evaluated as in Eq. (13) (Franchin and Noto 2023):

Y ra = xp (@ R 15.0CO R) (13)

In Eq. (13), ay is the resistance sensitivity factor, equal to 0.85 according to FprEN 1998-
1-1:2024 and Franchin and Noto (2023). The target reliability index in a 50-years refer-
ence period, B g cc, depends on both the considered limit state and the consequence class.
According to the Annex F of FprEN 1998-1-1:2024, for SD LS and CC2 (second conse-
quence class), B g ¢c is equal to 1.60. Lasty, the total logarithmic standard deviation 0 R
for existing members with rectangular cross-section is equal to 0.40 (prEN 1998-3:2023-
Table 8.5) when the KL3 is attained, as assumed herein. As a result, 7 gq = 1.72 is obtained
herein.

3.2 Beam-column joints

According to PrEN 1998-3:2023, the shear resistance of existing beam-column joints should
be evaluated as prescribed for new elements (prEN 1998-1-1:2024). Based on prEN 1998-1-
1:2024, for unreinforced joints a cracking strength (Vy; ) only is provided. Vice-versa, in
presence of transverse reinforcement, Vp; . can be overcome and joint strength estimated
based on studies by Fardis (2021). Nevertheless, prEN 1998-1-1:2024 also specifies that,
in a safe-side and simplified approach, joint strength can be calculated as the maximum
between the shear resistance at the first cracking and a minimum value of joint strength
(VRj, min)> the latter related to the absence of transverse reinforcement and axial load:

. . / N
vj,ECSand = mln(VRj,Cr; VR,j.min) = min (fctm A f Ah « fctmb V h hb) (14)
ctm

@ Springer



Bulletin of Earthquake Engineering

In Eq. (14), o is equal to 0.5 for exterior joints and 1.2 for interior ones, hy and h, are
the beam and column depth, respectively, and other parameters have been defined above.
Eq. (14) is applied herein to calculate the shear strength of unreinforced joints according
to the second-generation Eurocode. Thus, a first comparison with EC8 2005 can be easily
carried out, as shown in Fig. 6, in terms of shear stress rj/\/fcm, and, assuming four hy/h,
ratios (i.e., 500 mm/[300 400 500 600]mm). It is worth noting that, v in Fig. 6 is defined as
a function of f_, both for EC8 2005 (contrary to what Fig. 5 shows) and for the incoming-
code, for sake of comparison. Additionally, the application of 7 rd factor for joints is not
foreseen in the currently available drafts (i.e., ¥ Ra=1). However, it is reasonably very likely
that in the final version of Eurocode 8, a 7 rd factor similar to those used to reduce the shear
strength of beams/columns will be introduced. For this reason, herein, the joint strength has
been assessed with a twofold assumption: ¥ ra=1 and 7V ra=1.72.

Unlike EC8 2005, the current draft of the second-generation Eurocode does not explic-
itly provide a compression limitation for unreinforced joints, leading to a different shear
strength-axial load trend for high axial load ratios (even for v<0.3 for exterior joints).
Instead, the presence of a minimum strength leads to higher V; gcg_sqq in the case of interior
joint, especially for low axial loads and high values of the h,/h_. Therefore, moving from the
first to the second generation, a lower number of joint failures can be expected for the top
floors interior joints (if characterized by lower h, values, i.e., higher hy/h, ratios and lower
axial loads). Moreover, the use of a ¥ ra coefficient higher than 1 significantly reduces the
joint strength, and, consequently, its hierarchy with respect to the current Eurocode (see
Fig. 6).

4 Case-study buildings: description and modelling

According to the ISTAT (2011) census, roughly 1/3 of Italian RC buildings have been built
before 1970, when most of the national territory (about 6700 municipalities) was classi-
fied as not-seismic prone area. About 2% of municipalities not seismically classified before

f,,=10 MPa f,,=20 MPa f,,=30 MPa

Yre=1.00__—
Tra=100___—

EXTJ

INT J

0 0.1 0.2 03 0 0.1 0.2 03 0 0.1 02 03
= EC8 (2° generation)  HEEE ECS8 (1° generation)

Fig. 6 Strength domain for unreinforced beam-column joints: comparison between first- and second-
generation of Eurocodes
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1970 are nowadays classified as first seismic zone, based on expected value of acceleration
on stiff soil (a,) with 10% probability of exceedance in 50 years exceeding 0.25 g. 23% is
classified as second seismic zone (0.15 < a,< 0.25 g), about the 60% as third (0.05< a, <
0.15 g) and the 17% as fourth (a, < 0.05 g) seismic zone.

In this section, two case-study buildings have been selected to analyse the difference
among code-based brittle capacity models described in Sects. 2 and 3. They are RC resi-
dential buildings designed according to the technical regulations in force in Italy until 1970
(Royal Decree, R.D. 2229, 1939), to withstand only gravity loads, located in the about 6700
municipalities mentioned above. Case-study buildings haves the same floor area, but dif-
ferent number of stories, Ns (2 and 4), being buildings with Ns<4 the most widespread in
Italian building stock (ISTAT 2011).

4.1 Buildings description

The selected case study buildings are in line with the prevalent construction practices in
force in Italy before ‘70s. Each structure has a Moment Resisting Frame (MRF) system,
consisting of 2D parallel resisting frames in the longitudinal (X) direction (see Fig. 7a),
without interior beams in the transverse (Y) direction. Buildings are symmetric in both
directions (X and Y). Floor slabs are 20 cm width, and the inter-story height is 3.00 m (see
Fig. 7b).

The cross-section dimensions and reinforcement details are based on a simulated design
(Verderame et al. 2010; De Risi et al. 2023b) according to the Italian code in force during the
construction period (R.D.2229, 1939). A maximum allowable stress of 5.0 or 6.0 MPa was
considered for concrete (depending on compressive loads or bending actions, respectively),
and of 140 MPa for reinforcing plain bars (type AQ42). All the beams have a 30x50 cm?
cross-section, with a geometrical percentage of longitudinal reinforcement (p,) ranging from
0.40% to about 0.90%— see Fig. 7c. Column sections (Fig. 7d) vary from 30x30 cm? (for
the upper storeys) to 30x40 cm? (for the central columns of the ground floor of the 4-storey
building), with a decreasing reinforcement ratio from the ground floor of the 4-storey build-
ing (p;=0.80%) to the last floor (p;=0.60%). The minimum requirement specified by the
R.D.2229 (1939) is adopted as transverse reinforcement (Fig. 7c, d). Note that no transverse
reinforcement was placed within beam-column joints, since the technical code in force at
the construction time did not require any design nor reinforcement of joints. Additional
information about the main buildings features is reported in De Risi et al. (2023a).

Lastly, f,,, and mean yielding strength of rebars (f,,,) used for buildings assessment are
assumed equal to 20 MPa and 322 MPa, respectively, according to Verderame et al. (2010)
and Masi et al. (2019), for the relevant time period.

Resulting first mode periods (Tx and Ty), mass participation ratios (m,  and m, ) in
both the main directions, and the seismic weight (W), ranging between 8.6 and 10 kN/m?,
are also shown in Table 2.

4.2 Modelling assumptions
Each building is modelled in the OpenSees platform (McKenna 2011) with 3D “bare”

frames. Beams and columns are modelled as ductile elements using a lumped plasticity
approach to simulate their flexural response (see Fig. 8). This approach is implemented
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Fig. 7 Plan view (a) of case-study buildings and related representative frames (b); cross-sections of typi-
cal beams (¢) and columns (d) (dimensions in millimetres)

Table 2 MOda.l properties of the Ns W (ton) Ty (s) Ty (s) m, . (%) m, , (%)
case-study buildings 3 204 037 051 93 36
4 852 0.71 1.04 87 83

by elastic BeamColumn Elements in series with Zero-Length Elements (featuring by the
Pinching4 Uniaxial Material) at both ends of each beam/column. The flexural response is
a moment (M)-chord rotation () relationship calibrated for RC elements reinforced with
plain bars (Verderame and Ricci 2018), by means of a four-point envelope, integrated herein
by an additional point corresponding to the first cracking (Fig. 8).

Masonry infills are only considered in terms of masses and loads. It is acknowledged that
masonry infills play a crucial role on seismic performance of RC buildings. Nevertheless,
despite decades of research about this topic, often codes worldwide do not provide compre-
hensive provisions for numerical modelling of masonry infills and relevant safety checks.
This is the case of Italian code (D.M. 2018), and of the current European code (CEN, 2004)
as well. As an example, no information about the in-plane nonlinear response, or, more
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Fig. 8 Adopted lumped plasticity approach (a); envelope of the flexural response of beams and columns
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simply, the elastic stiffness of the infill panels is provided within these codes. Additionally,
even the evaluation of infills mechanical properties (e.g., Young modulus or compressive
strength) in existing buildings is still a challenging issue in common practice. As a result, in
common practice, both for the design of new buildings and the assessment/retrofit of exist-
ing ones, infills are neglected (except than as loads and masses). Since this work is intended
to be a code-based study, masonry infills are not explicitly modelled. Nevertheless, it is
worth noting that a comprehensive risk-based analysis should certainly consider explicitly
the presence of infills, if the main aim is a more “realistic” assessment of seismic perfor-
mance and its improvement, along with a realistic estimation of seismic losses (De Risi et
al. 2020a; Del Gaudio et al. 2021).

Similarly, following a typical practice-oriented approach, joints are assumed to be rigid
elements, and the floors stiff in their own plane. Lastly, potential shear failures have been
identified in post-processing, considering all models introduced in Sects. 2 and 3.

5 Seismic capacity of case-study buildings at SD LS

The code-based assessment at a given LS can be expressed through a capacity-to-demand
ratio. NTC 2018 allows to synthetically express this ratio in terms of Peak Ground Accelera-
tion (PGA). The demand mainly depends on the considered LS and the construction location
and use. The capacity depends on the attainment of a certain failure condition, generally the
first failure occurring at the considered LS (NTC 2018, EC8 2005). The adopted capacity
model certainly affects the capacity. This is particularly true for the shear strength models,
since brittle failures generally limit the seismic capacity of existing buildings (De Risi et
al. 2023a).

Therefore, in this section, the first achievement and the evolution of brittle failures at SD
LS is illustrated, depending on the adopted shear capacity models. Then, the influence of
the capacity models on the buildings seismic assessment is analysed, assuming as possible
buildings locations all Italian municipalities classified as seismic-prone only after 1970.
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5.1 SPO curves and failure mapping

The seismic capacity assessment is performed within the N2 framework (Fajfar 2000). Non-
linear static pushover analyses are carried out, considering a lateral load distribution pro-
portional to the first vibration modal shape in each direction. The resulting capacity curves
(obtained as suggested by European codes, NTC 2018 and EC8 2005), are shown in Fig. 9,
as spectral displacement (S ) -versus- pseudo-acceleration (S,(T) up to the occurrence of the
first ductile failure (DF) at the SD LS. As suggested by the Italian code, such failure occurs
when the demand in terms of chord rotation 0 reaches % of the capacity calculated accord-
ing to Biskinis and Fardis (2010). Since the focus of the present work is on brittle failures
models, such definition of DF capacity point is always kept constant in what follows.

In addition to the capacity curves, also the relevant collapse mechanisms are shown in
Fig. 9. A global collapse mechanism is always observed in the transverse (Y) direction,
whereas local mechanisms are observed in the longitudinal (X) direction. Each capacity
curve also shows the achievement of all the failure typologies at SD LS, i.e. the first joint
failure (JF), and the first shear failure (SF) in beams or columns, according to the considered
capacity models. Moreover, the percentage of failing elements is provided in each step of
the pushover analysis.

Regarding the beams/columns SFs (which occur only in the X direction on the lowest
storeys of the case-study buildings), the most conservative capacity model for the analysed
case-study buildings is that proposed by EC8 2005. Only according to this model, even the
2-story building exhibits SFs (especially in the longitudinal exterior beams at the first floor).
Considering the other two codes, ASCE/SEI results the less conservative model.

About beam-column joints, current European technical regulations (NTC 2018, EC8
2005) prescribe a dual check. The tensile failure is hereinafter referred to as JF(T). The
compression failure is labelled JF(C). It is worth noting that a joint does not necessarily
reaches its maximum capacity when diagonal cracking first occurs (Hakuto et al. 2000). In
these cases, the occurrence of JF(T) could severely limit the actual joint capacity.

Considering JF(T) according to NTC 2018, failures occur in both directions for all the
case studies, with a maximum percentage of failing elements in X direction that exceeds
50% of all the joints. The number of failures is about the same moving from the NTC 2018
to EC8 2005 model. Indeed, the diagonal tensile check according to NTC 2018 and EC8
2005 provides very similar capacity when f, =20 MPa (Fig. 5).

On the contrary, JF(C), which represent a more appropriate failure criterion (Hakuto et
al. 2000; Park and Mosalam 2012; NZS 3101, 2006), involves fewer joints (always below
10% of all the joints) of the tallest building, according to NTC 2018 and EC8 2005 models.
The joints exhibiting JF(C) are typically interior joints with high axial loads. For this type
of joints, EC8 2005 provides higher capacity than NTC 2018 (Fig. 5), thus delaying the first
JF(C) (of the interior 8-11-14-17 joints at the first floor— see numeration in Fig. 7a).

Only one safety check is performed according to the American code for joints. Its rel-
evant failure evolution is plotted in Fig. 5 with JF(T) of European codes, since that generally
limits the building capacity. ASCE/SEI results less conservative than European codes (see
Fig. 5), especially for interior joints.

The seismic capacity assessment at the SD LS is, lastly, carried out according the next-
generation Eurocodes, assuming a double option for ¥ rda (1 or 1.72), as explained above.

@ Springer



Bulletin of Earthquake Engineering

"

— X direction

Y direction X direction g 1*DF

—Ydwection ) 1* JF(T)
1 1.5 O 1*JF(C) 1
» 1#DF ® 1#SF
OI#JFT)
0O 1#IFC)
® [*SF

2

) (m/s®)

) (m/s™)

S (T
a

S (T
a

0 50 100 150 200 0 50 100 150 200
S, (mm) Sd (mm)

failing elements (%)
failing clements (%)
w
o

= 100 + - .
JF (T) — X direction:

= 100 " " M

failing elements (%)
w
o

failing clements (%)
w
<o

=
=3
>
(=

JF (T) - Y direction: JF (T)-Y direction:
——

=]
o

iling elements (%)
W
(=

failing clements (%)
"
(=]

=3
=]

= 100 - - -
JE (O): o JE(C):

= X duection
— Y direction

= 100 k k k

= X direction
— Y durection

failing elements (%)
2

failing clements (%)
»
oS

=
3

mmm NTC 2018 mmmm ECS2005 mmmm ASCE/SEI =1 EC8(2°gen—yy=100) E=m EC8(Q2° gen—y=1.72)

Fig. 9 Capacity curves up to the first DF with the relevant collapse mechanisms; evolution of the brittle
failures at SD LS according to all considered code-based capacity models

With respect to the current ECS, the shear strength model by the second-generation Euro-
codes leads to a lower number of SFs in beams/columns, even by using ¥ rd=1.72. Such
failures primarily involve the internal longitudinal beams of the central spans and the central
columns (i.e., 8-10-14-16) on the ground floor of the 4-storey building. Note that, if 7 ra=1
was used, shear failures in beams/columns are not observed at all.
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About JFs(T), the current European model provides intermediate results compared to
those of the future Eurocode 8 considering the two V¥ rd bounds (coherently with Fig. 6).
However, for the 2-story building, the number of JFs(T) is approximately the same when
applying the strength model of the current Eurocode or that of the second generation with
7Y rd=1.72. As the number of stories increases, the maximum axial load increases at the bot-
tom stories, and, thus, the unreinforced joint strength from the second-generation Eurocode
tends to coincide with that related to cracking, leading to an increase in JF(T) failures even
for interior joints (with 7 Ra=1.72) (see Fig. 6). If 7 ra=1, a lower number of joint failures
is always obtained with respect to the current Eurocode 8.

5.1.1 Influence of joints modelling on the buildings assessment

As clearly highlighted above, the shear failure of joints can significantly limit the building
seismic capacity. It is worth noting that the safety check of beam-column joints is often very
penalizing because of the use of a force-based approach (i.e., a comparison between shear
load and shear strength), in conjunction with the definition of LS achievement when the first
element fails. A possible alternative is offered, among the investigated codes, by ASCE/SEI
guidelines. ASCE/SEI explicitly introduces the possibility to model the nonlinear response
of beam-column joints, for example using the so-called scissors model, shown in Fig. 10(a)
(ASCE/SEI 41, 2017; Alath and Kunnath 1995). ASCE/SEI also explicitly provides the
characterization of the joint nonlinear response and the joint shear strain (y;) thresholds to be
used for each LS safety check, thus actually introducing the possibility of a displacement-
based approach also for elements like joints.

Both the strain thresholds and the whole joint nonlinear response depend on the joint
typology, the axial load ratio, the shear load level, and the presence of (conforming or not)
stirrups. A typical nonlinear response of the beam-column joints according to ASCE/SEI
suggestion is reproduced in Fig. 10(b) (ASCE/SEI 41, 2017; Hassan 2011). These prescrip-
tions by American guidelines have been applied to the buildings analysed herein for a brief
comment, in this sub-section only, about the influence of joint modelling, by:

implementing the scissors model (Alath and Kunnath 1995) as in Fig. 10(a);
e converting the joint shear stress into joint moment (M;) as suggested in the literature
based on equilibrium equations (Celik and Ellingwood 2008; De Risi et al. 2017); and.
e assuming that the joint rotational spring is equal to y; (Celik and Ellingwood 2008; De

Beam/Column
ZeroLength Bement

Bastic
Beam/Column

.
—1F

Rigid Offset I Jbint

ZerolLength Bement

(@) (®)

Fig. 10 Scissors model for beam-column joints (a); nonlinear response of the beam-column joint accord-
ing to ASCE/SEI (b)
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Risi et al. 2017).

The joint spring is characterized based on f, as concrete compressive strength, without any
reduction coefficient. The achievement of SD LS is (conservatively) assumed herein as the
attainment of the beginning of the joint softening response (i.e., when the second point of
Fig. 10(b) is reached for the first time in a joint spring). Pushover curves are updated fol-
lowing this modelling approach.

As a result, for the analysed 2- and 4-storey buildings, joint failures are not detected at
all, thus highlighting the great difference in safety check depending on the check approach.

5.2 Seismic capacity

For each building and direction, the capacity curve is bi-linearized according to NTC 2018,
obtaining an elastic-perfectly-plastic curve. Since the focus of the present work is on brittle
failures models, the bi-linearization approach is kept always constant in what follows.
Starting from the inelastic capacity point, Cy (i.e., the attainment of the first failure at the
SD LS on the elasto-plastic bilinear curve), the corresponding elastic capacity point, Cg; , is
derived by means of Vidic et al. (1994) relationships. Vidic et al. (1994) proposal depends
on the ratio between the building effective period, T, and the corner period T(. The latter
is a function of the building location according to NTC 2018, always used herein to char-
acterize seismic hazard. Considering the demand elastic spectra at the SD LS (with return
period 475 years) for all the considered sites— always assuming soil type A (NTC 2018, EC8
2005)-, the equal-displacement condition always applies herein (being T x=0.55s and
Ter, v=0.99s for Ns=2, and T,g =0.77s and T y=1.46s for Ns=4). The elastic spectral
pseudo-acceleration capacity, S, -(T.g), is shown in Fig. 11 for each building/direction/code.
In almost all buildings/codes, the very first failure occurs on the linear branch of the bilin-
ear capacity curve (resulting in Cp; =Cyy). The exceptions are the first failures in the Y direc-
tion for all buildings, and in the X direction for the 2-story building, according to ASCE/
SEI and next generation EC8 wth yp4=1. Note that in these cases, the values of S, (T.g)
were cut off from the plot, being very high (see Table 3). In general, the S, (T.q) evalu-
ated according to American standards is significantly higher compared to those obtained
with (current or incoming) European models. Instead, the values provided by Italian and
European standards are quite similar to each other, especially in Y direction (see Table 3).
The pseudo-acceleration spectrum passing through the elastic capacity point Cg; allows
associating a capacity PGA value (PGA_) to each site (as described in De Risi et al. 2023a).
An example is shown in Fig. 12a. Given Cp; point and the spectral parameters of each site
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Fig. 11 As-built capacity in terms of S,(T,) at SD LS: X-(a) and Y-(b) direction
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Table 3 Capacity in terms Ny 2 4

of S,(Ts) and PGA in both Direction X v X v
direction assuming A-soil type

(expressed in g) NTC 2018 Sac(Tep) 0.154  0.043  0.055 0.023

PGAcs 0.086 0.043 0.059 0.043
PGAcs,  0.104  0.049 0.072  0.050
PGAcg, 0123 0.054 0.082 0.055
EC8 2005 Soc(T) 0.143 0043  0.039 0.022
PGAc,s 0.080 0.043 0.047 0.042
PGAcs,  0.098  0.049 0.055 0.047
PGAcg, 0115 0054 0.060 0.052
ASCE/SEI Suc(Ty) 0.893  0.605 0.109 0.058
PGAc,;s 0421 0403 0.104 0.086
PGAcs, 0546 0523 0.131 0.105
PGAcg, 0.659 0.63  0.154 0.124
EC8 Sac(Ty) 0353 0.146  0.100  0.058
(2nd gen—vpq=1.00)  PGA.,, 0.171 0.107 0.097 0.086
PGAcs, 0223 0.136 0.120 0.105
PGAcg, 0261 0.159 0.142 0.124
EC8 Suc(Ty) 0.088 0049 0035 0015
(2nd gen—vpq=1.72)  PGA.;, 0.054 0.046 0.044 0.032
PGAcs, 0.065 0.054 0.051 0.034
PGAcg,  0.074  0.060 0.056  0.038

at SD LS (according to NTC 2018), as many spectra passing through Cp; as the considered
sites can be derived. Each of these spectra is characterised by a PGA(. value. Thus, PGA(
exhibits a certain variability, which clearly stems from the variability of the spectral shape
associated with the building location (NTC 2018). Table 3 provides the median values and
the 16th and 84th percentiles of PGA( values (PGA( sy, PGA( 16, and PGA( g4, Tespec-
tively) for both directions. The minimum value of PGA_. is always in Y direction.

In Fig. 12b, the PGA( (hereinafter, the minimum value between the two directions) is
provided, showing median values, 16th and 84th percentiles. The capacity values according
to EC8 2005, NTC 2018 and next-generation Eurocode derive from the same kind of failure
(i.e., JF(T) in Y direction). According to the ASCE/SEI code, too, the capacity at the SD LS
is due to a JF, which nevertheless generally occurs for higher displacement demands (see
Fig. 9), resulting in higher PGA values (especially for Ns=2). The coefficients of variation
(CoV) of PGA(- are quite small (about 18% for both case studies in accordance with ASCE/
SEI and next-generation EC8 with ygpq=1; about 10% for the other cases).

Lastly, Fig. 12c shows the PGA ratios between the value corresponding to flexible soil
types - from B to D (NTC 2018) - and that related to soil A (Fig. 12b), assumed as a refer-
ence. Moving from a rock soil (type A) to a more deformable soil (type D), PGA progres-
sively decreases for all codes, up to about 50%.

Lastly, the as-built assessment explained above has been repeated by changing f_,
assuming 10 MPa and 30 MPa, as in Sects. 2-3. Table 4 summarizes the results of this fur-
ther analysis in terms of variation of PGA( 5 (soil A) with respect to the results presented
above (for ;=20 MPa), namely in terms of ®PPGA( 5= PGA( 50 fem PGAC 50 fem=20MPa-
A lower value of f leads to lower PGA (and more brittle failures); vice-versa if f,

cm
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Fig. 12 Example of PGA derivation (4-storey building in X direction, according to EC8 2005 code) (a);
PGA . depending on Ns and code, assuming A soil type (b) and varying the soil typology (c)

Table 4 ®PGA 5 varying £, with respect to =20 MPa; relevant first failure typology in italic (bold text
represents variation in the first failure with respect to the case f, =20 MPa)

DPGA( 50 £, =10 MPa £, =30 MPa

Ng 2 4 2 4

Direction X Y X Y X Y X Y

NTC 2018 0.67 079  0.00 0.00 127 121 .10 115
JET) JR(T) JFC) JFC) JRE(T) JET) JR(T)  JE(T)

EC8 2005 0.00 000 0.0 0.00 1.50 1.53 1.36 1.68
JE(T)  JE(T) JR(T) JR(T)  SF JE(T)  SF JE(T)

ASCE/SEI 034 023  0.66 0.69 122 152 138 1.8
JF JF JF JF DF DF JF JF

EC8 (2° gen—ygg=1.00) 0.12  0.19 025 0.23 298 588 167 691
JE(T) JR(T) JRT) JKT) DF DF JE(T) DF

EC8 (2° gen—ygq=1.72)  0.00  0.00  0.00 0.00 2.25 168 124 191
JE(T) JR(T) JRT)  JR(T)  JR(T) JKT) JKT)  JE(T)

increases. Nevertheless, such a variation has different weight depending on the considered
building and, above all code. For the 2-storey building:

e according to NTC 2018, the considered variation in

f,, leads to percentage variation
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lower than 30% in PGA(; the first failure always is a JF(T);

e according to EC8 2005, higher variations are observed. When f_ decreases, in par-
ticular, JF(T) occurs even for gravity loads only, thus leading to a null PGA (i.e.,
DPGA( 50=0). Vice-versa, when f, increases the first failure typology becomes a beam
SF;

e according to ASCE/SEI, a reduction in f., leads to very premature JF; whereas, if f_,
increases, joints failures disappear and the very first failure is a DF; similar outcomes
are obtained according to the next generation ECS if yp4=1.00 is assumed;

e according to the next generation EC8 with yp4=1.72, JFs(T) are very sensitive to a re-
duction in f, leading to a significant PGA reduction due to joint failures under gravity

cm?

loads only (as for EC8 2005).

For the 4-storey building, similar outcomes are obtained, except for the NTC 2018 case. In
this case a f_, reduction leads to considerable increments in axial load levels, and, thus, a
very premature attainment of JF(C), even under vertical loads only (PPGA( 55=0). Anyway,
the “reference” case (f,,=20 MPa) only is analysed in what follows.

6 Retrofitting by solving shear failures

Building capacity can be improved in several ways, mainly grouped into four strategies:
(i) increment of lateral strength and stiffness (e.g., by means of shear walls), (ii) increment
of displacement capacity only (e.g., by fibre-reinforced polymer (FRP) wrapping or steel
cages); (iii) mixed implementation of (i) and (ii); (iv) reduction of the demand (e.g., by
using seismic isolators or dissipation devices). However, when shear failures significantly
limit the building capacity, as in the above-analysed cases, a possible retrofitting strategy
could just aim at solving the detected shear failures. This would make possible the achieve-
ment of (more favourable) ductile failures, even without any change in lateral stiffness nor
in collapse mechanism. This latter retrofitting approach is one of the less invasive and less
expensive strategies, and it is applied herein to analyse its effectiveness depending on the
adopted code.

6.1 Retrofitting design

The main objective of the adopted strengthening strategy is the enhancement of the seismic
capacity at the SD LS by solving all the (tensile-only) shear failures, without modifying the
lateral stiffness of the structural elements. All details about the retrofitting design procedure
can be found in De Risi et al. (2023a).

FRP wrapping (e.g., Del Vecchio et al. 2015; Pohoryles et al. 2018, 2023) is employed
to mitigate shear failures in beams and columns. The number of uniaxial FRP fabrics has
been designed according to CNR-DT 200/2004 guidelines. The plastic shear is used as shear
demand for the design to convert shear-sensitive elements in ductile elements. The design
results in a maximum number of uniaxial carbon-FRP plies (with high elastic modulus,
230 GPa, and an equivalent thickness equal to 0.166 mm) ranging from one to three. For
columns, a continuous wrapping along the height is assumed. This FRP wrapping leads to
an improved tensile strength ranging from 1.9 to 2.7 times the V,, (as defined in Sect. 2)
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for columns, resulting in capacity-to-demand ratios ranging from 1.1 to 1.5. On the con-
trary, beams ending portions are wrapped (until a maximum extension of 50% of the beam
length), namely only where the shear demand (assumed as plastic shear at the beams ends)
overcomes the as-built shear strength. One FRP ply is always sufficient for beams, leading
to capacities at least 1.8 times higher than the plastic shear load.

Pre-stressed steel strips, applied as “external stirrups”, are used to effectively solve ten-
sile shear failures in beam-column joints. The number of pre-stressed strips is designed to
prevent diagonal cracking of the joint or support the maximum tensile force coming from
the converging beams (Verderame et al. 2022), in tune with CEN 2005. As a result, a maxi-
mum of about twenty pre-stressed 0.9x 19 mm? strips of stainless steel (420 MPa yielding
strength) is obtained. A maximum of three holes per beam is necessary for this intervention.

Nevertheless, the adopted techniques do not allow solving the compressive failures, as
defined by CEN 2005 and NTC 2018. This failure can be an issue not for beams or columns
(always characterised by a tensile shear failure in the investigated buildings), but for joints
(especially when characterised by high axial load levels). In other words, if a JF(C) failure
occurs before the first DF (according to CEN 2005 and NTC 2018), the building capacity
is limited to the first JF(C), instead than the first DF (De Risi et al. 2023a). Therefore, this
intervention is intended to be applied to all shear-sensitive elements that fail during the
pushover analysis up to the first DF (see Fig. 9) or the first JF(C), if any. It is also worth
noting that, if JF(C) occurred for gravity loads only (as when f_, is very low), such strength-
ening strategy would have no sense, and thus, it should be replaced with a more comprehen-
sive and likely “heavier” retrofitting approach.

Moving towards the next-generation Eurocode, shear strength of joints strengthened with
pre-stressed steel strips has been assessed based on prEN 1998-1-1:2024 and Fardis (2021),
assuming that steel strips act as exterior stirrups (as for CEN 2005). Joint shear strength of
(thus reinforced) joints, evaluated according to prEN 1998-1-1:2024, increases with respect
to unreinforced joints, and overcomes the joint maximum shear demand for the analysed
buildings. Therefore, joint shear failures result completely solved after retrofitting accord-
ing to the incoming code.

Contrary to European approaches, according to ASCE/SEI, the joint transverse rein-
forcement is conforming if, in the joint region, the spacing of the hoops does not exceed
half of the height of the column’s cross-section. Therefore, it is assumed that joints strength-
ening - designed as described above - is able to transform non-conforming joints into con-
forming joints (Cosgun et al. 2019). A conforming joint has higher capacity (i.e., higher
v' coefficients in Table 1) than a relevant non-conforming joint. This leads to a higher dis-
placement capacity (Fig. 13), and, in tune, higher Sa (T,y) (Fig. 14), if compared with the
ante-operam condition. Therefore, the post-operam capacity according to ASCE/SEI model
is the minimum between the Sa (T.y) corresponding to the first DF and that corresponding
to the occurrence of a conforming joint failure.

Lastly, note also that any possible increment in column displacement capacity due to
FRP wrapping is herein neglected, since it does not significantly affect the analysis of the
effectiveness of the selected strengthening techniques.

6.2 Post-operam capacity assessment

Figure 13 shows the S; capacity increments, moving from ante- to post-operam condition.
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Fig. 13 Capacity curves up to the first DF with relevant brittle failures at SD LS in the post-operam condi-
tion (second row) compared to the ante-operam condition (first row)

Among current codes, the highest displacement capacity increments are observed for
European/Italian codes (ranging from +83% to +94%), especially in Y direction (where
no JF(C) occurs). About ASCE/SEI, displacement capacity increment reaches+60% (for
Ns=4 in X direction); whereas, for Ns=2, the displacement capacity increment is null or
very low since, already in as-built condition, shear failures, if any, only occur very close to
the first DF.

Figure 14a shows that, for the 2-story building, after retrofit, S, (T.g) is limited by the
first DF failure for all considered codes and in both directions, thus reaching the same value
for all codes (Fig. 14b). The high ante-operam S, (Ty) according to ASCE/SEI model
results in a small capacity increment in Y direction (about+20%). Vice-versa, in X direc-
tion, the ASCE/SEl-based S, (T,y) remains unchanged between the ante- and post-operam
conditions, since in both conditions, the first DF defines the capacity. On the contrary, the
two current Italian and European codes provide about the same S, (T,) increment for the
2-storey building (about+85% and +95% in X and Y direction, respectively), moving from
the first JF(T) to the first DF.

For the 4-storey building, the post-operam capacity is limited by the occurrence of a
JF(C) in X direction according to NTC 2018 and ECS8 2005, and of conforming JFs accord-
ing to ASCE/SEL The S, (T.g) in X direction according to ASCE/SEIL is due to the failure
of an exterior joint. On the contrary, according to European standards, the post-operam
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Fig. 14 Post-operam capacity in terms of S, (Ty) (a) and comparison with ante-operam capacity (b)

capacity is associated with the JF(C) of an interior joint. In this case, the highest capacity
increment (among current codes) is reached with EC8 2005 capacity model (about+90%),
which allows moving from the first SF to the first JF(C). In Y direction, instead, both the
current [talian and European codes provide the same S, (T.g) (corresponding to the first
DF), higher than the ASCE/SEI-based S, (T.g). In this latter case, indeed, exterior (con-
forming) joints fail before any element reaches its ductile capacity, limiting the correspond-
ing capacity increment (about+65%).

Lastly, Fig. 14 also shows how the current Eurocode leads to an as-built seismic capacity
quite similar to that of the future Eurocode with 7 rRa=1.72, in tune with observed failure
evolution.

Even with the same retrofitting strategy, the resulting the post-operam capacity can be
very different if second-generation Eurocodes is used (Fig. 14). For the 2-story building the
capacity always corresponds to the first DF, thus leading to the same S, (T.g) of the previ-
ously considered current codes. Vice-versa, for the 4-storey building, the capacity provided
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by the current Eurocode 8 is limited by the JF(C), contrary to what happens by using the
second-generation Eurocodes in its current draft. This outcome leads to higher post-operam
Sa, o(Tegp) values if the incoming code is used.

7 Conclusions

Pre-code RC buildings are particularly vulnerable to shear failures during seismic events,
thus emphasizing the paramount role of a reliable estimation of shear capacity of RC ele-
ments. The scientific literature proposes different capacity models, and technical codes
worldwide have significant differences as well. This study provides an overview and a com-
parison of shear strength models adopted by Italian, European and American codes.

About the current shear strength models for low-standard beam/column elements, a first
parametric comparison found that:

e the current European standard is generally penalizing, when compared to American
code;

e the model adopted by Italian code provides intermediate resistances between the Euro-
pean and American standards; it is derived from European one but modifies the latter
for low ductility demand.

Additionally, significant differences exist in the current capacity models used to assess unre-
inforced beam-column joints in the European and American contexts:

e the joint resistance significantly varies with the axial load according to European and
Italian models; on the contrary, in the American model, the axial load has not any role on
unreinforced joint strength, which only depends on the joint geometrical configuration
and the number of converging beams;

e the current European and Italian codes generally provide a lower joint resistance com-
pared to American standard, for interior joints; for exterior joints this comparison
strongly depends on axial load ratio;

e the current European and Italian models have same theoretical approach, but their hi-
erarchy in terms of strength is strongly influenced by the joint configuration, concrete
compressive strength, and axial load ratio.

All the models have been applied and compared to each other in terms of seismic capac-
ity assessment of case-study pre-code RC buildings. They were designed for gravity loads
only, with 2 or 4 stories. The assessment, at Severe Damage Limit State, based on pushover
analyses, revealed that:

e the seismic capacity is severely limited by joint failures in a force-based approach for
almost all buildings/codes;

e the seismic capacity in terms of elastic spectral acceleration based on the American
standard overcomes that of European models (at least+65%), while the Italian code
generally falls between the other two current codes (but closely to the EC8 2005 out-
come);
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e an explicit modelling of the beam-column joint behaviour and a displacement-capacity
safety check approach is explicitly allowed by American standard only. It leads to very
less conservative results for the investigated buildings than force-based safety checks.

The incoming second generation of Eurocodes has been also investigated and applied herein
based on their current available drafts and background literature. With respect to the current
European standards:

e agenerally less conservative safety check for beams/columns shear strength is obtained;
e a similar outcome is confirmed for beam-column intersections, mainly due to the ab-
sence of an explicit diagonal compressive safety check for unreinforced joints.

The seismic capacity of the case-study buildings was also reassessed after implementing a
retrofitting strategy that addresses all tensile-only brittle failures. It was found that:

® post-operam capacity is due to the occurrence of the first ductile failure for the shortest
building, whichever the code;

e for the tallest building, post-operam capacity is due to the first joint compressive failure
as for the current European and Italian standards (which has always to be checked also
for reinforced joints), or to a conforming joint failure as for American standard,

e the incoming shear strength model (next-generation Eurocode) for beam/column ele-
ments was found to be significantly less penalizing than the current one, thus also re-
quiring fewer retrofitting efforts;

e the current draft of the next-generation Eurocode, unlike the current European code,
leads to higher post-operam capacities. This is particularly due to the new model adopt-
ed for beam-column joints, according to which joint strength can increase with trans-
verse reinforcement.

Buildings seismic assessment herein has been performed on 3D models neglecting infills,
due to the lack of practical guidance in most codes on modelling them and the code-based
framework of this study.

Nevertheless, further works, if aimed at more comprehensive fragility analysis of as-built
and retrofitted buildings, should consider the paramount presence of infill panels. Lastly, it
is worth noting that some further details (e.g., safety factors) have to be still defined and
could somehow modify the current available versions of the second-generation Eurocodes
and, thus, in this eventuality, some discussed results could be affected.
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