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Abstract

In earthquake prone areas, columns of many relatively old RC (reinforced concrete) struc-
tures do not comply with the current seismic design codes, particularly in developing coun-
tries. Low concrete strength, improper seismic detailing of transverse reinforcement and high
axial stresses on the columns are common problems causing lack of sufficient ductility under
seismic forces. External jacketing of substandard columns by spraying GFRM (glass fiber re-
inforced mortar) is a new, practical and feasible method to overcome these deficiencies, par-
ticularly for the cases where access to the structural members is limited. In this study, the
effects of cross-sectional aspect ratio (h/b) of columns on effectiveness of external jacketing
with sprayed GFRM are investigated experimentally. For this purpose, four full scale RC col-
umns were tested under constant axial load (0.35f .Ag) and cyclic lateral displacement rever-
sals before and after seismic retrofit with sprayed GFRM jacket. The cross-sectional aspect
ratios of two columns were 2.0, whereas the cross-sectional aspect ratio was 4.0 for the other
two columns. The structural responses of the columns are discussed through hysteretic and
envelope load-displacement curves. The test results show that sprayed GFRM jacketing im-
proves lateral ductility of the substandard columns significantly. It is also shown that the
method is effective for the columns with high cross-sectional aspect ratios.
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1 INTRODUCTION

There are many buildings all over the world that do not comply with the requirements of
current seismic design codes or with the requirements of their construction times. The poor
seismic performance of buildings with typical deficiencies of structural members (i.e. col-
umns) such as low strength concrete, inadequate detailing and insufficient transverse rein-
forcement may cause a considerable number of casualties and economic losses during severe
earthquakes. Previous devastating earthquakes (i.e. 1994 Northridge, 1995 Kobe, 1999
Kocaeli, 2011 Van, 2020 Elazig and Izmir earthquakes) have also demonstrated the vulnera-
bility of substandard RC columns exposed to seismic actions demanding large inelastic de-
formations [1-2]. To mitigate this risk, many studies on seismic retrofitting of substandard
columns were conducted in the last decades. Because the major problem for the substandard
building stock stems from the lack of lateral strength, ductility and stiffness, the external jack-
eting method using fiber reinforced polymers (FRPs) has gained popularity for the enhance-
ment of the seismic performance of substandard RC members [e.g. 3-9]. The proven
efficiency of this innovative solution in terms of providing additional confinement, leads to
improved seismic resistance in terms of lateral load capacity and inelastic deformation capa-
bilities of substandard RC members. Recent researches have shown that usage of other inno-
vative materials such as textile reinforced mortar [e.g. 10-11] or fiber reinforced mortar [12]
for external confinement is also a promising retrofitting solution for reinforced concrete and
masonry members [13].

Therefore, this paper is aimed at improving the seismic resistance of extended rectangular
substandard RC columns through sprayed GFRM (glass fiber reinforced mortar) jacketing.
Towards this aim, preliminary results of an experimental study conducted on full-scale sub-
standard RC columns of different cross-sectional aspect ratios (2.0 and 4.0) are presented in
this paper. The study examines the impact of reversed cyclic lateral loading on the columns
before and after application of proposed external jacketing method.

2  EXPERIMENTAL WORK

2.1 Specimen details and test setup

In the scope of the study, a total of 4 cantilever columns were cast to assess the efficiency
of sprayed GFRM jacketing on seismic behavior of substandard RC columns. The columns
had dimensions of 200 mmx400 mm and 200 mmx800 mm, corresponding to cross-sectional
aspect ratio (h/b) of 2.0 and 4.0, respectively. The columns with h/b of 2.0 and 4.0 were cast
having a height of 1750 and 2100 mm, respectively. For each aspect ratio, two columns were
cast, one to be a reference column and the other with purpose of retrofitting. Each column in-
corporated an RC foundation block with dimensions of 900 mmx1300 mm (h/b=2.0) or 1300
mmx1700 mm (h/b=4.0) and height of 700 mm. Columns were reinforced with 4 of 16 mm
(h/b=2.0) or 8 of 16 mm (h/b=4.0) diameter longitudinal steel plain bars placed at the corners
with a 30 mm concrete cover from the edge of the specimen to the outside of the longitudinal
bars (Fig. 1). These bars had a yield strength of 292 MPa. Transverse reinforcement was pro-
vided in the form of plain bars with 10 mm diameter, which had a yield strength of 312 MPa.
These bars were formed at 200 mm spacing center-to-center with 90 degrees hook angle at the
test region representing existing substandard building stock. The geometric ratio of longitudi-
nal reinforcement ratio was 1% and volumetric ratio of transverse reinforcements was 0.22%
(h/b=2.0) or 0.1% (h/b=4.0), respectively, which were calculated according to current Turkish
Building Earthquake Code [14]. All columns were constructed so as to be representative of
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the substandard columns not complying to any design codes. Concrete compressive strength
at 28th day after casting was around 12 MPa, and at around the seismic test day (six months
after casting) it was 14.1 MPa, which were obtained from 150 mmx300 mm standard cylin-
ders. The columns were tagged as C2 (reference specimen with h/b=2.0), C2-R (retrofitted
specimen with h/b=2.0), C4 (reference specimen with h/b=4.0) and C4-R (retrofitted speci-
men with h/b=4.0). The columns were strengthened with sprayed GFRM that had 4.5% glass
fiber content by weight. The average 28-day compressive strength of five standard 50 mm cu-
bic GFRM specimens was obtained in accordance with ASTM C109 [15] as 41.4 MPa.
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Figure 1: Reinforcement details of the columns. Note: All dimensions are in mm

The general view of the test setup and measurement system consisting of load cells, poten-
tiometers and strain gauges are shown in Fig. 2. The data from the potentiometers, load cells,
and electrical resistance strain gauges were collected by means of a data logger. TML YFLA-
5 post-yield strain-gauges and TML FLA-5 foil strain-gauges were mounted on longitudinal
and transverse reinforcements, respectively. The types and measurement lengths of potenti-
ometers are shown in Fig. 2. In this figure, for instance, SLPS 50 denotes the potentiometer
with a 50 mm stroke length. Specimens were fixed to the strong floor of the laboratory by
means of six high strength 36 mm diameter bolts. Prior to the seismic tests, the axial load was
applied by means of a manually force-controlled hydraulic jack with 2200 kN capacity. After
application of vertical constant load, reversed cyclic lateral displacement protocol was applied
to the column by means of a horizontal hydraulic actuator with a £300 kN and £400 mm force
and displacement capacity, respectively. Each target displacement had two repeated cycles.
The reversed cyclic lateral loading was applied considering increasing drift ratios in pushing
and pulling directions that corresponded to +0.0005, £0.001, £0.002, +0.003, £0.004, +0.005,
+0.0075, £0.01, £0.015, £0.02, £0.025, £0.03, £0.04, £0.05, £0.06 and +0.07 drift ratios ac-
cording to ACI 374.2R-13 [16]. Tests were not terminated until the failure (at least 25% loss
of axial and/or lateral load capacities) was observed.
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Figure 2: Seismic test setup and instrumentation

2.2 Retrofitting procedure

The columns C2-R and C4-R were prepared to be strengthened by rounding off their cor-
ners with a radius of 30 mm. After preparing the surface by cleaning the dust to provide satu-
ration between concrete and GFRM, spraying of GFRM started. Then, GFRM was sprayed by
using a spraying gun to the surface of the column. The thickness of GFRM jacket for the col-
umn C2-R varied between 25 mm and 35 mm, whereas for the column C4-R, this thickness
was between 25 mm and 45 mm. This enlarging thicknesses towards the center of the column
edges were proposed to enhance the lateral confinement pressure provided by the jacket.
Chopped glass fibers of 32 mm length were used in this composite material. Technical proper-
ties of the fibers provided by the manufacturer are shown in Table 1. In order to avoid local
damages in the GFRM near the column foundation, a 30 mm of vertical gap was left between
the GFRM and the column-foundation interface. The process of strengthening is shown in
Fig. 3.

Table 1: Chopped glass fiber technical properties

Properties Value
Average Filament Diameter (um) 19
Specific Gravity (gr/m?) 2.68
Thickness (mm) 0.8-0.9
Tensile Strength (MPa) 1000-1700

Elastic Modulus (GPa) 72
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(a) (b) (c)
Figure 3: Strengthening process of the columns with GFRM a) rounding off the corners, b) rolling GFRM to
distribute uniformly, c) spraying

2.3 Test results

The columns were tested under constant axial load and reversal cyclic lateral loading about
six months after casting. During the tests, axial load was kept constant at 0.35f°.bh for all
specimens, where f”c is the compressive strength of concrete, b and /4 are the width and depth
of the column cross-sections. The lateral load-displacement hysteretic curves of the columns
and their envelopes are shown in Figs. 4 and 5. The maximum lateral load capacities in push-
ing and pulling directions are shown in Table 2. For the reference columns C2 and C4, peak
lateral loads were achieved at around 1% and 0.75% drift ratio, respectively. The damage
progressed for these columns sequentially with crushing and spalling of concrete cover which
was followed by buckling of longitudinal rebars. Yielding of longitudinal reinforcement did
not occur in these columns. For the reference columns, tests were terminated with 68% and
77% loss of lateral strength, respectively. On the other hand, due to the additional confine-
ment provided by sprayed GFRM, retrofitted columns C2-R and C4-R exhibited a more duc-
tile behavior with respect to their reference counterparts. This additional confinement led to
delayed buckling of longitudinal bars which results with more ductility. Moreover, longitudi-
nal reinforcements of strengthened specimens yielded before strength degradation, indicating
that failure was not governed by crushing of concrete merely. For retrofitted columns C2-R
and C4-R, peak loads were achieved at 1% drift ratio and 0.75% drift ratio, respectively. After
this point, strength loss initiated due to an increase in crack widths at the edges of the GFRM
jacket. Finally, these cracks extended along the height up to the middle of the column leading
to the failure of the column. Jacketing of the specimens with sprayed GFRM enhanced the
lateral load capacity of the columns with aspect ratio 2.0 and 4.0, around 6% and 10%, re-
spectively. On the other hand, maximum drift ratio experienced in the seismic tests for these
columns were 7% and 4%, respectively. The increase in maximum drift of the columns C2-R
and C4-R were around 250% and 166%, respectively, with respect to their reference columns.
The damages of the columns after tests are shown in Fig. 6.
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Figure 4: Hysteretic response of the columns a) C2, b) C2-R, ¢) C4 and d) C4-R

200
150
100

-- Q2
--C4
—C4-R
—C2-R

Lateral Load (kN)
o

-200

Figure 5: Envelope curves of the columns
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d)
Figure 6: Damages of the columns a) C2, b) C2-R ¢) C4 and d) C4-R at the end of the tests

Table 2: Summary of the test results

. Fa.ilure Maximum . Maximum . Yield Ultimate Ductility
Specimen drift* latergl load in later.al load in displacement, displacement, factor, 11
(%) pushing (kN) pulling (kN) 4, (mm) A; (mm) ’
C2 1.8 58.1 53.2 5.8 28.9 5.0
C2-R 3.6 60.2 58.6 6.6 59.4 9.0
C4 1.5 168.7 170.0 4.4 30 6.8
C4-R 3 181.7 1914 4.0 60 15.0

2 drift corresponding to ultimate displacement (when the lateral strength was reduced to 80% of the peak value)

For a better comparison of the column performances in terms of ductility, displacement
ductility factors (na) are calculated as an indicator of deformability. Displacement ductility
factors are defined in this study as the ratio of ultimate displacement to the yield displacement.
Yield displacement, 4,, is the lateral displacement obtained from lateral load-lateral
displacement (P-4) curve corresponding to the maximum lateral load on straight line joining
origin and the point at 75% of the peak lateral load on ascending portion of the average
envelope curve, and 4, is the ultimate lateral displacement obtained from P-4 curve
corresponding to 80% of the peak load on descending portion of average envelope curve. The
yield and ultimate displacements are shown in Table 2 as well as corresponding displacement
ductility factors. As seen in this table, sprayed GFRM jacketing of the columns doubled the
ductility of the columns irrespective of the cross-sectional aspect ratio.

3 CONCLUSIONS

The main objective of this study is to investigate the efficiency of sprayed GFRM jacketing
in terms of improving seismic performance of substandard columns with extended rectangular
cross-sections. In accordance with this purpose, the preliminary results of an ongoing study
are presented herein. Two reference and two sprayed GFRM jacketed sub-standard RC col-
umns were tested under seismic loading with cross-sectional aspect ratios of 2.0 and 4.0. The
following conclusions can be drawn from the study.
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Application of sprayed GFRM jacketing resulted with a 6-10% increase in lateral load
capacity of the substandard columns.

Due to the effective confinement provided by sprayed GFRM jacketing, the drift ca-
pacities of the columns were approximately doubled corresponding to 80 and 120%
increase of displacement ductility for the columns with cross-sectional aspect ratios of
2.0 and 4.0, respectively.

Further numerical and experimental studies are under progress for different cross-sections
to shed some more light on the behavior of sprayed GFRM strengthening for substandard ex-
tended rectangular columns. The current results show that this cost-effective and easily-
applicable technique is promising for future practical applications.
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