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Experimental Study on Cyclic Response of Concrete
Bridge Columns Reinforced by Steel
and Basalt FRP Reinforcements

Arafa M. A. Ibrahim'; Zhishen Wu, M.ASCE?; Mohamed F. M. Fahmy, Ph.D.%; and Doaa Kamal*

Abstract: This paper presents the seismic performance of concrete bridge columns reinforced with both steel and fiber-reinforced polymer
(FRP). A bond-based parametric experimental study was conducted on five FRP steel-reinforced concrete (FSRC) bridge columns—using
basalt FRP (BFRP) bars and BFRP sheets—and two steel-reinforced concrete (SRC) bridge columns served as references to investigate the
fundamental characteristics of the proposed reinforcement. 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. All
columns were tested under the combined effect of constant axial load and reversed cyclic loading. The experimental results showed that the
FSRC bridge column could realize the existence of a stable postyield stiffness (hardening behavior) as well as a reasonable displacement
ductility of up to 10 before encountering strength degradation. Moreover, the 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 had pronounced
effects on the column failure mode, postyield stiffness, residual displacement, and ductility; thus, it could be adopted as a design parameter.

DOI: 10.1061/(ASCE)CC.1943-5614.0000614. © 2015 American Society of Civil Engineers.

Author keywords: Basalt fiber-reinforced polymer (FRP); Bridge column; Ductility; Damage control; Bond; Postyield stiffness.

Introduction

Ductility, energy dissipation, and strength demand are important
seismic performance indices in seismic design of modern concrete
bridge columns (Kawashima et al. 1998). In addition, seismic per-
formance of bridges during and after an earthquake is considerably
dependent on the importance level of the bridge. For instance, col-
umns of essential bridges should open quickly to all traffic (quickly
come back to the original function) after a massive earthquake
(AASHTO 2011). Several studies such as Christopoulos et al.
(2003) and Pettinga et al. (2007) addressed the importance of
the existence of structure postyield stiffness, i.e., ability of structure
to continue carrying load after yielding. Actually, the existence of
postyield stiffness was considered a seismic performance index
(Christopoulos and Pampanin 2004) because the structure residual
inclination (permanent deformation) and damage level are
dependent on the slope of the postyield stiffness. Other studies
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(e.g., Priestley et al. 1996; Wu et al. 2009) emphasized that the
uncontrollable damage of conventional steel-reinforced concrete
(SRO) structures results from the elastoplastic characteristics of
ordinary steel bars. To guarantee the existence of postyield stiffness
and control damage of a structure, Pettinga et al. (2007) suggested
coupling the main structural system with a more flexible secondary
system, in which the secondary system is designed to undergo
elastic deformations while the main system undergoes inelastic
deformations.

During the last two decades, several experimental and analytical
investigations have been conducted with the aim of control of the
postyield stiffness and mitigation of the postearthquake damage
and residual displacement of concrete bridge columns. In this di-
rection, Iemura et al. (2006) incorporated unbonded high-strength
tendons in bridge piers to realize a structure with stable postyield
stiffness. To enhance the self-centering capability (i.e., the ability
of the structure to return to its original configuration after seismic
events) of bridge piers, Sakai et al. (2006) and Zatar and
Mutsuyoshi (2002) used posttensioned tendons. To avoid the need
for mechanical anchors, Davis et al. (2012) used unbonded preten-
sioned strands. Other studies (e.g., Trono et al. 2015; Dawood et al.
2012; ElGawady and Sha’lan 2011; Chou and Chen 2006) realized
the self-centering of concrete bridge piers by adopting posttensioned
segmental systems. However, this system has a low energy dissipa-
tion capacity compared with conventional monolithic columns
(Nikbakht et al. 2013). Therefore, studies by ElGawady and Sha’lan
(2011), Marriott et al. (2009), Currie et al. (2009), and others sup-
plied the system with internal and/or external energy dissipaters.

Saiidi and Wang (2006), Saiidi et al. (2009), and Tazarv and
Saiidi (2013) used shape memory alloy as longitudinal reinforce-
ment of concrete bridge columns to mitigate residual displacement
and plastic hinge damage. However, the high cost, lack of clear
understanding of thermomechanical processing, and difficulty in
machining of shape memory alloys would bar its expanded use
(Desroches and Smith 2003; Varela and Saiidi 2014).
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In recent years, numerous research findings evidenced the
success of external confinement of concrete columns using
fiber-reinforced polymer (FRP) jackets to improve shear, bond,
and ductile behavior of concrete columns (Seible et al. 1997; Xiao
et al. 1999; Hamad et al. 2004; Haroun and Elsanadedy 2005; Wu
et al. 2006; Choi et al. 2013). Zhu et al. (2006) encased a single-
segment posttensioned column in a concrete-filled FRP polymer
tube to enhance its ductility, and ElGawady et al. (2010) used
the same procedure for segmental concrete columns. The columns
reached high drift levels with no strength degradation. Despite the
effectiveness of FRP confinement to increase the concrete compres-
sion strength and restrain the lateral expansions on the core
concrete, Fahmy et al. (2010a) concluded that concrete confine-
ment is not the technique that directly controls the column postyield
stiffness and residual displacement.

Wu et al. (2009, 2010a) proposed a steel-FRP composite bar
(SFCB) as a technique that can be applied in the field of civil en-
gineering to combine the advantageous mechanical and physical
properties of both steel and FRP composites. By reinforcing RC
bridge columns with SFCB, it would be suitable to control their
postyield stiffness and residual displacement. Furthermore, the
postyield stiffness depended 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 fi-
bers than those reinforced with steel-carbon fiber composite bars
(Fahmy et al. 2010b). Although scale model columns reinforced
with this type of composite bars exhibit a favorable seismic perfor-
mance with damage-controllable states after yielding, the produc-
tion 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 be-
tween composite bars and concrete must be further improved.

Figs. 1(a and b) present the schematic reinforcement of two
conventional SRC structures; namely SRC1 and SRC2. Design
of SRC1 and SRC2 was assumed to satisfy the strength demands
by moderate and strong earthquake, respectively. Therefore, addi-
tional increase in the concrete dimensions and/or steel reinforce-
ment is necessary in SRC2, comparing with that of SRCI1. This
paper proposes coupling the system of the SRC1 with additional
FRP reinforcement [Fig. 1(c)]. Fig. 2 presents a detailed mechani-
cal model of the expected performance of the proposed FRP-steel
reinforced concrete (FSRC) system in comparison with the two

SRC systems. This model is a modified form of the proposed
behavior of FRP-RC damage-controllable structure defined by
Fahmy et al. (2009), in which further developments meeting the
requirements of modern codes for new structures are considered.
The FSRC system is proposed for the life safety performance ob-
jective because the structure would be able to withstand moderate
earthquakes with elastic performance, and the demand strength by
strong earthquake could be ensured by the existence of a stable
postyield stiffness, K, (Fig. 2). Prior to yielding of steel reinforce-
ment, FSRC exhibits initial elastic stiffness, K, similar to that of
SRC1, but less than that of SRC2. Comparing with SRC systems,
FSRC system is characterized by a stability zone of the peak
strength, along the line M-S [zero stiffness (K3)], whereby the
structure system demonstrates a desirable ductile performance be-
fore degradation of strength. Failure of the FSRC system is defined
when the contribution of FRP bars to the lateral resistance is com-
pletely lost (at point F). From the viewpoint of postearthquake re-
coverability, because the FSRC structure contains elastic members
and has positive postyield stiffness, both damage level and residual
deformations could be controlled.

Recently, basalt FRPs (BFRPs) have emerged as a promising
alternative to conventional FRPs in reinforcing concrete structures
(El Refai et al. 2015). BFRPs show advantageous characteristics
in mechanical, chemical, and high ratio of performance to cost
in comparison to other FRPs. For instance, BFRP has a higher
strength and modulus, a similar cost, and more chemical stability
compared with E-glass FRP; a wider range of working tempera-
tures and much lower cost than carbon FRP (CFRP); and greater
than five times the strength and approximately one-third the density
of commonly used low-carbon steel bars (Wu et al. 2010b; Sim
et al. 2005; Palmieri et al. 2009). Because of the aforementioned
characteristics, BFRP was nominated for application in the FSRC
system in this study.

Research Significance

To control postyield performance of concrete bridge columns, this
study proposed combining steel and FRP reinforcement for con-
crete structures. Bond between FRP bars and the surrounding con-
crete was adopted as a key parameter that affects the structural
behavior of the proposed column. The objectives of this research
were threefold: (1) assessing the cyclic response of RC bridge col-
umns reinforced by steel and FRP reinforcements; (2) examining
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Fig. 2. Targeted idealized load deformation behavior of the proposed FSRC column versus SRC columns

the effect of bond conditions between FRP bars and concrete on the
structural performance of the proposed column; and (3) investigat-
ing replacement of some steel confinement reinforcement with
external FRP jacket. To achieve these objectives, a total of seven
one-sixth scale columns were constructed and tested under the
effect of combined constant axial load and reversed cyclic load.

Experimental Program

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

Design of Column Specimens

General Design Parameters

A cantilever bridge column with an overall height of 1.0 m, a cross
section of 200 x 200 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.
These dimensions approximately represent a one-sixth scale of a
typical bridge column and were selected based on the available fa-
cility capacity of the laboratory, where the tests were carried out. A
target compressive strength (f/) of 30 MPa was applied to all

© ASCE
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examined columns. The yield strength (f,) and ultimate strength
of the 13-mm-diameter deformed steel bars used as longitudinal
reinforcements were 375 and 560 MPa, respectively; and the cor-
responding values for the 6-mm-diameter steel transverse reinforce-
ments were 400 and 625 MPa, respectively (Table 1). BFRP bars
and BFRP sheet with the mechanical material properties shown in
Table 1 were used to investigate the proposed FSRC design. Before
applying the proposed cyclic loading that will be explained later, an
axial load was applied on all column specimens. Typically, the axial
load owing to the superstructure dead weight in bridge columns
varies between 5 and 10% of the capacity of the columns. However,
in the study of Park (1996), the weight of the bridge superstructure
was estimated from the dimensions of the superstructure and col-
umns to cause an axial compression load ratio at the bottom of col-
umn specimens of approximately 3%. Other laboratory studies
(e.g., Kawashima et al. 1998; Zatar and Mutsuyoshi 2002) assumed
an axial compression stress of 1 Mpa to represent the dead weight

Table 1. Mechanical Properties of Steel and FRP Materials

Elastic Yield Tensile

modulus stress strength
Material type E (GPa) fy (MPa) f. (MPa)
Longitudinal steel bars 200 375 560
Transverse steel bars 200 400 625
10-mm-diameter BFRP bars 48.1 — 1,113
8-mm-diameter BFRP bars 47.3 — 1,086
BFRP sheet 91 — 2,100

Note: Tensile strengths of the BFRP bars were defined based on the cross-
sectional area of each bar and based on the manufacturer, the basalt fiber
content was 60% of the cross-sectional area.
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of a highway bridge’s superstructure in Japan. Therefore, in this
study, a constant axial load of approximately 40 kN (corresponding
to 3.3% of the nominal capacity of the column) was applied to each
column specimen, inducing an axial compression stress of 1 MPa.
Using the aforementioned data, a detailed design of the tested spec-
imens is described next.

Longitudinal 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 A, (i.e., 0.01 < p; < 0.04, where p, is the steel
reinforcement ratio and equal to A;/A,). In this study, the first steel-
reinforced column (CS-4%) was reinforced with 12 steel bars of
13-mm diameter (i.e., p; = Pimax = 4%, Where pj.c 1S the maxi-
mum steel reinforcement ratio), whereas the second column
(CS-2%) used six longitudinal steel bars of 13-mm diameter
(i.e., p; = 2%). The theoretical lateral strengths of these two sam-
ples were 67.0 and 36 kN, respectively, and both values were de-
fined using the AASHTO (2012) rectangular stress block for
concrete in compression, which has a mean stress of 0.85f/, an
ultimate concrete compression strain of 0.003, and a steel stress
of f, for the longitudinal steel bars. The FSRC column was de-
signed to have the same steel reinforcement as column CS-2%,
as stated previously. For this column, to reach a strength compa-
rable to that of column CS-4%, additional FRP bars were added.
Assuming full contribution of the used BFRP bars (i.e., design strain
equals the ultimate tensile strain), four BFRP bars of 10-mm diam-
eter or six BFRP bars of 8-mm diameter would theoretically increase
the column strength to the desired value. By summing the area of
steel and BFRP bars, the resultant longitudinal reinforcement ratio,
p1, became 2.8%. To prevent problems of plastic hinge relocation,
anchorage failure, or other failure modes, the BERP 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.

Transverse Reinforcement

In this experimental program, the amount of transverse reinforce-
ment was controlled by the following requirements: (1) confine the
plastic hinge regions and prevent early buckling of the longitudinal
reinforcement; (2) provide sufficient shear strength; and (3) prevent
buckling of FRP bars and improve their bond behavior. To guar-
antee the aforementioned requirements, the transverse reinforce-
ments in the form of internal steel stirrups and external FRP
wrapping were designed as described next.

According to AASHTO (2012), 6-mm-diameter steel stirrups
with a spacing of 25 mm should be provided to the plastic hinge
region of the columns. Because this amount of transverse reinforce-
ment is independent on the demanded ductility and may result in
congestion of reinforcing cages and create concreting problems,
50% of the inner transverse steel reinforcement was replaced with
an external FRP jacket. Based on analytical and experimental re-
sults, Wehbe et al. (1999) proposed a design expression relating
the amount of confining reinforcement to attainable displacement
ductility as shown in the following:

Sen fe P
Ay, =0.1 Sph.10.12-=10.5+1.25
sh N fé h'te fyh + féAg
—0—0.13(,0,&—0.01)} (1)
fSVl
where A, = area of transverse reinforcement in each of the trans-

sh
verse directions; /. = dimension of the concrete core of the section

measured perpendicular to the direction of the hoop bars to the
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outside of the perimeter hoop; S, = center-to-center vertical spacing
of the hoops; A, = gross area of the column cross section;
fen = 27.6 MPa; f, = 414 MPa; f,; = yield stress of longitudinal
steel reinforcement; f! = concrete compressive strength; P = axial
load; and pA = displacement ductility factor.

According to Eq. (1) and using transverse reinforcement of
6-mm-diameter stirrups with a spacing of 50 mm, the resultant
uA was approximately 8. Referring to the relationship between
the curvature and displacement ductility factors of Park and Paulay
(1975) and using a reasonable value of the expected plastic hinge
length (L ), the equivalent curvature ductility, 144, of approximately
11 could be obtained. To determine the length of the plastic hinge
region, Eq. (2) proposed by Paulay and Priestley (1992) was firstly
investigated to give a length of 175 mm

Lp = 0.08L + 0.022f,d,, (2)

where L = height of the column to contra-flexure point; and d;, and
fyi=diameter and yield stress of longitudinal bars, respectively. How-
ever, it was reported by Sheikh and Khoury (1997) that L, is approx-
imately equal to the cross section size of the confined concrete
columns. Therefore, the value of L, was assumed to be 200 mm.

To determine the required thickness of the BFRP jacket in the
plastic hinge region, the demanded ductility for the proposed struc-
ture was first identified based on the available literature. Sheikh
and Khoury (1997) suggested values of p, =16, 16 > 1, > 8,
and p4 < 8 for concrete columns with high ductility, moderate duc-
tility, and low ductility, respectively. The New Zealand Society for
Earthquake Engineering (NZSEE 2006) recommended values of
e 220 and p, 2 10 for ductile and limited ductile columns, re-
spectively. Wehbe et al. (1999) used values for uA > 10 for high
levels of ductility. In this study, to assess the structural performance
of the proposed FSRC columns up to high levels of ductility, a
value of ji, = 20 (A > 10) was assumed. Consequently, a BFRP
jacket should be applied to the plastic hinge of the columns to in-
crease /i, by a value equal to 9. Therefore, the developed procedure
of Sheikh and Li (2007) [Eq. (3)] was adopted to determine the
required external FRP jackets

115

Hgin
trfr = OF (1 +13K5) =5 (3)

where 7 = total thickness of FRP jacket; fr, = ultimate tensile
strength of FRP jacket; 0 =0.25 for square columns; h =
dimension normal to the loading direction of rectangular columns;
k, is the nominal axial load ratio; and pi45, = [ty — Hgores 1N
which i, and py o, are the curvature ductility factors after and
before FRP jacketing, respectively.

Hence, by assuming a material strength reduction factor of the
BFRP jacket equal to 0.65 (CSA 2012), wrapping the plastic hinge
region of the columns with a 0.666-mm-thick BFRP jacket was
sufficient to achieve the demanded ductility.

At high levels of ductility, in the end regions of concrete
columns, for small values of axial compression, the contribution
of concrete to resist shear forces is very small (AASHTO 2012).
Consequently, by providing the columns with only the internal steel
stirrups, the shear capacity of the columns was approximately the
same as the theoretical flexural strength of the columns with the
highest reinforcement ratio. Therefore, to ensure a dominant flexu-
ral failure mode, only half of the calculated BFRP jacket thickness,
which was required for plastic hinge confinement, was reasonably
extended to a length of 1.5 times the cross-section size of the col-
umns (Seible et al. 1995) (i.e., a 0.333-mm-thick BFRP jacket was
extended up to 300 mm height above the column base). Outside the
end regions, the contributions from both the transverse steel
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reinforcement and the concrete to resist shear forces were enough to
prevent any expected shear failure. Ultimately, for FSRC columns
with BFRP bars placed in the concrete cover, outside of the steel
stirrups, the 0.333-mm-thick BFRP jackets were extended up to a
height of 600 mm above the column base. However, because the
sensitive design of FRP jacketing for bond purposes is out of the
scope of the present study and may be the focus of other works, it is
not pursued further in this work.

Test Specimens and Experimental Parameters

Seven different column units were tested to meet the objectives
of this study. All column units had a deep heavily reinforced
concrete base of 1.0x0.5x0.5m (length x width x depth),
which simulated a rigid foundation for the tested column. 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. A detailed description of the test specimens

follows and is supported by Figs. 3-5 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., p; = 0.02), and the transverse reinforcement consisted of
6-mm-diameter internal closed stirrups spaced every 50 mm.

¢ Specimen CS-2%-J [Fig. 4(b)] was reinforced with the same
steel reinforcement as specimen CS-2%. In addition, a BFRP
jacket with 0.333-mm thickness was applied to the lowest
300 mm of the column (i.e., L;; = 300 mm) and another jacket
of 0.333-mm thickness was added to only the lowest 200 mm of
the column portion (i.e., Lj, = 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 the two opposite

Fixed wall

Reversed

6D13 mm—#
BFRP jacket
(0.666 mm thick.)

®10@150 mm

i

S’trong ground floor

Hydraulic
4 jack

j
850

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 prefab-
ricated indentations (factory product) [Fig. 5(b)].

¢ Specimen CSF-2.8%-IS-D10-J [Fig. 4(d)] was similar to speci-
men CSF-2.8%-1S-D10 but wrapped at the lowest region with
the same BFRP jacketing as in column CS-2%-J.

e 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 [Fig. 5(c)].

e Specimen CSF-2.8%-ES-D10-] [Fig. 4(e)] was the same as spe-
cimen CSF-2.8%-1S-D10-J, but the BFRP bars were placed out-
side the steel stirrups, i.e., in the concrete cover. In addition, a
BFRP jacket of 0.333-mm thickness was applied first to the low-
est 600 mm of the column portion (i.e., L;; = 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., L, = 200 mm).

e Specimen CSF-2.8%-ES-D8-J [Fig. 4(f)] was reinforced with
both steel and BFRP reinforcement and wrapped with the BFRP
jacketing as in specimen CSF-2.8%-ES-D10-J, but the FRP re-
inforcement consisted of three 8-mm-diameter BFRP bars placed
external to the steel stirrups on each of the 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 [Fig. 5(a)]. The total reinforcement ratio in
this column was approximately 2.8% (i.e., p; = 0.028).

Loading and Instrumentation

All columns were subjected to a constant axial load of 40 kN and
several excursions of lateral cyclic loading using a dynamic actua-
tor 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

700

500

"4

1000

Fig. 3. Typical test unit (dimensions are in mm) and instrumentation of a test specimen
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Fig. 4. Cross sections and reinforcement details of specimens (dimensions are in mm): (a) CS-2%; (b) CS-2%-J; (c) CSF-2.8%-1S-D10; (d) CSF-
2.8%-1S-D10-J and CSF-2.8%-IR-D10-J; (e¢) CSF-2.8%-ES-D10-J; (f) CSF-2.8%-ES-D8-J

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 exper-
imental 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
40-100 kN during the tests. All installed instrumentations are
shown in Fig. 3.

Fig. 5. Configuration of the surface texture of FRP bars: (a) 8-mm-
diameter BFRP bar with surface having small indentations (smooth
D8); (b) 10-mm-diameter BFRP bar with surface having small inden-
tations (smooth D10); (¢) 10-mm-diameter BFRP bar with cross rough-
ened surface (rough D10 bar)
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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-6 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 columns. The deformation capacity of the columns is ex-
pressed 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 lon-
gitudinal strains of the FRP bars are also examined, where the lat-
eral load-FRP bar strain hysteresis loops were recorded by the FRP
bar’s strain gauge in each column (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 character-
istic values of both directions. The terms V.. and V represent the
cracking load and steel yielding load, respectively, and the terms 6.,
and 0, 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 6p; and ép,, in which ép; corresponds
to the peak load and 6 p, corresponds to the end of the plateau zone,
if any. The terms V,, and 6, represent the ultimate load and its cor-
responding 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 col-
umn, column CS-2%. Values of the displacement ductility factor,
1, at different characteristic points were superimposed on the hys-
teretic responses (Figs. 7 and 9), where y = 6/6, and 6 = lateral
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Table 2. Experimental Parameters

Steel reinforcement

BFRP reinforcement

Specimen number [l (MPa) Main Transverse Location Surface Components p1 % Lj; (mm)
CS-2% 27.8 6013 @6 at 50 mm — — — 2 —
CS-2%-] 31.4 6913 ®6 at 50 mm — — — 2 300
CSF-2.8%-1S-D10 354 6013 @6 at 50 mm Internal Smooth 4010 2.8 —
CSF-2.8%-1S-D10-J 41.2 6913 ®6 at 50 mm Internal Smooth 4910 2.8 300
CSF-2.8%-IR-D10-J 329 6013 ®6 at 50 mm Internal Roughened 4010 2.8 300
CSF-2.8%-ES-D10 32.7 6013 @6 at 50 mm External Smooth 4010 2.8 600
CSF-2.8%-ES-D8 34.5 6913 ®6 at 50 mm External Smooth 698 2.8 600

Note: f+ = actual concrete compressive strength on the day of testing; L, =

reinforcement ratio of the steel and FRP bars.

displacement at the load application point. Moreover, a complete
description of the failures noted during the loading of all columns
was included in the hysteretic curves using marked footnotes. The
next sections provide a detailed discussion of the behavior of all
tested columns.

Columns Reinforced with Steel Bars

For the control specimen CS-2%, flexural cracks first occurred near
the column base in the first loading cycle at a drift level of approx-
imately 0.1%, corresponding to a lateral load of 9.2 kN. While dis-
placing 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
[Fig. 7(a)]. Afterward, a stable hardening cyclic response appeared
and continued up to a drift level of 3.5% (11 = 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

Fig. 6. Typical arrangement of strain gauges
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length of the first 0.333-mm-thick FRP jacket above the column base; p; = total

plateau was formed with the appearance of significant wide cracks
in the plastic hinge regions up to a drift level of 5.9% (1 = 8.8). A
bulking of the concrete covers accompanied with a smooth degra-
dation of the cyclic response after this level took place up to a drift
level of 7% (1 = 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 [Figs. 7(b)
and 8(b)]. The use of the BFRP jacket prevented the crack propa-
gation from being observed, but the load-displacement curve dem-
onstrated that the first turning point, indicating the first cracking,
was at a drift level and corresponding lateral load 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,, = 1.05V,,, 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 = 1.15V pc, 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% (p = 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
[Fig. 8(b)].

Columns Reinforced with Both Steel and FRP
Reinforcements

Before 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 because of 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., 7, = 0.085 to
0.11¢,, where Epy 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 owing to the small elastic
stiffness ratio between FRP and steel (i.e., A;E;/AgEs = 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,
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Fig. 7. Load versus drift ratio curves of column specimens: (a) CS-2.0%; (b) CS-2.0%-J; (c) CSF-2.8%-1S-D10; (d) CSF-2.8%-1S-D10-J; (e) CSF-
2.8%-1R-D10-J; (f) CSF-2.8%-ES-D10-J; (g) CSF-2.8%-ES-D8-J

the contribution of the FRP reinforcement became significant and FRP bars. However, buckling of the longitudinal internal bars
controllable, where a hardening zone with a clear positive postyield occurred abruptly after bond or rupture failure of the FRP bars.
stiffness was realized. Compared with the control specimen, all The primary observations of the behavior of such columns are
specimens reinforced with both steel and FRP bars achieved con- subsequently described in detail.

siderably 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 Columns Reinforced with 10-mm-Diameter BFRP Bars

the buckling of the internal reinforcement because a significant por- For column CSF-2.8%-IS-D10, small cracks were first observed
tion of the total force in the compression zone was carried by the during the first loading cycle near the column base. With further
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Fig. 8. State of the column specimens at failure: (a) CS-2.0%; (b) CS-2.0%-J; (c) CSF-2.8%-1S-D10; (d) CSF-2.8%-IS-D10-J; (¢) CSF-2.8%-1R-

D10-J; (f) CSF-2.8%-ES-D10-J; (g) CSF-2.8%-ES-D8-J

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. Fig. 7(c) shows that
beyond the yielding of the steel bars, the column continued
carrying loads with a stable postyield stiffness up to a lateral
drift of 3.5% (1 = 4.2), corresponding to a peak load of 48 kN
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(Vp = 1.28Vp() in one loading direction. In the other loading di-
rection, a peak lateral load of 50.5 kKN (Vp = 1.35V p) was reached
at a drift of 4.7% (p = 5.6). Within this hardening zone, a consid-
erable propagation of cracks appeared and further widened.
After reaching the peak load, the concrete cover at the column foot-
ing interface and above it started to bulk out, causing a plateau at
the peak load level. Along this plateau, concrete crushing and
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Fig. 9. Load versus BFRP bar strain of FSRC columns: (a) CSF-2.8%-IS-D10 (at 50 mm above column base, F-3); (b) CSF-2.8%-IS-D10-J (at
50 mm above column base, F-3); (¢) CSF-2.8%-IR-D10-J (at 150 mm above column base, F-4); (d) CSF-2.8%-ES-D10-J (at 50 mm above column

base, F-3); (¢) CSF-2.8%-ES-D8-J (at 50 mm above column base, F-3)

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% (i = 8.5), at which
the measured strain €, of the BFRP bars was 0.47¢,, indicating the
first local bond failure between the FRP bars and surrounding con-
crete at the column-footing interface. At this drift level, a 20% de-
crease in the load capacity occurred, confirming the effect of
slippage between the FRP bars and surrounding concrete. An addi-
tional degradation in the column strength of 5% up to the comple-
tion of the first loading cycle to a lateral drift of 8.2% (. = 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 uni-
axial strain (i.e., 7, = 0.54¢,) [Fig. 9(a)]. 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. Conse-
quently, another 40% decrease in the carried load occurred. Hence,
all the stresses in the longitudinal direction were carried by the steel
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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(b) show that the observed trim of the
behavior of specimen CSF-2.8%-1S-D10-J was similar to that of
specimen CSF-2.8%-IS-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 = 1.51Vp() at a drift level of 5.9% (u = 6.8) in
one loading direction and a peak load of 59 kKN (Vp = 1.57Vp¢) 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% (i = 9.5), at which
point a complete debonding of the FRP bars occurred, accompa-
nied 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
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Table 3. Positive and Negative Characteristic Values of the Hysteretic Curves of the Tested Columns

Specimen number V, (kN) 6, (mm) €4, (%) Vp (kN) 6p (mm) 0p, (mm) V, (kN) 6, (mm) ep, (%) Failure mode

CS-2% +26.0 +5.4 — +37.3 +30.0 +50.0 +29.8 +58.5 — Cover spalling and bar buckling
—26.8 —6.0 — —37.8 —30.0 —50.1 -30.2 —59.0 —

CS-2%-] +27.2 +5.6 — +43.3 +50.0 +50.0 +34.6 +83.2 — Fracture of steel bars
—27.6 —5.5 — —43.5 -50.0 —50.0 —34.8 —80.0 —

CSF-2.8%-1S-D10 +30.8 +7.9 +0.20  +48.0 +30.0 +59.9 +37.5 +70.1 +1.09 Local bond slip of FRP bars
—27.6 —6.3 —-0.18  —50.0 —41.3 -59.9 -37.5 —70.1 —1.39

CSF-2.8%-1S-D10-]  +28.1 +5.3 +0.17  456.75 +50 +59.1 +37.5 +70.0  +1.22 Local bond slip of FRP bars
—36.7 -9.6 —-0.25 =59 —40.0 —58.7 -37.5 -76.9 —1.32

CSF-2.8%-IR-D10-J  +29.4 +6.5 +0.20  +60.0 +69.7 +69.7 +37.5 +76.4 — Rupture of FRP bars
—28.1 -5.9 —-0.22 —69.0 —70.1 —70.1 -37.5 —76.4 —1.63

CSF-2.8%-ES-D10-J  +33.2 +5.7 +0.23 +61.0 +40.8 +40.8 +37.5 +80.0 — Local bond slip of FRP bars
—30.8 —5.8 —-0.19  —60.0 —48.0 —50.0 -37.5 —80.0 —1.41

CSF-2.8%-ES-D8-J +32.9 +6.0 +0.28  +68.0 +60.0 +60.0 +37.5 +80.0 — Rupture of FRP bars
-31.9 —5.6 -0.26 —71.0 —60.0 —60.0 -37.5 —74.9 —2.22

Note: the symbols “+” and “—" stand for the characteristic values in the positive and negative loading directions, respectively.

Table 4. Average Characteristic Values of the Hysteretic Curves of the Tested Columns

Specimen number Ve, &kN) 6, (mm) V, (kN) &, (mm) &7 (%) Vp (kN) 06p (mm) 6p, (mm) V, (kN) 6, (mm) g (%)

CS-2% 9.2 0.9 26.4 5.7 — 38 30 50 30.0 59 —

CS-2%-J 9.4 1.0 274 55 — 44 50 50 34.7 82 —

CSF-2.8%-1S-D10 10.0 1.3 29.2 7.1 0.19 49 36 60 37.5 70 1.24

CSF-2.8%-1S-D10-J 10.6 1.2 324 7.4 0.21 57 45 59 37.5 73 1.27

CSF-2.8%-IR-D10-J 10.7 1.2 28.8 6.2 0.21 65 70 70 375 76 1.63

CSF-2.8%-ES-D10-J 12.6 1.1 32.0 5.8 0.21 61 44 45 37.5 80 1.41

CSF-2.8%-ES-D8-J 12.7 1.0 324 5.8 0.27 70 60 60 37.5 76 222

of them, causing a termination of the column test [Fig. 8(d)]. The
maximum achieved strain in the FRP bars before the bonding
failure was approximately 56% of the rupture strain [Fig. 9(b)].
The response of column CSF-2.8%-ES-D10-J shows the effect
of placing FRP bars out of the transverse reinforcement in the con-
crete cover [Fig. 7(f)]. Compared with CSF-2.8%-IS-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 dis-
tance 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% (1 = 8.6), corresponding to lateral loads of +63kN
(Vp = 1.68Vpc) and —60kN (Vp = 1.6V pe), respectively. After-
ward, 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% (u = 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
[Fig. 9(d)]. 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 [Fig. 8(f)].
Specimen CSF-2.8%-IR-D10 examined the effect of roughen-
ing 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
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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% (i = 11.3), cor-
responding to lateral loads in the positive and negative directions of
60 kKN (Vp = 1.6Vp) and 69 kN (Vp = 1.84Vp(), respectively.
Displacing the column in the two directions with the additional
two loading cycles to the same lateral drift resulted in an approx-
imately 25% loss in the achieved peak lateral strength. This drop
was primarily attributable to a complete rupture of the FRP bars at
50 mm above the column base [Fig. 8(e)]. At this loading stage, a
loud sound was heard, and a bulge formed in the BFRP jacket. Dur-
ing 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
[Fig. 9(c)]. Following the rupture of the FRP bars, a sudden in-
crease 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(g) and Table 3, the first yielding of the steel bars was re-
corded 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,
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where at a drift of 7% (u = 10.3), the maximum attained lateral
strengths in the positive and negative directions were 68 kN
(Vp =1.81Vpe) and 71 kKN (Vp = 1.89Vp(), 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 main-
tain its achieved strength up to a lateral drift of 8.2%, at which point
a second loud sound was heard, indicating the probability of rup-
ture of the additional FRP bars, accompanied with another 25%
decrease in the lateral load, after the completion of the second load-
ing 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 [Fig. 9(e)]. Moreover, after removing the FRP jacket at the
lowest part of the column, the decreases in the lateral load were
confirmed to result from the rupture of the FRP bars [Fig. 8(g)].

Envelope Responses

To investigate the effect of each tested parameter individually, the
average skeleton curves of push and pull loading directions of all
specimens are shown in five separate figures, where the effect of
each parameter can be investigated in one figure [Fig. 10]. Refer-
ring to Fig. 2, the effectiveness of the proposed column reinforce-
ment 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, postyield stiff-
ness, stiffness degradation, and ductility measurements [Table 5]. To
draw firm conclusions, the response of the steel RC column (CS-
4%), discussed earlier, was numerically simulated using the Open-
Sees software (Mazzoni et al. 2009). The experimentally applied
cyclic loading regime was adopted in the numerical simulation to
predict the behavior of column CS-2% for comparison with the ex-
perimental results [Fig. 10(a)] and then to predict the performance of
column CS-4%. Only the envelope response of the hysteretic curve is
presented in this study for comparison with the FSRC columns.

Initial Stiffness

The initial stiffness or elastic stiffness (K ) is an important seismic
performance measure (index) that can be evaluated as K| =V, /6,.
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). However, as stated by ElGawady and
Sha’lan (2011), during a real earthquake scenario, the stiffness re-
duction is anticipated to lengthen the natural period of vibration of
the structure, leading to a potential reduction in the seismic demand
forces that is associated with larger displacement demands; there-
fore, depending on the design approach, there would be a trade-off
between the displacement and force demands. K; was determined
for all tested specimens to investigate the effect of adding FRP
reinforcement to the steel reinforcement (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 enhance-
ment in the column confinement, the increase in the initial stiffness
was extremely small: K; of column CS-2%-J = 1.06; K; of col-
umn CS-2%, and K; of column CSF-2.8%-IS-D10-J = 1.07;
and K, of column CS-2%-J= 1.06 times that of column CS-2%
and K; of column CSF-2.8%-1S-D10-J = 1.07 times that of column
CSF-2.8%-1S-D10. Placing additional FRP bars at the same place
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as the steel bars 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 stiff-
ness: K| of column CSF-2.8%-IR-D10-J = K of column CSF-
2.8%-1S-D10-J; and K; of column CSF-2.8%-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 more than twice that of the control specimen.
That is, increasing the column strength to withstand a strong earth-
quake 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.

Postyield Stiffness

In this section, the postyielding stage of the tested columns up
to the column peak strength was evaluated using two postyield
stiffness indices. The first index was the ratio between the column
postyield stiffness and elastic stiffness (k = k,/k; %), where the
starting point of the postyield 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 ¢p;) (Fig. 2). By defin-
ing the postyield stiffness using the aforementioned start and
endpoints, 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 endpoint of the hardening zone (i.e., pip; = 6p/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 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 postyield stiffness
behavior is as described next.

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., up; = 5.3). The
achieved postyield stiffness ratio corresponding to this final duc-
tility 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 pp; of 9.0, but the postyield stiffness ratio decreased to
6.6%. A substantial decrease in the column postyield stiffness ratio
of approximately 52% was observed when increasing the amount
of steel reinforcement, as in column CS-4%. In contrast, a signifi-
cant increase in the postyield stiffness ratio was observed when
adding FRP bars (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
wp1- 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 stir-
rups (in the concrete covers, such as in column CSF-2.8%-ES-D10-
J) resulted in a 30% increase in the value of pp; and a 17% decrease
in the value of k [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 [Fig. 10(d)]. This gives a high responsibility to the sur-
face texture of the FRP bars to control the length of the hardening
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Fig. 10. Effect of the investigated parameters on the backbone curves and stiffness degradation: (a) FRP wrapping; (b) comparison between SRC and
FSRC columns; (c) location of FRP bars; (d) FRP bar’s surface configuration; (e) FRP bar’s diameter; (f) columns contained stability plateau;

(g) normalized secant stiffness versus lateral drift ratio

zone. Finally, the postyield 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 val-
ues of k; whereas jp; shifted from 7.7 to 10.4 when decreasing the
diameter to 8 mm. This confirmed the previous observation regard-
ing the ability of the bond conditions of FRP to concrete to control
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the ductility at the endpoint of the achieved postyield 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 postyield 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
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Table 5. Ductility and Stiffness Indices of the Investigated Columns

Stiffness indices

Ductility indices

Specimen number K; (kN/mm) K, (kN/mm) k (%) fip1 (mm/mm) SI (mm/mm) K, (kN/mm) 14, (mm/mm)
CS-2% 4.6 0.36 7.8 53 35 0.86 10.3
CS-2%-J 49 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 4.4 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 5.5 0.80 144 7.7 0.0 0.65 13.8
CSF-2.8%-ES-D8-J 5.6 0.73 13.1 10.4 0.0 1.83 134
CS-4% (numerical) 10.5 0.40 3.8 10.0 — — 10.0

of the postyield stiffness; however, it results in a larger postyield
stiffness ratio.

Stiffness Degradation

Because of its importance for nonlinear modeling of structures
(ElGawady and Sha’lan 2011), stiffness degradation of the tested
specimens is compared in this section. Fig. 10(g) shows the nor-
malized secant stiffness [i.e., secant stiffness normalized by the ini-
tial stiffness (NSS)] versus the corresponding drift ratios for every
specimen. As shown in the figure, the NSS values of the specimen
CS-4% at all drift levels were clearly small and its secant stiffness
degradation was very fast compared with those of the other spec-
imens. Similarly, the NSS values of the specimens CS-2% and CS-
2%-J were smaller and their secant stiffness degradations were
faster than those of the FSRC specimens. Among all the FSRC
specimens, the secant stiffness of the specimens reinforced with
smooth BFRP bars located in the outside of the stirrups degraded
faster than others. The reasons for the aforementioned remarks are
attributed to the elastic and postyield behavior and the failure
modes of the columns, where the steel RC columns were charac-
terized by cover spalling, concrete crushing, and bar buckling be-
fore failure. For the FRP-steel columns, the bond behavior
of the BFRP bars was the key parameter controlling the stiffness
degradation.

Column Ductility

Aside from the displacement ductility corresponding to the end-
point of the postyield stiffness, as explained in the previous section,
three other indices were also used in this study to evaluate the duc-
tility 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 degra-
dation zone [i.e., SI = (6p, — 6p1)/6,]. The second is the degrada-
tion stiffness factor, which defines the ability of a structure to reach
its ultimate load through a gradual degradation path [i.e., K; =
(Vp—V,)/(bu — b6py)]. Through this definition, a smaller value
of this index indicates a stable degradation behavior and vice versa.
The last ductility measure is the displacement ductility factor at the
ultimate lateral strength (u, = 6,/6,). 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
1py of 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 ulti-
mate displacement ductility, ,c, of 10.3 through a degradation
stiffness factor, K¢, of 0.86.
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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., up; = (ppy + SI) of column CS-2%], the
column fulfilled its ultimate strength (i.e., V,, = 0.8Vp) at a dis-
placement ductility of 14.7 (i.e., p, = 1.43p,¢) through a degra-
dation factor of 0.27 (i.e., K4 = 0.3K,¢). 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 lon-
gitudinal 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 in-
stance, 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%-IR-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 SI, K4, and p, of 2.1, 1.4, and 9.9, respectively, the cor-
responding values of column CSF-2.8%-IR-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 suddenly failed
upon reaching its peak strength as a result of FRP rupture. Regard-
ing the effect of the location of the FRP bars on the ductility mea-
surements, 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 with col-
umn CSF-2.8%-1S-D10-J, where the ductility indices K4 and p,, of
column CSF-2.8%-ES-D10-J were 0.5 and 1.4 times those of col-
umn CSF-2.8%-1S-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 three
8-mm-diameter bars that ruptured at two different drift levels.
Although 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 in-
vestigations on the effect of the bar surface texture (bond condi-
tions) on the ductility indices, particularly the degradation
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behavior of columns reinforced with steel and FRP bars, are
required.

Residual Displacement

Residual displacement was defined as the displacement of zero-
crossing at unloading on the hysteresis loop from the maximum
displacement (Fahmy et al. 2010b). In this study, the residual dis-
placements for the first cycle of each imposed lateral displacement
level were determined for all tested specimens (ElGawady and
Sha’lan 2011). Thus, the drift ratio versus normalized residual dis-
placement 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 = 6,/8,¢). 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. Start-
ing 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. In
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), in which both columns had an average value of
r = 0.7. The columns continued controlling the residual displace-
ment with nearly the same value of r until the FRP bars ruptured, at
which the FRP bars lost their role in controlling the column
performance. As a concluding remark, among all of the tested col-
umns, 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 postyield stiffness, in the plastic zone.

Dissipated Energy and Damping Ratio

In recent decades, two indices have been defined to describe the
ability of a structure to dissipate earthquake energy and hence sur-
vive major seismic events. The first index is the cumulative dissi-
pated energy, which is computed by summing up the areas enclosed
by the hysteretic loops in the lateral load-displacement relation-
ships of the structure up to failure. The other index is the viscous
damping ratio, which reflects the damage level attained during in-
elastic 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 reinforce-
ment and investigate the effect of each tested parameter (Fig. 12).
In the same manner, the damping ratio versus the displacement
ductility were calculated and plotted for all specimens (Fig. 13).
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Fig. 11. Normalized residual displacement versus lateral drift ratios of
the tested columns

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 (Fig. 12). Fig. 12
illustrates that the investigated parameters had only a minor impact
on the cumulative dissipated energy. Up to a drift of 6%, all col-
umns shared almost the same cumulative dissipated energy of ap-
proximately 27 kN - m. The effects of the investigated parameters
were apparent beyond this drift level. After a drift of 7%, no pro-
nounced increase in the cumulated 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 wrap-
ping 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 1.7E, where E is the total cumulative
dissipated energy of the control specimen up to failure. Then, the
rate of increase was small owing 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 sub-
stantial increase in the postyield stiffness ratio, the column was able
to dissipate more energy up to failure. The aforementioned obser-
vations 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 treat-
ment to optimize the dissipated energy.

Equivalent Viscous Damping Ratio

The equivalent viscous damping, (;, for the first cycle of all loading
sets was calculated by (Jacobsen 1930)

Gi= Ei/(47TEsf) (4)

where E; and E; refer to the dissipated energy and elastic energy in
the cycle i, respectively.

Fig. 13 shows the effect of each testing parameter on the rela-
tionship between the displacement ductility, p, and calculated
damping ratio, (%. Fig. 13 illustrates that up to a displacement duc-
tility of 2, only slight differences in the damping ratio, ¢, were ob-
served 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%, par-
ticularly after a displacement ductility of 9, at which the concrete
cover of column CS-2% spalled [Fig. 13(a)]. A comparison of the
results of column CSF-2.8%-1S-D10 with the control column
[Fig. 13(b)] indicates that the decrease in { was more evident
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Fig. 12. Effect of all investigated parameters on the cumulative dissipated energy: (a) FRP wrapping; (b) adding FRP bars; (c) location of FRP bars;

(d) FRP bar’s surface configuration; (e¢) FRP bar’s diameter

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 [Fig. 13(d)] illustrates that although reinforc-
ing 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 ( ap-
proaching the failure was closer to that of specimen CS-2%-J.
The average value of ¢ for I-S-10-J and I-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 col-
umn CSF-2.8%-ES-D10-J, the value of ¢ became lower, in which
the average value of ( for specimen CSF-2.8%-ES-D10-J was al-
most 88% of that of specimen CSF-2.8%-1S-D10-J [Fig. 13(c)].
Finally, Fig. 13(e) illustrates that using FRP bars with 8-mm diam-
eter caused a greater decrease in the value of ( compared with the
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counterpart 10-mm-diameter BFRP bars. In other words, the de-
crease 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 postyield
stiffness without causing any loss in the column ductility and dis-
sipated energy, the decrease in the damping ratio could be accept-
able 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
FSRC structure, two columns could achieve the demanded ductile-
recoverable performance. The first is CSF-2.8%-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
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jacket). Both columns had an average value for the postyield stiff-
ness 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 col-
umns. This performance was caused by the good bonding between
the FRP bars and surrounding concrete.

Summary and Conclusions

In this study, an FSRC structure was proposed as a high-
seismic-performance structure. 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 SRC bridge columns and the others showed the
response of the proposed FSRC columns. The roles of several
bond-based parameters, such as the diameter of the FRP bars, tex-
ture of the FRP bars, location of the added FRP bars, and external
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confinement using an FRP jacket, were examined through the ex-

perimental program. The following conclusions could be drawn

from this study:

e The proposed FRP-steel structural system ensured the existence
of a stable postyield stiffness and realized the predesigned de-
formability capacity. With a proper design of the proposed FRP-
steel reinforcement system, bridge columns could withstand a
strong earthquake.

¢ Adding 0.8% FRP reinforcement to 2% main steel reinforce-
ment of concrete bridge column as well as replacement of
50% of the internal steel confining the plastic hinge with exter-
nal BFRP jacket guaranteed a comparable lateral strength to that
of a bridge column with 4% longitudinal steel reinforcement.
The FSRC column fulfilled a displacement ductility of up to
10 before encountering strength degradation.

e The elastic stiffness of the FRP steel-reinforced column was
the same as that of the counterpart steel-reinforced column;
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however, doubling the main reinforcement ratio of the steel-
reinforced column was accompanied by a considerable increase
in column elastic stiffness and a decrease in the postyield stiff-
ness ratio.

*  Within the range of the tested specimens, the average residual
displacement of the proposed FSRC columns ranged from 70 to
85% that of the corresponding steel RC column. The mitigation
of the residual deformations was dependent on the bond condi-
tions between the FRP bars and the surrounding concrete. The
favorable mitigation could be when BFRP bars with rough sur-
face texture were used.

* 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 FSRC 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 reason-
able ductility. Using BFRP bars with a smooth surface texture of
10-mm diameter caused lower and more stable peak strength at a
smaller ductility with a smoother degradation.

* Location of BFRP bars in the column cross section with respect
to the steel reinforcement had a marginal effect on both the
column postyield stiffness ratio and column ductility before
strength degradation. However, a considerable increase in the
elastic stiffness and elimination of the stability plateau at the
peak strength before strength degradation was observed when
FRP bars were placed in the concrete cover rather than at the
same fibers of steel reinforcement.

* Adding BFRP bars to steel RC columns maintained the cumu-
lative dissipated energy and did not significantly decrease the
damping ratio of the columns.

* Future research should be directed toward providing a better un-
derstanding of the behavior of such FRP-steel reinforcements
with an emphasis on the bond condition’s effect on the postpeak
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.
By monitoring the degree of damage and the condition of both
steel and FRP reinforcement, the possibility of replacing FRP
elements and damaged concrete to restore the original structural
function is also a point of interest for future research.
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Abstract—We present a file backup system designed for a
university on the basis of its experiences with the 2011 east
Japan earthquake. This system has two levels of security: (1)
The web site for public relations and the e-mail systems for
communications that will work continuously even in the case of
commercial power failure. (2) The personal computer systems
that will be down during power failure but will restart working
without any loss of data as soon as the power supply is back.
The former has been implemented by employing a private cloud
computing platform and a public one in combination. To the
latter, the same cloud-computing approach was not applicable
because it causes latency and extra cost of communications
in the normal time to keep the frequently accessed data in a
cloud storage. Fortunately, this particular university has three
campuses so far away that one may be destroyed by a single
disaster but the other two will survive. Taking advantage of the
remote campuses, we designed and implemented a file storage
system that keeps the original copy on-premise in a campus
and its backup copy in one of the other two campuses. Its
operations have shown that the communication traffic among
the campuses increased only by half in order to keep the data
safe against natural disasters.

Keywords-disaster robustness; business continuity planning;
distributed data backup

I. INTRODUCTION

The 2011 east Japan earthquake hit the north east part of
Japan on March 11th including the three campuses of Ibaraki
University [1] in Fig. 1. The buildings in Hitachi campus
were severely damaged, in some cases, deep into their
structural frameworks. Those in Mito and Ami campuses
were also strongly shaken but less damaged for they were
located relatively away from the epicenters.

The server computers were so firmly fixed to the basement
that they did not fall. But they were shaken so badly that
we thought the hard disk drives must have been destroyed.
After the main electricity got back in several days, we were
relieved and even surprised to know that the disks were not
damaged at all. Probably the arms in the drives were already
retracted in response to the preceding smaller vibrations
while the huge main shakes were traveling from the distant
epicenters. Even a smaller earthquake can destroy data on the
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Figure 1. Three major campuses of Ibaraki University

This map shows the geographic outline of the islands and
does not indicate the territory of any specific country.

disk drives if it takes place just beneath the server room. Data
loss can give much more serious damages to the business of
universities than the physical damages to the buildings.

It is the difficult time in disasters when we really need
the means of public relation and communications. But the
information systems of the university were completely out
of operation for days due to the power failure. The main
electricity were not available for three days in Hitachi and
two days in Mito and Ami.

We really needed to announce what to do with the
entrance examination scheduled on the next day of the
earthquake. It was obvious that we could not do it as
scheduled. But we had to announce how many days it
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would be put off or if it should be cancelled. We set
up an emergency web site [2] on a cloud service [3] to
post announcements to the students and the employees. The
temporary IP address is registered to the DNS so that the
accesses to the old regular site be directed to the emergency
site. This emergency site helped people get informed of
the announcements from the university for a few days until
the regular web site came back into operation. Then we
suffered from another problem that the wrongly cached DNS
records in different internet service providers kept pointing
the emergency site. The heroic emergency site became a
ghost web site that confused people by showing outdated
information persistently.

On the basis of those bitter experiences, we have re-
designed and implemented the information system of our
university. This system has two levels of security: (1) The
web site for public relations and the e-mail systems for
communications that will work continuously even in the case
of power failure. (2) The personal computer systems that
will be down during power failure but will restart working
without any loss of data as soon as the power supply is back.

II. INFORMATION SYSTEMS AND NETWORKS OF IBARAKI
UNIVERSITY BEFORE THE DISASTER

This university has three major remote campuses as shown
in Fig. 1. The center for information technology is located in
Hitachi campus where the computers have been historically
used much more actively than the other two campuses. That
is the reason why the connection to the Internet is going
through the firewall system in Hitachi as shown in Fig. 2.
The campuses are connected in the star-shaped topology
via the wide-area ethernet at the speed of 1Gbps with the
interfaces of L3 switches.

Each campus has a file server that stores the home
directory of all the users in the campus. The home directory
is mounted on the PC when the user logs on and also stores
mails to be referred to by the mail server for the students
there. The file server stores the systems and the data for
the virtual servers on the real server computers managed by
VMware.

The campuses have been often struck by power failure
for a short time due to local thunder storms. Each campus
has one of the IdP server systems so that the campus can be
indifferent to power failure of other campuses. From time
to time, we had power failure at Hitachi campus where the
mail server for the staff and the main web servers are hosted.
But the black out did not last more than half an hour.

That was strong enough against small and local disasters.
But the story was different in the case of huge disaster in
the wide area.

Internet (via SINET)

Ami campus

Figure 2. Network connections among the campuses.

III. LESSONS FROM MEGA DISASTER AND NEW POLICY

The earthquake severely damaged Hitachi campus but
fortunately claimed no casualties. We lost water supply for
more than 10 days. However, in the aspect of communica-
tions, the most difficult situation was caused by the power
failure for three days. The main web server and the mail
server for the staff were completely down when we really
needed to post announcement and discuss recovery plans to
cope with the huge disaster.

The emergency web site [2] set up on a cloud service [3]
was barely fulfilling the public relations. But it took some
time for this new web site to start operating even though
people needed information as soon as possible to know what
was going on. Besides, after the regular web site came back
into operation, the emergency site had suddenly become a
ghost web site that confused people by showing outdated
information persistently due to the wrongly cached DNS
records in different internet service providers.

It is the only and best policy to keep the regular web server
working throughout the disaster. The same is true of the mail
servers. We have never heard of temporary mail services that
can substitute existing mail services of the regular use. They
are useless because we do not have a means to identify the
new mail addresses of students and colleagues.

Loss of data is better than loss of lives, but it is worse
than damaged buildings. It can take an enormous amount of
time or may be even impossible to reproduce the lost data.

We learnt that an information system really strong against
mega disasters needs the following two features:
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(1) The web site for public relations and the e-mail sys-
tems for communications that will work continuously
without interruption even in the case of power failure.

(2) The personal computer systems that will be down
during power failure but will restart working without
any loss of data as soon as the power supply is back.

The former can be implemented simply by employing the
recent private or public cloud systems.

The latter requires an idea. If we employ the cloud
service to keep the data safe in preparation for possible
mega disasters, the data exchange between the local PC and
the remote cloud causes latency and traffic in the normal
time. The users should suffer from slow response of the
PC due to the latency in data retrieval from the remote
storage. Frequent data exchanges between the PC and the
remote storage should require wide bandwidth to increase
the communications cost or slow down the data transfers.

In order to store the data in a safe place while keeping the
data readily accessible in the on-premise file server, we can
exploit the three remotely distributed campuses connected
by the 1Gbps wide-area ethernet. The local file server stores
the data for the local users in each campus as it has been
practiced normally. Let its duplicate copy be stored in a
fellow file server in another campus. Then, at least one copy
of the data will survive strong earthquakes just beneath the
file server even if it would not give time to retract the disk
arms.

IV. UNINTERRUPTED WEB SERVER AND MAIL SERVER

The web and mail services can be interrupted for a short
time in the normal time for people usually accept regular
server maintenance. On the contrary, those services should
not be interrupted in the time of disaster since the latest
information is crucial for the people to make decisions in
emergency.

The web site can work continuously without interruption
only if the server stays physically healthy and the power is
uninterrupted even in the case of commercial power failure.
There are roughly two kinds of solutions by means of private
and public cloud systems operated at some data centers.

The main web server of Ibaraki university has been moved
into a private cloud system set up in a containerized data
center built in one of the campuses. It is designed to survive
the strongest earthquakes in the history of Japan and supplied
with main electricity by the dedicated generator. The DNS
servers are extended to include the secondary DNS service
hosted in a public cloud service. We are planning to move
the web server further to a public cloud service.

The mail system has emigrated to the cloud service Mi-
crosoft Office 365. The IdP servers are extended to include
a slave server also in a public cloud service. That is the
simplest and affordable solution by virtue of the academic
discount.

V. DISTRIBUTED FILE BACKUP SYSTEM

Each campus has a file server Model VNX5300 from
EMC [4] that stores the data to be preserved. They include
the work space of students, electronic contents for the
classes, and documents for class management. They are
crucial for continuation of teaching activities through small
or middle scale disasters or their quick recovery after huge
disasters.

If we send the frequently updated huge data to a remote
backup server outside the university in anticipation of possi-
ble mega disasters, the data transfer from the local server to
the remote server causes heavy traffic in the network in the
normal time. However, the fear of losing important data has
been driving several Japanese universities to start a coalition
to keep the data of one another [5] [6] despite the extra cost
for communications and storage.

In the case of Ibaraki university where we have been
suffering from the overhead cost for managing remote cam-
puses, we have a good set of three campuses geographically
apart from one another. We have only to synchronize the
original copy of the data with its duplicate copy in another
campus. We can keep them in the plain format without any
encryption that is mandatory for the coalition of several
different universities.

The backup data is a simple duplicate copy of the original
one. A system image of the virtual machine and its data
partition in the backup can migrate onto a different real
server to start working even in the case of physical damage
on the original server.

Figure 3 shows a schematic diagram of the three file
servers. Each disk system is partitioned into the four regions:
original copy, local duplicate copy, remote duplicate copy,
and local generational archive.

The local duplicate copy is just for increasing the robust-
ness against malfunction of the disk systems. The file server
VNXS5300 offers the capability of updating the local dupli-
cate copy immediately when the original copy is modified.

The remote duplicate copy in another campus is also
updated by the same mechanism except that the updates
take place not immediately but every 10 minutes. This time
interval of 10 minutes is a parameter that can be tuned in
accordance with the real situation. A too short interval may
increase the base load traffic. A too long interval may cause
a burst traffic to transfer piled up updates at a time.

The local generational archive stores an ordinary incre-
mental backup data from which users can reverse their file
operation.

No data are encrypted since everything is under the
control of the same institute. Nor are they even compressed.
Backup data in the same plain format as the original are
advantageous to save computational load for encryption and
compression, and troubles for decryption and extraction in
case the backup copy is needed in emergency.

-27-



Hitachi campus

—
e

original copy D
e
duplicate copy
P

generational
—archive
remote copy

Mito campus

Meo_

original copy D
e

duplicate copy
~ 4

generational
~archive
remote copy

Ami campus

Me—
original copy

duplicate copy

v
generational D

archive -
remote copy

Figure 3. Structure of the copies.

VI. EVALUATION

The traffic observed before and after the introduction of
new backup system is plotted in Fig. 4. In the period of
the measurement, the total volume of data was around 2.5T
bytes. Variation from day to day of the week depends mainly
on the change in the timetable of the classes.

The traffic has increased to roughly 1.5 times but stays
less than 1M Bytes per second. For the wide-area ethernet
connecting the campuses at the maximum speed of 1G bits
per second, the new traffic rate is a moderate good figure
not too low or high.

VII. CONCLUSIONS

Through the bitter experiences during the disaster in
March 2011, we have redesigned the information system
for Ibaraki university. The web site and e-mail systems were
moved to the private and public cloud services so that they
will never be interrupted again. The file servers are made

KBps without and with remote backup

700

600 —

400

300

200

100

Figure 4. Averaged peak traffic of the day without (2011) and with (2012)
the remote backup system.

secure by keeping a duplicate copy in another campus which
is located more than 30 km away.

Taking advantage of the remote campuses, we designed
and implemented a file storage system that keeps the original
copy on-premise in a campus and its backup copy in one
of the other two campuses. Its operations have shown that
the communication traffic among the campuses increased
only by half in order to keep the data safe against natural
disasters.
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A Study on extraction of mangrove area

-

in Myanmar coastal zone by using EOS-Terra/ASTER

—Focused on the Myanmar coastal zone—

Masatoshi YAMAZAKI and Teppei ISHIUCHI and Yuji KUWAHARA

ABSTRACT : The objective of this study is to propose the mangrove distribution map in Myanmar coastal
zone by using satellite remote sensing data based on the estimation method of mangrove area (Kuwahara et
al. 2010). Global warming and sea-level rise are projected to affect seriously on low-land area. Therefore,
recently, the mangrove forest is important to decrease the damage which is received from storm surge and
sea-level rise. However, because of the mangrove forest distribution area decreases, it is thought that the
monitoring becomes important to confirm the area. So we adopted this method to mangrove area extraction
and verified the versatility of its method.

KEYWORDS : Mangrove, Intertidal zone, Visible and near infrared, Short wavelength infrared,
EOQOS-Terra/ASTER
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