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Abstract: This paper presents test results of an experimental program to describe the behavior of circular
lightweight self-consolidating concrete (LWSCC) columns reinforced with glass fiber-reinforced polymer
(GFRP) bars and spirals. The 300 mm diameter columns were designed according to CAN/CSA S806-12
code requirements. The columns were constructed using LWSCC with compressive strength of 52 MPa
and tested under axial and eccentric loading. The test parameter was the value of the applied eccentricity
(0 mm, 50 mm and 200 mm). The study was conducted to investigate whether the type of concrete and the
compressive and tensile behavior of longitudinal GFRP bars affect the columns performance under
eccentric loading and to develop experimentally the load-moment interaction diagram. In addition, the study
aimed at providing basic technical information and yielding better understanding of the eccentric behavior
of circular GFRP reinforced LWSCC columns. Test results indicated that the failure process of the tested
column was similar to conventional reinforced concrete columns.

1. INTRODUCTION

Structural lightweight aggregate concrete (LWAC) has benefits in reducing the weight of precast concrete
elements. The weight of concrete structures is large compared with the imposed load these can carry. A
relatively small reduction in weight, particularly for beams and columns, can lead to considerable savings
cost construction (Comité euro-international du béton. et al., 1977).The average weight reduction of
lightweight concrete ranging from 25% to 35% and its structural capacity is comparable to normal weight
concrete (NWC) (Harmon, 2007; Mousa et al., 2018). The air-dry density of LWAC is less than 1850 kg/m?
with a 28-day compressive strength not less than 20 MPa (CAN/CSA A23.3, 2014). LWAC is versatile
material and has better fire resistance than normal weight concrete because of its lower thermal conductivity
and lower coefficient of thermal expansion (ACI Committee 213, 2014). LWAC can improve the seismic
resistance capacity of building structures (Rabbat et al., 1986). LWAC has many and varied applications,
including multi-storey building frames and floors, shell roofs, folded plates, bridges, precast elements and
prestressed structures (Chandra et Berntsson, 2002; International Congress on Lightweight Concrete et
al., 1968). Lightweight aggregate self-compacting concrete (LWSCC) comprises a high performance
material that combines the advantages of SLWAC, with self-compacting characteristics that are reflected
into the material’s filling and passing ability and segregation resistance (Papanicolaou et Kaffetzakis, 2011).
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In recent years, the use of fiber reinforced polymer (FRP) as an alternative material has been increased.
FRP materials exhibit several properties such as high strength-to-weight ratio, high stiffness-to-weight ratio,
non-corrodible characteristics, high impact and fatigue resistance. FRP materials have been utilized with
success in many demonstration projects across the world as internal reinforcements, external
reinforcement, and for prestressing (Benmokrane et al., 2007; Moy, 2013). Since FRP bars are lightweight,
the use of FRP bars and structural lightweight concrete can benefit in heavy reinforced construction where
the weight is problematic. Furthermore, the application of LWAC could reduce heating energy consumption
by 15% compared with normal weight concrete in buildings located in European countries (Real et al.,
2016). Therefore, the use of LWAC with FRP bars may be suitable for durable, environment-friendly, and
highly sustainable infrastructures.

Extensive research has been carried out regarding the flexural and axial performance of normal weight
concrete members reinforced with FRP bars. There is a scarcity of published experimental results on the
axial and flexure behavior of FRP reinforced LWAC columns. There is no experimental data concerning the
use of FRP stirrups as confinement elements for concrete columns, pier columns, piles using lightweight
concrete as known by the authors. This is partially due to a lack of experimental data, which can describe
the behaviour of members reinforced with such materials. This study presents an experimental study aimed
at investigating the performance of circular LWSCC columns reinforced with glass FRP (GFRP) bars and
spirals subjected to axial and eccentric loading.

2. EXPERIMENTAL INVESTIGATION
2.1 Test Specimens

In this study, three circular RC columns were tested under axial and eccentric load. All the columns have
305 mm diameter (12”) and 1500 mm (60”) height. These dimensions were selected to ensure the
specimens were large enough to be considered full-size specimens and fit in the testing machine. The
reinforcements were designed according to the CAN/CSA S806-12 requirements. All the columns were
reinforced with eight No. 5 (15 M) GFRP longitudinal bars, providing a longitudinal reinforcement ratio of
2.2% and with spiral No. 3 (10M) GFRP at 80 mm pitch. The pitch of the spiral at the top and bottom of the
columns were reduced to 50 mm to avoid premature failure. The concrete cover of each specimen was
designed with a thickness of 25 mm. Three different levels of eccentricities equal to 0 mm, 50 mm and
200 mm corresponding to eccentricity-to-diameter ratio of 0%, 16.4%, and 65.7% were considered. Table 1
shows the test matrix and specimen details. GFRP cages were assembled and were inserted into the
formwork inside stiff Sonotubes as shown in Figure 1.

Table 1: Test matrix and specimen details

Longitudinal Transverse
e e/D Bars Spiral
Specimen _(mm) (%)
Py No. Psp No. pitch
% % (mm)
Co 0 0
C50 50 16.4 2.2 8 No.5 0.95 3 80
C200 200 65.7




2.2 Material Properties
FRP bars

Sand-coated No. 5 (15M) straight GFRP reinforcing bars were used as longitudinal bars and No. 3 (10M)
GFRP spiral was used as transverse reinforcement. The GFRP bars were made with vinyl ester resin. The
tensile properties of the longitudinal GFRP bars were determined according to test method CSA S806
(CAN/CSA S806, 2012) Annex C. The mean tensile strength and modulus of elasticity of the tested GFRP
bars (No. 5) and spirals (No. 3) were 1,289 and 1,171 MPa and 54.9 and 52.5 GPa, respectively (Table 2).

Concrete

LWSCC mixture is made with a lightweight coarse and fine aggregates according to the specifications of
(ASTM C330/C330M-17a, 2017) and natural normal weight sand. The maximum sizes of coarse and fine
aggregates were 14 mm and 5 mm, respectively. Lightweight aggregates used in this study were expanded
shale. The aggregates were pre-wetted separately before mixing with the rest of the materials to maintain
a uniform water volume fraction of 0.33. The LWSCC were prepared using ternary binder containing 70%
general-use cement (GU), 25% fly ash (FA), and 5% silica fume (SF) complying with ASTM C150 (ASTM
C150 / C150M-18, 2019). A ready to use polycarboxylate-based high-range water-reducing agent
(HRWRA) with a solid content of 40% and a specific gravity of 1.09 density was used as superplasticizer
with air entraining admixture. All the column specimens were cast on the same day. The LWSCC was
prepared and mixed in the structural lab of the University of Sherbrooke. The curing process was initiated
immediately after the casting by covering the concrete surface with polyethylene sheets. The columns were
unmolded after one day and the water-curing process was initiated for 14 days. The equilibrium density of
the LWSCC was 1807 kg/m?3 and was measured according to ASTM C567/C567M, 2014. The concrete
compressive strength of 52 MPa was based on the average value of tests performed on 12 concrete
cylinders 150 x 300 mm on the day of testing the column specimens.

Table 2: Mechanical properties of the GFRP reinforcement

Bar Diameter  Area Elastic Tensile Modulus  Tensile Strength Tsei?:i'rl]e
Size (mm) (mm 2) (GPa) (MPa) (%)
#3 9.5 71 52.5+2.5 fru= 1171 2.30
#5 15.9 199 54.9+2.5 fu = 1289 2.40
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GFRP cages Wooden formwork
Fig. 1 - Overview of the assembled GFRP cages and formwork



2.3 Instrumentation and testing procedures

Electrical strain gauges and linear variable differential transducers (LVDTs) were used to capture the strain
distributions of the concrete, GFRP bars and spiral. Two strain gauges were placed in the longitudinal bars
and one strain gauge was placed in the spiral in the compression and tension side respectively as shown
in figure 2. The columns were prepared for testing by levelling the top and bottom with a thin layer of high-
strength cement grout to ensure a uniform load distribution of the applied load across the cross section.
Two strain gauges were placed in the concrete at the mid-height of the column in the compression side for
eccentric specimens C50 and C200. For concentric specimen CO, the two strain gauges were placed in
opposite directions. Figure 3 shows the preparation of the columns prior testing. The test set up was
consisted of rigid steel collar designed and fabricated at the structural lab at the University of Sherbrooke.
The test set-up is illustrated in figure 4. The eccentric loading was applied by moving the top and the bottom
roller bearing in the steel collar. The column was then placed in the steel collar. After placing the column in
the testing machine, three linear potentiometers (LPOTs) were placed respectively at the 4, V2 and % of
the column height in the tension side to measure the lateral displacement of the column. Three LPOTs were
mounted on the right, left and front side of the column to measure the axial displacement. The column
specimens were tested under a rigid FORNEY Machine with a maximum compressive capacity of 6000 kN.
The loading rate was ranged between 0.25 to 1.5 kN/s during the test by manually control the hydraulic
pump. The FORNEY Machine load, the strains and the displacement were recorded using Data Acquisition
System.
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One strain gauge in the spiral Two strain gauges in the longitudinal bars

Fig. 2: Instrumentation of the bars and spiral

Levelling and capping Installing train gauges in the concrete ' Installing steel end-cap

Fig. 3 — Specimens preparation



Fig. 4 — Test set-up

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 CRACKING PATTERN AND FAILURE MODES
Table 3 summarizes the results of the experimental study including identification of the specimens,
eccentricity, ratio eccentric over diameter, cylinder compressive strength, peak load during the test, mid-

height lateral displacement at the peak load, and bending moment at the peak load. The bending moment
was calculated based on Equation 1.

M, = P,(e + Xmia) (1)

Where e is the applied eccentricity, P, is the peak load, x,,;4 is the mid-height lateral displacement at the
peak load, M, is the bending moment at the peak load.

Table 3 - Summary of test results

Cylinder
. compressive P, Xomi M
Specimen (mem) ?o//[; Stfength (kN) mmy (kN.m)
° f'c (MPa)
Cco 0 0 3531 - -
C50 50 16.4 52 1905 2.935 100.8
C200 200 65.7 439 12.995 93.5

D: diameter of the column
The behaviour of the specimens during the test and the observed failure modes are described below.

3.1.1 Specimen C0
During the ascending part of loading of the column CO subjected to concentric load, confinement had little
effect, and the concrete cover was visually free of cracks up to the first crack (95% of the peak load). The
failure pattern began with the appearance of horizontal tensile crack at mid-height of the column. Figure 5
shows the typical cracking appearance in the test region of specimen CO at starting of the cracking. The
horizontal cracks were followed by vertical cracks throughout the length of the column. Then, the vertical
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cracks gradually increased and widened as the load increased up to the peak point. The maximum axial
load, Pmax, sustained by the specimen was 3,531 kN. After peak, the column experienced a reduction in
strength because of part of the concrete section failing. Then, the concrete cover was spalled off completely
around the concrete core. The failure mode of the concentric columns was brittle and more sudden and
explosive. Generally, for similar concrete strengths, lightweight aggregate concrete was comparatively
brittle than normal weight concrete (NWC) (Cui et al., 2012). No buckling or crushing of GFRP bars were
observed during the test. The failure of the column after testing is shown in Figure 5.

3.1.2 Specimens C50 and C200

The behavior of test specimens C50 and C200 was significantly affected by the level of the applied
eccentricity. The response was essentially linear-elastic for both columns up to development of the first
crack. The failure mechanism of both columns was defined as compression-controlled due to concrete
crushing. The first flexural cracks were observed in tension sides at around 81% (1543.1 kN) and 16%
(70.2 kN) of the peak load for specimens C50 and C200 respectively. At this step, the concrete cover in
compression side of both columns was visually free of cracks. The failure of both columns characterized
with the formation of horizontal hairline cracks in compression side followed by vertical cracks, at an applied
load approximately equivalent to 98% of the peak load. Failure of the specimen C50 and C200 occurred
respectively at an axial load of 1,905 kN and 439 kN (Figure 5). No buckling or crushing of GFRP bars were
observed during the test. The failure of the columns after testing is shown in figure 6b and 6c¢c for
compression side and in Figure 6 for tension side.

Specimen C50 (compresso side) ¢) Specimen C200 (Compression side)
Fig. 5 — Overview of the test specimens after failure
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a) Specimen C50 b) Specimen C50
Fig. 6 - Overview of the test specimens after failure in tension side

3.2 Axial-Displacement Response

The axial load-displacement relationships of all specimens are compared in Figure 7. The axial
displacement was measured with two linear potentiometers (LPOTs) mounted on the ram head. The load—
deformation of the test columns consisted only of a relatively linear ascending segment up to peak load. A
decrease in the initial axial stiffness was observed with the increase of the loading. The average stiffness
for test column CO, C50, and C200 was 583 kN/mm, 271 kN/mm and 26.5 kN/mm, respectively, up until
the peak load level. This represents a decrease of the initial stiffness of 53.5% and 95.5% for columns C50
and C200, respectively. The axial displacement has increased with the increase of the eccentricity up to
peak load. After this stage, a semi-linear ascending branch was developed to the peak load. This branch
was characterized by a gradual loss of initial stiffness, mainly due to microcrack propagation on the
compression side (for columns C0, C50 and C200) and flexural-tension cracks (for columns C50 and C200).
After the peak load, the maximum capacity of the columns was reached, and the load was decreased or
was constant with the increase of the axial load. The response of the load-axial displacement after the peak
load was distinctively ductile due to the high ultimate strains of the GFRP bars and spirals. At the peak, the
axial displacements for the columns C0, C50 and C200 were 6.4 mm, 7.4 mm and 16.4 mm.

4000 -----------mgonooooooooooqmooooooooooo R ;

8500 | A i
3000 |- e e
2500 {----s-of -t o
2000 -rsresfreertnneesTes eneeeeened eeeenenaenees
000 VA 7 O

Axial Load (kN)

1000 |/ A §

so0 /o I— §

Axial Displacement (mm)
Fig. 5 - Load Axial-Displacement curves




3.3 Interaction Diagram

Figure 8 shows the failure points (peak loads) compared with the P-M diagram of GFRP concrete columns
according to the procedure developed by (Zadeh et Nanni, 2013) that neglected the contribution of GFRP
bars in compression. It can be observed that the failure point exhibits the characteristic “knee” shape found
with steel RC columns in which the moment resistance increases as the axial load decreases until the
inflection point is reached. However, the test results gave an upper bound for columns CO and C200, which
means that the predicted results were on the safe side.
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Fig. 8- Interaction Diagram for the GFRP-LWSCC columns

4. CONCLUSIONS

Full-scale circular lightweight self-consolidating concrete (LWSCC) columns reinforced with GFRP bars and
spirals were tested under pure axial load and eccentricities, to investigate their behaviour and load
capacities. The test parameter was the eccentricity-to-diameter ratio.

e The use of longitudinal GFRP bars is not detrimental to the performance of LWSCC RC columns.

e The failure process of GFRP LWSCC columns was similar to GFRP normal weight concrete
columns.

e Compression failure due to concrete crushing controlled the ultimate capacity of the specimens
tested under concentric. Flexural-tension and compression failure controlled the ultimate capacity
of the specimens tested under eccentricity e/D of 16.4% and 65.7%.

o The axial displacement increased with the increase of the eccentricity up to peak load. The initial
stiffness decreased by 53.5% and 95.5% for columns C50 and C200 compared to column CO.

e The interaction diagram for the tested GFRP RC columns showed the characteristic “knee” shape
found with conventional steel RC columns.
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