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Abstract. This paper presents a critical review of advanced retrofit materials and
recent techniques that may be utilized in earthquake resistant redesign of rein-
forced concrete structures to increase their resilience and safety. It also discusses
some open design recommendation-related issues that may jeopardize structural
member resilience. It reveals the potential of the Elastic Redistributable Uniform
Confinement (ERUC) mechanism and concept and the contribution of relevant
techniques in addressing some of the open issues. There is an urgent need for
large scale dynamic experiments according to the fundamental ‘design assisted
by testing’ procedure. Besides, the development of the framework for advanced
dynamic 3-dimenional Finite Element (FE) modelling could support analytically
these significant tasks. This study presents pilot pseudo-dynamic analytical studies
on the Elastic Redistributable Uniform Confinement technique through external
continuous spiral composite rope strengthening of concrete as well as on the FRP
jacketing of RC columns. Three-dimensional FE modeling may help minimize
required experimental validation of emerging techniques for seismic protection
of brick infilled RC frames through highly deformable polymer joints or through
externally bonded fiber grids with highly deformable polymers. Finally, it may
help identify additional design parameters, enable further optimization of dif-
ferent hybrid retrofit techniques and enhance resilience and safety of concrete
members.
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1 Introduction

According to NAC (2012), resilience is multidisciplinary and interdisciplinary concept
defined as “the ability to prepare and plan for, absorb, respond, recover from, and more
successfully adapt to adverse events”. McAllister (2016) reports ongoing activities of
several communities all over USA related to resilience plans for critical infrastructure
of high importance (see Fig. 1) against various hazards. San Francisco adopted the new
Hub concept for its infrastructure (Hansen et al. 2008) while Boulder County published
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recently the Resilient design performance standard for infrastructure Moddemeyer et al.
(2016) among else. Despite the significant progress, the resilience framework needs to
be further developed and integrated. In the rest of the world and especially in Europe,
resilience related planning and activities were rarely reported in the past while there
are some very important ongoing initiatives through DRMKC (https://drmkc.jrc.ec.eur
opa.eu/). It has already concluded its ‘Science for Disaster Risk Management 2017:
Knowing better and losing less’ report (Poljansek et al. 2017) while the Science for
DRM 2020 report has been recently published (Valles et al. 2020). Of course, resilience
metrics, approaches and concepts have to be further developed atmembers’ and systems’
levels to better prioritize proactive actions in infrastructure as an integral part of the
resilient society concept (Bocchini et al. 2014, Rousakis 2018).

SoutheastMediterranean region in Europe is a live laboratory with daily experiments
in 1:1 scale to validate the resilience of existing structures, investigate vulnerabilities
and conclude advanced approaches (Fig. 2).

Fig. 1. Resilience of critical
infrastructure in communities.
(adapted by McAllister (2016))

Fig. 2. Earthquake excitations at the most active region
of Europe during 1 month period.

The level of existing knowledge is high and recent design codes for buildings are
very efficient resulting in limited human loss in Europe. Yet, more than 900,000 people
were lost and around 3.1 million buildings collapsed or heavily damaged during the
30 major earthquakes over only the past 20 years (USGS 2016). Given the heavy life
loss and accompanied detrimental consequences, new concepts and techniques may help
better address the necessary prevention steps.

In structural retrofit several innovative techniques have emerged recently involving
advanced materials (Karantzikis et al. 2005, Triantafillou et al. 2006, Wu et al. 2008,
Ilki et al. 2008, Janke et al. 2009, Tamuzs et al. 2006, Dai et al. 2011, Kwon et al. 2016,
Rousakis et al. 2017, Rouka et al. 2017, Kwiecień et al. 2017, Padanattil et al. 2017, Ispir
et al. 2018, Triantafyllou et al. 2019, Qin et al. 2019, Rousakis et al. 2020a, b among
else). Rousakis (2018) highlights the unique inherent resilience features of square RC
columns retrofitted with composite ropes, under seismic excitations. In Rousakis and
Tourtouras (2014) external rope confinement of deficient RC columns under axial load,
provided enormous axial strain ductility of concrete. The accumulated damages were
redistributed through the nonbonded elastic rope (applied by hand or pretensioned),

https://drmkc.jrc.ec.europa.eu/
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causingmultiple steel bar buckling in different positions, variable bulging of the concrete
core at different places and extensive deformations attributed to global buckling while
maintaining the axial load capacity. Similar effects were evidenced in experiments of
deficient square RC columns having hybrid externally bonded FRP and nonbonded
composite rope confinement (Rousakis 2017, 2019). What is more interesting is the
achievement of enormous axial strain ductility of concrete through adequate nonbonded
basalt rope confinement (applied by hand or pretensioned). Again, despite the limited
strain at failure of the basalt confining means, the RC column could maintain or increase
the axial load capacity through strain redistribution of the nonbonded rope (both as
standalone confinement or in hybrid FRP-basalt rope schemes). Therefore, nonbonded
elastic rope confinement may provide unique resilient characteristic in the cyclic axial
behavior of deficient RC columns to better resist axial loads against premature collapse.
The resilient characteristics concern: a) the used materials itself being natural, nontoxic,
recyclable and high temperature resistant (basalt with no use of resin) among else, b) the
low sensitivity of the elastic composite rope in being damaged, c) the unique confining
performance of nonbonded elastic rope, achieving axial load regaining even in cases of
temporary load loss because of severe concrete damages or steel buckling or FRP jacket
fracture through damage redistribution.

The abovementioned unique observed features constituted an illustrative resilience-
mechanical analog. A new design concept was concluded towards enhanced inherent
resilience of similar subsystems from a structural point of view (Rousakis 2018). Sub-
systems with weak component susceptible to fatal damage accumulation may achieve
enhanced inherent resilience. This may be realized with uniform redistribution of dam-
ages inside the main bearing core mass (weak link) in the presence of suitable external
confinement. This confinement needs to be elastic to not accumulate damage itself while
being highly deformable and flexible. Further, it should be non bonded to develop fric-
tion with the core (not fixing) and to redistribute strain around and inside the core. In that
case, total core mass restricted under confining action is always the maximum one. Suit-
able confining action may preserve damage-sensitive-restriction in a way that globalizes
damage inside the core and makes the core again more uniform and more homogeneous
in response. Thus, the Elastic Redistributable Uniform Confinement (ERUC) enables
for advanced axial load carrying capacity which is crucial to avoid detrimental collapse.
The general design concept developed herein is multidisciplinary and interdisciplinary
and may be further generalized to cover different systems and scales. Concluding so far
experimental findings ERUC concept (through spiral rope) provides beneficial damage
redistribution effects even if the core material has geometric non-uniformities (as in
square concrete sections) and includes a second component accumulating damage (i.e.
slender steel bars or yielded stirrups or fractured FRP jacket) or all these together (see
Rousakis and Tourtouras 2014, Rousakis et al. 2019).

This paper focuses on the suitable mathematical formulations at material, section,
member and structure level and their interrelations in order to provide reliable models of
RCmembers retrofittedwith advancedmaterials and capture strain redistribution effects.
In what follows, the existing design framework is presented, some of the identified open
issues as well as suitable constitutive models to address urgent needs.
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2 Structural Resilience at Reinforced ConcreteMember and Frame
Level

For retrofitted RC columns, the resilience may be interpreted as the ability to: absorb,
resist, recover from and more successfully adapt to seismic overloads (or over-
displacements or over-energy in general) with respect to ultimate limit states required
by design (Rousakis 2018). The critical columns may be redesigned to achieve higher
horizontal displacement ductility while suppressing potential shear and steel detailing-
related failures (in some cases) with additional external confinement (Anagnostou et al.
2019, Grammatikou et al. 2018a, b, He et al. 2015, Kalyoncuoglu et al. 2013, Bou-
sias et al. 2007, Bournas and Triantafillou 2011, Anggawidjaja et al. 2006, Dai et al.
2012, Jirawattanasomkul et al. 2013, Biskinis and Fardis 2013, Seible et al. 1997 among
else). Figure 3 gathers basic design or redesign philosophy for new or existing buildings
respectively that results in maximum energy dissipation potential of suitably designed
reinforced concrete frames. They utilize capacity design concept and prioritization of
damage sequence as well as indirect (or direct in redesign) performance based design
features (CEN EC8, GRECO 2017).

As mentioned in Rousakis (2018), alternative retrofit strategies at member or at
structure level may include in general: increased strength or passive control or seismic
isolation instead. Further, the sequence of desired damage accumulation at material and
member level is discussed (Rousakis 2018) as well as the non desired failures that have
to be suppressed especially in the case the retrofit strategy targets mainly high horizontal
displacement ductility. It is important to remind that opposite to an elastic composite
material confining means, steel confinement (internal or external) provides a weakened
restrictive action after its yielding and up to its rupture thus accumulating damage. In
that aspect it is not possible to act like damage barrier after its yielding.

2.1 Open Design Recommendation-Related Issues to Contribute to Member
Resilience

Most guidelines for redesign of existing structures may neglect some aspects that need
to be included, further clarified and thoroughly discussed so that designers may develop
a strict Eurocode-conforming strategy. In that way the resilience of retrofits at member
level may be further enhanced. At first, pre-dimensioning of the column as new one in
order to check which requirements of the Eurocodes for new structures are not satisfied.
This will better help designers to identify additional limitations that have to be also
included in the redesign of the existing column with FRP strengthening but the design
framework and the research done, needs further development (even for new structures),
that is: identification of the most unfavorable loading combinations for different checks,
incorporation of the knowledge levels during assessment and identification of unfavor-
able approaches for different materials (that is concrete might need different CFc and
safety factors and not only one value, for different checks and especially for confine-
ment – even not divided but multiplied), effects of second order moments and global
instability checks before and after strengthening, effects of frame-by-frame approach in
biaxial design for columns under axial load-biaxial moment and most unfavorable cases,
shear design andmost unfavorable biaxial shear-axial load cases, contribution of stirrups
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with inadequate anchorage or diameter or spacing, contribution of slender bars under
compression given also inadequate stirrups that lead to buckling along more than two
sequential stirrups or cases of columns with more than two slender bars in each column
side or in lap-splice region, inadequate shear strengthening of existing large dimension
columnswithout intermediate stirrup leg going through the section, predamaged columns
(especially those with corroded bars or replaced concrete covers and effects on flexural
strengthening with FRPs or checks on lap-splices), rocking behavior of columns, shear
critical columns, the effects of the additional load, additional ductility or restricted duc-
tility (in terms of concrete strain, section curvature or member displacement) because of
the longitudinal bars etc. Further, the effects of environmental conditions and effects of
all above on the reliability index required for the design and redesign by the Eurocodes
depending on the time period considered should be discussed.

Local member curvature ductility EC8-1, EC8-3
(critical regions of primary seismic columns)

loss due to 
concrete cover 
cracking

DCM DCH

δδ

θi
δi

δj

θj
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bc

hο
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Fig. 3. Energy dissipation reserve of reinforced concrete frames through adequate confinement
of concrete according to Eurocode 8 (EC8, GRECO 2017). Desired model for damage evolution
and calculation of adequate confinement reinforcement in new and existing deficient columns.

Further, since local or global FRP strengthening through confinement aims at
increased displacement ductility for the structure, there are cases the frames or build-
ings might have different q factors in different directions. Ductility due to overstrength
should be also taken into account. The cases the buildings are excluded from the validity
of inelastic pushover analyses approach should be clearly identified and similarly the
cases that dynamic time-history inelastic analysis is required due to several global mor-
phology or local detailing deficiencies. How are local detailing inefficiencies taken into
account for such analyses?
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Especially for concrete confinement, the conservative approach for increased global
ductility to be consumed by the structure as “safe reserve” after ensuring “structure
regularity” may not be straight-forwardly applied in existing structures due to above-
mentioned deficiencies and therefore different approaches may be necessary as well as
increased designers’ awareness. In that aspect lowering concrete strength after different
redesign factors (safety, confidence etc.) might lead to unfavorable higher axial strain
ductility (that is leading to unsafe limit states results).

Most generalizations of the existingwell accepted design concepts in large structures
are based on fundamental research and development on materials and most importantly
on close–to-real-scalemembers through the crucial ‘design assisted by testing’ procedure
to validate the insignificant (non detrimental) influence of yet-to-identify effects per
specific application that make structural design an ‘art’.

Large scale dynamic experiments in small structures might help to demonstrate
the whole procedure and identify bottlenecks all over the design process and provide
straight-forward strategy to the designers to ensure redesign reliability index for already
widely applied techniques such as externally bonded composites etc.

Further, the new retrofit techniques which utilize non bonded composite ropes, act
like barriers of damage accumulation within the crucial confining means and succeed
damage redistribution at material and member level. Since they lead to enormous axial
strain ductility of concrete beyond practical demands, may help compensate for some of
the above mentioned issues and thus achieve increased safety and resilience. In exam-
ple, composite rope confinement of concrete (Rousakis 2014) may ensure practically
unlimited axial strain ductility of concrete and thus compensate for the large errors in
predicting the axial strain at failure of concrete with the existing design models (Fana-
radelli et al. 2019) or of chord rotations (Anagnostou et al. 2019) in RC columns. Most
importantly such practically unlimited axial strain ductility may be achieved also in
deficient or repaired RC columns with very low section corner radius (Rousakis and
Tourtouras 2014, Rousakis et al. 2019 etc.) as well as in cases we need to extend the
adequate performance of the RC column beyond the fracture of existing external FRP
confinement (hybrid in Rousakis 2013, Rousakis et al. 2019). Pretensioned composite
rope confinement may additionally provide increased initial axial rigidity of the column
and increased nonlinearity limit in order to withstand higher axial loads (Rousakis and
Tourtouras 2014, Rousakis et al. 2019 etc.) while compensating for concrete creep.

However, as the construction practice is always ahead of design recommendations,
to fully utilize the potential of all existing retrofits in a safe manner, advanced modeling
may help identify and compensate for potential detrimental effects until all these aspects
are suitably addressed in codes after validation by adequate testing. Suitable modeling
framework is also of high significance for utilizing fully the Elastic Redistributable
Uniform Confinement (ERUC) mechanism and concept.
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3 Pseudo-dynamic FE Modeling Towards Advanced Structural
Resilience

3.1 Strain Redistribution Effects in Rope Confinement

The novel design or redesign ERUC concept for collapse prevention and advanced
resilience at system level may be further developed in a multidisciplinary and inter-
disciplinary manner in order to save human lives, critical infrastructure and social
resources.

In order to cover different engineering systems and scales in a unified manner the
following steps are necessary. At first, there is need to establish and develop necessary
resilient oriented mathematical formulations at material, section, member and structure
level and their interrelations to allow for advanced finite element (FE) analyses of com-
plex structures. The experimentally observed effects of damage redistribution inside the
concrete and in the FRP jacket due to external confinement action of flexible elastic
composite rope (or fiber rope, FR) may be modeled with 3d finite elements and vali-
dated against existing experimental results. FR needs to be connected through friction
with concrete or FRP (not fixed) enabling to redistribute stresses and strains and avoid
local stress concentrations that lead to premature failure and to structural collapse and
potential human casualties. It acts as damage barrier. FRP needs to be modeled suitably
to reveal damage initiation and then according to interaction with concrete and FR to be
fractured in multiple different positions. Concrete has to be modeled suitably to reveal
extensivemultiple cracking up to cohesion loss under the restrictive action of FRand even
reproduce “spring-like” behavior during full unloading. Required mechanics of highly
deformable materials and damage mechanics have to be utilized and further developed.
FE analyses may provide the required unified framework to favor research of multidis-
ciplinary and interdisciplinary developments of the novel design concept. The effects of
the novel ERUC design concept have to be further explored at material micro-scale, at
member and structure macro-scale to produce innovative and more resilient structures
through hybridization and damage redistribution. Dynamic response of structures under
seismic induced overloads has to be investigated. Most of the experiments concerning
3d structures in large facilities avoid testing up to collapse to avoid damaging expensive
equipment or the facility itself. Further, this allows for retrofitting the structure and test
again, given the high cost of such efforts. Similar approach is followed for retrofitted
structures as well. Limited existing experiments of 3d structures loaded up to their detri-
mental collapse have to be fully utilized. Advanced 3dimensional FE analyses have to be
extended beyond structural members to large complex structures under dynamic loads.
In that way the effects of preloading, existing damages and sequence of construction
of retrofit schemes when redesign of structure is concerned may be taken into account
reliably.

In addition to several important studies towards or using 3dimensional FE modeling
for concrete columns (Mirmiran and Zagers 2000, Rousakis et al. 2008, Karabinis et al.
2008, Lin andTeng 2017,Yu et al. 2010,Gambarelli et al. 2014, Jiang andWu2016, Jiang
andWu2012, Piscesa et al. 2018,Mohammandi et al. 2019 among else), the pilot studyby
Fanaradelli et al. (2018) provides a suitable pseudo-dynamic inelastic 3-dimensional FE
analysis of composite rope confined concrete reproducing most of the abovementioned
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effects. Most importantly, it allows for the strain redistribution of the elastic confinement
provided by the composite rope throughout loading. Therefore, it could be considered
an analytical mechanical analogue to explore the potential of the ERUC design concept.
Figure 4 illustrates the strain redistribution between the confiningmeans and the concrete
core during the analysis of specimen VinL1v1R1 tested in Rousakis (2014). The rope at
different levels of the column axis shows variable stress and strain during the analysis
(Fig. 4). Different analyses snapshots of the half of the column and of the corresponding
rope, clearly depict the variable deformation and tensile stress of the non bonded rope
throughout the axial loading (imposed deformations) of the column up to the ultimate.
The first snapshot, before loading, shows the spiral rope before being stretched due to
concrete dilatation. The rope is deformed and slipping around the concrete column to
meet the variable dilatation demands.

The axial stress-axial strain response of the concrete column shows marginal tem-
porary load drop similar to the experiments and ultimate stress and strain values close to
the experimental ones (Fanaradelli et al. 2018). The analytical stress – strain curve for
specimens of VinL1v1 group subjected to axial compression is depicted in Fig. 2. The
FE analysis may capture satisfactorily the general stress – strain behavior of the column,
the temporarily load stabilization after extensive concrete cracking and the subsequent
load increase up to very high axial strains.

It is validated that suitable FE modeling can provide the mathematical basis for reli-
able representation of geometrical and material nonlinearity or non-linear interaction
between materials in their contact points or surfaces or slippage (non bonded materials)
etc. Reliable FE modeling required consideration of suitable models for the concrete
and the composite rope and for their interactions. The advanced nonlinear 3 dimen-
sional analytical FE models were developed and analysed with Ansys Workbench R15,
EXPLICIT DYNAMICS (ANSYS 15.0) finite element software. Concrete was modeled
with eight-node solid element utilizing the RHT advanced plasticity concrete model for
brittle materials (Riedel et al. 2009) and suitable for dynamic analyses. The RHT con-
stitutive model is a combined plasticity and shear damage model in which the deviatoric
stress in the material is limited by a generalized failure surface of the form:

fju

Fig. 4. Snapshots of the half concrete cylinder and of the confining composite rope during suc-
cessive analysis steps and up to ultimate to illustrate relative concrete-rope displacements. Last
snapshot shows near maximum rope tensile stress fju (red color) at different rope elements.
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f
(
P, σeq, θ, ε̇

) = σeq − YTXC(P) ∗ FCAP(P) ∗ R3(θ) ∗ (F)RATE(ε̇) (1)

sensitive in pressure hardening, strain hardening, strain rate hardening, third invari-
ant of deviatoric stress, shear induced damage and coupling of damage due to porous
collapse.

The composite rope was modeled as an equivalent hexahendral solid element with
“frictionless” interactionwith the concrete core. In this study, a pseudo-dynamic imposed
axial deformation history on the concrete column was performed.

3.2 Seismic Retrofitting of RC Columns with FRPs

Similarly, efficient seismic strengthening of very demanding RC columns (or joints etc.)
with advanced materials and novel techniques may be significantly upgraded with the
use of dynamic nonlinear 3d FE analysis. The study byRousakis et al. (2018) presents the
pilot pseudo-dynamic analytical results for column L0S_R2, tested under combination
of axial load and imposed cyclic horizontal displacements by Bournas & Triantafillou
(2009, 2011). Concrete was modeled with RHT as already presented while the steel
reinforcementwasmodeled using a two-nodeBeam (Line) element (Fig. 5d) considering
a material that yields and hardens. The plastic deformation was computed by reference
to the Von Mises yield criterion. The condition is:

(σ1 − σ2)
2 + (σ2 − σ3)

2 + (σ3 − σ1)
2 = 2ϒ2 (2)

The yield surface is extended uniformly with Multilinear Isotropic Hardening. The
CFRP sheets were modelled as Hexahedral and Tetrahedral solid 8-node elements. The
interaction surface between CFRP and concrete was considered bonded as the jacket was
externally bonded with epoxy resin. The response of the CFRP material was considered
orthotropically elastic while stress limits, strain limits and failure criteria (TsaiWu) were
defined.

The columns had section side of 250 mm and 1600 mm height (half column, Fig. 5).
The specimens were subjected to constant axial compressive load (28% NRd,crush) and
then to lateral deformation. Similarly, in FE analysis the same axial loadwas imposed and
then a horizontal displacement history on the top of the column, pseudo-dynamically.
Figure 5a shows satisfactory convergence of the finite element analysis results (blue
curve) against the experimental (black curve) horizontal load-normalized displacement
% (drift) for the constructed model of Fig. 5d.

standalone frames with 3-dimensional
The column presented extensive concrete cracking and bar yielding inside the FRP

jacketed column length. In addition, damage accumulation through concrete cracking
and bar buckling extended beyond the FRP confined area (Fig. 5b) while there was local
fracture of the FRP jacket at the bottom area (Fig. 5c). The FE analysis shows similar
damages in Figs. 5e and 5f.

Three-dimensional dynamicFEmodelingmayhelp identify additional designparam-
eters and enable for further optimized retrofits and enhanced resilience and safety of
members.
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(a)
(b) (c)

(d) (e) (f)

Fig. 5. Three-dimensional pseudo-dynamic finite element analysis results of the model depicted
in (d) against the experimental results for specimen L0S_R2 (from the experimental study by
Bournas and Triantafillou 2009). Comparison of the horizontal load versus top displacement
(a). Characteristic damages extended over the jacketed region as observed in the experiments
(b, adapted from Bournas & Triantafillou) and in the analysis (e) using the damage criterion (1
corresponds to fully damaged concrete). Local fracture of the CFRP jacket during the experiments
(c, adapted from Bournas & Triantafillou) captured with the analysis (f).

4 Dynamic 3-Dimensional Finite Element Modeling for Seismic
Table Experiments of Resilient Interventions of Brick Infilled
Reinforced Concrete Framed Structure

Early studies by Rousakis et al. (2017) and Rouka et al. (2017) have investigated the
effects of the strengthening of the brick infills with composites bonded externally with
highly deformable polymers. Such strengthening in masonry walls has been proven very
efficient in transforming the masonry walls into sufficiently ductile structural members
(Gams et al. 2014). Parametric studies have shown that suitably designed selective infill
strengthening may utilize higher initial stiffness and base shear of the structure because
of the engagement of the infills while maintaining sufficient residual base shear after
damage accumulationwithin the ductile infills.Recent experiments (Akyieldiz et al. 2020
and Rousakis et al. (2020a, b) have validated the in-plane and out of plane satisfactory
performance of orthoblock infills protected with highly deformable polymer joints at
the RC frame – brick infill interface or repaired with fiber grids bonded with highly
deformable polymer joints. The latter experiments concern shake table tests of real
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scale RC structure (Fig. 6a adapted from Rousakis et al. 2020b). In that case it is very
demanding but promising the pilot analysis of standalone frames with 3-dimensional FE
(Fig. 6b and 6c adapted from Rousakis (2021a, b)).

Fig. 6. Shake table testswithin INMASPOLproject SERA-TA framework (a). Three-dimensional
pseudo-dynamic finite elementmodel (b) and pilot analysis (c) of infilled framewith polymer joint.

5 Conclusions

Advanced retrofit materials and innovative techniques may be utilized in increasing the
resilience and safety of critical RC buildings and infrastructure. Several open issues
in redesign of deficient existing RC structures require special attention to achieve the
desirable reliability index. Some of them are relevant to special retrofit detailing or exist-
ing deficiencies that urge for further development of the existing design guidelines. In
particular, seismic resistant redesign may require in some cases dynamic approaches.
Advanced dynamic 3-dimensional finite element modelling may provide the necessary
multidisciplinary and interdisciplinary analytical framework towards holistic assessment
of structural materials, members and structures to rigorously bridge that gap and help
fulfil urgent needs in construction practice. Such analytical framework may be continu-
ously updated throughout the structure life-time, towards a more reliable estimation of
safety and resilience of critical buildings and infrastructure while minimizing the nec-
essary experimental validation. Furthermore, this sound analytical basis may help inte-
grate new hybrid techniques and new concepts (such as Elastic Redistributable Uniform
Confinement, ERUC concept) to further increase structural safety and resilience.

References

Akyildiz AT, et al (2020) Preliminary in-plane shear test of infills protected by PUFJ interfaces.
In: 17th International Brick and Block Masonry Conference (IB2MaC 2020), Cracow, Poland

Anagnostou E, Rousakis TC, Karabinis AI (2019) Seismic retrofitting of damaged RC columns
with lap-spliced bars using FRP sheets. Compos B Eng 166:598–612

AnggawidjajaD,Ueda T,Dai J, NakaiH (2006)Deformation capacity of RCpierswrapped by new
fiber-reinforced polymer with large fracture strain. Cement Concr Compos 2006 28:914–27.
Elsevier



74 T. Rousakis

ANSYS Release 15.0. Users’ manual SAS IP, Inc.
Biskinis D, Fardis MN (2013) Stiffness and cyclic deformation capacity of circular RC columns

with or without lap-splices and FRP wrapping. Bull Earthq Eng 11(5):1447–1466. https://doi.
org/10.1007/s10518-013-9442-7

Bocchini P, Frangopol DM, Ummenhofer T, Zinke T (2014) Resilience and sustainability of civil
infrastructure: toward a unified approach. J Infrastruct Syst 20(2):1–16. https://doi.org/10.1061/
(ASCE)IS.1943-555X.0000177

Bournas D, Triantafillou A (2009) Confinement of existing reinforced concrete columns with
limited deformation capacity through local TRM and FRP jackets. In: Proceedings of the 16th
Greek Concrete Conference, 21–23 October 2009, Paphos, Cyprus

Bournas DA, Triantafillou TC (2011) Bond strength of lap-spliced bars in concrete confined with
composite jackets. J Comput Constr 15(2):157–167

Bousias S, Spathis L-A, FardisMN (2007) Seismic retrofitting of columns with lap spliced smooth
bars through FRP or concrete jackets. J Earthq Eng 11:653–674

Casajus Valles A, Marin Ferrer M, Poljanšek K, Clark I (eds) (2020) Science for Disaster Risk
Management 2020: acting today, protecting tomorrow, EUR 30183 EN. Publications Office of
the European Union, Luxembourg. https://doi.org/10.2760/438998. ISBN 978-92-76-18181-1,
JRC114026

CEN Eurocode 8 (2005) Design of structures for earthquake resistance, part 3: assessment and
retrofitting of buildings. European Committee for Standardization, Brussels, Belgium

Dai J, Lam L, Ueda T (2012) Seismic retrofit of square RC columns with PET fibre reinforced
polymer composites. Constr Build Mater 2012 27:206–217. Elsevier

Dai JG, BaiYL, Teng JG (2011) Behavior andmodeling of concrete confinedwith FRP composites
of large deformability. J Compos Construct 15(6):963–973

Fanaradelli T, Rousakis T, Karabinis A (2019) Reinforced concrete columns of square and rect-
angular section, confined with FRP – prediction of stress and strain at failure. Compos Part B:
Eng 174:107046

Fanaradelli T, Rousakis T, Pavlou D (2018) 3D Finite element analyses of axially loaded columns
externally strengthened with transverse composite ropes. In: 26th International Conference on
Composites/Nano Engineering (ICCE-26), 15–21 July, Paris, France

Gambarelli S, Nisticò N, Ozbolt J (2014) Numerical analysis of compressed concrete columns
confined with CFRP: microplane-based approach. Compos B Eng 67(2014):303–312

Gams M, Kwiecien A, Zajac B, Tomazevic M (2014) Seismic strengthening of brick masonry
walls with flexible polymer coating. Guimaraes. In: 9th International Masonry Conference,
2014.

Giamundo V, Lignola GP, Prota A, Manfredi G (2014) Analytical evaluation of FRP wrapping
effectiveness in restraining reinforcement bar buckling. ASCE. J Struct Eng 140(7):04014043

GrammatikouS,BiskinisD,FardisMN(2018a)Effect of load cycling, FRP jackets, and lapsplicing
of longitudinal bars on the effective stiffness and ultimate deformation of flexure-controlled
RC members. J Struct Eng 144(6):04018056

GrammatikouS, FardisMN,BiskinisD (2018b)Models of theflexure-controlled strength, stiffness
and cyclic deformation capacity of rectangular RC columns with smooth bars, including lap-
splicing and FRP jackets. Bull Earthq Eng 16(1):341–375

GRECO (2017) Greek retrofitting code (2017) Greek organization for seismic planning and
protection, Greece: Greek Ministry for Environmental Planning and Public Works

Hansen J, Carroll S, Aldrich J (2008) SPUR San Francisco Planning + Urban Research
Association. The HUB Concept: Infrastructure for a community disaster response, October

He R, Yang Y, Sneed LH (2015) Seismic repair of reinforced concrete bridge columns: a review
of research findings. Asce. J Bridge Eng 2015 20(12). 1061/(ASCE)BE.1943-5592.0000760

Ilki A, Peker O, Karamuk E, Demir C, Kumbasar N (2008) FRP retrofit of low and medium
strength circular and rectangular reinforced concrete columns. J Mater Civ Eng 20(2):169–188

https://doi.org/10.1007/s10518-013-9442-7
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000177
https://doi.org/10.2760/438998


Strengthening and Repair with Advanced Materials and Hybrid Techniques 75

Ispir M, Dalgic KD, Ilki A (2018) Hybrid confinement of concrete through use of low and high
rupture strain FRP. Compos B Eng 153:243–255. ISSN 1359-8368

Janke L, Czaderski C, Ruth J, Motavalli M (2009) Experiments on the residual load-bearing
capacity of prestressed confined concrete columns.EngStructOctober 2009; 31(10):2247–2256

Jiang JF, Wu YF (2012) Identification of material parameters for Drucker-Prager plasticity model
for FRP confined circular concrete columns. Int J Solids Struct 49(3):445–456

Jiang JF,WuYF (2016) Plasticity-based criterion for confinement design of FRP jacketed concrete
columns. Mater Struct 49(6):2035–2051

Jirawattanasomkul T, Dawei Z, Ueda T (2013) Prediction of the post-peak behavior of reinforced
concrete columns with and without FRP-jacketing. Eng Struct 56:1511–1526

Kalyoncuoglu A, Ghaffari P, Goksu C, Ilki A (2013) Rehabilitation of corrosion-damaged sub-
standard RC columns using FRP sheets. Adv Mater Res 2013; 639–640:1096–1103. https://
doi.org/10.4028/www.scientific.net/AMR.639-640.1096. ISSN:1662-8985

Karabinis AI, Rousakis TC, Manolitsi GE (2008) 3D finite-element analysis of substandard RC
columns strengthened by fiber-reinforced polymer sheets. J. Compos. Constr. 12(5):531–540

Karantzikis M, Papanicolaou CG, Antonopoulos CP, Triantafillou TC (2005) Experimental
investigation of nonconventional confinement for concrete using FRP. J Compos Construct
9(6):480–487

Kwiecień A, Matija G, Rousakis T, Viskovic A, Korelc J (2017) Validation of a new hypervis-
coelastic model for deformable polymers used for joints between RC frames and masonry
infills. Eng Trans Polish Acad Sci 65(1):113–121

KwonM,SeoH,KimJ (2016) Seismic performance ofRC-columnwrappedwith velcro. Structural
engineering and mechanics. Int J 58(2) https://doi.org/10.12989/sem.2016.58.2.379

Lin G, Teng JG (2017) (2017) Three-dimensional finite-element analysis of FRP-confined circular
concrete columns under eccentric loading. J. Compos. Constr. 21(4):04017003

McAllister T (2016) Guide Brief 3 – Existing Community Resilience Activities Identifying Solu-
tions to Address Resilience Gaps. NIST Special Publication 1190GB-3, September 2016,
https://doi.org/10.6028/NIST.SP.1190GB-3

Mirmiran A, Zagers K, Yuan W (2000) (2000) Nonlinear finite element modeling of concrete
confined by fiber composites. Finite Elem Anal Des 35(1):79–96

Moddemeyer S, Keithy S, Poland C, Baxter J, Siohan M (2016) Resilient Design Performance
Standard for Infrastructure andDependent Facilities, vol. I: Report. Boulder County CDBG-DR
Collaborative, March 2016

Mohammandi M, Dai JG, Wu YF, Bai YL (2019) Development of extended Drucker-Prager
model for non-uniform FRP-confined concrete based on triaxial tests. Constr Build Mater
224(2019):1–18

NAC (2012) Disaster Resilience, A National Imperative, The National Academies Press,
Washington D.C. 2012. www.nap.edu

Padanattil A, Karingamanna J, Mini KM (2017) Novel hybrid composites based on glass and sisal
fiber for retrofitting of reinforced concrete structures. Construct Build Mater 133:146–153

Piscesa B, Attard MM, Samani AK (2018) 3D Finite element modeling of circular reinforced
concrete columns confined with FRP using a plasticity based formulation. Compos Struct
194(2018):478–493

Poljansek K, Ferrer MM, De Groeve T, Clark I (2017) Science for Disaster Risk Manage-
ment 2017: Knowing Better and losing less. EU Science Hub, Disaster Risk Manage-
ment Center. https://ec.europa.eu/jrc/en/publication/science-disaster-risk-management-2017-
knowing-better-and-losing-less

Qin R, Hao H, Rousakis T, Lau D (2019) Effect of shrinkage reducing admixture on new-to-old
concrete interfaces. Compos B Eng 163:96–106

Riedel W, Kawai N, Kondo KI (2009) Numerical assessment for impact strength measurements
in concrete materials. Int J Impact Eng 2009(36):283–293

https://doi.org/10.4028/www.scientific.net/AMR.639-640.1096
https://doi.org/10.12989/sem.2016.58.2.379
https://doi.org/10.6028/NIST.SP.1190GB-3
http://www.nap.edu
https://ec.europa.eu/jrc/en/publication/science-disaster-risk-management-2017-knowing-better-and-losing-less


76 T. Rousakis

Rouka D, et al (2017) Response of RC buildings with low-strength infill walls retrofitted with FRP
sheets with highly deformable polymer – effects of infill wall strength. In: 25th International
Conference on Composites/Nano Engineering (ICCE-25), 16–22 July 2017 Rome, Italy, editor
David Hui

Rousakis T (2014). Elastic fiber ropes of ultrahigh-extension capacity in strengthening of concrete
through confinement. J Mater Civil Eng 26(1):34–44

Rousakis T, Georgiadis N, Anagnostou E (2018) 3D Finite element pseudoseismic analysis
of CFRP strengthened RC columns. In: 26th International Conference on Composites/Nano
Engineering (ICCE-26), 15–21 July, Paris, France

Rousakis T et al (2020a) Quick reparation of RC infilled frames after seismic damages – exper-
imental tests on shaking table. In: 10th International Conference on FRP Composites in Civil
Engineering (CICE 2020), Istanbul, 1–3 July 2020

Rousakis T et al (2020b) Deformable polyurethane joints and fibre grids for resilient seismic
performance of reinforced concrete frameswith orthoblock brick infills. Polymers 12(12):2869.
https://doi.org/10.3390/polym12122869

Rousakis T et al (2017) Fast retrofitting of strong wall infill of RC buildings with fiber sheets
impregnated with highly deformable polymer. In: Hui D (ed.) 25th International Conference
on Composites/Nano Engineering (ICCE-25), July 16–22, 2017 Rome, Italy

Rousakis TC (2016) Reusable and recyclable nonbonded composite tapes and ropes for concrete
columns confinement. Compos Part B: Eng 103:15–22

Rousakis TC (2017) New design concept for advancing seismic structural resilience of RC
columns through hybrid confinement. In: 25th International Conference on Composites/Nano
Engineering (ICCE-25), July 16–22 2017 Rome, Italy

Rousakis TC, Karabinis AI, Kiousis PD, Tepfers R (2008) Analytical modelling of plastic
behaviour of uniformly FRP confined concrete members. Compos B Eng 39(7):1104–1113

Rousakis TC, Panagiotakis GD, Archontaki EE, Kostopoulos AK (2019) Prismatic RC columns
externally confined with FRP sheets and pretensioned basalt fiber ropes under cyclic axial load.
Compos B Eng 163:96–106

Rousakis TC, Tourtouras IS (2014) RC columns of square section – passive and active confinement
with composite ropes. Elsevier, J Compos Part B Eng 58:573–581

Rousakis T (2013) Hybrid confinement of concrete by FRP sheets and fiber ropes under cyclic
axial compressive loading. ASCE J Compos Constr 17(5):732–743

Rousakis T (2014) Elastic fiber ropes of ultrahigh-extension capacity in strengthening of concrete
through confinement. ASCE J Mater Civil Eng 26(1):34–44

Rousakis TC (2017) Inherent seismic resilience of RC columns externally con fi ned with non-
bonded composite ropes. Compos B 135:142–148. https://doi.org/10.1016/j.compositesb.2017.
10.023

Rousakis T, Anagnostou E, Fanaradelli T (2021a) Advanced composite retrofit of RC columns and
frames with prior damages—pseudodynamic finite element analyses and design approaches.
Fibers 9(9):56. https://doi.org/10.3390/fib9090056

Rousakis T, Vanian V, Fanaradelli T, Anagnostou E (2021b) 3D FEA of infilled RC framed
structures protected by seismic joints and FRP jackets. Appl Sci 11(14):6403. https://doi.org/
10.3390/app11146403

Seible F, PriestleyMJN, Hegemier GA, Innamorato D (1997) Seismic retrofit of RC columns with
continuous carbon fiber jackets. J Compos Construct 1(2):52–62

Tamuzs V et al (2006) Behavior of concrete cylinders confined by carbon-composite Tapes and
prestressed yarns 1. Experimental data. Mechanics of Composite Materials 2006 42(1):13–32.
Springer Science+Business Media, Inc.0191–5665

Triantafillou TC, Papanicolaou CG, Zissimopoulos P, Laourdekis T (2006) Concrete confinement
with textile-reinforced mortar jackets. ACI Struct J 103(1):28–37

https://doi.org/10.3390/polym12122869
https://doi.org/10.1016/j.compositesb.2017.10.023
https://doi.org/10.3390/fib9090056
https://doi.org/10.3390/app11146403


Strengthening and Repair with Advanced Materials and Hybrid Techniques 77

Triantafyllou G, Rousakis T, Karabinis A (2019) Corroded RC beams at service load before and
after patch repair and strengthening with NSM CFRP strips. Buildings 9(3):67. https://doi.org/
10.3390/buildings9030067

USGS (2016) U.S. Geological Survey: earthquakes with 1,000 or More Deaths 1900–2014. http://
earthquake.usgs.gov/earthquakes/world/world_deaths.php. Accessed18 September 2016

Wu G, Wu ZS, Lu ZT, Ando YB (2008) (2008) Structural performance of concrete confined with
hybrid FRP composites. J Reinforc Plast Compos 27(12):1323–1348

Yu T, Teng JG, Wong YL, Dong SL (2010) Finite element modeling of confined concrete-I:
drucker-prager type plasticity model. Eng Struct 32(3):665–679

https://doi.org/10.3390/buildings9030067
http://earthquake.usgs.gov/earthquakes/world/world_deaths.php

	Strengthening and Repair with Advanced Materials and Hybrid Techniques for Increased Resilience of RC Structures with the Use of Pseudo-dynamic 3d Finite Element Analysis
	1 Introduction
	2 Structural Resilience at Reinforced Concrete Member and Frame Level
	2.1 Open Design Recommendation-Related Issues to Contribute to Member Resilience

	3 Pseudo-dynamic FE Modeling Towards Advanced Structural Resilience
	3.1 Strain Redistribution Effects in Rope Confinement
	3.2 Seismic Retrofitting of RC Columns with FRPs

	4 Dynamic 3-Dimensional Finite Element Modeling for Seismic Table Experiments of Resilient Interventions of Brick Infilled Reinforced Concrete Framed Structure
	5 Conclusions
	References




