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Abstract: Using recycled concrete aggregate (RCA) can offer significant
sustainability benefits by reducing waste and lowering the environmental
impact on construction. This study presents a series of tests on short partially
encased composite (PEC) columns to investigate the effects of RCA on the
compressive behavior of PEC columns cast with recycled aggregate concrete.
A total of 15 PEC columns and three bare steel columns were tested under
concentric axial compression loads. The test incorporated five RCA
replacement ratios (0%, 25%, 50%, 75%, and 100%) and three link spacing-
to-depth ratios (0.33, 0.5, and 0.67). The failure modes, load-strain behavior,
load capacity, and ductility were assessed to evaluate the effects of the RCA
replacement ratio and link spacing. The failure mode was similar for all the
PEC columns: crushing of concrete, and buckling of steel flanges. The test
results indicate that columns become more brittle when the RCA replacement
ratio exceeds 50% since RCA contains microcracks. However, under
concentric loading, the effects of the RCA replacement ratios on column
strength were negligible across different link spacing. Incorporating RCA
resulted in a maximum 6% drop in strength. An increase in link spacing
reduced the ultimate load for all columns. The initial stiffness was also
comparable for different RCA replacement ratios and link spacings.
Increasing the RCA replacement ratio increased the strain at peak load,
especially for smaller link spacings. The current design guidelines for PEC
columns with natural aggregate concrete can be safely used to predict the
capacity of the PEC columns incorporating RCA. These findings enhance
sustainable building techniques by illustrating that RCA can be utilized
efficiently in PEC columns without a considerable decline in strength and
stiffness.

Keywords: partially encased composite columns, recycled concrete aggregate,
steel-concrete composite structure, concentric load, transverse link

1 Introduction

The construction industry has increasingly focused on sustainability and environmental
preservation in recent years. The growing need for natural aggregates, combined with swift urban
development, has resulted in the exhaustion of natural reserves and an intensified environmental impact
[1]. Consequently, recycling construction and demolition waste into recycled concrete aggregate (RCA)
has surfaced as a viable, sustainable replacement for natural aggregates. RCA is created by crushing
and processing demolished concrete structures, providing an eco-friendly and economical alternative
for concrete manufacturing [2]. The findings from the life cycle assessment revealed that utilizing
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recycled aggregates can decrease greenhouse gas emissions by as much as 65% and reduce non-
renewable energy consumption by up to 58% [3]. However, concrete's workability and compressive
strength may be reduced when using RCA due to its higher water absorption and lower density [4].
RCA exhibits lower physical and mechanical properties than natural aggregate (NA) [5,6]. Mortar in
RCA is primarily responsible for the variance in RCA characteristics. Because of the mortar, RCA has
lower specific gravity, higher absorption, and weaker abrasion resistance than NA [7]. However, when
the source concrete of RCA is stronger, a comparable compressive strength can be obtained [5,8-10].

A partially encased composite (PEC) column comprises an H-shaped steel section and concrete
infill between the flanges. For thin-walled PEC columns, transverse links are connected at a regular
spacing between the flanges of the steel section to enhance resistance against buckling of flanges.
Numerous experimental studies have been performed to evaluate the behavior, failure modes, and
ultimate capacity of thin-walled PEC columns subjected to concentric [11-15] and eccentric [16-18]
axial compressive loads. The behavior of PEC columns built of fiber-reinforced concrete and high-
strength concrete was examined by Prickett and Driver [18]. According to the study, compared to
normal-strength concrete, high-strength concrete failed more abruptly, and the insertion of steel fibers
enhanced the ductility of the concrete. The use of lightweight concrete in PEC columns has also been
studied [19,20]. Pereira et al. [21] evaluate the structural behavior of the column by substituting the
longitudinal reinforcement and transverse link with wire mesh under axial and cyclic loadings. Chen et
al. [22] studied the effect of the arrangement of additional reinforcements and found that the effects of
the arrangement on the strength and ductility were insignificant. The behavior of octagonal-shaped PEC
columns has also been studied [23-26]. Research has been done on the application of PEC columns as
boundary elements for steel plate shear wall [27-31]. Finite element models and numerical studies were
developed to reproduce the performance of PEC columns under numerous loads [32—-38]. A numerical
model was developed to use equivalent steel sections for analyzing short PEC columns under concentric
loading [39].

In recent years, RCA extracted from demolished concrete lumps (DCL) has been used in composite
columns [40-47], which is an important step toward sustainable development. In concrete-filled steel
tubular (CFST) columns subjected to axial compression, less than 10% of the capacity was lost when
recycled aggregates replaced 100% of the natural aggregates [45,46]. The overall structural behaviors
of the CFST column were not much affected, even with up to 40% replacement of NA by RCA [40,42].
For the PEC column, Wu et al. [44] investigated the use of DCL on PEC columns. The experimental
study used an RCA replacement ratio of up to 33% from two different sources. The large-sized DCLs
were used for aggregate. The failure behavior of the columns containing RCA and the columns cast
with NA were found similar. Also, the source of DCLs did not affect the failure pattern. The available
study on using various percentages of RCA in PEC columns with variable geometric properties is very
limited. The effects of RCA on the performance of these columns, especially under concentric and
eccentric loading scenarios, have yet to be comprehensively examined. The behavior of columns with
normal-sized RCA has also not been explored. The impact of RCA on the composite action between
the steel section and the concrete core in PEC columns has received little consideration. In addition, the
contribution of transverse link spacing to ensuring sufficient confinement and ductility in the
application of RCA is yet not adequately measured. The degree of confinement has a direct impact on
post-peak behavior, and flange buckling resistance, making these characteristics crucial. Therefore, an
extensive experimental study is required to assess the axial compressive behavior of thin-walled PEC
columns constructed with different RCA replacement ratios.

This study involved an experimental program to explore the performance of PEC columns filled
with RCA comprehensively. The impacts of RCA replacement ratios on PEC column strength and
failure behavior under concentric axial compression were investigated. The influences of link spacing
on the capacity of PEC columns filled with RCA were also evaluated. Data-driven insights on
sustainable PEC column design are provided by quantitative assessments based on failure modes, peak
strain, and ductility indices.

2 Experimental Program

2.1 Descriptions of Column Specimens
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The experimental program focused on testing 15 small-scale, thin-walled, partially encased
composite (PEC) columns, each with a cross-section of 160 mm > 160 mm and a length of 800 mm.
Additionally, three small-scale bare steel columns (H-shaped sections with transverse links at specified
spacings) of identical dimensions were tested under axial loading to compare their behavior with the
PEC columns. The measured thickness of the steel plates was 3.2 mm, which adhered to the specified
dimensions. The key geometric parameters are shown in Fig. 1. The primary parameters include the
column length (L), the column depth (d), the overall flange width (br), the flange width (b), which is
defined as half of bf, the center-to-center transverse links spacing (s), and the plate thickness (t). The
flange width-to-thickness ratio (b/t) for these columns was designed to be 25, which is lower than the
maximum allowable ratio of 32, as specified by CSA S16-24 [48].
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Fig. 1. The geometric parameters of the PEC column
Table 1. Properties of column specimens
Steel Concrete RCA
Specimens Section Length Square Link Yield Compressive (%)
Stress Strength
bf x<d xt L Spacing, s 28 day Testday
(mm x<xmm>mm) (mm) (mm) (ratio of d) (MPa)  (MPa)
SC-A-RO 160 <160 =<3.2 800 53 0.33d 293 26.2 32.0 0
SC-B-R0 160 <160 =<3.2 800 80 0.5d 293 26.2 32.0 0
SC-C-R0O 160 <160 %<3.2 800 107 0.67d 293 26.2 32.0 0
SC-A-R25 160 <160 %<3.2 800 53 0.33d 293 26.3 31.8 25
SC-B-R25 160 <160 %<3.2 800 80 0.5d 293 26.3 31.8 25
SC-C-R25 160 =160 %<3.2 800 107 0.67d 293 26.3 31.8 25
SC-A-R50 160 =160 %<3.2 800 53 0.33d 293 26.1 31.8 50
SC-B-R50 160 =160 %<3.2 800 80 0.5d 293 26.1 31.8 50
SC-C-R50 160 =160 %<3.2 800 107 0.67d 293 26.1 318 50
SC-A-R75 160 =160 %<3.2 800 53 0.33d 293 26.0 318 75
SC-B-R75 160 =160 %<3.2 800 80 0.5d 293 26.0 318 75
SC-C-R75 160 =160 =<3.2 800 107 0.67d 293 26.0 31.8 75
SC-A-R100 160 <160 %<3.2 800 53 0.33d 293 26.1 31.2 100
SC-B-R100 160 <160 %<3.2 800 80 0.5d 293 26.1 31.2 100
SC-C-R100 160 <160 %<3.2 800 107 0.67d 293 26.1 31.2 100
SC-A 160 <160 %<3.2 800 53 0.33d 293 - - -
SC-B 160 <160 %<3.2 800 80 0.5d 293 - - -
SC-C 160 <160 *<3.2 800 107 0.67d 293 - - -

To evaluate the influence of link spacing on column behavior, three different spacings were tested:
53 mm (0.33d), 80 mm (0.5d), and 107 mm (0.67d). In all cases, square steel bars with a thickness of 6
mm were used as transverse links. The maximum spacing ratio was 0.67d, the maximum spacing limit
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according to CSA S16-24 [48]. Additionally, five different RCA levels were tested for each link spacing
to assess the effect of RCA replacement ratio: 0%, 25%, 50%, 75%, and 100%, representing the
replacement of NA with RCA in the concrete mixture. 0% RCA indicates concrete cast with NA only,
whereas 100% RCA indicates concrete cast fully with RCA. A detailed summary of the column's
geometric and material properties can be found in Table 1. The columns were labeled using an
identifying code in the format "SC"-"A/B/C"-R#. In this system, “A/B/C,” denotes the link spacing
ratio, where “A,” “B,” and “C” correspond to link spacing ratios of 0.33d, 0.5d, and 0.67d, respectively,
and “R” denotes the replacement ratio of RCAs.

2.2 Material Properties

2.2.1 Steel Plate Properties

Laboratory tests were conducted on the steel plates utilized in the structural steel sections' webs
and flanges. A universal testing machine (UTM) with a 2000 kN tensile capability was used to perform
tension tests. The average yield strength of the steel plates, as determined by the tension test findings,
was 293 MPa. The steel plate's average yield strain was 1465 micro-strain (pe), and the average ultimate
stress was 431 MPa. The rupture strain was found 336 670 micro-strains (ye).

2.2.2 Concrete

Five concrete mixes were prepared for batching the fifteen PEC columns. These mixes were
designed to produce concrete with five different RCA replacement ratios. To evaluate the concrete
compressive strength, cylinders were cast from each mix. Locally available materials were used to
produce concrete. Stone chips of 3/4" downgraded sizes were utilized for natural coarse aggregates and
recycled concrete aggregate. The RCA was sourced from crushed concrete cylinder samples previously
tested in the Concrete Laboratory, Department of Civil Engineering, BUET. To ensure quality and
consistency, only concrete samples cast with natural stone chips as coarse aggregates and known mix
proportions and compressive strengths were selected. The average compressive strength of these
concrete cylinders was 43.7 MPa, with a standard deviation of 10.5 MPa. These test samples were
crushed down to produce RCA. The aggregates were sieved to obtain the 3/4" downgraded portion.
Before testing and casting, all coarse aggregates were washed to ensure cleanliness. Additionally, both
NA and RCA were pre-soaked for a whole day to address the water absorption of aggregate. Sylhet
sands were used for fine aggregate. CEM-11/A-M type cement was used in the concrete mix. The water-
cement ratio was kept constant at 0.46 for all the mixes. To guarantee even load distribution in the
testing apparatus, a high-strength capping compound was applied to the cylinders prior to testing. All
the cylinder's failure mode was the combined crushing of both mortar and stone. The mix proportions
and corresponding compressive strength results for all concrete mixes are provided in Table 2.

Table 2. The mix ratios and compressive strength of concrete

Fine Coarse Coarse Aggregate Compressive
Mix No R((E/:O')A‘ %kZTrig; Aggregate  Aggregate (NA) (RCA) (\Ii\/?:r?g) Strength
(kg/m®) (kg/m?®) (kg/m?) g (MPa)

Mix-I 0 366 630 1251 - 168 26.2
Mix-II 25 366 630 938 267 168 26.3
Mix-11l 50 366 630 626 535 168 26.1
Mix-IV 75 366 630 313 802 168 26.0
Mix-V 100 366 630 - 1070 168 26.1

In Table 2, the compressive strength values were comparable for all the mix designs, and The RCA
replacement ratio had very little effect. Many studies have found that using RCA as a replacement for
natural coarse aggregate reduces the strength of concrete by 4% to 40% [5,7,49]. However, the strength
of concrete with RCA largely depends on the source concrete's strength. If the source concrete strength
is higher than the design strength, then concrete with RCA can be compared to concrete made with NA
[5,8,44]. Kabir et al. [9] and Malesev et al. [10] also found that using laboratory test samples as RCA
did not affect the compressive strength of concrete. The source concrete for RCA in this investigation
had a mean strength of 43.7 MPa, which is significantly higher than the 26.2 MPa strength of the
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concrete made with NA. This likely explains why no significant reduction in strength was obtained
when using RCA in the concrete.

2.3 Test Setup and Data Acquisition System

All the columns were tested using a UTM with a loading capability of 2000 kN in the Structure
and Materials Laboratory, Department of Civil Engineering, BUET. The test setup ensured proper end
conditions to provide a uniform loading surface for the columns. Two dial gauges were placed in the
mid-height of the column in two face directions to measure the lateral deformation. In order to measure
the strain of the column, six strain gauges were placed at different positions of the column. The test
setup for the concentrically loaded columns is shown in Fig. 2. Initially, a loading rate of 0.4 mm/min
was used for displacement control. After the peak load, a loading rate of 0.8mm/min was maintained
for the remainder of the testing procedure when the load dropped about 90% of the peak load. An
electronic data acquisition device was used to record digital readings of axial load and deformation
while each specimen was being tested.

Loading ¢ l

Plate
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QD
©
[

Transverse Link

‘ Crushing of
Concrete

Local Buckling of
—
Flange

Fig. 3. Typical failure mode of PEC column
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3 Results and Discussions

3.1 Failure Modes

<l ; -
(h) SC-B-R50

() SC-A-R100 (f) SC-B-R0 () SC-B-R25
Fig. 4. PEC columns after the test (part 1)

All of the columns had the same failure modes. The failure of all PEC columns was caused by a
combination of localized steel flange buckling and concrete crushing. A typical failure mode is shown
in Fig. 3. The PEC column specimens after the test are presented in Figs. 4 and 5. The concrete was
crushed first, and then the steel flanges buckled locally, causing the failure. In contrast, local buckling
of the steel plates (both the web and the flanges) caused the bare steel columns to fail. For all the
columns, the flanges yielded before reaching the peak load. Key observations include:

i.  InPEC columns with smaller link spacing (s/d = 0.33), concrete between the flanges and web
was crushed before reaching the peak load. No local buckling of the flanges occurred before
the peak load. The failure was gradual, except in the case of column SC-A-R100. The concrete
part of this PEC column was constructed with 100% recycled aggregate. During the test of this
column, the loading rate increased rapidly before the peak, and after the peak, the load dropped
sharply.
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The concrete was also crushed before reaching the peak load in PEC columns with medium
link spacing (s/d = 0.5). The failure was gradual. No local buckling of the flanges occurred
before the peak load, except in column SC-B-R100, where flange buckling began just before
reaching the peak load.

In PEC columns with larger link spacing (s/d = 0.67), concrete crushing occurred before
reaching the peak load, followed by local flange buckling. In the test columns with s/d = 0.67,
local buckling of the flanges was observed prior to the peak load. The failure was gradual,
except for column SC-C-R100, where a rapid load drop occurred after the peak load.
Columns with smaller link spacing exhibited more ductile failure than those with larger ones.
Similarly, columns containing up to 50% RCA demonstrated more ductile behavior than those
without RCA. However, when the RCA replacement ratio exceeded 50%, the failure became
less ductile.

In all PEC columns, the flanges buckled outward due to the concrete core. In contrast, the bare
steel columns showed both the inward and outward buckling of the flanges.

@

* 3 > i
(m) SC-C-R50 (n) SC-C-R75 (0) SC-C-R100
Fig. 5. PEC columns after the test (part 2)

3.2 Axial Load versus Strain Response
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A summary of all the load vs. strain curve characteristics can be found in Table 3. Fig. 6 shows
the influences of link spacing on the axial load versus strain responses for different RCA replacement
ratios. According to link spacing, the samples were divided into three groups: A, B, and C. Their
corresponding link spacing to depth ratios (s/d) are 0.33, 0.50, and 0.67, respectively. From the figure,
initial stiffness was found to be nearly similar for different link spacing. The secant modulus was
determined from the initial slope of the axial load versus strain curve. It is the ratio of load and strain at
0.4 P, [18]. From Table 3, the secant modulus for test PEC columns varies from 0.77 to 1.02 kN/ue
with an average value of 0.91 kN/ue. The effect of link spacing on the secant modulus for each RCA
replacement ratio is found to be insignificant.

Table 3. Test load summary for columns
RCA  Ultimate Load, Theoretical Strain at Peak  Ductility Secant Modulus

Specimens o/ P, (kN) Load, Pn(kKN)  Load, &y (ue)  Index (KN/uie)
SC-A-R0 0 1216 1021 1885 1.66 0.93
SC-B-RO 0 1171 1009 2074 1.35 1.02
SC-C-RO 0 1135 993 1852 1.33 0.93
SC-A-R25 25 1250 1018 2003 1.78 0.92
SC-B-R25 25 1145 1005 2032 1.44 0.92
SC-C-R25 25 1093 989 2020 1.38 0.96
SC-A-R50 50 1203 1018 2288 172 0.88
SC-B-R50 50 1165 1005 2133 1.42 1.01
SC-C-R50 50 1080 989 1996 1.29 0.90
SC-A-R75 75 1178 1018 2294 1.44 0.77
SC-B-R75 75 1158 1005 2174 1.23 0.83
SC-C-R75 75 1101 989 2005 1.23 0.94
SC-A-R100 100 1188 1008 2361 1.44 0.78
SC-B-R100 100 1158 995 2196 1.25 0.93
SC-C-R100 100 1066 979 2029 1.10 0.86
SC-A - 405 436 1642 171 0.42
SC-B - 391 424 1590 1.35 0.37
sc-C - 384 408 1568 1.07 0.35

From Fig. 6, the post-peak response varies with link spacing for the selected RCA replacement
ratio. The post-peak curve gets steeper as the link spacing increases. Therefore, increasing link spacing
reduces the ductility of the PEC column constructed with RCA. Reducing the link spacing increases the
confinement of the concrete. Therefore, the failure becomes more ductile. Similar behavior was
observed for PEC columns constructed with NA.

Fig. 7 illustrates the effects of RCA replacement ratios on the axial load versus strain response for
different link spacings. As before, the initial stiffness is nearly consistent across all PEC columns for
different RCA ratios. In Fig. 7(a) (s/d = 0.33), the initial stiffness remains similar for loads up to 600
kN. Beyond this point, the column with 0% RCA shows higher stiffness as compared to that of the
column with 100% RCA. Fig. 7(b) (s/d = 0.5) shows a similar trend, with the column with 0% RCA
steepening and the column with 75% RCA becoming milder after 600 kN. In Fig. 7(c) (s/d = 0.67), the
initial stiffness is close up to 700 kN, after which the columns with 0% and 25% RCA become slightly
steeper, and the column with 100% RCA again shows a lower initial stiffness. Overall, these
variations are minimal, indicating that initial stiffness is mainly independent of the RCA replacement
ratio. Notably, the initial stiffness of all PEC columns significantly exceeds that of the bare steel
columns.

From the figures, the post-peak responses for Groups A, B, and C are close across the RCA
replacement ratio up to 50%. Although reduction of ultimate load is small, the post-peak curve is steeper
for columns with 75% and 100% RCA. Therefore, increasing the RCA replacement ratio by more than
50% reduces the ductility and increase the brittleness of the column. Microcracks in RCA and the
comparatively weak interfacial transition zone (ITZ) [7, 50] between the new cement paste and residual
mortar are the reasons for this increased brittleness. The ITZ between adhered mortar in RCA and new
cement paste become porous and less cohesive [51]. This facilitates early crack localization and reduces
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fracture energy. The fracture energy reduces significantly at higher RCA replacement ratio [51-52]. As
a result, failure becomes more sudden at higher RCA replacement ratio.
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Fig.6. Effects of link spacing on load vs. strain curve

3.3 Strain at Peak Load

Table 3 presents the strain values at peak load (ultimate load) for all columns, while Fig. 8
summarizes the impacts of link spacing on strain at peak load. The strain at peak load decreases as link
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spacing increases. Specifically, for an increase in the s/d ratio from 0.33 to 0.67, the strain at peak load
decreases by 2%, 13%, 13%, and 14% for RCA replacement ratios of 0%, 50%, 75%, and 100%,
respectively. Since all columns exhibit similar initial stiffness, this variation in strain can be attributed
to the reduction in peak load as link spacing increases.
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Fig. 7. Effects of link spacing on load vs. strain curve

For the 25% RCA replacement ratio, the strain did not decrease; however, the variations were
minimal, within 1%. In the case of SC-B-R0 (s/d = 0.5), while the initial stiffness was similar to other
columns, the peak strain was 10% higher than that of SC-A-RO0 (s/d = 0.33). This difference is attributed
to the formation of the possible hinge before reaching the peak load in column SC-B-RO.

The effects of the RCA replacement ratio on strain at peak load are summarized in Fig. 9. It shows
that strain at peak load increases as the RCA replacement ratio increases. The effect is significant for
the lower link spacing. For test columns with link spacing 0.33d, a 25% increase in peak axial strain is
observed as the RCA replacement ratio increases from 0% to 100%. For columns of Group B (s/d = 0.5)
and Group C (s/d = 0.67), the increases in axial strain are 6% and 10%, respectively. Typically, the peak
axial strain of the specimen increases as the percentage of RCA replacement ratio increases. This can
be attributed to several factors. RCA is comprised of numerous impurities. Such impurities usually
reduce the modulus of the concrete, and this modulus diminishes with the increase in the RCA
replacement percentage. Consequently, the reduced modulus results in a greater peak strain [53]. For
all the PEC columns, strains at the peak load are higher than those for bare steel columns. This is because
the composite column portion has higher strength and stiffness than the steel-only part.

3.4 Ultimate Axial Load

The ultimate axial compressive loads for all test columns can be found in Table 3. Fig. 10
summarizes the impacts of link spacing on the ultimate load. Increasing link spacing decreased the axial
compression capacity for all five selected RCA replacement ratios. It was expected because transverse
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links support the flanges, and increasing the link spacing increases the lateral stiffness of the flanges. It
reduces lateral buckling and increases column stability. Increasing the s/d ratio from 0.33 to 0.67, the
ultimate load decreases by 7%, 13%, 10%, 6%, and 10% for RCA replacement ratios of 0%, 25%, 50%,
75%, and 100%, respectively.

Fig. 11 summarizes the effects of the RCA replacement ratio on the ultimate load for different link
spacing. It is observed that the ultimate load decreases as the RCA replacement ratio increases. However,
the effect is negligible. For s/d = 0.33, using RCA maximum 3% strength reduces (for the column with
75% RCA). A 3% increase in strength was also observed for the column with 25% RCA. For s/d = 0.5,
using RCA, a maximum of 2% strength reduction is observed. Finally, for s/d = 0.67, using RCA, the
maximum strength is reduced by 6%. This could be attributed to the compressive strengths of the
concrete since the compressive strengths of the concrete for all the columns were comparable.
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Fig. 8. Effects of the link spacing on the strain at peak load
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Fig. 9. Effects of the RCA replacement ratio on the strain at peak load

Usually, using RCA degrades concrete strength. Because RCA is often crushed and contains micro-
cracks, these micro-cracks can widen under high pressure, leading to a reduction in strength. However,
the surface of RCA has a higher roughness, allowing for a stronger bond with the new slurry.
Additionally, its porous nature retains some water, which is released during the hydration reaction,
enhancing compressive strength. When the negative impact of the deterioration outweighs the
strengthening benefits, the strength of the recycled concrete may decrease [54]. In this study, the
negative impact of micro-cracks did not govern for concentrically loaded columns.

The ultimate strengths of composite column specimens are also compared with the bare steel
column’s strength. Fig. 11 presents the comparison. Concrete results in increased compressive strength
for the PEC column constructed with RCA. The PEC column’s strengths are about thrice the bare steel
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columns. However, this increase reduces as the RCA replacement ratio increases along with the increase
in link spacing.
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Fig. 10. Effects of the link spacing on the ultimate load
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Fig. 11. Effects of the RCA replacement ratio on the ultimate load

3.5 The Ductility Index

The ductility of the columns has been determined using a ductility index (DI) that was introduced
by Han et al. [55]. DI is the ratio of the vertical displacement at peak load to the vertical displacement
when the load drops to 85% of the peak load. This index shows the efficiency of the composite action
between concrete and steel in addition to measuring deformation capacity. According to the test results,
lowering link spacing (s/d = 0.33) improves composite interaction and confinement, which raises
ductility. On the other hand, because recycled concrete is more brittle, raising the RCA replacement
ratio often decreases ductility; however, this degradation is reduced by the confinement effect of closely
spaced links.

Table 4. Test load summary for columns

Link Spacing (Ratio RCA Replacement Ratio (%)
of d) 0 25 50 75 100
0.33d 1.66 1.78 1.72 144 1.44
05d 1.35 144 142 123 125
0.67d 1.33 138 129 1.23 11

% DI Increase (0.67

d t0 0.33 d) 19.9 22.5 25 14.6 23.6

Table 4 shows that the DI decreases as the link spacing increases. This is because lower link
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spacing enhances concrete confinement and reduces the likelihood of steel buckling, making the column
more ductile. Consequently, DI is higher for columns with smaller link spacing. The RCA replacement
ratio also influences the DI. DI increases when the RCA replacement ratio increases from 0% to 25%
due to improved bond and internal curing. However, as the RCA replacement ratio increases further,
DI gradually decreases. For link spacing ratios (s/d) of 0.33 and 0.5, columns with up to 50% RCA
exhibit a higher DI than those with 0% RCA. For a link spacing ratio of 0.67, DI increases up to an
RCA ratio of 25%.

This is because RCA has a higher porosity and a lower apparent density, which allows for a closer
bond between the concrete and mortar during the hydration and hardening process. It ultimately
enhances the ductility of the concrete. However, the RCA micro-cracks increase the concrete's fragility
as the replacement ratio increases. Therefore, the DI decreases. Similar observations were also reported
by Deng et al. [56].

3.6 Influence on Composite Action and Confinement Performance

In PEC columns, the steel section and the concrete core interact with one another to produce the
composite action. This interaction slows the local buckling of steel flanges and increases the axial
capacity. According to the experimental findings, link spacing is the primary factor maintaining
effective composite behavior, whereas the RCA replacement ratio has a secondary effect that becomes
more importance when replacement levels increase.

The reduction of link spacing fostered an increase in the confinement of the concrete core. It
restrained lateral deformation of flanges and strengthened the bond between steel section and concrete.
Consequently, the occurrence of flange buckling was delayed, and the post-peak load reductions were
more gradual in columns with tighter spacing. Columns with smaller reduced link spacing (s/d = 0.33)
showed enhanced composite action, as evidenced by their higher ductility indices (DI up to 1.78) and
increased peak strains (up to 2,361 pe for 100% RCA) when compared to columns with larger link
spacing (s/d = 0.67), which had a maximum DI of 1.38 and peak strains of around 2,029 pe.
Quantitatively, the DI increased by roughly 20-25% across all RCA replacement ratios when the link
spacing (s/d) was reduced from 0.67 to 0.33.

The RCA replacement ratio predominantly influenced confinement performance when it exceeded
50%. For the case of s/d = 0.33, the DI diminished from 1.78 at 25% RCA to 1.44 at 100% RCA,
signifying a 19% decline in confinement efficiency. For s/d = 0.67, the similar increase in RCA
replacement ratio resulted in a reduction of DI from 1.38 to 1.10 (20% decrease), with local buckling
manifesting earlier in the loading process. These findings suggest that the presence of micro-cracks and
weaker interfacial bonding in high RCA mixtures compromised the concrete's capacity to effectively
restrain the steel flanges. Nevertheless, tighter link spacing alleviated a substantial portion of this
negative impact, thereby sustaining composite behavior even at higher RCA levels.

In summation, the performance of confinement and, consequently, composite action was primarily
governed by link spacing. RCA replacement ratios up to 50% exert negligible adverse effects when link
spacing was small; however, increased RCA levels in conjunction with larger link spacing lead to a
measurable reduction in confinement, the early occurrence of flange buckling, and a reduction in
ductility.

4 Comparison with Code

Table 3 summarizes the ultimate loads and predicted loads for the columns. The predicted column
load was calculated using the CSA S16-24 [48] code. Table 5 compares the column’s capacity with the
theoretical capacity predicted by the CSA S16-24 code. For all the PEC columns, the experimental test
loads exceeded the predicted theoretical capacities with an average experimental-to-theoretical capacity
ratio of 1.15. This indicates that the axial capacity predicting equation of the CSA S16-24 code can be
safely used to predict the capacity of the PEC column with concrete containing recycled aggregate.

Across all the RCA replacement ratios, the experimental-to-theoretical capacity ratio was observed
to increase as the link spacing decreased, implying enhanced confinement and composite action at closer
link spacings. Specifically, the average ratio increased from 1.11 at a spacing of 0.67d to 1.19 at 0.33d.
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Therefore, the code is more conservative for the lower link spacing as compared to the higher link
spacing. However, the experimental capacities for bare steel columns were lower than the predicted
ones, with an average experimental-to-theoretical capacity ratio of 0.93. The lower capacity is due to
the presence of initial imperfections in the steel flanges and web, which may have resulted in premature
local buckling and lower effective strength.

Table 5. Test load summary for columns

Link Spacing RCA Replacement Ratio (%) Bare
(Ratio of d) 0 25 50 75 100 Average Steel
0.33d 119 123 118 116 118 1.19 0.93
0.5d 116 114 116 115 1.16 1.15 0.92
0.67d 114 111 1.09 111 1.09 1.11 0.94

5 Conclusions

An extensive experimental study was conducted to evaluate the effects of RCA on the behavior of
thin-walled PEC columns. A total of 15 short PEC columns and three short bare steel columns with
similar geometric dimensions were tested. All the columns were loaded under axial concentric load.
The test parameters were transverse link spacing and RCA replacement ratio. The RCA was generated
from the crushing of the laboratory test samples.

1. All of the PEC columns failed in the same way, with the steel flange buckling locally and the
concrete crushing. The failure was started with the crushing of concrete. For smaller link
spacing, no local buckling was seen prior to the peak load. However, local buckling was
observed prior to the peak load for greater link spacing, indicating enhanced confinement at
lower link spacing. The failure modes of the bare steel were local buckling of the flange and
web.

2. The link spacings and RCA replacement ratio did not affect the initial stiffness significantly.
However, the initial stiffnesses of the PEC columns were significantly higher than that of bare
steel columns. Increasing the RCA replacement ratio increased the strain at peak load,
particularly for columns with lower link spacing, due to the presence of impurities in RCA.

3. Post-peak response was affected by the RCA replacement ratio. After 50% RCA, the response
becomes steeper. For the columns with an RCA replacement ratio higher than 50%, the
ductility index was reduced than that of the column with 0% RCA. About 20% decrease in DI
was found at higher levels of RCA (75% and 100% RCA\). This is due to the presence of micro-
cracks in the RCA. The columns with 25% RCA had the highest ductility index.

4. An increase in link spacing decreased the ultimate load for all columns. As the s/d ratio
increased from 0.33 to 0.67, the ultimate load was observed to decrease by 6% to 13% and the
ductility index to decrease by approximately 20-25%. This was anticipated because closer link
spacing enhances lateral stiffness, mitigates flange buckling, and improves the stability of the
columns.

5. The RCA replacement ratio had a minimal effect on the ultimate load of the column. A
maximum 6% load was reduced as RCA was used in the PEC column since the compressive
strength of concrete with RCA was comparable with that of conventional concrete. The higher
surface roughness and porous nature of RCA improve bonding with slurry and enhance
compressive strength. However, the capacity of all the PEC columns was about two times
higher than that of the bare steel column.

6. All columns surpassed the capacity predicted by the CSA S16-24 code, suggesting that the
capacity equation provided by the code can safely calculate the capacity of PEC columns
containing RCA.

These findings emphasize that suitable link spacing can preserve composite action and

confinement, which allows the sustainable use of RCA (up to 50%) in PEC columns without
compromising ultimate axial capacity or ductility.
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