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Abstract 
When the loss of life and property is considered, it is clear 
that special precautions must be taken against the earth-
quakes among the natural disasters. Post-earthquake obser-
vations, especially those made in the developing countries, 
reveal that there are many reasons for the damage and loss of 
life, not just one. The formation of soft storey irregularity is 
one of the most important factors among them. In this study, 
it is aimed to propose an alternative strengthening method to 
eliminate the adverse effects of the formation of a soft storey 
irregularity. Four identical frames with two stories and single 
span were constructed and tested under reverse cyclic load-
ing which simulates the earthquake. The first frame among 
them was prepared by bonding bricks as an infill wall on two 
stories and it was considered to be the reference frame.  In 
the 2nd frame, the formation of soft storey irregularity was 
facilitated by removing the infill wall on the lower story and 
the behavioral differences were examined. The remaining 
two frames were strengthened by using steel elements in two 
different diagonal shapes on the lower story. As a result, the 
experimental study showed that the strengthening with steel 
diagonal elements increased the lateral load-carrying capac-
ity of the frame with soft storey behavior by 250% and the 
energy dissipation by 120% and also provided better results 
than the reference frame.
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1 Introduction
As a result of the earthquakes in the last 20 years in Turkey, 

improving the seismic behavior of the structures and improv-
ing their performance levels have been among the most import-
ant issues of earthquake engineering. It was revealed that the 
existing building stock, especially after Marmara earthquake 
in 1999, was inadequate earthquake resistance for earthquake 
effects. 50,000–100,000 buildings were heavily damaged and 
tens of thousands of people lost their lives in the Marmara 
earthquake (Mw = 7.4) in 1999 [1]. After this earthquake, many 
strengthening projects have been designed and carried out. 
However, there are concerns about how these applications were 
carried out and how the performance of the strengthened struc-
tures would be during a possible earthquake. Therefore the 
experimental studies on strengthening play an important role 
in reflecting the behavior of the buildings under earthquake.

Field observations after earthquakes in developing coun-
tries reveal that formation of soft storey irregularity is one 
of the major reasons for the loss of life/damage in the build-
ings [2–5]. The most important reason for this is the use of 
especially the ground floors for commercial purposes. Infill 
walls on the ground floor are removed in order to make pre-
sentations, and also, the height of the ground floor is increased 
compared to the upper floors by constructing mezzanine 
floors. These two factors considerably reduce the rigidity of 
ground floors. The infill walls, which are considered to affect 
the structure only as a vertical load during the design stage 
(non-bearing elements), both contribute to the bearing of lat-
eral loads and limit story drifts by applying reactions to the 
column-beam joint areas. Therefore, the increase of the story 
height in addition to the removal of the infill walls leads to a 
sudden decrease in the rigidity of the ground floor. Since the 
shear walls, which provide the structure with lateral rigidity, 
are usually very limited in the existing building structure, the 
damage concentrates on the ground floor. Since they do not 
comply with earthquake code requirements, the columns with 
limited deformation capacity are fractured without consum-
ing sufficient energy and the building usually collapse on the 
ground floor after the plastic hinges formed on the column ends. 
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(a)

(b)
Fig. 1 Collapsed ground stories in 2011 Van, Turkey earthquake  

(soft storey mechanism) [3]

The analytical and experimental studies show that infill walls 
increase lateral load-carrying capacity and initial rigidity by 
up to 50% [5–8]. According to the Turkish Earthquake Code-
2007 (TEC -2007) [9] soft storey formation defined as; the 
ratio of the average storey drift at any storey to the average sto-
rey drift at the storey immediately above or below, is greater 
than 2. Figure 1 shows some structures in the Erciş district that 
observed soft storey damage during October 23, 2011, Van, 
Turkey earthquake.

In this study, the frames with soft storey irregularity, which 
are very common in developing countries, are strengthened 
by using steel profiles instead of the infill walls that have been 
removed for commercial purposes. 4 identical frames with 
2 stories and single span were constructed. The first frame 
(Exp1-F) is the reference frame with brick infill walls on both 
stories, and the second frame (Exp2-SS) is the one with soft 
storey behavior on which the infill wall on the lower floor is 
removed. The first frame of the remaining two was strength-
ened by using steel profiles in reverse V shape on the ground 
floor by considering the human traffic (Exp3-SV). The 4th 
specimen was strengthened by using steel profiles of the same 
size in X shape (Exp4-SX).

2 Experimental work
2.1 Description of test specimens, material 
properties and testing procedure

The bare reinforced concrete (RC) frame was designed in 
accordance with the dimensions of the columns and beams 
in existing buildings and the span-height conditions and was 
prepared in 1/3 geometric scale. The out-to-out distance on the 
span in the RC frame is 1500 mm and the height of the floor is 
1200 mm from the foundation to the upper level of the beam of 
the 1st floor. The height of the 2nd floor is 900 mm. Thus, the 
height of the ground floor was increased and lateral rigidity of 
the lower floor was reduced as frequently seen at the buildings 
used for commercial purposes. Since the rotation and settlement 
on the foundation would not be considered in the study, the 
dimensions of the foundation were selected to be quite rigid and 
a foundation beam with the dimensions of 500 × 700 × 2500 
mm was produced. The column dimensions were decided to be 
100 × 150 mm. Beam dimensions were also decided to be 150 
× 150 mm in order to ensure strong beam-weak column forma-
tion which is a construction defect observed frequently in the 
existing building stock. The longitudinal reinforcement of the 
columns was prepared in 4Ø10 mm and produced by using stir-
rup with Ø4/100 mm. No confinement zones were formed at the 
ends of the columns; the stirrups were not extended at the foun-
dation and beam-column joints. Longitudinal reinforcements of 
3Ø10 mm at the top, and 3Ø10 mm at the bottom and transverse 
reinforcement of Ø4/100 mm were applied to the beams. As 
can be understood from the design of the frames, many design 
defects in the existing building stock in the developing coun-
tries were considered. 

In the field surveys carried out after devastating earth-
quakes in Turkey, it was observed that the average concrete 
compressive strength in existing structures ranged between 
10-15 MPa. Therefore, the concrete compressive strength 
in the experimental study was chosen to remain within this 
range, and the concrete strength of the specimens taken during 
concrete casting was determined to be 13 MPa.  

Brick infill wall with the width of 85 mm was built on both 
floors at specimen 1 (Exp1-F) which was considered as refer-
ence specimen. Then brick walls plastered with sand, cement, 
lime and water mortar. Plaster was applied to both sides of the 
wall. The thickness of the plaster that was used at two faces of 
brick walls was 7 mm. Finally, the plaster surfaces painted with 
white paint to better see the cracks. The compressive strength 
of bricks was measured as 12 MPa parallel to the gaps, 2.8 
MPa perpendicular to the gaps in short direction and 3.2 MPa  
perpendicular to the gaps in long direction. The frame with 
soft storey irregularity (Exp2-SS) has the same dimensions 
and reinforcement details as the reference frame. Its difference 
from the reference specimen is that there is no brick wall in the 
RC frame on the lower floor. Thus, the changes in the behav-
ior of the frame were observed by formation of soft storey 
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irregularity. Instead of the infill walls removed from the lower 
floors in the remaining 2 specimens, ST37-type steel profile 
with cross-sectional dimensions of L60.60.6 mm was used to 
make central X and inverted V-shaped strengthening. The steel 
profiles were connected to the frame by using M16 anchorage 
bolts. No chemical adhesive was used during the anchorage. 
Since the ends of the bolts are hold with the concrete after they 
were inserted into the drilled holes, they were mechanically 
connected. General characteristics of the test specimens are 
showed at the Table 1, reinforcement and connection details 
of the specimens are showed at the Figure 2.a–c. A schematic 
illustration of test set-up and loading system is shown in Figure 
2.b–2.d for specimen Exp2-SS. The horizontal load applied to 
the frame to represent the earthquake effect is applied from the 
upper peak point in some studies [10]. But to ensure accurate 
representation of the actual distribution of earthquake force on 
the structure, lateral loads should be applied on story levels at 
various rates (triangular load distribution) [11]. To this end, a 
special loading system was designed in this study. Load cell 
was fixed to a steel plate and by means of making a vertical box 
profile system with a hinge to the end of this steel sheet; it is 
aimed to move easily the system at the different displacements 
that may occur between the floors of RC frames.

3 Experimental results
3.1 General behaviour of test specimens

The displacement history graphs and load–displacement 
envelope curves that were observed during testing are illus-
trated in Figure 3. Also load history graphs are illustrated in 
Figure 4. Response envelope curves shown in Figure 3 were 
plotted by connecting the peak points of lateral load–top dis-
placement hysteretic curves for each specimen. Response 
envelope curves show the strength and rigidity characteristics 
of the specimens and also their general behavior. Also, the 
view of the test specimens at the failure stage and the sche-
matic representation of the cracks observed during testing 
are illustrated in Figure 5. While the maximum load obtained 
from EXP1-F specimen was approximately 62.86 kN for posi-
tive loading, it was 22.11 kN at the end of the 22nd cycle. And, 
the maximum load, which was –67.67 kN, for the negative 
loading was reduced to –24.78 kN. Therefore, the load bearing 
capacity was reduced by 60% at the end of the test. As can be 
seen from the displacement history graph given in Figure 3, 
Exp1-F specimen reached an ultimate peak displacement of 60 
mm. As shown in the damage drawings in Figure 5, there were 
specific X cracks on the infill walls. And also, the crushing on 
the infill walls caused short column effect in the further loops.  

Table 1 General details of the specimens [12]

Specimen Frame Type
Column  

longitudinal 
bar ratio ( r )

Concrete Compressive 
Strength results of 2 con-
crete samples taken from 

each specimen (MPa)

Yield strength of 
the reinforcing 

bars (MPa) 

Bricks used in experiments
(85mm × 190mm × 190mm)

Strengthening 
member

Bare Frame 
EXP1-F 0.020

14.94
13.48

392 (f8)
397 (f10)
369 (f16)

----

Specimen with
Soft storey defect
EXP2-SS

0.020
13.35
13.59

392 (f8)
397 (f10)
369 (f16)

----

Specimen strength-
ened with inverted 
V steel bracket 
EXP3-SV 

0.020
12.05
13.87

392 (f8)
397 (f10)
369 (f16)

L.60. 60. 6

Specimen strength-
ened with X steel 
bracket 
EXP4-SX 

0.020
13.17
12.51

392 (f8)
397 (f10)
369 (f16)

L.60. 60. 6



1070 Period. Polytech. Civil Eng.� M. Ozturk, T. F. Ogutcu

While the maximum load value at Exp2-SS specimen was 
approximately 22.00 kN for positive loading, it was 17.00 kN 
at the end of the 14th cycle. And, the maximum load, which 
was –22.00 kN, for the negative loading was reduced to –17.40 
kN. The maximum peak displacement was measured as 70 mm. 
Cracks and damages were completely concentrated on the lower 
floor due to the effect of soft storey formation. The specimen 
reached the capacity by the formation of plastic hinges at the 
ends of the lower columns whose deformation capacity were 
limited. The maximum lateral load was measured as 80.00 kN 
on the specimen Exp3-SV, which was strengthened by using 
diagonal steel elements in inverted V-shape on the ground floor. 
And the peak displacement value under this load was deter-
mined to be 27.80 mm. The maximum displacement value in the 
specimen was determined to be 60.00 mm and the lateral load at 
this displacement value was determined as 43.00 kN. Therefore, 
the load carrying capacity was reduced by 45% at the end of the 
test. When the displacement value got 60 mm on the specimen, 
the buckling of the steel profiles was observed. The total load 
at this displacement value was determined as 43.00 kN. It is 
observed that vertical cracks were occurred at the connection 
region in beam where the V cross was connected, based on peel 
at the anchors. (Figure 5.b. crack no: 35–39).

 The maximum lateral load was measured as –64.00 kN 
on the specimen Exp4-SX, which was strengthened by using 
diagonal steel elements in X shape. And the peak displace-
ment value under this load was determined to be –15.53 mm. 
The maximum displacement value in the specimen was deter-
mined to be –55.00 mm and the lateral load at this displace-
ment value was determined as 58.00 kN. Therefore, loading 
was stopped after the load bearing capacity was reduced by 
15%. It was observed that, this specimen shows similar behav-
iors like EXP1-F, but sliding cracking was occurred much 
more obviously.

3.2 Comparisons of strength and energy dissipation 
capacities of test specimens 

Comparisons of response envelope curves are shown in Fig-
ure 6.a. and comparisons of energy dissipation characteristics 
for specimens are shown in Figure 6.b. When we consider test 
results; soft storey frame’s (EXP2-SS) strength was decreased 
%65 in positive cycles, and %68 in negative cycles in compar-
ison with reference specimen (EXP1-F). EXP4-SX specimen 
was reached to %2 more maximum load in positive cycles, 
and %5 less maximum load in negative cycles in comparison 
with reference specimen (EXP1-F). So EXP4-SX and EXP1-F 

(a) (b)

(c) (d)

Fig. 2 (a) Reinforcement details of the frames (b) Loading system, test set-up for Exp2-SS specimen (c) view of EXP3-SV specimen (d) load distribution
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   (a)       (b) 

Fig 3. (a) hysteresis and envelope curves of test specimens [12] (b) 2nd floor displacement-cyclic graphics of test specimens  

 
 

  (a)                                                                                                                          (b)
Fig. 3 (a) hysteresis and envelope curves of test specimens [12] (b) 2nd floor displacement-cyclic graphics of test specimens
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Fig 4. Total Lateral Load - cyclic graphics of test specimens [12] 

Fig. 4 Total Lateral Load - cyclic graphics of test specimens [12]
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				    (a)					     (b)
Fig. 5 (a) The view of the test specimens at the end of the tests (b) schematic representation of the cracks observed during testing [12]

          
 
 

            
 

           
 

            
 

   (a)         (b) 
Fig 5. (a) The view of the test specimens at the end of the tests (b) schematic representation of the cracks observed during testing [12] 
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(a)

(b)
Fig. 6 (a) Comparison of lateral load–top displacement envelope curves (b) 

Comparison of energy dissipation characteristics of specimens

Fig. 7 A typical load–displacement relationship and definition of the dis-
placementductility for reinforced concrete structural elements [15]

specimens showed nearly the same behaviour in terms of lateral 
load capacity. Exp3-SV test specimens were reached to % 27 
more maximum load in positive cycle, and % 11 more maxi-
mum loads in negative cycle in comparison with reference spec-
imen (EXP1-F). As can be seen from the energy graphics which 
are given at Figure 6.b., EXP2-SS specimen was consumed 
%54 less energy than EXP1-F specimen at the last cycle. So soft 
storey formation was highly reduced energy dissipation capac-
ity of frame. EXP3-SV, EXP4-SX specimens were consumed 
%22 and %8 more energy than EXP1-F specimen at the end of 
the test, respectively. Dissipated energy values were obtained 
by detecting the areas limited by load-displacement loop in each 
cycle with the help of test result data. For this purpose, the area 
under the load-displacement curve in the forward cycle was first 
calculated. Later the area under the load-displacement curve in 
the backward cycle is calculated and the total energy consumed 
for this cycle is calculated by summing these values. Then by 

consecutively summing these areas the total energy dissipation 
was calculated.  Accordingly, values at the collapse point refer 
to the energy dissipated by specimens.

Test results are summarized in Table 2. Table 2 presents 
load and displacement values of the test specimens in yield, 
maximum load and collapse modes and upper storey dis-
placement rates and displacement ductility coefficients in 
these modes. Yield displacement is obtained by idealizing 
total load-top displacement envelope curve according to the 
two-line elasto-plastic behaviour model. Linear and nonlinear 
capacity curves overlap at the point which corresponds to 75% 
of the load-bearing capacity of the system [14,15]. The litera-
ture states that the value recorded at the moment when capac-
ity reduction reaches 15% or 20% can be taken as the collapse 
displacement value [11,16–17]. In the present study, 15% 
capacity reduction was taken as the basis for the collapse dis-
placement. A typical load–displacement relationship obtained 
in the scope of these definitions is given in Figure 7 [15].

4 Conclusions
The soft storey formation, which is frequently observed 

in the existing building stock in developing countries, is one 
of the most important causes of building damages during the 
earthquakes.

In this study, the effect of brick infill walls on reinforced 
concrete frames with soft storey irregularity was examined 
and the behavioral changes caused by strengthening the 
frames using diagonal steel elements in central X and inverted 
V type instead of infill walls on the ground floor were also 
investigated. Four RC frames with 1/3 geometrical scale with 
two stories and a single span were tested under reverse cyclic 
loading simulating the earthquake.

While the frame with soft storey irregularity reached 22 kN 
lateral load carrying capacity, the infill wall addition (refer-
ence frame) increased the capacity by 3 times. Therefore, it is 
observed that the infill walls, which are generally considered 
by only their weights in construction analysis, contribute to the 
system’s lateral load-carrying capacity and rigidity significantly. 
Therefore, the infill wall effect should be defined in the regula-
tions.  The frames which were strengthened by using diagonal 
steel elements reached between 2% and 20% more lateral load 
carrying capacity than the reference frame. When the strength-
ened specimens are compared to each other, the specimen 
strengthened with diagonal inverted V steel profile carried 25% 
more load in the forward loading than the specimen with diag-
onal steel element with X shape. Considering both the increase 
in load-carrying capacity and the use for architectural factors, 
it may be more realistic to prefer inverted V-type strengthen-
ing which seems more suitable for commercial buildings. When 
the energy dissipation of the tested specimens is examined, 
they are ranked as the frame with soft storey irregularity, the 
reference frame, the frame with X-type strengthening, and the 

 
Fig 7. A typical load–displacement relationship and definition of the 

displacementductility for reinforced concrete structural elements [15] 
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one with V-type strengthening. Therefore, the strengthening by 
using steel diagonals in inverted-V shape seems to get the best 
result. Since the frame with X diagonal is connected to the weak 
beam-column connection area with no stirrups, relatively low 
energy consumption and load-carrying capacity were achieved. 
Also, the anchors made by mechanical clamping performed 
their tasks, thus the load carrying capacity of the strengthened 
frames reached to the reference frame strength.   

As a result; if soft storey formation on the ground floors 
cannot be avoided especially for the buildings used for com-
mercial purposes, strengthening by using steel elements is a 
good method to protect the building during the earthquake 
by increasing the lateral load-bearing capacity, rigidity, and 
energy dissipation of the system.
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