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TDepartment of Structural Reinforced concrete columns are vital load-bearing elements, responsible for transferring
Engineering, Faculty vertical loads and resisting lateral forces. While numerous factors govern column perfor-
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e and the corrosive threat as its primary areas of investigation. Thus, 20 small-scaled (1/8th

scale) RC columns (square and circular, with ties or spirals) were tested under various load-
ing conditions. Columns were divided into five groups. A preliminary test was conducted
to determine individual axial load capacity through failure under axial compressive load-
ing. The main test then explored their behavior under combined axial load and variable
lateral drift compared to their behavior at two corrosion levels 15% and 25%. While cor-
rosion levels were roughly achieved, uneven distribution due to the accelerated process
concentrated pitting near construction joints, impacting reinforcement more than rebar.
Results confirmed the efficacy of spirals in enhancing capacity, particularly for circular
columns where they also increased lateral load capacity. However, spirals also amplified
corrosion vulnerability in circular columns, suggesting a steeper decline in performance
at higher corrosion levels. Two key models were derived from analyzing the recorded data:
normalized total dissipated energy and normalized absolute peak load. Future research
should prioritize exploring column behavior under a wider range of combined loads

and corrosion levels to refine and validate these models.

Keywords: Square column, Circular column, Lateral drift, Accelerated corrosion, Small-
scale specimens

Introduction

The performance of reinforced concrete columns is governed by a complex interplay of
factors, including cross-sectional shape, transverse reinforcement configuration, and
reinforcing steel corrosion. Circular sections offer superior flexural performance due to
their uniform stress distribution, while square and rectangular sections require careful

design considerations. Transverse reinforcement, in the form of ties or spirals, enhances
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compressive strength, ductility, and shear resistance. Understanding the impact of cor-
rosion on both steel and concrete is crucial for ensuring long-term structural durability.

This research aims to investigate the interactions between cross-sectional shape,
transverse reinforcement configuration, and corrosion degradation in reinforced con-
crete columns. Specific objectives include quantifying the influence of cross-sectional
shape on load-carrying capacity, ductility, and failure modes under various loading sce-
narios. Moreover, evaluating the effectiveness of ties versus spirals in enhancing column
performance under combined axial and lateral varying drift. Furthermore, assessing the
impact of corrosion on the structural behavior of columns with different shapes and
transverse reinforcement types.

Understanding the long-term effects of steel corrosion on concrete structures is cru-
cial for their safe and reliable operation. However, testing for durability under natural
conditions can be time-consuming. Therefore, researchers use various accelerated cor-
rosion methods to simulate and expedite the deterioration process. These methods typi-
cally involve one or a combination of three main principles: (1) applying an electrical
current to the embedded steel (galvanostatic method), (2) exposing the samples to high
humidity environments (through spraying, ponding, or wetting—drying cycles), and
(3) introducing chlorides to the samples (either by adding them directly to the mixing
water or by immersing the samples in a chloride solution).

Austin et al. [1] aimed to analyze and evaluate the method of using impressed cur-
rent to speed up chloride-induced corrosion and also to examine the electrochemical
implications of applying an external current and compare it to the natural electrochem-
istry of steel reinforcement (RFT) corrosion. It was found that the impressed current
method has been validated as a successful and expedient approach to accelerate chlo-
ride-induced corrosion. However, the electrochemical principles underlying this mecha-
nism differ from naturally occurring corrosion. Moreover, the thickness of the concrete
cover exerted a more significant influence than the strength of the concrete in determin-
ing the time required for chlorides to permeate through the cover.

Meda et al. [2] carried out preliminary tests on bare and embedded bars for the cali-
bration and optimization of the artificial corrosion process. Faraday’s law was used to
estimate the time needed to obtain the desired corrosion level; a modification was sug-
gested to take the presence of concrete into consideration, the required time is multi-
plied by a constant taking into consideration the likelihood that the corrosive process
would not begin right away.

Li et al. [3] investigated the influence of various wiring methods on the characteristics
of artificially induced corrosion in longitudinal reinforcement and stirrups of concrete
specimens. Their objective was to assess the applicability of accelerated corrosion tech-
niques. The study concluded that the employed wiring method, regardless of its type,
did not affect the distribution patterns of cracks caused by rust expansion or the color of
rust leakage on the specimen surfaces under identical corrosion conditions.

Basdeki et al. [4] explored the nonlinear behavior of corroded reinforced concrete
(RC) specimens under two corrosion scenarios: uniform and pitting. Their findings
revealed that when corrosion damage remained low, with a mass loss of up to 6% in
the steel reinforcement, the corrosion pattern was uniform. However, at higher corro-
sion levels exceeding 6% mass loss, the corrosion transitioned to pitting, characterized



Elshafei et al. Journal of Engineering and Applied Science (2024) 71:159 Page 3 of 32

by the formation of localized deep cavities on the steel surface. This pitting corrosion
resulted in stress concentrations around the pits, fundamentally altering the behavior of
the corroded columns. These changes manifested as a propensity for rapid failure under
dynamic loading conditions.

Li et al. [5] conducted experiments to investigate the behavior of short concrete col-
umns with corroded stirrups [5]. Their findings indicated that corrosion in the stir-
rups progressed unevenly throughout the concrete specimens. This uneven corrosion
resulted in the expansion of corrosion products, which in turn caused partial or com-
plete failure of the concrete cover. Consequently, the effective cross-sectional area of the
reinforced concrete (RC) short columns was reduced. This reduction in stiffness trig-
gered a critical shift in the failure mode, transitioning from ductile failure (where the
column can deform significantly before breaking) to brittle failure (where the column
breaks with minimal deformation) as the specimens deteriorated.

Meda et al. [2] investigated the change of the collapse mechanism caused by decreased
structural ductility due to corrosion in main steel only. Test results revealed that the cor-
roded column suffered a reduction in both ultimate force and ultimate displacement
and also sharp stiffness degradation in the last two cycles compared to the uncorroded
column.

Mohammed et al. [6], Ahmed et al. [7], Mohammed et al. [8], Mohammed et al. [9],
Ahmed et al. [10], and Ahmed et al. [11] experimentally and analytically investigated
the behavior of corroded tied columns under simulated seismic loads. It was found that
the higher the corrosion ratio was, the lower the cracking load became. Also, the higher
the axial compression ratio was, the higher the cracking load became. Considering the
ductility ratio, the corrosion of steel bars enhances the ductility of the specimen but
diminishes its ability to dissipate seismic energy. Moreover, crack width became wider
for specimens with higher corrosion level.

Spiral reinforcement’s influence on corrosion cracking patterns was also explored.
Experimental tests by Jabbour and Martin-Pérez [12] revealed that columns with cor-
roded longitudinal reinforcement exhibited vertical cracks parallel to the reinforcing
bars. On the other hand, columns with corroded spiral reinforcement displayed a more
random cracking pattern distributed laterally. Overall, columns with corroded longitudi-
nal reinforcement experienced higher axial and lateral deformations compared to those
with corroded spiral reinforcement. Additionally, the crack widths associated with cor-
rosion in the longitudinal reinforcement were six to eight times greater.

Ma et al. [13] investigated the corroded column behavior under axial load combined
with seismic load. It was found that for the same axial load ratio, but in highly corrosion-
damaged specimens, less stable hysteretic loops with smaller hysteretic loop areas. At
the same time, the higher axial load ratio may cause the corroded specimens’ capacity to
dissipate energy and ductility to decrease even further, and for the severely damaged col-
umns with corrosion loss ratios between 10 and 20% exhibited poor hysteretic response,
stiffness degradation, a steep descending branch in the envelop curve, ductility loss, and
a decrease in energy dissipation.

Several studies support the detrimental effect of corrosion on the axial capacity of spi-
rally reinforced concrete columns (Radhi et al. [14], Jabbour et al. [15] and Mahmood
& Lateef [16]). These studies consistently report a significant decrease in axial load
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capacity and final displacement as the corrosion level increases. Additionally, corrosion
negatively affects the stiffness and ductility of the columns, reflected in a reduction of
the stress—strain curve’s slope. Furthermore, a critical finding is the influence of corro-
sion on the failure mode. As the corrosion level progresses, the failure mode transitions
from shear failure to splitting and debonding, highlighting a more critical degradation
mechanism.

Extensive research has investigated the behavior of corroded reinforced concrete col-
umns under various loading conditions, considering a range of cross-sectional geom-
etries including rectangular, square, and circular shapes.

Saeedi Razavi et al. [17] investigated the effect of transverse reinforcements corrosion
on axial strength of circular and square spirally reinforced columns. It was found that
reduction in strength of the spirally reinforced circular columns is greater than that of
the square columns confined by stirrups. Which proves that spirals are more prone to
corrosion than stirrups.

Aminulai et al. [18] studied the behavior of corroded reinforced concrete columns
subjected to cyclic axial compressive load. The comparison between circular and square
RC columns revealed that the ultimate strain-to-strength ratio of circular reinforced
concrete columns generally exceeded that of their square counterparts, excepting situ-
ations with minimal confinement. While both experienced a downward trend in energy
dissipation with increasing corrosion and confinement, square columns suffered a more
pronounced decline due to their inherently less effective confinement mechanisms.

This research examined the combined effects of cross-sectional shape (square, circu-
lar), transverse reinforcement configuration (ties vs spirals), and corrosion on the behav-
ior of reinforced concrete columns under various loading conditions. To achieve this, 20
small-scale column specimens were cast and divided into 5 groups. Each group under-
went a series of tests, allowing for both comparative studies to understand the influence
of cross section shape and corrosion, and individual comparisons across cross section
shapes and reinforcement configurations to isolate the impact of corrosion. By analyzing
the total energy dissipated by the columns during testing, two key models were devel-
oped for each column type: a normalized model for total dissipated energy and a nor-
malized model for the peak load experienced. These models provide valuable insights
into the behavior of columns under these combined factors.

Methods

The experiment utilized a structured approach, dividing the research into five distinct
groups, each comprising four individual specimens. Consequently, each group con-
tained four specimens representing the combinations of these variables: square tied,
square spiral, circular tied, and circular spiral. Employing manually operated load cell
tests, this research conducted small-scale (1:8) mortar column experiments to explore
the multifaceted interplay between cross-sectional geometry, transverse reinforcement
configuration, and the effects of corrosion in reinforced concrete columns. The research
evaluated the relative efficacy of ties and spirals in enhancing column performance
under combined axial and variable lateral drift loading. Limited availability of resources
necessitated selectively energizing the rebar specimens during corrosion testing, but the
carefully designed specimens enabled systematic investigation of several key variables:
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cross-sectional shape, transverse reinforcement configurations, and the impact of corro-
sion on the structural behavior of columns with varying geometries and reinforcement
types. This comprehensive approach delves deep into the complex interactions govern-
ing reinforced concrete column performance, providing valuable insights for real-world
engineering applications.

Test setup

The experimental investigation took place within the Concrete Research Laboratory
at Cairo University. Prior to the main experiment, a preliminary test was conducted
to establish the axial load capacity of various column cross-sectional shapes. The main
test is designed to explore the behavior of these different shapes under the combined
action of constant axial load and variable horizontal drift compared to two levels of
corrosion.

The objective of the preliminary test was to obtain the axial load capacity of each spec-
imen. Hence, all specimens were loaded axially till failure while single LVDT was used to
measure specimen’s shortening. It is worth mentioning that steel encasement was used
to prevent premature bearing failure. Figure 1a shows the schematic of the axial com-
pressive load test setup. Meanwhile, Fig. 1b shows the actual test setup.

To assess the initial axial load capacity, a preliminary test was conducted before
the main experiment. Specimen naming for Group 1 followed a simple convention:
“X-Y, where “X” denoted the cross-sectional shape (“Sq” for square, “C” for circu-
lar) and “Y” signified the transverse reinforcement type (“T” for tied, “Sp” for spiral).

® O 6 G0

@_

—

1: Specimen 2: Steel frame 3: Load cell

4: Hydraulic jack 5: Steel plates 6: LVDT

7: Steel encasement
Fig. 1 Axial compressive load test setup
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Subsequent groups differed in their loading regime. Group 2 specimens were sub-
jected to a constant axial load (100 kN) combined with varying horizontal drift, while
groups 3-5 experienced a constant axial load ratio (40% of reference capacity) with
varying drift. Hence, these groups adopted a more elaborate naming scheme: “X-Y-A-
B where “A” indicated the axial load ratio as a fraction of reference capacity and “B”
represented the corrosion level, as illustrated in Table 1.

Within the main test, the specimen was secured to the table with four bolts; to
minimize friction effect, the column’s loading face was pre-treated with a thin layer
of grease. Subsequently, the axial compressive load was applied with the specimen’s
geometric center aligned with the vertical load, followed by the lateral drift sequence.
Throughout the experiment, precise measurements were recorded for horizontal and
axial forces, top and bottom lateral drift of the column, and any potential slippage at
the footing.

Figure 2 depicts the schematic for horizontal varying drift test setup and instruc-
tions used in the study.

Previous research has proved that the utilized wiring method has minimal impact
on the current flow (Q. Li et al. [3]). Therefore, prior to casting the column, a single
wire connected to the longitudinal rebars was adopted in this study. The footing was
encased in an insulating plastic barrier to restrict the flow of current into the footing’s
reinforcement and to keep the electricity focused on the column’s steel cage flowing
radially targeting only column’s reinforcing steel. The concrete column was prepared
for the accelerated corrosion process by enveloping it in a layer of sponge designed
to retain the required 5% saline solution. This sponge layer was then further encased
within a steel mesh, acting as the cathode. Moreover, to maintain the desired level of

Table 1 Specimen group test details

Group Specimen type Code Test Corrosion
1 Square tied Sa-T Axial compression load till failure Nil
Square spiral Sg-Sp
Circular tied CT
Circular spiral C-Sp
2 Square tied Sg-T-95-0 Constant axial compression load and Nil
Square spiral $g-Sp-81-0 varying lateral qrift
) ) (axial compression load =100 kN)
Circular tied C-T-91-0
Circular spiral C-Sp-76-0
3 Square tied S-T-40-0 Constant axial compression load and Nil
Square spiral $q-Sp-40-0 varying lateral d.rift
) ) (Axial compression load =40% of refer-
Circular tied C-T-40-0 ence column capacity)
Circular spiral C-Sp-40-0
4 Square tied S-T-40-15 15%
Square spiral Sg-Sp-40-15
Circular tied C-T-40-15
Circular spiral C-Sp-40-15
5 Square tied S-T-40-25 25%
Square spiral Sg-Sp-40-25
Circular tied C-T-40-25

Circular spiral C- Sp-40-25
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1: Steel plate 2: Specimen 3: Steel encasement
4: Manual hydraulic jack 5: Roller 6: Load cell

7: Hydraulic jack 8: Steel plates 9: Grease layer

10: LVDTs 11: Steel frame 12: Fixed bolts

(a): Schematic for main test setup.

(b) Main test setup.

Fig. 2 Main test setup. a Schematic for main test setup. b Main test setup

moisture for the accelerated corrosion process, the steel mesh was carefully wrapped
in a non-porous plastic material, thereby ensuring the retention of the 5% saline solu-
tion. Figure 3 illustrates the schematic of accelerated corrosion setup.

The specific duration needed to reach particular corrosion percentages was subse-
quently determined using Equation 1.
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External Steel Mesh (Cathode)
A 3 Cm Sponge
Steel Cage (Anode)

Fig. 3 Schematic of accelerated corrosion setup

Time =

/l'nspecimen-CFaraday'mloss x 1 _ 1.3 % 2 % 96,485 * Mg x 1 n
current.Mspecimen 3600 current.55.8 3600 1)

To investigate the impact of corrosion level, eight concrete specimens were cast,
divided into two groups representing two different corrosion levels. Each group was
then subjected to a series of tests that combined vertical loading with lateral drift of
varying magnitudes. To validate Equation 1, the weight of the steel reinforcement in
each specimen was precisely measured before casting and after testing as illustrated
in Table 2.

Cross section selection and reinforcement details

The specimens’ dimensions were made from a designed column dimensions with a scale
down of one eighth. To provide a comparable reference point, a square column with
an identical cross-sectional area was selected. The material of the formwork differed.
Where wood served as the material of choice for constructing the formwork for both
the footing and square columns. In contrast, plastic pipes were chosen for the formwork
of circular columns. To facilitate effortless demolding and enable mold reuse, the plastic
pipes were cut along their length. This pre-cutting ensures smooth removal of concrete
samples after casting. Section reinforcement arrangement of square specimens and cir-

cular specimens are illustrated in Fig. 4.
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Fig. 4 Section reinforcement arrangement specimens

Casting procedure

Following numerous unsuccessful casting attempts, the study adopted the preferred
technique of separate casting, pouring the footing first and allowing it to set before pro-
ceeding with the column. To facilitate easy removal of the formwork after concrete set-
ting, the wooden surfaces were pre-treated with a thin layer of oil, preventing unwanted
adhesion. The initial stage involved constructing the specimen’s footing and permitting
the concrete to solidify for 1 day. Upon reaching adequate strength, the footing’s form-
work was removed and utilized for the following batch. The columns were then cast,
precisely aligned for complete verticality and perfectly level loading surfaces. After a day
of setting, the column’s formwork was carefully removed and repurposed for efficiency
in subsequent castings. Simultaneously, the concrete column entered curing stage,
designed to maximize its strength and durability. This method, despite being less favora-
ble, enjoys widespread adoption at local sites due to its familiarity and prevalence.

Material properties
This study employs readily available materials to enhance the applicability of its find-
ings. Locally sourced clean sand, ordinary Portland cement (CEMI), and Addicrete BV



Elshafei et al. Journal of Engineering and Applied Science (2024) 71:159 Page 11 of 32

900
800
700
600
500
400
300
200
100

Stress (MPa)

0 10 20 30 40 50 60
Strain (%)

Fig. 5 Stress—strain curve for bar diameter (1.9 mm)

superplasticizer ensure feasibility and cost-effectiveness, where fine aggregate met strict
cleanliness and size requirements (max. 4.75 mm) for minimal contamination. CEMI
cement guaranteed a minimum 28-day strength of 42.5 MPa, ensuring structural integ-
rity. Clean, potable water adheres to established quality standards for optimal hydration.
Addicrete BV (0.005 g/L) improves workability, reduces water content, and accelerates
early strength gain. Thus, 20 mortar cubes of 75 x 75 x 75 mm were cast and tested in
compression. Cubes were divided into four batches, each batch contained five cubes.

To ensure appropriate reinforcement characteristics, this study utilized two different
grades of steel. The larger 3 mm diameter bars were chosen for the longitudinal rein-
forcement within the columns and the reinforcement steel in the footing, while the
smaller 1.9 mm diameter bars provided the stirrups within the columns. Both sets of
bars underwent tensile strength testing according to ECP-203 to verify their mechanical
properties. Stress—strain curves for 1.9 mm and 3 mm steel are illustrated in Figs. 5 and

6, respectively. Table 3 shows the tensile test results.
900
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Fig. 6 Stress—strain curve for bar diameter (3.0 mm)
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Table 3 The engineering mechanical properties of rebar reinforcement

Steel diameter (mm) Yield point (N/mm?) Tensile
strength
(N/mm?)

3 400 566.8

19 521.1 8435

This research carefully selected mortar mix proportions based on desired properties and
application objectives. Ratios of components by weight are carefully chosen considering
factors like durability, strength demands, environmental impact, and application methods.
Adherence to standardized guidelines or specifications for specific applications was essen-
tial to ensure the mortar met the required standards. Prior to specimen pouring, tests con-
firmed adherence to these criteria. Table 3 specifies the final ingredients employed across
all specimen groups, while Table 4 showcases the actual compressive strength achieved
during specimen pouring, further emphasizing the commitment to material selection and
execution. It is also worth noting that average f,, for all cubes was found to be 36.5 MPa.

A crucial consideration when employing small-scale reinforced concrete (RC) speci-
mens for testing purposes is the shear size effect. This phenomenon dictates that larger
concrete members exhibit a reduced shear strength per unit area compared to their
smaller counterparts. To mitigate this discrepancy between the small-scale specimens
and the actual concrete structures they represent, researchers frequently utilize a mortar
mix devoid of coarse aggregate. The absence of these larger aggregate particles minimizes
the influence of the shear size effect on the observed shear behavior within the specimens.

Furthermore, the use of coarse aggregate in very small molds for scaled models can
present practical challenges. Due to the size disparity, casting and compaction of the
concrete mix can become difficult. To address this limitation, the current investiga-
tion employed a mix without coarse aggregate for the small-scale specimens.

It is important to note that the absence of coarse aggregate, while mitigating the shear
size effect, also leads to a denser and less porous mixture. This denser structure might
seem counterintuitive, but it actually hinders the penetration and propagation of corrosion
within the element. Consequently, we might expect a higher rate of localized and poten-
tially more aggressive corrosion in the specimens with coarse aggregate. This is because the
presence of voids in the concrete acts as a reservoir for the corrosive solution (salted water
or electrolyte). A higher volume of such voids allows for a greater flow of the corrosion
current, ultimately leading to more severe corrosion damage to the reinforcing steel.

Loading procedure and measurement
Specimens in Group 1 were tested under axial compressive load till failure. However,
in Groups 2-5, a constant axial compressive load was applied. Subsequently, one-way

Table 4 Specimens of mortar final ingredients by weight

Sand (kg) Cement (kg) Water (kg) Additives w/C
ADDICRETE BV
(g/1 of mixing water)

1000 600 240 0.005 040
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Fig. 7 Lateral drift versus time along the same specimen

varying gradually increasing drift was applied using the manual load cell at the top of
the column. It is also worth mentioning that drift of the first cycle was 0.2 mm then
increased by 0.2 mm up to total drift of 10 mm, then the drift increased by 2 mm up
to failure. Following the lateral drift history is shown in Fig. 7. Group 2 was axially
loaded with a constant value of 100 kN for all specimens. However, due to unprom-
ising results, the axial load was modified for Groups 3-5 to be 40% of the reference
specimen’s capacity. It is also worth mentioning that specimen’s failure was declared
when the peak load of a cycle reached 60% of the ultimate peak load.

Results and discussion

Experimental observations documented the failure mechanisms exhibited by all speci-
mens. For Group 1, axial load-shortening curves reveal the behavior of each type of col-
umns and their axial compressive capacity. For Groups 2 through 5, the results included
the relation between the lateral load and the corresponding drift. Furthermore, com-
parative studies are implemented to comprehend the influence of both cross-sectional
shape and corrosion. Specifically, Group 1 focuses on examining the load-carrying
capacity and maximum shortening, while Groups 2 to 5 utilize comparisons of group
envelopes to elucidate the shape effect. Additionally, individual comparisons are made
across all cross-sectional shapes and transverse reinforcement configurations to inves-
tigate the impact of corrosion. After analyzing the total dissipated energy and its vari-
ations, based on the results, two key models for each column type were derived: a
normalized total dissipated energy model and normalized absolute peak load model.

Result of axial compressive load test
Both tied and spiral columns exhibited distinct failure mechanisms under axial com-
pressive load as shown in Fig. 8. Tied columns suffered sudden and localized buckling
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(a): Square Tied Column (Sq-T). (b): Circular Tied Column (C-T).

(c): Square Spiral Column (Sq-Sp). (d): Circular Spiral Column (C-Sp).
Fig. 8 The failure mode of Group 1 specimens. a Square tied column (Sg-T). b Circular tied column (C-T). ¢
Square spiral column (Sg-Sp). d Circular spiral column (C-Sp)

of longitudinal reinforcement, with the failure location varying square columns fail-
ing near the steel encasement due to wider tie spacing, and circular columns failing
in the mid-height region. In contrast, spiral columns provided a warning sign through
progressive concrete cover crushing before ultimate failure. This distributed crush-
ing across a larger area allowed the reinforced core to retain load-carrying capacity
despite significant damage.

Transverse reinforcement type significantly influenced the load-carrying capacity of
concrete columns as shown in Fig. 9 which revealed that using spiral instead of stir-
rups increased the load-carrying capacity by 16.13% and 20% for square and circular
columns respectively. Meanwhile, final shortening, a measure of axial deformation,
was also significantly affected by the type of transverse reinforcement. Hence, square
sections displayed a 53.2% increase in final shortening with spiral reinforcement com-
pared to tied reinforcement. Likewise, circular sections demonstrated a 32% increase
in deformation with spiral reinforcement. This underscores the enhanced ductility
associated with spiral reinforcement, allowing for larger deformations before failure.
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Fig. 9 The axial load-shortening curve for axial compressive loaded specimens

Comparative analysis of tied and spiral reinforcement in square and circular col-
umns reveals interesting cross-sectional effects. Replacing the circular cross-section
with a square in tied columns resulted in a 4.3% reduction in load-carrying capacity
and a significant 31.2% decrease in final shortening. This trend continued for spiral
columns, where switching to a square section led to a 7.8% drop in load capacity and a
less pronounced 13% decrease in final shortening. These findings suggest that circular
sections are generally more effective in maximizing both strength and ductility for
both tied and spiral reinforcement configurations.

Result of non-corroded specimens

To replicate the influence of real-world forces encountered in structures, the speci-
men underwent cyclic horizontal loading throughout the test. These forces can orig-
inate from construction activities (vertical loads) and seismic events (earthquakes).
Table 5 shows horizontal cyclic loading specimens failure mode commentary.

For Group 2, a constant axial compressive load of 100 kN was applied first using the
hydraulic jack to simulate the load on column. Subsequently, one-way varying gradually
increasing drift was applied using the manual load cell at the top of the column. Figure 10
shows the failure mode of Group 2 specimens; however, Fig. 11 shows the horizontal load
versus lateral drift curves.

Comparative analysis of tied concrete columns reveals a significant influence of
cross-sectional shape on horizontal load and lateral drift as depicted in Fig. 12. Circular
tied columns exhibited a 13.46% reduction in absolute horizontal peak load and a 28%
increase in maximum lateral drift compared to their square counterparts. Similarly, for
square columns, replacing tied separate stirrups with spiral reinforcement resulted in a
21.14% decrease in absolute horizontal peak load and a 13% increase in maximum lateral
drift. Additionally, variations in axial load ratio directly impacted the absolute horizontal
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Table 5 Horizontal cyclic loading specimens failure mode commentary

Group no Commentary

Group 2 Most of the specimens displayed a
consistent failure pattern character-
ized by horizontal cracks on the side
facing the load and crushing of the
concrete cover on the opposite side,
indicative of bending-dominant
failure as shown in Fig. 10b, c. Some
specimens exhibited additional
localized damage like cracks and
cover crushing near the top encase-
ment, likely due to stress concentra-
tions arising from the encasement
intended to prevent bearing failure
as depicted in Fig. 10a. However,
specimen C-Sp-76-0 deviated due to
its susceptibility to axial compression,
exhibiting focused concrete cover
crushing along the middle third of its
height as illustrated in Fig. 10d.

Group 3 The majority of tested specimens
displayed a consistent failure mode
characterized by horizontal cracks
on the load-facing side and concrete
cover crushing on the opposite side
as shown in Fig. 133, d. This wide-
spread pattern indicates a bending-
dominated failure mechanism, where
bending stresses were the primary
contributor to failure. While most
specimens exhibited this behavior,
some showed additional localized
damage in the form of cracks and
cover crushing near the top encase-
ment as depicted in Fig. 13b, c. This
localized damage is likely due to
stress concentrations caused by the
encasement, which was imple-
mented to prevent bearing failure at
the column top.

peak load, with higher ratios leading to larger horizontal loads until reaching the critical
point of failure due to axial compression only as occurred in specimen C-Sp-76-0.

To ensure fair comparisons across different test groups, the research adopted a nor-
malized axial load approach. This involved setting the axial load for Groups 3-5 at 40%
of the individual specimen’s capacity (from Group 1). This eliminated the influence of
inherent capacity variations between specimens, leading to more reliable and generaliz-
able observations on column behavior.

In practical terms, this translated to a constant load of 40 kN for all tied columns and 60
kN for all spirally reinforced columns throughout the experiment. Figure 13 depicts the
failure mode observed in the control reference specimens (Group 3). Figure 14 represents
the horizontal load- lateral drift curves for Group 3. Figure 15 shows the comparison of
the envelopes for Group 3.

Notably, circular tied columns exhibited an 18% increase in absolute horizontal peak
load and a 21.5% decrease in maximum lateral drift compared to square tied columns.
Similarly, replacing squares with circles in spiral columns increased the absolute hori-
zontal peak load by 26% and reduced the maximum lateral drift by 15%. Within each
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(b): Circular Tied Column (C-T-91-0).

(c): Square Spiral Column (Sq-Sp-81-0).

(d): Circular Spiral Column (C-Sp-76-0).
Fig. 10 The failure mode of Group 2 specimens. a Square tied column (Sg-T-95-0). b Circular tied column
(C-T-91-0). € Square spiral column (Sg-Sp-81-0). d Circular spiral column (C-Sp-76-0)

shape, spiral reinforcement significantly enhanced load-carrying capacity, with square
and circular sections experiencing increases of 32% and 40.86%, respectively. However,
the impact on drift differed, with squares showing a 5.27% decrease and circles a modest
2.44% increase in maximum lateral drift.

Result of rebar reinforcement corrosion effect

Groups 4 and 5 underwent accelerated degradation processes to simulate the effects
of real-world corrosion. Group 4 specimens were exposed to a constant electric cur-
rent of 0.4 Amps for 7 days, targeting a predetermined mass loss of 15%. Similarly,
Group 5 specimens were exposed to the same current for 12 days to achieve a 25%
mass loss. Following this simulated corrosion, both groups were tested using the
identical testing protocol employed for Group 3. The failure modes, horizontal load-
lateral drift, envelope curved observed in Groups 4 and 5 are illustrated in Figs. 16,
17, 18, 19, 20 and 21, respectively. Table 6 shows the results commentary of failure
mode of corroded specimens.
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Fig. 11 The horizontal load-lateral drift curve for Group 2. a The horizontal load-lateral drift curve for
specimen (5g-1-95-0). b The horizontal load-lateral drift curve for specimen (C-T-91-0). ¢ The horizontal
load-lateral drift curve for specimen (Sg-Sp-81-0). d The horizontal load-lateral drift curve for specimen
(C-Sp-76-0)

Comparative analysis of tied and spiral reinforced concrete columns reveals a complex
interplay between cross-sectional shape and transverse reinforcement configuration at
15% corrosion level as depicted in Fig. 18. Comparing tied columns, circular column
exhibited a 21.74% increase in absolute horizontal peak load compared to square col-
umn, accompanied by a 16.3% decrease in maximum lateral drift. This suggests that
circular sections offer superior load-carrying capacity but at the cost of reduced ductil-
ity. While the difference in absolute horizontal peak load between circular and square
spirally reinforced columns was smaller. Where the circular column increased the abso-
lute horizontal peak load by 20%. However, the impact on maximum lateral drift was
reversed. Circular column displayed a 7.8% increase in maximum lateral drift, indicat-
ing enhanced ductility despite slightly lower strength compared to square column.

Replacing tied stirrups with spirals led to significant increases in the absolute hori-
zontal peak load (30.71% for square, 28.8% for circular). This highlights the effectiveness
of spiral reinforcement in enhancing the load-carrying capacity of concrete columns.
Meanwhile, for square column, spiral reinforcement was associated with a decrease in
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Fig. 12 Envelope curves for Group 2 specimens

(a): Square Tied Column (Sq-T-40-0). (b): Circular Tied Column (C-T-40-0).

(c): Square Spiral Column (Sq-Sp-40-0). (d): Circular Spiral Column (C-Sp-40-0).
Fig. 13 The failure mode of Group 3 specimens. a Square tied column (Sg-T-40-0). b Circular tied column
(C-T-40-0). ¢ Square spiral column (Sg-Sp-40-0). d Circular spiral column (C-Sp-40-0)
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(¢): The horizontal load-lateral drift curve for (d): The horizontal load-lateral drift curve for
specimen (Sq-Sp-40-0). specimen (C-Sp-40-0).
Fig. 14 The horizontal load-lateral drift curve for Group 3. a The horizontal load-lateral drift curve for specimen
(Sg-T-40-0). b The horizontal load-lateral drift curve for specimen (C-T-40-0). ¢ The horizontal load-lateral drift
curve for specimen (Sg-Sp-40-0). d The horizontal load-lateral drift curve for specimen (C-Sp-40-0)

maximum lateral drift by 8.24%, suggesting reduced ductility despite the high strength
gain. Notably, circular column with spirals increased maximum lateral drift by 16%. This
seemingly counterintuitive result might be due to the combined effect of enhanced con-
finement offered by spirals and the inherent ductility of circular sections.

Analyzing the behavior of concrete columns with various shapes and reinforcement
at a 25% corrosion level yielded intriguing results as illustrated in Fig. 21. While circu-
lar tied column displayed a substantial 11.6% increase in the absolute peak load com-
pared to square and surprisingly exhibited a 15.4% higher maximum lateral drift, this
suggested enhanced ductility despite strength gains. For spirals, the trend flipped: cir-
cular column unexpectedly lost 9.6% of the absolute horizontal peak load to square col-
umn but compensated with a significant 29% increase in maximum lateral drift, hinting
at improved ductility despite the strength drop. Within cross-sectional shapes, spirals
significantly enhanced load-carrying capacity, with square column and circular col-
umn increased the absolute horizontal peak load by 33.4% and 7.6% respectively. At

the expense of ductility, as square column and circular column exhibited a decrease of
10.5% and 31.26% respectively.
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Fig. 15 Envelope curves for Group 3 specimens (control specimens)

Square tied column

Figure 22 shows the envelopes for square tied columns. Comparing Sq-T-95-0 and Sq-T-
40-0 showed that increasing the axial load ratio from 40 to 95% in square tied columns
dramatically enhanced lateral load-carrying capacity, with a 135.8% increase in absolute
horizontal peak load. Interestingly, this gain in strength was accompanied by a decrease

(a): Square Tied Column (Sq-T-40-15).

(¢): Square Spiral Column (Sq-Sp-40-15). (d): Circular Spiral Column (C-Sp-40-15).
Fig. 16 The failure mode of Group 4 specimens. a Square tied column (Sg-T-40-15). b Circular tied column
(C-T-40-15). € Square spiral column (Sg-Sp-40-15). d Circular spiral column (C-Sp-40-15)
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Fig. 17 The horizontal load-lateral drift curve for Group 4. a The horizontal load-lateral drift curve for specimen
(Sg-T-40-15). b The horizontal load-lateral drift curve for specimen (C-T-40-15). ¢ The horizontal load-lateral drift
curve for specimen (Sg-Sp-40-15). d The horizontal load-lateral drift curve for specimen (C-Sp-40-15)

in deformation, with a 47.7% reduction in maximum lateral drift. This highlights the sig-
nificant impact of axial load on both strength and ductility. Moreover, introducing cor-
rosion, however, produced detrimental effects. At both 15% and 25% corrosion levels,
compared to non-corroded columns, the absolute horizontal peak load decreased. The
decline was more pronounced at the higher corrosion level, with a 27.67% drop com-
pared to 22.31% at corrosion level of 15%. Additionally, both corrosion levels led to a
reduction in maximum lateral drift, less substantial than the strength reduction where it
decreased by 7.4% and 37.5% for corrosion level of 15% and 25% respectively. These find-
ings emphasize the detrimental influence of corrosion on the structural integrity of con-

crete columns, progressively weakening their load-carrying capacity and reducing their
deformation capacity.

Circular tied column

Figure 23 shows the envelope curves for circular tied columns. Increasing the axial load
ratio from 40 to 91% significantly affected the load-carrying capacity of circular tied
columns. Compared to the high-load scenario, the absolute horizontal peak load at
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Fig. 18 Envelope curves for Group 4 specimens (15% corrosion level). a Square tied column (Sg-T-40-25). b
Square tied column (C-T-40-25). ¢ Square spiral column (Sg-Sp-40-25). d Circular spiral column (C-Sp-40-25)

the lower load ratio witnessed a substantial 72.7% increase. Interestingly, this strength
gain came at the cost of reduced ductility, as evidenced by a 14.6% decrease in maxi-
mum lateral drift. These findings highlight the significant influence of axial load on both
the strength and deformation characteristics of columns. Introducing corrosion, as
expected, negatively impacted the structural integrity of circular tied columns. Investi-
gating the effect of corrosion, at 15% corrosion level, the absolute horizontal peak load
experienced a moderate 20% decrease, while the maximum lateral drift remained rel-
atively unaffected with a slight 1.2% decrease. Meanwhile, at 25% corrosion level, the
negative impact became more pronounced. The absolute horizontal peak load suffered a
more substantial 30.55% reduction, and the maximum lateral drift displayed a more sig-
nificant 8% decrease. These observations suggest that while initial corrosion levels might
primarily affect strength, higher levels begin to impact ductility as well.

Square spiral column

Figure 24 shows the envelope curves for square spiral columns. To investigate the axial
load ratio effect, comparison between Sq-Sp-81-0 and Sq-Sp-40-0 was conducted. It
revealed that increasing the axial load ratio from 40 to 81% led to a substantial 41%
increase in absolute horizontal peak load. However, this enhanced strength came at
the cost of reduced ductility, as evidenced by a 37.6% decrease in maximum lateral
drift. These findings further underline the strong influence of axial load ratio on the
lateral load-carrying capacity and drift characteristics of square spiral columns. Fur-
thermore, comparison among corroded and non-corroded specimens at 40% axial
load ratio was conducted. It was found that corrosion, as expected, had a detrimental
impact on column behavior. Both 15% and 25% corrosion levels resulted in reductions
in absolute horizontal peak load compared to non-corroded columns. The decline was
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(a): Square Tied Column (Sq-T-40-25). (b): Square Tied Column (C-T-40-25).

(c): Square Spiral Column (Sq-Sp-40-25). (d): Circular Spiral Column (C-Sp-40-25).
Fig. 19 The failure mode of Group 5 specimens. a The horizontal load-lateral drift curve for specimen
(Sg-T-40-25). b The horizontal load-lateral drift curve for specimen (C-T-40-25). ¢ The horizontal load-lateral
drift curve for specimen (Sg-Sp-40-25). d The horizontal load-lateral drift curve for specimen (C-Sp-40-25)

more pronounced at the higher corrosion level, with a 26.82% drop compared to 23.3%
at corrosion level of 15%. Interestingly, similar to the effect of axial load ratio, both
corrosion levels also led to a reduction in maximum lateral drift, with a more signif-
icant decrease at the higher level (41% compared to 10.3%). This suggests that cor-
rosion weakens columns not only by reducing their ability to resist loads but also by
affecting their ductility as depicted in Fig. 24.

Circular spiral column

Due to premature failure under axial compressive load for specimen C-Sp-76-0 before
the test commenced, direct comparison with C-Sp-40-0 is not entirely valid. While data
from C-Sp-76-0 is limited, reducing the axial load ratio from 40 to 76% might result
in lower load-carrying capacity and deformation capacity. Nevertheless, the observed
50.6% decrease in absolute horizontal peak load and 64.5% decrease in maximum lat-
eral drift suggest significantly compromised structural integrity, likely due to the pre-test
damage. Further investigation with additional specimens is needed to confirm this trend.
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Fig. 20 The horizontal load-lateral drift curve for Group 5. a The horizontal load-lateral drift curve for
specimen (Sg-T-40-25). b The horizontal load-lateral drift curve for specimen (C-T-40-25). ¢ The horizontal
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Fig. 21 Envelope curves for Group 5 specimens (25% corrosion level)
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Table 6 Corroded specimens failure mode commentary

Group no Commentary

Group 4 Investigation of failure modes
exposed a prevalent pattern for most
specimens—horizontal cracks on
the loaded side and crushing on the
opposing side (Fig. 16b, ¢, d), sug-
gesting bending-dominant failure.
Localized damage observed under
the top encasement (Fig. 16a) can be
attributed to stress concentrations
stemming from its bearing failure
prevention function. Visual inspection
of the corroded specimens prior to
test initiation revealed the presence
of both red-brown rust staining and
pre-existing cracking, indicative of
advanced material degradation.

Group 5 Pre-test visual examination of cor-
roded specimens revealed pro-
nounced red-brown rust staining
surpassing levels witnessed at 15%
corrosion. Additionally, all specimens
presented pre-existing cracks at the
construction joint, attributable to
the expansive nature of corrosion
products. These cracks widened with
increasing loading cycles in circular
sections, as evident in Fig. 19b, d.
Square sections, however, exhibited
more extensive damage. Figure 19a
illustrates the tied square column
with a severely reduced steel cross-
section and even breakage during
loading. Figure 19¢ showcases the
failure of the concrete cover in the
spirally reinforced column, exposing
pronounced deterioration within this
zone, indicative of advanced material
degradation across both reinforce-
ment and surrounding concrete.
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Fig. 22 Envelope curves for square tied columns
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Fig. 23 Envelope curves for circular tied columns

Investigating corrosion effect, results revealed that corrosion had detrimental effects
on strength but diverse effects on ductility. Whereas, at corrosion level of 15%, the abso-
lute horizontal peak load decreased by 27.2%, indicating weakened load-bearing capa-
bility. However, surprisingly, the maximum lateral drift increased by 11.8%, suggesting
potentially enhanced deformability at this corrosion level. Meanwhile, at corrosion level
of 25%, the negative impact on strength intensified, with a 47.5% decrease in absolute
horizontal peak load. In contrast, the maximum lateral drift decreased by 38.3%, indicat-
ing reduced ductility compared to the 15% corrosion level as shown in (Fig. 25).

Design charts

Normalized total dissipated energy

To enable fair comparison between different column types, the total dissipated energy of each
specimen is normalized by dividing it by the total dissipated energy of the reference specimen,
which in this case is the circular spiral column (C-Sp-40-0) as illustrated in (Fig. 26).
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Fig. 24 Envelope curves for square spiral columns



Elshafei et al. Journal of Engineering and Applied Science (2024) 71:159 Page 28 of 32

14

12
z
= 10
9 S

-—

s 8 - \‘\\ ——— C-Sp-76-0
Té 6 et “\\ — —(C-Sp-40-0
o / ~
X y, - C-Sp-40-15
5
T

/
4 /‘\ C-SP-40-25

0 5 10 15 20 25 30
Lateral Drift (mm)

Fig. 25 Envelope curves for circular spiral columns

Figure 27 shows a clear downward trend, the more a concrete column is corroded, the
less energy it can dissipate before breaking. This decline in energy absorption capacity
can be predicted using the equations provided:

m For square tied column :  y = —0.0003x%> — 0.01x + 0.7633 R> =1

m For square spiral column : y = —0.0002x% — 0.0162x + 0.9473 R> =1
m For circular tied column : y = —6E — 06x% — 0.0113x + 0.7262 R?> =1
m For circular spiral column : y = —0.0016x% + 0.0131x+ 1 R?>=1

Where:
W 5g-T-40-0 % 8q-T40-13 O5g-T-40-25 W 5g-5p-40-0
1 8g-Sp-40-15 B 8q-Sp-40-25 B C-T-40-0 R C-T-40-15
BC-T-40-25 B C-Sp-400 & C-Sp-40-15 OC-Sp-40-25
093 1.00
. 0.84
0.76 0.73 W

040

Normalized Total Dissipated Energy
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2ty

Fig. 26 Normalized total dissipated energy for specimen Groups 3-5
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y: the normalized dissipated energy
x: the corrosion level %
R* mean squares represent an estimate of population variance
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Figure 28 visually depicts the inverse relationship between a concrete column’s normal-
ized absolute peak load and its corresponding level of corrosion (%). This normalized
value is obtained by dividing the absolute peak load of each specimen by the value of
absolute peak load for the non-corroded circular spiral reference specimen (C-Sp-40-0).

Mathematically, the following equations can be used to predict this relationship:

m For square tied column :  y = 0.0002x> — 0.0126x + 0.6002 R> = 1
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N
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Fig. 28 The normalized absolute peak load
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m For square spiral column : y = 0.0004x? — 0.0177x + 0.7913 R*> =1
m For circular tied column : y = 8E — 05x2 — 0.0106x + 0.7069 R? = 1
m For circular spiral column : y = —9E — 0552 — 0.0166x + 1 R?> = 1

Where:

y: the normalized absolute peak load

x: the corrosion level %

R* mean squares represent an estimate of population variance

Conclusions

This

research aims to investigate the interactions between cross-sectional shape, trans-

verse reinforcement configuration, and corrosion degradation in reinforced concrete

columns. Specific objectives include:

1.

2.

3.

Quantifying the influence of cross-sectional shape on load-carrying capacity, ductil-
ity, and failure modes under various loading scenarios

Evaluating the effectiveness of ties versus spirals in enhancing column performance
under combined axial and lateral varying drift

Assessing the impact of corrosion on the structural behavior of columns with differ-
ent shapes and reinforcement types

After analyzing the findings of the aforementioned study, the following conclusions

have

(a)

been drawn:

The implementation of spiral stirrups as transverse reinforcement significantly
enhanced the axial load-carrying capacity of concrete columns subjected to compres-
sive loading. Compared to separate ties stirrups, spirals improved the ultimate load
capacity by 16.13% and 20% for square and circular sections, respectively. However, this
reinforcement type also exhibited a contrasting effect on axial deformation, increasing
the final shortening by 53.2% and 32% for square and circular columns, respectively.

(b) The load-carrying capacity of columns subjected to combined axial and horizontal

()

loading conditions exhibits a complex interaction, while increasing the axial load
ratio initially allows for higher horizontal loads, until reaching critical point where
the axial load governs the failure mode.

For non-corroded control columns, spiral reinforcement significantly improved
the horizontal load-carrying capacity (32% for square column, 40.86% for circu-
lar column), but its impact on the maximum lateral drift differed: square column
decreased by 5.27%, while circular column increased by 2.44%.

(d) For non-corroded control specimens, circular columns outperformed square col-

umns in both tied and spiral reinforcement configurations. Compared to square
column, circular tied column displayed 18% higher absolute horizontal peak load
and 21.5% lower lateral drift, while circular spiral column achieved 26% higher
absolute horizontal peak load and 15% lower lateral drift. These results highlight
the advantages of circular columns in enhancing combined axial-lateral response
due to improved geometrical efficiency and reduced stress concentrations.

Page 30 of 32
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(e) Across all column types, stirrups exhibit a higher tendency to corrosion compared
to longitudinal reinforcement due to their smaller diameter. This reduced cross-
sectional area translates to a higher current density per unit area under the same
corrosion conditions, accelerating the deterioration process.

(f) While spiral stirrups provide enhanced mechanical properties, their continuous
form presents a disadvantage in terms of corrosion resistance. The uninterrupted
metallic path facilitates the passage of electrical current, accelerating the corrosion
process compared to the separated configuration of tied stirrups.

(g) Across all column types, a rise in corrosion rate resulted in a reduction in the absolute
horizontal peak load paired with an accelerated deterioration in overall performance.

(h) Circular spiral columns exhibited the most rapid degradation in performance
due to corrosion, minimizing the benefits of the spiral reinforcement and reveal-
ing their behavior comparable to that of tied columns. This trend suggests an even
more pronounced deterioration at higher corrosion levels.

(i) Both 15% and 25% corrosion levels resulted in reductions in absolute horizontal peak
load and the maximum lateral drift compared to non-corroded columns.

Abbreviations

RFT Steel reinforcement

Mspecimen Molar mass of reinforcing bars

Mipss The required mass loss due to corrosion

Mspecimen The corroded material’s valence (free electrons), equals to 2 for reinforcing steel
current The induced current

CFaraday Faraday's constant
A Constant taking into consideration the likelihood that the corrosive process would not begin right away

feu Concrete characteristic strength in MPa
f, Steel yield strength of longitudinal reinforcement in MPa
LvDT Linear variable differential transducer
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