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ABSTRACT

• In historic (existing old) reinforced concrete (RC) buildings,
some structural element-members, e.g. columns, are
sometimes removed due to various reasons. These reasons
can concern changes of serviceability and requirements, or
environmental effects, e.g. corrosion, earthquakes, which
cause strength degradation etc. In such cases, a modification
of the structural response and a redistribution of internal
actions can result to a requirement for strengthening the
remaining structure in order to avoid a progressive collapse.
• The present study deals with such a case, which concerns

the computational analysis of historic framed RC structures
under the removal of some columns and the so-induced
requirement of a strengthening by cable-ties (tension only
elements). These cable-ties can undertake tension but
buckle and become slack and structurally ineffective when
subjected to a sufficiently large compressive force.



ABSTRACT (continued)

• The problem of historic RC structures containing as above
cable-like members belongs to the so-called Inequality
Problems of Mechanics, as their governing conditions are of
both, equality and inequality type. A realistic numerical
treatment of such problems can be obtained by
mathematical programming methods (optimization
algorithms).
• Here, and taking into account all the non-linearities

concerning the cable and the RC elements behavior, a
computational approach based on an incremental problem
formulation is appropriately applied. Finally, an application is
presented for a simple typical example of an historic (old
industrial) RC frame strengthened by bracing ties after the
removal of some ground floor columns.
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INTRODUCTION

Ò A computational approach is presented for the analysis
of the cable-strengthened response of historic (e.g.
existing old industrial) Reinforced Concrete (RC)
structures, which have been degradated due to extreme
actions (environmental, seismic etc.) and are subjected to
some elements removal.

Ò See Starossek, U. (2009). Progressive collapse of
Structures. Thomas Telford Ltd, London.

Ò And a typical example in next Figure:



Figure E1. The initial industrial RC frame F0 
without cable-strengthening.

The dashed lines are the two internal columns 
which have been removed.
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1. INTRODUCTION (continued)

Ò Historic, e.g. old existing industrial, Reinforced
Concrete (RC) structures are often subjected to
removal of some structural elements. Such elementes
have been usually degradated due to extreme actions
(environmental, seismic etc.).

Ò To improve the anti-seismic capacity of the remaining
structure, this can be seismically upgraded by using
traditional strengthening methods. One of these methods
is the strengthening by cable elements (tension-ties).

Ò The unilateral behavior of the cable-elements, which
can undertake tension stresses only, and the non-linear
behavior of the RC structural elements are strictly taken
into account and result to inequality constitutive
conditions.



INTRODUCTION (continued)

For the numerical treatment of the system of governing 
partial differential relations (PDE), a double discretization, 
in space by the Finite Element Method and in time by a 
direct incremental approach, is used. So, in each time-
step, a non-convex linear complementarity problem is 
solved. 
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Typical example of an RC frame strengthened by X-bracings ties, 
(Liolios and Chalioris, 2015) and Massumi et al(2013)
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Typical example of an FLEXURE-SHEAR-CRITICAL RC frame strengthened by 
X-bracings ties, (Liolios and Chalioris, 2017)
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Example of Ties-bracing system

strengthened by X-bracings ties



Examples for cable-strengthening: A) The two-bays two-storey RC frame F0: B)  The F1 two-ties-
system, C) The F2 four-ties-system X, D) The F3 four-ties-system inverted V.

A)                                        B)

C)                                        D)



Ties-strengthening systems - example 



2. THE COMPUTATIONAL APPROACH

2.1. Formulation of the Problem
* Application of the hemivariational inequality approach: see 

Panagiotopoulos, (1993), or Stavroulakis, (2001).
* Subdifferential constitutive laws for RC frame elements 

nonlinearities and for the cable elements:

* Hemivariational inequality (virtual work):

Ð Structural Dynamics, non-linear problem, system of partial 
differential equations PDE.

Ð A discretization is applied in space by the Finite Element Method:
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Experimental constitutive laws and their 
backbone-diagrammes:

(a) Ductile,                                            (b) Brittle



Piece-wise linearized non-linear constitutive law:
Backbone constitutive law



Moment-curvatures diagramme in critical sections
Curvatures available  ductility:   µφ =  φu / φy

curvature φ in [rad/m],  bending moment M in [kN.m]



Consideration of concrete CRACKING

• EFFECTIVE FLEXURAL STIFFNESS of RC Members

• θy : the chord rotation at yield  (by formula in ΚΑΝ.ΕPΕ., or 
in EC8), dependent on the curvatyre φy

• Μy : the flexural moment and the chord rotation at yield, yield  
(by formula in ΚΑΝ.ΕPΕ., or in EC8)



Strength degradation due to    cracking, 

REDUCTION of the inertial moment in cracked sections

Ò Codes:              Ieff = r. Ig

ÒMean values for the reduction factor r:
Ò (estimated on the basis of experimental data)
Ò Beams:                      r = 0.40
Ò Columns external:    r = 0.60
Ò Columns internal:     r = 0.80

Ò Eurocode EC8 :              EIeff =  My.Ls/(3*θy)
Ò θ:  chord rotation, in [rad], of a member with shear 

length Ls



2.2. The numerical treatment of the problem 
for earthquakes ground excitation

a) Piece-wise linearization, Double discretization:
in space by the Finite Element Method (FEM), in time by 

direct integration methods (e.g. Newmark)
In each time step, we solve a Non-convex linear 
complementarity problem 

(see e.g. Panagiotopoulos, 1993,   Liolios et al. 2012, 
Mistakidis & Stavroulakis, 1998)

b) Incremental formulation, tangent stiffness matrix:
M Dü + C Dù + KT Du  =  - M Düg + Ds

Structural analysis software Ruaumoko (Carr, 2008).
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Such design variables for the herein considered RC buildings are the 
quantities describing the plastic-hinges .

Ò Figure 1. Representative moment-rotation backbone 
diagramme for plastic hinges 



3. A NUMERICAL EXAMPLE FOR AN OLD 
HISTORIC RC FRAME SUBJECTED TO 

REMOVAL OF TWO INTERNAL COLUMNS

Ò
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3.1. Description of the 
considered RC structural 

system.



.

Ò The RC plane frame structure of Fig. E1 had been
initially constructed with two more internal
columns in the ground floor, which are shown as
dashed lines and have been removed due to
degradation caused by environmental actions. The
axial loads, which were initially undertaken by
these two columns, are now shown as the two
applied vertical concentrated loads of 180 kN and
220 kN.



Figure E1. The initial industrial RC frame F0 
without cable-strengthening.

The dashed lines are the two internal columns 
which have been removed.
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Due to removal of the above two columns,
and in order to prevent a progressive
collapse, the initial RC frame of Fig. E1 is
strengthened by ten (10) steel cables
(tention-only tie-elements) as shown in Fig.
E2.

In the so formulated system, it is wanted to
be computed which of the cables are
activated and which are not, under the
considered static loading of Fig. 1.



Figure E2. THE RC FRAME STRENGTHENED 
BY 10 CABLES.
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Fig. E3. The diagramme for the 
constitutive law 

of cable-elements
(Ductility:   µ = d / dy).
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3.2. Representative 
results
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4. CONCLUDING REMARKS
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The analysis of the cable-strengthening inelastic behaviour of existing

old industrial RC structures, which have been subjected to removal of

some elements, can be numerically investigated by the herein

presented computational approach.
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BLAGODARIA
Thank you for your attention…


