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Abstract

How much construction cost could be saved by rearranging lateral reinforcement of highway
bridge piers from conventional rectangular hoops with cross ties to interlocking hoops or spirals
was investigated through trial calculations.

In the calculations, ten bridge piers having different weight superstructures and different pier
heights, which were already designed with conventional lateral reinforcement, were selected and
re-designed for interlocking reinforcement. The total quantities of construction material before and
after rearrangement were compared and the cost was estimated in each case. Details of interlocking
reinforcement required for the design were also briefly discussed.

Finally, effective application pattern of interlocking reinforcement to highway bridge piers in
terms of cost and detail were demonstrated.

Introduction

After the 1995 Kobe carthquake, the importance of lateral confinement of core concrete in
bridge columns was highlighted yet again. For ductile response under severe earthquakes, a large
amount of lateral reinforcement 1s required for better seismic design. Consequently, the congestion
of reinforcing steel may cause not only an incomplete concrete casting but also an increase in
construction cost due to the additional labor and steel.

Interlocking reinforcement is an effective scheme for reinforced concrete columns, providing
effective lateral confinement due to the hoop tension effect, used extensively in California since
the mid 70’s". Also in Japan, several highway bridge piers with interlocking reinforcement have
been constructed” based on studies of the ductility and shear capacity of such columns conducted

. 3)
by many researchers in recent years™.

However, in order to change the reinforcement structure of existing column designs to
interlocking reinforcement, it is important to know in advance whether it is really cost saving, also
taking into account the re-design cost.

In this paper, highway bridge columns with typical superstructures and different column heights
were re-designed to have interlocking spiral/hoop reinforcement and the construction cost was
calculated 1n order to study which case would be most effective. Based on the cost comparison, the
economical application range of interlocking reinforcement to highway bridge piers was identified
taking the details of reinforcement for design into consideration as well. Note that the effect of a
reduced construction process is not calculated in the cost estimations.

65



Re-design target

Ten actual highway bridge piers to be re-designed were chosen from those planning to have

different weight superstructures and different height piers. As the type of superstructure and its

span length determine the dead load used in seismic design, the relationships between the weight

of the typical five superstructures mainly used in JH projects and the span length were investigated

as shown in Figure 1. Based on the results, the weight of superstructures for the target piers was
categorized into three different ranges of approximately 4000kN, 8000kN and 12000kN. Three
column heights were selected for cost evaluation at 10m, 20m, and 30m for each superstructure
weight. Table 1 shows ten different bridge columns selected to meet these dead load and height
combinations. Some did not meet the above specifications exactly.

Types of Superstructure

Rationalized Plate Girder
Bridges

Steel Box Girder Bridges

PRC-Continuous Box Girder
Bridges

PRC-Twin—Girder Bridges

Corrugated Steel-Web Bridges

5000

10000

15000

Weight of Superstructure (kN)

Figure 1. Relationships between weight of superstructure and span length

Table 1. Re-designed bridge piers

Super Structure Pier Shear span to depth ratio Cross section
No. Structure Form (system) Span Ei:i;qga;ted Height | Longitudinal | Transverse | Depth Width

m kN m m m
@ PRC-twin-Girder Bridges 22 4600 9.7 5.39 1.94 1.80 5.00
@ Rationalized Plate Girder Bridges 35 6963 10.0 4.55 2.00 2.20 5.00
(©)] PRC-twin-Girder Bridges 20 6502 15.0 5.00 3.33 3.00 450
@ PRC-Continuous Box Girder Bridges 22 8137 10.2 5.67 2.04 1.80 5.00
® PRC-twin-Girder Bridges 25 6340 155 6.20 3.10 2.50 5.00
® Steel box Girder Bridges 60 10787 12.3 3.51 2.46 3.50 5.00
@ Rationalized Plate Girder Bridges 53 7400 38 11.88 8.09 3.20 4.70
PRC-Continuous Box Girder Bridges 50 10434 8.3 2.37 1.66 3.50 5.00
® Steel box Girder Bridges 85 11600 16.5 6.60 2.54 250 6.50
Corrugated Steel-Web Bridges 52 15200 27 7.71 4.50 3.50 6.00
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Re-design procedures

Re-design  procedures from conventional reinforcement to interlocking spiral/hoop
reinforcement are summarized in Figure 2. They follow the Japan Road Association design code
for strength and deformation capacities for road bridges”. Reinforcement details such as the
distance between the centers of the adjacent spirals/hoops and the minimum number of rebars
placed in the interlocking region follow the Caltrans bridge design specifications”. The minimum
volumetric confinement ratio of 0.3% is derived from the test results carried out by JH and
others®.
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< Appropriate section size for re-design? >
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Assume cross section A

Assume Interlocking—Section

Sufficient size for bearing support? Original section

Assume rebar arrangement L

Rebars : equal quantity (equivalent flexural strength to original column)
Hoops : equal diameter and spacing to original

d
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Figure 2. Re-design procedures
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Details of reinforcement

The target bridge piers have solid (not hollow) rectangular cross sections where two to four
interlocking spirals/hoops could be placed. According to the Caltrans design code for the distance
between the centers of the adjacent spirals/hoops (0.5~0.75 diameter of the spiral), the aspect ratio
of such cross sections is calculated as shown in Table 2.

Table 3 demonstrates the minimum spacing of reinforcing steel required in the JRA design code.
Both longitudinal and lateral reinforcements should be fabricated with appropriate spacing 1in
accordance with the bar diameter.

Table 2. Section aspect ratio

Number of hoops/spirals

. ! C ti t rati
interlocked per section ross section aspect ratio

2 1.50 ~ 1.75
2~3 1.75 ~ 2.00
3 2.00 ~ 2.50
4 2.50 ~ 3.25

Table 3. Minimum spacing of reinforcing steel

CtoC

e

(at lap splice) | 100 | 125] 150 | 200 250 | 300
D13 40 34 23 40 55 70 O O O O O O
D16 40 34 29 40 59 78 O O O O O O
D19 40 34 35 40 64 87 O O O O O O
D22 40 34 40 40 67 94 O O O O O O
D25 40 34 46 46 77 108 O O O O O
D29 40 34 52 52 87 121 O O O O O
D32 40 34 58 58 97 135 O O O O
D35 40 34 63 63 105 147 O O O O
D38 40 34 69 69 115 161 O O O
D41 40 34 75 75 125 175 O @) @]
D51 40 34 92 92 153 214 @) @]

maximum aggregate size : 25 ¢

Construction Cost

When replacing the conventional reinforcement with interlocking, restrictions on the size of the
spirals or hoops due to the difficulty of fabrication and transportation should be taken into
consideration. The relationships between bar diameter and the maximum diameter of circular
hoops produced from standard bar length are shown in Figure 3. Generally, the maximum hoop
diameter that can be transported is 3.0m, and hoops of more than 3.0m diameter should be
constructed on site. Over 3.0m diameter hoops are to be fabricated by two semicircular bars, which
mcreases the length of lap splice and hooks. Table 4 summarizes the quantity of steel increased for
lap splicing and hooks based on JRA requirements. It is increased by approximately 10~20%.

68



Estimated construction costs of bridge piers based on the material quantities required for the
re-design are summarized in Table 5. The cost reduction ratios in terms of weight of superstructure
and pier height are plotted in Figure 4. Solid lines in the figure demonstrate the maximum
superstructure weight possible at the column height under design restrictions such as reinforcement
details. As a result, applying the interlocking spirals/hoops to lateral reinforcement, 10~20% cost
reduction can be expected except in case 10, where the column section was enlarged due to its
heavy dead load.

Bar Size
D51 |1 aiotvaai
D41 Bcircular(factory or in situ) 3000 4300
DOcircular(in situ only)
D38 DOsemicircular(factory or in situ) 3000 4400
D35 MAsemicircular(in situ only)
D32
D29
D25
D22
D19
D16
pt3)  fBoo 3000 |
0 1000 2000 3000 4000 5000 6000 7000
Hoop Diameter (mm)
Figure 3. Available hoop diameter range
Table 4. Increase of hoop steel in lap splicing
circular semicircular Total bar lenath
Bar _Hoop - - — Ratio
size diameter circular @semicircular |, , ., .
(mm) (mm) (mm)
D13 3400 11636 12592 1.082
Shape g \ [\ ' D16 3400 11857 13032 1.099
. : D19 3300 11763 13158 1.119
43000 / : D22 3200 11669 13284 1.138
: D25 3200 11889 13726 1.155
D29 3100 11869 13998 1.179
3000 11775 14124 .
2900 11681 14252 1220
L=n¢+40D + 2(12D+2n 3D/4) L'=7 ¢/ 2+ 40D + 2(12D+2r 3D/4)
Total |=mx3000+40x 32 =mx3000/2+40%x32 2863 1158? 143?8 1 '241
bar | +2(12x32+2m3x324) +2% (12X 32421 % 35324) 2800 11807 14818
B O i 2500|1109 1573
Ratio 1,000 1.199 Not available
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Table 5. Material quantity and cost of target piers
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Figure 4. Cost reductions from re-design effect

Conclusions

Changing the lateral reinforcing arrangement from conventional rectangular hoops with cross ties
to interlocking spiral/hoop reinforcement can lead to a 10~20% cost reduction for highway bridge
piers of a variety of column heights and superstructure weights. Considering several designs, an
cconomical application range of interlocking reinforcement is summarized in Table 6. We intend to
apply interlocking spiral/hoop reinforcement to highway bridge piers where construction cost is
expected to decrease compared to that of the conventional piers.

Table 6. Economical application range of interlocking reinforcement

No. Category Application Range
1 |Structure type Rectangular solid column section (not hollow section)
2 |Weight of superstructure 4000 - 12000 kN (depend on superstructure type and span length)
3 |Height of Pier 10-40m
4 |Aspect ratio of column cross section 1.5 - 3.25 (4 interlocking spirals/hoops maximum)

5 |Available hoop diameter 3.0m maximum for spirals

Over 3.0m diameter, hoops may consist of semicircular hoops

For hoop diameter of 3.0m or less,

Height of Pier:10me « + Weight of superstructure:19100kN
Height of Pier:15me ¢ * ®Weight of superstructure:11900kN
Height of Pier:20me + ¢ Weight of superstructure:6600kN

6 |Possible maximum weight of superstructure

7 |Support system as designed
8 |Soil condition as designed
9 |Foundation Footing, Pile, as designed
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