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Material uncertainties vs joint structural detailing: relative effect on
the seismic fragility of reinforced concrete frames

Roberto Gentile!'?, Carmine Galasso*?, Stefano Pampanin®’

Abstract

This paper investigates the relative effect of material properties and structural details in the joint panels on seismic fragility of
existing reinforced concrete (RC) frames. Five building classes with different structural details (particularly in the joint panels)
and material characteristics are defined according to different past design codes, for a three- and a six-storey archetype
geometry. Based on non-linear static or non-linear dynamic analysis procedures, results from the study show that the effect of
structural details on seismic fragility of the considered structures is negligible for damage states involving an essentially-elastic
behaviour. Conversely, this is much higher for the life<safety and near-collapse damage states, and it is considerably higher
than the one due to materials. Therefore, in the diagnosis phase, higher emphasis should be given to on-site investigations on
the actual reinforcement content/layout rather than to invasive material testing. The uncertainty related to the structural details
described herein is practically related-to the exterior, rather than interior, joint panels. Cover removal for one of those joints

could potentially eliminate this specificuincertainty. As a practical action, a good practice for the in-situ testing of RC frames
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should involve the cover removal of at least one exterior joint panel, regardless of the required target “level of knowledge” of

the existing structure.

1. INTRODUCTION AND MOTIVATIONS

In the seismic performance assessment of existing structures, if detailed structural drawings/reports are not available,
practitioners usually rely on simulated design to derive an estimate of relevant quantities for the assessment, e.g. amount of
reinforcement and material properties. This is done according to the relevant code-of-practice, consistently with the year of
construction/retrofit of the structure under investigation. In addition, in-situ (diagnosis) testing can be performed to learn the
actual quantities and confirm/enhance the assumptions made in the simulated design. This allows an analysis to somehow
reduce the epistemic uncertainties related to material properties and-structural details that can strongly influence the seismic
performance of existing buildings. For reinforced concrete (RC) frames, such uncertainties can affect the hierarchy of strength
at both member and beam-column joint levels, which in turn can affect the global plastic mechanism, the force/displacement

capacity of the structure and/or its seismic fragility/vulnerability.

International codes/guidelines (e.g. Eurocode 8, European Committee for Standardisation (CEN), 2005; ASCE 41-17,
American Society of Civil Engineers-(ASCE), 2017; NZSEE 2017, New Zealand Society for Earthquake Engineering
(NZSEE), 2017) suggest that structural-details should be carefully checked, although detailed investigation/testing are not
strictly required. In such documents, provisionsrelated to in-situ testing tend to focus on materials rather than structural details,
especially when “low levels” of knowledge are selected by the practitioner. This typically reflects in prescribing/suggesting a
minimum number of concrete cores and rebar tensile tests. Such tests also enable the identification of critically-low material
characteristics which may suggest immediate demolition of the investigated structure. Moreover, simulated design is less
straightforward in relation to structural detail layouts, for which typical construction practices may govern the design, in
absence of strict proyisions in (older) codes. Among many typologies, structural details in joint panels are especially important
for the seismic response of RC frames, as confirmed by experimental and numerical evidence, as well as post-earthquake field

investigations (e.g. Pampanin et al. 2003; De Luca et al. 2018, among others). In the practice, greater confidence is typically
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gained on the material mechanical properties, rather than on the layout of structural details, leading to potentially-higher

uncertainties on the expected structural response and seismic performance.

Various literature studies provided insights on the effect of different model parameters on the fragility estimates for RC frames.
The most commonly-considered parameters are: concrete, steel and masonry infill properties; parameters of empirical capacity
models for members; elastic damping; seismic mass. Consensus is established in asserting that aleatory uncertainty due to
record-to-record (R2R) ground-motion variability is more significant than epistemic (modelling) uncertainty due to model
parameters (e.g. Kwon and Elnashai 2006; Celik and Ellingwood 2010). In a recent opinion paper, Bradley (2013) claims that
this may not be true if higher-level uncertainties related to the model selection (rather than the parameters of a particular model)
are also considered. Many studies (e.g. Celik and Ellingwood 2010; Celarec and Ricei 2012; Celarec et al. 2012; Kosic¢ et al.
2012; Yu et al. 2016; Franchin et al. 2018) state that uncertainty due to model parameters have a greater effect for increased
level of damage - or limit - states (DSs), but including them should have only a minor impact on seismic fragility analysis. By
extending this concept, DolSek (2009); Liel et al. (2009); and Gokkaya et.al. (2016) state that modelling uncertainties related
to the capacity models implemented in the numerical representation of'the structure under investigation can significantly-
increase the logarithmic standard deviation (dispersion) of collapse fragility and slightly-reduce its median, if collapse is
intended as the exceedance of a particularly-high drift threshold (e.g. 10%) or a dynamic instability in the non-linear analyses

(failed convergence).

Although the significance of structural detailsis generally pointed out in uncertainty-quantification studies (e.g. Kosic¢ et al.
2012), very few studies explicitly considered the variation of such details. For example, parameters such as bar diameter,
anchorage, splice length or concrete cover were considered in Jalayer et al. 2010. To the authors’ knowledge, no previous
study has investigated the influence of structural details in the joint panels, although some (e.g Celik and Ellingwood 2010;
O’Reilly and Sullivan 2018) have considered the uncertainty of their non-linear capacity parameters (shear strain and force)

within a single structural detail configuration.

This paper focuses on quantifying the relative effect of material uncertainties and structural details with specific focus on the

joint panels — as it can directly influence the hierarchy of strength, and thus both local and global mechanism of the frame sub-
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assemblies — on the seismic fragility of existing RC frames. The aim is to provide a more mechanics-based rationale to drive
in-situ testing for RC frames, suggesting improvements in assessment and retrofit good-practice, guidelines and/or code
provisions. For this reason, the variables considered in this study are selected according to the typical information (possibly)
obtained from in-situ testing, i.e. the strength of concrete/steel and the typology of structural details in the joint panels (for a
given modelling approach). Considering the modelling uncertainties related to different models for the joint panels (for a given
structural detail) should be the focus of further research and it is deemed out of scope herein, since the objective of this paper
is to highlight the effect of different joint structural details on the potential outcome of a seismic performance assessment. It
is worth mentioning that degradation of the materials (e.g. ageing of concrete, corrosion of steel) is not considered in this
study, although this is clearly an important aspect worth of investigation. Moreover, lap-splice failure is not considered in this
work (the results are valid in the hypothesis that the splice length of the bars, smooth or deformed, is sufficient). Although the

beam lap-splice failure may be frequent in old buildings, this mechanism would prevent the shear failure in the joint panels.

In this paper, different Italian design codes ranging from1939 to 2008 are selected to define five building classes. The proposed
methodology — based on sensitivity analysis — and the (at least qualitative and relative) obtained results are however general.
Indeed, a tentative mapping of the same details to those from major international codes (New Zealand, USA) is provided. Each
class is characterised by different structural details, with more emphasis on exterior joint panels. For each class, two
geometrical configurations are chosen: three- and six-storey frames with three bays. For each of these ten configurations,
random variations of the concrete cylindrical compressive strength and steel yield stress are sampled according to a nine-
factorial design of experiment (DoE). Fragility curves are defined for each sampled frame, using numerical pushover analysis
and the analytical method SLaMA (Simple Lateral Mechanism Analysis, New Zealand Society for Earthquake Engineering
(NZSEE) 2017; Pampanin 2017; Gentile et al. 2019b), both coupled with the capacity spectrum method (CSM, Freeman 2004)
and using natural (i.e., recorded) ground motions. Such methods are validated by comparison with refined non-linear time-

history analyses (NLTHA) adopting average values of the material properties.

The methodology of the sensitivity analysis is described in Section 2, together with the description of the RC frame case

studies, the sampled values for materials and structural detail properties, the adopted non-linear analysis methods and the input
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ground motions. Section 3 shows the results of several non-linear analyses (considering 810 numerical models) carried out
and describes the relative influence of materials and joint structural details on seismic fragility. Conclusions are provided in

Section 4, including possible implications on codes/guidelines/good practice provisions related toin-situ testing.

2. METHODOLOGY

2.1. Selected case-study frames

The archetype frames are defined starting from a common plan geometry typical of residential buildings/(Figure 1a), and
considering three- and six-storey alternatives (Figure 1b). The central longitudinal frames of such configurations are selected
for this study. For each frame geometry, five classes are selected with respect to different design approaches (e.g. allowable
stresses vs limit states; or gravity-load only vs seismic design), different structural details and material properties. The
considered configurations reflect the evolution of the main international standards for structural/seismic design. The evolution
of the Italian structural codes (Table 1) is herein used as.areference to define the selected classes, and therefore each of them
can be considered representative of a different time‘period. To quantify gravity loads and seismic masses, a concrete specific
weight equal to 25kN/m? is considered, along with a superimposed dead load equal to 3kN/m?, and a (factored) live load equal
to 0.9kN/m?. The axial load on the columns is calculated based on tributary areas. It is worth mentioning that gravity load-
induced bending moments are neglected.in the analyses. Introducing them would likely produce a reduction of the median
fragility of each case-study structure, with respect to the ones calculated in this paper. In fact, for very low realisations of the
material properties (Section 2.2), the flexural capacity of some members may be exceeded due to gravity loads only. This
would theoretically imply fragility curves with zero median and dispersion. In turn, this would considerably affect the
calculation of the expected-value fragility curves described in Section 2.5. Considering that this paper focuses only on relative
fragility results, it is.decided to simplify the calculations by neglecting gravity-induced bending moments to avoid the above
issue. More research effort is needed to quantify the shift of the median fragility of older design layouts due to gravity-induced

bending moments.
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Figure 1. Archetype frames: (a) plan view; (b) longitudinal frame elevation; (¢) typical RC. members for classes 1-4. The
reinforcement notation refers to the number of bars and their diameter in millimetres (e.g. 4¢18 refers to four 188mm-diameter bars).
Superior and inferior bars are separated by a plus sign in the notation.

Table 1. Evolution of the main Italian structural codes.

1939 1976 1996 2003 2008 2018
DM 16/01/96*
RD 2229/39 L n.176 26/04/76 orali 200N DM 14/01/2008 DM 17/01/2018

Classes 1,2,3: pre-1976

Class 4: 1977-2007

Class 5: post-2008

*Limit state design only suggested; **Recommendations/guidelines not become mandatory/code as originally intended.

Classes 1, 2 and 3 refer to pre-1976 buildings, designed according to the “Regio Decreto 2229” issued in 1939 (Consiglio dei

Ministri 1939). Structural members are designed only considering gravity loads and adopting the allowable stresses approach

for the safety checks. The longitudinal reinforcement ratio of the columns ranges between 0.63% and 1.13% (0.27%-0.37%

for the transverse one), while their axial load ratio is in the range 3%-20%. The longitudinal reinforcement ratio of the beams

ranges between 0.81% and 0.98% (the transverse one is approximately equal to 0.29%). No lateral-load design is provided,

nor any consideration of capacity design in single members (e.g. flexure vs shear) or in beam-column joint connections (e.g.

strong column/weak beam). The three classes differ for the structural details considered in the exterior joint panels (shown in

Figure 2 and discussed below).

These classes may be approximately mapped to similar classes for a similar time period in both New Zealand and USA. In

particular, after the introduction of the American concrete institute ACI 318:1971 standard (ACI Committee 318 1971), the

design practice in USA was entirely based on ultimate limit state (ULS) design (although this was already introduced in an

6
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appendix of ACI 318-1956, ACI Committee 318 1956) and ductile detailing of members was introduced (including
recommendations for strong column weak beam behaviour). Regarding the detailing of beam-column joint panels, the
ACI/ASCE committee 352 (1966) may be considered, which issued the first joint detailing recommendations in 1976 (Wight
and Parra-Montesinos 2012). Since 1968, ULS design and capacity design principles were introduced in New Zealand in a
code of practice document issued by the Ministry of Works (MOW 1968), while such principles became the norm in 1976
with the introduction of the loading standard NZS 4203:1976 (Standards association of New Zealand 1976), while the reference

concrete standard was ACI 318:1971 (ACI Committee 318 1971).

Class 4 refers to the period 1977-2007. It was mandatory to consider wind loads after 1978 (Consiglio dei Ministri 1978), and
this resulted in slightly bigger column sizes and higher amount of shear reinforcement. However, design seismic actions on
structures within this period were highly heterogenous in both spaceand time (see for example Crowley et al. 2020). For some
Italian regions, seismic loads were introduced according to a 1976 law (Consiglio dei Ministri 1976), and similar provisions
were introduced over time for other regions. A minimum amount of lateral loads (approximately 15% of the total weight, with
a linear profile along the height) is considered in the simulated design of'this class, to consider a region with underestimated
seismic actions. This resulted in a similar longitudinal reinforcement configuration with respect to classes 1-3, but higher
transverse reinforcement. The longitudinal reinforcement ratio of the columns ranges between 0.63% and 1.13% (0.42%-
0.58% for the transverse one), while their axial load ratio is in the range 3%-20%. The longitudinal reinforcement ratio of the
beams ranges between 0.81% and 0.98% (the transverse one is approximately equal to 0.29%). No joint stirrups are included.
Allowable stresses are still the adopted design approach, with no capacity design considerations. Although in this period the
seismic code promoted the protection-of the joint panels, no explicit provision for joint stirrups was included. The correct
interpretation of the code implied the use of joint stirrups, as reflected in best practice manuals in Italy (e.g. Santarella 1977).
For such reason, many joint layouts were possible in this period, including configurations similar to the pre-1970 period or

(very rarely) better configurations involving stirrups.

It is worth mentioning that two more-advanced documents were introduced in this period, respectively the 1996 Structural

Code (Consiglio dei Ministri 1996), including its implementation guidelines (Consiglio dei Ministri 1997), and the 2003
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Seismic Design Guidelines (Consiglio dei Ministri 2003). In the first document, limit state design was introduced but it was
left as an optional alternative to allowable stresses. As a result, the vast majority of practitioners adopted the allowable stresses
approach (Manfredi et al. 2011). The 2003 document suggested, rather than enforcing, seismic provisions. Specific minimum

requirements for joint stirrups were instead included after 1996.

A mapping with international standards is arguably not possible for the class 4 case studies. For.example, in the early 1970s,
a clear shift between allowable stress and ULS design is seen in both New Zealand and US A, together with the implementation
of capacity design and some level of seismic detailing of the members. In contrast, this shift is not veryclear in Italy: for

example, ULS design effectively became mandatory only after 2008.

Class S refers to post-2008 buildings and it is intended as a control group. The longitudinal reinforcement ratio of the columns
ranges between 1.57% and 2.79% (1.22%-1.67% for the transverse one), while their axial load ratio is in the range 2%-14%.
The longitudinal reinforcement ratio of the beams is approximately equal to 1.35% (the transverse one is approximately equal
to 0.58%). Buildings in this class are designed based on the 2008 structural code (Consiglio dei Ministri 2008). A displacement-
based design approach is used considering seismic'loads consistent with the spectral shape prescribed by the same code (peak
ground acceleration of 0.25g, representative of regions with moderate-to-high seismicity in Italy). Ductility requirements and
capacity design principles are adopted, designing for strong column/weak beam behaviour, protecting joint panels and
therefore enforcing a global plastic mechanism. It is worth mentioning that the minimum code requirements for the detailing

of the members is expected to cause a level of overdesign (e.g. Ricci et al. 2018).

The different design methods resulted in the reinforcement patterns shown in Table 2 and Figure 1c. In particular, the first four
classes have the same configuration of beam and column cross sections (as shown in Figure 1b), including the longitudinal
reinforcement pattern. As shown in Table 2, the transverse reinforcement of the 1976-2007 beams and columns is higher. A
greater beam reinforcement is provided for post-2008 frames, and the central beams have the same cross-section of the external
ones. To comply with capacity design rules, a greater reinforcement is also assigned to columns. Differently than for the first

four classes, columns are not tapered at (the fourth storey) for the six-storeys post-2008 frames. Mapping this class to the up-
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to-date international standards is somehow straightforward, since these case studies exhibit a satisfactory seismic behaviour,

both in terms of global strength/ductility and expected plastic mechanism.

Table 2. Reinforcement patterns for beams and columns (end cross-sections only).

Member Longitudinal reinforcement Transverse reinforcement

Detail

Pre 1976 gg:;:sms As per Figure Ic }iz %ﬁggiﬁ
1976-2007 ggggsms As per Figure Ic }ig %Egﬁﬁ
Post 2008 gg:rlrrlrsms ig?éi 4918 }i;z@@ég?nnr;m

2.2, Selected variables: structural details and material properties

Figure 2 shows the structural details in the exterior joint panels of each class. Such details strongly affect the strut-and-tie
mechanism that transfers shear in joint panels (Priestley 1997). After the first concrete diagonal cracking in joints, this shear-
transferring mechanism activates, and it involves a diagonal concrete strut and joint shear reinforcement ties. However, if little
or no shear reinforcement is present, the strength of the mechanism is entirely based on the concrete strut. For exterior joints,
the equilibrium of the concrete strut is provided by the bond stress on the reinforcement bars coming from the beams. Apart
from the presence of joint stirrups, the anchorage solution for the longitudinal beam reinforcement is a fundamental aspect
controlling the joint shear-carrying capacity: Interior joint panels are less reliant on the structural details and have a higher

strength, since the confinement of the left and right beams allows‘the concrete strut to be balanced.

No stirrups are-provided for the joints of the first four classes, reflecting the design practise of those periods (e.g. Manfredi et
al. 2011). The three most common anchorage solutions for the beam longitudinal bars are the hook, a bent-out and a bent-in
configuration, respectively considered for class 1, 2 and 3-4. As reported in Pampanin et al. 2003, the solution leading to the
lowest strength is the hook, followed by the bent-out and bent-in configurations, which provide better mechanisms to
equilibrate the concrete strut. For class 5, joint panels are assumed to be capacity-protected by a sufficient amount of joint
stirrups, whose number is not explicitly calculated and it is shown in Figure 2 only for indicative purposes. The most
appropriate parameter for quantifying joint shear strength is the principal stress - typically tensile for exterior, compressive for

interior joints - since this can consider the level of axial load. This is typically expressed in the form k\/]TC , where k is the joint

9
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strength coefficient. The deformation capacity is instead represented by the drift, which is directly correlated with the shear
deformation of the panel. The New Zealand guidelines for seismic assessment (New Zealand Society for Earthquake
Engineering (NZSEE) 2017) provide values for both strength and deformation capacity of the joint panels (Figure 4b below).
Eurocode 8 does not provide recommendations for the joint deformation capacity, although it provides a strength verification

formula.

Pre 1976, hook Pre 1976, bent-out Pre 1976, bent-in 1976-2007 Post 2008

Figure 2. Structural details in exterior joint panels. The layout of both splices and anchorage is only indicative.

The material-related random variables selected for this study are the concrete cylindrical compressive strength (f,) and the
steel yield stress (f,). These are the two properties typically considered in any in-situ test campaign for RC structures. Both
variables are described with a normal distribution (Figure 3). Literature studies (e.g. Verderame et al. 2001, Cristofaro et al. 2014,
Galasso et al. 2014) show that this is a reasonable approximation for the above variables. Reference concrete and steel material
categories are first selected to represent the typical choices according to the Italian material classification of each considered time
period. Therefore, statistical analysis on laboratory tests are adopted to characterise the mean and standard deviation (o) of the
distributions (

10
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Table 3) or, similarly, the coefficient of variation (CoV), i.e., the ratio of the standard deviation on the mean of each parameter.
Specifically, concrete properties for the first three classes (Pre 1976) are defined according to Verderame et al. 2001, which
includes in-situ tests for real Italian RC buildings constructed up to the 1960s. Results in Cristofaro et al. 2014 are instead
adopted for the concrete in the fourth class (1976-2007), which relate to tests conducted in the 1980s. The characterisation of
the steel yield stress for the same classes is based on the results by Verderame et al. 2011, which provide means and standard
deviations disaggregated for each decade. For class five (Post 2008) mean values equal to 38MPa e 490MPa are respectively
selected for concrete strength and steel yield stress. Those represent the mean value of the materials “C30/37” and “B450C”,
respectively. The considered values of f, and f, are sampled according to a nine-factorial DoE (Figure 3) considering equally-
spaced points in the range [—20; +20]. The minimum considered values of f, are respectively equal to 8.4MPa, 12.1MPa and
28.3MPa for classes 1-3, 4 and 5 (269.2MPa, 323.1MPa and 441.4MPa for f, ). This leads to 81 frame samples for each class
and geometry (810 case studies in total). This is preferred to a plain Monte Carlo approach since it requires a significantly

lower number of samples. It is worth mentioning that no correlation is assumed between f, and f,,. Moreover, the simulated

values of f, and f,, are assigned to all the RC members in the frame.
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0 : 0 : :
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Figure 3. Probabilistic distributions for the material properties. a) Concrete cylindrical compressive strength, b) steel yield stress.
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225 Table 3. Mechanical properties of the materials.

226
227

Detail Concrete Steel

Pre 1976, hook; “Normale” “Aq. 42”

Pre 1976, bent-out; fom=25.7 MPa  fym =322.3 MPa

Pre 1976, bent-in CoV=33.7% CoV=282%
“Rck 3007 “Fe B 32k”

1977-2007 fom=25.7MPa fym =430.0 MPa
CoV=26.5% CoV=12.4%
“C 30/37” “B 450 C”

Post 2008 em=38.0 MPa  fym =490.0 MPa
CoV=128% CoV=5.0%

fym: average steel yield stress;

fem: average concrete compressive strength (cylindrical)

CoV: coefficient of variation

228  Sampling values of f, and f, has a direct effect in the characterisation of the RC beams; columns and joint panels; in particular:

229

230

231

232

233

234

235

236

237

238

239

240

The flexural capacity of beams and columns ischaracterised through a moment-curvature analysis (including gravity
axial load). The model by Mander et al. 1988 is used for conerete, including the calculation of its ultimate strain
(accounting for confinement). King et al. (1986) is used for steel. It is worth mentioning that concrete modulus of
elasticity is calculated based on f;., and this is done also for the tensile (¢.,) and ultimate (¢,,,) concrete strain;
Plastic hinge length is calculated according to Priestley and Park (1987), which depends on f,,;

Bar buckling is calculated according to the deformation-based model by Berry and Eberhard (2005), which depends
on both f; and f, ;

The shear capacity of beams and columns is calculated according to Kowalsky and Priestley (2000), which depends
on both f. and f, . This force-controlled check is based on the intersection (if any) of the force-displacement curve of
the member (flexure) with the deformation-dependent shear strength;

Using the Mohr’s circle approach, the joint shear stress capacity is calculated such that its principal/compressive

stress capacity is achieved (proportional to \/ﬁ).
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As an example, Figure 4a shows the effect of the 81 material samples on the flexural capacity of an exterior base column in

the three-storey frame of the Pre 1976 class. This is compared with the effect of structural details on the capacity of exterior

joint panels (Figure 4b).
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Figure 4. a) Effect of material strength on base external column capacity (three-storey frame, detail 3), b) effect of structural details
on capacity of joint panels.

2.3. Performed analytical calculations and numerical analyses

Each of the 810 sampled frames is analysed by means of SLaMA and a numerical pushover. The ten structural models
characterised by the mean values of the material properties are also analysed with NLTHA for validation purposes. SLaMA
(New Zealand-Society for Earthquake Engineering (NZSEE) 2017; Gentile et al. 2019a, b, ¢, d) gives the estimation of both
the plastic mechanism and the capacity curve (i.e. a force-displacement curve) of RC frame, wall and dual-system buildings
by using a “by-hand” procedure (i.e. using an electronic spreadsheet). This method is based on the calculation of the hierarchy
of strength at sub-system level (beam-column joint sub-assemblies for frame structures) and the adoption of equilibrium and
compatibility principles to “assemble” the local results to obtain the global capacity curve. SLaMA is adopted to identify
potential structural weaknesses in the lateral resisting mechanism and to test the reliability of numerical computer models in
capturing the behaviour of the case study frames. Beams, columns and joint capacities are characterised as described above,
considering that the weakest link will govern the overall behaviour.
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Refined numerical pushover analyses are carried out with the finite element modelling software Ruaumoko2D (Carr 2016), to
have a second level of refinement in the analyses. The modelling strategy (Figure 5) is based on a lumped plasticity approach
which was validated on experimental results (Magenes and Pampanin 2004). RC members are characterised as described
above, including a linear strength degradation such that the moment capacity is zero when the drift is equal to twice the near-
collapse one. In particular, joint panels are modelled with non-linear springs connecting adjacent beams and columns. The
behaviour of the springs is represented by equivalent column moment vs drift curves (NZSEE 2017), defined consistently with
Figure 4b. P-Delta effects are considered in the model, although they are not deemed to/be substantial for three- and six-storey
frames (as demonstrated by Gentile et al. 2019a). Floor diaphragms are modelled as rigid in their plane, and fully fixed

boundary conditions are considered at the base. A linear force profile is adopted.

2 _|_ % 1 ,Moment o
: 1 _Yielding
[iE o [ ] P :\~ Ist cracking
Giberson element pl. hinge et
length 1
Rigidend — F-7117°7 L Axial Load
]
. [ g 1 4 .
| O S R | \ Equivalent Extensive
\ 1 Column damage
Moment
" Ist cracki
I'st cracking steracking

Curvature . ! Axial Load

Figure 5 Numerical modelling strategy (Gentile et al. 2019a).

Considering the 240 ground-motion records described above, the CSM (Freeman 2004) is performed to calculate the response
of each structure (i.e., the performance point), both using the SLaMA- and the pushover-based capacity curves. The CSM is
carried out using the effective height, effective mass and equivalent viscous damping formulations provided by Priestley et al.
2007. No bi-linearisation of the capacity curve is considered. The maximum inter-storey drift is the chosen engineering demand
parameter (EDP), and it is calculated adopting the displacement shapes used in Gentile et al. 2019a. Six ground-motion sets

are defined (see Section 2.4), consistent with the seismic hazard at a target site for a given mean return period, and scaled at
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the same value of the spectral acceleration at the fundamental period (intensity measure, IM). In this way, the application of

the CSM is consistent to the multiple stripe analysis procedure (MSA, Jalayer and Cornell 2009).

Refined seismic estimates of the EDP values, for the ten case studies with mean values for the materials, are derived with
NLTHA using the same ground-motion record sets. The above-mentioned numerical models are used herein, using the revised
Takeda hysteretic model (Saiidi and Sozen 1979) for beams and columns, with the columns‘having a thinner loop. The
hysteretic behaviour of the beam-column joints is modelled using the Modified Sina model (Saiidi and Sozen.1979), which is

able to capture their pinching behaviour.

Four lognormal fragility curves are fitted to each of the available ensembles of IM-vs EDP pairs, one for each considered DS.
Details on the definition of the DSs, including the related drift thresholds, are discussed below. As proposed by Baker (2015),

the fitting is performed with the maximum-likelihood estimation approach, and considering a binomial link function.

2.4. Ground-motion record sets

The case-study site for this study represents a high<seismicity area in Italy (Cosenza) characterized by soil type B according
to Eurocode 8. The reference seismic hazard for the site is calculated according to the European seismic hazard model
(ESHM13) presented in Giardini et al. 2014, including the definition of uniform hazard spectra (UHSs) for six exceeding
probabilities (50%, 39% 10%, 5%,2% and 1%) in 50 years (or equivalently, for six mean return periods equal to 72, 102, 475,
975, 2475, and 4975 years). Using the UHS as a target spectrum for the record selection may produce conservative estimates
of the median limit-state accelerations (e.g. Baker and Cornell 2006). More advanced record selection procedures might be
used to improve this aspect, such as the conditional spectrum (Lin et al. 2013) or the generalised conditioned intensity measure
(GCIM; Bradley 2010) approaches, as discussed for example in Tarbali et al. (2019). However, the approach used here is
deemed acceptable for the aims of this study, since only the relative quantification of the different epistemic-uncertainty effects
is investigated. Moreover, the considered record-selection procedure is consistent with the current state of practice in real

record selection for several seismic analysis applications (e.g. Iervolino et al. 2010).
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Specifically, for each target mean return period of the seismic action, the record selection process is performed through three
steps. First, hundreds of candidate ground motions are selected based on the hazard disaggregation in terms of the considered
IMs, considering the target hazard in Cosenza and the next generation attenuation relationships for western US (NGAWest2)
database (Ancheta et al. 2014). For this selection, the considered shear wave velocity in the first 30m of soil for each ground
motion is approximately equal to 400m/s. The candidate records are therefore linearly scaled to match the spectral acceleration
at the building first mode vibration period, S, (T;), of the above-mentioned target UHS. The considered maximum scale factor
is equal to 5. Finally, the misfit of the scaled individual spectra, with respect to the UHS, is calculated according to Eq. (1),
and the 40 ground motions with the lowest misfit are selected. In such equation, T; is the i*" period within the range [0.2T; —

2T,]. T; are equally-spaced with a step of 0.1s.

j 2
misfit; = Zlo ( tfrgg()T)) (1

Figure 6 shows the first mode periods of the sampled frames, also indicating that the median values for the three- and six-
storey frames are equal to 0.5s and 0.78s, respectively. Considering the spectral acceleration S, (0.5s) and S,(0.78s) as the

selected IM, two different ground-motion sets (Figure 7) are selected, and respectively used for the three- and six-storey frames.

140
] 13 storeys
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global
median 0.62s
100 -
)
2 80
[ —
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&’ 60 -
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20t ‘ l
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0.4 0.6 0.8 1
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Figure 6. Fundamental period of the case study buildings, including variations of materials and structural details.
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2.5. Quantifying the effects of materials and joint properties on seismic fragility

The fragility curves derived for each sampled frame are used for the relative quantification of the effects due to material
uncertainties and structural details in the joint panels. For each building class and building height,a fragility curve that embeds
all the materials-related samples is calculated, considering both the record-to-record variability and the material epistemic
uncertainties together (R2Rm). This is essentially the expected value of the seismic fragility (for the k™ DS) and it is calculated
by means of the total probability theorem. In particular, the resulting fragility curve is a weighted summation of the individual
fragility ones for each sample of f_ and f,,, weighted by their probabilities of occurrence. Accepting a small error, the resulting
cumulative distribution function (CDF) —i.e., the fragility - is represented here as a lognormal CDF. The logarithmic dispersion

Brarm of the obtained CDF is used as a proxy for the epistemic uncertainty effect related to the materials.

(@ 2.5
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= =Median of the sets
—— Selected GMs
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— 4975-years set

157

0.5 05§

Pseudo-spectral acceleration [g]

0 0.5 1 1.5 2 0 0.5 0.78 1 1.5 2
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Figure 7. Selected ground motions for a) three-storey buildings, b) six-storey buildings.

A similar approach is adopted for structural details. For a given building height, a fragility curve that embeds the R2R and the
detail-related variations (R2Rd) is derived. The logarithmic dispersion Sz, 0f such CDF is used as a proxy for the sensitivity
of the seismic fragility to the structural details. In this case, the total probability theorem is applied to the fragility curves of
the first four classes, considering mean material values (f;,, f,,) and the probability p(class;) of observing the i class. Three

considerations are necessary herein: 1) as mentioned in Section 2.1, it is likely that a building constructed in the period 1976-
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1996 has joint details similar to the pre 1976 period. This justifies considering classes 1 to 4 in the R2Rd calculation (as
opposed to classes 1 to 3); 2) class 5 (modern buildings) is not considered since it is highly unlikely that an existing RC frame
would have such modern structural details; 3) to reflect the lack of accurate statistics related to joint details in existing

structures, a uniform distribution for the joint details is adopted.

3. RESULTS AND DISCUSSION

3.1. Results of the non-linear static analyses

The results of both the numerical pushover analysis and the SLaMA approach are first summarised in Figure 8, considering
the case studies with the mean values of the material properties. Those arerepresented in terms of roof drift versus base shear
(V) normalised by the total building weight, W (i.e. the base shear coefficient is used). Results for the entire dataset are shown
in Figure 9, including the typical plastic mechanisms for each class, calculated at the onset of DS3. It is worth mentioning that
the curves are truncated at DS3 for readability. Figure 8 shows that the base shear capacity of the sampled buildings is fairly
similar for the first three classes; it slightly increases for class four while being considerably higher for modern buildings (class
five). A similar pattern is shown for the displacement capacity, although the increase from the first to the third class is

considerably higher, due to the different details in the joint panels.

(b) 0.4
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4 0.35 Pushover
DS3
0.3
0.25
v 0.2
0.15 &- ;—zf’———t
Pre-1976, hook I "/
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4 Pre-1976, bent-in r;’
1977-2007 0.05 !
Post-2008 < R R iR L L
1 1 1 0 1 1 1
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18



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

Figure 8. Non-linear static capacity curves (mean material properties). a) three-storey buildings, b) six-storey buildings.

Such figure also allows to discuss the DS thresholds adopted for the fragility analysis, which are detailed in Table 4. In
particular, each DS is located on the pushover curve, and the corresponding maximum inter-storey drift is retrieved from the
numerical analysis results. The thresholds are defined for each sampled frame, and within one class and height level the median
values are used (rounded to the nearest 0.05). Since this paper focuses on relative results only, no variability of the DS

thresholds is herein considered.

Four DSs are considered for this study. DS1 corresponds the first cracking of the first member in the frame. Negligible
variations are observed for the DS1 limit, which is therefore constant for all the classes. DS2 corresponds to the yielding of
the first member (highlighted with a blue circle in Figure 9). For class 1, both columns and joint panels contribute to the
deformability of the frame, and therefore the DS2 threshold for class:1 is higher than for classes 2 and 3, for which mainly
joints are contributing. The DS2 threshold for class 4 is the same as classes 2 and 3, since columns are equipped with higher
reinforcement (especially the transverse one) and joints mainly contribute to the deformability of the frame. The DS2 threshold
for class 5 is slightly higher, since buildings of this class are comparatively stiffer and stronger than the other classes. The DS3
drift is related to the life-safety performance (ULS). This refers to the first member in the frame that reaches its life-safety
deformation (highlighted with a red circle in Figure 9). The first three classes are governed by the joint panels, which have
increasing efficiency in the details. The DS3 threshold for class 4 is also governed by the joint panels, given the stronger
columns. However, a higher DS3 drift is selected for class 4 structures since they allow for a better redistribution of the internal
actions before the first joint panel reaches DS3. Finally, the DS3 drift threshold for class 5 is higher since this is governed by
the ultimate strain in the first beam. DS4 is related to the near collapse condition. Complying to the suggestions in Eurocode
8, this is set equal‘to four thirds of the DS3 threshold. The drift thresholds for the six-storey frames are comparatively smaller

than the three-storey ones, given their increased height and the larger non-linearity in their displacement shape.
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Table 4. Adopted inter-storey drift thresholds for each Damage State (DS).
Storeys D¢l DS1 DS2 DS3 Ds4

3 1 020 0.55 1.00 1.30
2 020 045 1.15 1.55
3 020 045 1.60 2.15
4 020 045 190 2.55
5 020 0.60 4.50 6.00
6 1 0.15 030 0.60 0.80
2 0.15 025 0.80 1.05
3 0.15 025 1.00 1.35
4 0.15 025 150 2.00
5 0.15 035 4.20 5.60

The typical DS3 plastic mechanisms of each class and height level are shown in Figure 9. The first three classes show a Mixed-
Sway mechanism, in which a combination of beam, column and/or joint failures are triggered. Such mechanisms are
particularly “insensitive” to the samples for the material properties, and the member that causes DS3 is typically a joint panel.
However, for the six-storey, class 3 frames with higher £, and £, values, joint failure is prevented, the mechanism changes and
DS3 is caused by a column. This increases the variability in the pushover curves, which is considerably lower for the other
classes. For class 4, such Mixed-Sway mechanism is even more evident, since the higher reinforcement in columns prevents
their flexural failure. Such increased reinforcement leads to a higher sensitivity of the pushover curves to the samples of f,,.
The typical plastic mechanism for class 5 is a Beam-Sway, in which all the beams are forming plastic hinges, together with
the base of the columns. Such mechanism is insensitive to the samples of f. and f,,, and this is also reflected on the pushover

curves.

As shown by Gentile et'al. 2019a, the SLaMA-based curves generally match the pushover ones in the non-linear branch, but
show‘a considerably-higher discrepancy around the global yielding (due to the assumed bi-linearisation in SLaMA). Such
discrepancy is also reflected in the estimation of the initial stiffness of the curve, which is typically over-estimated in SLaMA.
The above-mentioned discrepancies are more evident for the six-storey frames (given the higher number of members) and for

class 5 frames (given the higher strength).
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3.2. Validation of the non-linear static-based approaches

A validation of the fragility analysis results based on SLaMA and numerical pushover analyses is presented by means of
comparison with the results of time-history analyses. This is done for the sample frames having the mean properties of the
materials (ten case studies). As an example, Figure 10 shows the detailed results for the three-storey, class 3 frame. On the
other hand, Table 5 shows the relative errors, with respect to time-history analysis, calculated for the median and logarithmic

dispersion of the DS3 and DS4 fragilities, both based on pushover and SLaMA.

Figure 10a shows the particularly good match between SLaMA and the pushover analysis. The two capacity-curves show only
minor discrepancies, while differ considerably for very high displacements, since strength degradation is not considered in
SLaMA. Moreover, the summary of the hierarchy of strength calculated with SLaMA is consistent with the DS3 plastic
mechanism calculated through the pushover analysis. The differences in the two plots are due to the step-by-step distribution

of the internal actions, which is not considered in SLaMA. Figure 10b shows the seismic response of the frame to the above-
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392  Figure 9. Non-linear capacity curves for the entire dataset, including pushover-based plastic mechanism (at the onset of DS3) for
393 average materials. The snapshots plastic mechanisms correspond to the DS3 inter-storey drift levels shown in Table 4.
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mentioned 240 ground-motion records, obtained using the SLaMA- and pushover-based CSM and the full time-history
analyses. A satisfactory match is shown among the three approaches, with higher discrepancies shown for very high values of
the IM (due to strength degradation). This result is reflected on the fragility curves in Figure 10c, which are in good agreement
for the four considered DSs. The discrepancy with respect to the time-history approach is smaller than 5% for the pushover-
based median estimates (smaller than 8% for SLaMA). The error increases for the estimation of the logarithmic dispersion,

especially for DS3 (13.2% and 10.4% for pushover and SLaMA).
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Figure 10. Three-storey, class 3 frame with f,=322MPa and f=26MPa. a) non-linear static analyses, b) IM vs EDP stripes, c) fragility
curves.

Table 5 shows that the above-mentioned error trends are valid for all the three-storey frames. However, such errors increase
in the case of the six-storey frames. This is due to lower accuracy of the CSM for taller frames, for which higher modes are
more relevant: For this particular situation, the participating mass of first vibration mode is approximately equal to 90% and
75% for the three- and six-storey frames, respectively. Moreover, due to the bi-linear representation of the capacity curve
(higher initial stiffness), SLaMA shows a comparatively-higher bias on the seismic response at low levels of the IM. This is
mainly affecting the logarithmic dispersion of the fragility curves, for which the error with respect to time-history analyses is

higher (maximum 20.1% and 68.7%, respectively for pushover and SLaMA).

Such error trends are not deemed to jeopardise the estimation of the relative effect on seismic fragility of materials and

structural details, which is the final goal of this paper. Indeed, the calculations for the R2ZR+materials fragilities involve frames
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sampled from the same class and height level, for which a similar level of bias is expected. This applies also for the
R2R+structural details fragilities, which involve only frames within a given height level. However, to provide the highest level
of accuracy (among the adopted approaches), the pushover-based fragilities are used in the next section to quantify the

sensitivity.

Table 5. Relative errors [%] of the pushover-based fragilities with respect to time-history analysis (results for SLaMA are
shown in brackets).

Storeys P¢tll Err(ipss) Err(ipss) Err(Bpss) Err(Bpsa)

3 1 2129 (93 ) =66 ( -47 ) -184 ( -137 ) 214 ( -159 )
2 09 ( 76 ) 01 ( 31 ) -78 ( 357) 171 ( 38 )
3 08 ( 48 ) 50 ( 80 ) 132 ( 104 ) ~-19 (. -09 )
4 25 (41 ) 27 ( 04 ) -100 ( -58.) -240-( -18.0 )
5 42 ( 23 ) -89 ( 54 ) -41/( -83 ) -153 ( -107 )

6 1 2145 ( -17.1 ) 246 ( 240 ) -12 ( 417 ) 22 ( -662 )
2 2174 (180 ) -19.7 ( -168 ) <142 ( -57.7 ) -181 ( -36.5 )
3 187 ( 248 ) -04 (55 ) -85 ( =402 ) -12.8 ( -59.8 )
4 1.1 (39 ) 18 ( 21/) -49 ( =399 ) -83 ( -381 )
5 46 (100 ) 07 (50 ) -167 ( -687 ) -201 ( -53.7 )

3.3. Sensitivity of the seismic fragility

To provide a qualitative overview, Figure 11 shows the pushover-based fragility curves for each sampled frame, together with
the typical DS3 plastic mechanisms. Solid thick lines show the fragility curves related to the mean values of the material
properties (R2R), while dashed lines show the ones including the matetial-related uncertainty (R2Rm). The DS4 fragilities are

not shown to improve the readability of the plots, although their trends are particularly similar to the ones related to DS3.

As expected; the median of the fragility curves increases with the considered class, with class 5 showing significantly higher
values: Including the material-related epistemic uncertainty leads to a negligible shift in the in the estimation of the median
fragility, consistently with findings in the literature (e.g. Kosic¢ et al. 2012). Within each class and building height, the effect
of material variability on the logarithmic dispersion increases with the considered DS (as reported in the literature), although
this effect is not particularly large. A comparatively higher effect is seen for the shift in the median fragility due to the structural
details. However, such increase is particularly small for DS1 and DS2. This reflects the pushover results and, in turn, the
considered drift thresholds for each class (Table 4). Those are particularly similar for DS1 and DS2 (essentially elastic

behaviour) while change considerably for DS3 and DS4, where the observed plastic mechanism plays a major role.
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432  Figure 11. Pushover-based fragility curves for the entire dataset (DS1-DS3; DS4 is not shown for readability).
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The relative effect of materials and structural details on seismic fragility is quantitatively assessed in Figure 12, Table 6 and
Table 7. To provide a fair comparison, class 5 (related to modern frames) is excluded from such figure/tables. In fact, it is

highly unlikely that an existing RC frame would have such modern structural details.

Focusing on DS3 (Life Safety), Figure 12 shows the R2R fragility curves in greyscale solid lines and the R2Rm curves in
greyscale dashed lines. The fragility curves combining record-to-record variability and structural details effects (R2Rd) are
shown in a red dashed line. The increase in logarithmic dispersion due to the materials is maximum equal to 0.03 for the three-
storey frames, and 0.06 for the six-storey ones. Contrarily, such increase is respectively equal to 0.14 and.0.38 maximum if
the structural details uncertainty is added to the record-to-record one. Similar trends are observed the median fragility: materials
cause a maximum shift equal to 0.02g (both for three-and six-storey frames), while structural details cause a maximum shift

equal to 0.17g and 0.34g, for three- and six-storey cases.
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Figure 12. DS3 fragility curves (pushover-based). a) three-storey buildings, b) six-storey buildings. “R2R”: record-to-record
variability; “m”: material variability; “d”: structural details variability (details 1-4).

Structural details have a comparatively higher effect than materials also for DS4 (Near Collapse), as Table 6 and Table 7 show.
A different trend is instead observed for DS1 and DS2. Such damage states are respectively governed by the first RC member
in the system attaining first cracking and yielding, respectively. Although the concrete tensile (cracking) strain is dependent

on concrete strength, the effects of its variation on the member cracking drift are practically negligible. On the other hand, the
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yielding of RC members is only dependent on their geometry (Priestley et al. 2007). At global level, the DS2 inter-storey drift

threshold can be caused by different RC members (beams, column, joints). For this reason, DS2 is mainly affected by structural

details only, although the effect is minimum, and very similar thresholds are required for different frame classes (see Table 4).

For these reasons, material-related uncertainty causes a maximum decrease equal to 0.01g to the DS1-DS2 median fragility

prediction, for all the case studies. The related maximum increase in the DS1-DS2 logarithmic dispersion is equal to 0.06.

Compared to the materials, structural details have a comparable effect on the DS1-DS2 median and a smaller one for the

logarithmic dispersion. From a practical point of view, structural details do not increase the DS1-DS2 logarithmic dispersion

with respect to the record-to-record case (the increase is smaller than 0.01). This result is.in line with the expected behaviour

of the sampled frames at DS1-DS2, which is practically independent from the adopted materials and structural details.

Table 6. Materials vs structural details: effects on the DS3 pushover-based fragility dispersion.

Detail DS1 DS2 DS3 DS4
Storeys ¢! "RIR R2Rm R2Rd R2R_R2Rm R2Rd R2R R2Rm R2Rd R2R R2Rm __ R2Rd
3 1 0.17 0.17 0.05 0.09 0.17 0.20 0.19 0.22
2 0.14 0.17 0.05 £0.11 021 0.21 027 0.27
3 0.14 0.17 0-15 0.05 | 0.09 & 026 0.26 0.31 026 0.27 0.30
4 0.15 0.14 005 0.11 024 0.27 023 0.27
6 1 0.11 0.13 0.08 * 0:13 0.05 0.11 0.13 0.14
2 0.04 0.11 0.08 0.14 027 0.29 0.09 0.10
3 0.04 0.11 0.1 0.08 0.14 0.08 0.10 0.11 0.43 0.15 0.15 0.19
4 0.04  0.06 0.08 0.08 0.07  0.08 0.06  0.06
460 Table 7. Materials vs structural details: effects on the DS3 pushover-based fragility median [g].
Detail DS1 DS2 DS3 DS4
Storeys ¢ "RoR T R2Rm R2Rd. R2R_R2Rm R2Rd R2RR2Rm R2Rd R2R R2Rm __ R2Rd
3 1 014 0.14 037 037 052 0.52 0.62 0.62
2 0.15  0.15 037 0.36 0.67 0.65 0.77 0.75
3 0.15 0.15 0-15 037 0.36 0.37 0.79 0.79 0.69 0.87 0.87 0.80
4 0.16 0.16 037 0.36 0.87 0.85 0.99 0.96
6 1 0.09 0.09 0.19 0.18 033 0.33 0.60 0.65
2 0.11 0.11 0.19 0.19 0.57 0.59 0.73 0.73
3 0.11 0.11 0.1 0.19 0.19 0.19 072 0.72 0.67 0.74 0.75 0.75
4 011 0.11 0.20 0.20 0.78 0.78 0.80 0.80
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4. CONCLUSIONS

This paper investigated the relative effect of material uncertainties and joint structural details on the seismic fragility estimation
of existing RC frames. The variables for this study are selected according to the typical information obtained from in-situ
testing, which are the cylindrical compressive strength of concrete, the yield steel stress and the typology of structural details
in joint panels. Different Italian design codes ranging from 1939 to 2008 are selected to define five building classes, also
proposing a tentative mapping to international codes (New Zealand, USA). Each class is characterised by different structural
details, with more emphasis on exterior joint panels. For each class, two geometrical configurations are chosen: three- and six-
storey frames with three bays. For each of these ten configurations, random variations of material properties are sampled
according to a nine-factorial design of experiment. Fragility curves are defined for each sampled frame, using numerical
pushover analysis and the analytical method SLaMA, both coupled with the capacity spectrum method and using natural
ground motion records. Such methods are validated by comparison with refined non-linear time-history analyses (NLTHA).

The logarithmic standard deviation of the fragility curves.is the selected proxy to quantify epistemic uncertainty.

The results of this study indicate that the logarithmic standard deviation of the fragility curves is significantly more sensitive
to the structural details adopted in joint panels rather than to the properties of the materials. The effect of structural details is
negligible for damage states defined by first cracking or yielding of the RC members, since the essentially-elastic behaviour
of RC frames is practically independent from the details. The effect of structural details increases with the severity of the
damage state, and it is significant for the life-safety and near collapse damage states. This result is deemed to be worthy of
attention, since these damage states are related to the primary goal of seismic provisions in building codes; i.e. to protect life

by avoiding collapses.

Effective shear-transfer mechanisms for interior joint panels can activate due to the confining effect of the adjacent beams,
and their capacity is less.affected by structural details. On the other hand, shear transfer in exterior joints relies on the bond of
the beam longitudinal bars bent inside the joint itself. Therefore, exterior joints are particularly sensitive to this structural detail
and this greatly affects fragility estimates. It is reasonable to assume that, within a single RC frame, structural details are

similar for each exterior joint. Therefore, cover removal for one of those could potentially eliminate this particular uncertainty.
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For this reason, as a practical action, it is deemed that good practice for the in-situ testing of RC frames should incentivise and
recommend the cover removal of at least one exterior joint panel, regardless of the required target “level of knowledge” of the

existing structure.
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