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Abstract: A load rating was performed for a reinforced ceterarch bridge that was opened for traffic
in 1931. Use of elastic second-order analysis tegdlih a calculated capacity approximately 20% &igh
than that found using the AASHTO moment magnifiatmod. Elastic second-order analysis requires
modeling of the flexural rigidity, El, of the archoss section. Commonly used methods for modellng E
are described, and second-order analysis reseligrasented to illustrate the sensitivity of theufes to

the modeling approach. For the arch considered Heeanoment magnification was insignificant when
the effective El value was approximately 40% or enof the value obtained by multiplying the short-
term modulus of elasticity by the gross momennefiia of the cross section. Results illustrated the
moment magnification can be significant for conenetth a large ultimate creep coefficient.
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1. Introduction

A load rating of the Bibb Graves Bridge was parfed for the Alabama Department of
Transportation (ALDOT) using the Load Factor Rat{h§R) method defined ifthe Manual
for Bridge Evaluation(1). The Bibb Graves Bridge shown in Figure 1 isewen-span
reinforced concrete arch bridge that spans the &€Boser in Wetumpka, Alabama. The bridge
was opened for traffic in 1931. One of the bridgarss is experiencing deterioration due to
Alkali-Silica reactivity. The work reported here fim an initial evaluation of the bridge
without regard for the deterioration. Preliminagtings of the arch rib of one of the spans
(Span V) indicated a capacity of only 81% of an ADD standard 37.5-ton tri-axle dump
truck. This rating was significantly lower than tfaings determined for the transverse floor-
beams which were eventually found to control thelcating. The low rating for the arch rib
was attributed primarily to the use of the momerdgnifier method that is a part of
AASHTO's Standard Specifications for Highway Bridg@$ for in-plane slenderness effects
for arches. Second-order analyses of the archeshlted in significantly higher capacity.
Reported here is a description of common methaatsatte available for modeling the flexural
rigidity, El, of an arch rib in elastic second-ordmalysis. Analysis results are provided for
one span of the Bibb-Graves Bridge (Span V) tcsitiate the impact of the flexural rigidity
on the slenderness effect. A complete report ofrthestigation of slenderness effects and the
bridge rating analyses is provided by Le and 3igdli(3).
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Spans Il through VII of the Bibb Graves Bridge ahown from left to right in Figure 1.
The five spans at the center of the bridge are stmerhalf-through type parabolic arches (4)
and the roadway is supported at approximately reigtt of the arches. The spans at each end
are non-symmetric deck type arches with the aratmspletely below the roadway.
The roadway deck varies from 7 in. to 8 in. in kimess and is supported by transverse
floorbeams at spacings between 8.75 ft and 11nGffie various arch spans. Spandrel columns
support transverse floorbeams where the roadwapadse the arch, and reinforced concrete
tension hangers support the floorbeams where théway is below the arch. The bridge is
essentially symmetric about the center span, SWarspan V is used for the comparisons
presented here. The arch ribs of Span V have a lgpath of 128 ft, rise of 44.6 ft, rib
thickness at the crown of 27.0 in., and rib thidsat the base of 46.6 in. The width of the arch
rib cross section is constant at 48 in.

2. Bridge description and basic model

Fig. 1. Bibb Graves Bridge in Wetumpka, Alabama

The reinforcement at the top and bottom of each aaried from 0.4 to 0.7 percent of
the gross concrete area. A structural analysis hafdetypical arch rib is shown in Figure 2.
Each arch is modeled with a two-dimensional motleé roadway consists of a deck slab on
transverse floorbeams, the roadway is modeled sgst@em of simple spans supported by
the columns and hangers that are pin-ended lirtkss& modeling assumptions are consistent
with the assumptions made in the analysis andgatfrthe transverse floorbeams, tension
hangers and columns. Specifically, truck loadsdiséributed to the transverse floorbeams
assuming the deck to act as simple beams (AASH7)O¢Ble 3.23.3.1, footnote f), and the
concrete hangers are assumed to be cracked sthéhfiexural stiffness of the hangers is
negligible. As a result of the modeling assumptjoie roadway, columns, and hangers
comprise a statically determinate system that feasghe truck loading to the arch. Also as
a result, the deck hangers and columns do not giedviacing or rotational restraint for the
arch, so the results presented here are for a easstthat will produce the largest slenderness
effects. There is a transverse finger joint indleek at midspan, so the roadway on each side
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of midspan is cantilevered toward midspan. At apjpnately the quarter-span, the roadway
passes by the arch but is not connected to the Beadh arch base is supported by a massive
pier, and the base condition is modeled as fixeat tiee face of the pier. In the structural
analysis model, out-of-plane displacement is restthat the crown of the arch and at the tip
of each of the cantilevered sections of the roadatagidspan. Horizontal displacement is
restrained, both in-plane and out-of-plane, ahthde at each end of the roadway. The roadway
width from curb-to-curb is 27 ft, so two trafficdas were used for the bridge rating.
By a simple transverse analysis, it was determthatieach arch supports the equivalent of
1.16 standard trucks, or traffic lanes.
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Fig. 2. Boundary conditions and restrains for Isgéan V (SAP2000 v. 19)

3. Approaches used to account for creep and cracking in evaluation of RC arches

Design codes provide different approaches to atdou creep and cracking in evaluation
of concrete structures. One simple method is taigedlexural rigidity of the element by
multiplying the gross moment of inertia of the @aection i) by reduction factor. Arches as
members being consistently compressed can be &vadidis columns. Reduction factors
recommended by different design codes are preséanieable 1.

Table 1. Effective moment of inertia for modelingncrete structures (5), (6)

Element ACI318-11, | . - . | AASHTO STANDARD | AASHTO
ACI 318-14 SPEC 2002 LRFD 2012

Concrete Columns 0.704 0.50g 0.84¢ 0.79¢




1022 Flexural rigidity for analysis of concrete arch Hges

Another approach for long-term loading is to resltite value of the short-term modulus
of elasticity given by Equation 1 by dividing byplus the ultimate creep coefficient as shown

in Equation 2 (2).
E, = 57000,/ ', )

E—Ec

1+y,

)
where:

f'c — compressive strength of the concrete (3000(B%i)

Ec. — modulus of elasticity for concrete,

v, — the ultimate creep coefficient.

AASHTO (2) provides equations f@&l that include a reduction for cracking as well as a
reduction for creep by usirfly (absolute value of the ratio of the maximum faetbdead load
bending moment to the maximum factored total loadding moment). Two equations fef
are given in AASHTO (2) Section 8.16.5.2 as follows

El
oo 5 Ed 3
T ©
Edl,
El=—25_ 4)
1+ 5y

where:

Sa — absolute value of the ratio of the maximum feetodead load moment to the
maximum factored total load moment,

Ec. — modulus of elasticity for concrete,

Es — modulus of elasticity for steel,

lg — moment of inertia of the gross concrete crostisg

Is — moment of inertia of the reinforcement about teatroidal axis of the gross
concrete cross section.

AASHTO (2) allows the use of either Equation 3o hese equations result in values of
the flexural rigidity,El, that are significantly reduced from the valuecakdted by simply
using Eclg. The modifications tdeclg made in the numerator of these equations accaunt f
cracking along the length of the member. Dividing the factor (184) accounts for the
destabilizing effect of long-term transverse ddftatof a compression member due to creep.

4. Description of the conducted analyses

Span V was chosen for these analyses, becausslaghéerness effects are the most
significant for this span. Two kinds of analyseseveonducted.

First, with constant value of E (modulus of elasfi for the concrete) and different
reductions fol (moment of inertia). A range of values frdn¥ 0.15I4 to | = 0.8514 was
investigated.
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Second, analyses were conducted with a constticed value of (I = 0.85lg) (2) and
different values of E calculated using Equatioro? dssumed values &f from v, = 1.0 to
vu= 4.5. ACI 209R-92 (5) suggests that the commogeaf values of yis between 1.30 and
4.15. For the considered areh= 1.06. The low value of the ultimate creep cagdfit results
from adjustments from standard conditions for aerage annual ambient relative humidity
of (70% vs 40%), loading age (28 days) and voluoasttrface area ratio (7).

For both kinds of analyses, three critical crosstisns (A02, Al4 and A40) with
corresponding, governing load cases were considéigd3).

AO02 (Most Critical Cross Section)

Th b > 4 I~
A14 (Second Most Critical Cross Section) S =i T

X A40 (Base of the Arch)

Fig. 3. General view of the Span V with locatiofi€mmss sections used for comparisons

5. Resultsand comparisons

Elastic second-order analysis results are compaitedhe results from first order analysis.
The ratio between second and first order analyssslilt, 9, illustrates the magnification
resulting from slenderness. A summary of the figdiis presented in Table 2 and Table 3 and
in Figures 4 through 6. In these tables and figdpemnddw mean the ratio between second
and first order analysis effects for axial forcel d@nding moment, respectively.

Table 2. Summary of results for analysis with cansE and different values of I.

. Arch Cross Section
Cross Section Parameter 202 X7 40

Ec=E | El/Eclg op oM op oM op oM

3122 0.15 0.155 1.01 1.19 1.03 1.15 1.0 1.12
3122 0.2 0.200 1.01 1.13 1.07 1.11 1.01 1.09
3122 0.3 0.300 1.01 1.08 1.01 1.07 1.01 1.05
3122 0.4 0.400 1.01 1.05 1.01 1.05 1.01 1.04
3122 0.5 0.500 1.00 1.04 1.01 1.03 1.00 1.03
3122 0.6 0.600 1.00 1.03 1.01 1.03 1.00 1.02
3122 0.7 0.700 1.00 1.03 1.0d 1.02 1.00 1.02
3122 0.75 0.750 1.00 1.03 1.0( 1.02 1.00 1.02
3122 0.85 0.850 1.00 1.03 1.0( 1.02 1.00 1.02

Both types of analyses defined in Tables 2 andsBilt in variation of the El, but for
analyses included in Table 3, the axial rigiditytleé arch (AE) is also varied. Plotsdf in
Figures 4 through 6 show that including the redurctin axial rigidity does increase
the magnification of bending moments, but not tbgrge amount.
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Tables 2 and 3 show that the magnification ofldgi@e in the arch is small. This is similar
to the approach taken by the moment magnifier ghaees in some design codes where
the axial force from a first order is used alonghwva magnified bending moment to check
a member capacity.

Table 3. Summary of results for analysis with cantit= 0.85Ig and different values of E={ = 3122ksi)

Cross Section Parameter Arch Cross Section
A02 Al4d A40

Vu E El/Elg op oM op oM op oM

1.0 1561 0.425 1.00 1.06 1.01 1.06 1.00 1.04
1.06 1516 0.413 1.00 1.06 1.01 1.06 1.00 1.05
1.5 1249 0.340 1.00 1.08 1.01 1.07 1.01 1.06
2.0 1041 0.283 1.01 1.10 1.01 1.09 1.01 1.07
2.5 892 0.243 1.01 1.12 1.02 1.10 1.01 1.08
3.0 781 0.213 1.01 1.14 1.02 1.12 1.01 1.10
3.5 694 0.189 1.01 1.16 1.02 1.14 1.01 1.11
4.0 624 0.170 1.01 1.19 1.03 1.16] 1.01 1.1p
4.5 568 0.155 1.01 1.22 1.03 1.18 1.01 1.14
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Fig. 4. Ratio of second-order to first-order resuait cross section A02
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The values of moment magnifier are 1.05 or smédie(EIl/Eclg) values of approximately
0.4 or larger. ACI 318 (9) allows designers to eeglslenderness effects in braced frame
columns where the magnification is expected toelss than 5%. So, for the arch considered
here, slenderness effects are not significantBUE(l ;) values of approximately 0.4 or larger.
As the value ofEEl/Eclg) decreases the amount of moment magnificatioreases to as much
as 22% for the range of values considered herevaloe of EI/Eclg) decreases as the ultimate
creep coefficient vincreases. For the arch considered heyéds velatively small and the
moment magnification is also small. But, Figurethebugh 6 illustrate that the slenderness
effects become significant for concretes pronédgnificant creep deformations.

6. Conclusions

A summary of the methods commonly used for inelgdireep and cracking in evaluation
of reinforced concrete arch bridge ribs was preskntwo kinds of structural analyses were
conducted for the considered concrete arch. I finere was implemented the wide range of
reduction factors for gross moment of inertia,@nend there was implemented the wide range
of reduction factors for modulus of elasticity dktconcrete (using, — the ultimate creep
coefficient). Both approaches were checked fronsisigity point of view and compared with
each other. The reduction of axial rigidity throuljls increases the magnification of bending
moments, but not by a large amount. The magnificatif axial force was small for all cases.
The moment magnification is also not significaes@ than 5%) for values Bf/Ecl; = 0.4 or
larger. For the arch studied here, the moment rfiagtion was as much as 22% for large
values of ultimate creep coefficient. This illusés that the slenderness effects can be
significant for concretes prone to large creep deétions.
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