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Abstract: Alabama Department of Transportation (ALDOT) has existing, eleven-span flat slab
reinforced concrete bridge that was built in 1946vfhich there are no construction drawings or iothe
available data. The goals of this research arat® the bridge and provide a model for permit load
analysis. ALDOT can then use this model to proyidamits for non-standard trucks to travel over this
bridge. Field measurements were taken using spasilaéquipment to assess the dimensions including
span length, width, location and size of reinforeamthickness of the slab, thickness of concreterc

and compressive strength of concrete. The colledtdd were analyzed and treated as input data to
determine a preliminary load carrying capacitytra slab. An advanced Finite Element Method (FEM)
program ABAQUS was used to develop a 3-D modehefdlab. The behavior of the bridge slab was
then verified by load test, with the load appliesing one and two 380-kN 3-axle trucks. The load tes
results were used to further improve the Finitemiglet (FE) Model and in particular, to estimate an
improved value of bridge rating and the effectilabsvidth. Proposed newly developed adjustments in
the selection of input data in AASHTOWare softweesult in a more rational evaluation and rating of
the considered bridge.

Keywords: nondestructive bridge testing, flat slab bridgeinforced concrete, existing structure
evaluation, rating factor, nonlinear material modieite element model of the bridge, live-loadtieg

1. Introduction

Alabama Department of Transportation (ALDOT) haseaisting, eleven-span flat slab
reinforced concrete bridge over Barnes Slough amétids Creek on the southbound side of
Montgomery, Alabama (Fig. 1) for which there arecomstruction drawings or other details
that can be used to perform a load rating of thecsire.

Currently the bridge carries unrestricted traffibis is allowed by AASHTO'§he Manual
for Bridge Evaluatior{1] in cases where a reinforced concrete bridgenthown details has
carried unrestricted traffic without developingrsgof distress. Because the structural details
of the bridge are unknown, ALDOT cannot performaaalysis to justify issuing a permit to
any overweight, non-standard trucks.

2. Considered structure

The considered structure is an 11-span flat gatfarced concrete bridge (Fig. 1), with no
existing technical drawings nor other details. Tbastruction year was established as 1915
from a report of the state [2], and ALDOT’s recorslsowed that it was widened by
approximately 1.20 m in 1930. Visual inspectiortted bridge indicates that the bridge was
widened twice. It was not established when the m#amidenings were added. Also, the
existence of some cracks on the sides of the glabthe supports were indicative of shrinkage
or temperature cracking in the concrete, but thene no significant signs of flexural or shear
cracking, nor evidence of anchorage or bond failure
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Fig. 1. Side view of the bridge

All 11 spans are equal and the center-to-centan Emgth is 6.65 m, while the total width
is 9.56 m. Pier wall thickness is 0.61 m. Totalssrgection width for each span of the bridge
consists of four segments: the original one anekltladditions. The width of the oldest segment
(segment 3) is 5.49 m.
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Fig. 2. Detailed drawings of the bridge, a) elemMatview A—A, b) cross section B-B

First, the bridge was widened by 1.12 m on thd Ede (segment 2) — Fig. 2. Then it was
widened on both sides by 1.63 m on the East sielgn{ent 1) and 1.32 m on the West side
(segment 4).
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3. Field measurements

Field measurements involved detection and measureofeslab’s reinforcement and slab
thickness measurements. The research team uséckaefs measuring device, which uses
Ultrasonic Pulse Velocity (UPV) testing and an Adeed Concrete Cover Meter (ACCM)
which measures spacing between reinforcing barstagid diameter. These two instruments
were used to inspect the bottom of the slab. Tagfaeement was scanned with Ground
Penetrating Radar (GPR).

Using the UPV testing device, bottom surfaceseffirst and second span were scanned.
Measurements of the concrete slab indicated th#tiitkness can be assumed as 48 cm (Fig. 3).

Bottom surface of the bridge was scanned with ACGM instrument using electro-
magnetic pulse induction technology. The ACCM digdocations of the bottom rebars,
measured their diameters and cover thickness. Argugnof the bottom reinforcement found,
is presented in Table 1.

Table 1. Details of the bottom reinforcing bars

Segment No. Rebar size [mm] Cover [mm Number bérs in segment
1 025 32 10
2 022 32 9
3 025 32 53
4 025 32 7

The cover of 32 mm was chosen as it conservatiegyesents maximum clear cover of
some instances. To confirm ACCM’s reading in twgraents the reinforcing bars were
exposed. Accuracy of detection and measuring chfiediwere confirmed to be good, and
interestingly, the exposed rebars turned out toupped. AASHTO Manual [1] recommends
the yield strength of steel of 227 MPa for unknaweimforcing steels built prior to 1954.

Fig. 3. Cylindrical concrete sample drilled (1in25.4 mm)

Top surface of the bridge is a 5 cm layer of akphad it was investigated using the GPR.
The GPR provided information on the top reinforcatrdistribution and detected transverse
cracks over the support locations. One concretgkawas drilled thru a top reinforcing bar
and gave the information on top rebars sizel2, Fig. 3.
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From these findings it was concluded that thed®idias reinforced as if it is a series of
simple spans, and in subsequent load capacity latitmus simple support conditions were
assumed with top reinforcement neglected entirely.

At least three different concrete mixes were usdtie bridge. Due to restrictions on the
number of cores that could be taken, only threeia samples are available. One core was
drilled in segment 3 (Fig. 2), over the supportthie oldest concrete. Additional two cores
were taken from segment 1 with the newest conca¢teyer support and mid-span locations.

Concrete cylinder compressive strength valuesimddiain ALDOT’s material laboratory
are presented in Table 2. For superstructure coemsrconstructed prior to 1959 AASHTO
Manual [1] recommends a minimum compressive sttemgtue of 17.2MPa, which turned
out to be under conservative for segment 1.

Table 2. Compressive test results for concretescore

Sample 1 2 3
Compressive Strength
[MPa] 23.0 134 121
. Original Segment 3 — over East Segment 1 — over East Segment 1 —
Location

support support midspan

4. Bridgeratings
The bridge load ratings are indispensable forrdgtéeng maintenance needs, assuring
public safety, scheduling retrofit or replacemdatents, and for assessing overload permits.

General Rating Factor (RF) equation, expressing imoxh live load can be superimposed on
the bridge, is as follows:

_C-D

TL@+l) @)

where:C — Load carrying capacitiy — Dead Load Effect, — Live Load Effect] — Impact Factor.

State Departments of Transportation use Load F&atngs (LFR) to evaluate bridges in
their inventory, which is a concept according to $TO Standard Spec [3]. LFR has very
similar formula as the one shown in equation (hg only difference are load factors in
equation (2).

LFR=_C"AD_ )
AL(L+1)

where:A; — Factor for Dead Load\, — Factor for Live Load.

LFRs are specified for two levels, inventory andemting. The inventory rating
corresponds to design of new structures accoradigdSHTO [3] and the factod is equal
to 1.30 and; is 2.17. For an operating rating the factdrsandA. are equal to 1.30 and are
used for evaluation of an existing structure. Adaag to [1] and [3] impact factor is 0.30.

For the flat slab bridges a value of effectivebskedth is needed to perform the rating
calculations. AASHTO's [3] effective width carrieme line of wheels and is defined by
formula below
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E=1.22+0.06<2.13m ©)

where:E — Effective width with a maximum value of 2.13 bane loads are distributed over
a width of2E; S — For simple spans the span length shall be tstartie center-to-
center of supports but not to exceed clear spanthlakness of slab (m).

For the considered structure effective width claltad with equation (3) is 1.62 m and it
carries one line of wheels. For this two-lane beidm upper value of effective width is the
quarter of the total width of the bridge which i82m.

AASHTO [1] has a series of standard trucks that@mmonly used for rating bridges.
These trucks are a good representation of theldcafiéc. Load configurations for two chosen
vehicles are presented in Fig. 4 and 5, for an ARSHTriAxle truck (Fig. 4) and for
ALDOT’s LC-5 Test truck (Fig. 5).
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Fig. 4. Axle Weights and axle spacing of AASHTO1sAKIe truck
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Fig. 5. Axle Weights and axle spacing of ALDOT's{5Qest truck

Collected data enabled researches to perforngratiftulations and the lowest values of
RFs were obtained for these two selected vehidlkesrefore, these two types of trucks are
considered in further analysis.

5. Per mit load model

Permit Load Model developed for ALDOT is a modélsamply supported beam with
dimensions as described in previous sections o flEiper and material parameters as
recommended by AASHTO [1]. The purpose of such hadeleelopment are ease of application
in AASHTOWare software which is used by ALDOT, caatipility with AASHTO provisions
and recommendations [1, 3] as well as general gitypbhnd accesability for practitioners.
The only parameter which is subjected to adjustmenthe effective width. To perform load
rating analysis, the most conservative assumptiegerding material properties and structural
details of the reinforcement are considered. Tlais eaptured in the Final Element (FE) Model
of the bridge and is presented in the followingtises of this paper. FE Model aided ratings
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were compared with those obtained through AASHT@edure and resulted in adjustments
in effective width selection.

A series of LFRs calculations were performed ¥ew selected models. Original Segment
model with reinforcement of the oldest segment nemt and East Segment model with
reinforcement corresponding to the rebar distrdouiin segments number 1 and 2 (Fig. 2,
Table 1). Rating Factors were calculated for baffper and lower bounds of the effective
width for both models. Results of load rating cédtions are presented in the table below.

Table 3. LFRs for east and original segment models

Model East Segment| East Segment Original Original
Segment Segment
Effective width,E [m] 1.62 2.39 1.62 2.39
Vehicle\LFR Level ®) | (®) I (@) [ (0] |
LC-5 0.66 0.40 1.37 082 156 094 2.p8 1)37
TriAxle 0.64 0.38 1.31 0.78) 150 090 2.20 132
" O — Operating Level, | — Inventory Level

The load ratings in Table 3 are surprisingly lawspite of conservative assumptions and
calculation procedure.

6. Live-load tests

The bridge was subjected to live-load tests withge of two ALDOT’s LC-5 Test Trucks
(Fig. 4 and 6) weighing 38.6t each. Tests inclustemin and deflection measurements at sensor
mounting locations.

All the strain transducers were placed at middpaations under first two spans. Four
deflection measuring LVDTs were collecting dataindgrthe tests. Maximum longitudinal
strain value recorded during the tests wase¥dépa sensor mounted 10 cm off the East edge
and two trucks placed side-by side. Maximum deiftecbf 0.60 mm was recorded for two
trucks side-by-side on West edge of the bridgevads concluded that the bridge, although
consists of four different width segments, behayesmetrically. Results of static tests further
served for calibration of a Finite Element (FE) Mbdf the bridge.

Fig. 6. Example of the load configurations (1) tweks side-by-side (2) one truck 0.30 m away foump

7. Finite element model

A three dimensional FE Model of a single span .(Fig the first span at the south end of
the bridge, was developed in Simulia Abaqus 6.14S6fware [4]. This section presents
development of the FE Model of the bridge and prisseesults of the calibration.
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Findings from field measurements, as well asinadatimilarity of the measured deflections
and strains for both spans tested led to the ceimiuhat the model of one span will best
reflect the behavior of the bridge. The model wagedbped using solid and beam elements,
which allowed for a detailed investigation of losiitess and strain distributions as well as
overall bridge behavior.

Preliminary analysis showed that the bridge wasbke of carrying two LC-5 trucks with
Gross Vehicle Weight GVW = 38.6 t each during llead tests. After the load tests were
performed the FE model was calibrated to havedhgesresponse as the real structure.

The model contains upper pieces of the piers, slattom reinforcing bars, and curbs of
dimensions as shown in Fig. 2. The curbs have @estonal dimensions of 20x25 cm. Four
different width segments, fully bonded with eachest create each of the simple span slabs.

Fig. 7. Isometric view of the FE model of the med@LDOT test trucks footprint pattern presented

Element types

Among the various element types available in thetd- Element Method (FEM) only
selected elements are presented. The concretergkemeurbs, slab segments and piers were
modelled with 8-noded linear brick elements witbueed integration C3D8R [4]. Reduced
integration element was chosen due to its compmutaticost, which is smaller than for a full-
integration element. The element type used fofoeiing bars is a 2-node linear beam element
B31 [4]. The advantage of the beam over widely ulsald elements in FE modelling of
reinforcement is its ability to act in compressms well as in tension. Both element types
selected, C3D8R and B31, have six degrees of freedbeach node — translations and
rotations in the nodal x, y, and z directions. &atress/displacement simulations the degrees
of freedom are the translations for brick elemeatg] for the beam elements rotations and
translations at each node.

The reinforcing bars were modelled as in the staicture (Table 1), the reinforcement is
embedded into slab. From the numerical method pdiview an embedded rebar acts as fully
bonded with concrete slab. Although, the rebarsioiccall of the concrete elements they were
modelled in the slabs only. Modelling of the reitfment in other elements was not critical.
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The mesh study showed that the most effective nsemh in terms of accuracy and
computing time, is 10x10x9.7 cm for the brick elatseand 10 cm of length for the beam
elements.

Numerical material models

To develop numerical material models all collectata with available literature was
reviewed. The FEM requires specification of matgr&aameters such as modulus of elasticity,
Poisson’s ration and stresses with correspondiagnstin non-linear stress ranges. Two non-
linear material models, Concrete Damage Plast{@®P) for concrete and elasto-plastic for
steel, were implemented into the FE model. Matewat-linearity is justified by need for accu-
rate stress investigation for loads causing coaeanetcking and non-linear material behavior.

Concrete material model

The CDP model available in Abaqus software reguparameters are associated with
simplified Drucker-Prager concrete strength hypsigieDescription and selection of these
parameters are available in [4] and [5]. In additio those, CDP model requires stress-strain
data within inelastic region for compressive anasiie behavior. These can be determined
from strain-stress curve. Due to the lack of adeustress-strain data for the concrete samples
taken, the relationship curves had to be approxichas described below.

ACI 318-14 [6] provides the formula, where modubfselasticity,E is a function of
concrete compressive strengfh,. During the calibration process it was found duoatt
Eurocode formula [7] for the modulus of elasti¢4y adopted to the FE Model produce values
of strains and deflections which match the measuaduaks better. The Eurocode formula for
modulus of elasticity was used and is presenteavbel

/3
E, =22t (4)
where:E. — Initial Modulus of Elasticity (GPal, — Compressive Strength of Concrete (MPa).

The compressive stress-strain relationship cuwve® established with the Desayi and
Kirshnan [8] equation

o, =—Efe (5)

2
1+ (EC]
&o
where:g. — Compressive Stress— Compressive Straig,— Strain at maximum Stre$s;- Initial
tangent modulus, assumed to be twice the secanilusoat maximum stre&gax

It is assumed that numerical concrete materialetsogerform linearly up the stress of
0.4f.

The tensile stress-strain relationship was dewalagsing the Wang and Hsu formula [9]
which most accurately describes concrete tensiffarshg
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o, =E.& it &g<é&,

04

. 6

o, = f{%} if & >é&, ©
t

where:o; — Tensile Stress; — Tensile Strains.: — Cracking Strain.

In order to establish cracking strain the modufisupture needs to be known. The
AASHTOs’ metric formula [3] was used to establibk tensile strength of the concrete (7).

f, = 0623f, )

where:f, — Modulus of Rupture (MPaff. — Compressive Strength of Concrete (MPa).

Four different compressive strengths of concreteevtaken for each of the four segments
of the bridge. Using the concrete compressive gtrenfor each of the slab’s segments, the
approximated stress-strain relationships were dgeel for the compressive and the tensile
behavior. The compressive strengths used as wélleagalues of corresponding modules of
elasticity are shown in the Table 4.

Table 4. Parameters of concrete for each of thesstegments.

Segment 4 (West Bound) 3 2 1 (East Bound
f'c [MPa] 12.8 23.0 12.1 134
E [GPa] 23.7 28.2 23.3 24.0

Steel material model

Provisions from AASHTO Manual [1] allowed to deepl the material model for
reinforcing steel bars. The Manual recommends thkl wtrength of steel of 227 MPa for
unknown reinforcing steels built prior to 1954. Besumed modulus of elasticity of 200 GPa
the reinforcing bars reach yielding at strain vaiti®.1%. The ultimate tensile strength of steel
was taken as 380 MPa [10] and assumed to occtraat sf 1.0%. Within the inelastic region
the stress-strain relationship is assumed lingacdmputational stability.

Boundary conditions and loads

First supporting pier has restrained displacemanté and Z directions, not restrained
displacement in X direction allows it to move imgptudinal direction — parallel to direction
of traffic. Second pier has all the displacemeettrained. The rotations for both piers are
allowed in all the directions. Allowed displacemémtY (vertical) direction at the front and
back surfaces of the slab immitates it's discorntyndue to the transverse cracks detected over
the supports (Fig. 7).

Contact conditions specified in the model areo#leviis: full bond of reinforcing bars with
concrete in all segments, full connection to tlde siurfaces of the adjacent segments, pressure
transfer interaction between tire footprint elerseantd concrete segments.

Static wheel loads on the bridge are modelled assrigid load transferring plates with
a uniform load applied. Load applied to the modakwhe actual truck used during the live
load tests (Fig. 5).



1080 Flat slab bridge model for permit load analysis

Results of calibration

The calibrated FE model replicates strains antkdidns within acceptable tolerance for
the integration points at the same locations assenMaximum offset in the strains is 42
while for deflections it is 0.09 mm. This allowetbtting the values obtained through FE
analyses and field test measurements for all Hitecdbad patterns. Just one comparison plot
for critical load pattern is presented (Fig. 8).MFzalues present the actual distribution of
longitudinal strains and deflections in the crossti®n. Vertical dashed lines indicate the
boundaries between the different cross section egfments. West side of the bridge
corresponds to the distance along the width ofchés, while East side corresponds to the
value of 376 inches.
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Fig. 8. Comparison plot of Strains and Deflectiforsthe most critical load pattern (1 in. = 2.54)cm

It is concluded that the model shows an overalidgoorrelation with the measured values.
Even though the bridge is a hybrid structure wiffedent widths of slab segments, it responds
as if it was homogenous.

8. Bridge rating using finite element model

The FE Model was used to determine the ratingofachor the LC-5 test truck and the
standard TriAxle truck. The ratings were determigdimiting the stress in concrete and
reinforcing steel to allowable values. So, the IéactorsA; and A, for the rating equation
(Equation 2) are 1.0. The allowable unit stressesgiven in Table 5. The ratings were
determined by applying the full dead load to ther&tlel and then incrementally increasing
the truck weigh until the stress in concrete oelsteached the allowable value. The truck
weight at that point is represented®i(1+I)L as shown in Figure 9.

AASHTO Manual [1] specify allowable stresses feinforcing steel and compression due
to bending in concrete. These stresses were ugestfarm rating calculations (Table 5). The
dynamic allowance was taken as 0.3 to achievedhservative values of the ratings.

The model was used to investigate the stressamicrete and reinforcing bars for various
load configurations.
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Fig. 9. Scheme of load application in FEM

Table 5.Allowable unit stresses

Stresses [MPa]
Inventory Level Operating Level
Reinforcing bars 124.00 172.00
Concrete in compression 5.50 8.30

To determine the rating factor of the bridge, Hiemodel was loaded with dead load and a
fraction of the live load which was incrementaltigieased as described above. These analyses
were performed for two live load configurationspth DOT’s LC-5 trucks (Fig. 5) side-by-side
and two side-by-side TriAxle vehicles (Fig. 4). \@bs were placed at the most critical
longitudinal and transverse locations, resultingthie highest stresses and compared with
allowable bending unit stresses in concrete amd $téurned out that stresses in concrete cagntrol
therefore only ratings due to concrete in bendiegansidered. The live load multipli&H1H),
was read at concrete stresses corresponding tat@nyeand operating level of rating and divided
by dynamic allowance, (1) Such approach gives the most realistic ratingpfaadetermined
from 3D FEM. Table 6 shows calculations performadtifie two truck configurations.

Table 6. Allowable stress ratings.

Vehicle L“_Ie Load Multiplier, RF(1+1) Operating RF| Inventory RF
Operating Level Inventory Level
2xLC-5 5.08 3.74 3.91 2.88
2xTriAxle 5.43 4.15 4.18 3.19

Resulting values of rating factors are higher ttizwse calculated using the AASHTO
procedure (Table 3). The ratios of rating factotagied from FEM and AASHTO procedure
are shown in Fig. 10.

FEM/AASHTO ratio mLC-5 = TriAxle
9.0 ¢ T T T T T T T T ]
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Fig. 10. Resulting ratings comparison — FEM to AASH
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All the rating factors determined from FEM are mtran 70% above those determined by
AASHTO procedure. Comparisons shown in Fig. 10 suipa recommendation for a model
for permit loads for use by ALDOT having the chaeaistics of the Original Segment with an
effective width equal to 1/4 of the bridge width32 m.

9. Conclusions

A 100 year old reinforced concrete slab bridge e@ssidered to determine and verify the
load carrying capcity. As documentation is not klde, the bridge was subjected to field
testing and advanced analytical procedures. Therppmvides a summary of the field
measurements using GPR, UPV testing device, ACOK tests and live load tests. The FEM
confirmed an overall good correlation between thedically predicted and measured values
of strain and deflection. It was found that théngfactors determined using the FE Model are
much higher than those calculated using the AASHJr@cedure, even though they are
conservative. In summary it is concluded that thes@ered bridge is in good condition and
can continue to carry regular traffic without aegtrictions. The calculated rating factors can
be used in evaluation of bridges for permit loddgermit load evaluation, the effective width
of the slab can be taken as ¥ of the total widttheforidge.
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