<RNEL

;f Kobe University Repository : Kernel

R
4ope

PDF issue: 2026-08-11

Seismic Behavior and Evaluation of Concrete
Members Made of A Large Quantity of Fly Ash

Wang, Junhua

(Degree)
B (%)

(Date of Degree)
2016-09-25

(Date of Publication)
2017-09-01

(Resource Type)
doctoral thesis

(Report Number)
867345

(URL)
https://hdL. handle. net/20.500. 14094/D1006734

X HAVFT VY RMARZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRHACEIW,

KOBE

\j].\]\'l:lihl'[ Y
J

%)



(BIAERRN 3)

NS DE S

K 4 E#E

Seismic Behavior and Evaluation of Concrete Members Made of

A Large Quantity of Fly Ash

T53AT viak KRERE LT RCEM O ENERE
A AR

REHA #_EF

(R4: E #®FE NO.

1. Background

Modern industry . development has brought massive wealth, meanwhile it has also
caused serious environment problems such as greenhouse effect and air pollution, and
more serious industry resource shortage. Therefore, building sustainable society which
can save energy, consume less carbon and protect environment has gradually become
the consensus in the world in the 21% century. As the field corisuming lots of resource
and energy, researchers and designer in civil engineering are also devoting their efforts
to make some contributions to the development of sustainable society.

It is well known that, the thermal power generation produces huge amount of dust, more
than 90 percent of which is fly ash, causing a series of environment problems. Therefore,
there will be significant society meaning for the sustainable development in the use of
the fly ash in the civil engineering construction as the substitute of other resources such
as cement and sand, since this utilization of fly ash can reduce the environment
problems stated above and save the resources and energy.

In the last several decades extensive researches on fly ash concrete as a kind of energy
saving material have been comprehensively conducted in the world. Since 1950s, fly
ash has found its wide applications in cement and concrete industries. In North America,
fly ash has been used mainly as a supplementary cementitious material in the production
of Portland cement concrete at replacement levels ranging from 15% to 30% by mass of
the total cementitious material. Since 2000, high volume fly ash concrete with fly ash
replacement level larger than 30% has gained increasing attention from the standpoint
of reducing environmental burden caused by the production of cement. In Japan, the last
two decades has seen the recycling ratio of fly ash increase from 67% to about 97%
with about 65% of fly ash being used as raw material for Portland cement. On the other
hand, while the annual domestic consumption of Portland cement declined from its peak
of 86.5 million tons in 1990 to 43.7 million tons as of 2013.

However, the thermal power generation is boosted due to the security consideration
after 3.11 Eastern Japan Earthquake in 2011, and the amount of fly ash produced by
thermal power generation is gradually increasing, while the cement production, the
main filed to consume fly ash now, is decreasing because of the depressed construction
market. This fact implies that further use of fly ash as raw material for cement can no
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longer be expected in Japan. A new application of fly ash is desirable.

From the viewpoint of maximizing environmental and economic benefits
simultaneously, Matsufuji et al have proposed to utilize fly ash to partially replace fine
aggregate and make high-performance structural concrete. Through extensive
experimental works, Matsufuji et al demonstrated that compressive strength of the
concrete with fly ash partially replacing not Portland cement but sand kept increasing
along with the fly ash content till the replacement level reached 640 kg/m® if the
concrete mixture met the minimum requirements prescribed in JASSS for structural
concrete. Matsufuji et al have also developed an empirical formula to predict
compressive strength of the concrete with fly ash partially replacing fine'aggregate, and
verified that the optimum upper replacement level of fly ash would be about 455 kg/m®
without compromising workability and casting of the produced concrete. The advantage
of the method proposed by Matsufuji et al. to largely use fine fly ash lies in that it could
provide high concrete strength and sounder durability simultaneously, and reduce the
amount of sand from river, mountain and sea, which significantly contribute to mitigate
environmental burden by concrete industry.

As compared with steel structures and wood structures, concrete structures are still most
widely used in the world due to good structural performances, excellent durability, fire
resistance efficiency, and high cost performance. However, concrete structures have
inherent shortage such as brittle characteristics. The method increasing the amount of
stirrups in the concrete structure has been proposed in current concrete structural design
codes in many countries to improve the ductility of concrete, and the largest spacing of
stirrup has been limited to 100mm.

It has been found that the performances of many buildings designed according to
current design codes can attain the goal of life safety, but some buildings can’t reach
that goal although they were designed by ductility design method as summarized in the
survey reports of observed damage of buildings in recent mage-earthquakes such as the
2008 Sichuan Earthquake and the 2011 Eastern Japan Earthquake. In addition, several
buildings which didn’t collapsed during the earthquakes had to be demolished because
the residual deformation of them was so large that they couldn’t been used anymore or
the repair costs would be very expensive. These phenomenon indicates that ductile
concrete structures could no longer be regarded as the only solution for the buildings
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constructed in earthquake-prone regions. From the lessons from the 1995 Kobe
earthquake, Ohtani and Kawasima pointed out the importance of limiting the residual
deformation in 1997, respectively.

Based on the backgrounds described above, a new type of building structure needs to be
developed to mitigate the environmental burden and enhance the robustness and
reparability of buildings structures. In other words, sustainability and resilience shall be
two key words for the next generation of building structures located in seismic regions.

2. Objectives and scope

On the basis of the above-mentioned backgrounds and reviews of previous studies, it is
reasonable to presume that the utilization of LQFA in concrete and the use of ultra-high
strength SBPDN rebar as longitudinal steel in concrete columns are a feasible way to
the development of sustainable and resilient concrete components.

Objectives of this doctor dissertation are to develop a new type of sustainable and
resilient concrete columns and experimentally investigate their seismic performance, to
propose design equations for predicting ultimate shear strength and deformation of
concrete components made of LQFA, to develop a skeleton model for the pro'posed
concrete columns, and finally to propose a cyclic loop model of the proposed columns.

The concrete contents of this doctor desertion are summarized as follows:

1) Experimental investigation of seismic behavior of circular concrete cantilever
columns made of LQFA and reinforced with SBPDN rebars to- clarify if the LQFA
concrete beams can exhibit the same resilience as the conventional circular concrete
columns and if the resilience may change due to the increased compressive strength of
LQFA concrete. These columns simulates the columns at the lower stories of high-rise
frame structures, which are expected to exhibit a strong column-weak beam lateral
resistance mechanism.

2) Experimental investigation of seismic behavior of circular concrete columns made of
LQFA and reinforced with SBPDN rebars under double-curvature deformation. These
columns simulate the columns in a frame expected to exhibit the weak column-strong
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beam failure mechanism, which was well observed in low- and middle-rise building

structures damaged during recent strong earthquakes.

3) Proposal of design equations to calculate the ultimate shear strength and
corresponding drift or chord rotation of LQFA concrete beams. These proposed
equations are intended not only for LQFA concrete beams but also for LQFA concrete
columns. With the proposed equations, one can conduct reasonable and reliable design
of the developed sustainable and resilient concrete columns.

4) Modeling of skeleton curve of lateral force versus drift ratio relationship for circular
LQFA concrete columns. In this paper, the model will be referred to as capacity curve,
which is indispensable in performance-based design of the proposed sustainable and
resilient concrete columns.

3. Format of the doctor dissertation

This doctor dissertation comprises six chapters. Each chapter deals with one of the
above-mentioned issues except chapter one and chapter six. Core points of each chapter
are written below:

Chapter one introduces backgrounds of this doctor dissertation, reviews previous study
in the literature, and presents research objectives and research issues.

Chapter two is devoted to the investigation of seismic behavior of circular concrete
cantilever columns. Four specimens were fabricated and tested under combined
reversed cyclic loading and constant axial compression. Experimental variables were
the type of longitudinal rebar and the confinement method. All specimens were 250mm
in diameter and had shear span ratio of 2.0. Two specimens were reinforced by eight
SBPSN (12.6mm in nominal diameter) rebars, and two specimens by eight
high-strength deformed USD685 rebars. Longitudinal rebars were uniformly distributed
along the perimeter of column section with concrete shell of 30mm and gave steel ratios
of 2.05% and 2.07%, respectively. Objectives of this experimental work are to
investigate effect of the high compressive strength of LQFA concrete on the resilience
of columns, and to verify effectiveness of partial confinement of columns by steel plates
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on seismic capacity of high-strength concrete columns.

Chapter three presents experimental study on seismic performance of circular LQFA
concrete columns under double curvature deformation. Four circular columns with
diameter of 250mm were made and tested under reversed cyclic loading while the axial
load was kept constant. All specimens were made of concrete with fly ash replacement
of 455 kg/m3 of sand and partially confined by circular steel plates within end region of
375mm from the column base. Experimental variables were the connecting method of
steel plates for confinement, the type of longitudinal rebars (USD685 and SBPDN) and
the anchorage length of SBPDN rebars within the loading stubs. The shear span ratio
and axial load level expressed in terms of axial load ratio were kept cpnstanf for all
specimens and had values of 2.0 and 0.33, respectively.

Chapter four describes an experimental program to investigate shear behavior of LQFA
concrete beams. Emphasis of the program was placed on the assessment of ultimate
shear strength and deformability of LQFA concrete members, whose shear capacities
have been little known because the use of fly ash in large quantities leads to high
strength concrete that tends to fail after the yielding of longitudinal rebars. To obtain
experimental information on the ultimate shear capacities of LQFA concrete members,
the SBPDN rebars were used as tensile steels for all twenty specimens, all of which
were prismatic beams with rectangular section of 250 x 150 mm. Experimental
variables among specimens were the shear span ratio of beams (1.0 — 4.0) and the steel
ratio of tensile rebar (0.76%, 1.14%). Based on the test results, the equilibrium of forces
acting on the diagonal shear plane and Mohr-Coulomb failure criterion for LQFA
concrete, a complete shear strength model is developed and its validity and accuracy is
verified by comparing the experimental results with the calculated results.

A skeleton envelop curve is developed in Chapter five for circular LQFA concrete
columns. The capacity curve model is developed on the basis of the test results
described in Chapters two and three of this dissertation. The proposed model takes
effect of slippage of SBPDN rebars on capacity curve into consideration. Test results
described in this study are used to verify validity and accuracy of the developed model.

Chapter six summarizes all findings and observations obtained through Chapters two
and five, and presents several future issues concerning with the proposed sustainable
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and resilient concrete components.

4. Conclusion

1. In chapter 2, four circular concrete cantilever columns were tested to investigate
effects of combination of a large quantity of fine fly-ash, ultra-high-strength rebar with
low bond strength, and confinement by thin steel plates, on seismic behavior of concrete
columns under single-curvature deformation. From the experimental results described in
this chapter, the following conclusion can be drawn.

(1) Combination of a large quantity of fine fly-ash, ultra-high-strength rebar with
low bond strength, and confinement by thin steel plates is a simple but effective method
to create robust and resilient concrete components. The circular LQFA concrete
cantilever columns with SBPDN rebars and under axial compression with axial load
ratio of 0.33 showed higher resilience than the columns with USD 685 rebars.

(2) While high compressive strength of concrete due to high fly ash replacement
level of 455 kg/m® reduced deformability or stability of LQFA concrete columns,
utilization of SBPDN rebars as longitudinal rebars and proper confinement by spirals
could ensure stable increment of lateral resistance up to the drift level of 0.04 rad.
Confinement by steel plates in lieu of spirals could further enhance that drift level up to
0.05rad.

(3) Utilization of USD 685 rebars could ensure LQFA concrete columns stable
response and higher early lateral resistance until R=0.025 rad. The high bond-strength
of USD rebar, however, tended to cause yielding of it earlier than SBPDN rebar,
resulting in degradation of lateral resistance of the columns after R=0.025 rad. Even the
confinement by steel plates could not enhance this critical drift level.

(4) Residual drift angle, a well-known and adopted indicator for the reparability of
concrete components, was primarily dependent upon if the longitudinal rebars yielded.
Confinement method exhibited little, in any, influence on the residual drift angle. Once
longitudinal rebars commenced yielding, tensile or compressive, the residual drift
would increase at a much higher rate than that before the yielding, which implies that
delay of the yielding of longitudinal rebar is crucial to the resilience of concrete
members.
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2. In chapter 3, four circular columns were fabricated and tested to investigate
robustness and resilience’ of circular LQFA concrete beam-columns reinforced with
SBPDN rebars and confined by thin steel plates. From the experimental results
described in this chapter, the following concluding remarks can be made.

(1). Combination of a large quantity of fly-ash, ultra-high strength rebar with low
bond strength and confinement by thin steel plates is a simple and. effective method to
make sustainable and resilient concrete beam-columns.

(2). While compressive strength of LQFA concrete was beyond 70MPa,
combination of SBPDN longitudinal rebar and partial confinement by thin steel plates
could ensure circular LQFA concrete beam-columns sufficient resilience until drift
angle reached 0.05rad even when the columns were under relatively high axial
compression with axial load ratio of 0.33.

(3). Uniting steel plates by bolts and nuts to form a steel tube could provide high
strength concrete the same confinement effect as the welded steel tube. When using thin
steel plates to confine high-strength concrete, the bolted tube can work more reliably
that the welded tube, which has a risk of rupture near the welding portion at large
deformation.

(4). To ensure LQFA concrete beam-columns a resilience up to 0.05 rad, the tie
plate should be embedded at the contra-flexure section of column to anchor SBPDN
rebars and reduce their slippage.

(5). Shorting the anchorage length of longitudinal bar within beam-column joint
had little, in any, influence on the overall seismic performance of LQFA columns.

3. In chapter 4, twenty concrete beams were tested under combined shear and bending
in order to obtain basic information on the shear behavior of LQFA concrete beams with
emphasis placed on the evaluation of ultimate shear strength and deformability. The fly
ash was used to primarily replace fine aggregate and the replacement level of fly ash
was 455 kg/m® for all specimens. Based on the test results, a complete shear capacity
model were developed to trace the variation of shear resistance of LQFA concrete
members along with deformation (chord rotation or drift ratio). From the experimental
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and analytical works described in this chapter, the following conclusions can be drawn:

1) While the compressive strength of LQFA concrete was beyond 70 MPa, shear
failure of LQFA concrete beam occurred along a primary diagonal plane by about
45-degree with respect to the beam axis as observed in general normal-strength concrete
beams despite the difference in the shear span and the steel ratio of hoop.

2) The shear resistance by the concrete in LQFA concrete beams was strongly
affected by the shear span (a/d) ratio, a factor indirectly accounting for the so-called size
effect of structural member on the concrete strength. For the short LQFA concrete
beams with the a/d ratio of 1.0, the ultimate shear strength and chord rotation depended
more upon the shear span ratio than the steel ratio of hoop. Increasing the steel ratio of
hoop from 0.19% to 0.76% only brought about 10% increment in ultimate shear
strength and chord rotation. On the other hand, for the LQFA concrete beams with the
a/d ratio larger than 1.5, the ultimate shear strength and chord rotation increased
significantly along with the steel amount of hoop.

3) Based on the equilibrium of the forces acting on the diagonal shear plane and
Mohr-Coulomb criteria for LQFA concrete, equations (Eq. (4-7) and Eq. (4-8)) were
developed to predict the ultimate shear strength of rectangular and circular LQFA
concrete members, including beams and columns. These equations can reasonably and
accurately account for effect of the shear span ratio on the shear resistance by LQFA
concrete, and give more accurate prediction of the measured shear strength than the
equations prescribed in current design codes. The ratio of the experimental/calculated
shear strength has a mean value of 1.02, and a standard deviation of 0.14.

4) The ultimate chord rotation or drift ratio of LQFA concrete members exhibited
very strong correlation with the factor f, which is the ratio of the calculated shear
strength to the calculated flexural strength. A linear equation (Eq. (4-9)) was proposed
to predict the ultimate deformation. The proposed equation gives a relatively accurate
prediction of the measured results. The ratio of the experimental/calculated deformation
has a mean value of 0.99, and a standard deviation of 0.21.

5) On the basis of test results of LQFA concrete beams which failed in shear, a
complete shear capacity curve for LQFA concrete members was developed. The
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proposed model defines. the shear resistance of LQFA concrete members as a
multi-linear function of drift ratio or chord rotation, and hence can trace the change or
degradation of shear strength along with deformation. The predicted shear capacity
curves exhibited fairly good agreement with the measured results of both rectangular
LQFA concrete beams and circular LQFA concrete columns, which implies reliability
and accuracy of the proposed model.

- 6) Due to their simplicity and accuracy, the proposed equations enable structural
engineers to conduct reasonable and reliable shear design of LQFA concrete members,

. promoting the application of LQFA concrete to building structures and contributing to

reducing environmental burden by concrete industry.

4. In chapter 5, in order to develop a simple model to depict the capacity curve of
circular LQFA concrete columns reinforced by SBPDN rebars that are expected to
behave in a stable manner till large drift under seismic loading, an andlytical method is
proposed. This method can distinguish contribution of potential displacements to the
total deformation of concrete columns, either made of deformed rebar or SBPDN rebar.
Based on the proposed method, the monotonic lateral resistance versus drift ratio
relationships are investigated. In addition, to help structural engineers to obtain prompt
and reliable capacity curve for the LQFA concrete columns, a simplified semi-empirical
model is proposed. From analytical works described in this chapter, the following
conclusions can be drawn.

1. Based on the assumption that the displacement due to slippage of tensile
SBPDN rebar is primarily induced by the elongation of the tensile rebars within the
loading stub or beam-column joint, the proposed analytical method to depict the
capacity curve of LQFA concrete columns can give very good prediction of the
experimental curves up to large deformation.

2. The displacement due to slippage of tensile steels varies along with the bond
strength and confinement degree. For the columns with deformed rebars, the
displacement due to slippage of tensile steels occupies 10% to 40% of the total
displacement. The stronger the confinement by transverse steels, the smaller the
displacement due to slippage. On the other hand, for the specimens reinforced by
SBPDN rebars, the displacement induced by the slippage of tensile steels may reach
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60% - 70% of the total one before SBPDN rebar yields. Confinement degree has only
little influence on the displacement due to slippage because of the inherent low bond
strength of SBPDN rebar.

3. The simple semi-empirical multi-linear model involves an important
presumption that the peak lateral resistance of LQFA concrete columns will be reached
when the tensile rebars commences yielding, which coincides with the experimental
observations of the test specimens described in chapter two and chapter three of this
thesis. The model can account for effects both of confinement by transverse steels and
of slippage of tensile steels. The calculated capacity curves by the model agree
satisfactorily well with the measured curves till large drift level.

4. Due to its simplicity and accuracy, the proposed model can help structural
engineers to give a prompt and reliable prediction to the failure mode and ultimate drift
level of LQFA concrete columns, promoting the application of LQFA concrete into
building structures and contributing to the reduction of environmental burden by
concrete industry.
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