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Abstract. A numerical investigation is presented for the seismic analysis of existing rein-

forced concrete (RC) structures, which have been damaged due to extreme actions and are 

seismically upgraded by cable elements (tension-ties). A double discretization, in space by the 

Finite Element Method and in time by a direct incremental approach, is used. The unilateral 

behavior of the cable-elements, which can undertake tension stresses only, is strictly taken 

into account and results to inequality constitutive conditions. So, in a first numerical ap-

proach, a non-convex linear complementarity problem is solved in each time-step. Alterna-

tively, in a second numerical approach, an incremental problem formulation and treatment is 

applied. The decision for the optimal cable-strengthening scheme in praxis problems of RC 

structures under multiple earthquakes excitation can be obtained on the basis of computed 

damage indices. A calibration of the numerical approaches is realized in a typical example 

problem by comparing the computational results with available experimental ones. It is 

shown that cable strengthening has significant effects on the earthquake response and, hence, 

can be used effectively for the seismic upgrading of existing RC structures. 
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1 INTRODUCTION 

In Greece and other seismically active countries, many existing reinforced concrete (RC) 

frame buildings have been designed and built using the old seismic codes. Such old regula-

tions for reinforcement details are often not adequate for proper seismic structural behavior, 

local and/or global. An example of inadequate local behavior is the case of the beam-column 

connections [1,2]. As concerns the global behavior, for such RC frames a need for seismic 

strengthening often arises. One of the simple, cheap and efficient methods for strengthening 

of RC frames against lateral induced earthquake load is the use of steel cross X-bracings, see 

e.g. Massumi [3,4] and the references given therein. The combination of reinforced concrete 

frame with steel cross X-bracing is not a common practice due to unknown behavior and per-

formance that needs to be investigated. Research, mainly experimental one, on the use of this 

method of retrofitting has begun since 80s in which cross X-bracings have been used indi-

rectly together with a steel frame confined by a concrete frame. Application of this technique 

is reported, among others, also in Greece, for the case of improving the seismic performance 

of existing old pilotis type multi-story RC buildings by strengthening only the ground story 

[5,6].  

In general, seismic upgrading of existing RC structures makes use of well known today re-

pairing and strengthening techniques, see e.g.  Bertero et al [7], Penelis & Kappos [8], Dritsos 

[9], Fardis [10] and Penelis & Penelis [11]. An alternative technique, the one using cable-like 

members (tension-ties) instead of the mentioned steel cross X-bracing, can be used as a first 

strengthening and repairing procedure for RC building frames against earthquake actions, see  

Tegos et al, [12,13]. Cable restrainers are also used for concrete and steel superstructure 

movement joints in bridges [14]. These cable-members (ties) can undertake tension, but 

buckle and become slack and structurally ineffective when subjected to a sufficiently large 

compressive force. Thus the governing conditions take an equality as well as an inequality 

form and the problem becomes highly nonlinear, see Liolios et al, [15]. 

Regarding the strict mathematical treatment of the problem, the concept of variational 

and/or hemivariational inequalities can be used, as it has been introduced and successfully 

applied in engineering by Panagiotopoulos [16]. As concerns the numerical treatment, non-

convex optimization algorithms are generally required [15-17]. 

On the other hand, current seismic codes, e.g. EC8 [18-22], suggest the exclusive adoption 

of the isolated and rare “design earthquake”, while the influence of repeated earthquake phe-

nomena is ignored. This is a significant drawback for the realistic design of building struc-

tures. Despite the fact that the problem has been qualitatively acknowledged, few studies have 

been reported in the literature, especially the last years, regarding the multiple earthquake 

phenomena, see e.g. [23]. 

This study presents a numerical investigation for the seismic analysis of existing reinforced 

concrete (RC) building frames, which have been strengthened by cable elements. The investi-

gation results to two proposed approaches, one based on linear complementarity problem 

formulation and treatment [15], and the second based on incremental formulation. The latter 

procedure uses the Ruaumoko structural engineering software [24]. Damage indices are com-

puted and used for comparing various cable-bracing strengthening versions, in order the opti-

mum one to be chosen, especially under multiple earthquakes. A calibration of the second 

approach is realized by using available experimental results for a simple typical one-bay one-

story RC frame.  
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2 METHOD OF ANALYSIS 

2.1 Formulation of the problem 

As is usual in Structural Dynamics [25], a double discretization is applied. First, the struc-

tural system is discretized in space by using finite elements. Pin-jointed bar elements are used 

for the cable-elements. The behavior of these elements can in general include loosening, elas-

toplastic or/and elastoplastic-softening-fracturing and unloading - reloading effects. All these 

characteristics, concerning the cable full constitutive law, as well as other general non-

linearities of the RC structure, can be expressed mathematically by using concepts of convex 

and non-convex analysis, see Panagiotopoulos [16]. So, for the cable-elements behavior, the 

following relation holds: 

i i i i
ˆs (d ) SP (d )  (1) 

Here  si  and  di  are the (tensile) force (in [kN]) and the deformation (elongation) (in [m]), 

respectively, of the i-th cable element, ̂  is the generalized gradient and  SPi  is the superpo-

tential function, see Panagiotopoulos [16] and Mistakidis & Stavroulakis [17]. By definition, 

relation (1) is equivalent to the following hemivariational inequality, expressing the Virtual 

Work Principle: 

i i i i i i i iSP  (d ,e d )  s (d )  (e d )     (2) 

where 
iSP  denotes the subderivative of  SPi and ei, di are kinematically admissible (virtual) 

deformations. 

Next, dynamic equilibrium for the assembled structural system with cables is expressed by 

the usual matrix relation: 

M u +C( u )+K(u)  =  p + A s   (3) 

Here u(t) and p(t)  are the displacement and the load time dependent vectors, respectively. 

The damping and stiffness terms, C( u ) and  K(u), respectively, concern the general non-

linear case. When the linear-elastic case holds, these terms have the usual form C u   and Ku.  

Dots over symbols denote derivatives with respect to time. By  s(t)  is denoted the cable stress 

vector. A  is a transformation matrix. For the case of ground seismic excitation ug, the loading 

history term p becomes  -M u g.  

The above relations (1)-(3), combined with the initial conditions, consist the problem for-

mulation, where, for given p and/or u g, the vectors u and s have to be computed. Regarding 

the strict  mathematical point of view, using (l) and (2), we can formulate the problem as a 

hemivariational inequality one by following [16, 17] and investigate it. 

2.2 Numerical treatment 

A numerical treatment of the problem, based on a piecewise linearization of the above con-

stitutive relations as in elastoplasticity [35], is described in Liolios et al [15] for cable-braced 

RC systems. By using a direct time-integration scheme, in each time-step Δt a relevant non-

convex linear complementarity problem (NC-LCP) of the following matrix form is solved : 
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v   0 ,       D v + d   0 , v 
T
 . (D v + d) = 0 . (4) 

Here v is the vector of unknown unilateral quantities at the time–moment t,  v
T
 is the trans-

pose of v, d is a known vector dependent on excitation and results from previous time mo-

ments (t- Δt), and D is a transformation matrix. The problem (4) is solved by using available 

optimization algorithms [15-17]. 

So, the nonlinear Response Time-History (RTH) for a given dynamic and/or seismic 

ground excitation can be computed.  

An alternative approach for treating numerically the problem is the incremental one. Now, 

relation (3), taking into account both, load history and ground seismic excitation, is written in 

incremental form: 

M u +C u +KT u  =  -M u g + A s   +p, (5) 

Here KT is the tangent stiffness matrix, by which restoring nonlinear force-displacement rela-

tions are taken into account [24, 25]. 

The structural analysis software Ruaumoko [24], which uses the finite element method, is 

based on this approach. For the time-discretization, the Newmark scheme is here chosen. 

Ruaumoko provides results which concern, among others, the following critical parameters: 

local or global structural damage, maximum displacements, interstorey drift ratios, develop-

ment of plastic hinges and various response quantities, which allow the using of the incre-

mental dynamic analysis (IDA) method [26].  

Further, Ruaumoko has been applied successfully for multiple earthquakes concerning the 

cases of concrete planar frames [23] and RC frames strengthened by cables [27]. It is re-

minded that multiple earthquakes consist of real seismic sequences, which have been recorded 

during a short period of time (up to some days), by the same station, in the same direction, 

and almost at the same fault distance. In the reported applications [23, 27], complete lists of 

the used earthquakes sequences were downloaded from the strong motion database of the Pa-

cific Earthquake Engineering Research (PEER) Center [36]. 

2.3 Damage indices used for assessment and comparison 

After the seismic assessment [10,11,22] of the existing RC structure, the choice of the best 

strengthening cable system can be realized by using damage indices [28-33]. Here the overall 

structural damage index (OSDI) is used. This parameter summarizes all the existing damages 

on columns and beams of reinforced concrete frames in a single value, which is useful for 

comparison reasons [33].  

In the OSDI model after Park/Ang [28] the global damage is obtained as a weighted aver-

age of the local damage at the section ends of each frame element or at each cable element. 

The local damage index is given by the following relation: 

m
L T

u y u

DI E
F d

 
 


(6a) 

where: DIL is the local damage index, μm the maximum ductility attained during the load his-

tory, μu the ultimate ductility capacity of the section or element, β a strength degrading pa-

rameter, Fy the yield force of the section or element, ET the dissipated hysteretic energy. 

The modified Park/Ang local damage index as proposed by Kunnath et al. [29] is given by 

the following relation: 
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m r
L,M T

u r y u

DI E
M

  
 
  

(6b) 

where the deformation ductility was replaced by the rotation; while θm is the maximum rota-

tion attained during the loading history; θu  is the ultimate rotation capacity of the critical re-

gion; θr  is the recoverable rotation after unloading; My is the yield moment; and ET is the 

dissipated energy in the critical region. The element damage is selected as the largest damage 

index of the end critical region. 

In the global damage index, which is a weighted average of the local damage indices, the 

dissipated energy is chosen as the weighting function. So, the global damage index is given 

by the following relation: 

n

L i

i 1
G n

i

i 1

DI E

DI

E









(7) 

where DIG is the global damage index, DIL the local damage index, Ei the energy dissipated at 

location i  and n the number of locations at which the local damage is computed. 

3 CALIBRATION AND APPLICATION OF THE NUMERICAL APPROACH 

3.1 The available experimental results 

A calibration of the presented numerical approach is realized by using available experi-

mental results for a simple typical one-bay one-storey RC frame strengthened with steel cross 

X-bracing and investigated by Massumi et al [3,4 ].The results concern two experimental 

models of reinforced concrete frames, which  have been designed on the basis of old tradi-

tional codes. The first of them is a bare-frame and the second is the same frame, but strength-

ened with steel X-bracing.  

The single-bay, one-storey  frame and the experimental testing procedure are shown in 

Figures 1, 2 and 3 adapted from [3,4]. The frame was of concrete C25 and had section dimen-

sions (12cm)x(12cm) for the two columns and the beam. The steel bracings were squared 

tubes with section (20mm)x(20mm) and thickness t=2mm. Yield strength of steel bracings 

was 240 MPa. For the details of the experimental program see Massumi et al [3,4]. 

During the experiments, a lateral additive cyclic static load P was applied to the storey 

beam in a displacement-controlled mode, see Fig. 3. The relevant diagrammes of the load P 

versus to the top displacement u hysteretic behavior for the unbraced (bare) frame and the X-

braced frame are shown in Fig. 4. Similar hysteretic diagrammes for bare frames are reported 

in other experimental publications, see e.g. [37]. 

Based on the above experimental results and using Ruaumoko software, in the next para-

graph the finite element model related to these frames is made by using cable-elements and 

calibrated, and then nonlinear analyses under additive cyclic static loading suggested by the 

experimental results are performed.  

4001



Angelos A. Liolios 

Figure 1. Details of the investigated RC frames (adapted from Massumi et al [4] after permission) 

Figure 2. Strengthened RC frame with X-cross bracings  and its connection details (adapted from Massumi et 

al [4] after permission) 
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Figure 3. Test setup and loading systems (adapted from Massumi et al [4] after permission) 

 

 

 

 
 
Figure 4. Experimental load-displacement hysteretic behavior for (a) unbraced frame, and (b) X-braced frame 

(adapted from Massumi et al [4] after permission) 
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3.2 Simulation of the Massumi et al [3,4 ] experiments 

With respect to above experimental results, the finite element models related to the un-

braced and braced frames are made using Ruaumoko software [24]. The two columns and the 

beam are modeled using prismatic  frame  elements. Nonlinearity at the two ends of RC 

members is  idealized using one-component plastic hinge models, following the Takeda hys-

teresis rule. The effects of cracking on columns and beams are estimated by applying the 

guidelines of EC8-Part3 [10, 18, 19] and KAN.EPE [22]. So, the stiffness reduction due to 

cracking results to effective stiffness of 0.450 Ig for the columns and 0.225 Ig for the beam, 

where Ig is the gross inertia moment of the section (12cm)x(12cm).  

For the steel bracings simulation, cable-elements are used herein by applying the bilinear 

with slackness hysteresis rule [24]. These cable elements have a cross-sectional area Fc = 1.44 

cm
2
, which is equivalent to the cross-sectional area of steel braces tubes with section

(20mm)x(20mm) and thickness t=2mm used in Massumi et al [3], see Fig. 2. Yield strength of 

cable bracings was considered to be also the same one of [3], i.e. 240 MPa. Further, yield 

strain  εy = 0.2 %, fracture strain  εf = 2 %  and elasticity modulus  Es = 200 GPa are taken for 

the cables. So, the cable constitutive law, concerning the unilateral (slackness), hysteretic, 

fracturing, unloading-reloading etc.  behavior, has the diagramme depicted in Fig. 5. Ductility 

index is μ = d/dy . 

Figure 5. The diagramme for the constitutive law of cable-elements. 

Based on the experimental procedure [3,4] and on Fig. 4, the loading history has been 

simulated as an displacement-controlled multiple earthquake excitation imposed on the top 

left node of the frame. This loading simulation had full loading steps with maximum dis-

placements ±5, ±10, ±15, ±20, ±25  and ±30 [mm] for the unbraced frame, whereas for the X-

braced frame the loading steps had maximum displacements ±2.5, ±5.0, ±7.5, ±10, ±12.5  and 

±15 [mm].  
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Figure 6.  Simulated load-displacement hysteretic behavior for the  unbraced frame. 

Figure 7. Simulated load-displacement hysteretic behavior for the  X-cable braced frame. 

The relevant diagrammes of the (load P)-(top displacement u) hysteretic behavior for the 

unbraced (bare) frame and the X-braced frame are shown in Fig. 6 and Fig. 7, respectively. As 

these figures show, the computed results are in a good agreement with the experimental ones 

of Fig. 4. 

Some representative results of the numerical simulation are presented in next Table 1. In 

column (2) the Global Damage Index DIG and in column (3) the Local Damage Index DIL for 

the bending moment at the left fixed support of the frame are given. Finally, in the column 

(4), the developed maximum horizontal top force Ptop is given.  
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FRAME DIG DIL Ptop [kN] 

(1) (2) (3) (4) 

Unbraced 0.098 0. 201 12.52 

X-braced 0.001 0.001 55.40 

 
Table 1. Representative response quantities for the unbraced and braced frames  

 

The table values show, as expected, that cable- strengthening generally on the one hand re-

duces the damage indices and on the other hand increases the global horizontal frame resis-

tance. So, for the unbraced frame, is Pmax = 12.52 kN, whereas for the cable-X-braced frame is 

Pmax = 55.40 kN. That means that the frame-stiffness is increased by a factor 55.4/12.52 = 

4.425. As concerns the damage indices, they are minimized for the cable-strengthened frame. 

Similar concluding remarks hold for multi-story and multi-bay real praxis RC frames as in-

vestigated in [27].  Therein is shown that a further improvement of the seismic behavior of the 

initial frames can be obtained by trying various cable-bracing schemes and by realizing a pa-

rameter sensitivity analysis concerning the cable characteristics, e.g. cross-sectional area Fc or 

steel class. 

 

3.3 Application for the case of one-tie braced frame  

After the previous calibration of the numerical procedure, and in order to clarify the unilat-

eral behavior of the cable-elements and their effects on the structural response, the same 

frame of Fig. 1 is investigated, but with only one tension-tie, the ascending diagonal cable, as 

shown in Fig. 8.  

 

 

 
 

Figure 8. The one-tie braced frame 

 

The loading history had the same full loading steps as for the X-braced frame, i.e. the load-

ing steps had maximum displacements ±2.5, ±5.0, ±7.5, ±10, ±12.5  and ±15 mm.  
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Figure 9. Computed load-displacement hysteretic behavior for the one-tie braced frame 

In Fig.8 the relevant diagramme of the load-top displacement hysteretic behavior is shown. 

As this figure shows, when the loading is in the direction CD, the cable is activated and the 

system stiffness is increasing about 4.25 times. On the contrary, when the loading is in the 

inverse direction DC, then the cable becomes slack and so inactivated, and the system stiff-

ness is decreasing and approaching the one of the bare frame. 

4 CONCLUSIONS 

The seismic inelastic behavior of planar RC frames strengthened by cable elements has 

been numerically investigated by the herein presented numerical approach. This approach has 

been calibrated by using available experimental results concerning the case of a single-bay 

one-storey RC frame, which was subjected to a recycling additive lateral loading in displace-

ment-controlled mode.  

The presented numerical approach can be effectively used for the seismic assessment and 

strengthening of existing RC structures by cable-elements. This holds for general dynamic 

excitations, as well as for sequential strong ground motions. For the last case of multiple 

earthquakes, the proposed numerical procedure has been already applied in [27]. Finally, on 

the basis of computed damage indices, an optimal cable-bracing scheme can be selected 

among investigated alternative ones by realizing a parameter sensitivity analysis concerning 

the cable characteristics. 
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