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1. Background

Concrete buildings constructed in earthquake-prone regions have been designed following the concept of
ductility since it was introduced in the 1950s. Though numerous people’s lives were saved from standing
concrete buildings, the severe damage and residual deformation of ductile concrete buildings in and after
earthquakes evidently demonstrated the low resilience of the quake-hit community. Motivated by the
growing need to build resilient communities in earthquake-prone regions, it is of great importance and

urgent to develop concrete components with high resilience.

Among several practical methods to achieve the resilient behavior of concrete columns, one simple and
effective method is to utilize weakly bonded ultra-high strength (WBUHS) rebars as longitudinal rebars.
Instead of ribs, the WBUHS rebars have spiraled grooves on their surface, giving a low bond strength that
is about one-fifth of that of deformed rebars, and a nominal yield strength of 1275MPa, resulting in a
much longer range of elasticity than normal-strength rebar. Plenty of investigations conducted by Sun et
al. demonstrated that concrete columns, square or circular, longitudinally reinforced by WBUHS rebars
could exhibit incessant increase of lateral resistance until so large a drift as at least 4.0% and quite good

self-centering behavior, indicating high resilience.

To avoid the early developed splitting cracks causing shear failure in square beam-column, the WBUHS
rebars were circularly arranged and the core was confined by spirals. However, the seismic performance
of this type of drift-hardening columns has not been fully understood. Moreover, the previous studies
regarding drift-hardening columns, experimental or numerical, have focused on flexural behavior.

Information on the shear behavior of drift-hardening columns is scarce.

2. Objectives and scope

To date, though the efficiency of this type of square resilient concrete has been verified, its seismic
performance of it is still in a not fully understood state. Therefore, it gives rise to the need for further
information concerning the performance with respect to seismic-related indexes, including axial load ratio,
shear span ratio, reinforcement steel content. Note that the performance includes not only flexural
behavior but also shear behavior. As introduced previously in the review of the WBUHS rebar-reinforced
concrete columns, the information on both the circular and the square drift-hardening columns is scarce.

Therefore, it became one of the aims of this thesis.

The concrete contents of the research described in this thesis put particular emphasis on the following

four aspects:

(1) Experimental investigation on flexural behavior of the square drift hardening columns under
quasi-static cyclic loading and axial compression to simulate the behavior of this type of columns in
major earthquakes. Parameters expected to have a large influence on flexural behavior, including axial
load ratio, shear span ratio, longitudinal steel content and configuration of transverse reinforcement, are

to be discussed.
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(2) Parallel to the experimental investigation on the flexural behavior of the square drift-hardening

columns, a method taking the low bond behavior between the WBUHS rebar and the concrete into

account was developed to predict the lateral force-displacement response.

(3) Experimental investigation on Shear behavior of the square drift hardening columns under quasi-static
cyclic loading and axial compression. It is to be discussed with respect to axial load ratio and transverse

steel content.

(4) Parallel to the experimental investigation of the shear behavior of the square drift-hardening columns,
a theoretical mechanism curve of shear resistance for drift-hardening columns was developed to evaluate
the transient shear strength. According to the reinspection of the nature of shear resistance in reinforced
concrete columns, not only the flexural mechanical response but also the shear response is deeply

influenced by the contrasting mechanical properties—ultra-high yield strength and low bond strength.

3. Format of the dissertation

This dissertation consists of seven chapters, among which chapter one gives an introduction, chapter two
to six deals with the above-listed research scops, and chapter 7 gives a summary. Outlines of each chapter

are as follows:

1. Chapter one introduces the background and motivation of this research, reviews relevant literature on
developing resilient concrete columns, with particular emphasis on the drift-hardening column, and

presents the objectives and scope of the thesis.

2. Eight 1/3 scaled cantilever columns with eight WBUHS rebars (14.7 in nominal diameter, referred to
as U15 hereafter) evenly arranged around the inner perimeter of spirals were fabricated and tested under
constant axial load and quasi-static cyclic loading to expand the information regarding the seismic
behavior of square drift hardening concrete columns. The experimental variables are (1) axial load ratio
(10% and 21%), (2) shear span ratio (1.7 and 2.5, referred to as the short and tall specimen hereafter) and
(3) transverse steel content (0.60% and 1.07%). First, the experimental program, including dimension and
reinforcement details of specimens, materials properties of concrete and steel, instrumentation and test
setup, will be introduced. Then, the test results are analyzed and comparatively discussed in aspects of
damage propagation, strain observations, lateral force-displacement response, residual deformation and

energy-dissipating ability.

3. Aiming at providing fundamental shear information on the drift-hardening concrete columns, six short
1/3-scaled square columns (a/D=1.7) were fabricated and tested under constant axial load and quasi-static
cyclic loading based on the results in chapter two. The experimental variables are the axial load ratio and
transverse steel amount. The test results will be comparatively discussed in aspects of damage
propagation, strain observations, lateral force-displacement response, residual deformation and

energy-dissipating ability. Emphasis and efforts will be put into giving and explaining the shear-related
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Observations and findings, such as shear cracks propagation and parameters’ influence on shear behavior.
Parallel to the experimental work, ultimate shear capacity equations recommended in the AlJ standard

(AlJ, 2010), ACI 318-19-19 code, and China standard (GB50010-2010) will be adopted to evaluate the

shear capacity of the tested columns, and their accuracy and applicability will be examined.

4. Based on the experimental results introduced in chapter 2, four tall 1/3-scaled square columns (a/D=2.5)
were built and tested under constant axial load and quasi-static cyclic loading to comparatively
investigate the longitudinal reinforcement and configuration of transverse steel. Instead of eight WBUHS
rebars, twelve were used to give higher longitudinal steel content. The experimental results will be
introduced in the same procedure as chapter two and three. First, experimental-related details will be
present, then, discussions mainly in aspects of damage observation, hysteresis behavior and

energy-dissipating ability follow.

5. Chapter five presents an integrated analytical method to evaluate the cyclic lateral force-displacement
response of the square drift-hardening columns mentioned above. The numerical method is based on the
Finite Spring Method (FSM) to take the bond behavior between the WBUHS rebars and concrete into
account. First, the constitutive models for concrete, rebar and bond are introduced in detail. Then, the
procedures of this method will be given in detail. Finally, verification of this numerical method in
predicting the hysteresis response of the square drift-hardening concrete columns and discussion between

the predicted and tested results will be conducted.

6. Chapter six proposed a mechanism curve of shear resistance for evaluation of the transient shear
strength of the drift-hardening columns. This shear curve theoretically considers the attenuating nature of
shear resistance of concrete columns as a function of drift ratio, in which shear contribution from concrete,
transverse reinforcement and axial load are considered in an additive manner. The flow of this chapter is
structured as follows. First, review and examination on several shear curves for traditional RC columns is
given. Then the details of the proposed drift-hardening column-oriented shear curves are introduced
followed by the calibration of the parameters by experimental observations. Finally, the shear curve is to

verified, and the predicted failure points are to further discussed in comparison with tested ones.

7. Chapter seven summarizes observations and findings obtained in chapter two through chapter six,

followed by several future works or problems remaining to be further investigated and addressed.

4. Conclusions

This thesis consists of seven chapters. Except for chapter one, which presents backgrounds and
motivation, chapter two through chapter five cover the experimental and analytical works. The main
conclusions drawn in chapter two through six will be summarized as the conclusions made by the

doctoral thesis below.

In chapter two, aiming at expanding the knowledge of seismic performance on square concrete columns

reinforced by circularly arranged WBUHS rebars quasi-static experiment was conducted to investigate
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the influence of axial load ratio, shear-span ratio and transverse steel content on this type of columns.
Through the test results and discussions described in this chapter, the following conclusions can be

drawn.

1. All the tested spiral-confined square concrete exhibited stable hysteresis response, behaving in a
drift-hardening and sound self-centering manner regardless of the difference in axial load ratio,
shear-span ratio and transverse steel content until at least 4.0%. Both the drift-hardening and
self-centering behavior meet the two characteristics of the resilient concrete columns, high strength
reserve and high repairability. The stable drift-hardening and sound self-centering behavior also
demonstrate the hoop configuration adopted could effectively confine the concrete, consequently,
matching the ultra-high strength of WBUHS rebars. All the specimens were flexure-dominated until the
end of test, except two short specimens with low transverse steel amount (0.60%) that finally failed in

shear but at a larger drift than 5.0%.

2. All the specimens showed strong self-centering ability. When the drift ratio was below 2.0% drift, the
residual drift ratios of all specimens were restrained below 1/12 of the transient drift ratio. If the transient
drift ratio did not exceed 4.0% drift, the residual drift ratios were controlled under 1/7 of the transient
drift ratio with the exception of specimen S-N10D06, which failed in shear at a larger drift than 5.0%.
Even for specimen S-N10D06, the residual drift ratio at 4.0% was under 1/6 of the transient drift ratio.

3. Overall, all the specimens exhibited a nonlinear elastic feature with /.q around 0.08 before the 4.0%
drift. The A.q showed marginal sensitivity to spiral steel content and shear-span ratio while the axial load

ratio exhibited a slight influence on /q. The higher the axial load ratio was, the higher /.q was observed.

4. Neither anchorage failure at the top nor pull-out failure of WBUHS rebars in the bottom stub was
observed during the test, evidencing the sufficient anchorage strength of the mechanical anchorage
method adopted. Regarding the damage observations, except the two short specimens that failed in shear,
most damage, including cracks and spalling of cover, of all specimens localized at the footing of the

columns, showing the potential for quick repair.

In chapter three, aiming to give fundamental information on the shear behavior of square concrete
columns reinforced by circularly arranged WBUHS rebars, quasi-static cyclic loading experiment was
conducted to investigate the influence of axial load ratio and transverse steel content on this type of
columns. Moreover, a mechanism of shear curve was proposed to give the transient shear strength of the
drift-hardening column. Through the test results and discussions described in this chapter, the following

conclusions can be drawn.

1. All the specimens failed in shear but at relatively large drifts beyond 4.0% with quick strength
degradation and decreasing of stiffness. Though finally failing in shear, all the spiral-confined square
concrete columns exhibited stable hysteresis response featuring drift-hardening and sound self-centering
behavior regardless of axial load ratio and transverse steel amount, until when the shear failure was

imminent.
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2. Before the shear failure, when the drift ratio was under 2.0%, the residual drift never exceeded 1/10 of
the transient drift ratio. If the drift ratio was under 4.0%, the residual drift could be reduced to below 1/8
of the transient drift ratio. Upon shear failure, not only was the lateral force-resisting mechanism
destroyed, but the self-centering ability was lost as well. All the specimens experienced significantly large

residual drift after shear failure.

3. Overall, the /¢q of all specimens was around 0.08 until 4.0%, showing a nonlinear elastic behavior. The
influence of the spacing of the spiral on /eq cannot be measured. On the other hand, as the more damage
to concrete resulting from higher axial load, the higher axial load, the slightly higher energy dissipating
ability.

4. While they were designed to fail in shear, shear failure didn’t occur until the drift of 4.0% or more. The
higher the axial load and the less the spiral steel content, the smaller the drift at the onset of shear failure.

Moreover, the specimens with higher axial load experienced faster loss of strength.

5. Regarding the damage, diagonal shear cracks formed ahead of the impending shear failure, indicating
the position of the failure plane. It is the diagonal shear cracks that caused significant damage to both

cover and core concrete, considerably diminishing the repairability.

6. Assuming that the dilation of the core exerted pressure against spirals in the same way as hydrostatic
pressure, the dilation of the core cannot be ignored at large drift for specimens having higher axial load.
As much as about 20% and 10% of yield stain of spirals was used to restrain it at 4.0% for specimens

with 30% and 21% axial load respectively in this chapter.

In chapter four, aiming at expanding the knowledge of seismic performance regarding square concrete
columns reinforced by circularly arranged WBUHS rebars quasi-static experiment was conducted to
investigate the WBUHS rebar amount and hoop configuration on this type of columns. Through the test

results and discussions described in this chapter, the following conclusions can be drawn.

1. Regardless of axial load ratio, and transverse steel configuration, all the tested square spiral-confined
columns developed stable lateral load-displacement response featuring pronounced drift-hardening and
sound self-centering behavior until at least 4.0%, indicating high resilience. Especially, the two

specimens with ties experienced no strength degradation until such large a drift as 8.0%.

2. For all specimens, before 2.0% drift, the residual drift ratios of all specimens were restrained below
1/10 of the transient drift ratio. If the transient drift ratio did not exceed 4.0% drift, the residual drift ratios
were controlled under 1/8 of the transient drift ratio. At a larger drift than 5.0%, upon the two specimens
without ties—N10S and N21S—failed in shear, the plastic strain in spirals caused significant residual

deformation.

3. The higher the axial load, the slightly higher the energy dissipating ability. The transverse steel amount

also showed a similar influence that the specimens without ties had slightly higher /.q until 4.0% drift.
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Overall, the heq of all specimens was around 0.08 before the 4.0% drift, showing a nonlinear elastic

behavior.

4. The two specimens with ties exhibited flexure-dominated behavior until a larger drift than 6.0% in
terms of crack propagation and hysteretic responses. Meanwhile, the two specimens without ties
exhibited shear-dominated crack propagation, and failed in shear due to exhaustion of the shear-resisting
mechanism at 6.0% drift. Moreover, it was observed that the inclination of the main shear crack had an

angle of around 60 degrees.

5. Though stable hysteresis response until at least 4.0% was assured by 0.39% spiral steel amount, yield
of spirals earlier than 4.0% was observed at the flexural compressive side of the columns largely due to
the lateral deformation of WBUHS rebars. The higher the axial load ratio, the earlier the yield of spirals
was found. Besides, from the measured strain in the south direction, the earlier yield of spirals was
measured for N21ST, showing the deficiency of the transverse steel over the shear resistance. Therefore,
referencing the tested results in chapter two, it is recommended that the spiral steel amount be at least
0.80% to the 2.23% steel amount of WBUHS rebars. Moreover, considering the ties not only effectively
kept the cover concrete in place but also contributed to shear resistance, it is highly recommended that the

ties be used as a detailing requirement for building the drift-hardening square concrete columns.

In chapter five, to reasonably and reliably evaluate the overall seismic performance of square
drift-hardening concrete columns developed in the previous chapters, a numerical analysis method is
presented in this chapter. Utilizing fine constitutive models developed by Sun et al., the cyclic response
considering the bond slippage between WBUHS rebars was predicted and its reliability and accuracy
were comparatively discussed in terms of hysteresis response, residual drift ratio and energy dissipation.
Meanwhile, the strain in the WBUHS rebars was also given as evidence to discussions. From the
comparisons between analytical and tested results discussed in this chapter, the following conclusions can

be drawn.

1. The predicted hysteresis by the numerical method presented could accurately trace the loops of each
loading level until such large a drift as 4.0% regardless of axial load level, shear span ratio, transverse
steel amount and longitudinal steel amount. Because this method was initially developed for evaluating
the flexural behavior of concrete columns, closer predictions of hysteresis response for
flexural-dominated specimens were found as compared with the ones that shear was heavily coupled with

flexure.

2. The numerical method could trace the development of strain in WBUHS rebars until at least 4.0% with
satisfying accuracy, particularly for flexure-dominated specimens, which evidenced the high accuracy in
predicting the hysteresis curves. For specimens that failed in shear, this method is also reliable in giving

WBUHS rebars’ strain of loops before shear failure is imminent with an acceptable overestimation.

3. As for residual drift ratio, when the concrete strength was around 40MPa, which is consistence with the

concrete strength of the bond model adopted, numerical analysis showed quite good prediction of the
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residual drift ratio until 4.0%. When the concrete strength was around 50MPa, though the developing
trend of residual drift was also traced well until a large drift of 4.0%, the discrepancy between analysis
and test could not be ignored. This can be primarily due to the limitation of this bond model on concrete

strength.

4. Regarding the equivalent viscous damping coefficient—/eq, the numerical method tends to give an
underestimation of /g, while the developing features of /eq can be accurately captured. For example, the
attenuating of /eq at an early loading range of 0.25%-1.5% and the nonlinear elastic stage of /eq from
2.0%-4.0% drift, showing the reliability of this numerical method in the evaluation of the energy

dissipation of the square drift-hardening columns developed in this thesis.

In chapter six, a shear strength curve was proposed to give the transient shear strength versus drift ratio of
drift-hardening square concrete columns. The proposed model has advantages over the previous models

in two aspects:

1. This model gives the transient shear strength as a function of drift ratio, so it provides a convenient

way for the performance-based shear design of the drift-hardening columns.

2. As the transient shear contribution from concrete can be known by just measuring the strain in
WBUHS rebars, it becomes possible to monitor the real-time shear strength of drift-hardening concrete
columns of buildings in severe earthquakes and the aftershocks follow. This method opens a feasible way
to provide key information in quantifying the resilience of concrete buildings, which had been seen as one

of the most important ends to build resilient communities.

Three current code-prescribed formulas were examined by the tested drift-hardening columns in chapter
two. Then, based on the examination of current code-prescribed formulas and the proposed shear strength

curve, the following conclusions can be drawn.

1. Of three representative design equations for the shear capacity of general concrete columns, the AlJ
equation most conservatively evaluated the test results. The GB50010-2010 equation overestimated the
test results. However, the calculated shear capacities by the ACI equation are closest to the test results on

the unconservative side by about 7% on average.

2. A comparison between the measured and the calculated results indicated the proposed shear strength
curve predicted the shear strength at shear failure reliably and accurately with an average error of less
than 10.0% on the conservative side. Quite high accuracy was shown for specimens with 21% and 30%

axial load, the predicted shear failure points were quite close to the measured point.

3. The proposed model was also used to predict the shear strength curve of eight flexure-dominated
drift-hardening columns. Seven out of eight specimens’ shear strength curves run above the envelop

curves, and the maximum error for the unsuccessfully predicted one is under 12%.
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