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Abstract: A new concrete recycling method is to crush demolished concrete into distinctly
large recycled concrete lumps (RCLs), which are in a direct mix with fresh concrete, leading to
the so-called compound concrete. Not only can this method decrease the recycling cost by
simplifying the recycling process, but it can also increase the recycling ratio. However, existing
studies have demonstrated that such compound concrete is inferior to normal concrete. To
10 improve the performance of compound concrete, an effective technique is to confine the
11 compound concrete using fiber reinforced polymer (FRP) confining tubes, as demonstrated by
12 a limited number of studies through tests on circular compound concrete columns. However,
13 nostudies have been concerned with FRP-confined compound concrete in rectangular columns.
14 Moreover, the possible column size effect in such columns has never been investigated,
15 although existing studies have revealed that FRP-confined rectangular normal concrete
16  columns of different-sized specimens may exhibit obvious behavioral difference. Against the
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17  above background, this paper presents the results of the first-ever experimental program on
18 glass FRP (GFRP)-confined square compound concrete columns of three different sizes. The
19  columns of different sizes had the same effective FRP confinement stiffness and thus the
20  possible column size effect could be revealed. It was observed that the column size effect was
21  not obvious in FRP-confined normal concrete columns in term of compressive strength while
22 it became obvious for FRP-confined compound concrete columns. Finally, three existing
23  compressive strength models originally developed for FRP-confined normal concrete were
24 evaluated using the present test results.

25

26  Keywords: Fiber reinforced polymer (FRP); FRP tubes; Recycled concrete lumps (RCLS);
27  Stress-strain behavior; Size effect; Square columns.
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Introduction

The recycling of construction waste has raised concerns for decades. A typical concrete
recycling method is to crush demolished concrete into recycled aggregates (RAs) for making
new concrete. Such concrete with all or partial aggregates replaced by RAs is referred to as
recycled aggregate concrete (RAC). Existing studies on RAC have concluded that RAC
generally performs inferior to its natural aggregate concrete (NAC) counterpart, especially with
a large replacement ratio of RAs (Ajdukiewicz and Kliszczewicz 2002; Poon et al. 2004; Topcu
and Sengel 2004; Xiao et al. 2005; Rahal 2007; Rao et al. 2011; Xiao et al. 2014; Kou and Poon
2015; Li et al. 2015; Medina et al. 2015; Deresa et al. 2020; Chen et al. 2021). As a result, the
use of RAC has so far been limited to nonstructural components, such as road bases, paving
blocks, and landfills (Poon and Chan 2006a, b). In addition to its inferior performance, the
production of RAs involves complicated and time-consuming recycling processes, including
crushing, screening, and washing. The associated large energy consumption and potential
unfavorable impact on environment in producing RAs are also increasingly becoming new
concerns of the industry and research communities.

Wu et al. (2008) proposed a new method by crushing demolished concrete into distinctly large
recycled concrete lumps (RCLs) for a direct mix with fresh concrete (FC) to produce the so-
called compound concrete (Teng et al. 2016). Compared with traditional recycling methods,
this novel recycling method has many advantages such as: (1) it significantly decreases the
recycling costs by simplifying the manufacturing process; and (2) it increases the recycling ratio
(the weight ratio between the recycled portion and the total old concrete) as the mortar in the
RCLs can also be reused in the new concrete. Numerous studies have been carried out by Wu’s
research group to demonstrate the feasibility of this novel recycling method. Specimens made
of compound concrete have been tested under: (1) axial compression (Wu et al. 2011b; Wu et
al. 2013a; Wu et al. 2014; Wu et al. 2015); (2) bending (Wu et al. 2011a); (3) shear (Wu et al.
2011a); and (4) cyclic loading (Wu et al. 2012; Wu et al. 2013b). Particularly, compound
concrete-filled steel tubes (CCFSTSs) under various loading conditions have been investigated
(Wu et al. 2012; Wu et al. 2013b; Zhao et al. 2016; Wu et al. 2018; Zhao et al. 2020) and such
structural component has been used in practice (Wu et al. 2011b).

However, much more research is still needed to promote the use of RCLs as existing studies
have shown that compound concrete performs inferior to normal concrete when the RCLs are
weaker than the FC, which is common in practice. The inferior performance of compound
concrete is attributable to at least the following aspects: (1) compound concrete is in a much
more heterogeneous property than normal concrete due to the presence of RCLs, particularly
when the difference in strength between FC and RCLs is relatively large; and (2) weaknesses
exist at the interfaces between FC and RCLs. It has been found that the strength of compound
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concrete reduces as the mix ratio of RCLs (the ratio between the weight of RCLs and that of
the total compound concrete) increases; the strength of compound concrete also decreases as
the strength difference between FC and RCLs increases in the case that the mix ratio of RCLs
remains the same and the RCLs are weaker than the FC (Wu et al. 2015). Some other drawbacks
of compound concrete also limit its wide application, especially in steel reinforced concrete
members, including: (1) the difficulty of achieving a high RCL mix ratio due to the presence of
steel reinforcement (Wu et al. 2012); (2) the potential inferior bond behavior between steel
reinforcement and compound concrete due to the adverse effects of RCLs, which is similar to
the situation in RAC (Ajdukiewicz and Kliszczewicz 2002; Xiao and Falkner 2007); (3) the
potential corrosion of internal steel reinforcement caused by premature cracking in compound
concrete due to the weaknesses of the interfaces between FC and RCLs.

To enhance the properties of compound concrete, Teng et al. (2016) proposed the concept of
using fiber reinforced polymer (FRP) confining tubes to confine compound concrete to form
the so-called FRP-confined compound concrete (FCCC) columns. Their test results revealed
that, with the confinement from the filament wound glass FRP (GFRP) tube, both the
compressive strength and the ductility of compound concrete were improved to be close to those
of the FC. Zhou et al. (2021a) carried out an experimental study on compound concrete columns
confined with carbon FRP (CFRP) tubes which were prefabricated using the wet lay-up method.
Their findings were generally in consistent with those of Teng et al. (2016). Both studies
revealed that, through the provision of a sufficiently large FRP confinement, most of the
aforementioned weaknesses of compound concrete due to the presence of RCLs could be
minimized. More recently, Zhou et al. (2021b) conducted cyclic compression tests on FCCC
columns confined with filament wound GFRP tubes and found that the cyclic stress-strain
behavior of FRP-confined concrete was little affected by the presence of RCLs.

However, the above studies (Teng et al. 2016; Zhou et al. 2021a, b) were concerned only with
circular FCCC columns. No studies have been conducted on rectangular or square FCCC
columns despite that they are commonly found in practice. Existing studies have shown that
FRP confinement in rectangular columns is non-uniform and compared with circular columns,
the FRP confinement in rectangular columns is much less effective (Lam and Teng 2003; Lim
and Ozbakkaloglu 2014; Lin and Teng 2020). Due to at least the above reasons, it have been
revealed that FRP-confined rectangular normal columns of different sizes often exhibit
significantly different compressive behaviors (i.e., the column size effect) (Matthys et al. 2005;
Rocca 2007; De Luca et al. 2011; Wang et al. 2016; Zeng et al. 2018). Thus, the column size
effect may also exist in rectangular FCCC columns. However, due to the presence of RCLs and
the weaknesses at the interfaces between RCLs and FC, the column size effect in rectangular
FCCC columns may become much more complicated, which needs an urgent investigation
before the safe and confident use of compound concrete in practice.
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Against the above background, the present study aims at exploring the column size effect in
square FCCC columns through the first-ever experimental program on such columns subjected
to axial compression. Square column specimens with three sizes (sectional width = 200, 300
and 400 mm) were tested. The different-sized column specimens had the same effective FRP
confinement stiffness, so that the column size was the only test variable. In addition, the effects
of RCL characteristic size ratio (the ratio of the characteristic size of RCLs and the sectional
width; the RCL characteristic size is defined to be the maximum sieve size that the RCLs can
pass through) and the FRP tube thickness were examined in detail. Finally, three existing
compressive strength models originally developed for FRP-confined normal concrete were

evaluated using the present test results.

Experimental Program
Specimen design

A total of 20 square concrete column specimens of three different sizes (sectional width b =
200, 300, and 400 mm, excluding the FRP tube thickness) were prepared. The specimens were
classified into three different groups according to their sizes (namely, Groups 1, 2 and 3 for
200-, 300-, and 400-mm-width specimens, respectively). The specimens of different sizes were
geometrically proportional in all aspects (Fig. 1), including the column height H, sectional
width b, thickness of FRP tube t¢, and FRP overlapping length. The mix ratio of RCLs of all
compound concrete specimens was fixed to 0.33 as suggested by Zhao et al. (2016) for the ease
of casting compound concrete in practice. The different-sized FRP-confined concrete
specimens possessed the same effective FRP confinement stiffness [calculated by 2E¢ts/D,
where Ey = FRP tube hoop elastic modulus; t; = FRP tube thickness; and D = vV2b which is the
diameter of the equivalent circular section (Lam and Teng 2003)]. All the specimens had the
same corner radius (27,./b) of 0.3. Besides, Group 1 included one specimen confined with a 1-
layer FRP tube and Group 3 included one specimen confined with a 2-layer FRP tube to study
the effect of FRP tube thickness (see Table 1). The ranges of RCL characteristic size ratios, f3,
(the ratio of RCL characteristic size, d, and the section width, b) of different-sized specimens
were kept the same (i.e., f =0, 0.25-0.33, or 0.33-0.5).

The details of all the test specimens are listed in Table 1. Each column specimen is identified
by a notation which starts with “S” denoting a square column specimen, followed by the number
200/300/400 denoting the column sectional width. This is then followed by “L” and a digit
number indicating the layer number of the FRP tube and letter “G” plus 1 or 2 (for compound
concrete specimens) indicating the RCL characteristic size ratio range of 0.25-0.33 or 0.33-0.5.
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Material properties

Recycled concrete lumps (RCLs)

The RCLs of desired sizes were crushed from demolished concrete collected from a local
building demolition site using pneumatic pick hammers. The RCLs were divided into six types
according to their characteristic sizes (i.e., 50-67 mm, 67-100 mm, 75-100 mm, 100-133 mm,
100-150 mm, and 133-200 mm, respectively) (Fig. 2). The mix ratio of RCLs was kept the same
(7 = 0.33) for all the column specimens (Table 1). The strength of the RCLs was obtained by
compressing fifteen cylindrical core samples (diameter = 100 mm; height = 100 mm) which
were drilled from the demolished concrete. The average strength of RCLs was measured to be
35.8 MPa. As per the Chinese standard CECS03-2007 (CECS 2007), a cylindrical core sample
of such dimensions generally has a compressive strength similar to that of a 150-mm-length
concrete cube; the latter was used to obtain the compressive strength of FC as discussed later.
The physical properties of RCLS, including the crushing value [17.8%, according to JGJ 52
(2006)] and the Los Angeles abrasion (LAA) value [34.5%, according to JTG E42 (2005)] were

also tested.

Fresh concrete (FC)

The same batch of ready-mix concrete, which was provided by a local concrete supplier, was
used as the FC for all the column specimens. Crushed granite aggregate with a nominal
dimension of 16-31.5 mm was used. Three standard concrete cylinders (150 mm x 300 mm)
and three 150-mm-length cubes were prepared using the FC and compressed to obtain the
properties of the FC. The cubes were tested for the compressive strength only and thus a load
control mode (loading rate = 0.3 MPa/s) was adopted, while a displacement control mode
(displacement rate = 0.18 mm/min) was adopted for testing the cylinders according to ASTM
C469 (2014). The average 28-Day strengths obtained from the concrete cube tests and the
cylinder tests were 69.4 MPa and 58.9 MPa, respectively. It can be seen that the strength of FC
was much higher than that of RCLs, which is reasonable as old structures with a low concrete
strength are generally used to produce RCLs in practice. However, it should be noted that, in
the current practical application of RCLs, the strength difference between FC and RCLs should
be limited to a particular value to avoid any detrimental effects on the behavior of compound
concrete. Such a limit value may become larger or even be ignored in the future when the effects
of strength difference on the stress-strain behavior of compound concrete have been deeply

understood.
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GFRP tubes

The GFRP tubes in the present study were prefabricated manually using the common wet lay-
up process in which resin impregnated glass fiber sheets were continuously wrapped around a
square wooden mold (see Fig. 3). The fibers were running in the tube hoop direction only.
Before the fiber wrapping, a thin plastic film was attached around the mold to ensure a smooth
external surface of the mold and thus an easy demolding process for the GFRP tubes. The fiber
wrapping initiated at one of the rounded corner edges on a flat side surface (covering the entire
area of the flat side) and terminated at the centerline of the same flat side, and thus the
overlapping length was (b/2 — 1,.) for all the specimens. An additional GFRP strip with a width
of 1/10 of the tube height was wrapped around each tube end to avoid unexpected end failure
(Fig. 3). The tubes were cured for at least 48 hours in the laboratory before demolding. Three
1-layer GFRP flat coupons were tensioned to rupture as per ASTM D3039 (2017) to obtain the
GFRP tube properties in the hoop direction. The average tensile strength, elastic modulus and
rupture strain were obtained to be 1,410 MPa, 75 GPa, and 1.87%, respectively (nominal fiber
thickness per layer = 0.36 mm) (Table 2). As the FRP tubes possessed fibers only in the tube
hoop direction, the axial stiffnesses of these tubes were negligibly small, which means that the
FRP tubes served mainly to confine the inner concrete. However, in practice, filament wound
FRP tubes with significant axial stiffness are still more desirable to be used. In the present paper,
compound concrete columns confined with any type of FRP tube are collectively referred to as

FCCC columns unless otherwise specified.
Preparation of specimens

All the RCLs were fully watered to a saturated state and then dried using a dry cloth glove (i.e.,
a saturated surface-dry condition) before mix with FC. Before concrete casting, the FRP tubes
were fixed on flat wooden plates with water-proof sealant. The GFRP tubes directly served as
molds for concrete casting of confined specimens, while wooden molds were used for
unconfined specimens. For casting the specimens containing RCLs, a layer of FC of
approximately 20 mm thick was poured into the FRP tube or mold first, followed by the
alternate pouring of RCLs and FC. The compactness of the concrete was ensured by inserting
a vibrating poker into the concrete during the casting process (Fig. 4). The unconfined
specimens were de-molded from the wooden molds after being cured for 24 hours. All the
column specimens covered with plastic films were cured for at least 28 days in the laboratory
before compression tests. High-strength gypsum was used to cap each of the two ends of the

specimens to ensure uniform axial loading.
Test set-up and instrumentation

Six LVDTs (linear variable displacement transducers) were used to capture the axial shortenings
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of each specimen. Among them, four were installed at the four flat sides covering 1/3 of the
specimen height and two were attached on the loading plates at the bottom to capture the total
axial shortenings (Fig. 5a) (note that the loading was processed by moving the bottom loading
plate upwards). Four axial strain gauges (SGs) and sixteen hoop SGs were installed on the FRP
tube at the mid-height of each FRP-confined specimen; the gauge length was 20 mm for the
300- and 400-mm-width column specimens and 10 mm for the 200-mm-width column
specimens. The four axial SGs were installed at the four flat side centers; the sixteen hoop SGs
were installed around the circumference of the section at the mid-height. Among the sixteen
hoop SGs, four were installed at the corner centers, another four were installed at the flat side
centers, and the remaining eight were installed near the points with curvature discontinuity (i.e.,
transition points between the corners and the flat sides) (Fig. 5b). For each unconfined specimen,
two 100-mm axial SGs and two 50-mm hoop SGs were installed at the flat side centers. All the
specimens were tested between two end loading plates on a 15,000-kN capacity testing machine
(Fig. 5¢). A displacement control mode with a rate of 0.36 mm/min was used for all the
specimens (ASTM C469 2014; Zhang et al. 2017). All data, including the strains, displacements,
and loads were simultaneously recorded by a data logger. It should be noted that the load was
applied directly on the entire column cross-section (i.e., concrete and FRP tube) through the
end loading plates. This loading condition is common for the new construction of a concrete
filled FRP tubular column in which the FRP tube is used as the permanent formwork for casting
concrete. Note that the FRP tubes used in this study were fabricated via the wet lay-up method
with fibers running in the tube hoop direction only and thus they had negligibly small axial
stiftnesses. As a result, the applied axial load was resisted mostly by concrete. However, if an
FRP tube with a significantly large axial stiffness (e.g., a filament wound FRP tube) is used, the
axial load resisted by the tube may be large and could not be ignored (Xie et al. 2020).

Test Results and Discussions

Failure modes

Fig. 6 shows the failure modes of the column specimens after test. Concrete crushing with huge
cracks was observed for all the unconfined specimens. The specimens without RCLs failed
suddenly and seriously due to the brittleness of high-strength FC, while the specimens
containing RCLs appeared to fail more gradually because of the much lower compressive
strength of compound concrete. Fig. 7 shows a close-up view of two typical unconfined
specimens containing RCLs after the test. It can be seen that the RCLs and FC were well bonded
together and the major cracks went through the RCLs rather than along the interfaces between
RCLs and FC. This observation may be partially attributable to the use of FC with a much
higher strength than RCLs. However, other failure modes (e.g., major cracks going around the
interfaces between RCLs and FC) may occur if RCLs with a larger compressive strength are
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used. Most of the FRP-confined concrete column specimens failed by a sudden FRP tube
rupture in the hoop direction (Fig. 6). As the loading processed, white patches on the FRP tube
first appeared when the strength of unconfined concrete was approximately reached, implying
resin damage in the tube. As the deformation increased, the regions of the white patches
expanded with continuous snapping sounds of fiber rupture. Finally, the tube failed with a major
fiber rupture with an explosive sound. The rupture of FRP generally occurred near one of the
corners, which is in consistency with the observations on FRP-confined rectangular concrete
columns (e.g., Wang et al. 2012b; Zeng et al. 2018; Lin and Teng 2020). It seems that the failure

modes of the test specimens were not affected by the column size or the presence of RCLs.
Axial stress-axial strain curves

Figure 8 shows the axial stress-axial strain curves of concrete in all the test column specimens.
The axial stresses were calculated from the applied axial loads of the column specimen divided
by the cross-sectional area of concrete. The axial loads resisted by the GFRP tubes were ignored
as a result of the negligible tube axial stiffness. The four mid-height LVDTs were adopted to
obtain the axial strains (see Fig. 5). The key test results of the column specimens are
summarized in Table 3, including the peak axial stress (compressive strength) (f..), the
corresponding axial strain (&), the axial stress and strain at FRP rupture (f,, - and €., ), and
the ultimate axial strain (&, ) corresponding to FRP rupture or an 15% reduction in axial stress

after the peak, whichever occurs first.

Figure 8a shows the axial stress-axial strain curves of unconfined concrete column specimens
with different RCL characteristic size ratios and different sizes. It is evident that the stress-strain
behavior of unconfined concrete is dramatically influenced by the presence of RCLs. More
specifically, the following observations can be made from Fig. 8a: (1) the peak axial stresses of
specimens with RCLs are evidently smaller than those of the specimens without RCLs; (2) the
peak axial stress decreases noticeably as the RCL characteristic size ratio increases, indicating
that larger RCLs lead to a more negative effect on the response of compound concrete; (3) due
to the reduced peak axial stress, the axial strains at peak stress (&..) of specimens containing
RCLs are generally smaller than those without RCLs. The above observations on unconfined
compound concrete are generally consistent with those observed by other researchers (e.g., Wu
et al. 2013a; Wu et al. 2014; Wu et al. 2015; Teng et al. 2016; Zhou et al. 2021). Note that the
RCLs in the present study had a smaller compressive strength than the FC, which is the main
reason that the strength of compound concrete is dramatically reduced by RCLs. However, if
RCLs with a higher strength are used, the compound concrete may exhibit a higher strength
than the FC (Teng et al. 2016).

Figure 8b provides the axial stress-axial strain curves of all test FRP-confined specimens with
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different RCL characteristic size ratios and different sizes. The curves of specimens without
RCLs (i.e., specimens S200L2, S300L3 and S400L4) exhibit a sudden drop in stress after the
peak, which indicates that the confinement from the FRP tubes was not large enough to cause
a commonly seen monotonically increasing bilinear axial stress-axial strain curve (i.e., a
hardening stress-strain behavior). After the sudden stress drop, the axial stress increased rapidly
and then remained in a stable stress level until the FRP rupture. Although the specimens were
confined with a relatively weak FRP confinement, the compressive strength of the FRP-
confined specimens are significantly larger than those of the corresponding unconfined
specimens (Fig. 8a), which is still desirable in practice. Nevertheless, the investigation of
columns with stronger FRP confinement should be carried out in the future. For the FRP-
confined compound concrete specimens, the compressive strengths are remarkably smaller than
those of the corresponding FRP-confined specimens without RCLs (Fig. 8b). However, the
post-peak axial stress reduces much more gradually in specimens containing RCLs and there
were no sudden axial stress drops after the peak stress in these specimens. This observation is
different from those of some previous studies which showed that the presence of RCLs did not
affect obviously the stress-strain behavior of FRP-confined concrete (Zhao et al. 2016; Zhou et
al. 2021a). The major difference between the present study and the previous studies is that the
specimens in previous studies had a sufficiently strong FRP confinement which resulted in a
hardening stress-strain behavior for the specimens, while the FRP confinement of the present
test column specimens was insufficient to ensure a hardening behavior as shown in Figs. 8b and
8c. It may thus be concluded that the negative effect caused by RCLs could be eliminated only
if the compound concrete is under sufficiently large FRP confinement. However, more research
is needed in the future to deeply understand this observation.

Compared with the corresponding unconfined compound concrete column specimens (Fig. 8a),
both the compressive strength and the ductility (see discussions in Section “Ductility index”)
of FRP-confined compound concrete specimens are obviously enhanced. Fig. 8b also shows
that, for the same RCL mix ratio ( = 0.33), larger RCLs (i.e., a larger RCL characteristic size
ratio) led to lower compressive strength of FRP-confined compound concrete for the 200- and
300-mm-width specimens. However, for the 400-mm-width specimens, the size of RCLs did
not seem to significantly affect the stress-strain curve shape, while the ultimate axial strain of
the specimen with larger RCLs (S400L4G2) is much smaller. More research, however, is
needed in the future to allow more conclusive observations on the effect of RCL size to be made

since only a single specimen was tested for each column parameter in the present study.

Figure 8c shows the stress-strain curves of FRP-confined compound concrete specimens with
different FRP tube thicknesses but the same RCL characteristic size ratio of 0.33-0.50. As
expected, the specimens with a larger FRP tube thickness perform significantly better in terms
of both strength and ductility.
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Effect of column size

To examine the possible column size effect, the axial stress-axial strain curves of column
specimens with the same effective FRP confinement stiffness and RCL characteristic size ratio
but different sizes are shown in Fig. 9. It can be observed from Fig. 9a that the column size has
only a small influence on the axial stress-axial strain curve (including the initial axial stiffness)
of unconfined specimens without RCLs although the peak stress of the small-scale specimen is
slightly larger than those of the specimens of larger sizes. However, for the specimens
containing RCLs (with RCL characteristic size ratios of both 0.25-0.33 and 0.33-0.50), the
curves of specimens of different column sizes are significantly different from each other in
terms of both the peak stress and the curve shape. The peak axial stress and the initial axial

stiffness decrease dramatically with an increase in the column size.

Figure 9b shows the axial stress-axial strain curves of all the FRP-confined column specimens.
The curves of specimens of the same FRP confinement stiffness and RCL characteristic size
ratio but different sizes are shown in each sub-figure. It can be seen that the effect of column
size is not obvious on the compressive strength of FRP-confined specimens without RCLs
although their corresponding strains seem significantly different. Note that these specimens
exhibited a sudden load drop near the peak load, which casts doubt on the reliability of the
measured strains near and after the peak stress. For FRP-confined specimens with RCL
characteristic size ratios of 0.25-0.33, the stress-strain curves exhibit a remarkable column size
effect with a larger column performing inferior to (in terms of both the peak stress and initial
axial stiffness) a smaller column. However, when the RCL characteristic size ratio becomes
larger, the column size effect becomes less significant partially due to the greatly reduced
compressive strength with the use of larger RCLs. This also applies to the specimens with a
lower FRP confinement stiffness (S200L1G2 and S400L2G2) (Fig. 9b).

It can be noted that the difference in the axial stress-axial strain curves of different-sized
specimens in Fig. 9b stems from at least two sources: (1) the size effect in unconfined concrete
specimens (Fig. 8a); and (2) the effect of RCL on the strength of unconfined compound concrete
(Fig. 8a). To eliminate the above two factors, the axial stresses and strains in Fig. 9b are
normalized by the compressive strength (f;,,) and the axial strain (&..,) of the corresponding
unconfined concrete specimens (with the same column size and RCL characteristic size ratio)
and the normalized axial stress-axial strain curves are plotted in Fig. 10. For the specimens
without RCLs, the normalized axial stress-axial strain curves exclude the size effect of the
corresponding unconfined column specimens, although the size effect is not significant as
shown in Fig. 9a. The normalized curves of specimens S200L2 and S400L4 are almost identical
to each other before the peak stress; specimen S300L3, however, has much larger normalized
axial strains as discussed earlier. For the specimens with RCL characteristic size ratios of 0.25-

10
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0.33 (S200L2G1, S300L3G1 and S400L4G1), the normalized curves of different-sized
specimens start to deviate from each other near the peak axial stresses. The normalized peak
stress of the 400-mm-width specimen is the smallest; however, the normalized peak axial stress
of specimen S300L3G1 is unexpectedly larger than that of specimen S200L2G1. For the
specimens with RCL characteristic size ratios of 0.33-0.50 (S200L2G2, S300L3G2 and
S400L4G2), the normalized peak axial stress increases as the sectional width increases. The
same phenomenon also applies to the two-sized specimens with lower FRP confinement
stiffness (S200L1G2 and S400L2G2). The above observations suggest that, after the effects of
column size and RCLs on the corresponding unconfined concrete strength are eliminated, the
size effect of FRP-confined compound concrete columns is not obvious. Note that existing
findings on column size effect have revealed that a larger-scale column specimen generally

behaves inferior to a smaller-scale specimen (e.g., Bazant and Kwon 1994; Wang et al. 2016).

Figure 11 shows the variations of the compressive strength with the column sectional width for
the specimens with three different RCL characteristic size ratios. It is evident that the strength
decreases obviously with the increase in the sectional width for the unconfined column
specimens containing RCLs (Fig. 11a); however, the size effect is not obvious for specimens
without RCLs (Fig. 11a), which is consistent with the observations made from Figs. 8-10. A
similar trend can be seen from Fig. 11b for the FRP-confined concrete specimens. Besides, it is
clear that, for both unconfined and confined column specimens, the negative effect of RCLs on
the concrete compressive strength is remarkable and a larger RCL characteristic size ratio
generally leads to a larger decrease in strength (Figs. 11a and 11b). The amplified size effect
due to the existence of RCLs is believed to be caused by the inferior properties of the interfacial
transition zones (ITZs) between RCLs and FC, which may introduce microcracks or
weaknesses in compound concrete; besides, the existing microcracks/damage in RCLs caused
during the producing of RCLs or in the service life of old concrete (from which RCLs are
produced) play a role similar to that of the weak ITZs. It can also be seen that the column size
effect is slightly more obvious for the unconfined specimens with a larger RCL characteristic
size ratio (Fig. 11a) due to the increased microcracks or weakness in the compound concrete.
Such microcracks or weakness forms as a major source for the concrete size effect (Bazant
2000). For FRP-confined concrete column specimens (Fig. 11b), however, the use of a larger
RCL characteristic size seems to reduce the column size effect, partially due to the significantly
lower strength of compound concrete with a larger RCL characteristic size which resulted in
more effective FRP confinement. However, experimental data with more detailed observations
are needed for more solid conclusions to be drawn in the future. Figure 11c shows the variations
of the normalized strength with the column sectional width. In consistency with the
observations from Fig. 10b, the size effect is not obvious after the size effect of the
corresponding unconfined concrete column and the effect of RCLs on the strength of

unconfined concrete are both taken into consideration.
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It should be noted that the above observations may not be sufficiently conclusive for FRP-
confined compound concrete in square columns, as only one single specimen was tested for
each column parameter. More specimens and more than one nominally identical specimens
should be tested in future studies for more conclusive observations on the column size effect to

be made.
Ductility index

The ductility index (DI) is defined as the axial strain ratio of the ultimate strain (&.,,) and the
yield strain (&,,) in the present study. The ultimate strain (&) corresponds to the rupture of FRP
tube or a 15% reduction in axial stress after the peak, whichever occurs first. The yield strain
(¢y) is defined according to the equal energy method (Park 1988). Table 3 lists the DI values
for all the test FRP-confined concrete specimens. The ductility indices of the specimens
containing RCLs are obviously larger than their counterparts without RCLs, which is in
consistency with the curves in Fig. 8b. For the 300- and 400-mm-width specimens, the DI
values of specimens with an RCL characteristic size ratio of 0.25-0.33 [S300L3G1 (3.01) and
S400L4G1 (3.02)] are larger than those with an RCL characteristic size ratio of 0.33-0.50
[S300L3G2 (2.69) and S400L4G2 (2.07)] while a reverse trend is shown for the small-scale
specimens [S200L2G1 (2.10) versus S200L2G2 (3.19)]. The reverse trend in the small-scale
specimens was due to the fact that the ultimate axial strain of specimen S200L2G1
corresponded to a 15% reduction in axial stress after the peak while the remaining specimens

had ultimate axial strains corresponding to FRP rupture (Table 3).
FRP hoop strains

The strain gauges at three different locations at the mid-height section (Fig. 5b) were used to
obtain the FRP hoop strains: the corner centers (g5,.); the centers of flat sides (gp, ¢); and the
transition points (e, ;). The average FRP hoop strains at these locations corresponding to peak
axial stress (f;.) and FRP rupture (f,, ;) are listed in Table 4 (the hoop strain gauges installed
in the overlapping zones were excluded). The average value obtained from four (at the corner
or flat side centers) or seven (at the transition points, excluding the strain gauge in the
overlapping zone) strain gauges for each location was reported in the table. The maximum FRP
hoop strain (&p, ;mqy) and its associated strain gauge recorded for each FRP-confined specimen
during the loading process are also provided in the table. Fig. 12 shows the FRP hoop strain
ratios [i.e., the ratio of the FRP hoop rupture strain measured in the column test and the FRP
rupture strain obtained from flat coupon tests (1.87%)] recorded at the three different locations
versus the sectional width. It is seen that the FRP hoop strains at the flat side centers are
generally larger than those at the corner centers and the transition points, which is in consistency

with the observations for FRP-confined rectangular columns (e.g., Wang et al. 2012b; Zeng et
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al. 2018; Zhu et al. 2020). The effects of column size and RCL characteristic size ratio on the
FRP hoop strain seem to be limited. Fig. 12d shows that the maximum FRP hoop strain ratios
of the test column specimens at FRP rupture were around 0.6, which is close to the value (0.624)

reported by Lam and Teng (2003) for GFRP-confined circular normal concrete columns.

Comparison with Existing Strength Models

Numerous stress-strain models have been proposed for FRP-confined concrete in rectangular
columns (e.g., Lam and Teng 2003; Wang et al. 2012a; Wei and Wu 2012; Lim and
Ozbakkaloglu 2014; Fanaradelli et al. 2019; Jiang et al. 2019; Li et al. 2019). The models of
Wang et al. (2012a), Wei and Wu (2012) and Lin (2016) which are typical strength models
applicable to FRP-confined concrete with a softening stress-strain behavior are evaluated in this
section. Wang et al.’s (2012a) model and Wei and Wu’s (2012) model employ the FRP rupture
strain from coupon tests in calculating the strength of confined concrete with a softening
behavior; however, Lin’s (2016) model adopts the effective FRP confinement stiffness in
calculating the compressive strength. It is known that the strength of FRP-confined concrete
with a softening behavior is reached before FRP rupture and thus it may be more rational in
concept that the strength is not directly related to the FRP rupture strain for such softening
confined concrete. For the detailed equations of the three models, the readers are referred to the

original sources.

In making predictions for the strength of FRP-confined concrete, the strengths of unconfined
concrete obtained from small-scale standard concrete cylinders or large-scale column
specimens are commonly used (Lin et al. 2016). As the presence of RCLs dramatically reduces
the strength of compound concrete (see Fig. 8a), the strength of unconfined compound concrete
should be obtained from specimens containing RCLs. In addition, the effect of RCL
characteristic size ratio on the strength of unconfined compound concrete should also be
considered when evaluating the compressive strength of FRP-confined compound concrete.
Therefore, the strength of unconfined compound concrete obtained from the small-scale
unconfined specimens (referred to as the unconfined compound concrete strength, f;, obtained
from small-scale specimens) could be used to predict the compressive strengths of FRP-
confined compound concrete specimens with the same RCL characteristic size ratio. However,
it is obvious that this strength, £, did not include the column size effect (for medium- and large-
scale specimens). To include the column size effect, the strength of unconfined compound
concrete obtained from the specimen with the same size (and also the same RCL characteristic
size ratio) as the FRP-confined compound concrete specimen should be used (referred to as the
strength of the control unconfined compound concrete column, f;,,). Note that f; is identical

to f,., for the small-scale specimens. Table 3 lists the two strengths of unconfined compound
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concrete (f. and f,,,) for each FRP-confined specimen. In the evaluation of the three existing

strength models, both strengths (f, and f;,,) were evaluated in making the predictions.

Figures 13a and 13b show the performance of the three strength models in predicting the
compressive strengths of the test FRP-confined compound concrete columns. For the specimens
without RCLs (8 = 0), when the strength of f. was used, both models of Lin (2016) and Wang
et al. (2012a) predict the test results reasonably well, while the model of Wei and Wu (2012)
overestimates some of the specimens (see the square data points in Fig. 13a). For specimens
with RCLs, all the three models overestimate most of the specimens. This is reasonable as the
strength of f; does not include the column size effect which has been found to be significant in
FRP-confined compound concrete specimens (Fig. 9b). When the strength of f,., was used,
both models of Lin (2016) and Wang et al. (2012a) provide conservative predictions for most
of the specimens with RCLs (see the solid data points in Fig. 13b), particularly for the large-
scale specimens with an RCL characteristic size ratio of 0.33-0.50. Wei and Wu’s (2012) model
performs reasonably well for all the specimens with and without RCLs. The above comparison
indicates that the column size effect should be taken into consideration if an accurate or
conservative prediction is anticipated in the practical design of FRP-confined square compound

concrete columns.

Conclusions

The present paper presents the results of an experimental program aimed at clarifying the
possible column size effect in FRP-confined square compound concrete containing RCLs.
Three column sizes with a sectional width of 200, 300, and 400 mm were tested. The columns
of different sizes had the same effective FRP confinement stiffness and thus the column size
effect could be identified. Besides, the effects of characteristic size ratio of RCLs and FRP
confinement level (i.e., FRP tube thickness) on the stress-strain behavior of FRP-confined
compound concrete were investigated. The following conclusions may be drawn based on the
present study:

1. For unconfined concrete specimens, the presence of RCLs obviously reduced the
compressive strength of compound concrete and larger RCLs (with the same RCL mix ratio)
led to a more negative effect on the compressive strength of compound concrete; the axial
strain at peak stress of compound concrete was generally smaller than that of normal
concrete without RCLs.

2. Forthe tested FRP-confined compound concrete specimens, the compressive strengths were
remarkably lower than those of the corresponding FRP-confined normal concrete
specimens without RCLs; the post-peak axial stress reduced much more gradually in
specimens containing RCLs.

3. The column size had only a small influence on the stress-strain curve of unconfined concrete
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specimens without RCLs; however, for the unconfined specimens containing RCLSs, the
stress-strain curves of the specimens of different column sizes were significantly different
from each other in terms of both the compressive strength and the stress-strain curve (both
the strength and the initial axial stiffness decreased dramatically with an increase in the
column size).

4. The column size effect on compressive strength was not obvious in FRP-confined normal
concrete specimens without RCLs while it became much more obvious for FRP-confined
compound concrete column specimens with RCL characteristic size ratios of 0.25-0.33.
After the effects of column size and RCLs on the compressive strength of unconfined
concrete were eliminated, the size effect of FRP-confined compound concrete specimens
became less obvious.

5. The negative effect of RCLs (in the case that the strength of RCLs is smaller than that of
FC as in the present study) on the compressive strength should be taken into consideration
in making predictions for FRP-confined compound concrete.

6. When the column size effect was not considered but the effect of RCLs was considered (i.e.,
when the strength of unconfined compound concrete obtained from small-scale specimens,
fZ, was used), all the three models (Wang et al. 2012a; Wei and Wu 2012; Lin 2016)
overestimated most of the FRP-confined compound concrete specimens, indicating that the
column size effect needs be taken into consideration if an accurate or conservative
prediction is anticipated in the practical design of FRP-confined square compound concrete
columns.

7. It should be noted that the above conclusions on column size effect may only be applicable
to FRP-confined square compound concrete columns similar to those tested in the present
study (i.e., with sectional widths from 200 to 400 mm and with a softening behavior). More
experimental studies with wider ranges of column parameters, including specimen sizes,
FRP confinement stiffnesses, and concrete strengths, are needed for a more comprehensive
investigation on the column size effect. In addition, more specimens and more than one
repeated specimen should be tested for each column configuration in future studies.
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Table 1
Specimen details.
. b H re d S n
Group Specimen (mm) (mm) (mm) N (mm) (d/b) (%)
S200L0 200 600 30 0 0 0 0
S200L2 200 600 30 2 0 0 0
S200L0G1 200 600 30 0 50-67 0.25-0.33 33
Group 1 S200L2G1 200 600 30 2 50-67 0.25-0.33 33
S200L0G2 200 600 30 0 67-100 0.33-0.5 33
S200L1G2 200 600 30 1 67-100 0.33-0.5 33
S200L2G2 200 600 30 2 67-100 0.33-0.5 33
S300L0 300 900 45 0 0 0 0
S300L3 300 900 45 3 0 0 0
Group 2 S300L0G1 300 900 45 0 75-100 0.25-0.33 33
S300L3G1 300 900 45 3 75-100 0.25-0.33 33
S300L0G2 300 900 45 0 100-150 0.33-0.5 33
S300L3G2 300 900 45 3 100-150 0.33-0.5 33
S400L0 400 1200 60 0 0 0 0
S400L4 400 1200 60 4 0 0 0
S400L0G1 400 1200 60 0 100-133 0.25-0.33 33
Group 3 S400L4G1 400 1200 60 4 100-133 0.25-0.33 33
S400L0G2 400 1200 60 0 133-200 0.33-0.5 33
S400L2G2 400 1200 60 2 133-200 0.33-0.5 33
S400L4G2 400 1200 60 4 133-200 0.33-0.5 33

Note: b = sectional width; H = specimen height; r. = corner radius; n = number of FRP layers; d = characteristic size
of RCLs; g = RCL characteristic size ratio; # = RCL mix ratio.

Table 2
Material properties of GFRP tube.
Nominal ~ Tensile strength ff Rupture strain &f Elastic modulus Ef
Specimen thickness (MPa) (%) (GPa)
tr (MM)  Test Ave. Std. Test Ave. Std. Test Ave. Std.
1 1442 1.89 76
2 0.36 1294 1410 103 1.76 1.87 0.10 73 75 1.64
3 1493 1.96 76

Note: Ave. = Average; Std. = Standard Deviation.
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Table 3
Key test results.

tr

; le Es fee feco fé 1t fclur Ecc Ecur € Ecu
Group  Specimen o (mm) (Gpa) (MPa) (MPa) (MPa) /T qwpmy el oy o o D
S200L0 30 - - 67.5 1.00 - 0.209 - - 0162 - -
S200L2 30 072 75 758 675 675 112 507 0240 115 0594 0209 0246  1.18
S200L0G1 30 ; ; 48.6 1.00 . 0.165 ; - 0133 - -
Gl s200L2G1 30 072 75 592 486 486 122 467 0202 122 0516 0165 0346 210
S200L0G2 30 ; ; 45.1 1.00 ; 0.150 ; - 0124 - -
S200L1G2 30 036 75 464 451 451 103 338 0179 119 0456 0144 0312 217
S200L2G2 30 072 75 496 451 451 110 492 0494 329 0502 0157 0502* 3.19
S300L0 45 - - 64.0 1.00 - 0.182 ] - 0163 - -
S300L3 45 108 75 708 640 675 111 444 0281 154 0520 0197 0343 174
G2  S300L0G1 45 ; ; 43.8 1.00 ; 0.145 ; - 0123 - -
S300L3G1 45 108 75 555 438 486 127 485 0204 141 0469 0156 0.469* 3.1
S300L0G2 45 ; ; 413 1.00 ; 0.151 ; - 0119 - -
S300L3G2 45 108 75 467 413 451 113 439 0201 133 0401 0149 0.401* 269
S400L0 60 - - 64.5 1.00 - 0.176 - - 0163 - -
S400L4 60 144 75 746 645 675 116 437 0200 114 0482 0184 0208 113
S400L0G1 60 ; ; 41.1 1.00 ; 0.161 ; - 0132 - -
G3  s400L4G1 60 144 75 474 411 486 115 440 0219 136 0467 0155 0.467* 3.02
S400L0G2 60 ; ; 36.3 1.00 ; 0.153 ; - 0123 - -
S400L2G2 60 072 75 445 363 451 123 276 0158 103 0393 0140 0207 148
S400L4G2 60 144 75 482 363 451 133 431 0183 120 0323 0156 0.323* 207

Notes: f.. and &, = peak axial stress and corresponding axial strain; fz,, . and &g,

= axial stress and axial strain at FRP rupture; f/., and &.., =compressive

strength and corresponding axial strain of the control unconfined concrete specimen; f, = compressive strength of unconfined compound concrete obtained from
small-scale unconfined specimens; ¢., = ultimate axial strain corresponding to an 15% decay in axial stress after the peak or the rupture of FRP tube, whichever
occurs first; &, =yield axial strain; DI = ductility index (., /¢,); * FRP rupture occurred before an 15% decay in axial stress was reached.



Table 4

FRP hoop strains in the test FRP-confined specimens.

. €n.f Ent En,c &h, max

Specimen (%) (%) (%) (%)
At fle M flur Al Afhur At fle AU S,

S200L2 0.210 0.888 0.092 0.783 0.075 0.703 1.149(SG18)
S200L2G1 0.142 1.064 0.094 0.790 0.086 0.859 1.288 (SG6)
S200L1G2 0.142 0.805 0.115 0.778 0.098 0.818 0.932 (SG11)
S200L2G2 0.760 0.772 0.656 0.688 0.667 0.705 1.027 (SG6)
S300L3 0.077 1.028 0.047 0.805 0.057 0.743 1.043(SG1)
S300L3G1 0.261 1.015 0.231 0.874 0.214 0.909 1.368 (SG18)
S300L3G2 0.251 0.765 0.204 0.655 0.147 0.617 0.968 (SG13)
S400L4 0.047 0577 0.043 0.607 0.050 0.604 0.795 (SG3)
S400L4G1 0.356 1.038 0.226 0.790 0.219 0.938 1.203 (SG18)
S400L2G2 0.085 1.190 0.080 0.845 0.067 0.798 1.260 (SG3)
S400L4G2 0.241 1056 0.165 0.695 0.139 0.736 1.182 (SG6)
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Fig. 1. Specimen dimensions (mm)
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Fig. 2. RCLs of different characteristic sizes



https://www.editorialmanager.com/jrncceng/download.aspx?id=277157&guid=eab503df-5fcb-4ef5-81dd-ccde94229e04&scheme=1
https://www.editorialmanager.com/jrncceng/download.aspx?id=277157&guid=eab503df-5fcb-4ef5-81dd-ccde94229e04&scheme=1
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Fig. 3. Fabrication of GFRP tubes
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Fig. 4. Casting of compound concrete specimens
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(b) Specimens in G2 group
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(c) Specimens in G3 group

Fig. 6. Failure modes
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(c) FRP-confined concrete specimens with varied FRP thicknesses (5 = 0.33-0.5)
Fig. 8. Axial stress-axial strain curves of concrete in the test specimens
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(b) FRP-confined concrete specimens

Fig. 9. Comparisons of stress-strain curves of specimens having the same confinement stiffness
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Fig. 11. Effects of characteristic size of RCLs and column size on the compressive strength
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Fig. 12. Effects of characteristic size of RCLs and column size on the FRP hoop strains
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Figure 13
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Fig. 13 Performance of existing models in predicting the compressive strengths of test columns
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