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SUMMARY AND CONCLUSIONS

Summary

Based on the experimental studies and analytical studies in this research, the

summaries of studies are as follow:

Experimental Study

Test specimens were constructed by scaling down highway bridge piers. All specimens
had the same dimension of 400 mm X 400 mm and effective height of 1550 mm. The longitudinal
reinforcement consisted of 13 mm diameter deform bars with yield strength of 390 MPa. Tie
reinforcement is of 6 mm diameter round bars with yield strength of 245. The concrete strength is
in the range from 29.61 to 32.36 MPa. The tests were conducted at Kawashima laboratory of

Department of civil engineering, Tokyo institute of technology.

Two parameters were studied; 1) concentric loading and eccentric loading of constant
axial load with eccentricity, e/h = 0.15 2) the amount of lateral reinforcement was varied to
investigate its confining effect on strength and ductility. Tie reinforcement ratios percent of
specimens, O, = 0.09, 0.19 and 0.37 percent. These ratios were designed based on AASHTO with
non-seismic performance (specimens C1 and D1) and corresponding to 25% of the minimum total
cross-section area of rectangular hoops based on AASHTO with seismic performance for zone 3

for specimens Al, A2, B1, and B2.

Each specimen was subjected to the constant axial load approximately 0.074f A, to
0.085f A, and the cyclic lateral load. The cyclic loading history was controlled by applying the
lateral load to produce a step-wise displacement starting from 0.5% drift ratio and increasing the

cycle of displacement with an increment of 0.5% drift ratio until final failure.
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The behaviour of six bridge pier column models with different amount and arrangement
of tie bars subjected to constant axial load and cyclic lateral load was studied. The cyclic loading
tests and verification by fiber element analysis were conducted. The test results show the lateral
force and displacement at yield, maximum lateral force and maximum displacement and the
dissipation energy of the specimens. Based on Nadim, 1. et. al. (1999), the maximum displacement
(Au) was determined when the lateral force was unloaded to 75% of maximum lateral force. When
the compressive stress in core concrete on the descending branch was beyond 50% of the core
concrete peak stress, crushing of core concrete and buckling of longitudinal reinforcement
occurred. The column failure and Au was defined when the stress of core concrete on the
descending branch reached 50% of peak stress. The axial strain at 50% of f .. Was used to observe
Au of the specimens in the experiments. For each specimen, the lateral strain in concrete core at
failure is the axial strain times the Poisson ratio of 0.2. This is also the strain in the tie bars and the
drift ratios can be recorded. The measure ductility factor of specimens Al, A2, B1, B2 C1, and D1
were 6, 4.2, 7.6, 5.3, 2.7 and 3.7 respectively. The fiber element inelastic analyses using computer
program TDAP3 were conducted and compared with the experiment results. It can be observed

that the analytical behaviour is in reasonable agreement with experimental results.

It can be found that increasing the amount of tie bars does not affect the maximum lateral
load force and the yield lateral force. Increasing the amount of tie bars increases the maximum
deflection and dissipation energy of the specimens. The provided cross tie significantly prevents
the crushing of core concrete. The dissipation energy of specimens subjected to eccentric axial
loads is not significantly different from those specimens when the axial loads were concentric.
Finally, the criterion of limiting lateral strain in inner core gave satisfactory estimate of the

column deflection.

Analvtical Study

The analytical study on forty-two specimens simulated as cantilever bridge piers were
analyzed to investigate the strength and ductility of the columns. The specimens were subjected to

constant axial load and cyclic lateral load applied at the top of the columns by controlling the
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displacement step wisely started from 1% drift ratio until failure with an increment of 0.5% drift
ratio. The number of reloading and unloading was 3 cycles in each increment step. Hysteretic
behaviour responses were analyzed by TDAP3 program. The plastic hinge length of reinforced
concrete members are calculated based on Paulay and Priestley (1992). For inelastic material
behaviour, the stress vs. strain model of confined concrete was idealized based on Hoshikuma et al.
(1997) and the stress vs. strain model of vertical reinforcement was idealized based on Menegoto
and Pinto (1973). The same cross section is 400 mm X 400 mm and the compressive strength is
28 MPa. The yield strength of all reinforcement was 395 MPa (SD40 grade). The concrete
strength was 28 MPa. All specimens had the same dimension of 400 mm X 400 mm. The
parameters were investigated following; a) Tie reinforcement ratio, (0, 4 ,/sh ) are 0.19%, 0.37%
and 0.56%, b) Shear span ratio (//4) 2.5, 3.5 and 4.5, ¢) Axial load are O.OSfCAg, 0'12chg and
0.and eccentricity of e/h = 0.2 2f A, with eccentricity, e/h 0f 0.2, 0.3 and 0.4 and d) The vertical

reinforcement ratios were 1.13 and 2.01 percent.

The results show the comparison of the drift ratio at yield and at failure, ductility and

maximum moment and stress-strain behaviour of core concrete.

It was found that rectangular reinforced concrete columns with confined steel at
approximately 50 % of the minimum amount required by seismic provisions may exhibit moderate

ductility raging between 4 and 7 based on Wehbe et al. (1992).
Conclusions
For Thailand, bridges in the western and northern part of Thailand are located in moderate
seismicity with peak ground acceleration between 0.15g and 0.225g must be considered for the

amount of confinement steel provided for having ductility capacity.

Based on the experimental and analytical studies at reinforced concrete columns subjected

to low axial loads ranging between 0.0Sf A, and O.2f A, the conclusions as follow:
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1. Tie reinforcement amount required by the AASHTO non-seismic may exhibit low ductility
ranging between land 3.

2. To prevent the shear failure and premature bar buckling, tie reinforcement ratio at 0.40 percent,
which corresponds, to approximately 50 percent of the minimum amount required by the
AASHTO seismic provisions, exhibit moderate ductility being 4 for the columns with axial
force level less than 0. 12f /A, For increasing axial force level to be O2f /A, tie reinforcement
ratio must be increased to 0.6 percent to obtain the ductility ratio being 3.

3. Within the range of parameter included in this research, the calculated ultimate displacement
based on stress vs. strain model of core concrete proposed by Hoshikuma et al., (1997) was in
reasonable agreement with experimental results.

4. When the eccentric loading applied approximately with e/4 more than 0.2, the ductility factor
was decreased rapidly.

5. For the specimens tested, increasing the amount of tie bars does not affect the maximum
lateral load force and the yield lateral force whiles increasing the amount of tie bars increases
ductility and dissipation energy of the specimens. The cross tie bars tend to enhance the
ductility and dissipation energy and can reduce the tendency of outward exposing of tie bars
and preventing crushing of core concrete. However, when there is tendency that longitudinal
reinforcement will buckle between tie reinforcements (specimen C1); providing cross ties may

be effective in increasing the strength and ductility of columns.

Recommendations

1. Tie reinforcement ratio, O, required by the AASHTO non-seismic is not adequate for column
bridge piers in Thailand which is located in the moderate seismic zone.

2. For low axial force level ranging 0.0Sf /A, to 0.2f /A,, the minimum requirement of tie
reinforcement ratio, 0O, should be ranging 0.4 to 0.6 percent of the minimum amount required
by the AASHTO seismic provisions.

3. Cross tie reinforcement must be provided adequately for enhance the seismic performance.



124

LITERATURE CITED

ACI Committee 318. Building Code Requirements for Reinforced Concrete (ACI 318-95) and
Commentary (318R-95). American Concrete Institute, Farmington Hills Mich., 1995:

369.

American Association of State Highway and Transportation Officials, AASHTO 1992. Standard

Specifications for Highway Bridges 15" Edition. Washington, D.C.

, AASHTO 1996. Standard Specifications for Highway Bridges Division I-A Seismic

Design. Washington, D.C.

Applied Technology Council 32, 1996. Improved Seismic Design Criteria for California

Bridge. Provision Recommendations, Redwood City, California

ARK Information Systems, Inc. 2000. TDAP III Program. General —purpose 3-Dimensional
Dynamic Analysis Program for Civil Engineering and Architectural Use. TouPre

Building, Gobancho 4-2, Chiyoda-ku, Tokyo 102-0076

Blume, J.A., N. M. Newmark, and L. H. Corning. 1961 Design of Multistory Reinforced

Concrete Buildings for Earthquake Motion. Portland Cement Association, Chicago:

318

California Department of Transportation, CALTRANS 1983. Bridge Design Specifications, 1983

AASHTO with Interims and Revisions by CALTRANS. Sacramento, California

, CALTRANS 2001. Seismic Design Criteria, Version 1.2 December 2001, CALTRANS,

Sacramento, California



125

Fujii M., Kobayashi, K., Miyagawa, T., Inoue, S., and Matsumoto, T. 1988. A study on the
application of a stress-strain relation of confined concrete. Proc. JCA Cement and

Concrete. Vol. 42 Japan Cement Assn., Tokyo Japan: 311-314

Hoshikuma, J., K. Kawashima, K. Nagaya and A. W. Taylor. 1997. Stress-Strain Model for
Confined Reinforced Concrete in Bridge Piers. Journal of Structural Engineering,

ASCE, 123(5), 624-633

Kawashima, K., S. Fujikura and G. Shoji. 2001. Seismic Performance of Bridge Columns with

Interlocking Ties. Toward New Generation Seismic Design Methodology of Bridges

Kent, D. C. and R. Park. 1971. Flexural members with confined concrete. Journal Structural

Division, ASCE, 97(7), 1969-1990.

Jae, K. K., K. Ick-Hyun, L. Hyun-Woo, L. Jae-Ho and L. Ji-Hoon. Cyclic loading test of bridge
pier models without seismic detailing. The Eighth East Asia-Pacific Conference on
Structural Engineering and Construction. 5-7 December 2001. Nanyang Technological

University, Singapore Paper No. 1308

Penzien, J. Seismic Performance of Transportation Structures University of California,

International Civil Engineering Consultants, Inc., Berkeley, California, USA

Mander, J. B., M. J. N. Priestley and R. Park. 1988a. Theoritical stress-strain model for confined

concrete. J. Struct. Engrrg. ASCE 114(8): 1840-1826

s s and . 1988b. Observed stress-strain behavior of confined concrete. J.

Struct. Engrrg. ASCE. 114(8): 1827-1849

Menegotto, M. and P.E. Pinto. 1973. Method of Analysis for Cyclically Loaded R.C. Plane

Frames including Changes in Geometry and Non-Elastic Behavior of Elements under



126

Combined Normal Force and Bending, Proc. of IABSE Symposium on Resistance and
Ultimate Deformability of Structures Acted on by Well Defined Repeated Loads: 15-
22

Ministry of Interior, 1997 “Ministerial Regulations on Seismic Resistant Design” (in Thai)

Wehbe, N. I., M. S. Saiidi, and D. H. Sanders, 1999. Seismic Performance of Rectangular Bridge

Columns with Moderate confinement. ACI Structural Journal. 96-S2, March-April

1999

Paulay, T. and M.J.N. Priestley, 1992. Seismic Design of Reinforced Concrete and Masonry

Building. John Wiley & Sons. Inc., New York, 1992

Richart, F.E., A. Brandtzaeg, and R. L. Brown, 1925. A Study of the Failure of Concrete under
Combined Compressive Stress. University of Illinois Engineering Experimental

Station, Bulletin No.185: 104

Saatcioglu, M., and S. R. Razvi. 1992. Strength and ductility of confined concrete. Journal

Structural Division. ASCE. 118(6), 1590-1607

Sakai, J. and K. Kawashima, 2000. An Unloading and Reloading Stress-Strain Model for
Concrete Confined by Tie Reinforcements. Proc. 12th World Conference on

Earthquake Engineering. Auckland, New Zealand:

Sakai, J. and K. Kawashima. 2001. An unloading and Reloading Stress-Strain Model for Concrete
by Tie Reinforcements. Toward New Generation Seismic Design Methodology of

Bridges

Sheikh, S. A., and S. M. Uzumeri. 1982. Strength and ductility of tied concrete columns. Journal

Structural Division. ASCE. 106(5): 1079-1102.



127

Sheikh, S. A., and S. M. Uzumeri. 1982. Analytical model for concrete confinement in tied

column. Journal Structural Division. ASCE, 108(12), 2703-2722.

Standard Association of New Zealand. 1982. Code of Practice for Design of Concrete

Structures. NSZ 3101 Part 1:1982, Wellington, New Zealand

Warnitchai, P. and A. Lisantono. 1996. Probabilistic Seismic Risk Mapping for Thailand. Proc.
of the Eleventh Conference on Earthquake Engineering. Acapulco, Mexico, June

1996: 23-28.

Watson, S., Zanhn, F.A.; and Park. R., 1994 Confinement Reinforcement for Concrete Columns.

ASCE Journal of Structural Engineering, Vol. 120, No. 6, June 1798-1823.

Zahn, F.A., R. Park, M. J. N. Priestley and Chapman, H., E., 1986. Development of Design
Procedures for the Flexural Strength and Ductility of Reinforced Concrete Bridge Column.
Bulletin of the New Zealand National Society for Earthquake Engineering V.19, No.

3, Sept. 1986: 200- 202.



