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g = gravitational acceleration = 386 in/sec’
x = ( ; Ml

1 = length of one span of the bridge

S
1 k/ft

Figure 35. The loading to obtain the period of vibration of the bridge in the transverse direction with
abutments pinned.

To determine the period of vibration for the case in which the abutments were free to
translate laterally, only the stiffness of the center bent was considered as follows:

(23)

Tir = period of vibration in the transverse direction with abutments free

The period of vibration in the longitudinal direction was calculated using equation 24 for
each combination of span length and column height.

W
gk,

T =27

L

(24)

W = weight of the superstructure and pier cap beam {(columns excluded)
g = gravitational acceleration = 386 in/sec’
Ky = bridge stiffness in the longitudinal direction

The periods of vibration in the transverse directions, with abutments pinned and free, and
longitudinal directions for each combination of span length and column height are given in
Tables 15, 16 and 17, respectively.

It is important to note that the height of the columns made very little difference for the
period of vibration in the transverse direction with the abutments pinned. This was the case
because in this parametric study, the bridge was modeled with the superstructure very stiff
compared to the piers. The superstructure is approximately 50 ft wide and between 160 ft and
280 ft long from abutment to abutment. Multi-span structures, in which the overall length of the
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structure is much greater, will be more influenced by the stiffness of the substructure, when the
abutments are pinned.

The periods of vibration in the longitudinal direction are very high. This was the case

because Ky, the bridge stiffness in the longitudinal direction, is very low because all stiffness is
provided by the pier bending about its weak axis.

Table 15. The periods of vibration in the fransverse direction with abutments pinned(sec)

Column Height
201t 301 40 ft
80 ft 0.122 0.123 0.123
Span 90 ft 0.153 0.155 0.155
Length 100 ft 0.186 0.190 0.191
110 ft 0.223 0.228 0.230
120 ft 0.262 0.270 0.272
140 ft 0.347 0.363 0.368

Table 16. The periods of vibration in the transverse direction with the abutments free(sec)

Column Height
20 ft 301t 40 ft
80 ft 0.92 1::59 2.37
Span 90 ft 0.98 1.68 2.50
Length 100 ft 1.03 1.77 2.63
110 ft 1.07 1.85 2.95
120 ft 1.12 1.93 2.87
140 ft 1.20 2.07 3.09

Table 17. The periods of vibration in the longitudinal direction (sec)

Column Height
20 ft 30ft 40 ft
80 ft 1.75 3.07 4.61
Span 90 ft 1.85 3.24 4.87
Length 100 ft 1.95 341 5.12
110 ft 2.04 3.56 5.35
120 ft 2.12 3.71 5.58
140 ft 2.28 4.00 6.01

Equivalent Earthquake Loads

To determine the equivalent earthquake loads, the design response spectrum curves were
drawn. This parametric study investigated the effects of earthquake loads in three locations:
Vienna, VA, where the seismic risk is low, Richmond, VA, where the seismic risk is moderate,
and Bristol, VA, where the seismic risk is high. Soil classes B and D were examined in the three
locations The design response spectrum curves at Vienna, Richmond and Bristol for soil class B
are shown in Figures 36, 37 and 38, and for soil class D are shown in Figures 39, 40 and 41.
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Figure 36. The Design Response Spectrum Curve for Vienna, VA, Soil Class B.
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Figure 37. The Design Response Spectrum Curve for Richmond, VA, Seil Class B.
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Figure 38. The Design Response Spectrum Curve for Bristol, VA, Soil Class B.
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Figure 39. The Response Spectrum Curve for Vienna, VA, Soil Class D.
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Figure 40. Response Spectrum Curve for Richmond, VA, Seil Class D.
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Figure 41. Response Spectrum Curve for Bristol, VA, Soil Class D.
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The equivalent earthquake loads in the transverse direction were calculated for every
span length, column height and soil class at every location (Vienna, Richmond and Bristol) by
using equation 16:

S W
_ S 16
By (16)

pe = equivalent earthquake load in the transverse direction

S, = spectral acceleration from the design response spectrum curve
W = weight of the superstructure and the pier cap beam

L. =the length of the bridge

The equivalent earthquake loads in the longitudinal direction were calculated for each
combination of span length, column height and soil class at every location by using Equation 25:

P=S W (25)

P = equivalent earthquake load in the longitudinal direction
S, = spectral acceleration from the design response spectrum curve
W = weight of the superstructure and the pier cap beam

Column Flexural Strength

The column moment and axial load were calculated for each combination of span length,
column height and soil class at all three locations (Vienna, Richmond and Bristol) by using

equation 25:

P=1.0DL+0.5LL+1.0‘%2 (23)

P =the total combined effects from dead, live and earthquake loads
DL = the dead load effects

LL =the live load effects

EQ = the earthquake load effects

R = the base response modification factor from Table 10 = 1.5

The responses in the two orthogonal directions were combined using the
recommendations of the LRFID Guidelines. This required examining two possible combinations
of earthquake effects: 40% of the longitudinal effect plus 100% of the lateral and 100% of the
longitudinal effect plus 40% of the lateral. The vector sum of these two effects plus the dead and
live load effects were compared to determine the worst case combination.

The column moments and axial loads were plotted and compared to the column
interaction diagram. The comparisons for Vienna, Richmond and Bristol are shown in Figures
42, 43 and 44, respectively. As the three figures show, all the Vienna, Richmond and Bristol
bridges with 1.5% column reinforcement are adequate to sustain the design dead, live and
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earthquake loads for soil class B. For soil class D, if the abutments can provide some
contribution to the lateral stiffhess of the system, then for most cases a 2.5% column
reinforcement ratio will be adequate. In Richmond and Bristol, if the springs at the abutments
are very flexible, the column longitudinal reinforcement will have to be increased significantly,
or the column size will need to be increased. However, this must be done with caution, because
as the stiffness of the center pier increases, the load it draws increases as well.

In summary, for the case where the abutments were prevented from translating laterally,
the periods of vibration in the transverse direction were not greatly affected by the height of the
columns, but they increased as the bridge spans became longer. As explained earlier, that was the
case because the bridge was modeled with the superstructure much stiffer than the columns. The
periods of vibration in the longitudinal direction and in the transverse direction when the
abutments were free to translate increased as the columns became taller, and as the bridge spans
became longer.

With a 1.5% reinforcement ratio, all the columns had enough longitudinal reinforcement
in all locations for soil class B. In this parametric study, unlike the previous bridges, the
longitudinal constraints (x-direction) at the ends of the superstructure (at the abutments) were
released with the use of sliding bearings, which made the columns sustain higher loads from the
earthquake forces in the longitudinal direction.

Column Interaction Curve - Vienna
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Figure 42. The comparison between the column interaction diagram and the axial loads and moments of the
column for Vienna, VA. The points are the factored axial loads and moments in the columns.
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Column Interaction Curve - Richmond
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Figure 43. The comparison b

etween the column interaction diagram and the axial loads and moments of the

column for Richmond, VA. The points are the factored axial loads and moments in the columns.
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Figure 44. The comparison between the column interaction diagram and the axial loads and moments of the

column for Bristol, VA. The

points are the factored axial loads and moments in the columns.
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For soil class D, the columns for most cases will need to have greater longitudinal
reinforcement. Inthe Vienna area, depending on the degree of fixity at the abutments, 1.5% to
2.5% reinforcement is adequate for all configurations. In the Richmond area, the reinforcement
ratio in the columns of bridge with long spans and short columns may need to be increased up to
3.5%. In the Bristol area, column reinforcement may need to be even further increased, or a
larger column may need to be used.

Column Transverse Reinforcement

For a circular column to be considered a spiral column, as opposed to a tied column, the
AASHTO LRFD Bridge Design Specifications in Section 5.7.4.6 require that the ratio of spiral
reinforcement to total volume of concrete core be not less than:

A '
2. =0.45{—€—1JL
A Fo

i

For this parametric study, assuming an out-to-out spiral dimension of 31 in, the resulting
required reinforcement ratio is:

5. =045 1018in’ IR EXLT
S 75507 60ksi

A No. 5 spiral at a 4 in pitch results in ps=0.010, which meets the above requirement. This
transverse reinforcing can then be compared to the detailing requirements of the Z.RFD
Guidelines. Sample calculations, presented in Appendix [II for worst cases in the study, indicate
that this amount of transverse reinforcement will be adequate to meet the seismic requirements in
all cases in which a 2.5% reinforcement ratio or smaller will suffice for the longitudinal
reinforcing. If a longitudinal reinforcement ratio of 3.5% is required, the transverse reinforcing
must also be increased to a No. 6 spiral at a 4 in pitch (ps=0.0142).

So, for this parametric study, in all areas of the commonwealth, if the bridges are founded
on good seil (Class B) and the abutments are considered to be quite stiff laterally, columns
initially designed as spiral columns will not require an increase in spiral reinforcing to bring the
design of the piers up to the requirements of the LRFD Guidelines. The primary change will be
to extend the spiral reinforcement into the cap and the footing, to ensure acceptable behavior of
the joints.

However, if bridges are founded on a lower classification of soil (Class D), and the
abutments are considered to be quite flexible laterally, the resulting column designs will require
more longitudinal reinforcing, and for the Bristol area larger columns may be required.

Conclusions from Parametric Study

This parametric study indicates that the LRFDD Guidelines will not increase the amount of
column reinforcing required in typical two-span overpass structures in Virginia if the bridges are
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founded on good soil (Class B). Based on a typical longitudinal reinforcement ratio of 1.5%,
bridge columns in this study had adequate axial and flexural strength when subjected to
earthquake loading if the soil was Class B. For soil Class D, depending on the fixity at the
abutment, the column reinforcement may have to be significantly increased. The transverse
reinforcement will not need to be increased if the columns were originally designed as spiral
columns unless the longitudinal reinforcing ratio is increased to over 3.5%. If they were
originally designed as tied columns, the increase in transverse reinforcement will be significant.

This parametric study investigated only two-span structures with sliding bearings at the
abutments. For the case where the abutments were fixed against lateral translation, since the
superstructures were very stiff transversely, the piers did not significantly affect the response to
lateral loads. Multi-span bridges with narrow width will be more influenced by substructure
stiffness, and the substructures will attract larger forces in an earthquake event. For the case of
pinned abutments, the majority of the lateral loads applied transversely were resisted by the
abutments. This indicates that for this type of bridge the bearings at the abutments, as well as the
soil and the piles, should be checked for their lateral load carrying capacity.

CONCLUSIONS
Design Effort

e The amount of time to check a bridee, previously designed, for compliance with the new
LRFD Guidelines is approximately two weeks of workdays (80 to 100 hours) if performed by
one person. The analyses require a 3D frame analysis software, such as RISA-3D, which was
used to do all the analyses in this study. The two-week approximate required time is much
longer than the required time to perform a check on a bridge using the Standard
Specifications. Most bridges in Virginia fall into Category A in the Standard Specifications,
which requires that the bridge be checked for its bearing length, and the connections at the
abutments and piers be checked that they can withstand a lateral load equal to at least 20% of
the tributary weight. For bridges that belong to Category B, a check using the earthquake
force method, which is similar to the uniform load method explained in this report, is
required (AASHTO 1996). Thus the Standard Specifications only require a few hours to
perform a check on most Virginia bridges, compared to approximately two weeks using the
LRFD Guidelines.

Longitudinal Column Reinforcement

e [f'the longitudinal and transverse restraints are not released at the abutments, the bridges
are adequate to sustain the design dead, live and earthquake loads. This conclusion is based
on the analyses of the two previously designed bridges in the Bristol District. These bridges
had integral abutments, so the intermediate pier would not experience earthquake forces
about its weak axis. In the transverse direction, the superstructure was so stiff that most of
the earthquake load was carried to the abutments, and the intermediate pier picked up only
small additional moments and shears.

e Bridges on Class B soil, which can depend on some contribution to lateral stiffness from the
abutments, are adequate io sustain the design dead, live and earthquake loads. However, the
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distribution of the transverse earthquake forces to the center pier and the abutments is highly
dependent on the assumed spring stiffness of the abutment in the transverse direction. This
stiffness is a combination of the soil stiffness and the pile stiffness, which in tum is
dependent on the assumed point of fixity of the pile. All these parameters require further
investigation.

For bridges on Class B soil, if the longitudinal restraint at the abutments is released but
transverse restraint is provided, columns with typical amounts of longitudinal reinforcing are
able to sustain the design dead, live and earthquake loads, as curremntly designed. This
conclusion is based on the parametric study, in which large forces were carried by the
intermediate pier about its weak axis. The short-column and long-span bridges are most
severely affected because they have shorter periods of vibration, which result in higher
spectral accelerations, and therefore larger equivalent earthquake forces. Furthermore, long-
span bridges have more dead load from the weight of their long superstructures. However,
all bridges studied on Class B soil with 1.5% longitudinal reinforcing had adequate flexural
strength.

For bridges on Class D soil, if the longitudinal restraint at the abutments is released and
transverse restraint is considered to be somewhere between a pinned and a free condition,
column longitudinal reinforcing will need to be increased in most cases to sustain the design
dead, live and earthquake loads. This conclusion is also based on the parametric study that
indicated that for regions of low seismicity (such as Northern Virginia) column reinforcing
may need to be increased to 2.5%, and for regions of moderate seismicity (such as the
Richmond area) column reinforcing may need to be increased to 3.5%. In regions of high
seismicity (such as the Bristol area) column size may need to be increased as well.

Detailing Requirements

Virginia bridges with columns designed as tied columns will require a significant increase in
transverse column reinforcement. The second example bridge had columns designed as tied
columns. The transverse reinforcement was a No. 3 spiral at a 10.5 in pitch. To bring the
bridge into compliance with the LRFID Guidelines the spiral was increased to a No. 5 at 4 in
pitch.

Virginia bridees on Class B soil with columns designed as spiral columns will require no
increase or only a slight increase in transverse column reinforcement. If columns are
originally designed as spiral columns, additional reinforcement required to comply with the
LRFD Guidelines will not be great. However, the spiral, or other confinement reinforcing, is
required to be extended into the pier cap and footing.

Several typical bridge details will require modifications to meet the requirements of the
LRFD Guidelines. These include:

* Column shear reinforcement in potential plastic hinge zones

e Transverse reinforcement for confinement at plastic hinges

e Spiral spacing

62



Moment resisting connection between members (column/beam and column/footing
joints)

Minimum required horizontal joint shear reinforcement

Lap splices at the bottom of the column, which are not permitted

Column joint spiral reinforcement to be carried into the pier cap beam and footing
Transverse reinforcement in cap beam-to-column joints

Increased Construction Costs

e The additional construction costs to bring new bridge designs info compliance with the new
LRFD Guidelines will be small. For the prestressed concrete girder bridge and the steel girder
bridges, the increase of construction cost would be 0.1%6 and 0.3%, respectively.

RECOMMENDATIONS

1. VDOT’s Structure and Bridge Division should evaluate all new bridge designs for
compliance with the LRF[J Guidelines to ensure that Virginia bridges are not vulnerable to
damage or failure, should the maximum expected earthquake occur.

2. VDOT should consider an analysis of existing critical bridges, particularly those on poor
soils, in the south western region of the state to determine if retrofits are necessary to ensure
acceptable seismic performance.

SUGGESTIONS FOR FURTHER RESEARCH

In performing the analyses of the two bridges and the parametric study, several
assumptions were made, which could be verified through field testing. Subjects for further
research included:

1.

Investigation of the use of a rigid link to connect the superstructure and the
substructure for the purpose of obtaining the load that the superstructure imposes on
the substructure

Investigation of modeling the stiffness of the abutments and the influence of the
stiffness on forces in the piers.

Investigation of the fixity of the connection between the superstructure and the
abutment.

Investigation of longer superstructures, such as multi-span viaducts, in which the
substructure stiffness has a greater influence on the structural response.
Investigation of the effect of including shear deformations in the analysis.
Investigation of abutment and bearing design for earthquake loads.
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APPENDIX 1
PRESTRESSED CONCRETE GIRDER BRIDGE

Table I-1 Joint Coordinates for RISA 3D Model

Joint Label X-coordinate, in | Y-coordinate,in | Z-coordinate, in
N1 0.0 337.0 0.0
N2 14921 337.0 0.0
N3 29843 337.0 0.0
N4 14921 249.0 484.3
N5 14921 249.0 409.4
N6 14921 249.0 204.7
N7 14921 2490 0.0
N8 1492.1 249.0 -204.7
N9 14921 249.0 -409 .4
N10 14921 249.0 -484.3
N1 14921 0.0 409.4
N12 14921 0.0 204.7
N13 14921 0.0 0
N14 14921 0.0 -204.7
N15 14921 0.0 -409.4
Table I-2 Dead and Live Loads in Columns
Load Type Axial Load, kips
Far Left Near Left Center Near Right Far Right
Column Column Column Column Column
Design Truck 14.6 141 14.5 14.1 14.6
Design Tandem 10.1 9.6 9.9 9.6 10.1
Two Design Trucks (TT) 25.7 24.6 253 24.6 25.7
Lane Load (LN) 20.1 19.3 19.8 19.3 20.1
Controlling Load 25.7 24.6 253 24.6 25.7
Total Live Load Effects 127.0 121.7 125.0 121.7 127.0
(LL)*
Dead Load (DL) 7422 724 4 7422 724 4 7422
DL +05LL 805.7 785.3 804.7 7853 805.7
P/(fc Ag) 0.162 0.158 0.161 0.158 0.162
le/lg 0.49 0.49 0.49 0.49 0.49
Te 74,845 in” 74,845 in” 74,845 in” 74.845 in” 74,845 in”

Notes: I, = 152,750 in"

LL=4x065(09xTTx1.33+09xLN)
column reinforcement ratio = 2.0%

Note that the live loads when multiplied by the 0.5 load factor contribute approximately 8% of the load to
the column. This load increases the effective I, makes the substructure somewhat stiffer, therefore the
period of vibration is shorter, the spectral acceleration is higher, the equivalent earthquake force is larger
and the substructure attracts a greater percentage ofit. So including live load effects is a conservative
approach to determining column force effects.
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Table I-3 — Combined Dead, Live and Earthquake Loads

Member Earthquake | Earthquake Dead Live Ultimate Ultim ate,
Lateral Longitudinal 40% Lat + 100% Lat.
100% Long. | + 40% Lat.
Pier Cap 0.0 0.0 0.0 0.0 0.0 0.0
FL Column 41.1 -3.8 742.2 124.5 812 830
Axial NL Column 56.9 -5.7 724.4 1193 795 820
Load, C Column 0 -24.9 742.2 122.6 786 796
kips NR Column -56.9 -5.7 724.4 1193 765 745
FR Column -41.1 -3.8 742.2 124.5 790 775
Pier Cap 1184 324 1311 2434 324 2222
Mome FL Column 584 185 -58 -12.8 154 329
nt, NL Column 662 185 13 2.7 227 458
kip-ft C Column 504 185 0 0 183 340
NR Column 662 185 -13 =27 204 430
FR Column 584 185 58 12.8 252 456
Notes:  All earthquake results from Uniform Load Method
FI. —Far Left
NL — Near Left
C — Center

NR - Near Right

FR — Far Right

Load Combination U =EQ/1.5+ DL +LL/2
Ultimate combinations are vector sums of forces in orthogonal directions
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APPENDIX 11
STEEL GIRDER BRIDGES

Table II-1 Joint Coordinates for RISA 31D Model

Joint Label X-coordinate, in Y-coordinate,in | Z-coordinate, in
N1 0.0 308.8 0.0
N2 1191.0 308.8 0.0
N3 2352.0 308.8 0.0
N4 9399 2329 3329
N5 985.1 2329 273.0
N6 1122.4 232.9 91.0
N7 1191.0 2329 0.0
N§ 12596 232.9 -91.0
NO 1396.9 232.9 -273.0

N10 14421 2329 -332.9
NI11 985.1 0.0 273.0

NI12 1122 4 0.0 91.0

N13 12596 0.0 -91.0

N14 1396.9 0.0 -273.0
N15 617.8 322.2 -779.7
NI16 1805.8 322.2 -719.7
N17 2061.8 3222 -779.7
NI18 1611.7 2458 -520.2
N19 1658.5 2458 -582.6
N20 18058 245 8 -779.7
N21 19531 245.8 -976.7
N22 1999 8 2458 -1039.2
N23 1658.5 0.0 -582.6
N24 1805.8 0.0 -779.7
N25 19531 0.0 -976.7
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Table I1-2 Dead and Live Loads in Columns in East Bound Bridge

Load Type Axial Load, kips
Far Left Near Lefi Near Right Far Right
Column Column Column Column
Design Truck 16.8 173 17.3 16.8
Design Tandem 11.5 11.8 11.8 11.5
Two Design Trucks (TT) 2255 23.2 23.2 22.5
Lane Load (LN) 15.4 15.9 15.9 15.4
Controlling Load 22.5 232 23.2 225
Total Live Load Effects (LL)* 104.0 107.2 107.2 104.0
Dead Load (DL) 261.7 277.1 277.1 261.7
DL +05LL 313.7 330.7 330.8 313.7
P/(fc Ag) 0.075 0.080 0.080 0.075
le/lg 0.402 0.405 0.405 0.402
Te 61400 in’ 61860 in’ 61860 in* 61400 in*
Notes: T, = 152,750 in’
LL=3x085(09xTTx133+09xLN)
column reinforcement ratio = 1.4%
Table 11-3 Dead and Live Loads in Columns in West Bound Bridge
Load Type Axial Load, kips
Left Center Right
Column Column Column
Design Truck 22.3 24.9 22.3
Design Tandem 15.3 17.0 15.3
Two Design Trucks (TT) 29.8 332 29.8
Lane Load (LN) 19.8 2901 19.8
Controlling Ioad 298 332 29.8
Total Live Load Effects (LL)*® 106.9 119.3 106.9
Dead Load (DL) 278.7 31.58 2787
DL+05LL 3322 3755 3322
Pi(fc Ag) 0.080 0.090 0.080
Te/lg 0.388 0.393 0.388
le 59270 in® 60030 in* 59270 in*
Notes: I, = 152,750 in*

LL=2x10(0.9xTTx133+09xLN)

column reinforcement ratio = 1.6%
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Table 11-4 — Combined Dead, Live and Earthquake I.oads for East Bound Bridge

Member Earthquake | Earthquake | Dead Live Ultimate Ultimate,
ULM SMSAM ULM SMSAM
Pier Cap 0.0 0.0 0.0 0.0 0.0 0.0
Axial FL Column -1.2 -1.7 261.7 104.0 3129 312.6
Load, NL Column -3.0 -4.1 277.1 107.2 3287 328.0
Kips NR Column 3.0 4.1 277.1 107.2 3327 333.4
FR Column 1.2 1.7 261.7 104.0 314.5 314.8
Pier Cap 27.0 36.9 409.6 176.6 5159 5225
Moment, FIL Column 15.9 21.8 -4.7 6.0 2.9 6.8
kip-ft NI Column 21.4 29.2 8.0 4.9 24.6 29.9
NR Column 213 29.1 -8.0 -4.9 38 9.1
FR Column 15.8 21.7 4.7 6.0 182 22.1
Notes: ULM — Uniform Load Method
SMSAM — Single Mode Spectral Analysis Method
FL —Far Left
NL — Near Left
NR — Near Right
FR — Far Right
Load Combination U=EQ/1.5+ DL +LL/2
Table 11-5 — Combined Dead, Live and Earthquake Loads for West Bound Bridge
Member Earthquake | Earthquake | Dead Live Ultimate Ultimate,
ULM SMSAM ULM SMSAM
Pier Cap 0.0 0.0 0.0 0.0 0.0 0.0
Axial Left Column 2.7 -3.7 278.1 1073 3300 3294
Load, Center Column 0.0 0.0 316.8 1203 3770 377.0
kips Right Column 2.7 3.7 278.1 1073 3336 3342
Pier Cap 334 45.3 434.5 190.1 551.8 5597
Moment, Left Column 237 32.1 11.4 1.4 279 33.5
kip-ft Center Column 244 33.1 0.0 0.0 16.3 22.1
Right Column 235 31.9 -11.4 -1.4 36 9.2

Notes: ULM — Uniform Load Method
SMSAM — Single Mode Spectral Analysis Method
Load Combination U =EQ/1.5+DL +LL/2
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APPENDIX III
DETAILING CHECKS FOR PARAMETRIC STUDY
Spiral reinforcement ratio to meet AASHTO LRFD Bridge Design Specifications Section 5.7.4.6:
Psreqd — 0.0094

Spiral reinforcement ratio provided by a No. 5 spiral at a 4 in. pitch:

44, _4(031in*)

Dis 3lin-4in

p. = =0.010

Check this reinforcing ratio for compliance with LEFD Guidelines. The section numbers
presented in this appendix correspond to LRFD Guidelines section numbers.

8.8.2.3.1 Implicit Shear Detailing Approach

a) In potential plastic hinge zones

A
0, = thapeA%%—g(tan a)(tan 6)

vh cc

where: Kshape = shape factor = 0.32 for circular sections
A = fixity factor = 1 for fixed-free
p¢ = longitudinal reinforcement ratio = 0.015, 0.025 and 0.035
¢ = strength reduction factor = 0.85
fiu = ultimate tensile stress of longitudinal reinforcement, can be taken as 1.5f;
= 1.5 * 60ksi = 90 ksi
fyn = yield stress of hoop steel = 60 ksi
A, = gross area of column = 1018 in”
A, = area of confined core = 755 in®

D
tano = —
£

D’ = center-to-center diameter of longitudinal reinforcement pattern = 30 in
L = column length (shortest is most critical) = 20 ft * 12 in/ft = 240 in

30in

40in

tan o = =0.125
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Ap A

g

0.25
tan@ = [—1'6%‘4“ J

where: Ay = shear area of concrete, which may be taken as 0.8A,
pL=p<2=0.010/2 =0.005
0.25
Forpg= 1.5% tanéd = M =1.40
1.0-0.005

For py= 2.5% tan 8=1.59
For pe= 3.5% tan 8=1.73

substituting all values into the first equation results in:

: .2
Forpe= L.5% p, =032-1.0- 0.015 1 90ksi Y 1018in_ 1) 115 1 40 =0.002
0.85 A 60ksi \ 755in°

For pe = 2.5% py=0.0038
For pe = 3.5% py=0.0058

the provided p, = 0.010/2 = 0.005, therefore this check is GOOD for pg = 1.5% and 2.5%
check is NO GOOD for pp — 3.5% .

7.8.2.4 Transverse reinforcement for confinement at plastic hinges

a) for circular sections

2 2
' A
ps=0.0()8fc 17 L +pfL {—gJ -1
s f'c Ag f'c

where: . = 28 day compressive strength = 3.6 ksi
P, = factored axial loads including seismic effects (maximum is critical)
= 630 kips (from Widjaja (2003))
Uygs = strain energy capacity of transverse reinforcement, can be taken as 16 ksi

for Class B soils (pg = 1.5%:
Gk i fesi Y n Y
. =0_008(3 6 S_IJ 1o T22Ps +0.015( 60 SI_J 10187 1 _1|=0.006
16ksi 3.6ksi-1018in 3.6ksi ) ) | 755in

the provided ps = 0.010 = 0.006, therefore this check is GOOD.
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for Class D soils with pinned abutments (p; = 2.5%):
2 Z
3.6ksi 751ki 60ksi 1018in’
p, =0.008 ——— | 12 1 0.025 —— | —1|=0.0063
16/ksi 3.6ksi-1018in 3.6ksi 755in

the provided ps = 0.010 = 0.0063, therefore this check is GOOD.

for Class D soils with free abutments (pg = 3.5%):
A : . Z .2 2
. =0.008 3.6ksi 12 845kips 0,035 60ksi 1018in “1l=0.007
16ksi 3.6ksi-1018in’ 3.6ksi 755in’

the provided pg = 0.010 = 0.007, therefore this check is GOOD.

this section also states:
s = vertical spacing of hoops, not exceeding 4 in within plastic hinge zones

provided spacing is 4 in, therefore this check is GOOD.

7.8.2.5 Transverse reinforcement for longitudinal bar restraint in plastic hinges
s < 6dy

where: d, = longitudinal bar diameter, assuming No. 9 bar = 1.128 in
$<6*1.128in=6.77 in

provided spacing is 4 in, therefore this check is GOOD.
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