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Summary: A strengthening solution for multi-storey buildings in seismically active regions is 
considered. The Precast Reinforced Concrete Large Panel (PRCLP) structural system is described. 
Besides earthquakes, different problems during the last decades were identified in the PRCLP 
structural behaviour: design mistakes, neglected health monitoring, construction problems, change of 
use for example cut-out openings. The presented study is a part of an ongoing research program 
which deals with the influence of the Fibre Reinforced Polymer (FRP) strengthening on the behaviour 
of Precast RC Wall Panels (PRCWP) with cut out openings subjected to cyclic (seismic) and normal 
(gravity) loading. In this paper a brief literature survey concerning RC walls strengthened by FRP is 
presented and the experimental tests setup is discussed. The wall specimens were designed 
according to the 1981 Romanian code. Tests are described and a discussion based on previous 
experimental work on shear walls is undertaken and future research is suggested. 
 
 
1 INTRODUCTION 

Precast Reinforced Concrete Large Panel structures are one of the most common structural 
systems in seismically designed buildings constructed in Romania from nineteen fifty to late nineteen 
ninety [1]. Nowadays, functionality modifications of the structures are often encountered. New 
windows, doors or paths for ventilation or heating systems demands openings in walls. Small 
openings do normally not create any effect on the structural behaviour, mainly due to the stress 
redistribution capability. However, in the case of larger openings the stress distribution induced by 
lateral (in-plane) or vertical loads may change. This happens when considerable amount of concrete 
and reinforcing steel have to be removed, so that the structural wall is no more capable to transfer 
forces. Thus, a strengthening of the structure is imposed to recover the initial capacity. Traditional 
strengthening methods, such as bordering of reinforced concrete/steel frame system, may not be 
architecturally convenient or fulfil the functionality of the opening. It is therefore suggested that FRP 
systems are used for shear wall retrofitting when openings are made.  



CCC 2008:   Gabriel Sas, István Demeter, Anders Carolin, Tamás Nagy-György, Valeriu Stoian and Björn Täljsten. 
 

 
 

2

2 LITERATURE REVIEW  
FRP, epoxy bonded on the surface of reinforced concrete structures, has been proved in time to be 

an efficient and viable strengthening method [2,3,4,5]. The major advantage of the FRP strengthening 
of walls comes from the high speed application, low weight-strength ratio and low costs. Special 
attention must be given when strengthening an already made opening since a strain field already 
exists around the opening.  

One of the first FRP strengthening of RC walls was reported by Ehsani and Saadatmanesh [6]. A 
concrete building was retrofitted using glass fibres following the ’94 Northridge earthquake. Out-of-
plane flexural failure was recorded immediately after the earthquake. The major cause of the failure 
was considered the horizontal forces acting perpendicular to the plane of the wall while stiffness 
redistribution of the structure occurred.  

Bond properties between Carbon Fibre Reinforced Polymer (CFRP) and concrete on adjacent RC 
wall panels connected through CFRP were experimentally studied by Volnyy and Pantelides [7]. A 
series of nine tests on full scale precast RC wall under in-plane horizontal cyclic quasi-static load was 
conducted. Three main modes of failure were reported: fibre failure of the composites, “cohesive 
failure” (delamination of the fabric from the concrete surface) and concrete surface shear failure. The 
measurements showed a low utilization of the fibres i.e. 1200 micro strains. The strains had a zero 
value at a length of 125 mm measured in the direction perpendicular to the crack from the tip of the 
crack. This value was defined as experimental effective anchorage length and considered in good 
agreement with the theoretical values.  

The feasibility of CFRP strengthening and rehabilitation of reinforced concrete shear walls was 
studied by Lombard et al [8]. Four walls were tested in a quasi static cyclic load sequence in load 
control up to yielding and displacement control up to failure, respectively. Based on the experimental 
observations an empirical theoretical model was developed to predict the load – displacement 
envelope of reinforced concrete shear walls strengthened with CFRP. The flexural and shear 
deflection at the top of the wall are considered as the most important parameters. A correlation 
between the cantilever beam behaviour and the shear wall behaviour is considered to derive the 
model. A partial factor is introduced to account the inelastic behaviour of the concrete, the non-linear 
distribution in the wall and the load resistant effect of the carbon fibre sheets. Model predictions were 
in good agreement with experimental result performed.  

Sixteen scaled specimens of RC columns with wing walls were tested in simulated seismically 
loading (in-plane cyclic displacement control and vertical load) to investigate the shear reinforcing 
effect of the externally bonded carbon and aramid FRP sheets by Iso et al. [9]. Authors reported a 
linear increase of the shear capacity with the increase of composites layers. However, a limitation of 
the retrofitting effects of FRP sheets on the element’s ultimate shear capacity was found.  

Seismic behaviour of non-structural reinforced concrete walls with openings, strengthened using 
FRP composite sheets, was studied by Sugiyama et al. [10]. A series of tests were conducted on eight 
1:3 scale specimens. Shear failure was reported as governing mechanism of collapse followed by 
debonding of CFRP at approximately 15 mm lateral displacement. The non-structural reinforced 
concrete walls were compared with a structural RC shear wall and an independent RC frame. Authors 
concluded that even if the load bearing capacity of the non-structural walls was not increased, the 
overall behaviour of the frame-wall assemblies was improved in terms of serviceability limit state 
parameters.  

In two series of tests Antoniades et al. [11,12] analyzed the results of seismic loading on reinforced 
concrete walls strengthened with FRP. A series of different anchorage methods were used to provide 
the force transfer from the applied FRP strengthening system to the foundation. The walls, designed 
according to modern code provisions, were subjected to in plane cyclic loading up to failure. The 
dominant failure mode in all cases was flexural with local anchorage failure.  

Paterson and Mitchell [13] conducted an experimental program on four cantilever reinforced 
concrete walls in order to investigate the effectiveness of the combined strengthening using FRP 
wrapping, headed reinforcement and reinforced concrete collars. Test showed a flexural failure in all 
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four cases. Difference was made in the type of failure; unstrengthened walls by brittle lap splice failure 
while companion i.e. strengthened specimens had gradual strength degradation.  

An innovative strengthening method of reinforced concrete walls using aramid fiber reinforced 
polymers (AFRP) was performed by Kobayasi [14]. AFRP bundles were passed through drilled holes 
on a diagonal path. Shear failure was reported in all the cases. A 25% increase of the shear load was 
noted. The author considered the research as having a valuable significance also from economical 
point of view i.e. reduced consumption of material and easier to apply.  

In order to validate finite element analysis (FEA) Li et al. [15] tested a 1:5 scale reinforced concrete 
shear wall strengthened with Glass Fibre Reinforced Polymers (GFRP). After an initial test of the wall 
the strengthening was applied and subjected to a cyclic loading. The FEA was based on three key 
parameters for the material behaviour. Concrete was defined using damaged plasticity criterion. GFRP 
was implemented using SPRING elements. The reinforcing steel rebars were supposed to behave as 
a perfect elasto-plastic material. The material parameters were determined from tests. Good 
correlation between FEA and experimental test was reported. Shear failure was observed as dominant 
failure mode followed by GFRP debonding and rupture. As secondary failure mode flexure at the toe 
edges were reported in the real test represented by concrete spalling, concrete crushing and 
horizontal cracks development.  

Following a pattern of a real four stories building arrangement (i.e. different positions of doors and 
windows), five 1:4 scale reinforced concrete walls specimens, strengthened with FRP were tested by 
Nagy-György et al. [16]. Since three out of five specimens had an unsymmetrical geometry the test 
results were dependent on the loading direction. The effect of the strengthening was evaluated by 
average values (relative to baseline records). The elastic limit increased by 47%, average failure load 
increased by 45%, average stiffness decreased by 53% and average ductility decreased by 60%. 

3 EXPERIMENTAL PROGRAM 

3.1 General description 

A typical construction of precast reinforced concrete large panels is presented in Figure 1. The 
shear walls panels are distributed in both transversal and longitudinal directions at span range 
between 3 to 5.4 m (Figure 2). Their height varies from four to eight stories. The main destination of 
these buildings is private housing. Changes of society imposed modifications in their original purpose 
i.e. commercial activities started to develop primarily at the ground floor of the buildings imposing 
structural modifications of the walls. The internal space reconfiguration and new access ways demand 
were achieved by cutting out new or enlarging existing openings in the structural walls. All the 
modifications affected the global behaviour of the entire structure, causing load redistribution toward 
the adjacent members. This affects the load bearing capacity of the structure when subjected to 
seismic loadings.  

 
 

Figure 1: Typical PRCLP building  
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Figure 2: Distribution and arrangement of the walls and the structural grid of the typical plan 

3.2 Experimental elements description  

A selection of 50 different practical configurations of existing and possible openings in walls was 
found. From all specimens two sets were selected, according to the proposed loading configurations. 
The first set, consisting of 8 wall panels, is aimed to be tested with loads that reproduce the seismic 
action, i.e. horizontal loading. The elements are highlighted in red in the Figure 3. The second set 
highlighted in blue, includes 4 wall panels, and is intended to be loaded only with vertical loads.  

 
Figure 3: Experimental walls 

The denominations of the experimental elements are including the next set of variables (Figure 4): 
a) Opening type: solid wall-“S”, narrow door-“E1”, narrow window-“L1” wide door-“E3”, wide window 

“L3” 
b) Opening nature: original or cut-out. For example element 12 is obtained from a specimen with 

initial narrow window by enlarging to a wide window (L1/L3)   
c) Strengthening order: not strengthened-“T”, prior damage-“R/T” and post damage-“T/R”.  

These variables generate a total of 13 tests for the 1st set and 4 tests for the 2nd set respectively. 
As elements nr 1, 3, 5, 7 and 8 are tested twice and nr 2, 4, 6, 9, 10, 11, 12 only once.  

1-S-T 1-S-T/R 2-S-T/R 

7-E1-T 7-E1-T/R 

8-E3-T 8-E3-T/R 

 3-S/E1-T 3-S/E1-T/R 4-S/E1-R/T 

6-S/E3-R/T 5-S/E3-T/R 5-S/E3-T 

 9-E1-T 

10-E1/E3-R/T 

11-L1-T 12-L1/L3-R/T 



CCC 2008:   Gabriel Sas, István Demeter, Anders Carolin, Tamás Nagy-György, Valeriu Stoian and Björn Täljsten. 
 

 
 

5

 

 

Figure 4: Denomination of the experimental elements 

Due to economical, technical and loading limitations the walls were designed and executed at 1:1.2 
scale. All the walls had the same dimensions 2.75x2.15x0.10 m. The reinforcement details were 
provided by a typical plan (Figure 5), using steel welded wire mesh and steel reinforcement. The 
diameters of steel reinforcements varied for different types of wall from 6 millimetres to 16 millimetres, 
respectively. The welded mesh contained steel rebars of 4 millimetres diameter. A normal concrete 
class, C20, was chosen for casting the elements having a characteristic compressive strength of 20.5 
N/mm2. The proposed strengthening system is the externally bonded carbon FRP fabrics. Further 
details regarding the strengthening arrangement will be available when the failure mode of plain 
specimens is assessed. Configurations of the detailing are given in Figure 5. Please note that the FRP 
strengthening is only for qualitative purpose.  

 
Figure 5: Detailing of the walls 

3.3 Test procedure and test set-up 

To simulate the earthquake loading, a standard cyclic in plane loading procedure has been defined 
[17]. The walls will be tested in load control up to the first yielding of the steel reinforcement. Then a 
displacement control will be applied in three cycles for each ductility level (defined relative to yield or 
cracking displacement) up to failure. The effect of the gravity load on the walls will be determined 
considering a monotonic vertical loading up to failure. 

The experimental program is divided in two main directions based on the opening’s nature. The 

RCLP _-_/_-_/_ 

Number of specimen 

Initial opening/Cut-out opening 

Test sequence (T-Test, R-Retrofit) Reinforced Concrete Large Panel 

1-S-T 1-S-T/R  2-S-T/R 

7-E1-T 7-E1-T/R 

8-E3-T 8-E3-T/R 

3-S/E1-T 3-S/E1-T/R 4-S/E1-R/T 

6-S/E3-R/T  5-S/E3-T/R  5-S/E3-T 

9-E1-T 

10-E3-R/T 

11-E2-T 12-E4-R/T 
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first series of experiments contain walls with initial openings tested up to failure. The damaged 
specimens will be repaired and retrofitted and then retested. The objective of this procedure is to 
analyze the efficiency of a post earthquake FRP strengthening. The second series of experiments will 
be focused on the tests of the walls with cut out openings. The walls will be strengthened in the 
following sequence: prior to damage (i.e. unstrengthened state) and post damage (similar to the first 
set). The effect of the strengthening on the reinforced concrete walls subjected to earthquake 
excitation will be monitored.  

In order to consider the effect of the adjacent walls, two vertical reinforced concrete boarding 
elements were designed.  

 
Figure 6: Detailed element assembly  

The specimens are supported, on a heavily reinforced concrete beam. The cyclic horizontal loading 
and the constant vertical pressure is applied by means of hydraulic jacks using a composite steel 
reinforced concrete beam at the top of the walls. The force transfer between the wall and the loading 
beam is provided by the discontinuous surface of the elements. High strength mortar is casted in-
between the walls the loading beam and supporting beam, respectively. The experimental element 
assembly and the stand set-up are presented in Figure 6.  

Monitoring of the behaviour of the experimental elements is performed. The position of the devices 
and the measurement equipment differs from element to element. Strain gages are placed on the steel 
reinforcement surrounding the openings. Strains will be measured on the FRP at the position 
corresponding to the reinforcement strain measurement. In this way a comparison can be performed 
between the utilization of the fibres and the steel reinforcement. The global behaviour is monitored 
using displacement sensors. The vertical and horizontal displacement is recorded in the key regions: 
bottom of the wall, top of the wall, inferior and superior edges of the openings, respectively. 

A preliminary FEA was carried out using BIOGRAF program [18], in order to predict the behaviour 
of the unstrengthened experimental specimens. The horizontal load-displacement curves presented in 
the Figure 7 shows the differences between the initial stiffness and the stiffness corresponding to 
ultimate shear capacity of the wall assemblies when subjected to monotonic horizontal forces. 

Experimental wall

Vertical hydraulic jack 

Horizontal hydraulic jacks 

Vertical hydraulic jack 
Horizontal hydraulic jacks

Boarding element 

Loading beam 

Supporting beam 
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 Figure 7: Load displacement curves  

4 DISCUSSION AND FUTURE RESEARCH 
Reinforced concrete walls have two major failure modes when loaded in their plane. Shear failure 

is associated with the development of diagonal cracks perpendicular to the maximum tensile stress. 
The flexural failure is generally described by horizontal parallel cracks and the corresponding 
compressive force in concrete. 

The behaviour of reinforced concrete walls with cut-out openings and strengthened with FRP is not 
fully covered up to this moment. The previous experimental investigations performed during the years 
are covering a wide range of variables i.e. mechanical properties of the concrete and reinforcement 
steel bars, geometric shape of the element, the reinforcement ratio and configuration, the confinement 
of the concrete, restraints of the element and the position and evolution of loadings. Unfortunately few 
specifications are given for critical parameters as the anchorage length, the position of the 
strengthening with respect to the opening, the type of the FRP used (sheets, laminates or near surface 
mounted reinforcement) and their material characteristics (high strength, high modulus).  

The classical methods for monitoring i.e. strain measurements and displacement recording are 
offering a good view of the behaviour just in local regions. Global distribution of the strains cannot be 
captured using these methods. Photometric measurement is intended to be used [19] to overcome the 
above inconvenient.   

Although finite element programs are limited in presenting the real behaviour of the reinforced 
concreted under cyclic loading after cracking, a nonlinear finite element analysis will be used to 
capture critical aspects as: cracking pattern, yielding of reinforcement, crushing of concrete, and 
rupture of the fibres. 

Analytical theoretical models for RC walls with openings strengthened with FRP are missing. The 
only models developed up to this moment are not referring to the present subject of study and are 
based on empirical methods. Using an analytical approach, a theoretical model will be derived to 
account the effectiveness of the FRP strengthening on reinforced concrete large panels with cut-out 
openings. 

REFERENCES 
 
[1] I. Demeter, “Short history of large panel structures in Romania”, Scientific Bulletin of The 

“Politehnica” University of Timişoara, Vol. 51(65), No. 1, 87-94, (2005). 
[2] FIB Bulletin 14, Externally bonded FRP reinforcement for RC structures, Technical Report. Task 



CCC 2008:   Gabriel Sas, István Demeter, Anders Carolin, Tamás Nagy-György, Valeriu Stoian and Björn Täljsten. 
 

 
 

8

Group 9.3 FRP (Fibre Reinforced Polymer) reinforcement for concrete structures:  ISBN 2-88394-
054-1, (2001). 

[3] K. Neale, Strengthening reinforced concrete structures with externally bonded fibre reinforced 
polymers, Design Manual No. 4, ISIS Canada: ISBN 0-9689007-0-4, (2001). 

[4]  J.G.Teng, J.F. Chen, S.T. Smith and L. Lam, FRP strengthened RC structures, Chichester: Wiley, 
ISBN 0 471-48706-6, (2002). 

[5] B. Täljsten, FRP strengthening of existing concrete structures – design guidelines (fourth edition), 
Luleå, Sweden: Luleå University of Technology; ISBN 91-89580-03-6, (2006). 

[6] M. M. Ehsani and H. Saadatmanesh, “Fiber composites: An economical alternative for retrofitting 
earthquake-damaged precast-concrete walls”, Earthquake Spectra, Vol. 13, No. 2, 225-241, 
(1997). 

[7] V. Volnyy and C. P. Pantelides, “Bond length of CFRP composites attached to precast concrete 
walls”, Journal of Composites for Constructions, Vol. 3, No. 4, 168-176, (1999). 

[8] J. Lombard, D. T. Lau, J. L. Humar, S. Foo and M. S. Cheung, “Seismic strengthening and repair 
of reinforced concrete shear walls”, Proceedings, Twelfth World Conference on Earthquake 
Engineering, New Zealand Society for Earthquake Engineering, Silverstream, New Zeeland, 
Paper No. 2032, (2000). 

[9] M. Iso, Y. Matsuzaki, Y. Sonobe, H. Nakamura and M. Watanabe, “Experimental study on 
reinforced concrete columns having wing walls retrofitted with continuous fiber sheets”, 
Proceedings, Twelfth World Conference on Earthquake Engineering, New Zealand Society for 
Earthquake Engineering, Silverstream, New Zeeland, Paper No. 1865, (2000). 

[10] T. Sugiyama, M. Uemura, H. Fukuyama, K. Nakano and Y. Matsuzaki, “Experimental study on 
the performance of the RC frame infilled cast-in-place non-structural RC walls retrofitted by using 
carbon fiber sheets”, Proceedings, Twelfth World Conference on Earthquake Engineering, New 
Zealand Society for Earthquake Engineering, Silverstream, New Zealand, Paper No. 2153, 
(2000). 

[11] K. K. Antoniades, T. N. Salonikios and A. J. Kappos, “Cyclic tests on seismically damaged 
reinforced concrete walls strengthened using fiber-reinforced polymer reinforcement”, ACI 
Structural Journal, Vol. 100, No. 4, 510-518, (2003). 

[12] K. K. Antoniades, T. N. Salonikios and A. J. Kappos, “Tests on seismically damaged reinforced 
concrete walls repaired and strengthened using fiber-reinforced polymers”, Journal of Composites 
for Constructions, Vol. 9, No. 3, 236-246, (2005). 

[13] J. Paterson and D. Mitchell, “Seismic retrofit of shear walls with headed bars and carbon fiber 
wrap”, Journal of Structural Engineering, Vol. 129, No. 5, 606- 614, (2003). 

[14] K. Kobayashi, “Innovative application of FRPs for seismic strengthening of RC shear wall”, 
Proceeding, Fiber-Reinforced Polymer (FRP) Reinforcement for Concrete Structures, ACI, 
Farmington Hills, Mi., Paper No. 72, (2005). 

[15] Z. J. Li, T. Balendra, K. H. Tan and K. H. Kong, “Finite element modeling of cyclic behaviour of 
shear wall structure retrofitted using GFRP”, Proceeding, Fiber-Reinforced Polymer (FRP) 
Reinforcement for Concrete Structures, ACI, Farmington Hills, Mi., Paper No. 74, (2005). 

[16] T. Nagy-György, M. Mosoarca, V. Stoian, J. Gergely and D. Dan, “Retrofit of reinforced concrete 
shear walls with CFRP composites”, Proceedings, Keep Concrete Attractive, Hungarian Group of 
fib, Budapest, Hungary, vol. 2, 897-902, (2005). 

[17] ICC-ES, AC125, “Interim criteria for concrete and reinforced and unreinforced masonry 
strengthening using fiber-reinforced polymer (FRP) composite system”, CC EVALUATION 
SERVICE INC, (2003). 

[18] BIOGRAF, Finite Element Analysis Program, Faculty of Civil Engineering, Politehnica University 
of Timisoara, (1998). 

[19] A. Carolin, T. Olofsson, B. Täljsten, “Photographic Strain Monitoring for Civil Engineering”, 
Proceedings, FRP Composites in Civil Engineering, CICE 2004, Adelaide, Australia, 593-600, 
(2004). 


