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Abstract

The expected lateral response of reinforced concrete (RC) elements strongly depends on their
failure mode. Code-conforming RC members are supposed to exhibit a flexural (F) ductile fail-
ure, with complete exploitation of their post-peak displacement/deformation capacity. How-
ever, substandard RC elements, which are typical of existing structures, may undergo a shear
failure after yielding (FS) or even before yielding (S) of longitudinal reinforcement. In this case,
the element is classified as “shear-sensitive” and may be characterized by an abrupt collapse
after the attainment of the peak load-capacity, with a fast loss of lateral load-bearing capacity
up to the onset of the progressive reduction of the axial load-bearing capacity. This condition
may trigger structural collapse, as also shown from surveys of damages due to strong earth-
quakes in past and recent times. So, the determination of the failure mode of RC members is
paramount for a reliable assessment of the seismic safety of structures.

In general, static criteria are applied to pre-classify the expected failure mode of RC members
and their response backbone is defined dependently on the determined failure mode. However,
a comprehensive approach for modelling, with a unique set of predictive equations, the re-
sponse envelope of RC members without pre-determining with a deterministic approach their
failure mode is missing.

In this paper membership functions are defined to determine for RC columns the possibility that
they exhibit an F, an F'S, or an S failure. A set of basic predictive equations are defined, based
on experimental data, to define a multilinear response envelope. The proposed equations may
be combined with membership functions to use a unique set of equation able to reproduce the
behaviour of RC columns with different expected failure modes.
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1 INTRODUCTION

In the last decades, one of the trends of research in the structural engineering field is aimed
at providing robust and reliable tools for nonlinear modelling of structural members. This is an
essential step towards a complete implementation of a performance-based approach for the seis-
mic design and assessment of structures in technical codes and current practice.

In Reinforced Concrete (RC) structures, primary elements may have a different lateral non-
linear response dependently on their failure mode. If, under lateral loads, the element can first
yield and then exploit its entire ductility capacity (as shown in Figure 1), its failure mode is
ductile and flexure-controlled. Such a kind of element is defined flexure-critical, the name of
its failure mode is usually abbreviated with an “F”, the element itself can be defined as an “F
element”. If, under lateral loads, the element cannot exploit its entire ductility capacity (as
shown in Fig. 1), the element is defined shear-critical, since the ductile response of the element
is prematurely interrupted by the occurrence of a shear failure. Two conditions may occur: if
the element is anyhow able to yield, the failure mode is defined “FS”, since it is first governed
by flexure (the element can yield), then by shear (the element cannot attain its ductility capacity
since a shear failure occurs first); if the element is not able even to yield, since the shear failure
occurs before yielding, the failure mode is defined “S”, since it is governed by shear. Also in
this case, elements experiencing an FS failure mode are called “FS elements”, while elements
experiencing an S failure mode are called “S elements”.

Also from Figure 1, it is clear that RC members with different failure modes have different
lateral response. For this reason, the assessment of the expected failure mode (or “classification
of the failure mode”) is essential to correctly model the nonlinear response of each member and,
so, to obtain a reliable prediction of the structural performance. This is of paramount importance
especially when dealing with nonlinear modelling and seismic capacity assessment of existing
RC buildings.

In the literature, different approaches have been proposed for the classification of the failure
mode of structural members. Some of them have been also introduced in building codes. The
first approach to the classification of failure mode was described by Priestley et al. [1] based
on ATC-6 [2] provisions. First, it is stated that the shear strength of a RC structural members is
maximum when the element is in the elastic field; such a strength decreases at increasing duc-
tility demand due to the damage of the element, up to a minimum (or “residual”) value. Simi-
larly to what is represented in Figure 1, the failure mode is F if the shear force corresponding
to flexural strength is less than the residual shear strength; the failure mode is S if the shear
force corresponding to flexural strength is more than the initial shear strength; otherwise, the
expected failure mode is FS. This approach for the classification of structural members’ failure
mode, with consistent nonlinear modelling of the lateral response of these structural members,
has been adopted for nonlinear time-history analyses on case-study existing RC buildings in
[3]. However, different authors, based on experimental evidences, highlighted that the ratio
between the shear strength of a member and the shear demand in equilibrium with its flexural
strength cannot completely explain the observed failure mode of RC elements.

For example, Zhu et al. [4] proposed, based on experimental data, a classification method
distinguishing F and S elements; FS elements are mostly included among S elements. Accord-
ing to this method, first the transverse reinforcement ratio should be calculated. If this ratio is
lower than 0.002, the element is classified as S. Otherwise, the shear span-to-dept of the cross
section ratio and the ratio between the plastic shear demand and the shear strength by Sezen
and Moehle [5] are calculated. If the first ratio is lower than 2 or the second ratio is higher than
1.05, the element is classified as S. Otherwise, it is classified as F.
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Ghannoum and Matamoros [6] and Ghannoum [7] proposed a modification to the method of
classification of the failure modes of columns due to splice deficiency reported in ASCE/SEI
41-13 [8]. The proposal has been implemented in ASCE/SEI 41-17 [9] together with a proposal
for the definition of the significant points of the lateral response of RC columns depending on
the potential failure due to splice deficiency.

Based on experimental data, Hua et al. [10] proposed a classification method of the failure
mode of RC members based on the concept of likelihood of shear failure. The probability of
shear failure is calculated based on a demand-to-capacity ratio in which the capacity is evalu-
ated through a proposed shear strength model.

Based on experimental data, Ma and Gong [11] proposed the calculation of a factor o de-
pending on geometric and mechanical characteristics of the RC columns. Based on the value
assumed by the factor o, it is possible to establish the expected failure mode of the element.
One of the most significant advantages of this approach is that, differently from other methods,
the prediction of the failure mode is independent on the specific shear strength model adopted.
A similar approach will be introduced also in this study.
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Figure 1: Illustrative sketch of the expected lateral response of F, FS, and S members.

One of the shortcomings of most of these approaches is their deterministic outcome. In this
work, an empirical approach based on fuzzy theory is proposed for the assessment of the failure
mode of RC members. In other words, the proposed approach aims at assigning to each generic
RC structural element the “possibility” (expressed through a scalar between 0 and 1) of being
“member” of the sets of F, of FS and of S elements. This scalar is calculated via membership
functions which are defined for each of the three sets/failure modes. The definition of a “con-
tinuous” classification of the failure mode of structural elements is a preliminary step towards
the assessment of the lateral response of RC members without an explicit pre-classification, but
by means of an implicit modification of the expected ductile response backbone of the element
by using the proposed membership functions. Based on the same experimental database, em-
pirical equations are proposed for the assessment of the expected response envelope of ductile
elements.

2  EXPERIMENTAL DATABASE

The definition of the proposed approach for the direct assessment of RC elements’ failure
mode is based on the experimental data collected in the ACI 369 Rectangular Column Database
[12], which will be briefly named “ACI database” in the following.
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The ACI database is constituted by 326 cyclic tests of rectangular RC columns. In this work,
only cyclic tests of rectangular-reinforced columns are considered. All specimens are charac-
terized by the presence of deformed (i.e., ribbed) longitudinal rebars, while transverse rein-
forcement may be realized with deformed or plain bars. For each specimen, the following data
are reported:

- Material properties (for concrete, longitudinal and transverse reinforcement);

- Column geometry (for the overall column, longitudinal and transverse reinforcement);

- Confinement details (i.e., the configuration of transverse reinforcement);

- Test configuration details (i.e., how the lateral load was applied on the specimen);

- Test results in terms of observed failure mode, significant values of force and dis-
placement, force-displacement loops (if available).

Since the assessment of the failure mode is the core issue of this work, it is worth mentioning
how the definition of the failure mode was performed by the Authors of the database. Two
approaches are considered for failure mode classification: the first one is consistent with the
approach adopted by PEER in [13] and is more based on the “observed” response of the speci-
mens; the second, which is more “practice-oriented”, is based on the assessment of transverse
reinforcement detailing and on the ratio between the plastic shear demand and the expected
shear capacity. The discussion presented in this paper is based on the first classification ap-
proach, i.e., the one consistent with PEER [13], since it is independent of the assessment of
shear strength by means of a specific shear capacity model. In fact, consistently with the PEER
approach, a first distinction is made between shear-sensitive and non-shear-sensitive members.
If the Authors of each experimental test reports the occurrence of shear damage for a certain
specimen, the element is classified as “shear critical”. Otherwise, it is classified as “flexure
critical” and the assigned failure mode is F.

Among Shear Critical elements, a mixed analytical/empirical approach is adopted to distin-
guish FS and S elements. First, for each specimen, the maximum lateral force attained (Fefr) 1s
evaluated. Then, the theoretical maximum force corresponding to the attainment of a maximum
strain in concrete equal to 0.4% (Fo.004) is calculated. In addition, based on the experimental
response of the specimen, the ductility capacity pri is calculated by assuming as failure dis-
placement the one associated with a force capacity equal to 0.80 times Fesr on the softening
branch of the force-displacement response. If Fefr is lower than 0.95 times Fo.004 Or psail is equal
or lower than 2, the Shear Critical element is classified as S. Otherwise, it is classified as FS.

Among the 326 tests collected in the database, only those for which all the significant geo-
metric, mechanical and response parameters were available have been used for this study. In
addition, only “completely cyclic” tests were considered: in other words, test with monotonic
loading before and/or after yielding were excluded. In addition, columns with spliced reinforce-
ment were excluded since they can undergo a premature failure due to insufficient anchorage
length, as shown, for example, for the specimens by Melek and Wallace [14] that are included
in the original ACI dataset but are not considered for this study. Hence, a subset of the ACI
database constituted by 260 tests is considered in this work. In this reference subset, hereinafter
named “collected database”, 156 tests are classified as F (60% of the database), 69 tests are
classified as FS (26% of the database), 35 tests are classified as S (14% of the database). Despite
other databases considering shear-sensitive RC members have been collected including a larger
amount of S tests (e.g., [15, 16, 17]), it was preferred to adopt ACI database since it includes
also F elements, which is fundamental for the scope of this study; on the other hand, “merging”
F elements from ACI and FS/S elements from other databases was excluded, in order to use
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data associated with RC columns whose failure mode has been classified with a unique and
consistent approach.

The tests collected in the reference subset are characterized by 0 <v (axial load ratio) < 0.90,
13 < f. (compressive strength of concrete) < 118 MPa, 318 < fj; (yielding stress of longitudinal
rebars) < 587 MPa, 249 < fyw (yielding stress of transverse rebars) < 1424 MPa, 0.0068 < p;
(longitudinal reinforcement ratio) < 0.0694, 0.0006< py (transverse reinforcement ratio) <
0.0321, 0.11 < h/Ls (cross section height-to-shear span aspect ratio) < 0.87, 0.11 < s/d (trans-
verse reinforcement spacing-to-effective depth of the cross section ratio)< 1.27. In addition, the
experimental response loops of specimens were corrected, if necessary, in order to remove the
spurious effect given by geometric non-linearity (i.e., P-A effects) and, so, consider only me-
chanical sources triggering the post-peak softening. The correction has been performed in order
to lead back the experimental response of the selected specimens to “Case I”” according to [13].

The database is described more in details in [12].

3 ASSESSMENT OF FAILURE MODE VIA MEMBERSHIP FUNCTIONS

In this work, the collected database is considered as the union of fuzzy sets [18]. A fuzzy set
is a collection of objects with a certain membership. More specifically, each specimen can be
member of the “F elements” fuzzy set, of the “FS elements” fuzzy set and of the “S elements”
fuzzy set. In other words, it is possible to define, for each specimen, if it is certainly F, certainly
FS or certainly S.

However, when dealing with a generic structural member belonging to a structure, it is not
always possible to define with certainty if it will behave as an F element, or as an FS element
of as an S element. In this case, a membership function allows expressing the possibility [19]
of that element of behaving as an F element, as an FS element and as an S element. In other
words, the membership function for F elements, {tr, expresses with a number ranging from 0 to
1, the possibility that a certain structural member belongs to the set of F elements; the same
applies for the membership function for FS elements, prs, and for the membership function for
S elements, ps. Of course, it is certain that a member will be part of one of the three sets. So,
the sum of the values assumed by the three membership functions for a certain structural ele-
ment should always be equal to 1.

The membership function can express the possibility of a certain structural member of being
part of a certain set as a function of a predictive parameter (or of more predictive parameters)
that represents the structural member characteristics. Of course, the significant characteristics
of the structural member (i.e., those that can define a potential domain — also called support —
for the membership function) depend on the nature of the membership function itself. For ex-
ample, since the membership functions that are defined in this work are related to the concept
of failure mode, it is expected that parameters like the axial load ratio or the amount of longi-
tudinal and transverse reinforcement may be appropriate as predictors. Section 3.2 is dedicated
to the definition of the most appropriate predictive parameter(s).

Consider now to have defined a certain predictive parameter x. Hence, the membership func-
tions are expressed as Ur(x), urs(x), ps(x). The values assumed by the membership functions
are set based on the experimental data reported in the collected database. The procedure adopted
to define the shape of the membership functions is reported below, with reference to the illus-
trative sketch reported in Figure 2.
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Figure 2: Illustrative sketch of the adopted membership functions.

1. Membership functions are assumed as piecewise linear;

The value xoo of the predictor parameter is set. It is defined in order to have pr(x<x00)=1.
In other words, if the predictor x is lower than or equal to xoo, it is assumed that certainly
the structural member will exhibit an F failure mode. The value of xoo is obtained from
the collected database as the maximum value of x below which no FS or S failure is
observed;

3. The value xo of the predictor parameter is set. It is defined in order to have pus(x<x0)=0.
In other words, if the predictor x is lower than or equal to xo, it is assumed that certainly
the structural member will not exhibit an S failure mode. The value of x¢ is obtained
from the collected database as the maximum value of x below which no S failure is
observed;

4. The value x> of the predictor parameter is set. It is defined in order to have ps(x>x2)=1.
In other words, if the predictor x is higher than or equal to x2, it is assumed that certainly
the structural member will exhibit an S failure mode. The value of x> is obtained from
the collected database as the maximum value of x above which no F or FS failure is
observed;

5. The membership function for FS failure mode prs(x) is assumed equal to 1- prs(x)-
Hs(x);

6. Being fi=pr(x1) and si= ps(x1), the values of x; (which is between x¢ and x»), f1 and s;
are set after an iterative procedure aimed at obtaining the “best performance” for the
membership functions, i.e., the set of x1, f1, and s; values for which the adopted mem-
bership functions are able to correctly predict the failure mode of the specimens of the
collected database in the highest number of cases.

In a previous work [20], different potential predictors were already evaluated, namely the
axial load ratio, the aspect ratio and the ratio between the mechanical ratio of longitudinal and
transverse reinforcement. In general, as also reported in section 1, the distinction between shear
critical and flexural critical structural members can be performed via a “static” approach by
comparing shear demand at yielding Vy (i.e., the one in equilibrium with the yielding moment
acting at the base of column) and the shear demand at maximum Vmax (i.€., the one in equilib-
rium with the maximum moment acting at the base of column), with the shear resistance of the
column, Vr. A member is flexure critical if Vmax is lower than the minimum value of Vg; oth-
erwise, it is shear-critical. It should be considered that at increasing axial load ratio, both the
maximum moment (i.e., Vmax) and the shear resistance Vg, first increase and then decrease. So,
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a specific trend for the frequency of each failure mode at increasing v is not expected. In fact,
in [20], it was observed that the axial load ratio alone is not a good predictor of the failure mode.
A better performance is obtained by considering as predictor the aspect ratio and the ratio be-
tween longitudinal and transverse reinforcement mechanical ratios. However, it was observed
that the best performance was obtained by adopting as predictor a combination of these two
parameters, as shown in Equation 1.

h w hs A
wo o _hs Aafy 0
Ls Wy, Ls d Aswfyw

Since the predictive parameter x has been chosen, it is possible to define the membership
functions. Based on the collected database, it is observed that:

1. For x lower than or equal to 0.75, only F failures are observed. Hence, xo0 (see Figure
2) is assumed equal to 1;

2. No S failure is observed for x lower than or equal to 1.50. Hence, xo (see Figure 2) is
assumed equal to 1.50;

3. Only S failures are observed for x higher than or equal to 13. Hence, x> (see Fig. 2) is
assumed equal to 13.

The best performance set of membership functions is obtained if x; (see Figure 2) is assumed
equal to 3.1, if fi (see Figure 2) is assumed equal to 0.07 and if s; (see Figure 2) is assumed
equal to 0.09. With these assumptions, in fact, a correct prediction of the failure mode (i.e., the
more possible failure mode corresponds with the actual failure mode) is obtained in 84% of
cases. Note that the values of xo0, X0, X2, X1, f1, and s are different with respect to those shown
in [20] since they were evaluated with respect to a smaller database.

The obtained membership functions are shown in Figure 3 and compared with the experi-
mental failure modes. Experimental failure modes are reported as filled circles if they are pre-
dicted as the most possible failure mode by the adopted membership functions; otherwise, they
are reported as blank circles.

0.8 0.8
0.61 0.61
X X
3 3
0.41 0.4F
1e(X)
0.2} 0.2} 1es () |
1g(X)
0 : - 0 T : -
0 5 10 15 0 5 10 15 20 25
x=(h/Ls)x(s/d)x(Aslfyl/Aswfyw) x=(h/LS)x(s/d)x(AslfyI/ASnyw)

(a) (b)

Figure 3: Adopted membership functions. Graph with x between 0 and 15 (a) and graph with x between 0 and 25
(b).
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It is possible to observe that for x lower than 2 the most possible failure mode is F; for x
between 2 and 7.3 the most possible failure mode is FS; for x higher than 7.3, the most possible
failure mode is S. It is worth recalling that for x lower than 0.75 the only possible failure mode
is F, while for x higher than 13 the only possible failure mode is S. It is also worth mentioning
that for x between 2 and 2.1 and for x between 7.1 and 7.6 there is no failure mode with possi-
bility of occurrence higher than 50%: special caution should be adopted when dealing with
structural members belonging to these “transition zones” (grey-filled areas in Figure 3).

4 BASIC RESPONSE ENVELOPE

In this section, the basic bending moment M — chord rotation 0 response envelope is deter-
mined for ductile members, i.e., for RC columns with x lower than or equal to 0.75.

4.1 Response envelope and methodology

Based on the response envelope of the experimental response of ductile members included
in the database, the following characteristic points/conditions were defined.

e The first point of the proposed envelope is yielding point. First, a theoretical predic-
tion of My was obtained by means of a fibre section analysis and indicated as My fiber.
Then, the experimental maximum moment Mmax was determined. If Mmax resulted
higher than 1.07My fiver, the yielding point was identified on the experimental enve-
lope at the attainment of M equal to My fiver; Otherwise, according to [21], the yielding
point was identified on the experimental envelope at the attainment of M equal to
0.80Mmax;

e The second point of the envelope is the peak load point. It was simply determined at
the attainment of a moment equal to the maximum moment M.

e The third point of the envelope was determined on the descending branch of the ex-
perimental response envelope at the attainment of a moment equal to 0.80Max. This
point corresponds to the attainment of a conventional “ultimate” condition.

e The fourth and last point of the envelope is the one corresponding to the complete
loss of lateral load capacity of the column. It was determined, on the experimental
envelope, by linear extrapolation up to zero moment resistance of the extreme points
of the imposed displacement cycles defining the descending branch of the experi-
mental envelope beginning from the experimental point at conventional “ultimate”,
as defined at the previous point. Note that, to limit the use of unreliable extrapolated
data, only tests for which at least a 50% strength decrease after peak load point at-
tainment were considered for the assessment of this point.

A consistent approach was adopted to define an equivalent set of predictive equations for
the assessment of the response envelope of rectangular RC column with plain bars in [22].

The following parameters were adopted to identify the abovementioned characteristic points
of the response envelope, as shown in Figure 4.

e The ratio between the flexural secant stiffness at yielding of the member cross-sec-
tion (also called “effective stiffness”), E1,, and the flexural stiffness of the gross sec-
tion El,. This ratio allows defining, together with the yielding moment M, previously
defined, the chord rotation at yielding, 6,;

e The maximum moment Mnax together with the corresponding post-yielding plastic
chord rotation, @na’;
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e The post-capping plastic chord rotation at conventional “ultimate” condition, 8,./;
e The post-ultimate plastic chord rotation at the attainment of zero lateral load capacity,
07", together with the softening stiffness toward zero lateral load capacity, Ko.
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Figure 4: Characteristic points and assumed parameters of the base moment (M) - chord rotation (6) response
envelope.

In order to define empirical formulations for the prediction of the abovementioned response
parameters, some potential predictors were selected. The candidate predictors were chosen by
considering the outcomes of past studies (e.g., [23]), as well as their expected mechanical in-
fluence. In addition to those listed for the description of the experimental database (see section
2), some combinations of them were assumed as potential predictive parameters, namely:

e the ratio between the spacing of transverse reinforcement, s, and the cross-section depth,
d;

e the ratio between the spacing of transverse reinforcement, s, and the diameter of longi-

tudinal rebars, db;

a factor related to the proneness to buckling of longitudinal bars, s»=(s/db)-(f,/100)">;

the area/mechanical ratio of longitudinal rebars p; and wi;

the area/mechanical ratio of transverse reinforcement pw and @w;

the longitudinal reinforcement area/mechanical ratio calculated by separating the con-

tribution of reinforcement in compression (p2 and o, respectively) from the contribu-

tion of reinforcement in tension + web reinforcement (p; and w1, respectively);

e the ratio between the area/mechanical longitudinal reinforcement ratio for rebars in
compression and the mechanical longitudinal reinforcement ratio for rebars in tension.

The statistical procedure adopted for defining the predictive equations below listed is de-
scribed in detail in [24]. More specifically, linear least squares regressions were performed re-
lating the output variables (expressed in terms of natural logarithm) and the potential predictors
(expressed in their natural form, in terms of natural logarithm, or absent). The final equations
proposed were selected among the ones with the minimum number of input variables but
deemed as “statistically equivalent” — based on F-tests — to the basic predictive equations in-
cluding all the potential predictors. For the assessment of predictive equations, T-tests were
performed to remove outliers from the experimental database [25].
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4.2 Predictive equations

The equations derived to define the response envelope of ductile rectangular RC columns
with deformed bars are reported below, together with, for each proposed equation, the statistics
— mean, median and Coefficient of Variation (CoV) — associated with the set of the observed
value-to-predicted value ratios for the entire experimental database. In the proposed equations,
forces must be expressed in Newtons and lengths in millimetres.

The ratio between secant-to-yielding and gross section stiffness, EIy/El can be calculated as
reported in Equation 2 (observed-to-predicted ratio: mean=1.09, median=1.00, CoV=0.42).

EL,/El, = 0.0318 - 6.11V - (Ls/d)'*! 2

Alternatively, the ratio between secant-to-40% of yielding moment and gross section stiff-
ness, El40/Elg can be calculated as reported in Equation 3 (observed-to-predicted ratio:
mean=1.13, median=0.99, CoV=0.49).

Elyo/El; = 0.100 - 3.20V - (L/d)*871 3

Note that both Equations 2 and 3 were obtained by considering not only F, but also FS spec-
imens included in the database.

The post-yielding plastic chord rotation, Omax” can be calculated as reported in Equation 4
(observed-to-predicted ratio: mean=1.15, median=0.97, CoV=0.54). Note that for the assess-
ment of Omax® some tests were not considered since their response envelope was provided with
a branch at pseudo-constant moment demand roughly equal to the maximum moment. In these
cases, the value of the chord rotation at peak load was not determinable in a unique and not
ambiguous way.

Omax = 0.0073 - 0.436Y - (s/d) 026" - 1,05100%2 @)

For the calculation of the peak resistance, Mmax, @ simple mean value is proposed attempting
to predict the Mmax/My ratio, i.e., Mmax/My = 1.31 (observed-to-predicted ratio: CoV=0.15), with
My calculated by means of a section fibre analysis.

The post-capping “ultimate” plastic chord rotation, 6u®® can be calculated as reported in
Equation 5 (observed-to-predicted ratio: mean=1.16, median=0.99, CoV=0.58).

6F" =0.0126 - 0.161" - 5.66“t - 1.88100Pw )

ult

The post-ultimate plastic chord rotation towards zero resistance, 6o”" can be calculated as
reported in Equation 6 (observed-to-predicted ratio: mean=1.11, median=1.16, CoV=0.42). It
is limited to the maximum value of 60" observed in the database.

6F" = min (0.065;0.0193 - 0.061V - 1.19100%w) (6)

To avoid modelling issues, namely to avoid that the bilinear softening branch of the response
envelope is characterized by decreasing (in absolute value) softening stiffness, the post-ultimate
plastic chord rotation resulting from Equation 6 must be further limited according to Equation
7.

oPY < 467° (7)

4.3 Application

The comparison of the outcomes of proposed model for ductile RC members with six exper-
imental responses included in the experimental database (the three specimens with the “best”
performance of the proposed model and the three specimens with the “worst” performance of
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the proposed model) is shown in Figure 5, together with the cyclic envelope calculated by ap-
plying the model by [23]. The best performance of the proposed model is obtained for speci-
mens C5-00N tested in [26], CI-1 tested in [27] and Testl tested in [28] while the worst
performance is observed for specimens No.7 tested in [29], 214-08 tested in [30], and HC4-
8L19-T10-0.1P tested in [31].
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Figure 5: “Best” (left column) and “worst” (right column) predictions of the proposed model compared with the
experimental response of the selected specimens and with the cyclic envelope predicted by applying the model
proposed by Haselton et al. [23].

Since it was determined based only on cyclic tests, the proposed model already includes in its
envelope the sources of strength degradation typical of members under cyclic (such as seismic)
loading. On the contrary, the response envelope proposed by Haselton et al. [23] is monotonic,
as it is based on the results of monotonic tests and on the expected monotonic envelope derived
from a back-analysis of the results of cyclic tests. The cyclic envelope shown in Figure 5 as a
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result of the application of the model by Haselton et al. is obtained by modelling the specimen
in OpenSees [32] by adopting ModIMKPeakOriented Material model and by applying to it the
real imposed displacement path. In general, it was observed that the model by Haselton et al.
can show a fast decay of strength capacity, both in terms of maximum moment capacity and in
terms of steepness of the softening branch when the imposed displacement path is characterized
by a significant number of loading-unloading cycles. On the other hand, the proposed model
seems to not predict well the cyclic response envelope when the maximum moment capacity is
significantly higher than yielding moment and, in tune, the chord rotation at maximum is sig-
nificantly higher than the chord rotation at yielding.

5 CONCLUSIONS AND FUTURE DEVELOPMENTS

e A subset of ACI 369 database of experimental tests on rectangular RC columns with de-
formed longitudinal rebars [12] has been selected. The selected tests were cyclic and real-
ized on columns without lap-sliced anchorage of longitudinal rebars. In addition, they are
characterized by different failure modes assessed independently on a specific shear
strength model: namely, 156 tests are classified as F (60% of the database), 69 tests are
classified as FS (26% of the database), 35 tests are classified as S (14% of the database).

¢ Based on the experimental database collected, a “continuous’ approach for the assessment
of the expected failure mode has been proposed. In fact, a single predictor parameter has
been identified depending only on geometric and mechanical properties of the RC element.
Based on this predictor, named x, membership functions are proposed to calculate the pos-
sibility (a number between 0 and 1) that the considered member exhibits an F, and FS or
an S failure. RC members with x lower than or equal to 0.75 are expected to exhibit only
an F failure mode, while members with x greater than 13 are expected to exhibit only an S
failure mode. The proposed approach can correctly predict as most possible the actual fail-
ure mode of the specimens included in the database in 84% of cases.

e For RC members with x lower than or equal to 0.75, 1.e., for expected ductile RC members,
a set of predictive equations have been proposed to assess their cyclic moment — chord
rotation response envelope up to the complete loss of lateral load resistance. This set of
equations can be useful for modelling RC members, within a lumped plasticity approach,
for collapse risk assessment of RC structures via nonlinear analyses.

e In the literature, a similar model with the same aims was already proposed by Haselton et
al. [23]. However, it was observed that the cyclic response envelope predicted by applying
this model may be affected by premature decay of strength capacity when the RC element
is subjected by a significant number of loading-unloading cycles. In addition, the equations
proposed by Haselton et al. [23] can predict only the expected monotonic envelope of the
RC element, while the cyclic envelope including strength and stiffness degradation effects
typical of seismic action can be determined only by applying to the RC member the real
imposed displacement path. This makes the model by Haselton et al. [23] unfit for the
assessment of RC structures via nonlinear static analysis, which is still a useful tool
adopted by practitioners and researchers, especially for the assessment of existing build-
ings.

¢ In future works, the proposed equations for the assessment of the cyclic response envelope
will be combined with the proposed membership functions in order to make them applica-
ble for the evaluation of the expected response envelope for RC members with whichever
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failure mode and, above all, without the necessity of pre-determining the expected failure
mode. In addition, the parameters for modelling the cyclic degradation of unloading and
reloading stiffness, as well as the so-called “pinching” effect will be calibrated.
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