ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title No. 116-S16

Evaluation of Prestressed Concrete Bridges under Light

Rail Loading
by Yail J. Kim and Yongcheng Ji

This paper presents the evaluation of prestressed concrete bridges
carrying light rail loading, which is significantly unexplored rela-
tive to bridges subjected to conventional heavy-haul and high-
speed trains. Four bridges in Denver, CO, are selected to inves-
tigate static and dynamic responses, including flexural behavior,
passenger occupancy, statistical properties, live load distributions,
natural frequencies, and user comfort. Three-dimensional finite
element models are developed to complement in-place findings.
The measured train loadings are statistically stable along with
Gaussian distributions and increase by 10.8% when their average
operating speed rises from 32.9 to 49.0 mph (53 to 78 kmh).
Passenger loading that is stochastic in nature also increases the
train loading by 23.3%, on average. Existing design approaches
for live load distributions deviate from those attained from the
field, which is particularly noticeable for interior girders. Deflec-
tion control criteria used in practice are not applicable either. In
accordance with the deflection and frequency of the bridges, the
user comfort of light rail systems (pedestrians and passengers) is
assessed. Statistical properties are acquired and characterized,
which are valuable when developing design guidelines.
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INTRODUCTION

Light rail systems are a salient transportation component
in urban communities. According to the American Public
Transportation Association,' light rail transit is defined as
“An electric railway system characterized by its ability to
operate single or multiple cars along exclusive rights-of-way
at ground level, on aerial structures, in subways or on streets,
able to board and discharge passengers at station platforms
or at street, track, or car-floor level and normally powered by
overhead electrical wires.” Owing to the convenient oper-
ation and environmental friendliness (electrically propelled
without emission), light rail transit has been adopted by
most major cities in the United States. The transit system in
Washington, for instance, carries over 600,000 passengers
daily.? Despite light rail trains’ prevalence, their loading
characteristics and corresponding effects were not suffi-
ciently reported. The majority of literature on rail bridges
is concerned with conventional heavy-haul trains and high-
speed trains,’* while a few conference papers have been
published on the in-place monitoring of light rail bridges.
Yuan et al.® examined the behavior of prestressed concrete
bridges (I-shape and box girders) subjected to light rail
trains; however, the focus was on substructural responses.
Khan et al.” reported a preliminary field monitoring project
with a bridge carrying light rail trains. The bridge consisted
of four simply supported prestressed concrete girders at an
average span of 95 ft (29 m). Strain transducers and acceler-
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ometers were installed beneath the upper and lower flanges
of the girders. The measured dynamic load allowance was
lower than the design values of the American Association
of State Highway Transportation Officials (AASHTO) Load
and Resistance Factor Design (LRFD) Bridge Design Speci-
fications (BDS)® and the American Railway Engineering and
Maintenance-of-Way Association (AREMA) manual.’ The
field-monitored live load distributions deviated from those
calculated by the Lever Rule method, which is frequently
used in practice, although detailed discussions were missing.
According to these limited investigations, current design
approaches may not reflect the actual behavior of light rail
bridges and thus may need comprehensive assessment and
improvement. As a first step to propose design recommen-
dations or revise specifications, the implications of light rail
trains on the behavior of bridges should be monitored, eval-
uated, and elucidated.

This paper discusses the in-place evaluation of light
rail bridges, followed by three-dimensional finite element
modeling. The objectives of the study are 1) to understand
the loading and influence of light rail transit on the static and
dynamic responses of prestressed concrete bridges; and 2)
to assess the applicability of existing design approaches. In
addition to response monitoring with strain gauges, a state-
of-the-art technique (interferometric radar) is employed to
measure the dynamic deflection of the bridges (displacement
measurement requires more effort than strain recording in
rail bridges; hence, the former is rarely exploited on site'?).
Specific interests involve flexural responses, passenger
occupancy, statistical properties, live load distributions,
natural frequencies, and user comfort.

RESEARCH SIGNIFICANCE

The behavior of light rail bridges is limitedly known;
consequently, practice is based on AASHTO LRFD BDS,
the AREMA manual, and agency-specific design guide-
lines. The articles of AASHTO LRFD BDS and AREMA,
however, do not represent responses resulting from light
rail transit, and most agency-specific guidelines have been
empirically developed without experimental/field valida-
tion. It is, therefore, unclear how light rail trains generate
structural loadings to bridges and how much discrepancy
is associated with the existing specifications. The present
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Fig. 1—Prestressed concrete bridges carrying light rail transit: (a) Indiana Bridge; (b) Santa Fe Bridge; (c) County Line

Bridge; and (d) 6th Avenue Bridge.

research deals with the evaluation of prestressed concrete
bridges loaded by light rail trains in Denver, CO, as well as
data interpretation for the appraisal of design approaches,
including the characterization of statistical properties.

BACKGROUND OF PRESTRESSED CONCRETE
BRIDGES

A total of four constructed bridges in Denver, CO, are moni-
tored. These bridges have been in service for 7 to 13 years. The
monitored span of the individual bridges is determined by the
following criteria as recommended by the Regional Transpor-
tation District (RTD) that controls all light rail transit systems
in Denver: 1) lowest superstructure elevation for safety; and
2) accessibility to tracks with minimal disruption to train
operation. Prior to conducting response monitoring, the site
condition of these bridges has been evaluated (Fig. 1). The
purposes of the site visit are to identify potential problems that
might influence technical work, and to confirm engineering
drawings obtained from RTD. A plan for instrumentation is
established (Appendix A™). Typical field monitoring time is 12
hours from 8:00 am to 8:00 pm per bridge; however, 2 days
are spent for one bridge owing to a strong wind issue. The
behavior of the bridges is converged from a statistics perspec-
tive, which means there is no practical need to extend the
monitoring time (that is, sufficient data have been obtained).
Train speed was measured with a digital speed gun confirmed
by a portable global positioning system (GPS) inside trains
passing the bridges.

Bridge details

Indiana Bridge—The Indiana Bridge has no skew and is
composed of a hollow prestressed concrete box girder with
a direct fixation track (Fig. 1(a)). The depth and width of
the box girder are 7 and 20 ft (2.1 and 6.1 m), respectively,
and the 28-day compressive strength of the girder concrete
was 5800 psi (40 MPa). Post-tensioning was conducted with

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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low-relaxation steel strands (4, = 28.64 in.? [18,480 mm?]
and f,, = 270 ksi [1860 MPa], where 4, and f,, are the
cross-sectional area and ultimate strength of the steel, respec-
tively) at a jacking stress level of 75%f,,. The monitored span
is 95 ft (29 m) long and has expansion and fixed bearings at
both ends (Fig. 2(a)). Instrumentation included 1) eight strain
gauges bonded to the rail-side to measure in-place train wheel
load (Fig. 2(b)); 2) one strain gauge bonded in between the
strain gauge clusters for temperature monitoring; and 3) nine
strain gauges (three 4.7 in. [120 mm] gauge-length and six
0.2 in. [5 mm] gauge-length gauges) bonded to the bottom of
the girder (Fig. 2(c)) to monitor the flexural response of the
bridge at midspan (bending and live load distribution). Unlike
other bridges monitored in this research program, one-way
travel is allowed along the single track and light rail trains
are alternatively operated from Denver to Golden, CO (east to
west) and vice versa, as shown in Fig. 2(d).

Santa Fe Bridge—The Santa Fe Bridge is a two-span
multi-cell prestressed concrete box girder bridge (Fig. 1(b)).
The bridge is approximately 28 ft wide (8.5 m) and 10 ft
deep (3 m), and has a total length of 328 ft (100 m) (172 ft
[52 m] + 156 ft [48 m] spans). Two train tracks are located
on a ballast layer of 1.7 ft (0.52 m). The 28-day compressive
strength of the box concrete was 6000 psi (41 MPa), and
low-relaxation strands (4,, = 76 in.? [49,030 mm?] and f,,
= 270 ksi [1860 MPa]) were used for post-tensioning at a
jacking stress level of 75%f,,. Strain gauges were bonded
to the rail side to measure train load and temperature and
were bonded underneath each web member of the multi-cell
girder, as in the case of the Indiana Bridge.

County Line Bridge—The County Line Bridge (L = 990 ft
[300 m]) comprises four prestressed concrete bulb-tee girders
(Colorado BT84) for seven spans varying from 114 to 160 ft
(35 to 49 m), as shown in Fig. 1(c). Each girder has a depth of
7 ft (2.1 m) with a girder spacing of 8.3 ft (2.5 m), and supports
a deck slab (#= 8 in. [200 mm]) with two direct-fixation tracks.
All girders were connected by diaphragms cast on site (a contin-
uous system), except the fourth span, where expansion joints
were placed. Two harping points were used for prestressing
strands per girder (4, = 5.2 to 12.6 in.? [3360 to 8130 mm?],

ACI Structural Journal/January 2019



B

By abar, | 03 TM 3
] e -

Monitored span

Strain gages

(b)

it Bos Wil

= 2 My H 1 g
T e !
0" Dillked Cxineer ‘Lﬁ"'“""

]

B v

Straingages

(d)

Fig. 2—Instrumentation for rail and superstructure responses (Indiana Bridge): (a) elevation view and typical cross section of
girder; (b) rail gauge bonding, (c) girder gauges; and (d) one-way train track.

low-relaxation 270 ksi [1860 MPa] steel). A 28-day concrete
strength of 8500 psi (60 MPa) was used for the girders. Strain
gauges were bonded to the rail to measure light rail train load.
Additional gauges were bonded to the bottom of each girder at
midspan to monitor the flexural behavior when loaded.

6th Avenue Bridge—The 6th Avenue Bridge has 4 + 2
span prestressed concrete bulb-tee girders (BT42) connected
by an arch bridge (Fig. 1(d)). The non-skew bridge encom-
passes two ballasted train tracks. A waterproofing membrane
layer was placed in between the deck concrete (¢ = 8 in.
[200 mm]) and the ballast layer. Similar to the County Line
Bridge, all girders were connected on site to make a contin-
uous system, and each girder had two harping points (4, =
5.2 in.? [3350 mm?] with an effective steel stress of 56%f),).
The compressive strength of the girder concrete was 9000 psi
(62 MPa). Strain gauges were bonded like other bridges to
measure the in-place wheel load of light rail trains and the
flexural response of the girders at midspan.

Calibration of rail response

A laboratory experiment was conducted to calibrate
the response of a 115RE rail under mechanical loading. A
128-in. (3.3-m) long rail was tested with strain gauges, as
shown in Fig. 3(a) to (c). The strain gauge configuration
used is similar to the method recommended by the Asso-
ciation of American Railroads (AAR) for wheel load cali-
bration, which is frequently implemented in practice.
Figures 3(d) and (e) exhibit the load-strain behavior of the
115RE rail. Two loading conditions were employed: simply
supported and continuous. According to the RTD design
manual,'? the front wheel of a fully loaded train weighs
12.2 kip (54 kN) (‘Full train’ in Fig. 3), whereas that of an
empty train is 7.5 kip (33 kN) (‘Empty train’ in Fig. 3). The
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strains measured at the bottom of the rail where a maximum
flexural effect takes place were compared with those calcu-
lated by structural analysis formulas. The strain values of the
continuous rail were less than those of the simply supported
case (for example, the measured strain of the continuous rail
was 39% less than that of its simply supported counterpart at
aload of 7.5 kip [33 kN]). This observation indicates that the
proposed test setup can properly represent the response of
continuous rails supported by multiple sleepers on site. The
response of the strain gauges bonded to the rail side is given
in Fig. 4(a). The gauges facing each other in the diagonal
direction showed similar behavior. Test data revealed slight
discrepancy between the G1/G3 and G2/G4 groups, which
illustrates that the applied principle stresses in these two
diagonal directions (that is, o; and o,) were not the same.
Linear curve-fitting equations were developed to establish
the relationship between the strain and the applied load, so
that in-place train load would be measured based on strain
reading. Figure 4(b) shows the calibration of a portable data
acquisition system using a conventional laboratory data
acquisition system. At typical loads of 12 and 14 kip (53 and
62 kN) in the continuous rail test, the strain reading of these
two systems was almost identical. These calibration results
corroborate that the use of the portable data acquisition system
is adequate to measure the in-place behavior of the four bridges
discussed earlier. The established load-strain relationships
were further validated with actual train load on site (Fig. 4(c)).
The front wheel of an empty stationary train (7.5 kip [33 kN])
generated a maximum strain of 64.5 microstrains, as shown
in Fig. 4(d), which agreed with the laboratory strain of 63.8
microstrains subjected to the same load magnitude (only one
gauge reading is provided for clarity).
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Fig. 3—Test details for response calibration: (a) schematic (unit in inch); (b) experimental setup, (c) strain gauge configura-
tions for the side and bottom of rail; (d) behavior at bottom of rail in simply supported case; and (e) behavior at bottom of rail
in continuous case. (Note: 1 kip = 4.448 kN; 1 in. = 25.4 mm.)
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Fig. 4—Load-strain behavior on side of continuous rail: (a) strain response, (b) comparison of data acquisition systems, (c) wheel
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Fig. 5—Non-contact interferometric radar technique for measuring dynamic behavior of County Line Bridge: (a) installation

of reflector; (b) trains passing; and (c) IBIS setup for monitoring.
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Fig. 6—Developed bridge models: (a) Indiana Bridge (five spans: 628 ft [191 m]); (b) other bridges; and (c) behavior of
Indiana Bridge subjected to two articulated light rail trains at speed of 40.4 mph (65 kmh).

Monitoring of dynamic response

A non-contact interferometric radar technique called
Image By Interferometric Survey (IBIS hereafter) was
employed to monitor the dynamic behavior of the bridges.
The IBIS system detects a phase-change in reflected radar
waves to identify the position of an object at an accuracy
of 0.0002 to 0.004 in. (0.005 to 0.1 mm). Reflectors were
installed along the edge of the bridge deck at mid- and quar-
terspans (Fig. 5(a) and (b)) to measure the displacement
and frequency of the bridge. The monitored spans were
identical to those of the previously mentioned field test.
The IBIS equipment was set up using a tripod, as shown
in Fig. 5(c), and the radar head was connected to a laptop
computer. A laser distance meter mounted to the radar head
was used to uniquely link the position of specific bridge
members with a peak radar display. This process enabled
reviewing in-place technical data at a later time for further
data processing such as Fast Fourier Transform (FFT) anal-
ysis. A sampling rate of 200 Hz was exploited. Using the
IBIS system, the vibration and displacement data of all
four bridges were collected and analyzed.

FINITE ELEMENT MODELING
After careful examination and trial modeling, CSI Bridge
and SAP2000 finite element programs were selected, in
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addition to their familiarity, convenience, popularity, and

accuracy in bridge modeling. Figure 6 illustrates bridge

models to predict field test data. The following properties

were considered per the engineering drawings and docu-

ments obtained from RTD, as summarized in Table 1:

*  Superstructure types: prestressed concrete girders and
prestressed concrete box girders

*  Geometric details: depth, width, and length of the girders,
rail-supporting plinths, sidewalks, and diaphragms

»  Material properties: concrete, steel strands, and ballast

* Live load: empty and fully-loaded light rail trains (total
load = 79 and 130 kip [351 and 578 kN], respectively,
per one articulated train [to be detailed])

*  Number of articulated light rail trains: two to three artic-
ulated light rail trains, as observed on site

*  Operating speed of light rail trains: average speeds
measured on site

*  Boundary conditions: hinges and rollers

The average operating speeds of the light rail trains for the

6th Avenue Bridge (32.9 mph [53 kmh]) were relatively slower

than those for other bridges (Table 1). This is ascribed to the

fact that the 6th Avenue Bridge was located near curved tracks;

hence, train conductors tended to reduce operating speed.
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Table 1—Summary of bridge details

Bridge Type Typical cross section Spans modeled Materials Speed”
Indiana Prestressed Five spans * Post-tensioned concrete: f."= 5800 psi (40 MPa) 40.4 mph
Bridge concrete box (628 ft [191 m]) * Prestressing steel: f,, = 270 ksi (1860 MPa) (65 km/h)
Santa Fe Prestressed Two spans * Post-tensioned concrete: f."= 6000 psi (41 MPa) 46.0 mph
Bridge concrete box (334 ft [102 m]) * Prestressing steel: f,, = 270 ksi (1860 MPa) (74 km/h)
County Prestressed Four spans * All concrete: f."= 8500 psi (60 MPa) 49.0 mph
Line Bridge | concrete girders (580 ft [177 m]) * Prestressing steel: f,, = 270 ksi (1860 MPa) (78 km/h)
6th Avenue Prestressed Four spans ) Congrete deck: £.'= 45,(10 psi (31 -MPa) 32.9 mph
Bridge | concrete girders (28 fe[100m)) | Fost-tensioned concrete: ;"=9000 psi (62 MPa) | 51y
€ £ * Prestressing steel: f,, = 270 ksi (1860 MPa)

*Average train speed measured on site.

Static model

Quadrilateral shell and three-dimensional frame elements
were employed to model the bridge structures (Fig. 6(a)
and (b)). Link elements were used to define connections
between the components such as bridge girders and bear-
ings. All geometric and material properties (Fig. 1 and
Table 1) were nominal and nonlinearity was not taken into
account. The built-in automatic meshing options generated
the bridge models. When expansion joints are presented in a
continuous system (that is, physical separation of the bridge
girders), the portion of the continued superstructure was
modeled without considering other portions. The reason is
that the behavior of the modeled portion was not influenced
by the other portions owing to the separation: the rail part
can provide minor connectivity, whereas its effect is negli-
gible from a structural standpoint. The condition of expan-
sion bearings on site may have partial fixity, when loaded in
longitudinal bending; however, insufficient information was
available to represent this partial fixity. The models were thus
developed with ideal rollers. Perfect connection between the
elements was assumed, which is typical in bridge modeling
and analysis, because the bridges have full composite action.
Following the engineering drawings of each bridge, the
translational degrees of freedom of supports at individual
piers and abutments were restrained. Diaphragms were also
included to prevent global torsional buckling of the girders.
The dead load of each constituent element was considered
by including the density of the materials: concrete (150 1b/ft?
[2400 kg/m?]), ballast (120 Ib/ft* [1920 kg/m?]), and rail track
(200 1b/ft [3 kN/m]). According to literature,'* the effects of
a ballast layer were modeled with equivalent uniaxial stiff-
ness (6854 kip/ft [100 MN/m]) and damping (5.6 kip-s/ft [82
kN-s/m]). These ballast elements were placed underneath
the rails. Various load scenarios were modeled: one-track
loaded, two-track loaded, and both-track loaded with two to
three articulated light rail trains, as observed in the field.

Dynamic model

Time-history analysis was performed to predict the
dynamic behavior of the bridges (Fig. 6(c)) based on the
average train speeds measured on site (Table 1). The mode
superposition method was selected because it is less sensi-
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tive to time steps (numerically stable) compared with the
direct integration. As such, accurate technical results were
attained with reasonable computational effort. Constant
modal damping was used in accordance with AASHTO
LRFD BDS: 2% for concrete bridges.'* These values are also
in an applicable range for rail bridges.'>!7 The train loading
was regarded as a transient parameter. First five modes and
corresponding frequencies were extracted using Eigenvector
analysis. The fundamental frequency of each bridge model
offered information necessary to assess user comfort criteria,
to be described later. The five modes were iteratively calcu-
lated with the following convergence criterion

l(uj <10 (1)
20 My

where p is the eigenvalue relative to the frequency shift at
the i-th iteration.

RESPONSE MONITORING OF BRIDGES
This section expounds the results of field testing and model
prediction associated with prestressed concrete light rail
bridges. Train loadings and their effects on girder responses
and serviceability are of interest.

Temperature effect on train rails

As mentioned previously, strain gauges were bonded to
measure the effects of temperature on the behavior of track
rails while monitoring train load. The coefficient of thermal
expansion (CTE) for steel (115RE) was taken as a = 6.5
x 107%/°F (12 x 107%/°C),'® and a rail temperature (7) was
obtained from the relationship between thermal strain (g;,)
and CTE (that is, T = g,/a). The temperature variation range
of each bridge is summarized in Table 2: the maximum posi-
tive and negative temperatures denote relative changes in
temperature against initial temperatures (for example, the
lower bound for the Indiana Bridge was —5.1°F [-2.8°C],
which means that the maximum temperature drop was
—5.1°F [-2.8°C] from the initial temperature when the site
work began). A net temperature variation for all bridges was
in between 11.1 and 25.0°F (6.1 and 13.9°C), excluding the
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Fig. 8—Measured strains for light rail train wheel load of County Line Bridge.

Table 2—Maximum temperature variation of
monitored bridges

Maximum positive and Net temperature
Bridge negative temperatures variation
. . —5.1°F to 19.9°F 25.0°F
Indiana Bridge (-2.8°C to 11.1°C) (13.9°C)
Santa Fe —3.5°F to 16.4°F 19.9°F
Bridge (-2.0°C t0 9.1°C) (11.1°0)
County Line —8.0°F to 3.1°F 11.1°F
Bridge (—4.4°C to 1.7°C) (6.1°C)
6th Avenue —23.5°F to 9.7°F 33.2°F
Bridge (-13.1°C to 5.4°C)" (18.5°C)"

"Strong wind blew when bridge was monitored so strain reading was influenced.

temperature of the 6th Avenue Bridge, whose strain readings
were influenced by strong wind blown during the 2 consec-
utive days when the field work was conducted (because the
response of a bulb-tee superstructure was already measured
in the County Line Bridge, further site monitoring for the 6th
Avenue Bridge was not carried out). Train loading did not
significantly affect the temperature gauge readings, because
the horizontal-direction gauge was bonded at the centroid of
the rail where flexural stress was none (although some minor
effects were observed in the converted temperature spectra,
as shown in Fig. 7).
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Wheel load of light rail trains

Figure 8 reveals typical strain responses associated with
the wheel load of light rail trains running on the County
Line Bridge. It is worth noting that strain reversals were
corrected to exhibit consistent positive load values. The
strains measured on the rail side were converted to the wheel
load of the trains using the formulas developed in the labora-
tory test, which were also calibrated with the stationary light
rail trains. When interpreting the train load, the aforemen-
tioned temperature effect was compensated. Provided that
the primary interest of the present site work was in detecting
maximum train loads that would control the response of the
bridges (that is, the light rail train has two design loads [fully
loaded) for six axles such as 24.375 and 16.25 kip [108 and
72 kN], as shown in Fig. 9(a), and corresponding wheel loads
are 12.188 and 8.125 kip [54 and 36 kN]), maximum loads (or
peak loads) measured during each load cycle were acquired
and summarized in Fig. 9(b). It should be noted that the lower
bound of the train wheel loads in Fig. 9(b) was intentionally
cut to the minimum wheel load of an empty train (4.96 kip
[22 kN]). The reason is that tremendous amounts of insig-
nificant strain readings were recorded, which are considered
noise rather than structural load. The number of observations
(the ordinate of Fig. 9(b)) was not consistent for all bridges
(Appendix B), because some bridges were used by multiple
lines (there are six light rail lines in Denver); however, the
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mean wheel load measured was almost consistent, irre-
spective of number of observations. This fact corroborates
that the load data are statistically stable. The mean wheel
load of the light rail trains on the monitored bridges varied
from 6.2 to 6.9 kip (28 to 31 kN). The measured load range
was reasonable, because the articulated light rail train had
a nominal load range between 4.96 and 12.19 kip (22 and
54 kN) (empty train and fully loaded train, respectively) per
train wheel (Fig. 9(a)). The passenger occupancy increased
the train load, including some dynamic effects that will be
examined in a subsequent section. Figure 9(c) illustrates the
relationship between the average train speed measured and
the mean train wheel load. In accordance with the regression
line, the load has increased with train speed. Although the
passenger load was not identical in the individual trains (the
number of passengers is stochastic in nature), it appears to
be reasonable to adopt the fitted equation because the vari-
ation range of the wheel loads was marginal (that is, 6.2 to
6.9 kip [28 to 31 kN]). The type of a probability distribution
for train loading was Gaussian. A probability-based load
estimate was conducted using a Monte-Carlo simulation
in conjunction with the statistical properties acquired from
the site (for example, coefficients of variation), as shown
in Fig. 9(d). The simulated wheel loads agreed with those
measured on site, including a maximum margin of 0.28%.
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Girder response

The flexural behavior of the County Line Bridge is
provided in Fig. 10 (only selected cases are shown for
brevity because the superstructure responses were intrin-
sically repeated). The measured strains at midspan of each
girder showed periodic spikes when the light rail trains were
passing. Some minor negative strains were detected in all
cases, because the bridges were continuous and the behavior
of the girders physically moved up and down depending
upon the location of train load. Figure 11 compares the
measured and predicted dynamic displacements at midspan
of the individual bridges. For consistency, the finite
element models included three cases (that is, empty and
fully loaded train loads as well as typical service loading
based on the empty train, plus the estimated passenger load
enumerated in Table 3 with inbound train loading, which
was close to the installed reflector (Fig. 5(a)). The sign
convention used in Fig. 11 is as follows: positive and nega-
tive values indicate downward and upward displacements,
respectively. It should be noted that the direction of train
operation affected the positive and negative displacements
of the monitored span in continuous bridge systems (that is,
downward to upward deflections or upward to downward
deflections with time in Fig. 11). The service response with
average passenger loading was positioned in between the
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Fig. 11—Comparison between measured and predicted dynamic displacements at midspan. (a) Indiana Bridge, (b) Santa Fe
Bridge; (c) County Line Bridge; and (d) 6th Avenue Bridge. (Note: 1 in. = 25.4 mm.)

fully loaded and the empty train loading cases, and the
predicted service responses were in agreement with their
measured counterparts.

Figures 12(a) and (b) reveal the strain response of the
Indiana and the 6th Avenue Bridges (other bridge responses
are available in Appendix C). The measured strain responses
were generally positioned in between the fully loaded and
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empty train cases of the model prediction owing to passenger
loadings. It is estimated that the passenger occupancy
has increased the live load of light rail trains by 23.3%,
on average, leading to a dynamic train load of 97.4 kip
(433 kN). The average strain readings measured on site were
also compared with those predicted with typical service
loadings (that is, empty train load plus the average passenger
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Bridge.

Table 3—Average train load increase due to
passenger occupancy

Estimated load increment due to passenger loading
Bridge in service”
Indiana Average increment: 19.5% (94.4 kip [420 kN])
Santa Fe Average increment: 15.0% (90.9 kip [404 kN])
County Line Average increment: 35.5% (107.0 kip [476 kN])
6th Avenue Cannot be obtained due to strong wind

“Increases are indicated from empty train load (79 kip [351 kNJ).

load of each bridge; the passenger loading of the 6th Avenue
Bridge was assumed to be the average passenger loading
of the other bridges, because specific loading information
was not obtained on account of the wind issue). Although
some minor discrepancy was noticed, the predicted strains
were within the range of the in-place strains, as shown in
the vertical bars of the measured strains in Fig. 12(a) and
(b). It is also important to note that passenger loading is not
deterministically predictable because of its stochastic occur-
rence; hence, statistical properties detailed in the subsequent
section will be useful to address uncertainty, when devel-
oping design recommendations.

Live load distribution

Figures 12(c) and (d) show the load distribution factors
(LDF) of selected bridges calculated by Eq. (2), depending
upon the location of light rail trains

le,
YilE

LDF=m
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where m is the number of loaded tracks; /; and g; are the
moment of inertia of the cross section and the strain of the
ith girder, respectively; and # is the total number of girders in
the superstructure. By including the number of loaded tracks
factor m, the results of beam-line analysis with a single-
track-loaded case can be expanded to multiple-track-loaded
cases. Live load distribution factors are controlled by the
position of train wheels, rather than the gross weight of light
rail trains. Table 4 lists the statistical parameters attained
from the in-place tests with a focus on live load distribu-
tion (Appendix D). The averaged coefficients of variation
of each bridge varied from 0.133 to 0.240, excluding the
6th Avenue Bridge that exhibited significant scatter due to
the strong wind (that is, an increased level of dispersion in
response). The overall average coefficient of variation for
the monitored bridges was found to be 0.187.

Figures 12(c) and (d) further evaluate the application of the
Lever Rule and the AASHTO LRFD BDS equations against
the measured load distribution factors. These two existing
approaches were by and large conservative, especially for
the interior girders (Appendix E). Modified design equations
for a live load distribution in light rail bridges need to be
proposed to better assist practitioners. It is worth noting that
the load distribution of the multiple girders, when the Lever
Rule was applied to the exterior girders, was obtained from
the AASHTO LRFD BDS equations and the purpose of the
presentation in Fig. 12(c) and (d) was to assess the existing
design approaches (governing factors are taken when a
bridge is designed).
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Deflection and user comfort

The primary purpose of controlling bridge deflection is to
prevent user discomfort (pedestrians and passengers) and struc-
tural deterioration induced by excessive bending. The following
existing criteria for deflection control were considered:

«  L/640 for train load (AREMA?)

«  L/800 for vehicular load general (AASHTO LRFD BDS'%)

«  L/1000 for girders (local light rail transit agencies such
as RTD'?)

where L is the span-length of the bridge. The maximum
average deflection of each bridge is provided in Table 5
along with the L/m criterion, where m is a constant. The
L/m values of all bridges were significantly less than those
mentioned earlier. This implies that the existing deflection
control criteria are not sufficient to address serviceability
concerns. Another criterion should, therefore, be taken into
consideration—namely, the comfort of users such as pedes-
trians and passengers (further discussions are available in
the following).

The fundamental frequencies measured and predicted
are compared in Table 6. Although reasonable agreement
was observed in all cases, minor discrepancy was noticed
possibly because of the noise detected by the sensitive data
acquisition. According to a sensitivity study using the finite
element models, the effect of miscellaneous members (for
example, concrete plinths and sidewalks) was negligible
on the variation of fundamental frequency. Figure 13 eval-
uates user comfort (pedestrian) based on the deflection
and fundamental frequency of the in-place bridges. The
comfort criteria of the Canadian Highway Bridge Design
Code (CHBDC) were adopted'®: 1) frequent pedestrian use;
2) occasional pedestrian use; and 3) without pedestrians.
These criteria were developed based on bridge acceleration
limits, which were converted to equivalent static deflec-
tions for design purposes. The applicability of the CHBDC
criteria was previously assessed in Roeder et al.?° using 12
bridges designed per the AASHTO Specifications. Given
that the monitored bridges have right-of-way and do not
allow pedestrians for safety reasons, the third criterion was

Table 4—Average coefficient of variation (COV) for
live load distribution

Bridge Type COV | Average
Indiana Prestressed concrete box (single cell) | 0.133
Santa Fe Prestressed concrete box (multiple cell) | 0.240 0.187"
County Line Prestressed concrete girder 0.190
6th Avenue Prestressed concrete girder 0.351

"COV of 6th Avenue Bridge was not included due to heavy wind issue.

Table 5—Assessment of deflection control

exploited in Fig. 13. The predicted fundamental frequency
and corresponding maximum deflection of the individual
bridges generated specific responses, all of which were
within the acceptable zone of user comfort. These observa-
tions support the fact that the serviceability of the in-place
light rail bridges was satisfactory in terms of deflection
(Table 5) and user comfort (Fig. 13).

The International Union of Railways (UIC Code 776-22")
employs bridge deflection as a measure of passenger comfort,
and provides three comfort levels based on the vertical accel-
eration of railway bridges (1.0, 1.3, and 2.0 m/s? [39, 51, and
79 in./s?] for the Very good, Good, and Acceptable levels,
respectively). The deflection limit equivalent to the Very good
category is L/600?! for bridges carrying trains operating at 60
mph (96 kmh). As examined in Table 5, the bridge deflections
were within the L/600 limit and, thus, passenger comfort does
not seem to be a concern for light rail bridges. Design recom-
mendations can be made in such a way that user comfort
(pedestrians and passengers) may not be critical for light rail
bridges when primarily subjected to train loading, whereas
care should be exercised to check the pedestrian comfort
requirements if a light rail bridge is intended for frequent
pedestrian use as part of serviceability limit states.

SUMMARY AND CONCLUSIONS

This paper has evaluated prestressed concrete bridges
subjected to light rail transit. Four bridges in Denver, CO,
were tested to examine static and dynamic responses when
loaded, in conjunction with three-dimensional finite element
analysis. A laboratory experiment established the relation-
ship between rail strains and train loadings for weigh-in-mo-
tion, confirmed by additional field testing. The superstruc-
ture responses of the light rail bridges were quantified by
strain gauges and non-contact interferometric radar with an
emphasis on flexural behavior, passenger occupancy, statis-
tical properties, live load distributions, natural frequencies,
and user comfort. The design provisions of existing specifi-
cations were assessed. The following conclusions are drawn:
*  The measured train loadings were statistically stable and
varied from 6.2 to 6.9 kip (28 to31 kN), and their prob-
ability distribution was Gaussian. With an increase in
train speed ranging between 32.9 and 49.0 mph (53 and
78 kmh), the train load rose by 10.8%. The stochastic
passenger loading in light rail trains also increased the

live load by 23.3%, on average.
Live load distributions estimated by the Lever Rule and
the equations specified in AASHTO LRFD BDS were
conservative (overly conservative for interior girders)
when compared with site-based distributions. To facili-

Test Model
Service load Empty train Fully-loaded train

Bridge Type Monitored span dmax-average Bcontrol By Bcontrol dmax Bcontrol
Indiana PC box girder | 95 ft (29 m) | 0.040 in. (1.0 mm) L/28,500 0.038 in. (0.9 mm) | L/30,000 | 0.062 in. (1.6 mm) | L/18,390

SantaFe | PCbox girder | 155 ft (47m) | 0.224in.(5.7mm) |  L/8300 | 0.194in. (4.9 mm) | L/9590 | 0.311in. (7.9 mm) | L/5980

County Line PC I girder 160 ft (49 m) | 0.250 in. (6.4 mm) L/7680 0.156 in. 3.9 mm) | L/12,310 | 0.274 in. (6.9 mm) | L/7010
6th Avenue PC I girder 80 ft (24 m) | 0.066 in. (1.7 mm) L/14,550 0.054 in. (1.4 mm) | L/17,780 | 0.089 in. (2.3 mm) | L/10,790
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Fig. 13—Evaluation of user comfort (pedestrian): (a)
average test data with service train load; and (b) model
prediction with empty and fully loaded light rail trains loads.
(Note: 1 in. = 25.4 mm.)

Table 6—Comparison between measured and
predicted fundamental frequencies

Fundamental frequency
Bridge Measured Predicted
Indiana 1.76 £ 0.50 Hz 1.95 Hz
Santa Fe 1.84+0.13 Hz 1.70 Hz
County Line 2.22+0.85 Hz 295 Hz
6th Avenue 1.31+0.11 Hz 1.32 Hz

tate bridge design, live load distribution factors for light
rail trains should be developed or the AASHTO equations
may be recalibrated to meet their loading characteristics.
The average coefficient of variation of the in-place live
load distribution was 0.187. Existing criteria for deflec-
tion control were not usable for light rail bridges.

*  An assessment on the serviceability of the bridges clar-
ified that user comfort (pedestrians and passengers) was
not a concern for light rail transit systems. Nonetheless,
if a light rail bridge accommodates frequent pedestrians,
a refined analysis appears to be necessary to avoid
serviceability problems.
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