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Abstract. Fiber-reinforced polymer (FRP) jacketing or wrapping has become
an attractive strengthening technique for concrete columns. Within this
strengthening technique, FRP composites are wrapped around the concrete
column with the fibers in the jacket being oriented in the hoop direction. In
practice, the FRP jackets can be either continuous or discontinuous along the
column height and thus the resulting column is referred to as fully or partially
wrapped FRP-confined concrete columns. Existing research has demonstrated
that the partially strengthening technique by discrete FRP strips is a promising
and economic alternative to the fully FRP strengthening technique. Although a
number of experimental investigations have been conducted on partially
wrapped FRP-confined concrete columns, the stress-strain behavior of
FRP-confined concrete in partially wrapped concrete columns is not yet
understood. This paper presents an experimental program to investigate the
axially compressive behavior of circular concrete columns partially wrapped
with FRP strips. The test results are presented and compared with the predictions
from a typical analysis-oriented stress-strain model to examine its reliability and
accuracy. It has been demonstrated that the model provides reasonably accurate
predictions of the ultimate axial stress of partially FRP-confined concrete while
it usually underestimates the ultimate axial strain.
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1 Introduction

Existing research has demonstrated that the fully FRP confinement can significantly
enhance the compressive strength and deformation capacities of circular concrete
columns (Lam and Teng 2003; Matthys et al. 2005; Pham et al. 2013; Lin and Teng
2017). Alternatively, the concrete column can be wrapped with longitudinally discrete
(i.e., spaced) FRP strips/hoops (Fig. 1), which is referred to as a partially FRP-confined
concrete column. Although most of the existing studies are related to fully
FRP-confined concrete columns, partially FRP-confined concrete columns have also
been demonstrated to process an adequate increase in strength and a remarkable
increase in axial deformation capacity compared with their counterparts (i.e.,
un-confined concrete columns) (e.g., Barros and Ferreira 2008; Park et al. 2008;
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Wei et al. 2009; Campione et al. 2015; Pham et al. 2015; Zeng et al. 2017). In addition,
strengthening columns with discrete FRP strips is expected to be able to avoid FRP
buckling failure which will easily occurred in concrete-filled FRP tubes as the axial
stiffness of the FRP tube cannot be neglected. Also, less FRP materials are needed for
partially FRP-confined concrete columns and thus partial FRP strengthening can be
applied easier and faster than full FRP strengthening (Pham et al. 2015; Zeng et al.
2017).

The interest to understand the behavior of partially FRP-confined concrete has led
to a few experimental studies on the behavior of concrete in partially FRP-confined
columns (Barros and Ferreira 2008; Park et al. 2008; Campione et al. 2015; Pham et al.
2015; Triantafyllou et al. 2015; Saljoughian and Mostofinejad 2016; Zeng et al. 2017).
The confinement in the axially loaded circular columns fully wrapped by FRP jackets is
uniform. However, as for the confined concrete in partially FRP-confined circular
columns, the confinement is non-uniform (Fig. 1) for the section at a given horizontal
level within the bare concrete between two FRP strips (Mander et al. 1988). The use of
discrete FRP strips results in the less efficient confinement to the concrete between the
two adjacent FRP strips. The confinement mechanism is similar to the concrete con-
fined by steel hoops or spirals, in which the reduced confinement effect between two
adjacent strips can be considered through the “arching effect”. Based on the arching
action assumption, a parabola with an initial slope of 45° covering a clear vertical
spacing (s}) between two FRP strips is defined to separate the effectively confined part
from the ineffectively confined part of the concrete core (Fig. 1). As illustrated in
Fig. 2, the ineffective confinement area is located between two adjacent FRP strips. The
difference of confinement mechanisms between fully and partially FRP-confined
concrete implies different behavior between them, which may lead to the difference in
stress-strain curves between the confined concrete in partially FRP-confined concrete
columns and that in fully FRP-confined concrete columns. As a result, the reliability
and accuracy of existing theoretical models for fully FRP-confined concrete need to be
carefully examined for their applicability for partially FRP-confined concrete.

To this end, an experimental program was conducted to study the axially com-
pressive behavior of circular columns wrapped with CFRP strips. In total 60 columns
were prepared and tested. The main test variable examined in this experimental pro-
gram included the clear spacing and width of FRP strips. The test results, in term of the
effects of the clear spacing and width of FRP strips on the axial compressive behavior
of partially FRP-confined concrete, were presented and discussed. A widely accepted
analysis-oriented stress-strain model proposed by Teng et al. (2007) was used to predict
the stress-strain behavior of partially FRP-confined concrete and its reliability and
accuracy were examined by the comparisons between the test results and the model
predictions.

2 Experimental Program

Totally sixty FRP-confined cylindrical column specimens were tested to investigate the
effects of FRP strip width, clear spacing and FRP thickness. All specimens had a
diameter of 150 mm and a height of 300 mm. Note that the clear spacing and width of
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FRP strips are the main parameters studied in the current study and they represent the
coefficient of FRP vertical efficiency. Note that the vertical confinement effectiveness
coefficient, which is a coefficient representing the coefficient of FRP vertical efficiency,

2
is given by (1 — 57/ ZD) where s; is the clear spacing of two adjacent FRP strips and

D is the diameter of the column (fib 2001). The design of strip number and strip width
led to several different clear spacing ratios in present study. It is noted that the ratio
between the clear spacing of two adjacent FRP strips and the column diameter is
referred to as clear spacing ratio (i.e., s}. /D), as shown in Fig. 1. Each column has two
nominally identical specimens.

The flat coupon tensile tests were conducted to determine the material properties of
FRP sheets, following the recommends specified in the ASTM standard (ASTM D3039
2008). The average values of tensile strength, elastic modulus and rupture strain were
determined as 4185.6 MPa, 259.7 GPa and 1.75%, respectively. Column compression
test was conducted using a displacement controlled procedure with a rate of
0.4 mm/min.
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Fig. 1. Partially FRP-confined concrete column.

3 Conclusions

The test results of 60 circular columns fully or partially wrapped with FRP strips are
presented in this paper. A widely accepted analysis-oriented model proposed by
Teng et al. (2007) is used to predict the stress-strain behavior of partially FRP-confined
concrete, and the reliability and accuracy of the model are then examined through the
comparisons between the test results and the model predictions. Based on the study
presented in this paper, the following conclusions can be drawn:

(1) Significant increases in the strength and axial deformation capacity are obtained
for partially FRP-confined concrete. Similar to fully wrapped columns, partially
wrapped columns are mostly failed due to the rupture of FRP strips. However, an
increase in the clear FRP strip spacing may lead to the crushing failure of the bare
concrete between two adjacent strips.
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(2) A three-segment stress-strain curve can predict the behavior of partially
FRP-confined concrete better compared with a two-segment stress-strain curve
which normally captures the behavior of fully FRP-confined concrete well. This
three-segment stress-strain curve is consisted of a first linear ascending segment, a
transition segment and a second ascending/descending segment.

(3) The stress-strain curves of FRP-confined concrete in fully wrapped columns show
monotonically ascending behavior owing to the sufficient FRP confinement. For
partially FRP-confined concrete, the slope of the third segment is increased with
the width of FRP strips while it is nearly independent to the FRP strip thickness.
The normalized axial strength increases with the width of FRP strips for speci-
mens confined with four or five FRP strips while it seems to be independent to the
width of FPR strips for specimens confined with only three FRP strips. The
ultimate axial strain of concrete increases with the width of FRP strips. The
normalized axial strength and ultimate strain increase with the FRP thickness. An
increase in the clear spacing of adjacent FRP strips leads to a decrease in the axial
strength while the ultimate axial strain of concrete and the hoop rupture strain of
FRP are approximately independent to the clear spacing of adjacent FRP strips.

(4) The equation for calculating the minimum amount of FRP is conservative. There
may exist an optimum value of v; /d around 0.5, leading to the monotonic

ascending stress-strain behavior not easily being obtained (i.e., f,,/f., > 1).

(5) Teng et al.’s (2007) model is reasonably accurate for predicting the axial strength
of partially FRP-confined concrete, providing that the confinement effectiveness
coefficients (fib 2001; CNR-DT 200 R1 2013) have properly been considered.
However, the predicted ultimate strain is significantly underestimated and the

stress at the turning point is also underestimated by Teng et al.’s (2007) model.
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