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Abstract: Multi-story, old reinforced concrete (RC) structures with a “soft-story” on the ground floor,
sustain considerable damage to the soft story during earthquakes due to the presence of masonry
infills in the upper stories. Aspects of such masonry infill–RC frame interaction are briefly discussed
and a particular retrofitting scheme for the soft story is studied. It consists of RC infills, added within
the bays of the ground floor frames and combined with RC jacketing of the surrounding frame, aiming
to avert such soft-story deficiency. The impact of such a retrofit is studied through the measured
response of 1/3 scaled single-story, one-bay frames subjected to cyclic seismic-type horizontal loads.
It is shown that this retrofit results in a considerable beneficial increase in stiffness, strength, and
plastic energy consumption. The importance of the presence of effective steel ties connecting this RC
infill with the surrounding frame is also demonstrated. In order to achieve these desired beneficial
effects to such vulnerable buildings, additional design objectives are established with the aim of
avoiding premature failure of the RC infill panel and/or fracture of the steel ties and to protect the
surrounding RC frame from undesired local damage. A numerical methodology, which is validated
by using the obtained experimental results, is shown to be capable of predicting reasonably well
these important response mechanisms and can therefore be utilized for design purposes.

Keywords: upgrading old RC frame structures; soft-story retrofit; RC infills; masonry infills

1. Introduction

The seismic vulnerability of multi-story reinforced concrete (RC)-framed structures
built according to relatively old seismic code provisions increases significantly when their
ground floor bays are left open to function as parking spaces, whereas the bays of the upper
stories are infilled with unreinforced masonry infill panels (UMI). It was demonstrated by
extensive past research that the dynamic behaviour of such structures, with a relatively
flexible ground floor (“soft story”) and stiff upper stories due to the presence of UMI,
results in increased earthquake demands on the ground floor columns and shear walls,
which are not designed to withstand such force levels. This is due to the interaction of
the UMI with the surrounding RC frames, which contributes to a substantial increase of
the upper story stiffness compared to the story stiffness of the ground floor. This, in turn,
leads to structural damage (Figures 1–3), unless the RC structural elements at the ground
floor are properly designed [1–7]. Current revised seismic codes include provisions against
such unfavourable seismic responses [4–7]. However, there are many existing old RC
structures with such a soft-story seismic deficiency. This undesired stiffness irregularity in
elevation, due to the presence of UMI, could also be detected in plans in which UMI are
placed irregularly, thus introducing a significant torsional response. It is well known that,
apart from the masonry infills, the geometry of an RC building in plan and the location of
the vertical structural elements (shear walls and columns) are among the primary causes
of torsional response, thus contributing to a further increase in the vulnerability of such
buildings [4,8,9]. Current seismic design includes provisions against such unfavourable
torsional seismic responses [5–7].
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is provided with  a  number  of distinct  choices  for  a  retrofitting  technique denoted  as 

reinforced  concrete  infill, whereby  reinforced  concrete  infill panels  (RC‐IP) are  cast  in 
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Figure 1. Damaged columns at the soft story.

Appl. Sci. 2021, 11, x FOR PEER REVIEW  2  of  30 
 

further  increase  in  the  vulnerability  of  such  buildings  [4,8,9]. Current  seismic  design 

includes provisions against such unfavourable torsional seismic responses [5–7]. 

   

Figure 1. Damaged columns at the soft story. 

 

Figure 2. Temporary wooden story. Damaged shear wall at the soft story. 

   

Figure 3. Damaged columns at the soft‐story and temporary steel shoring. 

The formation of short columns by constructing UMI within the bays of RC frames 

also leads to severe structural damage of such RC columns (Figure 4). Retrofit schemes 

should  try  to  introduce specific countermeasures  to effectively address  these causes of 

severe structural damage. During post‐earthquake activity, further damage accumulation 

or even collapse can be prevented by temporary shoring schemes, as depicted in Figures 

1–3, where  either wooden  or  steel  structural members  are  employed.  Such  effective 

temporary countermeasures, being part of a prompt post‐earthquake preparedness plan, 

could  save damaged buildings  from  total collapse. For buildings with a  soft  story  the 

objectives of a permanent retrofitting scheme usually are an extension of the temporary 

countermeasures, e.g., to provide the ground floor story with an increased stiffness, shear 

capacity, and possibly ductility. In the provisions of relevant guidelines [4], the designer 

is provided with  a  number  of distinct  choices  for  a  retrofitting  technique denoted  as 

reinforced  concrete  infill, whereby  reinforced  concrete  infill panels  (RC‐IP) are  cast  in 

place, filling selected bays of an RC‐framed structure. It is also important to identify the 

irregular placing of UMI within a story or UMI which could  trigger  the short column 

failure mechanism and  try  to  introduce effective countermeasures. Valente and Milani 

Figure 2. Temporary wooden story. Damaged shear wall at the soft story.

Appl. Sci. 2021, 11, x FOR PEER REVIEW  2  of  30 
 

further  increase  in  the  vulnerability  of  such  buildings  [4,8,9]. Current  seismic  design 

includes provisions against such unfavourable torsional seismic responses [5–7]. 

   

Figure 1. Damaged columns at the soft story. 

 

Figure 2. Temporary wooden story. Damaged shear wall at the soft story. 

   

Figure 3. Damaged columns at the soft‐story and temporary steel shoring. 

The formation of short columns by constructing UMI within the bays of RC frames 

also leads to severe structural damage of such RC columns (Figure 4). Retrofit schemes 

should  try  to  introduce specific countermeasures  to effectively address  these causes of 

severe structural damage. During post‐earthquake activity, further damage accumulation 

or even collapse can be prevented by temporary shoring schemes, as depicted in Figures 

1–3, where  either wooden  or  steel  structural members  are  employed.  Such  effective 

temporary countermeasures, being part of a prompt post‐earthquake preparedness plan, 

could  save damaged buildings  from  total collapse. For buildings with a  soft  story  the 

objectives of a permanent retrofitting scheme usually are an extension of the temporary 

countermeasures, e.g., to provide the ground floor story with an increased stiffness, shear 

capacity, and possibly ductility. In the provisions of relevant guidelines [4], the designer 

is provided with  a  number  of distinct  choices  for  a  retrofitting  technique denoted  as 

reinforced  concrete  infill, whereby  reinforced  concrete  infill panels  (RC‐IP) are  cast  in 

place, filling selected bays of an RC‐framed structure. It is also important to identify the 

irregular placing of UMI within a story or UMI which could  trigger  the short column 

failure mechanism and  try  to  introduce effective countermeasures. Valente and Milani 

Figure 3. Damaged columns at the soft-story and temporary steel shoring.

The formation of short columns by constructing UMI within the bays of RC frames also
leads to severe structural damage of such RC columns (Figure 4). Retrofit schemes should
try to introduce specific countermeasures to effectively address these causes of severe
structural damage. During post-earthquake activity, further damage accumulation or
even collapse can be prevented by temporary shoring schemes, as depicted in Figures 1–3,
where either wooden or steel structural members are employed. Such effective temporary
countermeasures, being part of a prompt post-earthquake preparedness plan, could save
damaged buildings from total collapse. For buildings with a soft story the objectives of a
permanent retrofitting scheme usually are an extension of the temporary countermeasures,
e.g., to provide the ground floor story with an increased stiffness, shear capacity, and
possibly ductility. In the provisions of relevant guidelines [4], the designer is provided
with a number of distinct choices for a retrofitting technique denoted as reinforced concrete
infill, whereby reinforced concrete infill panels (RC-IP) are cast in place, filling selected
bays of an RC-framed structure. It is also important to identify the irregular placing
of UMI within a story or UMI which could trigger the short column failure mechanism
and try to introduce effective countermeasures. Valente and Milani [10] by an extensive
experimental and numerical study investigate the effectiveness of a number of alternative
retrofitting strategies to prevent the failure of existing underdesigned reinforced concrete
frames potentially vulnerable to horizontal earthquake loads. They investigated retrofitting
schemes with FRP composites or RC jacketing of the columns, eccentric steel bracing, or
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RC infill walls spread along the height of a building in order to compare the effectiveness
of such retrofitting schemes.
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Figure 4. Damaged short columns from the interaction of unreinforced masonry infills (UMI), built
within the bay of an RC frame structure, with the adjacent RC columns.

From a variety of retrofitting schemes, this manuscript studies a particular retrofitting
scheme that focuses in confining, if possible, the structural intervention only at the ground
floor of a soft-story vulnerable building. This retrofit consists of constructing RC infills
at the soft-story level together with RC jackets for the members of the surrounding RC
frames. In this way, this intervention aims to counteract the described detrimental effect
resulting from the increased stiffness of the upper stories due to the presence of the masonry
infills. Such a retrofit can be selectively extended, if required, to the upper stories. In this
framework, the objectives of the present study are:

(a) to briefly describe the influence of the presence of masonry infill within an RC frame,
which leads to the formation of such a soft story, by presenting a summary of the
effects of UMI–RC frame interaction. The importance of the peripheral mortar joint
at the interface between the UMI and the surrounding RC frame is underlined, and
the necessity of including this interface response mechanism in the vulnerability
assessment is highlighted (Section 2);

(b) to study the impact of the studied particular retrofit consisting of constructing an
RC infill within the bay of an existing RC frame. This is done by an experimental
study employing 1/3 scaled single-story one-bay RC frames. It is shown that such
a retrofit, can be beneficial because it results in considerable increase of the stiffness,
strength, and plastic energy consumption. The importance of the presence of properly
designed steel ties connecting the RC infill with the surrounding frame is also shown
(Section 3); and

(c) to show the capabilities of a numerical methodology aimed at predicting the RC infill
interaction effects, including the nonlinear response of the RC infill, the nonlinear
response of the RC frame combined with the nonlinear response of the steel ties,
and additional nonlinear response mechanisms at the interface. This numerical
approximation, which is validated by utilizing the measured response, is shown to be
capable of predicting reasonably well these important response mechanisms. It can
therefore have the potential to be utilized for design purposes (Section 4).

2. The Unreinforced Masonry Infill (UMI)—RC Frame Interaction

The in-plane UMI–RC frame interaction has been widely studied in the past by many
researchers through analytical treatments [11–16], focused experiments [17–23], and/or
numerical modeling [24–36]. The in-plane seismic response of UMI frames problem has
also been investigated by tests employing scaled models [37–39]. The influence of UMI is
studied by experimentally comparing the response of identical RC frame samples with or
without such infills [17–23]. These comparisons document the influence of the inclusion
of UMI on the horizontal stiffness, strength, and various nonlinear mechanisms (dam-
age forms). Observed damage during testing develops at either the UMI or/and at the
surrounding RC frame members replicating similar damage patterns in prototype struc-
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tures. A common feature of most of these studies is the in-plane nature of the applied
horizontal loads. Thus, the measured stiffness, strength, and damage forms are related
mainly to the in-plane response. The usual UMI damage is either the horizontal shear
sliding or the diagonal tension/compression within the masonry volume. In addition,
compression crushing at the corners of the infill near the RC column to beam joints of
the surrounding frame also appears, which can be accompanied by the crushing of the
RC column to beam joints themselves. The prevailing form of damage depends on the
diagonal or compressive strength of the masonry infill and the cross-section detailing of
the RC members. These forms of damage are documented from in situ and laboratory
observations. Initially, Stanford–Smith [13,15] proposed an ingenious analytical approach
based on the diagonal strut analogy in order to approximate the influence of UMI within
an RC frame. Following this basis, many researchers proposed various approximations
that numerically simulate with some success these basic behavioural characteristics. Most
of these numerical simulations make use of the finite element method, discretizing both the
infill and the frame, employing a combination of nonlinear mechanisms for the masonry
and the RC structural members [24–36]. A number of researchers base the numerical
simulation effort on focused experiments, thus increasing the realism of such numerical
predictions [40–46]. The degree of realism depends on how well the numerical predictions
simulate the changes of stiffness and strength caused by the inclusion of UMI, as well as on
the realism in replicating the forms of damage to the UMI and/or the RC frame. Very few
of these numerical approximations recognize the important role played by the interface
between the masonry infill and the surrounding frame. As demonstrated [23,44], when the
in-plane horizontal load is applied, it results in deformations of both the RC members and
the masonry infill that lead to a partial separation of the masonry from the RC frame shown
in an amplified form in Figure 5a,b. The shape and distribution of this separation depends
on the deformation and strength properties of the RC members, of the UMI, and of the
peripheral mortar joint that lies between the UMI and the surrounding frame. The state
of stress and the subsequent modes of failure of the masonry and/or of the RC members
depend on these separation regions between the RC members and the infill. Therefore,
the realism of the numerical predictions obviously depends on the realism to successfully
simulate the nonlinear stress-deformation mechanism of all the participating media, e.g.,
the RC members the masonry infill (UMI) and the peripheral mortar joint at the interface.
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Figure 5. (a) UMI as a diagonal strut. (b) Shear‐sliding failure of UMI. Figure 5. (a) UMI as a diagonal strut. (b) Shear-sliding failure of UMI.

The important aspects of such an interaction have been identified [23], and a com-
prehensive numerical simulation methodology was proposed that includes all these as-
pects [23,41,44]. More specifically, this comprehensive numerical simulation includes the
following non-linear mechanisms: (a) The development of plastic hinges at either the top
and bottom of the RC frame columns or the right and left ends of the RC frame beams.
(b) The development of damage within the volume of the masonry infill. (c) The separation
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of the masonry infill from the surrounding RC frame structural members when a tensile
stress field normal to these boundaries develops at the contact surface. (d) Relative sliding
between the masonry infill and the frame when the shear stress field parallel to the contact
boundaries exceeds certain limit values. (e) Non-linear compressive behaviour of mortar
joint at the contact surface depending on the mechanical properties of this peripheral
mortar joint. In this way, the interaction between the masonry infill and the surrounding
RC frame includes all these nonlinear mechanisms, resulting in a realistic prediction of
the actual contact regions, thus resulting in a realistic prediction of the subsequent stress
fields of both the RC frame structural members and the masonry infill which governs
their potential damage. It is of importance in this approximation that all the mechanical
properties of the linear and non-linear range for the UMI, for the peripheral mortar joint, for
the RC frame materials and for their contact surfaces are specified through simple testing.
This methodology has been described in detail in a past publication [44]. To validate
the proposed numerical simulation process, one-bay, one-story RC frame samples were
initially tested without either UMI or RC-IP (“bare” frame with the code name F1BN) [23].
Next, additional samples were formed with identical one-bay, one-story RC frames hosting
within their bays unreinforced masonry infills constructed with clay bricks (see Table 1 and
Figures 6–8).
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Figure 6. Structural details of the RC frame models hosting UMI tested at Aristotle University [23,44].

One such specimen with the code name F2N is formed with well-built clay masonry
of 60 mm nominal thickness by using clay bricks of nominal dimensions 60 mm × 100 mm
× 190 mm (4.8 MPa compressive strength) and relatively weak mortar (see Table 1, com-
pressive/tensile strength equal to 1.13/0.11 MPa, E = 100 MPa). Another masonry-infilled
specimen (F3NP) is built in the same way as F2N but having each of its two facades covered
with a relatively thin layer (15 mm thickness) of strong cement mortar (17 MPa compressive
strength) hosting within its thickness a net of thin steel wires, as shown in Figure 7a–c. The
clay masonry had a compressive strength of 2.5 MPa and a diagonal tensile strength of
0.15 MPa. In the experimental sequence, the mechanical characteristics of the peripheral
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10-mm-thick mortar joint were obtained from tests and were almost the same as those of
the mortar joints of the masonry infill (Table 1).

Table 1. Basic mechanical properties of all the building materials [23].

Concrete
Compressive

Strength (MPa)

Steel
Reinforcement
Yield/Ultimum

Stress (MPa)

Clay Brick
Compressive

Strength (MPa)

Mortar
Compres-

sive/Tensile
Strength (MPa)

Masonry
Compressive

Strength (MPa)

Masonry
Diagonal
Tension

Strength (MPa)

Compressive
Strength of

Mortar
Applied to the
Façade (MPa)

(1) (2) (3) (4) (5) (6) (7)

23.3 311/425 4.8 1.13 / 0.12 2.5 0.15 17.0
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Figure 7. RC frame + UMI specimen F3NP [23] (a) before applying the mortar facades. (b) attaching
the wire net. (c) applying the cement mortar hosting the wire net to produce (Last row of Table 2).

Table 2. Summary of the obtained peak response of the bare and the infilled specimens.

Code
Name

Initial hor.
Stiffness
(kN/mm)

Hmax Maximum *
Hor. Load (kN)

Normalized **
Inter-Story

Drift at Hmax

Cumulative
Plastic Energy Till

Hmax (kN/mm)

Initial
Stiffness
Ratio ***

Maximum
Hor. Load
Ratio ***

Cumulative
Energy Ratio ***

(1) (2) (3) (4) (5) (6) (7) (8)

Bare F1BN
8.75 15.20 1.04% 472/10 mm

1 1 1
Decrease Hor. Load 12.50 2.65% 1927/25 mm

F2N
infilled

22.12 35.30 0.80% 924/8 mm
2.53 2.32 1.96Further testing stopped

F3NP
infilled

77.84 78.10 0.80% 2743/8 mm
8.90 5.14 5.81

Decrease Hor. Load 45.00 2.55% 8076/25 mm

* Average value of measured minimum and maximum load. ** Measured hor. displacement at maximum load
normalized by the frame height. *** Ratio of the infilled specimen response by the response of the corresponding
bare specimen.

The response of this peripheral mortar joint and the separation of the masonry infill
from the surrounding frame were monitored throughout testing. Prior to applying the
horizontal cyclic load, each specimen was subjected to a vertical load in such a way that
each one of its columns was loaded with an axial load of 50 KN that was kept constant
throughout the horizontal loading sequence (Figure 8a,b). Thus, the experimental setup
used approximates the stress field on such a subassembly generated by in-plane seismic
actions. The same loading arrangement was also used for the specimens of the RC frames
infilled with RC panels (Section 3). More information on the masonry infills can be found in
a past publication [44]. A brief summary of the measured overall response of the tested three
specimens is listed in Table 2; the observed damage patterns are depicted in Figure 8c,d.
Apart from the plastic hinges at the column and beam ends, the damage of specimen



Appl. Sci. 2022, 12, 11597 7 of 30

F2N as characterized as widespread diagonal cracking of the masonry infill, whereas for
specimen F3NP, due to the addition of strong reinforced mortar facades together with a
stiff peripheral mortar joint, the damage was concentrated at the corners of the masonry
infill and the RC column to beam joints. The following summarizes the main observations.
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specimen [23,44].

(a) The presence of UMI results in a significant increase of the horizontal in-plane stiffness
and bearing capacity. The presence of reinforced mortar attached on the facades of the
UMI results in a further increase in the horizontal stiffness and load-bearing capacity
of the subassembly of a UMI and RC frame (columns 2, 3, 8, and 9 of Table 2).

(b) The deformability and strength of the peripheral mortar joint interface between the
UMI and the surrounding frame can influence the results of the infill–frame interaction.
A very stiff peripheral mortar joint results in the narrowing of the compressive contact
region that may lead to the crushing of either the corners of the infill panel or/and
the damage of the RC frame at the same regions. These undesirable consequences
are more likely to occur when a nonflexible interface is combined with an UMI of
large stiffness, as is the case when strong mortar facades are used as retrofitting
without combining them with measures to protect the corners of either the infill or
the surrounding frame from crushing (Figure 8d).

(c) The premature failure of the UMI (Figure 8c) results in a sudden decrease of all the
beneficial effects in the horizontal stiffness and load-bearing capacity. Moreover, the
in-plane damage of the masonry infill may also facilitate its out-of-plane collapse
because of the simultaneous out-of-plane seismic actions.

These important aspects of the interaction between unreinforced masonry infill and
the surrounding frame, including the important effect of the peripheral mortar joint, were
demonstrated by appropriate numerical simulations that include all these possible nonlin-
ear mechanisms, using the full set of test results for validation [44].
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From the previous discussion, the detrimental effects of the presence of UMI are:
(a) the undesired forms of damage of underdesigned soft-story systems (Figures 1–3);
and (b) the unintentional formation of short columns (Figure 4). The response from both
these undesired influences resulting from the presence of UMI could be well predicted,
and the structural system could be thus protected by specific detailing during design
or by retrofitting countermeasures, among which is the one studied in Section 3. Basic
parameters are the mechanical properties of the masonry infill combined with those of the
peripheral mortar joint at the interface between the masonry infill and the surrounding
frame. A realistic numerical approximation of the seismic response of one-story, one-
bay RC frame is the basis for approximating the seismic response of the multistory RC
building including UMI [47,48]. The influence of door or window openings should also be
included [49–52]. When the detrimental effects of UMI are prohibited, the interaction of
UMI with surrounding framed structures can be beneficial because they represent a first
line of defense, due to their added stiffness, strength, and energy consumption, against
horizontal earthquake loads. The premature failure of UMIs during their in-plane (IP)
seismic response represents a considerable repair cost. For strong earthquake excitations,
the partial or total out-of-plane (OOP) collapse of UMI panels (Figure 9) is a serious hazard
that is being currently investigated [53–55]. Such undesired OOP response interacts with
the IP response interaction, being influenced by the boundary conditions and the progress
of the damage for the UMI and the surrounding frame.
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3. Cyclic Behaviour of a RC One-Bay, One-Story Frame Retrofitted with an RC
Infill Panel

In this section, the impact of the studied particular retrofit consisting of constructing an
RC infill within the bay of an existing RC frame is investigated [56–66] as a countermeasure
of the presence of the soft story. This is done through an experimental study employing
1/3 scaled single-story, one-bay RC frames, described in Section 3.1., in order to identify
significant nonlinear mechanisms from the interaction of the RC infills with the surrounding
frame and to quantify the result of such a retrofit on stiffness, strength, ductility, and
energy consumption. This retrofitting scheme is usually combined with the jacketing of
the columns or beams of the surrounding frame. Choi et al. [57] conducted a series of
experiments employing one-bay, single-story scaled RC frames having RC-IP, which were
connected by using various structural details to the surrounding frame. They concluded
that the addition of an RC infill wall significantly reduced the drift and improved the
stiffness and the ultimate strength. Moreover, they observed that the failure mode of the
RC infill walls was dominated by a shear compression effect. Anil and Altin [58] and Altin,
Anil, and Kara [59] conducted a series of experiments with 1/3 scaled one-bay RC frames,
of either one or two stories, including RC infills in various forms that replicated door and
window openings. They concluded that such infills increased substantially the stiffness,
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strength, and energy dissipation of these frames with RC infills when compared with the
corresponding bare frames. They also performed analytical studies and predicted quite
successfully the strength of these RC infilled frames. Manos [60] and Manos et al. [61,62]
investigated the behaviour of RC infilled frames located at the ground floor of buildings
subjected to cyclic seismic-type loads. These RC infills were either not connected or
connected with the surrounding frame being retrofitted with RC jackets. This manuscript
is a summary of the findings of this investigation. Biskinis et al. [63] proposed calculation
models for the yield moment, the secant-to-yield-point-stiffness, the cyclic ultimate chord
rotation, and the shear resistance (due to diagonal tension, shear sliding, squat-wall effects,
etc.) of the composite wall produced by infilling the space between two RC columns with
RC panels without encapsulating them. They validated this methodology by comparing
their predictions with experimental measurements. Moreti et al. [64] and Papatheocharis
et al. [65] employed the diagonal strut model, broadly used as a design tool in the case of
masonry-infilled RC frames, for the design of reinforced concrete (RC)-infilled frames. They
conducted an extensive literature review and an experimental investigation to support this
study, concluding that for the best performance of an RC-infilled frame with non-ductile
members, the columns should be strengthened with RC jackets concurrently with the
casting of the RC infill. Furthermore, the RC infill should be connected to the frame through
dowels, preferably only along the horizontal interfaces with the frame, in order to avoid
early failure in the columns. They also concluded that the failure of RC-infilled frames
with non-ductile reinforcement detailing is likely to occur in a frame component and not in
the infill. Chrysostomou et al. [66] employed the pseudo-dynamic method to test a full-
scale 3-D RC four-story building, having the central bay of two opposite three-bay frames
retrofitted with RC infills. They used different connection details between the RC infill and
the surrounding frame as well as reinforcement percentages for the two infilled frames.
They concluded that this is a viable method for retrofitting and can be used to strengthen
existing ductility and strength-deficient structures. The current research was initiated by
the relevant provisions of the design guidelines (OASP 2012 [67], which cover a wide range
of a number of distinct design choices for a retrofitting technique denoted as reinforced
concrete infill panel (RC-IP). These choices are: (a) an RC-IP without any connections to
the surrounding frame; (b) an RC-IP with light connections to the surrounding frame; and
(c) casting an RC-IP with structural details connecting it with the surrounding frame. This
represents the construction of a new shear wall extending to the whole building height.
The construction of (a) and (b) are limited to the soft story of multi-story buildings with
open ground floor parking space where such a retrofitting scheme can be easily applied.
The construction of a new shear wall extending to the whole building height is a very
effective retrofit in increasing the stiffness, strength, and ductility for an underdesigned
RC multistory building [10]. However, such a construction can be a complex, costly, and
time-consuming operation for an existing building because it involves a large number of
structural interventions and alterations to the functioning spaces at many levels; it also
requires strengthening of the foundation for the new shear walls, which represents an
additional complex and costly operation. The retrofitting scheme which is studied here is
aimed as a structural intervention at the soft story in the following two alternatives:

1. The RC-IP is not structurally connected to the surrounding R/C structural elements
(columns or beams). Alternatively, a limited connection between the RC-IP and the
upper/lower horizontal frame interface is constructed.

2. The RC-IP is constructed together with steel ties connecting the RC-IP with the
surrounding RC structural elements strengthened by jacketing within the bay of a
frame (columns or beam). The thickness of this RC-IP is usually smaller than the
width of the beams and columns that form the infilled bay of the frame.
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For this purpose, the one third (1/3) one-bay, single-story scaled RC specimen is used
with all information of its geometry, mechanical characteristics of all the materials and
structural detailing defined by testing, as shown in Figure 7, Figure 8 and Table 1. This spec-
imen is step-wise transformed to: (a) a retrofitted frame with RC jackets (Figure 10); (b) a
50-mm-thick unreinforced concrete infill panel (UC-IP) connected to the same retrofitted
frame with steel anchors. (Figure 11); and (c) the same as before but having a lightly rein-
forced RC-IP (Figure 11). Prior to applying the horizontal cyclic load, each specimen was
subjected to a vertical load in a way that each one of its columns was loaded with an axial
load of 50 KN that was kept constant throughout the horizontal loading sequence. Together
with this vertical load, an in-plane horizontal cyclic load was applied at the top bay of
the frame of continuously increasing amplitude (Figures 10 and 11). This experimental
setup approximates in a realistic way the stress field of such a prototype subassembly
subjected to in-plane seismic actions. The measured response is detailed in Section 3.1,
and it subsequently utilized to compare it with corresponding numerical predictions, thus
validating a specific numerical analysis process (Section 4). There are five specimens in
total. Two specimens are RC frames without RC infills (Bare 1 and Bare jacket1,2) and three
RC frames are the previous RC frames hosting either UC or RC infills (UC-IP 1, UC-IP 2,
RC-IP 3), which are described in detail in this Section 3.1.
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3.1. Unit T-Beams with Open Hoop CFRP Strips Employing Specific Mechanical Anchoring Devices

- Bare 1. This is an RC frame specimen without any jacketing of its columns and top
beam with the code name Bare 1. The same is true of the one depicted in Figure 6 for
the masonry infill study. The basic mechanical properties of the materials employed
in their construction are listed in Table 1. The obtained cyclic response is depicted in
Figure 12a.

- Unreinforced Concrete–Infill Panel 1. This specimen was formed by filling the bay of
specimen Bare 1 with an unreinforced concrete panel having a thickness of 50 mm
with concrete compressive strength equal to 22 MPa. This concrete panel was simply
cast within the bay without the use of any ties between this concrete panel and the
structural members of the surrounding frame. The code name for this specimen is
UC-IP 1. Its cyclic response is depicted in Figure 12c.

- Bare Jacket1. This specimen (Figure 10) was formed by removing the fractured
unreinforced concrete panel of specimen UC-IP 1 and by retrofitting the columns
and part of the beam of the RC frame near the beam-to-column joints with concrete
jackets. The cross-section of the jacket was 180 mm by 180 mm, having at each of its
four corners longitudinal steel reinforcing bars of 8 mm diameter and 570 MPa yield
stress (Figure 10). These jackets were also reinforced with closed hoop steel stirrups
of 5.5 mm diameter spaced at 50-mm intervals. These jackets were cast with high-
strength concrete having a compressive stress of 40 MPa. The code for this specimen
is Bare jacket1. The obtained cyclic response for this retrofitted frame is depicted in
Figure 12b.

- Unreinforced Concrete-Infill Panel 2. This specimen was formed by filling the bay of
specimen Bare J1 with an unreinforced concrete panel having a thickness of 50 mm
with the concrete compressive strength equal to 22 MPa. This time the unreinforced
concrete panel was cast within the bay by using 8-mm-diameter steel ties, with a yield
stress equal to 570 MPa, spaced at 150 mm intervals connecting this panel and the
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structural members of the surrounding frame, as shown in Figure 11. These ties were
anchored at the concrete columns and beam, before casting the unreinforced concrete
infill, by drilling holes and using a special resin to ensure bonding. The code name for
this specimen is UC-IP 2. The obtained cyclic response for this sample is depicted in
Figure 12d.

- Bare Jacket2. This specimen resulted from removing the fracture unreinforced con-
crete panel of the previous specimen, UC-IP 2. It is almost the same as the previous
retrofitted frame specimen Bare jacket1, having been subjected to a loading sequence
as part of the previous specimen UC-IP 2. The code name for this specimen is Bare
jacket2. Its cyclic response is depicted in Figure 12b, together with the corresponding
response of Bare jacket1.

- Reinforced Concrete–Infill Panel 3. This specimen (Figure 11) was formed by filling
the bay of specimen Bare jacket2 by using the same steel ties as before for specimen
UC-IP 2. The reinforcement of the concrete panel was a net of steel reinforcing bars of
4.5 mm diameter (500 Mpa nominal yield stress) spaced at 85-mm intervals in both
horizontal and vertical directions. The code name for this specimen is RC-IP 3. Its
cyclic response is depicted in Figure 12e.
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All specimens were subjected to a number of imposed horizontal displacement cycles
with a frequency of 0.1 Hz and with a continuously increasing amplitude within sequen-
tial loading groups, each group having three cycles of constant horizontal displacement
amplitude.

Figure 13a–c depicts the observed damage of specimens UC-IP 1, UC-IP 2, and UC-IP
3, respectively. Summary results of the observed response are listed in Table 3. Column 2 in
this table lists the observed initial horizontal stiffness, column 3 the measured maximum
horizontal load, and column 4 the plastic energy accumulated from the beginning of loading
until the test in which the maximum horizontal load was measured. Columns 5 and 6 in
this table list the ratio of the measured maximum response of the tested specimen by the
response of the corresponding Bare specimen.

Table 3. Summary of the obtained peak response of the Bare and the Infilled specimens.

Code
Name

Initial Hor.
Stiffness
(kN/mm)

Hmax
Maximum *
Hor. Load

(kN)

Normalized **
Inter-Story

Drift at Hmax

Cumulative
Plastic

Energy Till
Hmax

(kN/mm)

Initial
Stiffness
Ratio ***

Maximum
Hor. Load
Ratio ***

Cumulative
Energy Ratio

***

(1) (2) (3) (4) (5) (6) (7) (8)

Bare 1 2 11.12 1.48% 1241.8
6.0 11.18 11.3

UC-IP 1 12 124.30 0.7% 14,048.6

Bare jacket1 13.3 55.81 1.48% 7574.3
5.26 6.06 1.98

UC-IP 2 70 338.4 1.48% 15,028.3

Bare jacket2 3.2 52.99 2.4% 5913.4
18.75 7.7 10.75

RC-IP 3 60 408.25 2.86% 63,597.9

* Average value of measured minimum and maximum load. ** Measured hor. displacement at maximum load
normalized by the frame height. *** Ratio of the Infilled specimen response by the response of the corresponding
Bare specimen.

- As expected, the construction of the concrete infill panel, with or without metal ties
with the surrounding frame increases considerably the initial horizontal stiffness. The
jacketing of the frame columns and part of the top beam also increase, to a lesser
degree, this initial horizontal stiffness (Figure 12a,e and column 2 of Table 3).

- The jacketing of the frame columns and part of the top beam increased almost five
times the horizontal load-bearing capacity of the initial Bare frame. The Bare frame
both before and after jacketing responded in a ductile manner reaching normalized
interstory drift values in the range of 1.5% without a considerable decrease in the
maximum horizontal load value. The inclusion of an infill panel increases even
further, more than six times the horizontal load-bearing capacity of the jacketed frame
(Figure 12a–e and column 3 of Table 3).

- The jacketing of the frame columns and part of the top beam increased by more
than five times the cumulative plastic energy until the maximum horizontal load
was reached when compared with the corresponding cumulative plastic energy of
the initial Bare frame. The inclusion of an infill panel increased even further this
cumulative plastic energy (Figure 12a–e and column 5 of Table 3). This increase is
quite spectacular for specimen RC-IP 3 and is due to the combination of the following
contributing mechanisms First, the inclusion of the steel ties connecting the infill
panel with the surrounding frame alters the interaction between frame and panel in
such a way that the concentration of compressive stresses at narrow zones near the
corners of the frame is avoided and neither the concrete panel nor the frame is crushed
prematurely at these regions. However, when the infill panel is unreinforced (UC-IP2),
it cannot sustain the large forces that develop due to its large stiffness, and it fails in a
way depicted in Figure 13b. Instead, the capacity of the RC infill panel to large forces
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is substantially increased by the inclusion of the steel reinforcing net. Secondly, the
development of cracking within the panel is controlled by the net reinforcement in
such a way that it does not lead to a sudden decrease to its bearing capacity, even for
much larger normalized interstory drift values reaching 2.5% (column 4 Table 3). This
contributing mechanism mobilizes even further the steel ties connecting the panel with
the frame, which represents an additional plastic energy accumulation medium. This
combined effect for specimen RC-IP 3 explains the eleven times increase in cumulative
plastic energy when compared to the jacketed frame (column 8 of Table 3), whereas
the corresponding increase for the UR-IP 2 specimen is only twofold.

- The fact that the RC infill panel sustains large horizontal forces and interacts success-
fully with the surrounding frame can also be seen by the level of shear strains which
develop within the infill panel when the maximum horizontal load capacity is reached
(Figure 14c).

- All the above is expected to be valid for prototype structures. Constructing such an
RC infill in a prototype frame bay needs proper design. The numerical simulation in
Section 4 presents such a methodology.
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Figure 13. Damage of UC-IP 1, UC-IP 2, and RC-IP 3. (a) Crushing of the UC infill panel and the RC
frame at the corner. Specimen UC-IP 1. (b) Large cracking of the UC infill panel. Specimen UC-IP 2
(c) Control of cracking of the reinforced infilled panel. Specimen RC-IP 3.
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Figure 14. (a) Shear strain response of UC-IP 1. (b) Shear strain response of UC-IP 2. (c) Shear strain
response of UC-IP 3.

In order to monitor the behaviour of the UC or RC infill panel itself, a number of dis-
placement transducers were attached at both facades of this panel during testing measuring
the variation of the length of its two main diagonals throughout the loading sequence. By



Appl. Sci. 2022, 12, 11597 17 of 30

combining these measurements, the average shear strain response of the concrete infill
panel was obtained, and it is plotted in Figure 14a–c against the applied load (diag). For
comparison purposes, an equivalent shear strain for the whole infilled frame is also plotted
based on the measured horizontal displacement of the top beam of each tested specimen,
which is identical to the drift value for this single-story frame (H-top). From Figure 14a, it
can be deduced that for specimen UC-IP 1 the maximum applied load (127 kN) results in
equivalent shear strain (drift) of approximately 1.5%. This is mainly due to the formation
of the plastic hinges at the columns and beam and the separation of the infill panel from
the surrounding frame, due to the absence of any ties, whereas the shear strain of the infill
panel itself is almost zero. As already discussed, during this test the concrete of the infill
panel was crashed locally at its four corners without the development of any diagonal
tension cracking within the panel itself. This explains the zero shear strain in Figure 14a
deduced from the instrumentation readings of the displacement transducers located within
the infill panel away from the corners. It was underlined that this limit state is rather
undesirable because this localized damage limits the horizontal load-bearing capacity of
such a retrofitting scheme. This local damage at the corners of the RC infill may also inflict
damage on the joints of the RC frame.

Figure 14c demonstrates that the presence of net reinforcement in the RC-IP3 leads this
panel to sustain larger shear strain values within itself and for larger horizontal load (408
kN) than the case in which the infill panel was unreinforced (Figure 14b, UC-IP2, applied
horizontal load 338 kN).

The displacement response in terms of sliding and separation between the infill panels
and the two columns (E-East, and W-West) of the surrounding RC frame close to the region
of the column-to-beam joints is also monitored. This response versus the applied load is
depicted in Figure 15a–c for specimens UC-IP1, UC-IP2, and RC-IP3, respectively. The
absence of any steel ties results in large sliding and separation displacement response at
this interface (Figure 15a). The presence of steel ties (Figure 11) combined with a reinforced
concrete infill panel (RC-IP3, Figure 15c) results in small separation displacement response,
while allowing for considerable sliding displacements for relatively large horizontal load
values (408 kN). In this way, the steel ties contribute to the accumulation of plastic energy
through dowel action, which is an additional beneficial effect toward seismic resistance.
The effect of the presence of the steel is also seen for the unreinforced concrete specimen
but to a lesser extent (UC-IP2, Figure 15b). The absence of met reinforcement leads to the
premature failure of the unreinforced panel (Figure 13b).
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Figure 15. (a) Horizontal load cyclic response versus sliding at the contact surface of the concrete
infill panel and surrounding frame for specimen UC-IP 1. (b) Horizontal load cyclic response versus
sliding or separation at the contact surface of the concrete infill panel and surrounding frame for
specimen UC-IP 2. (c). Horizontal load cyclic response versus sliding or separation at the contact
surface of the concrete infill panel and surrounding frame for specimen UC-IP 3.

In Figure 16, the top horizontal load versus the equivalent shear strain of the infilled
frame is shown for all three tested specimens with concrete infill panels in the form of
envelope curves. As can be seen in this figure (see also Table 3), the steel ties result in a
substantial increase of the in-plane horizontal load-bearing capacity. However, the lack of
reinforcement of the infill concrete panel in this case results in its premature failure limiting
this specimen in sustaining this load-bearing capacity for relatively low equivalent shear
strain values (0.8%); this limitation is resolved by providing the infilled concrete panel with
partial reinforcement. In this case (RC-IP 3), the maximum horizontal load-bearing capacity
attains an even higher value (408 kN) than for UC-IP 2 (338 kN); moreover, this horizontal
load-bearing capacity is sustained for equivalent strain (drift) values of nearly 4%. The
specific limitations of the UC-IP 1, in terms of both load-bearing capacity and deformability,
have been noted.
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Figure 16. Horizontal load cyclic response versus sliding or separation at the contact surface of the
concrete infill panel and surrounding frame for specimens UC-IP 1, UC-IP 2, and RC-IP 3.

4. Numerical Simulation of the RC Frame—Infill Concrete Panel Interaction

Summary results of a numerical simulation are presented, predicting the behaviour
experimentally studied in Section 3 infilled RC frames. In this numerical simulation, the
same methodology presented in detail by Manos and Soulis [44] is followed employing
commercial software [68,69]. The following important mechanisms were included in this
simulation [44,60–62].

(a) The possibility of either the two columns or the beam of the RC frame to form plastic
hinges at their ends. To this end, the surrounding frame is simulated with linear frame
elements based on the relevant cross-sections detailing specific locations for plastic
hinges with nonlinear properties (bending moment against rotation) obtained from
the cross-sectional reinforcing details and the mechanical properties of the concrete
and the longitudinal reinforcement (Figure 6, Figure 10 and Table 1). This was done
by employing an in-house-developed software based on the work by Mahin and
Bertero [70] and the RC detailing [71]. Next, use was made of a number of commercial
software packages that could simulate numerically the non-linear mechanism of the
frame depicted in Figure 17 for specimen Bare jacket1 [60–62]. These commercial pack-
ages were employed in a combined way during the various stages of the numerical
investigation [68,69].
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Figure 17. Numerical simulation of the surrounding RC frame with the location of the plastic hinges.

In these numerical analyses, in order to trace the nonlinear solution path, a combined
incremental/Newton–Raphson equilibrium iterative procedure included in these commer-
cial packages has been utilized. The solution process follows a step-by-step incremental
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static material nonlinear analysis adopting initially a constant displacement increment. A
line search technique was adopted together with a number of convergence parameters in
an effort to improve the convergence rate and to achieve equilibrium from one step to the
next. The resulting envelope curve in terms of a numerically predicted horizontal load
against the top beam displacement is compared with the corresponding experimental cyclic
response in Figure 18 demonstrating reasonable agreement.
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Figure 18. Horizontal displacement versus horizontal load cyclic response of specimens Bare
Jacket1,2.

(b) The same numerical simulation for the RC frame described before is also used here
when forming the numerical model of the RC frame together with the UC-RC infill
panels. The concrete infills were simulated with shell elements in all cases, together
with a failure envelope for numerically predicting the formation of nonlinear limit
states within the concrete infill (modified Von-Mises, Figure 19b) which was available
in the used commercial software [68]. To quantify the parameters of this failure
envelope, a number of square concrete panels with dimensions 730 mm × 730 mm
and a thickness of 50 mm were constructed with the same concrete mix and at the
same time with the concrete panels of the specimens presented in Section 3. These
panels were next subjected to diagonal compression-tension (Figure 19a). Two of these
diagonal compression panels were unreinforced (similar to UC-IP 1 and UC-IP 2) and
the other two were reinforced with the same reinforcement as RC-IP 3 (see Figure 11).
Figure 19a depicts the typical diagonal cracking, which developed along the main
vertical diagonal during these tests [72–75]. This testing arrangement was numerically
simulated by adopting the same failure envelope (Figure 19b) but with different sets of
values—one set for the unreinforced panels and another set for the reinforced square
panels. The values shown in Figure 19b for uniaxial compression or tension limits,
equal to fc = 22 MPa and ft = 0.22 Mpa, correspond to the unreinforced panel. The
corresponding values adopted for the reinforced panel are equal to fc = 26 Mpa and
ft = 0.26 Mpa. These values were found from back analysis by utilizing these diagonal
compression-tension tests (Figure 19a) and were employed for numerically simulating
the behaviour of the RC infilled frames presented in Section 3.
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Figure 19. (a) Observed damage. (b) Numerically simulated diagonal tension cracking of square
concrete panel. (b) Assumed combined compression–tension failure envelope included in the numer-
ical simulation of the square concrete panel subjected to diagonal compression as well as of RC the
infilled panels.

As can be seen in Figure 20a, good agreement is reached between the numerical
and measured diagonal compression–tension response through this nonlinear numerical
simulation for these square panels tested in diagonal compression-tension. Based on this
good agreement, the same numerical simulation is followed for the infilled RC frame
specimens investigated in this study. This numerical simulation reproduced as a limit state
the plastified region depicted in Figure 20b (where the “x” signs denote the areas reaching
the adopted tensile limit state), which is along the same main vertical diagonal region
depicted in Figure 19a.
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Figure 20. Diagonal compression–tension. (a) Comparison between observed and numerically
simulated behaviour of the tested square concrete panels. (b) Predicted plastified regions from the
numerical simulation.
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(c) A first group of nonlinear link elements, which could not sustain any tension, was
used to numerically simulate the possibility of the concrete infill to be separated from
the surrounding frame. These elements could transfer shear at the interface when no
separation was detected [44]. An additional second group of nonlinear link elements
simulated the steel ties at their exact location, and they could transfer axial tensile
and shear forces at the interface between the shell finite elements representing the
infill panel and the linear finite elements simulating the surrounding frame. The
nonlinear behaviour in axial tension of these link elements was derived from their
diameter (8 mm) and yield stress (570 Mpa). These link elements were also provided
with nonlinear properties to simulate the dowel action (shear force transfer) at this
interface. A number of provisions with relevant empirical formulas are included
in [67] that describe the nonlinear shear transfer mechanism between two concrete
parts connected with a steel tie. In addition, an extensive experimental sequence was
carried out at Aristotle University in an effort to quantify this shear force transfer for
steel ties of diameters varying from 8 mm, identical to the ones depicted in Figure 11,
up to 14 mm [60–62]. The used experimental setup is depicted in Figure 21 wherein
a portion of a jacketed column together with a portion of the RC infill connected
with these steel ties are subjected to combined loads indicated by the red arrows. All
steel ties used in this experimental sequence as well, as for the specimens reported in
Section 3, were embedded within the concrete volume in a way which prohibited any
undesirable pullout.
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Figure 21. (a) Experimental setup to study the force transfer mechanism between portions of the RC
panel and the jacketed RC column with or without steel ties. (b) Cross-section [60–62].

Twenty-three specimens were built at the same time with the same geometry and
the same quality concrete. Three of these specimens were built without any steel ties
whereas the rest were provided with steel ties of the same steel grade having diameters
varying of 8 mm, 10 mm, 12 mm, and 14 mm. Figure 21b depicts a cross-section of such
specimens wherein the upper and lower parts of the “old” column are rigidly supported by
the strong reaction frame. Initially, the load normal to the interface was applied as indicated
in this figure, keeping its amplitude constant during one test. Then, a cyclic load with
a direction parallel to the interface was applied with an eccentricity of 20 mm from this
interface. The amplitude of this load was gradually increased until a limit state condition
was reached. By comparing the nonlinear behaviour of the specimens with steel ties to
that of the control specimen (without the steel ties), the non-linear shear force versus the
relative sliding displacement at the interface due to the presence of the steel ties could be
determined. This was used in the current numerical methodology to define the nonlinear
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constitutive behaviour of the second group of links in their tangential direction (parallel to
the interface).

The obtained numerical response is presented in Figures 22–27. The numerically
predicted response of horizontal displacement versus load in the form of an envelope curve
is compared against the corresponding cyclic measured response (Figures 22, 24 and 26).
The results also include numerical predictions of regions that the numerical solution
indicates damage (Figures 23a, 25a and 27a where the “x” signs denote the areas reaching
the adopted tensile limit state). In Figures 23b, 25b and 27b is the corresponding observed
damage.
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Figure 22. Horizontal displacement versus horizontal load cyclic response of specimen UC-IP 1.
Comparison between observed and numerically predicted behaviour.
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Figure 23. (a) The numerically predicted compression limit state for specimen UC-IP 1. (b) The
observed damage for specimen UC-IP 1.
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Figure 24. Horizontal displacement versus horizontal load cyclic response of specimen UC-IP 2.
Comparison between observed and numerically predicted behaviour.
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Figure 25. (a) The numerically predicted diagonal tension limit state for specimen UC-IP 2. (b) The
observed damage for specimen UC-IP 2.
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Comparison between observed and numerically predicted behaviour.
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Figure 27. (a) The numerically predicted diagonal tension limit state for specimen RC-IP 3. (b) The
observed damage for specimen RC-IP 3.

Numerical Simulation of UC-IP 1: The previously described numerical methodology
was first applied for specimen UC-IP 1. The numerical response in terms of envelope curve
of the horizontal load versus the horizontal displacement at the top beam is depicted in
Figure 22, being compared with the corresponding measured experimental cyclic response.
The predicted peak load horizontal value is equal to 135 kN and compares reasonably well
with the peak measured value equal to 127 kN. The predicted shear strain versus horizontal
load response distribution compares reasonably well with the corresponding measured
response. The numerically predicted compressive limit state at the corners of the infill
panel (Figure 23a) also compares well with the crushing of the corners, which was observed
for this specimen during testing (Figure 23b).

Numerical Simulation of UC-IP 2: The numerical response for specimen UC-IP 2, in
terms of envelope curve of the horizontal load versus the horizontal displacement at the top
beam, is depicted in Figure 24. This numerical response is compared with the corresponding
experimentally measured cyclic response. The predicted peak horizontal load value is equal
to 350 kN and compares reasonably well with the corresponding measured value equal to
338 kN. The predicted shear strain versus horizontal load response distribution compares
reasonably well with the corresponding measured response. The observed sudden drop of
the bearing capacity for specimen UC-IP 2 is not predicted by this numerical simulation.
Figure 25a shows the diagonal tensile limit state numerically predicted at a wide region of
this unreinforced infilled panel. This numerical limit state compares reasonably well with
the quite wide diagonal cracks spread at most parts of the unreinforced concrete panel,
which was observed for this specimen during testing (Figure 25b).

Numerical Simulation of RC-IP 3: The numerical response in terms of envelope curve
of the horizontal load against the horizontal displacement of the top beam is depicted in
Figure 26. In the same figure, the measured cyclic response is also plotted. The numerically
predicted peak horizontal load value is equal to 450 kN and compares reasonably well
with the peak measured value of 408 kN. The predicted shear strain versus horizontal
load response distribution compares reasonably well with the corresponding measured
response. The observed sudden drop of bearing capacity for specimen RC-IP 3 is not
predicted by this numerical simulation, due to the adopted constitutive law for the RC
panel. In Figure 27a, the numerically predicted diagonal tensile limit state is shown; this
numerical limit state compares reasonably well with the diagonal cracks observed for this
specimen during testing (Figure 27b).

The preceding comparison demonstrated that the outline simulation could predict
quite well the in-plane bearing capacity of the RC frames infilled with concrete (UC or RC)
panels and the corresponding limit states. The numerical simulation of the limit state of
the RC panel needs further improvement. All the limit state numerical approximations are
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based on nonlinear constitutive laws of either the concrete infill panel itself or the steel ties
that were obtained from specific experimental tests.

5. Conclusions

1. The construction of RC infill panels, connected with metal ties to the surrounding jack-
eted frame, considerably increases the horizontal in-plane stiffness, bearing capacity,
and energy dissipation of the resulting RC frame and RC panel when compared with
those of the initial bare frame before retrofit. This study highlighted the important role
of the steel ties for such retrofit, which has not been investigated by other researchers
when studying the performance of other retrofit schemes. It is relatively easy to apply
the retrofit studied here to multiple bays of a soft story at the ground floor level,
thus counteracting this soft-story deficiency and decreasing to a degree the seismic
vulnerability of such old RC buildings.

2. Properly designed RC infills, RC frame jackets, and the connecting steel ties could
prohibit undesired stress concentration and local damage at the corners of the RC
infill and frame and also protect them from unstable out-of-plane response of the RC
infill panels. Such effective retrofitting of multiple bays of the frames at ground floor,
consisting of RC infills, RC jackets, and their steel ties, for each individual frame-bay
should aim to upgrade bearing capacity and ductility and to prohibit premature
damage of either the RC panel or the connecting steel ties.

3. The presented numerical simulation is proposed as a tool for designing such an
effective retrofit. This numerical simulation includes important nonlinear mechanisms
that could develop at the RC structural members, the RC infill at the steel ties. For
all these nonlinear mechanisms the nonlinear material mechanical properties are
required in order to predict with an acceptable degree of approximation. The validity
of simulating each one of these nonlinear mechanisms was performed in a step-by-step
process utilizing in each step experimental measurements obtained from testing. Its
usefulness lies in its ability to be applied to prototype multi-story buildings. Directly
applying the proposed methodology for each individual bay in a complete numerical
model for the whole multistory building is too complex and costly and needs very
large computational effort.

4. For multistory, frames Manos and Soulis [47] proposed an alternative approximation.
The seismic demands, in terms of displacement or force for each individual infilled
frame, can be found by utilizing a less complex equivalent 3D simulation of such a
building, substituting each masonry or RC infill with an equivalent nonlinear diagonal
truss element. The nonlinear properties of each equivalent diagonal truss are defined
by simulating the in-plane behaviour of each one-story, one-bay frame, which is
part and forms the whole 3D building. For each such subassembly two different
models are formed having the same RC frame simulation (Figure 17). The first model
is formed following the methodology presented in Section 4, which includes the
infill panel and steel ties in all their details. The second model includes instead
an equivalent nonlinear diagonal truss element [47]. By comparing the horizontal
displacement versus force response of the two models, an effort is made to obtain
reasonable agreement between their behaviour. This is done by using back analysis
and altering the nonlinear properties of the equivalent diagonal truss aiming to reach
reasonable agreement. Next, an equivalent 3D model is finally formed having all its
infills replaced with such equivalent diagonal truss elements with nonlinear properties
defined as described. The seismic demands are found from a “push over” analysis
of this equivalent 3D model, in terms of horizontal displacement or force for each
individual single-story infilled frame. The final step is to compare these demands
to the available capacities and possible limit states of all parts (RC panel, steel ties,
and RC members) for each infilled one-story, one-bay frame again utilizing its model,
which was formed according to the proposed complex methodology.
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5. Multi-story frame old RC buildings in earthquake-active regions that have soft stories
at their ground floor and UMI at all upper stories are quite vulnerable and prone to
serious damage to their RC columns of this level. A retrofit aiming to counter this
particular deficiency is the addition of RC infill panels at the bays of the ground floor
RC frames together with RC jackets of the adjacent RC columns. This particular retrofit,
when shown to be sufficient, is comparatively less cumbersome and costly compared
to other structural interventions which extend to all floors. This is because these bays
are left without infills as the ground floor serves as a parking space. When seismic
retrofit is required for all floors of a vulnerable building, it becomes quite difficult and
expensive and sometimes incompatible with basic functions of the facades and/or the
interior, although it is more effective. It also requires the dislocation of the inhabitants
for long periods. Seismic retrofit of existing multi-story RC building poses many
practical difficulties and therefore requires additional research, despite the progress
made so far, in order to validate ingenious and effective solutions. These difficulties
differ from country to country as they are linked to a variety of past design and
construction practices as well as the legal framework which governs the multiple
ownership, which is usually the case in these buildings.
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