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Abstract

Although many regions of the world are recognized as earthquake prone areas, a large part of the buildings spread on those
territories suffer from structural deficiencies and are not able to sustain horizontal forces. For instance, many structures,
which are in use today in Italy, are not adequate to face strong ground motions due to different reasons. A large part of the
buildings was designed before seismic provisions became mandatory, taking into account the only effect of gravity loads.
Many other structures were designed for seismic levels that today are not sufficient, because of the update of the national
seismic hazard map. Furthermore, the use of material with lower characteristics than those assumed in the design and their
degradation during time yield to even worse seismic performance.

The insertion of BRBs in the RC structure is considered a promising solution for the seismic upgrading of RC
buildings, and to this end a design method has been presented in a companion paper. This paper aims at testing the
developed design procedure on three case study frames, affected by the most common structural deficiencies of Italian
buildings. The design method is applied considering different values of the design parameters, to investigate their influence
on the response of each upgraded frame. The seismic performance of the rehabilitated frames is assessed by nonlinear
dynamic analysis. The results show the effectiveness of the design method, which successfully designs the BRBs for every
frame considered, regardless of the specific structural issues. Moreover, information about the most proper values to assign
to the ruling parameters is provided.
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1. Introduction

In many of the earthquake prone areas of the world, existing structures often do not fulfill the requirements of
seismic regulations. For instance in Italy, an important part of the building heritage is extremely vulnerable to
seismic actions, due to different reasons. Firstly, several structures still fully in use date back to the sixties or
seventies, when seismic regulations were not in force yet and only gravity loads were considered for the design.
Moreover, during the last century the Italian seismic hazard map has been updated several times. As a
consequence, new regions were included as seismic areas, or regions already considered seismically prone were
classified with an even larger level of hazard. Furthermore, it is not rare that the materials used for construction
have lower mechanical properties than those assumed in design, and their natural decay in time has reduced even
more the strength and the ductility of the members. Based on these observations such structures should be
retrofitted by adding the stiffness and strength necessary to sustain a proper level of seismic forces.

Among the different techniques available for the seismic retrofitting of RC structures, the insertion of
Buckling Restrained Braces (BRBs) is considered a promising one. In order to make sure that the upgraded
frames exhibit a proper seismic response, the geometrical and mechanical characteristics of BRBs have to be
designed accurately. To this end, the authors have developed a design procedure, presented in a companion
paper [1]. According to this design method, BRBs are designed to fulfill stiffness and strength requirements to
achieve the target limit state. In this paper, this design procedure is validated by retrofitting three RC frames,
which are affected by the most common structural deficiencies observed in many Italian buildings. The first case
study is a RC frame designed to sustain gravity loads only. This frame presents lateral stiffness and strength,
which are inadequate to sustain horizontal forces. Furthermore, due to the irregular distribution along the height
of the ratio of demanded shear force over lateral strength, the damage tends to concentrate and promote a story
collapse mechanism. The second case study derives from the first one, but the compressive strength of the
concrete is assumed lower. Thus, the structural members of this frame have a lower ductility. The third case is a
RC frame designed according to the old seismic codes and for seismic levels prescribed for low seismicity areas.
This frame shows a more distributed collapse mechanism, but its seismic resistance is still inadequate to
overcome strong earthquakes.

In order to assess the seismic response of the frames at the Near Collapse (NC) limit state, incremental
nonlinear dynamic analysis is conducted. Afterwards, the three RC frames are upgraded by means of BRBs. The
retrofit design is performed several times assuming different values of the ruling parameters, i.e. the behavior
factor g and the design story drift Ay. Hence, numerical analyses are carried out to determine the seismic
performance of the upgraded frames and to compare it to that of the bare frames. From the obtained results, the
effectiveness of the design method and the influence of the design parameters are investigated.

2. Design of the examined frames

The analyzed frames were designed to be representative of RC structures with the typical structural deficiencies
affecting many of the Italian existing buildings. To this end, two types of RC frames are considered. The first
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Fig. 1 — (a) Plan view of the GL buildings; (b) Plan view of the SR building; (c) Analyzed frame
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type, referred to here as gravity load resistant frame (GR frame), is representative of the Italian buildings
designed to sustain gravity loads only. The second type, referred to here as seismic resistant frame (SR frame),
exemplifies the existing buildings designed according to old Italian seismic standards for low seismicity areas.
Fig. 1 shows the plan configurations of the buildings from which the considered frames are drawn. In both cases,
the original buildings are six-story high and present four frames with seven bays along the x-direction. In the
building designed for gravity loads only (Fig. 1a), four frames are arranged along the y-direction: two are located
on the outermost sides and have three bays, the other two are located next to the staircase and have only one bay.
Instead, in the building designed according to old seismic regulations (Fig. 1b), the deck is sustained in the y-
direction by eight three-bay frames. The GL frame is drawn from the building designed for gravity loads, and the
SR frame is drawn from the building designed for low seismicity areas; both are the outermost frames laying
along the y-axis. These frames have the same geometrical scheme and the features are shown in Fig. 1c.

b

2.1 Design of the frames for gravity loads only

In order to design the cross-sections of beams and columns of the GL frame, the regulations in force during the
seventies in Italy [1]-[4] are applied. The dimensions of the cross-sections are listed in Table 1. The design
internal forces of the structural members are determined considering only gravity loads. Dead and live gravity
loads are determined considering the nominal values given in [5]. Cross-section size and steel reinforcement of
beams and columns are determined by the allowable stress method as stipulated in [6]. For beams, the minimum
reinforcement ratio of the tension zone prescribed in [6] is equal to 0.0015. Columns are designed to resist
compressive axial force only, while the bending moment is neglected. The design axial force of the column N is
evaluated according to the tributary area concept. According to the aforementioned regulations, the minimum
required cross-sectional area of the column A ¢ is calculated as follows:

N
Am=07 G, (L+np,)

@)

where G; is the allowable stress of concrete, n is the homogenization coefficient for steel rebars assumed equal
to 10, and p, is the ratio of the longitudinal rebar area As to Acreq assumed equal to the minimum value required
by the code (0.006). The characteristic compressive cubic strength R of concrete is assumed equal to 25 MPa
(corresponding to cylinder strength f, equal to 20 MPa); steel grade Feb38K with characteristic yield strength
fu =375 MPa is employed for rebars. These design assumptions lead to allowable stresses for concrete and
rebars equal to 8.5 and 215 MPa, respectively. Furthermore, rebar area of columns A has to be not smaller than
the minimum value

0.003 A,

As,min = maX{OOOG Ac,nec (2)

where A. is the actual cross-sectional area of concrete of the column. Rebars with diameter of 8 mm are used for
stirrups. Spacing of stirrups is 150 mm for columns and 200 mm for beams. A more detailed description of the
frame GL may be found in [7].

2.2 Design of the seismic resistant frame

The cross-sections of beams and columns of the SR frame are sized considering also the effect of seismic forces.
The lateral force method of analysis is applied and the total design seismic force F;, is determined as a function
of the seismic coefficient C (depending on the seismicity of the site), the response coefficient R (ordinate of the
design acceleration spectrum normalized with respect to g) and the total seismic weight of the building W, as
prescribed by the seismic code [5] for residential buildings with RC structure:

F,=CRW 3)
Assuming a low seismicity site, the seismic coefficient was set equal to 0.04; the response coefficient R is

assumed unitary as suggested by the old Italian seismic code. The floor seismic weight is equal to 3515 kN at all
floors and the total design seismic force Fy, is 843.9 kN.

3
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Table 1 — Cross-sections of the frame members

L

GR frame SR frame
Storey Columns Beams Storey Columns Beams
1land4 2and3 land 4 2and 3
6" 30x30 30x30 30x60 6™ 30x60 30x60 30x50
5t 30x30 30x30 30x60 5t 30x60 30x60 30x50
4t 30x30 30x30 30x60 4" 30x60 30x60 30x50
3" 35x30 30x40 30x60 3" 30x60 30x60 30x60
2" 40x30 30x50 30x60 2" 30x60 30x60 30x60
1% 50x30 30x60 30x60 1% 30x60 30x60 30x60

The analyzed frame has the same geometrical scheme of the frame GL (Fig. 1c), but the cross-section
sizes of the structural members are different, and they are listed in Table 1. The considered frame is designed to
sustain one fourth of the total seismic force, because the contribution to lateral strength and stiffness provided by
the internal frames with flat beams is negligible. The design internal forces of beams and columns are evaluated
considering the most unfavorable combination of the gravity loads and seismic forces. The sizes of cross-
sections and rebars are determined according to the allowable stress method stipulated in [5]. However, the
cross-sections of columns are selected not smaller than those of beams, to avoid excessive concentration of
damage in one story. In this regard, the same concrete assumed for the GL frame is adopted for beams and
columns. Instead, steel grade Feb44k with a characteristic yield strength f,, = 430 MPa is used for reinforcement
bars.

3. Evaluation of the frames seismic performance

In order to simulate different levels of seismic deficiencies, three case study frames were derived from the two
types of frames designed in Section 2. The first two cases are obtained from the GL frame, while the third case is
derived from the SR frame. With regard to the two cases derived from the GL frame, the first one (GL1 frame) is
a RC frame totally consistent with the GL frame presented in Section 2 in terms of mechanical properties of
materials, loads and seismic weight, size of structural members, etc. The second case study frame (GL2 frame)
differs from the GL1 frame for the compressive strength of concrete, which is assumed lower than that
considered in design (f. is equal to 12 MPa instead of 20 MPa). The third case study is obtained from the SR
frame assuming that the concrete used for its construction has compressive strength lower than that considered in
design (f« is equal to 12 MPa instead of 20 Mpa). Furthermore, it is assumed that the actual seismic weight of
the SR frame is increased by 25% due to modifications of non-structural elements and type of occupancy of the
building occurred after its construction.

In order to investigate the need for seismic upgrading of the three frames, the seismic available capacity of
each frame is determined and compared to the minimum capacity required by the Italian National Annex [8].
The capacity provided by each frame is evaluated as the maximum PGA the frame can sustain before exceeding
the target limit state. To this end, a numerical model of the considered frames is built in OpenSEES [9] to
conduct Incremental nonlinear Dynamic Analysis (IDA). The minimum capacity is defined by the Italian
National Annex to EC8 as the PGA required for the verification of the target limit state. For the assessment of
the considered frames, the target limit state is assumed as the NC limit state, corresponding to the 5% of
probabilities of exceedance in 50 years and a required capacity of 0.45 g.

3.1 Numerical model

In order to evaluate the nonlinear response of the case study frames, a two dimensional numerical model has
been developed in OpenSEES [9]. In this model, the masses are lumped at the floor levels and all the nodes
belonging to the same floor are constrained to have the same horizontal displacement, to simulate the rigid
diaphragm effect of the concrete deck. In order to take into account the P-A effects a leaning column is included
in the numerical model; the gravity load applied on the leaning column is equal to the weight of the numerical
model minus that applied directly to the RC frame.
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” Table 2 — Characteristics of materials adopted for the dynamic analysis
Concrete GL1 GL2 SR Rebars GL1 GL2 SR
Cylinder compressive Yielding strength
Strength (Vb3) 28 20 20 Mpa) 400 400 450
YO“”?,&Q;S"“'US 29960 | 27085 | 27085 YO“”?,;ZS;‘))d“'US 210000 | 210000 | 210000
Stainameamum | 2x10? | 2x10° | 2x10° Jltimate strainin | 755 10° | 75x10° | 7.5x10°
T o 211 | 221 | 22 Strain-hardening ratio | 0.0066 | 0.0066 | 0.0058

The “Beam With Hinges Element” implemented in OpenSEES has been adopted for columns and beams,
to simulate elastic members with plastic hinges at their ends. The length of the plastic hinge is equal to the depth
of the cross-section, and a fiber cross-section including both concrete and steel components is assigned to each
plastic hinge. The Mander constitutive law is assigned to concrete fibers. An elasto-plastic material with strain
kinematic hardening constitutive law is assigned to steel fibers. The parameters used for materials are
summarized in Table 2. The area, the moment of inertia of concrete cross-section and the Young’s modulus of
concrete are assigned to the elastic element. Furthermore, a “ZeroLength Element” is added at one end of each
beam. This element is characterized by (i) a small axial stiffness and (ii) a large shear and flexural stiffness.
Because of the first feature, the beams can deform axially and the arising of axial force in beams is prevented.
However, the second feature ensures the transfer of bending moment and shear force from the beams to the
frame node.

In case of the upgraded frame, BRBs are included in the numerical model as truss elements with the cross-
sectional area equal to the equivalent area Ageq. This latter is determined by the design procedure introduced in
the companion paper [1]. The cyclic behavior is simulated by the material model proposed by Zona and
Dall’Asta [10] for steel buckling restrained braces. The stiffness properties of this model are defined by the
initial elastic stiffness ko, assumed equal to the Young modulus, and the post-yield stiffness k;, evaluated as the
product of the kinematic strain hardening ratio k;, times kq. The strength of the material is defined by the yield
stress fyeq, and the maximum yield stress in tension f, . and in compression f, i, for the fully saturated
isotropic hardening condition.

Further details about the characteristics adopted in the numerical model can be found in the companion
paper [1] and in [7] .

3.2 Assessment of the case study frames by nonlinear dynamic analysis

The Incremental nonlinear Dynamic Analysis has been conducted to evaluate the seismic performance of the
analyzed frames. The numerical model defined in Section 3.1 has been adopted. A set of ten artificial ground
motions, compatible with the EC8 elastic spectrum for soil type C and characterized by 5% damping ratio is
assumed as seismic input. The SIMQKE computer program [11] is used to generate these ground motions. Each
ground motion is characterized by a total duration of 30.5s and is enveloped by a three branch compound
function. The duration of the strong motion phase of the accelerogram is equal to 7.0 s and this choice follows
previous investigations [12]. Five seismic excitation levels are considered to perform the IDA and the values of
PGA range from 0.05 g to 0.45 g with a step of 0.10 g.

The seismic performance of the analyzed frames is evaluated in terms of heightwise distribution of the
ratio of maximum story drift demand A to capacity A.s. The drift capacity A s is defined as the story drift angle
corresponding to the achievement of the target limit state, which is assumed here equal to the NC limit state. The
provisions of EC8 [13] quantify the capacity in terms of chord rotation. For the NC limit state, EC8 defines the
chord rotation capacity 0, as the chord rotation at yield plus plastic rotation at column failure 8 . Thus, the
drift angle capacity A s corresponding to the NC limit state is evaluated by the following equation:

L
A=0,, FCI for NC limit state 4)
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Wheﬂre L is the clear length of columns and H is the inter-story height of the frame. The drift angle As is
evaluated for the two ends of all the columns of the story and the minimum value is assumed as drift capacity of
the story.

For each of the five considered seismic excitation levels, the drift demand A and drift capacity A s are
determined at each time step of nonlinear dynamic analysis. Then, the maximum ratio A/A, s over the duration of
the ground motion is evaluated and the median value of A/A.s over the ten accelerograms is determined at each
story. The maximum value of A/A s along the height is assumed representative of the seismic performance of the
frame. When A/A s is larger than 1 the demand overcomes the capacity and the frame exceeds the NC limit state.

Fig. 2a, 2b and 2c show the heightwise distribution of A/A.s for the GL1, GL2 and SR frame, respectively.
For each frame, the different curves show the results of the nonlinear dynamic analysis run at a different seismic
excitation level. The NC limit state is exceeded for values of PGA close to 0.25 g for the frames GL1 and SR
(Fig 2a and 2c, respectively), and just larger than 0.15 g for the frame GL2 (Fig 2b). The frame SR (Fig 2c)
exhibits the best seismic behavior, being the story drift ratio (i) distributed rather uniformly along the height and
(ii) always smaller than that of the frames GL1 and GL2, independently of the seismic excitation level. Both the
frames GL1 and GL2 suffer from drift concentration at the fourth story, which becomes more significant when
PGA increases (Fig 2a and 2b). Furthermore, for large PGA values, some dynamic analyses of frames GL1 and
GL2 terminated prematurely because of numerical instability, which can be identified with collapse in
occurrence of the related accelerograms.

In conclusion, none of the three RC frames fulfills the requirements of EC8 for NC limit state and all the
frames need to be retrofitted. Moreover, the analysis of the results in terms of drift demand to capacity ratio and
number of accelerogram for which numerical instability occurred, shows different levels of seismic deficiency
for the three frames: from the frame SR, which is the stiffest and strongest, to the frame GL2, which is the
weakest, the most flexible and also less ductile.

4. Design of the seismic upgrading and evaluation of the upgraded frames performance

The three frames analyzed in Section 3 are upgraded by inserting BRBs in the first and third bay of each floor.
The axial stiffness and the yield strength of BRBs have been determined according to the design method
developed by the authors in the companion paper [1]. According to this design procedure, three requirements
have to be fulfilled: (i) the drift demand A must be lower than the design story drift Ag4; (ii) the ductility demand
of BRBs must be lower than their ductility capacity pgs; (iii) the total lateral strength Vg4, provided by BRBs
and the RC frame, have to be equal to a certain minimum level. The parameters that control the design are the
behavior factor q and the design story drift Aq. The first one rules the minimum lateral strength level required to
the structure, while the second one is assumed as a fraction of the maximum drift that the bare RC frame can
accommodate and control the required stiffness of the frame.
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Fig. 2 — Drift demand to capacity ratio for NC limit state of the frames (a) GL1, (b) GL2 and (c) SR
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Fig. 3 — Effect of seismic upgrading on drift demand to capacity ratio for NC limit state: (a) frame GL1 (b) frame GL2
and (c) frame SR

In order to investigate the influence of the design parameters on the seismic response of the upgraded
frames, the design method has been applied considering three values of design story drift A4, i.e. 1.0, 0.8 and 0.6
times the drift capacity A s of the RC frame. For each value of A4 the behavior factor q ranges from 5 to 9 in
steps of 2. Afterwards, the performance of the frames upgraded with different values of design parameters has
been evaluated by nonlinear dynamic analysis and compared to that of the bare RC frame. For nonlinear
dynamic analysis, the set of ten artificial accelerograms defined in Section 3.1 is used and it is scaled by the
reference PGA for soil type A equal to 0.45 g. The maximum response is determined at each story for the 10
ground motions and the median value is calculated and represented in following figures.

Fig. 3 shows the results of the nonlinear dynamic analysis in terms of heightwise distribution of the ratio
of drift demand A over drift capacity A s. The maximum value of the ratio A/As along the height represents the
seismic performance of the frame and it is larger than 1 when frames do not match the target limit state. For each
value of Ay assumed in the design (1.0, 0.8 and 0.6 of As), the seismic response of the bare RC frame (black
circle points) is compared to that of the frames designed with different values of g (white, grey and black
squared points). In particular, Fig. 3a, 3b and 3c show the values of A/A;s demanded at each story of GL1, GL2
and SR frame, respectively. It is notable that the insertion of BRBs improves the seismic response of all the
considered RC frames. In fact, the bare RC frame suffered from a severe damage concentration at the 4™ story
and exhibited numerical instability for two accelerograms. When BRBs are inserted into the RC frames, the
concentration of drift demand is reduced and its distribution becomes more uniform along the height.
Furthermore, no numerical instabilities occurred during the analysis of any of the three frames. The reduction of
drift demands depends primarily on the value assumed for the drift design Aq. If large values of A4 are assumed,
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Fig. 4 — Verification of ductility demand of BRBs for NC limit state: (a) frame GL1 (b) frame GL2 and (c) frame SR

such as 1.0 or 0.8 times the drift capacity As, the response of the upgraded frames generally improves compared
to that of the bare frame. However, in all the three frames the ratio A/As still overcomes 1.0. This means that
any of the upgraded frames meets the target seismic performance yet, independently of he value of behavior
factor g. When A4 is assumed equal to 0.6 A s for the BRBs design, both the GL frames and the SR frame
upgraded with different values of q satisfy the requirements of the NC limit state verification. Moreover, the
final response of all the three upgraded frames does not show a significant dependency on the value assumed for
the behavior factor g.

The seismic performance of the frames upgraded with different values of Ay and q is also checked in
terms of ductility demand of BRBs. Fig. 4a, 4b and 4c show the ductility demand to capacity ratio of BRBs at
each story of the GL1, GL2 and SR frame, respectively. The ductility capacity of BRBs g s is assumed equal to
25 [14]. It is shown that the ductility requirement is less restrictive than the drift requirement (Fig. 2) and more
influenced by the value of behavior factor g. If q is assumed not too large in the BRBs design, such as 5 or 7, the
ductility demand of BRBs is always smaller than the capacity, even for Ay = Ais. This result occurs in all the
three retrofitted frames (Fig. 4a, 4b and 4c). When the drift requirement becomes more restrictive and BRBs are
designed with Ay = 0.6 A.s, the ductility requirement is fulfilled in the GL1, GL 2 and SR frame regardless of
the value of behavior factor g.

These results show that the optimal seismic performance of the RC frames is achieved when the design
method assumes a restrictive requirement on the design story drift, i.e. Aq4 is taken as a smaller percentage of the
drift capacity A s. Most notably, despite the three considered frames suffered from different deficiencies and
showed different mechanisms, the BRBs designed with Ay =0.6 A s provided every frame with a proper
stiffness and strength. The drift demand was reduced below the capacity and a more favorable collapse
mechanism was induced.
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5. Conclusions

. )

This paper shows the application of a design method of BRBs for the seismic upgrading of RC frames. In
particular, this investigation takes into consideration three RC frames, which were designed to include the
typical structural deficiencies affecting many existing Italian buildings. The first case study was designed to
sustain gravity loads only and suffered from severe concentration of damage and irregular distribution of the
shear demand with respect to the shear resistance. The second case study shared the same features of the first
one, but the compressive resistance of the concrete was assumed lower than the designed value. The third case
study was a frame designed according to old seismic provisions; this frame showed a better seismic response, but
however its seismic resistance was still insufficient to face strong ground motions.

The seismic response of the three considered frames at the NC limit state was determined by means of
incremental nonlinear dynamic analysis. The results showed that none of the three frames fulfilled the
requirement of the considered limit state. Hence, the procedure to design BRBs has been applied considering
different values of the design parameters, i.e. the design story drift Ay and the behavior factor gq. The
performance of the upgraded frames has been compared to that of the bare frames at the NC limit state by means
of nonlinear dynamic analysis. The seismic response was considered in terms of distribution along the height of
(i) ratio of drift demand over drift capacity and (ii) ratio of ductility demand over ductility capacity of BRBs.

Based on the results presented in this paper, the proposed design method provided the BRBs with the
proper value of stiffness and strength. In particular, the drift requirement resulted to be more restrictive than the
ductility requirement and it influenced the efficiency of the retrofitted method. In fact, when the design method
was applied with Ay = 0.6 A s both the drift requirement and the ductility requirement were fulfilled at each story
in each frame, regardless of the behavior factor adopted. Most notably, the effectiveness of the design method
was not influenced by the structural deficiencies of the different frames. Despite the structural inadequacies that
affected the three frames were different, the design method with Ay = 0.6 A5 yielded to the fulfillment of all the
requirements, mitigated the damage concentration and led to a more dissipative collapse mechanism in all the
frames.
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