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Experimental Study on the Structural Performance of Concrete Bridge Columns
Reinforced by Hybrid Steel and FRP Reinforcements
Arafa M. A. Ibrahim®, Zhishen Wu?", Mohamed F. M. Fahmy?®, and Doaa Kamal’
Abstract: This paper presents the seismic performance of concrete bridge columns reinforced
with hybrid steel and fiber reinforced polymer (FRP) reinforcements. A mechanical model
describing the required damage-control performance of the proposed FRP-steel reinforced
concrete (FSRC) structure is first discussed. A bond-based parametric experimental study was
conducted on five FSRC bridge columns (using basalt FRP (BFRP) bars) and two reference
steel-reinforced concrete bridge (SRC) columns to investigate the fundamental characteristics of
the proposed reinforcement. All columns were tested under the combined effect of constant axial
load and reversed cyclic loading. The investigated bond parameters included the texture of the
FRP bars (smooth and ribbed); diameter of the FRP bars; location of the FRP bars with respect to
the steel bars; and application of external FRP confinement. Different ductility and post-
earthquake recoverability indices were applied to explore the effect of each design parameter on
the performance of the proposed FSRC system. The experimental results show that RC bridge
columns with both steel and FRP bars as longitudinal reinforcements could realize the existence
of a stable hardening behavior (i.e., post-yield stiffness) as well as a reasonable displacement
ductility of up to 10 before encountering strength degradation. Moreover, the number of FRP
bars added for column longitudinal reinforcement did not have a substantial impact on the
column elastic stiffness. The bond condition of the FRP bars to the surrounding concrete could
be adopted as a design parameter because it had pronounced effects on the column failure mode,
post-yield stiffness, residual displacement, and ductility. In addition, wrapping the plastic hinge

region with an FRP jacket had a substantial effect on column ductility and energy dissipation.
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Introduction

In recent seismic design philosophies of important bridges located in active seismic regions,
quick post-earthquake recoverability of structural function has been considered in addition to
ductility demand and energy dissipation (Kawashima 2000; Kawashima et al. 1998). Studies
conducted by Kawashima et al. 1998; Christopoulos et al. 2003; Pettinga et al. 2007 showed that
the post-yield stiffness ratio (i.e., the ratio of the post-yield stiffness to the initial elastic stiffness)
of a bridge column is the main parameter controlling column residual displacement; for instance,
at a given lateral displacement, a higher post-yield stiffness results in a smaller residual
displacement. Priestley et al. 1996; Christopoulos et al. 2003; Wu et al. 2009 emphasized that the
uncontrollable damage of conventional steel-reinforced concrete (RC) structures is due to the
elasto-plastic characteristics of ordinary steel bars. Other studies (e.g., Dhakal and Maekawa
2002) reported that the main reasons for the non-ductile behavior of RC structures are the
spalling of the cover concrete and buckling of the longitudinal reinforcement as a result of
insufficient transverse reinforcement in the plastic hinge regions.

The damage level and residual displacement of bridge columns after an earthquake could be
reduced by incorporating an unbonded-prestressed strand at the center of the column cross
section (Ikeda et al. 2002; Zatar and Mutsuyoshi 2002; Sakai et al. 2006). Wu et al. 2009
proposed a steel- fiber reinforced polymer (FRP) composite bar (SFCB) as another technique
that can be applied in the field of civil engineering to combine the advantageous mechanical and
physical properties of both steel and FRP composites, the high elastic modulus and good
ductility of a common steel bar and the good anti-corrosion ability and elasticity of FRP
composites. This bar consisted of an inner steel core and outer longitudinal continuous fiber

layer. Reinforcing RC bridge columns with steel-fiber composite bars enabled the mitigation of
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their residual displacement and the control of their post-yield stiffness (Fahmy et al. 2010).
Moreover, analytical and experimental studies on this reinforcing material showed that the post-
yield stiffness depends on the properties of the fibers used, whereby columns reinforced with
steel-basalt fiber composite bars exhibited a larger drift capacity before the rupture of the basalt
fibers than those reinforced with steel-carbon fiber composite bars (Fahmy et al. 2010). Although
scale model columns reinforced with this type of composite bars exhibit a favorable seismic
performance with damage-controllable states after yielding, the production of comparable
composite bars for practical application with larger inner steel cores may require an excessive
amount of outer longitudinal fiber material, which would complicate the production process; thus,
using many composite bars with a smaller inner steel core would be necessary. In addition, the
bond performance between composite bars and concrete must be further improved .

The objective of this study is to investigate the application of both steel and FRP bars as a
longitudinal reinforcement in earthquake-resisting structural elements. To achieve this objective,
a design guideline in light of both current code provisions and a proposed damage control
performance was followed to define the design details of steel-FRP reinforced columns. The
bond between the FRP bar and surrounding concrete, as a key parameter that could affect column
performance, was examined by using FRP bars with different textures and diameters. In addition,
the effect of replacing some of the transverse steel reinforcement with external FRP confinement
was examined. The efficiency of the proposed reinforcement design and the role of different
parameters were investigated in a detailed experimental program considering the effect of both
constant axial load and horizontal cyclic loading tests on RC bridge square columns.

FRP-Steel RC Structure
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Because post-yield stiffness is the main factor that influences the strength demand, seismic
stability, and residual displacement of RC structures (lemura et al 2006; Christopoulos and
Pampanin 2004), it is important to develop a tool to control the structural post-yield stiffness.
General guidelines and design equations for longitudinal and transverse steel reinforcement of
concrete bridges to achieve high ductility and dissipate sufficient energy before failure have been
well defined in current design codes. The specifications of the current design codes can produce
RC structures that can withstand severe earthquakes; however, the elasto-plastic characteristics
of steel reinforcement would cause difficulty in quickly recovering structural functions after an
earthquake. In this study, FRP composites are proposed to be added to the longitudinal
reinforcement in RC bridge columns because merging the elastic characteristics of FRP
composites with conventional steel reinforcement could provide the structure with the desired
post-yield stiffness.

In this regard, two conventional steel-reinforced concrete (SRC) bridge structures, SRC1 and
SRC2, were first tested. SRC1 was designed to withstand moderate earthquakes, whereas SRC2
was designed to resist a massive earthquake. Compared with SRC1, an additional increase in the
concrete dimensions and/or steel reinforcement is necessary in SRC2. However, with the elastic
characteristics of FRP composites, it would be possible to increase the lateral resistance of SRC1
to the required level without an increase in the column steel reinforcement or concrete
dimensions by adding longitudinal and transverse FRP composites to the original SCR1. Fig. 1
compares the schematic reinforcement model for the proposed FSRC structure and that of the
conventional SRC structures. The proposed FSRC structure is the conventional steel RC
structure with the addition of longitudinal FRP reinforcement (FRP bars) and transverse FRP

reinforcement (FRP sheets applied as a continuous jacket or separated strips).
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A detailed mechanical model of the proposed FSRC structure, Fig. 2, is addressed here in
comparison with the two SRC structures. This model is a modified form of the proposed damage
control model for existing RC structures retrofitted with FRP composites (Fahmy et al. 2009),
where further developments meeting the requirements of modern codes for new structures are
considered. As shown in Fig. 2, the idealized lateral load-deformation response of the proposed
system (FSRC) goes along the path represented by O-C-Y-M-S-F, whereas the performances of
the two conventionally reinforced concrete bridges (SRC1 and SRC2) are represented by O-C;-
Y1-Ms-F; and O-C,-Y,-M,-F», respectively. The proposed system using FRP-steel reinforcement
is designed for the life safety performance objective to withstand moderate earthquakes with its
elastic performance and exhibit the demand strength of a strong earthquake to ensure the
existence of a stable post-yield stiffness. Prior to the yielding of the steel reinforcement,
structures SRC1 and FSRC share similar initial elastic stiffnesses, Ki, whereas SRC2 exhibits a
higher elastic stiffness. The higher vyield stiffness of the structure would lead to a shorter
vibration period and increase the earthquake forces received (Saiidi et al. 2009). Beyond the
yielding of the SRC structures, the deformations of both SRC1 and SRC2 increase dramatically,
whereas the increase in the lateral load is insignificant. In other words, SRC demonstrates a
small post-yield stiffness along lines Y;-M; and Y,-M, (see Fig. 2). In contrast, the proposed
FRP-steel system ensures the gradual increase in lateral resistance up to the demand strength of a
strong earthquake along line Y-M such that the system could realize the existence of a
considerable post-yield stiffness, K,. Beyond the yielding point, SRC systems experience
extensive straining of the steel reinforcement to achieve the required ductility; thus, after peak
loading (and a stability zone in some cases), the earthquake-resisting structural elements are

subject to significant damage, e.g., major spalling of the concrete cover and buckling of the main
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steel reinforcement. The failure point of the SRC system corresponds to a 20% reduction in the
maximum achieved lateral strength, points F; and F, for SRC1 and SRC2, respectively.
Compared with the SRC system, the proposed system is characterized by a clear stability zone of
the peak strength (zero stiffness (Ks)) along line M-S, whereby the structure demonstrates the
desirable ductile performance before the strength degradation. Furthermore, the FRP elements
used are employed as a fuse-resisting element to be replaced after a strong earthquake to restore
the original structural function. Therefore, the failure point of this system is defined when the
contribution of the FRP elements to the lateral resistance is completely lost along path S-F
(negative stiffness (Ky)).

The performance of the proposed FRP-steel system can be divided into four distinctive zones
according to the earthquake level and damage level. Zone 1, from points O to Y: through this
zone, the structure may be attacked by small-to-moderate earthquakes without experiencing any
pronounced damage, and after an earthquake, the original function of the structure can be
restored without any repair or replacement of elements. Zone 2, from points Y to M: through this
zone, under a strong earthquake, the damage can be effectively controlled by the secondary
stiffness (Fahmy et al. 2009). The original function of the structure can be quickly recovered
through minor repair work on damaged structural elements while the structure is open to all
traffic. Zone 3, from points M to S, is where a desired ductility after hardening under a large
earthquake should be achieved. In this zone, damage to the substructural elements, such as major
spalling of the concrete cover, may occur, but the proposed system can be maintained without
collapse. The original function of the structure may also be recovered by repairing damaged parts
of the concrete and replacing FRP reinforcement elements. In this zone, the structure can be used

by emergency vehicles for life-saving purposes. Ultimately, through Zone 4 from points S to F,
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only the FRP reinforcement (earthquake-resistant elements) of the substructural elements
(columns) would be damaged until its contribution to the lateral strength fully vanishes. In this
stage, limited access to service shall be permitted until structural function is completely
recovered via the replacement of damaged elements.

To this end, the proposed structural system using steel and FRP reinforcement has several
advantages with respect to the counterpart steel-reinforced structural system. The initial stiffness
is smaller than that of steel-reinforced bridges (SRC2), and therefore, a considerable reduction in
the seismic force input into the structure can be achieved. Second, the existence of the stable
post-yield stiffness controls the lateral deformation after yielding and reduces the residual
displacement (permanent deformation) after an earthquake.

Experimental Program

An experimental investigation on concrete bridge columns reinforced with both FRP and steel
reinforcement was conducted. One column (CS-2%) was designed as a reference for a RC bridge
column that can safely resist moderate earthquakes, while another column (CS-4%) was
considered to resist nearly twice the lateral force of the first column. A complete design was also
provided for a concrete column with the same concrete parameters and steel reinforcement of
CS-2% in addition to FRP reinforcement. The following section describes the design parameters
of both the steel and FRP reinforcements.

Design of the Proposed Steel and FRP Columns

Design of Steel RC Columns

A cantilever bridge column with an overall height of 1.0 m, a cross section of 200x200 mm, and
a distance from the column base to the point of the lateral load application of 850 mm, yielding

an aspect ratio of 4.25, was proposed for this experimental study. A target compressive strength
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(fc/ ) of 30 MPa was applied to all examined columns. The yield strength (fy) and ultimate
strength of the 13-mm-diameter deformed steel bars used as longitudinal reinforcements were
375 and 560 MPa, respectively, and the corresponding values for the 6-mm-diameter steel
transverse reinforcements were 400 and 625 MPa, respectively (see Table 1). Before applying
the proposed cyclic loading that will be explained later, an axial load of approximately 40 kN,
inducing an axial compression stress of 1 MPa (Zatar and Mutsuyoshi 2002), was applied on all
column specimens. Using the aforementioned data, details of the conventional reinforced steel
columns were defined as follows:

Longitudinal Steel Reinforcement

AASHTO 2012 specifies that the area of the longitudinal reinforcement (A;) of columns located
in a high-seismic-hazard area is to be no less than 0.01 or more than 0.04 times the gross cross-

sectional area Aq (i.e., 0.01 < p; < 0.04, where p; is the steel reinforcement ratio and equal to A

| Ag). In this study, the first steel-reinforced column (CS-2%) used six longitudinal steel bars of
13-mm-diameter (i.e., p=2%), whereas the second column (CS-4%) was reinforced with twelve
steel bars of 13-mm-diameter (i.e., pi=p1 max=4%, where p; max IS the maximum steel
reinforcement ratio). The theoretical strengths of these two samples were 36.0 and 67 kN,
respectively, and both values were defined using the AASHTO 2012 rectangular stress block for
concrete in compression, which has a mean stress of 0.85f. and an ultimate concrete
compression strain of 0.003, and a steel stress of f, for the longitudinal steel bars.

Transverse Reinforcement

To ensure a ductile reinforced concrete column, it is critical to provide the plastic hinging
regions with transverse reinforcement to confine the concrete core, prevent early buckling of the

longitudinal reinforcement, and ensure a dominant flexural failure mode. To achieve the
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specified demand displacement ductility, Wehbe et al. 1999 proposed Eq. 1 to define the

required transverse reinforcement as follows:

Agy = 0.1, /f%"shhc [0.12f6—<0.5 +1.25-% ) +0.13 (pl@ - 0.01)] (1)
fc fyh fsn

fc Ag

where Ag, is the area of transverse reinforcement in each of the transverse directions, h. is the
dimension of the concrete core of the section measured perpendicular to the direction of the hoop
bars to the outside of the perimeter hoop, Sy is the center-to-center vertical spacing of the hoops

not exceeding 4.0 in, Ay is the gross area of the column cross section, f,,=27.6 MPa, fs,=414 MPa,

fy is the yield stress of longitudinal steel reinforcement, fc/ is the concrete compressive strength,
P is the axial load, and u, is the demand displacement ductility factor.

Using Eq. (1) and assuming a displacement ductility demand before failure of x4 <10 (Wehbe et
al. 1999), the transverse reinforcement required was 6-mm-diameter stirrups with a spacing of 50
mm. With reference to the design provisions of AASHTO 2012, it would be reasonable to use 6-
mm-diameter stirrups with a spacing of 25-mm- or 8-mm-diameter stirrups with a spacing of 50
mm. The transverse reinforcement defined by AASHTO 2012 is independent of the column
reinforcement ratio. From a practical perspective, because the amount of transverse
reinforcement defined by Eq. (1) could achieve this level of ductility, replacement of some of the
inner transverse steel reinforcement (based on AASHTO 2012) with external FRP jacket would
increase the concrete cover’s compressive strength. Therefore, for all columns, the transverse
steel reinforcement was determined based on Eq. 1, which is nearly 60% of the stirrups required
by AASHTO 2012. Moreover, an external BFRP jacket was provided in some experimental
cases to develop the same shear strength with the reduced amount of transverse steel

reinforcement. By using an FRP sheet with the mechanical properties shown in Table 1, it was
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found that wrapping the plastic hinge region of the columns with a 0.666-mm-thick FRP jacket
would compensate for the decrease in shear strength and provide a good confinement to the
concrete cover.

Design of FRP-Steel RC Columns

The FRP-steel RC (CSF) column had the same steel reinforcement as column CS-2% (6 steel
longitudinal bars of 13-mm diameter and steel stirrups of 6-mm diameter spaced at 50 mm),
which would result in a flexural strength of 36.0 kN, as stated previously. Therefore, additional
FRP bars were added to reach a strength comparable to that of column CS-4% (67.0 kN). Among
all available types of FRP materials, basalt fiber (BFRP) shows advantageous mechanical and
chemical characteristics and a high performance-to-cost ratio. For instance, BFRP has a higher
strength and modulus, a similar cost, and a greater chemical stability than E-glass FRP; a wider
range of working temperatures and lower cost than carbon FRP (CFRP); and a five-fold higher
strength and approximately one-third the density of commonly used low-carbon steel bars (Wu et
al. 2010; Sim et al. 2005; Palmieri et al. 2009). Due to the above advantages, BFRP bars were
used to investigate the proposed FRP-steel RC design. Using BFRP bars with a tensile strength
and elastic modulus of 1,120 MPa and 48 GPa, respectively, as shown in Table 1, four BFRP
bars of 10-mm diameter or six BFRP bars of 8-mm diameter would increase the column strength
to the desired value. To prevent problems of plastic hinge relocation, anchorage failure, or other
failure modes, the BFRP bars in this study were extended to a height of 700 mm from the
column base and embedded in the column footing to a depth of 300 mm.

Test Specimens and Experimental Parameters

Seven different column units were prepared to investigate the efficiency of the proposed

reinforcements. All column units had a deep concrete base of 1.0 x 0.5 x 0.5 m (length x width x
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depth), which simulated a rigid foundation for the tested column. Due to its roles in acting as a
foundation and resisting the action induced by applied loads, the concrete base was provided
with heavy reinforcement to ensure its elastic performance during the tests of all columns.

Similar to the steel RC column, its cross-section was 200 x 200 mm, and its height was 1,000

mm. The distance from the column base to the point of the application of the lateral load was 850

mm, with an aspect ratio of 4.25. To avoid any unexpected local failure at the loading region, the

transverse steel reinforcements were spaced at 30 mm in the highest 300 mm portion of the

column units. All columns were attached to a strong steel floor using four vertical high-strength

steel rods. The geometry and instrumentation of a typical column unit are shown in Fig. 3.

The test specimens were designed such that the effect of a series of parameters on the seismic

response of the proposed concrete bridge columns could be investigated. These parameters

include the type of reinforcement (ordinary steel bars only or both steel and FRP bars); diameter
of the FRP bars (10 mm or 8 mm); texture of the FRP bars (smooth or rough texture); location of
the FRP bars in the tension and compression cross-section sides (internally in the same fibers as
the longitudinal steel bars, or externally in the concrete covers); and use of FRP jacketing (with

or without). A detailed description of the test specimens follows and is supported by Figs. 3, 4

and 5 and Table 2:

e Specimen CS-2% (Fig. 4.a) served as a reference specimen for the steel RC columns. In this
column, the longitudinal steel reinforcement consisted of six 13-mm-diameter bars (i.e.,
»1=0.02), and the transverse reinforcement consisted of 6-mm-diameter internal closed
stirrups spaced every 50 mm;

e Specimen CS-2%-J (Fig. 4.b) was reinforced with the same steel reinforcement as specimen

CS-2%. In addition, BFRP jacketing was provided to the plastic hinge region of this column,
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where a jacket of 0.333-mm thickness was applied to the lowest 300 mm of the column (i.e.,
L;1=300 mm) and then another jacket of 0.333-mm thickness was added to only the lowest
200 mm of the column portion (i.e., Ljz=200 mm);

In addition to the steel reinforcement details of column CS-2%, specimen CSF-2.8%-1S-D10
(Fig. 4.c) was reinforced with two 10-mm-diameter BFRP bars placed on each of two
opposite sides of the column (those with the highest tension/compression) at the same place
as the longitudinal steel bars. The surface texture of the BFRP bars contained small
prefabricated indentations (factory product), as shown in Fig. 5.b. By adding the FRP bars to
the steel bars, the resulted reinforcement ratio was nearly 2.8% (i.e., p;=0.028);

Specimen CSF-2.8%-1S-D10-J (Fig. 4.d) was similar to specimen CSF-2.8%-1S-D10 but
wrapped at the plastic hinge region with the same BFRP jacketing as in column CS-2%-J;
Specimen CSF-2.8%-IR-D10-J (Fig. 4.d) was the same as specimen CSF-2.8%-1S-D10-J, but
the surface texture of the BFRP bars was spirally roughened with BFRP strips in two
perpendicular directions, as shown in Fig. 5.c;

Specimen CSF-2.8%-ES-D10-J (Fig. 4.e) was the same as specimen CSF-2.8%-1S-D10-J,
but the BFRP bars were placed outside of the steel stirrups, i.e., in the concrete cover. In
addition, BFRP jacketing was provided to the plastic hinge region of this column, where a
jacket of 0.333-mm thickness was applied first to the lowest 600 mm of the column portion
(i.e., Ljs=600 mm) and then another jacket of 0.333-mm thickness was added to only the
lowest 200 mm of the column portion (i.e., Lj,2=200 mm); and

Specimen CSF-2.8%-ES-D8-J (Fig. 4.f) was reinforced with both steel and FRP
reinforcement and wrapped with the BFRP jacketing as in specimen CSF-2.8%-ES-D10-J,

but the FRP reinforcement consisted of three 8-mm-diameter BFRP bars placed external to
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the steel stirrups on each of two opposite sides of the column (those with the highest
tension/compression) in the concrete cover. The surface texture of the BFRP bars contained
small indentations, as shown in Fig. 5.a. The total reinforcement ratio in this column was
approximately 2.8% (i.e., pi=0.028).
Loading and Instrumentation
All columns were subjected to a constant axial load of 40 kN and several excursions of lateral
cyclic loading applied at 850 mm above the column base using a dynamic actuator with a
capacity of 700 kN. The reversed cyclic loading sequence was determined based on the column
displacement at the yielding load (Ay), which was numerically defined for the reference column
and kept the same for all specimens. The lateral loading sequence started with two cycles of
0.5Ay followed by two cycles of Ay and then three cycles each of 2Ay, 3Ay, 4Ay, 6Ay, 8Ay, and
10Ay until failure. A linear variable differential transformer (LVDT) was used during testing to
record the horizontal displacement of the tested columns. The axial strain histories for both the
steel and FRP reinforcements were recorded during the test by using a set of 5-mm-long strain
gauges, arranged as shown in Fig. 6. Although efforts were made to keep the axial load constant
during the experimental tests, laterally displacing the columns resulted in some variations in the
axial load, particularly at high levels of lateral displacement. The actual applied axial load was in
the range of 40 to 100 kN during the tests. All installed instrumentation are shown in Fig. 3.
Experimental Results and Discussion
General Observations and Hysteretic Curves
In this section, the results of each column specimen are individually discussed with reference to
its hysteretic response (V-o curve) and failure mode. Fig. 7 shows the lateral load versus the

column drift ratio for all tested columns, and Fig. 8 shows the final failure mode of these
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columns. The deformation capacity of the columns is expressed as the member lateral drift,
which is defined as the ratio of the lateral displacement at the point of the load application of
each column to the effective height of the column (850 mm). The longitudinal strains of the FRP
bars are also examined, where the lateral load-FRP bar strain hysteresis loops were recorded by
the FRP bar’s strain gauge in each column, as shown in Fig. 9. Table 3 summarizes the
characteristic values and experimental findings in both the positive and negative loading
directions together with the observed failure mode of each specimen, and Table 4 contains the
average characteristic values of both directions. The terms V., and Vy represent the cracking load
and steel yielding load, respectively, and the terms d¢r and Jy represent the corresponding lateral
displacements. The cracking load and corresponding displacement were approximately defined
from the first turning points of the load-displacement curves when the plastic hinge zone was
covered with an FRP jacket. The yielding loads and displacements were obtained from the
results of the strain gauges attached to the longitudinal steel bars. The term Vp represents the
peak load, and it is characterized by two displacement values dp; and dp2, Where dp; corresponds
to the peak load and dp, corresponds to the end of the plateau zone, if any. The terms V, and 4,
represent the ultimate load and its corresponding displacement, respectively, and they were
defined for SRC specimens at the drift level at which the load capacity decreased to 80% of the
peak load. For the other columns (FSRC columns), the ultimate loads and displacements were
defined at the degradation of the peak load to the peak load of the SRC column, column CS-2%.
Values of the displacement ductility factor, u, at different characteristic points were
superimposed on the hysteretic responses, as shown in Figs. 7 and 9, where p=6/d, and o=lateral

displacement at the load application point. Moreover, a complete description of the failures noted
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during the loading of all columns was included in the hysteretic curves using marked footnotes.
The following sections provide a detailed discussion of the behavior of all tested columns.
Columns Reinforced with Steel Bars (SRC Columns)

For the control specimen CS-2%, flexural cracks first occurred near the column base in the first
loading cycle at a drift level of approximately 0.1%, corresponding to a lateral load of 9.2 kN.
While displacing the specimen in both loading directions, new horizontal and slightly inclined
cracks formed and propagated with further loading and distributed in the lowest 300 mm of the
column in both loading directions. The first yielding of the steel bars was observed at a drift level
of 0.65%, corresponding to a lateral load of 26.0 kN, as shown in Fig. 7.a. Afterward, a stable
hardening cyclic response appeared and continued up to a drift level of 3.5% (u =5.3),
corresponding to an average peak load of 37.5 kN in both the push and pull directions. Following
this drift level, a peak-loading horizontal plateau was formed with the appearance of significant
wide cracks in the plastic hinge regions up to a drift level of 5.9% (u=8.8). A bulking of the
concrete covers accompanied with a smooth degradation of the cyclic response after this level
took place up to a drift level of 7% (u=10.3). Beyond this level, a complete spalling and crushing
of the concrete cover within a height of approximately 200 mm above the column footing
occurred. After the spalling of the concrete cover, a serious buckling of the longitudinal
reinforcement, Fig. 8.a, was observed, causing a sudden drop in the lateral load and terminating
the test.

For specimen CS-2%-J, the behavior was significantly affected by wrapping the plastic hinge
region with the FRP jacket (see Figs. 7.b and 8.b). The use of the BFRP jacket prevented the
crack propagation from being observed, but the load-displacement curve demonstrated that the

first turning point, indicating the first cracking, was at a drift level and corresponding lateral load
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nearly the same as those of the control specimen. The first yielding of the steel reinforcement
took place at a drift level of 0.64%, corresponding to a lateral load of 27.2 kN (i.e., V,=1.05 Vy,
where V. is the yielding load of column CS-2%). After the yielding of the steel bars, the column
was able to continue carrying a load in a stable manner up to a drift level of 5.9% (u=8.9),
corresponding to a peak lateral load of 43.4 kN (i.e., Vp=1.15Vpc, Where Vpc is the average peak
load of column CS-2%). Beyond this drift, a gradual bulging of the FRP jacket accompanied by a
smooth gradual loss of strength took place up to an average lateral drift of 9.4% (pu=14.3),
corresponding to a lateral load of 40.8 kN. Upon increasing the lateral displacement beyond this
drift level, the bulging of the FRP jacket was accompanied by a local buckling of the steel bars
within a height of approximately 100 mm above the column footing, followed by the rupture of
some steel bars, as shown in Fig. 8.b.

Columns Reinforced with Hybrid Steel and FRP Reinforcements (FSRC Columns)

Prior the yielding of the steel bars, the observed behavior of all FSRC columns was slightly
affected by the contribution of the FRP reinforcement. This could be due to the small
contribution of the FRP bars to both the column strength and deformation, and this was identified
from the average longitudinal strain records of BFRP bars located at both loading sides, which
ranged from 8.5% to 11% of the uniaxial rupture strain of the BFRP bars (i.e., ¢,=0.085 to 0.11
er, Where & is the average strain recorded in the FRP bars at the yielding of the steel bars and &,
is the rupture strain of the BFRP bar). This small contribution is due to the small elastic stiffness
ratio between FRP and steel (i.e., As E/As Es=0.095, where A and E are the gross cross-sectional
area and elastic modulus, respectively, and subscripts S and f denote the steel and FRP bars,
respectively). Beyond the yielding of the steel bars, the contribution of the FRP reinforcement

became significant and controllable, where a hardening zone with a clear positive post-yield
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stiffness was realized. Compared to the control specimen, all specimens reinforced with both
steel and FRP bars achieved considerably higher lateral strength (i.e., 30-85% higher than that of
column CS-2%). In contrast to the control column, the failure modes of all FRP-reinforced
specimens were never attributed to the buckling of the internal reinforcement, as a significant
portion of the total force in the compression zone was carried by the FRP bars. However,
buckling of the longitudinal internal bars occurred abruptly after bond or rupture failure of the
FRP bars. The main observations of the behavior of such columns are described in detail in the
following paragraphs.

Columns Reinforced with 10-mm-diameter BFRP Bars

For column CSF-2.8%-1S-D10, small cracks were first observed during the first loading cycle
near the column base. With further loadings, these cracks increased and distributed within the
lowest 300 mm of the column height. The applied strain gauges recorded a first yielding strain of
the steel bars at a drift level of 0.74%, corresponding to a lateral load of 27.6 kN. As shown in
Fig. 7.c, beyond the yielding of the steel bars, the column continued carrying loads with a stable
post-yield stiffness up to a lateral drift of 3.5% (u=4.2), corresponding to a peak load of 48 kN
(Vp=1.28Vpc) in one loading direction. In the other loading direction, a peak lateral load of 50.5
kKN (Vp=1.35Vpc) was reached at a drift of 4.7% (u=5.6). During this hardening zone, a
considerable propagation of cracks appeared and further widened. After reaching the peak load,
the concrete cover at the column footing interface and above it started to bulk out, causing a
plateau at the peak load level. Along this plateau, concrete crushing and spalling became
significant, particularly within the first 200 mm near the column footing. A “popping” sound was
heard during the loading of the column to a lateral drift of 7% (u=8.5), at which the measured

strain & of the BFRP bars was 0.47¢;, indicating the first local bond failure between the FRP bars
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and surrounding concrete at the column-footing interface. At this drift level, a 20% decrease in
the load capacity occurred, confirming the effect of slippage between the FRP bars and
surrounding concrete. An additional degradation in the column strength of 5% up to the
completion of the first loading cycle to a lateral drift of 8.2% (u=9.9) was also observed. A
“popping” sound was heard again when loading to the second and third cycles of the same lateral
drift, together with separation of the concrete from the footing, which clearly indicated another
local bond failure of the FRP bars. The strain of the FRP bars at this drift level was
approximately 54% of the rupture uniaxial strain (i.e., &,=0.54 &), as shown in Fig. 9.c.
However, as a result of the applied cyclic loading, the partial rupture of the BFRP bars was
observed within the first 100 mm above the column base. Consequently, another 40% decrease in
the carried load occurred. Hence, all of the stresses in the longitudinal direction were carried by
the steel bars, resulting in a sudden local buckling of some of them and subsequently their
rupture. Fig. 8.c shows the state of column CSF-2.8%-1S-D10 just before the rupture of the steel
bars.

Figs. 7.d, 8.d, and 9.d show that the observed trim of the behavior of specimen CSF-2.8%-IS-
D10-J was similar to that of specimen CSF-2.8%-1S-D10 up to a high loading level. The first
yielding of the steel bars was recorded at a lateral load of 28.1 kN, corresponding to a drift of
0.6%. The column achieved a peak load of 56.75 kN (Vp=1.51Vpc) at a drift level of 5.9%
(1=6.8) in one loading direction and a peak load of 59 kKN (Vp=1.57Vpc) at a drift of 4.7%
(u=5.4) in the opposite loading direction. Beyond the peak load, a stability in this load was
observed up to a drift level of 7% (u=8.1), at which point the first bond failure of the FRP bars
occurred, causing an average decrease of 15% in the lateral load. Beyond this deformation level,

the column maintained the remaining lateral load up to a drift level of 8.2% (pu=9.5), at which
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point a complete debonding of the FRP bars occurred, accompanied by another drop in the lateral
load by approximately 20%. As a consequence, the steel bars became vulnerable to high stresses,
resulting in local buckling and subsequent rupture of some of them, causing a termination of the
column test, as shown in Fig. 8.d. The maximum achieved strain in the FRP bars before the
bonding failure was approximately 56% of the rupture strain, as shown in Fig. 9.d.

The response of column CSF-2.8%-ES-D10-J shows the effect of placing FRP bars out of the
transverse reinforcement in the concrete cover (see Fig. 7.f). Compared to CSF-2.8%-1S-D10-J
that was internally reinforced with FRP bars, a slight increase in the carried lateral load could be
achieved. This increase was attributed to the increase in the effective depth of the FRP bars (i.e.,
the distance from the fibers of the maximum compression strain to the center of the FRP bars
located on the tensile side). As shown in Fig. 7.f and summarized in Table 3, the first yielding of
steel bars was recorded at a drift level of 0.67%, corresponding to a lateral load of 33.2 kN.
Beyond the yielding of the steel bars, the column showed a gradual increase in the carried lateral
load in both loading directions up to drift levels of +4.7% (u=6.7) and -5.9% (u=8.6),
corresponding to lateral loads of +63 kN (Vp=1.68Vpc) and -60 kN (Vp=1.6Vpc), respectively.
Afterward, local bond failure of the FRP bars occurred as the bond stress between the FRP bars
and surrounding concrete reached the bond strength. Two successive drops of the lateral load
were observed in both loading directions, where the lateral load in the two loading directions at a
drift level of 9.4% (pu=10.3) reached values of +37.5 and -38.3 kN. Before the debonding of the
FRP bars, the recorded strain was approximately 61% of the rupture strain, as shown in Fig. 9.f.
The presence of the FRP bars outside the closed stirrups resulted in a pronounced rupture of the
external fibers of the BFRP bars, particularly after the bulging of the BFRP jacket, as shown in

Fig. 8.1
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Specimen CSF-2.8%-1R-D10 examined the effect of roughening the texture of the BFRP bars on
the bond between the FRP bars and concrete. Fig. 7.e and Table 3 show that the first yielding of
steel bars was at a lateral drift of 0.69%, corresponding to a lateral load of 28.1 kN. Beyond the
yielding of the steel bars, a hardening zone of this column was realized in a manner quite similar
to that in column CSF-2.8%-1S-D10, with smooth FRP bars, up to a drift level of 3.5%. After
this lateral drift ratio, the hysteretic loops showed a continuous increase in column strength but
with a smaller positive stiffness in both loading directions up to the completion of the first
loading cycle of the lateral drift of 8.2% (u=11.3), corresponding to lateral loads in the positive
and negative directions of 60 kN (Vp=1.6Vpc) and 69 kN (Vp=1.84Vpc), respectively. Displacing
the column in the two directions with the additional two loading cycles to the same lateral drift
resulted in an approximately 25% loss in the achieved peak lateral strength. This drop was
mainly due to a complete rupture of the FRP bars at 50 mm above the column base, as shown in
Fig. 8.e. At this loading stage, a loud sound was heard, and a bulge formed in the BFRP jacket.
During the loading process, the strain gauges located at the section of maximum moment failed
early, and only the strain gauge located at 150 mm height continued until the rupture of the
BFRP bars. The maximum attained axial strain of the FRP bars recorded by this strain gauge was
approximately 71% of the uniaxial rupture strain, as shown in Fig. 9.e. Following the rupture of
the FRP bars, a sudden increase in the stresses were experienced by the steel bars, causing some
of them to rupture.

Columns Reinforced with 8-mm-diameter BFRP Bars

The observed behavior of specimen CSF-2.8%-ES-D8-J was highly similar to that of the column
reinforced with rough BFRP bars; this could be attributed to good bond conditions between the

FRP bars and surrounding concrete in both cases. As shown in Fig. 7.9 and Table 3, the first
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yielding of the steel bars was recorded at a drift level of 0.65%, corresponding to a lateral load of
31.9 kN. Beyond the yielding of the steel bars, this column achieved the largest lateral resistance
among all tested columns, where at a drift of 7% (u=10.3), the maximum attained lateral
strengths in the positive and negative directions were 68 kN (Vp=1.81Vpc) and 71 KN

(Vp=1.89Vpc), respectively. At this drift level, a loud sound was heard, indicating the probability

of rupture of one or more FRP bars, followed by an approximately 15% decrease in the peak load.

The column was then able to maintain its achieved strength up to a lateral drift of 8.2%, at which
point a second loud sound was heard, indicating the probability of rupture of the additional FRP
bars, accompanied with another 25% decrease in the lateral load, after the completion of the
second loading cycle at this drift level. Unfortunately, the results of the third loading cycle at this
drift level were lost during the transfer of the data from the logger. The continued displacement
of the column led to a rupture of some steel bars. The results of this column indicated that the
FRP bars fulfilled nearly 94% of its rupture strain before failure, as shown in Fig. 9.9. Moreover,
after removing the FRP jacket at the lowest part of the column, the decreases in the lateral load
were confirmed to be due to the rupture of the FRP bars, as shown in Fig. 8.g.

Envelope Responses

The average skeleton curves of push and pull loading directions of all tested specimens are
presented in this section. To investigate the effect of each tested parameter individually, the
skeleton curves of all specimens are shown in five separate figures, where the effect of each
parameter can be investigated in one figure, as shown in Fig. 10. Referring to sec. 2, the
effectiveness of the proposed column reinforcement should be evaluated in light of the targeted
mechanical load-displacement model. To this end, the evaluation process is presented in this

section in terms of initial stiffness, post-yield stiffness, and ductility measurements, as shown in
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Table 5. To draw firm conclusions, the response of the steel RC column (CS-4%), discussed
earlier, was numerically simulated using the OpenSees software (Mazzoni et al.). The
experimentally applied cyclic loading regime was adopted in the numerical simulation to predict
the behavior of column CS-2% for comparison with the experimental results (see Fig. 10.a) and
then to predict the performance of column CS-4%. Only the envelope response of the hysteretic
curve is presented here for comparison with the FSRC columns.

Initial Stiffness

The initial stiffness or elastic stiffness (K1) is an important seismic performance measure (index)
that can be evaluated as K;=V,/Jy. In comparison cases, higher values of this index would lead to
a shorter vibration period of the structure and would generally increase the earthquake forces
received (Saiidi et al. 2009). K; was determined for all tested specimens to investigate the effect
of adding FRP reinforcement to the steel reinforcement, as shown in Table 5.

As shown in Fig. 10 and summarized in Table 5, adding FRP composites to the steel
reinforcement resulted in an insignificant change in the initial stiffness values. Although
wrapping the plastic hinge region with an FRP jacket resulted in a significant enhancement in the
column confinement, the increase in the initial stiffness was extremely small; K; of column CS-
2%-J=1.06 K; of column CS-2%, and K; of column CSF-2.8%-1S-D10-J=1.07 K; of column
CSF-2.8%-1S-D10. Placing additional FRP bars for further transverse reinforcement had no clear
effect on the initial stiffness compared with the reference column CS-2%, whereas adding FRP
bars of 8- or 10-mm diameter in the concrete cover (outside the transverse reinforcement)
resulted in an approximately 20% increase in the initial stiffness. Moreover, the bond condition
between the FRP bars and concrete showed no considerable effect on the initial stiffness; K; of

column CSF-2.8%-1R-D10-J = K; of column CSF-2.8%-1S-D10-J, and K; of column CSF-2.8%-
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ES-D8-J = K; of column CSF-2.8%-ES-D10-J. In contrast, Fig. 10.b and Table 5 show that the
initial elastic stiffness of the numerically investigated column CS-4% was over twice that of the
control specimen. That is, increasing the column strength to withstand a strong earthquake using
additional steel reinforcement would greatly affect the elastic stiffness and in turn its vibration
period, whereas adding FRP bars to an RC structure would be a reasonable solution to avoid any
increase in the imposed seismic force on the structure.

Post-Yield Stiffness

In previous studies on damage-controlled structures, e.g., Kawashima et al. 1998; Christopoulos
et al. 2003; Pettinga et al. 2007, the residual deformations are dependent on the post-yield
stiffness ratio. For instance, when two structures attained a comparable lateral displacement, a
smaller residual displacement would be obtained for the structure with the higher post-yield
stiffness ratio. Therefore, the post-yielding stage of the tested columns up to the column peak
strength was evaluated using two post-yield stiffness indices. The first index was the ratio
between the column post-yield stiffness and elastic stiffness (k=ki/k, %), where the starting point
of the post-yield stiffness of all tested columns was defined as the theoretical strength of the
control specimen CS-2% defined previously using AASHTO 2012, whereas the end point was
that corresponding to the maximum achieved lateral strength of the considered specimen (i.e., at
a lateral load of Vp and the corresponding lateral displacement dp1, See Fig. 2). By defining the
post-yield stiffness using the aforementioned start and end points, the curvature in the hardening
zone of the load-displacement curves was idealized to a straight line. The second measure was
the column displacement ductility, corresponding to the end point of the hardening zone (i.e.,
Mp1=0p1/dpy). The two indices were calculated for all specimens and are summarized in Table 5.

A detailed explanation concerning the efficiency of the proposed FSRC column design to
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achieve the desired level of lateral strength (the strength of column CS-4%=67 kN) as well as the
effect of the investigated parameters on the post-yield stiffness behavior is as follows:

Fig. 10.a and Table 5 illustrate that control specimen CS-2% continuously increased in lateral
strength with the increase in the applied displacement up to a ductility of 5.3 (i.e., up1=5.3). The
achieved post-yield stiffness ratio corresponding to this final ductility of the hardening zone was
7.8%. Through wrapping the plastic hinge zone with an FRP jacket, as in column CS-2%-J, the
column showed an ability to receive a greater lateral load up to ppy of 9.0, but the post-yield
stiffness ratio decreased to 6.6%. A substantial decrease in the column post-yield stiffness ratio
of approximately 35% was observed when increasing the amount of steel reinforcement, as in
column CS-4%. In contrast, a significant increase in the post-yield stiffness ratio was observed
when adding FRP bars, as shown in Fig. 10. Fig. 10.b illustrates that column CSF-2.8%-1S-D10
had a value of k more than twice that of column CS-2%, although the two columns share nearly
the same value of pp;. Changing the location of the FRP bars from the place of the steel fibers
(column CSF-2.8%-1S-D10-J) to outside the steel stirrups (in the concrete covers, such as in
column CSF-2.8%-ES-D10-J) resulted in a 30% increase in the value of tp; and a 17% decrease
in the value of k, as shown in Fig. 10.c. Furthermore, by adding cross ribs to the surface of the
FRP bars, as in column CSF-2.8%-IR-D10-J, the value of k decreased from 17.3% to 12%,
although pp; shifted from 5.8 to 11.3 (see Fig. 10.d). This gives a high responsibility to the
surface texture of the FRP bars to control the length of the hardening zone. Finally, the post-yield
stiffness represented by the two indices could be increased by using FRP bars with smaller cross-
sectional areas. For instance, columns CSF-2.8%-ES-D10-J and CSF-2.8%-ES-D8-J, with the
same FRP-to-steel stiffness ratio, had similar values of k, whereas pp; shifted from 7.7 to 10.4

when decreasing the diameter to 8 mm. This confirmed the previous observation regarding the
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ability of the bond conditions of FRP to concrete to control the ductility at the end point of the
achieved post-yield stiffness. The previous discussion demonstrated that by adding FRP bars
with a good bonding condition to concrete (8-mm-diameter bars or rough bars), the column
could achieve the demanded lateral strength at high ductility levels through a stable post-yield
stiffness. Compared with these cases, using FRP bars with a weaker bond to concrete resulted in
an unfavorable ductility and lateral strength at the end of the post-yield stiffness; however, it
results in a larger post-yield stiffness ratio.

Column Ductility

In performance-based seismic design philosophies of reinforced concrete structures, the
determination of the deformation capacity of the concrete columns, which are the main
earthquake-resisting elements, is of paramount importance. When a structure’s earthquake-
resistant elements are sufficiently ductile, the structure can undergo large deformations before
failure. This is beneficial to provide warning and give sufficient time for taking preventive
measures and carrying out suitable repairs to the structure, which can reduce loss of life. Aside
from the displacement ductility corresponding to the end point of the post-yield stiffness, as
explained in the previous section, three other indices were also used in this study to evaluate the
ductility behavior and investigate the effect of the tested parameters. The first is the peak
strength stability factor, which measures the ability of a structure to undergo large displacements
after achieving the peak lateral strength and before entering the degradation zone {i.e., Sl=(Jp2 -
op1) /dy}. The second is the degradation stiffness factor, which defines the ability of a structure to
reach its ultimate load through a gradual degradation path {i.e., Ks=(Vy- Vp)/ (du- dp2}. Through
this definition, a smaller value of this index indicates a stable, smooth degradation behavior and

vice versa. The last ductility measure is the displacement ductility factor at the ultimate lateral
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strength (p,=dy, /éy). Referring to the proposed mechanical model (Fig. 2), Table 5 summarizes
the ductility indices for all tested columns.

For the control specimen, after reaching its peak lateral load at a pp; 0f 5.3, it achieved a stability
index of SI=3.5. This means that the column maintained its peak lateral strength up to a
displacement ductility of 8.8 before entering the degradation zone. Following the stability zone,
the column reached its ultimate strength at an ultimate displacement ductility, pyc, of 10.3
through a degradation stiffness factor, K¢, of 0.86.

A significant enhancement in the column ductility could be achieved by wrapping the plastic
hinge zone of the steel RC column with an FRP jacket. Although no clear stability zone was
formed in column CS-2%-J {i.e., Pp1 = (Mp1t+ SI) of column CS-2%]}, the column fulfilled its
ultimate strength (i.e., V,=0.8Vp) at a displacement ductility of 14.7 (i.e., n,=1.43 W,c) through a
degradation factor of 0.27 (i.e., K4=0.3K4c). In the absence of the FRP jacket, no pronounced
enhancement in the ductility indices could be achieved by adding internal smooth FRP bars to
the longitudinal reinforcement. Moreover, the weak bond between the FRP bars and surrounding
concrete resulted in a relatively sharp degradation curve before reaching the ultimate strength.
For instance, the ductility indices SI, K4, and p, of specimen CSF-2.8%-1S-D10 were 0.97, 1.3,
and 0.96 times the corresponding values of specimen CS-2%, respectively. Reviewing the
ductility indices of specimens CSF-2.8%-1S-D10 -J (which had smooth FRP bars) and CSF-
2.8%-1R-D10-J (which had roughened FRP bars) indicated that the ductility behaviors of the two
columns were quite different. Whereas column CSF-2.8%-1S-D10 -J had ductility indices Sl, K4,
and py of 2.1, 1.4, and 9.9, respectively, the corresponding values of column CSF-2.8%-1R-D10-
J were 0, 4.14, and 12.3, respectively. This indicates the benefit of roughening the FRP bars to

enhance the ultimate ductility of the column (i.e., a 25% increase in p,); however, the column
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suddenly failed upon reaching its peak strength as a result of the FRP rupture. Regarding the
effect of the location of the FRP bars on the ductility measurements, the results showed that
placing the FRP bars in the concrete covers instead of in the concrete core caused the column to
begin to degrade once it achieved its peak strength, without showing stability under the peak load.
Moreover, the column could reach its ultimate strength at a greater displacement ductility
through a smoother degradation manner. This was clearly observed in the behavior of column
CSF-2.8%-ES-D10-J compared to column CSF-2.8%-1S-D10-J, where the ductility indices K4
and py of column CSF-2.8%-ES-D10-J were 0.5 and 1.4 times those of column CSF-2.8%-IS-
D10-J, respectively. The reason for this might be attributed to the increase in the accumulated
stresses in the FRP bars when they were installed at a larger effective depth, which in turn causes
an increase in the bond stresses between the FRP bars and concrete. Reinforcing the column with
8-mm-diameter FRP bars (column CSF-2.8%-ES-D8-J) caused sudden drops in the lateral
strength, similar to the case in the specimen reinforced with roughened FRP bars (column CSF-
2.8%-IR-D10-J). However, the degradation curve was gradual as a result of using 3- to 8-mm-
diameter bars that ruptured at two different drift levels. Whereas columns CSF-2.8%-ES-D8-J
and CSF-2.8%-ES-D10-J share the same ultimate ductility factor, the degradation stiffness factor,
K4, of column CSF-2.8%-ES-D8-J was nearly three times that of column CSF-2.8%-ES-D10-J.
Thus, more experimental investigations on the effect of the bar surface texture (bond conditions)
on the ductility indices, particularly the degradation behavior of columns reinforced with steel
and FRP bars, are required.

Residual Displacement

To evaluate the behavior of the proposed RC bridge columns after an earthquake, the residual

displacement index, which measures the degree of permanent displacement (the displacement of
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the zero-crossing at unloading on the hysteresis loop from the maximum displacement), was used
in this study as an indicator to fully quantify the performance level under seismic loading. Thus,
the drift ratio versus normalized residual displacement of all tested columns was drawn as shown
in Fig. 11. The normalized residual displacement was defined as the ratio of the residual
displacement of each column at a drift level to that of the control column at the same drift level
(i.e., r=0//6:c). As the value of r for a column decreases, the column becomes more recoverable
and reparable. Fig. 11 illustrates that although the value of r up to a drift of 1.7% (onset of FRP
participation) was less than one for all columns, no clear stable trend could be observed. Starting
from this drift ratio, a stable trend for the value of r could be observed. As expected, wrapping
the plastic hinge region using an FRP jacket, as in column CS-2%-J, could not control the
residual displacement of the column, where the value of r ranged from 0.95 to 1.02 up to a drift
of 8%, at which the control column failed. By contrast, reinforcing the columns with FRP bars
clearly decreased the residual displacement. For instance, the average value of the normalized
residual displacement of columns CSF-2.8%-1S-D10, CSF-2.8%-1S-D10-J, and CSF-2.8%-ES-
D10-J, reinforced with FRP bars having smooth surface textures, was approximately 0.8. The
columns maintained this normalized value up to a drift level just before entering the degradation
zone of each column as a result of bond failure. Following this drift level, the FRP bars could not
continue controlling the residual displacement until the end of the tests. In contrast, the impact
on the residual displacement became more considerable when enhancing the bond between the
FRP bars and surrounding concrete. This trend can be observed in column CSF-2.8%-IR-D10-J
(which had FRP bars with a rough texture) and column CSF-2.8%-ES-D8-J (which had FRP bars
with a smaller diameter), where both columns had an average value of r=0.7. The columns

continued controlling the residual displacement with nearly the same value of r until the FRP
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bars ruptured, at which the FRP bars lost their role in controlling the column performance. As a
concluding remark, among all of the tested columns, CSF-2.8%-ES-D8-J had the best seismic
performance in terms of the smallest residual displacement. This performance was caused by the
high post-yield stiffness, in the plastic zone.

Dissipated Energy and Damping Ratio

Ductile structures should be able to dissipate significant energy during major seismic events
before failure. In recent decades, two indices have been defined to describe the ability of a
structure to dissipate earthquake energy and hence survive major seismic events. The first index
is the cumulative dissipated energy, which is computed by summing up the areas enclosed by the
hysteretic loops in the lateral load-displacement relationships of the structure up to failure. The
other index is the viscous damping ratio, which reflects the damage level attained during
inelastic excursions. In this section, the cumulative dissipated energy, E, for all tested specimens
was recorded and plotted for each drift level to further evaluate the effectiveness of the proposed
reinforcement and investigate the effect of each tested parameter, as shown in Fig. 12. In the
same manner, the damping ratio versus the displacement ductility were calculated and plotted for
all specimens, as shown in Fig. 13.

Dissipated Energy

After calculating the energy dissipated by each loading cycle, the cumulative dissipated energy
up to each drift level was determined, and the effect of each parameter was addressed, as shown
in Fig. 12. Fig. 12 illustrates that the investigated parameters had only a minor impact on the
cumulative dissipated energy. All columns shared almost the same cumulative dissipated energy
of approximately 27 kN.m up to a drift of 6%. The effects of the investigated parameters were

apparent beyond this drift level. After a drift of 7%, no pronounced increase in the cumulated
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dissipated energy was observed in the control specimen, CS-2%, as a result of the cover spalling
and bar buckling that caused the failure of the specimen. By wrapping the plastic hinge with an
FRP jacket, as in column CS-2%-J, the column continued dissipating more energy up to a drift of
9.4%, at which E was equal to 1.7Ec, where Ec is the total cumulative dissipated energy of the
control specimen up to failure. Then, the rate of increase was small due to the FRP sheet bulging,
which led to the failure of that column. Fig. 12 also illustrates that although adding FRP bars to
the steel reinforcement caused a substantial increase in the post-yield stiffness ratio, the column
was able to dissipate more energy up to failure. The aforementioned observations suggest that
the efficiency of reinforcing the columns with both steel and FRP bars on the amount of
dissipated energy may be controlled by other variables. Thus, further investigations are still
needed to determine the best configuration and best surface treatment to optimize the dissipated
energy.
Equivalent Viscous Damping Ratio
The equivalent viscous damping, ¢, for the first cycle of all loading sets was calculated using
equation 2 (EImenshawi and Brown 2010).

(i= E;/(4nEg;) )
where E; and Eg; refer to the dissipated energy and elastic energy in the cycle i, respectively.
Fig. 13 shows the effect of each testing parameter on the relationship between the displacement
ductility, u, and calculated damping ratio, (%. Fig. 13 illustrates that up to a displacement
ductility of two, only slight differences in the damping ratio, , were observed in all columns,
where at this ductility, the average value of  was approximately 12%. There was a small
decrease in the { for specimen CS-2%-J compared to the control specimen CS-2%, particularly

after a displacement ductility of 9, at which the concrete cover of column CS-2% spalled, as
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shown in Fig. 13.a. A comparison of the results of column CSF-2.8%-1S-D10 with the control
column (see Fig. 13.b) indicates that the decrease in { was more evident up to a displacement
ductility of 9, at which both the columns started to degrade; the average loss in the value of {in
this column was approximately 20%. Moreover, the comparison of the results of columns CSF-
2.8%-1S-D10-J and CSF-2.8%-IR-D10-J with that of column CS-2%-J (see Fig. 13.d) illustrates
that while reinforcing the column with internal smooth FRP bars resulted in a minor decrease in
€ up to the appearance of bond slip failure at a ductility of 8%, this decrease was more evident
when using roughened FRP bars (i.e.,, 33% decrease). For both columns, the value of ¢
approaching the failure was closer to that of specimen CS-2%-J. The average value of { for I-S-
10-J and 1-R-10-J up to failure was nearly 86% and 75% of that of specimen C-J, respectively.
By placing the FRP bars externally instead of internally, as in column CSF-2.8%-ES-D10-J, the
value of { became lower, where the average value of { for specimen CSF-2.8%-ES-D10-J was
almost 88% of that of specimen CSF-2.8%-1S-D10-J (see Fig. 13.c). Finally, Fig. 13.e illustrates
that using FRP bars with 8-mm-diameter caused a greater decrease in the value of { compared
with the counterpart 10-mm-diameter BFRP bars. In other words, the decrease in the damping
ratio was more pronounced when using FRP bars with a stronger bond to the surrounding
concrete. This discussion demonstrates that although using FRP bars as the main reinforcement
helped the column achieve higher levels of post-yield stiffness without causing any loss in the
column ductility and dissipated energy, the decrease in the damping ratio could be acceptable to
achieve the aim of damage-controlling structures.

Which FSRC Column Could Successfully Achieve a Ductile-Recoverable Performance?

In the light of the targeted structural performance of the proposed FRP-steel RC structure, two

columns could achieve the demanded ductile-recoverable performance. The first is CSF-2.8%-
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IR-D10-J (which had FRP bars with rough textures and was wrapped with an FRP jacket), and
the second is column CSF-2.8%-ES-D8-J (which had FRP bars with a smaller diameter and was
wrapped with an FRP jacket). Both these columns had an average value for the post-yield
stiffness ratio of 12.6%, an average displacement ductility before load degradation of 10.85, an
average ultimate ductility of 12.85, and an average residual displacement of 0.7 times that of the
steel RC columns. This performance was caused by the good bonding between the FRP bars and
surrounding concrete.

Summary and Conclusions

In this study, an FRP-steel RC structure was proposed as a high-seismic-performance structure.

The mechanical model describing the performance of this structure during and after earthquake

actions was first discussed. Experimental tests on the effect of constant axial load and several

cyclic loadings were conducted on seven RC bridge columns, where two columns simulated the
performance of steel RC bridge columns and the others showed the response of the proposed

BFRP-steel RC columns. The roles of several bond-based parameters, such as the diameter of the

FRP bars, texture of the FRP bars, location of the added FRP bars, and external confinement

using an FRP jacket, were examined through the experimental program. The following

conclusions could be drawn from this study:

1) With a proper design of the proposed FRP-steel reinforcement for concrete bridge columns, it
is possible to withstand strong earthquakes with a targeted ductility by ensuring the existence
of a stable post-yield stiffness without a considerable increase in the elastic stiffness.
Moreover, the post-earthquake reparability can be enhanced by mitigating the residual

displacement;
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2) Both the surface texture configuration and the diameter of the cross section of the FRP bars
significantly influence the seismic performance and failure mode of FRP-steel RC bridge
columns. Using 10-mm-diameter BFRP bars with a rough surface texture or 8-mm-diameter
bars with small indentations resulted in a rupture of the BFRP bars that was accompanied by a
sharp brittle failure after achieving a high strength level with reasonable ductility. Using BFRP
bars with a smooth surface texture of 10-mm diameter caused a lower and more stable peak
strength at a smaller ductility with a smoother degradation

3)Changing the location of BFRP bars in the column cross section with respect to the steel
reinforcement caused only a marginal change in the column post-yield stiffness ratio and
column ductility before strength degradation. However, compared with adding FRP bars
internally in the same fibers as the steel bars, placing them in the concrete cover caused a
considerable increase in the elastic stiffness and eliminated the stability plateau at the peak
strength before strength degradation.

4) External confinement of the steel RC column with BFRP sheets caused a slight increase in the
column strength with a stable degradation stiffness and a substantial increase in the
displacement ductility before failure.

5) Although adding BFRP bars caused a remarkable enhancement in the plastic deformation, no
significant decrease in the damping ratio could be observed. Moreover, a comparable
cumulative dissipated energy was evident.

6) Increasing the column strength to withstand a strong earthquake using additional steel
reinforcement greatly increased the column elastic stiffness and decreased the column post-

yield stiffness ratio. In contrast, by adding FRP reinforcement, nearly the same level of lateral
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strength could be achieved with a significant increase in the column post-yield stiffness ratio
and without any substantial increase in the elastic stiffness.

7) Future research should be directed toward providing a better understanding of the behavior of
such FRP-steel reinforcements with an emphasis on the bond condition’s effect on the post-
peak stability, residual displacement, and degradation stiffness. Other design parameters,
including the FRP-to-steel stiffness ratio and transverse FRP reinforcement ratio, should also
be examined.
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Figure captions

Fig. 1. Schematic model of: a) proposed FSRC structure and b) conventional SRC structure

(SRC1 and SRC2).
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Fig. 2. Targeted idealized load deformation behavior of the proposed FRP-steel RC column

versus steel RC columns, based on the damage-controlled model for existing RC structures

(Fahmy et al. 2009).

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3. Typical test unit (dimensions are in mm) and instrumentation of a test specimen
4. Cross sections and reinforcement details of specimens (dimensions are in mm).
5. Configuration of the surface texture of FRP bars.

6. Typical arrangement of strain gauges.

7. Load versus drift ratio curves of column specimens.
8. State of the column specimens at failure.
9. Load versus BFRP bar strain of FSRC columns.

10. Effect of the investigated parameters on the average envelope response.

11. Normalized residual displacement versus lateral drift ratios of the tested columns.

12. Effect of all investigated parameters on the cumulative dissipated energy.

13. Effect of all investigated parameters on the damping ratio.
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Table 1. Mechanical properties of steel and FRP materials

Elastic modulus Yield stress Tensile strength

Material type E (GPa) f, (MPa) fu (MPa)

Longitudinal steel bars 200 375 560
Transverse steel bars 200 400 625

10 mm diameter BFRP bars 481 0 - 1113
8 mm diameter BFRP bars 473 - 1086
BFRP sheet 91 - 2100

Note: (1) Tensile strengths of the BFRP bars were defined based on the cross-sectional area of
each bar. (2) Based on the manufacturer, the basalt fiber content was 60% of the cross-sectional

area.
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Table 2. Experimental Parameters

Specimen Steel reinforcement BFRP reinforcement Lix
f.. (MPa) %

number Main  Transverse  Location Surface Components (mm)
CS-2% 27.8 6013 P6@S50 mm - e e 2 e
CS-2%-J 314 6013 O6@50mm  ----- e e 2 300
CSF-2.8%-1S-D10 35.4 6013 O6@50 mm  Internal Smooth 4010 28 -
CSF-2.8%-1S-D10-J 41.2 6013 O6@50 mm  Internal Smooth 4010 2.8 300
CSF-2.8%-IR-D10-J 32.9 6013 @®6@50 mm  Internal  Roughened 4010 2.8 300
CSF-2.8%-ES-D10 32.7 6013 @®6@S0 mm  External Smooth 4010 2.8 600
CSF-2.8%-ES-D8 34.5 6013 @®6@S0 mm  External Smooth 608 2.8 600

Note: f.. is the actual concrete compressive strength on the day of testing; p, is the total

reinforcement ratio of the steel and FRP bars; Lj; is the length of the first 0.333-mm-thick FRP

jacket above the column base.
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Table 3. Positive and negative characteristic values of the hysteretic curves of the tested columns

) V. 5 P V, 5 S V. S P .
Specimen number y y fy P P P2 u u fu Failure mode
P (kN) (mm)  (ue)  (kN) (mm) (mm) (kN) (mm) (ue)
CS-2% +26.0 +54 --—---- +37.3 +30.0 +50.0 +29.8 +58.5 ---- Cover spalling and
’ 268 -6.0 - -37.8 -30.0 -50.1 -30.2 -59.0  ---- bar buckling
£5.206.] 4272 456 -----e- +43.3 +50.0 +50.0 +34.6 +832  ---- Fracture of
’ 276 55 e -435 -50.0 -50.0 -348 -80.0  ---- steel bars
+30.8 +7.9 +2032 +48.0 +30.0 +59.9 +37.5 +70.1 +10972 i
CSE-2.8%-1S-D10 Local bond slip of
276 -63 -1888 -50.0 -41.3 -59.9 -37.5 -70.1 -13908 FRP bars
+28.1 +53 +1748 +56.75 +50 +59.1 +37.5 +70.0 +12283 i
CSF-2.8%-1S-D10-] Local bond slip of
-36.7 -9.6 -2512 59 -40.0 -58.7 -37.5 -76.9 -13160 FRP bars
+29.4 +65 +2019 +60.0 +69.7 +69.7 +37.5 +76.4 -
CSF-2.8%-IR-D10-J Rupture of
281 -59 -2192 -69.0 -70.1 -70.1 -37.5 -76.4 -16330 FRP bars
+33.2 +57 +2292 +61.0 +40.8 +40.8 +37.5 +80.0 --- i
CSE-2.8%-ES-D10-J Local bond slip of
-30.8 -5.8 -1982 -60.0 -48.0 -50.0 -37.5 -80.0 -14152 FRP bars
+329 +6.0 +2911 +68.0 +60.0 +60.0 +37.5 +80.0 ---
CSF-2.8%-ES-D8-J Rupture of
319 -56 -2603 -71.0 -60.0 -60.0 -37.5 -74.9 -22272 FRP bars

Note: the symbols “+” and “-” stand for the characteristic values in the positive and negative

loading directions, respectively.
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Table 4. Average characteristic values of the hysteretic curves of the tested columns

Specimen number (\k/lilr) (n(icnrq) (;/r\yl) (nf?n) ) (&/rz) (rfﬁ;) (rfﬁ;) (;/r\ul) (nf?n) ()
CS-2% 92 09 264 57 oo 375 300 501 300 588 e
CS-2%-J 94 10 274 55 e 434 500 500 347 B8L6 -eeme

CSF-28%-1S-D10 100 13 292 7.1 1960 490 356 59.9 375 701 12440

CSF-28%-1S-D10-) 106 12 324 74 2130 571 45 589 375 734 12721

CSF-28%-IR-D10-) 107 12 288 62 2106 645 69.9 69.9 375 764 16330

CSF-28%-ES-D10-) 126 11 320 58 2137 605 444 454 37.5 800 14152

CSF-28%-ES-D8-] 127 10 324 58 2757 695 600 600 37.5 77.5 22272
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Table 5. Ductility and stiffness indices of the investigated columns 925

. Stiffness indices Ductility indices
Specimen numer (kN}fﬁqm) (kNI/<r$1m) KOO (mjmmy S (mm/mm) (kN|/<r;11m) ()
CS-2% 4.6 0.36 7.8 5.3 35 0.86 10.3
CS-2%-J 4.9 0.33 6.6 9.0 0.0 0.27 14.7
CSF-2.8%-1S-D10 4.1 0.69 16.7 5.0 3.4 1.14 9.9
CSF-2.8%-1S-D10-J 44 0.76 17.3 5.8 2.1 1.40 9.9
CSF-2.8%-1R-D10-J 4.6 0.56 12.0 11.3 0.0 4.14 12.3
CSF-2.8%-ES-D10-J 55 0.80 144 7.7 0.0 0.65 13.8
CSF-2.8%-ES-D8-J 5.6 0.73 131 10.4 0.0 1.83 134
CS-4% 9.6 0.48 5.0 100 - 10.0

926

927
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Fig. 1. Schematic model of: a) proposed FSRC structure and b) conventional SRC structure

(SRC1 and SRC2)
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Theoretical Analysis of New PN Code on Optical Wireless

Code-Shift-Keying
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SUMMARY A code shift keying (CSK) using psewdo-noise (PM) codes
for optical wireless communications with intensity) modulation and direct
detection (IM/DD) is considered. Since CSK has seweral PN codes, the
data transmission mie and the bit error mte (BER) performance can be im-
proved by increasing the number of PN codes, However, the conventional
optical PN codes ame not suitable for optical CSK with IM/DD because the
ratio of the number of PN codes and the code length of PN code, M/L is
smalle than 1/ L. In this paper, an optical CSK with a new PN code,
which combines the generalized modified prime sequence code (GMPSC)
and Hadamam] code is analyad. The new PN code can achieve ML = 1.
Moreover, the BER performance and the datatransmission rate of the CSK
system with the new PN oode are evaluated through theoretical analysis
by taking the scintillation, backgmund-noise, avalanche photodiode (AP
novise, thermal noise, and signal dependent noise into account. It is found
that the CSK system with the new PN code outperforms the comventional
optical CSK system.

keywords: CSK, GMPSC, Hadamard code. PN code, IM{DD, optical wire-
lex s communicalion

1. Introduction

Optical wireless communications {OWC), which include
visible-light communications and intensity-modulation and
direct-detection (IM/DD) systems, are of considerable in-
terest for numerous applications such as under-water com-
munications, home networks, and space communications
[1]-[8]. The pulse position modulaion (PPM) [9] system,
the on-off keying (OOK) sysiem and the code shift keying
(CSK) [10]-{17] system have been investigated as the mod-
ulation schemes for OWC with IM/DD technology. PPM
comveys information by positioning a pulse in one out of the
M time slots. In OOK, the binary symbol is transmitted as
the presence or absence of a pulse. CSK using binary signal
panerns formed by the rows of binary Hadamard matrices
transmits a message by selecting one of M orthogonal sig-
nal patterns. It is known that PPM and CSK are superior
to OOK because PPM and CSK do not use the threshold
detector.

CSK, which is one of the multilevel modulation meth-
ods, combines the M-ary orthogonal modulation scheme
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with spread-spectrum communication technology. CSK
uses several pseudo-noise (PN) codes. The data transmis-
sion rate of CSK can achieve log, M[bit/T |, where Ty, is
the duration of PMN-code length. There fore, the data rans-
mission rate and the bit error rate (BER) performance of
CSK can improve by increasing the number of PN codes,
M. The BER performance of CSK is also betier than that
of OOK. The BER performance of CSK is much the same
as that of PPM in single-user case. Moreover, the multiple
access capability of CSK is higher than that of PPM because
PPM is prone to interference in multi-access systems.

Considerable research has been carried out on design
of the PN code for optical communications such as the opti-
cal orthogonal code (OOC) [1], the extended prime code se-
quence (EPCS) [2]-[4] and the generalized modified prime
sequence code (GMPSC) [5], [6]. However, these PN codes
are not suitable for optical CSK with IM/D D because the ra-
o of the number of PN codes (M) and the code length of
PN code (L), M/L, is smaller than 1/ VL. Thus, it is difficult
to improve the data transmission rate and the error rate of
CSK using these PN code. There fore, one of serious prob-
lems encountered with optical wireless CSK with IM/DD is
to attain high data transmission rates and good error rates
without having to extend the code length.

In order to solve this problem, we propose CSK with
a new PN code, which combines GMPSC and Hadamard
code. In [18], we analyzed the BER performance of CSK
with the new PN code under the additive white Gaussian
noise (AWGN) channel. In this paper, we analyze CSK with
a new PN code in optical wireless channel. The new PN
code can achieve M/L = 1. Therefore, it is expected that
an optical CSK using the new PN code can achieve high
data transmission rate and good error rate compared with
the conventional optical CSK systems. In our theoretical
analysis, we take scintillation, background-noise, avalanche
photo-diode (APDY) noise, thermal noise, and signal depen-
dent noise into account. Moreover,we compare the optical
CSK system using the new PN code with the conventional
optical CSK system.

The outline of this paper is as follows. In Sect. 2, we
describe the structure of the new PN code. In Sect. 3, we ex-
plain the structure of the optical CSK system with the new
PN code. In Sect. 4, we analyze the BER performance. In
Sect. 5, we compare with the conventional optical CSK sys-
tem. Finally, we summarize the main resulis in Sect 5.
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Tabhlel Naation
M The number of pulses of GMPSC
N The number of GMPSC (= M)
Miz | The number of pulses of Halamard code (= M)
Ny The number of Hadamard codes (= M)

2, Coding Scheme

In this section, we describe the generation method of the
new PN code. Firstly, we explain the structure of GMPSC.
Secondly, we explain the structure of the Hadamard code
and the extended bi-orthogonal codes. Lastly, we demon-
strate the new PN code generation method. Table 1 shows
the notation for the following discussion.

2.1 GMPSC

GMPSC [5], [6] isa {0,1}-valued code sequence. GMPSC is
divided into M groups, Ge(m = 1,2+ -+ M). The code length
of GMPSC is M?. Each group has M code sequences. The
m-th group, Gy, consists of gg(i = 1,2 M):

&, w11 Gmi2 G L
2 Om2 Om22  **° Gwm2L
G = _ : : : |
" G e il Omi2  **° GmiL &
G M G Ml w2 Gen ML

gl = 1,2+ M) is a {0,1}-value code sequence with the
code length (= M?*). The number of positive-value chips
becomes M in every code sequence. And further, the cross
cormelation function, “sr-;- dep between gy, and gy, ; is

M (m=nni=j)
lyos, = 0 (m=nni#] (2)
1 (otherwise) .

2.2 Hadamard Code

An Hadamard code Hyy, which is generated by M < M
Hadamard matrix, is a {1,—-1}-valued orthogonal code se-
quence. The Hadamard matnx of order M, Hyy, is

Hu Hu
- T _T
H”_\ Hy Hy ‘
by ha - hiw
har hn <o+ ham )
haet  ha oo hgm

where H is the negative of H.
The iniial Hadamard matrix of order M = 1, H;is 1.
Moreover, H» is expressed as

Hy = (4)

+1  +1
+1 -1
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M binary code sequences derved from rows of Hadamard
matrix of order M become the orthogonal signals. And,
these M rows plus their complements form a 2M bi-
orthogonal set. Therefore, the Hadamard matrix of order
M, Hys, has M orthogonal signals and also forms a 2 M-ary
bi-orthogonal set, By, By is expressed as

_ | Hu
BM_‘ Hy ‘
by h e i
hay hxm v oy
My haz -0 haw
TR I T ©
| By e oy
M b oo hww

23 New PN Code

The new PN code is generated by following four steps.
Firstly, we generate matrix, which diagonal element is
veclor gy in Eq.(1).

gman O - 0
0 gna - 0
. . ) . )
0 0 Ol
Secondly, in Eq(5), &y is replaced by
M
Ry — by by by - by (7

We obtain 2M x M2 matrix, denoted a extended bi-
orthogonal matrix, Cy, by the above replacement. The
extended bi-orthogonal matrix, Cy, has 2M bi-orthogonal
codec;(j=1,2,---,2M) and is expressed as

M M
e ——— s — e,
-'.“1| Byy ooy oo Bypge e Byas
€2 Rop+ohay ++ hapg o hoa
Cy .ﬁ_“‘“.ﬁ_ﬂ “‘hjﬂ-f“‘hjﬂ-f
CM= EEM _ ﬁﬂ...ﬁ_ﬁﬂ...hﬂ...@ i {S}
E:;HE ﬂﬂhﬂhl_ﬂ
.+ Ry eeofay <o« Bopgg Ry
C — T
M+l Tt hpy oo e o
Cop - - :_ N
[P T TP
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Thirdly, the new PN code, denoted G Hii, j), is gener-
ated by multiplying Eq. (6) by vector ¢ in Eq. (8). GHw({, j)
is expressed as

1 0 -« 0

0 gmpz -+ 0
GHui.p= . . . . |ef

0 0 - gmu

= | gmnhy Gmizhp - Qm..'Lf!jM|T (9)
As a result, GHy(i, /) becomes {-1,0, 1}-valued code se-
quence,

Lastly, in order to apply GHy({, j) in optical wireless
channel, GHyli, j) is converted into non-negative signal.
The elements 0 are replaced with 00 in the code sequence,
1 with 10 and — 1 with 01, The code generated becomes the
new PN code, OGH(i, j).

Since the new PN code OGH(I, fiii=1,2,--+, M and
J=12,-,2M)is the {0,1}valued code sequence, it can
be adopted as PN code in the optical wireless communica-
tion. Furthermore, since each group consists of 2L(= 2M?)
code sequences with code length 2L, CSK using the new PN
code DG Hy(i, j)canachieve high data transmissionrate and
good error rate in comparison to the optical CSK using con-
ventional PN code. Moreover, OGH (i, jii = 1,2,---\ M
and j=1,2,---,2M) constimte a set of 2M? biorthogonal
signals.

For example, we show the new PN code strucured by
combing GMPSC with code length L. = 16 with Hadamard
code of order 4. GMPSC is divided into 4 groups, Gim =
1,2,3,4). The first group Gs is

g1 1000010000100001
.| 922 | | 0100100000010010 o
2=) g23 | T 0010000110000100 | (10)

g4 0001001001001000

The bi-orthogonal sequence, By, is obtained by the
Hadamard code Hy:

1 1 1 1
1 -1 1 -1
1 1 -1 -1
1 -1 -1 1

By= -1 -1 -1 -1 (1)
-1 1 -1 1
-1 -1 1 1
-1 1 1 =1

Therefore, the extended bi-orthogonal code, Cy, is ex-
pressed as

1 l1111111111111111
2 111 1-1-1-1-111 1 1 -1-1-1-1

3 lrr1r1r1111-1-1-1-1-1-1-1-1
Cy= ca|_¢ 11 1T I-1=1=-1-1-1-1-1-11 1 11
s -1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1

Cs -1-1-1-111 1 1-1-1-1-11 111

7 -1-1-1-1-1-1-1-111 1 1 1 1 11

Cg -1-1-1-1171111111-1-1-1-1
(12)
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|_|III III|_|I

GH2(3,4)

OGH2(34) | | e o
—l kb7,
—= 2T,

L= 2M*[chip)
Fig.1 Example of the new PN codes (GHL(3, 4), OGHS(3, 4)).

G H2(3,4) obtained by g2 in Eqg. (10) and ¢4 in Eq.(12) is
expressed as

GHy(3,4)= [0010000 -1 -10000100]".

Thus, the new PN code with non-negative signal,
MiH2(2,4),1s obtained from GH2(3, 4),

OG Ha (3, 4)=[00001000000000010100000000100000]T.
Figure 1 illustrates GH2(3,4) and OGH+(3, 4).

3. System Structure

Figure 2 illustrates the system model of the proposed sys-
Eem.

In the transmitter, firstly, sowrce data are divided into
DATAl(log, M[bit]) and DATAZ(log, 2M[bit]). Secondly,
in m-th group of GMPSC, one of the M code sequences is
selected according to DATAL. One of the 2M extended bi-
orthogonal code sequences is selected by DATA2. Thirdly,
GHpyli, j) is generated by the selected GMPSC and the se-
lected extended bi-orthogonal code. Fourthly, GH i, j) is
multiplied by the manchester coded signal in each 1 chip.
Lastly, after the multiplied signals pass through circuit that
forms a non-negative signal, OGH (i, j) is generated. This
code is ransmitted to the receiver through an optical wire-
less channel.

In the receiver, it contains M correlators for GMPSC,
each one corresponds to one of the possible M GMPSC.,
Moreover, the receiver also has other M cormelators for the
extended hi-orthogonal codes. The correlation value are
converted into the electrical signal at every chip duration
by APD for chip level detection [17]. The converted sig-
nal is multiplied by reference signal in each 2 chips. In the
GMPSC detector, these magnitudes of M comelator outputs
are examined and the largest one is selected. Therefore,
DATA] is demodulaied by correlating the received signal
with GMPSC. In the extended bi-orthogonal code detector,
iy 15 determined by using the estimated GMPSC. DATA2
is demodulated by comrelating the received signal with M-
extended bi-orthogonal codes of gy ;.

4, Performance Analysis

In this section, we analyze the bit eror rate (BER) perfor-
mance in an optical channel.
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Fig.2  Systemstucture of CSK with the new PN code.

4.1 Channel Model

In our theoretical analysis, we take into account scin-
tillation, background-noise, avalanche photo-diode (APD)
noise, thermal noise, and signal dependent noise. The prob-
ability that a specified number of photons are absorbed from
an incident optical field by an APD detector over a chip in-
terval with T is given by a Poisson distribution [8]. We
assume that the APD output during each chip interval is
Gaussian random variable, so, the correlator output, which
is the accumulated output during each chip interval, is also
a Gaussian random variable.

In the optical wireless communic ation, we need to take
into account the scintillation which influences the attenua-
tion and the fluctuation of the received optical power. The
scintillation X characterized by the statonary probability
process. Its probability density function p(X) can be written
as [9]

piX) = (13)

W 2rer 2 X 20

2
ﬂp{_ (InX +c2j27 }

whemne the average of scintillation X is normalized to unity,
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and ¢, is logarithm variance. The variance o,” is deler-
mined by the atmospheric state.

The average u[FPy] of the electrons emitted by APD is
given by the following equation.

'?Pf.rl_i_“b]_i_l‘.ffﬁ (14)

FlPrn]—fo[ hf p p

where, Py, is the received laser power, G is the average APD

gain, hf is the energy of a single photon, # is the quanium

yield, e is the electronic charge, [y is the average bulk leak-

age current and [y is the average surface leakage current.
The variance o~ [Piy] Of the electrons emitted by APD

is given by the following equation.

_2pp0m b
[Py] = G Mﬁt T + E]
ﬁﬁkﬁ?;n

+ 2
€ &Ry

(15)
Where, kg is the Boltzmann constant, T, is the receiver’s
noise temperature and K is the load resistance. In above
equation, F is the excess noise index, which can be ex-
pressed as below

(16)

2G- 1]
G

where, k. is the effective ionization coefficient. The third
term of Eq. (14) represents thermal noise.

When P, is the received optical power without the ef-
fectof scintillation and background noise and Py, is the back-
ground noise, Py can be expressed as follows

F = k,fﬂ 4= I:l = kﬂf)(

PoX+ Py foramark

Pin = { %‘% + Py foraspace

(17
where M. is the modulation loss rate.
4.2 Bit Error Rate

In the proposed system, BER is obtained by the estimation
error of GMPSC for DATA] and the estimation error of the
extended bi-orthogonal code for DATAZ,

The estimation error rate of DATAL, denoted SER,,
can be written as

2] )

. 1
om0 [ pont

M-1
_1m{_ x-lfrF{X}z_MLII}—#M{X}]}dzdx
2 Vw2 (X) V2002 (X)

(18)

In Eq. (17), the average and the variance of correlator output
(X0, 1 20X il X), 07 *(X) can be written as below from
Egs.(13) and (14).

p(X) = M [PuX + Ppl+ Mu

F.X
+
]
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P X
a1 A X) = Mo [PLX + Py] + Mo | =2

+P,|,‘

4

P.X
Hm(X) = EM#‘ 2+ Po

r

iy

om(X) = 2Ma?

+ Py,

4

Therefore, the bit error rate of DATAL, denoted BER;, is
given by

1
BER, = ES ER,.
The estimation error of DATA2, S ER, depends on SER,.

When DATAL is comrect, the estimation error rate of
DATA2, denoted § ER», can be written as

. &) -3 1
SER, = 1—‘L ;}{X}J_ - —chp[—fj
o 2
M-1
{1 —crfc[z+ ﬂ] dzdX (19)
V22 (X)

In Eg.(18), the average and the varance of correlator oui-
put i (X) o 2 X), o (X) can be written as below from
Eqgs.(13) and (14).

(18

11 (X) = Mu[PuX + Py] — My + Py

£

P,X
o HX) = Ma [P X + Pyl + Ma? | —

+P|IJ

4

o AX) = o HX)

Therefore, the bit error rate of DATA2, denoted BER;, is
given by

BER, = —;.S'E.‘E‘Q{I — SER))+ —;sa‘m.

Therefore, the average BER of CSK using new PN code is
expressed as

log, M
log, M + log,(2M)

log,(2M)
log; M + log, (2M)

BER= BER,

(20)

5. Numerical Results

In this section, we show the results from theoretical analy-
sis of the bit error rale (BER) performance. The numerical
results of the proposed system are obtained by calculating
Eq.(20). Table 2 shows the numerical parameters for eval-
ation. We use typical APD parameters [7], [9]. We assume
that the chip duration is 1/{156x L) [psec], where L is length
of PN code.

Figure 3 shows BER versus average received laser
power per bit. We make a comparison of the propoaed
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Table2 Noation
MName Symbol | Value
Laser wavelength 230 [nm]
Background nedse Py =45[dBm)]
Quantum efficiency ela 06
Scintillation logar thm variance | o 0.0
APD Gain i 100
Effective ionization ratio ke 002
Bulk leakage current Iy 0.1 [nA]
Surface leakage current I, 10[nA]
Modulation extinction ratio Me 100
Fecedver noise temperature T, 1100[K]
Receiver load resistor RL 1030 [£2]

10% - -

E GMPSC
(L=16) ]
GMPSC
(L=64) ]
107 GMPSC 3
[ ; (L=256]
= :Prnpnﬁed :
= E system E

o (L=32)
L: -+ Proposed d
;f,m syls:'tem \ ]
F (L=128) ‘ti
LProposed \ 3

F system b

r (L=512) “‘
1ﬂ'6 " " " " 1 " " " I " PR 1 5
-65 -60 -55 -50

Average received laser power per bit[dBm]

Fig.3 BER vemus average received laser power per bit, where L =
16,32, 64, 128, 256 and 512,

system (L =32, 128, 512) and CSK using GMPSC (L
=16, 64, 256) Since the number of codes of the pro-
posed system is greater than that of CSK using GMPSC
at the same code length, BER of the proposed system
is better than that of CSK using GMPSC. Moreover, the
data transmission rate, Kp, of the proposed system is
higher than the data transmission rate, R, of CSK us-
ing GMPSC; B, = (logy M + log, 2ZM)/(LT.) [biyysec] and
Ry = log; M/(LT.) [bit/sec]. Although BER of the proposed
system (L = 32) is the same as that of CSK using GMPSC
(L = 256), the data transmission rate of the proposed sys-
tem (L = 32) is higher than that of CSK using GMPSC
(L = 256), Ry = 5> 156 [Mbps] and K, = 4 x 156 [Mbps].
Therefore, the proposed system is superior to CSK using
GMPSC.

Figure 4 shows BER versus average received laser
power per bit.  We make a comparison of the pro-
posed system (L = 32, 128, 512) and CSK using
Hadamard code (L = 32, 128, 512). As a result, BER
of the proposed system is beiter than that of CSK us-
ing Hadamard code, because the variance u-?(.k.’} of the
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L
N - Hada&nard i
«~———code . 3
N, (L=32)
102k Hadaglard_:
——— code_ ]
P: L (L=128)
€ [Proposed \ Hadamard
5 f code
£ (L=32) (L=512)
-+ Proposed 3
1077 Ktem . 5
E (L=128) .
Proposed Voo \ §
E system Vool
r (L=512) \ 1
1'-:'-5 N B \'. , 'lll..'- ML
-65 -60 -55 -50

Average received laser power per bit[dBm]

Fig.4 BER wersus awrage received |aser power per bit, wher L = 32,
128 and 512,

10° ' ' '
1072 Hadamard cade{L:sz_]_‘_,-";,
[T S— T
T
E GMPSC(L=64)
L
£
10
Proposed system(L=32)
1ﬂ-$ . L L 1 X | )
=70 -60 -50 40 -30

Background noise[dBm]

Fig.5 BER versus Backeround noise (P ) when average received laser
power per bt (P )= =55 [dBm], and L = 32 and 64,

proposed system is smaller than the variance o2 of CSK
using Hadamard code; o = M2c? [(1/M)PX + Py] +
M [(1/M)PLX /M. + Py]. Moreover, the data transmis-
sion rate, Ry, of the proposed system is equal to the
data transmission rate, Ry, of CSK using Hadamard code,
Therefore, the proposed system outperforms CSK using
Hadamard code.

Figure 5 shows BER when average received laser
power per bit is —35 [dBm]. We make a comparison of the
proposed system (L = 32) and CSK using GMPSC (L = 16)
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and CSK using Hadamard code (L = 32). As a result, BER
versus Background noise ( Py ) of the proposed system is bet-
ter than that of CSK using GMPSC and that of CSK using
Hadamard code.

6. Conclusion

In this paper, we have proposed the optical CSK using a new
PN code, which combines GMPSC with Hadamard code.
The new PN code can achieve M/L = 1. we analyze the
BER performance of the proposed system. In our theoreti-
cal analysis, wetake into account scintillation, background-
noise, avalanche photo-diode (APD) noise, themmal noise,
and signal dependent noise. It is found that the proposed
system outperforms the conventional optical CSK using the
Hadamard codes with uni-polar signalling and the conven-
tional optical CSK using GMPSC. In future works, we will
analyze N parallel code shift keying using new PN code in
order to improve data transmission rate. Moreover, we in-
vestigate the combination of turbo codes and the new PN
code,
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