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ABSTRACT

In this study, ultra-high-strength fiber-reinforced concrete (UFC) panels were used as a quick and effective
measure for seismic strengthening of damaged reinforced concrete (RC) columns. Four 1/3-scale specimens,
which replicated RC columns of the soft-first-story of a 10-story condominium building that was heavily
damaged in the 2016 Kumamoto Earthquake, were constructed and tested. The specimens were strengthened
using UFC panels after being preloaded to the drift ratio, at which the maximum load capacity of the target
column was measured, and then subjected to the main loading until the ultimate state was reached. The UFC
panels were installed on the two faces of the column in a direction parallel to the assumed loading direction.
Two of the specimens had a UFC or RC wing wall attached to one side of the column, which was also aligned
with the assumed loading direction. During the preloading and main loading, the specimens were subjected
to a cyclic lateral load and varying axial load that simulated an earthquake load. The proposed method
improved the maximum strength and ultimate drift ratio, and helped restore the initial stiffness of specimens
with UFC panels and a wing wall to that of a column specimen during preloading. The test results of a
previous study, wherein the target column, loading method, and strengthening method were the same but the
specimens were not damaged before strengthening, were compared to study the impact of the damage on the
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RC column before strengthening.
https://doi.org/10.5459/bnzsee. 1627

INTRODUCTION

Earthquakes occur when the elastic stress caused by tectonic
plate movement gradually accumulates, and when the fault zone
rocks begin to fracture. The accumulated energy of the plate is
released not all at once but several times. Several aftershocks
are inevitable after the main earthquake, and these continuous
quakes may cause secondary structural damage. In 2002,
reinforcing bar buckling and concrete falling were witnessed in
Molise, Italy, because of an aftershock of the same magnitude
in a reinforced concrete (RC) structure that caused minor
damage at the end of the column owing to the main earthquake
of moment magnitude scale (Mw) 5.7 [1]. On April 14, 2016, a
Mw 6.5 earthquake occurred in the Kumamoto region of Japan.
In the subsequent aftershocks, a Mw 7.3 earthquake, which was
stronger than the initial earthquake, occurred on April 16,
followed by approximately 2000 aftershocks within a period of
four months [2]. An earthquake with a magnitude equal to or
greater than the first earthquake that occurred within a short
period resulted in dozens of fatalities and severe structural
damage to numerous buildings [3]. For instance, similar
challenges in addressing neglected and partially demolished
buildings have been observed in the aftermath of the 22
February 2011 earthquake in Christchurch, as documented in
recent research [4]. Rapid seismic repair and retrofitting are

© ® N o oA W N e

required to reduce the cumulative damage caused by
aftershocks and prevent further damage to structures.

Various studies are currently being conducted on the retrofit of
damaged columns [5-9], and most of these studies propose
fiber-reinforced polymer (FRP) sheets as a retrofitting method.
The method utilizing FRP sheets involves adhering carbon fiber
sheets to the surface of the structural member using epoxy resin.
It has advantages such as lightweight, high tensile strength, and
corrosion resistance. Consequently, it is being used for retrofit
not only in columns [10-13] but also in beam-column joints [14-
16], beams [17-19], and even bridge piers [20-22]. However, to
achieve optimal performance in column retrofits, it is necessary
to wrap all sides with fiber sheets. For square columns, sharp
corners need to be chamfered to prevent the folding of carbon
fibers. Additionally, care should be taken to avoid the formation
of bubbles during the adhesive process, and multiple layers of
FRP sheets may need to be applied for an effective retrofit. In
some instances, a long construction period is required, which is
unsuitable when rapid strengthening is necessary to prevent
secondary damage to structures caused by continuous
aftershocks following the initial earthquake.

This study proposes a rapid retrofit method using ultra-high-
strength fiber-reinforced concrete (UFC) for an RC column.
UFC is an extremely dense material composed of cement,
ultrafine particles such as silica fume, and high-tensile strength
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steel fibers. UFC has a higher compressive strength than 180
N/mm? and a higher tensile strength and ductility than plain
concrete because of the fibers [23, 24]. Quick and easy
strengthening of a column with insufficient residual seismic
performance, such as lateral resisting or vertical load carrying
capacity, can be achieved by applying an epoxy resin adhesive
and attaching panels made of UFC.

Kumabe et al. performed a cyclic loading test on a column in
the soft first story of a RC structure that was severely damaged
in the 2016 Kumamoto Earthquake [25]. A 1/2-scale specimen
was used as the target column, and flat UFC panels were
adhered to the two pairs of opposite sides of the column using
an epoxy resin adhesive to strengthen the target column. The
level of damage to the column during preliminary loading was
the main experimental parameter, and it was adjusted by
preloading up to 0.5% and 3% of the specimen’s drift ratio,
respectively. The specimen’s maximum strength was measured
at a drift ratio of 0.5% of the preloading, and its damage
condition corresponds to damage class Il in Table 1, which is
specified in the Japanese guidelines [26, 27]. The specimen that
was loaded with a drift ratio of up to 3% before strengthening
exhibited significant strength deterioration corresponding to
damage class V in Table 1. The maximum strength of the
specimen preloaded up to a drift ratio of 3% and retrofitted was
74% of the maximum strength before strengthening. Mortar
patching with wet-spraying process and the strengthening
method using UFC panels did not have a significant impact on
the recovery of strength. In contrast, the specimen that was
strengthened using UFC panels after loading up to a 0.5% drift
ratio exhibited a maximum strength that was greater by a factor
of 1.14 during preliminary loading, confirming the retrofitting
effect of the UFC panels. Although the retrofitting effect could
be confirmed for some specimens, all specimens exhibited joint
mortar damage, such as crushing, between the stub and the UFC
panel. As a result, the stress transfer between the stub and the
UFC panel was reduced, and the UFC panel could not exert its
maximum strength. Thus, the experiment was terminated
prematurely.

The authors conducted a cyclic loading test by fabricating the
same target column as five 1/3-scale specimens, including the
non-strengthened specimen (target specimen) [28]. Figure 1
depicts the strengthening methods. The UFC sandwich panels
were attached to the column, and there are two vertical cross-
section types of the UFC panel. First, the thickness of both ends
of the panel was twice that of the middle to reduce the effect of
the joint mortar’s damage on the maximum load capacity of the
specimen. The second was the cross-section, wherein the joint
mortar was removed and the UFC panel was bonded to the
column with an epoxy resin adhesive and post-installed anchor.

Strengthening type
(1) Ultra-high-strength fiber-reinforced
concrete (UFC) sandwich panels
or
(2) UFC sandwich panels
with wing wall
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Table 1: Damage class definitions of RC members [27].

Damage Description of damage

class

I Visible narrow cracks on concrete surface (crack
width is less than 0.2 mm)

I Visible clear cracks on concrete surface (crack

width is about 0.2-1.0 mm)

Local crush of concrete cover
I Remarkable wide cracks (crack width is
approximately 1.0-2.0 mm)
Remarkable crush of concrete with exposed
reinforcing bars

Spalling off of concrete cover (crack width is
more than 2.0 mm)

v

Buckling of reinforcing bars
Cracks in core concrete

v Visible vertical and/or lateral deformation in
columns and/or walls

Visible settlement and/or leaning of the building

Two of the specimens had a wing wall on one side of the
specimen strengthened with UFC sandwich panels. There were
two types of wing walls—UFC and RC. The maximum strength
of the strengthened specimen was increased by 1.33 to 1.88
times, the ultimate drift ratio by 2 to 3 times, and the initial
stiffness by 1.23 to 3.24 times compared to the target specimen.

This paper presents the cyclic loading test on our 1/3-scale
specimens of the same target column as those in previous
studies. The purpose of the study was to investigate the
effectiveness of the strengthening method using UFC panels for
damaged columns. The target column, loading method, and four
retrofitting methods using UFC panels were the same as those
in the previous study [28], but the specimens were damaged
before strengthening. In the previous study conducted by
Kumabe et al. [25], wherein the impact of the strengthening
method using flat UFC panels on a damaged column was
studied, the specimen that was strengthened using UFC panels
after preloading up to a drift ratio of 0.5% exhibited increased
strength. In this study, the specimen was strengthened using
UFC panels after being preloaded to a drift ratio of 0.5% and
then subjected to the main loading up to the ultimate state. The
evaluation and comparison of the strength of each specimen, as
well as the evaluation of the effect of damage caused by
preloading, are discussed.
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Figure 1: Proposed strengthening methods [28].



EXPERIMENTAL STUDY

Specimen Description

A column on the soft first story of the RC building that was
severely damaged in the Kumamoto Earthquake was used as the
target of the strengthening method using UFC panels proposed
in this study. In the target column, the volumes of shear
reinforcement in the X and Y directions differed significantly,
and the crossties did not constrain the entire longitudinal rebar.
As aresult, shear failure occurred in the target column owing to
the Kumamoto Earthquake, and the damage was classified as V
in Table 1, indicating that it almost lost its lateral and vertical
strengths.

Four identical specimens were produced for the cyclic loading
test, as shown in Figure 2. The area from the first floor at ground
level to the bottom of the beam on the second floor of the target
building was scaled down by a factor of 1/3. The design
compressive strength of the concrete was 35 N/mm? because the
average of eight core samples taken from the first story on the
target building was 35.4 N/mm2. One specimen, strengthened
with UFC sandwich panels and joint mortar injected between
the UFC panel and the stub, was cast all at once. The remaining
specimens were cast three times: lower stub, column section,
and upper stub. Details are provided in [28].

The specimens were subjected to repeated cyclic loading as a
preload up to a drift ratio of 0.5%, which represented the target
specimen’s maximum strength. After the specimens were
damaged by preloading, the UFC panels were attached to two
opposite sides of the column, with or without a wing wall on
one side, as shown in Figure 3. Table 2 lists the strengthened
specimens, where “-M” indicates preloading up to the drift ratio
at which the target specimen’s maximum strength was
measured.

The UFC panels of all specimens were adhered with epoxy resin
adhesive. C-US-M was the only one with post-installed
chemical anchors, and it helped the force transfer between the
column and the panels. High-strength and non-shrinkage mortar
was injected into the holes of UFC panels for the anchor bolts,
and once it hardened, a 40-Nm torque was applied to tighten the
anchor bolt. The joints of the other specimens were filled with
high-strength and non-shrinkage mortar at both the top and
bottom ends of the panels, and the thickness of the ends of the
panels was set such that it was double the value of thickness of
the middle portion to prevent stress concentration. For the
specimens with a wing wall, the column part was identical to
that of C-USJ-M. The UFC wing wall was attached to one side
of the column in C-USJ-UW-M using an epoxy resin adhesive.
In addition, the upper and lower ends of the UFC wing wall
were injected with high-strength and non-shrinkage mortar. C-
USJ-RCW-M had the RC wing wall on one side of the column

Loading direction
N=—=§

Loading direction
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Table 2: List of specimens.

Column - UFC Sandwich panels -

C-US-M Maximum load capacity
Column - UFC Sandwich panels with
C-USJ-M Joint mortar - Maximum load capacity
Column - USJ - UFC Wing wall -
C-USJ-UW-M  \haximum load capacity
C-USJ-RCW-M Column - USJ - RC Wing wall -

Maximum load capacity

strengthened with UFC panels. The reinforcing bars of the RC
wing wall were not anchored to the columns and stubs. The
concrete was cast in place. For constructability, the upper 100
mm of the RC wing wall was filled with high-flow and non-
shrinkage mortar. Table 3 presents the material test results for
the strengthened specimens.

Loading Method and Sequence

The purpose of this study was to investigate the impact of
strengthening with the UFC panel based on whether the target
column is damaged before retrofit; the loading method was the
same as that in the previous study [28]. An elevation view of
the loading device is depicted in Figure 4, where the axial force
was applied by two 8000-kN vertical jacks and the lateral force
was applied by a 3000-kN horizontal jack. The loading in the
south direction was positive. As depicted in Figure 5, all the
specimens were subjected to varying axial forces to emulate the
force applied to the column on the soft first story of the RC
structure during an earthquake. The solid red line in the figure
represents the axial force path of C-US-M; the black dashed line
and solid black line indicate the shear force at the specimen’s
ultimate flexural strength Qmu [30] and the ultimate shear
strength Qsu, respectively [30]. The long-term axial force, No, at
the point where the horizontal force was zero, was 0.156Df"c
(b: width of the column, mm, D: depth of the column, mm, f:
compressive strength of the concrete, N/mm?). The minimum
axial force for tension was —0.75Ag0y (Ag: gross cross-sectional
area of the longitudinal bars of the column, mm?, oy: yield
strength, N/mm?). The maximum axial force for compression
was 0.40bDfc. The axial force was linearly increased or
decreased with the lateral force from the long-term axial force
to the maximum axial force for compression or minimum axial
force for tension, respectively. When the lateral force reached
Qsu/2 under axial compressive force or Qmu/2 under axial tensile
force, the axial force was maintained at the target axial force,
and the lateral force was applied until the target drift ratio was
reached. In addition, the concrete compressive strength /7 at the
time of preloading was applied to determine the loading path
for preloading and main loading.
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Table 3: Material test results.

. Compressive  Strain at . Split tensile
. Loading Age . Elastic modulus
Specimen stage (day) strength compressive strength (KN/mm2) strength
(N/mm?) (%) (N/mm?)

Preliminary 153 48.7 0.260 28.7 3.1
C-US-M .

Main 238 48.1 0.224 28.6 2.9

Preliminary 124 40.7 0.232 27.0 3.1
C-USJ-M .

Main 174 40.7 0.229 27.0 2.7

Preliminary 174 49.0 0.256 28.8 3.1
C-USJ-UW-M .

Main 246 48.6 0.253 28.7 2.7

Preliminary 145 48.4 0.250 28.6 2.7
C-USJ-RCW-M )

Main 259 (42)*! 51.9 (47.4)** 0.286 (0.311)*! 29.3 (28.5)*1 3.2(3.3)*

(2) Reinforcing bar

Type ) Yield strength Elastic modulus Tensile strength
Location
(steel type) (N/mm?) (KN/mm?) (N/mm?)
D10 (SD345) o 368.4 188.4 545.7
Column longitudinal
D5 (SD295A) 380.5*2 193.7 516.3
Column hoop 361.2*? 194.9 518.9
D4 (SD295A) )
RC wing wall transversal 347.0*2 1935 513.2
D6 (SD295A) RC wing wall longitudinal 475.8%2 192.6 564.4
(3) Mortar
Compressive Compressive Elastic modulus
Specimen Location strength Specimen Location strength (KN/mm?)
(N/mm?) (N/mm?)
C-USJ-M . 122.5 (40)*® Joint 108.2 (57)*° -
Joint C-USJ-RCW .
C-USJ-Uw-M 129.1 (44)*3 RC wingwall ~ 62.7 (40)*® 235
(4) Fiber in the UFC
Specimen Density Tensile strength Diameter Length
P (g/mm?) (N/mm?) (mm) (mm)
All specimen 7.8x10°% 2.9x103 0.22 15.1
(5) UFC
Compressive strength Elastic modulus Flexural strength Direct tensile strength
(N/mm?) (KN/mm?) (N/mm?) (N/mm?)
All specimen 216 52.9 60.6 22.8*

*1 () is concrete of RC wing wall, *2 0.2% offset strength, *2 () is age (day), ** is calculated using Eqg. (1)

urcfh = 2.59urcft + 1.54

where
urcfe = direct tensile strength of UFC (N/mm?) [27].

The drift ratio R is calculated by dividing the relative horizontal
displacement of the upper and lower stubs by the clear height
of the column. After preliminary cyclic loading, the specimens
were strengthened using the UFC panel, and the main cyclic
loading was performed thereafter to attain the specimen’s
ultimate state. The preliminary cyclic loading was conducted up
to a drift ratio of 0.5%, and at this point, the maximum strength
of the target specimen was reached [28]. Under the preliminary
cyclic loading, one cycle was applied to the drift ratio R =
0.03125%, and two cycles were repeatedly applied to R =
0.0625%, 0.125%, 0.25%, and 0.5%, respectively. The main

@

urcfh = flexural strength of UFC obtained from a bending test (N/mm?); and

cyclic loading was conducted in the same manner as that in the
preliminary cyclic loading, and R = 1%, 2%, 3%, and 4% were
loaded repeatedly in two cycles, respectively. A pushover load
was performed for the specimen that did not reach the ultimate
state even after R = 4%.

Lateral Load-Drift Ratio Relationship and Damage
Progress

Figure 6 shows the damage condition at the end of the
preliminary loading of C-US-M and that at the end of the main
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loading of each specimen. Figure 7 illustrates the lateral load—
drift ratio relationship of C-US-M during preloading and the
lateral load—drift ratio relationships of all the specimens during
the main loading. The dashed line extended obliquely from the
positive maximum strength point indicates the strength
reduction due to the P-A effect. The ultimate drift ratio was set
as the point where the load after the maximum strength
decreased to 80% of the maximum strength. Cases where the
longitudinal bar or shear reinforcement of the specimen yielded
under the preliminary loading are excluded in the graph of the
main loading.

Preliminary Loading

All specimens exhibited flexural tensile cracks throughout the
column during the R =-0.03125% cycle. During the cycles with
R = 0.125% or R = 0.25%, the longitudinal bars yielded in
tension and compression. All specimens reached their
respective positive and negative maximum vyield strength
during the cycle with R = 0.5%, as depicted in Figure 7(a). In
addition, shear cracks occurred, and the shear reinforcement
yielded in tension. Table 4 indicates the maximum strength for
the positive loading direction during the preloading of each
specimen. Although these values varied according to the
difference in material strengths of the specimens, the
differences were small. Among all cracks that occurred in each
specimen at the end of the preliminary loading, the largest crack
was the shear crack that occurred on the west side, and the width
was in the range of 0.04-0.10 mm. The width was 0.12-0.30
mm when converted to the full scale, corresponding to damage
class Il in Table 1. However, according to the previous research
[28], it was assumed that each specimen would reach its
maximum strength at R = 0.5%; thus, it can be inferred that the
damage class was IlI.
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The flexural cracks that occurred during the preloading on the
north and south side of the column were reopened up to R =
0.125% cycle for C-US-M, the R = 0.25% cycle for C-USJ-M
and C-USJ-RCW-M, and the R = 0.5% cycle for C-USJ-UW-
M. Then, as the drift ratio increased, new cracks occurred.

C-US-M: At the peak of the first cycle of R = +1%, the
maximum strength was recorded, and shear cracks were
observed in the UFC panel. Horizontal cracks were found in the
UFC panel during the first cycle, when R = —1%. During the
first cycle to R = +3%, the lateral load decreased considerably,
and the concrete on the south side spalled because of the
buckling of the longitudinal bars near the bottom of the column.
The loading was discontinued because the axial load could not
be sustained.

C-USJ-M: The joint mortar between the UFC panel and the stub
was partially crushed during the second cycle, when R = 0.5%.
At the first cycle to R = +1%, shear cracks occurred in the UFC
panel. The maximum strength was recorded during the first
cycle to R = +2%. During the first cycle, when R = +4%, the
axial collapse occurred because of the shear failure of the UFC
panel, and the loading was terminated because the lateral load
was reduced considerably.

C-USJ-UW-M: In the first cycle to R = +0.5%, the joint mortar
on top and bottom of column and UFC wing wall portions was
crushed, and the shear crack occurred in the UFC panel. After
measuring the maximum strength near the peak of the first
cycle, when R = +2%, the lateral load was decreased. The
specimen’s strength did not decrease after R = 4% of cyclic
loading, and thus, pushover loading was carried out. At
approximately R = +5.0%, the shear crack of the UFC panel on
the column was greatly widened, and a shear crack also
occurred in the UFC wing wall, resulting in a considerable
reduction in the lateral load. Near R = +6.0%, the shear cracks
of the UFC panel and the UFC wing wall widened, and the joint
mortar of the UFC panel and the UFC wing wall was

loading would be dangerous.

C-USJ-RCW-M: During the first cycle to R = +0.5%, the joint
mortar between the UFC panel and the stub was partially
crushed, and many vertical cracks occurred in the RC wing
wall. In the first cycle to R = +1%, the mortar on top of the RC
wing wall collapsed. Shear cracks occurred in the UFC panel,
and the maximal strength was subsequently measured. In the
next cycle, the hoop of the RC wing wall yielded in tension at
the first cycle to R = +2%. Near the peak of the first cycle to R
= +3%, a considerable lateral load degradation accompanied by
shear failure of the UFC panel occurred. The axial force could
not be maintained; thus, the load was terminated.

Comparison of Experimental Results

Figure 8 depicts the envelope curves (solid lines) and the initial
stiffness (dotted lines) of the lateral load-drift ratio
relationships for the positive loading direction. Here, circles and
triangles indicate the maximum strengths and the ultimate drift
ratios, respectively. Table 4 displays the values of the positive
maximum strength Qmax, ultimate drift ratio Ry, and initial
stiffness Ke at the time of preliminary and main loading for each
specimen. The ratio for the preloading value of each specimen
is indicated in parentheses. The initial stiffness was defined as
the secant stiffness that connected the start point of R =
+0.03125% cycle and the point of Q = Qmax/3 on the lateral
load—drift ratio relationship curve.

The maximum strength of C-US-M and C-USJ-M was
improved by a factor of approximately 1.23 to 1.43 by
strengthening with the UFC panels. In contrast, the value of the
initial stiffness was 0.76 and 0.54 times that of the preliminary
loading, and it did not retain the value of the specimens under
the preloading. The maximum strength of C-USJ-UW-M and
C-USJ-RCW-M with the UFC or RC wing wall was improved
by a factor of 1.58 to 1.66, compared with that of the preloading.
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Table 4: Maximum strengths, ultimate drift ratios, and initial stiffness values of tested columns.

Specimen C-US-M C-USJ-M C-USJ-Uw-M C-USJ-RCW-M

Loading stage Preliminary Main Preliminary Main Preliminary Main Preliminary Main

gﬁi IH:;T Srength g !(319.23) 457 ?15.?13) 500 ngs;) 473 Zf.Ze)

g:tzf}/“:)‘te driftratio  _ 2.14 - 3.01 - 3.21 - 3.07

e B A A R T
Table 5: Structural performance of tested columns compared with C-USJ-M.

Specimen C-US-M C-USJ-M C-USJ-UW-M C-USJ-RCW-M

g'nf‘a’;'(r{‘(w;‘ strength 4 1 1.00 1.20 1.20

g:téf,'/‘o"’)‘te driftratio ) 1.00 1.07 1.02

:(”'E"f‘,{llsrt:r:;ess 1.09 1.00 2.12 2.15

The initial stiffness was 0.98 to 1.16 times that of the
preliminary loading, which was similar to or slightly higher
than the value of the undamaged specimens. This confirmed a
notable difference in the initial stiffness improvement by the
wing wall. The ultimate drift ratio of all specimens was 2.14%-—
3.21%, and the ductility of the specimens with joints was better
than that of the specimen without joints, C-US-M. The ductility
improvement due to the wing wall was insignificant.

For a detailed comparison of the effects according to the
strengthening methods, the ratios of the structural performance
values of each specimen to those of C-USJ-M are presented in
Table 5. As shown in Table 3, it should be noted that there was
a difference in the compressive strength and elastic modulus
depending on the age of the concrete of the specimens, and C-
USJ-M had the lowest compressive strength of the concrete,
which was approximately 40.7 N/mm?. From the comparison of
C-US-M and C-USJ-M, the effect of the joint mortar between
the stub and the panel was confirmed. Although the concrete
compressive strength of C-USJ-M was approximately less than
that of C-US-M by 7 N/mm?, its maximum strength was higher.
The ultimate drift ratio of C-US-M was 0.71 times that of C-
USJ-M, indicating a considerable difference in deformation
performance. The initial stiffness was at an equivalent level
considering the difference in the elastic modulus, which further
confirmed that the stress was sufficiently transmitted through
the epoxy resin adhesive and the post-installed anchor. The
maximum strength and initial stiffness of specimens with wing
walls for C-USJ-UW-M and C-USJ-RCW-M were higher by
factors of approximately 1.20 and 2.12-2.15, respectively.
However, the ultimate drift ratio was not considerably different.

EVALUATION OF STRENGTHENING EFFECT

In this chapter, the ultimate flexural and shear strengths of the
specimens are calculated to evaluate the strengthening effects.
The calculated ultimate strengths are compared with the
experimental values. The ultimate strengths are calculated
using the method proposed by the authors previously [28]. The
experimental values include the maximum load capacity of the
specimen, as well as the axial and shear forces of the
strengthening members determined through finite element (FE)
analysis.

Axial and Shear Force of Strengthening Members during
the Experiment

Figure 9 shows the attachment of tri-axial and uni-axial strain
gauges to the specimen’s strengthening member, which was
aimed at estimating the strengthening member’s axial force and
shear force. The strain gauges attached to the UFC panel of the
columns of C-USJ-UW-M and C-USJ-RCW-M were identical
to those of C-USJ-M. It was modelled as a quadrilateral element
in the FE analysis program FINAL (version 11, ITOCHU
Techno-Solutions Corp., Tokyo, Japan) [31] to calculate the
stress at each gauge attachment location considering the
hysteresis characteristics. At each node of the quadrilateral
element, the imposed displacement based on the deformation
measured during the experiment was applied.

All the material characteristics of the quadrilateral element
corresponded to the previous study [28]. Figure 10 shows the
tension-stiffening  characteristics of the UFC by
“Recommendations for Design and Construction of Ultra High
Strength Fiber Reinforced Concrete Structures” [29]. The
elastic modulus, compressive strength, and tensile strength of
each material were determined according to the results of the
material tests in Table 3, and the tensile strength of the mortar
was determined using Eq. (2).

mft = 1.40 (Um/lO) 23 (2)

where  nf; = tensile strength (N/mm?); and
om = compressive strength of mortar obtained by the material
test, N/mm?.

Figures 11 and 12 show assumptions of the distributions of axial
and shear stresses, respectively, derived from the FE analysis.
Linear interpolation was used to estimate the stress values
between the measured points. The axial and shear forces were
computed by multiplying the stress distribution (represented by
the blue area) by the thickness of the strengthening member. In
the case of C-US, the shear force was determined by
multiplying the average value of the stress distribution by the
panel's cross-sectional area, excluding the anchor hole. For the
right (south) side of the wing wall in contact with the column,
the axial stress was estimated using linear interpolation, and the
shear stress was assumed to be equal to that of the adjacent
point, as indicated by the dashed line in Figures 11 and 12. On
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Figure 9: Strain gauge attachment positions (unit: mm).

the opposite side of the wing wall and the sides of the UFC
panel attached to the column, the shear stress was assumed to
be zero. In the following discussions, the axial force in
compression is positive, and the positive shear force correspond
to the shear force caused by the positive direction of loading.

Comparison of Calculated and Experimental VValues

Figure 13 presents the envelope curve of the axial force—drift
ratio and shear force—drift ratio relationships for the first
loading cycle. The solid black line represents the entire
specimen, while the red and blue lines represent the
strengthening members determined through FE analysis, the
UFC panels on the column and the wing wall, respectively. It
depicts the average axial and shear forces of the strengthening
member in the middle height cross sections (P2-P6 for C-US-
M, P2—P4 for others) in Figure 9. The dashed line represents the
drift ratio at the maximum strength of the specimen. In Figure
13, the symbol ‘*’ indicates the points where the specimen and
the strengthening member reached their maximum strengths
during the loading cycles.

The ultimate flexural and shear strengths of the specimens were
calculated using the equations previously proposed by the
authors in Appendix A [28]. In the section, the damage caused
by the preliminary loading to the column is not considered. The
material test results during the main loading presented in Table
3 were used for ultimate strength calculation. It was assumed
that the total axial force of the specimen was the target axial
compressive force of 0.40bDf ¢, which was calculated using the
compressive strength at preloading.
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Figure 10: Tension stiffening characteristics of UFC.
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Figure 11: Axial stress distribution assumption [26].
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Figure 12: Shear stress distribution assumption [26].

Table 6: Axial forces used for calculating the strengths of
the specimens.

Specimen '(’"k','\l) g(‘:\'ll)’m” ?k":\l()? panels }/l\(/rl\lr;g wall
C-US-M 1995 1995 - -
C-USI-M 1667 1277 390 -
C-USI-UW-M 2007 1281 369 358
C-USI-RCW-M 1982 1251 353 379

The axial force of each part, e.g., the column, UFC panels, UFC
wing wall, and RC wing wall, was calculated according to the
elastic axial stiffness of each part. Table 6 presents the axial
forces that were used to evaluate the maximum strengths of the
specimens. Table 7 shows the calculated ultimate flexural and
shear strength of the specimens, along with the maximum load
capacity of the specimen measured during the experiment and
the corresponding shear forces of the strengthening members
determined through FE analysis. The calculated strength with
the lowest value is displayed in bold, and the ratio to the
experimental value is shown in parentheses. A detailed
comparison of the experimental and calculated values of the
specimens is presented below.

C-US-M: Because there was no joint mortar between the stub
and the UFC panel, the axial force of the UFC panel continued
to decrease after the specimen reached the target axial force.
The shear force was constant at the drift ratio of 1% when the
shear crack was found in the UFC panel, and it decreased at the
drift ratio of 2%. The maximum shear force of the UFC panel
was 217 kN. The ultimate flexural strength obtained using the
cross-sectional analysis was the lowest (516 kN) among the
calculated strengths in Table 7, and the experimental value, 599
kN, was higher by a factor of 1.16. The shear strength of 144
kN, which was obtained by multiplying the cross-sectional area
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Figure 13: Envelope curves for the 1% positive load in the axial force—drift ratio and shear force—drift ratio relationships.

of the UFC panel excluding the hole for anchor bolts by the
UFC shear strength of 12 N/mm? [32], was close to the
experimental value of 145 kN. When the specimen’s maximum
strength was recorded at R = 0.98%, the damage situation was
shear cracking in the UFC panel. However, the upper and lower
ends of the column were severely damaged. It is assumed that
C-US-M exhibited the flexural-dominant behaviour mainly
because the specimen’s strength gradually decreased after the
maximum strength was recorded.

C-USJ-M: After the target axial force was reached, the UFC
panels retained the same axial force. The shear force of the
specimen was 655 kN, which was 1.07 times the ultimate
flexural strength of 612 kN considering the fracture of the joint
mortar and was the smallest value among those presented in

Table 7. The shear force obtained by the strut mechanism for
the UFC panels was 298 kN, which was 1.07 times the
experimental value of 278 kN. In the damage situation at R =
2% after the specimen’s maximum strength was measured,
shear cracks increased in the UFC panel and the joint mortar at
both ends of the panel was partially crushed. It was presumed
that the specimen exhibited flexural-dominant behaviour
because the shear force of the UFC panel increased even after
cracks developed. The specimen’s strength could be displayed
steadily once it reaches the maximum strength.

C-USJ-UW-M: The UFC panels attached to the column
consistently resisted the axial force throughout the entire cycle.
As the drift ratio increased, the axial force of the UFC wing wall
decreased slightly. The shear force of the UFC panels declined
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Table 7: Comparison of experimental and calculated values.

(1) C-US-M
. kN
Part Experiment c-usQmu (kN) ] c-usQsu
(kN) Simplified method ~ COss-sectional (kN)
analysis
Sg'grggnzls 599 554 516 (1.16) 554
UFC panels 145 - - 144
(2) C-USJ-M
. kN
Experiment cusiQmu (kN) c-usiQsu
Part (kN) No consideration of ~ Consideration of (kN)
joint mortar joint mortar
Sg'grg;‘nzls 655 652 612 (1.07) 633
UFC panels 278 - - 298
(3) C-USJ-UW-M
. kN
Experiment cusiQmu (kN) c-usiQsu
Part (kN) No consideration of ~ Consideration of (kN)
joint mortar joint mortar
Sg'grg;‘nzls 660 664 631 (1.05) 655
UFC panels 287 - - 296
Experiment uwQmu (KN) uwQsu (KN)
(kN) No consideration of  Consideration of No consideration of ~ Consideration of
joint mortar joint mortar joint mortar joint mortar
UFC wing wall 128 127 123 (1.04) 280 243
All 788 754 (1.04)
(4) C-USJ-RCW-M
. kN
Experiment cusiQms (kN) c-UsiQsu
Part (kN) No consideration of ~ Consideration of (kN)
joint mortar joint mortar
Sg'grggnzls 628 658 629 (1.00) 661
UFC panels 261 - - 295
(Ekxh‘l’)e”me”t rewQmu (KN) rewQsu (kN)
RC wing wall 157 114 (1.37) 117
All 785 743 (1.06)

after R = 2%, which was the cycle at which the specimen’s
maximum strength was measured. The shear force of the UFC
wing wall decreased slightly after its maximum shear force was
reached at R = 0.5%. As shown in Table 7, the calculated
ultimate strength of the column strengthened with the UFC
panels was 631 kN, and the experimental value of 660 kN, was
higher by a factor of 1.05. Regarding the damage situation of
the UFC panels of the column, after the first shear crack was
confirmed at R = 0.5%, the shear crack increased with the drift
ratio. There were many shear cracks in the UFC panel at R =
2%. However, the collapse of the bottom of the RC column and
the shear failure of the UFC panel occurred with a large drift
ratio (approximately R = 5.8%). Therefore, it was assumed that
flexural-shear failure occurred in the column strengthened with
UFC panels. The flexural strength of the UFC wing wall,
considering the joint mortar, was 123 kN, as shown in Table 7.
The experimental value of 128 kN was higher than the

calculated value by a factor of 1.04. Because there were no
cracks in the UFC wing wall at R = 2%, it was determined that
the proposed method accurately evaluated the flexural
behaviour of the UFC wing wall at the maximum strength of
the specimen.

C-USJ-RCW-M: The axial force of the UFC panels attached to
the column increased gradually over the entire cycle. Even
though the axial force of the RC wing wall decreased slightly
after the drift ratio of 1%, but remained stable throughout the
entire cycle. The lowest calculated strength of the column part
was the ultimate flexural strength of 629 kN, which was close
to the experimental value of 628 kN. At R = 1%, where the
maximum strength was measured, shear cracks were observed
in the UFC panel in the same cycle. The ends of the RC column
and the joint mortar were severely damaged. Once the
maximum strength was recorded, the shear force of the UFC
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panels increased, and the specimen strength remained stable up
to R = 2%. Thus, flexural behaviour was presumed to be the
dominant mode of the column that was strengthened using UFC
panels. Among the calculated values for the RC wing wall, the
ultimate flexural strength of 114 kN was the lowest, and the
experimental value of 157 kN was higher than the calculated
value by a factor of 1.37. The proposed method for evaluating
the specimen’s strength was appropriate because the damage
condition of the RC wing wall exhibited flexural behaviour, as
indicated by the partial crushing under compressive force.

EFFECT OF DAMAGE BEFORE STRENGTHENING

The effect of damage to the RC column caused by preliminary
loading before strengthening on the structural performance was
evaluated. The specimens without preloading (hereinafter,
referred to as non-pre-damaged specimens) on the same target
column were subjected to the strengthening method using the
UFC panel applied in the previous study [28]. The ultimate drift
ratio Ry, and the initial stiffness Ke of the non-pre-damaged
specimens are listed in Table 8. The ratios of the values for the
strengthened specimens after damage (hereinafter, referred to
as pre-damaged specimens) to those for the non-pre-damaged
specimens for the same strengthening method is also displayed.
Regardless of the strengthening method, the ultimate drift ratio
Ru of the pre-damaged specimens varied between 1.02-1.50
times that of the non-pre-damaged specimen. The ratio of the
initial stiffness Ke of the pre-damaged specimen to the non-pre-
damaged specimen was in the range of 0.36-0.58, and it
indicates that the pre-damage had a significant effect on the
initial stiffness. Because the primary aim of the proposed
strengthening method is to restore within a short period, it did
not repair cracks or crushing of columns that were caused by
preliminary loading. As a result, the stiffness decreases of the
column due to damage caused by the preliminary loading was
reflected in the initial stiffness of the main loading.

Among the specimens that were strengthened using the same
method, there were specimens with substantial differences in
concrete compressive strength and elastic modulus depending
on the age of the concrete. When comparing the maximum
strength of the specimens, the ratio of the experimental value to
the calculated ultimate strength was used to account for the
variation in concrete compressive strength. Table 9
demonstrates the ratios of experimental values to calculated
ultimate strengths for both non-pre-damaged and pre-damaged
specimens. The experimental values for non-pre-damaged
specimens are presented alongside the ratios. The calculated
values for pre-damaged specimens were determined using the
concrete compressive strength during the main loading, as
indicated in Table 7, without considering the damage to the RC
column before strengthening.

For strengthening type C-US, where the calculation assumes
that the UFC panel did not resist the axial force, the ratio of the
experimental values to ultimate strengths of C-US-M ranged
from 1.08 to 1.16, which was close to those of C-US ranging
from 1.08-1.17. C-USJ-M had a slight difference in ultimate
shear strength compared to C-USJ, but the difference was not
notable. Regarding the specimens with wing wall, a noticeable
difference between the ratios of wing wall of non-pre-damaged
specimens and pre-damaged specimens. The reason is assumed
to be the difference of axial force resistance in each portion due
to the damage to the RC column. The experimental value
divided by the calculated value for the entire specimen was 1.04
for C-USJ-UW-M and 1.06 for C-USJ-RCW-M, which falls
within the range of 1.06-1.08 observed in the non-pre-damaged
specimens. Therefore, it was assumed that the pre-damage had
no significant effect on the specimen’'s maximum strength.
However, further research is required to assess the deterioration
in axial stiffness of the specimen caused by the pre-damage to
the RC column.

Table 8: Comparison of ultimate drift ratio (Ru) and initial
stiffness (Ke) with non-pre-damaged specimen.

. C-Us-M/ C-USJ-M/

Specimen  C-US C-US C-USJ C-USJ

Ru (%) 2.011 1.07 2.005 1.50

Ke (kN/mm) 296 0.58 433 0.36
C-UsJ- C-USJ-

Specimen C-USJ- UW-M/  c-UsJ- RCW-M/

uw C-usJ- RCW  cC-USsJ-

uw RCW

Ru (%) 3.013 1.07 3.003 1.02

Ke (kN/mm) 778 0.43 776 0.44

CONCLUSIONS

Four 1/3-scale specimens were subjected to reversed cyclic
lateral load tests to determine whether the use of a UFC panel
in the RC column strengthening method was adequate for the
damaged column. After a preliminary loading of up to 0.5% of
the drift ratio that was measured according to the maximum
strength of the target column, the specimens were enhanced
with UFC panels. The findings of this study are summarized
below.

(1) From the comparison of seismic performance before and
after strengthening, the maximum strength of the specimens
increased by a factor of approximately 1.23-1.66. The
ultimate drift ratio of the strengthened specimens was
2.14% for C-US-M, a specimen without joints, and 3.01—
3.21% for the other specimens. The effect of the wing wall
on the ultimate drift ratio was insignificant compared to C-
USJ-M, a specimen without the wing wall. The initial
stiffness of the specimens without the wing wall was 0.54—
0.76 times before strengthening, and there was no
restoration effect for the initial stiffness. The ratio of the
initial stiffness of the specimens with the wing wall was
approximately 0.98-1.16, which is equivalent to or greater
than that of the specimen before strengthening.

(2) The maximum strength and ultimate drift ratio of C-US-M
were less than those of C-USJ-M by factors of 0.91 and
0.71, respectively, while the initial stiffness was greater
than that of C-USJ-M by a factor of 1.09. It was observed
that the stress was adequately transferred to the UFC panel
through post-installation anchors and epoxy adhesive. The
ultimate drift ratio of specimens with the wing wall differed
slightly from C-USJ-M by approximately 1.02-1.07.
However, the maximum strength and initial stiffness were
1.20 and 2.12-2.15 times, respectively, confirming the
effect of the wing wall on strengthening.

(3) The experimental values of the specimens were compared
with the calculated values without considering the damage
in the preliminary loading. The smallest value among the
calculated ultimate flexural and shear strengths was the
ultimate flexural strength for all specimens. The ratios of
experimental values to calculated values were 1.00-1.16 for
the column strengthened with UFC panels and 1.04-1.35
for the wing wall. All specimens had shear cracks in the
UFC panel of the column when their maximum strength
was measured. It was assumed, however, that they exhibited
flexural-dominant behaviour because the upper and lower
ends of the column were severely damaged, and the load
capacity of all specimens gradually decreased.

(4) The ultimate drift ratio, initial stiffness, and maximum
strength of pre-damaged and non-pre-damaged specimens
with the same target column and strengthening method
were compared. The ultimate drift ratio was 1.02-1.07



Table 9: Ratios of experimental value to calculated value of non-pre-damaged and pre-damaged specimens.
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Specimen C-US C-US-M
c-usQmu c-usQmu
Experiment - .
Part (k,\'?) Simplified "% | cusQa Simplified CSS | cusQu
method sectiona method sectiona
analysis analysis
Column + UFC panels 589 1.08 1.17 1.08 1.08 1.16 1.08
Specimen C-USsJ C-USJ-M
. c-usiQmu c-usiQmu
Part Ekxl\? eriment c-UsiQsu c-usiQsu
(kN) ©) @ @ @
Column + UFC panels 729 1.03 1.10 1.09 1.01 1.07 1.03
Specimen C-USJ-uw C-USJ-UW-M
. c-usiQmu c-usiQmu
Part EkX,\FI) eriment c-UsIQsu c-usIQsu
(kN) @) @ @ @
Column + UFC panels 601 0.97 1.02 0.94 0.99 1.05 1.01
Experiment UWQmu UWqu UWQmu UWqu
(kN) ) @ © @ @ @ © @
UFC wing wall 142 1.20 1.24 0.51 0.61 1.01 1.04 0.46 0.53
All 743 1.06 1.04
Specimen C-USJ-RCW C-USJ-RCW-M
. c-usiIQmu c-usIQmu
Part (EkXI\FI); fiment c-UsIQsu c-usiQsu
©) (@) ©) @)
Column + UFC panels 701 1.03 1.08 1.05 0.95 1.00 0.95
(EkXI\FI); riment ReWQmu ReWQsu ReWQmu RewQsu
RC wing wall 135 1.10 1.11 1.37 1.34
All 836 1.08 1.06

Note: The concrete compressive strengths of the C-US, C-USJ, C-USJ-UW, the column of C-USJ-RCW, and the wing wall of C-USJ-RCW were
46.7,46.2, 44.9, 51.6, and 50.6 N/mm?, respectively. Other material test results are listed in [26].

() means no consideration of joint mortar and (2) means consideration of joint mortar.

times that of the non-pre-damaged specimens, except for
the case of C-USJ-M, wherein the value was 1.5 times that
of C-USJ. On the other hand, damage before strengthening
notably reduced the initial stiffness by a factor of 0.36-0.58.
Regarding the maximum strength, the ratio of the
experimental value to the calculated value was compared in
order to consider the difference in concrete compressive
strength. The ratios of C-US-M were nearly identical to
those of C-US. When comparing C-USJ and C-USJ-M,
there was a slight difference in the ratio for ultimate shear
strength but the difference was not notable. In the case of
specimens with wing walls, the experimental value divided
by the calculated value for entire specimen was 1.04-1.06,
which was comparable to the value of 1.06-1.08 for non-
pre-damaged specimens. Consequently, the effect of pre-
damage on the maximum strength was minimal.

(5) However, there is an observable difference in the wing wall
ratios between non-pre-damaged and pre-damaged
specimens in the case of specimens with the wing wall. The
cause is assumed to be a difference in axial force resistance
in each portion, resulting from the pre-damage to the RC
column.
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APPENDIX A

The ultimate flexural strength of C-US based on the simplified

method is given as follows:
(i) Nmin<N <0 (Al-a)

c.us M, =0.5a,0,0,D+0.5Ng,D

(ii) 0<N<Nb

N
CUSMU=0.5ago-yng+0.5ND[l—bDfI )

(i)  No<N<Nnax

cusM, ={0.58,0,9,D+0.024(1+,)(3.6—g,)bD’ f }[Hj
~ b

where c.usMu = ultimate flexural strength (N-mm);

N = axial force (N);

Nmin = axial tensile strength (= -agoy, N);

No = axial force in the balanced failure case (= 0.22(1 +
g1)bDf e, N);

Nmax = axial compressive strength (= 6Df’c + agoy, N);

D = depth of the column (mm);

b = width of the column (mm);

f’c = compressive strength of concrete (N/mm?);

ag = total cross-sectional area of the reinforcing bars (mm?);

oy = yield strength of reinforcing bars (N/mm?); and

01 = ratio of the distance between the center of the tensile rebar
and the center of the compressive rebar to the D (decimal).

The ultimate flexural strength of C-US based on the section
analysis method is given as follows:

Cc-Us Mu :ZTsidsi _chidsi _Ccﬂlxn 12+ ND/Z

where c.usMu = ultimate flexural strength of C-US (N-mm);

Tsi = tensile force of each tensile reinforcing bar (N);

dsi = distance from the extreme compression fiber to each
reinforcing bar (mm);

Csi = compressive force of the compressed reinforcing bar (N);
C. = compressive force of concrete (= 0.85fcab, N);

a = depth of equivalent rectangular stress block (mm) and a =
S1Xn;, mm);

p1 = factor related depth of equivalent rectangular compressive
stress block to the neutral axis depth (when f°c <28 N/mm?, f1
= 0.85, and when f’c > 28 N/mm?, 1 = 0.85 - 0.05(f"c - 28)/7 >
0.65); and

Xn = depth to neutral axis (mm).

(AL-b)
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30 Japan Building Disaster Prevention Association (JBDPA)
(2001). "Standard for Seismic Evaluation of Existing
Reinforced Concrete Buildings”. Japan Building Disaster
Prevention Association, Tokyo.

31 Itochu Techno-Solutions Co. L "FINAL/V11".

2 Mukai T, Fukuyama H, Suwada H, Shirai K and Kinugasa
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The shear strength at the ultimate flexural strength of C-US is
given as follows:

c-us Qmu=2c_us Mu/ho

where c-usQmu = shear strength at the ultimate flexural strength
of C-US (N); and
ho = clear height of the specimen (mm).

(Al-c)

The ultimate shear strengths of C-US and UFC panels are given
by

(A2-3)

=W s

_[0.068p°%(f ", +18)
ST M/(Qd)+0.12

C-US su

+0.85 pwawy+0.1ao}bj (A2-b)

us qu = z-ufc Ajs

where c-usQsu, cQsu and usQsu = ultimate shear strengths of C-
US, the RC column, and UFC panels, respectively (N);

pt = tensile reinforcement ratio (tensile rebar is defined as the
second bar from the end, %);

M/Q = shear span length (mm);

d = effective depth of column (mm);

M/(Qd) = shear span-to-effective depth ratio (when M/(Qd) <1,
M/(Qd) = 1 and when M/(Qd) > 3, M/(Qd) = 3);

pw = shear reinforcement ratio, (pw = 0.012 for pw > 0.012,
decimal);

owy = yield strength of shear reinforcing bars (N/mm?);

oo = axial stress in the column (= N/(bD), When 60> 0.4f"c, oo =
0.4fc, N/mm?);

j = distance between the centroids of tension and compression
forces (=7d/8, mm);

zufe = shear strength of UFC (12 N/mm?); and

Aus = total cross-sectional area of UFC panels (mm?).

(A2-c)

The shear strength at the ultimate flexural strength of C-USJ is
given by

cuaM, =2 T,d, =D C,d; —C X,/ 2-C,x, /3+ND/2 (A3-a)

c-usy Qnu =2¢_usy Mu/ho

where c-usiMy = ultimate flexural strength of C-USJ (N-mm);
Cus = compressive force of the UFC panels (Cus
2tus ‘ecuBuicxn/2, when the UFC was elastic, and Cus
2tus 'eculEmXn/2 when the joint mortar was elastic, N);

tus” = thickness of the end of the panel (mm);

&cu = extreme compression fiber (= 0.003);

Em = Young’s modulus of the joint mortar (N/mm?); and
c-usiQmu = shear strength at the ultimate flexural strength of C-
USJ (N).

(A3-b)
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The ultimate shear strengths of C-USJ and UFC panels are
given by

C-USJ su = Cqu *+ussYsu (A4_a)

10y Qu =0.5v,0.,. 2t X 5in 20 (Ad-b)
D

X, = X(l+ 277) (Ad-c)

4D-x,

180

0 =tan (A4-d)

where c-usiQsu and usiQsu = ultimate shear strengths of C-USJ
and UFC panels, respectively (N);

vo = effective strength factor (vo=1.0);

oufe = compressive strength of UFC (N/mm?);

tus = thickness of the middle part of a UFC panel (mm);

Xn = neutral axial depth of the UFC panel (mm);

n = axial ratio of UFC panels (17 = Nus/(tusDoutc), decimal);

0 = angle of the strut mechanism (rad); and

D and L are the depth and length of the UFC panel, respectively
(mm).

The shear strengths at the ultimate flexural strength of C-USJ-
UW and the UFC wing wall are as follows:

c-uss—uw Qo = c-uss Qs + uw Qi (A5-a)
o0 Qe =(ow My + oMy ) /1y (A5-b)
ow My =Co (D= X /3)+N,,D/2 (A5-c)
oMy, =—Co(D+ %, /3)+N,,D/2 (A5-d)
cuw:Nuwzéaufc wXoty or CUW:NUW:%% Wty (AB-e)

c.=0, +69(1—I/(ﬁtuw))(l— |/(ﬁDuw)) (A5-f)

where c-us;-uwQmu and uwQmu = shear strengths at the ultimate
flexural strength of C-USJ-UW and the UFC wing wall,
respectively (N);

uwMut and uwMub = ultimate flexural moments of the upper and
lower ends of the UFC wing wall (N-mm);

Cuw = compressive force of the UFC wing wall (N);

Duw = depth of the UFC wing wall (mm);

uwXn = neutral axis depth of the UFC wing wall (mm);

tuw = thickness of the UFC wing wall (mm);

omec = compressive strength of the joint mortar when the
constraint area is considered (N/mm?);

om = compressive strength of the joint mortar (N/mm?); and

| = height of the joint mortar (mm).

The ultimate shear strength of C-USJ-UW can be expressed as
c-ust-ow Qo = c-uss Quu + uw Quu (A6-a)

ow Qe =0.5V 0. thw X, SIN 26 (A6-b)

ufc "uw uw”n
Xy = %(1 +2n) (A6-c)

0=tan?Pm—wXe T (A6-d)
L, 180

where, c-usi-uwQsu = ultimate shear strength of C-USJ-UW (N);
c-usiQsu and uwQsu = shear strengths of the column strengthened
with UFC panels and a UFC wing wall, respectively (N);

tuw = thickness of the UFC wing wall (mm); and

wXn = neutral axial depth of the UFC wing wall, which is
identical to C-USJ (mm).

The shear strengths at the ultimate flexural strength of C-USJ-
RCW and the RC wing wall are as follows:

c-usa-rew Qru = c-uss Qonu + row Qnu (A7-3)
rew Qi =(row M+ rewMuy )/ g (A7-b)
rew M =Cow (Do =B, rew %0/ 2)+ N, D/2 (A7-c)
rew Mip == Cro (D+ 8, "1 %0 /2)+N,,,D/2 (A7-d)
Crow=N,,=0.85_, T ' B 1o X trcw (AT7-¢)

where c-usi-rewQmu and rewQmu = shear strengths at the ultimate
flexural strength of C-USJ-RCW and the RC wing wall,
respectively (N);

rRewMut and rewMup = ultimate flexural moments of the upper
and lower ends of the RC wing wall (N-mm);

Crew = compressive force of the RC wing wall (N);

Drew = depth of the RC wing wall (mm);

p1” = factor relating depth of equivalent rectangular
compressive stress block to the neutral axis depth of the RC
wing wall (when fc < 28 N/mm?, f1’ = 0.85, and when f7c >
28N/mm?, 1" = 0.85 - 0.05(rcuf"c - 28)/7 > 0.65);

rewXn = neutral axis depth of the RC wing wall (mm);

trew = thickness of the RC wing wall (mm); and

rewf ¢ = concrete compressive strength of the RC wing wall
(N/mm?),

The ultimate shear strength of the C-USJ-RCW can then be
expressed as

c-uss—rew Qs = c_uss Quu + rew Quu (A8-a)

Q _ 0'068I'CW pto‘zs(rcw f IC +18)+
VTl (MIQ),, [ dy, +0.12

085‘\' row P> ronOwy +O‘:I'rr:wao}trcwjrcw (AS'b)

where c-usi-rewQsu = ultimate shear strength of the C-USJ-RCW
(N);

c-usiQsu and rewQsu = ultimate shear strengths of the column
strengthened with the UFC panels and the RC wing wall,
respectively (N);

rewPt = tensile reinforcement ratio (%);

(M/Q)rew = shear span length of the RC wing wall (mm);

drew = effective depth of the RC wing wall (mm);

rewPw = Shear reinforcement ratio of the RC wing wall (decimal);
rewowy = Yield strength of shear reinforcing bars of the RC wing
wall (N/mm?);

rewoo = axial stress in the RC Wlng wall (= Nrcw/Arcw, N/mmz,
Arew = cross-sectional area of the RC wing wall, mm?); and
jrow = distance between the centroids of the tensile and
compressive forces (= 7/8drew, mm).



